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RESUME

La prédiction des propriétés thermodynamiques et des équilibres de phases impliquant
les solutions liquides joue un réle important dans le développement et la compréhension
des procédés métallurgiques. L’importance croissante de la simulation numérique des
procédés métallurgiques oblige a développer des modéles thermodynamiques qui
donnent de meilleures prédictions des équilibres de phases et des propriétés
thermodynamiques. Les liquides utilisés en métallurgie a haute température sont des
liquides de type ionique avec certaines tendances covalentes, et de type métallique.
Cette thése porte sur [’amélioration et le développement de modéles thermodynamiques
qui permettent de mieux reproduire et de mieux prédire les données thermodynamiques

des propriétés et des équilibres des phases impliquant ces liquides.

Concrétement, les nouveaux modéles thermodynamiques pour solutions liquides de cette
thése ont été intégrés a un systéme informatique reconnu mondialement en métallurgie,
le systéme FACT (développé a I’Ecole Polytechnique de Montréal). Le systéme FACT
permet, a ’aide de son interface Windows, de calculer des équilibres de phases dans des
systémes métallurgiques et chimiques complexes ou les énergies de Gibbs de ces phases
sont représentées par des modéles thermodynamiques (dont les nouveaux modéeles de
cette these). Le systéme FACT accéde directement les bases de données de paramétres
des modeéles thermodynamiques des phases pour effectuer ces calculs chimiques
complexes. Une base de données compléte de paramétres des nouveaux modéles
appliqués aux solutions de sels fondus de chlorures et de fluorures alcalins et alcalinos-
terreux, trés utilis€s en métallurgie, a €té produite dans cette thése en plus d’une base de
données sur les mélanges fondus d’oxydes alcalins avec la silice et ’alumine . Ces
bases de données représentent le condensé et la synthése de centaines, voire de milliers
d’expériences de laboratoire du dernier siécle qui ont permis d’obtenir des mesures des

propriétés thermodynamiques et d’équilibres des mélanges de sels et d’oxydes utilisés
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en métallurgie. La modélisation thermodynamique d’un systéme chimique complexe
passe par I’obtention de paramétres pour chaque modéle qui représente I’énergie de
Gibbs d’une phase du systéme. Ces paramétres sont obtenus par optimisation, c’est-a-
dire que ces paramétres sont ceux qui donnent le meilleur lissage (par les moindres
carrés) des données thermodynamiques expérimentales reliées a ces phases. I ne s’agit
pas d’un lissage “statistique” des données (approche empirique), mais d’une obtention
des paramétres de modéles théoriques qui permettent de calculer ces données. Cette
base théorique permet de bien meilleures prédictions. L’intégration des nouveaux
modéles de cette thése et des paramétres de ces modéles appliqués aux mélanges de sels
LiF-LiCI-(Li;SO4)-NaF-NaCl-(Na;S0,)-KF-KCI-(K;SO4)-(RbCl-CsCl)-MgF,-MgCL-CaF»-

CaCl,-(SrCl,-BaCl;), permet aux ingénieurs et chercheurs du domaine métallurgique et
chimique de calculer les équilibres de phases et leurs propriétés thermodynamiques,
nécessaires a la compréhension et a la quantification des procédés métallurgiques reliés
a la production et a la purification des métaux réactifs (Mg, Al, Na, Sr, etc...), au
soudage des ces métaux, a I’électro-déposition des métaux réfractaires (Nb, Ta, etc...), a
la corrosion et a plusieurs autres phénomeénes et procédés. Ces ingénieurs et chercheurs
ont donc maintenant-accés, a I’aide de l’interface logicielle FACT, a la capacité de
calculer et de prédire les équilibres de phases pour ces applications. Cette capacité de

calcul est accessible dés maintenant.

Le modéle quasichimique modifié a été développé et appliqué par notre groupe (Centre
de Recherche en Calcul Thermochimique, Ecole Polytechnique de Montréal) aux
solutions liquides d’oxydes fondus, aux mattes et aux métaux liquides. Le modéle
quasichimique modifié permet d’évaluer ’ordonnement premiers-voisins des atomes
(liquides métalliques et mattes) ou I’ordonnement seconds-voisins (oxydes fondus) a
partir de I’énergie de formation des paires d’atomes :

[A-Y),pire +[B—X)nire & 4= X0t +[B =Y ]t AgaBuxy

paire paire paire



+[B-(x-)B]

[A - (X“)A] paire <2 [A - (X_)B]paire Agfl,B(//X)

paire

Le modéle ne peut cependant pas évaluer les deux types d’ordonnement simultanément.
De ce fait, les systémes réciproques montrant un fort ordonnement premiers-voisins
(cation-anion) et un ordonnement seconds-voisins cationiques ne pouvaient, au début de
cette thése, étre évalués avec satisfaction. Il était donc impératif d’obtenir un nouveau
modéle pouvant faire de bonnes prédictions pour les systémes a fort ordonnement
premiers et seconds-voisins. Il est aussi nécessaire que les bases de données existantes
de parameétres optimisés avec le modeéle quasichimique modifié puissent étre facilement
utilisables avec le nouveau modéle, ce qui implique que le nouveau modéle doit étre une

amélioration du modé¢le quasichimique actuel.

De nombreuses améliorations ont €té apportées au modéle quasichimique pour solutions
liquides dans cette thése, et elles ont été appliquées a la solution de sels fondus LiCl-
NaClI-KCI-RbCI-CsCl-MgCl,-CaCl,-SrCl,-BaCl,-[LiF-NaF-KF-MgF,-CaF,]-[Li,S0,4-Na,S04-

K:S0,) et au liquide Na,0-K;0-Al;03-Si0,. Ces améliorations portent principalement
sur une meilleure évaluation de I’ordonnement des ions premiers et seconds-voisins
dans les solutions réciproques, sur une meilleure représentation de la variation
compositionnelle de [’énergie de formation des complexes dans la solution et des
nombres de coordination des espéces; sur [’intégration du modéle d’association au
modele quasichimique afin de traiter I’effet structural de compensation de charge dans
les laitiers (Na;O-K20-Al;03-S103); et d’une généralisation et extension des principaux
modeles géométriques d’estimation des propriétés thermodynamiques des systémes

multicomposants a partir des parameétres du modéle des sous-systémes binaires.

Les équations du modéle quasichimique amélioré ont été dérivées du modéle
quasichimique modifié en un premier temps, avec les variations compositionnelles des
énergies des paires et des nombres de coordination. Le modéle a été codé dans le

programme de calcul d’équilibre de phases EQUILIB du systéme FACT, et le code a été
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testé avec des systémes hypothétiques contenant tous les types d’interactions permises
par le modéle. Le modéle a été testé avec la solution liquide LiCI-NaCIl-KCI-RbCl-
CsCl-MgCl;-CaCl,-SrCl,-BaCl;, ce qui pemet d’évaluer la capacité du modéle a
reproduire les propriétés thermodynamiques et les équilibres de phases d’une solution
multicomposante multivalente d’intérét industriel avec propriétés acide/base, et avec des
tendances a I’ordonnement s’étendant sur une large gamme énergétique. Pour les
mémes raisons, la solution liquide LiF-NaF-KF-MgF,-CaF, a été aussi optimisée avec le
nouveau modele. Dans le but d’éventuellement traiter avec un modéle a venir, le
systtme réciproque  LiF-LiCl-NaF-NaCl-KF-KCIl-MgF,;-MgCl,-CaF,-CaCl,, les
systémes binaires LiF-LiCl, NaF-NaCl, KF-KCI, MgF,-MgCl; et CaF,-CaCl; ont aussi
été optimisés. Pour tous ces systémes, les données thermodynamiques disponibles
(diagrammes de phases, projections du liquidus, activités, enthalpies et capacités
thermiques) ont toutes été reproduites avec une bonne précision a I’aide d’un ensemble
de paramétres consistant et montrant une certaine linéarité dans leurs valeurs tel
qu’attendu pour les mélanges de sels alcalins et alcalino-terreux. Ceci est aussi valide
pour les paramétres obtenus pour les solutions solides (perovskites, etc...) et pour les
compoOses purs associés a ces systémes. Les paramétres des modéles ont été obtenus par

optimisation des propriétés thermodynamiques et des équilibres de phases.

La méthode d’optimisation consiste a trouver, a I’aide de la méthode des moindres
carrés, I’ensemble de paramétres des modeles de toutes les phases d’un systéme
chimique qui minimise les erreurs entre les calculs des propriétés thermodynamiques et
les équilibres de phases effectués a l'aide de ces paramétres et les données
thermodynamiques expérimentales obtenues dans la littérature. Les paramétres des
modeles pour les phases des sous-systémes binaires sont d’abord obtenus a ’aide des
données expérimentales binaires (et parfois ternaires). Ensuite cet ensemble de
parametres binaires est utilisé, a I’aide du modéle, pour calculer les propriétés et les
équilibres de phases des sous-systémes ternaires. De petits paramétres ternaires peuvent

étre ajoutés afin d’améliorer les calculs ternaires si nécessaire. L’ensemble des



parameétres binaires et ternaires est ensuite utilisé, a ’aide du modéle, pour calculer les
propriétés thermodynamiques et les équilibres de phases multicomposants. Etant donné
le faible nombre de données expérimentales pour les systémes multicomposants, ces
calculs sont souvent des prédictions, qui sont utiles pour des calculs industriels

(justement a cause du manque de données).

Une nouvelle approche quasichimique qui remplace le traitement des paires d’espéces
par un traitement de quadruplets d’espéces a été développée avec toutes les équations
d’énergie de Gibbs. Ce nouveau modeie quasichimique a été développé de sorte que le
modéle des paires (traitement quasichimique classique) puisse étre un sous-systéme
exact du traitement par quadruplets. Les concentrations de quadruplets a 1’équilibre
permettent d’évaluer les concentrations de paires premiers et seconds-voisins dans la
solution, d’ou le fait que pour une solution a ion-commun le modéle se réduise
exactement au modéle quasichimique amélioré. Les équations du nouveau modéle ont
été codées dans le programme de minimisation de I’énergie de Gibbs EQUILIB de
FACT, et le code a été testé sur un systtme hypothétique qui inclut toutes les
interactions possibles traitables par le modele. Ensuite le modéle a été appliqué a la
solution réciproque LiF-LiCl-NaF-NaCl-KF-KCI-MgF,-MgCl,-CaF,-CaCl; pour
vérifier sa capacité a reproduire les équilibres de phases multicomposants. Toutes les
projections du liquidus des sous-systémes ternaires reciproques ont été reproduites a
I’aide du modeéle; et la plupart des données du liquidus des sous-systémes réciproques
quaternaires et multicomposants ont été reproduites avec satisfaction par le modéle. Ces
résultats sont trés satisfaisants sachant que le systéme €tudié montre de trés fortes
tendances a I’ordonnement des atomes tant pour les premiers que pour les seconds

voisins.

L’effet de compensation de charge sur I’énergie de Gibbs des laitiers riches en SiO; et
contenant Al,O3; avec des oxydes alcalins (Na,O et K,O) a été modélisé par I’intégration

d’especes associ€ées NaAlO, et KAIO; (issues du modéle d’association) au modéle
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quasichimique appliqué aux oxydes fondus. Ainsi, le systéme quaternaire SiO;-Al,Os-
Na,0-K70 a été étendu pour fin de modélisation a un systéme a 6 composants SiO»-
Al,03-Na;0-K,0-NaAlO,-KAIO; afin de reproduire les liquidus de la silice et de la
mullite qui montrent que les cations A" et Na'/K* penétrent dans le réseau tétraédrique

de la silice fondue sans le détruire en étant couplés sous la forme d’une seule particule.

Pour les modéles thermodynamiques en général, et pour les modéles des liquides en
particulier, les méthodes d’estimation  « géométriques» des  propriétés
thermodynamiques de systémes ternaires et multicomposants & partir des parameétres
binaires du modéle ont été revues, critiquées, améliorées et généralisées dans cette thése
dans le but d’obtenir les meilleures reproductions et prédictions possibles des propriétés

thermodynamiques et des équilibres de phases.

Cette thése donne au domaine de la modélisation thermodynamique, celle des liquides
ioniques et des sels fondus en particulier, de meilleurs outils de calcul et de prédiction
des propriétés thermodynamiques et des équilibres de phases. Ces outils permettent le
calcul et la prédiction des propriétés thermodynamiques et des équilibres de phases dans
des systemes réciproques multicomposants & fortes tendances d’ordonnement des ions
premiers et seconds-voisins, ce qui n’était pas possible avant. De plus, une base de
données compléte et consistante sur les systéemes de sels de chlorures alcalins et
alcalino-terreux a été produite, qui inclut plusieurs fluorures, et qui peut servir de base
I’analyse et I’optimisation de la thermodynamique d’un grand nombre de systémes de
sels fondus utilisés comme électrolytes ou flux dans le secteur métallurgique pour la
production, la déposition, le soudage et I’affinage de métaux réactifs (Al, Mg, Li, Na, K,
La, Ce, Nd, Ta, Nb, etc...).



ABSTRACT

The prediction of thermodynamic properties and phase equilibria related to liquid
solutions can play an important role in the development and understanding of
metallurgical processes. The importance of numerical simulation of metallurgical
processes is increasing, and the thermodynamic models must follow and be able to
calculate and predict phase equilibria and thermodynamic properties of complex
mixtures. The liquids used in high temperature metallurgical processes are generally
ionic liquids with some covalent bonding, or metallic liquid solutions. The subject of
this thesis is the improvement and the development of thermodynamic models, in order
to obtain better fits and predictions of thermodynamic properties and phase equilibria

related to these liquid phases.

The new thermodynamic models for liquid solutions developed in this thesis were
integrated to the well-known FACT system (developed at I’Ecole Polytechnique de
Montréal). The FACT system, with its Windows interface, can calculate phase
equilibnia in complex metallurgical and chemical systems with the help of
thermodynamic models describing the Gibbs energy of every phase in the system.
FACT directly access databases containing the models parameters of these phases. New
databases have been integrated for the parameters of the new models applied to the
molten salt solutions of alkali alkaline-earth chlorides and fluorides (used commonly in
metallurgical processes) and Na,0-K>0-Al,03-Si0, melts. These databases represent
the synthesis of hundreds of experiments accumulated in the last century on
thermodynamic properties and phase equilibria related to these systems. The
thermodynamic modelling of a complex chemical system starts by finding a set of
model parameters for all phases in the system. These parameters are obtained by
optimization of all available literature data related to the phases of the system. In these

optimizations, a single set of parameters is found that minimizes the errors between the
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model calculations and the experimental data. It is not a purely statistical method
because the models are derived from physical and chemical theories, so predictions are
possible outside the range of experimental data. The integration in the FACT system of
the new models and the new databases of parameters related to the mixtures of LiF-
LiCl-(Li2S04)-NaF-NaCl-(Na,;S04)-KF-KCI-(K2S04)-(RbCi-CsCl)-MgF,-MgCl,-CaF,-
CaCl,-(SrCl;-BaCl;)  salts gives the metallurgical and chemical engineers and
researchers the capacity to calculate and predict the phase equilibrium and the
thermodynamic properties of this system. This is of great importance for the
understanding of industriai processes related to the production of reactive metals (Mg,
Al, Na, Sr, ...), the welding of these metals, the electroplating of refractory metals (Nb,
Ta, ...), corrosion, and many other processes. Engineers and researchers can now
calculate with FACT the thermodynamic properties and phase equilibria in these

applications.

The modified quasichemical model has been developed and used by our group (Centre
for Research in Computational Thermochemistry, Ecole Polytechnique de Montréal) for
the thermodynamics of slags, mattes and liquid metals. This model evaluates the
ordering of atoms with 1% nearest-neighbor (liquid metals and mattes) or 2™ nearest-

neighbor (slags) pairs as a function of the Gibbs energies of formation of the pairs :

[A_Y]pair +[B_X]pair = [A'-X]pair +[B—Y1pair Agz,B//X,Y

[A - (X_)A]pair + [B - (X-)B]pair <2 [A - (X—)B]pair Agfi,B(//X)

However, the model cannot take into account both 1% and 2™ nearest-neighbor ordering
simultaneously. No reliable thermodynamic model for reciprocal liquid solutions
exhibiting both 1 and 2™ nearest-neighbor ordering was available for large database

development at the beginning of this thesis. A new model able to make reliable
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predictions in multicomponent reciprocal systems with variable 1% and 2™ nearest-
neighbor ordering tendencies was therefore be developed. It was desired that the new
model be avle to incorporate current thermodynamic databases developed over the years
with the modified quasichemical model. Therefore the new model was based upon the

modified quasichemical model.

The modified quasichemical model for liquid solutions has been improved in this thesis
and has been applied to a new optimisation of the moiten salt phase of the LiCl-NaCl-
KCI-RbCI-CsCI-MgCl,-CaCl-SrCl-BaCl,-[LiF-NaF-KF-MgF,-CaF,]-[Li,S0,;-Na,S0,-K,S Q4]
system and to the Na;O-K;0-Al,03-Si0; silica-rich liquid. The improvements are a
simultaneous treatment of 1 and 2™ nearest-neighbor ordering, a better composition
variation of the Gibbs energy of formation of liquid complexes and species coordination
numbers, an integration of “chemical associates” from the association model into the
quasichemical model for the thermodynamics of the structural charge compensation
effect in SiO,;-Al,0Os-alkali oxides melts, and an extended generalized “geometric”
model for the estimation of ternary and multicomponent thermodynamic properties of a

phase from optimized binary model parameters.

The Gibbs energy equations of the modified quasichemical model were improved by
modifying the composition variation of the Gibbs energy of formation of pairs as a
function of equilibrium pair mole fractions instead of species mole (or equivalent)
fractions. The species coordination numbers were also made a function of composition.
The model equations were coded into the Gibbs energy minimization program
EQUILIB of the FACT system (Facility for the Analysis of Chemical
Thermodynamics), and the coding was tested with a hypothetical system containing all
possible interactions considered by the model. Then the model was applied to (and
tested on) the LiCl-NaCl-KCI-RbCl-CsCI-MgCl,-CaCl;-SrCl-BaCl, molten salt
solution. The application of the improved modified quasichemical model to this system

of industrial interest permits an evaluation of the ability of the model to cope with a



large multicomponent multivalent acid/base solution with a wide range of ordering
tendencies. For the same reasons, the model was applied to the thermodynamics of the
liquid phase of the LiF-NaF-KF-MgF,-CaF; system. In order to use the previous
optimizations of common-ion systems in the evaluation of the thermodynamics of the
LiF-LiCl-NaF-NaCIl-KF-KCI-MgF,-MgCl,-CaF,-CaCl, reciprocal system with the new
model, the common-cation LiF-LiCl, NaF-NaCl, KF-KC!, MgF,-MgCl, and CaF,-CaCl,
binary systems were also optimized with the new model for the liquid phase. For all
these systems, all the available binary, ternary and multicomponent thermodynamic data
(phase diagrams, liquidus projections, activities, enthalpies, heat capacities) were
accurately reproduced with a consistent set of parameters that also shows the expected
trends. The optimizations also include modeling of the solid solutions (perovskites,
etc...) with appropriate models, and optimized properties of the pure compounds. These
parameters were obtained by optimization of thermodynamic properties and phase

equilibrium data.

The optimization technique consists in finding (by least squares techniques) the set of
models parameters that .minimizes the errors between calculated thermodynamic
properties and phase equilibria, and the same experimental data found in literature. The
parameters of the binary subsystems are found first from binary (and possibly ternary)
experimental data. Then the model is used to calculate the thermodynamic properties
and phase equilibria in the ternary subsystems, and the results are compared with
experimental data. If necessary, small ternary empirical parameters can be added to the
model set of parameters in order to refine the calculations. The set of binary and
ternary parameters is then used, with the model, to predict the thermodynamic properties
(and related phase equilibria) of the multicomponent system where few experimental

data exist.

A new quasichemical model using quadruplets instead of pairs of species has been

developed. This new model has been developed in such a way that it reduces exactly to



the improved modified quasichemical model for common-ion systems. The use of
quadruplets of species containing 2 cations and 2 anions permits the consideration of 1*
nearest-neighbor cation-anion pairs and 2™ nearest-neighbors cation-cation and anion-
anion pairs. Reciprocal solutions with 1% and 2 nearest-neighbor ordering can be
evaluated with this model. The Gibbs energy equations of the model were coded into
the EQUILIB program of the FACT system and the code was tested with a hypothetical
system containing all possible interactions that can be treated by the model. The model
was then applied to the optimization of the reciprocal multicomponent multivalent
solution LiF-LiCI-NaF-NaCIl-KF-KCI-MgF,-MgCl,-CaF,-CaCl, with success. The
model reproduced all ternary reciprocal liquidus data, and most quaternary and
multicomponent reciprocal liquidus data were satisfactorily reproduced constdering that

very strong 1% and 2°¢ nearest-neighbor interactions are present ir: this system.

The well known charge compensation effect in silica-rich Si0;-Al,03-Na,0-K,0 slags
has been treated by the integration of the associate species NaAlO, and KAlQ- into the
existing quasichemcial model database. The silica and mullite liquidus were fitted with
good precision only by introducing these species in the liquid model as associate species
in the association/quasichemical model. These new species shows that A" and Na*/K"
ions enter the molten SiO- tetrahedral network as a single species replacing the Si*"

cation without destroying its quasi-lattice.

The “geometric” models for the estimation of the thermodynamic properties of ternary
and multicomponent solutions from optimized binary model parameters were reviewed,
analyzed, improved and generalized in this thesis in order to obtain a better fitting and
predictions of phase equilibria and thermodynamic properties of phases in general, and

of liquids in particular.

From a general point of view, this thesis contributes to the thermodynamic modeling of

solutions, especially ionic liquids and molten salts, and provides new tools for the
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development of large databases for thermodynamic properties and phase equilibrium
calculations and predictions. Moreover, a full and self-consistent database for a
chloride-based alkali-alkaline-earth liquid phase has been obtained, with some
reciprocal fluoride additions, together with the Gibbs energies of all solid solutions and
pure compounds. This new database can be used as a base and starting point for the
development of databases related to the thermodynamics of molten high-temperature
metallurgical electrolytes and fluxes for the production, deposition, welding and

purification of reactive metals (Al, Mg, Li, Na, K, La, Ce, Nd, Ta, Nb, etc...).
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1. Introduction

Les phases liquides sont parties intégrantes d’une grande variété de procédés
métallurgiques et chimiques. Qu’ils soient produits de réactions ou réactifs, simples
solvants ou lubrifiants, les liquides, de par leurs propriétés physiques et chimiques, ont
acquis une place de choix dans I’activité humaine, tout en conservant leur place
dominante a la surface et au coeur de notre Terre. Tant pour Pactivité humaine que pour
la géophysique et la géochimie, ’eau a toujours été le liquide par excellence; celui qui
est intrins€quement au coeur de nos vies, mais aussi de notre industrie. C’est
particuliérement vrai pour I’industrie métallurgique et chimique qui en consomme
énormément. L’eau n’est cependant pas aussi dominante en métallurgie, lorsque les
procédés nécessitent une température élevée, transformant I’eau en vapeur. A ces
températures, d’autres liquides sont utilisés, en tant que réactifs ou produits, en tant que
solvants ou lubrifiants, ou pour toute autre raison, souvent dans le but d’obtenir un
quelconque produit (pas nécessairement fluide) qui inondera le marché. Il s’agit de ces
liquides, employés en métallurgie a haute température, qui sont au coeur de la présente
recherche, et particuliérement leurs propriétés énergétiques, intimement reliées aux

équilibres de phases.

L’énergétique (ou la thermodynamique) des solutions liquides doit beaucoup a Willard

Gibbs (1902) qui lui donna ses premiéres équations, dont I’équation dite de Gibbs :
G=H-TS (13

Ou G est I’énergie de Gibbs de la phase (liquide) ou le mélange de phases, H est
I’enthalpie (chaleur interne), S est I’entropie (mesure du désordre) et 7 la température
absolue. Cette équation générale a été explicitée au cours des années par des chercheurs

qui ont développé les termes A et § en fonction de leur variation selon la température, la



composition, Ia structure ou tout autre paramétre significatif de la phase (liquide) qui

affectent I’énergie de Gibbs (G).

La présente étude porte sur le développement d’un nouveau modéle thermodynamique
qui explicite I’équation de Gibbs pour des solutions liquides qui comportent un certain
ordonnement des atomes, selon leur différent type. Ce modéle, distant descendant du
modéle des solutions réguliéres, est le modéle quasichimique modifié pour solutions
réciproques. Les travaux de cette thése ont donc porté sur la formulation des équations
du modele; le codage des ces équations sous un format informatique permettant des
calculs multiples de propriétés thermodynamiques et d’équilibres de phases; le test
informatique de ce codage; et la validation scientifique des résultats des équations
(vérifier la capacité de reproduction et de prédiction du modéle), en particulier avec un
type de liquide couramment utilisé en métallurgie : le sel fondu (de maniére particuliére
les mélanges de chlorures et de fluorures alcalins et alcalino-terreux). La capacité du
modele a étre appliqué a une base de données pour un systéme comprenant un grand
nombre de composants a été testé. De fait le modeéle a été appliqué a la solution liquide
a ion commun LiCl-NaCl-KCI-RbCI-CsCI-MgCl,-CaCl,-SrCl;-BaCl; et a la solution
liquide réciproque LiF-LiCl-NaF-NaCIl-KF-KCI-MgF,-MgCl,-CaF,-CaCl,. Il est
cependant a noter que le modéle peut aussi s’appliquer aux solutions solides ou il y a
mélange des espéces sur deux sous-réseaux seulement (avec certaines restrictions sur les

nombres de coordination).

Buts de cette thése :

= Améliorer le modéle quasichimique modifié pour obtenir de meilleures
reproductions/prédictions des équilibres de phase et des propriétés
thermodynamiques pour les solutions liquides ionique & ion commun.

= Développer un modéle quasichimique réciproque pour reproduire/prédire les

équilibres de phases et les propriétés thermodynamiques pour les solutions liquides



ioniques réciproques. Ce modéle doit se réduire au modele quasichimique modifié
avec les améliorations précédentes pour le cas limite d’une solution liquide ionique a

ion commun.

Moyens utilisés :

Développement des équations des deux modéles thermodynamiques; codage de ces
équations dans le programme de minimisation d’énergie de Gibbs du systéme FACT
et validation du code par des tests fictifs.

Critique et amélioration des techniques de prédiction des €quilibres de phases et des
propriétés thermodynamiques de solutions multicomposantes & partir des parametres
binaires du modele.

Intégration du modéle d’association au modéle quasichimique modifié afin de mieux
traiter un aspect structurel du liquide : application i I’effet de compensation de
charge dans le systéme Na,O0-K,0-Al,05-Si0;.

Validation du modéle quasichimique modifié (avec améliorations) sur la solution de
chlorures fondus LiCI-NaCl-KCI-RbCl-CsCI-MgCl,-CaCl,-SrCl;-BaCl, et sur la
solution de fluorures fondus LiF-NaF-KF-MgF,-CaF,.

Validation du modéle quasichimique réciproque sur la solution de sels fondus

réciproque LiF-LiCl-NaF-NaCl-KF-KCI-MgF,-MgCl,-CaF,-CaCl,.

Nouveautés de cette thése :

Un nouveau modele thermodynamique est proposé, dérivé de la théorie
quasichimique, qui permet de reproduire et de prédire les propriétés
thermodynamiques et les équilibres de phases de solutions liquides réciproques
multicomposantes a ions de charges multivalentes, montrant de fortes tendances a

I’ordonnement premiers et seconds voisins.



* Intégration des modéles quasichimique et d’association pour le traitement simultané
des tendances de complexation dans les silicates fondus et de [I’effet de
compensation de charge dans les alumino-silicates fondus contenant des oxydes
alcalins.

* Intégration des méthodes Kohler/Toop/Muggianu dans un seul formalisme
multigroupe flexible permettant une meilleure prédiction des €équilibres de phases et
des propriétés thermodynamiques des solutions multicomposantes avec constituants
a tendances acides, basiques et amphotéres, & partir des parametres binaires du
modéle.

s Développement d’une base de données pour toutes les phases condensées des
mélanges de chlorures alkalins et alkalino-terreux LiCl-NaCl-KCI-RbCI-CsClI-
MgCl,-CaCl,-SrCl>-BaCl,.

» Développement d’une base de données pour toutes les phases condensées des
mélanges de fluorures LiF-NaF-KF-MgF,-CaF,.

= Développement d’une base de données pour toutes les phases condensées des
meélanges de chlorures et fluorures LiF-LiCl-NaF-NaCl-KF-KCI-MgF,-MgCl,-CaF,-
CaCla.

= Développement d’une base de données pour toutes les phases condensées des
mélanges de sels LiF-LiCI-Li.SO4-NaF-NaCl-Na;S0;4-KF-KCI-K;SOs.

Note :

Toutes les figures calculées, montrées dans cette thése et dans les articles qui y sont
associés, ont été produites grace au logiciel FIGURE d’édition de figures. Ce logiciel a
été programmé par I’auteur de cette thése durant ses études doctorales afin de faciliter la
production et la présentation de calculs thermodynamiques complexes sous forme de

figures de grande qualité pour publications.



2. Revue de la littérature sur les modeéles thermodynamiques

pour solutions liquides

Les liquides

Il existe différents types de liquide. Il y a les liquides moléculaires, dont I’eau est un
exemple bien connu, qui sont des molécules de stoechiométrie et de structure fixes et
qui interagissent entre elles (contrairement au gaz) par des forces relativement faibles
(van Der Waals); il y a les liquides métalliques monoatomiques, qui sont une
distnibution d’atomes plus ou moins aléatoire dans un nuage électronique; il y a les
liquides ioniques, comme les sels fondus, dont les interactions principales sont reliées
aux forces coulombiennes (charges électroniques et rayons des ions) et aux
polarisations; et il y a les liquides a liaisons covalentes, comme la silice fondue, qui
montrent un fort aspect structural. D’autres types de liquide peuvent aussi exister
(polymeéres, cristaux liquides, etc...). Certains liquides montrent une structure mixte qui

mélange deux des types mentionnés.

Le modéle qui décrit [’aspect thermodynamique d’un liquide peut étre fonction de la
structure de ce liquide. Il est tout a I’avantage du modéle d’intégrer dans ses équations
les aspects structurels du liquide afin d’améliorer sa capacité de prédiction, mais
malheureusement, cela est généralement associé & une complexité mathématique qui
rend le modéle moins général, donc moins applicable au développement d’une base de
données couvrant un large éventail de composants chimiques. 1l y a donc un compromis
a faire entre une reproduction fidéle de la physique du liquide par le modéle et la
capacité du modéle a étre appliqué i une base de données pour une vaste gamme de

liquides.



Equation de base

L’équation de Gibbs pour I’énergie d’une phase est donnée par :

G=H-TS (2.0.1)

ou G est I’énergie de Gibbs, H est I’enthalpie (ou chaleur), S est ’entropie et 7 est la
température absolue. L’énergie de Gibbs pour toute transformation de phase est donnée

par :

AG = AH — TAS (2.0.2)

ou AG est le changement (ou différence) d’énergie entre I’état final et I’état initial, AH

est le changement d’enthalpie et AS est le changement d’entropie.

Lorsque deux espéces pures A et B se mélangent pour former une solution (du méme

état physique), le changement d’énergie de Gibbs devient :

AG™ = AH™ — TAS™ (2.0.3)

ou AH™ et AS™ sont I’enthalpie et ’entropie de mélange de la solution. Les différents
modéles qui suivent vont expliciter ces deux valeurs (aprés diverses approximations) et
vont permettre d’obtenir I’énergie de Gibbs, G, de la solution a partir de 1’énergie des

constituants pures.



Utilité des modeles thermodynamiques

La connaissance de 1’équilibre des phases présentes dans un systéme chimique donné
permet de mieux comprendre le comportement et les limites de ce systéme. De
nombreuses données expérimentales et industrielles ont été prises a ce jour dans le but
d’améliorer cette connaissance. Cependant ces données demeurent limitées et
permettent souvent mal de connaitre les réactions d’un systéme chimique a quelque

changement que ce soit.

La possibilité de reproduire mathématiquement Iles données
thermodynamiques mesurées et de prédire les valeurs des proporiétés
thermodynamiques et des équilibres de phase est souhaitable afin

d’améliorer la connaissance d'un systéme chimique.

Systéme chimique Modeles
muiticomposant thermodynamiques

Figure 2.1 : Utilité des modéles thermodynamiques.

Les modéles thermodynamiques sont un outil mathématique qui permet de reproduire
les données expérimentales portant sur les propriétés thermodynamiques et les équilibres
de phases (stables ou métastables) et de prédire les valeurs similaires dans d’autres

conditions opératoires. Le modéle est une fonction qui donne I’énergie de Gibbs d’une



phase ou d’un assemblage de phases selon certaines propriétés (7, P, n;, etc...) qui
peuvent inclurent des paramétres physico-chimiques de ces phases (7;, Z;, etc...). Cette
fonction de G :

G=f(.P,n;..) (2.0.4)

est reliée a I’équation 2.0.1, selon :

{7)

H= n (2.0.5)
{F) P.n,
et
_ (%6
S = (5T]P,n,. (2.0.6)

Ce qui permet d’obtenir la chaleur réactionnelle ou enthalpie (/) de méme que le niveau
de désordre ou entropie (S) d’une phase ou d’un assemblage de phases. De plus, la

capacité calorifique (C, — a pression constante) est obtenue selon :

(e
oo-(2) @0

Enfin, le potentiel chimique d’un constituant / d’une solution peut €tre obtenu grice a

I’équation suivante :

“ =(§j 2.08)
i T,P,"j



d’ou son activité a; peut étre évaluée selon :

ki — i =RTIna; (2.0.9)

ou uf estle potentiel chimique de I’espéce pure / dans son état de référence (appelé état

standard de I’espéce 7 pour la solution évaluée). u; est aussi noté comme gf, ’énergie

de Gibbs molaire standard de ’espéce /. 1l est aussi possible a partir de I’activité d’un
constituant / d’une phase d’obtenir le coefficient d’activité de cette phase y.. Le
coefTicient d’activité relie I’activité a; de I’espéce / a la concentration (X;, %;, m;, etc...)
de cette espece dans la phase évaluée. Cependant plusieurs définitions du coefficient
d’activité existent selon les différentes réprésentations compositionnelles des modéles
thermodynamiques. Pour une solution substitutionnelle ou les concentrations sont les

fractions molaires des constituants, I’expression suivante est souvent utilisée :

(2.0.10)

a; =y X;
Ii est ainsi possible, a partir de la fonction mathématique du modéle qui représente le G
d’une solution, de calculer des valeurs dérivées qui donnent des propriétés
thermodynamiques mesurables expérimentalement (X;, a;, AH). Ces données permettent
de vérifier la validité du modéle qui en retour permet de prédire ces mémes types de

valeur dans d’autres conditions.

Les équilibres de phases sont obtenus par la minimisation de I’énergie de Gibbs donnée

par la fonction suivante :
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Nphase:
G= D mg; (2.0.11)

i=l
OU Nppases est le nombre de phases du systéme, #; est le nombre de moles de la phase 7 et
g: est I’énergie de Gibbs molaire de cette méme phase qui peut est elle-méme étre une
fonction de sa composition interne. Mais cette minimisation de I’énergie de Gibbs
totale, G, se fait sous la contrainte du bilan de masse atomique que doivent respecter les
termes #; de I’équation 2.0.11 et la composition chimique interne des phases. D’autres
contraintes peuvent étre exercées sur la fonction 2.0.11 pour trouver I’équilibre de
phases dans des conditions particuliéres (par exemple un systéme adiabatique, AH = 0).
Pour le systéme FACT, développé par Pelton, Bale et Thompson (1999) depuis la fin des
années 1970, la routine de minimisation de P’énergie de Gibbs utilisée est celle de
SOLGASMIX développée par Eriksson (Eriksson et Rosen, 1973) qui utilise la méthode
des multiplicateurs de Lagrange, ou la fonction G est approximée a [’aide d’un
polynéme de Taylor (ou seule la premiére dérivée est utilisée) autour d’'une composition
d’équilibre estimée. La régle des phases de Gibbs doit toujours étre respectée (voir

Pelton, 1996) :
F=C-P+2 (2.0.12)

ou F est le nombre de paramétres (7, P, n, etc...) ou degrés de liberté qui doivent étre
spécifiés afin de complétement définir le systéme, C est le nombre de constituants du

systéme et P est le nombre de phases a 1’équilibre du systéme.

Il existe aussi d’autres maniéres d’obtenir I’équilibre des phases qu’en minimisant
Pénergie de Gibbs. Par exemple, il suffit de stiasfaire les constantes d’équilibre de

toutes les réactions chimiques possibles du systéme en respectant le bilan de masse.

Les modéles thermodynamiques qui explicitent les énergies de Gibbs des phases, g;, de

I’équation 2.0.11, permettent a P’industrie et aux chercheurs de comprendre le
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comportement thermodynamique d’un procédé ou d’une réaction et d’optimiser les
paramétres d’opération de ce procédé afin d’en améliorer le rendement (économique,
environnemental, etc...). De plus, ces mémes modéles sont des plus utiles lorsqu’un
nouveau procédé est développé car la capacité prédictive du modéle est pleinement

employée.
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2.1. Modéle des solutions idéales

Lorsque les espéces 4 et B se mélangent substitutionnellement sur des sites d’espéces
(posttions spatiales), le terme entropique (relié au niveau de désordre de la solution) de

changement de configuration (distribution des espéces) est donnée selon Boltzmann par:
ASVE = kinQ (2.1.1)

ou £ est la constante de Boltzmann et £ est le nombre de permutations possibles lors du

mélange. N, espéces A et Np espéces B sont distribuées sur N=N,4+Nj sites d’espéces.

Donc, ona :
Q= M (2.1.2)
N 4INp!
IN g
ASNE = _pin NaNp! (2.1.3)
(N +Np)

Avec I’approximation de Stirling (Fraser, 1958) pour la factorielle de trés grands

nombres:

N~ (2r)ie™NaN Na+s (2.1.42)
Npl~ (27)2e Ve N, Nott (2.1.4b)
(V4 +Ng)= @r)ze WatVe) (4 N YNatNaly (2.1.4c)
InN1=1in(2z)~ N Ine+ (N, +L)n ¥, (2.1.4d)

InNp!=L1in(27z)-Nyine+ (Vg +L)in N (2.1.4¢)
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n[(N; + N5 )= Lin(27) - (W, + Ng)ne+ (N, + N5 +L)in(V, +Np) (2.1.49)

On obtient, en posant 74 = Ny /Ny, et ng = N/ Nyv:

27N 4 n
ASE = N, k(nyln X, +ngln XB)—gln[——ﬁ-"—ﬂ) (2.1.5)
nA +nB

ou Ny, est le nombre d’Avogadro et les X; sont les fractions molaires des espéces 7

données par :

i (2.6.1)

Sachant que R = N,y k (R est la constante des gaz), et que le second terme de I’équation

2.1.5 peut étre négligé pour les trés grands nombres, on a:
ASVE = _R(n,In X, +ngin Xg) 2.1.7)

qui est le changement d’entropie dii au changement de configuration lors du mélange
(aussi appelée entropie configurationnelle). Parce que cette entropie évalue le
changement de configuration du mélange en supposant une substitution idéale des
especes sur les sites d’especes, cette entropie configurationnelle est souvent appelée
entropie idéale ou entropie de ’approximation ponctuelle. Ce type d’entropie est
souvent référé comme étant ’approximation de Bragg-Williams (Ziman, 1965). Le
changement vibrationnel des espéces lors du mélange, qui contribue au niveau de
désordre de la solution, est négligé pour le modéle des solutions réguliéres, ce qui

revient a dire :
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AS™ __:ASidéaIe - ASconﬁg (2.1.8)

Le modéle des solutions idéales suppose que I’enthalpie de mélange de la solution est

nulle.

AH™ =0 (2.1.9)

Cette supposition implique qu’aucune chaleur n’est échangée avec I’environnement
(“I’univers”) lorsque le mélange s’effectue. Ce qui est justifié€ par le fait qu’un mélange
idéal d’espéces implique qu’aucune distinction n’est faite entre ces espéces en dehors de

leur nature propre.

Les propriétés thermodynamiques molaires (par mole de solution) de mélange

(AR™ ,As™) pour le modéle des solutions idéales sont donc :

Ag™ = -TAs™ (2.1.10)
AR™ =0 2.1.11)
ASm - Asfdéal'e (2.1.12)

L’activité d’un constituant de la solution idéale, a;, est simplement donnée par la

fraction molaire de ce constituant dans la solution, X, car :

OAG™

RTIna; = (2.1.13)

i

Rl X+ ) R
on; ' o

i

RTIng; =
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L’énergie de Gibbs totale de la solution peut étre calculée avec I’énergie de Gibbs de

mélange, AG™, et [’énergie de Gibbs rmmolaire des constituants (purs) de la solution (g$

et gp) selon:
G=n,g5+n,go +AG™ =n,g5 +nggy — TAS (2.1.15)

Pour une solution idéale multicompos-ante (i =4, B, C, ...), I’énergie de Gibbs est

donnée par :

G:Zn,.(g;’+RT1nX,) (2.1.16)

Ce qui peut étre relié a I’équation de Gibbs, G = H - 7§, (équation 2.0.1) :

G =Ynn -7(s - RIn X,)) (2.1.17)
H=Ynh (2.1.18)
S=>n(s°-RinX,) (2.1.19)
avec
T
By = Hagg 15 (1) + ICP (daT (2.1.20)
298.15K
; .
C
57 = Sqogask (1) — j. o) dr (2.1.21)
298.15K

ou A, s« (i) est ’enthalpie molaire standard (constante), s5, s, (7) est ’entropie

molaire standard (constante) et c,(7) estt la capacité calorifique molaire (fonction de la

température) du constituant 7 pur.
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2.2. Modéle des solutions réguliéres

Lorsque les especes 4 et B se mélangent substitutionnellement sur des sites d’espéces
(positions spatiales), la différence d’enthalpie entre le mélange final et les mémes
quantités des espéces 4 et B pures dans le méme état (solide, liquide, gas, etc...) est
donnée par :

AH™ :nsolurionh:olu!ian unAhA —thB (22.1)

OU Msoion €5t le nombre de moles de solution, #; est le nombre de moles de ’espéce i (4
ou B) et A; est ’enthalpie molaire de I’espéce / pure, avec :

Rsolution =N 4 +Np (222)

La différence d’enthalpie molaire de mélange, A#™, est obtenue en divisant AH™ par le

nombre de moles de solution.

_AHT  AHT X b —-X.h, (2.2.3)

— “*solution

Ahm

n n,+ng

solution

L’enthalpie molaire de la solution peut étre évaluée a partir de la réaction quasichimique
suivante (car elle implique les paires d’espéces du mélange et non les espéces elles-

mémes) :

[A - A]pm’re + [B - B]paire Ad 2[A - B]paire (2'2‘4)

dont I’énergie totale pour 2 paires est donnée par :
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AEAB =28AB—5AA—6’BB (2.2.5)

ou les &; sont les énergies des paires d’espéces (peuvent étre fonction de la température).
En supposant les &; indépendantes de la température, ’enthalpie molaire de la solution

est donc :

Y _ N4 Z

solution —

(X.ip&as + X.iEas + XpaEns) (2.2.6)

ou les Xj; sont les fractions molaires (proportions ou probabilités) des paires /-j dans le

mélange. Le changement d’enthalpie molaire lors du mélange formant la solution a
partir des espéces A et B pures est (en supposant &, =&, et £y, =&g; Ou & est

I’énergie de la paire i~/ dans / pure) :

N, Z N Z N, Z
= sz (X.&LBQLB*'XAA‘?AA+XBB5'BB)“X.4 '; €44 —Xp f;v

Ahm

€BB

(2.2.7)

Le modéle des solutions réguliéres suppose que le mélange des espéces A et B sur les
sites d’espéce se fait de fagon aléatoire (I’enthalpie dérivée de I’énergie des liaisons g;
n’influence pas la configuration du mélange). Cette approximation, suggérée par Bragg-
Williams (Ziman, 1965), permet d’évaluer a partir des probabilités les fractions molaires

des paires X4, Xpg €t Xy qui autrement seraient des inconnues. De cette fagon, on

obtient :

X, =X2 (2.2.82)
AA A

Xgp = X3 (2.2.8b)

XAB = ZXAXB (228C)
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Ces valeurs de X;; donnent la probabilité globale (et non locale) que les espéces i et j
soient des premiers voisins dans la solution. L’enthalpie molaire de mélange de la

solution devient donc :

N Z 2
Ah™ = ;v (2XAX88AB +(X; _XA )5.4.»1 +(X; —XB BB) (2»29)
m NAVZ
AR™ = (2XAXB£AB—XA(I_X.-I)gAA_XB(l_XB)gBB) (2.2.10)

Sachant que dans un mélange binaire A-B on a que X; = 1-Xp, alors :

AR™ = —jl"z"—Z[ZXAXBeAB ~ X Xpe,, — X, Xp65] (2.2.11)
A" = X XN Zle 1 — 16,0 —160s] (22.12)
AR™ = X 4 XgN 4,ZAc 45 (2.2.13)
AR™ = X X poo 4 (2.2.14)

Cette derniére expression donne le changement d’enthalpie lors de la formation de la
solution a partir des espéces pures 4 et B dans le méme état que la solution. Ayant
maintenant le terme enthalpique de I’équation de Gibbs, le terme entropique (relié au
niveau de désordre de la solution) doit étre évalué. L’entropie du modéle des solutions
réguliéres, qui suppose un mélange aléatoire des espéces sur les sites d’espéces, est donc

la méme que I’entropie idéale si le changement d’entropie vibrationelle est négligée.

Les propriétés thermodynamiques (molaires) de mélange (A#™,As™) pour le modéles
des solutions réguliéres sont donc (en supposant &; indépendants de la température et
E; =&;):

Ag™ = AW™ —TAs™ (2.2.15)
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Ahm = JYAXBGJAB (2.2- 16)

As™ = Agidéale (2.2.17)

Si le changement d’entropie vibrationelle n’est pas négligée (g; = f(7)), ’enthalpie et

I’entropie de mélange deviennent :

a[w_ﬂﬁ?J
AT =X X r

X, ] (2.2.18)
)
r) ),.
A.S'm — Asidéalz _X-A Xg(ag);.B] (2.2.19)
P.ny

L’activité d’un constituant de la solution réguliére, a;, est calculée de la maniére

suivante :
RTInag; = OAG (2.2.20)
on;
O\RTz;In X; +n;In X |+\n; +n; )X X .0;
RTIna; = ( [’ 4 ’] (’ ’)X 4 ’) (2.2.21)
on;
RTIna; =RTIn X; + X jo; (2.2.22)

Pour les solutions de sels fondus (mélanges d’halogénures alcalins), Reiss, Katz et
Kleppa (1962) ont montré, a ’aide d’intégrales de perturbation des ions, que ’enthalpie
de mélange devrait suivre la relation suivante (pour un mélange de sels AX-BX
monovalent) :

AR = X 4 Xy QT, P11, ) (2.2.23)



20

ou Q est une fonction de la température, de la pression et des rayons ioniques. Cette
équation sera démontrée plus loin dans Ia section des solutions ioniques conformes.
Cette conclusion donne une certaine validité au modéle des solutions réguliéres. De
plus, de nombreux mélanges d’espéces chimiquement similaires (tant métalliques
qu’ioniques) ont montré une enthalpie de mélange (mesurée calorimétriquement) trés

proche d’une fonction donnée par I’équation 2.2.16.

Pour un mélange de plusieurs espéces (4, B, C, ...), le modéle des solutions réguliéres

s’applique de fagon suivante :

Ag™ = AH™ — TAs™ (2.2.24)
AR :XAXBwAB +XAXC(0__1C +XBXCa)BC +... (2225)
As™ = As™ale = _R(X,In X +XghnXg+XcinXe +..) (2.2.26)

On obtient donc une simple sommation des termes en excés binaires réguliers en
utilisant les fractions molaires des espéces de la solution multicomposante. L’énergie de

Gibbs totale de la solution multicomposante est donc :

G=nmg! +RTY n;InX; +[an ]ZZX,-X]@U (2.2.27)
i i k

0>

La derniére sommation de I’équation 2.2.27 est souvent appelée énergie de Gibbs en

excés de la solution, G* (g% par mole de solution), qui peut étre exprimée selon :
gt =hf -TsF (2.2.28)

en utilisant les dérivées données a la section 2.0.
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2.3. Expansions polynomiales de I’énergie en excés

Ce modele, dérivé du modéle des solutions réguliéres (et qui peut aussi étre obtenu en
supposant un mélange aléatoire de triplets 444, AAB, BAA et BBB, tout comme le
modéle des solutions réguliére est un mélange aléatoire de paires A4, AB et BB),
suppose que I’énergie de formation de 2 liaisons (paires) A-B a partir d’une paire
d’espéces 4A-4 et d’une paire B-B est fonction de la composition globale du mélange.

L’enthalpie de mélange de la solution pour une solution réguliére :

AR =hE = X X pw 4 (2.3.1)
devient dans ce cas.

AR =X, Xp(F(X,,X5)) (23.2)

L’entropie configurationneile est la méme que pour les solutions réguliéres. Plusieurs

fonctions de la composition ont été proposées. Une fonction polynomiale générale est :

F(X 4, X5)=> XiX4qD) (,j=0) (2.3.3)
i,J

Si une des puissances / ou j vaut 0, alors le polyndme 2.3.3 est appelé polynéme de

Margules.

L’entropie non-configurationnelle, ou entropie en excés, qui est fortement dépendante
du changement vibrationnel des espéces lors du mélange, peut aussi étre exprimée par

une fonction du type 2.3.3.
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L’article “Thermodynamic Optimization and Cryoscopic Measurements of the NaCl-
CaCl,-MgCl,-CaF, System”, montré en Annexe IX montre que tous les sous-systémes
binaires 4 ions communs de la solution de sels fondus (du systéme étudié) ont leurs
propriétés thermodynamiques assez bien reproduites par une expansion polynomiale
générale avec une entropie configurationnelle de type Bragg-Williams. Cependant, pour
les systémes binaires NaCl-MgCl, et NaF-MgF,, les données thermodynamiques sont
moins bien reproduites car la solution liquide a une certaine tendance a I’ordonnement
des cations (cet ordonnement influence I’entropie configurationnelle diminuant ainsi la

validité de la supposition d’un mélange aléatoire).

L’expansion de Redlich-Kister (1952) est souvent utilisée au lieu de I’équation 2.3.3 :

SX a4 Xp)=Z (X - Xp) aipy (20 23.4)

Certains avantages sont reliés a [’utilisation d’un polynéme de Redlich-Kister au lieu du

polyndme général. Le premier est que les paramétres qgl);. -Redlich-Kister (2.3.4) de

différentes puissances / sont moins fortement corrélés que les parameétres qS’B) -général

(2.3.3). Une simplification mathématique peut aussi étre obtenue par I’emploi de ce
type d’expansion lors de [’estimation de I’enthalpie de mélange d’un systéme
multicomposant dans certain cas. De plus, la forme des fonctions Redlich-Kister peut
aider au lissage de certaines solutions, de par [’utilisation de puissances paires ou
impaires uniquement. Quoiqu’il advienne, il est possible de convertir exactement les

>

parameétres Redlich-Kister en paramétres généraux.

Pelton et Bale (1986) ont proposé I'utilisation de polyndmes de Legendre qui sont moins
fortement corrélés que le polyndme général et aussi moins fortement corrélés que le

polyndme de Redlich-Kister.



23

L’entropie non-configurationnelle, ou entropie en excés, qui est dépendante du
changement vibrationnel des espéces lors du mélange, peut aussi étre exprimée par une

fonction du méme type que 2.3 4.

Pour une solution multicomposante, les propriétés en excés doivent €tre estimées a partir
des paramétres polynomiaux des sous-systémes binaires. Plusieurs méthodes
d’estimation ont €té suggérées. La figure 2.2 montre plusieurs de ces méthodes, dont les

plus connues.

a) b) c) d) €)
f) g) h) i) 1))

Figure 2.2 : Méthodes d’estimation des propriétés en excés d’une solution
ternaire (1-2-3) a partir des parameétres polynomiaux des sous-
systémes binaires (1-2; 1-3; 2-3) : a) Kohler (1960); b) Toop (1965);
c) Muggianu (1975); d) Hillert (1980); e) Li (1989); f) Chou (1987)
“gauche”; g) Chou (1987) “droite”; h) Colinet (1967);
i) Malakhov (1995); j) Ganesan (1997);

Les méthodes a) 4 g) sont des méthodes qui n’utilisent qu’une seule composition
d’interpolation pour chaque sous-systéme binaire, alors que les méthodes h) 2 j) utilisent
deux compositions d’interpolation. Les méthodes a), c) et f) a j) sont dites symétriques
du fait que tous les paramétres binaires de la solution ont la méme équation qui évalue

leur contribution a I’énergie en excés totale de la solution. Les méthodes b), d) et €)
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sont dites asymétriques car un parameétre des sous-systémes binaires voit sa contribution
a I’énergie en excés de la solution différemment exprimée. Une autre maniére de
présenter cette dualité “symétrique/asymétrique” est d’associer chacun des constituants
de la solution a un groupe (qui peut étre défini par la famille chimique, la charge
ionique, etc...). Si les 3 constituants de la solution appartiennent au méme groupe, une
méthode symétrique est utilisée; si un des 3 constituants de la solution différe des deux

autres, alors une méthode asymétrique est utilisée.

Pour chacune de ces méthodes, seule la fonction g€/X , X, (équations 2.3.3 ou 2.3.4)

est interpolée. Le type d’expansion (par exemple I’expansion de Redlich-Kister) peut
simplifier la mathématique de certaine méthode d’estimation (voir commentaires dans
Iarticle “On the Choice of “Geometric” Thermodynamic Models” (section “Kohler
Versus Muggianu™) en Annexe IT). Une discussion de ces méthodes d’estimation est

donnée a la section 3.1.



25

2.4. Solutions diluées

A partir de ’expansion polynomiale générale, il est possible d’obtenir des paramétres
applicables pour les solutions diluées. Pour ce faire, on sait que I'activité d’un

constituant d’une solution est donnée par :

as=y4X,4 (2.4.1)
Pour une solution réguliére (équ. 2.2.21),ona:

RTlna, =RTIn X, +RTIny,; =RTIn X, +X3w,p (2.4.2)

Ce qui donne :

Iny, = y2 %48 2.43
Y4 B RT ( )

L’expansion polynomiale générale donne :

U))]

E
g _ i 'wA_B _
RT_ggX“‘Xé RT =X, yIny 4+ Xplnyp (2449

Ainsi, les coefficients d’activité, 1 et y peuvent étre reliés aux parameétres
polynomiaux a)% . Cependant, pour une solution diluée, ou 4 est le soluté et B est le

solvant, la loi de Raoult dit que le coefficient d’activité de B tend vers I'unité quand Xp
tend vers 1 (In 1 =0). Avec ’ajout d’une terme Henrien, Cy4, qui redéfini I’état standard

du soluté, on obtient :
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x2%248 , . (2.4.5)

n7a =X Ry

Cette approche est celle de Darken (1967) et est appelée “formalisme quadratique”, ou

ona:
g° @
EzXAXB RA]? +XACA (2-46)

Pour une solution trés diluée, le coefficient d’activité Henrien, y 3, est obtenu quand Xz

=1, selon :

Inyg = -aiy’? +C, (2.4.7)

De plus, en effectuant le changement suivant :

Pelton et Bale (1986) et Bale et Pelton (1990) obtiennent les relations suivantes pour un

systéme binaire, reliées a leur modéle des paramétres d’interaction unifiés.

x2)
: J (2.4.9)

Inyg = _‘%‘Axﬁ (2.4.10)
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Pour une solution multicomposante, Wagner (1962) a proposé de faire dépendre le
coefficient d’activité d’un soluté / dans un solvant B de la concentration des autres

solutésp (p=j, k [, ...) selon:

Iny; =lny/ +X ,X, (2.4.11)
P

Cependant, Pelton (1997) donne que le formalisme de Wagner ne respecte pas
I’équation de Gibbs-Duhem pour une solution non-infiniment diluée, ce que respecte le
formalisme quadratique de Darken précédemment montré. Pelton et Bale (1986) et Bale
et Pelton (1990) proposent pour une solution multicomposante, ou A est le solvant, que

les coefficients d’activité des espéces soient :

[n}’A ="‘%23ijij —‘% ZgjleijX[ —% Zgj/([ijXkaXm - ...

Ik Ik Jkdm
(2.4.12)
ln}',- = ln}'? +ll'l]f-4 +Z€,~I-Xj +Z€iikaXk + ZE,-]-lej-.Xle + ... (2413)
J ik Jkd

ou /, j, k, [ et m sont des solutés, et les paramétres &;, g, &, ... sont appelés paramétres
d’interaction du premier, second, troisieéme,... ordre. La permutation des indices des
parameétres d’interaction ne modifie pas la valeur du paramétre. En substituant les

équations 2.4.12 et 2.4.13 dans ’équation 2.4.4 (sous sa forme multicomposante), on

obtient :
% =2 Xilny? +13 e, X, X +3 > e Xi X Xy + ... (2.4.149)

i iy L]k
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Ce qui revient a I’expansion polynomiale générale lorsque 7, j et k sont des solutés et que

des « termes ternaires » sont ajoutés.

Les modéles des solutions diluées peuvent étre plus complexes que le petit fragment
présenté dans cette thése. Ils peuvent inclure la présence de particules associées qui
modifient grandement les propriétés de solutions diluées multicomposantes :
généralement un atome non-métallique couplé a un atome métallique comme Al et O
(voir Bouchard et Bale, 1995). De plus, les méthodes d’estimation des propriétés
multicomposantes des solutions, telles que les méthodes de Kohler, Toop et Muggianu

peuvent étre intégrées aux formalismes des solutions diluées.

Contrairement aux liquides métalliques, que I’on tente généralement en métallurgie de
produire avec une grande pureté, les sels fondus sont plus souvent utilisés comme des
mélanges complexes des plusieurs sels de différentes familles chimiques. Le modéle
des solutions diluées voit son utilité diminuée pour de telles solutions dans I’optique du
développement d’une base de données de paramétres pour les applications

métallurgiques.
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2.5. Solutions aqueuses

Les modéles les plus répendus pour les solutions aqueuses sont le modéele de Pitzer
(Pitzer, 1973) et de Helgeson (Helgeson, 1967). L’é€tude des solutions aqueuses n’est
pas incluse dans cette thése, mais de nombreux travaux permettent de mettre en valeur le

modele de Pitzer (entre autre, voir Kaasa, 1998).

Cependant, la dilution de I’eau dans d’autres types de solution doit étre traitée par le
modele choisi pour cette solution. La dilution de I’eau dans une solution ionique de type

sels fondus peut se faire en considérant la dissociation de I’eau en ions H;O" et OH.
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2.6. Modeéle des complexes anioniques particuliers

Le modéle a été développé pour évaluer la complexation de certaines espéces dans les
mélanges liquides. Pelton et Thompson (1970) ont développé ce modéle pour les
solutions binaires de MgCl; et de NiCl, avec les sels monovalents LiCl, NaCl, KCI,
RbCI, CsCl et AgCl (ou ACI). Le modéle suppose qu’une fraction des cations Mg** et
Ni** vont former des « complexes anioniques » MgCls* et NiCls*" qui fixent un certain
nombre d’anions CI; le reste des cations Mg®* et Ni*" sont considérés comme étant
libres. Le modéle s’applique a toute concentration binaire ACI-MgCl; (ou ACI-NiCly),
de ACI pur a MgCl, pur. Cela implique la réaction suivante pour le MgCl, pur :

2MgCly < Mg?* +MgClZ™ (2.6.1)

Dans la solution, r4c; et nyrc;, moles de ACl et MgCl; sont présentes (A = Li, Na, K,

Rb, Cs ou Ag), ce qui permet de calculer les fractions molaires globales selon :

n
Xycr = AL (2.6.2)
nacr Y Pygcr,

PpfeCl,
n4c1 + Py,

Xaggay, = (2.6.3)

La proportion de Mg®" complexée en MgCls> est notée /2, ce qui laisse & 1-a/2 la
proportion de Mg”" sous forme libre. Le modéle évalue a une concentration globale
ACI-MgCl; et a une température données quelle est la valeur de a par minimization de

I’énergie de Gibbs.
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Les cations présents dans la solution sont A™ et Mg®"; les anions présents dans la

solution sont CI" et MgCl;*. Les nombres de moles de ces ions par mole de solution

sont :

X, (1 —%) moles de Mg?”

X 4o moles de A©

X, [%) moles de MgCls>

XACI + 2Xt\/fgC12 (1 — a) oul+ XA\/[gC , ZaX'.‘\/fgCIZ moles de CI’

Ce qui permet d’obtenir les fractions molaires ioniques suivantes :

a a
X g, (1 - 5] Xprect, (1 - E)
X s = =
Mg aX
XACH’XMgCIZ(l—%) |- —MeCh
2
X . = Xact ___Xaa
47 a X g,
XAC[‘FXMgCLl(l—E) ]—+
X angClz

2. =
MgCly 2(1 + XMgC12 -1 .SaXMgCIZ )

¥ _ 1+XMgC12 —szMgCIZ
i 2(1 + )(A/[g(':[2 -1 .SaXMgC,2 )

(2.6.4)
(2.6.5)

(2.6.6)

(2.6.7)

(2.6.8)

(2.6.9)

(2.6.10)

(2.6.11)

L’entropie configurationnelle, basée sur le modéle de Temkin (1945) de mélange

aléatoire des cations sur les sites cationiques et des anions sur les sites anioniques

voisins, est donnée par :
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ASconﬁg a )
———R——- = l:XACI +XMgC[2 (1 ‘—E)jl(XA* In XA* +XMgZ+ In XMg2+
(26.12)

J{A(A,,gc,2 (-‘23 —2a+ 1) + 1](XCI_ In Xy + Xy Xy cn )

Le modéle est basé sur 2 paramétres : Aeﬁggcc" qui est I’énergie de formation des

13

complexes MgCls> selon la réaction 2.6.13 dans du MgCl, pur et Ae®c' . qui est

MgCly™
I’énergie de formation des complexes MgCL;Z' selon la réaction 2.6.13 dans du ACI

presque pur (MgCL*" est infiniment dilué).
Mg** +4CI™ < MgCly (2.6.13)

L’énergie de formation d’une mole de complexes MgCls® peut donc étre interpolée a

MgCl, et Ae ACt

MgCIE MgclE comme etant :

partir des termes Ae

A S =X At X AMED (2.6.14)

e e
MgCly MgCl¥ Mg™" " MgCl3

Le travail dii a I’effet pression-volume étant négligeable au mélange, ’enthalpie de

. . . . 2-
mélange peut étre évaluée sachant qu’il y a % Xy ec;, moles de complexe MgCl,” par
mole de solution a la composition d’évaluation, 0 moles de complexe 3 X ., =1 et

a A X g, Moles de complexea X, ., =1.

m _ a _ E_a_ MgCl,
AhR™ = XMgClp_ {i( 5 )AeMng‘— [ 5 )AeMgClg- :I (26. 15)
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L’énergie de Gibbs de mélange est donc :

Ag™ = Ah™ — TAso*% (2.6.16)

qui est une fonction de a.

Pelton et Thompson (1970) ont poussé plus loin le concept en évaluant le systéme

binaire ACI-MgCl, comme un systéme réciproque A*,Mg**//CI MgCl4* qui répond a

I’équilibre de la réaction quasichimique d’échange d’ions premiers-voisins suivante :

g2 - sgciz- I e o S e e + 8> -]

(2.6.17)
Cette réaction répond a la constante d’équilibre suivante :
AeMECI2 7 ACT
Mgci2™ MgCI2™
X . -+ XX +X .+ ) ZRT
g A mge TV M g Fer T 2.6.18)

y=e
lXMgZ*XMgCI}- —leA“XC[‘ -y)

ou Z est le nombre de coordination cation-anion de la solution et y est la déviation au
mélange aléatoire des ions pour la concentration des paires d’ions premiers-voisins. La

valeur de y peut étre calculée (Ferland, 1964) :

AeC!  — AeMECh

—_ MgCiZ~ MgCl¥
y= XA+ X;\/fg2+ Xcr XMgC&_ SRT (2.6.19)
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Des expressions entropique et enthalpique dérivées des équations ci-haut ont été
obtenues pour définir I’énergie de Gibbs de la solution. Cette approche permet une
meilleure reproduction des propriétés thermodynamiques expérimentales a partir
d’exactement les mémes deux parameétres car elle évalue une approximation de la
contribution a I’énergie de Gibbs de mélange de 1’ordonnement premiers-voisins des

ions.

Davis et Thompson (1992) ont développé les équations pour le ternaire LiCl-NaCl-
MgCl; en utilisant I’approximation du mélange aléatoire pour Pentropie et non
I’approche quasichimique. Karakaya (1985) a appliqué le modéle (avec I’approximation
du mélange aléatoire) au binaire MgCl,-CaCl, ou CaCl; peut aussi former des
complexes, ce qui a été étendu aux ternaires NaCl-CaChL-MgCl, (Karakaya et
Thompson, 1986) et KCI-CaCl,-MgCl, (Zhu, Karakaya et Thompson, 1988). Davis
(1994) a appliqué le modéle (avec approximation du mélange aléatoire) au quaternaire
LiCl-NaCl-KCI-MgCl;.

Ostvold (1971) a développé un modéle trés similaire a celui de Pelton et Thompson

(1970), qui traite de la formation de complexes MgCls™.
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2.7. Modéles quasichimiques

Le modéle quasichimique a été introduit par Fowler et Guggenheim (1939). Ce modéle
évalue I’impact de I’énergie de liaison des espéces sur la configuration des espéces lors
du mélange. L’entropie configurationnelle et I’enthalpie de mélange sont dépendantes
de I’énergie des liaisons (paires d’espéces) pour ce modeéle. Il permet donc d’évaluer
I’ordonnement a courte distance d’une solution ou la distribution des espéces s’écarte de

la distribution aléatoire sur les sites d’especes, telle qu’approximée par Bragg-Williams.

2.7.1. Modéle quasichimique (Fowler et Guggenheim, 1939)

Le modéle quasichimique de Fowler et Guggenheim (1939) évalue I’énergie de Gibbs
d’une solution a partir des concentrations des paires d’espéces dans la solution au lieu
des concentrations des espéces dans la solution, telles qu’utilisées pour les modéles
dérivés des solutions réguliéres. Avec I’énergie de formation (Ag 45 ) des paires dites
binaires “4A-B” a partir des paires dites unaires “4-4” et “B-B”, tel que montrée a la
réaction 2.7.1.1, le modéle évalue la configuration des espéces A et B qui minimise
I’énergie de Gibbs.

[4- 4]

paire + [B_B] ~ 2[A —B]paire AgAB =@ B _ﬂABT (2'71'1)

paire
Un mélange aléatoire de paires d’espéces sur d’hypothétiques sites de paires formant
une chaine linéaire fermée (comme un collier) permet d’évaluer avec ce modéle un
ordonnement des espéces sur les sites d’espéces. Ce modéle est le modéle d’Ising (voir

Ziman, 1965) qui donne I’entropie configurationnelle.
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N, espéces A sont d’abord placées dans la chaine linéaire fermée (collier) sur Ny sites.
Tous les sites sont occupés par des espéces A formant N4 liaisons 4-A. Ensuite, Ny-Nag

liaisons entre ces espéces 4 (choisies aléatoirement) sont coupées, ce qui donne :

- nombre total d’espéces 4 : Ny

- nombre total de liaisons initiales : Ny

- nombre total de liaisons non-coupées : Ny

- nombre total de liaisons coupées : Na-Nya

Les permutations possibles associées a cette premiére étape de positionnement des

especes 4 est nommée €2, et vaut :

iai initiales) ! N !
Q,=— (lx'eusons.n?ltxa es) : _ A 2.7.12)
(liaisons coupées)! (liaisons non - coupées)! (v 4—N AA)!N aal

Suite a cette étape, les liaisons coupées sont remplacées par Np-(N4-Na4) espéces B avec

aucune restriction sur le nombre consécutif de B par liaison coupée.

- nombre total d’espéces B : Np

- nombre de liaisons ajoutées par I’addition d’espéces B : Ngp

-  nombre de nouvelles liaisons B-B : Ngg

- nombre de liaisons A-B créées avec I’ajout de B : 2(Na-Naa)

Le nombre de liaisons B-8 peut étre calculé :

NAA +NAB +NBB :NA+NB (2.7.1.3)
Nyg+2(Ny-N_ )+Ngg =N, +Ng (2.7.1.4)
Npg =Np—(N 4N 1) (2.7.1.5)
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Sachant que N4-Ny4: = Np-Npg par bilan de masse sur le collier, les permutations
possibles associées a cette premiére étape de remplacement des liaisons coupées par des

espéces B est nommée {2z et vaut :

(nouvelles liaisons créées)! Npg!
B = _ = (2.7.1.6)
(liaisons A-B)!(liaisons B-B)! (Mg — Ngg ' Npg!
Sachant que la différence d’entropie au mélange vaut selon Boltzmann :
AS=kInQ 2.7.1.7)
et que [’on peut distribuer Q selon :
0=0,0; (27.1.8)
AN gl

AS = kIn Ny Np! (2.7.1.9)

N44'Npg!(N 4 =N 14)(N g - Np)!

Avec I’approximation de Stirling (voir Fraser, 1958) pour les factorielles de trés grands

nombres, on a :

Lo 1
N = (2r)ze ™Nan Natz (2.7.1.10a)

o 1
Ngi= (27)ze Ve NgVo+s (2.7.1.10b)
et similairement pour les autres termes. Alors :

InN4=Lin(7)-N,lne+(V, +L)in N, (2.7.1.11a)

InNp!=1n(27)~ Nghne+(Ng+L)in Ny (2.7.1.11b)



et similairement pour les autres termes. L’entropie devient donc :

AS=k(NsInN +Ngin Ng)—k(N 4In N 44 + Nggln Ngg)
k(N4 =N y)In(V 4 =N 10)+(Np — Ngg )In(Np — Ngg ) (2.7.1.12)

+—1In -
2 ZENAANBB(NA-NAA)(NB_NBB)
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Pour de trés grands nombres, le dernier terme peut étre éliminé. Sachant que R = Ny, &,

on obtient :

AS —':R(nA lnNA +I’IB In NB)_R(n.‘L‘I In NAA +I?BB lnNBB)

2.7.1.13
Ry 1)V g — N 10)+ (25 1) in(N s = Npg)) @711

Sachant que par bilan de masse (collier avec un nombre de coordination de 2) on a :

an =2nBB +nyp (271,15)
Et similairement pour N4 et Np. Alors :

AS=R(n,InN  +nginNg)—R(n,InN 4 +ngginNgg)

_R(nAB o Nag , Map o Nas (2.7.1.16)
2 2 2 2

Ce qui revient a :

(2.7.1.17)
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En ajoutant 2 fois I’entropie de Bragg-Williams (idéale) du coté droit de I’équation

2.7.1.17 et en soustrayer 2 fois la méme entropie aussi du méme co6té, on trouve :

%)

(2.7.1.18)

AS:R(nA lnNA +nB lnNB)—R[nAA [nNAA -i-nBBlnNBB '*'nABln

—2R(n In N +ngln Ng)+2R(n In N, +ngln Ng)

Et en réarrangeant, on a :

AS=—-R(n ln Ny +ngin NB)wR[nAA InN y+nggIlnNgg +n,5 lnyzia-)

+2R((1,04 +1n45)in N4 +(ngg +Ln,5)in Ng)

(2.7.1.19)
Ce qui donne :
N N N
AS=-R(n,InN,+nglaNg)-Rl nin = +ngpin—B5 +pn in—48_
A A B B ( AA N“zl BB Ng AB 2NANB
(2.7.1.20)

Avec I’addition suivante :

N N N 45
AS=—-R(n In N, +nginNg)—Rinyyin—2 +nppin =88 1 p,pin—45_
5 N2 N2 2NN

N,+Ng N, +Ng BTN, +Ng
+R(nyn(Ny+Ng)+ngin(N,+Ng))

2 2 2
_R(%mMMBBmMM I,,(N,mvB)J

(2.7.1.21)
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et sachant que N +Ng = Nys+Nypgt+Npg et que nq+ng = nyy+nyptngg, alors I’entropie

quasichimique configurationnelle vaut :

X X X
AS=-R(n,In X, +nyln X )—R(n_ In—+n,In—22+n ln——’”’—)
A A B B 4A4 X; BB X; AB 2XAXB
:Asconﬁg
(2.7.1.21)

Le changement d’enthalpie molaire lors du mélange des espéces A et B pures est donné

par :
m NuLZ N 4.2 N,z
AR = ’; (X up&ap + X u6.44 + Xppepp)— Xa—2 640 — Xp—2spp
(2.7.1.22)
Sachant que (a partir des équations 2.7.1.14 et 2.7.1.15):
Xp=Xpp+35 X8 (2.7.1.24)

En remplagant, on obtient (en supposant &, =&, et &z, =55 ):

_NZ

AR™ 5 (X.438AB + X 44644 + XppEpp “(XAA +%XAB)$AA _(XBB +%XAB)€BB)

(2.7.1.25)

Ce qui donne (si les g; sont indépendants de la température) :
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N, Z

5 (8/18 _'lz‘gzu —%gaa)z—w,w (2-7»1-26)

AT =X g

Avec I’équation de Gibbs :

G=H-TS=n,g, +n,gs ~TAS™ +AH" (2.7.1.27)
ou
AS™ = (n, +ny NAs™ TS + Asmoreorre ) (2.7.1.28)

L’entropie non-configurationnelle peut étre évaluée si I’on pose que I’énergie des paires

&y est une fonction de la température. Alors,ona:

6( a).-!B )
A" = Xas (2.7.1.29)
47
T
P
Asnon—carﬁg — ‘X;AB (ag);ﬂ) (2.7.130)
< P

Le modéle quasichimique donne que I’énergie de Gibbs d’une solution substitutionnelle

binaire A-B est :

G=n,g%+n,gs +RT(n,In X, +n,In X,)

X
+R nAAln—%+nBBln£%‘1+nABln—XL (2.7.1.28)
X2 X2 2X X,

1
TN 5D 4p



42

ou 7144, npg €t nyp sont les nombres de moles des liaisons (ou paires) d’espéces A-4, B-B
et A-B respectivement, et reliés a la réaction 2.7.1.1. Ces nombres de moles doivent
respecter le bilan de masse des espeéces 4 et B selon les équations 2.7.1.14 et 2.7.1.15, et

sont évalués a I’€quilibre par minimisation de I’énergie de Gibbs.

Plus I’énergie des paires 4-B est négative par rapport a la valeur interpolée des paires A-
A et B-B, plus la concentration des paires A-B va augmenter au détriment des paires 4-4
et B-B. Les valeurs de ces concentrations Xz, X414 et Xgg vont donc s’éloigner de la
valeurs de ces concentrations telles que prédites par un mélange aléatoire des espéces 4
et B sur un quasi-réseau de sites d’espéces (voir équations 2.2.8a) a c)). La configuration
des especes 4 et B devient donc dépendante de I’énergie d’interaction entre ces espéces,
donc I’entropie configurationnelle est couplée a cette énergie contrairement a I’entropie
idéale dite de Bragg-Williams. Pour des solutions dont I’écart a I’idéalité est grand, le
modéle quasichimique, avec son approximation des paires, est donc en théorie plus
appropri€ que |’entropie de Bragg-Williams et son approximation dite ponctuelle, car il
évalue I’ordonnement a courte distance (complexation) des espéces. Pour des solutions
proches de I’'id€alité, la deuxiéme partie ’entropie de I’équation 2.7.1.21 devient nulle,
ce qui fait que le modéle quasichimique tend vers le modéle des solutions réguliéres
lorsque I’énergie de formation des paires « binaires » & partir des paires « unaires » tend
vers 0. La figure 2.3 montre la variation de la dépendence compositionnelle de
’enthalpie et de I’entropie de mélange d’une solution 4-B en fonction de I’énergie de

formation des paires A-B a partir des paires A-A et B-B.
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-50 . . . . . . .
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A X, B A Xe B
(a) (b)
Figure 2.3: Dependence compositionnelle de I’enthalpie et de P’entropie de

mélange d’une solution 4-B a 1000°C en fonction de I’énergie de
formation des paires A-B a partir des paires A-A et B-B (0, -20, -40
et —80 kJ/mol) : a) enthalpie de mélange; b) entropie de mélange.

Cette forme en « V » de I’enthalpie de mélange lorsque I’énergie d’interaction 4-B est

trés négative a été observée expérimentalement. La forme en «m» de I’entropie

configurationnelle montre qu’a la composition du maximum de complexation (Xz = 0.5

ou le nombre de paires 4-8 est maximisé) la solution est trés ordonnée (faible désordre

donc faible AS<°®8).

Le principal defaut de ce modéle vient du fait que le maximum d’ordonnement est fixé a

un mélange équimolaire de 4 et de B, et que I’énergie de formation des paires n’est pas

fonction de la composition.



2.7.2. Modéle quasichimique modifié (Pelton et Blander, 1984)

Pelton et Blander (1984 et 1986) ont modifié le modéle quasichimique de Fowler et
Guggenheim (1939). La composition du maximum d’ordonnement (complexation)
peut étre ajustée dans le modéle quasichimique modifié de Pelton et Blander par
I’utilisation de variables compositionnelles qui sont des fonctions des nombres de
coordination des espéces. Ces wvariables compositionnelles, appelées fractions
équivalentes (de coordination), remplacent les fractions molaires des espéces dans
I’équation de I’énergie de Gibbs du modéle quasichimique modifié (sauf dans le terme
entropique du mélange des espéces). Il s’agit de permettre un nombre de coordination
différent mais constant pour les espéces qui se mélangent (Fowler et Guggenheim
utilisent un nombre de coordination constant pour toutes les espéces). L’entropie
quasichimique, dérivée du modéle d’Ising linéaire, n’est plus exacte, mais devient une

approximation, si le nombre de coordination moyen de la solution est différent de 2.

La seconde modification de Pelton et Blander au modéle quasichimique original a été de
rendre I’énergie de formation des liaisons (paires) dites “binaires” 4-B a partir des
liaisons dites “unaires”, 4-A et B-B, fonction de la composition de la solution. Une
fonction des fractions équivalentes de coordination (fractions molaires pondérées par les

nombres de coordination) a été choisie.

Pelton et Blander ont aussi modifié le modeéle quasichimique de Guggenheim en
explicitant un formalisme complet pour les solutions multicomposantes, incluant un
traitement “acide/base” a l'aide des techniques d’interpolation similaires a celle de

Kohler et de Toop.
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Modification de la composition du maximum d’ordonnement

Le modéle quasichimique modifié de Pelton et Blander considére la réaction de paires
suivante :
[4-4] ... +[B-B]

< 2[4-B] (2.7.2.1)

paire paire paire
qui est la méme que celle de Guggenheim. L’énergie de formation de 2 paires 4-B a

partir des paires A-A et B-B est donnée par :
ASAB = 2£A.B — €44 —EBRB (2.7.22)
L’enthalpie de mélange de la solution lorsque les nombres de coordination des espéces

A et B sont constants mais peuvent étre différents est donnée par (en supposant g;

indépendant de la température) :

Ny Z, .
2

NAvZB £

m __
AH™ = NAv(n.»'lAgAA +n,BE B +”33533)‘”A )

44 —Np BB

(2.7.2.3)

ou Z, et Zg sont les nombres de coordination respectifs des espéces 4 et B. Le bilan de

masse des especes devient :

ZAnA = 2nAA +nyp (272.4)

ZBnB = anB + nAB (2.7.25)

Ce qui transforme I’équation 2.7.2.3 en :
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AH™ = NAv("AAgAA +n4 € 4B +”BB£BB)

n (2.7.2.6)
- ['IAA + ——n;w )NAngA - (”BB + "—;B )NAvgBB
m I 1 ! —_ nAB = nAB 2 7 2 7
AH =”A3A ,;»-(5.43 AT —3583)" 9 NAVA'EAB - ) @45 (2.7.2.7)
S1 Agyp est une fonction de la température, avec :
Ag . =N, As = f(T) (2.7.2.8)
alors I’équation 2.7.2.7 devient :
a( Ag.—lB J
AR = Nae r (2.7.2.9)
L 47
a =
r P.n,

et entropie non-configurationnelle devient :
AS’mn«corzﬁg - n,g aAgAB (272 10)

2 or ).,

Avant de considérer [’expression entropique configurationnelle modifiée par les
nombres de coordination différents, la définition mathématique des fractions

équivalentes de coordination doit étre faite avec 1’aide des équations 2.7.2.4 et 2.7.2.5:

A +
Ya=s A AMAAYPaR g ly . (2.7.2.11)
ARy + ZB)’IB 2)’1.4_4 +2n__13 +2nBB
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ZBnB _ 2)’133 +ny4p

Y- = =
B ZAnA '*‘ZB”B 2nAA +2”AB +2nBB

=Xpp +3 X 45 (2.72.12)

L’entropie configurationnelle est obtenue en remplagant les fractions molaires des
espeéces par les fractions équivalentes de coordination de ces mémes sspéces pour le
terme de meélange al€atoire des paires de I’expression entropique configurationnelle du

modéle d’Ising linéaire.

X X X
AS = —R(n, lnXA-i-nBlnXB)—R[nM]n Y}A +"331n‘?§£+nmlﬂ ZY:;BJ

- ASconﬁg
(2.7.2.13)

L’utilisation de nombres de cocrdination différents pour les espéces implique certaines
différences entre le modéle quasichimique de Guggenheim et la version modifiée de

Pelton et Blander :

- La composition du maximum d’ordonnement passe de la composition ou

X.=Xp 4 la composition ot ¥4=Vp, c’est-a-dire Xg=Z4(Z4+Z5)".

- La pondération de la contribution de I’enthalpie (A) et de I’entropie (S) 2
I’énergie de Gibbs (G) est affectée par la valeur moyenne du nombre de
coordination de [a solution. Plus ce nombre est grand, plus la contribution du
terme entropique augmente par rapport au terme enthalpique (car pour un
méme nombre d’espéces, le nombre de liaisons augmente). De ce fait, la
fonction G = f (Y;) devient de plus en plus arrondie (taux de changement de
G en fonction de Y, est plus faible prés de la composition du maximum
d’ordonnement), méme pour un ordonnement prononcé, et la variation des

activités des especes en fonction de a composition est plus faible.
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- Le terme entropique n’est exacte que lorsque que la valeur du nombre de
coordination de toutes les espéces vaut 2 (de par le modéle d’Ising linéaire).
Si le nombre de coordination de la solution est différent de 2, alors Z ne
devrait plus étre condidéré comme le nombre de coordination réel de la
solution, mais plut6t comme un paramétre du modéle qui influence la
distribution de I’énergie de Gibbs de mélange, Ag™, entre le terme
enthalpique, A#™, et le terme entropique, As“" (car il influence le nombre

de liaisons totales pour un nombre d’especes donné).

Systémes multicomposants

Pelton et Blander (1984) ont décrit les équations pour un systéme multicomposant (4, 5,
C, ...). Chaque constituant (espece) de la solution posséde son propre nombre de

coordination et le bilan de masse devient :

Zin; =n; + Z n; (2.7.2.14)
J

Les fractions équivalentes sont donc :

ny +Q ng
Zl'nr' J

Y; =X +5 > X (2.7.2.15)

- Z-n~= 24
; 7 Z("kk +anl] jif

k {

L’expression de I’énergie de Gibbs de la solution devient :
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X
G:Z"I-gx? +RTZnilnX,- +R ZZn,j lnm +%ZZH§Ag’)-

i 2 g ridj ii>j

(2.7.2.16)
ou 7 et j sont des espéces et & est le delta Kronecker (5, = 1 si 7 =/ et &; = 0 si i #j).

Les valeurs a I’équilibre des nombres de moles de paires sont celles qui minimisent

I’énergie de Gibbs sous la contrainte du bilan de masse.

Dépendance compositionnelle de Agys

Une importante modification apportée au modele quasichimique par Pelton et Blander
(1984) est la dépendance compositionnelle de I’énergie de formation des paires
(liaisons) dites “binaires” 4-B, & partir des paires dites “unaires” A-4 et B-B. Pour une
solution multicomposante (4, B, C, ...), la variation compositionnelle de Agus oblige
I’utilisation de méthodes d’estimation de cette énergie (d’un sous-systéme binaire) dans
le champ compositionnel multicomposant. Pour ce faire, Pelton et Blander utilisent les
méthodes de Kohler (1960) et de Toop (1965) qui on I’avantage de s’intégrer a une
séparation des espéces de la solution en deux groupes distincts. L’utilisation de deux
groupes divisant les espéces permet de lier le modéle quasichimique aux propriétés
“acide/base” communément associées a plusieurs types de solutions liquides, dont
plusieurs montrent des signes d’ordonnement a courte distance (laitiers métallurgiques,
mattes et sels fondus). Pelton et Blander ont donc formulé la variation de I’énergie de
formation des paires 4-B en tenant compte des propriétés “acide/base” des liquides et de

P’influence des autres espéces (C, D, ...) sur cette energie.
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Si 4 et B appartiennent au méme groupe chimique (acide ou base), alors la variation
compositionnelle de Aguzs , telle que donnée par Pelton et Blander, est une variation

similaire a celle de Kohler pour un systéme polynomial:

Yy ‘(y d i) k-1 (k)
Ag 5 =Agop + [ )( 5 J B+ > Ye(1-Y,—Yp) 7
Z YA+YB YA+YB g) AB(C)
1+]>0

(27.2.17)

ou C est une espéce qui appartient a n’importe quel des deux groupes; q(f ) est un
paramétre binaire compositionnel et q%()c) est un parameétre ternaire compositionnel qui

évalue I’'influence de C sur I’énergie de la liaison 4-B. Ces paramétres sont obtenus par

optimisation des données thermodynamiques expérimentales (voir section 2.13).

Si A est une espéce acide et B est une espéce basique, alors la variation compositionnelle
de Agyz , telle que donnée par Pelton et Blander, est une variation similaire a celle de

Toop pour un systéme polynomial:

Ag.p =Agp
+ Z g:zadesfblasesl: @ +ZY (I aade.r)k- qfluBk()C) +ZYD (1 —ézbasgs)l_] Q%go):}

k>0 >0
i+7>0

(2.7.2.18)

ou C est une espéce acide et D est une espéce basique. Les vaniables &, 7. et &ppees

sont définies comme :
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Eqcides = 2 Yf (2.7.2.19)
je dbides

Ehases = D Y7 (2.7.2.20)
je Igascs

avec

Sacides T Sbases =1 (carily a 2 groupes) (2.7.2.21)

La technique d’interpolation des termes ternaires ¢(s., des équations 2.7.2.17 et
2.7.2.18 ont été proposées par Pelton. A I’équation 2.7.2.18, Pinterpolation du terme
ternaire g%, se fait en utilisant une sous-fonction ¥, (1-£,...)" au lieu de ¥} afin

de tenir compte de toutes les autres espéces qui appartiennent au méme groupe

acide/base que I’espéce C et qui devraient avoir un effet additif (similairement pour

q%ip,)- Pour plus de précision sur ce dernier point, le lecteur est invité & consulter la

section « Ternary Terms» de [Iarticle « On the Choice of « Geometric»

Thermodynamic Models » en Annexe I

Examples d’utilisation du modéle quasichimique modifié

Le modéle quasichimique modifié a été utilisé de maniére extensive par le CRCT (Ecole
Polytechnique de Montréal) depuis plusieurs années pour le développement de bases de
données de solutions liquides ou la tendance a I’ordonnement a courte distance est forte.

Deux types d’interactions ont été étudiées avec ce modéle :

- les interactions premiers voisins;
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- les interactions seconds voisins ou 4 et B sont des espéces d’un méme quasi-
réseau intercalé avec un autre quasi-réseau totalemerit occupé par une seule

espéce (disons X).

A) Interactions premiers-voisins :

Les solutions liquides métal-soufre, communément appelée mattes, ont été modélisées
thermodynamiquement avec succes grace aux travaux de Dessureault (1993), Kongoli
(1995), Kongoli, Dessureault et Pelton (1998) et Kongoli ex Pelton (1999). Ces
solutions montrent un fort ordonnement premiers-voisins (par exemple Fe-S et Cu-S),
bien qu’une certaine dissociation soit présente (les liaisons Cu-S- et Cu-Cu prédominent
dans I’intervalle de composition Cu-Cu,S, mais certaines liaisons S-S y sont présentes).
La prédiction des propriétés thermodynamiques (S;) dans les systémes ternaires et
quaternaires a partir des variations compositionnelles de twpe Kohler/Toop sont
excellentes avec une utilisation minimale des termes “ternaixes”. L’utilisation de
nombres de coordination différents et supérieurs a 2 pour les «espéces ne semble pas
causer de probléeme pour I’approximation entropique de I’Ordonnement a courte

distance.

Les propriétés des solutions métalliques liquides Al-Mg-Si-Sr-C ont été reproduites par
ce modéle avec satisfaction dans les travanx de Bérubé (1993) et de Chartrand (1995).
Les fortes enthalpies de mélange des sous-systémes qui contiemnent du Sr ont pu étre

reproduites avec succes grice a des nombres de coordination avoi sinant une valeur de 6.

Les avantages et inconvénients d’un nombre de coordination moyen différent de 2 ont
ét€ donnés a la section “Modification de la composition du maximum d’ordonnement”

peu avant.
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B) Interactions seconds-voisins :

L’énergie de Gibbs de la solution d’oxydes fondus du systéme FACT (Pelton, Bale et
Thompson, 1998) est décrite par le modéle quasichimique modifié de Pelton et Blander
(1984) avec les équations telles que données dans cette section. La réaction
quasichimique suivante :

a1 -0-M],.;e +[Si—O - Silpse < 2IM -0 -5i],,;. (2.7.2.22)

paire

est similaire aux réactions de formation de silicates & 1’état fondu de Toop et Samis

(1962) :
0% +0° =20~ (2.7.2.23)

et permet d’évaluer I’ordonnement & courte-distance associé a la formation de

complexes SiO}~, SiO3~, etc... dans les oxydes fondus constitués d’acides et de bases.

Un nombre considérable de systémes binaires, ternaires et multicomposants ont vu leurs
propriétés thermodynamiques de la phase liquide reproduites avec succés, ce qui permet
de reproduire et de prédire les équilibres de phases liquide-solides. De nombreux
exemples peuvent étre trouvés dans les articles suivants : Wu (1992), Eriksson, Wu,
Blander et Pelton (1994).

Pelton, Eriksson et Romero-Serrano (1993) ont aussi étendu le modéle quasichimique
modifié aux calculs de capacités en sulfures des solutions d’oxydes fondus par
’utilisation de la réaction suivante qui est une modification du modéle de Reddy et

Blander (1987) :
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M*0+18, o M*Ss+10, (2.7.2.24)

A laquelle la constante d’équilibre suivante est associée

1

P 2
Ko _AMs | 9 (2.7.2.25)
a0\ Ps,

Le modéle quasichimique modifié appliqué aux oxydes fondus permet de calculer ayo,
et avec les pressions partielles d’O; et de S; provenant de la phase gazeuse, il est
possible de calculer ays si la constante d’équilibre est connue. En supposant une

activité idéale, la fraction molaire de MS est calculée suivant :

X s 1
Ays = (pour Xs;0 <3) (2.7.2.26)
Xpo — Xsio, + Xus el
X 2Xg0. )
_ MS SiO, 1
apres = (pour XS'O = —) (27227)
Xsio, + Xus (I_XSion R

Les cations de charge autre que 2" peuvent aussi étre considérés de fagon similaire. Ce
modele simple, couplé au modéle quasichimique modifié, permet de calculer avec
satisfaction un grand nombre de dissolutions anioniques (S*, SO4*, F, CI', OH, etc..)

en faible concentration dans les laitiers.
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2.8. Modéle d’association

Le modéle d’association suppose la présence hypothétique d’espéces associées dans le
liquide selon la réaction chimique suivante (pour un systéme binaire substitutionnel 4-

B):
ad +bB <> A, B, AgTs, (2.8.1)
L’énergie de Gibbs de cette solution est donnée par :

G=n,85+npgs +nAaBbg;aBb +RT(nA InX,+nglnXp+nyp lnX_4aBb)+GE
(2.8.2)

avec
gZaBb =ag +bgg + Ag;i?b (2.83)

Ce qui est essentiellement la méme expression que pour un modeéle dit “polynomial”
(section 2.3) avec l’entropie de Bragg-Williams, cependant qu’une nouvelle espéces
A.B, indépendante (entropiquement) de A et de B, est considérée. Différentes
expressions de G° peuvent étre utilisées. Le bilan de masse est dit “naturel” en ce sens

qu’il s’agit d’un bilan de masse chimique normal :

nﬁfr =Ny +anAaBb (28.4)
ng' =ng +bny p (2.8.5)

L’expression de G pour un systéme multicomposant est triviale et similaire a I’équation

(2.2.26) on les espéces associées introduites sont traitées comme toute autre espéce i.
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Certains problémes de nature entropique sont reliés au modeéle d’association. Par
exemple, si une espéce associée AB, dont I’énergie de formation a partir de 4 et de B est
négative, est présente dans une solution Asgivane-Bsotuts, alors I’ajout d’atomes de B dans 4
pur se fera sous la forme de 4B, au lieu d’atomes B individuels. Deux atomes de B sont
donc dilués dans A sous la forme d’une seule particule. Pour corniger cet aspect
entropique, il est proposé d’utiliser des especes associées ApsB au lieu de 4B,, au

détriment de ["aspect “physique” du model.

Un autre probléme apparait lorsque I’énergie d’association Ag;“éb est nulle. Dans ces
a

conditions, on a que :

X
Ly (2.8.6)
X5X3

Ce qui implique que 1’énergie de Gibbs devient (si G5=0):
G =nf§’tgf; +n§’tg§ +RT(nA lIlXA +nB In XB +n‘4aBb In XAaBb) (2-8.7)

Ce qui n’est pas équivalent a une solution idéale de 4 et de B. Pour avoir une solution

idéale avec le modéle d’association, il faut fixer Angb =+oo pour que le nombre de

moles d’espeéces associées soit nul. Cela implique que I’énergie entre 4 et B pour
former un associé A4,B, est infiniment positive avec que 1’énergie d’interaction entre 4 et

B est nulle! Dans ce cas le modéle devient purement mathématique.

Les travaux de Luck, Gerling et Predel (1989) sont suggérés comme référence.
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2.9. Modéle cellulaire (Kapoor et Frohberg, 1971)

Le modéle cellulaire de Kapoor et Frohberg (1971) a été développé pour les solutions
d’oxydes fondus contenant de la silice (Si0;). Ce modéle considére la présence
d’hypothétiques “cellules” dans le liquide qui définissent I’état de polarisation de

I’oxygéne qui y est associ€ selon la réaction 2.7.1.
0% +0° <20~ (2.9.1)

La solution fondue M,O-MO-SiO, contient des cellules de type M TOM™*, M**OM**,

M*YOM?**, SiOSi, M*OSi et M**OSi , et les équilibres suivants sont respectés:

+ + - - + - o _
M*OM™ + SiOSi <>2M*OSi AgY s = 2Dy (2.9.2)
M OM?* + SiOSi <> 2M >t 0Si B8} 2ups = 2Py, (2.9.3)

+ + 2+ 2+ + 2+ o _

M OM™* + M**OM** <2M*OM Ag? 2 =20y o (2.9.9)

ou les termes @y sont les énergies de formation des cellules iQj a partir des cellules /07
et jOj. Pour un nombre de moles d’oxydes M0, MO et SiO, donné, il existe une seule
configuration de cellules (nombre de moles de chaque type de cellules) qui minimise

I’énergie de Gibbs. L’énergie de mélange est donnée par :

In Q2

",0 T Po t 20550,

AG™ =—RT (2.9.5)

ou
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Q=Zg(E,-)e(—% ) 2.9.6)

avec

gE)=s ("Mzo,nMo,"s,-oz My o5 P2 0s s Paron 2t ) (2.9.7)
et
E; = Efformation + Eli.nteractim (2.9.8)
ou
E'f R = MroM Ag ;1+0M2+ TMyvosi Ag ;[**05,- 2 0si Ag :,[2*03; (2.9.9)

et

interaction
E; =f (SM*OS{—SiOSi’ €012+ 058i-5i08i? M0 - MO 150, Ty 05 - Py 12+ 05 P+ ong 2t )
(2.9.10)

et ¢ définissent ’énergie de l’interaction des

Les termes &, /.04, sios: M OSi-SiOSi
cellules associées et permettent de définir une tendance a la polymérisation. A partir de

ces équations énergétiques, ’équilibre des phases peut étre calculé.

Gaye et Welfringer (1984) ont exprimé 1’énergie de Gibbs de solutions d’oxydes
multicomposantes du modéle cellulaire. Récemment, Lehmann et Gaye (1999) ont aussi
considéré la présence d’anions autres que O dans les cellules en étendant & une seconde

“couche” cellulaire leur modéle (application & I’addition de soufre aux laitiers).
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Il existe des similitudes entre le modéle cellulaire et le modéle quasichimique. La

réaction 2.9.1 ressemble en effet a la réaction quasichimique suivante :
[Base — 0* - Base|+[Si —0° - Si]<> 2[Base — 0~ - si] (2.9.11)

Les équations 2.9.2 4 2.9.4 sont trés similaires a I’équation 2.9.11. Le modéle
quasichimique évalue I’énergie de Gibbs de la solution a I’aide d’une distribution
aléatoire des paires de la réaction 2.9.11, alors que le modéle cellulaire utilise une
distribution aléatoire des cellules. L’ordonnement cationique est évalué a partir de la
minimisation de I’énergie de Gibbs selon I’énergie de formation et d’interaction des
cellules, tout comme le modéle quasichimique évalue 'ordonnement des especes a
I’aide de I’énergie de formation des paires. L’entropie configurationnelle est donc
modifiée tout comme c’est le cas pour le modéle quasichimique. Les deux modéles
different cependant sur certains points: les tendances acides/bases des espéces
n’influencent pas [’évaluation des énergies d’interactions entre les cellules dans le
systéme multicomposant (comme c’est [e cas pour le modéle quasichimique); le modéle
cellulaire s’applique essentiellement a des interactions seconds-voisins car les cellules
posseéde un ion commun (dans les laitiers ’oxygéne), cependant que le modéle
quasichimique est plus général et s’applique a des interactions premiers- ou seconds-

voisins.
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2.10. Modéle des solutions réciproques conformes

La théorie des solutions conformes a été développée par Longuet-Higgins (1951).
Plusieurs autres auteurs, Fogrland (1964), Reiss, Katz et Kleppa (1962), Blander et
Yosim (1963), Blander et Braunstein (1960), Saboungi et Blander (1974 et 1975) ont
contribué au développement du modéle des solutions réciproques conformes qui est basé

sur la théorie de perturbation de la mécanique statistique.

Reiss, Katz et Kleppa (1962) ont développé€ I’énergie libre de mélange d’Helmholtz

pour un mélange de sels fondus 4X-BX de charge symétrique et monovalente :
AF™ =F p1x — X axFax — Xpx Fax (2.10.1)
en exprimant :

Fur =—kTInZ(g 4y ) (2.10.2)

et similairement pour Fpy et ou Z est I’intégrale volumique de configuration qui est
fonction du volume et de la température et est exprimée de maniére générale comme

étant :

U
Z= _UL expﬁ"T_(dr)ZN (2.10.3)

ou U est I’énergie potentielle de 2& ions (V cations et N anions), et (dz‘)ZN est le

symbole utilisé pour décrire le volume combiné des éléments de 2N ions. Dans

I’équation 2.10.2, on a gux qui est défini comme :
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A
Sax = et gpy =—— (2.10.4)
Aax Apx
ou Agy =7, +r,, Ay =rg. +r, et A est la méme valeur exprimée pour une

composition de référence de la solution AX-BX a partir de laquelle la perturbation est

évaluée. On définit ausst :

Zax =Z(gax) et Zpy =Z(gpy) (2.10.5)
Donc,
Fue =—kTInZ 44 (2.10.6)

Reiss, Katz et Kleppa ont utilis€ une expansion en série de puissance pour obtenir :

2
Fiv =—kT\InZ +(g 4« —l{alnz] +%—(gu—12[aa ISZJ +...
gayr=l

agAX =t g:IX
(2.10.7)
ou
(ilﬁ] __1 (i) 2.108)
agAX gax=l Z(l) agAX ax=l
et
{aZmZJ 1 (azz] 1 (az Jz 2.109)
gix )y o ZW\ogix ), o @0V \%ax /g,

Dans I’équation 2.10.3, I’énergie potentielle U a la composition de référence (au A de

référence) vaut :
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N N N N N N
U=D"D e+, D gy + D, D Uper (2.10.10)
a ¢ a a c c

a>a c'>e

ou u,. est le potentiel des paires a-c¢ (anion-cation), u.. est le potentiel des paires de

cations c-c’, et uq,- est le potentiel des paires d’anions a-a’, définis comme étant :

Uge =%f[%) (2.10.11)
7

uccv = —k’T (2.10-12)
2

Uy =q; (2.10.13)

ot g est la charge cationique (2.10.12) ou anionique (2.10.13), k est la valeur effective
de la constante di€lectrique et r est la distance de centre a centre entre les 2 ions.
L’équation 2.10.10 devient pour une composition autre que la composition de référence

(disons Xyx=1) :

N N N N N N
Ui =22 8axtac(8ax?)+ 2 Dtlae + D Xt (2.10.14)
¢ ¢ ¢ a?>a i C.C;C
donc
UAX
Zax = Z(gax)= ([ exp #r (@z)*" (2.10.15)

Les dérivées des équations 2.10.8 et 2.10.9 peuvent étre évaluées par la dérivation de

I’équation 2.10.15.
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Un traitement similaire est fait pour Fgx, et F4px est ausst évaluée de la méme maniére
a P’exception que I’énergie potentielle U des équations 2.10.10 et 2.10.14 sont

remplacées par :

Uspix =2, 2.8axtac(@axt)+Y, D 8axttac(gaxr)
a c a c'
N N X N X N XpxN XgyN XN XgxN (2.10.16)
+ Z Dthgp+ D DU+ Z D tgnm + Z >
a a c ¢ c" c™ c c"
a>a c'>c c"'>c”

Reiss, Katz et Kleppa ont donc obtenu I’énergie libre de Helmholtz de mélange d’une

solution AX-BX monovalente comme étant (& partir de 2.10.1) :

m kT 3 3 o’ | Apy —Aax :
AF" = X v X N N°(N —-1l)jw — - = 2.10.17
o zza)[ BRARGRST0) G101
ou
b
a= HJ;, 0. exp T (dr)*V (2.10.18)
Ou
— ac 2.10.
Poc =Uge +r(——ar ) (2.10.19)
A
&= _‘-_“;, PacPac €XP o (dr)zN (2.10.20)
A
o= J'_”;,¢ac¢a'c’ exp T (dT i (21021)

L’équation 2.10.17 peut étre exprimée comme étant :
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2
AF™ =X o X o (D(T,V{i’”‘—_—{'&) (2.10.22)
lBXAAX

ou ®(7; V) est une fonction de la température et du volume seulement. Sachant que :

AG™(T,P)= AF™(T,P)+PAV™ (2.10.23)

La variation compositionnelle de I’énergie de Gibbs de mélange a température et
pression constante devrait €tre la méme que la variation compositionnelle de I’énergie
libre d’Helmholtz, car on peut négliger le demier terme de ’équation 2.1023 a P = 1

atm. L’équation 2.10.22 peut donc permettre d’obtenir :

2
AGm.non-—co'!ﬁg — XAXXBX 6(]" P{&'X—_;{&] (2_ 1 024)
;[’BX ;{AX

ou O(7,P) est une fonction de la température et de la pression seulement issue de ®(7’ V).

Alors, sachant que :

(2.10.25)

AH™ = AG™ -T(GAG ]
P

or

on a que I’enthalpie de mélange d’une solution 4X-BX monovalente est donnée par :

2

A —

AH™ = X AYXBXQ(T,P{—%)%&J =X,y XpxAw 4,5 (2.10.26)
BX 7 AX
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Ce qui confirme la validité du modéle des solutions réguliéres pour les sels fondus

monovalents.
Apx —Aax . g
Le terme —=2——2 est aussi symbolisé par &4 5x.
ApxAax

L’entropie de mélange utilisée est un mélange aléatoire des cations sur un sous-réseau
cationique hypothétique et un mélange aléatoire des anions sur un sous-réseau anionique

hypothétique intercalé au premier (similairement a Temkin (1945)).

Cependant, Blander (1962) a développé les équations de Reiss, Katz et Kleppa (1962)
qui ont utilisé une perturbation du second ordre, pour une perturbation de troisiéme
ordre afin d’évaluer la variation compositionnelle du terme “régulier” pour des

mélanges de sels de charges symétriques et a obtenu :
AH™ = X 4 Xpx (@1 + 92X ax + 93X ax Xpx ) (2.10.27)
Le terme q; de Blander est donné par I’équation 2.10.26 et les termes g et partiellement

q2 sont dépendents des interactions a courte distance du type polarization et énergies de

dispersion de London (@stvold, 1971). L’expression 2.10.27 se transforme aisément en:

AH™ :XAXXBX(‘II +(g2 +93)X 4x —Q3X,7’«ix) (2.10.28)

Ce qui confirme la validité de I’expansion polynomiale (sous quelque forme que ce soit)

du terme régulier pour les sels fondus monovalents.

Sous une forme plus générale et pour des solutions ternaires a ions communs, Saboungi

et Blander (1975) ont montré que I’énergie en excés est donnée par :
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g5 = X X, (50 + 50X, + 4K X, e X X (P30 + 20X, +42 X, X,.)
X X, #PH K.

~X, X, X [(¢(21) +(¢(21)) J(@m) _|_( ¢(21) l)(( (21) +( ¢(21) J
P2 XX, X (D8P + 202X X (P8P +2X2 X, X, P62 )
(2.10.29)

Blander a suggéré I'utilisation des fractions équivalentes en remplacement des fractions
molaires des ions dans I’équation 2.10.29 pour des systémes ternaires a asymétrie des

charges : cette approche a été testée avec succés par Pelton, Bale et Lin (1984).

Donc a partir des évaluations des coefficients binaires ¢; de |’expression 2.10.27,
Pexpression de g du systéme ternaire peut étre évaluée sans I’utilisation de méthode
d’estimation (i.e. Kohler/Toop/Muggianu) car I’équation 2.10.29 demeure valide selon
la théorie des solutions conformes. Pelton, Bale et Lin (1984) recommandent
I’utilisation de [Péquation 2.1029 au lieu des méthodes d’estimation (i.e.
Kohler/Toop/Muggianu) pour les solutions de sels fondus pour lesquelles elle a été
développée. Cependant, les méthodes d’estimation peuvent donner des résultats trés
similaires 4 ceux de I’équation 2.10.29 et ont ’avantage d’étre applicables a des
systemes quaternaires et d’ordre supérieur. Ce dernier point est essentiel pour le
développement de bases de données sur la thermodynamique des mélanges de sels

fondus.

Pour les solutions ternaires réciproques (4,B8/XY) ou il y a plus d’un cation et plus d’un
anion, Saboungi et Blander (1974) ont développé I’expression de I’énergie de Gibbs de
mélange (par €quivalent de solution) suivante pour les sels fondus a asymétrie ionique,

dérivée de la théorie des solutions conformes.
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Ag :(qAXA +qBXB)—IRT(XA InX, +X, lnXB)
‘*’(QXX,\’ +qYXY)_lRT(XX In X, +X, [an)
+Y Y Y Aw , g, + Y VY AG 5y (2.10.30)
+Y Y Y A® 4y y + Y Vi YgAGg vy

+YAYYAg.iL.‘g'/X.Y +YAY8YXYYA

ou les Aw sont les paramétres de I’équation 2.10.26 (ou paramétres réguliers) et

Agfﬂ'; /xy estlénergie d’échange (par équivalent) de la réaction suivante :

(qAQY)_lAqAYqY +(quX)—quBXqX <> (q49x )_1Aq,, X, +(azay )'B, ¥,

(2.10.31)

Le terme A de I’équation 2.10.30 a été estimé par Blander et Braunstein (1960) (voir

aussi Forland (1964)) a partir de la théorie quasichimique (la démonstration compléte est
faite ci-apres) :

échange

A=_m (2.1032)
2ZRT

Les deux derniers termes de I’équation 2.10.30, qui donnent 1’énergie de mélange d’une
solution ternaire réciproque A4,B/X Y, sont donc des fonctions de I’énergie d’échange. Le

premier de ces termes provient de I’expression suivante (obtenue du mélange aléatoire

des cations et des anions sur les sites respectifs) :

Y. Y 8 +Y Y 8ay +YsY, i +YpY  gpy (2.10.33)
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ou trois des g° des sels purs (4X, BX et BY) peuvent étre fixés arbitrairement a 0 et le
troisiéme vaut donc -Agf;fg rxy - Le second terme, contenant I’énergie d’échange, est

une approximation de Ia contribution a I’énergie de Gibbs de mélange de I’ordonnement
a courte distance premiers-voisins qui découle de I’énergie de Ia réaction d’échange. A
partir de la théorie quasichimique qui évalue le changement de configuration avec
I’énergie des paires premiers-voisins, Blander et Braunstein (1960) ont évalué la

contribution au G de I’ordonnement depuis la réaction quasichimique d’échange -

-1
[A - Y]paire + [B - X]paire < [A - X]paire + [B “Y]paire Aa)A,B/X,l"Z
(2.10.34)
qui posseéde la constante d’équilibre suivante :
“Naudo,p xry
X —_—
dqu = M = exp ZRT (2.10.35)

XavXpix

Sachant que pour un mélange aléatoire des ions sur leurs sous-réseaux respectifs, les

fractions molaires des paires premiers-voisins peuvent étre calculées selon :

Xea =YY, (2.10.36)
ou c est le cation et a est ’anion. La constante d’équilibre devient :
~Nayba 4 prx r

= (YAYY _yXYBYX —}’)
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K. =

équ

YAYBYXYY(I'i- y )(1—*- y J N A2y grxr
fofs Yoly =T (2.10.38)
YAYBYXY{ )

= exp
-2 [1-—2
YAYY YBYX

ou y est la déviation au mélange aléatoire des ions di a I’ordonnement a courte distance
et est fonction du bilan de masse des ions. L’estimation de y en fonction de Aw 45,y

se fait 4 I’aide des logarithmes et de leur approximation a I’aide de la série de suivante :

2 3 4
ml+x)=x-—+>-X 4+ —1<x<l (2.10.39)

2 3 4

Dongc, en utilisant le premier terme de cette série de Taylor, on a :

N, A
In| 1+ 24 +In| 1+ 4 —In|1— 4 —In|1-— Y =4 DABIXY
N €% YpYy Y, Yy Yp¥y ZRT

(2.10.40)

Etant donné que y ne peut étre supérieur ou inférieur a la limite des dénominateurs de

par le bilan de masse des ions, 1’équation 2.10.39 peut étre utilisée pour trouver y :

N Ao p1xy
=Y, Vg¥y¥y —=- 2.10.41
y 4YpYx ¥y ZRT ( )

La contribution a I’énergie de la déviation y au mélange aléatoire est donnée par :

N Aw N, Aw
AEE = yZ( i ZA'B’X'Y ):—YAYBYXYY( d ZI’;'TB’” f (2.10.42)
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Ce qui donne pour I’énergie de Gibbs :

AgE =T

sch
1 (Agif,B/X,r)z
AEEd| — | =V Yp¥ ¥y ~2AD AL 7 2.10.43
(TJ ATBIXY TRt ( )

© N[~

Cette expression se retrouve a [’équation 2.10.30, cependant que la forme Y4 ¥pYyYvA a

été obtenue de la théorie des solutions conformes.

Les équations 2.10.29 et 2.10.30 de la théorie de solutions conformes ont été appliquées
sur de nombreux systémes de sels fondus avec succés (voir Saboungi et Blander (1974)
et Pelton, Bale et Lin (1984)). Cependant, lorsque la valeur absolue de I’énergie
d’échange de la réaction 2.10.31 dépasse les 50 kJ/équivalents, le modéle est inapte &
prédire correctement les surfaces des liquidus des systémes réciproques. Les termes
fonctions de I’énergie d’échange de I’équation 2.10.30, qui décrit I’énergie de mélange,
donnent une contribution a 1’énergie de Gibbs de la solution beaucoup trop négative a la
composition Y,=Yp=Yy=Yy=0.5, ce qui engendre deux [acunes de miscibilité alignées le
long de la ligne de composition donnée par la paire de sels stables (c6té droit de la
réaction 2.10.31 si I’énergie d’échange est négative) de part et d’autre de la composition

médiane.

Geénéralisation aux systémes multicomposants réciproques a asymeétrie des charges

Les équations 2.10.26 et 2.10.28 démontrent que Pexpansion polynomiale des termes
Ao issus du modéle des solutions réguliéres est tout a fait compatible avec la théorie des

solutions conformes de Reiss, Katz et Kleppa (1962).

Partant de ce fait, Pelton (1988) a développé les équations de I’énergie de Gibbs pour les

systemes multicomposants réciproques a asymétrie des charges en remplacant
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I’estimation de I’énergie de Gibbs en excés dans les sous-systémes ternaires i ions
communs de la théorie des solutions conformes par les méthodes d’estimation de Kohler
et de Toop associées a une division des cations et des anions en chacun deux groupes
définis par leur tendance acide/base. L’énergie de Gibbs par équivalent de solution est

donnée par (en utilisant les fractions équivalentes) :

-1

-1
e=S SN T +[zqcx.,] RTS X, X, {zqaxaj RTY X, X,
c a c c a a
+ZZZYCYC'Yach,c'/a +ZZZYaYa'Ycch/a,a'
a ¢ c' c a a'

ik e lyj lyk-1
+§§§§YCYC'YCHYQI“§(DEJC)C AR ZES 7 el
+ZZZZYY Y ¥, Z(D(y/t) Y;_IYG{-IYG‘,{-_
a a a" ik ¢/a,a'.a" (Ya +Ya.+Ya")i+j+k_3
ELE SR,
¢ a aijkl

(2.10.44)

ou les gg,, sont les énergies standards des sels purs en équivalent et les énergies
Aw. oy, e Aw.;,, des interactions seconds-voisins sont représentées par des

polyndmes similaires aux fonctions de Kohler et Toop, selon I’appartenance des ions qui

se mélangent aux groupes acide/base définis.

Interaction entre deux cations (¢ et ¢’) du méme groupe (avec 1’anion commun @)

4 i-1 Y J-1
Aw, g = B0l 1, +ZZ(Y 7 J (Y = J a2, (2.10.45)
i c c' c c'
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Interaction entre deux cations (c et ¢”’) de groupes différents (avec I’anion commun a)

g 1 (i
Aa)f:,c'l.a = Aa)g,c'la +ZZ§I, lf[l'] qgjf;)'/a (2.10.46)
LA
ou
§I=ZYC et gu':ZYc avec 5[ +§II =1 (2.10.47)
cgl cécII

Les termes g des équations précédentes sont les paramétres non-réguliers similaires a

ceux de [’équation 2.10.28. Les interactions anioniques Aw,.,,, sont traitées de la
méme maniére.

(1111)

cc'lfaa

Le premier des termes réciproques de I’équation 2.10.44 (Aw ,) est donné par

I’approximation quasichimique de I’équation 2.10.43.
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2.11. Modeéle des solutions réciproques ioniques (Hillert, Jansson,
Sundman et Agren, 1985)

Le modéle des solutions réciproques ioniques a été développé par Hillert, Jansson,
Sundman et Agren (1985). Ce modéle suppose la présence de 2 sous-réseaux (ou quasi-
réseaux) dans le liquide. L’approche est similaire a celle des sous-réseaux dans les
solides. Les sous-réseaux sont occupés par des espéces qui leurs sont propres. Ainsi le
premier sous-réseau, cationique, contient les cations du systéme, alors que le deuxiéme
sous-réseau, anionique contient les anions du systéme. Temkin (1945) a déja estimé
I’entropie configurationnelle pour le mélange de cations (c) et d’anions (a) sur deux
sous-réseaux respectifs en assumant un mélange complétement aléatoire sur chacun des
sous-réseaux. La nouveauté du modeéle est que des espéces neutres (#) peuvent aussi se
mélanger sur le deuxiéme sous-réseaux (anionique), ainsi que des lacunes (dénommée
Va). Par nomenclature, les espéces cationique seront indexées avec la lettre ¢ dans les
équations de cette section, alors que les anions, les lacunes et les espéces neutres seront

indexées par la lettre a.

L’énergie de Gibbs molaire d’une solution liquide telle que donnée par ce modéle est :

g=2.2.YcVabe a +RT(PZ yelny, +0Y y,In ya) +gf (2.11.1)

c a

En différenciant les espéces anioniques chargées, neutres et les lacunes, on obtient :

g=2.2VcYa8e o F2. 2. VeVnEon T 2VYVaBE va, [qV“ )
n C

c a c qi

(2.11.2)
+RT| P) y.Iny, +Q(Zya Iny,+> y,Iny, +yp,In J’VaJ +gF
[+4 (o4 n
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ou

0= 4.y (2.11.3)
[o4

P‘:anya +qvaVva 2.11.9)
a

e =0 (2.11.5)

ou les g; sont les charges ioniques absolues avec g, = 0, et les y; sont les fractions
molaires des espéces sur les sous-réseaux. L’énergie molaire de Gibbs en excés, g~
peut étre exprimée de plusieurs maniéres, mais Hillert, Jansson, Sundman et Agren ont
proposé I'utilisation de I’expansion polynomiale de Redlich-Kister sous 8 différents

types de parametres :

- Les termes binaires “métalliques” (c-Va-c”)

- Lestermes (n-c-n’)

- Les termes (c-Va-n)

- Les termes (c-n-c”) qui sont négligés car ils correspondent a [’interaction

'
entre con, et c'ong, .

- Les termes (c-a-c’)
- Les termes (a-c-a’)
- Lestermes (Va-c-a)

- Les termes (a-c-n)

Hillert a démontré que le modéle ionique est exactement similaire au modéle
d’association pour un systéme binaire A-B. Les mémes commentaires sur le modéle

d’association s’appliquent donc a ce cas précis.
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Hillert et Wang (1989) ont utilisé le modeéle de solutions ioniques réciproques pour le

systéme MgO-Si0; ou le liquide est traité comme €étant :
2+ 2- ¢:n4— ¢i0
(Mg )4ymg_ iy, (07,5104 5108), @.116)

L’espéce neutre SiO, permet d’étendre le champ d’application du modéle aux plus
hautes teneurs en silice comparé au traitement classique ou seules les espéces anioniques
O% et SiO4* sont présentes. La présence de I’espéce anionique SiO4* permet d’évaluer
I’impact de ’ordonnement a courte distance seconds-voisins Mg-O-Si sur |’entropie
configurationnelle et I’énergie de Gibbs. Cependant, I’extension de cette approche au
systéme CaO-MgO-SiO, (addition de Ca* aux espéces cationiques de I’équation 2.11.6)
ne permet pas de considérer I’ordonnement a courte distance di a la réaction d’échange

suivante :
Car0, + Mg4(Si0,), < Mg,0, +Cay(SiOy), (2.11.7)

Cet effet réciproque peut étre extrémement important pour certains mélanges d’oxydes,
au point de produire une lacune de miscibilité liquide-liquide le long de la ligne de
composition joignant la paire d’oxydes stables (voir les systéemes FeO-CaO-P,Os et
MnO-Ca0-P,0s; ici P°* remplace Si*").

Un autre aspect du modéle, plus théorique celui-1a, qui est source de discussion, est la
présence de lacunes anioniques dans un liquide. La présence de lacunes dans un cristal
se congoit bien, mais 1’héritage des théories des solides appliquées aux liquides apporte

certains artéfacts...
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2.12. Modéle des solutions réciproques quasichimiques (Dessureault et
Pelton, 1991)

Dessureault et Pelton (1991) ont développé un modéle pour solutions ioniques
réciproques qui posséde une entropie quasichimique associée au mode¢le d’Ising. Le
modéle, lointain dérivé des théories de Temkin (1945), suppose la présence de 2 sous-
réseaux (ou quasi-réseaux) dans le liquide, ou les cations et les anions se mélangent sur
leurs sous-réseaux respectifs. Le modéle permet d’évaluer PPordonnement a courte
distance premiers-voisins (mélange entre les espéces des sous-réseaux) & partir des
énergies des paires premiers-voisins et partiellement influencé par 1’énergie des paires

seconds-voisins (mélange sur un méme sous-réseau). L’énergie d’échange de la

réaction :

[A_Y]paire +[B—X]paire = [A“X]paire +[B_Y]paire @W4BIXY (2.12.1)
avec

AgShixy =ZN AP ABIX Y - (2.12.2)

permet de déterminer quelle paire de liaisons forme la paire dite “stable” et quelle paire
de liaisons forme la paire dite “instable”. Si Agff’é /xy est négatif, alors la réaction

2.12.1 favorisera la présence de liaisons A-X et B-Y (paire stable) dans la solution au
détriment des liaisons A-Y et B-X (paire instable) changeant ainsi la configuration des
espéces. L’entropie configurationnelle des modéles de solutions réciproques qui
assument un mélange aléatoire des ions sur leurs sous-réseaux respectifs (Temkin) ne
peut évaluer correctement I’influence de la réaction réciproque d’échange (2.12.1) sur

I’énergie de Gibbs. Plus souvent qu’autrement, ces modéles prédisent I’existance d’une
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ou deux lacunes de miscibilité lorsque la valeur absolue de Agffg /xy €stsupérieure a

environ 50 kJ/équivalent (voir Dessureault et Pelton, 1991).

Le modéle quasichimique réciproque de Dessureault et Pelton a été congu afin de tenir
compte de I’ordonnement a courte distance dii a I’énergie de la réaction d’échange.
Dessureault et Pelton ont développé les équations du modéle pour une solution ionique

ternaire réciproque (4,B/X,Y) avec des ions monovalents :

G=nyxgax +Rav&ay +NBrx 8Bx +ngy g8y
+RT(nyIn X4 +ngin Xg)+RT(ny In Xy +nyIn Xy )

X X
+R7(nA,X ln—fA/TX+nA/Y In%—-+n3h‘- IH}B/TX“FIIB/Y ln“—XB—/Y—J

4Xx aXr BXx XpXy
XyxXary XprxXpry
+—F=—Lw + =22 @
X, AIXY X5 BIXY
XaxXpix XaryXpry
L :75 e e O 1) 4
Xx Xy
(2.12.3)
ou les n_,, sont les nombres de moles de liaisons [c-a] de la réaction quasichimique

2.12.1, obtenus par minimisation de la fonction 2.12.13 en respectant le bilan de masse
donné par les équations qui suivent. Les fractions molaires des liaisons X.. ,, les
nombres de moles de cations 7. et d’anions #, et les fractions molaires ioniques X. et X,

sont données par :

n
Xyx = AlX (2.12.4)
Ry x thyy tng xy +ngy

Zng =nyx +nyy (2.12.5)

Zny =ny;x +ng/x (2.12.6)
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X, =—Tl4 _—1-x, (2.12.7)
ny +nB
n
Xe=—-X _—1-X 2.12.8
X ny +ny ¥ ( )

ou Z est le nombre de coordination premiers-voisins de la solution. Les termes® 4,y y,
®p/xy, Pap/x € @4 p/y de I’équation 2.12.3 sont les fonctions réguliéres (ou

polynomiales) des interactions seconds-voisins (méme sous-réseau) des sous-systémes
binaires AX-AY, BX-BY, AX-BX et AY-BY respectivement. Il est & noter que
contrairement au modéle des solutions ioniques conformes, ou ces termes binaires sont
multipliés par la probabilité de trouver deux ions donnés entourant un ion commun
assumant un mélange aléatoire d’ions sur leurs réseaux respectids (XuXp(Xx) pour
@4 p/x, €tC...), ces termes sont multipliés, dans le modéle quasichimique, par la
probabilité de trouver deux paires voisines (assumant un mélange aléatoire de paires)
étant donné que ces deux paires partagent un ion commun (X X X7 @45/x)-
Cette importante différence permet de mieux estimer ’influence des termes de mélange

échange

seconds-voisins sur I’énergie de Gibbs du mélange réciproque, car si lAg BIEr

est

grande, alors toutes les contributions au G de mélange des interactions seconds-voisins
s’en trouvent diminuées car X ,, X, X3 <X X, X, (car une des paires 4-X ou B-X
sera moins présente dans le mélange car elles ne sont pas du méme c6té de la réaction
d’échange 2.12.1). 1 ressort de cette analyse que le modéle des solutions ioniques
conformes surestime la contribution des interactions seconds-voisins a I’énergie de

mélange réciproque si la valeur absolue de I’énergie d’échange est grande.

Dans I’équation de I’énergie de Gibbs, Dessureault et Pelton utilisent directement les

fractions molaires ioniques (X;) dans I’expansions des fonctions .
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Chartrand (1995) a étendu le modéle quasichimique pour solutions réciproques aux
solutions multicomposantes avec des ions de charges asymétriques par ’utilisation des
fractions équivalentes (tel que suggéré par Saboungi et Blander, 1975, et utilisé par
Pelton, 1988). Un formalisme Kohler/Toop a été introduit pour les sous-systémes & ions
communs afin d’exploiter les différences acide/base des ions. De plus, les fonctions @
ont vu leur expansion transformée par I'utilisation des fractions des liaisons premiers-
voisins X, au lieu des fractions molaires ioniques X; et X, afin de coupler plus fortment
Pimpact de I’ordonnement a courte distance premiers-voisins avec les énergies des

interactions seconds-voisins (@ ). L’énergie de Gibbs proposée est :

G =33 108 + RIS n I X, + RIS n, 0 X, + 33 1, In ocla
(o4 a 44 a c a YY

cta

+[gzqcnc 13 gun, ]gE
C a

(2.12.9)
Les énergies standards des sels purs, g2,, sont définies comme :
gra=8. 4, (2.12.10)
% 9a
ou les g; sont les valeurs absolues des charges ioniques. On définit aussi :
X,y = ——cla (2.12.11)
2 2
cations anions
Zn,=— Sn, (2.12.12)

9 anions
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Zng == Sn, (2.12.13)
a cations
X, = —¢ (2.12.14)
Z”f
cations
X, =—=2 (2.12.15)
Z”i

anions

ch/a

Y = anions (2.12.16)

° > M

caftions anions

chla

Y = cations (2 12.1 7)

° 2. Mg

cations anions

ou Z est le nombre de coordination premiers-voisins de la solution. L’énergie de Gibbs
de la solution est donnée par les valeurs de 7., qui minimisent G (équ. 2.12.9).

L’énergie de Gibbs en exceés, gE, proposée par Chartrand (1995) est :

XeaXe XeraX,
gE _ZZZ c/a '[a Bopra +ZZZ /a /a’ c/a,a'
XX yaX o X“‘ XXk
R s =
Xc/a +X cla +X c"la
L X o 1a" g (i) XX
i

+ZZZZ c a“cl/a" (Dc‘;aaa cla e

a a (Xcla +Xc/a'+Xc/a")

+ZZZZ®gkllga XI/aXJ'/aXc/a Xr.{'la'

(2.12.18)
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oulesc, ¢’ et ¢’’ sont des cations, les a, a’ et a’’ sont des anions et les termes P sont des
parametres ternaires. L’expansion des termes binaires @ dépend de la nature des ions du
sous-systéme binaire. En effet un formalisme Kohler/Toop avec deux groupes (acides et
bases) est utilisé pour chaque sous-réseau (donc 2 groupes pour les cations et 2 groupes

pour les anions).

Interaction entre deux cations (¢ et ¢’) du méme groupe (avec ’anion commun a)

i-1 ¥ j-1
e c/a cla @ 2.12.19
Pecla ZZ( +X'/a] [X + X ) q“/a ( )

cla c'fa

Interaction entre deux cations (c et ¢ ) de groupes différents (avec I’anion commun a)

=Wcra + Z 25 I(a) I[(a)qgg'aa (2.12.20)

ou
Z XC /a Z X cl/a
cations cations
€ groupe I € groupe II
Sr(ay = et St == (2.12.21)
Z cla Z, X c/a
cations cations

Interaction entre deux anions (2 et a”) du méme groupe (avec le cation ccmmun ¢)

i—1 Jj-1
X.ra .
Z : Z : / / i
Defaa =D claa’ + ( :—jY J (X | :-jY '] qf:,")m, (2-12-22)
a a

[+¢
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Interaction entre deux anions (a et a’) de groupes différents (avec le cation commun c)

Defaa’ = wg/aa' + Z z §I(C)§H(C)q£7c)1a ' (2.12.23)
i

ou

zXc/a ZXc/a

anions anions

I € groupe O
SIe) = = e Sy =——= o5 — (2.12.29)
Z X, cla Z X cla
anions anions

Cas limites du modéle

Si I’énergie d’échange est nulle (2.12.1), alors I'ordonnement a courte distance
premiers-voisins n’existe pas et les ions se mélangent de fagon aléatoire sur leurs

réseaux respectifs. Dans ce cas, la simplification suivante est possible :
X.qa =YY, (2.12.25)

L’énergie de Gibbs par équivalent devient alors :

-1

g=ZZYcYag:.’,a (zqc J— RTZX InX, +(an a} RTY X,In X,
+zzz(~% zzz(—”fx”—“%

+ g ternaire © g réciproque

(2.12.26)
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qui est exactement 1’énergie de Gibbs du modéle réciproque proposé par Pelton (1988)
et dérivé des équations de Saboungi et Blander (1974) de la théone des solutions

conformes.

Si DP’énergie d’échange de I’équation 2.12.1 est légérement négative (< {-a0|
kJ/équivalent), alors I’ordonnement a courte distance premiers-voisins est faible et les
fractions molaires des paires premiers-voisins sont données par les €quations suivantes

(a partir du bilan de masse) pour un systéme réciproque ternaire (4,B/X,Y) :

Xyrx =Y Yy +y (2.12.27)
Xy =Yty —y (2.12.28)
Xpix =Yg¥y -y (2.12.29)
Xpy =Yply +y (2.12.30)

ou y est la déviation par rapport au mélange aléatoire des ions des fractions molaires des
paires. L’énergie de Gibbs par équivalent de la solution, en supposant les interactions

seconds-voisins nulles (@), est :

g=(YAYX +}’)g;/x +(YAYY —y)g.:/r +(YBYX _}’)gglx +(YBYY +y)g;/;'
+(g, X, +q, X, ) 'RT(X,In X, + X, In X,)

+(g Xy +g, X, )"RT(X,In X, + X, In X,) (2.12.31)
+ZRT| (Y, ¥, +y)ln| 1+ —% Y, Y, +y)n|1+=2
(( A x"‘y) n( +YAYX)+( :284 +J’) n( +Y3Yy)J

+ZRT[(Y,,Y, e (e B

A%Y

Ce qui vaut :
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g=Y,Y g vV Y, 80y + Y 8hix +Y, Y, 85,7
+(qAXA +qBXB)_lRT(XA InX, +X31nXB)
(g, X, +4, X, ' RT(XyIn X, + X, In X )

)
y
+ZRT(YAYX m(n Y);, J+YBY, In[1+ -

AT X

y ) (2.12.32)
+ ZRT(YAY, ln(l - )+ Y,Y, ln(l -

>]
~
.
A

o~
)
—
—

4.BIX. T

(l+ };
+ yAg et + yZRT In ( AL

Sachant que ln(l +x) = x—-x—+x?~%—+ ... pour —1 <x <1, alors en prenant les deux

premiers termes de cette expansion de Taylor appliqués aux lignes 4 et 5 de I’équation

2.12.32,0ona:

g=Y Y garx Y80y Y YsY 8oix +Ye¥  &air
+(q, X, +9,X,) ' RT(X,InX,+X,InX,)
+(qXXX+qYX}’)—lRT(XX1nXX +Xrlan)

4 2 27
+ZRT| ¥, ¥, | =2 —( 24 J +7,%,| =2 -( 24 j

\ YA YX YAYX YBYY YBYY 1)

/ ~ RS B o) (2.12.33)
+ZRT| V.Y, | —2 -( y) +V, ¥, | 2 —( y]

\ YA Y ¥ YAYY YB YX YEYX i )

[1+Y);’ J(”Y}; J
@ 4 y7RTIn x s YJ

+YAg  pixy A}’ 5
1- 1-
( YAYY )( YBYX



8=Y. Y 8ux Y. Y80y + V¥ 80y +Y.Yr gry
+(qAXA +qBXB)-[RT(XA InX, +XBlnXB)
+(gy X +qy X, )'RT(X,In X, + X, In X,) (2.12.34)

. ZRT( 1 1 1 1
-y + + +
2 \r,y, 1Y, YJY VY,

1+—2— |1+ =2~
Y.¥x Yelty
AN PR
YAYY YBYX

g=YY g x+Y, Y, g0 +YsY 80, % +YpY, gh,r
+(qAXA +qBXB)-[RT(XA InX, +Xzln XB)
(g Xy +q, X, )'RT(X y,In X, + X, In X,)

+YAg S axy +YZRTIn

y ) (2.12.35)

(l N Y};’ J(l * Y.Y.

+YAg ey =)t __ZRT + yZRT In 4 X B r
2Y,Y,Y, Y, (1_ Yy ][1_ Y

Y, Y, Y,Y,

x2 X x*
Sachant que In(1+x)=x ——£—+——-T+... pour —1 < x <1, alors en prenant ie

3
premier terme de cette expansion de Taylor appliqués au dernier terme de I’équation

2.12.35,ona:

=YY, 8ux +V, Yy 8h1r +Ye¥x8rix + VoY 801y

+(¢. X, +4:X,) ' RT(X,In X, + X, In X))

+(@x Xy +4; X, )" RT(X, In X, + X, In X,) (2.12.36)
ZRT ., ZRT

+ éch N T S S
Yusxr =V Sy v v Y Y rrg,
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Ce qui donne :

g=Y, Y gix +V. Y, 80 +YsY 8o, x + VY €5, r

+(g,X, +95 X)) RT(X InX, +X,InX,)

+(gx Xy +q, X, ' RT(Xy In X, + X, In X, 0 (2.12.37)
éch y* ZRT

+ yA —_—
VOg 4prixy 2 V1,77,

avec la constante d’équilibre de la réaction 2.12. 1 :

(‘Agfﬂ‘?/x!J
K. _ WYy +y)¥sYy +)’)_ex ZRT
equ — -

(Y u¥Yy —yX¥pYy - )

(2.12.38)

ona:

Ag5EIx
ml1+—2  leml1+—2 Joml 1o |l 12 |- _284Brxy
YAYX YBYY YAYY YBYX ZRT

(2.12.39)

x2 X3 Xt
Sachant que ln(1+x)=x———2—+——————+... pour —1<x<1,onaque:

3

éch.

Ag
y=-Y ¥p¥y¥y —'AZ—’;/TQ (2.12.40)

En remplagant dans I’équation 2.12.37, on obtiemt :

86
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g=Y.Y g8ux tY. Yr8ar +Yo Y 8o Y YeY 80y
+(g, X, +q, X, ) RT(X ;In X, +X ,InX,)

+(ge Xy +qy X, )" RT(X In X, + X, In X, ) (2.12.41)
Agéch 2 Agh 2
_Y, VY7, ( & 4.BIXY + ZRT _Y,Y,V,7, & 41X Y
ZRT 2¥, Y, Y. Y, ZRT

Ce qui donne :

g=YY g x +Y. Y, 80, +Ys¥ 80, v YV 80,7
+(qAXA +le3)-lRT(XA lﬂXA +XB lnXB)
+(gx Xy +q, X, V' RT(X I X, + X, In X, ) (2.12.42)

éch 2

A
_Y, Y, Y Y, (6ehinr ) gz"-z“'*]’z’;f’

Ce qui est le méme terme réciproque obtenu par Blander et Braunstein (1960).

Le modéle quasichimique pour solutions réciproques évalue la configuration die &
I’ordonnement a courte distance premiers-voisins a partir de 1’énergie d’échange des
premiers-voisins (entre les réseaux) et de I’énergie d’interaction des seconds-voisins (sur
un méme réseau). Un écart au mélange aléatoire des ions sur leurs réseaux respectifs
(approche de Temkin) est calculé qui permet de calculer ’énergie de Gibbs de la

solution.

Les articles suivants ont été produits au cours de cette thése :

L’article “The Modified Quasichemical Model III : Two Sublattices” en Annexe VIII
montre sous une autre approche les équations du modéle quasichimique pour solution
réciproque. Dans le méme article, une application a la solution de sels fondus

réciproque multicomposante a asymétrie de charge Li,Na,K//F,Cl,SO4 est montrée. Les
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projections du liquidus du sous-systéme ternaire réciproque Li,Na,K//F,Cl ont toutes été
reproduites sans aucun terme ternaire et a I'aide d’un changement trés mineur aux
énergies des sels purs afin de modifier I’énergie d’échange, qui dans le cas du sous-
systéme Li,K//F,Cl dépasse les —61 kJ/mol. II est pratiquement impossible de reproduire
la surface du liquidus du systéme Li,K//F,Cl avec une approche de Temkin (mélange
aléatoire des ions sur leurs sous-réseaux respectifs). Avec le modéle quasichimique

réciproque, la projection du liquidus est reproduite avec satisfaction.

L’article “Thermodynamic Phase Diagram Calculations and Cryoscopic Measurements
in the NaCl-CaCl,-MgCl,-CaF, System” en Annexe IX montre un exemple de I’emploi
du modéle quasichimique pour solutions réciproques dans le cas d’un systéme
multicomposant & asymétrie des charges (Na,Mg,Ca//F,Cl) ou les énergies d’échange
des sous-systémes ternaires sont élevées (jusqu’a -77 kJ/équivalent). Cet article montre
la capacité du modéle a reproduire des points expérimentaux du liquidus dans le systéme
multicomposant.  Cependant, pour les sous-systémes ternaires Na Mg//F,Cl et
Na,Ca//F,Cl des termes ternaires réciproques ont du étre utilisés et une modification de
I’énergie de Gibbs des sels purs a du étre effectuée afin d’ajuster les énergies d’échange
des sous-systémes ternaires pour un meilleur lissage des liquidus réciproques. Ces
modifications et ajouts dans les sous-systémes réciproques proviennent de I’incapaciié
du modéle a traiter correctement I’ordonnement a courte distance seconds-voisins (sur
un méme réseau), présent dans le cas du systéme NaCl-MgCl;, et son impact sur
I’ordonnement premiers-voisins. II est & noter que les expériences de mesure du
liquidus dans le systéme réciproque quaternaire ont été effectuées par un groupe de
I’Université de Trondheim (Norvége) sous la direction du professeur T.Ostvold. Les
points expérimentaux, dans le tableau 2 de I’article, qui sont notés par un indice “a)”,
ont été mesurés avant que les résultats du modéle ne soient obtenus. Les températures
maximales mesurées de ces points (montrées au tableau 2 de cet article) ont été
interprétées initialement comme des températures de premiére cristallisation. Le modéle

a ensuite révélé qu’il s’agissait plutot de températures de seconde cristallisation; ce qui a
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été vérifié expérimentalement par la suite a I'aide d’une seconde série de mesures
expérimentales par le méme groupe. Cette série, notée avec un indice “b)” dans le
tableau 2 de I’article, montre I’excellent accord avec les prédictions du modéle qui ont

été faites avant les mesures. Ceci démontre la capacité prédictive de ce modéle.
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2.13 Procédure d’optimisation des paramétres des modéles

thermodynamiques

Les modéles précédents comportent des paramétres optimisables dont les valeurs
doivent étre définies afin de représenter correctement les propriétés thermodynamiques
de la solution. Ces parametres sont obtenus non pas a priori de valeurs théonques, mais
plutét empiriquement via une procédure d’optimisation qui permet de trouver
I’ensemble minimal de parametres qui reproduisent avec satisfaction toutes les données

thermodynamiques expérimentales crédibles portant sur le systéme chimique étudié.

Les équations de 1’énergie de Gibbs d’une solution donnée par les modéles décrits
précédemment peuvent étre dérivées selon les équations du chapitre 2.0 afin d’obtenir
’enthalpie, ’entropie, la capacité thermique, les potentiels chimiques et les activités.
Pour un ensemble de paramétres du modéle de la solution, toutes ces valeurs
thermodynamiques peuvent étre calculées par dérivation. Il existe donc un ensemble de
paramétres du modeéle de la solution qui minimise les écarts entre les données
expérimentales d’équilibre de phases (égalité des potentiels chimiques entre les phases),
les enthalpies, les activités, etc..., et les mémes valeurs dérivées de cet ensemble de
parameétres. Pour obtenir cet ensemble de paramétres du mode¢le de la solution, qui
minimise les erreurs entre les valeurs calculées et les valeurs expérimentales de données
thermodynamiques, une routine d’optimisation basée sur les moindres carrés, par

example, peut étre utilisée. D’autres méthodes sont aussi utilisables.

Le groupe CALPHAD (CALculation of PHAse Diagrams) a développé une méthode,
basée sur la description précédente, afin d’obtenir des bases de données complétes de
paramétres d’un modéle pour une solution donnée. Ce groupe a principalement utilisé la
méthode pour les solutions condensées (solides et liquide) d’alliages métalliques. Au
CRCT, la méme technique a été appliquée aux liquides et solides des systémes

d’oxydes, de sels fondus, de sulphures, et d’alliages métalliques.
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La procédure d’optimisation de CALPHAD consiste en la division du systéme chimique
en sous-systémes binaires et ternaires afin de simplifier la technique d’optimisation.
Ainsi, les paramétres appartenant aux sous-systémes binaires des solutions du systéme
sont optimisés a partir des données thermodynamiques du binaire concerné (cependant,
il est possible d’utiliser des données thermodynamiques ternaires lors de 1’optimisation
des paramétres binaires des modéles). Une fois les paramétres des phases binaires
obtenus pour les 3 binaires d’un sous-systéme ternaire du systéme chimique étudié, un
modéle d’interpolation, dit modele « géométrique » (par exemple
Kohler/Toop/Muggianu), est utilisé afin de prédire les propriétés thermodynamiques et
les équilibres de phases dans le champ de composition ternaire a partir des paramétres
binaires. Si les modéles thermodynamiques de toutes les phases présentes ont été bien
choisis (s’ils réflétent les aspects chimiques et structurels de la solution), si les
optimisations des 3 sous-systémes binaires du systéme ternaires ont €té bien effectuées,
si la méthode d’interpolation choisie est bonne, et si les données thermodynamiques
ternaires sont consistantes avec les données binaires, alors les prédictions du modéles
dans le champ temnaire de composition devraient étre proches des données
expérimentales. Dans le cas positif, de petits termes empiriques ternaires (qui
n’affectent pas les sous-systémes binaires) peuvent €tre optimisés afin de mieux
reproduire les données; sinon, il faut réviser le choix du modeéle. Lorsque tous les
parametres des modeles des phases des sous-systémes binaires et ternaires du systéme
chimique étudié ont été optimisés, alors les modéles sont utilisés afin de prédire les
données thermodynamiques quaternaires et multicomposantes. A ce point, certains
modeles permettent 1’utilisation de termes empiriques quaternaires optimisables, afin de
corriger les écarts du modéle. Cependant, le modéle devrait étre apte a donner une

prédiction satisfaisante.

Cette approche empirique d’optimisation des paramétres des modeles
thermodynamiques basés sur des théories du mélange des atomes n’obtient pas

I’approbation de tous. Les théoriciens préférent une approche ou tous les parameétres
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sont obtenus de calculs provenant des données des espéces. Mais pour une application
en recherche industrielle (ingénierie), cette procédure a prouvé maintes fois sa valeur

tant pour la reproduction de données thermodynamiques que pour leur prédiction.
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3. Contributions aux modéles thermodynamiques pour
solutions liquides

Dans les sections qui suivent se trouvent les contributions apportées aux modéles
thermodynamiques pour solutions liquides effectuées durant les années de travaux
doctoraux. Ces nouvelles contribution ont pour but d’améliorer les prédictions des
modeles appliqués a des solutions liquides de plus en plus complexes. La contribution
majeure est ’amélioration du modéle quasichimique pour solutions réciproques pour
tenir compte simultanément de ’ordonnement des premiers ET seconds voisins et de
leurs effets sur [’entropie configurationnelle et [I’estimation des propriétés
multicomposantes. Ce modéle a été appliqué au liquide du systéme
Li,Na,K,Rb,Cs,Mg,Ca,Sr,Ba//Cl, et au liquide du systéme  réciproque
Li,Na,K,Mg,Ca//F,Cl. Une amélioration des méthodes d’estimation géométrique des GE
des systémes ternaires et multicomposants est discutée, de plus qu’une critique de ces
méthodes en général. Un couplage des modéles quasichimiques et d’association est
présenté avec un exemple appliqué au systéme Na,0-K,0-Al,03-SiO; qui prouve que
les avantages des modéles peuvent étre parfois combinés afin de résoudre un probléme
structurel (ici I’effet de compensation de charge dans les systémes riches en silice).

Finalement, plusieurs suggestions de modifications futures sont apportées.

3.1 Critique et amélioration des méthodes d’estimation de I’énergie de
Gibbs en excés des systémes multicomposants a partir des
paramétres binaires des modéles.

Les methodes d’estimation de [’énergie de Gibbs en excés des systémes
multicomposants a partir des paramétres binaires des modéles ont été présentées a la

section 3 du chapitre 2 de cette these. Ces méthodes sont souvent désignées sous
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Pappellation de modéles géométriques, de par I’aspect visuel qui les définit sur le
triangle ternaire de Gibbs. Une critique générale de ces “modéles géométriques” sera
d’abord présentée, suivie d’une proposition d’améliorations lorsqu’elles sont appliquées
aux liquides. La partie finale et générale de cette proposition est présentée dans 1’article
“On the Choice of “Geometric” Thermodynamic Models” qui est montré en Annexe II

de cette thése.

Défauts des modéles géométriques existants.

La figure 2.2 montre les principaux modéles géométriques utilisés dans les banques de
données et programmes thermodynamiques courants. La figure 2.2 est ici reproduite

pour mieux situé le lecteur.

2

<)

1 3 3 ) 3

] g) h)

Figure3.1: Méthodes d’estimation des propriétés en excés d’une solution
ternaire (1-2-3) a partir des paramétres polynomiaux des sous-
systémes binaires (1-2; 1-3; 2-3) : a) Kohler (1960); b) Toop (1965);
c) Muggianu (1975); d) Hillert (1980); e) Li (1989); f) Chou (1987)
“gauche”; g) Chou (1987) “droite”; h) Colinet (1967); i) Malakhov
(1995); j) Ganesan (1997);

Comme décrit a la section 2.3, les méthodes a) a g) sont des méthodes qui n’utilisent

qu’une seule composition d’interpolation pour chaque sous-systéme binaire, alors que
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les méthodes h) a j) utilisent deux compositions d’interpolation. Les méthodes a), c) et
f) a j) sont dites symétriques du fait que tous les paramétres binaires de la solution ont la
méme équation qui évalue leur contribution a I’énergie en excés totale de la solution.
Les méthodes b), d) et e) sont dites asymétriques car un paramétre des sous-systémes
binaires voit sa contribution a I’énergie en excés de la solution différemment exprimée.
Une autre maniére, plus classique, de présenter cette dualité “symétrique/asymétrique”
est d’associer chacun des constituants de la solution a un groupe (qui peut étre défini par
la famille chimique, la charge ionique, etc...). Si les 3 constituants de la solution
appartiennent au méme groupe, une méthode symétrique est utilisée; si un des 3
constituants de la solution appartient a un groupe différent des deux autres, alors une
méthode asymétrique est utilis€ée. Selon cette approche, seulement deux groupes
suffisent a4 englober enti€rement tous les constituants de la solution car I’on compare |

constituant aux deux autres.

I1 est proposé dans cette thése de rejeter les méthodes qui utilisent deux

compositions d’interpolation pour chacun des sous-systémes binaires.

Ces méthodes sont les méthodes de Colinet (1967), de Malakov (1995) et de Ganesan
(1997). En effet, ces méthodes proposent une approche assez statistique, basée sur une
moyenne des énergies en excés binaires évaluées aux limites des compositions binaires
qui engloblent les compositions binaires des autres méthodes. Pour certaines solutions
liquides, la variation compositionnelle de I’énergie de formation des paires d’espéces A-
B est trés grande et une approche statistique basée sur une moyenne ne peut donner que
de mauvais résultats. Il est toujours possible de rencontrer un cas particulier ot une de
ces méthodes donne un résultat satisfaisant, voire meilleur que les autres méthodes, mais
dans I’optique du développement de bases de données de solutions multicomposantes
comportant des sous-systémes ou il y a une forte tendance a ’ordonnement, alors ces
méthodes statistiques basées sur une moyenne doivent étre rejetées. Ces méthodes

apportent une complexité mathématique inutile (ce qui a I’ére de I’informatique n’est
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pas un probléme en soit) mais cela sans avantages thermodynamiquess particuliers. De
plus, dans le cas des solutions diluées (soit un solvant unaire 4, ow pour un solvant
binaire A-B), les compositions d’interpolation binaires impliquant: les solutés sont
parfois douteuses car elles vont impliquer des compositions binairres ou les solutés

deviennent des solvants!

Reste les méthodes de Kohler (1960), Toop (1965), Hillert (1980), Muggianu (1975), Li
(1989) et Chou (1987). Ces méthodes, telles que montrées a la: figure 3.1, sont
géométriquement différentes si elles sont représentées graphiquement pour une solution

ternaire.

Il est proposé dans cette thése de ne pas considérer ces méthodies de par leur
aspect géométrique ternaire, mais plutét de par la fonction qui interpole
chacun des paramétres des sous-systémes binaires dans: la solution

multicomposante.

Ainsi, les méthodes de Kohler (1960), Toop (1965), Hillert (1980), Muwggianu (1975), Li

(1989) et Chou (1987) ne se résument qu’a trois fonctions distinctes pour chaque

paramétre binaire (I)%-,)» qui permet de décrire I’énergie de Gibbs en excés. La

contribution d’un parameétre binaire, &%) au g" de la solution est une fonction :

" = X X5 fl0. X, X, Xc..) G.LD)

ou I’on définit (voir I’article « On the Choice of “Geometric” Thermod:-ynamic Models »

en Annexe IT) :

aAB :f(ngB)’XASXBaXC,-N) (31.2)
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Les trois fonctions disctinctes mentionnées peuvent dépendre de 1’appartenance de A et

de B aux deux différents groupes (I et II; acides et bases) de la solution.

Meéme groupes : A et B € groupe I ou groupe I :

Premiere fonction :

i-1 J-1
N X X
= flPpW| L4 ——EF =1 3.13
&z f( AB[XA_*_YB) (Y,:'*'YBJ ] #GJjz1) ( )

Siiou vaut 1, alors I’équation 3.1.3 donne une interpolation du terme en excés binaire
(D(Af'g qui est exactement celle proposée par Kohler (1960), sinon, I’aspect géométrique
de Kohler est conservé mais 1’équation originale de Kohler est modifiée. L’hypothése
derriére cette fonction est que la contribution du paramétre (Dg’g a I’énergie de

formation de la paire A-B a la composition multicomposante donnée est constante selon

le ratio des fractions molaires de 4 et de B dans cette solution.

Seconde fonction :
= 7@, ~X,)) ¢=1) (3.1.4)

Cette deuxiéme fonction d’interpolation est celle proposée par Muggianu (1975).
L’hypothése derriére cette fonction est que la contribution du paramétre CDE;%) a

I’énergie de formation de la paire 4-B a la composition multicomposante donnée est
constante selon la différence des fractions molaires de 4 et de B dans cette solution, ce

qui a pour effet de prendre la valeur de I’énergie de formation de la paire 4-B a la
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composition qui minimise de fagon géométrique la “distance” entre le point de

composition multicomposant et le binaire 4-B auquel le paramétre appartient.

Groupes différents : A € groupe L et B € groupe II :

Troisiéme fonction :

a,s = f@Be ) 3.1.5)

ou

£[= ZXm et §II= ZXn (3.1.6)
me g”t;upel ne grc';upe I

Si7ouj vaut 1, alors I’équation 3.1.5 donne une interpolation du termes en excés binaire
(D%? qui est exactement celle proposée par Toop (1965), sinon, I’aspect géométrique de
Toop est conservé mais I’ équation originale de Toop est modifiée. L’hypothése derriére
cette fonction est que la contribution du paramétre q:ﬁ';f,'; a Pénergie de formation de la

paire A-B a la composition multicomposante donnée est constante selon la concentration
molaire des groupes I et II dans cette solution, ce qui implique que la solution ne
distingue pas les espéces parmi un groupe, mais dinstingue seulement les groupes (pour

les interactions A-B entre les groupes).

A partir de ces trois fonctions applicables 4 chaque paramétre binaires @% , toutes les
géométries ternaires de Kohler (1960), Toop (1965), Hillert (1980), Muggianu (1975),
Li (1989) et Chou (1987) peuvent étre retrouvées. Le tableau 3.1 montre le numéro de

la fonction (1 a 3) qui correspond & chaque interaction selon la figure 3.1.
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Tableau 3.1 : Relation entre les fonctions #1-3 et les méthodes géométriques.

Méthodes Sous-systéme binaire
1-2 2-3 3-1
Kohler (1960) #1 #1 #1
Toop (1965) #3 #3 #1
let3 e groupe L
2  groupe 1
Muggianu (1975) #2 #2 #2
Hillert (1980) #3 #3 #2
Iet3 e groupel
2 € groupe [I
Li (1989) #2 #2 #1
let3 e groupel
2 € groupe II
Chou gauche (1987) #3 #3 #3
let3 e groupe [ let2 e groupel 2 et3 € groupe |
2 € groupe II 3 € groupe I 1 € groupe 11
Chou droite (1987) #3 #3 #3
2et3 e groupe I let3 e groupe I let2 e groupel
1 € groupe II 2 € groupe II 3 € groupe II

Il est a remarquer que la méthode de Li (1989) utilise la fonction #2 de type Muggianu
au lieu de la fonction #3 de type Toop lorsque les groupes sont différents pour une
interaction binaire donnée. Cette approche est questionnable car I’appartenance a un
groupe n’a pas d’impact sur la formulation, c’est a dire que X¢ n’entre pas directement
dans I’évaluation de I’énergie de formation de la paire A-B méme si C appartient a4 un

méme groupe que 4 ou B.

Il est donc recommandé dans cette thése de rejeter la méthode géométrique
de Li (1989).

Il est aussi & remarquer que les deux méthodes proposées par Chou (1987) déterminent
P’appartenance a un groupe (donc 'utilisation de la fonction #3 de type Toop) selon la
paire 4-B évaluée et selon une rotation de groupe définie (“gauche” et “droite”). La
notion de groupe chimique est donc explicitement bafouée car la nature chimique de

I’espéce ne détermine plus le groupe.
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Dans Poptique du développement d’une base de donnée pour solutions
liquides multicomposantes, il est recommandé dans cette thése de rejeter les

méthodes de Chou (1987).

Reste a évaluer la signification physique des trois fonctions proposées (#1 a #3).
Comme décrit plus haut, chacune des fonctions est reliée a une certaine hypothése. Des
trois, I’hypothése de Muggianu (1975) qui supporte la fonction #2 est particuliérement
faible pour les solutions diluées binaires (ou A et B sont les solvants et C est le soluté).
Tel que montré par Pelton, Blander, Clavaguera-Mora, Hoch, Hoéglund, Lukas, Spencer
et Sundman (1997) et a la figure 2b de Particle “On the Choice of “Geometric”
Thermodynamic Models” en annexe, les compositions d’évaluation de I’énergie de
formation des paires A-C et B-C contenant le soluté C sont a une composition beaucoup
trop riche en C étant donné que la solution est diluée en C. Dans cette méme situation,
les fonctions #1 (type Kohler) et #3 (type Toop) sont préférables car elles évaluent
I’énergie des paires 4-C et B-C a des compositions binaires ou C est en faible

concentration.

1 est recommandé dans cette thése de faire prévaloir la fonction de type
Kohler (#1) a celle de type Muggianu (#2) afin de mieux évaluer I’énergie de

formation des paires dans les régions de dilution binaire.

Modification de la fonction de type Toop (fonction #3) et traitement multigroupe

Il ressort de la critique précédente que la méthode de Kohler (1960) et la méthode de
Toop (1965), représentées selon la contribution des termes binaires par les fonction de
type Kohler (#1) et de type Toop (#3), sont les plus susceptibles de donner une bonne

approximation de I’énergie de formation des paires i-j dans un systéme multicomposant.
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Les méthodes de Kohler et de Toop s’intégrent parfaitement ’'une a l’autre tel que
montré pour la géométrie ternaire de Toop (figure 3.1b) ou P’interaction 1-3 en est une
de type Kohler. Ces deux méthodes s’intégrent aussi trés bien lorsque la solution est
divisée en deux sous-groupes chimiques. Cependant, dans ’optique de créer une base
de données pour une solution multicomposante, le fait de diviser les espéces en

seulement deux groupes est insuffisant. Deux exemples sont présentés :

Cas #1 mélange base;-baser-base;-acide : Si Na,O, CaO, MgO appartiennent au
groupe I des bases et que SiO; appartient au groupe II des acides, alors les interpolations

obtenues avec les fonctions #1 et #3 sont montrées 2 la figure 3.2 :

Si0; SiO; Si0, Na;O
MgO CaO Na,O MgO Na,O CaO

Figure 3.2 : Méthodes d’estimation utilisées pour les 4 sous-systémes ternaires du
systéeme Na;O-Ca0O-MgO-SiO; lorsque 2 groupes sont utilisés.

Le ternaire Na;O-CaO-MgO présente un composant qui différent sensiblement des deux
autres (Na2;O) méme s’il s’agit de trois constituants basiques. 1l serait donc préférable
dans un formalisme Kohler/Toop de traiter ce ternaire avec la méthode de Toop (avec
Na,O comme espece asymétrique). Le fait de diviser les espéces en seulement deux

groupes crée un probléme pour ce systéme.

Cas #2 mélange base-base-acide-amphotére : Si CaO et MgO sont considérés comme
basiques (groupe I) et que SiO est acide (groupe IT) alors un mélange CaO-MgO-SiO,-
Al,0O3 comportant ces deux groupes oblige a déterminer I’appartenance de Al,O3 a un

des deux oupes acide/base méme s’il s’agit d’un constituant amphotére.
group g p
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Empiriquement, il a été observé que pour le modéle quasichimique, il est préférable de
situé Al,Os dans le groupe basique (Eriksson et Pelton, 1993). Le ternaire CaO-MgO-
Al,O3, comme dans le cas précédent, sera traité par la méthode de Kohler alors que Ia
méthode de Toop est plus logique en premiére approximation. Ainsi, il existe toute une
gamme de composants amphothéres, comme I’alumine Al,Os;, qui sont chimiquement
différents des deux groupes précédents. Pour les sels fondus, un formalisme a deux

groupes est évidemment insuffisant de par la présence d’ions de charges diverses (2, 1
> 1+7 2+: 3+) .- -76+)'

I est proposé dans cette thése, afin d’accomoder un nombre infini de

groupes, de modifier la fonction de type Toop (équation 3.1.5) selon :

_ @) 51 o fu o
G =t [‘D"B(fﬁéuj (5, m] } G147

La fonction modifiée est exactement [’équation 3.1.5 lorsque seulement deux groupes

sont utilisés car :

Er+&p =1 (pour 2 groupes) (3.1.8)

L’autre cas limite est celui ou il y a NV groupes dans un systeme N composants. Alors

chaque espece délimite sont propre groupe selon :

é.::i = Xi (l = 1: BF} N) (319)

ce qui fait que la fonction 3.1.7 devient exactement celle de type Kohler (3.1.3); ce qui
revient a dire que N groupes dans un systéme N composants est la méme chose que si

toutes les espéces étaient traitées avec la méme symétrie. Ainsi, si trois espéces
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différentes CaO, SiO, et AlLOs se mélangent et que les trois appartiennent
respectivement aux bases, acides et amphotéres, alors pour chaque interaction Ca-O-§i,
Ca-0-Al et Si-O-Al, la fonction 3.1.7 est utilisée (car dans chaque cas les groupes
cationiques sont différents) et la géométrie de type Kohler (figure 3.1a) est observée

méme si une équation de type Toop est utilisée.

Cette premiére modification permet donc de régler le cas #2 ou il y a mélange base-
acide-amphotére (CaO-Si0,-Al;03). Dans le cas de ce ternaire, toutes les interactions
binaires seront interpolées avec la fonction 3.1.7 comme expliqué au paragraphe

précédent.

Cependant, le cas #1, ou il y a mélange base;-basez-acide (Na,0-Ca0O-SiO2), demeure
problématique. En effet si on utilise 2 groupes (base-acide), la fonction 3.1.7 utilisée
pour les interactions Na-O-Si et Ca-O-Si donnera une géométrie typique de Toop, alors
que si 3 groupes sont utilisés (base;-base;-acide) la fonction 3.1.7 utilisée pour les
interactions Na-0-Si, Ca-O-Si et Na-O-Ca donnera une géométrie typique de Kohler qui
donne de mauvaises prédictions pour la trés grande majorité des systémes SiO;-base;-

base;.

Modification de la fonction de e Toop modifée (fonction 3.1.7) et traitement

multigroupe avec SOUS-groupes

Pour régler ce probléme, sachant que la premiére proposition de cette thése concernant
les fonctions d’interpolation permet d’utiliser plus de deux groupes (fonction 3.1.7), la

proposition suivante est faite :

11 est proposé dans cette thése d’utiliser un nouveau systéme de groupes qui

permet les sous-groupes. Ainsi les groupes I, II, II, etc... et leurs variables
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compositionnelles associées &, &, &y, ete... sont divisés en sous groupes LI,
ILO, LI, ..., ILI, IL.II, ILII, ..., etc... avec les variables compositionnelles
associées &1, Sy ..., Emon --. ete... La  définition des variables

compositionnelles est, pour un systéme a N composants :

N
&y = > X (3.1.10)
k

k € groupe
k € sous-groupe j

groupe {
Nsox.s-gmupt:

&= D& G-1.11)
=1

Ngroupes
> & =1 (3.1.12)
k=1

Avec la fonction 3.1.7 modifiée, on a, si A et B sont du méme groupe et du

méme sous-groupe :

i-1 j-1
&5 = f| OB — s s (3.1.13)
X, +X, X, +X,
On a si A4 est du groupe I et B est du groupe I :
i-1 j-1
ap=f (D(‘D[ o ) ( Su ) (3.1.14)
e [ “ & +&y & +&y

On a si A4 et B sont du méme groupe (I) mais que A est du sous-groupe LI et

que B est du sous-groupe LIL:
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_ if $r1 o Erur .
Fa _f(q)sw)(fu '*‘5111) (fu '*‘gur) J G119

Cette nouvelle proposition permet de traiter complétement un systéme multicomposant
en divisant les N espéces parmi M groupes (M < N) et chacun de ces groupes peut étre
divisé en sous-groupes de nombre illimités. Ce qui inclue le cas #1 présenté plus haut
ou il y a mélange acide-base;-base;. Le systéme Na,O-CaO-SiO- serait divisé en deux
groupes, bases et acides, et le groupe des bases serait divisé en deux sous-groupes,
cations alcalins et cations alcalins-terres, ce qui permettrait pour les interactions Ca-O-
Si et Na-O-Si lutilisation de la fonction 3.1.14, et pour Dinteraction Ca-O-Na

I’utilisation de la fonction 3.1.15 avec :

$r= XS:‘O2
Snr=Xna0 € Spp =Xcao

Sr =8m1 +Suar = X a0 + Xcao

Ces groupements des espéces donnerait une géométrie finale d’interpolation du type

Toop ce qui est empiriquement la bonne méthode pour les systémes SiO,-base;-base;.

Par exemple, la solution liquide Na;O-K;0-CaO-MgO-FeO-CrO-Fe;03-Cr;03-Al0;-

Si0, pourrait étre divisée en trois groupes bases, acides et amphoteres selon :

Bases : Na;0-K20-CaO-MgO-FeO-CrO
Avec : SvasesI = A na,0 + X0

Svasest = Xatgo + Xcao + Xreo + Xcro
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Amphoteéres : Fe;03-Cr203-Al,03

Avec : famphotér&sl =X ALO;y

famphotéres.ﬂ =X Fe, Oy + X, CryO,

Acides : S10,

Avec : ‘fﬂcidcs =X Sio,

Le choix précédent n’est qu’un exemple et d’autres choix pourraient se révéler
meilleurs. Tl serait aussi possible d’intégrer un troisiéme sous-groupé basique pour les
cations 2* des métaux de transition (Fe** et Cr*") alors que le deuxiéme sous-groupe
serait celui des cations 2” alcalino-terreux. Le choix des groupes et sous-groupes

demeure arbitraire mais peut étre basé sur des principes physico-chimiques.

Généralisation des modifications

Il est possible de généraliser toutes les modifications proposées précécemment dans

cette thése concernant les méthodes géométriques avec la proposition suivante :

Il est proposé dans cette thése d’unir les fonctions 3.1.3 (type Kohler), 3.1.5
(type Toop-classique), 3.1.7 (type Toop-modifié€), 3.1.13, 3.1.14 et 3.1.15 sous

une seule fonction donnée par I’équation 3.1.16 suivante :

Aol e YT & Y
1z =J] q’f‘g(fﬂg +:B,,) [f,w +§BA] (3.1.16)

ou les variables compositionnelles &; sont définies spécifiquement et

indépendemment. II est cependant recommandé d’utiliser la méthodes des
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groupes et sous-groupes comme défaut pour la définition des variables

compositionnelles &;

Cette derniére proposition permet de traiter tous les cas précédents (avec groupes et
sous-groupes) en plus de déterminer une géométrie de type Kohler/Toop particuliére
pour un sous-systéme particulier méme s’il fait partie du traitement groupe/sous-groupe.
Cette derniére proposition est aussi entiérement explicitée dans 1’article “On the Choice
of “Geometric” Thermodynamic Models” montré en Annexe II et faisant partie
intégrante de cette thése. L’article reprend et augmente la discussion initiale sur les
différents modéles géométriques. Cette derni€re proposition clos la contribution de cette

thése aux modéles géométriques.
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3.2 Introduction d’espéces associées NaAlO, et KAIO; dans les laitiers
Na.0-K,0-Al,03-Si0O, pour reproduire l'effet de compensation de
charge : un exemple d’intégration des modéles pour traiter un effet

structural.

Cette partie de la thése réfere a 1’article “Modeling the Charge Compensation Effect in
Silica-Rich Na,0-K20-AlL,03-Si02 Melts” montré en Annexe I et faisant partie de cette

theése.

Au chapitre 2, les modéles quasichimique modifié et d’association ont été décrits.
Chacun de ces modeles traite ’ordonnement a4 courte distance des liquides d’une
maniére différente mais qui est mathématiquement proche. D’un point de vu
thermodynamique, le modéle d’association est un modéle polynomial avec une entropie
de Bragg-Williams ot un ou plusieurs sous-systémes binaires voient leur énergie de
Gibbs évaluée a partir d’un mélange d’au moins trois especes (les especes principales et
non-associées du binaires, A et B, et au moins une espéce associées, 4,8;). Le modéle
polynomial avec entropie de Bragg-Williams est un cas limite du modéle quasichimique
lorsque le niveau d’ordonnement de la solution est faible. Il est donc possible d’unir les
deux modeéles et de traiter une solution binaire A-B comme €étant une solution ternaire 4,

B et A,B quasichimique avec les trois équilibres de paires suivants :

["A"—" A"]paire + ["B"—"B"]paire o 2[11 A"—"B"]paiye Aw'?A","B"
(G.2.1)

" gn_n A"]paire +[n Aa Bb n_n Aa Bb "]paire o 2[-' Ar—n Aa Bb "]paire A w'?A"’"AaBb"
(3.2.2)

[n B"_"B"]paire + ['AaBb n_mn AaBb "]paire o 2["B""'" AaBb "]paire Aa)'?B","AaBb"

(3.2.3)
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L’utilité de cette approche est démontrée lorsque qu’appliquée au cas de I'effet de
compensantion de charge dans les laitiers Na;O-K20-Al,03-S10; riches en silice. La
silice fondue forme un réseau entremélé de tétraédes d’oxygéne reli€és a un atome de
silicium central. Le silicium est dans un état d’oxydation 4. Lorsqu’un cation alcalin
(Na* et/ou K") est mélangé a la solution avec un cation AP**, un couplage Al**-alcalin”
est possible qui compense la charge de Si*" et qui permet a I’aluminium (couplé a
’alcalin) de remplacer le silicium dans le réseau tétraédrique sans détruire ce dernier.
Une stabilisation du liquide s’ensuit, grandement majorée lorsque le mélange
AP**/alcalin” est équimolaire. Les cations A" et Na" se dissolvent dans Ia silice fondue
comme étant une seule nouvelle particule ajoutée, ce qui a un impact direct sur la pente

limite du liquidus de SiO; selon I’équation suivante :

liquidh olidu. .
aX.sz‘g‘zl ” _ aX;’OIZ y _ Ah_cf,i:sion (Sl 02) (3 2 4)
or or URT 7 sion (SiO3)
X Sioy —1 X Si0H -l

ou v est le nombre de nouvelles particules introduites par particules de Na;O-Al,Os
ajoutées (v = 2 pour Na;O et v = 2 pour Al,O3 car chaque particule de ces especes

introduit 2 cations dans le mélange) . Pour un ratio X Na,0 ! X g0, =1 (NaAlO»), si

NazO et AlO; se dissolvaient dans le solution de fagon indépendante (mélange
aléatoire), alors v serait 2. Cependant, de par le couplage AI**/Na*, les 2 cations entrent

dans la silice fondue comme une seule particule “indissociable”, donc v =1.

Pour cette thése, I'introduction d’espéces associées NaAlO,; et KAIO; au modele
quasichimique appliqué aux oxydes fondus (incluant la silice) permet de tenir compte de
ce phénomeéne structurel. Le solution devient un mélange de cations Na*, K*, AI**, Si*,

NaAI*" et KAI*" entourés d’oxygéne (0>, O et O° selon I’environnement, mais le
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modéle n’est valide que lorsque la teneur en silice est élevée, donc la concentration en

O% est minimisée). Les réactions d’équilibres quasichimiques sont donc :

[Na-0-Nal,,,, +[41-0-A4l],,, < 2[Na-0-4l],,;. (3.2.52)
[Na -0 - Nal,;. +[Si—0—Sil,.;, < 2[Na—-O-Sil o, (3.2.5b)
[K -0 -K]),ue +[AI-0 - A1) 0. <> 2IK -0~ 4l ;. (3.2.5¢)
[ —O0 K], o +[Si—0=5i) 0. & 2[K -0 -5i] ;. (3.2.5d)
[Va-0-Nal,,;. +[K -0 - K] e = 2lNa-0-K] 0ire (3.2.5¢)
[41-0- A1), +[Si— 0~ 8i] e < 2410~ Si] 101 (3.2.50)

[Na -0 - Nal,,, +[Nadl - O - Nadll,,;, < 2[Na—0~Nadll,.;,. (3258
[k —0-K], e +[Nadl—O — Nadll,,, < 2[K -0 - Nadll ;. (3.2.5h)
[41 -0 - 41],,;,, +[Nadl - O — Nadll,,,. = 2[4l -0 - Nadl],,,. (3.2.5i)

[Si -0 - Si], 4y, +[Nadl - O — Nadll,. < 2[Si~0 - Nadll,,,. (3.2.5))

[va -0 -Na),,,, +[k41-0-KAll,,,, < 2[Na-0-KAl],,. (3.2.5k)
[k -0-K],u +IKAI-O-KAI],., = 2[K-0-KAl],,;. (3.2.50)

[41-0-41},,,, +[Ka1-0-KAl},,;, < 2[4I-0-KAll,,,, (3.2.5m)
[Si— O - 8i), oo +[KAI—O — KAl & 2[Si-0-KAIl,,,. (3.2.5n)
[NaAl - O - Nadll, ;. +[KAI - O - KAL), < 2[NaAl-O—KAl],,;. (3.2.50)

Il serait toutefois possible d’appliquer le modéle a de plus faibles teneurs en SiO,, voire
jusqu’a la région de forte basicité, si I’on pose que I’énergie de formation des espeéces
associées NaAlO, et KAIO; a partir de Na;0, K20 et ALO; (liquides pures) sont des
fonctions de la teneur en silice. Ainsi, I’énergie de formation des espéces associées qui

doit étre fortement négative lorsque la teneur en silice est haute (afin que AAIO; domine
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au lieu de A,O et ALOs - A =Na,K) doit aussi étre positive lorsque la teneur en silice

est faible afin d’obtenir un mélange A* et AP".

La description compléte du couplage des modéles quasichimique et d’association pour
représenter 1’énergie de Gibbs d’une solution liquide Na;O-K20-Al>,03-Si0; riche en
silice est donnée dans I’article “Modeling the Charge Compensation Effect in Silica-
Rich Na,0-K,0-Al;03-Si0; Melts” en Annexe 1.
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3.3 Modifications au modéle quasichimique pour solutions liquides

Le modeéle quasichimique de Fowler et Guggenheim (1939), présenté a la section 2.7.1,
a été modifié par Pelton et Blander (1984), tel que montré a la section 2.7.2. Une autre
série de modifications au modéle a été apportée par Pelton, Degterov, Eriksson, Robelin
et Dessureault (1999) qui consiste en un changement de la variation compositionnelle de

I’énergie de formation des paires A-B (Ag 4p) et en la variation compositionnelle du

nombre de coordination des espéces A et B d’une solution binaire.

Dans cette these, les modifications précédentes sont étendues, dans une premiére partie,
aux solutions multicomposantes (1 réseau) pour traiter I’ordonnement premiers ou
seconds voisins et, dans une seconde partie, une nouvelle série de modifications est
proposée pour tenir compte des solutions réciproques liquides qui montrent une

tendance a I’ordonnement premiers-voisins et seconds-voisins.

L’article « The Modified Quasichemical Model I — Multicomponent Solutions » montré
en Annexe III traite des solutions multicomposantes a 1 sous-réseau, et ’article « The
Modified Quasichemical Model IV — Two Sublattice Quadruplet Approximation »

montré en Annexe X traite des solutions réciproques.

3.3.1 Systémes binaires avec mélange sur un sous-réseau seulement

Pelton, Degterov, Eriksson, Robelin et Dessureault (1999) ont présenté une modification
a I’expansion compositionnelle de I’énergie de formation des paires A-B d’un systéme
binaire A-B (ou 4-X-B ou X est un ion occupant pleinement un sous-réseau indépendant
du sous-réseau ou 4 et B se mélangent). Selon Pelton et Blander (1984), I’énergie de

formation des paires A-B, donnée par :
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[A_A} +[B _B]paire Aad 2[‘:J"_'B]paire Ag 4p (3.3.1.1)

paire

peut étre exprimée, pour un systéme binaire A-B, comme une fonction de la composition

globale selon :

Agap =Agip + 2 ¥ ¥p g} @,j>0) (33.1.2)
0,j

De plus, pour Pelton et Blander (1984), les fractions équivalentes de coordination sont

définies comme étant :

__ ZaX,
ZAXA +ZBXB

Y, =1-Fp (3.3.1.3)

ou Z, et Zp sont respectivement les nombres de coordination des espéces 4 et B qui se

mélangent :
Zy=q4Z (33.14)
Zp =qpZ (3.3.1.5)

ou g4 et gg sont les « charges » absolues (pour les ions) des espéces 4 et B, et Z est le

nombre de coordination de la solution (constante).

La modification de Pelton, Degterov, Eriksson, Robelin et Dessureault (1999) consiste
en une expansion compositionnelle qui est fonction des fractions molaires des paires et
non des espéces, pour I’énergie de formation des paires (Ag 45 ) et pour les nombres de
coordination des espéces (Z; et Zz). Les fonctions 3.3.1.2, 33.1.4 et 3.3.15

deviennent :
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Agp =A8%p + Y XiuXLpa Y} (3.3.1.6)
L
] (2400 X5 )|
Zy= : A4 48 (3.3.1.7)
__ZXAA +XAB L ZAA ZAB |

ZB=

( 1!
! 2)233 +X§B (3.3.1.8)
_ZXBB +XAB \ ZBB ZAB ]

ol Z4, est le nombre de coordination de I’espéce 4 dans une solution ou il n’y a que
des paires 4-4 (donc 4 pure), Z5; est le nombre de coordination de I’espéce B dans une

solution ou il n’y a que des paires B-B (donc B pure), Z 23 est le nombre de
coordination de I’espéce A dans une solution hypothétique ou il n'y a que des paires 4-
B, et Z fB est le nombre de coordination de I’espéce B dans une solution hypothétique

ou il n’y a que des paires A-B.

La modification de I’équation 3.3.1.6 permet d’exprimer I’énergie de formation des
paires A-B selon I’environnement global de paires de cette liaison au lieu de
I’environnement global des espéces. De plus, des nombres de coordination variables
sont introduits (équations 3.3.1.7 et 3.3.1.8), ce qui permet une grande flexibilité dans le
choix de la composition de maximum d’ordonnement configurationnel de la solution
binaire (de fagon indépendante des nombres de coordination des espéces pures). Les
nombres de coordination des espéces étant variables, cela permet de fixer la composition
du maximum d’ordonnement de fagon indépendante des nombres de coordination des
espéces pures (avant cette modification X =™ =7 /(Z +Z,) ou Z; correspond
au nombre de coordination de ’espéce 7 pure). Dans un systéme ternaire, lorsque les
nombres de coordination sont constants, alors il n’existe que deux degrés de libertés sur
le choix de la composition du maximum d’ordonnement dans les sous-systémes

binaires : ainsi, si I’on choisi Z4; = 3 et Zg = 6 pour fixer le maximum d’ordonnement du
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sous-systéme A-B a Xp = 1/3, et que l'on choisi Zc=6 pour fixer le maximum
d’ordonnement du sous-systéme B-C a Xp = 1/2, alors le maximum d’ordonnement du
sous-systéme A-C doit se trouver selon le modéle a Xc=1/3, ce qui n’est pas
nécessairement le cas. La nouvelle modification permet de changer cela. De plus, il a
€té montré qu’un nombre de coordination moyen de 2 permet de mieux représenter les
données thermodynamiques de solutions trés ordonnées (enthalpie de mélange trés
négative) et qu’un nombre de coordination de 6 permet de mieux représenter les
données thermodynamiques de solutions montrant de I’immiscibilité. Des nombres de
coordination variables permettent donc de passer d’une valeur donnée pour I’espéce A
pure (disons 4) a une valeur proche de 2 lorsque B devient plus concentrée et si la
solution est trés ordonnée, ou bien a une valeur proche de 6 lorsque B devient plus

concentrée et si la solution tend vers I’immiscibilité.

La figure 3.3 montre les fractions molaires X4, Xz et Xup & I’équilibre pour une
solution binaire 4-B a4 1000°C pour différentes énergies Ag 5. On peut y remarquer
que plus Ag,p est négative, plus Xy, tend vers O pour Xz supérieure a la composition

de maximum d’ordonnement et plus Xz tend vers O pour Xz inférieure a la composition

de maximum d’ordonnement.

10 10

o8 40 (1]

oe as

o« a4 o

02 02

10 o 02 cs o8 as 10 o 02 o4 L1} o8 ta

X Xa
(a) (b) (©)

Figure 3.3 : Dépendence compositionnelle des fractions molaires de liaisons X,
Xus et Xgg d’une solution A-B i 1000°C en fonction de I’énergie de
formation des paires A-B a partir des paires A-A et B-B (0, -20, -40 et
—80 kJ/mol) pour Z,=Zz=2 : a) X44; b) X45; ¢) X3a.
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Ces variations des fractions molaires des paires ne sont pas lin€aires en fonction de la

composition et sont dépendantes de Ag,p. Ce qui fait que la modification de la

variation compositionnelle de Ag,p selon X;; au lieu de ¥; est elle-méme fonction de
Ag 5. 1l est donc possible pour un systéme ou Agdp est trés négatif et ou qﬁé’) et

qﬁféj) sont trés positifs (voir équation 3.3.1.6) d’obtenir une forte déviation négative

globale, donc un fort ordonnement, et deux lacunes de miscibilité de part et d’autre de la
composition d’ordonnement (4 points d’inflexion de la fonction G = f{Xg)). Un exemple
de systéme ou un tel comportement est observé est Cu-S. Avec la version de Pelton et
Blander (1984) du modéle quasichimique modifi€, la variation compositionnelle de

Ag 45 en fonction de Yy et Yp fait en sorte que les termes qg’;) et q%j) ont un impact

de part et d’autre de la composition de maximum d’ordonnement, alors qu’avec la

nouvelle approche, q([’o) et q(O,j ) winfluencent qu’une région précise de composition
PP AB AB q P Y
lorsque I’ordonnement est grand, d’ou une meilleure flexibilité lors de I’optimisation des

données d’un systéme binaire (et de meilleurs prédictions).

L’énergie de Gibbs du modéle quasichimique modifié amélioré, pour une solution
binaire A-B, est donnée par Pelton, Degterov, Eriksson, Robelin et Dessureault (1999)

comme étant :

G=n,g%+nggy +RT(n;n X, +ngn Xg)

Xap (3.3.1.9)
2Y4¥g

+R7-[HM In X[;A +nBB In XBZB +nAB In
Yy Yp

1
+5n,5A8 4
Avec le bilan de masse suivant :

ZAnA =2nAA +nAB (3.3.1.10)
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ZBnB =2nBB +nAB (3.3.1.11)

qui se réduit aux équations suivantes a I’aide des équations 3.3.1.7-8.

n, =24 s (3.3.1.12)
A A
Zya ZaB
ng = 28, 15 (3.3.1.13)
ZB ZB
BB AB

Les nombres de moles de paires (144, 185 et nqp) a I’équilibre sont ceux qui minimisent

la fonction 3.3.1.9 (énergie de Gibbs).

3.3.2 Extension aux systémes multicomposants avec mélange sur un sous-réseau

seulement.

Les équations multicomposantes sont développées et testées dans cette thése pour un
systéme non-réciproque. Un formalisme de type Kohler (1960) / Toop (1965) peut étre
intégré aux équations afin de tenir compte des propriétés acide/base des constituants de
la solution. Un formalisme plus général d’estimation des propriétés multicomposantes a
partir des parameétres binaires (introduit dans I’article « On the Choice of « Geometric »
Thermodynamic Models » en Annexe II) a été intégré aux équations du modéle. Cette
partie de la thése est dans [’article « The Modified Quasichemical Model II -
Multicomponent Solutions » montré en Annexe ITI. Il est aussi montré dans cet article
comment I’expression de I’énergie de Gibbs du modéle quasichimique modifié nouvelle
version peut servir a calculer I’énergie de Gibbs d’une solution dont les parameétres ont
€té obtenus pour le modéle quasichimique modifié (type Pelton et Blander — 1984) et
pour un modéle polynomial a entropie de Bragg-Williams (voir les équations de

conversion en Annexe XII). Il est donc possible de combiner ces modéles, et les bases
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de données courantes peuvent étre unifiées (du moins partiellement) avec quelques
corrections mineures. L’article « The Modified Quasichemical Model IO -
Multicomponent Solutions » montré en Annexe III, donne les équations générales du
modéle en tenant compte de la méthode générale d’estimation des propriétés
thermodynamiques multicomposantes a partir des paramétres binaires, cependant que
dans cette section de la these, seules les équations pour deux groupes (acides et bases)
sont données afin que le lecteur puisse apprécier les différences entre les deux

approches.

L’énergie de Gibbs d’une solution multicomposante est donnée pour le modéle

quasichimique modifié par :

Xy
G= an, +RTZn In X; +RTZZ”U‘"W 2.2 gy

roj2i y [oj>i
(3.3.2.1)

ou ¢ est le delta Kronecker (&= 1 sii=j et §;=0 si i #/). Les nombres de moles de
liaisons i-j, ny, sont ceux qui minimisent I’énergie de Gibbs en respectant le bilan de

masse suivant :

Znn; = Z(I +5 ,J)ny pour tout 7 (33.22)
J

avec

Z;= W Z(1+5U)Z— pour tout / (3.3.2.3)

y
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donc

=5 es, ) 6329
I; Zy

L’expansion de I’énergie de formation, Ag;:, en fonction de la composition (fractions

molaires des paires X;;) devient pour un formalisme a deux groupes :

Pour 4 et B méme groupe :

X ’ X 4
A :A o + AA BB @(‘j)
S sas ?,-(XAA +XAB+XBB)[XAA+XAB +Xpp a8
(3.3.2.5)
Pour 4 et B de groupes différents :
i J
Agap =885+ D Xu S X, | @9 (3.3.2.6)
ij ab b

a
a.begroupe 4 apegroupe B

Aux équations précédentes, (I)gjg est définit comme étant pour 4 et B du méme groupe :

iF 7 ik k-1
cl)f{/}; = q(;j 5') + E E qfé()c)Yc(l e YA - YB) (3-327)
k
cvc;;tB k=1

et pour 4 et B de groupes différents :
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k-1
O =3 + Z Z 9550 e | 1A
& (o4 ZY ZYd
c:tA;tB kzl
c:groupc geg
cggroupe de
(3328)
k-1
+ (ijk) e 1—- YB
Z z 49 4B(e) ZY ZYf
e::A;cB k_l S S
eegroupe de B
eggroupe de A

ou les g4z sont les paramétres optimisables du modéle.

Les équations précédentes ont ét€ développées pour une division des constituants de la
solutions en deux groupes chimiques (acides et bases). Les équations multigroupes
(générales) sont données dans Particle « The Modified Quasichemical Model II —
Multicomponent Solutions » en Annexe II. Dans ce méme article, les raisons du choix
des différentes fonctions sont données, qui dépendent principalement de restrictions sur
les cas limites de mélanges tendant vers I’idéalité, et les mélanges d’espéces de groupes

différents.

Cas limites

Si les paramétres Ag9p et g; des équations précédentes sont proches de 0, alors le sous-

systéme binaire 4-B de la solution tend vers I’idéalité et les fractions molaires de
liaisons 4-4, A-B et B-B peuvent étre approximées par leurs valeurs associées a un

mélange aléatoire :

X 4=Y2 (3.3.2.9)
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Xpp=Y3 (3.3.2.10)

En remplagant dans I’équation 3.3.2.5 ont obtient :

¥ 2r Y 25
Ag 45 =Ag%p + 4 B o) 33.2.12
Bap =084z .-Z,;(YA +YBJ [YA "'YBJ 45 ( )

Cette derniére expression est similaire a I’équation 2.6.2.14 du modéle quasichimique

modifié de Pelton et Blander (1984) sauf pour les puissances qui sont multipliées par 2.

Cependant, il est possible de reproduire I’équation 2.7.2.14 en posant ®'%, = ~®°, pour

que Y:—Yaz ZYA_YB )
(YA 'i'YB)2 YA +YB

L’expression de I’énergie de Gibbs (3.3.2.1) devient :

G=Zn,-g,? +RTZ”,‘ [nX,-‘I—(Zn,-JZZY;Y]-Ag{T (3.3-2.13)
i i 3

i I J>i

Ce qui est €gal a I’énergie de Gibbs associée a une entropie de Bragg-Williams et une

expansion polynomiale de I’énergie en excés.

Intégration des modéles quasichimique modifié et polynomial/Bragg-Williams en un

seul modéle

Il est possible de mélanger les différents modéles (quasichimique avec expansion des

paires, quasichimique avec expansion des espéces et polynomial/Bragg-Williams) en
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une seule expression de I’énergie de Gibbs. Pour ce faire, le dernier terme de I’équation

332.1:

X
= .o . . 1 Y 1 A
G ;n,g, +RT§n,1nX, +RTY. D n; n(———F—z_aij 7, +1> > nAg;

i j2r1 i j>r

(3.3.2.1)
devient :

- Pour le modéle quasichimique modifié avec expansion des paires :

%Zznu[f(Xn,Xq,Xﬂ,T)] (voir équation 3.3.2.5)

i >
- Pour le modéle quasichimique modifié (version de Pelton et Blander, 1984) :

%zzng [f (Y,-,Yj, T )] (voir équation 3.3.1.2)

o>
- Pour le modéle polynomial/Bragg-Williams (tel que montré au cas limite
précédent) :
=3(szin Jr.r,.7)
i > k

et 'on pose que X =2YY; al’équation 3.3.2.1.

Cette « intégration » des modéles est discutée plus en détail aux sections « Reduction to
the Random Mixing (Bragg-Williams) Model » et « Combining Models in One
Multicomponent Solution Database » de I’article « The Modified Quasichemical Model
IT — Multicomponent Solutions » en Annexe III. De plus, il est possible de convertir
exactement les paramétres optimisés du modéle quasichimique modifi€¢ avec expansion
en Y; en paramétres du modéle quasichimique amélioré avec expansion en X, tel que

montré & I’Annexe XVI. I est aussi possible de convertir approximativement les



123

parameétres optimisés du modéle polynomial avec expansion en ¥; en paramétres du

modele quasichimique amélioré avec expansion en Xj;, tel que montré a I’ Annexe XVI.

Simplification des équations en utilisant des constituants « associés »

Il est possible de simplifier les équations du modéle en utilisant les paires d’espéces
comme des constituants de la solution et de traiter ces constituants comme des
« associés » (ou « molécules »). Pour ce faire, on peut premiérement définir Ies énergies
standards des paires, g4 et g9p, a partir des énergies des constituants purs, g5 et g;,

comme étant :

2 o
g = ;%1_ (similairement pour gzg) (3.3.2.14)
Zia
o o
gip =24+ E8 L ings, (33.2.15)
Zap  Zup

avec Ag9p qui est le paramétre binaire utilisé dans les équations 3.3.2.5-6. L’équation

de I’énergie de Gibbs 3.3.2.1 devient alors :

1
G=3 > n;8; +RTZn InX; +RTY > n; (+ )Xy

i j=i i jz2i ' (33216)

+13 oy logy -Agx?)

P>

En remplagant tous les nombres de moles de liaisons n; par les nombres de moles

« d’associés » selon :
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n e (3.3.2.17)

iy i ~ Py
Le bilan de masse reliant les espéces aux liaisons devient un « vrai » bilan de masse
chimique (le nombre de moles de 7 est le méme des deux c6tés de I’équation) reliant les

especes aux associes :

n, = [—27]”" 2 + Z[—ITJ”' 1)1 (3’3'218)
L)y F\&) 5y

Avec cette substitution, I’équation de I’énergie de Gibbs de la solution (3.3.2.16) devient
fonction uniquement des fractions molaires des « associées » (exception faite du terme
-TAS°°"®). La minimisation de I’énergie de Gibbs est grandement facilitée par cette
modification, car les constituants « associés » de la solution sont reliés a un « vrai »

bilan de masse.

Application du nouveau modele quasichimique modifié a la soluticn liquide LiCI-NaCl-
KCI-RbCI-CsCl-MgCl,-CaCl,-SrCl,-BaCly

Le modele quasichimique modifié tel que décrit précédemment (éq. 3.3.2.16) a été
appliqué dans cette thése a la solution liquide de chlorures alcalins et alcalino-terreux
LiCI-NaCI-KCI-RbCI-CsCI-MgCl,-CaCl,-SrCl,-BaCl,. Les optimisations des sous-
systémes binaires LiCI-RbCI, LiCl-CsCl, NaCl-RbCl et NaCl-CsCl sont celles de
Sangster et Pelton (1987) qui utilisent I’entropie de Bragg-Williams avec expansion
polynomiale de g°. Tous les autres systémes binaires ont été réoptimisés selon la
technique montrée a la section 2.13 avec le modéle quasichimique modifié avec

expansion en fonction de fractions molaires des paires pour I’énergie de formation des
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paires et pour les nombres de coordination des especes; exception faite des binaires
KCI-RbCI, KCI-CsCl et RbCI-CsCl ou les paramétres du g° du liquide de Sangster et
Pelton (1987) sont trés proches de O, ce qui permet de substituer directement I’entropie
quasichimique a I’entropie de Bragg-Williams (qui est un cas limite). Les articles
suivants, présentés en annexe, décrivent les optimisations de tous les sous-systémes

binaires, ternaires et multicomposants de cette solution :

* Thermodynamic Evaluation and Optimization of the LiCl-NaCl-KCI-RbCI-CsCl-
MgCl,-CaCl; System Using the Modified Quasichemical Model. (Annexe IV).

* Thermodynamic Evaluation and Optimization of the LiCl-NaCl-KCI-RbCI-CsCl-
MgCl,-CaCl;-SrCl; System Using the Modified Quasichemical Model. (Annexe V).

®* Thermodynamic Evaluation and Optimization of the LiCl-NaCl-KCI-RbCI-CsCl-
MgCl-CaCl-SrCl>-BaCl, System Using the Modified Quasichemical Model.
(Annexe VI).

Application du nouveau modéle quasichimique modifié a la solution liquide LiF-NaF-
KF-MgF,-CaF,

Le modéle quasichimique modifié tel que décrit précédemment (€q. 3.3.2.16) a été
appliqué dans cette thése a la solution liquide de fluorures alcalins et alcalino-terreux
LiF-NaF-KF-MgF,-CaF,. Tous les sous-systémes binaires de la solution liquide ont été
optimisés avec le nouveau modéle suivant la technique décrite a la section 2.13.
L’article suivant, présenté en Annexe VII, décrit les optimisations de tous les sous-

systémes binaires, ternaires et mutlicomposants de cette solution :
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* Thermodynamic Evaluation and Optimization of the LiF-NaF-KF-MgF,-CaF,

System Using the Modified Quasichemical Model. (Annexe IV).

Application du nouveau modéle quasichimique modifié aux solutions liquides binaires
LiCI-LiF, NaCl-NaF, KCI-KF, MgCl,-MgF, et CaCl,-CaF,

Le modéle quasichimique modifié tel que décrit précédemment a été appliqué dans cette
thése aux solutions liquides a cation commun LiCl-LiF, NaCl-NaF, KCI-KF, MgCl,-
MgF; et CaCl,-CaF,. Tous ces systémes binaires et leur solution liquide ont été
optimisés avec le nouveau modéle (équ. 3.3.2.16) selon la technique décrite a la section
2.13. L’annexe de [’article suivant, [ui-méme présenté en Annexe XI, décrit ces

optimisations :

®* Thermodynamic Evaluation and Optimization of the Li,NaK Mg Ca//F Cl
Reciprocal System Using the Modified Quasichemical Model. (Annexe XI).

Ces trois séries d’optimisations de systémes (dont deux multicomposants a anion
commun) permettent de confronter le modéle et prouver qu’il est apte a donner de
bonnes prédictions multicomposantes a partir des sous-systémes binaires. De plus,
plusieurs des sous-systémes binaires de chlorures et de fluorures présentent des signes
importants d’ordonnement & courte distance seconds-voisins (CsCIl-MgCl,, RbCl-
MgCl,;, KC1-MgCl,, KF-MgF-, etc...). Dans ces cas, le modéle a prouvé étre apte a
reproduire ’ensemble des données expérimentales thermodynamiques avec une
variation des paramétres optimisables consistente dans la suite logique des cations

alcalins et alcalins-terre.
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Finalement, ces trois séries d’articles permettent d’obtenir une optimisation de la phase
liquide de tous les sous-systémes binaires a4 ion commun de la solution liquide
réciproque LiNa K Mg Ca//F,Cl faite avec le nouveau modele quasichimique modifié.
Une prochaine étape de cette thése est le développement des équations de I’énergie de
Gibbs et des bilans de masse pour une solution réciproque avec ordonnement entre les
sous-réseaux cationique et anionique (premiers-voisins), et ordonnement sur un méme
réseau (seconds-voisins). L’énergie de Gibbs de ce modele devra se réduire a I’énergie
de Gibbs du modéle quasichimique modifié pour tous les sous-systémes binaires & ions
communs afin que les optimisations précédentes soient directement utilis€es. Avant de
présenter ce nouveau modéle, voici quelques suggestions de modifications possibles du

nouveau modéle applicable a un seul réseau.
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3.3.3 Suggestions d’améliorations possibles du modéle quasichimique modifié

(pour un seul sous-réseau).

Nouvelles expansions de I’énergie de formation de paires 4-5.

Les équations 3.3.2.5-6 qui décrivent la variation compositionnelle de [’énergie de
formation des liaisons (ou paires) 4-B dans un systéme multicomposant dont les espéces

sont divisées en deux groupes sont :

Pour 4 et B méme groupe :

X ! X 7
Agp =Agip + o 55 oY)
E4B E4B ,Z’J;(XAA +XAB+XBB)(XAA+XAB +XBB 4B

(3.3.2.5)

avec ®Y) décrit a I’équation 3.3.2.7. Pour 4 et B de groupes différents (pour un

formalisme ayant seulement 2 groupes):

4 J
Agap =Ag%p+2, > X S Xy | B (3.3.2.6)
i ab ap
a.be groupe A abegroupe B
avec @Y décrit a I’équation 3.3.2.8. L’expansion 3.3.2.5, dans le cas limite ou le
mélange devient aléatoire (Ag 45 — 0), devient égale a I’expansion 3.3.2.12, remontrée

ci-aprés:
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Ag s =Ag%s + 7y Y[ _ta 2j<1><‘f) (3.3.2.12)
4B = 0848 ,.ZJ.:(YA+YB) (YA+YBJ AB -
car

X4 Y Yi (3.3.3.1)

= 2 =
Xau+Xp+Xpg VPI42FYg+YE (Y +V3)
et similairement pour B. Les puissances sont multipliées par un facteur 2.

Il est suggéré dans cette thése de remplacer ’expression 3.3.2.5 par une nouvelle

expansion :

X i X Y 4
Ag 45 = Agop + = 2 o P,

_ ; (3.3.3.2)
4
X 1x .
| e
i\ Xep+3X4p J\ Xpg+5 X 5

qui dans le cas limite du mélange aléatoire donne exactement une équivalence entre

@g?%) de I’expression 3.3.3.2 et CDE;g) de I’expression 2.6.2.14, et entre CDg?_ZI) de

I’expression 3.3.3.2 et (I)‘(‘%) de ’expression 2.6.2.14, car :

Xaa  _ Yi  _Yaf Y4
L =— = (3.3.33)
XAA'*'EXAB YA+YAYB YA YA+YB

et similairement pour B. Cependant, il est possible d’utiliser un couplage des
paramétres ®ly; =-@Y%, tel que discuté précédemment. La figure 3.3 montre la

variation compositionnelle des réactions molaires X4, X4z et Xzg en fonction de X et de
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I’énergie de formation des paires Ag,p. Si Ag,p eswt trés négative, alors pour

02 Xg > xPacordomnement o a3 que Xps tend vers 0, et que Xy et Xy varient

b

pratiquement linéairement en fonction de Xp.
La figure 3.4 montre la variation compositionnelle des fonctions suivantes en fonction
de I’énergie de formation des paires 4-B a 1000°C (Z,=Zz=2) pour une solution binaire

A-B:

Xaa

fi(44) = Xt i X0 (3.3.3.4)
1x
_ 24 4B
.fl(AB)_XAA_*'%XAB (3.3.3.5)
fr(44) = X (3.3.3.6)

XA’.A+XAB+XBB

Les fonctions f; sont reliées a I’équation suggérée 3.3.3.2, aalors que la fonction f> est
reliée a ’expansion utilisée dans cette thése (3.3.2.5). La forction f> est identique a X4
dans le systéme binaire 4-B comme on peut le voir en comparant les figures 3.3.1a) et
3.3.2a). Pour fi(BB) et fi(BA), les équations sont exactemenat les fonctions 3.3.3.4-5 en

remplagant X4 par Xpg.

Il est trés intéressant de noter la TRES grande similitude entre la variation
compositionnelle de f;(44) en fonction de Agys, a4 la figure 3.5 et la variation

compositionnelle de I’activité du constituant 4 (a4) dans la solution en fonction de Agys.



131

i(AA)

o4

[ >4

40
-80

-20

fi(AA)

os

oa

o2

«20

40

80

¢ -20

fi(AB)

]
o c2

Figure 3.4 :

Xy

(a)

ce

10

0z

04

Xy
(b)

as

(©)

Dépendence compositionnelle des fonctions f; et f; d’une solution 4-B a

1000°C en fonction de I’énergie de formation des paires A-B a partir des
paires A-A et B-B (0, -20, -40 et —80 kJ/mol) pour Z,=Zg = 2 : a) f; (AA);

b) fi(AA); c) f1(AB).
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Figure 3.5 : Similitude entre la variation compositionnelle de a4 (a) et de f;(44) (b) dans la
solution A-B a 1000°C en fonction de I’énergie de formation des paires 4-B
a partir des paires 4-4 et B-B (0, -20, -40 et —80 kJ/mol) pour Z=Zz=2.

11 est possible de prouver I’identité a4 = fi(d4) si Zs=Zp=2 (24, =Z4, =Z, =2 et

Zgpy =22 =Z,=2)et Ag,, =cste, avec:
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X X X
G=n,g%+n,gy +RT(n,In X, +n,In X, )+ RT| n,, In—%+n,, In—-2+n,,In—%=~
Y Y 2Y,Y,
n
+_;;'1Ag.48
(3.3.3.7)
A A
L, 2(5(}) - (ZM ][EG_) =gl +RTIn X, 4{2&' }RTln X
on, ), 2 Nony ) s 2 Y;
(3.3.3.8)
Ziu
X X[TJ
RTmna,=p,—-g5=RTIn| —4—~— (33.3.9)
Y 7
donc, si Z4=Zg on a que Y1=X}, et alors:
z4,)
A%
a, =244 (3.3.3.10)
YAZM—I
et
f(44) = Xar X (3.3.3.11)

X, +iX, 7Y,

Les équations 3.3.3.10 et 3.3.3.11 ne sont strictement égales que si Z,=Z, =2
(implicitement Z{, =Z ) et Ag,, =cste. Afin de pouvoir conserver 'identité entre a4

et f1(44) pour différentes conditions, il faudrait transformer f;(44) selon :

£ (44) = XX (3.3.3.12)
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Cependant cette forme plus « bizarre » de fonction ne semble pas attrayante et pourrait
causer des problémes pour [’estimation des propriétés thermodynamiques dans les

systémes d’ordre supérieur.

Cette similitude de a, et de f;(44) pourrait permettre une meilleure représentation de la
variation compositionelle de Ag4p en fonction de Xp. L’utilisation de la fonction
3.3.3.2 au lieu de Ia fonction 3.3.2.5 est donc suggérée. La séparation des constituants
de la solution en groupes acide/base n’a pas été développée pour cette proposition, mais

les idées de base sont prétes.

Complexes multiples

Il est possible de considérer plus d’une composition d’ordonnement par systéme binaire
pour le modéle quasichimique. Pour ce faire, il faut réécrire les équations des nombres
de coordination et des bilans de masse en fonction des nombres de moles des «c»

complexes binaires dénotés n Alnsi, pour un systéme binaire

A1) > nAB(Z) 3 -eey nAB(C) -
A-B comportant plusieurs compositions d’ordonnement, les nombres de coordination Z,4

et Zg deviennent :

L. ! Z"AA Z " 45 (3.3.3.13)
ZA 2nAA +ZI1AB(C) AA (C)J
c
1 _ 1 21pp 5 A " ap© (3.33.14)
ZB anB +Z"AB(°) ZBB c ZA.B("')J
(4

La restriction suivante s’applique sur les ratios des nombres de coordination :



z4 z4 VA
B ZABD AT (3:33.15)
Zg0  Zg Z 5
Le bilan de masse devient :
ZAI’IA :ZnAA +Z’1AB(¢) (3.3.3.16)
4
c
ou bien :
2 c
ny =244 Z "4 (3.3.3.18)
ZAA AB(C)
ng = BB Z S (3.3.3.19)
Z5s A

Les fractions molaires et équivalentes des espéces 4 et B sont calculées de la manicre
habituelle et les fractions molaires des paires sont calculées aussi similairement mais en

tenant compte des nouvelles paires 4B :

n
Xaq= A4 (3.3.3.20)
R44 *PRR +ZnAB(c)
c

nAB(f)
X gy = (=1,.,0) (3.3.3.21)
g4 +nBB +ZnAB(c)

c

L’énergie de Gibbs devient :
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G=n,gy+nggp
+RT(nyin X, +ngin Xg)

X . P X o
+RT|ny,ln +nggin =28 +Npn . In—4E 3.33.22
At gt e N Z o oy ¥ ( )

n
AR
+§ 5 Ag 5

Les termes Ag () peuvent éire exprimés en fonction des ¥; ou des X

Les équations ci-haut, dans le cas limite ou tous les Ag . valent O, ne redonnent

cependant pas I’entropie idéale. On pourrait voir ce fait comme un défaut de la
proposition, mais I’erreur vient plutét du fait que par définition, un systéme idéal ne
contient pas plus d’une composition de maximum d’ordonnement! Les équations ci-
haut ne doivent s’appliquer que pour des sous-systémes binaires ayant une tendance a
avoir plus d’une composition d’ordonnement et ou ces tendances a I’ordonnement sont
fortes. Les équations ci-haut redonnent exactement les équations -classiques

quasichimiques si le nombre de complexes binaires est 1.

Pour une solution trés ordonnée, avec plus d’un complexe, ou tous les Ag 45 tendent

vers I’infini négatif, le terme 2Y,Yp de I’entropie configurationnelle vaut 0.5 pour toute
composition comprise entre les compositions d’ordonnement. Les nombres de moles de
paires A-A et B-B tendent alors vers 0 pour ces mémes compositions. On a dans ce cas,

pour toute composition comprise entre les compositions d’ordonnement :

_ Z X 45 (3.3.3.23)
Z4 AB(:)
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X e
L =3 gB" (3.3.3.24)
28 T Z 50
et

AB) (3.3.3.25)

n
ng = —4B° (3.3.3.26)

L’entropie configurationnelle devient :

¢ c

(3.3.3.27)

Le dernier terme de I’équation entropique (3.3.3.27) annule le premier terme pour toute
composition comprise entre les compositions d’ordonnement, si les Z des espéces
respectent les valeurs données par Pelton et Blander (1984) (mais cela est vrai méme s’il
n’y a qu’un seul complexe). Ne reste alors que le terme médian qui correspond a un

mélange aléatoire de paires binaires complexées.

Cette modification permet de considérer la formation de plusieurs « complexes » dans la
solution binaire. La solution liquide NaF-AIF; contient, selon les récentes études
(Olsen, 1996), les « complexes anioniques » AIFs~, AIF* et AIFs associés aux
compositions d’ordonnement Na.AIFs, NaAlF, et NazAlFs respectivement. Olsen
(1996) a déterminé que le complexe anionique 4/F5” est dominant. En premiére
approximation, seul ce complexe peut étre utilisé avec le traitement quasichimique

« classique », mais il serait possible d’évaluer I'influence des 3 complexes anioniques
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grice a la nouvelle nmodification. D’autres systémes chimiques contiennent plus d’une

composition d’ordonmement (mélanges alcalins-Pb, alcalins-Bi, alcalins-7e, etc...).

Polymérisation :

Certains liquides ordonnés présentent une forme de polymérisation. Par exemple, des
complexes diméres csomme A/,Cl7 sont présents lorsque 4/Cl; est mélangé avec un
chlorure alcalin (ex : 2aCl). Le mélange cationique AP et Na* en est perturbé car pour

de fortes teneurs en 4 ICl; (X, >0.5), les cations AP* se mélangent avec les cations

Na" en entrant dans le:liquide par paire (1 particule pour 2 atomes d’Al).

Il est proposé pour modéliser cette solution polymérisée avec un modéle quasichimique
de s’inspirer de I’appasroche utilisée dans cette thése pour ’effet de compensation de
charge dans le systttme Na,0-A4[,0;-SiO, (voir article « Modeling the Charge
Compensation Effect iin Silica-rich Na,O-K>0-4[,03-Si0; Melts » en Annexe ). Ainsi,
en modélisant la phases liquide binaire NaCl-4AICI; comme étant un mélange cationique
Na™-AF*-ALS" (NaCl-~AICI5-ALCls), il serait possible de ternir compte simultanément de
I’ordonnement 4/CI, ®complexe binaire entre Na* et AP") et de 'ordonnement AL,CI;
(complexe binaire entzre Na* et AL°"). Le liquide pure AICI; est en fait fortement
dimérisé et AL,Cls devmait étre I’état standard du liquide pure 4/Cl;. L’énergie de AICI;
liquide pure (cation 4x"") devrait étre plus positive que celle de A/,Cls (cation AL°").

Les réactions quasichirmiques deviennent alors :

[Va - CI - Na] ;. +[-AI -CI- A1, <> 2[Na-CI- 4l] . (3.3.3.28)
[Na - CI - Na] gy, +[-aly -CI- 4L] .., & 2[Na-CI-4L,] ., (3.3.3.29)
[41-C1 - 4] i +[4M, - Cl- 4L )y, < 2[A1-CI- 41)] . (3.3.3.30)
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Seules les énergies des réactions 3.3.3.28 et 3.3.3.29 sont importantes. La région
compositionnelle 0.5 < Xy,cr < 1 serait dominée par les paires Na-CI-Na et Na-CI-Al; 1a
région compositionnelle 0.333 < Xnucr < 0.5 serait dominée par les paires Na-CI-A/ et
Na-CIl-Al5; 1a région compositionnelle 0 < Xy,c; < 0.333 serait dominée par les paires
Na-CIl-Al; et Al>-CIl-Al; (cependant que le liquide tres riche en AICI3 est principalement

moléculaire, formé de dimeéres Al,Clg).

Aucune modification aux équations de [’énergie de Gibbs n’est nécessaire pour
reproduire la dimérisation. Cependant, une méthode d’optimisation de systéme ternaire
est nécessaire pour trouver les parameétres du modéle (au début de cette theése, aucun
logiciel n’était disponible pour optimiser un systéme ternaire). La méme approche
pourrait étre applicable au mélange chlorures alcalins-BeCl,. Elle peut aussi s’appliquer
aux chaines de silicates (c.f Si:0s”) mais avec plus de prudence car la silice pure

fondue n’est pas formée de diméres.

Configuration non-aléatoire des paires :

Une bonne partie de travaux de cette thése porte sur la modification des équations
quasichimiques de l'expansion de I’énergie de formation des paires A-B (Ag,p) en
fonction de I’environnement des paires (X;;) au lieu de I’environnement des espéces (1),
dans le but d’obtenir un meilleur lissage des données expérimentales binaires et une

meilleure prédiction du modéle dans les systémes multicomposants.

La théorie quasichimique est basée sur I’évaluation de I’écart au mélange aléatoire des
espéces dans une solution a I’aide d’un mélange aléatoire des paires d’espéces. 1l est
proposé d’appliquer la méme approche, mais a un degré supérieur. Ainsi, si 'on
pouvait évaluer [’écart au mélange aléatoire des paires (qui évatuerait lui-méme un écart

au mélange aléatoire des espéces) a I’aide de « paires de paires », il serait possible
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d’ obtenir une meilleure évaluation de I’entropie configurationnelle de mélange, donc de

meilleurs lissages et prédictions.

Ainsi, pour un mélange d’espéces A4 et B (a I’état liquide), les paires d’espéces présentes
sont les paires A-4, A-B et B-B. Si on introduit les paires de paires 44-44, A4-AB, AA-
BB, BB-BB, BB-AB et AB-AB, il serait possible d’évaluer de subtils effets de mélange
sur I’entropie. Ainsi I’énergie de formation des paires A-B est exprimée dans cette these
en fonction de ’environnement global en espéce 4 et B (Pelton et Blander, 1984), ou
bien en fonction de I’environnement global en paires A-4A et B-B (Pelton, Degterov,
Eriksson, Robelin et Dessureault, 1999). La modification proposée permettrait de faire
varier I’énergie de formation de paires A-B selon |’environnement des paires de paires.
Ainsi, le modéle distinguerait les paires A-4 entourées de paires A-4 des paires 4-4

entourées de paires A-B et des paires A-4 entourées de paires B-B, etc...

Le bilan de masse entre les paires de paires et les paires est :

Zgalan =244 44 P44 + N 44-BB (3.3.3.31)
Zphpp = 2Mpp_pp + N44-BB + MBB-AB (3.3.3.32)
Zghp =2n4p_4p +N44 4p +Mpp_4p (3.3.3.33)

Les « nombres de coordination » des paires, Z; sont donnés par :

1 [ 2
= 1 njﬁ"”‘ + n’/‘ﬁi‘w + n’ﬁ‘BB (3.3.3.34)
Zaa 2Mup g ¥M0 aptMaa-B8| Zia g Zhi-as  Zad-BB

1 1 2npp-pp | MBp-AB . M44-BB (3.3.3.35)

Zps 2nmpp pp+Mpp ap tNaspe| Zhhme Zho s Z535 ps

1 _ 1 iup-dp | Maaap | MEB-AB | (333 36)
Zap 2Myp 4p Ny ap tPER uB| Zih-ar  ZadaB ZBB-aB
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ou Z44_ 5 est le nombre de paires entourant une paire 4-4 quand cette paire 4-4 est

dans un solvant A-B (et similairement pour les autres paires). Il est aussi possible de
supposer Z44, Zgg et Z4p constants. Le bilan de masse reliant les paires aux espéces est

exactement le méme que pour le modéle quasichimique classique :

ZAnA = 271‘4/1 '*‘"AB (3.3 ,3-37)

ZBnB =2nBB +nyp (3.3_3.38)

Une variation compositionnelle des nombres de coordination des espéces peut étre

appliquée. Les fractions molaires des paires de paires sont données par :

M4
Ad=A4 (3.3.3.39)
Nga_44 +NBR-BB Y N4p_aB +*M44-4B * " 44-BB T NBR 4B

XAA-—AA =

et similairement pour les autres paires de paires. Les fractions équivalentes des paires

d’espéces sont données par :

Z44M 44 1 1
Yi4= =X s an+=X g4 amp+=X 44 3.3.3.40
Ad Z s + Z 5" + Zpriss AA~AA T3 X 44-AB T3 A 44-BB ( )

Z ipn
Yp = AB_AB =Xapan +EX s an ++ X pp 3.3.3.41
AB Zoin + Z.15M 45 + ZonTins AB-AB Y5 X 44-48 +5Xpp_up ( )

ZBB”BB
Ypg = =Xpg g +1+ X 4 g +1 X 3.3.3.42
BB 7 7 7 BB-BB 7 3 “* AA-BB 7 3 “* BB—-AB ( )

Les autres variables compositionnelles (X;, ¥;, Xj, etc...) sont calculées de la maniére

habituelle. L’énergie de Gibbs devient :
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G=n,g} +nggp
+RT(n In X, +nginXg)

+RT(”AAIHX/;A +ngRp In XB;'B +nABln XAB j
Y4 Yg

2

+RT(”AA—AA lnX’“;AAMBB_BBlnﬁ%ﬁMAB_AB mi"%ﬂj
Yiu Yp Y5

X 44-4B X 44-BB Xpp-_4B
+RT| gy gpIn—"L= 400 peIn —"22 s 0 In —22222
T( A T R TR e

1 o

+5N"4p-4BDE 4B-4B

+1in A +1n A +in A
M44-4BO8 44-4B +5M44-BBAS 44-BB + 3 MBB-4BAE BB-4B

(3.3.3.43)

L’énergie de formation des paires de paires AB-AB (Agip_4p) peut étre reliée a
I’énergie de formation des paires d’espéces A-B a partir des paires d’espéces A-A et B-B.
Les énergies de formation des paires de paires « binaires » (Ag 445,28 44-8 €t
Agpp_4p) peuvent €tre exprimées comme des fonctions des fractions molaires des

paires de paires.

L’utilisation de nombre de coordination des paires qui respectent une valeur de 2 (Pelton
et Blander, 1984) permet que le nouveau terme entropique quasichimique pour le
mélange des paires de paires soit une valeur exacte (selon le modéle d’Ising linéaire).
Ainsi, avec de telles valeurs, ’estimation de I’entropie configurationnelle ne serait pas

dégradée.

Si les énergies de formation des paires de paires « binaires » (Ag 44_45, A8 44-85 ©t
Agpp_45) sont nulles, alors I’équation 3.3.3.43 devrait se réduire a I’énergie de Gibbs

d’une solution quasichimique. Il est donc théoriquement possible que toutes les
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modifications aux équations quasichimiques de cette thése puissent étre considérées

comme un cas limite de I’équation 3.3.3.43 majorées pour les systémes multicomposant.

Les paires de paires présentent [’avantage d’offrir jusqu’a trois compositions
d’ordonnement pour un systétme binaire, ce qui permettrait de reproduire les
complexations multiples dans certains systémes (K-Pb, Rb-Te, Na-Bi, Au-Cs, etc...).
Une formulation quasichimique en quadruplets (44, A3B, A2B2, AB3 et Bs) au lieu des
paires de paires pourrait donner des résulats similaires cependant qu’elle ne serait pas
une extension aussi simple de la théorie quasichimique des paires, car pour les paires de
paires les équations ont été obtenues par le méme raisonnement que pour les paires
simples. De plus, il n’y a que 5 quadruplets dans un systéme binaires au lieu de 6 paires
de paires car les paires de paires AB-AB et AA-BB sont « fondues» en un seul
quadruplet 4,8, (cependant, si la paire A-B est trés stable, la paire de paire 44-BB

devrait étre pratiquement inexistante dans le mélange).

Il n’est pas dans la portée de cette thése de développer plus a fond cette proposition
(solution multicomposante, groupes acide/base, expansion compositionnelle des
variables, complexes multiples, etc...), mais seulement de soulever 1’idée que la théorie
quasichimique peut étre encore grandement améliorée afin de pouvoir reproduire des

effets thermodynamiques subtils lors du mélange d’atomes.
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3.3.4 Systémes réciproques (deux sous-réseaux)

Cette partie de la thése se réfere a I’article “The Modified Quasichemical Model IV —
Two Sublattice Quadruplet Approximation” en Annexe X de cette thése. L’article décrit
un nouveau modéle quasichimique pour solution 4 deux sous-réseaux qui se réduit au
modéle quasichimique modifié (avec toutes les nouveautés apportées telles que décrites

dans les sections précédentes) pour un systéme & ion commun.

L’approche quasichimique consiste a évaluer ’ordonnement d’espéces dans une
solution en fonction de I’énergie d’interaction entre ces espéces a I’aide d’un mélange
aléatoire de paires d’espéces. Lors d’un mélange d’espéces sur un méme quasi-réseau,
les paires d’espéces considérées sont des paires d’espéces seconds voisins appartenant
au méme quasi-réseau :

+[B-Xx -B]

[4-Xx - 4] & 2[A~X Bl e  Agasix (3.3.4.1)

paire paire
Le modéle quasichimique modifié (sections 2.7 et 3.3) évalue I’ordonnement de ce type
d’interaction, c’est-a-dire quelles sont les concentrations des 3 types de paires de
I’équation (3.3.4.1) a I’équilibre pour une concentration d’espéces Xux et Xpx donnée, a
une température donnée. Pour une solution réciproque, qui implique un mélange entre
deux quasi-réseaux, alors les paires d’espéces considérées sont des paires d’espéces
premiers voisins appartenant a des sous-réseaux différents :

[A - Y]pm're + [B - X]

< [A - X] + [B - Y]paire AgA,B/Xj (3-3-4-2)

paire paire

Le modele quasichimique pour solution réciproque (section 2.12) évalue I’ordonnement

de ce type d’interaction, c’est-a-dire quelles sont les concentrations des 4 types de paires
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de I’équation (3.3.4.2) a I’équilibre pour une concentration d’espéces X, Xp, Xy et Xy

donnée a une température donnée.

Il existe donc 2 modéles quasichimiques distincts pour évaluer les 2 types
d’ordonnement : premiers et seconds voisins. Afin d’évaluer simultanément
I’ordonnement du type seconds-voisins de la réaction 3.3.4.1 et I’ordonnement du type
premiers-voisins de la réaction 3.3.4.2, un nouveau modéle doit étre proposé. S’il peut
permettre de se réduire au modéle quasichimique modifié lorsque la solution n’est pas
réciproque et au modéle quasichimique pour solution réciproque lorsque tous les
binatres a ion commun sont idéaux, alors le nouveaux modéle permettra I’intégration

des bases de données actuellement développées pour ces deux modéles.

Le modéle proposé suppose la présence de 2 quasi-réseaux dans le liquide ou deux
différents types d’espéces se mélangent (cations et anions). Le modéle proposé utilise
les quadruplets d’espéces comme unité de mélange de base, tout comme le modéle
quasichimique utilise les paires d’espéces. Le quadruplet d’espéces contient 2 espéces

de chacun des 2 quasi-réseaux :

C1 Ay

Ay C;
Fig. 3.6 : Quadruplet.

Le quadruplet de base est donc composé des 4 espéces (2 cations C,; et C,, et 2 anions
A; et Aj) qui forment 4 paires premiers-voisins (C1-A;, Ci-Az, C2-A; et Cy-Ay) et 4
paires seconds-voisins (C;-[A1]-Cz, Ci-[A2]-Cz, As-[Ci]-Az et A;-[C:]-Az). En



145

attribuant une énergie de Gibbs au quadruplet et en établissant des bilans de masse entre
les quadruplets et les espéces et entre les quadruplets et les paires premiers et seconds
voisins, ’énergie de Gibbs du mélange aléatoire de quadrupiet peut étre obtenue si
I’entropie configurationnelle peut étre calculée. De plus, pour un systéme a ion
commun (A;=A; ou C;=C; pour tous les quadruplets), les quadruplets sont exactement
équivalents aux paires seconds-voisins, donc le nouveau modéle devient dans ce cas
limite potentiellement exactement équivalent au modéle quasichimique modifi€é avec

expansion de I’énergie de formation des paires fonction des concentrations des paires.

L’article “The Modified Quasichemical Model IV — Two Sublattice Quadruplet
Approximation” en Annexe X donne la totalité des équations de I’énergie de Gibbs
d’une solution multicomposante avec ions de charge multiple appartenant a 2 groupes

acides/bases. Ces équations sont partiellement reprises dans ce chapitre.

Egquations de bases pour systéme multicomposant

Pour une solution de plus d’un cation (4,B,C,...) et de plus d’un anion (X,Y,Z,...), les
quadruplets sont distribués aléatoirement sur des sites de quadruplets. Chaque

quadruplet est présent dans la solution avec un certain nombre de moles (7, xy, 7gc/y, »

etc...). Il existe 3 types de quadruplets : les quadruplets unaires (42X?), les quadruplets
binaires (4,XY et ABX;) et les quadruplets réciproques (ABXY). Chaque ion de chaque

quadruplet posséde un nombre de coordination seconds voisins (Z :;2 ixrs L ;,‘; /xr €t

zZ f;z ,xr ) qui permet de définir le bilan de masse des espéces :

Zan, = (3.3.4.1)
ZXnX ———QX (3.3.4.2)



avece

Q, = ZZZnAzlaa’ + ZZ Z”Ac/aa'

a a2a czd a aza
Q=23 3 Moy, + 222 ez
c c2c a=X ¢ czc

ou c et ¢’ sont des cations et a et a’ sont des anions.
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(3.3.4.3)

(3.3.4.4)

Les fonctions suivantes sont

proposées afin de calculer les nombres de coordination globaux des tons (Zy) :

-l
Al ad

a a'za

1 Meorx,
Z. [ 2275,

c c=zc

WU

c=A a a'aa Acl aa’ _J

Z Z Z Recixa

arX ¢ c"2ec cc’/ Xa

(3.3.4.5)

(3.3.4.6)

Ce qui permet de calculer directement les nombres de moles des ions (724) en combinant

les équations précédentes :

_222 A~/aﬂ ZZZ U

a a'Za A-' laa’ czA a 4'2“ Acl aa'

Cf."’/ X cc’l
me =23 3 o o+ 2205
¢ c2e cc'/ X, a=X ¢ c’2c cc'/ Xa

(3.3.4.7)

(3.3.4.8)

Les fractions molaires des quadruplets (X4sxv), les fractions molaires ioniques (X¢), et

les fractions €quivalentes (¥4) sont définies comme :

nprxy

Xagrxr = ZZZ chc,laa

¢ ¢=2¢c a a2a

(3.3.4.9)
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Xy =l (3.3.4.10)

Xy =X (3.3.4.11)

- = +3 X 33.4.12
Y,, chn ZQ ;‘é Aylaa 2;;;} Ac! aa’ ( 34. )

i A
Yy =X =SS X YT X (3.3.4.13)

Zzan ZQ ¢ czc azX ¢ cec
a

Pour la solution, un nombre constant de quadruplet émanant de chaque paire ¢ est

utilisé, ce qui permet de déterminer le bilan de masse des paires premiers-voisins :

gn AlX _47’,1 1X, +2Z”.4c/r +22n4 I Xa +Z ZnACIXa (3.3.4.14)

az X cetAd azX

Ainsi les fractions molaires des paires premiers-voisins peuvent €tre calculées :

,ux 1 1 1
XAIX = XA-.IX; +?ZXAc/x. +EZXA,/Xa +TZZXAcIXa

Z Z 1., ) ced : azX ceAdeX

(3.3.4.15)

Une fois toutes les variables compositionnelles calculées, I’énergie de Gibbs totale de la

solution est définie par :

on—common

G=G°+G“™ +GE +G, iproque (3.3.4.16)

avec :
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G® = Zzzzncc’laa'g:c‘/aa' (3:3.4.17)

¢ ¢2c a a2a

ou les énergies de Gibbs des quadruplets peuvent étre calculées avec les équations
suivantes selon le type de quadruplet (unaire, binaire ou réciproque) et les énergies de

Gibbs molaires des constituants pures 4,Xx (ou a et x sont les stoechiométries ioniques) :

Zg;,/X, _ 2g3,,/x,

gaix, = = (3.3.4.18)
s aZ :: 1X, xZ ::i 1Xs
zx A
g:z/ﬂ =-’I._’.li[zi;lx- )gflgl)(’: +(Z:Z/Y2 Jg-‘;:’yz +Ag-‘o‘:’-"7:| (33‘419)
A 1 XY Ay 1 XY

ou Agj ,x est I'énergie de Gibbs par mole de quadruplets pour la formation d’une

solution hypothétique composée uniquement de quadruplets binaires 4,XY, a partir des

quadruplets unaires 42X et A,Y,. Pour les quadruplets réciproques, on a :

B

o q q Z 2492 o q‘ Z 2 2 o
Sasixr :( I 4 T J (25 Sax, R &s,/x,

X Y A X B X
Ziwixr Zapixy 2Z 51 L pixr 2Z s1xrLasixy
4 8
q}'ZA,ng o ‘IYZ‘E?,!/Y2 ° )
A Y A 1Y B Y By /¥,
2Z spixvZ asixr 2Z spixvZ apixr
z; VA4 Z5 zr
| Zagrxr o By /XY ° ABIX, o ABIY, o
+3 74 A ixr Y05 A8y Y53 AZupix, + 77 —Ag 511,
ABIXY ABIXY ABIXT ABIXY
o
+AL s xy
(3.3.4.20)

ou Agggpyy est I’énergie de Gibbs de formation (par mole de quadruplets) d’une

solution hypothétique composée uniquement de quadruplets ABXY réciproques a partir

d’un mélange de quadruplets de quadruplets binaires équimolaires.
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L’énergie de Gibbs configurationnelle, G*°”¢ | est donnée par :

G = —TAS™7# (3.3.4.21)

avece

Agmnﬁg =_Rznc In Xc —Rzna In Xa _Rzzncla ln—/;-:;'a

X cc'/ aa’

—RY > > 1 In ((2_5w)(2_5“)x XX, Xc’/a'j

c ¢'2¢c a aza cla‘* lta

YY.VY.

(3.3.4.22)

ou &, et &,, sont des delta Kronecker qui prennent la valeur O si ¢ est différent de ¢’

ou si a est différent de a’, ou la valeur 1 si c est identique a ¢’ et si a est identique a2 @’

respectivement.

Les énergies de Gibbs en excés sont définies comme étant :

lon—canumm =%ZZZ( czlaa cz,aa Z "‘dl"“ J(Agcz/aa' —Ag::;/aa')

C"C cc’/ ad

c a a>a (33423)
Zia
5202020 Pecra * C:I =2 c:/aa (Agcefa Ag:e’laz)
a ¢ c'>c “ azOch'laa'
rempmque 2 ZZZ chclaa (Agcc'/aa Aga."/mz ) (3 3 '4'24)

¢ ¢'>¢c a a'>a

Les termes Ag_,,, et Ag..,, sont des fonctions compositionnelles exprimant I’énergie

. de Gibbs de formation (par mole de quadruplet) des quadruplets binaires a partir des



150

quadruplets unaires. Ag,., .. est une fonction compositionnelle exprimant 1’énergie de

Gibbs de formation (par mole de quadruplet) des quadruplets réciproques a partir des

quadruplets binaires. Ces fonctions contiennent les énergies de Gibbs molaires standard

AZ. 1o DE2na, € AZL, ., respectivement. Ces fonctions compositionnelles tiennent

compte des méthodes d’interpolation multicomposantes avec un formalisme de groupes
de type Kohler (1960) et Toop (1965) et elles sont données dans ’article du modéle en
Annexe X.

Les nombres de moles des quadruplets & ’équilibre sont ceux qui minimisent I’énergie
de Gibbs totale de la solution (équation 3.3.4.16) en respectant le bilan de masse des
espéces (ions) donn€ aux équations 3.3.4.7-8. Pour minimiser I’énergie de Gibbs dans
cette theése, ces équations ont été codées dans la routine générale de minimisation de
I’énergie de Gibbs du systéme FACT, SOLGASMIX d’EQUILIB.

Il est montré dans ’article « The Modified Quasichemical Model IV — Two Sublattice
Quadruplet Approximation » en Annexe X que le modéle se réduit au modéle
quasichimique modifié avec les améliorations apportées dans cette thése pour un
systéme & ion commun. Il est aussi montré que le modéle, dans des conditions précises
(reliées a la constance des nombres de coordination), se réduit au modéle quasichimique
pour solutions réciproques lorsque les interactions seconds-voisins tendent vers 0. Le
modele peut aussi s’appliquer pour des solutions solides (a deux sous-réseaux) si les
nombres de coordination des espéces appartenant a un méme sous-réseaux sont

identiques.

Validation

Les équations du modéle ont été codées dans SOLGASMIX (Eriksson et Rosén, 1973),

I’algorithme de minimisation de I’énergie de Gibbs, qui permet le calcul d’équilibres de
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phases et de propriétés thermodynamiques dans le programme EQUILIB du systéme
FACT. Le code des équations a été validé sur des systémes hypothétiques avec tous les
cas de paramétres binaires, ternaires et réciproques possibles. Il a été vérifié que le
nouveau modeéle reproduise exactement les résultats obtenus avec le modéle
quasichimique modifié dans le cas limite d’un systéme a ion commun. Pour tous les

cas, les énergies de Gibbs intégrale et partielles ont été vérifiées.

La généralisation des algorithmes dans SOLGASMIX permet de vérifier aisément qu’un
systéme multicomposant est bien calculé avec tous ses parameétres (interactions binaires,
ternaires, effet des groupes acide et base, etc...) car ’effet des paramétres est
simplement sommatif, de sorte qu’en vérifiant que le sous-systéme sont bien calculés

parametre par paramétre, le travail est minimisé.

Application

Le modele a été appliqué a la phase liquide du systéme LiF-LiCl-NaF-NaCIl-KF-KClI-
MgF,-MgCl,-CaF,-CaCli, dans I’article « Thermodynamic Evaluation and Optimization
of the Li,Na, K Mg, Ca//F,Cl Reciprocal System Using the Modified Quasichemical
Model » montré en Annexe XI. Les paramétres du modéle pour les sous-systémes
binaires et ternaires a ion-commun proviennent des articles d’optimisation discutés & la
section 3.3.2. L’article traite de I’optimisation des sous-systémes ternaires réciproques
(en annexe de cet article on retrouve les optimisations des sous-systémes binaires a
cation-commun LiF-LiCl, NaF-NaCl, KF-KCI, MgF,-MgCl, et CaF,-CaCl,), et des
prédictions du modéles dans les systémes quaternaires ou des données

thermodynamiques ont été trouvées (projections du liquidus sur des isopleths).

Le choix du systéme Li,Na,K Mg,Ca//F,Cl comme test du modéle est basé sur les fortes

tendances d’ordonnement des espéces qu’on y retrouve et sur la grande quantité de



152

données thermodynamiques expérimentales (mesures du liquidus). Ainsi I’ordonnement
premiers voisins de certains sous-systémes réciproques ternaires est trés grand di a des
énergies de Gibbs d’échange des premiers-voisins de 'ordre de 60-100 kJ/équivalent.
De plus, ’ordonnement seconds-voisins cationiques est aussi grand, particuliérement
pour les systémes KCI-MgCl,; et NaCl-MgCl.. Les énergies de mélange des sous-
systémes de fluorures alkalines avec MgF, sont aussi trés négatives. Enfin, plusieurs
sous-systémes binaires et reciproques ternaires ont des é€nergies de mélanges ou
d’échange trés faibles, faisant en sorte qu’une large plage d’énergie de mélange a été

testée a I’aide du modéle sur ce systéme.

Critiques du modéle

A) Entropie configurationnelle : approximation de la configuration “idéale”

Le modéle d’Ising qui est a la base de I’entropie quasichimique n’est exacte que dans le
cas unidimensionnel (chaine d’atomes, Z = 2). Pour un nombre de coordination
différent de 2, I’entropie quasichimique n’est qu’approximative. Naturellement cette
erreur augmente lorsque Z s’éloigne de 2, mais la tendance a I’ordonnement (diminution
de I’entropie configurationnelle lorsque I’interaction entre atomes est de plus en plus

négative) est conservée.

Pour le modéle quasichimique réciproque avec ordonnement des premiers et des
seconds voisins, une autre approximation est ajoutée. Ainsi, les concentrations
théoriques des quadruplets lorsque le mélange des ions est aléatoire sur les deux quasi-

réseaux n’est exacte que lorsque I’énergie d’échange est nulle. Les équations sutvantes :
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X X
2ty (3.3.4.25) o (3.3.4.26)
Xarx X4y
Y2r2 YiY¢
X X
L (3.3.4.27) SR (3.3.4.28)
Xp/x Xpry
Y5Yy Y5Y¢
X X
7"““22 =1 (3.3.4.29) 22— (3.3.4.30)
2X 41 xXBix 2X 4y Xpiy
Y YpYy Y VpY¥
AXY Xp xy
=1 (33.430) B = (3.3.431)
2X 5 x Xy 2Xgx Xpy
Yi¥xYy YaYyYy
X apxy -1 (3.3.432)
(4XA/XXB/XXA/YXB/YJ
Y Yp¥yYy

ne sont exactes que si I’énergie d’échange est nulle et les énergies de formation des
paires seconds voisins sont nulles. Pour & (nombre de quadruplet émanant d’une paire
premiers-voisins) valant 1, si les interactions seconds-voisins sont nulles, la valeurs des

9 fonctions précédentes sont celles montrées a la figure 3.7 :
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Figure 3.7 : Valeurs des fonctions 3.3.4.25-33 en fonction de I’énergie d’échange
pour un systéme ternaire réciproque 4,B/X,Y monovalent avec { =1
(tous les binaires sont idéaux).

A la figure précédente, on peut voir que plus I’énergie d’échange est négative, plus les
valeurs des fonctions 3.3.4.25 & 3.3.4.33 s’écartent de 1 (100%). Pour les quadruplets
« unaires » de la paire stable 4,X> et B.Y>, la fonction est inférieure a ’unité, ce qui se
traduit au logarithme (dans I’entropie) par une stabilisation « artificielle » (contribution
partielle négative a I’énergie de Gibbs) de ces deux quadruplets par rapport aux autres,
changeant donc la configuration. A —70 kJ/équivalent, I’erreur sur les fonctions 3.3.4.25
et 3.3.4.28 (quadruplets « unaires » de la paire stable) est de 1.8%, I’erreur sur les
fonctions 3.3.4.26 et 3.3.4.27 (quadruplets « unaires » de la paire instable) est de 2.4% et
Perreur sur les fonctions 3.3.4.29 4 3.3.4.33 (quadruplets « binaires » et « réciproques »)

est de 0.28%. Pour cette valeur de I’énergie d’échange, I’approximation de I’entropie
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configurationnelle demeure bonne. A —100 kJ/équivalent, ces valeurs deviennent 4.7%,

7.3% et 1.1%, ce qui est moins bon.

Il existe un cas limite ot le long de la diagonale stable AX-BY cette approximation de
I’entropie configurationnelle peut causer le calcul a I’équilibre d’une mauvaise
configuration de quadruplet. Normalement, pour toute valeur de 1’énergie d’échange,
pour toute valeur de ¢ et pour une composition appartenant a cette diagonale stable, il
existe une configuration ot tous les quadruplets ont une composition non nulle.
Cependant, lors de minimisation de I’énergie de Gibbs dans des systémes ou I’énergie
d’échange est grande (< -75 kJ/équiv.), une configuration peut étre calculée ou seuls les
quadruplets « unaires » de la paire stables (42X et B;Y>) ont une concentration non-nulle
(numériquement). Pour expliquer ce fait, un minimum local de la surface d’énergie de
Gibbs peut étre invoqué, vers lequel converge |’algorithme SOLGASMIX. En effet,
Panalyse des équations suivantes donne a penser que I’approximation de l’entropie
configurationnelle peut mener a une diminution de I’énergie de Gibbs d’une

- configuration a 2 quadruplets par rapport a une configuration a 9 quadruplets. Donc

pour,
zZ; zx
Ng1x, = nA[ A,zlx: J =ny [%ﬁ] (3.3.4.33)
z; I¥, z,
Mg, iy, =Ng [';_ =ny —E;L (3.3.4.34)
By ixr =Mpgxy =Maprx, =MNapry, =Nagixy =0 (3.3.4.35)
on a,
ZE . n
XA _ By 1Y, "4, 1 X, =1__XB (3_3_4.36)

T =B A
Zaz/rz R,y ix, + ZAzlxanzli'z



r
ZBIIanAz/Xz
X, = =1-X
* oz +Z¥ d
By Nayrx, 41,78, 17,
YV, =Y, = XA21X2
Y=Y, =XB,/Y,_
4
n =—n

AlX c A1 Xy

Mg,y = ZnB:lY:

=0

Ny =Ng/x

L’énergie de Gibbs de mélange devient :

échange B
AG  2Mg85 5%y 2n, x, In Zg,rMayrx,
RT z%, RT *'% 74 ZE N, v ¥+Z2, o n
A1, A1 X, By, x, YN RLNIA
A
+2nBz/Y1 1 Z"zlxznszu'z
B B A
ZBzIY; ZB,/Y,”A,/X2 +ZA:IX2n821Y1
Y
n, x, In Zazn'z Ry ix,
zx A +Z% n
A1X, B Payrx, A1x:. M, 17,
X
2ng, y, In Zy1x, s, v,
z! Z! ..n +Z¥ . n
By Y, By Ma, i, 4,168, 7,
an, x, In 1 4ng, , In 1

¢ X 4ix, g X,
+ny e InX, 0y, In Xazlrz

s >4  _ 7B X  _ ¥ .
St Zj ,x, =Zg,,y, etque Z ,x =Zp,y, alors:

(3.3.437)

(3.3.438)

(3.3.439)

(3.3.4.40)

(3.3.441)

(3.3.4.42)

(3.3.4.43)
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échange
AG _ 2A8, 5%y 2 4,1x, BTz
=7a Ngix, Y752 lnXA“/Xz +—3 InXg ,p,
RT Z4,x,RT 7° Zyix, Zy 1y,
2n,,x, + g iy, In
X 42/ X3 Y By/Ys
Ziix, : Zg, v, * (3.3.4.44)
an, ;. By /.
2742
—2In X, /x, In X, .,

e INX, e +0g  InXp

Ce qui donne

2A échange
AG _ f”'mx"' Ny rx, ¥4, AZ + XZ -2 InX,, .
RT ZA:IX:RT i ZA;/X: Z.‘ll/){2 é'

(3.3.4.45)
2 2 4
+n + +1—-—|InX
Ezlyz(zggzlyz Z;'z/yz {] By /Y,
SiZi,x, =Z4,x, etque Z; ,, =Zg . alorsil faut que
42040 (3.3.4.46)
4 ¢

pour avoir un mélange mécanique pur de AX et de BX (car il n’y a aucun quadruplet
ABXY, ce qui signifie qu’il n’y a pas de mélange de paires non similaires). Pour Z = 6,
ona {=24. Si{> 2.4, alors une forte stabilisation des quadruplets de la paire stable
peut en découler car une entropie de mélange positive est obtenue de 1’équation
3.3.4.45. Cette valeur de £ = 2.4 est la valeur utilisée pour I’optimisation de la phase
liquide du systéme Li,Na,K,Mg,Ca//F,Cl. Cependant, ce systéme contient des ions non
monovalents et les termes binaires en excés sont fortement négatifs dans certains cas. Il
pourrait s’ensuivre certains problémes de convergence lors de la minimisation de
I’énergie de Gibbs, ce qui ferait que P’entropie de I’équation 3.3.4.45 donnerait une

contribution négative a I’énergie de Gibbs, ce qui se traduirait par un minimum local de

-
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la surface d’énergie de Gibbs le long de la diagonale AX-BY (paire stable) pour la
configuration a 2 quadruplets. Des lacunes de miscibilit¢ impliquant un liquide de

composition exactement sur la diagonale stable peuvent apparaitre.

B) Entropie configurationnelle : seconds-voisins

Une seconde faiblesse de I’entropie configurationnelle est que la nature méme du
quadruplet utilis€ pour évaluer simultanément les concentrations des paires premiers et
seconds voisins implique que I’ion formant le 2° voisin d’un ion du quadruplet est le
méme ion pour les deux paires de paires émanant de I'ion de référence. La figure

suivante illustre cet aspect :

A X

X B B
(a) (b)

Figure 3.8 : Cation B comme second voisin du cation 4. a) quadruplet. b) autre
configuration (plus générale).

Pour certains liquides, la configuration du quadruplet peut trés bien convenir, mais ce

n’est pas le cas général. Une erreur sur I’entropie configurationnelle peut s’en suivre.
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C) Complexation réciproque

Le modéle permet d’évaluer la configuration des quadruplets dans le champ de
composition réciproque a I’aide d’un quadruplet de type réciproque (ABXY). Cependant
si le liquide contient plus d’une composition d’ordonnement réciproque, alors le modéle
ne peut reproduire cet effet structurel, mais pourrait, si les ordonnements sont faibles,
tout de méme reproduire avec satisfaction les propriétés thermodynamiques. Il s’agit
d’un probléme similaire a celui de I’ordonnement multiple dans un systéme binaire (i.e.
Fe-O avec FeO et Fe,03). Un questionnement similaire s’applique s’il y a évidence de
polymérisation dans le champ de composition réciproque. Un exemple de systéme ou
une complexation réciproque pourrait exister est le systéme NaF-AlF;-Al,03-Na,O ou
des évidences (spectre Raman) que des « complexes anioniques » Al,OFs>, Al,O,F4> et

ALL;OF;* existent ont été obtenues (Olsen, 1996).
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4. Conclusion

La thermodynamique des solutions liquides permet de mieux comprendre le
comportement de ce type de solutions dans les systémes chimiques (industriels ou
autres). Une quantification de cette thermodynamique est nécessaire pour I’obtention de
prédictions utiles au développement des procédés. Les procédés métallurgiques
comportent souvent I’utilisation de hautes températures ou les liquides présents sont
principalement des liquides ioniques (sels fondus) avec tendances covalentes (oxydes
fondus) ou des liquides métalliques. Pour ces liquides, des modéles ont été développés
qui permettent une quantification des grandeurs thermodynamiques et des équilibres de
phases reliés (une desciption des principaux modéles a été faite dans cette theése).
Cependant ces modéles, qui sont au départ issus de nombreuses simplifications de la
théorie, doivent étre constamment améliorés afin d’obtenir 1) une meilleure
reproduction des données thermodynamiques expérimentales disponibles et 2) de
meilleures prédictions des propriétés thermodynamiques des liquides et des équilibres de
phases reliés. Le modéle quasichimique largement développé au CRCT depuis des
années, a prouvé sa capacité a reproduire et a prédire les quantités thermodynamiques
utiles pour les oxydes fondus, les solutions métalliques et les mattes. La version
réciproque initiale de ce modéle, qui suppose un ordonnement des ions premiers-voisins
et un meélange aléatoire de ions seconds-voisins a aussi prouvé son utilité a prédire les
projections du liquidus de systémes réciproques ternaires et multicomposants de sels.
Mais, au début de cette thése, quelques idées d’améliorations des deux modéles
quasichimiques ont été émises, et il devint alors possible de les mettre en application, et
de fusionner ces deux modéles en un seul qui puisse évaluer ’ordonnement des atomes

en premiers et seconds-voisins.

Cette thése a démontré que ces améliorations au modeéle quasichimique modifié
permettent de mieux reproduire et prédire les équilibres de phases et les propriétés

thermodynamiques des solutions liquides. Ces améliorations sont 1) I’expansion
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compositonnelle de 1’énergie de Gibbs de formation des paires d’espéces A-(X-)B a
partir des A-(X-)A et B-(X-)B en fonction des fractions molaires des paires d’espéces au
lieu des fractions équivalentes des espéces, 2) la variation compositionnelle des nombres
de coordination des espéces en fonction des fractions molaires des paires d’espéces, 3)
un nouveau modéle qui évalue I’ordonnement premiers et seconds voisins des espéces i
partir d’un mélange aléatoire de quadruplets d’espéces contenant 4 paires premiers-
voisins et 4 paires seconds-voisins, et qui permet de calculer la thermodynamiques de
liquides réciproques multicomposants, et qui se réduit au modéle quasichimique modifié
dans le cas de liquides a ion-commun, 4) la combinaison du modéle d’association au
modeéle quasichimique modifié afin de mieux représenter les propriétés
thermodynamiques de liquides montrant un aspect strutural spécial comme I’effet de
compensation de charge dans le systéme Na,O-K;0-Al;0;-Si0,, 5) un nouveau modéle
« géométrique » multicomposant et souple, qui permet de mieux représenter les
différences acides, bases et amphotéres des liquides (particuliérement des laitiers a base

de SiOy).

Une grande partie de ces améliorations ont été appliquées, aprés avoir été codées et
validées dans le programme de minimisation de I’énergie de Gibbs EQUILIB du
systéme FACT, a la phase liquide du systéme de sels LiF-LiCl-NaF-NaCl-KF-KCl-
(MgF2-MgCl,-CaF2-CaClz)-(RbCI-CsCI-SrCl>-BaCl,)-[Li2S04-Na; SO4-K2S04]. Une
nouvelle base de données compléte et consistante sur les paramétres des modéles des
phases de ce systéme (liquide, solutions solides et composés pures) a été obtenue durant
cette these, basée sur des applications au flux de coulée des alliages de magnésium. Il a
ainsi été montré que le modéle quasichimique modifié avec les toutes nouvelles
améliorations peut €tre appliqué pour le développement de larges bases de données
applicables a I’industrie métallurgique et particuliérement au domaine des sels fondus et

des électrolytes ignés.
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Certaines limites du modéle quasichimique ont aussi été montrées bien que
I’ « enveloppe » d’applications potentielles du modéle ait été largement augmentée.
Cependant plusieurs suggéstions d’amélioration futures du modéle quasichimique (avec
paires et quadruplets) ont été apportées qui permettront éventuellement d’obtenir de
meilleures prédictions. Le modéele, bien que développé dans cette thése pour les
solutions liquides, peut s’appliquer a des solutions solides sous certaines contraintes
(concernant les nombres de coordination et le nombre de sous-réseaux ou des espéces se

mélangent).

Un nouveau modéle thermodynamique pour solutions liquides basé sur un mélange de
quadruplets a été developpé dans cette thése et intégré au systéme FACT de calcul
d’équilibres de phases et de propriétés thermodynamiques. Grice a son interface
Windows, FACT permet de facilement calculer, a l'aide du nouveau modéle
quasichimique modifié et des nouvelles bases de données développées dans cette thése,
les équilibres de phases d’un mélange complexe de sels LiF-LiCI-(Li,SO4)-NaF-NaCl-
(NazS04)-KF-KCl1-(K;S04)-(RbCI-CsCl)-MgF,-MgCl,-CaF;-CaCl,-(SrCl-BaCl;).  Ce
systtme chimique est de grande importance en métallurgie pour la production et
I’affinage de métaux réactifs (Mg, Al, Na, Sr, ...), pour le soudage de ces métaux, pour
I’électro-déposition de métaux réfractaires (Nb, Ta, ...), pour la corrosion, et pour

d’autres procédés métallurgiques.

Il est donc possible, a I’issue de cette thése, de calculer et de prédire, grace au logiciel
FACT largement distribué dans les compagnies métallurgiques et les universités, les
propriétés thermodynamiques et les équilibres de phases qui permettent d’améliorer la
compréhension et la simulation des procédés métallurgiques, particuliément ceux

impliquant les mélanges de sels fondus.
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MODELING THE CHARGE COMPENSATION EFFECT
IN SILICA-RICH Na;0-K;0-Al;0;-S8i0; MELTS

Patrice Chartrand and Arthur D. Pelton
Centre de Recherche en Calcul Thermochimique
Ecole Polytechnique de Montréal
P. Q. Box 6079, Station "Downtown"
Montreal, Québec H3C 3A7
Canada

ABSTRACT At high SiO; contents, a model of Na20-K,0-Al;03-Si0; melts must take into account
the “charge compensation effect” whereby the replacement of a tetravalent Si** by a
trivalent AI’* in the silicate network is facilitated by the formation of (NaAl)*" or
(KAD*" associates. This effect has been taken into account in the quasichemical
model by treating the (NaAl)*" and (KAI)*" associates as separate species in the melt,
which is then formally treated as consisting of the components NaO,», KO,», AlOsp,
Si0O2, (NaAl)O: and (KANO,; Optimizations of the Na,0-AL03-Si0;, K20-AlO;3-
SiO; and NaAISi0;-KAIS104-Si0; systems at high SiO2 contents are reported.

}._ INTRODUCTION

Over the past several years we have used the modified quasichemical model [1-3] for the
optimization of a large number of multicomponent molten oxide solutions. This mode! treats short-
range ordering in the pair approximation. For example, for a solution AO-BOy-SiO> (such as NaO»-
AlQO3,-8i03), the parameters of the model are the Gibbs energies of formation of second-nearest-
neighbour pairs according to:

(A-A)+ (Si=-5i) = 2(/4 - ~S7)l "-\é.'js, =Wus ’7.-(S:T (D
(B—-B) + (Si—Si)=2(B - Si), Aggs, = wgs, —Nps T )
(A-A)+(B-B)= 2(4-B), Ag% =@ 5 — T 3)

where (X-Y) represents a second-nearest-neighbour pair. For example, (Si-Si) represents a pair of
network silicons joined by a "bridging” oxygen: (Si-O-Si). The Gibbs energy of the solution is given

by:
G= ("Ao‘g a0, g0 & goy + N5, 850, )— TAgeoe )

+( 45,0835, + Nps, & s +".wAgﬂe)
where n; and Ag? are the number of moles and standard molar Gibbs energy of component i (i=AOj,
BO,, Si02); ny is the number of moles of second-nearest-neighbour (X-Y) pairs; and AS©fe s the
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configurational entropy which is given by the following (Ising) approximation for the random
distribution of the pairs over "pair positions” :

ASeE = _R (“,\o_ InX 0, +ngo, InXge, +n5, l“Xs,o,)

X X X
—Rin In=22 +ng  In=B8 ¢ q , In & &)
[ MY Y5 oY
Ny, in Kasi +nggIn Xasi n.gln X
ZYAYSI 2YBY'SI ZYAYB
where X; is the mole fraction of component i, Xxy is the bond fraction of (X-Y) bonds:
Xy =ngldn, 6)
and Y., Yg and Ysg; are "equivalent fractions” given by:
Z,.X 0
Y, = = ™

ZaX o0, +ZgXpo, + Z5, X505,

where Z; is the second-nearest-neighbour “coordination number” of i.

The equilibrium state is computed by minimizing G subject to the mass balance constraints

[1-3].

In a binary system, such as NaQ,2-SiO2, if the parameter Agy,s, (see eq. 1) is very negative
then (Na-Si) pairs will predominate, and both the enthalpy and entropy will exhibit minima near the
composition Yn. = Ys; = 0.5. The corresponding mole fractions are determined by the ratio (Zsi/Zns,).
By setting this ratio equal to 4.0, we set the composition of maximum short-range ordering at Xvao,,

=0.8, which is the orthosilicate composition, Na,SiOs. Since the expression for AS®"® in Eq. (5) is an
approximation, the values of Z; which yield the best optimizations do not necessarily correspond to the
actual coordination numbers (although their ratios correspond to the actual ratios). As discussed
previously [1-3], the appropriate values for NaOn, AlQs2, and SiOz are: Zsi = (4 Zna) = (@3 Zay) =
2.7548.

For purposes of optimization of experimental data, the Ag, parameters are expressed as
empirical power series in the equivalent fractions [1-3]. For example, the optimization of the NaOjn-
SiO; binary system [4] gives the following optimized expression for the liquid:

AgY.s: =-114345+43.932 T -381598 Y; +(123010+20.920T) Yy, J/mo!l (8)

The optimized phase diagram is compared with several experimental data points [5-8] in Fig. 1.
Experimental activities in the liquid are also closely reproduced. Details of the optimization, as well as
expressions for the standard molar Gibbs energies of all compounds, have been given previously [4].
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Note that, as expected, Agy,s, is very negative in this binary system, reflecting the strong tendency of
the "network modifier”, Na»Q, to break the (Si-O-Si) bridges and form stable ordered solutions.

By contrast, the optimization [9] of the AlO32-SiO; system gave the following optimized
expression for the liquid:

AgSys; =4800 +100784 Y3 -142068 Y3 +78571YS J/mol ©)

In this system, Ags is slightly positive. Liquid AlO;,-SiO; solutions exhibit slight positive

deviations from ideality. The optimized phase diagram is compared with some experimental data points
[10, 11] in Fig. 2. Full details of the optimizations and values of standard Gibbs energies of all
compounds have been given previously [9].

A similar optimization of the Na;O-Al,0O3 system has been performed [12]. Using these three
binary optimizations, Wu [12]} used Eq. (4) to estimate G of ternary liquid NaO|»-AlO;,-SiO;
solutions, and then used this estimate to calculate the ternary liquidus surface. In these calculations the

asymmetric approximation [2,3] was used; that is, it was assumed that Agj,; and Ag%, in Eq. (4) in
the termary solution are constant along lines of constant Ys;, such that Eqs. (8) and (9) may be
substituted directly into Eq. (4), while Agy,,, was assumed to be constant along lines of constant ratio
(Yna/Y o).
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The ternary liquidus surface calculated in this way is in very poor agreement with the
experimental phase diagram. In order to improve the agreement, Wu [12] included several empirical
"ternary parameters”. These account for the influence of the third component upon the Gibbs energies

of formation Ag; of the binary pairs. For example, the effect of Al upon Agy,; is modeled by adding
terms such as @Y, o Ye(Vy /(Y + ¥y, )Y to Eq. (8), where @ g ,(j #0) is an empirical ternary

parameter obtained from the optimization of ternary data.s

Even with 5 large ternary parameters, Wu was unable to obtain a satisfactory representation of
the ternary liquidus. This result is in contrast to our finding that, in many other termary and
multicomponent systems involving the components SiO2-A>0;-Ca0-MgO-FeO-Fe,O3-PbO-ZnO-CrO-
Cr205-Cuy0-ete. 2, 3, 9, 12, 13-19], the quasichemical model gives geod approximations of the Gibbs
energy of the liquid oxide solutions with only a few small, or with no, ternary parameters.

2. MODELING THE CHARGE COMPENSATION EFFECT

Clearly, the assumptions of the model are inadequate in the case of NaQ;2-AlO3,-SiO:
solutions. An indication of how the model might be improved is provided by two features of the
experimental liquidus surface. In Fig. 3a it can be seen that the liquidus of mullite descends very
steeply from the SiO,-ALOs binary system to the SiO,-NaAlO, join [20). This shows that liquid SiO2-
ALLQO; solutions are very strongly stabilized by the addition of Na;O up to a molar Na:Al ratio of I:1.
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The second feature is seen in Fig. 4 which shows the liquidus along Si02-NaAIO; join between SiO,
and albite, (NaAlISi30g). In the limit as X5, —> 1, the limiting slope of the SiO2-liquidus is given by

Raoult's law as:

lim {Xso, /dT)= 802 50 I VRTE 500, (10)

Xsoz'“

where M?(s.oz) and Tf(s.o,; are the enthalpy and temperature of fusion of SiOz and v is the number of

moles of independent atoms or ions introduced per mole of NaAlO; (or of NaAlSi;Oz). The
experimental [21] points show that the limiting liquidus slope corresponds closely to v =1. That is, Na
and Al enter into solution as (NaAl) associates. The simple quasichemical model, however, predicts
v=2 in the limit as Xsio, = l.. (By setting Agy,, <<0, the concentration of (Na-Al) nearest-

neighbour pairs could, of course, be increased. However, a calculated liquid-liquid miscibility gap
would then appear along the NaAlIO,-SiO; join due to clustering of (Na-Al) and (Si-Si) pairs.)

The above observations are usually interpreted as arising from a "charge compensation effect".
The dissolution of alumina in silica by the replacement of a tetravalent silicon in the tetrahedral
network by a trivalent aluminum is energetically unfavourable because it results in a negative charge
centre. However, upon addition of Na,O this negative charge can be compensated by a Na" ion placed
next to the aluminum as illustrated in Fig. 5. Hence, the addition of Na,O, up to a Na:Al ratio of L1,
decreases the Gibbs energy of the solution markedly.

To model this effect, we consider the (NaAl)'" associates to be a separate species. The ternary
solution is then formally treated as a quaternary solution with components NaOp, AlO;n, SiO2 and
(NaAlO: where the mole fraction Xnaajo, gives the concentration of the (NaAl) associates, while

Xm0, and Xao,,, are the concentrations of “free” Na and Al The formation of the (NaAl) associates
is formally treated through the Gibbs energy change of the following reaction among the components:

NaO,,, + AlO,,, = (NaAl)O, (11)
AG(vaino, = 8(vattloy, =& Macn, s ~ Ll (12)

where gﬁm«)q is the standard Gibbs energy of the hypothetical pure component (NaAl)Oz. In the
modified model, this is a parameter which is determined by optimization.



178

sio,

(1723°)

Cristobalite Q%

Weight % NaAlSi0.0 \’ %

(a) (b)
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We must now also introduce, as parameters, the Gibbs energies of formation of the following
second-nearest-neighbour pairs:

(87 = Si)+(NaAl ~ Nadl) = 2(NaAl - Si); ALvuins (13)
(41 - Al)+(NaAl - NaAl) = 2(Nadl - Al), A wainyar (14)
(Na - Na)+(NaAl = NaAl) = 2(NaAl-Na), AZ Gtz (15)

(One must clearly distinguish an (NaAl) associate from an (Na-Al) pair, the latter being a second-
nearest-neighbour pair between a "free” Na and "free" Al).

The Gibbs energy of the solution is then given by a 4-component quasichemical expression (like
Eq. (4) but with a fourth component, CO;,), where AS®""® is given by randomly distributing all types of
pairs: (Na-Na), (AI-Al), (Si-Si) (NaAl-NaAl), (Na-Al), (Na-Si), (NaAl-Na), (Al-Si), (NaAl-Al). and
(NaAI-Si). Minimizing G subject to the mass balance constraints then gives all the equilibrium bond
fractions as well as the equilibrium mole fraction of associates, X(x,‘.\,,(,:

2-1. The NayO-Al,03-S10, system

The Nay0O-AlLO;-Si0; system was optimized with the moditied model. The coordination
number Z,ap Was set equal to Zs; = 2.7548. The expressions for Ag?,., and Agf,, were taken from

the binary optimizations, Egs. (8.9). The parameters Ag3.y, A vy, and Ay, were all set to
zero. The following optimized expressions were then obtained for AG{y 0, and Ag(vau)s - both of

which have large negative values:

AG{yeano, =— 146440 J [ mol (16)

AZivainys = —44750+16.736 T = 10479¥s, - 4184(¥,0y /(¥ + Yoy +¥ivry)) 1 mol (17)

The standard Gibbs energies of all components and binary compounds were given previously [4, 9].
For albite (NaAlSi;Og). the standard Gibbs energy, shown in Table I, was taken from the literature

[22, 23].

The calculated liquidus surface is shown in Fig. 3b, which may be compared to the
experimental [20] phase diagram in Fig. 3a. Calculations along the NaAlSi;O0s-Si0; join and the
NaAlSi3O0g-Al203 join are compared to measurements [21] in Figs. 4 and 6 respectively. [t shouid be

noted that the first three terms of Eq. (17) for Ag{y.y)s are “binary” terms for the pseudobinary

(NaAl)O,-Si0; system, while the final term is a "ternary” term for the (NaAl)O;-AlO32 — SiO; ternary
"sub-system". That is, the very good agreement between calculations and measurements was obtained
with only one ternary term for this sub-system, and with no ternary terms for the SiO-(NaAl)O»-
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NaOy.; sub-system. (The final term in Eq. (17) has virtually no effect in the SiO,-(NaAl)O,-NaO,,; sub-
system because the equivalent fraction of "free" AP’* | Yy , is very small in this sub-system.) In
particular, the steep mullite liquidus, and the limiting liquidus slope at Xsio, = I in Fig. 4 are very well

reproduced.

2-2. The K;0-ALLO5-Si0; system

The K20-AlLO3-Si0; system was also optimized with the same model. Experimental [20] and
calculated ternary liquidus surfaces are compared in Fig. 7. The optimization of the binary K,0-Si0,
system was reported previously [4] along with values of the standard Gibbs energies of KO and of the
binary compounds. Standard Gibbs energies of the ternary compounds leucite (KAISi;O¢) and feldspar

(KAISi;0s), taken from the literature {22, 24], are compiled in Table 1. The value of §3; of leucite
was adjusted by 15.834 J/mol in the present optimization. The parameters AgL,, Ag{cuy and

Ag(icuye were all set to zero. Optimized expressions were obtained for AGano, and Agluans:

AG(eano, = —167360 J/mol (18)

Aglanys: = —37681+26.397T + 63153 ¥,
+ (21916 - 25104 T ) (¥, 7 (¥ + Vo + Yieary )) (19)
~7950 (Y 7( ¥y + ¥y +Vieuy ) Jimol

The expression for AgG...ys, contains two ternary parameters for the (KAI)O:-AlO;,2-Si0O2 "sub-
system" and one ternary parameter for the SiO2-(KAI)O2-KO\ 2 "sub-system".

2-3. The Na,0-K,0-Al,0;3-S10; system

The liquidus surface of the SiO.-NaAlSi0Q;-KAISiQ, system, as reported by Schairer [25], is
shown in Fig. 8a. This liquidus was calculated using the present model, whereby the liquid is treated as
consisting of 6-components, NaO2-KO )2 —AlO32-(NaAl)O2-(KAl)O,-Si0O2. No additional parameters
were used for the liquid. The denominators of the ternary terms in Eqs (17, 19) were set to (Yau + Yna +
Yk + Yowaan + Yan) for interpolation into the multicomponent system. The solid solution of KAISi2O¢
(leucite) and NaAlSi;O¢ (jadeite) was treated as ideal, with the standard Gibbs energy of jadeite, given
in Table 1, taken from the literature [22, 23]. The solid solution of NaAIlSi;Og and KAISi;0g was
treated as sub-regular, with the following optimized expression for the excess Gibbs energy :

8% = Xausizos X sy, (5063 +4.184 T+6276XNM,S,303) J Imol (20)

The calculated liquidus surface in Fig. 8b is in good agreement with the measured liquidus.



3. CONCLUSIONS

In SiO;-rich Na,O- AhO;-Szow melts, a "charge compensation effect” occurs whereby the
substitution of a trivalent AI** for a tetravalent Si** in the tetrahedral network is facilitated by
association of the AI’* with a Na“ to form an (NaAl)** associate. This effect has been successfully
modeled by considering the (NaAl)*" associates as separate species in the melt which is then treated
formally as a quaternary solution of the components NaO,,-AlO3,-(NaAl)O,-SiO; in the
quasichemical pair approximation. The liquidus surface at high SiO, contents is reproduced very well,
with only a few parameters.

Good agreement has also been obtained for the K;0-Al20;-Si0; and Na,0-K,0-AlL0;5-Si0>
liquidus surfaces at high SiO2 contents.

The model is only applicable at molar ratios Si/(Na+K+Al) greater than about 0.6. As the SiO;
content is decreased below this value, the network structure progressively breaks down, and it becomes
easier for alumina to enter the solution even without charge compensation. [t may be possible to
extend the model to lower SiO: contents by permitting the Gibbs energy of formation of (NaAl)O.,

AG{v.ui0,)~ 10 vary with Xs;o,, becoming less negative as Xsio, decreases.
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Figure 7:  Liquidus surface of the K>0-4/0;-5i03 system in the S7Q;-rich reglon (a) as reported by
Osborn and Muan®®;  (b) calculated. (composition in weight%; T in °C).
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Figure 8: Liquidus surface of the NaA (570 ,-KAISiO,-SiO; system : (a) as reported by
Schairer®™; (b) calculated. (composition in weight%; T in °C).
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Thermodynamic Properties Relative to Elements at 298.15 K

H(J -mol™ )=.41- } C,,(/T

93 15

TABLE 1

sU-mort -k)=B+ ]‘ (€, /7)ar

293 15

C,(/-mor' -K")=a+b(10”)r +e(10%) T v a2 & e(m's)r" «»/(10'5)1Z
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T(K) A n a b [~ d e f Ref
NaAlSi;0y (albite) 298-1391 | -3919526.2 224.41200 393.63574 -78.92823 -2415.50001 10.706360 22,23
NaAISKOg (adeite) | 298-1300 -3025118.2 133.57395 311.29297 -53.50264 -2005.1010 6.625669 22,23
KAIST;O4 (feldspar) | 298-1436 -3270790.8 | 214.14511 664.35523 -157.33 -84.16546 £772.4199 18.364255 | 31.769 22
1436-1473 | -3959703.9 | 229.15691 38137231 -120.37252 -1941.0450 18.364255 22
2224
KAISTH:0, (leucite) 298-1966 -30295419 195.86222* 271.14000 -78.57200 -944.1000 9.592000 * this
wark
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On the Choice of '""Geometric"
Thermodynamic Models

Patrice Chartrand and Arthur D. Pelton
Centre de Recherche en Calcul Thermochimique
Ecole Polytechnique de Montréal
P. O. Box 6079, Station '"Downtown"
Montréal, Québec H3C 3A7, CANADA

A number of "gecometric" models bave been proposed for estimating the thermodynamic
properties of a ternary solution from optimized data for its binary subsystems. Among the
most common of these are the Kohler, Muggianu, Kohler/Toop, and Muggianu/Toop models.
The latter two are "asymmetric’” models in that one component is singled out and treated
differently, whereas the first two models are "symmetric”. [t is shown that the use of a
symmetric model when an asymmetric model is more appropriate can often give rise to large
errors. Equations are proposed for extending the symmetric/asymmetric dichotomy into N-
component systems (N > 3), while still permitting the flexibility to choose cither a symmetric
or an asymmetric model for any ternary subsystem. An improved general functionat form for
*ternary terms” in the excess Gibbs energy expression is also proposed. These terms are
related to the effect of a third component upon the binary pair interaction encrgies. All the
above considerations also apply when short-range ordering is taken into account by using the
modified quasichemical modcl. Finally, some arguments in favour of the Kohler model over
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the Muggianu modet are prescated.
Introduction

The molar excess Gibbs energy of a binary system with
components 1 and 2 is often expressed as:

gIE: =anp XX, (b

where X; and .X; are the mole fractions and «,; is a
parameter which, under the assumptions of regular
solution theory, is equal to the energy of forming two
moles of (1-2) nearest-neighbor pairs according to:

(1-1) + (2-2) =2 (1-2) @
where (i — j) represents a first-nearest-neighbor pair.

oz is often expanded as a polynomial in the mole
fractions:

Q= Z Z‘I;Iz X{X{ )
i20 y=x0

where the g% arec empirical coefficients which may be
temperature dependent.

Eq (3) is frequently re-arranged into “"Redlich-Kister”
form:

ap =3 LY - X)) 89

::0

This is done because the coefficients * L, tend to be less
strongly correlated than the coefficicnts g5 . Clearly the
set of coefficients g, can be calculated from the set of

'L, and vice versa. QOther polynomial expansions, such

as Legendre expansions [86 Pell]. are also sometimes
used.

For temary systems, several "geometrical models” have
been proposed. Four of these are iflustrated in Fig. 1. In
cach model, g in the temary solution at a composition
point p, is estimated from the excess Gibbs energies in the
three binary subsystems at points @, &6 and ¢ by the
equation:

E_ - -
g =X\ Xyap + X Xsane + 0@ G)

+ (ternary terms)



where oty ey and asye are the binary "a-functions”
evaluated at points a, b and ¢. The "ternary terms” are
polynomial terms which are identically zero in the three
binary subsystems. The empirical coefficients of these
temary terms may be chosen in order to fit termary
experimental data. However, thesc temary coefficients
should be small. That is, Eq (3) with no term termis
should provide a reasonable first estimate of in the

temary solution.

If, at a given temperature. all three binary a-functions are
constant, independent of composition, then the four
models in Fig. I are clearly identical.

The Kohlet/Toop and Muggianw/Toop models in Figs. 1b
and Id are "asymmetric” models, inasmuch as one
component (component "I" in Fig. 1) is singled out,
whereas the Kohler and Muggianu models of Figs. la and
Ic are "symunetric" models. For systems with strong
interactions, the four models can give quite different
results when the binary «-functions are compositicn
dependent.

In particular, asymmetric models will give better results
for some systems, while symunetric models are better for
other systems. This will be illustrated in the present
article. It will then be shown how this symmetric/
asymmetric dichotomy can be extended in a self-
consistent way to N-cornponent solutions where N > 3.

Finally, the form of the polynomial “ternary terms” of Eq
(5) will be discussed.

Before beginning, however, a few words will be addressed
to the choice between using the Koliler of Muggianu
symmetric models.

Kohler Versus Muggianu

Suppose that data for the three binary sub-systems of a
temary system have been optimized to give binary
coefficients ¢%, of Eq (3) or 'L,,, of Eq (4) and that we
wish to estimate g€ in the temary solution by means of Eq
(3) using the Kohler model. Along the line a-3 in Fig. la,
the ratio X, /(X, +X,) is constant. Furthermore, this
ratio is equal to .X> at point a where (X +.X,)=I.
Therefore, the function aysg in Eq (3) can be simply
written:

0 x0 Y x. Y
Aixe) = Z Z‘hjz : ©)
X, + X, )\ X, +X
EA BES-] 2

120720
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where the g, are the binary cocfficients. Or. if the 1-2
binary system was optimized with a Redlich-Kister
expansion, then oz, in Eq (3) is written:

' ‘k’l _XZ ’
@ = 3, 0 T @

where the ' L, are the binary coefficients. That is, o
as given in Eq (6) or (7) , is constant along the line a-3 in
Fig. la. Similarly, the functions ¢y and o) may be
written in terms of the matios X, /() . +X;) and

X, (x5 +x,).

To estimate g& with the Kohler/Toop model, we note that
Xy and (1-X}) are constant along the line ac in Fig. Ib.
Hence, cti2,) is set constant along this line by means of the
substitution:

Apaq) = Z Z‘I:jlef(l -X,)’ )
t20;720

OF &gy = Z "Ly, (2-“’1 -1y %)
20

and similarly for ctae), while g, is written as in the
Kohler model.

In the Muggianu model, we note that (X, —.X3) is constant
along the line ac in Fig. lc. Hence, if «,- in the binary
system has been expressed by a Redlich-Kister
polynomial as in Eq (4) then, as was pointed out by Hillert
[80 Hil|, Eq (4) can be substituted directly into Eq (5)
with no change.

Because of this particularly simple substitution. the
Muggianu model is sometimes referred o as the
"Muggianu-Redlich-Kister model". However, this is a
misnomer. The use of the Muggianu model does not
require that the binary «-functions be expressed as
Redlich-Kister polynomials. If «;; is expressed as a
general polynomial as in Eq (3), then we note that the
functions (1 +X;, —X3)/2 and (1-X; +X3)/2 are both
constant along the linc ac in Fig. lc, and that these are
equal to X; and X5 respectively in the 1-2 binary system.
Hence, in order that &, 3, be constant along the line ac we
make the substitution:

S1FX =X Y(-X, +X, )
a.:m=ZZq{z[ S ‘M - ZJ (10)

120520

Conversely, the use of the Kohler or Kohler/Toop models
does not preclude expressing the binary a-functions as
Redlich-Kister polynomials, as has just been shown in Eqs



(7) and (9). Hence. the choice between using the Kohler
of Muggianu symmetric models is not related to the use
of Redlich-Kister polynomials.

Brynestad [81 Bry] pointed out that, with the Kolhler
model, the function X3/(Y; + X3) is not single-valued when
.. = I and that this can lead to a singularity in derivatives
of the partial excess Gibbs energy of components 2 and 3
at this point. However. Hillert and Sundman {82 Hilj
showed that this is of no physical consequence because it
only concerns the properties of components at a point
where those components are absent

The Kohler ma.el assumes that the energy change «,, of
the pair exchange reaction (2) is constant at constant X;/.%;
ratio, whereas the Muggianu model sets this energy equal
to its value at the geometrically closest binary
composition. From a physical standpoint, the former
assumption scems  inmuitively more  justifiable.
Nevertheless. for most concentrated solutions the Kohler
and Muggianu models will give quite similar results.

However. in dilute solutions the Koliler model is to be
preferred for the reason illustrated in Fig. 2 [97 Pel]. Ina
ternary solution dilute in cornponent 1, the Kohler model
estimates values of &2, and a3 from values in the
binary systems at compositions which are also dilute in
component 1, as sccrus reasonable. On the other hand, the
Muggianu model uses values from the binary systems at
compositions which are far from dilute.

Hence, the Kohler model presents an advantage and no
disadvantages vis-i-vis the Muggianu modetl. Therefore,
we prefer the Kohler model over the Muggianu ., and the
Kohler/Toop model over the Muggianu /Toop.

The Quasichemical Model

All the consideration and equations in the present article
also apply when short-range ordering is taken into account
by using the modified quasichemical model in the pair
approximation [86 Pel2). In this model, the excess Gibbs
energy in a binary system is given as gg =@ X 5.
where X, is the fraction of nearest-neighbor pairs which
are (L-2) pairs. However, the energy change o, of the
pair exchange reaction (2) in a binary system is expressed
as a polynomial just as in Eqs (3) or (4). The
configurational entropy of mixing is then written as a
function of the concentrations of the different nearest
neighbor pairs, and the equilibrium pair fractions are
calculated by minimizing the Gibbs energy. For
estimating ternary properties from the binary coefficients,
the values of the w-functions in the temary solution are
assumed to be equal to the values iy , Une) and oy, in
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the binary solutions according to one of the models in Fig.
I

The quasichemical model has been applied to many
molten oxide, sulfide and salt solutions with large
concentration dependent deviations from ideality. It has
been found that the choice of a symmetric or an
asymmetric model can give very different results.

Symmetric versus Asymmetric Models

In the asymmetric models illustrated in Figs 1b and 1d, the
energies of the 1-2 and 1-3 pair interactions are assumed
to remain constant at constant ;. An asymmetric model
is thus more physically reasonable than a symmetric
model if components 2 and 3 are chemically similar while
component ! is chemically different, as for example in the
systems Si0,-Ca0O-MgO, S-Fe-Cu, Na-Au-Ag,
AlCI;-NaCl-KCl, etc. (where the asymmetric component
has been written first in each example).

When gF is large and o2 and ay depend strongly upon
composition, a symmetric and an asymmetric model will
give very different results. As an example. consider a
solution with o;> = o3 = -50(1-X;) kJ/mol and w»; =0.
That is, the binary solutions 1-2 and 1-3 have identical
properties and the 2-3 solution is ideal. Clearly, one
would expect g€ in the ternary system to be constant at
constant X; as is predicted by the asymmetric models.
However. when the symmetric Kohler model is applied to
this solution, an obviously incorrect region of
immiscibility is calculated as shown in Fig. 3. Similar
incorrect results are obtained with the symumetric
Muggianu model.

Hence, we disagree with the current tendency to usc the
symmetric Muggianu model for nearly all solutions. In
many systems, an asymumnetric model is more appropriate.

Extension of the Symmetric/Asymmetric
Dichotomy to Multicomponent Solutions

[n order to extend the Kohler and Kohler/Toop models to
N-component systems, where N>3, we originally
proposed the following model which has been used until
now in all our F*A*C*T [99 Bal] databases. The
components I, 2, 3, 4, . . ., N are separated into group [
and group II (sometimes called "acids” and "bases".) If
the components of a ternary subsystem are all acids or all
bases, then the symmetric Kohler model is used; othenwise
the asymmetric Kohler/Toop model is used.

We define :



G= 32X, ad &= Y, (i
group [

Clearly, (£, + &) =1. Then, if components | and 2 are
in the same group, the expression for & in the
N-component solution contains a term .X; .z a;» where &2
is given by replacing X; and X; of Eq (3) or (4) by
X1 /(X +Xz) and X7/ (X +X2) respectively. That is,
«qz is assumed constant at constant X;/X; ratio. [f] on the
other hand, component 1 is in group I, while component 2
is a member of group O, then the expression for
contains a term X; Xz ouz .where o2 is given by replacing
Xy and X; of Eq 3) or (4) by &1, and &y respectively.
That is, o> , the energy of the [-2 pair interactions, is
assumed to be constant at constant "acidity”, £ (or
constant "basicity”, &g ). Were the Muggianu model used
instead of the Kohler model, «;: would be given by
replacing X; and X; of Eqs B) or (#) by (1 + X; -X5 )2
and (1 -X; +.X%) /2 respectively when components | and
2 are in the same group.

This procedure, however, is not completely satisfactory,
since it does not provide sufficient flexibility. For
instance, in molten ternary SiO;-AJ:0;-CaO slags we have
obtained the best optimization with an asymunetric model
by chaosing SiO; to be an acid (group I) and Al,O; and
CaO to be bases (group [I). Similarly, in SiO,-Fe,0;-Ca0
slags, we chose SiO; to be an acid and Fe>O; and CaO to
be bases. Hence, we arc now obliged to treat the
Ca0-Al;05-Fe-0; temary system with a symmetric model
because all three components have already been
designated as bases. However, binary CaO-Al;O; and
CaO-Fe,O; solutions exhibit similar large negative
concentration-dependent  a-functions, while binary
AlO5-Fe;O; solutions are close to ideai. Hence, an
asymmetric model is clearly preferable. In fact, the
symmetric Kohler model predicts a spurious and clearly
incorrect immiscibility gap at higher CaO concentrations
tn this temary system, similar to that shown in Fig. 3.

Consequently, we now propose a new more flexible model
which permits any ternary subsystem to be treated either
with a symmetric model or an asymmetric model and
which gives a reasonable interpolation in the N-
companent solution. This model reduces to the present
procedure as a limiting case.

The model is most clearly and simply presented by an
example. Consider the 5-component system in Fig. 4 in
which the ternary sub-system 1-2-3 is "asymmetric" (i.e.
to be treated by an asymmetric model) with | as the
asymmetric componeat, the sub-system [-2-4 s
"symmetric”, the system 1-2-5 is "asymmetric” with 5 as
asymmetric component, and so on, as ilustrated
schematically in Fig. 4. We now define
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& =X, +Y X, (12)
I's

where the summation is over all components k in
asymmetric i-j-k ternary solutions in which j is the
asymmetric component. [n the example in Fig. 4:

&2 = X, Ea=X2+X;

Sz =X +X, En =X+,

s =X, Ea =X,

&is =X+ &5t = X5

S =Xy +X =N +X,

$20 =X, En =X, +X; (I3)
s =X + X, + X £ =X

S =X Sa=Xi+ X,

&5 =X £s3 = X5 +.X,

s =X+ £sq =5

We then write «;, by replacing X, and X| in Eqs (3) and (4
by the functions £&,/(&, +&,)and £,/ y !-5,,;
respectively in the N-component system. This reduces
correctly to the symmetric Kohler or asymmertric
Kohlet/Toop expression, as in Eqgs (6) to (9). in all ternary
subsystems, as can be verified by substitution of Eqs (13)
into these functions. [f the Muggianu or MuggianuwToop
models are used, then o, is written by replacing X and .
of Eq (3) by the functions
(l +&, =&, )/2 and (l £, +E, )/2 respectively, or by

replacing (X, - X;) of Eq. () by (£, -, ).

As a second example consider a 5-component solution in
which components 1, 2 and 3 are chemically similar,
forming “group [", while component 4 is in a separate
chemical group II, and component 5 is in yet another
separate group III. An example would be a liquid solution
in which components 1 to 5, are respectively, LiCl, NaCl,
KCI, ZnCl; and AICl;. [n this case. temary subsystems
such as 1<4-5 in which all three components are from
different groups might reasonably be treated with a
symmetric model, and the choice of symmetric and
asymmetric temary subsystem would then be made as
shown in Fig. 5. The &, variables then become:



G2 =X fn = X3
&3=X, &y =X;
Sla =X+ X+ X Su =X,
Sis =X, + Xo + X &1 =X
En =X, Sz =X (14)
Eay =X, + X, +.X, En =X,
£y =X, + X + X, En = X5
s =X;+ X+ X, Eu =X,
&is =X+ X+ X, &3 =X
Eas =X, £, =X

Of course, the technique is completely flexible and does
not require that the components LiCl, NaCl, KCI, ZnCl,
and AICl; be divided a priori into three groups. One
could take a purely empirical approach, choosing a
symmetric or an asymmetric mode! for each ternary
subsystem according to which gives the best empirical
representation of the ternary data.

Ternary Terms

If experimental ternary data arc available, then these may
be included in the optimization to give empirical “ternary
terms” in Eq (3). These terms are identically zero in all
binary systems. Terms such as

gl XXXy (13

where i =1, ;21 and k> 1 and ¢ :‘; is an empirical

coefficient, are generally used. However, such terms have
little theoretical justification. Furthermore, it is not clear
how such termary terms should be extrapolated into
systems of four or more components.

Common practice when using the Muggianu model is to
include ternary terms of the form:

Tin XXX (1- X, -2 - X,)34X)  (6)

(=1, 2, 3). These are simply a special case of the
general form of expression (15). Furthermore, one is
limited to three empirical coefficients..

From a physical standpoint, terms such as ¢ % X{X{ Xy

might be related to the energies of triplet interactions.
However, the regular solution and quasichemical models
are pair approximation models. It thus would scem better
to include termary terms which are designed to represent
the effect of a third component, 3, upon the energy oz of
the pair exchange reaction (2).
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In the Kohler model. Fig. 1a, we propose temary terms of
the form

X " x, Y
X, X, g% L 2 Xk 1
I -(ql-m(xl *'sz} [X: "'XZJ } an

where 1 20, j20 andd k2 1. In the same system, ternary
terms of the form

k X X /
X, X4 ¢ —2 k. X¥ 18
s q-’“)[xz +xs) (_.\'1 +x,) ) ()

may also be included,. giving the effect of the presence of
component | upon «.—, as well as similar terms giving the
effect of component 2 upon o3;.

In the Kohler/Toop meadel, Fig. b, expression (18) is used
for the effect of co-mponent 1 upon o, while it is
proposcd to represent the effect of component 3 upon o2
by terms of the form:

P
- 23 H 'YS
'\l-‘(z[q 1203) ()@ _Xl)l[_Y+_\’) J (19)
X, +X,

and sinularly for the efffect of component 2 upon .

We have always used temary terms of this form in the
quasichemical model. For multicomponent quasichemical
solutions. an extensioin to N-component solutions based
upon the acid/base grosuping of components, as in Eq(11).
is currently used in thes F¥FA*C*T {99 Bal| databases. We
propose that such temzary terms also be used generally in
the polynomial (regulaar solution, Bragg Williams) model
as well as the quasiche:mical mode!l. We also now propose
to extend these temaryy terms to multicomponent systems
in a manner consistent with the more general component
grouping proposed in the preceding section,

With &> and &; deffined as in Eq(12), the following
expressions are propossed for the termary terms in the N-
component (N>3) systesm.

(i) If the 1-2-3 wemary solution is symmetric, or
asymmetric witth 3 as the asymmetric component,
then the followikng ternary terms may be included:



: 7
Xv"z(q Fores (g_f:f;) (_é_‘i_.é‘_) X3 (l‘fiz & )H}

(20)

This reduces to expression (17) in the [-2-3 ternary
system where (X, + X, + X;)=1.

(ii) If the 1-2-3 ternary system is asymmetric with [ as

the asymmetric component, then the following
temary terms may be used:

yk éx: ! gzx ! Xs __":2_ !
X'Xz(q {2(3)(51:*5::) (51:'5:1) [5-_“ J(l 52[) )

(D

This reduces to expression (19} in the 1-2-3 ternary
system.

One might proposc a factor Xf rather than

X5 (l —&1 &y )"" in expression (20).
however, a multicomponent system in which the effects of
components 3, 4 and 5 upon «,; arc identical. That is.

Consider,

q ;’;‘m= q ;’:',‘(472(1 ;‘;(5) - In the multicomponent system the
effects should be additive and so the sum of the three
ternary  terms  should clearly contain the factor
(¥, + X, +.X; Y. This will be the case only if the

ternary terms are defined as in expression (20). A similar
argument justifies the form of expression (21).

Expressions (20) and (21) reduce to thase currently used
in the F*A*C*T databases for the quasichemical model
when only two groups are defined as in Eq (L1).

For the Muggianu and Muggianw/Toop models, it is
proposed that these same expressions, (20) and (21) be
used for the ternary terms.

Expressions for Partial Properties

The calculation of the partial excess Gibbs energy of
component i, gZ, from the expression for the integral

molar Gibbs energy, gF, is facilitated by the following
particularly simple equation [99 Eri} which does not seem
1o be widely used:

gF == +(og= fax,)- ilX, tes/ax,) e
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where gF is expressed as a function of X, . X.... .. X,

and the partial differentials are calculated as if all N mole
fraction were independent variables.

Conclusions

A number of “geometric” models exist for estimating the
thermodynamic properties of ternary solutions from
optimized data for the binary subsystems. Among these,
the Kohler/Toop and Muggianw/Toop models are
"asymmetric” in that one component is singled out and
treated differently, whereas the Kohler and Muggianu
models are “symmetric”. When all three binary
subsystems are strictly regular, then all four models give
identical results. However if the binary thermodynamic
properties deviate significantly from regular behaviour,
the models can give quite different results. I[n particular,
if two components of a temary system arc chemically
similar to each other, but different from the third
component. then an asymmetric model s more
appropriate. It has been shown that the use of a
symmetric model, when an asymmetric model is more
appropriate, may give rise to large errors, possibly even
resulting in the appearance of spurious immiscibility gaps.
Hence, we disagree with the current tendency to use the
svmmetric Muggianu model almost exclusively.

Equations have been proposed for extending this
symmetric/asymmetric  dichotomy to N-component
solutions (N > 3), while still maintaining the flexibility to
choosc an asymmetric or a symmetric model for any
ternary subsystem.

Arguments have been presented in favor of the Kohler
model] over the Muggianu model, particularty for solutions
dilute in one component. [t is 2 misnomer to refer {o the
Muggianu model as the “Muggianu-Redlich-Kister”
model, since the Muggianu model does not require the use
of Redlich-Kister polynomials, nor does the use of
Redlich-Kister polynomials preclude the use of other
models. The mathematical simplicity afforded by the
combined use of the Muggianu model and Redlich-Kister
polynomials is only slight.

The “ternary terms" currently in use in the excess Gibbs
energy expressions have litde physical significance. New
ternary terms have been proposed which are related to the
effect of a third component upon a binary pair exchange
energy.

All the considerations and equations of the present article
also apply when short-range ordering is taken into account
by using the modified quasichemical model.
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Fig. 2 : The Kohler and Muggianu models applied at a composition dilute in component 1.
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Fig. 3 : Spurious immiscibility gap calculated with the Kohler model at 973K in a solution with o2 = o3 = -50(1-X;)
kJ/mol and a2 =0.
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Fig. 4: A S-compoucnt solution illustrating which ternary subsystems are to be treated by a symmetric model and
which are to be treated with ao asymmetric model.
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Fig. 5: Exampte for the (1) LiCl - (2) NaCl - (3) KCi — (4) ZnCl — (35) AICI; system when LiCl, NaCl and KClI are
in group K, ZaCl; in group I and AIC; in group Il
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The Modified Quasichemical Model
[l — Multicomponent Solutions

A.D. PELTON and P. CHARTRAND

Further improvements to the modified quasichemical model in the pair approximation for short-
range ordering in liquids are extended to multicomponent solutions. The energy of pair formation
may be expanded in terms of the pair fractions or in terms of the component fractions, and
coordination numbers are permitted to vary with composition. The model permits complete
freedom of choice to treat any ternary subsystem with a symmetric or an asymumetric model. An
improved general functional form for "ternary terms” in the excess Gibbs energy expression is
proposed. These terms are related to the effect of a third component upon the binary pair
interaction energies. It is shown how binary subsystems which have been optimized with the
quasichemical model can be combined in the same muiticomponent Gibbs energy equation with
binary subsystems which have been optimized with a2 random-mixing Bragg-Williams model and a
polynomial expression for the excess Gibbs energy. This is of much practical importance in the
development of large databases for multicomponent solutions. The model also applies to short-
range ordering in solid solutions as a special case when the number of lattice sites and
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coordination numbers are constant.

L INTRODUCTION

In a series of articles ' we introduced the modified
quasichemical model for short-range order in liquids in the
pair approximation. In these articles, the classical
quasichemical model of Fowler and Guggenheim®™ was
modified (i) to penuit the composition of maximum
short-range ordering in a binary systemn to be freely chosen,
(i) to express the energy of pair formation as a function of
composition, and (iitf} to extend the model to
multicomponent systems. The model has since been
applied to the cniucal evaluation and optimization of several
hundred liquid oxide. salt and alloy solutions. In such
optimizations, the empirical binary and ternary parameters
are found by critical evaluation of available experimental
thermodynamic and phase equilibrium data. The model is
then used to predict the properties of multicomponent
systems containing these binaries and ternares as
subsystems.

In the current series of articles, further modifications and
extensions to the model are described. The first article!!
dealt with binary systems. The present article treats
multicomponent selutions.  Subsequent articles in this
series will treat extensions to liquids with two "sublattices".

P. CHARTRAND, Ph.D. Student, and A.D. PELTON, Professor
are with Centre de Recherche en Calcul Thermochimique, Ecole
Polytechnique de Montréal, P. O. Box, 6079, Station
"Downtown”, Montréal, Québec H3C 3A7, Canada

II. MODEL EQUATIONS

Atoms or molecules of the components [, 2, 3.... .. Vofa
solution are distributed over the sites of a quasi-lattice. [n
the pair approximation we consider the pair exchange
reactions:

(l"—ﬂl) + (n—n) = 2(”1-,,) ; Agm [[I

where (m. n= 1,2, . ... N)and (m-m), (n-n) and (m-n)
represent first-nearest neighbor pairs.

The non-configurational Gibbs energy change for the
formation of two moles of (m-n) paursis Ag, .. Letn,and
Z,, be the number of moles and coordination number of
component m, and let n,,, be the number of moles of (m-n)
pairs (where n,, and n,.» represent the same quantity and
can be used interchangeably). Then:

Z n, =20, +yn, [2]

nem

In the case of a solid soluticn, clearly, it is required that Z,
= Zz =0 = ZM

Pair fractions X, , overall mole (or site) fractions X, ,
and "coordination-equivalent” fractions },, are defined as:

X e = [ 211, (5]
X.=n,[>n, (4]
Y,=Zn, [S@En)=2,x./5@kx) (51



(where X, and X, represent the same quantity and can be
used interchangeably). Substitution of Eq [2] into Eqgs 3]
and [5]gives:

F,=X_+>X.,/2 {6l

The Gibbs energy of the solution is given by:

G=3n.g.-TAS™ + 3 n, (8g,../2) (7]

n>m

where g7 is the molar Gibbs energy of pure component m,

and AS®™%® s an approximate expression for the
configurational entropy of mixing given by randomly
mixing the (m-n) pairs:

AS“® =—R% n_InX,

_R[an in{x,./¥:)+ S, (¥, /zy,,yn)) 8l

m>n

[n the m-n binary system, the energy parameter Ag,.,
may be expanded as an empirical polynomial in the
component fractions Y, :

A8, =8gL + D quYiY! 91

(e=s) 21

where Ag’ and ¢, are empirical binary coefficients

which may be functions of temperature and pressure.
(These were previously f1-s61 written as

q.2 =(w,’_{, ~ni T) ) Alternatively, Eq [9] can be
rearranged into "Redlich-Kister” form:

88, =882+ ' L(r. -1, ) (10]

xt

where the sct of empirical coefficients ‘L, can clearly be

calculated from the set g7 and vice versa since (Y, + X3)
= 1 in the binary system. The empirical binary cocfficients
Ag.. .and g} or 'L , are found by optimization of
experirnental data in the binary subsystems.

In the preceding article!® it was proposed to replace the
expansion of Eq [9] or [10] by an expansion in terms of the
pair fractions X, and X, -

88, =08go + .8l XL X. (1

(ies)=1

where Eq [11] applies in the m-n binary system and Ag_,
and g? are empirical coefficients which may be
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temperature and Prcssure dependent. This representation
has been found'® in general, to result in improved and
easier optimizations. [n practice. in most cases, only
coefficicnts g% and g/ need be included.

In the preceding article!® composition-dependent
coordination numbers were also introduced. This provides
greater flexibility and permits the composition of maximum
short-range ordering to be chosen independently in each
binary subsystem:

ot [2"" +7"”J [12]

Z 2m, +Z” w\Zh A le,
Fzls
l i L1, "21
—_— = =+ -
Z, 2y +)omy, { z; ZZJ (L3
222
etc.

where Z,'I and Z ,'2 are. respectively, the value of Z; when

all nearest neighbors of a | are l's and the (hypothetical)
value of Z, when all ncarest neighbors of a 1 are 2's. (Note

that Z,, and Z}, rcpresent the same quantity and can be
used interchangeably.)
Z is a constant for each pure component m. and is the

same for all solutions containing 7. The composition of
maximum short-range ordering in cach binary subsystem is
determined by the ratio 27 /Z7 = The choice of the
constants 27 and Z7, was discussed previously®!.

Substitution of Eqs [12,13] into Eq 2] gives:

n,=2n, /27 +> n. /75, (14}

n.m

Clearly, in the case of a solid solution. all coordination
numbers mustbe equal. Thatis. Z, =2} =27 =27 .

Standard Gibbs energies g-  and g2, are defined as:

g, =282/27, [15]
g, =Agl /2 + gl /Zh + g2[Z], (16]

where Ag? is the binary parameter from Eq [9], [10] or
{I1]. Substitution into Eq [7] then gives:

G=("ngﬂ +ALBH FNn 8 FALED +)
—TAS™%+ S (n.,/2) og.., - bg2,)

ram

[17]

with AS™®  given by Eq [8] and Ag,,, by Eq {9], [10] or
(11]. Dividing though by >_n, gives:



g (per moleof pairs) = (X,,g“ +.X.85h + Xngh + Xagh +
+RT(X, InX,, + X, InX,, +X,InX, +..)
+RT(Z 2;' Iy,

m

Xy InE = XnInfy - X, 'n(ZY}Y:) - )

+g5
[18]

where:

gE :(—A’Zi) (Ag,._, —Agluz)+(“;‘} ) (Agu "Ag;l)'*."’

(19}

The coefficients of Eqs [9], [10] or [L1] are obtained by
optimization of binary experimental data. Egs (9] [10] or
[I1] only apply in the binary subsystems. It is now
required to write expressions for Ag,_ . for compositions
within the N-component system for use in Eq [17]

L INTERPOLATION FORMULAE

A. When Ag,, in a Binary System is Given by Eq [9] or
[10]

Suppose Ag,, in the 1-2 binary subsystem has been
expressed as a polvnomial in the fractions Y; and ¥, by Eq
[91. We now want an expression for Ag,, in a
multicomponent solution. We shalt consider first a ternary
system [-2-3.

1. Symmetric Model:

With the symmetric model ilustrated in Fig. la. Ag,.
in the ternary solution is given by:

1 Y,
v
+(»§:lqu(’ +¥, )(Y J}

+ uk
I‘Zﬂ‘lnm(}, +Y, J [

20

7 =0

gy, =[Agx“:
(20]

where the first tenm on the right-hand-side of Eq [20] is
constant along the line 3-a in Fig. la and equal to Ag,, in
the 1-2 binary at point @ (where (¥; + ¥;) = 1.). Thatis, it is
assumed that the binary 1-2 pair interaction energy is
constant at constant Y,/Y; ratio. The second summation in
Eq. [20] consists of "ternary terms" which are all zero in the
1-2 binary, and which give the effect of the presence of
component 3 upon the energy Ag,, of the 1-2 pair
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interactions. The empirical ternary coefficients g, are
found by optimization of experimental ternary data.

Similar equations give Ag., and Ag;, . with the binary
terms equal to their values at points & and ¢ respecu’vely in
Fig. la, and with ternary coefficients gk, and gl
which give the effect of the presence of component I upon
the pair energy Ag,, and of component 2 upon Agy,.
respectively. It has been proposed!”! that this functional
form for the temary terms is preferable to traditional
expressions such as Y'Y/

Altemnatively, if Ag,, is expressed in the 1-2 binary
system by a Redlich Kister expansion as in Eq {10], then
the first summation in Eq [20] is replaced by

K -nY . .
> 'L,z(}_' - ] which is also constant along the line 3-a
"+

vt

and equal to Ag,, at point a.

This model is "symumetric” in that the three compaonents
are treated in the same fashion. For certain systems,
however, in which one component is chemically different
from the other two (e.q. SiC,-CaO-MgO, S-Fe-Cu, Na-Au-
Ag. etc.) it is more appropriate to use the "asymmetric”
mode! illustrated in Fig. b, where component 1 is the
"asymmetric component"”.

2. Asymmertric Model

In this case, Ag,, in the ternary solution is given by:

Agy, =[Ag1uz + Z([,‘/:Y,'(l—}'l)':l

(ee7)20

oV 21
+ Satanny (72 ]

L)
¢ =0
2 <0

where the binary terms are constant along the line ac and
equal to their values at point a in Fig. lb. A similar
expression is written for Ag,, , while Ag,, is given by an
expression similar to Eq [20]. If Ag,, is expressed in the
binary system by a Redlich-Kister expansion, then the
binary terins in Eq [21} are replaced by Z 'L, (21, -1).
1zl

It has been shown ") that for systems with large
composition-dependent deviations from ideality, the choice
of a symmetric or an asynunetric model can often give very
different results. An incorrect choice can even give rise to
spurious mniscibility gaps.

-

3. Multicomponent Solutions

symmeltric/asymmetric
solutions, while still

to extend this
N-component

In order
dichotomy to



maintaining complete flexibility to treat an) ternary
subsystem as symmetric or asymmetric, we defi ine:l”

£, =V +2 L,
k

[22]

where the summation is over all components & in
asymmetric i-f-k ternary subsystems in which j is the
asymmetric component.  This is best presented by an
examplel. For the S-component system in Fig. 2, the
ternary subsystems [-2-3 and 1-2-5 are asymmetric with 1
and 35 respectively as asymmetric components, the system
{-2-4 is symmetric, and so on, as illustrated schematically
in the figure. In this example then:
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&n =L Ey=r+1

&y =V +F, Sy =h+1,

¢u=F Sa=F;

=1 +Y, Ea =VY;

En=Vt +¥; €=ty +1, .
; o (23]

S =1, §a =V +1

S = +H +Y, &u =V

u =Y, Ea =Y, +F

=V, £ =V +1,

Es=Y,+1; £ =¥

Then. in the multicomponent system:

& Y_& Y
Agy, =Agh + E (—LJ [—1‘—‘) Q3
¢ ' verei\ &2 60 S\ &G S0 "

Z(&L"Mf—J {Z"'”-‘m’ (-6 - &)

&zl

+ Y '?I'J:(m)(

N k- L Nk-L [24]
" ez )
./{ f] L U

where the summations of termary terms are over (i) all
components ! in 1-2-/ ternary subsystems which are
either symmetric or in which / is the asymmetric
component; (ii) all components m in 1-2-m subsystems in
which 1 is the asymmetric component; and (iii) over all
components n in l-2-n subsystems in which 2 is the
asymmetric component.

Eq [24] reduces to Eq [20] in symmetric temary
subsystems (when (¥; + ¥, + F;) = 1) and to Eq [21] in
asymmetric ternary subsystems, as can be verified by
substitution of Eqs. [23]. The form of the ternary terms in
Eq {24] has been chosen such that if two components, say 3

and 4, have the same effect upon Ag,, ( that is, if g%, =
G ) then the effect of the presence of both 3 and 4 will
be additive. This has been discussed previouslyl!. [f a
Redlich-Kistcr expansion as in Eq [10] is used in the [-2
binary system, then the binary terms (the first summation)
in Eq {24] are replaced by Z ‘L [(;Iz T AR )I "
x>t

Other examples of the application of Eq [22] were
given previously!”.  For example, suppose all components
are grouped as cither "acids” (group I) or "bases” (group {I),

where a temary system is symumetric if all three components
are in the same group, and asymmetric otherwise. It then

follows from the definition of &, that

&x =1, and &, /&, + &, )=V /Y, +1,) if L and 2 are in

the group, E:= D ¥, =& and also
group 1

EafE, +£,)=&, if L and 2 are in groups [ and [

respectively.

samne while

B. When Ag,_, ina Binary System is Given by Eq [1]
Suppose that Ag,, in the binary system has been

expressed as in Eq [11] by a polynomial in terms of the pair
fractions. Let us consider first a temary system 1-2-3.

1. Symmerric Model:

[n a symmetric ternary system as in Fig. la, the following
equation for Ag,, is proposed:

Ag, =Agh + Zgu Xy ) X Z irk X ' Xpn JYA [25]
N S A U S S L AR S o =0 EO X+ X+ X J (X v X+ Xy ) 7
kcl
As with Eq [l1], in practice it is usually sufficient to Ag, . Ag,, and Ag, become smail, the solution
include only t vith i =0 ithj =0. Th f thi R
include only terms with i or with j e form of this approaches  ideality and ¥, — ¥ Ju —¥? and

expression has been chosen for the following reason. As



¥V, =2NY,. In this case,

Xu/(Xu +X) ""Y::)“)[Yl/(yl +Y‘l)] * and Eq [25]
approaches Eq [20] which, in the limit. becomes the well-
known Kohier ¥l equation for symmetrical ternary systems.

From Eq [6] it can be seen that the factor I in the

temary terms in Eq [25] is equal to
(X5 + X, /2+X,/2). In principle. the effect of these

three terms upon Ag,, could easily be represented by three
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independent temary coefficients. However, this additional
complexity is probably not required.

2. Asymmerric Model

In an asymmetnc temary system as in Fig. lb. the
following equation is proposed :

&
a P 3 Y . , - s ¥
Ag, =881 "'( Zg{: Xu("(n + Xy +'¥n)} +ng':‘(}) X5 (Xzz +X, + X ») (Y—-: ¥ ] [26]
teg) 21 =0 2 3/
120

&zl

In the limit of ideality, this equation reduces to Eq [21]
which, in the limit, becomes the well-known Kohler/Toop
1 ¢quation for asymmetrical temary systems.

3. Multicomponent Solutions

To extend this symmetric/asymmetric dichotomy to
multicomponcat solutions we define:

X = Zk ; X, / S Y x, (27]

=l 2.k 0 p=L2kL

where & represents all values of £ in 1-2-% asymmetric
ternary subsystems in which 2 is the asymmetric
component, and / represents all values of { tn asynunetric -
2-1 subsystems n which 1 is the asymunetric component y,
is analogous to the ratio 5”/(5,! +§ﬂ) defined by Eq. {22]
and used in Eq. [24]. Taking the example of Fig. 2, from
Eq. [23]:

Ex _ (Y: +Y;)
&n +4y (Y!+YS)+(Y]+Y-I)
whereas:

(4Yn +X)+ Xy

(28]

Ao S + X3 )+ (X + X )+ Xyt Xy + Ky # Xy # Ky + 0,
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That is, starting from Eq. [28]. we can write the expression
for x,, in Eq. [29] by replacing the sums (I, + ¥, + I +
...) in the numerator and denominator of Eq. (28] by the
sum of (X, + X + X + .. ) plusall cross terms (Y, + X,
+ Xt )

In the case where all components are grouped as either
"acids” (group ) ar "bases” (group [I), it follows from the
definitions and from Eq. [6] that Xz = X”/ (4\," + X[g +

X2 if components 1 and 2 are in the same group and

X = Z)’, =¢, if components | and 2 are in groups [ and
grvupl
Il respectively.
Then. in the multicompanent system:

gy, =48, + Z I::Zz’:gxu:

(evg) =t

‘ p - ) Y,

+Z XhXh [Z gl{.‘&(l) Y, (l-flz =& )k ' +Zg|{:(m;(z"
120 7 m n
0

>t

AN v, ] (301
-2 gvj IRl I GG
f2) renla]2)

where the summations over /, m and n are as was described
following Eq [24). Eq. [30] reduces to the comect
symmetric or asymmetric temary equation, [25] or [26], in
any ternary subsystem. The analogy to Eq [24] is evident.



Iv. DISCUSSION

Substitution of Eq [24] or [30] into Eq [17} gives an
equation for G in terms of the pair fractions X,... For any
overall composition given by (n; . n2 . . . . ny) , the
equilibdum pair fractions are then calculated by minimizing
G subject to the mass balance constraints of Eq [14]. This
Gibbs energy minimization is greatly facilitated by the form
of Eq [L7]. When expressed per mole of pairs as in Eq
[18], the Gibbs energy equation is identical. apart from the
second configurational entropy term, to commonly used
expressions for the Gibbs energy of a randomly mixed
solution of "components” (11, 12, 22, . . . ); the "excess"
terms in Eq [19] are polynomials in the fractions X, since
Ag,., from Eq [24] or [30] is expressed only in terms of
Xnn (Yo being given in terms of X.., by Eq [6]). Therefore.
the same existing algorithms and computer subroutines
which are commonly used for polynomial solution models
can be used directly for the quasichemical model by simply
including the extra entropy terms.

That is, a significant simplification is achieved by
formally considering the mn pairs as the "components” of
the solution. A further computational simplification can
also be achieved ® by formally treating these "components”

as the "associates” or "molecules” 0.0, .For example,

ifZ7 =6, Z2 =6, Z" =3 and Z = 6. then the formal
components would be mys nas, and myane - Setting

=N [3”

"z, "ueza, mn
and substituting into Eq [14] gives

n, =2n, /z;; + 3 n, /z:; [32]
Zn, o VZRliZRa

which is now a "true” chemical mass balance in that the
number of moles of m is the same on both sides of the
equation.

The fact that Eq (18] is wrilten solely in terms of the
fractions X, of the "components” mn, permits the chemical
potentials to be easily calcuiated in closed explicit form.
As shown previously™®!, the chemical potential of m is given
by:

#n =(0G/en,),, =(2z./2)(@G/on,00), 331

i

Hence:

X

4. =85 +RTInX, +(ZTMIRTln 7 +gfv..J [34]

m

where the partial excess term gZ can be calculated in the
usual way from the polynomial expansion for g‘E in Eq [19]:

gf =gt +lxffav.,) - Y x, (@/ex,) 135

(syamm )

where Eq [6] is used to express },, in terms of X,

A. Reduction to the Rundom Mixing (Bragg-Williams)
Mode!

Suppose that it is desired to suppress the formation of
short-range ordering and to employ the following
commaniy-used Bragg-Williams model for a solution with

random mixing and a polynomial expression for g€ -

G=3n,g.+RTy.n, In¥, + X_(58.) {36]

"

with Ag_. given as a polynomial expansion in terms of ¥,
by Eq [24]. This can be done by simply replacing all
factors X,., (where s = n) in Eq {18] by 2V}, which is the
value of .Y, in a randomly mixed (Bragg-Williams)
solution or by replacing nt., (m = n) i Eq [17] by
(Z Z,',n,)}'m}', . [t is also necessary in this case to set all
Zr =Z7 . Eqs[13] and [16] arc still used to give g7
and g The excess terns then have no effect upon the
calculated pair distributions, and so the Gibbs energy
mintmization will result in a random mixture. That is. the
sccond catrapy term tn Eq. [18] will automatcally become
zero, and the result will be the same as if Eq [16] had been
used for (¢

Hence. the same model subroutine which 1s used for the
quasichiemical model can be used. with one minor
alteration. for the random mixing Bragg-Williams model.

B. Combining Models in One Multcomponent Solution
Database

The major immportance of this fact is that it is now
possible to "mix modefs” in one multicomponent solutiorn.
This is of much practical value.  For example, in
developing the F*A*C*T"'% database for multicomponent
molten salt solutions, we have already performed
optimizations on well over 100 binary and ternary
common-anion alkali halide, carbonate, sulfate, nitrate and
hydroxide systems using the Bragg-Williams polynomial
model, which is satisfactory for these systems in which
deviations from ideality are relatively small. We are now
including alkaline earth salts in this database. Several of
the binary liquid solutions (e.g. MgCl,-KCl) exhibit large
negative deviations from ideality and a large degrec of
short-range ordering, and require the quasichemical model.
Ideally, of course, all previously optimized systems could
be rc-optimized with the quasichemical model, but the
amournt of work involved is considerable.



However, it is now easy to combine the models in one
multicomponent solution database. If a binary subsystem
m-n has becn optimized with the quasichemical model with
Eq. [9] or [10] for Ag,,. then Eq [24] for Ag,, is
substituted into Eq [17]. [f another binary subsystem /- has
been optimized with the quasichemical model with Eq [11)
for Ag, . then Eq (30] for Ag,, is substituted into Eq [17].

If yet another binary subsystem k- has been optimized
using the random mixing Bragg-Williams model with Eq
[9] or [10} for Ag,, , then Ag, from Eq [24] is substituted
into Eq [17] and, furthermore, ny is replaced everywhere in

EqL71by (¥ Zin, ) K.Y, .

V. CONCLUSIONS

Improvements to the quasichemical model introduced in
the first article in the present series'® have been extended (o
multicomponent solutions with short-range ordering. The
energies Ag,_ =~ of pzir formation may be expanded as

polynomials in the pair fractions, rather than the component
fractions. Composition-dependent coordination numbers
may also be used. Both these improvements provide better
representations by providing greater flexibility.

The properties of a ternary solution may be estimated
from optimized data for its binary subsystems by either a
symumetric or an asymuuetric model. [ the former. all
componeats are treated in the same fashion, while in the
latter, one component, being chemically different from the
other two, is singled out. It has been shown how this
symmetric/asymmetric dichotomy can be extended into the
N-component solution while still permitting corwplete
flexibility to choose cither a symumetric or an asymmetric
model for any ternary subsystem.

An improved general functional form for "termary
terms” in the excess Gibbs energy expression has been
proposed. These terms are related to the effect of a third
component upon the binary pair interaction energies.

By treating the nearest-neighbor pairs as componeits, a
Gibbs energy cxpression is obtained which is a function of
only the pair fractions X,,. This expression is identical,
apart from a configurational entropy term, to the equations
for a randomly mixed solution of these components with a
polynomial expression for the excess Gibbs energy. This
permits the quasichemical model to be treated with
currently available and relatively simple software.
Furthermore, closed explicit equations for the chemical
potentials are thereby easily obtained.

By means of a minor alteration, the Gibbs energy
expression in the quasichemical model can be made
identical to that of a randomly-mixed Bragg Williams
solution with a polynomial expansion for This is of
much practical importance because binary subsystems
which have previously been optimized with a Bragg-
Williams polynomial model can be combined with binary
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subsystems optimized with the quasichemical model in the
same multicomponent solution database.

Although the model has been developed primarily for
fliquid solutions, it can be applied to treat short-range
ordering i solid solutions. [n this case, all coordination
numbers must be the same.

The model of the present article takes account of mixing
on only one lattice. {t can, however, be applied to systems
with morc than one sublattice as long as mixing occurs on
only one of the sublattices. For example. it can be applied
to conmtinon-ion salt systems such as LiCi-NaCI-KCI-MgCl,
where all anion lattice sites are occupied by CI” such that
mixing occurs only on the cation sublattice.

Subsequent articles in the present series will describe
extensions to solutions with mixing on two quasi-
sublattices such as reciprocal molten salt solutions with
intra- as well as inter-sublattice short-range ordering. It
will be shown that the large degree of flexibility in the
model also permits the treatment of phenomena such as
complexation, polymerization, and mulitiple compositions
of maxitmum short-range ordering.

An example of the application of the model of the
present article to liquid LiCl-NaCl-K CI-RbCl-CsCl-MgCl,-

CaCl, solutions is given in an accompanying publication!!}.
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Fig L.
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Symmetric (left) and asymmetric (right) schemes for interpolation from binary to ternary solutions.
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Fig2.

A 5-component example solution illustrating which temnary subsystems are to be weated with a
symmetric model and which are to be treated with an asymmetric model.
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ANNEXE 1V

Article :

Thermodynamic Evaluation and Optimization of

the LiCI-NaCI-KCI-RbCI-CsCIl-MgCl,-CaCl,
System Using the Modified Quasichemical Model

Patrice Chartrand et Arthur D. Pelton,
Soumis a Metallurgical and Materials Transactions B,

2000.

Note : Les figures dans cet article ont été produites, éditées et imprimées par le logiciel

FIGURE développé par I"auteur de cette thése durant ses études doctorales.
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Thermodynamic Evaluation and Optimization of the
LiCI-NaCl-KCI-RbCI-CsCi-MgCl,-CaCl, System
Using the Modified Quasichemical Model

PATRICE CHARTRAND and ARTHUR D. PELTON

A. complete critical evaluation and quantitative optimization of all available phase diagram and
thermodynamic data has been performed for all condensed phases of the LiCl-NaCl-KCI-RbCl-
CsClI-MgCl>-CaCl, system. The model parameters obtained for binary and temary subsystems can
be used to predict thermodynamic properties and phase equilibria for the multicomponent system.
The modified quasichemical model for short-range ordering was used for the molten salt phase.

L INTRODUCTION

Molten alkali-alkaline earth halide solutions are of
much technological importance in, for example, the
production of Mg and Na. A large body of experimental
thermodynamic and phase equilibrium data exists for these
systems. [n this article. all available data for bisary and
temary subsystems of the LiCl-NaCi-KCI-RbCl-CsCl-
MgCl.-CaCl, system are critically evaluated and optimized
to obtain parameters of models of all solution phases.
These parameters form 2 computer database. The models
are then used to predict the thermodynamic properties of
the multicomponent system. When used in conjunction
with currendy available general software for calculating
equilibria by Gibbs energy minimization, this database can
be used to predict the thermodynamic properties and phase
equilibria in uncharted regions of temperature and
composition. This article is the first in a series that will be
published on alkali-atkaline earth halide systems.

In an accompying article in this journai®'! we have
presented a quasichenucal model for liquid solutions which
takes into account short-range ordering between nearest-
neighbors on a lattice or sublattice. Molten alkali chloride-
MgCl; solutions are well known for exhibiting extensive
short-range ordering, increasing in importance from LiCl-
MgCl: to CsCI-MgCl,. This ordering gives rise to “V-
shaped” enthalpy of mixing and “m-shaped” entropy of
mixing curves as in Figures { and 2. This has previously
been modelled by introducing complex anions such as
MgCli ™1 However, until now, no model has been
proposed which permits a quantitative optimization of all
subsystem data and which can satisfactorily be extrapolated
to predict the properties of multicomponent solutions when
appreciable short-mnFe ordering is present. The modified
quasichemical modell'! achieves this objective. An earlier
version of the model has been used very successfully to
modei moiten silicates™!.

P. CHARTRAND, Ph.D. Student, and A.D. PELTON, Professor,
Departement of Metallurgy and Matedials Science, Ecole
Polytechnique de Montréal, P.O.Box 6079, Station “Downtown”
Montréal, Québec, H3C 3JA7, Canada.

The mode! does not explicitely introduce complex
anions. Instead, short-range ordering is treated by
considering the relative numbers of second-nearest-
neighbor cation-cation pairs. The parameters of the model
are the Gibbs energy changes Ag ., for the pair
exchange reactions :

(4-c1-4),,, +(B-Cl-B),,, =2(4-CI-B),,,

AL picr {1

parr

As Ag .z, becomes progressively more negative,
reaction [1] is shifted progressively to the right, (A-CI-B)
pairs predominate. and the solution becomes progressively
more ordered. In the previous article!'! the model was
developed in terms of necarest-neighbor pairs (A-B) for
species mixing on one lattice. [n the present case, since the
anion sublattice is occupied only by CI ions, the model can
be used directly to treat cation-cation pairs on the cation
sublattice. The parameter Ag ., is the parameter Ag,.,
of the previous articlel'.

When Ag .., is small, the degree of short-range

ordering is small, and the solution approximates a random
(Bragg-Williams) mixture of cations on the cation
sublattice. Many subsystems, particularly of alkali halides
(such as LiCl-NaCl), have already been evaluated and
optimized by assuming a random Bragg-Williams
configurational entropy and by expanding the excess Gibbs
energy in the usual way as an empirical polynomial in the
mole fractions. We have already developed a large
evaluated optimized database for alkali halide solutions in
this way'®®! [t would clearly be very usefui if this database
could be combined with the present quasichemical model
database to predict properties of muiticomponent solutions,
thereby obviating the necessity of re-optimizing all the
alkali halide systems. The previous article™ describes, for
the first time, how the models may be combined in this
way. This is illustrated in the present article.

The present article demonstrates the application of the
new modified quasichemical model to the evaluation,
optimization and prediction of thermodynamic properties
and phase equilibria.



. THERMODYNAMIC DATA

All thermodynamic data { H g cp »Swgisx and C) for
the condensed pure phases of the LiCl-NaCl-KCI-RbCI-
CsCI-MgCl,-CaCl, system, including optimized values
from the present work, are given in Table I.

Il. THERMODYNAMIC MODEL FOR THE LIQUID
PHASE

The modified quasichemical model! is used for the
liquid phase. The notation of the previous articlel!} is
maintained. For example, Xyay is the mole fraction of
second-nearest-neighbor (Na-Cl-Mg) pairs. The model
requires the definition of cation-cation coordination
numbers Z| . The values chosen in the present work are

listed in Table II. Note that, for example, the choice of

Z i =125, assures that the composition of maximum

short-range ordering will be near the Cs,MgClL
composition.  Alse, as discussed previously!'l it is
necessary to define all temary sub-systems as either
“symmetric” or “asymmetric”. In the present case, all
temary systems in which all three components are alkali
halides are defined as symmetric. Systems with one alkali
and two alkaline-earth chlorides are asymmetric, with the
alkali chloride as asymmetric component, and systems with
one alkaline-earth and two alkali chlorides are asymumetric,
with the alkaline-carth chloride as asymmetric component.
To this end, the components are divided into two groups, all
alkali halides are in one group, and MgCl, and CaCl; form
the other group. The composition variables y, defined

previously!'! then become :

Xrstg = Xuco = Xnavty = Xvaca = Xrxvg = Xxca =

[2§
= Xansteg = Xroca = Xeate = Xewes = X
o
where y, = Z ZX_, (31
paryiymn
Xargls = Xcats = Xstgva = Xeave = Xsex = (4]
= Xeax = Xagre = Xcars = Xager = Xcacr = Xane
Ca Cu
where x4 =) D X, (51
1=5Mg s=¢
and also
Xoen = Ko (61
’ Xy ¥ Xagea X coca
Xew
Xeasg = = (71
D ¢ serte ¥ Xugeee ¥ Xeuca
X,
— 8
Htte = X + X oo (81
X pans
Awati = = [91
Xepe ¥ X g + X yna

etc.

That is, when i and j are alkalis :
X,

s 10
L X, +X, +X, toi

The parameters Ag ., of reaction [1] for each pair are
expanded, through optimization of available experimental
data, as empirical polynomials in z,. For ternary systems,
terms may be added giving the effect of the third
component upon the pair formation energics Ag ;.. As
described previously!'! this is done by introducing empirical
terary parameters g“ -, in the polynomial expansion.

IV. ALKALI CHLORIDE MIXTURES

A. The LiCI-RbCI, LiCl-CsCl NaCI-RbCI and NaCl-CsCl
Systems

[n previous publications’®®! a database was developed
for alkali halide solutions by evaluation/optimization of all
available data. A  random (Bragg-Williams)
configurational entropy was assumed. and excess Gibbs
energies were expressed as polynomials with evaluated
binary!®! and ternary'®! parnmeters. These evaluations are
used directly in the present work. [t is only necessary (o
convert the parameters from units of joules per mole of
components ACl to joules per mole of second-nearest-
neighbor pairs. Since all coordination numbers Z; in
Table IT are equal to 6 when i and ; are alkalis. it is
sufficient to divide all previous parameters by 3.0, The
resultant expressions for Ag ., for the Li-CI-Rb, Li-Cl-

Cs, Na-Cl-Rb and Na-Cl-Cs pairs in the liquid are :

Ag ) rsier =—5955.3+2.4507T —-1602.0) ——=——
Xy, +X,

X X Y X
+2.24177 ——2 113250 L . Vs
X, +Xp X + X N X, +X,,
(1)
AZ e = 64853 +6.8470T +(-2482.7— [.09507{“—“

X, +X
~3026.7] — & Xe
X+ X, N X+ X,
[12}
X
A vursrcr = —~1074.0 4022577 — 1117 — 2t __
Kya + X, (3]

+1.74837 Yo
Xya ¥ X,



AL yacsrcr = —1436.7+1.9213T

X 14

+(1393 —1.96707‘{__:"'_) [14]
va Xy

Expressions for the excess Gibbs energies of the solid

solutions were given previously™®®! and will not be repeated
here.

B. The LiCI-NaCl, KCI-RbCI, KCI-CsCl and RbCI-CsCl
Systems

I[n a binary ACI-BCI system the quasichemical model
converges towards the regular solution model when
Ag g is small.  Consequently, if a regular solution
model (Bragg-Williams entropy) has been used for a
solution and if the parameters of g& are small, they can be
used directly as parameters of the quasichemical model
with negligible effect on the thermodynamic properties.
This was done for the LiCl-NaCl, KCI-RbCl, KCI-CsCl and
RbCI-CsCl binary liquid solutions, where small regular
solution parameters were previously obtained®™ by
optimization. After dividing by 3.0 (see Section [V-A), the
parameters  are AZtvarcr =-1562,  AZ jmpic =28,
AZ s =265 and Agp o =112 J/mol. Parameters for

the solid solutions were given previously®lL

C. The LiCI-KCl System

The liquid thermodynamic properties were reoptimized
with the quasichemical model'’. The Gibbs energy of
formation of the Li-Cl-K pairs is given by Eq.[15]. The
calculated rhase diagram is virtually identical to the one
published®! previously.

AZ riq = ~+884.6 +1.10007 +(=1147.3 + 154167 )r,,,

+(—864.7-0.3805T )1
Jmol  [15]

D. The NaCI-KCl System

Robelin{ optimized the NaCI-KCl system. The energy
parameters for reaction [l] are given by Eq.[l6]. The
thermodynamic properties of the solid solution!”! were

taken from Sangster and Pelton®!

Ag puxrer = ~695.5 = 67.0 7 paxe J/mol [i6]
V. MIXTURES OF ALKALI CHLORIDES WITH
MgCIz

A. The LiCl-MgCi; System
The ghase diagram has been measured by zone

melting®, cooling curves!” and electrical conductivity!"®!
(Figure 3). All authors reported extensive solid solubility
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on both sides of the phase diagram (complete miscibility is
even reported®). There is agreement that the liquidus
exhibits a minimum at around 35 mol% MgCl- and 575°C.
Kravchuk™ shows a maximum in the liquidus at around 1.6
mol% MgCl,. Large uncertainties still remain on
subliquidus equilibria but it is clear that extensive solid
solutions arc present.

Calorimetric measurements are found for the liquid
phase!™! (Figure 1). together with activity measurements
obtained by an emf technique for LiCI'*'* and MgCLE™
(Figure 4). The optimized Gibbs cnergy of reaction [1] for
the Li-CI-Mg pair is :

AZ i = —HAT1+0.2356T +(8274.0 - 1.3821T )x

+(2079.9-2.6524T )¢ s
Jimol  [17}

(where y , =X, and yur = Xy, in the LiCl-MgCl;
binary system).

MgCl. dissolves in solid LiCl with formation of
cationic vacancies. For very dilute solutions, the Mg™" fons
and vacancies are distributed independently on the lattice
sites, giving nise to a large entropy term and stabilizing the
solid solution relative to the liquid. This could account for
the reported™®! maximum in the liquidus near 1.6% MgCls.
However, at slightly higher MgCl, concentrations there will
be a strong electrostatic tendency for the My~ ions and
vacancies to associate and enter solution as a single species.
The entropy then becomes equivalent to a simple Bragg-
Williams random mixing entropy. For the LiCl-rich solid
solution therefore, the following optimized expression was
used :

€ = X pa8iss + X e, @05, +5564.7~4.18407)
+ RT(‘YDCI X o + Xy, IN Vg, ) Jfmol

~1255. X UC"“.‘I‘C'I:
Xpa + ZXMIC,:

(L8]

The thermodynamic properties of the MgCi.-rich solid
solution have been represented by a Henrian solution model
which, similarly to the model for LiCl-rich solutions,
assumes association of the anionic vacancies with the Li~
cations :

g = Xugern 8, + X lers, +12552.0 - 4.18407) el
e = mo
+ RT(X e, 10 X yeer, + X pr I X )

[19]

Both models can be integrated into the compound-
energy formalism!'® as described in Section VIIL Figures 1
to 4 show the calculated and experimental phase diagram
and thermodynamic properues.



B. The NaCl-MgCl- System

The phase diagram has been measured by thermai
analysis, DTA and XRDU®*! (Figure 5). Reported
compounds are NaCl, MgCl;. NaMgCl,, Na,MgCl; and
NaMg:Cls. The existence of the NaMg:Cls compound is
rejected by some authorst™ 2! | and it is not considered in
the present calculation. No solid solubility is reported, and
the limiting slopes of the NaCl and MgCl. liquidus curves
respect Eq.[20] shich assumes no solid solubility :

bquidus Ah°
lim| Lo | _ D fener [20]
fo-\  dT RT} e

where Ahy,, and Tho,. are the enthalpy and temperature
of melting of the pure salt.

Calorimetric investigations are available for both
liquid™****! and solid phases'™! (Figures 1. 6 and 7).
Activities in the liquid have been measured by an emf
technique for NaC1'"**¥! and for MgCL,=™®! (Figure 8).
Seifert and Thiel™! measured, by solution calorimetry, the
enthalpies of reactions [21] and {22] :

NaCl,, + MgCly,, = NaMgCly,, [21]
2NaCl, + MgCly,, = Na,MgCl,, [22]

The value cbtained at 298.15K for Eq.[21] is -0.4
(#0.6) kJ/mol and for Eq.{22] it is 0.42 (£0.5) kJ/mol. The
optimized values are —0.400 and 0.420 kJ/mol respectively.
The heat capacities of NaMgCl;(s) and of Na,MgCli(s) are
obtained from fiuing data of Deniclou et /! and the
functions are shown in Table [. The optimized Gibbs
energy of reaction {1] for the Na-Cl-Mg pairis :

ol
[23]

AZ yrgrcr = —10395.8 +660.5x 5 — 46415 Y s

Figures 1, 2 and 5 to 8 show the calculated phase
diagram and thermodynamic properties. Agreement with all
the data is good except for the eutectic temperature (Figure
5). The calculated eutectic is at 459°C while experimental
results lie between 430°C' and 450°CU'®'! The cutectic

temperature can be reproduced by adjusting 3, and S,
of the solids, but then the results of Seifert and Thiel®!

cannot be reproduced, and furthermore the solids are then
calculated to decompose in eutectoid reactions above 25°C.

C. The KCI-MgCl, System

This system was optimized previously by Pelton et
alP' ysing the present model!'! for the liquid phase with 3
parameters. In order to fit the data more precisely, a
reoptimization is performed in the present work.

The phase diagram has been mecasured by thermal
analysis, DTA and XRD!'$!#23323) (giyre 9) " Reported
intermediate compounds are K;MgCl,, KMgCl,, K;Mg,Cl,
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and KsMgCl;, The existence of KMgCls has been
rejected™. No solid solubility is reported. and the limiting
slopes of the KCl and MgCl: tiquidus curves agree with
Eq.[20].

Calorimetric studies are available’"'**! (Figures [ and
10). Activities in the liquid have also been measured by
emf techniques for KCI'*"I(Figure 11a) and MgCl; B2
(Figures 1la & 11b). Seifert and Thiel'™ measured the
cnthalpy at 298.15K of reactions [24-26] by solution
calorimetry :

KCl,, +MgCly,, = KMgCly,, [24]
2KCL,,, +MgCly,, = K.MgCl,,, (25
3KCI,,, +2MgCly,, = K,Mg.Cl-,, [26}

KMgCly,, + K MgCl,,, = K Mg, Cl,

) {27}

They obtained —~3.5 (0.4) kl/mol for Eq.[24], -7.75
(#0.4) kJ/mol for E%{ZSI and ~15.9 (20.8) kJ/mol for
Eq.[26]. Seifert er atP® measured the enthalpy of Eq.[24]
by calonimetry as -9.9 kl/mol and by an emf technique as
-8.7 kItmol. Holm!"®! calculated the enthalpy of Eq.[24] as
-15.48 kd/mol and of Eq.[25] as -35.56 kJ/imol from the
enthalpy of mixing of the liquid"'! and the enthalpies of
fusion*"*** The optimized value of the enthalpy of
rcaction [24) at 298K is -9.918 kj/mol. The optimized
value for reaction [25] is -21.39 kJ/mol. Seifert and
Thiel™' used their measurements for Eqs.[24] and [25] to
evaluate the enthalpy change of Eq.[27] as -2.65 kJ/mol,
The optimized value for Eq.[26] is -9.9(8 kJ/mol and for
Eq.[27] is -2.65 kJ/mol. Hattori et a/f**! measured, by
endothermic peaks of DSC. the enthalpy of fusion of
KMgCl; at 481°C as 33.05 ki/mol and of K:MgCL at
415°C as 37.24 kJ/mol. The respective calculated vajues at
the same temperature are 40.45 kJ/mol and 48.13 kJ/mol.
As secen in Figure 1O, these agree well with the Ar-flog
data. The optimized Gibbs energy of reaction [1] for the K-
Cl-Mg pair is :

O e = ~19223.0 ~5.9468T +0.8491T InT

+(3324.3-1.0130T )y, ~3158.01 e —948L.7 1 s
Ifmol (28]

Figures [, 2 and 9 to il show the calculated phase
diagram and thermodynamic properties.

D. The R6CI-MgCl, System

The liquidus (Figure 12) has been measured by thermal
anatysis and DTA!®***  Reported stable intermediate
compounds are RbaMgCl; and RbMgCl;. No solid
solubility is reported, and the limiting slopes of the RbCl
and MgCl; liquidus curves agree with Eq.[20].

Calorimetric measurements were made for the
liquid™'**! and solid phases™® (Figures ! and 13). The
activity of RbCl has been measured by an emf leciuu'quem'
(Figure 14). Enthalpies of formation of Rb,MgCl; and



RbMgCl; from salid RbCl and MgCl. at 298.15K have
been measured by solution calorimetry ! and (for
RbMgCl,) by an emf technique!™! and have been calculated
by HolmP” from the enthalpies of formation and fusion.
The values obtained are -280 (0.9, and -2845
kf/mel®! for Rb;MgCl,, and -23.15 (20.4)7}, -27.15% and
-51.463P%! ki/mol for RbMgCl;. The optimized values are
-31.15 and -33.00 kJ/mol for Rb:MgCl: and RbMgCl;
respectively.  Seifert and Thicil™®! measured the Gibbs
energy of formation of RbMgCl; by an emf technique,
obtaining -31.3 and -31.9 kJ/mol at 700K and 800K
respectively. The corresponding optimized values are
-32.71 and -33.32 kJ/mol. The optimized Gibbs energy of
reaction [1] for the Rb-Ci-Mg pair is :

AZ purgicr = —22369.8 +0.4469T +4863.0¢ 4

R . J/mol [29]
=3120075, —6667.0x 45 —117810x 2,

Figures 1, 2 and (2 to 14 show the calculated phase
diagram and thermedynamic properties.

E. The CsCl-MgCl, System

The liquidus has been measured by DTAP*! (Figure
15). Reported intermiediate congruent compounds are
Cs;MgCls. Cs,MgCL, and CsMgCl;. while CsMg;Cl- is
reported to melt incongruently. However the stoichiometry
of this last compound is uncertain. No solid solubility is
reported and the limiting slopes of the CsCl and MgCl.
liquidus curves agree reasonably well with Eq.[20].

Calorimetric measurements are available!''*® (Figures
L and 16). Activilies in the liquid were measured by emf
techniques for CsCIF™} (Figure 17) and for MgCLP
(Figure 18). The enthalpy of formation from solid CsCt and
MgCl; of Cs;MgCls. Cs:MgCL and CsMgCl; at 298. 15K
were measured by solution calorimetry!™>L  The values
obtained are respectively: —19.06 (£0.4) kJ/mol, -21.28
(#0.4) klfmol and -29.46 (:0.4) ki/mol. Holm! also
calculated the enthalpy of formation of Cs.MgCl. and
CsMgCl; from the enthalpy of mixing of the liquid”'! and
the enthalpy of fusion™ ™"l His values are -50.208
(+4.184) k¥/mol for Cs,MgCl, and —41.84 (#4.184) kJ/mol
for CsMgCls. The calculated optimized values are 6.05
kJ/mol for CssMgCls, ~43.4756 kJ/mol for Cs-MgCl, and
~41.765 kJ/mol for CsMgCl;. The optimized Gibbs energy
of reaction {1] for the Cs-CI-Mg pair is :

B8 cagprcr = —24130.0 +0.59967 + (1404.2 +0.1 1297')1&
—268220y ., +43985.0 5, —428050 3,
J/mol  {30]

Figures 1, 2 and 15-18 show the calculated phase
diagram and thermodynamic properties.
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F. The LiCl-NaCl-MgCl, System

There is no reported experimental liquidus projection.
The activity of MgCl; has been measured by an emf
technique™ for two different LiCl / (LiCt + NaCl) molar
ratios (Figure 19). No ternary excess parameters were
required to fit the activity data™! (i.e. the activities in
Figure 19 are calculated solely from the binary parameters).
Li" may be soluble in both NaMgCl; and Na:MgCL;, but
experimental data are not available.

G. The LiCI-KCl-MgCl, System

The liquidus projection has been measured™' by
thermal analysis (Figure 20). The KMgClI5-LiCl join has
been measured by conductivity techniques™®! (Figure 22)
showing evidence of Li" solubility in KMgCl; and
K;MgCL:. One termary (reportedly incongruent) compound
LiKMgCls was found with a peritectic temperature of
410°C. The activity of MgCl; in the liquid has been
measured by emf techniquest*™! (Figures 23 and 24).

In order to reproduce the measured activity of
MgCl1,"%! the following ternary parameters must be added
to the respective binary pair energies of formation :

Eramarya =—6276.0 J/mol [31]
&lweyr = —7113.0 J/nol [32]
Ersrenyra = —6276.0 J/mol [33]
Civgiracr ==7113.0 J/mol {34]

Li" is soluble in both KMgCl; and K;MgCl,.
Hypothetical (metastable) LiMgCl; and Li-MgCl, are
assumed to mix with KMgCly and K,MgClL, respectively,
with a regular excess Gibbs energy in both cases. The
entropies of mixing are given by assuming that Li" and K~
ions mix randomly on one sublattice, while Mg™™ and Cl’
occupy other sublattices. Positive Gibbs energies of
formation must be assigned to both hypothetical Li
compounds because they are unstable in the LiCI-MgCl,
binary system, but since a large solubility is needed to
reproduce the ternary data, only small positive enthalpies of
formation (Eq.[36] and Eq.[38)) are arbitrarly defined, with
large negative regular mixing terms (Eqs.{35] and [37]).

g% = =23430.0.X 1y e X pugecy, Jmol of (LI, K)MgCly [35]

8rier, = 8l *+ Ehiger, + 2100 J/mol (36}

g =-25104.0X,, wigct, X ke otacs, /0L of (Li, K)MgCl,
[37]
gz;:;’,’ cr = 281t + Biincr, ++200 J/mol [38]

The calculated liquidus projection is shown in Figure
21. The optimized thermodynamic properties of the ternary
compound LiKMgCl, are shown in Table [. Calculations



suggest that the compound melts congruently, but is very
close to melting incongruendy.

H. The NaCI-KCl-MgCl, System

The liquidus projection has been measured by thermal
analysis” (Figure 25). The KMgCl;-NaCl phase diagram
has been measured by conductivity (echniques”” (Figure
27) and evidence of solid solubility between Na,MgCl,-
K:MgCL, and NaMgCl;-KMgCl; is reported along with a
ternary incongruent compound NaKMgCL; associated with
a peritectic at 398°C. No evidence of solid solution of Na"
in K;Mg-Cl: is reported. The activity of MgCl,; in the
liquid has been measured by em( techniqu =2 (Fi
28 to 30). In order to reproduce the activity datal®-3 small
ternary excess parameters must be added to the respective
binary pair energies of formation :

megiirrer =—1255.2 J/mol {391
8 inigiicy = —2510.4 J/mol [40]
gt = —3837.6 /ol 1]
s = 31840 J/mol 2]

NaMgCl; and KMgCl; are miscible to an unknown
extent, as are Na:MgCl, and K.MgCl,. Na' is assumed to
be tnsoluble in K;Mg-Cl:. A regular solution model is used
for both the (Na K)MgCl; (Eq.[43]) and (Na,K),MgCl,
(Eq.f44]) solid solutions as described in Section V-G. No
NaKMgClL, compound™! was considered in the evaluation.
However. note that the (Na.K):MgCl, solid solution
appears as a line in Figure 27.

2% =6903.6X yyer, Vingee, J/mol of (N2, K)MgCly  [43]

'y J/mol of (Na,K).MgCl,
(44

E - -
g ==3020.8X ¢y, Ve nrpe,

Figures 26 to 30 show the calculated phase diagram and
thermodynamic properties.

[. Other Alkali-Chloride MgCl; Ternary Systems

No experimental daia were found for the LiCI-RbCl-
MgCl,, LiCl-CsCt-MgCl,, NaCl-RbCI-MgCl:, NaCl-CsCl-
MgCl., KCI-RbCI-MgCl,, KCI-CsCl-MgCl. and RbCi-
CsCI-MgCl; systems. For calculational purposes one can
assume complete solid solubility among KMgCl;-
RbMgCl3-CsMgCl;.  An ideal solution is suggested. Very
limited solid solubility is expected for NaMgCly and
LiMgCl; pyp in (Rb,Cs)MgCl;. A similar treatment for
K:MgCL-Rb,MgCL:-Cs;MgCl, is suggested, with no
solubility of Na>MgCly and Li;MgCL ., in
(Rb,Cs):MgCl,.
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VL MIXTURES OF ALKALI CHLORIDES WITH
CaCI;

A. The LiCl-CaCl, System

The liquidus has been measured by DTA and thermai
analysis®®***! (Figure 31). An intermediate compound
LiCaCl; is reponcd[”"jﬂ with an upper decomposition
temperature of 441+£3°C (below the eutectic), and some
authors!®* have reported solubility of CaCls in LiCl and of
LiCl in CaCl, (up to 16 mol% in both cases). However, the
experimental liquidus points agree closely with Eq.[20].
Hence, very limited solid solubility is expected. The
enthalpy of mixing of the liquid has been measured
calorimetrically!®! (Figure 32). The activity of LiCl in the
liquid has been measured by an emf technique!"®! (Figure
33). The optimized Gibbs energy of reaction [!] for the Li-
Cl-Ca pairis :

AZpcarcs = 68242427 5 —29967 e Nmol  [45]

Figures 31 to 33 show the calculated phase diagram and
thermodynamic properties.

B. The NaCl-CaCl, System

The phase diagram has been measured by DTA. thermal
analysis and XRD"*'***%! (Figure 34). An intermediate
incongruent compound Na;CaCls was reported by some
authors”™®®! while the other authiors reported a large
solubility of CaCl- in solid NaCl (up to 20 mol%) which is
in agreement with the limiting slope of the liquidus
(Eq.[20]). The enthalpy of mixing of the liquid has been
measured by calorimetry®”**! (Figure 32). The activity of
NaCl in the liquid has been measured by emf
techniques''*¥"! (Figure 35). The optimized Gibbs energy
of reaction {1} for the Na-Cl-Ca pairis :

A o = —4710.2+0.78057 +(-1347.8 +0.5726T )y

+(~1580.0+0.14737T )y s
Jimol  [46]

The NaCl soliq solution is modelled as a mixture of Na™
and associated Ca~"-vacancy pairs. This is the same as the
model used for solutions of MgCl, in solid LiCl in Section
V-A.

€= X855 + X o, (@25, +33676.0 —30.09827)
+RT(X oy 10 X oy + X, 10 X e, )
Jmol  [47]

Figures 32, 34 and 35 show the calculated phase
diagram and thermodynamic properties.



C. The KCl-CaCl, System

The phase diagram has been measured by DTA!'870-73!
(Figure 36). All authors reported the KCaCl; congruent
compound. Possible solid solubility is reported™ but the
liquidus points agree well with Eq.[20], so only very
limited soiid solubility is expected.

The enthalpy of mixing of the liquid has been
measured by calorimelryu"sgl (Figure 52). The activity of
KClI in the h'(kuid has been measured by emf
techniques!*>*=77+75! (Figure 37). Seifert et al/"* used an
emf technique to measure the Gibbs energy of formation of
KCaCl; from solid KCI and CaCl, between 700K and
800K, obtaining —19.19 kJ/mol at 700K and —20.16 kJ/mol
at 800K. Corresponding optimized values are —19.00 and
-20.34 kf/mol. Scifert et al.”® also measured the enthalpy
of formation of KCaCl; from KCI(s) and CaClxs) by
solution calorimetry as —15.2+0.6 kJ/mol. The optimized
value is -15.2 ki/mol. Hattori er af'!' measured the
enthalpy of fusion of KCaCl;at 748°C as 69.45 kJ/mol; the
calculated value is 45.71 kJ/mol. The optimized value of
C, for the KCaCl; compound is 144.604 J/mol-K which is
very close to the sum of the heat capacities of KCI(s) and
CaCly(s) The optumized Gibbs energy of reaction [1] for
the K-Cl-Ca pair is :

Agrcarer = —12281.0 +3.9706T —8526 ,, —5930.6 1 e
J/mol  [48]

Figures 32, 36 and 37 show the calculated phase
diagram and thermodynamic properties.

D. The RbCI-CaCl, Systemt

The phase diagram has been measured by DTA!"767"]
(Figure 38). All authors reported one congruently melting
compound, RbCaCl;, but there is strong disagrecment on its
temperature of fusion (855°CU¢! 840°C"! and 930°CUh.
No solid solubility is reported and the limiting liquidus
slopes agree with Eq.[20].

The enthalpy of mixing of the liquid has been measured
by t:llorimeuy?‘" (Figure 32). The activity of RbCl in the
liquid has been measured by emf techniques™™™! (Figure
39). Seifert and Thiel""?! measured the Gibbs energy of
formation of RbCaCl; from solid RbCl and CaCl; by an
emf technique at 700K and 800K as -29.68 and -30.62
ki/mol respectively. Optimized values are —29.37 and —
30.29 kJ/mol. Seifert and Thiel™ also measured, by
solution calorimetry, the enthalpy of formation of RbCaCl;
from solid RbCI and CaCl; as —24.2 kl/mol. The optimized
value is -24.85 kJ/mol. The C, of RbCaCl; was optimized
as 135 J/mol-K which is close to the sum of the heat
capacities of RbClI(s) and CaCly(s). The liquidus points and
temperature of fusion of RbCaCl; of Shakhno and
Plyushchev!™ and Gromakovt””! were favared over those of
Dergunov and Bergman'”'! because most terary liquidus
projections agree with the former, and because other
authors®7 report enthalpy and activity measurements in
single-phase liquid solutions at compositions and
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temperatures where Dergunov and Bergman®™! report a 2-
phase region. Also, for the CsCI-CaCl: system. the same
authors disagree on the melting point of CsCaCls, but a
third author supports the measurements of Shakhno and
Plyushchev!™ over those of Dergunov and Bergman!™! (see
next section). The optimized Gibbs energy of reaction [1]
for the Rb-ClI-Ca pairis :

B pacarcs = —11668.0+0.9375T +(—4179.0 +4.53427 )1,

+(~12662.0 +7.2799T ) 1z
Jmot  [49]

The calculated activities of RbCl (Figure 39) are much
lower than the experimental data™ for mole fractions of
CaCl, higher than 0.4. However, the experimental activity
data™ are closer to those in the NaCl-CaCl, systems
(Figure 35) at the same composition. whereas one would
expect that they would be even lower than in the KCI-CaCl,
system (following the same trend as the alkali chloride
activities when mixed with MgCl,). That is, the
experimental activity datal™! are most likely too high.
Figures 32, 38 and 39 show the calculated phase diagram
and thermodyvnamic properties.

E. The CsCIl-CaCl, System

The phase diagram has been measured by DTAF!-7%78!
(Figure 40). Only one congruendy melting cotmpound is
reported. No solid solubility was reported. There is a
disagreement on the temperature of fusion of CsCaCl; :
910°CP | 908°C!™ and 930°C'™!. The enthalpy of mixing
of the liquid has been measured by calorimetry’! (Figure
32). No activity data are reported. Liquidus data of
Dergunov and Bergman'™! are rejected for reasons similar
to those evoked for the RbC1-CaCl, system. The optimized
Gibbs energy of reaction [1] for the Cs-Cl-Ca pair is:

= —15595.0 ~3.6829T + 16100y 4, — 87440y .,
Fmol  [50]

A8ecnian

Figures 32 and 40 show the calculated phase diagram
and thermodynamic properties.

F. The LiCI-NaCl-CaCl, System

The liquidus projection has been reported!™*! (Figure
417 Since CaCl, is soluble in NaCl and since LiCl and
NaCl form an extended solid solution., CaCl; must be
soluble in the binary LiCl-NaCl solid solution in the NaCl-
rich comer; that is. ternary LiCI-NaCl-CaCl; solid solution
must be present. Unfortunately, no experimental data are
available. The following expression was used for the Gibbs
energy of the solid phase. Parameters in Eq.[51] for the
NaCl-CaCl; binary solution are taken from Eq.[47], while
the parameters 9800.0 and —5200.0 are the optimized
parameters for the LiCI-NaCl solid solution reported
previously®!.  The final term in Eq.[51] assures virtual
immiscibility between solid LiCl and CaCl; while allowing



some limited temary solubility in NaCl-rich solutions. The
dashed line on Figure 42 gives the calculated maximum
extent of termary solid solution in equilibrium with the
ternary liquid alorg the univariant line.

=X a8l + X malim

+X e, (25, +33676.0 -30.09827)

+RT(X g 0 X g + X ey N X oy + K e, 10 Xy, )

o 9800.0X o X e
(XL,,_-, +X ot +2XC_,C,:)

5200.0X por X ey X v
- (Xw +X et + ZXc.act_,)(X wer ¥ X vecr J
2X X e, (l X vt / (X ver ¥ X veer +2‘VC¢C!: ))

(Xuc: + X yact +2X o, )
Jmol  [51}

+100000

A small excess temary term was introduced for the
liquid phase :

Evacarrar = $184.0 J/mol (52]

G. The LiCI-KCl-CaCl: System

The liquidus projection has been measured!™*' (Figure
43U%h Both studies reported two ternary eutectics at
425°CT% or 412°Ct"! and at 340°CP™ or 332°C''l. The
saddle point between LiCl and KCaCl; was reported at 52
mol% KCaCl; and 48 mol% Li;Cl; at 442°C™*1. No ternary
solid solubility was reported. A small ternary excess
parameter was included :

g?éc{b)/c] = —$184.0 J/mol [53I

The calculated liquidus projection is shown on Figure
44. The saddle point is calculated at 52.7% KCaCl; and
47.3 LiyCl; at 445°C. No solubility of Li" in KCaCl; is
assumed. From comparison of calculated and experimental
liquidus projections, this assumption seems justified.

H. The NaCI-KCI-CaCl; System

The liquidus projection has been measured 5!
(Figure 45"°).  The temary eutectic was reported at
504°Ct? and at 465°C*™). The univariant line between
KCaCl; and the (K,Na)Cl solid solution is reported by all
authors to have a minimum (532°C1'?! 515°C®? and
<540°C*®)y and a maximum (saddle point) (558°C'"®! and
<560°C!®®). No termary solid solubility is reported. The
enthalpy of mixing of the ternary liquid has been measured
by calorimetry'®! (see Table III).

Since CaCls is soluble in NaCl and since KCl and NaCl
form an extended solid solution, CaCl, must be soluble in
the binary KCI-NaCl solid solution in the NaCl-rich corner.
The Gibbs energy expression for the solid phase in Eq.[54]
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is very similar to Eq.[51]). Binary parameters in Eq.[54]
were taken from Eq.[47] for the NaCl-CaCl, solid solution
and from Robelin'"! for the NaCI-KCl solid solution. The
dashed line on Figure 46 gives the calculated maximum
extent of ternary solid solution in equilibrium with the
ternary liquid along the univariant line.

g=Xyag ;gr +X v 8 :rasc:
+ X o (025, +33676.0-30.09827)
# RT(X oy 10 X g + X oy 0 X sy + X, 1 Xy )
. X e X vacr
—(‘_‘:’:{CI + X vear ¥ 2X oy )
3278.0X oy X v [ "X ot )
(‘YKCI +X vor +2X o, ) Nea + Xy
2X e X o, (l — X et/ (Xl:cz + X o ¥2X cocry ))
(XKCI + X v ¥ 2X o, I
Ymol  [54]

+ 100000

The calculated liquidus projection is shown in Figure
46. The calculated enthalpy of mixing of the liquid is given
in Table [[I. No ternary excess paramelters for the liquid
phase were required. No solid solubility of Na” in KCaCl,
was assumed.

[. The LiCl-RbCI-CaCl, System

The liquidus projection has been measured™! (Figure
47). No solid solubility was reported. A small liquid
ternary paremeter was found necessary to reproduce the
liquidus surface of this system :

Zhstainanec = —H84.0 J/mol (551

The calculated liquidus surface is shown in Figure 48.
No ternary solid solubility of Li" in RbCaCl; was assumed,
and the temary liquidus data are well reproduced with this
asswmption. Sangster and Pelton’, from whom the
optimization of the LiCI-RbCl subsystem was taken,
included the LiRbCl. incongruent solid ghase which is not
present on the diagram of [I'yasov et @™, For this reason,
the calculated eutectic temperature of 305°C is different
from the reported value of 270°CY). If LiRbCl: is not
included in the equilibrium calculation (this is the same as
considering this phase metastable), the calculated eutectic is
then at 280°C.

J. The NaCIl-RbCI-CaCl; System

Pluyshchev et al!®! measured the liquidus surface
(Figure 49). They reported two temary eutectics at 500°C
and 505°C, and a saddle point near 599°C. No solid
solubility was reported. A small liquid temary parameter
was required :

{14333.0+32.7960T —5.59807 [nT)



Ehitanaycs =~2092.0  J/mol [56]

The calculated liquidus surface is shown in Figure 50.
No ternary solid solubility of Na* in RbCaCl; was assumed.

K. The KCI-RbCI-CaCl, System

The liquidus projection has been measured!™! (Figure
51). Complete solid solution between KCaCl; and RbCaCl;
was reported.  The calculated liquidus projection is shown
mn Figure 52. No liquid temary excess parameters were
added for calculation. A simple regular solution model was
used for the KCaCl;-RbCaCl; solid solution :

g% =4184.0X s, Xpeuy, J/mol 57

L. The LiCI-CsCl-CaCl, System

No experimental data were found for the LiCI-CsCl-
CaCl; system. No ternary liquid interaction parameter was
added to the liquid model. It is suggested for calculational
purposes that Li” be assumed insoluble in CsCaCls.

M. The NaCI-CsCl-CaCl, System

Plyushchev er al!®! measured the liquidus surface
(Figure 53). No solid solubility of Na* in CsCaCl; was
reported and none was assumed for calculations. No
ternary excess parameters for the liquid phase were added.
The calculated liquidus surface is shown in Figure 54.

N. The KCI!-CsCl-CaCl, System

Plyushchev er af.l™! measured the liquidus surface
(Figure 55), reporting a complste solid solution between
KCaCl; and CsCaCl;. No ternary excess parameters for the
liquid phase were required. A regular solution model was
used for the KCaCl;-CsCaCl; solid solution :

gF =5020.8X yecy, Xeorer, Jmol [38]

The calculated liquidus projection is shown in Figure 56.
O. The RbCI-CsCl-CaCl, System

Dergunov and Bergman!”'! measured the liquidus surface
(Figure 57), reporting a complete solid solution between
RbCaCl; and CsCaCls. Their reported melting
temperatures of both RbCaCl; and CsCaCl; are much
higher than the melting temperatures found with the present
binary optimizations (see Sections VI-D & E). For this
reason, the calculated phase dia%mm (Figure 58) is in
disagreement with the reported!”! liquidus projection.
Since complete solid solubility between RbCaCl; and
CsCaCl; is reported by these authors, it was assumed for
calculational purposes that the solids mix ideally. No
ternary excess parameters for the liquid phase were used.
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VII. MIXTURES OF ALKALI CHLORIDES WITH
l\/IgClz AND CaClz

A. The MgCl-CaCl, System

The phase diagram was measured by DTAISS#!
(Figure 59). The maximum solubility of MgCl- in solid
CaCl, is reported to be less than [8 mol% MgCl.
Karakaya and Thompson®! measured, by an emf technique,
the activity of MgCl; in the melt (Figure 60). Figure 61
shows the enthalpy of mixing of the liquid obtained from
the smoothed temperature dependence of the emf"!. The
optimized Gibbs energy of reaction [1] for the Mg-Cl-Ca
pairs is :

B8 secarr = 4376 —=0.517IT +(1467.6 ~0.1921T ) x, ...,

+(=730.2 +1.6255T Jx e,
J/imol  {59]

The optimized Gibbs energy of the solid solution of
MgCl; in CaCl; is given by Eq.[60].

g= -Y(—.,c;:gz-i;: + X precr, (g:r':a, +29550.2 - 18.426 lT,)

FRT(X o, 10 X gy, + X ppeer, 10X ycr )
Jrmot  [60]

Figures 59 to 61 show the calculated phase diagram and
thermodynamic properties.

B. The NaCl-MgCl>-CaCl, System

No expertmental liquidus projection is reported for this
system. The activity of NaCl in the liquid has been
measured by an emf technique! for different MgCla /
(MgCl, + CaCly) molar ratios (Figure 62). Karakaya and
Thompson'®”! measured, by an technique emf, the activity
of MgCl; at 800°C at three different NaCl 7 (NaCl + CaCly)
ratios (Figure 63). No ternary parameters were required.
No solubility of Ca** was assumed in the NaMgCl; and
Na,MgCl; compounds. The calculated (predicted) liquidus
projection is shown in Figure 64.

C. The KCl-MgCl~CaCl, System

A liquidus projection is reported'®! (Figure 65). Zhu er
al®¥! measured, by an emf technique, the activity of MgCl,
in the liquid for various KCI/CaCl, molar ratios (Figure
67). No ternary excess parameters were used for the liquid
phase. In order to reproduce the measured®! KMgCl; and
KCaCl; liquidus curves, a solid solution is required
between these compounds. Since a univariant line is
reported crossing the KCaCl-KMgCl; join (Figure 65),
KCaCl; and KMgCl, can not be completely miscible. The
optimized excess Gibbs energy of the KMgChL-KCaCly
solid solution is given by a subregular model (Eq.[61]). No
solubility of Ca* in KoMgCly or K3Mg,Cl; was assumed.
The calculated liquidus projection is shown in Figure 66.



The calculated activitdes of MgCl; for KCVCaCl, molar
ratios of %z and 2 are shown in Figure 67.

€% = X pageer, X xcucr, (17573.0 =9205.0(X yuecr, ~ X rcucs,))
Jmol  [61]

D. Other Ternary Systems with MgCl; and CaCl;

No reported data were found for the LiCl-MgCl,-CaCl-,
RbCI-MgCl,-CaCl; and CsCi-MgCl,-CaCl; systems. One
can expect very limited Ca™ solubilities in Mg-perovskites,
while larger solubilities of Mg?* in Ca-perovskites should
be observed.

E. The NaCl-KCl-MgCl-CaCl; Quaternary System

The liquidus projection of the NaCl-KCI-MgCl,-CaCl,
system at a constant KCUNaCl weight ratioc of 8 was
reported'®*! (Figure 68). The calculated liquidus projection
at the same KCI/NaCl weight ratio is shown in Figure 69.
No addiﬁomlﬂgammeters for the liquid phase were used.

Wallevik™ obtained a cooling curve of a 36.6%
MgCl;, 22.7% CaCls, 39.2% NaCl and 1.5% KCI (by
weight) mixture, with thermal arrests at 434°C and 427°C
and final solidification at 404°C (with an error of £4°C).
DSCP! of the same mixture gave peaks at 431 to 436°C.
420 to 424°C and 404°C (with an error of #4°C). The
calculations predict thermal arrests at 433°C and 414°C
with final solidification at 406°C.

VIII. GENERAL MODEL FOR SOLID SOLUTIONS

The passible multicomponent solid solutions present in
this system are the (Li,Na,K ,Rb,Cs)(Mg,Ca)Cl; perovskite
solution, the (Li,Na,K).MgClL; sclid solution and the
(Li,Na.K Rb,Cs,[Ca])Ct solid solution. Excess mixing
parameters have been given in this article for many
subsystems. The compound energy modelt'®! is suitable for
estimating the Gibbs energy of the muiticomponent solid
solutions, but this model requires that the Gibbs energy of
all possible pure mixing components be defined, including
mctastable (or hypothetical) compounds such as LiMgCls,
NaCacCl,, etc. The hypothetical Gibbs energy of formation
of LiMgCl; and Li,;MgCL from solid pure salts are defined
in Egs.[36] and [38]. Furthermore, we arbitranly set:

8o, = 8L + 88, +20000  J/mol [62]
g;;:gc,l =g+ gz'fcr; +20000 J/mol (631

where the large positive value of +20 kJ/mol assures
negligible solubility with other perovskites. The excess
Gibbs energy of all binary subsystems must also be defined.
For subsystems where immiscibility is observed, a very
large positive regular excess Gibbs energy parameter (+100
kJ/mol) is proposed so that virtual imumiscibility is
calculated Li;MgCL;-Na,MgCL;,, LiMgCl;-NaMgCl,
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LiMgCl;-RbMgCl;,  LiMgCl,-CsMgCl;,  NaMgCls-
RbMgCl;,,  NaMgCl-CsMgCls.  LiMgCly-LiCaCl;.
NaMgCl;-NaCaCl;,  RbMgCl;-RbCaCl,,  CsMgCly-

CsCaCl;, LiCaCl3-NaCaCl;. LiCaClL-KCaCls;, LiCaCl;-
RbCaCl;, LiCaCl;-CsCaCl;. NaCaCl;-KCaCl;, NaCaCl,-
RbCaCl; and NaCaCl;-CsCaCls. The Gibbs energy of the
perovskite solid solution (Li.Na,K.Rb,Cs)(Mg,Ca)Cl; is
then given by the compound energy modei"”! as :

Cs

Ca
€= 2. 2 VulacLiawea,

Alk =Ls ARE=Mg

Cr Ca
+RT| Y yplny, + Z_vwin_vw)

Alk=Ls AKE =g [64'
Cr

Rb Ca
+ Z Z Z Vs Y e ¥ e @lan an-Lursct,
Al =Lt AL S +1 ALE =My

cs
+ Z Y YugVca® (v cafcr,
Alk=Ls

where y;, is the sublattice ionic site fraction and all @ terms
are binary regular or subregular parameters either optimized
or fixed (+100 kJ/mol) for the binary subsystems. The
Gibbs energy of the (Li.Na.K),MgCl, solid solution is
similarly given by :

LS K
0.5
g= Z—Vﬂgm:.u,a. +RT[2 Z_V,u lny,u]

Ak=Lr o

[65]

I
+ Z Z, witie ¥ ik @ ie_ankey, ey
!

:
:
:

IX. CONCLUSIONS

A compiete critical evaluation and optimization of all
available phase diagram and thermodyunamic data for all
phases of the LiCI-NaCl-KCI-RbCI-CsCl-MgCl.-CaCl:
system has been made. All data are reproduced within
experimental error limits. The new modified quasichemical
model!" ! was used for the liquid phase, while the compound
energy modelt'*! was used for the
(Li,Na,K,Rb,Cs)(Mg,Ca)Cl; perovskite phase and the
(Li,Na,K),MgCL: and (Li,Na,KRb.Cs.[Ca])Cl solid
solutions. From the optimized parameters of the binary and
ternary subsystems it is possible, from the quasichemical
model, to predict the thermodynamic propertics of the
multicomponent liquid solution. The database of optimized
parameters is included in the F*A*C*T!”! database
computing system and may be used. along with the other
databases and Gibbs energy minimization software, 10
calculate phase equilibria and all thermodynamic properties
in multicomponent systems.

The modified quasichemical meodel for short-range
ordering in the pair approximation has been shown to be
very applicable to molten salt systems involving cation-
cation ordering. The present calculations also tllustrate the
feasibility of combining, in the same multicomponent



database, parameters of the quasichemical model for some
subsystems with parameters of a simple polynomial (Bragg-
Williams) model for other subsystems.

List of Symbols
R gas constant (8.3 1451 J/mol-K).
T absolute temperature (K).
X, global mole fraction of cation 7.
X global mole fraction of component ACL.
¥ sublattice mole fraction of species i in
Compound Encrgy Formalism.
g molar Gibbs energy (J/mol).
g5 standard molar Gibbs energy of component ACl
(S = solid, L = liquid).
g5 excess molar Gibbs energy in a random-mixing
model.
g%y A temary interaction parameter which gives the
effect of CClon Ag 45, -
H 7oq standard molar enthalpy at 298.15K (J/mol-K)
Sioe standard molar entropy at 298.15K (J/mol-K)
C, molar heat capacity (J/mol-K)
Ag,.c Gibbs energy of the pair-exchange reaction
(~Cl=i)pe, +(G=Cl= )., =2G-C1 - ).,
X, cation-cation pair (/-Cl-/) mole fraction.
Z, cation-cation pair coordination number of
species i.
Cs Cs
=Ly =2
Ca Ca
Zane Xuwe = z ZJYU'
=AM =i
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Table I : Thermodyaamic Properties of Compounds

T Range H g 1si - Simis - Ref.
K J/mol J/mol-K J/mol-K
LiCl S | 29815-2000 1082664 59.2998 41.417440.0233969T 91
L | 298.15-2000 -395776.3 66.2774 73.3832-0.0094726T 91
NaCl S | 298.15-2000 4111198 72.1322 45.9403+0.0163176T 91
L | 298.15-1500 ~394956.0 76.0761 77.7638-0.0075312T 91
L 1500-2000 -390090_1 84.5055 66.9440 91
KCl S | 298.15-2500 1366841 82.5503 40.0158+0.0254680T+364845T 2 91
L | 298.15-2500 4218249 86.5225 73.5966 91
RbCl S | 298.15-2000 ~130533.6 91.6296 48.1160+0.0104182T 9]
L | 298.15-2000 4184982 98.2792 64.0152 91
CsCl « | 298.15-2000 4128336 1011817 45.8566+0.0220957T 9]
g8 | 298.15-2000 41412673 101.2143 59.7308+0.0049371T 91
L | 298.15-2000 ~134462.0 101.7186 77.4040 91
MgCl, S | 298.15-2000 6416160 89.6290 54.584340.0214213T-1112119T 2 92
—0.23567x10°T% +399.177T°%3
L 298.15-660 -601680.1 129.2359 193.4089-0.3620139T-3788504T> 92
+0.0003 199871T2
L 660-2500 6068874 117.2971 92.0480 92
CaCl, S | 298.15-1045 -795797.0 104.6020 -338.8218+0.1092566T+7960391 T | 92
-179502.0T"+15395 460T°°
S 1045-2000 -793513.8 109 5584 56.3071+0.02936 1 4T+140210T > 92
L 298.13-700 ~774100.6 123.8678 81.4793+0.0025417T-2789_IT " 92
L 700-3000 -784431.8 101.5499 102.5330 92
LiRbCl- S 298.15-598 -S41164.5 143.5742 137.3984-0.0094726T 5
LiCs-Cl, S 298.15-656 -1329691.4 199.0689 228.1912-0.0094726T 5
NaMgCl; | S | 298.15-1000 -1053135.8 169.9454 90.0000+0.0750000T *
Na:MgCl, | S | 298.15-773.15 | -1463435.7 243.9958 135.0000+0_1125000T *
KMeCly S 298.15-765 -1088217.8 133.2010 138.9000 *
K.MgCL S 298.15-715 -1536374.0 253.2299 208.0700 *
KMe.Cl: | S 298.15-800 26272418 1434.5500 C(KMgCly) + C(K.MgCLy) =
KCaCl; S | 298.15-1100 -1247681.4 183.0694 141.6037 *
RbMgCl; | S | 298.15-873.15 | -1103299.6 180.8402 137.5000 *
Rb-MgCl, | S | 298.15-873.15 | -1555683.2 250.6546 60.0000+0.3390000T *
RbCaCly S | 298.15-1200 -1251181.0 200.7054 135.0000 *
CsMgCl, S 298.15-900 -1126215.9 189.2363 144.4600 *
Cs;MgCL, | S 298.15-900 -1570760.7 295.3761 230.0000 *
Cs;MgCls | S | 298.15-873.15 | -1964069.8 4793527 3C,(CsCla) + C,(MgCly) *
CsMg;Cl: | S | 298.15-1000 -2412150.0 SSuncr Co(CsMgCly) + 2C, (MgCly) *
“+ ZS‘;’,KC,:
CsCaCl, S | 298.15-1200 -1288298.9 196.2057 140.0000 *
LiKMgCL; | S 298.15-800 -1530802.7 208.7937 CLiCY+C,(KCI) + C, (MgClL2) *
f.This work.

Relative to clements at 298. 15K.




Table IL Cation-cation “Coordination Numbers” of the Liquid.

i J Z, Z;
Li Li 6 6
Na Na 6 6
K K 6 6
Rb Rb 6 6
Cs Cs 6 6
Mg Mg 6 6
Ca Ca 6 6
Li Na 6 6
Li K 6 6
Li Rb 6 6
Li Cs 6 6
Li Mg 3 5
Li Ca 3 6
Na K 6 6
Na Rb 6 6
Na Cs 6 6
Na Mg 3 6
Na Ca 4 6
K Rb 6 6
K Cs 6 6
K Mg 3 6
K Ca 3 6
Rb Cs 6 6
Rb Mg 3 6
Rb Ca 3 6
Cs Mg 3 6
Cs Ca 3 6
My Ca 6 6

Table [II : Experimental'®! and Caiculated Enthalpy of Mixing of NaCI-KCI-CaCl. Melts at §10°C.

Composition

Enthalpy of mixing

Composition

Enthalpy of mixing

(mole fraction) (kJ/mol) (mole fraction) (kJ/mol)
NaCl | KCI [ CaCl, | Exp.” Calc. NaCl | KCl | CaCl; | Exp.™" Calc.
0.200 | 0.200 | 0.600 -6.00 -5.836 | 0.144 | 0.428 | 0.428 791 7.922
0.200 | 0.200 | 0.600 -5.96 -5.836 | 0.077 | 0.692 | 0.231 6.56 -6.980
0428 | 0.144 | 0.428 -5.16 35.189 | 0077 | 0.692 | 0231 -6.23 -6.980
0.692 | 0077 | 0.231 3.57 -3.549 | 0431 | 0.138 | 0.431 5.32 5147
0.141 | 0428 | 0.428 8.01 7915 | 0429 | 0.142 | 0.429 -5.52 55,179
0.154 | 0.423 | 0423 ~7.99 -7.827 | 0.336 | 0.329 | 0.336 6.29 6.266
0.332 | 0334 | 0.334 6.49 6291 | 0336 | 0.329 | 0.336 6.37 -6.266
0.500 | 0.250 | 0.250 136 4827 | 0.275 | 0450 | 0.275 6.32 £6.426
0.502 | 0.249 | 0.249 493 —4.809 | 0275 | 0450 | 0.275 6.23 6426
0.601 | 0.200 | 0.200 4.06 3913 | 0.273 | 0.454 | 0.273 6.67 6423
0.197 | 0.602 | 0.201 6.07 -5.896 | 0201 | 0.599 | 0.201 5.7 -5.876
0.199 | 0.601 | 0.200 6.03 5.878 | 0.201 | 0.599 | 0.201 -5.59 -5.876
0.201 | 0.599 | 0.200 -6.00 5.861 | 0.131 | 0.739 | 0.131 .46 —1.500
0.20L | 0.599 | 0.200 -6.04 -5.86L | 0.692 | 0.077 | 0.231 3.54 -3.546
0.427 | 0.430 | 0.143 431 -3.999 [ 0.692 | 0.077 | 0.231 -3.56 -3.546
0.428 | 0.429 | 0.143 431 3.991 | 0.599 | 0.201 | 0.200 4.10 3.924
0.231 | 0.078 | 0.691 .00 -3.980 | 0.599 | 0.201 | 0.200 .11 3.924
0.200 | 0.199 | 0.601 -5.56 -5822 | 0.428 | 0.429 | 0.143 ~1.00 -3.986
0.200 | 0.199 | 0.601 6.23 -5.822 | 0.428 | 0.428 | 0.143 -3.99 -3.988
0.200 | 0.199 | 0.601 6.06 5822 | 0.154 | 0.692 | 0.154 2.75 -2.859
0.200 | 0.199 | 0.601 591 -5.822_| 0.155 | 0.691 | 0.155 -2.70 -2.865
0.144 | 0428 | 0.428 7.36 7922 | 0.154 | 0.692 | 0.154 -2.36 22.859

3%
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750°C (liquid ref state).
850
oo 801° > Klemm®™" - Seifen™
e e Grictheim™ = Spcrenskayam'
750 * Q Menge' .
Tes v Matiasovsky™"" T34
[*) 700 < + Abramov'” ,-/:f/
< esa o = Schalich™ z o
g L "
z g -
8 - &
2 sse w Liqua .".:
3 475" T8, -
gy A BYTICPY 4 P .
ol r=} o> & »
450 o @ ﬁﬁr_‘. ;.nli : = s ce: &8 g’
00 E@ 459 g
350 ry =
300 _ |
1] 02 a4 06 o8 1

Mole fraction MgCl,
Fig. 5 - NaCI-MgCl, system: calculated phase diagram.

100 [
Markov et af*" = -
® X, =080 s -

OF . Xugq, = 0.49 g - T
= 2 Kga, = 0.43 :r’ (]
E 80} v X, =020 1
— >
E; 3
ERCT I . -
- £ o ’&//7
= < [ Y 963K (MaCl sat.)
. 60 £ _;/ N
= s aEs ol

A
s %
T32K (NamgCh, sat)
40
700 200 900 1000 1100 1200
Temperature (K)

Fig. 6 — NaCI-MgCl, system : calculated Ffr-FHgs rscat X prec, =
0.2,0.43, 0.49, 0.80 (points of Markov et al. ).



7Q
o908
60 Denielou et af™ &/ 036
O Xy =0.393 %"
50t & Xypq =0.400 i

&

8

(U - Hyppy ) Kmol

250 300 350 <00 450 500 550 600 650
Temperature ('C)

Fig. 7 - NaCl-MgCl, system : calculated Hr-H 273 rscat J AMgCly =
0.36, 0.393 and 0.40 (points of Denielou er al.l*).

1
v lkeuchi and Krehn™™ (750°C)
0s RN o Ikeuchi and Krohn®? (850°C)
o o8 5\_ o Egan etaf'? (825°C) ]
£ ]
=7 Y e
T os W O P
= ‘e \ 27
Z o5 & < A
g o K S et et o
= X3 e~ Neil et af™ (825°C) ~
= 9 °
Z o3}® 2:":3,1 (g{c)/\&_\ 4 Kamkaya.gt aF™ (725°C) o
- -7 ~ )
<92 ° /‘ < ) /‘6’_‘ Karakaya et 2" (825°C) =
- 27T
01p -~ s . .
ol __.i‘-""") \“u‘-&m e
0 62 04 06 o8 1

Mole fraction MgaCl,

Fig. 8 - NaCIl-MgCl: system : calculated activities in the liquid at
800°C (liquid ref. state).

800
77 ® tanov™
750 @ = Klemm et af*? R
. 2 C Grjotheim et al™ 7:4/‘
700 i N 2 Perry and Fletche™" yd-"
o~ O\ a M (104 P
Seso hd enge ~otf
g 8‘\ ~ Arndt and Kunze™" f
5 600 3\ = Abramov!" =2
s oa < Seifert and Thiel
= 550 \
= - Liquid g
£ w0 | Jp-.a
450 '
400
350

.4 0.6 G.8 1
e fraction MgCl,

o
Mol
Fig. 9 - KCI-MgCl, system : calculated phase diagram.

v Hoim et a®? KMgCl, .,/'

140} e Halm et ai®? K,MgCI, f/'

8
Y
A

-
(=1
o

L ]

8
1
\
[}
760K

Hy « Hypy pqpc (kimmol)
703K

- ../
0 e _ - l
i
© |
S50 600 650 700 750 800 850 sS40

Temperature (K)

Fig. 10 - KCI-MgCl, system : calculated Hr-Hog ;50 at KMgCl;
and K,MgCl, compositions.

1 \
N & Behl and Egan®™ (825°C)
e \\o\ © Egan and Bracked™™ (725°C)
- 08 N G Ikeuchi and Krohn™ (800°C),
] * i c)
< AN s Neil etaf™ (800°C) /
% 07 ~ R oo /
= . ~e Ostvod®g0g’ey /2
2 06 . . e /
E \. \\ P e /I
EA 0s s //\‘ 4
- . - T~ a
T a4 ' . S
z - i
Z 03 - ™~
H e P
< 02 e 4
- 8\ o e ~
01 S ™~
ole T i SR .
4] a2 04 08 g8 1

Mole fraction MgCl,

Fig. | la - KCI-MgCl, system : calculated activities at 800°C in
the liquid (liquid ref. state).

1
E |
;. ‘/"
g -5
= 7
E 2 % °
= o T
= a3
gc e o Neil et a”" (800°C)
— <4 /s
%— .,/ ° ® keuchi and Krahn™ (800°C)
E 5
= . (=}
= e,/./
o8
< 6
=

7

0 02 04 06 o8 1

Mole fraction MgCl,

Fig. [1b—KCI-MgCl, system : calculated activity coefTicient of
MgCl, in the liquid at 800°C (liquid ref. state).



7So
700" i «®Markov and Panchenko™! ne e
650 o Klemm et af™
"2
e o Seifert and Thief™"
600 of
' &
550 ;51
500 (N =) LK)
49
450
400 2 5
300
o Q2 o4 a6 08 1
Mole fraction MgCl,
Fig. 12 — RbCl-MgCl, system : calculated phase diagram.
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Fig. 14 - RbCI-MgCl, system : calculated activity of RbCI in the
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Fig. 15 — CsCI-MgCl, system : caiculated phase diagram.
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Fig. 31 - LiCl-CaCl, system : calculated phase diagram.
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Fig 33 - LiCI-CaCl, system : calculated activity of LiCl in the
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Fig. 37 - KCI-CaCl, system : calculated activity of KCI in the

liquid at 80C6°C (liquid ref. state).
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THERMODYNAMIC EVALUATION AND OPTIMIZATION OF THE
LiCI-NaCl-KCI-RbCI-CsCI-MgCl,-CaCl,-SrCl; SYSTEM
USING THE MODIFIED QUASICHEMICAL MODEL

P. CHARTRAND and A. D. PELTON

Centre for Research in Computational Thermochemistry, Ecole Polytechnique de Montréal
P.OQ.Box 6079, Station “Downtown” Montréal, Québec, H3C 3A7, Canada

Abstract - A complete critical evaluation and quantitative optimization of all available phase diagram
and thermodynamic data has been performed for all condensed phases of the LiCl-NaCl-KCI-RbCl-
CsCl-MgCl-CaCly-SrCl; system. The model parameters obtained for binary and ternary subsystems can
be used to predict thermodynamic properties and phase equilibria for the multicomponent system. The
modified quasichemical model for short-range ordering was used for the motten salt phase.

Résumeé — Une évaluation crntique et une optimization quantitative des diagranunes de phase et des
données thermodynamiques a été faite pour toutes les phases condensées du systéme LiCl-NaCl-KCl-
RbCI-CsCl-MgCl,-CaCl--ScCl,.  Les paramétres des modéles obtenus pour les sous-systémes binaires et
temaires pcuvent étre utilisés pour prédire les propriétés thermodynamiques et les équilibres de phases
pour le systéme multicomposant. Le modéle quasichimique modifié, qui évalue ["ordonnement & courte

distance des cations, a été utilisé pour la phase liquide.

INTRODUCTION

Molten alkali-alkaline earth halide solutions are of much
technological importance in. for example, the production of
reactive metals. A large body of experimental
thermodynamic and phase equilibrium data exists for these
systems. In this article. all available data for binary and
termary subsystems of the LiCl-NaCIl-KCI-RbCI-CsCl-
MgCl~CaCl,-SrCl; system are critically evaluated and
optimized to obtain parameters of models of all solution
phases. These parameters form a computer database. The
models are then used to predict the thermodynamic
properties of the multicomponent system. When used with
currently available general software for calculating
equilibria by Gibbs energy minimization, this database can
be used to predict the thermodynamic properties and phase
equilibria in uncharted reglons of temperature and
composition. This article is one in a series on alkali-
alkaline earth halide systems.

In a previous article!'’ we presented a quasichemical
model for liquid solutions which takes into account short-
range ordering between nearest-neighbors on a lattice or
sublattice. Molten alkali chioride-MgCl; solutions are well
known for exhibiting extensive short-range ordering,
increasing in importance from LiCl-MgCl, to CsCI-MgCla.
This ordering gives rise to “V-shaped™ enthalpy of mixing
and “m-shaped” entropy of mixing curves. This has
previously been modelled by introducing complex anions
such as MgCI3™ 3 Alkali chloride-SrCl, solutions do not
show the same extent of ordering as for MgCl,, but the
tendency is present. The modified quasichemical model!
quantitatively treats the short-range ordering between
cations in binary and multicomponent solutions. An earlier

version of the model has been used very successfully to
model molten silicatest.

The model does not explicitely introduce complex
anions. [ustead, short-range ordering is treated by
considering the relative numbers of second-nearest-
neighbor cation-cation pairs. The parameters of the model
are the Gibbs energy changes Ag ., for the pair exchange

reactions :

(t-ct-24),,, +(B-Ct-B),, =2(1-Cl-8),,
B8 5.a ()
As Ag 4,4 becomes progressively more negative,

reaction [l is shifted progressively to the right. (A-Cl-B)
pairs predominate, and the solution becomes progressively
more ordered. In the previous article! the model was
developed in terms of nearest-neighbor pairs (A-B) for
species mixing on one lattice. In the present case, since the
anjon sublattice is occupied only by CI ions, the model can
be used directly to treat cation-cation pairs on the cation
sublattice. The parameter Ag 4, is the parameter Ag,,,
of the previous article!’. When Ag ., is small, the
degree of short-range ordering is small, and the solution
approximates a random (Bragg-Williams) mixture of
cations on the cation sublattice.

In a previous article of the present series’), a complete
evaluation and quantitative optimization of the LiCI-NaCl-
KCI-RbCI-CsCI-MgCl,-CaCl; system with the modified
quasichemical model was presented. The present article
describes the addition of SrCl; to that database, and further
demonstrates the application of the new modified
quasichemical model to the evaluation, optimization and



prediction of thermodynamic properties and phase

equilibria.

THERMODYNAMIC DATA

All thermodynamic data ( A %g 5k .Swgisx and ) for
the condensed pure phases of the LiCl-NaCi-KCI-RbCI-
CsCl-MgCl.-CaCl; system are given in the previous
articlel®! All  additional  thermodynamic data
( A 38151 +Swg s and C,) for the condensed pure phases of
the SrCl—containing binary subsystems are given in Table I.

THERMODYNAMIC MODEL FOR THE LIQUID
PHASE

The modified quasichemical model”! is used for the
liquid phase. The notation of the previous anicles!?! is
maintained. For example. Xy.s- is the mole fraction of
second-nearest-neighbor  (Na-CI-Sr) pairs.  The model
requires the definition of cation-cation coordination
numbers Z; . The values chosen in the present work are

listed in Table [I. Values for pairs not involving Sr were
given previousiy®l. Note that. for example, the choice of

Zf, =LZ¥, assures that the composition of maximum

short-range ordering will be near the K.SrCl; composition
(similar o K-MgCLPY. Also. as discussed previousiy!'!, it
is necessary to define all temary sub-systems as either
“symmetric” or ~asymmetric”. In the preseat case, all
ternary systems in which all three components are alkali
talides are defined as symmetric. Systems with one alkali
and two alkaline-carth chlorides are asymunetric, with the
alkali chloride as asymmetric component, and systems with
one alkaline-earth and two alkali chlorides are asymunetric,
with the alkaline-carth chloride as asymmetric component.
To this end, the components are divided into two groups, all
alkali halides are in one group, and MgCl,, CaCl, and SrCl,
form the other group. The composition variables x,

defined previously!! then become :

Xeatg = Xuca = Xsr = Xnartg = X naca = @)
= X aSea == X e =X
Cs Cs
where r, =2 > X, 3)
1=Le p=1
gy S Xcas = Xsre = Xatga = Xcava = @
FXsna T Xuen = Xane
Sr Sr
where y g = ZZXU )
1=Ag =1
and also
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X Mgy
Kagsr = ©)
b ‘Y,llztlg + XA(‘Sr +X, SrSr
X5
Xsagg = @)
£ X.u;M‘ + XM‘Sr + X5
etc.

That is, when  and s are both alkaline earths or both alkalis :

—_ X” 8
Y= X, + X, + X, ®

The parameters Ag ., of reaction {1] for each pair ares
expanded, through optimization of available experimenta-i
data, as empirical polynomials in y,. For ternary systems:,
terms may be added giving the effect of the third componentt
upon the pair formation energies Ag ., . As describecd
previousiy!"! this is donc by introducing empirical ternaryes
parameters g’ -, in the polynomial expansion.

MIXTURES OF ALKALI CHLORIDES WITH SrcCl.
The LiCI-SrCl, System

The phase diagram (Figure 1) has been measured by—
cooling curves™, “the visual-polythermal” method”™? andl
DTA".  All authors report a simple eutectic systeme
without solid solubility.

The activity of LiCl in the liquid has been measured by-
an emf technique!'!! (Figure 2). There is no reported.
measurements of the enthalpy of mixing of the liquid, but it:
is possible to estimate it by the following method. Figure 3
shows the experimental enthalpy of mixing evaluated at 40
mol% alkaline-earth halide of the LiF»SrF;['zl, LiBr-
SrBr"l, LiCl-CaCl", LiCi-MgCL" and ACI-SrCL!™
liquid solutions (where A = Na, K, Rb or Cs) as a function
of 8,2 which is defined!"* as :

5. = [rl' +r;]~[rz:' +r£] ©
S e

where r is the ionic radius and X' = F, Cl or Br. The
enthalpy of mixing of a family of alkali-alkaline-carth
halides varies almost linearly with 8,2!"°L It is thus possible
to obtain best fit lines for the common Li-X-Sr, common Li-
CI-AIKE (AIKE = alkaline-earth) and common Alk-CI-Sr
(Alk = alkali) groups. The extrapolated (or interpolated)
values for the three groups evaluated at §,, of Li-CI-Sr
should be similar, and their mean value is taken as an
estimation of the enthalpy of mixing of LiCI-SrCl, melts at
40 mol.% SrCl,. (This composition was chasen because it
corresponds to the approximate composition where the
mixing enthalpy of the liquid is most negative in alkali



alkaline-earth halide mixtures). It can be seen that the three
extrapolations give similar values at the &,z value (-0.748
nm) of Li-CI-Sr, with the value from the Li-X-Sr and Li-
CI-AIKE lines in excellent agreement and the value from the
Alk-CI-Sr line in less good agreement. Accordingty, this
latter value was not included in the average. From the Li-
X-Sr line, the interpolated value is —150 J/mol, and from the
Li-CI-AIKE line, the extrapolated value is 120 J/mol. The
mean value can be taken to be 0 (£300) J/mol for purposes
of calculation.

The optimized Gibbs energy of reaction (1] applied to
the Li-CI-Sr pairis :

J/mol
(10)

AZrsicr =0.2178T —0.4540T 5 —2.4901T 1z

{Note that all terms are function of temperature so the
enthalpy of mixing is 0). Figures I, 2, 4 and 5 show the
calculated phase diagram and thermodynamic properties.

The NaCl-SrCl; System

The phase diagram has been measured by cooling
curves 5! and the visual-polythermal method!"® (Figure
6). No solid solubility is reported, and the limiting slopes of
the NaCl and StCl; liquidus curves respect Eq.[11] which
assumes no solid solubility.

- liquidies AhC
lim ax’ _ ﬂ;m.. (10
Yol dT RT 40n
where AAy . and T, are respectively the enthalpy and

temperature of fusion of the pure salt.

Calorimetric measurements are available for the
liquid"*! (Figure 4). The activity of NaCl in the liquid has
been measured by emf techniques!''*'"! (Figure 7). The
optimized Gibbs energy of reaction [1] for the Na-CI-Sr
pairs is :

AZasrcr = —1119.3+0.4175T 106787

J/mol (12
+(~996.4—1.8109T )y s a2
Figures +4-7 show the calculated phase diagram and
thermodynarmic properties.

The KCI-SrClI; System

The phase diagram has been measured by DTA!®), the
visual-polythermal rmethod™?®, and cooling curves!'*'3!
(Figure 8). Reported intermediate compounds are K;SrCL
(congruent) and KSr-Cls (congruent* or incongruem“g'”’).
The stoichiometry K,SrsClg was also reported!’! instead of
KSr,Cls, but X-ray analysis"'®! established that KSrCls is
the stable high-StCl, compound. No solid solubility is
reported, and the limiting slopes of the KCI and SrCl:
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liquidus curves satisfy Eq.[l1] which assumes no solid
solubility.

Calorimetric measurements are available for the
liquid™! (Figure 4). The activity of KCI in the liquid has
been measured by emf techniquest > (Figure 9). The
enthalpy of fusion of K;SrCL has been measured™, by
endothermic peaks of DSC, as 56.9024 kJ/mol at 865K.
The calculated optimized value is 56.76 kJ/mol. The Gibbs
energy of formation of KSr,Cls has been measured™!, by an
emf technique, as (-10200 + 0.0T) J/mol. The enr.haipy of
formation at 298.15K of KSr;Cls as been measured!™!, by
solution calorimetry, as <7600 J/mol. The optimized value
for the Gibbs energy of formation of KSr.Cls from KCl,,
and SrClyy, is (-7544.0 - 2.884T) J/mol (assuming AC, of
formation = 0). The calculated optimized KCI-SrCl; phase
diagram is presented in Figure 8. The optimized Gibbs
energy of reaction [1] for the K-CI-Sr pairs is :

AZ g rco = -55384+1.7009T — 14962,

R Fmol  (13)
~2509.07 e
Figures 4, 5, 8 and 9 show the calculated phase diagram
and thermodynamic properties.

The R6CI-SrCl, System

The phase diagram has been measured by thermal
analysis' ", the visual-polythermal method™™*'! and cooling
curves™! (Figure 10). Reported intermediate compounds
are RbSrCLM#land RbSr,Cls!P>!. No solid solubility is
reported. and the limiting slopes of the RbCl and SeCl;
liquidus curves satisfv Eq.[11] which assumes no solid
solubility.  No confirmation of the stoichiometry of
RbSr,Cls by X-Ray diffraction has been reported. FHence,
this stoichiometry is indicated as tentative on Figure 10.

Calorimetric measurements are available for the
liquid™®! (Figure 4). The activity of RbCl in the liquid has
been measured by emf techniques!'*'’! (Figure 11). The
Gibbs energy of reaction [ 4] has been measured™! | by an
emf technique, at 650K as (5.4 - 0.0215T) kJ/mol.

RbCl,,, +SrCl,,,, = RbSrCl,,,, (4

The enthalpy of reaction [14], measured by solution
calorimetry at 298.15K, is reported®! as 3.6 kJ/mol. The
optimized value is 3469 ki/mol. The optimized Gibbs
encrgy of reaction [L4] is (3.954 - 0.02114T) ki/mol. The
heat capacity of RbSrCl; was estimated as 135 J/mol-K
from the values for other rovskite compounds
(NaMgClLP!, KMgCL,*, RbCaCl,*), RbMgCl"*) and from
the sum of the heat capcities of RbCl, and SrCl:Sa,. The
Gibbs energy of reaction [15] has been measured® | by an
emf technique, at 298K as (-20.2 + 0.00335T) kJ/mol. The
enthalpy change of reaction [15] has been measured™! at
298K, by calorimetry, as —-17.4 kJ/mol.

RbCl,, +28rCly,, = RbSr,Cly, (15)



From these results, one would expect a decomposition
of RbSrCl; into 0.5 RbSr:Cls and 0.5 RbCl at low
temperature. The optimized Gibbs energy of reaction [15]
at 298.15K is (-17.4400 + 0.00208T) kJ/mol. AC, of
reaction [15] was assumed to be 0. The optimized Gibbs
energy of reaction [ ] for the Rb6-CI-Sr pairs is :

AZ s 1cr = —T439.8 +0.6654T —2632.97 4 J/mol  (16)

Figures 4, 5, 10 and 11 show the calculated phase
diagram and thermodynamic properties. [t can be seen on
Figure 5 that the entropies of the KCI-SrCl: and RbCI-SrCl,
solutions do not follow the expected order. However, this
discrepancy is within the error limits of the optimizations of
the available data.

The CsCIl-SrCl; System

The ghase dia%mm has been measured by thermal
analysis"®!, DTA™! and the visual-polythermal method!™!
(Figure 12). A congruent CsSrCl; compound is reported.
No solid solubility is reported, and the limiting slopes of the
CsCl and SrCl; fiquidus curves satisfy Eq.[l1] which
assumes no solid solubility.

Calorimetric measurcments are avatlable for the
liquid[l3l (Figure 4). No activity measurements were found.
No experimental thermodynamic data were found for the
CsSrCl;  compound. The optimized thermodynamic
properties of the CsSrCl; compound are given in Table [. A
constant C, value of [40 J/mol-K is assumed, estmated
from values for other perovskite compounds : NaMgCLP*},
KMgCL¥!, KCaCL,¥®, CsCaCl,f®. The optimized Gibbs
energy of reaction [1] for the Cs-C/-Sr pairs is :

A = —9262.2 +3.6850T ~1919.7 ¢ e —1066.21 5
J/mol  (17)

Figures 4. 5 and 12 show the calculated phase diagram
and thermodynamic properties.

The LiCl-NaCl-SrCl, System

The liquidus projection has been measured™! by the
visual-pelythermal method and DTA (Figure 13). A ternary
eutectic is reported at 424°C and at 37.5 mol% Li-Cl., 17.5
mol% Na,Cl, and 45 mol% SrCl,. No temary solid
solubility is reported. The binary eutectic temperatures on
the reported temary liquidus  projection™' are
approximately 20°C below the optimized binary eutectic
temperatures. Therefore, it is assurmed that the reported!™!
ternary eutectic temperature is also 20°C too low. The
calculated liquidus projection is shown in Figure 14. (Note
the different composition scales of Figures 13 and 14). No
ternary solid solution was assumed. The calculated ternary
liquidus minimum is at 444°C at 35.4 mol% Li,Cl;, 17.0
mol% Na,Cl, and 47.6 mol% SrCl,. The following small
ternary excess parameters were used :

237
8% i =~25100  J/mol (18)
Chsayag =-25100  J/mol (19)

The LiCI-KCI-SrCl, System

The liquidus projection has been measured!! by the
visual-polythermal method (Figure 15). No temary solid
solution is reported. In order to reproduce the liquidus
surface a small ternary excess parameter is necessary
(Eq.{20]). The calculated tiquidus projection is shown in
Figure 16. (Note the different composition scales of Figures
15 and 16). Li" is assumed insoluble in K,SrCl, and
KSr:Cls. Since the liquidus is well reproduced with a small
negative ternary excess paremieter, and since any assumed
solubility of Li" in these solids would require a larger
negative parameter for the liquid, the assumption of
negligible solid solubility is supported. The reported!”
invariant temperatures in the binary subsystems are all
fowver in temperature than the optimized values. Hence, the
reported!”! termary invariant temperatures are also expected
to be lower in temperature than the calculated values.

Erseyer = ~4728.0 Jfmol 0)

The LiCl-CsCl-SrCl, System

The liquidus projection has been measured'™! with the
visual-polythermal method and DTA (Figure 17). No solid
solubility is reported. The calculated liquidus projection is
shown in Figure 18. (Note the different composition scales
of Figures 17 and [(3). A small temary pammeter
(Eq.[21]) was required. No Li~ solubility in CsStCl; is
assumed. The optimized invariant temperatures in the LiCl-
CsCl binary subsystem!®! are approximately 10°C higher
than those reported™! in Figure 17. Therefore, the
calculated ternary invariant temperatures at compositions
near the LiCI-CsCl binary are also expected to be higher
than the reported values™T,

Lo = —~3021.0 J/mol @n

The NaCl-KCI-SrCl; Systen:

The liquidus projection has been measured by cooling
curves!"! (Figure 19) and DTAP!. There is disagreement
on the temperatures of the temary invariant points, the
points of Prokhorov et af.*® being appromately 20°C lower
than those of Scholich®). Prokhorov er af.® reported a
eutectic (K,SrCl;-KSr,Cls-NaCl) at 496°C, a eutectic
(K:SrCL-KCI-NaCl) at 514°C, a eutectic (KSr:Cls-NaCi-
SrClp) at 504°C and two saddle points, (K>SrCl-NaCl) at
516°C and (KSrCls-NaCl) at 528°C. No solid solubility is
reported.

With no ternary excess parameters for the liquid, the
calculated liquidus projection lies approximately 5°C above
that reported by Scholich!'"), which is itself higher in
temperature than the liquidus of Prokhorov et a/**. With a



very small ternary term (Eq.[22]) the calcuiated liquidus
projection (Figure 20) is very close to that reported by
Scholich®™!. Therefore, it is assumed that the projection of
Scholich™ is the more accurate. No termnary solid
solubility was assumed, and the good reproduction of the
measured liquidus with only a very small ternary terms
tends to support this assumption.

By = 1255.2 J/mol (22)

The NaCl-CsCl-SrCi; System

The liquidus projection has been measured by the
visual-polythermal method®™! (Figwre 21). No solid
solubility is reported. The liquidus surface is calculated
with no temary excess parameters (Figure 22) and assuming
no ternary solid solubility. (Note the different composition
scales of Figures 21 and 22). The calculated (NaCI-CsCl-
CsSrCls) eutectic temperature is 456°C whereas the reported
value is 400°CP'l However, from the spacing between the
reported™! isotherms at 600°C, 550°C and 500°C on Figure
21, and from the fact that no 450°C isotherm is shown, it
secems likely that the eutectic was reported tncorrectly and
was actually closer to 450°C.

The KCI-RbCI-SrCl, System

The liquidus projection has been measured™! by the
visual-polythermal method (Figure 23). Four eutectics and
a peritectic are reported : £; at 514°C, £; at 531°C, E; at
614°C, E;at 616°C and P at 540°C. The liquidus surface®!
can only be reproduced if solid solubility is assumed : K™
must be soluble in RbSrCl,, and KSr-Cls and RbSr-Cls must
be mutually soluble to a large extent. (Note that K,Sr;Clt™!
is replaced in this work by KSrCls as described
previously). An ideal Henrian solution model is proposed
for the RbSrCl;-KSrClsy,p solid solution :

g =Xmsfcl,g;fﬁc1, +Xla'rc:,gz:r’c"’1, Imol (23)
#RT(X gy, 10 X ppgry + X sy 10X gy, )

where the Gibbs energy of hypothetical KSrCl; is given by :

guE, =gid +g5%, -502.1  J/mol 29
A complete solid solution (Rb,K)SrCls is assumed,

with its Gibbs energy given by a regular solution model :

g =Xm:a,gi°z£§.=a, +Xxs.3a,g;:ssqc:,
+RT{X g, g, 10 X pysrcr, + X ks, 10X psper, ) Jmol

+6276.0X pgecr, X xsncr,
(25)
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No solid solubility of Rb™ in K;SrCl; is assumed. No
liquid temary terms are used. The calculated liquidus
projection s shown in Figure 24.

Other atkali-chloride SrCl; ternary systems

No experimental data were found for the LiCIl-RbCI-
SrCl,, NaCl-RbCI-SrCl;, KCI-CsCI-SiCl;, and RbCI-CsCl-
SrCl, systems. For purposes of calculation one can assume
complete solid solubility between RbSrCl; and CsSrCl;. An
ideal solution of these two compounds is suggested. Very
limited solid solubility is expected for Na” in RbSrCl; and
limited solid solubility is expected for K* in CsSrCl;.

MIXTURES OF ALKALINE-EARTH CHLORIDES
WITH SrCl,

The MgCl-SrCl; System

The phase diagram has been measured™! by cooling
curves (Figure 25). A stmple eutectic system with no solid
solubility is rcported. The limiting slope of the MgCl:
liquidus curve is in reasonable agreement with Eq.[11], but
the limiting slope of the SrCl. liquidus curve is not,
suggesting possible solubility of Mg in solid SrCl..

Calorimetric measurements are available for the
liquid®®®! (Figure 26). The liquid model parameters were
obtained by fitling the enthalpy of mixing data®™ and by
then fitting the MgCl. liquidus points with a single entropic
term in Eq.{26] :

Ag ypeseict = 683.7 - 4.00007 -3488.4 X styse Jimol  (26)
+6150.377 5, —30555 5, )

The reported eutectic temperature®!  was  then
reproduced by assuming solubility of MgCl; in solid
SrClyq,. A Henrian model (Eq.[27]) was used, with the
same entropic parameter as was used”! for MgCls in solid
CaCl; and with a very similar enthalpic parameter. No solid
solubility of Mg?" in SrClzy, was assumed.

€= X, 855 + Xuea (855, +277092-18.4261T)

+RT(X gor, 10 X g, + X ieer, 1Ky r,)
Jimal (27)

Figures 25 and 26 show the calculated phase diagram
and thermodynamic properties.

The CaCl-SrCl; System

The phase diagram has been measured by cooling
curves!™%1  the visual-polythermal method®*$*"' and
DTAPS! (Figure 27). All authors reported complete solid
solubility with a minimum in the liquidus (at 36 mol. %
StCl; and 652°CE; at 35 mol.% SrCl, and 646°C™'; at 34



mol.% SrCl; and 658°C™ and at 35 mol.% SrCl; and
656°CP¥7Ly A solid-solid miscibility gap is reported®**!
(with a consolute point at 556°CP! or 543°CEsh,

Calorimetric measurements for the liquid are
availableP*! (Figure 26). The optimized Gibbs energy of
reaction [1] for the Ca-ClI-Sr pairs is :

Ageusicq = —6350.5+0.6945T J/motl (28)

A complete solid solution was assumed between CaCl;
and SrCla,, and a large solubility of Ca** in SrClyg was
also assumed. A subregular substitutional solution model
was used to describe the thermodynamic properties of the
low-temperature (Ca,Sr)Cl; «-solid solution (Eq.[29]). The
Gibbs cnergy of the SrClyp;-rich solid solution was
described by a Henrian solution model (Eq.[30]).

8% =Xcuer, & Z‘fa, +X s, 8ot
+RT{X oy, In X yor, + X5, X o )} Vimol (29)

# X o X s, (1836.2+3194.2X .y )

87 = Xoor 828 + X eur, (€25, +8000.0)

J/mol (30)
+RT(X<:¢CJ= InXeeo, +Xsa, "‘Xs,ct;)
Figures 26 and 27 show the calculated phase diagram
and thermodynamic properties.

The MgCl-CaCl-SrCl; System

No reported liquidus projection or thermodynamic data
were found for the MgCl,-CaCl:-SrCl, system. Therefore,
no additional termary excess parameters were included in the
liquid model.

MIXTURES OF ALKALI CHLORIDES WITH MgCl,
AND SrCIz

No reported liquidus projection or thermodynamic data
were found for any AIkCI-MgCl,-ScCl; systems. Therefore,
no termary excess parameters were included in the liquid
modecl.

MIXTURES OF ALKALI CHLORIDES WITH CaCl,
AND SrCl.

The LiCl-CaCl-SrCl; Syszem

The liquidus projection has been measured by the
visual-polythermal method® (Figure 28). No ternary solid
solubility is reported. The calculated liquidus projection is
shown in Figure 29. (Note the different composition scales
of Figures 17 and 18.) No temary solid solubility is
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assumed in the calculations. A small ternary excess

parameter was required :
=-3138.0

gz?cl'a(s')/a Jimol Gh

The NaCl-CaClI-SrCl; System

The liquidus projection has been measured by DTAP®!
(Table IIT). The reported®! terary eutectic is at 744K and
at 41.9 mol.% NaCl, 40.0 mol.% CaCl; and (8.1 mol.%
SrCl;. Calculated liquidus points are shown in Table HI
No temary excess parameters for the liquid phase were
required. The calculated temary eutectic is at 737.5K and at
41.5 mol.% NaCl, 41.2 mol.% CaCl, and 17.3 mol.% SrCl..

The CsCl-CaCl-SrCl; System

The liquidus projection has been mecasured by the
visual-polythermal method and by DTAP®! (Figure 30). A
complete solid solution between CsCaCl; and CsSrCl; is
reported. The calculated liquidus projection is shown in
Figure 31. No ternary parameters were used. The
optimized Gibbs energy of the Cs(Ca.Sr)Cl; solid solution
is given by a subregular solution model (Eq.[32]). The
excess parameters of this solution were ogiliuu'zcd from the
teported CsSrCl;-CsCaCl, phase diagram®!.

'3 a5
+X cisecry, 8 cusecr,

g= Xoc«ch g Ei‘.zfl,
+ RT(XC;C.,CI, InX perer, + Ve, WX csa, )

+ X reaer, X casier, 36275

J/mol

- ’YCJCQCI, -\’C;Srcz, + 184»0(-'\'(:46.0‘ - ‘YCJSrCI‘ )

(32)
Orther alkali-chioride mixtures with CaCl, and SrCl,

No reported data were found for the KCI-CaCl.-SrCl,
and RbCl-CaCl»-SrCl, systems. For purposes of calculation
one can assume complete solid solubility between RbSrCl,
and RbCaCl;. An ideal solution of these two compounds is
suggested. Very limited solid solubility of St** in KCaCly
is expected.

GENERAL MODEL FOR SOLID SOLUTIONS

The possible Sr-containing multicomponent solid
solutions  present in  this system are the
(Li,Na,K,Rb,Cs)(Mg,Ca,Sr)Cl; perovskite solution, the
(Li,Na,K),(Mg,Sr)Cl; solid solution, and the low-
temperature (Ca,Sr,[Mg])Cl; solid solution. Excess mixing
parameters have been given in this article for many
subsystems. The compound energy model®®! is suitable for
estimating the Gibbs energies of the multicomponent solid
solutions, but this model requires that the Gibbs energies of
all possible pure mixing components be defined, including



metastable (or hypothetical) compounds such as LiSrCls,
Na,SrCL, etc. The hypothetical Gibbs energy of formation
of KSrCl; from solid pure salts is defined in Eq.[24].
Furthermore, we arbitrarily set:

geim, =git, +g3%, +20000  Jmol G3)
& = gus, +25%, +20000  Vmol (34)
gir s, =28L% +82%, +20000 J/mol 35)
8 =285 + g 5%, +20000 J/mol (36)

where the large positive value of +20 kl/mol assures
negligible solubility with other perovskites. The excess
Gibbs energy of all binary subsystems must also be defined.
For subsystems where immiscibility is observed, a very
large positive regular excess Gibbs energy parameter (+100
ki/mol) is proposed so that virtual immiscibility is
calculated Li:MgCL-Li>SrCl,, Na:-MgClL-Na:SrCl,,
KoMgCL-K,SrClL,, LizSrCL-Na,SrCl,, Li;SrCL-K:SrCl,
Na;SrCL-K;SrCl;, LiMgCl-LiSrCl;, NaMgCl;-NaSrCl;,
KMgCl;-KSrCl;, RbMgCL-RbStCl;, CsMgCly-CsSiCl;,
LiCaClL-LiSrCl;,  NaCaCls-NaSrCl;,  KCaCl;-KSrCl,,
LiSrCl;-NaSrCl,, LiStCl;-KSrCl,, LiSrCl;-RbS1Cl4,
LiSrCl;-CsSeCl;,  NaSrCh-KSrCl;,  NaSrCl3-RbSrCls.
NaScCl;3-CsSrCl;, KSrCl-RbScCl;. and KSrCl3-CsSeCls.
The Gibbs energy of the perovskite solid solution

(Li,Na,K, Rb, Cs)(Mg,Ca,Sr)Cl; is then given by the
compound energy modelt®®! as
Sr
Z A&-V«wz.&'gma,
ABE 251
s
Zy Iny, + Zyw Iny e
A=l ABE=Mg G7

C:

_ Z}'.ue}',u& +Y e s oy axscty
Lo A=Al o1 ALE =g
Ca Sr

Z Yan Y ans YV a2 D e (AhE _AKE )T,
Ak =Ls AIE =Mg ABE"= URE +1

+

Mo %l%h m L‘

where y; is the sublattice ionic site fraction and all @ terms
are binary regular or subregular parameters either optimized
or fixed (+100 kJ/mol) for the binary subsystems. The
Gibbs energy of the (Li,Na,K).(Mg,Sr)CL, solid solution is
similarly given by :

X
g= MZU(V"’* VieZ e, *V VoS isar,)

K
+RT(2 ZJ’,U.& Inyg +yg, oy, +ys l“.V.s'r) (38)

Na

Ak =L A=Ak v}

+ Z.V.uk Yz Yse® apy(pag se)ct,
Ale=Ls

+ Z Z(YA&.VA& Vg @k anyszer, TVoane Y an Vs @ an )zmlé
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CONCLUSIONS

A complete critical evaluation and optimization of all
available phase diagram and thermodynamic data for all
phases of the LiCI-NaCI-KCIl-RbCl-CsCl-MgCl-CaCl,-
SrCl, system has been made. All data are reproduced
within experimental ecrror limits. The new modified
quasichemical model!'! was used f'or the liquid phase, while
the compound cnergy model® was used for the
(Li,Na. K Rb.Cs)(Mg,Ca.Sr)Cl; perovskite phase and the
(Li,Na,K):MgCl, and (Li.NaKRb.Cs [Ca])Cl solid
solutions. From the optimized parameters of the binary and
ternary subsystems it is possible, from the quasichemicai
model, to predict the thermodynamic properties of the
multicomponent liquid solution. The database of optimized
parameters is included in the F*A*C*T™* database
compuing system and may be used. aflong with the other
databases and Gibbs cnergy minimization software. to
calculate phase equilibria and all thermodynamic properties
in multicomponent systems.
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Table [ : Thermodynamic properties of pure compounds
T Ronge H g e ** Sters c, Ref.
J/mol J/mol-K J/mol-K
SrCly o« 298.15-1000 -828850.0 114.8090 4776.3367-0 38 1426 TT+3918734T° [41]
+0.0001973419T* -6019.915T°¢
o 1000-3000 -841284.6 90.4078 104.6 *
p  298.15-1000 -822842.2 1208168 4776.3367-0.381426 TT+3918734T - *
+40.0001973419T> -6019.915T°%
B 1000-1400 -848198.9 74.1355 123.0100 [41}
B 1400-3000 -827913.9 102.6090 1€4.6000 *
L 298.15-800 -805383.2 135.7316 -158.9102+0.1056800T-51660.5T" 41
+66496.385T %%
L 800-3000 -805383.2 113.0816 104.6000 [41]
K.S«Cl; S  298.15-1000 -1697490.1 295.7851 2 CKCL) + C)(SrCla o) *
KSroCls S 298.15-1000 -2101927.6 315.0519 C(KCL) +2 C(SeCls ) *
RbScCl; S 298.15-1200 -1255915.0 225.8597 1355.0000 *
RbSr:Cls S  298.15-1000 -2105672.4 319.1674 CLRbCL,) + 2 C(StCl, o) *
CsSrCl; S 298.15-1200 -1274342.2 235.0465 120.0000 *
* This work.
** Relative to elements at 298. 15K
Table IL Cation-cation “Coordination Numbers™ of the Liquaid.
! / Z, zZZ
Sr Sr 6 6
Li Sr 3 6
Na Sr 3 6
K Sr 3 6
Rb Sr 3 G
Cs Sr 3 6
Mg Sr 6 6
Ca Sr 6 6
Table Il : Experimental®™! and calculated liquidus points of the NaC1-CaCl.-StCl» system.
NaCl SrCly / (CaCl; + SrCl=) Molar Ratio
mol. %
0.1 0.2 0.4 0.5 0.6 0.8
szp Talc Texp Tﬂlt Tu-p Ttxlc ’rllp T::lc Tup Tal: Tup Tczlc
K K K K K K K K K K K K
10 932 981 935 953 902 899 923 922 956 949 1026 1004
20 925 936 895 906 863 861 8775 886 9208 912 968 961
30 875 879 842 348 823 819 844 845 864 869 911 913
40 806 S10 779 778 778 774 8103 799 821 821 853 859
55 786 800 795 804 815 814 - - 828 825 837 837
60 830 876 884 877 887 882 - - 895 888 894 895
70 943 940 943 940 954 940 - - 952 942 951 945
80 1004 994 1002 994 1008 993 - - 1003 992 1004 992
90 1047 1040 1047 1039 1045 1038 - - 1045 1037 1043 1036
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Fig. 10 = RbClI-SrCl; system : calculated phase diagram.
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Fig. 11 — RbCI-SrCl. system : calculated activity of NaCl in
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Fig. 12 — CsCl1-ScCl; system : calculated phase diagram.

Thermodynamic Evaluation and Optimization of the LiCI-NaCl-KCI-RbCI-CsCl-MgCl-CaCly-SrCl, System Using the Modiified
Quasichemical Mode! - Patrice Chartrand and Arthur D. Pelton



{NaCIt
(800"}

wen, a74* SeCt . -
605" Mol % (ass-zl (GL"?.{ .z:;(‘:‘l],
Fig. 13 — Li,Cl>-Na:Cl,-SrCl; system : experimental Fig. 16 — LiCI-KCI-SrCl. system : calculated liquidus
liquidus projection of Bukhalova er al./*!. projection.
Nacl
8019 (CsC1)y
642"
\\ niag*
. }
- = (icn, SeClp? SeCry
t%'wc_" ot % ‘5{79;: (506 1668
Fig. 14 — LiCI-NaClI-SrCl: system : calculated liquidus Fig. 17 — Li-Cl-Cs;Cl-ScCl; system : experimental liquidus
projection. projection of Bukhalova and Burlakovall.
KLCi
(7707
LiCly <87 SeClp Srcy,
16o6n Mol % (868" (6109 Mol % (8747
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Fig. 22 — NaCl-CsCI-SrCl; system : calculated liquidus
projection.
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Fig. 23 - KCI-RbCI-SrCl, system : experimental }iquidus
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Fig. 24 — KCI-RbCl1-SrCl; system : calculated liquidus
projection.
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Fig. 25 - MgClI,-SrCl, system : calculated phase diagram.
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Fig. 26 — MgCl,-SrCl; and CaCl,-ScCl; systems : calculated
enthalpy of mixing of the liquid at 900°C.
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Fig. 27 - CaCl,-SrCl, system : calculated phase diagram.
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THERMODYNAMIC EVALUATION AND OPTIMIZATION OF THE
LiCi-NaCI-KCI-RbCI-CsCl-MgCl,-CaCl,-SrCl,-BaCl; SYSTEM

USING THE MODIFIED QUASICHEMICAL MODEL

P. CHARTRAND and A. D. PELTON

Centre for Research in Computational Thermochemistry |, Ecole Polvtechnique de Montréal
P.0.Box 6079, Station “Downtown” Montréal, Québec, H3C 3A7, Canada

Abstract - A complete critical evaluation and quantitative optimization of all available phase diagram
and thermodynamic data has been performed for all condensed phases of the LiCI-NaCl-KCi-RbCI-
CsCIl-MgCl:-CaCl-SrCl.-BaCl; system. The model parameters obtained for binary and temary
subsystems can be used to predict thermodynamic propertiss and phase equilibria for the
multicomponent systemn. The modified quasichemical model for short-range ordering was used for the
molten salt phase.

Résumé - Une évaluation critique et une optimization yuantitative des diagrammes de phase et des
données thermodynamiques a été faite pour toutes les phases condensées du systéme LiCIl-NaCI-KCl-
RbCI-CsCl-MgCl,-CaCl-SrCl-BaCl,. Les paramétres des medéles obtenus pour les sous-systémes
binaires et ternaires peuvent étre wtilisés pour prédire les propriétés thermodynamiques et les équilibres

de phases pour le systéme multicomposant. Le modéle quasichimique modifié, qui évalue

I"ordonnement 4 courte distance des cations, a été utilisé pour la phase liquide.

INTRODUCTION

Molten alkali-alkaline earth halide solutions are of much
technological importance in, for example. the production of
reactive metals. A large body of experimental
thermodynaric and phase equilibrium data exists for these
systems. In this article. all available data for binary and
termary  subsystems of the LiCl-NaCl-KC!I-RbCi-CsClI-
MgCl,-CaCls-SrCl;-BaCl- system are critically evaluated
and optimized to obtain parameters of models of all solution
phases. These parameters form a computer database. The
models are then used to predict the thermodynamic
properties of the multicomponent system. \When used with
currently available general software for calculating
equilibria by Gibbs energy minimization. this database can
be used to predict the thermodynamic properties and phase
equilibria in uncharted regions of temperature and
composition. This article is one in a series that will be
published on alkali-alkaline carth halide systems.

In a previous article!'! we presented a quasichemical
model for liquid solutions which takes into account short-
range ordering between nearest-neighbors on a lattice or
sublattice. Molten alkali chloride-MgCl; solutions are well
known for exhibiting extensive short-range ordering,
increasing in importance from LiCI-MgCl; to CsCI-MgCl,.
This ordering gives rise to “V-shaped” enthalpy of mixing
and “m-shaped” entropy of mixing curves. This has
previcusly been modelled by introducing complex anions
such as MgCI3 ™31 Alkali chloride-BaCls solutions do not
show the same extent of ordering as for MgCl, but the
tendency is present. The modified quasichemical modet!'!
quantitatively treats the short-range ordering bebween
cations in binary and multicomponent solutions. An earlier

version of the model has been used very successfully to
model molten silicates™.

The model does not explicitely introduce complex
anions. Instead, short-range ordering is treated by
considering the relative numbers of second-nearest-
neighbor cation-cation pairs. The parameters of the model
are the Gibbs energy changes Ag ., for the pair exchange

reactions :

(“I - CI - '4 )pmr + (B - CI - B)pau’ =2 (‘.‘ - C[ - B)pmr
38 5/ (1)

As Ag 4, becomes progressively more negative,
reaction [1] is shifted progressively to the right, (A-Cl-B)
pairs predominate, and the solution becomes progressively
more ordered. In the previous article'! the model was
developed in terms of nearest-neighbor pairs (A-B) for
species mixing on one lattice. [n the present case, since the
anion sublattice is occupied only by CI° ions, the model can
be used directly to treat cation-cation pairs on the cation
sublattice. The parameter Ag g, is the parameter Ag,
of the previous article!”!.  When Ag ,o is small, the
degrec of short-range ordering is small, and the solution
approximates a random (Bragg-Williams) mixture of
cations on the cation sublattice.

In previous articles of the present series'>®, a complete
evaluation and quantitative optimization of the LiCI-NaCl-
KCI-RbCI-CsCl-MgCL-CaCl,-SrCl;  system  with the
modified quasichemical model was presented. The present
article describes the addition of BaCl; to that database, and
further demonstrates the application of the new modified



quasichemical model to the evaluation, optimization and
prediction of thermodynamic properties and phase
equilibria.

THERMODYNAMIC DATA

All thermodynamic data (g 5x - Sg s and Cp) for
the condensed pure phases of the LiCl-NaCIl-KCI-RbCl-
CsCl-MgCl,-CaCl,-SrCl, system are given in the previous

e

articles”™®!.  All thermodynamic data (H g sx , Sogise and
C,) for the condensed pure phases of the BaCl; containing
binary subsystems are given in Table L.

THERMODYNAMIC MODEL FOR THE LIQUID
PHASE

The modified quasichemical model!'! is used for the
liquid phase. The notation of the previous articles!'*! js
maintained. For example, Xy.g, is the mole fraction of
second-nearest-neighbor (Na-Cl-Ba) pairs. The model
requires the definiion of cation-cation coordination

numbers Z, . The values chosen in the present wark are

listed in Table I[. Values for pairs not involving Ba were
given previously'®®. Note that, for example, the choice of
Zfy, =+Z55, assures that the composition of maximum
short-range ordering will be near the K;BaCl; composition
(stmilar to K:MgCL®"). Also, as discussed previously!'!, it
is necessary to define all ternary sub-systems as either
“symmetric” or “asymmetric”. In the present case, all
ternary systems in which all three components are alkali
halides are defined as symmetric. Systems with one alkali
and two alkaline-earth chlorides are asymmetric, with the
alkali chleride as asymmetric component, and systems with
one alkaline-carth and two alkali chlorides are asymmetric,
with the alkaline-earth chloride as asymmetric component.
To this end, the components are divided into two groups, all
alkali halides are in one group. and alkaline-earth form the
other group. The composition variables y, defined

previously[ *I then become :

Xrag = Xucs S Xise = Xoga = Xvartg = XstaCa =

)
=X vusr = Xvaga == Xapwne = X
o o
where y, = ZZXU &)}
v=Lls p=i
el = Xeats = Xsrte = Xpats = Xrtghta = Xcarta = )
= Xseva = Xpatta == X e = Xane
8a Ba
where ¥4 = ) D X, &)

1=hg y=1
and also

[8%]
W
—

R VR
Krgsa = 6}
Xugre T Xgga + X gaga
‘YB.xSa
Xaareg = = " @)
‘Yuu.lg +X AtgBa +X BaBa
etc.

That is, when / and / are both alkaline-earths or both atkalis:

a 3
£y = X, +X, +X,

The parameters Ag 5, of reaction [1] for each pair are
expanded, through optimization of available experimental
data. as empirical polynomials in X, Fortemary systems,
terms may be added giving the effect of the third component
upon the pair formation energies Ag ;,.,- As described
previously!! this is done by introducing empirical ternary

parameters gﬂ‘;m;c‘, in the polynomial expansion.

MIXTURES OF ALKALI CHLORIDES WITH BaCl,
Estimation of the Enthalpy of Mixing of the Liquid

No data were found for the enthalpy of mixing of the
liquid for the binary alkali chiloride-BaCl; systems.
However, many calonmetric measurements of the enthalpy
of mixing of the liquid can be found for related systems :
alkali chloride-MgCL!™!, alkali chloride-CaCl®!, alkali
chloride-StCL®! (except LiCI-StCly). LiF-BaF:*! NaF-
BaF.”l, KF-BaF,™ and alkali bromide-BaBr!®. A
technique was used previously!® o estimate the enthalpy of
mixing of liquid LiCl-SrCl; mixtures at 40 mol.% SrCl.
from experimental measurements™ and the J,, function®®

of Eq.[9]. (The 40 mol% alkaline-carth chloride
concentration was selected because it corresponds to the
approximate concentration of the minimum enthalpy in
most alkali alkaline-earth chloride systems.)

_ QI. +".\;)"(":2' +".\:) 9

o = e )

In Eq.[9], r is the ionic radius and X is the common
halide anion. (The ionic radii were taken from Janz{'®). The
enthalpy of mixing of a family of alkali-alkaline-carth
halide solutions varies almost linearly with &2l Best fit
lines for various Alk-X-AIKE familics (Alk = alkaline, AIKE
= alkaline-earth, X = halide) can thus be obtained and
plotted (Figures 1-5) at 40 mol.% alkaline-earth chloride.
The extrapolated or interpolated value for each line at the
&2 value of the Alk-Cl-Ba binary system gives an estimate
of the enthalpy of mixing of the Alk-Cl-Ba system. The
mean of these estimates is then taken as the final estimate of



the enthalpy of mixing of the AIkCI-BaCl; system at 40
mol.% BaCl; at 870°C. This estimated value is then used in
the optimizations.

The estimated values at 40 mol.% BaCl, and at 870°C
are : 0.457+0.3 k¥/mol for the LiCI-BaCl; melts (this value
was obtained by including a value for LiBr-BaBr, meits
estimated by extrapolating the Li-CI-AIKE line as shown in
Figure 1), 0.436+03 kJ/mol for NaCl-BaCl, melts,
-1.48310.3 kJ/mol for KCI-BaCl, melts, -1.875+0.3 kJ/moi
for RbCI-BaCl; melts, and -1.968+0.7 kJ/mol for CsCl-
BaCl: melts.

In the AIkCI-MgCl;, AIkCI-CaCl; and AIkCI-StCl»
systems, the curves of the enthalpy of mixing of the liquid
Versus comPosition (in equivalent fractions) are quite
symmetrical®®. The same symmetry is expected for the
AILkCI-BaCl; solutions. Therefore, in the liquid model, the
enthalpic part of the Gibbs energy of reaction [l] was
assumed to be given by a constant parameter.

The LiCl-BaCl, System

The phase diagram was measured by the “visual-
polythermal” method®'**, cooling curves!™ and DTAM"Y
(Figwe 7). No solid solubility is reported, and the fmiting
slopes of the LiCl and BaCl: liquidus curves satisfy Eq.[11]
which assumes no solid solubility.

lim an

Xl

( zLY,’,:"“"““"] .
dar RT 4 om

where AR7,, and T, . are the enthalpy and temperature

of fusion of the pure salt. The optimized Gibbs energy of
reaction { ] for the Li-C/-Ba pairs is :
8Zrs0:c =739.5-2.2322T  J/mol (18)

Figures 6 and 7 show the calculated phase diagram and
thermodynamic properties.

The NaCl-BaCl, System

The phase diagram has been measured by the visual-
polythermal method"*** and by thermal analysis!®?*!
(Figure 8). No solid solubility is reported, and the limiting
slopes of the NaCl and BaCl, liquidus curves satisfy Eq.[11}
which assumes no solid solubility.

The activity of NaCl in the liquid has been measured by
emf techniques®® 2% (Figure 9). The optimized Gibbs
energy of reaction [1] for the Ma-C/-Ba pairs is :

8 ysarer = 127.1-082107 —~0.8151T ,, J/mol  (19)

Figures 6, 8 and 9 show the calculated phase diagram
and thermodynamic properties.

L8]
(%
[§8]

The KCl-BaCl, System

The phase diagram has been measured by the visual-
polythermal method"*'™ ! and thermal analysist®*!!
(Figure 10). An intermediate congruently melting
compound K:;BaCl; is reported by all authors except
Elchardus and Laffite®™ who reported an incongruent
KBa,Cl; compound. No solid solubility is reported. and the
limiting slopes of the KCI and BaCl; liquidus curves satisfy
Eq.[11] which assumes no solid solubility.

The activity of KCI in the liquid has been measured by
emf techniques™®**? (Figure 11). Hattori er al/!
measured the enthalpy of fusion of K;BaCl; by calorimetry
as 68,618 kJ/mol at 932K. The calculated optimized value
is 68.55 kJ/mol at 932.4K. AC, of formation of K;BaCl,
from pure KCI(s) and BaCly() was assumed to be 0. The
optimized Gibbs energy of reaction [1] for the K-Cl-Ba
pairs is :

Ag arcr = ~2409.5 + 0.80097 —1.1399Tx c J/mol (20)

Figures 6. 10 and 11 show the calculated phase diagram
and thermodynamic properties.

The RbCIl-BaCl; System

The phase diagram has been measured by the visual-
polythermal method®?* and DTAP’! (Figure 12). An
intermediate congruent compound Rb,BaCly is reported.
No solid solubility is rcported, and the limiting slopes of the
RbCl and BaCl, liquidus curves satisfy Eq.[Il] which
assumes no solid solubility.

The activity of RbCI has been measured by an emf
technique™'! (Figure 13). At high-RbCl concentrations, the
experimental measurements'™! at 820°C and 900°C do not
appear (0 obey Raoult’s Law and indicate an extremely
large partial entropy of RbCI. That is, this large apparent
temperature dependance is very probably in error.

No thermodynamic data were found for the Rb-BaCl,
compound. AC, of formation of Rb;BaCl, from solid RbCl
and BaCly(«) was assumed to be 0. The optimized Gibbs
energy of reaction [1] for the RH-Cl-Ba pairsis :

88 ppgercr = —2879.6 —1.9268T + 1. 1612Tx .. I/moal (21)

Figures 6, 12 and 13 show the calculated phase diagram
and thermodynamic properties.

The CsCl-BaCl, System

The phase diagram has been measured by a
thermographic method!™! (Figure 14). An incongruent
CsBaCl; compound is reported as well as a congruent
Cs;BaCl; compound. No solid solubility is reported and the
limiting slope of the CsCl liquidus agrees reasonably well
with Eq.{ll] which assumes no solid solubility. No
verification of the stoichiomnetry of CsBaCl; by X-ray



diffraction has been made. Hence, this stoichiometry is
shown as tentative on Figure 14.

No activity measurements have been found. No
experimental thermodynamic data were found for the
CsBaCl; and Cs:BaCls compounds. The heat capacity of
CsBaCl; was estimated as 140 J/mol-K from the optimized
values for other pcrovskite‘s‘ﬂ compounds (NaMgCls,
KMgCl;. KCaCl;, CsCaCls, etc...). AC, of formation of
Cs.BaCl; from solid CsCl(«) and BaCly(«) was assumed to
be 0. The optimized Gibbs energy of reaction [1] for the
Cs-Cl-Ba pairs is =

AZcspeics = —3109.8 -0.2132T —0.4624Ty 4, V/mol (22)

Figures 6 and 14 show the calculated phase diagram and
thermodynamic properties.

The LiCI-NaClI-BaCl; System

The liquidus projection has been measured by the
visual-polythermal method™~® and DTAPH (Figure 155').
Zakharchenko and Aslanov!®! reported a “eutectic” at
1490°C (minimum of the univariant line BaCl,+(Li.Na)Cl,,)
with two compounds, LiNaCl; and LiNa,Cl;, that are
considered non-existent in the present study. Bukhalova er
al®! reported a minimum of the univariant line
BaCL:+(Li.Na)Cl,, at 456°C. No temary solid solubility is
reporied. The calculated liquidus projection is shown in
Figure 16. No ternary excess parameters were used for the
liquid phase. (Note the different composition scales of
Figures 15 and 16.) No temary solid solution was assumed
in the calculations.

The LiCI-KCI-BaCl; System

The liquidus projection has been measured by the
visual-polythermal method™! (Figure 17). No temnary solid
solution is reported. The temperature of the reported
ternary eutectic is 320°C. However, extrapolation of the
spacing of the 500°C, 450°C and 400°C isotherms of Figure
17 would suggest that this value is too low by about 30°C.
The calculated liquidus projection is shown in Figure 18.
(Note the different composition scales of Figures 17 and
18.) No temary excess paramcters were included in the
liquid model because of the uncertinty of the reported
eutectic temperature. No ternary solid solution was
assumed in the calculations, and Li* was assumed insoluble
in K;BaCl,.

The NaCl-KCl-BaCl; System

The liquidus projection has been measured by the
visual-polytherma! method!"’?*®! (Figure 19""Y). There is
agreement on the temperature of the termary eutectic
reported at 526°C% and at 542°C!'"2L No solid solubility
is reported by either author. With a very smal! ternary term
(Eq.[23]) the calculated liquidus projection (Figure 20) is
very close to those of both Bukhalova and Yagub'yan!™},
and Vortisch'”). Na* is assumed insoluble in K:BaCl,.

=-836.8 J/mol (23)

4 gla(.v‘:l st
The NaCl-CsCIl-BaCl, System

The liquidus projection has been measured by the
visual-polythermal method™ (Figure 21). Two temary
peritectics and a temary eutectic are reported. No solid
solubility is reported. The liquidus surface was calculated
(Figure 22) with a smali termnary term (Eq.[15]) for the
liquid model and with no terary solid solubility. (Note the
different composition scales of Figures 21 and 22.)

J/mol (15)

gglﬂa(&’a)lcl =-3138
Other Alkali Chloride-BaCl, Ternary Systems

No experimental data were found for the LiCI-RbCl-
BaCl:, LiCI-CsCl-BaCl;, NaCl-RbCI-BaCl,, KCI-RbCl-
BaCl., KCI-CsCl-BaCl; and RbCI-CsCl-BaCl; systems.
Solubilities of Li*, Na*, K~ and Rb” in CsBaCl; must be
estimated. A large solid solubility of Rb” in CsBaCl; is

expected. The following Gibbs energy expression is
proposed :
- N 4 Ei,c,, + Y aupacr, & ;;i,:.‘l, (16)

+ RT(Xst.,CI, InX cpocr, +-Y¥psaec, InX gpucr, )

with the standard Gibbs energy of hypothetical RbBaCl;
given as :
J/mot 17

ayp — gS oa <
Lrbouc:, = 8atcr +&aacy, +3000

where the small positive term in Eq.[17] ensures that
hypothetical pure RbBaCl; is metastable. Only limited
solid solubility is expected for K" in CsBaCl; since
hypotheticat KBaCl; is expected to be less stable than
hypothetical RbBaCl; and because of the larger ionic mdius
difference between K*/Cs™ versus Rb™/Cs”. Li". Na” and K*
are assumed insoluble in CsBaCls.

K,BaCl;, Cs;BaCl, and Rb,BaCl, are expected to be
mutually soluble, although complete solid solubility of
K.BaCly and Cs;BaCl; may not occur. An ideal solid
solution between these three compounds is assumed for
purposes of calculation. Na™ and Li™ are assumed insoluble
in this solution.

MIXTURES OF ALKALINE-EARTH CHLORIDES
WITH BaCl;

The MgCly-BaCl, System
The phase diagram has been measured by the visual-

polythermal method® and by thermal and X-ray
analysis"*®! (Figure 23). The reported liquidus curves of



BaCL,™*! are in disagreement. The BaCly-liquidus points
of Bondarenka!*"! plotied in Figure 23 were read off a NaCl-
MgCl,-BaCl, liquidus projection™. Bodarenko!*” reported
an incongruent intermediate compound MgBa:Cls, while
Sandonnini® reported no eutectic thermal arrests for BaCl,
concentrations higher than 50 mol%, and reported a
compound of unknown composition.  No solid sofubility
was reported. The limiting slope of the MgCl liquidus is in
good agreement with Eq.[11].

Calorimetric measurements for the liquid phase are
available®*'! (Figure 24). For purposes of calculation, no
solid solubility is assumed. The optimized Gibbs energy of
reaction [1] for the Mg-Cl-Ba pairsis :

AZyiggarcs = ~1022.8 —3.1089T = 2837.6 1415, — 4845. 17 500y,
J/mol  (18)

The entropy and heat capacity of formation of
MgBa-Cls from MgClzg,yand BaClyq) were set to 0. Figures
23 and 24 show the calculated phase diagram and
thermodynamic properties.

The CaCly-BaCl; System

The CaCl.-BaCl: phase diagram has been measured by

thermal analysisi*™! and by the visual-polythermal
method® "} (Figure 25).  All authors reported an
incongruently melting compound CaBaCl; except
Sandonnini®™ who reporied no compound. No

confirmation of this stoichiometry is available from X-ray
diffraction. Hence, this stoichiometry is shown as tentative
on Figure 25. No solid solubility is reported. The limiting
liquidus slopes are in reasonable agreement with Eq.[11],
thereby indicating that terminal solid solubilities are smalil.
Calorimetric measurements for the liquid phase are
available!®! (Figure 24). No thermodynamic properties
were found for the CaBaCl; compound. AC,; of formation
of CaBaCl, from pure CaClx(s) and BaCl:(«) is sct to zero
for purposes of calculation. No solid solubility is assumed.
The optimized Gibbs energy of reaction [1] for the Ca-Cl-
Ba pairsis ©
Ag coparer = 26279 —4516 y 5., J/mol (19)
Figures 24 and 25 show the calculated phase diagram
and thermodynamic properties.

The SrCly-BaCl, System

The phase diagram has been measured by thermal
analysis™!  the visual-polythermal method!"™**% and
DTAM (Figure 26). Complete solubility of the o and B
solid phases is reported.

Calorimetric measurements for the liquid phase are
available™! (Figure 24). High-temperatwre BaClyg, and
StClygy have the cubic CaFy-type structure (SrClygp, has a
distorted structure) and so cornplete miscibility is passible.
The low-temperature allotropes, however, have different
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structures (BaCla,; is orthorombic PbCl;-type and SrCly, is
cubic CaF,-type). Hence, a two-phase region must exist at
low temperature. The high-temperature extended solid
solution between SrClayy, and BaClyy, is represented by a
subregular model :

g= Xﬁaa:g;‘aﬁ"l; +Xoer, g;;gl:
+RT(X g0, 1 X gy, + X5 INX o)

- X BaCl,
+3359.0.C 501, Xsor, —278.6X gor, X pucr,

J/mol  (20)

A regular solution model is used to describe the
thermodynamic properties of the (Ba.[Sr)CL («;) and
(Sr.fBap)Cl; (o) solid solutions (with small positve
Henrian parameters) :

a

8" =X pecr 8 acr, X s«ct,(‘:’;;cl: +250.0)
+RT(X5.C,: 0¥ poer, + Xy, IN X gz, ) Jrmol 21)
+4895.3X o Xor,

g% = ‘YS'C{: g;’ézz + Xaacz; (g;:&: + 6000)
+RT(X pop, 0 X gy, + Xy InX gy ) Timol (22)
+9790.6.X 501, X o,

The optimized Gibbs energy of reaction [1] for the Sr-
C{-Ba pairsis :
A perce = —372.0+0.50927  J/mol 23

Figures 24 and 26 show the calculated phase diagram
and thermodynamic properties.

The CaCl»-SrCl-BaCl, System

Schaefer™! measured the liquidus projection of the
CaCl;-SrCl,-BaCl; system (Figure 27). A temary culectic
CaBaCl;-CaCly,5)-SrCly. 5, is reported at 390°C.  No
ternary excess parameters were used for the liquid phase.
CaCl, and BaCl, are both very soluble in SrCl; (cc and J)
but are neariy mutually insoluble. A temary SrCl:-nich
solid solution must then exist. The binary energy
parameters for the SrCL-CaCl; and SrCl:-BaCl: solid
solutions were given previously (Reference [6] and Egs
[21,22]). The interaction energy parameters of Ca*" and
Ba®* in the SrCl,-rich solid solutions must be estimated. A
very positive parameter of 65 kJ/mol was assumed for the
Ca®-Ba®" binary interactions, but this parameter was
cancelled progressively in the temary field of composition
by a “ternary” parameter (-130 kJ/mol} of opposite sign, to
fit the liquidus!®!. The Gibbs energics of the SrCly-rich
solid solutions (ce; and B) are thus given by a subregular
solution model as :

Xpuer, * Voar,

|



g% = s 8sen t Xewer, 8 Z’i‘tz +X pecr, ;a‘é!; +600'0)

+RT(X g, 0 X g + X, 10 X oy, + X oz, 1 X iy, )
+9672.3X g1, X oy, +9790.6X g, X g,

X CaCly ]

+6388.4X g.0r, sz[ T
“t cacly sCry

+65000.X ¢ cr, X Bact, —130000.X sz, X e, Xpser,
J/mol (24)

gl = Xsa, g;;g: + Xsna:g;;ﬁ&: +Xewern (g;::.'l_ +8000.0)
+RT(X g, 10X g, + X gy, 0 X g, + X, 0 X )

3359.0X o X 2786 X o 0. X Ko,
+ A sty A pacy, T 4/0.0X g0p, A puc, X gor, + X g,
+65000.X ¢, X oy, —130000X 5cp, X cocr X sacs,
Jmol  (25)

Ca® was assumed insoluble in the BaClyq-rich solid
solution. No solid solubility of SP** was assumed in
CaBaCl;. The calculated liquidus projection is shown in
Figure 28.

Other Alkaline-Earth Chloride-BaCl, Systems

No reported liquidus projection or thermodynamic data
were found for the MgCl,-CaCl;-BaCl; and the MgCl:-
SrCl;-BaCl; systems. Therefore, no temary excess
parameters are included in the liquid model. No solubility
of MgCl; in the (Sr,Ba)Cl;(B) solid solution is assumed for
purposes of calculation. In the MgCl,-CaCl--SrCl;-BaCly
system, BaCl; is soluble in the SrCl-rich region of the
(Ca,Sr,{Mg,Ba])Cl, solid solution but not in the CaCl:-rich
region. The Gibbs energy of this solution is given by :

87 = X, 825, + Xoan 825, + X s, (€32, +600)

X yer, (g5, +29550201 18,4261 7)

Ba
+RT Z(X.uucz: X s, )
ABE =My

, X, )
+ X cuy X s, | 96723 +6388.41 —G‘C’—J
coct; X sect,

+97906X g X g, —1841.0X e (X yrper, + Xscr,)
+65000X c,cr, X pcr, (L= 2X 507, )+ 100000 cr, X pocr,
Jmol  (26)

Parameters in Eq.[26] marked with a reference number
are taken from that reference. The parameter —184 1.0 is the
Henrian enthalpy parameter!® of MgCl; in the SrCly-rich
solid solution (27709.2 J/mol) minus the Henrian enthalpy
parameter® of MgCl, in the CaCly-rich solid solution
(29550.2 Jmol). Because of this slight modification,
Eq.[26] does not reduce exactly to the previously
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optimized'™ Gibbs energy expression in the (Ca,[Mg[)Cl:
binary system. but is very close.

MIXTURES OF ALKALI AND ALKALINE-EARTH
CHLORIDES WITH BaCl,

The NaCl-MgCl-BaCl, System

Bondarenko!* measured the phase diagram by thermal
analysis and X-ray analysis (Figure 29). A temary
compound Na;Mg:BaCls was reported with a very small
primary crystailization ficld. The reported ternary eutectic
is at $18°C (at 30.7 wt.% BaCl:, 40.5 wt.% MgCl; and 8.8
wt.% NaCl). No ternary solid solubility is reported. In
order to reproduce the reported liquidus, a small ternary
excess parameter was added to the liquid model (Eq.[27]).
No solubility of Ba®" in NaMgCl; and Na.MgCl, is
assumed. Na” is assumed insoluble in MgBa.Cls.

8 ihiypars =—2719.6  J/mol (27

The calculated liquidus projection is shown in Figure
30. {Note the compositional scale in weight percent). The
reponcd""’; Na;Mg:BaCla compound was not considered in
the calculatons. The calculated ternary eutectic is at 418°C
(at 32.8 wt % BaCl;, 38.1 wt.% MgCl: and 29.1 wt%s
NaCl).

The LiCIl-CaCl-BaCl; System

The liquidus projection has been measured by ithe
visual-polythermal method™ (Figure 51). No temary sohid
solubility is reported. The calculated liquidus projection is
shown in Figure 32. (Note the different composition scales
of Figures 31 and 32). No termnary solid solubility is
assumed. No ternary excess parameter was included.

The NaCl-CaCl>-BaCl; System

The liquidus projection has been reported™ (Figure
33). No termary solid solubility is reported. A temary
eutectic at +438°C and a ternary peritectic at 462°C are
reported. The calculated liquidus projection is shown in
Figure 34. (Note the different composition scales of Figures
33 and 34) No ternary solid solubility was assumed. A
small ternary excess terms was required :

=-2552.2 Jfmol (28)

g f.‘»i'cﬂm,) et
The KCI-CaClyBaCl System

The liquidus projection has been measured by the
visual-polythermal method®™*"! (Figure 357, No temary
solid solution is reported. Three eutectics and a peritectic
are reported as well as two saddle points. The KCI-KCaCl;-
K;BaCl, eutectic is reported at 549°C®land at 526°C™Y the



K:BaCL-KCaCl;-BaCl; eutectic is given at 55 1°c®land at
534°CE% the CaBaCl,-KCaCl;-CaCl, eutectic is reported at
536°C™ and at 544°CP and the KCaCl;-CaBaCl,-BaCl;
peritectic is given at 564°C™! and at 572°CF%.  The
calculated liquidus projection is shown in Figure 36. (Note
the different composition scales of Figures 35 and 36). No
ternary excess parameters were used. No solid solubility
was assumed. (Ba®" was assumed insoluble in KCaCls).

The LiCI-SrCl>-BaCls System
Qiao er al!"! measured the liquidus surface by DTA.

Their results are shown in Table III along with calculated
liquidus points. Two small temary parameters were

required :
8l aayic = 4000 J/mol (29
B ebacsmics = 4000 Jimol 30)

The NaCl-SrCl-BaCl, System

The liquidus projection has been measured by the
visual-polythermal method"”! (Figure 37). No temary solid
solubility is reported. The calculated liquidus projection is
shown in Figure 38. No ternary solid solubility is assumed
for calculation purposes. Two ternary excess paremetlers
were required :

S ocmeyc = 2426.7 J/mol G

g = 29267 $/mot 52

The KCI-SrCl~-BaCl, System

Vortisch!' ! measured the liquidus projection by the
visual-polythermal method (Figure 39). Complete
miscibility between K;SrCly and K;BaCl; is reported. as
well as an undetermined miscibility of Ba™" in KSr:Cl. Ta
reproduce by calculation the reported univariant lines!'”!, no
ternary excess terms were used for the liquid phase, but
temary solid solution parameters were optimized. The
Gibbs energy of the Ky(Sr,Ba)CL; solid solution is given by
a regular solution model (Eq.[33]). and the Gibbs energy of
the K(Sr,Ba).Cls solid solution is given by a Henrian
solution model (Eq.[34]). K" is assumed insoluble in
(Sr,Ba)Cl solid solutions (ct;, oz and B). The calculated
liquidus projection is shown in Figure 40.

— o5 .5
g=Xp a8 xwsrcr, X k18001, 8 ¥ Bact,
+RT(X g 5cr, 0 X g 501, + X i pacs, 10 X gz, ) Jmol

+8368.0X ¢ gt X gz,

(33)
=X o . +X ohp.
g k513 8 Ksncty KBaycly 8 KBayCls /ol
+RT(X gscr, 10X oy, + X pmascr, 10X gpncr,)
34)
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where the standard Gibbs energy of hypothetical KBa.Cls is
given by :

Grnter, = 8ra + 285, +20920 Jfmol (35)
Other Alkali  Chloride--tlkaline-Earth  Chloride-BaCl,
Mixtures

No reported data were found for the LiCl-MgCl,-BaCls,
KC1-MgCl,-BaCl,. RbCI-MgCl.-BaCl,, CsCl-MgCl,-BaCl;,
RbCI-CaCl,-BaCl., CsCI-CaCl;-BaCl,, RbCI-SrCl-BaCl,
and CsCl-SrCl;-BaCl, systems. Ba®" is expected to be
immiscible in Mg ' ~conmining and Ca”"-containing
compounds and vice-versa. Ba™’ is expected to be miscible
in RbSrCl; but failing any experimental data, imuniscibility
is assumed for purposes of calculation. Ba®™ is also
expected to be miscible in RbSr-Cls. The Gibbs energy of
formation of metastable RbBa.Cl;s from RbCl,, and BaClyy,
is estimated to be the same as the Gibbs energy of formation
of metastable KBa:Cls (Eq.[35]):

wisp  _ oS our
Brigact. = Erpct t 2855, +2092.0

J/mot  (36)
An ideal solution of RbSr-Cl; and RbBa,Cls is assumed.
CsBaCl; and CsSrCl; are expected to be completely
miscible. and an ideal solution of these compounds is
assumed. S¢¥ s expected to be miscible in Rb:BaCl; and
in Cs:BaCl,. Ideal solutions of metastable Rb.StCL; in
Rb-BaCl; and of Cs.SrCl, in Cs.BaCl; are assumed.

The NaCl-KCI-CaCl -BaCl, Quaternary System

Sementsova and Bukhaloval™ measured. by the visual-
polythermal method. the liquidus projections of 11 different
termry sections and projected univartant lines on these
sections by tnterpolation and extrapolation of isotherms.
Quaternary mvariant points were then obtained by
extrapolation of the projected univariant lines. The reported
quaternary invariant points are the KCaCl;-K;BaCl,-NaCl-
KCl eutectic at 479°C. the KCaCl;-K-BaCl,-NaCl-BaCl,
eutectic at 478°C. the KCaCl;-CaBaCl,-NaCl-BaCl,
peritectic at 446°C and the KCaCly-CaBaCl,-NaCl-CaCl,
cutectic at 428°C.

From the binary and temary parameters of the models
for ail phases, the same invariant points can be calculated.
The calculated quaternary invardant points are the KCaCl;-
NaCl,,-KCl,,-BaCl: eutectic at 476°C (K:BaCL is
calculated to be on the verge of forming; the metastable
KCaCl;-K.BaCly-NaCI-KCl eutectic is at 473°C), the
KCaCl;-K:BaCl-KCl,,-BaCl, eutectic at 476°C, the
KCaCl3-CaBaCls-NaCl, ; -BaCl, peritectic at 426°C, and the
KCaCl;-CaBaCl,-NaCl; . -CaCl; eutectic at 424°C.

Other Quaternary Systems with BaCl,
No data for other quatemary subsystems with BaCl;

were found. No additional excess parameters are
introduced for the liquid and solid solution models.



Unknown quatemary intermediate phases and compounds
are not expected to exist The present models for all
solutions, along with the data for the pure compounds,
should give satisfactory predictions of phase equilibria in
BaCl,-containing quaternary subsystems of the LiCl-NaCl-
KCI-RbCI-CsCl-MgClL;-CaCl;-SrCl.-BaCl.  system  (as
shown above for the NaCl-KCI-CaCl,-BaCl: quaternary
system).

GENERAL MODEL FOR SOLID SOLUTIONS

The possible Ba-containing multicomponent solid
solutions  present in this system  are the
(Li,Na,K,Rb,Cs)(Mg,Ca,Sr,Ba)Cl; perovskite solution, the
(Li,Na, K. Rb,Cs).(Mg,Sr,Ba)Cls  solid  solution, the
(K,Rb)(Sr,Ba),Cl;s solid solution, and the low-temperature
(Ca,Sr,fMg,Ba])Cl; (Eq.[26]) solid solutions. Excess
mixing parameters have been given in this paper for many
subsystems, and parameters were given previouslys! for
Meg-, Ca- and Sr-containing solutions. The compound
energy model!™ is suitable for estimating the Gibbs
energies of the multicomponent solid solutions, but this
model requires that the Gibbs cnergies of all possible pure
mixing components be defined. including metastable (or
hypothetical) compounds such as LiBaCl;. Na;BaCl,, etc.
The hypothetical Gibbs energy of formation of RbBaCl,
from solid pure salts is defined in Eq.[17]. Furthermore, we
arbitranly set:

goh. =gt v g, +20000  Jmol G7)
U, = B + Qs +15000  J/mol (GS)
8rmr, = Srer + Loy, +10000  J/mol (GY)
LTy, =280 + 85y, +20000 J/mol “0)
8T o, =28k + Ehy, +15000 J/mol “n

where the large positive values assure negligible solubility
of these metastable compounds with other stable
compounds. The excess Gibbs energy of all binary
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subsystems must also be defined. For subsystems where
immiscibility is observed, a very large positive regular
excess Gibbs energy parameter (+100 kJ/mol) is proposed
so that virtual immiscibility is calculated : LiBaCl;-
NaBaCl;, LiBaCl;-KBaCl;, LiBaCl;-RbBaCl;, LiBaCl;-
CsBaCl;, NaBaCl;-KBaCl;. NaBaCl-RbBaCl;, NaBaCls;-
CsBaCl;, KBaCl-RbBaCl;, KBaCl;-CsBaCl;, LiMgCl;-
LiBaCl;, NaMgCl;-NaBaCl;, KMgCl;-KBaCl;, RbMgCl;-
RbBaCl;, CSI\AgCl)‘CSBIlCl;, LiCaCl,-LlBaCl;, N&CZIC[}'
NaBaCl;, KCaCl;-KBaCl;, RbCaCl;-RbBaCl;, CsCaCl,-
CsBaCl;, LiSrCi;-LiBaCl;, NaSrCl-NaBaCl;, KSrCi;-
KBaCl;, RbSrCi3;-RbBaCl;, far the perovskite solution and
Li.BaCl;-Na,BaCl,, Li;BaCL-K;BaCl,, Li;BaCl,-Na,BaCl,,
Li:BaCl.x’KzBaCL;, LizBﬂClJ‘szB&CI;, Ll;BaCI,rCs'_,BaCL,
Na,BaClL-K,;BaCl., Na,BaCL-Rb.BaCl,, Na.BaCl,-
Cs.BaCl,, LixMgClL-Li;BaClL,, Na;MgCL,-Na,BaCl,,
K,MgCL-K:BaCl,, Rb:MgCL:-Rb:BaCl,, Cs,MgCl,-
Cs;BaCl,, Li;ScCL-Li;,BaCl,, Na,SrCl-Na,BaCl,,
Rb,SrCL-Rb;BaCl,, Cs;SrCl4-Cs,BaCly for the
(Li.Na.K.Rb,Cs)-(Mg,Sr,Ba)CL; solid solution. The Gibbs
energy of the perovskite solid solution
(Li.Na,K,Rb,Cs)(Mg.Ca.Sr.Ba)Cly is then given by the
compound energy model**! as :

Cr

s
g= Z Zyuyansg:ima,

Alk =Ls AE =Mg

Cs Ba
tRT Y vy nyu + D Ve Iny g
Afe=Ls ABE =My

42)
& fa
2, Z Z Yo Y avn ¥ atze Ol ke wrsct,
ATE=Ls Alk'= Us o1 ARKE Mg
Csx SL Bu
+ Z L Z..Vm Yoane Y e @ amians_aneicty
Ak =Ls ABE=Mg ALE™= AKE ot

where y, is the sublattice ionic site fraction and all w terms
are binary regular or subregular parameters either optimized
or fixed (+100 kJ/mol) for the binary subsystems. The
Gibbs energy of the (Li,Na K .Rb,Cs);(Mg,Sc,Ba)CL; solid
solution is similarly given by :

Cs
= . oS . 0.5 N oS
g= Z (}’,ak Yacg8akstear, TV Vs 8anssrer, TV anV 808 isacy, )
Alk=Ls

Cs
+RT[2 D Y 0y + Yy 0y, + ys lays + vg, ln_vs.,)
Ak =Ls

+

:
£0e

A=Ak vl

+

Me

§

Ly

+3)

Cs
Z («V,wz Vs Vag@u ahaeet, TV oYY Olag aspsect, T VaaY an-V pa@ak as'), Bact, )

(VAII: Yate Ysr® anyatgsricty TV anVrg Voa® ansag salcty ¥ VoY s Vs @ (s pa)ct, )



The Gibbs energy of the (K,Rb)(Sr,Ba).Cls solid solution is
similarly given by :

o, ok
E=VeVs 8 x::-,cr, + ¥k Y 5.8 parers
o. . gok
Vs & R:y,:(:[, tVr V.8 Rbs’::c:,
+RT(ve Iny + vg Iy, )+ 2RT(yg, Inyg +y,, lny,,)
T VeV Vs Pk mojsncty, TV Vre Y 8a@(x.R5)Baycr,

TV Vs ¥ 8@ k(s paricty ¥ Vro VsV 8a@ rotse.alcts

#49)

where gip7%, and gip” . are given by Eqs.[35,36].

CONCLUSIONS

A complete critical evaluation and optimization of all
available phase diagram and thermmodynamic data for all
phases of the LiCI-NaCl-KCI-RbC!-CsCl-MgCl,~CaCl,-
SrCl;-BaCl: system has been made. All data are reproduced
within experimental error limits. The new modified
quasichemical model!'! was used for the liquid phase, while
the compound c¢nergy model®™ was used for the
(L1,Na. K Rb.Cs)(Mg,Ca.Sr.Ba)Cl; perovskite phase and the
(Li,Na,K.Rb,Cs)-(Mg.Sr.Ba)Cly  solid  solutions. A
substitutional solution model was also used for the
(Ca,Sr,[Mg.Ba])Clya). (St.Ba)Clyp,y and (Ba,{Sr|)Cl, solid
solutions. From the optimized parameters of the binary and
ternary subsystems it is possible, from the quasichemical
model, to predict the thermodynamic properties of the
multicomponent liquid solution. The database of optimized
parameters is included in the F*A*C*T™  dambase
computing system and may be used, along with the other
databases and Gibbs cnergy minimization software, to
calculate phase cquilibria and all thermodynamic properties
i multicomponent systeras.
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T Range H;?X.ISK ** SZ‘;B,IS CP Rf:f_
J/mol J/mol-K T/mol-K
BaCl, «  298-600 -858557.0 123.6660 73.2572+0.012675990T-167742T - (55]
« 600-1198  -867651.5 97.5138 C,(B) (600K-1198K) (551
B 298-600 -841657.0 137.7728 Cp(ce) (298K-600K) *
B 600-1198  -850751.5 L11.6206 2301.8714-1.270734880T (55]
+72386721 T2 +0.00037686959T"
-13987.469T°°
B 11982000 -877165.9 79.7692 123.8460 [35]
B 2000-3000 -851532.6 108.4368 108.7840 *
L  298-800 -832478.6 143.4877 48.3973+0.031543680T (55}
-1597267T°+10525.22T"
L  800-3000  -847064.1 1141239 108.7810 535}
K-BaCl, S 298-600 -1724961.8  301.8535 2 C,(KCl,) + C,(BaCls.) *
S  600-1198  -1734056.3  275.7033 2 CKCl,) + C(BaCl- ) *
Rb.BaCl, S  298-600 -1709449.3 3322447 2 C,(RbCl,) + C,(BaCls ) *
S 600-940 -1718543.8  306.0925 2 C(RbCL,) + Cp(BaCla ) *
Cs.BaCl, S  298-600 -17291174  355.2090 2 C(CsCly) + C,(BaCl. ) *
S 600-950 -1738211.9  329.0569 2 C,(CsCl,) + C,(BaCl- o) *
CsBaCls S 298-900 -1294274.5 237.1203 140.0000 *
MgBa.Cls S  298-600 -2363130.0 o v MgClas) +  CoMgClzs) +2 C(BaCla ) *
2 S%xx (BaClo)
S 600-900 -2381318.9 Soex MgCls) +  G(MgCles) +2 Cy(BaClz ) *
2S%ex (BaCla)
CaBaCl, S 298-600 -1645897.8 240.8301 Cy(CaCl:s) + C,(BaCl, )
S 600-1045  -1654992.3  214.6779 _C(CaClas) + C,(BaCls &)
* This work.

** Relative to elements at 298.15K



TableII.  Cation-Cation “Coordination Numbers™ of the Liquid.
' ! 5 Z;
Li Ba 3 6
Na Ba 3 6
K Ba 3 6
Rb Ba 3 6
Cs Ba 3 6
Mg Ba 6 6
Ca Ba 6 6
Sr Ba 6 6
Ba Ba 6 6

Table [T :  Experimental’™*! and Calculated Liquidus Points of the LiCI-SrCl,-BaCl; System.

XUC, SrCl/ (SrCl; + BaCl;) Molar Ratio
0.3 0.5 0.7
T:xp“ R Tnlc '[‘mr:pu T Tcllc Texp[ ™ Tcalc
°C °C °C °C °C °C

0.20 8Ll 775.6 751 7235 747 7122
0.40 698 676.3 663 634.2 636 603.4
Q.50 622 6223 386 588.1 361 365.1
0.55 601 595.1 366 566.0 536 548.6
0.65 506 5421 502 5239 492 520.1
0.70 513 521.6 533 529.9 520 5295
0.80 542 548.8 549 352.5 554 552.1
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Thermodynamic Evaluation and Optimization of the

LiF-NaF-KF-MgF.-CaF, System

Using the Modified Quasichemical Model

PATRICE CHARTRAND and ARTHUR D. PELTON

A complete critical evaluation and quantitative optimization of all available phase diagram and
thermodynamic data has been performed for all condensed phases of the LiF-NaF-KF-MgF,-CaF,
system. The model parameters obtained for binary and ternary subsystems can be used to predict
thermodynamic properties and phase equilibria for the multicomponent system. The modified
quasichemical model for short-range ordering was used for the molten salt phase.

I. INTRODUCTION

Molten alkaii-atkaline earth halide solutions are of
much technological importance in, for example, the
production and fluxing of Al. A large body of experimental
thermodynamic and phase equilibrium data exists for these
systems. In this article, ali available data for binary and
ternary subsystems of the LiF-NaF-KF-MgF,-CaF,; system
are critically evaluated and optimized (o obtain parameters
of models of all solution phases. These parameters form a
computer database. The models are then used to predict the
thermodynamic properties of the multcomponent system.
When used in conjunction with currently available general
software for calculating equilibria by Gibbs energy
minimization. this database can be used to predict the
thermodynamic properties and phase equilibria in uncharted
regions of temperature and composition. This article is the
second in a series that will be published on alkali-aikaline
earth halide systems.

Molten alkali fluorides-MgF-> solutions are known,
from Raman spectroscopy!’!, to exhibit extensive shart-
range ordering. increasing in importance from LiF-MgF; to
CsF-MgF..  Similar behavior in alkali chloride-MgCl,
melts has previously been modelled™ by introducing
complex-MgCl;~ anions. However, until now, no model
has been proposed which permils a quantitative
optimization of ali subsystem data and which can
satisfactorily be extrapolated to predict the properties of
multicomponent solutions when appreciable short-range
ordering is present. The modified quasichemical model 4
achieves this objective. The model has been used for the
LiCI-NaCl-KCI-RbCI-CsCI-MgCl-CaCL"*!  molten  salt
phase.

The model does not explicitely introduce complex
anions.  Instead, short-range ordering is (reated by
considering the relative numbers of second-nearest-
neighbor cation-cation pairs. The parameters of the model
are the Gibbs energy changes Ag ,;, . for the pair exchange

P. CHARTRAND, Ph.D. Student, and A D. PELTON, Professor,
Departement of Metallurgy and Matenials Science, Ecole
Polytechnique de Montréal, P.O.Box 6079, Station “Downtown”
Montréal, Québec, H3C 3A7, Canada.

reactions :

+(B-F~B),q, =2(4-F -B),,
Ag ik [

(4-F-4)

pair

As Ag .., becomes progressively more negative,
reaction [1] is shifted progressively to the right. (A-F-B)
pairs predominate, and the solution becomes progressively
more ordered. [n the previous articlel! the model was
developed in terms of nearest-neighbor pairs (A-B) for
species mixing on one lattice. In the present case. since the
anion sublattice is occupied only by F~ ions, the model can
be used direcdy to treat cation-cation pairs on the cation
sublattice. The parameter Ag ., is the parameter Ag,
of the previous article!!. When Ag .z, ¢ 15 small, the degree

of short-range ordering is small, and the solution
approximates a random (Bragg-Williams) mnuxture of
cations on the cation sublattice.

Qur aim is to develep a database for calculating
multicomponent thermodynamic properties and phase
equilibria in salt systems related to reactive melals
extractive metallurgy. The LiF-LiCl-NaF-NaCl-KF-KCi-
MgF,-MgCl;-CaF.-CaCl  multicomponent system is the
base system of many processes. The binary and ternary
common chloride systems were evaluated and optimized
previously!”). The binary and temary fluoride systems are
treated in the present article, which also demonstrates the
application of the new modified quasichemical model® to
the evaluation, optimization and prediction of
thermodynainic properties and phase equilibria.

. THERMODYNAMIC DATA

All thermodynamic data ( H g s, »Spg,sxe and C,) for
the condensed pure phases of the LiF-NaF-KF-MgF,-CaF,
system, including optimized values from the present work,
are given in Table I.



IIf. THERMODYNAMIC MODEL FOR THE LIQUID
PHASE

The modified quasichemical model'! is used for the
liquid phase. The notation of the previous articlest™! is
maintained. For example, Xyug is the mole fraction of
second-nearest-neighbor (Na-F-Mg) pairs. The model
requires the definition of cation-cation coordination
numbers Z;. The values chosen in the present work are
listed in Table II. Note that, for example, the choice of
Z G =L Z 3% assures that the composition of maximum

short-range ordering will be near the K;MgF, composition.
Also, as discussed previously™*!, it is necessary to define
all temary sub-systems as either “symmetric” or
“asymmetric”. In the present case, all ternary systems in
which all three components are alkali halides are defined as
symmetric. Systems with one alkali and two alkaline-earth
fluorides are asymmetric, with the alkali fluoride as
asymmetric component, and systems with one alkaline-
earth and two alkali fluorides are asymmetric, with the
alkaline-earth fluoride as asymmetric comporent. To this
end, the components are divided into two groups, all alkali
halides are in onc group, and MgF- and CaF- form the other
group. The composition variables ¥, defined previousiy!'!

then become :

Kratg = Xrcs = Xnastg = Xvace = Xrxvg = Xxca = Xoaw [2]
¥ K

where z, =3 > X, (31
=Ls g=i

Xt = Xeas = Xatgha = Xcwwa = Xatge = Xcax = Xoue [4]
Ca Ca

where ¥ e = DD X, {5
r=Ag y=t
and also
‘X’Al!g\{g
Astgea = 2 = (61
Kot ¥ Xsngea ¥ Xcaca
Yewe
= L] 7
Feae Kutgre ¥ X sggea ¥ X coca 1
X
= 8
Kewvs X v + X s + X e (8]
X wan
v, = == 9
& s KXo + X pona ¥ X varia ol
etc.

That is, when { and j are alkalis :
X

=— 10
Xy X, +X,+X, (1o}

The parameters Ag ;. of reaction [1] for each pair are
expanded, through optimization of available experimental
data, as empirical polynomials in x,. For temary systems,
terms may be added giving the cffect of the third

270

component upon the pair formation encrgies Ag ;... AS
described previousty!™ this is done by introducing empirical
ternary parameters gj{;(,_-, ,¢ in the polynomial expansion.

IV. ALKALI FLUORIDE MIXTURES

In previous publications!®! a database was developed
for alkali halide solutions by evaluationfoptimization of all
thermodynamic data. A random (Bragg-Williams)
configurational entropy was assumed, and excess Gibbs
energies were expressed as polynomials. [n the present
work, the LiF-NaF and LiF-KF binary subsystems were
reoptimized with the quasichemical model. For the NaF-
KF system. the optimized parameters® are very small.
Hence, short-range ordering is negligible. and these
parameters can be used directly as pamameters of the
quasichemical model with only negligible differences in the
calculated properties and phase diagram.

A The LiF-NaF System

The liquid thermodynamic properties were reoptimized
with the quasichemical model. The Gibbs energy of
formation of Li-F-Na pairs is given by Eqfll}. The
calculated l)husc diagram is virtually identical to the one
published® previously. The thermodynamic properties of
the NaF-rich solid solution (Eq.[I12]) are taken from
Sangster and Peiton!™.

AL pae = ~2161.0 +0.6698T ~ 57+ 1 .. ~332.8 7.,
Imol  [11]

g = ‘Y.k’ch.z'.aSF + ‘YLJF (-gl‘:.i + [8895) J/IllUl [ l‘)l
FRT(X e InX fp +.X, 0 X, )

B. The LiF-KF Systern

The liquid thermodynamic properties were reoptimized
with the quasichemical model. The Gibbs energy of
formation of Li-F-K pairs is given by Eq.[l3]. The
calculatedrf)lmsc diagram is virtually identical to the one
published® previously.

Ag rs ==3404.6 +0.6249T +(~1100.9 + 1043 1T ).,
Jimol  [I3}

C. The NaF-KF System

The liquid thermodynamic properties are calculated
using the quasichemical model™ with the optimized
polynomial parameters' converted from joules per mole of
components AF to joules per mole of 2™ nearest-neighbor

pairs. Since all coordination number Z, in Table II are

equal to 6 when / and j are alkalis, it is simply necessary to
divide all previous coefficients!®! by 3.0. The resultant



Gibbs energy of formation of Na-F-K pairs is given by
Eq.[14]. The Gibbs energy of the KF-rich solid solution is
given by Eq.[15] taken from Sangster and Pelion®.  The
calculated phase diagram is almost identical to the one
published® previously.

Ag yurerr = 1183 + 084707 J/mol [14]

€= X8 + X e (gt +247700) | (151
+RT(X o 0 X g + Xy In X p)

D. The LiF-NaF-KF System

A thermodynamic calculation of the phase diagram was
reported previouslym- The phase diagram was recalculated
with the modified quasichemical model™! for the liquid
phase, with the following small ternary excess parameter :

Glxeware = 3138 J/mol [16]

No temary solid solubility was assumed. The
calculated phase diagram, shown in Figure 3. is nearly
identical to that calculated previously!! with the Kohler
technique!™, and is also in excellent agreement with

experimental measurements as discussed prcviously“ 1

V. MIXTURES OF ALKALI FLUORIDES WITH
N[gF;

A. The LiF-MgF, System

The phase diagram has been measured by equilibration
and quenching®, thermal analysis and the visual-
polythermal method!*®, and cooling curves!! (Figure 4).
Solid solubility on both sides of the phase diagram is
reported®. Large uncertainties still remain on subliquidus
equilibria but it is clear that extensive solid solutions are
present.

Calorimetric measurements are available for the liquid
phase!*®! (Figure 2). No activity measurements are reported
for the tiquid phase. The optimized energy of reaction [1]
for the Li-F-Mg pair is given by Eq.[17].

Agrunrr =—T175.0 —888.87 5, —8607.8y 4, I/mol [17]

MpgF. dissolves in LiF with formation of cationic
vacancies. For very dilute solutions the Mg?" ions and
vacancies are distributed independently on the lattice sites,
giving risc to a large entropy term and stabilizing the
solution relative to the liquid. However, at slightly higher
MgF, concentrations there will be a strong electrostatic
tendency for the Mg®" ions and vacancies to associate and
enter solution as a single species. The entropy then
becomes equivalent to a simple Bragg-Williams random
mixing entropy. For the LiF-rich solid solution therefore,
the following optimized expression was used :
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- o5 = 5, . )
g =X egii + X @oss +11568.8—4.1840T

(183

R J/mol
CRT(X X + X In X )

(18]

The thermodynamic properties of the MgF--rich solid
solution have been represented by a Henrian solution model
which, similarly to the model for LiF-ach solutions,
assumecs association of anionic vacancies with Li” cations :

€= X e 8lim, + Xoe (22 +171549)
Jimol  [19]
#RT(X pr Xy +X 0 I, )

Figures L. 2 and 4 show the calculated and experimental
phase diagram and thermodynamic properties. The
calculated phase diagram is thermodynamically consistent
with the enthalpy of mixing of the liquid and the fusion
properties of the pure salts. This is not necessarily the case
for the experimental diagrams®'!  where large
discrepencies are abserved.

B. The NaF-MgF: System

The phase diagram has been measured!"'*'®! (Figure
5). The only reported intermediate compound is NaMgFs.
No solid solubility is reported. and the limiting slopes of
the NaF and MgF. liquidus curves respect Eq.[20] which
assumes no solid solubility.

Ilim

X el

[20]

(ﬁ":"’“} ML
dr ) RT}

Sfsnon

-
Astw

of melting of the pure salts.

Calorimetric measurements are available for the
liquid!'* (Figure 1). Estimated properties of NaMgF; have
also been given. The enthalpy of formation of NaMgF;
from solid NaF and MgF> at 298.15K was estimated as -
16.74 kJ/mol™! and -29.29 kI/mot"®, the enthalpy of
fusion of NaMgF; was estimated as 84.6+2.0 kJ/mol™! and
74.15 ki/mol™!. The optimized enthalpy of formation of
NaMgF; from pure solids at 298.15K is -16.20 kJ/mol and
the optimized enthalpy of fusion is 72.80 kJ/mol. The heat
capacity of NaMgFs(s) was estimated in the present work as
135 J/mol-K which is the value obtained for NaMgCl; in
the previous optimization””). This value is close to the sum
of heat capacities of NaF(s) and MgFa(s). The optimized
Gibbs energy of reaction (1] for the Na-F-Mg pairs is :

where Ak}, and T, are the enthalpy and temperature

Ag varrgr r = —14654.0+0.7765T

_ J/mol [21]
+(~19886.0 +5.40007 )y .

Figures 1, 2 and 5 show the calculated phase diagram
and thermodynamic properties.



C. The KF-MgfF; Svstem

The phase diagram has been measured** ! (Figure
6). Reported intermediate compounds are K,MgF;
(incongruent) and KMgF; (congruent). Possibie limited
solid solubility of KF and MgF. in KMgF; perovskite is
reported® L The timiting slopes of the KF and MgF»
liquidus curves agree with Eq.[20] which assumes ao solid
sofubility in KF or MgF..

Calorimetric mecasurements are available for the
liquid™® (Figure 2). Volodkovich et al'*! measured the
Gibbs energy of reactions [22] and [23] by an emf
technique between 735-869.5K and 745-928K respectively,
obtaining -10.8(x8.9) - 0.0344(x0.011)T kJ/mol for
reaction [22[ and -26.0(£5.5) - 0.0097(+0.0065)T kJ/mol
for reaction (23].

2KF,,) +MgF,,, = K MgF,,, (22}
K MgFy,, + MgFy,, =2 KMgFy, (23|

Bouamrane er a/.** measured. by solution calorimelry.
the heat of formation of K:MgF; and KMgF; from the
elements at 298.15K as -2317£20 kJ/mol (¢fF -2274.819.0
kJ/mol®**) and -1727+15 kJ/mol (¢f: -1712.5£5.3 kl/mol™™*l)
respectively.  Calculated values are -2285.0 kJ/mmol and
-1716.7 kJ/mol respectively. The calculated Gibbs energics
for reactions [22] and [23] are -36.15 kJ/mol (¢f -36.08
K/mol™) and -34.06 kl/mol (¢f -33.13 kJ/mol'™h
respecuvely at 735K, and -17.08 kJ/mol (¢ff -40.73
ki/mol® and -36.60 kJ/mol {cff -34.43 kJ/molf*) at
870K. Ermors on the experimental valuest~" are large. The
optimized heat capacities of K-MgF, and KMgF; are
150.665 J/mol-K and 115.686 J/mol-K respectively (values
close to the sums of the heat capacities of the pure solid
salts). No solid solubility of KF of MgF; in KMgF; is
assumed for calculation purposes. The optimized Gibbs
energy of reaction [1] for K-f-\fg pairs s :

AF pareip = 239744 +6.8813T + (1730.7 - 324217 ) r

+(~35478.0 + 2.0000T )y, +188750r3,
J/mmol  [24]

Figures 1, 2 and 6 show the calculated and experimental
phase diagram and thermodynamic properties. Figure 2
shows the calculated mixing entropy of the liquid at
1000°C, where the “m-shape™ related to a high degree of
short-range ordering in the melt can clearly be observed.

D. The LiF-NaF-AgF, System

The liquidus projection has been reported!"® (Figure 7).
Two ternary cutectics and a saddle point are reported : the
LiF-NaF-NaMgF; eutectic at 630°C, the LiF-MgF»-
NaMgF; eutectic between 700°C and 708°C, and the saddle
point at 708°C. No ternary solid solubility is reported. The
calculated liquidus projection is shown in Figure 8 with no
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ternary excess terms for the liquid and assuming no solid
solubility of Li" in NaMgF;.

E. The LiF-KF-MgF; System

The liquidus projection has been reported™! (Figure 9).
No ternary solid solution is reported. The calculated
liquidus projection is shown in Figure 10. No ternary
excess parameter is necessary to calculate the liquidus
projection. No solid sotubility of Li" in KMgF; nor in
K:MgF; was necessary to reproduce the liquidus surface.

E. The NaF-KF-MgF, Systern

The liquidus projection has been measured!” (Figure
L1). Solid solubility between NaMgF; and KMgF; is
reported with a quasibinary eutectic at 986°C. No liquid
ternary excess parameters are required, but a complete solid
solution between these compounds (with a solid-solid
miscibility gap only at lower temperatures) is required to
ceproduce the reported NaMgF;-KMgF; liquidus. A
subregular excess Gibbs energy expression was used for the
(Na.K)MgF; solid solution (Eq.[26]). No assumed solid
solubitity of Na~ in K;MgF, was required to reproduce the
K-MgF, liquidus and related invariant points, but a limited
solid solubility may exists. The calculated liquidus
projection is shown in Figure 12.

-t 0.5 o8
g=x vartgh 8 vavggr, X xier, 8 kater,
+R T(X sartgs, 1VX vorper, L iregr, I X KMgF, )

# X varer N kaer, 138072

NatfgFy

=Y NatleF) Xx.\l;f-‘, 3 138-0("(.1-:&!::5 - X-\'-a*lex )

J/mol [25}

VI. MIXTURES OF ALKALI FLUORIDES WITH
CaF;

A. The LiFF-CaF, System

The tiquidus has been measured® ™ (Figure 13). A
simple eutectic system is reported by all authors and no
solid solubility is reported. The limiting slope of the LiF
liquidus curve respects Eq.[20] which assumes no solid
solubility.

Calorimetric measurements are available for the
liquid®! (Figure 14). The optimized Gibbs energy of
reaction [ 1] for the Li-F-Ca pair is :

Agpcorr = 21835+ 13591 +5957 1 1, — 79081 e
J/mol  [26}

Figures 13 to 15 show the calculated phase diagram and
thermodynamic properties.



B. The NaF-CaF; System

The phase diagram has been measured! *52*% (Figure
16). The system is a simple eutectic with no reported solid
solubility which is in agreement with the limiting slope of
the NaF liquidus curve given by Eq.[20] which assumes no
solid solubility.

Calorimetric measurements are available for the
liquid®! (Figure 14). The optimized Gibbs energy of
reaction [ 1] for the Na-F-Cu pair is :

AZ v r = 32661+ 2.6451T 2863 .4y 4

Jimot  [27]
+(~11746.5+6.4326T ) ¢ e
Figures 14 to 16 show the calculated phase diagram and
thermodynamic properties.

C. The KF-CafF, System

The phase diagram has been measured?®?"! (Figure 17).
Both authors reported the congruently melting KCaF;
compound. No solid solubility was reported.

Calorimetric measurements are available for the
liquid™! (Figure 14). The heat capacity of KCaF; is
estimated as 145 J/mo!-K from the sum of the mean heat
capacities of KF.s, and CaF», bewteen 25°C and 1000°C,
and also from the optimized heat capacity of KCaClL!
The optimized Gibbs energy of reaction [1] for the A-F-Ca
pairis :

AZ pry p =—102232 +350799T -907 3 ¢,
KCarE e £ ool [28]
+(~9438.7 + 5.5160T ) r
Figures 14, 15 and 17 show the calculated phase
diagram and thermodynamic propertics.

D. The LiFF-NaF-CaF, System

The liquidus projection has been reported!>*#. A
single temary eutectic (615°C"**! or 607°C™®}) is reported,
with no temary solid solubility (Figure 18). The caiculated
liquidus projection is shown in Figure 19. No ternary
excess parameters were required to fit the liquidus surface.
No ternary solid solubility was assumed.

E. The LiF-KF-CaF; System

The liquidus projection has been measured!™! (Figure
20). A ternary cutectic and peritectic are reported at 490°C
and 684°C respectively. No solid solubility is reported.
The calculated liquidus projection using a small ternary
parameter for the liquid model (Eq.[29]), and assuming a
limited solid solubility of Li* in KCaF; is shown in Figure
2L. (Note the different composition scales when comparing
Figures 20 and 21). The Gibbs energy of the KCaF;-rich
solid solution using a regular solution model is given by
Eqgs.[30,31].

g s =41840 J/mol [29]

g8=Xrcr,8 ;gd-', +Xpcur, & Z.'g}-,
+RT(X e, 10X g, + X picar, 10X s, ) Fmol (30}

V753X gour, X s,
where the Gibbs energy of hypothetical LiCaF; is given by:

o =gia + gl +20920 Jrmol (31]

8ricar;, =
F. The NaF-KF-CaF; System

The liquidus projection has been measured™! (Figure
22). The authors reported two temary eutectics with a
saddle point. No solid solubility is reported. The
calculated liquidus projection is shown in Figure 23. (Note
the different composition scales when comparing Figures
22 and 23). No solid solubility of Na” in KCaF; is assumed
but a small excess ternary parameter (Eq.[32]) must be
added to the liquid model.

g?ﬂsa(Avﬂ)/F =41422 J/mol (32|

G. The LiF-NaF-KF-CafF; Quaternary System

Temperatures of invariant points of the quaternary LiF-
NaF-KF-CaF, system are reported™) A quaternary
eutectic (LiF-NaF-KF-KCaF;) was reported at 444°C and a
quaternary peritectic (LiF-NaF-CaF--KCaF;) was reported
at 566°C. Using the modified quasichemical model'! for
the hiquid. with the optimized parameters for the binary and
tzmary subsystems given above, and with no additional
parameters, the LiF-NaF-KF-KCaF; eutectic is calculated at
436°C and a LiF-NaF-CaF;-KCaF; eutectic is calculated at
564°C.

VIL MIXTURES OF ALKALI FLUORIDES WITH
l\’lgF; AND Cal";

A The MgF-CaF System

The phase diagram has been measured®® ! (Figure 24).
Fedorov and Ol’khovaya® reported a solubility of MgF; in
CaF; of less than 3 mol%. A simple eutcctic system is
reported by both authors. The limiting slopes of the
liquidus curves agree well with Eq.[20]. Hence, only
limited solid solubility is expected on both sides of the
phase diagram.

No thermodynamic data were found for the properties
of the liquid. No solid solubility was assumed. The
optimized Gibbs energy of reaction [1] for the Mg-F-Ca
pairis :



Agrecarr =—2859.0-28728%,,c, 14172  cusre
J/mol  [33)

The calculated optimized phase diagram is shown in
Figure 24,

B. The LiF-MgF-CaF; System

Roake!™ measured the liquidus projection (Figure 25).
A single temary eutectic at 672°C was reported with no
ternary solid solubility.  Figure 26 shows the calculated
liquidus projection. No ternary solid solubility is assumed.
A small ternary excess parameter for the liquid model is
added in order to reproduce the temary eutectic :

g% inir =—=3765.5  Jmol (341

C. The NaF-MgF~CaF> System

The liquidus projection has been reported®! with two
ternary eutectics and a saddle point (Figure 27). No solid
solubility is reported. The calculated liquidus projection is
given in Figure 28. A small temary excess parameter for
the liquid model is necessary in order to reproduce the
saddle point (Eq.[35]). No solid solubility of Ca™ in
NaMgF; was assumed for the calculations. The calculated
NaMgF;-CaF-MgF- eutectic is at 865°C compared to the
reported value of 905°C"* and the calculated NaMgFs-
NaF-CaF: eutectic is calculated at 766°C compared to the
reported value of 745°CU'*L However. the greater part of
the reported liquidus surface is reproduced very well with
only a very small ternary parameter. The reported ternary
eutectic temperaturces thus seem tnconsistent.

8 oibreccayir = 33472 Hmol (351

D. The KF-MgF-CaF, System

No reported liquidus projection has been found.
Belyaev and Shilov!™! measured the phase diagram along
the KMgF;-KCaF; join by visual and thermographic
methods (Figure 29). A solid-solid miscibility gap between
solid perovskites was reported with a eutectic at 985°C at
60 mol.% KCaF; with maximum solubilities of around 10
mol.% KMgF] in KCaF; and 20 mol % KC{LF; in KMgF;.
The calculated KMgF;-KCaF; phase diagram is shown in
Figure 29. The Gibbs energy of the liquid is assumed to be
solely calculated by the model from the optimized binary
parameters. The Gibbs energy of the KMgF;-KCaFj solid
solution was modelled by a subregular equation (Eq.[36]).
Complete solid solubility must be assumed in order to even
come close to reproducing the reported liquidust™! but the
calculated solidus then differs from the solidus of Belyaev
and Shilov'*'. From comparison with other systems, it is
very unlikely that large excess ternary parameters are
required for the liquid solution. That is, it is not possible,
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with reasonablc parameters for the liquid and solid
solutions. to reproduce the reported™! diagram.
g =Xy & ;:_’;S;.F, + X rear, & axgar,

FRT(X pyr, 10 X s, + K sy 10X g, )

it J/mol  [36]
+ X vrgr, X kcar, 12352

~ X e, X ncar, 184 (X s, =X s, )

For calculating the complete KF-MgF,-CaF, phase
diagram it is proposed that no solubility of Ca™" in K,MgF,
be assumed. This assumption should give a reasonable
calculated liquidus projection.

VIII. GENERAL MODEL FOR SOLID SOLUTIONS

The solid solutions preseat in this system are the
(Li.Na,K)(Mg,Ca)F; perovskite solution. and the
(Na,[LiDF, the (K,[NapDF. the (Li[MgDF and the
(Mg, [Li])F: solid binary solutions. Excess mixing
parameters have been given in this article for many
subsystems of the perovskite solution. The compound
energy madel™! is suitable for estimating the Gibbs energy
of the multicomponent perovskite solution, but this model
requires that the Gibbs energies of all possible pure mixing
companents be defined, including metasable (or
hypothetical) compounds such as LiMgF;, NaCaF;, ete.
The hypothetical Gibbs energy of formation of LiCaF; from
the pure solid salts is defined in Eq.[31]. Furthermore, we
arbitrarily set :

Ag =20920.0 Vmol
(371

Ag =418.4 J/mol
(38]

NafF g, +CaF, ., — NaCaF,;,

LiF,g, + MgF,

Iay

— LiMgF s,

where the positive valucs assure metastability in the binary
systems. The excess Gibbs energies of all binary
subsystems must also be defined. For subsystems where
immiscibility is observed, a very large positive regular
excess Gibbs energy parameter (+100 kJ/mol) is proposed
so that virtual immiscibility is calculated : LiMgF;-LiCaF;,
LiMgF;-NaMgF;,  LiMgF;-KMgF;,  LiCaFy-NaCaF,,
NaMgF;-NaCaF;, and NaCaF3-KCaF;. The Gibbs energy
of the perovskite solid solution (Li.Na,K)(Mg,Ca)F; is then
given by the compound energy model $las:



K X

g= Z Zymymg:ins;,

Ak =Ls ARE =Mg

r Ca
+RT( Z_V,m: Iny, + Z—V,w‘e ln)’mJ
Alk=Li ABE=Afg [39]

Na X

Ca
+ Z Z Zy,«a}’m-}’mw(m,uk-mg.r,
Atk =Lt Alk'= Alk + ARE Mg

X

+ Z Yan Yarg YVea® ur(rig.CalF,
e

where y, is the sublattice ionic site fraction and all @ terms
are binary regular or subregular parameters either optimized
or fixed (+100 kJ/mol) for the binary subsystems.

IX. CONCLUSIONS

A complete critical evaluation and optimization of all
available phase diagram and thermodynamic data for alt
phases of the LiF-NaF-KF-MgfF,-CaF; system has been
made. All data are reproduced within experimental error
limits. The new modified quasichemical model™ was used
for the liquid phase, while the compound energy model!**!
was used for the (Li,Na K)(Mg,Ca)F; perovskite phase and
a Henrian solution model for the limited solid solutions in
LiF, NaF, KF and MgF;. From the optimized parameters of
the binary and temary subsystems it is possible, from the
quasichemical model, to predict the thermodynamic
properties of the multicomponent liquid solution. The
database of optimized parameters is included in the
F*A*C*TH*! database computing system and may be used,
along with the other databases and Gibbs energy
minimization software, to calculate phase equilibra and all
thermodynamic properties in muiticomponent systems.

The modified quasichemical model for short-range
ordering in the pair approximation has been shown to be
very applicable to molten salt systems involving cation-
cation ordering. A coming paper will discuss the
integration of the model (and parameters) of the LiF-NaF-
KF-MgF;-CaF> molten salt solution with the model (and
parameters) of the LiCi-NaCI-KCl-[RbCl-CsCI]-MgCl,-
CaCl, molten salt solution®! into a single model which
account for simultaneous first- and second-nearcst-neighbor
short-range ordering in reciprocal salt solutions. This
moedel will permit reliable thermodynamic calculations in
complex salt systems of importance to reactive metals
processing.

List of Symbols
R gas constant (8.31451 J/mol-K).
T absolute temperature (K).
X, global mole fraction of cation i.
X global mole fraction of component AF.
Y sublattice mole fraction of species /i In
Compound Energy Formalism.

™~
<Q
wi

g molar Gibbs energy (J/mol).

25 standard molar Gibbs energy of component AF

(S = solid. L = liquid).

excess molar Gibbs cnergy in a random-mixing

model.

g%, @ lemary interaction parameter which gives the
effect of CFon Ag ;...

[ g standard molar enthalpy at 298.15K (J/mol-K)

St standard molar entropy at 298. [ 5K (J/mol-K)

C, molar heat capacity (J/mol-K)
Ag,. r Gibbs energy of the pair-exchange reaction:
(-F-)+(-F=j)=2(-F-j)
- calion-cation pair (i-F-f) mole fraction.
z, cation-cation pair coordination number of
species i.
K K
Ko Az = Z Z‘\ y
r=ls g=s
Ca Ca
X aue Koaue = Z X,
r=Mg goe
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Table I: Thermodynamic Properties of Compounds

T Rénge Hop s ** SZe1s cp Ref
J/mol J/mol-K J/mol-K
LiF S |298.15-2000 | -612956.0 35.6477 | 42.6894+0.0174180T-530113T" 17
L. }298.15-2000 | -594581.6 42.9975 | 64.18256 47
NaF S |298.15-2500 | -573626.4 51.2958 | 46.5888+0.0098993T-212966T" 17
L |298.15-2500 | -556784.4 51.1576 | 70.5673 17
KF S | 298.15-2000 | -567350.4 66.6093 | 45.9822+0.0144222T 17
L |298.15-2000 | -547978.6 75.6703 | 66.9440 47
MgF- S | 298.15-1536 | -1124241.6 | 57.2550 | 94.5209-0.0066217T+217230T* 48
+2.43554x10°T2-10040.6T"
S | 1536-2000 -1148699.2 | -1.7474 | 85.4036+28572438T >-73261.0T" 43
+1325.984T7°%
L | 298.15-1000 | -1072354.9 | 89.9722 | 90.9259-1925945T >-276.42742T°° 43
+219560782T
L [ 1000-3000 -1086504.7 | 63.4194 | 94.9220 48
CaF, o | 298.15-1424 | -1225912.0 | 68.5720 | [22.8224+0.0284802T -6489901T%+725355T" | 48
-4023.107T23
o | 1424-1425 -1245599.3 | 34.7482 | 104.0000 48
g ] 298.15-1424 | -12211420 71.9217 Cy(x) (298.15 < T < 1424) *
B | 1423-2000 -1255460.7 | 20.0842 | 107.9890+0.0104600T 18
B | 2000-2001 -1221263.2 | 53.2548 | C,(L) (1000 < T < 4000) *
L | 298.15-1000 | -1186067.9 | 92.5655 | 161.2395+0.0211805T-7683116T - 48
+93543.1T"-5633.815T°°
L | 1000-3000 -1200017.3 | 66.2345 | 99.9140 48
NaMgF; | S [298.15-1350 | -1714068.7 | 110.6839 | 135.0000 *
KMgF, |S [298.15-1400 | -1716700.0 | 145.8000 | 115.6861 *
K:MgF, | S [298.15-1200 | -2285000.0 | 224.6000 | 150.6647 *
KCaF; S |298.15-1350 | -1795102.4 | 137.9561 | 145.0000 *
* This work.

** Relative to clements at 298.15K

Table EL. _Cation-cation “Coordination Numbers” of the Liquid.

¢ J z, z;
Li Li 6 6
Na Na 6 6
K K 6 6
Mg Mg 6 6
Ca Ca 6 6
Li Na 6 6
Lt K 6 6
Li Mg 3 6
Li Ca 3 6
Na K 6 6
Na Mg 3 6
Na Ca 3 6
K Mg 3 6
K Ca 3 6
Mg Ca 6 6
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The Modified Quasichemical Model

Il — Two Sublattices

P. CHARTRAND and A.D. PELTON

The modified quasichemical model in the pair approximation for short-range ordering in liquids is

extended to solutions with two sublattices.

Short-range ordering of nearest-neighbor pairs is

treated and the effect of second-nearest-neighbor interactions upon this ordering is taken into
account. The model also applies to solid solutions if the number of lattice sites and coordination
numbers are held constant. It may be combined with the Compound Energy Formalism to treat a
wide variety of solution types. A significant computational simplification is achieved by formally
treating the nearest-neighbor pairs as the "components” of the solution. The model is applied to an
evaluation/optimization of the phase diagram of the Li, Na, K/F, Cl, SO, system.

L INTRODUCTION

In the first two articles in the present series!'?! the
modified quasichemical model for short-range ordering in
the pair approximation was described for solutions in which
the species mix on only one lattice or sublattice. The
present article extends the trcatment fo mixing on two
sublattices. In solid solutions the existence of two
sublattices is a manifestation of fong-range ordering. For
example, in a solid ionic solution one can distinguish
anionic and cationic sublattices. In a liquid solution, on the
other hand, there is no long-range ordering and, strictly
speaking, it is incorrect to speak of sublattices. In molten
NaCl, for example, the Na" and Cl'ions should be treated as
residing on one sublattice, but with a very high degree of
short-range ordering such that the nearest-neighbors of Na”
ions are almost exclusively CI' ions and vice-versa.
Solutions of molten salts could thus be treated with the
single-sublattice model described previously**!. However
in such solutions in which the degree of short-range
ordering is very high, it is conceptually and mathematically
simpler to treat the liquid solution as if it consisted of two
distinct sublattices. This does not preclude the possibility
of a small number of cation-cation or anion-anion nearest
neighbors, since these can be treated within the two-
sublattice model as substitutional defects (cations on anion
sites and anions on cation sites).

In a solid solution, the ratio of the numbers of sites on
the two sublattices is necessarily constant However, in a
liquid, this ratio can vary with composition. For example,
in molten NaCl-CaCl, solutions the ratio of cation to anion
sites varies from 1/l to 1/2 as the composition varies from
pure NaCl to pure CaCl,.

P. CHARTRAND, Ph.D. Student, and A.D. PELTON, Professor
are with Centre de Recherche en Calcul Thermochimique, Ecole
Polytechnique de Montréal, P. O. Box, 6079, Station
"Downtown”, Montréal, Québec H3C 3A7, Canada.

A two-sublattice model for multicomponent motten salt
solutions was developed in an earlier article!™, but only for
the case of random mixing of species on their respective
sublattices. This was an extension and generalization of
earlier work by Blander. Yosim and Saboungi ™! Short-
range ordering of first-nearest neighbors was introduced
into the model by Dessureault and Pelton!”?. That is.
account was taken of the fact that certain first-nearest
neighbor ("cation-anion") pairs predominate. However,
only reciprocal temary systems (with only 2 species on
each sublattice) were considered, and only for the case of
an equal and constant number of sites on the two
sublattices. [n the present article this model is generalized.
Simultaneous  short-range  ordering of first- and
second-nearest neighbors is not wreated by the present
model since this is not possible within a pair
approximation. However, this will be the subject of the
next article in the preseat series.

. THE MODEL
A.  Definitions, Coordination Numbers

The solution consists of two sublattices. [ and [I. Let A,
B,C,....and X,Y,Z,....be the species which reside on
sublattices [ and II respectively. [n a salt solution, for
example, A, B, C, .. _arc the cations and X, Y. Z. ... are
the anions.

As another example, in a spinel solid solution,
sublattices [ and II would be associated with the tetrahedral
and octahedral cationic sublattices. Although there is a
third anionic sublattice, as long as this is occupied by only
ane species, O™, the present model can be applied. In other
examples, lattice vacancies could also be considered as
“species”, or the same chemical species could occupy both
sublattices. For example, in an ordered Cu-Au alloy, Cu
and Au reside mainly on the [ and [I sublattices
respectively. However, due to substitutional disordering,
some Cu is found on the Il sublattice and some Au on the [
sublattice. That is, in this example A and X would both be
Cu and B and Y would both be Au.



Let Z;, be the nearcst-neighbor coordination number
of an A species when lattice Il is occupied only by X. and
let Zj, be the coordination number of an X species when

fattice [ is occupied only by A.

[n a solid solution, the numbers of sublattice I sites and
sublattice II sites per mole are necessarily constant
independent of composition. Hence:

in solid solutions

A 8 A4 8 _ — =
Zyy =Zgy =Z4r =25, = =constant =

2Z,=Zy=Zo=...=2,

n
0
3
g
2
f

X _ X _7r r
ZA/.( —Za.fx _'Zm' ’an'

=Zy TSy TZp ==y

In a liquid solution, on the other hand, the local structure is

flexible, and the Z,,, and Z; can vary with composition.

The following mass balances apply:

Ty She TRy F1 5+ (31

Sxlye =0 yx thge ¥Ry +-.. [4]

where z,; and zy are the first-nearest-neighbor coordination
numbers of A and X, n, is the number of moles of species i

in the solution, and 72 ; is the number of moles of first-

nearest-neighbor (i-j) pairs. Let:

3 Nyx  Nar Nz [
Lofre e e,
z, ZAIAX Z"fl’ wz Rye ¥y +0 40+

{51
n n .
L= .;/x+ i{x"' (i»x +( L }
Zx Zye Zax Zoy NMyx ¥lgry FHeppe +.o0
f6l
Combining Egs [3] to [6] gives:
N, =Ny /Z:/.r +"M/Z:/r +1 42 /Z;‘/z +... [71
Ry =y /Z:«\;x +"BIX/Z:7€’.\' ey /Zg/.r +eo.o.. (8]

The composition dependence of Eqs {5,6] was chosen
because it gives risc to the simple relationships of Eqs [7,8].
"Site fractions”, X, "pair fractions”, X, , and "coordination

equivalent site fractions”, V;, are defined as:
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Xy=n, /(n.4 Ty +--'>)

Ny =ny /(",r +ny +-...)

X, = "v-//Z".,, (10}
Y, =ZA".4/(:A",( tIgng +'--) [y

Vo =z¢ny fzen, gy +.o

{91

Substitution into Eqgs [7. 8} gives:
Vo=m Xy + X 0 + X 7 +o. {124
Ve =Xy + X g + X +-nn. (3]

Restrictions on Z,,

The restrictions on Z, for a solid solution were given in
Eqs [L.2]. For a molten salt solution, gthese equations nced
not apply. However, it is necessary thast

A X
Zix /ZJ;X =‘h/‘?,.- {1+4]

where g, and gy are the absolute c=ationic and anionic
charges.  For example. in CaF.. Z&, /Z&,F =2/1.
Substitution of Eq [14] into Eqs [7.8] gmves:

(@arte +qang +-.o) = (qere +aqeny +..2) {s]
which is the necessary charge neutrality~ condition.

A. Gibbs Energy Equation

\We now define:

. .
o _| 49 o _| dx L=
Eux ‘LZ,‘ Jg,cw. Ygy © (z,{,’,\- J'g""t‘u Xiee [1o}

where S Xuge 15 the standard Gibbss energy of the pure

component. [n the case of a salt, f g4 and gy are the

absolute cationic and anionic charges. ttnen g5 voe Xore is the
sl

standard Gibbs energy per charge equivailent. For AlQ; for
example,

g0 = (3/2:5/0 )g:l,,»‘o.,-: = (2/231;0 )3:1*1,,0“ = (2/22/0)2,-16:0.

(7]

That is, gl is the standard Gibbs emiergy of AlO; per

mole of Al-O pairs.
The Gibbs energy of the solution is _given by the model
as:



o o o <onfi
G =(".«/xg,x/x +yr8.yyr tNgx Lo te-- )-TAS ¢

“Y Ag ’YB X ‘X’AIY Xﬂ 14 ‘YAI.\’ ’t'. e X 81X “"H/Y
*'(Z ":/J) [—‘i__/h AZ iy ""‘-._l A2 o +—,—L A oy Y A8 gy te-- [18]
Y, t, 1 Y,
+(Reciprocal ternary terms)
where ) n,. is the total number of moles of pairs, and AS*™™ is the configurational entropy of mixing given by:
AS™F = —Rp 4 10X e +1ygp X gy + g 10X gy 4. )
+R{r gy 10V, ¥y 41 0V, F, +ngy ln¥ely +...) (19]

-R{m nX,+n,nXg+ .. +n,nX, +n,InY, +...)

In Eq [I8], the parameter Ag ... is related to the

interaction of second-nearest-neighbor A-B pairs on lattice
[ when lattice [I is occupied only by X, (a "cation-cation”
interaction in the case of a salt solution). This parameter
can be evaluated from experimental data for the
AX-BX-CX .. (abbreviated ABC . . /X) subsystem. This
is discussed in detail in Section [ID. The "reciprocal
ternary terms” in Eq [18] are discussed in Section II E;
these should be small and, in the first approximation, they
are equal lo zero.

The configurational entropy expression in Eq [19], for
the distribution of the pairs over pair positioas. is exact for
a one-dimensional lattice and approximate for a three-
dimensional lattice. Consider the limiting case of no short-
range ordering (that s random mixing). when the
interactions are very weak. The A, B, C, . . . species and
the X, Y, Z, . . . species will then be randomly distributed
over the sites of sublattices [ and II respectively. Hence. .Y,
= Y.Y;and the first two terms of Eq [19] cancel each other.
leaving only the third term, which is indeed the correct
expression for a random mixture of A, B, C. . . . species on
sublatice I and X, Y, Z, . . . species on sublattice Il
according to the Temkin'® model for liquids in which the
number of sites on a sublattice can vary with composition.

1. Minimization of G to Give the Equilibrium Pair
Distribution

The numbers of moles n,, of the pairs at equilibrium at a
given overall composition are calculated by numerical
minimization of G subject to the constraints of Eqs [7.8].
To illustrate how this results in short-range ordering,.
consider a simple case of a reciprocal temary system AX-
AY-BX-BY (abbreviated AB/XY) when the last two terms
in Eq [18] are equal to zero. Setting &G/ch,; = 0, subject to
the constraints of Eqs {7,8], then gives the following
"quasichemical equilibrium constant":

X Xpsx - exp(_Agadmngt/RT)

(20]
Xox X e

for the pair exchange reaction:

(4-X) + (B-¥) = (4-F) + (B-X) (2L]
where:
Agard = 8ay t8ux ~gyx ~Banr [22]

If Ag ™™ is negative, for example. then reaction [21] is
shifted to the rAght and (A-Y) and (B-X) pairs predominate.
If Ag ™™™ is zero. then the solution of Eqs [7.8.20] gives
X, = L1, which is the limiting case for andom mixing as
discussed above. From Eqs [16.22], Ag“”“** can be
calculated solely from the standard Gibbs energies of the
pure components.

B. Limiting Case of Random Mixing

Let us assume that the values of Ag “™* for all the

pair exchange reacuons are sufficiently small that the
distribution of species on the sublattices is nearly random.
Setting all .\, = 1.}, in Eq [18] then gives:

G 2(2"://)(}::}'.\*3:;_\' +V Y8y vV e v )

+RT(n, InX, +nIn X+ . +aelnX, +n,lnk, +...)
+(Z”./,)(Y,«Yay.\"-\g.ual.\' +V V¥ Ag gy +V VY B8 i +

ety YrAgaiey +)

+(reciprocal ternary terms)
(25

If Eq [23] is normalized per chzu%e equivalent and if it
is assumed, as was done previously Bl that z, = .z where z
is a constant, then Eq [23] is identical to the expression
given previously!” for a molten salt solution with random
mixing.



C. Second-Nearest-Neighbor Interaction Terms

As mentioned in Section I B, the third term in Eq 18]
is related to the interactions of second-nearest-neighbor
pairs on the same sublattice. Inthe ABC .. /X subsystem,

sublattice If is occupied only by X species; hence Yy = 1
and ¥y = Yz =...=0. Furthermore. X x =V, Xgx = V5,
et nyx = Zien,, ngx =Zpeng. eic; while ney = 0,

X.r=0, etc. Substitution into Eq [18] gives:

G= . " .

(n“‘g“”x/"u Tra8argy ag T J

+RT (n, nX, +ngInX, +...)

*'@"./;)( Vi VA8 e +¥5YcA8 ¢k +YAYCAgACﬂ.\’ +....)

(24}
where gf,_\,q a is the standard Gibbs energy of the pure
REAE
component per mole of A
Eq. [24] is identical to the expression given

previously®! for the Gibbs energy of the ABC.../X
solution when there is random mixing on sublattice [. [f the
parameters Ag .y Aggpcix» -~ are independent of
composition. for example, then Eq [24] is simply the
expression for a regular solution.

The parameter Ag 5., in Eq [24] may be equated Mo
the energy of the following second-nearest-neighbor pair
exchange reaction:

(4-v-4) + B-x-B) = 2(1-X-8) [25]
and may be expanded as a polynomial such as ©!

. _ ° o R
A8 sry A8 gy + Z 1, ViE,
Gmgpl

ynoY . . [26]
. 0k -

*z — ((I?&’;(C)f,ric +q goyix Yo +---~)

g\ Y +Fy

where Aglg,y and ‘Lugy are composition-independent
(although possibly temperature-dependent) coefficients
obtained from fitting experimental data for binary AX-BX
solutions. The remaining terms in Eq {26] are "ternary
terms", which are all zero in the AX-BX binary system, and
which give the effect of the presence of C, D, . . . upon the

energy of reaction [25]. The coastant coelficicnts gigic,x -
for example, can be obtained from fitting experimental data
for the A B,C/X ternary subsystem. For further discussion
of expansions of Ag ., ,as polynomials, see references
[L2].

Although Eq. [24] is identcal to the expression for G
given previously!®, in the previous equation Z, and Zp in
the equivalent fraction expressions, Y, = Zy(m,Z, + ngZg +
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...). were second-nearest-neighbor coordination numbers.
The present model thus requires that the ratios Zg Z,, ZoZs,
etc. of second-nearest-neighbor coordination numbers be
the same as for the ratios zpz,, 2o'Zg, etc. of corresponding
first-nearest-neighbor coordination numbers. (Only the
ratios need to be the same. The actual valucs of =, for first-
and Z, for second-nearest-neighbors can be different as long

as the parameters Ag,,,, etc. in Eq. [24] are expressed per

mole of first-nearest-neighbor pairs.)
In the limit of random mixing. as shown in Eq {23], the

term Y f5Ag g, in Eq [24] for the ABC . . sX
subsystem is simply multiplied by Yy. That is, the
contribution of reaction [25] to the Gibbs energy is
decreased by the factor Iy which is the probability, in a
random mixture, that i =X in an (A-i-B) configuration.
However, in the general non-random case when there is
short-range-ordering, this is no longer true. Suppose that
Ag "™ for reaction {25] is negative. The reaction is thus
displaced to the right, with a resultant clustering of (A - Y)
and (B - X) pairs. Hence, the probability of an (A - X — B)
configuration is less than in a random mixture. and so the
contribution of the (A — X — B) second-nearest-neighbor
term to the Gibbs energy is less than in a random mixture.
It was shown previously ! that this effect can become very
important when the absolute value of Ag =™ exceeds
about 3G kJ. The use of the random mixing approximation
in such cases can result in calculated phase diagrams which
are gready in error.

To account for this effect, the term Y ¥gly Ag . ex NEq
[23] for the AB /X sub-systern is replaced by
(XaxXoy /Y )A8 .5, in Eq [I8]. That is. X,y is the
probability that a given pair is an (A — X) pair. and (Xax'Yy)
is the conditional probability that a neighboring pair is a (B
- X) pair, given that one member of this pairisan X. I[na
random mixture, where Yoy = F,Fy and Xy = Vil this
expression reduces to the limiting value. ¥, Vgl AL a/x as
given in Eq [23}.

Previously,””) the expression for Ag ., from Eq [26]
(or a similar polynomial) was substituted directly into Eq
[18]. Thatis, it was assumed that Ag , . is conslant along
a surface of constant ¥, Y5 Y, ... In the present model
this has been modified somewhat. The factors ¥, Yp. ...
in Eq [26] are first replaced by X /Yy, XgaTy . . . . which
arcequal to ¥y, Y5, ...inthe A BC .. /X subsystem).
Then Eq {26] is substituted into Eq [18}. From Eq [13] it
can be seen that this is equivalent 1o assuming that Ag .,
is constant along a surface of constant .,y (Xx + Xgx +
...), where m = A, B, C, . . . This is very similar to the
previousl’! assumption, but has been found 1o give
somewhat better results.



D. Reciprocal Ternary Terms

if the model is good, then Eq. [18] should give a
reasonable prediction of the Gibbs energy of the solution,
with no “reciprocal femary terms". However, if
experimental data, such as a phase diagram are available for
an AB/XY reciprocal ternary subsystem, then these can be
used to determine empirical coefficients of reciprocal
ternary terms. The following very simple form is proposed:

(Reciprocal ternary AB/XY terms) =

(Z ry, ) Z q.:l(g" XY‘Y;/X ’(;/Y ‘Y;/Y’Y;/-\" [27}
1720
or 20

where the ¢%,,, are empirical coefficients. In order that
these terms be zero in all binary subsystems it is necessary
either that / and § be both non-zero, or that £ and / be both
non-zero.

A more physically justifiable form for the reciprocal
temary terms could be proposed. This will be discussed
with respect to the more general model! in the next article in
the present series.

E. The Lattice Stability Term

[n Gibbs energy expressions such as Eq [18], the first
term is ofien called the : "lattice stability term”. In Eq [18],
the standard Gibbs energy gJ,, is weighted by the factor
n,.y. the number of first-nearest-neighbor pairs. The lattice
stability termn thus depends upon the degree of short-range
ordering. At the other extreme, one might propose
replacing this term by
(S Woabegty +¥ategae +---) which is
independent of the short-range ordeding. If this were done,
then minimizing G would simply involve maximizing the
entropy, and a random mixtre would always result
However, experience has shown that, at least in the case of
molten salts, the lattice stability term of Eq [18] yields
predictions which agree closely with measurements.

Nevertheless, a more flexible equation could be
proposed in which the lattice stability term is written as:

[”,,x (g:(x _g:u.\’ )+”J,"Y (:’ur 'g:ur )+' ]
N . R [28]

*(Z"./,)(}Ayxgx/x + Y gy +)
where the g, are additional adjustable parameters. In the
ABC . . /X subsystem, n,, =(Z"./;)Y.«Yx , and so all
terms in g, disappear. However, within the reciprocal
system it is now the term (Ag<“**-Ag ) which

appears in the exponential of Eq {20} and which affects the
degree of short-range ordering. Note also that in a random
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mixture, 1, =(Z”.1,)Y4Yx . and all terms in g,
disappear.

For molten salt systems, such as those presenticd in
Section [II, good results have been obtained with all g,

set to zero (i.e. by using Eq [18]). However, the use of the
lattice stability term of Eq. [28] may find application in
solid solutions such as Ag-Au alloys in which Ag and Au
can occupy both sublattices. In this case it can be shown
that, in the first approximation the short-range ordening
depends upon (Ag“"‘“"" - Ag"’"‘“""). while the long-range
*exchange

ordering depends upon Ag

F. Discussion

[f Eq [18] is divided by Z”nu and if. furthermore, only

the first term in Eq [19] for AS™¥% is used, then:

g (per moleof bonds)=Y X, g5, +RTY. X, In¥, +g°
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where g° can be written as a function only of the X, as

X X A GV @
£ ANt BIX -b Ayt BiY
g =(__/’}“._'Ag.w:x v BZ gy *--- J
X 1 4
+ Z 95 e X ‘\’:,'r Xi[i/x

{391

with the ¥, given as functions of the .X,, by Eqs [12.13].
Eq [29] is identical to the Gibbs cnergy expression
commonly used for a simple solution of the "species” (i)
with random mixing on a single lattice. That is. if the pairs
(i-/) are formally considered to be the "components™ of the
solution, then the quasichemical model can be treated using
currently available and relatively simple software. Ouly the
two additional entropy terms of Eq [19] need to be added,
and these can both be written as functions only of X,
through use of Eqs [9-13]. A further computational
simplification can be achieved by formally treating the
pairs (A-X) as the ‘“associates" or "molecules”

A ye X, jot, For example, if we chose Z3ie =Zc, =
6 for NaCl, then the "component” becomes Na;sCliss . In
this case, the quasichemical mass balances of Eqs [7.8]
become “true" chemical mass balances in that the numbers
of moles of Na and Cl on each side of the equations are
equal.

Furthermore, by considering the pairs as "components”,
the calculation of partial Gibbs energies and chemical
activitics is simplified. If .y is the "chemical potential of
the A—X pairs":



Haye = (aG/a",‘/x ),,. i (&3}
il

then substitution of Eq [18] into Eq [31] gives:

InX
Hx =g3/.r +Rl{ 74 4+
ax

where the partial excess term gﬁ-’,‘y is calculated from the
polynomial expression for gs in Eq {30] in the usual way:

gax =g° +(6735/‘3"{-4,'.r)“ ZXuf; (535/‘3‘?./;) (331

(r.154.X)

InX,

X
z ALx

P, G -
+1in —\+g5 32
Y,«Y.\'J B [32]

where Eqs [12,13] are used to express the Y; in terms of the
Xy

The chemical potential of the actual pure component
can then be calculated by the following equation which is
similar to Eq [16]:

Hoayg Sige = @2 e =5, Jax Y x [34]

The influence of Ag“** Eq [22], upon the chemical
potentials anses through the term In(( 7YY tn Eq [32].
If Ag~*** is positive, then reaction™!is shifted to the left.

and X .x becomes larger than ¥,y which is its value in a
random mixture. Thus makes a positive contribution to 1
which will be greatest along the AX-BY "stable diagonal”
of the composition square of the AB/XY reciprocal system,
resulting in a tendency to immiscibility along this diagonal
as illustrated in Section [IL

ITL. OPTIMIZATION OF THE Li, Ni, K/F, Cl, SO,
SYSTEM

The model was applied to the liquid phase of the
Li,Na,K/F,CL SO, system. This system was chosen because
of the high exchange Gibbs energy, ~—61 kJ/mol at 700°C,
of the reaction

LiCi(liq) + KF(liq) = LiF(liq) + KCl(liq) {35

which will result in significant first-nearest-neighbor short-
range-ordering in liquid Li,K/F,Cl solutions; because
deviations from ideal behavior in the binary common-ion
subsystems are not large so that second-nearest-neighbor
cation-cation and anion-anion short-range-ordering is small;
and because all binary and most common-ion ternary
subsystems have been previously evaluated and
opiimized.!*!!!
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All coordination numbers Z,;, and Z; (i =Li. Na, K:

7 =F, Cl, SO;) were set to 5.0 except for Zjgs (i = Li, Na,

K) which were set to 10.0.

The thermodynamic properties (F°, 5%, C, of the nine
pure solid and liquid salts and of the compounds K;FSO,,
LiNaSO; and LiKSO; were taken from the previous
publications. ™! Slight adjustments were made to A2, of
NaF, NaCl. KF and KCI as discussed in Section III BL.
The properties of Na;FSO. were modified slightly from the
earlier work!''!. The revised value of the Gibbs energy of
formation of Na;FSQ; from 2NaF(liq) and Na;SO,(liq) is :
AGF = (571344 +42.179 T) J/mol.

All available thermodynamic and phase diagram data
for all common-ion binary subsystems were critically
evaluated and optimized previously™"'! with a2 random
(Bragg-Williams) configurational entropy and polynomial
expansions for the excess Gibbs energies. For example, the
optimized”! excess Gibbs energy of the LiF-Li-SO, liquid
solution is:

gf=¥, Yoo, (—629 -2352T -T718¥,, )J / charge equivalent
{361

(where a "charge cquivalent” is defined as usual as one
mole of LiF or 0.5 moles of Li-.SOy)
where:

Zso.”so,‘ - _ 2'Vso‘ 371
oo, ¥ Zenty  W0ngy +3n;  2X,, +X,

10ng,,

.
Iso. =

Since Zn,, , =3 moles of pairs per charge equivalent, the

parameter Ag,,qs0, I Eq [18]is given by:
A% rs0, = (629 23527 ~T18F, )/ (381

or, in the natation of Eq[26]: Ag:”_m =(-1258-04707)

and q'::’m. =-143.6. Similarly, exprcssions for the

thermodynamic properties of all solid solutions were also
obtained by optimization. ®'"!

A. Common-fon Ternary Subsystems

For the common-ion ternary subsystems, a symmetric
(Kohler) model was used when all three components are
halides or sulfates, and an asymmetric (Toop) model was
used when two components are halides and the third is a
sulfate as described previously.*!

The LiF-NaF-KF, and LiCl-NaCI-KClI subsystems were
discussed previously.'?! No additional ternary parameters
were required to reproduce the experimental ternary phase

diagrams.



I LiF-LiCl-Li;SO, System

There is no reported experimental liquidus projection.
It was assumed that no ternary terms are required for the
liquid phase and that there are no temary solid solutions.
The calculated (predicted) liquidus projection is shown in
Fig. L.

2. NaF-NaCl-NaSO; System

Liquidus projections are reported from two studies.!' !
That of Wolters Il is shown in Fig. 2. It was assumed that
there are no temary solid solutions. A small ternary

parameter q::', rasoyy <1674 T (see Eq.[26]) was required in

order to give the calculated liquidus surface shown in Fig.
3. From Eq.[18] it can be estimated that this term will give
a maximum contribution of approximately 300 J/mol to the
Gibbs energy of the liquid. That is, this is a very small

term.
3. KF-KCI-K;SO, System

The reported liquidus projection of Mukimov!'™! is
shown in Fig. 4 and the calculated projection is shown in
Fig. 5. Ternary solid solubility was assumed ncgligible. A

small termary term g% =-2343J was required. Note
that the composition scales of Figs. 4 and 5 are different.

4. LixSO~NaSO K>SO, System

The liquidus projection was measured by Akopov and
Bergman!**! who reported eight temary crystallization ficlds
of unknown phases. The calculated liquidus surface of the
(Na, K)-.SO, solid solution and the Li.SO;-rich solid
solution agree well with the measurements without the
introduction of any ternary parameters for the liquid.

B. Reciprocal Ternary Subsystems

1. The LiNa’F.Cl the LiK/F,.Cl and the Na KF,Cl
Svstems

The liquidus projection of the Li,Na/F,Cl system as
reported by Bergman er aft'*®! is shown on Fig. 6. Gabcova
and Malinovsky!' T reported the liquidus in the NaCl-NaF-
LiF trangle, giving the eutectic at 604°C rather than at
582°C, and the LiF-NaCl pseudobinary eutectic at 686.5°C
rather than at 670°C.

The liquidus surface of the Na,K/F.Cl system was
measured in two studies."*'"!  That of [shaque!® is shown
on Fig. 6.

The liquidus projection of the Li,K/F,Cl system as
reported by Berezina er al* is shown on Fig. 6. Gabcova
et al®! measured the liquidus along the LiF-KCl join,
reporting the pseudobinary eutectic at 719°C rather than at
710°C.
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The calculated liquidus surfaces are also shown in Fig
6. It was assumed that there is no ternary solid solubility.
No reciprocal ternary parameters were required. However,
in order to reproduce the reported liquidus surfaces, small

adjustments of +250 J/mol were made A3, of NaCl and

KCI. and of -250 J/mol to A3, of NaF and KF. These are

all within the stated error limits ! which vary from 340
J/mol for NaCl to £800 J/mol for NaF and KCIl. The effect
of these adjustments is to increase Ag“™™™* of the exchange
reactions[35] and {[39] by 500 J/mel, while leaving
Ag="= of reaction [40] unchanged.

LiCl(liq) + NaF(liq) = Lif(liq) + NaCl(liq) (39]
NaCldiq) + KF(liq) = KClliq) + NaFilig) (40§

As can be seen from Fig. 6, the reported liquidus surfaces
are reproduced within experimental error limits except near
the LiF-KCI join of the Li, K/F, ClI system which is the
system with the largest 4g™*®° _ It is believed that this is
due to thc fact that the present model neglects second-
nearest-neighbor cation-cation short-range-ordering and its
coupling with the first-nearest-neighbor ordering. This will
be treated in the following article in the present series.

2. The L1 No'F.SO; the Li, K'F,SO,; and the Na, K/F, SO,
Svstems

The liquidus surfaces of the NaK/F.SO, and
Li,Na/F.SO, systems as reported by Bergman and
Rubleva' ™! and by Sperenskaya and Bergman!** are shown
in Fig. 7. No liquidus surface of the Li K/F,SO, system has
been reported.

The liquidus surface was calculated by assuniing no
ternary solid solubility, and with the following reciprocal
ternary paruneters as defined in Eq.[27]:

sal =-3357 8 -3347 ) (41}

9 sxirso, q LN P3Oy

The calculated liquidus surfaces in Fig. 7 agree with the
measured surfaces within the experitnental error limits.

3. The LiNa/Cl, SO, the Li, K'Cl,SO,; and the Na, K/CI,
SO, Systemns

The liquidus projections of all three reciprocal temary
subsystemns, as reported by Akopov and Bergman[”' are
shown in Fig. 8. Phases "L, II, II[" in the Na, K/CI, SO,
system were reported as "unknown phases". Rowe et al®
measured the NaCl-K:SOy join of this system and reported
a crystallization field of K;CISO,. None of these
compounds were considered in the calculations which
assumed no ternary solid solubility and which included the
two temary reciprocal parameters of Eq [42]. Agreement is
within the experimental error limits.



Tutrso, =~1674) G,

C. Quaternary Reciprocal Subsystems

Reported™™! liquidue surface projections along the KF-
LiCl-NaCl and LiCI-NaF-KF joins are compared with the
calculated projections in Figs. 9 and 10. Agreement is
within the experimental error limits. [t is believed that the
reported eutectic temperatures of 546°C and 514°C shown
on Fig. 9a may be in error since these are inconsistent with
the spacing of the isotherms at higher temperatures, and
indicate an unlikely precipitous drop in the liquidus just
near the eutectic.

Liquidus points along four composition planes in the
LiNaK/Cl,SO,; reciprocal quaternary subsystem were
reported by Akopov and Bergman®®! These are
compared with calculations in Figs 1l1(a-d). Excelilent
agreement is obtained.

Iv. CONCLUSIONS

A very general quasichemical model has been proposed
for solutions with two sublattices. Short-range ordering of
first-nearest-neighbor  pairs is treated in the pair
approximation. The effect of second-nearest-neighbor
interactions upon this ordering is taken into account. The
parameters of the model are determined from optimization
of available experimental data for the binary and termary
subsystems.

The model has been used to calculate liquidus surfaces
of ternary, termary reciprocal and quatemary reciprocal
subsystems of the Li.Na K/F,CI.SO; system. Quantitative
agreement {s obtained with measurements with only a very
few small ternary parameters.

The model is suitable for liquid solutions where the
ratio of the numbers of sites on the two sublattices can vary
with composition. However, the model also applics to solid
solutions if the numbers of lattice sites and the coordination
numbers are kept constant. The modet can thus be
combined with the "campound energy formalism"C*'f to
treat a wide range of solution types (slags, mattes, salts,
ceramics, alloys), order-disorder phenomena, non-
stoichiometric phases, potnt defects etc. For a discussion of
applications of the caompound energy formalism sce also
references*>3t

By formally treating the nearest-neighbor pairs as the
"components" of the solution, a significant computational
simplification is realized. The model can then be treated
with currently available and relatively simple software.

A new proposal for the lattice stability term in this and
similar models is proposed which may help in separating
the driving forces for long-range and short-range ordering.
Simultaneous short-range ordering of first- and second-
nearest-neighbors is not treated by the present model since
this is not possible within a pair approximation. This will
be the subject of the next article in the present series.

=-12557J [42]
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Abstract - [nvestigations of the quaternary phase diagram of the NaCl-CaCl,-MgCl,-CaF; system have
been performed by thermodynamic phase diagram calculations and cryoscopy. A limited concentration
region of the system is used as a flux medium for liquid magnesium melal in connection with the casting
process. [n this connection the knowledge of liquidus temperatures is important to avoid precipitation
from the liquid flux, and thereby composition and property changes. Cryoscopic measurements were
performed in the composition range of 40-60 wt%% NaCl and CaCl;, 0-13 wt% MgCl, and 0-10 wi%e
CaF;. A thermodynamic model has been developed for multicomponent reciprocal molten salt solutions.
The parameters of the model were obtained by critical evaluation and optinuzauon of available
thermodynamic data of the pure components. and of 9 binary and 5 ternary subsystems. This
thermodynamic model makes it possible to calculate crystallization temperatures in this quaternary
reciprocal system. These calculated crystallization temperatures agree reasanably well with measured
temperatures. An average deviation of 11°C was observed between calculated and measured data whale
the uncertainty in the calculated data was estimated to be 135 °C. This shows that it is possible to obtan
rehable calculated crystallization temperatures tn multicomponent molien salt svstems. [n view of the
large amount of experimental work needed to measure such data wnt the whole composition volume of
the multicomponent system, this is very promising.

Résumé - Le systeme réciproque quaternaire NaCl-CaCly-MgCL-CaF; a été ¢udie expénmentalement
par crvoscopie, ¢t un modéle thermedvnamique a ét¢ développe pour reproduire les propndtes
thermodynamiques et I'équilibre des phases dans ce systéme.  Une petite région dJe composition de ce
systéme est utilisée comme flux métallurgique pour la coulée et le moulage du magnésium liquide. La
connaissance des températures du liquidus est donc importante pour éviter [a precipitation du tlux que
impliquerait un changement de sa composition et de ses propnétés. Des mesures cryoscopiques ont ete
faites pour une région de compostition de 40% i 60% poids NaCl et CaCl,, de 0% a 15% pards MgCl, et
de 0% a 10% poids CaF.. Un modéle thermodynamique a été développe pour les solutions de sels
fondus multicomposantes réciproques.  Les paramétres du modéle ont été obtenus par une analyse
critique et I"évaluation des données thermodynamiques experimentales pour les composants purs, les 9
sous-systémes binaires et les 3 sous-systémes temaires. Ce modele thermodynamique permet le cafcul
des températures de cristallisation dans ce systéme quaternaire réciproque. Les températures de
cristallisation données par le modéle sont en accord avec les températures mesurées. Une déviation
moyenne de t1 °C est observée entre les données calculdes et les données expérimentales. L 'incertitude
sur les températures calculées @ d’autres compositions que celles mesurées est estimée & 15 °C, ce qui
montre qu’ll est possible d’obtenir des calculs fables de températures de cristallisation d’un mélange
multicomposant réciproque de sels fondus. Face i la quantité d’expéricnces nécessaires a la
caractérisation de I'équilibre des phases pour la totalité du champ de composition d’un systéme
multicomposant, cette approche est rés prometteuse.

INTRODUCTION

A limited concentration region of the NaCl-CaCl.-MgCl.-
CaF, system is used as a flux medium for liquid magnesium
metal in connection with the casting process. In this
connection the knowledge of liquidus temperatures is
important to avoid precipitation from the liquid flux, and
thereby composition and property changes.

Thermodynamic calculations of multicomponent phase
diagrams have been possible to perform with good results in
recent years due to useful thermodynamic models of the
liquid phase. The first step in such calculations is the
optimisation of all available phasc diagrams and
thermodynamic data for binary subsystems. [n this step,
least-squares analysis is used to obtain parameters of
equations for the thermodynamic propertics of all binary
phases that best reproduce the binary phase diagrams and



thermodynamic properties simultancously. In the next step,
the solution model is used to estimate the Gibbs energy
surface of the ternary subsystem solutions, and the temary
phase diagrams are calculated. Any available ternary phase
diagram data can be used in order to refine the model
through the introduction of small empirical temary
parameters. This approach is used regularly to calculate the
phase diagams of a wide variety of temary systcms.
However, very few calculations have ever been performed
for reciprocal salt systems like the quaternary NaCl-MgClo-
CaCl-NaF-MgF,-CaF: svstem which is discussed in the
present paper. The present paper begins with a summary of
the thermodynamic data used for the pure salts and the 9
comunon ion binary systems formed among the six salt
companents of the quaternary system. The optimisation of
binary salt systems has been described in detail previously
[1]. Ideal mixing terms for the liquid phase are given by the
Temkin model [2], and excess Gibbs energies are expressed
as empirical polynomial expansions in terms of the
equivalent ionic fractions.

Following this, the optimizations of the common-ion
temary systems NaCl-MgCl.-CaCl; and NaF-MgF.-CaF:
are treated. The excess Gibbs energy of each termary liquid
can be obtained from the excess Gibbs energies of the liquid
phase in thc Uwee binary sub-systems by the "Toop"
interpolaton technique [1]. In the case of the fluoride
system. an empirical termary parameter was added in order
to better reproduce the available temary data.

The next step is 1o treat the calcutation of the reciprocal
temary systems Na Mg/F.Cl. Mg.Ca/F.Cl and Na.Ca/F.CL
For two of these systems. empirical reciprocal ternary
parameters were required to reproduce the available data.
Finally, phase equilibria are calculated for the present
reciprocal quaternary system and compared with measured
data. No additional empirical parameters were added in this
last calculation. The experimental data were obtained in a
limited volume of the composition prism of the quaternary
system. This concentration volume was of particular interest
since a liquid salt flux of composition in this volume is used
during casting of tiquid Mg. For this application especially
the liquidus temperatures were important.

The aim of the project was to determine if calculations
of liquidus temperatures in complex molten salt solutions
can give reasonable and useful results.

EXPERIMENTAL
Chemicals:

CaCl, and MgCl, were dehydrated from CaCly-2HQ
(p-a, E. Merck A.G) and MgCly-6H,O (p.a, E. Merck

A.G) in a stream of HCl (g) while heated to 500 °C.
Dehydrated MgCly was distilled under vacuum at 1600 °C

as explained elsewhere [3]. Dechydrated CaCl, was zone
refined for 4 days. The purified CaCly(s) and the pure
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distilled MgCl,(s) contained 0.005 w1% oxygen. The

oxygen content was analyzed by carbothermal reduction
analysis using a LECO TC-436 Nitrogen and Oxygen
Analyzer [4§. NaCl (p.a., E. Merck A_G.) was dried under
vacuum for 4 hrs at 400 °C and then recrystallised twice in
a platinum crucible at a cooling rate of 3 °C/hr under inert
atmosphere. CaFy (suprapur, E. Merck A.G) and MgF;

(fibergrade, E. Merck A.G) were dried under vacuum ina Pt
crucible at 400 °C for 5 hrs.

Procedure:

Cryoscopic measurements were carried out in an argon
filled glove box with a water content < [ ppm and an
oxygen content < 5 ppm. The furnace with the experimental
platinum crucible contained in a silica cell positioned in a
Kanthai tube tightly connected to the glove box is shown in
Fig. 1. The platinum crucible used as melt container was
filled with weighed amounts of the salts to be studied.
Alsint (sintered Al,O;) radiation shields having holes to
accommodate the Alsint stirring rod, quartz salt charger,
and thermocouple were positioned above the experimental
cell to reduce the temperature gradient over the cell. The
thermocouple was contained in a platinum protected Alsint
tube and placed directly in the melt. The stirring rod had a
platinum cover around the part immersed in the melt. [n
some experiments the Pt, Pt10%Rh thermocouple wire was
immersed directly in the melt with no protection. The
second thermocouple was positioned just above the melt
and its signal was subtracted from that of the thermocouple
in the melt. This gave a DTA-like output signal. which was
used as an extra phase change indicator. This was
sometimes needed when the phase changes which occurred
during cooling were difficult to observe from the cooling
curves alone. The tcmperature was measured with a
calibrated Pt. Pt16%Rh thermocouple using a differential
voltmeter equipped with a stnp-chart cecorder. The molten
mixtures were stirred and equilibrated weil above what was
believed to be the liquidus temperature for 12 hrs before the
liquidus temperature was measured. About 43 g of the
NaCl-CaCl, binary mixture was used as an initial melt
batch for each experiment. The compesition of the melt was
changed by additions of MgCly, and CaF, through a

charging tube. The crystallization temperature of the new
melt composition was then determined. The cooling rate

was [-3 °C/min. Small pieces of Pt or crystals of NaCl were
added to the melt at the expected liquidus temperature to
prevent super- caaling. The reproducibility of these melting
point measurements was within + 0.5 °C and the accuracy
was within £ 2 °C.

For the NaCl-MgF, system about 45 g of NaCl was
used and MgF, was added through the charging tube. The

cooling rate was [-39C/min. Small crystals of NaCl or
MpgF-, <0.005g depending on the liquidus line measured,
were added to the melt at the expected freezing point
temperature to prevent super- cooling. The accuracy of the
freezing point deterrnination was nat satisfactory at the



MgF- nch side of the binary. This was due to a very sharp
increase in the liquidus temperature with composition, and
the very small enthalpy of fusion of MgF, This was so even
if the PLPt10%RIt thermocouple was immersed directly in
the melt. The accuracy of the solidus temperature was £1
°C.

Liquid melt samples were therefore withdrawn in the
NaCi- MgF. melt containing excess MgF,(s) at given
temperatures. This was done by a specially designed
graphite ladle. where the tnlet was located 15 mm above the
bottom to avoid solids in the sample. This graphite ladle
was threaded and screwed onto a steel shaft. The sampling
device was slowly lowered to the last radiation shield and
preheated just above the melt before sampling. In this way
the melt temperature was kept constant during sampling.
Samples were quenched at room temperature and analyzed
by ICP for Mg™ to determine the mole fractions of MgF,
and NaCl in the liquid sample( the amount of NaCl swas best
determined from the amount added to the cell corrected for
the NaCl in thc samples removed). MgF; has a low
solubiiity in common solvents as normally used for ICP
analysis. The melt samples were therefore mixed with KOH
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and heated to 400°C for 2 hours in a glassy carbon crucible
to remove the fluorides. The final melt was quenched and
dissolved in ion distilled water containing 5% concentrated
HINO;. This solution was used for [CP analysis.

THE MOLTEN SALT MODEL

The original sub-lattice model developed by Blander,
Forland and others has been generalized and extended to
multicomponent solutions [5]. However, in this model,
deviations from an ideal random Temkin distribution of the
ions are treated only approximately. When these deviations
become large, the model is unsatisfactory. An improvement
to account more correctly for non-randomaess in reciprocal
temary systems containing only univalent ions has been
published {6]. This model has recently been further
extended to multicomponent solutions and to solutions with
ions of different charge [7].

For the present system. the Gibbs energy of one equivalent of the quaternary reciprocal molten salt sofution. G, is given by

the equation
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Where:

R gas coustant (8.3 14351 Jmol-K)

r temperature in Kelvin

z co-ordination number = 6

X; ionic molc fraction of ion ¢

vi equivalent tonic fraction of ion 7

q; absolute value of charge of ion i (Na = I, Mg = 2,

Ca=2 F=landCi=1)

o mole fraction of a given set of cation - anion
nearest - neighbor pairs (see Appendix).
G,  Gibbs energy of one equivalent of a given pure salt
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x; and y; are defined as
: n, B n,
For cations x, = —5— foranions x, =
2. 27,
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. n . n
For cations: y, =2l for anions: y, =—dalls
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where #; is the number of moles of ion, /. in the solution.

Equations for the GE terms are given in the Appendix of
this paper. The numerical parameters in the GE terms are
parameters obtained from the binary and temary
optimizations.



RESULTS AND DISCUSSION
Pure salts

Thermodynamic properties for the pure components are
listed in Table |. The data are taken from "JANAF
Thermochemical Tables” and "Thermochemical Properties
of Inorganic Substances” [8,9]. The standard enthalpy of
formation of CaF,(s) at 298.15 K is an optimnized value,
which differs from JANAF by 3186 J/mol. The standard
entropy of formation of CaCly(s) at 298.15 K is also an
optimized value, which differs from JANAF by 0.8449
J/moal-K. These minor changes, well within JANAF's
estimated error limits, are necessary to calculate the ternary
reciprocal subsystems. For the solids, CaFCI NaMgFs,
NaMgCl; and Na,MgCL,, AH S, and ASS, were obtained
from the binary optimizations, while C, data  were
estimated from the pure compounds. For example,
C,(CaFCI(s))=  IR[C(CaFx(x)) +  CyCaCly(s)]and
Co(Na:MgClL(s)) = 2C,(NaCl(s)) + C,(MgCla(s)).

Binary systems

Phase diagrams and activity data for the 9 binary
systems which were available for the present
multicomponent system were used together with the data for
the pure components to obtain optimized equations for the
excess Gibbs energy function for each binary. These
optimized equations were used to obtain the first three GF
terms in eqn.(l). Detailed data are given in the Appendix,
eqns.{A[-A3). The data for the 3 common- fluoride and 3
common-chloride systems were taken from references [10-
21] and [22-49Y]. respectively. The data for the common-
cation systems were taken {rom [49-54]. Full details of the
optimizations of many of these binary systems have been
published eclsewhere(Talley [49] and Sangster [54]).
Accurate data for the NaCl-CaCl, binary subsystem is most
important for a rcliable calculation of crystallization
temperatures in the composition range where measurements
were performed since MgCl; and CaF, were added to this
binary. The calculated (optimized) phase diagram, enthalpy
of mixing of the liquid and activity of NaCl at 825 °C for
this binary are therefore shown in Figs. 2, 3 and 4.

The ternary systems

NaX - MgXs - CaXs ( X=F or Cl): The fluonide system hasa
saddle point between NaMgF; and CaF: at 910 °C and at 28
mol% CaF:, 36 mol% NaF and 36 mol% MgF,. The
temperature of the NaF-NaMgF;-CaF; eutectic is at 745 °C,
while the MgF,-NaMgF;-CaF- eutectic is at 905 °C. The
experimental phase diagram is shown in Fig 5 [13]. The
« Toop » interpolation method (1] was used with NaF as the
« asymmetric » component to calculate the same phase
diagram. One ternary excess parameter, given by eqn.(2),
was introduced in order to bring the calculated liquidus as
shown in Fig. 6 into closer agreement with the reported.
Without this term, the calculated eutectic and saddle points
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are about 20 °C lower. This is the final term in eqn.(A2) in
the Appendix.

G*® =Gy, +28000Y .z Yoer Veor, Jlequiv. @)

An experimental liquidus projection of the NaCl-MgCl-
CaCl; system was not found. The activity of NaCl at 850
°C was, however, measured by an e.m.f. technique for

Xuggcr, Xugeer, + Xeucr, ) TALIOS Of 0.129,0.344,0.517, 0.718

and 0.796 {39]. The activity of MgCl, at 800 °C was
measured by the e.m.f. method for xy . /Xy + Xeucr, )

ratios of 0.25, 0.50 and 0.75 [55]. Calculations were again
performed with the « Toop » interpolation technique with
NaCl as the « asymmetric » component. Temary terms
were not used. Calculated and measured activity data for
the NaCIl-MgClL-CaCl; system are compared, with very
good results, tn Figs. 7 and 8. The predicted NaCl-MgCl.-
CaCl; phase diagram is presented in Fig. 9.

Reciprocal Ternary Systems

The influence of the ternary exchange Gibbs energics on
the thermodynamic propertics of reciprocal liquid solutions
may often be very significant. Very strong nearest-neighbor
interactions (more than 30 kifequiv.) sometimes coupled
with complexation make modcling of reciprocal solutions a
challenge. For the quaternary system NaMg Ca/F Cl,
strong temary exchange Gibbs energies are found for two of
the three termary reciprocal subsystems:

NaF(} + 1 MgCl, () = L MgF. (/) + NaCl(/)

AG 2= -77 kdlequiv. (3)
NaF(/) ++CaCl, (/) < +CaF, + NaCi(/)

AG 2= =33 kllequiv. (4)
LCaF, (/) + +MgClL, (/) = { MgF, (/) + + CaCl, ()

AG = <24 kJlequiv. (3)

A calculated reciprocal temary phase diagram is very
sensitive to 4G°. Altering these values even within smail
experimental error limits can often have a major inftuence
on the liquidus lines.

The large negative values of 4G° in eqns.(3-3) indicate
strong nearest-neighbor interacuons and, consequently,
large deviations from a random Temkin distribution.
Moreover, the NaCl-MgCl, subsystem exhibits MgCL*
complexation. It has also been shown that the NaF-MgfF,
subsystem cxhibits [fimited complexation [19]. The
quasichemical model for reciprocal solutions used to
construct eqn.(l) does not explicitly take into account such
complexation on the same lattice, and probably
oversimplifies the variation of the co-ordination numbers
with composition as well. Consequently, the fit of the
liquidus surface of the three ternary reciprocal subsystems
must be made by slightly adjusting the exchange Gibbs
energies. Only two of the three exchange equations (3-5)
are independent. We may thercfore modify the exchange



Gibbs energies by modifying the enthalpy of formation at
298.15 K of CaF. (the enthalpy error given for that salt is
the highest of all salts considered [3]), and the eriropy of
formation at 298.15 K of CaCl; (the entropy error given for
that salt is the highest of all salts considered [8]) by small
values within the probable error limits. This proved to be
necessary as a first step to fit the liquidus surfaces. Temary
reciprocal excess Gibbs cnergy parameters were then
required for two of the reciprocal ternary subsystems, as
discussed below.

The NaF-NaCl-MgF--MgCl: liquidus points on the
stable diagonal NaCl-MgF; have been measured by DTA
and by an equilibration and sampling technique both in this
work and by Sharma and Johnson [51]. In the composition
region of primary crystallization of MgF:, the liquidus is
very steep. Hence. the amount of solid MgF; which
precipitates per degree of under-cooling below the liquidus.
is very small. Consequently. the thermal effect is also very
small and large under-cooling may occur bcfore it is
detected by the DTA technique. This led us to believe that
DTA data could not be trusted. Careful equilibrium
measurements with excess MgF: in the solution were
performed. The data obtained in this way deviated
considerably from the data of Sharma and Johnson [51]. and
also agreed better with the calcuiations. [n order to
reproduce our data, recipracal ternary terms were required.
Equation (6) is the optimized expression for the termary
reciprocal parameters obtained using these liquidus data.
The calculated and measured liquidus along the NaCl-MgF-
are shown in Figure 10.

GE = XypierXag e (~61000 + 4 L.84T) — 50208x%,, o Xy 5
J/equiv. 6)

The NaF-NaCl-CaF,-CaCl; liquidus projection has been
publishied [14] and liquidus points along the stable diagonal
NaCl-CaF- in the NaCl-och (eutectic) region based on
measurements have been reported [+1]. A NaCl-CaF,
eutectic at 779.5 °C at 4.5 mol% CaF; [41] and at 4 mol%
CaF: at 775 °C [14] are given. [n order to reproduce the
liquidus prajection, temary reciprocal cxcess parameters
were required. Equation (7) is the optimized cxpression for
the temary reciprocal parameters.

G ==12552x,,, %, —25104x),, o Xe,, » Jlequiv. (7)

Figs. 11 and 12 show the measured and calculated
liquidus projection of the Na,Ca/F,Cl system. Equations (6)
and (7) are used to make up theGZ,, term of eqn.(1) and
eqn.(A4) in the Appendix.

MaF>-MgCl,-CaF,-CaCl; liquidus pnints on the stable
diagonal CaCl;-MgF, were measured by DTA and by an
equilibration and sampling technique by Sharma and
Johnson [51]. Temary reciprocal parameters were not
required to fit the liquidus. Only the modification of the
Gibbs energies of the pure salts, CaF, and CaCl,, as
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discussed before was needed 1o give a good reproduction of
the measurements.

Quaternary Calculations

The composition region of interest for the present
experimental study is shown in Figure (3. DTA
measurements were carried out as discussed in the
experimental section of this paper at 24 quatermary
compositions. In Table 2, calculated (eqn.(l)) and
experimental crystallization temperatures are compared.
The calculated crystallization temperatures agree reasonably
well with DTA measurements. An average deviation of 7.6
°C over 46 data points was observed. For the 25 primary
crystatlization temperatures an average deviation of 11.3 °C
was found, while the secondary crystallization temperatures
agreed within an average deviation of 3.0 °C. [n the
composition region of primary crystallization of MgF,, the
liquidus is very steep, the enthalpy of fusion of MgF: is
small, and the same arguments as presented previously are
valid. Consequently large under-cooling may occur before it
is detected by the DTA technique. [t can be observed from
the data in Table 2 that most of the experimental primary
crystallization temperatures are lower than the calculated
ones in agreement with this assumption. Absolute accuracy
of model liquidus calculations over this compasition region
is estimated as *15 °C at a given composition when the
liquidus is relatively flat, and #3 mol% at a given
temperature when the liquidus is steep. These error limits
apply for temperatures up to 900 °C. Error limits on the
calculated secondary crystallization temperatures are
estimated as +10 °C at a given composition.

CONCLUSIONS

From optimized model parameters based on activity and
binary and termmary phasc diagram dala. it has been possible
to calculate crystallization temperatures in the NaCl-MgCl»-
CaCl,-CaF; quatemary recciprocal system. These
temperatures agree reasonably well with measurements over
the composition range of interest for the flux used for
industrial liquid Mg casting. An average deviation of 8 °C
was obscrved between calculated and measured data while
the uncertainty in the calculated data was estimated as +15
°C. This shows that it is possible to obtain reliable
calculated crystallization temperatures in multicomponent
molten salt systems where binary and termary data are
available 1o model the Gibbs encrgy of the complex
multicomponent molten salt. In view of the large amount of
expcrimental work needed to measure such data in the
whoale composition volume of the multicomponent system,
this is very promising.
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APPENDIX

) Xorercr + Xea
GEy= e swa (1965 1 60327 T+ (— 2w TYCud 3 35843413721 1)

Yer Xyarct T Xagict ¥ Xcurca
Xagerct ¥ Xearar 2 < < Xypiaar t Xcorr 3
+( e CaiC )2 (34447 - 15.593 T) -8470.5( ® = 1
Xawicx P Xagrcr Y Xcaiar Xyaiaa T Xagra T Xeara

Xy icr T X,
¢ Zwra¥eua (10069 +4.3966 T+ ( e )(-5300 -4.9883 T)
Ya Xyarct ¥ Xsgrat T Xcair

x + X, Xygics + Xea 2
+ 12368 ( sgict ¥ Xeara y2- 11016 ( svgict ¥ Xearcr )

Xowict ¥ Xagrct ¥ Xcaict Xysrcr ¥ Xagicr ¥ Xeuwraa

+ Smraca [3640-2.751 T+ (_L"’C’____)(-S-HO +6.992 7)
Yea Xygicr ¥ Xcarca

+(— a2 (4436 -5.436 T)| (A1)

Xigeat Y Xeawra

b SIS Xypoir + Xeq
GE = METMEE 535163 +6.1183 T +( MelF  TCelF  )(- 10642 + 16.664 T)
Fluorides
Ve Xoiarr ¥ Xypprr ¥ Xearp
. 22896 ¢ Xugrr ¥ Xcurr 2

Xvarr Y Xupir Y XcaiF

XLye , = X, i + X a: - =
+ ZenrXonE (96727 + 244918 T+ ( S )(- 1057725+ 12,171 T}

Ye Xvare ¥ Xuggex ¥ Xcurr
Xatgi FXCaip o Xeys Xxaip XargrF¥casF
+ D ETC0P (3901 4+ 5661 (——iz—)] + 28000 P e Teur (42)
Ve Xag:F ¥ Xcuir Yr

PR S e X +tx S5 Trg
GE . = Yoo pXuarer (1416 + 1283 ( XnuiF Y (EE T MeT 112905 + 25 ( et ]|
Ve Xyarr + Xnmica Y Tuger ¥ X
+ Zomrfond (3380 5+ 4598 (——SHE ) (A3)
Yea Xcarp ¥ Xcarar

Grér.:xp = Xyasct Xy p (61000 + 4 L84T — 50208x3,,6) + Xy e r (~12552-25104x7,,¢,) (Ad)

where:

YF = XNa/F ¥ XM g/F t XCarF (A5

YCt = XNa'Cl * XMg/Cl ¥ XCa/CI (A6)

¥Na = *Na-F ¥ *Na/Cl (A7)

YAlg = XMg/F + Efg Cl (A%)
(A9)

YCa = *Ca’F * XCa/Cl!
The numerical parameters in the GE terms of eqns.(Al-A4) are the parameters from the binary and ternary optimizations.

The Gibbs energy, G, at any overall composition (given by x; or y;) is obtained by minimizing G of eqa (1) with respect to the
X/ variables subject to the constraints of Equations (A5-A9).



Table 1. Thermodynamic Properties of Pure Salts

Phase T range A5 S298 Cp
(K) (J/mol) (J/mol-K) (FH/mol-K)
NaF(s) 298-2500 -573626.40 51.29584 -§6.58884+0.009899344T-212965 6T~
NaF(1) 298-2500 -356784.35 51.137608 70.567344
NaCli(s) 298-2000 411119.84 72.13216 45.94032+0.0163176T
NaCl(D) 298-1500 -394956.03 76.076101 77.763824-0.0075312T
1500-2000 -390090.09 84.505492 66.944
"MgF(s) 298-1536 -1124241.00 57.255 94.5209323 - 6.00662169741T + 217229 898T~ +
2.435541x10°°T>- 10040.6082/T
1536-3000 -1145206.71 25.201983 94.922
"MgF(h) 298-1536 -1065539.00 95 472448 94.5209323 - 0.0066216974 1T + 217229 898T - +
2.435541Ix10°°T* - 100-40.6082/T
1536-3000 -1086504.71 63.419431 94.922
T MgCl, (s) 298-987 -641616.00 89.629 54.5843433 + 0.0214212731T - L11211922T " -
2.3566724x10°T" + 399 176723T"*
987-2500 -649982.44 73.634468 92.048
“MeCl, (1) 298-987 -598521.00 133291614 54.5843433 + 0.021921273IT - 111211922T -
2.3566724x10°T" + 399.176723T°°
987-2500 -606887.44 117.297082 92 .48
“CaFy(c) 298-1423 -1222725.68 68.572 122.822373 + 0.0284802 [T - 6189901 1T~ +
72535.4528/T -4023.10681 T3
1423-1691 -1257026.02 16.747386 107.989026 + 0.0104599903T
16911000 -1231288.56 45.330618 Y9.914
“CaF.(B) 298-1423 -1217955.68 71.921719 122 822373 + 0 02848021 T - 6189901 [T~ +
72335 4328/T --1023.10681T°°
1423-1691 -1252256.02 20.097105 107.989026 + 0 01045999037
1691-1000 -1226518.56 48.680337 99 914
CaF(I) 298-1423 -1188174.00 89.576786 122.822373 + (0 62848021 T - 6489901 [T~ +
72535.4528/T -4023. 10681T°*
1423-1691 -1222550.03 37.664221 107.989026 + 0 0104599903 T
16911000 -1196812.56 66.217-158 99.914
CaCly(s) 298-1045 -793757.00 105 447953 -338.821819 + 0.109236649T + 7960390 6T~ -
179502.014/T + 15395 460371°°
1045-3000 -812974.79 75.081985 102.533
CaCl,() 298-1045 ~76725+.00 132.761829 -338.821819 + 0.109256649T + 7900300 4T -
179502.014/T + 1539546037
1045-3000 -784431.79 102.39586 102.533
CaFCl(s) 298-1500 -[032275.84 69.088349 -108 + 0068868428 T+7332-11.8T - 33183 2806/T +
$686.17675T°°
NaMgFy(s) 298-1536 -1679280.23 138.429495 141.109772 + 0.00327764639T + 4261 298247
+2.43554085x 10™T7 - 100-40.6082/T
14141084 + 0.0098993-14T
1536-3000 -1700122.15 106.540411 -212965.6T*
NaMgCly(s) 298-987 -1024875.96 205.664305 100 524663 + 0.037738873T
;5[ 1121092272 -2 3566724x10°T* + 399 1 76T23T
Na,MgClys, 298-987 -1415842.97 307.266928 146464983 + 0.0-1056173T
SLE12119.22T7 - 2.356672:4x 10 °T" + 399 176723T°°

* In order to avoid extrapolation errors, C,of the liquid phase is sct equal 1o C, of the solid phase below T/‘;’m,, and C, of the
solid phase is set equal to C, of the liquid phasc above T,?,m,, .

** In order to avoid extrapolation errors, C,, is set equal to CZ below T}, and above 7,7 and equal to C¥ below 77,
Cj isset equal to C,, above Tp,,,. and equal to C¥ between 7,05 and T,.,. C? is setequal to C/ above T3,,, and

Jastor:
equal to C; below Te

a-f -
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Table 2. Experimental and calculated primary. secondary and tertiary crystallizatison temperatures. System: NaCl-CaCl;-

MgCl.-CaF-.
Ex Composition Experimental Calculatced Calculated
No [wt%s] TrC T/°C Phase
CaCl, NaCl MeCl, CaF, T, T, T, T, T, T,

la 59.84 40.15 0 o 561 568 503 NaCl(ss)

1b 59.82 410.18 0.00 0.00 336 499 568 303 -

2a 356.85 38.14 5.00 [V 527 533 NaCl(ss)

2b 36.80 38.19 5.01 0.00 518 533 .

3a 53.99 36.23 +4.75 5.03 541 632 340 MgF+NaCl(ss)
3b 53.91 36.31 .75 5.03 631 535 642 340 -

4a 5111 34.29 4.50 10.09 374 728 367 318 MeF+CaFCl
4b 51.03 34.37 4.50 10.10 700 370 353 729 367 49 -

Sa 48.16 32.31 10.01 9.51 517 766 38 489 MgF;+NaCl(ss)
5b 48.17 32.34 10.01 9.48 748 Si4 4841 765 518 489 -

6a 45.48 30.31 15.03 8.98 483 762 490 486 MgF, +CaFCl+NaCl
6b 45.46 30.57 15.03 8.95 753 483 481 761 490 136 -

7 39.98 60.02 0 0 683 689 NaCl(ss)

8 37.95 56.98 5.07 0 654 662 NaCl(ss)

9 37.56 36.38 5.02 1.05 654 661 NaCl(ss)

10 37.19 55.84 1.97 2.00 637 660 NaCl(ss)

I 36.07 34.17 4.81 494 696 667 MgF.

12 35.H 527t 1.69 7.49 726 730 MgF,

13 3411 51.28 4.56 9.99 736 767 MgF .

14 | 3222 18.37 9.98 9.43 6-{0 803 036 MgF++NaCl(ss)
15 3042 43.67 15.00 8.90 610 792 603 MoF,+NaCl(ss)
I6a 50.08 49.92 0 0 627 634 NaCl(ss;

16b 50.09 49.91 0.00 0.00 626 631 .

17 47.57 47.32 5.01 0 594 603 NaCl(ss)

I8 37.04 -16.89 4.95 L1l 396 602 NaCl(ss)

19 16.60 46.45 -1.90 2.05 398 602 NaCl(ss)

20a 45.20 45.05 4.76 5.00 603 633 OO Mgk . #NaCl(ss)
20b 45.20 -15.06 4.74 4.99 671 602 633 601 .

2la 4-4.01 43.87 4.63 748 607 709 607 MgF +NaCl(ss)
2lb | 44.01 $3.90 1.62 7.48 705 606 709 607 -

22a ( 42.79 42.65 4.50 10.03 609 743 607 MeF . +NaCliss)
22b | 42.77 42.69 4.49 10.05 714 609 745 007 -

23a | 40.29 40.16 [0.09 9.6 381 783 381 MgaF,+NaCl(ss)
23b | 40.24 <40.19 10.12 9.45 767 381 783 381 -

24a | 38.07 37.95 15.04 8.94 547 776 546 MgF,+NaCl(ss)
24b | 38.03 38.01 15.03 8.93 766 544 775 547 .
a) The thermocouple immersed in the melt had a platinum covered alsint protesction tube. In some experiments the

starting temperature for cooling was too low to record the first crystallization.
b) The thermocouple immersed in the melt had no protection on the PUPt10%Rh wire.
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Fig.53 - Expenimental and calculated enthalpy of mixing for the liquid NaCl-CaCl, binary.
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Fig.13 : The experimentally strdied composttion volume which is also of interest for industrial fluxes during liquid Mg
casting.
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The Modified Quasichemical Model
IV — Two Sublattice Quadruplet Approximation

Arthur D PELTON. Patrice CHARTRAND and Gunnar ERIKSSON

The modified quasichemical model is further extiended, in the quadruplet approximation. to treat,
simultancously. first-nearest-neighbor and second-nearest-neighbor short-range ordering in
solutions with two sublattices. When one sublattice is occupied by only one species, or is empty,
the model reduces 10 the modified quasichemical model for one sublattice in the pair
approximation. The coordination numbers and the ratio of the numbers of sites on the two
sublattices are pennitted to vary with composition, thereby making the model ideally suited to the
treatment of liquid solutions such as molten salts. The model also applies to solid solutions if the
numbers of sites and coordination numbers are held constant, and may be combined with the
Compound Encrgy Formalism to treat short-range ordering in a wide variety of types of solution.
A significant computational simplification is achieved by formally treating the quadruplets as the

"components" of the solution.
L INTRODUCTION

[n the first two anicles in the present scriest'™! the
madified quasichemical model for short-range ordering
(s.r0.} in the pair approximation was developed for
solutions in which the species nuix on oualy one lattice or
sublattice. The applicaton of the model was illustrated in
o  accompanying articles by the cvaluation and
optimuzation of all available thermodynamic and phase
equilibrium data  for the common-anion systems
Li,NaK.Rb,Cs.Mg,Ca/CI""! and Li.Na.K Mg Ca//F*L The
next article in the seriest™! developed the model. in the pair
approxinution. for s.r.o involving first-nearest-neighbor
(1*-n.-n) pairs in solutions with two sublattices. The
present article extends the treatment, in the quadruplet
approximation. to take account. simultaneously. of 1*-n.-n.
s.r.o. between sublattices and of second-acarest-neighbor
(2™-n.-n.) s.r.0. within a sublattice.

In solid solutions the existence of two sublattices is a
manifestation of long-range ordering. For example. in a
solid ionic solution one can distinguish aniouic and cationic
sublattices. fn a liquid solution, on the other hand, there is
no lang-range ordering and strictly speaking, tt is incorrect
to speak of sublattices. [n molten NaCl, for example, the
Na® and ClU ions should be treated as residing on one
sublattice, but with a very high degree of short-range
ordering, such that the nearest-neighbors of Na“ ions are
almost exclusively Cl ions and vice-versa. Solutions of
molten salts could thus in principle be treated with a single-
sublattice model. However tn such solutions in which the
degree of short-range ordering is very high, it is
conceptually and mathematically simpler to treat the liquid
solution as if it consisted of two distinct sublattices. This

P. CHARTRAND, Ph.D. Student, and A.D. PELTON, Professor,
Departement of Metallurgy and Matenials  Science, Ecole
Polytechnique de Montréal, P.Q.Box 6079, Station “Downtown”
Montréal, Québec, H3C 3A7, Canada.

does not preclude the possibility of a small number of
cation-cation or anion-anion nearest neighbors, since these
can be treated within the two-sublattice model as
substitutional defects (cations on anion sites and anions on
cation sites).

[n a solid solution. the ratio of the numbers of sites on
the two sublattices is necessarily constant. However, in a
liquid, this ratio can vary with composition. For example,
in molten NaCl-CaCl. solutions the ratio of cation to anion
sites varies from 1/1 to [/72 as the composition varies from
pure NaCl to pure CaCl,

{t is an important feature of the present model that the
ratio of the numbers of sites on the two sublattices is
permitted to vary with composition. Further flexibility is
also provided by permitting coordination numbers to vary
with composition. The model is thus ideally suited to
describing molten ionic solutions.

In an accompanying article © the use of the model is
illustrated by application to the thermodyaamic
evaluation/optimization of the Li,. Na. K Mg, Ca/F.Cl system.

(18 THE MODEL

A. Definitions, Coordination Numbers

The solution consists of two sublattices, I and II. Let
AB,C,... and XY.Z,.. be the species which reside on
sublattices [ and II respectively. I[n a salt solution, for
example, AB,C.,... are the cations and XY.Z,... are the
anions, and tn the present article we shall refer to them as
"cations” and "anions". However the model is also
applicable to other solutions. For example, in a solid spinel
solution, sublattices I and I would be associated with the
tetrahedral and octahedral cationic sublattices. Although
there is a third anionic sublattice, as long as this is occupied
by only one species, O, the present model can be applied.
In other examples, lattice vacancies could also be
considered as "species”, or the same chemical species could



occupy both sublattices. For instance, in an ordered Cu-Au
alloy, Cu and Au reside mainly on the [ and II sublatticcs
respectively. However, due to substitutional disordering.
some Cu is found on the I[ sublattice and some Au on the [
sublattice. That is, in this example A and X would both be
Cu, and B and Y would both be Au.

When sublattice [ is occupied only by X species, then
the model. as developed in the previous pub[icalions“"'.
considered the formation of 2™-n_-n. (A-[X]-B) pairs from
2™.q.-n. (A-{X]-A) and (B-[X]-B) pairs according to:
(A-[X]-A) + (B-[X]-B) = 2(A-[X]-B) Ag sy {t

The entropy expression was obtained!'? by distributing
the pairs over "pair positions”. Ag ., is an empircal
parameter of the model, which may be composition
dependent. [f Ag = O, then ideal random mixing

results. If Ag 5, <0, then reaction [1] is displaced to the
right and sr.o. results with (A-[X]-B) pairs becoming
predominant. Similarly, when sublattice [ is occupied only
by A specics, the model considered the formation of (X-
[A]-Y) 2n-n. pairs according to:

(X-[A]-XD) + (Y-{A]-Y) = 2X-[Al-Y) Ag ayxr (21

In the next article in the present series”®], the following
exchange reaction among 1*-n.-n. pairs was considered :

(A-X) +(B-Y) = (A-Y) +(B-X) Y-S !

and the 1*-n.n. pairs were distributed over pair positions. [f
Ag':”:," * <0, then there is s.r.o. of 1*-n.-n. pairs with (A-

X) and (B-Y) pairs predominating. As a result. the
probability of an (A-{X]-B) pair is less than in a random
mixture. and so the contribution of the (A-[X]-B) 2™-n.-n.
energy Ag .. to the total Gibbs energy of the solution is

reduced. [t was shown®! that this effect becomes very

imponant when IAg""""‘"l is greater than about 50 kJ/mol.

Since the previous article®™ considered the
quasichemical model only in the pair approximatioq, it was
not possible to treat both 1*n.-n. and 2™-n-n. s.ro.
simultaneously. For systeras such as K, Mg//CLF a large
degree of 2™-n.-n. s.r.o. is observed in the binary KCl-
MgCl: and KF-MgF, subsystems, and this cannot be
neglected in a quantitative model. [n the present article we
consider the distribution, not of pairs, but of "quadruplets”:
A X,, ABX;, A;XY. ABXY, etc. As illustrated in Figure 1,
each quadruplet consists of twvo 2™-n.-n. cations and two
2™.n_-n. anions, the cations and anions being mutual first-
nearest-neighbors. Both 1™-n-n. and 2™-n-n. sro. can
thereby be treated simultaneously.

[n a solid all the various possible configurations of the
quadruplets on the sublattices could be considered, as is
done in the Cluster Variation Method (CVM)™, and this is
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necessary for the full quantitative modelling of order-
disorder phenomena. However, this additional complexity
is neither necessary nor possible in the case of liquid
solutions, and can also be neglected in the modelling of
solid solutions with a limited amount of s.r.o.

Let n, (i = AB,.. X Y...) be the number of moles of
species it 11,4y the number of moles of 1*-n.-n. (A-X) pairs;
and n, ., Mgy, - Mgy » ©IC. the numbers of moles of
AX: ABX:, ABXY etc. quadruplets. (Note that n g,
and ng,, represent the same quantity and can be used
interchangeably.} Let Z, be the 2™-n-n. coordination
number of A (i.e. the number of 2*-n.-n. pairs emanating
from an A). Since each quadruplet contains just one 2™-n.-
n. pair, Z; is also the number of quadruplets emanating
from and A. Zyis defined similarly. Then:

Zun, = 2, gy, 20y, ¥ 20, ¥ Mg,
g, F oy b
Zeng = ng e ¥ g 0 + 205,

R Py tl g o

Overall mole (or site) fractions X, . 1™n.-n. pair
fractions X, , and quadruplet fractions X,y are defined as:

Y= ”a/(”x iy +..) Xy =nyflng +n, + ) 16l
Xape = gy [y +rg +0 ) L7

Nor = N /Z",,/u [8}

where (_ng,u) is the total number of moles of
quadruplets. From Egs [4,5]:

2(Z'ly/u)=(zd".4+zs"s ‘*‘) (91
= (@ene v Zom, v.)
"Coordination e¢quivalent site fraction”. Y, are defined
as:

Y, =Z,1”A/(ZA"A+ZE”B +) (10}
by = Z.l’"x/(z.r".\' +Zyny, +..)

These are called "coordination equivalent” fractions to
distinguish them from the more usual "charge equivalent”
fractions in which the n, are multiplied by the ionic charges
rather than by the coordination numbers. It may be noted
that the Y, as defined in Eq.[10] are identical to those
defined in the previous publications!'*!  Substitution into
Egs. [4,5] gives:

ro— L v ]

Vo= X, v X 0w, +X e +7 X o, +3 gy +-oe
{11}

YVe= X, * Koy, + Xy, ¥+ 5 X por +3 X gpr -
[12]



In a solid solution it is clearly required that
Zy=Zg=2¢=... and that Zy=Zy=Zz=... However, in a liquid
this is not necessary and, furthermore, the coordination
numbers can vary with composition As shown
previously,'"! the use of variable coordination numbers is
an important feature of the present model which provides

321
the necessary flexibility to fix the compositions of
maximum s.r.o. in each subsystem.

Let Z3,» be the 2™-n.-n coordination number of an A
species when (hypothetically) all A specics exist in ABXY
quadruplets. We then lct :

2, %, 20y, . 2, Tge, Moy
A A 4 A A T
L Z,;;,,r, Z.;,,'rz Z,«:,'.n' Z,w/.r: Z,wm' (131
Z, e, ¥, 20, g ¥Ry N L

2'"4‘:/—‘: 2"5:/*': + anlﬂfx:

Moy Magper

X X X
1 Zae:  Zagx. L,

X X
4 Ay fXY Z ABIXY

fl4]

)
Zx 2":‘:/!: +2ng:ﬂ: +~"45/x: +n,,:m, BRI S

This composition dependence is chosen because
substitution of Egs. [13,14| into Eqs.[+,3] yields the
following simple relations:

— 2”"1/"1 2n":/”: Zni‘z/x" " sjxs + Nagxr +

n, =
A > A A “ A A
Zixs Zor. s ZLlax. ABIXY
[ 15]
o -7-”,::/,\-: 2”3:/,\', 2 5k, . n vy - g1y .
x - zX zX 7¥ z¥ z¥
ALK P ABIX, AziXY ABIXY

[t6]

Note that in the A,B,C,...//X subsystem, where sublattice II
is occupied only by X species, the Z,, . are identical to the

2™.n.-0. coordination numbers Z' defined in the

yi X
previous articlest %
As in the previous article,””! we may also define a 1*-n.-
n. coordination number z, as the number of 1™-n.n. pairs
emanating from an A, and similarly for z¢. Let /2 be the
ratio of 2™-n.-n. to 1*-n.-n. pairs:

Z/= =42 (17

In the general case, the ratios Z,%, . Zg'zg . Zo'Zc, elc.
could all be different and could even depend upon
composition. However, this would make the model
unnecessarily complex, particularly for the case of liquids.
Hence, it is assumed that the ratio Z/z, is the same for all
species I.

It follows that the coordination equivalent fractions
defined tn Eq [10] are also given by:

¥, = zn, Mz n,+zpng +... (18]

and similarly for Yy, and that the total numbers of pairs and
quadruplets are related by:

oy, = MY m,u (19]

Each quadruplet contains one 2™-n.-n. pair and two 1%-
n.-n. pairs emanating from a given ion. Hence, ¢ is equal to
the number of quadruplets cmanating from, or containing, a
I*-n.-n. pair. Therefore:

& = 2 ;
&g = 4!1,(:/_(: + 20 500, *2”4:/.\7 Pl gy o [20]

and so from Eq.[19]:

e ' L oo t oy
Xoax =X, *?X,u;:.r: +r X t1 e+ [21]

B. Formal treamment of Quadruplets as "Complexes” or
Molecules”

The quadruplet ABXY may be treated formally as the
"complex” or "molecule”

A B X, s Similarly, an A.X;

Yo Ve M2 pner W Zig g Rl

quadruplet is formally trcated as A a 3 X, . etc.
s TAXr T Ay

For example, in molten KCI-MgCl. solutions, if we were 1o
K - Ay - t
choose Zjpier, =3, Zilgin, =6. and Zg,. ., =3, then

the quadruplet KMgCl, is formally treated as a
K,;Mg,;Cl,; complex.

[t must be stressed that this is only a formalism. The
entropy expression in the quasichemical model (see Section
II D) is not obtained by distributing the quadruplets as if
they were molecules (as is, in fact, done in various
"associate models™). [t is not essential that this formalism
be used. However, it aids in the conceptualization and in
many derivations. For example, if n, ¢, 7, 4 ,etc in
Eq.[15] are replaced by n e

azrx: Yiayxs



n, . r etc., then the number of moles of
“/z: wer ',/zf:/ﬂ ‘,/Z.::/xr
A is the same on both sides of the equation which thercby
becomes a "normal” mass balance equation.
Furthermore, it can be seen that all quadruplets such as

K,;Mg,(Cl,, in a molten salt solution must be electrically

neutral. This stoichiometry represents the composition of a
hypothetical solution formed exclusively of these
quadruplets and containing one mole of quadruplets. That
is, one mole of KMgCl. quadruplets contains /3 mol K7,
1/6 mol Mg*" and 2/3 mol CI".

In general. for a molten salt solution, if qa, g5, ... , 9x.
qr. ... are the absolute cationic and anionic charges then the
charge neutrality condition for ABXY  (ie.

A-/z:m B[/Z:W X'/me Y‘/ZIm ) quadruplets is as

follows:
qy 4ds dx dy
+ = + [22]
Z ::sm' Z 53/17 z ,fs/.rr 4 :s/.\'r

This cquation also holds when A=B and/or when X=Y.
The previous example of K;;Mg;.Cl;, clearly satisfies
Eq.[22]. In the most general form of the model, it is not
essential for Eq.[22] 1o apply. However, in practice, for
liquid solutions which can be described as consisting of two
"sublattices”, this equation will almost always be satisfied.

Figure 2 shows a taditional composition square of a
reciprocal ternary A.B//X.Y system. One charge equivalent
of each pure component is shown at cach comer. For
example, in the Na,Ca//F, SO, system, where the absolute
ionic charges are g4, = L. g5 = 2, qr = L, gy = 2, the
components would be NaF, Ca.F, Na(SO;)- and
Ca12(SOs)1~. The axes are the usual "charge equivalent”

fractions ¥, and ¥, (not to be confused with Iy and by in
Eq. [10]). The formal compositions of quadruplets such as

A X are at the comers. (Note that, from
Y20 srxs ‘/Zi\:/xz

Eq.[22], the ratio ZJ . /Z, x is the same as the ratio

(4.4/qx¢).) The formal compositions of quadruplets such as

AI,/Z:B{X: B'/Zfa/x: X:‘/z,:m: are found on the sides of the

square as shown in Figure 2.
1. Choice of Z7,

For a solid solution it is required that all catonic
coordination numbersZ,,, be cqual and that all anicnic

coordination numbers Z ,f,,, be equal. For liquid solutions

on the other hand, Z3,,, and Zg;. are chosen to

correspond to the composition of maximum 2™-n.n. s.r.0. in
the A B/X binary sub-system as discussed previously.l']
For example, for KCI-MgCl: solutions, sro. is at a
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maximum near the composition K:MgCl.. Hence, we set
M, x -
Zeser T Zrasgicr, =20
Since the quasichemical expression for the entropy (see
Secuion II D) is, of necessity, only approximate. it is not
necessary that the values of Z[, used in the model

correspond exactly to the actual coordination numbers. In
fact, it is found that better representations are frequently

obtained with intentionally non-physical values of Z7,,,
since one can thereby panially compensate for the error
caused by the entropy approximation. However, it is
important that the ratios of the Z7,, correspond to the
compositions of maximum s.r.o. as discussed above.

In principle, the coordination numbers Z',,,, for the
"reciprocal” ABXY quadruplets (A =B, X =Y) could be
chosen to reflect a tendency to s.r.o. at some particular
composition in the reciprocal A,B/XY solutions.
However, in most cases there will be no such tendency and
one can set the value of Z!;, ., as an "average” of the
values in the A;XY, B-XY, ABX; and ABY: quadruplets.
It is suggested that this be done by dcfining the
"composition” of the ABXY quadruplets as lying at the

average of the values of ij; of the quadruplets A-XY and

B-XY and at the average of thc values of Y,; of the

quadruplets ABX, and ABY; as illustrated on Figure 2.
This construction corresponds to the following "default”
values:

1 _ Z:zz‘.v; . Z:a:r: F
2o xr 9x Z:«‘s:,\'z ‘IrZ::z;:r:

I _ Z::‘._'.n' . Zggl.n' F
Z;:g;.(}’ (I(:Zi;n ‘Y.qu'zt:r,nr

and similarly for Z%,,,, and Z';, , . where:

F:l( Qe 9 | 94, 9s J (24]

X 2 oA 8
8 Zu:x; Z,uz:r: l,;:l.rr ZB::‘.!’Y

C. Gibbs Energy Equation

We now define:

2
2 — “qd ] _ zq! o <
8as/xs _[Z" Jg"vu"'uex "(Zx Jg,n,,ux,," [25]
A2/ Xy A21X 2

where gf,"n_\,lm is the standard Gibbs energy of the pure
component per charge equivalent. For Al,Os, for example:



o 6 o 4 °
arzjo; =[ ']g,d,,,o,,; =[Z—o——-Jg‘”"’a": {26]
> Alz/Oy

That is, g%,.0, is the standard Gibbs energy of Al:O, per
mole of Al;O- quadruplets.

Previously,l*! g%y« was defined as the standard Gibbs
energy per mole of 1*-n.-n. pairs. Therefore:

g::/.\r: = (‘”g)g:/x [27]

The Gibbs energy of the solution is given by the model
as:

- e °
G = ("A,/x:g,x,/xz T e oy Thur. 8o, +)
+ ("f"/-\’zg'tﬂ/x: g Basr, F Py xr azyar Fo - (28]

+ (”,us/n'g ey T )
—T ASe/e

where g.4¢. . 8. clc. are the Gibbs energies of one

mole of the quadruplets.
Let us consider the following reaction for the formation
of quadruplets:

(-‘l:-‘/: )4,-;.4;.1 + (B 2 Xy )qlu..u! = 2(—'1 BX, )qug;l Ag e, (291

If we do
not use the shorthand notation, then Eq.[29] is written:

A 8
2. " v + AN B Y
P iiza Nz ~/28 A Lipx
l:a,-x, Y20 Z.f.'!l.\h ‘.'/zl:/r: Y Barr;

=24, . B ‘g
iz s - X
5’ T 7% £ '/"zu/x: z/zulx;

[30]

for which the Gibbs cnergy change is Ag Jis -

When Ag g, =0, the binary A,B/X system is ideal. [n
this case:

2o, Zg‘/.r,
28 arx. _[Z;:B_/.r: 8 e ¥ __Z,fgl_\', 8 [31]

Now Aglwx’ is an empirical parameter of the model. It

may be expressed as:

Agd.ﬂl.\': = Ag:at.r: + (Ag,wfx: - Agjg,x,) [32]
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where Ag? ,r, i§ @ constant. independent of composition.
2/¥2

X
and (Ag'wxz —-A gjm:) is expanded as an empirical
polynomial in the quadrupiet fractions .Y, u

As discussed below in Section I E. Ag  in the

A,B,C...//iX subsystem is identical to Ag ,  of reaction [[]

in this subsystem, and Ag® and the coefficients of the

S a8/x2
polynomial expansion of (g, — 387, ) are all

numerically equal to the coefficients obtained from
optimization of data in this subsystem as dcscribed
previously!>>1.

We now define the "standard molar Gibbs energy of the
ABX> quadruplets” as:

2o° _ Z::/X: ° Zg:.’-": o Ag®
8.aprxy, = 74 Bayx, t 75 Esy0y T8 e,

AB(Xy ABIX ;

Stmilarly, for the quadruplet formation reaction:

(4,X2) oy + (AT Yowad = 2 (A2 XT) Ag o 13
we define:
Z3 [z: i l
T - 2/t 2 2 2/t B = Ae?
Bar = x| 8ae, b Slr. VA
! (Z;:W Z::.rr
{351

To now define Ag°  for the reciprocal ABXY

quadruplet. consider that in an ideal solution. g _  (when

normalized per charge equivalent) would vary finearly with
composition on Figure 2 between points x and 3 and
between points a and 6. To this linear vanaton is added
the sum of

Ag’

4 @ - ° ‘ha ‘ere
s D 8 A 8o and A &, e (which  were

included in Eqs.{33.35] ) corrected to the same molar basis.
and finally we add the composition-independent term

Ag of the Gibbs energy change L\g:’um of the
quadruplet formation reaction:

°
ABLXT

L(ABX, + ABY, + A, XY + B,XY) = 2(4BXY)

N . (361
A8y = B8, ., '*’(‘-\g,u;/.n' _Ag,,,n)

A g5 is an empirical parameter of the model, obtained

from optimization of data on the reciprocal AB/X)Y

system as discussed in Section II E. In the ideal case,

Ag.pixy =0. The resuitant definition of Ag

o e
M/nls.
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Ag?, — 9 . 4 qu,'::/x: e q-\’Zg:/-\': g5 + ar Z::trz g° Ir Zs: e a
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571

Note that Eq.[22] applies, and that the defintition in Eq.[37] holds. even if one does not choose to define Z'; , as n

Eqs.{23,24].
Substitution of Eqs.[33,35.37] into Eq.[28] . gives:

B o o .
G= [".::/.r:g,(,/x: Foo Mg, Easix, T v 8 ayey Y-t R p v By - ]

4 js/x, My | Masxz ( ° )
Mgy, + + ... AgM,xz-Agu,X:

+
X X
2 ZAHIXY ZAB Xz

N |~

i Z::!/.rr Ry  Bacixr °
+Z|:n"‘/‘"+ 2 (Z“ + "c;w +.... (Ag.«z/xr ‘Ag.«,/xr)
ABI XY AC/ .}

+

e

+ T;'[”A.B{XY (Ag,wmr ~Agwmixr )"'".as/ﬂ (Ag,u;/rz —Ag s )*]

- T ASeE

D. The Configurational Entropy

In Eq.[38]. 4S™"* s given by distributing : all the quadruplets mndomly over "quadruplet positions”. Unfortunately. an
exact mathematical expresston for this is umnknown, and so approximations must be made. Letting AS™™"%  equal
- Rz(n,l, pInX,, ,,) would clearly overcount tLhe number of possible configurations. The following expression is proposed:

‘ ; X X X,
(-SR] = (n n¥, +nylnX, +.. .+ ngIY, +m, Y, -x-,_.)+(n,‘4.x ln#wzm. In?‘;—_x +n g ln )_r;r +. ]

x

AKX 8y 4r
X,«:/.\fz X,w;x‘:: X.::/,w i
+[" R e N G N T e s, e M Ty T,
39|

Consider the case when all Ag,u fower reactions
[32,54,36] are zero and also when all (reaction [Z3]) are zero. X = 4 X (X 1) (g 11,) (g 11,1F)
In this casc the distribution AgJ%™™*s of A_B,C,.. and [+1]
X.Y,Z,... on each sublattice are completely rancdom. There Stmilarly onc can derive:
is neither 1*-n.-n. nor 2™ -n_-n_ s.r.o. Hence, the= probability
of finding an A-X 1*-n.-n. pair is equal to (YAXxz, that is: Xopie, = 2X2 0 Ko, J(VFa¥) and X0 = X5 JV3F

+2]
X, = L7, f 40]
Substitution of Eqs.[40-42] into Eq. [39] gives the

Furthermore, the probability of finding zan ABXY correct ideal (Temkin) entropy:
quadruplet is given, with reference to Figure= 1, by the —R(nd InX,+ngInXy+..+n,InX, +n,InX, +.).

probability that pair 1 is an A-X pair, times the conditional Also, for this ideal case, substitution of
probabilities that pairs 2, 3 and 4 are A-Y, Y-BB, and B-X Eqs.[20,27,33,35,37] into Eq.[38] gives the correct
pairs respectively, times 4.0 which is the number of expression for an ideal solution:

possible permutations of this order of bonds. Hes=nce:



G= (",u.(g:/.( S IV - S ") 3]
+RT(n, InX, +n,InX, +n, InX, +...)

Consider next the case where the values of Ag,/; o of

reaction [3] are not all zero, so that there is 1*-n.-n. s.r.o. In
this case, Eq.[40] does not hold. Equations [41,42] hold
exactly in subsystems such as AB,C,..//X or ANXYZ,. ..
where one sublattice is occupied exclusively by one
species, but do not hold exactly in general because they
were derived under the assumption of random distribution
of I™-n-n. pairs. Nevertheless, calculations show that
Eqs.[+1,42] still hold approximately and their use results in
errors of only a few percent for absolute values of

Agoe ™ as large as 100 ki/mol. The approximation, of

course, becomes exact as Ag~™**"* approaches zero.
Substitution of Egs.[41,42] into Eq.[39] gives the
expression:

(- AS="# /R) = (1, InX, +nyIn X, +..)

+(nx InY, +n,InX, +)

X X
+ [n‘“x In Y""' +ng,, In =2 +)

[+

which is identical to that given previously ©*! for the two-
sublartice quasichemical mode! with 1*-n_-n., but no 2™n.-
n..s.ro.

E. Second-Nearest-Neighbor Interaction Terms

Ag 5.¢, is an empirical parameter of the model,

obtained by optimization of data in the AB,C,..//X
subsystern, which is related to the Gibbs energy of
formation of 2™-n.-n. pairs according to reaction[29] or
reaction [1]. As in Eq.[30] of the previous publication ! in
the A,B,C,...//X subsystem Ag .5, Iscxpanded as:

AZgv, = Ag:s/.v: + Zl}a/x:lévx:gzg/x:

Gegket

+ Zlfwl.r: Zwa, [Zgﬁz(n 1Xy 4 (l =&, _éu'x; )‘ -
0 H

k-t

¥, Y,
+ Y‘ yk X m 1- 8
Tgm ) x'{‘fth:]{ ‘5&«.\':}

2.l
. ¥ ¥
" Zgi;(")/ ® [——J [l - \ J
o Eanixs Sty

[+5]
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where the summations over /. m and » arc as described
previously™, Equation [45] may be compared to Eq.[32].
The empirical coefficients Aglp, , and g7, are found by
optimization of data in the A .B//X binary system. the other
terms in Eq.[43] alf being equal to zero in this binary
system. Forcxample. if all g’ are zero and if Aglg.y is
small, then the model approaches regular solution behavior.
with Ag3s.y, as the regular solution parameter. The

cocfficients Agﬂ;(c,,x' are termary parameters.  which

should not be large, which give the influence of the
presence of a third cation, C. upon the energy of formation
of 2™.n-n. (A-[X]-B) pairs. These are found by
optimization of available data in the AB.C/X ternary
subsystem. In the absence of such data, these coefficients
can be set to zero. The variables, ¥, zwx. . faax, Swx,
Egax, were defined previously!?). They are functions of the
quadruplet fractions .Y, ;. , which are equal to the 2™.n.-n.
bond fractions in the A.B.C,._.//X subsystem.

The coefficients Aglsy.. gigx. and gy, are

identical to the coefficients Ag’,.g% and g%, of the
previous articles ™' in which the quasichcmical model
was developed and applied for the case where sublattice [1
is occupied solely by X species.

Equation [45] holds for the A.B.C...//X subsystem. The
composition varables g, . and g, . were defined in
Eq.[27] of the previous article!™! in terms of mtios of the
quadruplet fractions .V ., . For example. if the symmetric
(Kohler) model is used in all ternany subsystems (sce
reference[2]) then
Xag: i, =(,\'(,:,I:/(X_‘: PO WPV Y _‘:})_ In the
multicomponent AB.C...//XY_.Z. .. system we assunic that
Ag s, ¢, IS constant along composition paths where these

ratios are constant. Hence, the factors g o . and yg,,y,

in Eq[45] remain unchanged in the multicomponent
system.

In the AB.C../X subsystem. from Eq.[ll] the
equivalent fraction r, is equal to
(X,:,x: +Ji(~"w.\-, +Xx, +,..))which. from Eq.[21]. ts
equal to Xy in this subsystem. [n the multicomponent
system we assume that the temary terms in Eq.[43] are
constant along lines of constant X7yt (Where 'y = L in the
A,B,C,...//X subsystem). Therefore, the factors F, in
Eq.[+5] are replaced by V.x7Tr The factors
E.srx, and Egyy, were defined previously!™! as sums of
Y4 Yalc ... Hence, in Eq.[45] these are replaced by the
corresponding sums of X Yy, Xgx Yy, Xcx Yy, etc.

Finally, then, Ag ., is given in the multicomponent

system by:



Aax, = Auare, + Zlfw.r,llungfwx;

Ceep)2l

3 y “' X - -1
+ ZZ.wxxlivx,[Zgi;m‘x: : (l’gurx; —;a-v.r,)i

20 1 Fe
s20
(]

)

X, X,/
+ng:q(..;/x=[1, = £ ][l—y :/r ]
"~ B od 715 49 XoRYX,

et

X X
n gk nt X 1- AL X
2.8 [YM J[ Pl s, ]

+ Zg.’l:/x;m Yr(l - Yx)‘d
rex

{+6]

where ¥ .5, ¢, and ¥, are ratios of .Y, as defined
previously™ and where £y, and&,,,,, . defined

previousiy” as sums of F¥,YgpYc .. are now the
corresponding sums of X, vy, XaxTy, clc.

The final term in Eq.[46] is zero in theAB,C,...//X
subsyvstem.  The empirical coefficients g:f.,',x:m are

reciprocal termary coefficients giving the effect of the
presence of 2 Y anion upon the energy of formation of
ABX; quadruplets. These coefficients, which should not
be large. are found by optimization of available data for the
A.B//X.Y reciprocal ternary subsystem. [n the absence of
such data, thesc cocfficicats may be set to zero.
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A similar expansion of Ag, . for the formation of
A-XY quadruplets may be written:

. . v
Mupor = A8opr ¥ 2 Ly xlo Bz
tres)2t

.
IR ) YT
i A

Y]
120
ket

ra

X X
gk Alm Kisd
LD AP 1-
- AT ,(2454,”,\’)( Yr‘fa:/l:k’)

et

X X
+ yk Aln I~ ALY
Z‘gﬁx e [}’.454:/11' J ( YAéA:/xY J

+ Zgi:cm;n' r,(1 _YJ‘-‘]

L2

[471

[n Eq.[45], Ag gy, in the AB.C..//X subsystem is
expanded as a polynomial in the quadruplet fractions
X, which are equal to the 2*n.-a. pair fractions in this
subsystem. In easlier versions of the quasichemical model,
Ag ¢, Was expanded in terms of the equivalent fractions
Y. I

A-

Yeg. Y- ... The general expression is e

‘

X +

' ’
£ =
o Sazex, <A X,
Mugiv, = Nux, * Y, l= ]( — I @ie,
4R

Ge gl za8.x, +€nlu.r: ;:w.r; Y

Al

+
™

Iy |

-
Led
=

-t

v, «x
+ zqf’q‘am;;x:[ = ][‘ T 2 J "Zq:lc;(w.\':[

=T IR S8

- A !

Sax; TRy gk = -1
A = l < [Z(I“Uh.": 1/ (l Tsaax; ‘:Lu‘.r,).
cax, Yoayx, S Flasx, 7

- Y -
SR
£ ax, Eanix,

[N

48]

This equation is clearly very similar to Eq.{45]. [fthe
A B,C....//X subsystem was optimized using this expansion,
then Eq.[48] can be substituted into Eq.[38] after first
replacing all ¥, by XYy, replacing all £ 5., and &y, . by
the corresponding sums of X.a7Yy , and after adding
reciprocal temary terms if required, just as was done in
Eq.(46].

[n order to provide more flexibility in optimizing data in
reciprocal systems, the parameter Ag ., for reaction{36]

can also be expanded as follows and substituted into
Eq.[38]:

. _ ° . . . .
Ay = Mo + z( LonrareanyCayix, + 8o xranX s, i x,

=

+ xrur)‘v:c; A + .n'(an‘r;, 1 )
(491

where Ag g/ cr. Lhsiarcwry - €€ are additional empirical

parameters obtainable by optimization of available data for
the reciprocal temary A B//X)Y system. [n the absence of
such data, these terms should be set to zero.



F. The Quasichemical Model in the "Complex”

Formalism

As discussed in Section ([ B. if the quadruplets ABXY
are formally treated as “complexes" or "molecules”
Al.:.‘,':nm_ B’:"Zﬁg - X'f, . Y{!’"’-L o then the mass balances
of Eq.[I53] become "normal” mass balances. Furthermore,
all the parameters Ag, ,, in Eq.[38] bave been shown in

Section [I E to be expressible solely in terms of the
quadruplet fractions .\, . (The pair fractions X; and
cquivalent fractions of Eqgs.[46.47] can be expanded in
terms of the Xz through use of Eqs.[11,12,21]) Hence,
apan from the (-TAS®*%) term, Eq.[38] is of the same
form as an expression for the Gibbs energy of a mixture
of molecules A B X;’z-‘ YI v on a
{Ziancr Y Zasoo

) '/izjx\n,x‘( l,/zfarw

single fattice. with the non-cofigurational "excess" terms
cxpressed as polynomials in the molc fractions X gy of
these molecules. Hence, the same existing algorithms and
computer subroutines which are commonly used for simple
polynomial solution models can be usesd directly for the
quasichemical model merely by including the additional
configurational entropy terms.

Furthermore. the fact that Eq.[38] can be written solely
in terms of the fractions .Y,y of the quadruplet
“components” permits the chemical potentials to be
calculated easily in closed explicit form. By the same
argument as that leading to Eq.[36] of reference[l], the
chemical potenual of the actual component A, X is

given n lerrus of the “"chemical potential 1, OF the
quadruplet A:X." by:

Wax

Hax, (Zi_:\‘: /2‘!,:) = M, (Z::;,'x; /2‘1.\' )

u,

"“'l-'l 7e =
[50]
where
Hapr, = (86 a0, ), 54
Substitution of Eq.[38] into Eq.[51} then gives:
" 2inX 2InY
Hux, = 8lhx. +RT(—Z—J—-"_ +—ZT'-—X_
Ar/ X2 A X2 [52]
X
rln— ‘A:/x: _ +iln;\:’”"' )+g51/4l’~
(-\’.u.\'/(}’;}; )) ¢ Yy, °

where gf:,X: is calculated from the non-configurational
"g=" polynomial terus of Eq{38] in the usual way:

gf:ix: = gz “"(635/&(&;/,\':)‘ ZX.,/H(agE/aX.,m)

ik A [X

{531

. DISCUSSION

Many binary and termary common-ion systems
A,B,C....//X have already been evaluated and optimized. by
using a random mixing (Bragg Williams) expression for
AS“”%  and by expanding the excess Gibbs energy as a
simple polynomial in the mole fractions. For example, in a
binary A,B//X system, this is equivalent to writing:

G= ("Ar.rg::.r +”Br.rg;/x)+ RT ( nynX, +n,lnX,)
M5, 0,08 8/ x,

[5+41

now equal to (___ ",,/u)XA/.rXs/x and
with Ag , ¢, expanded as:

with 7145,

Agusix, = 887, + X Wi, i¥s [551

Greg)l

For example, if all g%, . coefficients are zero, then this

is a simple regular solution. Ideally, of course, ali these
systems should be re-optimized with the quasichemical
model. However, this entails a great deal of work. For

systems in which Ag g, is relatively small, the neglect of

s.r.o. involving n-n (A-[X]-B) pairs will give rise only
to small errors. Hence, it would be very useful to be able to
combine the large existing databases of evaluated simple
polynomial coefficients for such subsystems with the
quasichemical coefficients obtained by optimization of
other subsystems where s.r.o. ts mare umportant, in order to
produce one large database for the multicomponent
solution. It has been shown previously!'™ how this
combination of coefficients can easily be achieved for
AB.C,..//X systems. I[n the present case, if a binary
A,B//X system has becn optimized using a simple Bragg-
Williams entropy and a polynomial expansion as in
Eq.[55], then the coefficients of Eq[35] can be substituted
directly into Eq.[48]. (This is also true for simple
polynomual ternary coefficients as described previously.!?!)

It is required that ZZ3,,, =Z3, and that

Ziax, =Zaix,- The term
X

L Z x| Maspr - .

5["“"”2 Tz, (86 -2, )i

XueXax

¥, ) Ag,w;x R
X

Eq.[38] is replaced by (Znu,“)(

and the term Agi‘w/ ¢, ust be removed from Eqs.[33] and

{371. Itis also recommended that if any binary subsystem
of the A,B.//X,Y system has been optimized with a simple
polynomial expansion, then all coefficients in the expansion

for Ag 4g/ xy in Eq.[39] be set to zero.



Iv. CONCLUSIONS

A quasichemical model for treating short-range-
ordering (s..r.0.) in the quadruplet approximation has been
proposed for solutions with two sublattices. Both s.r.o. of
first-nearest-neighbor pairs and sro. of second-nearest-
neighbor pairs are taken into account. If one sublattice is
occupied by only one species, or is empty, then the present
model reduces exactly to the quasichemical model for s.r.o.
on one sublattice in the pair approximation as developed
previously '*! Also_ by means of a minor alteration to thc
entropy expression, the Gibbs energy cxpression can be
made identical to that of a randomly-mixed (Bragg
Williams) solution with a simpie polynomial expansion for
the excess Gibbs energy. This is of much practical
importance because the large existing databases of
evaluated simple polynomial coefficients of certain
subsystems can thereby be combined in one datbase with
the quasichemical coefficients of other subsystems, in order
to produce one large database for a multicomponent
solution.

The model ts well suited to liquid solutions where the
ratio of the numbers of sites on the two sublattices can vary
with composition. Further flexibility is provided by
permitting coordination numbers to vary with composition.
Nevertheless, the model also applies to solid solutions if the
numbers of lattice sites and coordination numbers are held
constant.  The model can thus be combined with the
“Compound Energy Formalism™®! to treat 2 wide range of
types of solution (slags, mattes, ceramics, salts, alloys),
point  defects, order-disorder  phenomena, non-
stoichiometric phases, etc. For a discussion of applications
of the Compound Energy Formalism. sece also references
flo.ll]. If srro. is not included (by assuming Bragg-
Williams random-mixing entropy as just mentioned), the
model reduces exactly to the Compound Energy Formalism
for two (or onc) sublattices.

That is several different models are limiting cases of the
present model. These models can thus all be treated with
the same algorithms; the coefficients can all be stored in the
same multicomponent databases; and different models for
different subsystems can be combined in many cases.

By formally treating the quadruplets as the
"components” of the solution, a significant computational
simplification is realized. The model can then be treated
with currently available and relatvely simple software.

The model has been applied to the molten salt phase in
an evaluation/optimization of the LiNa K Mg Ca//F,Cl

system using the FxA+CaT '? thermodynamic computing
system.  This work is presented in an accompanying

article.™
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Composition square of the A,B//X.Y reciprocal temary system showing formal “compositions” of the various

quadruplets
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Thermodynamic Evaluation and Optimization of the
Li,Na,K,Mg,Ca//f,Cl Reciprocal System
Using the Modified Quasichemical Model

PATRICE CHARTRAND and ARTHUR D. PELTON

A complete critical evaluation and quantitative optimization of all available ternary reciprocal
phase diagram data has been performed for all condensed phases of the LiF-LiCl-NaF-NaCl-KF-
KCI-MgF--MgCl-CaF;-CaCl; system. The model parameters obtained for ternary reciprocal
subsystems can be used to predict thermodynamic properties and phase equilibria for the
multicomponent reciprocal system. The modified quasichemical model in the quadruplet
approximation, for short-range ordering of first- and second-nearest-neighbors. was used for the

molten salt phase.

L. INTRODUCTION

Molten salts used in metallurgical applications are
often based on alkali alkaline-earth chloride fluoride
mixtures. For example, the clectrolytes used for Mg
production are based mainly on NaCl, CaCl,, and MgCl;
salts, which can also be used as fluxes for Mg casting;
NaCl, KCI, MgCl., NaF and KF are uscd extensively as
fluxing agents for liquid aluminum treatment; alkali
chlorides and fluorides can be used as fluxes for the gas
welding of light metals: elecuo-deposition of refractory
metals (Nb,Ta) can be made from these solutions; and NaF,
CaF., LiF, and MgF: are important bath components in the
Hall-Heroult  electrolysis cells for Al production.
Developing a thermodynainic model for the LiF-LiCI-NaF-
NaCl1-KF-KCl-MgF--MgCl,-CaF.-CaCl, system will
contribute to the understanding, calculation and simulation
of many present and [uture metaliurgical applications.

In reciprocal molten salt solutions (i.e. solutions with
more than one cation and more than onc anion) large
deviations from ideal mixing can occur due to the strong
first-nearest-neighbor (cation-anion) interactions.
Modeling such solutions is a challenge. If. simultaneously,
there is also strong second-nearest-neighbor (cation-cation)
short-range ordering, the solution becomes even more
difficult to model.

The binary common-ion systems KCI-MgCl, and KF-
MgF. exhibit extensive short-range ordering which has
been associated with the formation of MgCIY™ and MgF
“complex ions”. To a lesser, but still appreciable extent,
the NaCl-MgCl., NaF-CaF; and KF-CaF, systems also
exhibit such short-range ordering. In a previous
publication!"! we presented a modified quasichemical
model, in the pair approximation, in which this ordering is
described in terms of the following equilibrium among
second-nearest-neighbor cation-cation pairs :

P. CHARTRAND, Ph.D. Student, and A.D. PELTON, Professor,
Departement of Metallurgy and Materials Science, Ecole
Polytechnique de Montréal, P.O.Box 6079, Station “Downtown”
Montréal, Québec, H3C 3A7, Canada

(4-[x]-4) + (B-[x]-B) = 2(4-[x]-B)
Ag g, ¢ 1]

where A, B=Li,Na, K MgorCaand X = For ClL. If
Ag 5, 1S negative, reaction [1] is shifted to the right, (-
[X1-B) pairs predominate. and short-range ordering results.
The amount of this ordering depends upen the magnitude of
the Gibbs encrgy change, Ag ;.. of reaction [I] which is a
parameter of the model that can be expressed as a function
of composition by an empirical polynomial expression.

In earlier publications!™} all available phase diagram
and thermodynamic data for the LiCl-NaCI-KCI-MgCl.-
CaCl; and LiF-NaF-KF-MgF:-CaF: comunon-anion systens
were critically evaluated and optimized to obtain emptrical
coefficients which reproduce all the data within the
experimental error limits. At the same time. similar
optimized model equations for all solid solution phases in
these systems were obtained.

When reciprocal salt solutions are formed containing
both chlorides and fluorides. first-nearest-neighbor short-
range ordening can occur, the extent of which is related to
the Gibbs energy of the exchange reaction :

AF + BCI = ACl + BF Ag Sishamse (2]

If Agfy % is negative, then A-Cl and B-F nearcst-
neighbor pairs predominate. In several of the reciprocal

ternary subsystems (systems with 2 cations and 2 anijons),
AgTherte is very negative as can be seen in Table [ These
systems thus exhibit such ordering to a large exteac

[n another recent publication®™ the modified
quasichemical meodel, in the pair approximation, was
developed for treating such first-nearest-neighbor short-
range ordering. However, since the pair approximation was
used this model could not simuitaneously take account of
first-nearest-neighbor and second-nearest-neighbor
ordering.

Recently’™ we have proposed a new modified
quasichemical model in the quadruptet approximation



which incorporates the previous models? ™ as limiting
cases. A quadruplet A-X; ABX; A;XY. or ABXY
consists of two second-nearest-ncighbor cations and two
second-nearest-neighbor anions which are mutual first-
nearcst-neighbors. The parameters of the model are the
energies of the quadruplet-formation reactions, similar to
reaction [l}. However, in common-ion systcms such as
LiCl-NaCl-KCI1-MgCl:-CaCl,, the quadruplets ABX: are
identical to the second-nearest-neighbor (4-LX]-B) pairs, so
that the optimized parameters obtained previously for this
system® and for the common-ion fluoride system!®! can be
used directly in the new model.

To a much lesser extent, second-nearest-neighbor
anion-anion ordering can play a role, and this is determined
by the pair formation energies Ag ., of the reaction :

(F-[4]-F) + ct-[a]-c1) = 2(F -[4]-1)
A8 1y [31

The same model is used. [n the present case, optimized
parameters obtained from evaluation of data for the AF-AC!
binary systems (A = Li, Na, K, Mg or Ca) are required.
These evaluations are given in the Appendix.

In the present article, the modified quasichemical model
in the quadruplet approximation' is applicd to the
Li,Na, K Mg, Ca//F,Cl system with the parameters from the
common-ion  systems taken from the previous
publications™! and from the Appendix. ~To obtain
quantitative fits, small empirical “reciprocal ternary
parameters” are included. As described previousiv!®! these
parameters represent the Gibbs energies of formation of the
ABXY quadruplets from the binary quadruplets according
to:

L(ABX, + ABY, + A.XY + B,XY) = 24ABXY
A2 iy (4]

where Ag ;,,, is expanded as an empirical polynomial in
the fractions X, v, X p. X5,x, and X, of the
ALX:, AZY,, B:X-_v and B.Y> quadruplets as follows :

AZ gy =823 vy

. - . .
+Z [ usrvan X e, Y8 Xe, ik,

2
13 ] 1] 1]
+8.ar e X v, Y 8usrvanX e, ]

(51

The empirical parameters 48 %, v a0d glp/xrcar; - €LC-

should all be small, and this is in fact the case in this
system.

The Li,Na,K,Mg,Ca//F,Cl system presents a severe test
of the model because first- and second-nearest-neighbor
short-range ordering are both present to a large extent.

[I. THERMODYNAMIC DATA

All common-ion binary and termary liquid model
parameters can be found in previous publications™._and in
the Appendix. along with all second-nearest-neighbor
coordination numbers and Gibbs cnergics of pure
compounds.  Also in these publications™" are the
optimized model parameters for the (Li.Na.K [Mg])CL
Mg [Li)Cl:;,  (LLpMgDF, (Mg [LiF:. (Na [LiD)F.
([(Na],K)F, (Li,Na,K)(Mg.Ca)F;. (LL.Na.K)Mg Ca)Cl; and
(Li.Na.K)-(Mg,Ca)Cls solid solutions. and the optunized
thermodynamic propertics (Al 3, . Swgis and Cp) of
all binary and temary compounds. From the
thermodynamic properties of the pure liquid salts

Agichaee  of reaction [2] for all ternary reciprocal

subsystems can be calculated. Mean values over the
temperature range 400°C < T < 1200°C are given in Table [

In the previous publication!”!, ~default values™ of the
coordination numbers of the ABXY quadruplets were
proposed (Eq.[23] of reference [5]). These values are used
here with the following exceptions

i — 7K —7F gt —e
ZL:K-FCI _ZLaL"FCI Zw: Jord ch Fel =8.

L _ o F ~ oC = Ca -
2 scorrar = Lricarrat = Lric rat =3 and Z (s rer =6,

VA .::;:ll;lFC‘I =Z .Sa.l-lg’FCI =Z .::'iugvt‘(.'l =3 and Z .‘:’.’fltg #er =6. and
Zics rer :Z:C:x.‘ ra= 2k, =2 and ZpZ, o=+ These
values are close to the “default” values. but were found to
give slightly better optimizations than the “default™ values.
Furthermore, it is necessary to propose a value of Z, defined
in Eq.[23] of reference [3]as :

¢ =22z 6]

where z and Z are the first-ncarest-neighbor and sccond-
nearest-neighbor coordination numbers. n the present case
we have taken = 2.4,
Table I. Mean Exchange Gibbs Encrgics ( Ag Sshss
for Reaction [2] for Liquid Salts over the
Range 400°C < T < 1200°C.

System A,B/F.Cl Ag e
(KJ / charge
equivalent)
LiCl + NaF = LiF + NaCl = -38
LiCl + KF = LiF + KCl =61
LiF + Y2 MgCl, = LiCl + ' MgF. = 40
Li.F+I/:C€1Cl:=LiCI+’/: C(’IF: = -18
NaCl + KF = NaF + KCI =-23
NaF + % MgCl, = NaCl + ¥ MgF = -80
NaF + % CaCl; = NaCl + ¥ CaF, =-58
KF + % MgCl; = KCI + % MgFa = -100
KF + !4 CaCl; = KCl + % CaF, = -78
Y2 CaF1+ Ya MgCl'z:'/: CaClz +% MgF-_- =-22




HI. TERNARY RECIPROCAL SUBSYSTEMS
A. The LiF-LiCl-NaF-NaCl System

The liquidus projection has been measured'®! (Figure 1).
Gabcova and Malinovsky!”! measured the NaCl-NaF-LiF
liquidus P_rojccljon, reporting the eutectic at 604°C instead
of 582°C'!. “The LiF-NaCl join has also been measured™""}
(Figure 2). The liquidus surface is calculated (Figure 3)
with a very small temary reciprocal parameter :

A worrc = 1882.8X . Jfmol (71

B. The LiF-LiCI-KF-KCl System

The liquidus projection has been measured''! (Figure
4). The LiF-KCI join has been reported™'***! (Figure 5)
with the cutectic at 719°C!"*, 713°c8? or 710°C!"?). Zsigrai
et al " previously calculated the ternary liquidus projection
with a sublattice model which neglected alt ordering. (Sce
comments in Charrand and Pelton®™). The calculated
liquidus projection, using the following temary reciprocal
excess terms, is shown in Figure 6, and the calculated LiF-
KCl join is shown in Figure 5 :

Ag e = —2928.8 +2.92887 —3347.2.X, .
: 7 Mol {8]
+20920X,,, ;.

Without these ternary reciprocal terms. the calculated
LiF-KCl eutectic is 12°C higher with a 2 mol%
dispiacement in composition, while the ternary eutectic
temperatures are increased by 2 to 3°C. That is, these terms
give only a small correction. Even without these terms, the
model predictions are very good. This is also true in all the
other systems reported in this anicle.  Significantly
improved precision is obtained with the present model
compared to the previous calculation™ which accounted for
first-nearcst-neighbor . but neglected second-nearest-
neighbor ordering. First-nearest-neighbor ordering is high
in this system due to the large exchange Gibbs cacrgy
(reaction [2]) of =61 kJ/mol (Table I).

C. The LiF-LiCI-MgF-MgCl, System

No reported liquidus projection ias been found for the
LiMg//F.Cl system. The calculated LiCI-MgF: join is
shown in Figure 7 with no additional reciprocal parameters.
D. The LiF-LiCl-CaF CaCl, System

The liquidus projection has been measured! (Figure
8). The liquidus projection is calculated (Figure 9)
assuming no reciprocal ternary solid solubtlity, with the
following small excess ternary terms :

A8 pcorscr = =5506.0+3.184T  I/mol (]

W
W)
)

E. The NaF-NaCI-KF-KCI System

The liquidus projection has been measured!"*"! (Figure
10!'%Y).  The calculated liquidus projection is shown in
Figure tl. No termnary terms were necessary and no
reciprocal temary solid solubility is assumed.

F. The NaF-NaCl-ALgF-A(gCl, System

The liquidus along the NaCl-MgF, join has been
measured!"***.  There is disagreement between these
authors on the MgF. liquidus on the NaCl-rich side.
Sharma and Johnson'®! reported a higher MgF: solubility
than Mediaas er al.""®!. The exchange Gibbs energy for this
system is large (see Table D).

The NaCl-MgF: phase diagrum was calculated
previousty!'* using the quasichemical model™ in the pair-
approximauon swhich accounts for first-ncarcst-neighbor
ordering, but ncglects second-ncarest-neighbor ordering.
The calculated NaCl-MgF. phase diagrany with the present
model for the liqud phase. is shown in Figure 12. No
excess temary term is required. No reciprocal termary solid
solubility is assumed. Calculations predict a liquid-liquid
miscibility gap above 10007°C.

G. The NaF-NaCl-CaF»-CuCl; System

The liquudus projection has been measured™ (Figure
13). Malinovsky and Gregorcokova'™! measured the NaCl
liquidus along the NaCl-CaF- join reporting the cutectic at
4.3 mol.% CaF,at 779.5°C. The exchange Gibbs energy for
this system is moderately large (Table ). The NaF-NaCl-
CaF.-CaCl:  liquidus  projection  was  calculated
previously!'”! using the quasichemical model™ i the parr
approximation (neglecting sccond-nearest-neighbor
ordering). The calculated liquidus projection of the present
work is shown tn Figure 14, A very small empirical ternary
excess term was included :

AL v pey = —2092 J/mol {10}

The calculated eutectic on the NaCl-CaF, join s at 3.7
mol.% CaF:. at 783°C. No reciprocal temary solid
solubility was assumed.

H. The KF-KCI-MgF -\ gCl: System

No reported thermodynamic nor phase diagram data
were found for this system. The exchange Gibbs energy for
this system is very large (Table [). Since there are no
reported data for this system. no excess termary terms were
added to the liquid model. Because the exchange Gibbs
energy is very large, and because second-nearest-neighbor
ordering is very strong in the KCI-MgCl, subsystem) and
in the KF-MgF: subsystem!®! a temary term is most
probably necessary to obtain a good prediction. A few well
chosen experimental liquidus measurements in this system
would permit these coefficients to be determined.



I. The KF-KCI-CaFCaCl; System

The liquidus projection has been mecasured!*=!
(Figu.r(:slSI:‘l and 16""%Y. Desyatnik ez al P measured the
KCi-CaCl:-CaF. liquidus projection (Figure 17). A strong
disagreement can be seen between the liquidus projections
of Krause!™! and [shaque!®! at Icast for the liquidus aiong
the KCI-CaF; join, although the reported invariant points
agree very well in tempemiure.  However, reponed
invariant point temperatures of Desyatnik!™! are around
20°C lower than thosc reported by the other authors except
for the KCI-CaF;-KCaCl; eutectic.  The exchange Gibbs
energy is very large (-78 ki/equiv) for this system (Table I).
One small termary term was used :

AL peorier = —H1I84T J/mol [11]

The calculated tiquidus projection below 900°C is
shown in Figure 18. A liquid-liquid miscibility gap is
calculated along the KCI-CaF, join for temperatures above
950°C. Because of the large differcrences between the two
measured diagrams and between the measured and the
calculated digrams in this region. the calculations are not
shown in Figure 18. Onc can note that the calculated
lemary invariant points are mn good agrcement in
temperature with the reported points!'®.  KCaCl; and
KCaF; were assumed immiscible. and this assumption
permits a good fit of the KCaCly liquidus and related
invariant points. The calculated KCaCl;-CaF: join is
shown in Figure [7.

I. The MgF-MgCl-CaF>CaCl, System

The MgF>-CaCl, join has been measured"*! (Figure 19).
The phase diagram was calculated previously™! with a
model™ for the liquid phase assuming random mixing of
ions on their respective sublattices. Because first-ncarest-
neighbor ordering was ignored, a large ternary reciprocal
excess lerm was required to reproduce the experimental
liquidus. The MgF,-CaCl: join, calculated with the present
model with the following smatll excess terms, and assuming
no ternary solid solubility, is shown in Figure 19 :

AZ v ey = =7305.0 +8.36807  J/mol [12]

IV. MULTICOMPONENT SYSTEMS

The thermodynamic propertics of the multicomponent
liquid phase calculated by the model are obtained solely
from binary, ternary and ternary rcciprocal optimized
parameters. There is no additional higher order parameter
added to the liquid model. Hence, the calculated values in
this sections are predictions of the model from optimized
subsystem data.

For most of the experimental work described in this
section, the “visual-polythermal” method was used. The
accuracy of this method is low. Only liquidus temperatures
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are actually measured and errors on these are large. All

univariant and inwariant temperatures and compositions are
found by interpolation. and errors are even larger.

A. The Li Na. K" F.Cl System

The LiClI-NaCI-KF and LiCl-NaF-KF  liquidus
prajections were measured™ by the visual-polythermal
method. The caleculated liquidus lines of the LiCl-NaF-KF
system along cosnstant NaF/(NaF+KF) molar ratios are
shown in Figure 20. The calculated liquidus lines of the
LiCI-NaCI-KF system along constant LiCl/KF molar ratios
are shown in Figumre 21.

The LiF-NaF-KCI liquidus has been measured by the
visual-polythermal method*™! and by thermal analysis™!.
The LiF-NaCI-KZCl liquidus projection has also been
measured™ >, Univariant line compositions and
temperatures of the LiF-NaF-KCI™-3! and LiF-NaCl-
KCIF®! systems are given in Tables I and I with the
corresponding cadculated points. Thesec measured[27-29]
points were obtaimed by starting with a mixture of two salts
and then adding a_ third salt progressively and observing the
liquidus temperatures until the univariant line (secondary
crystallization) w=as observed. The calculations simulate
this procedure. The calculated liquidus fines of the LiF-
NaClI-KClI system along constant NaCIYKCI molar ratios are
shown in Figure 22. The liquidus of the Li.Na.K/F,Cl
system is well reproduced by calculations, essentially
within the expennziental error limits.

Table I¥: Pointss on Univariant Lioe in the LiF-NaF-
KCI Liquidus Projcction.

composition (mol.%) TCO) Ref
LiF NaF KCI
265 16.5 57.0 664 [27]
-29 ~16 ~33 7 28]
32.1 153 526 676 This work
233 122 613 676 27
~27 ~12 ~61 g [28}*
289 11.4 597 688 This work
s 79 706 690 [27]
24 -8 ~68 ? [28]*
259 74 66.7 699 This wark
86 31.0 604 628 27]
~9 ~31 ~60 ? [28]*
8.3 32.0 59.5 13 This work
128 325 547 620 27
-3 ~32 ~35 ? [28]*
12.6 33.9 53.3 639 This work
316 21.0 474 648 27)
~32 -~20 ~I8 ? (28}
33.3 16.7 30.0 672 This work
36.8 26.5 36.8 634 [27]
~36 ~29 ~36 ? [28]*
38.3 23.5 38.3 650 This work
419 33.0 251 615 27
-39 ~38 ~23 ? [28)*
41.6 33.4 25.0 6L1 This work
51.9 39.0 9.1 601 7]
~51 —~10 ~9 ? [28]*
513 39.7 9.0 614 This work
®extracted from fizgure



Table [ : Points on Univariant Line io the LiF-NaCl-
KCI Liquidus Projection.

composition (mol.%) TCO) Ref
LiF NaCl KClI
31.0 587 104 650 27
~32 -38 -~10 ? [29]*
30.5 59.1 10.4 659 This work
20.0 56.0 24.0 627 27
~19 -57 ~24 ? [29}*
204 33.7 239 630 This work
50 404 44.6 608 [27]
~12 ~12 ~i6 ? (29]°
139 409 45.2 616 This work
163 353 480 618 27
~-12 -37 ~s1 ? 291
148 362 49.0 628 This work
190 313 56.7 6350 27
~15 -2 ~59 ? [291*
174 248 57.8 659 This work
200 12.0 68.0 679 27
~18 ~12 ~-70 2 29)°
203 12.0 67.7 691 This work

* extracted from figure

d
)
w

B. The Na K.Ca’/F,CI System

The (NaF):—(KC[)z-KCﬂF;; and the (NaF):—(KCI);-CaF;
liquidus projections have been measured” by the visual-
polythermal method (Figures 23 and 24). The calculated
liquidus lines for corresponding compositions are also
shown in Figures 23 and 24.

Litvinova and Bukhaloval'! measured five liquidus
projections for constant X (Xz+.Xg) ratios by the visual
polythermal method (Figure 25), and reported quaternary
invariant points (Table [V). The cormresponding calculated
liquidus curves are shown in Figure 25, and the calculated
quaternary invariant points are given in Table [V.
Calculated quaternary invariant points are gencrally slightly
higher in temperature (by around 5 to 20°C) than the
experimental points. This is within the expenimental
uncertainty. In general, agreement in the Na.K Ca//F.Cl
system is good in most cases, particularly when one
considers the uncertainties in the experimenwal data
surrounding the K,Ca//F,Cl system (Figures 15-18).

Table [V -Experimental and Calculated Major Invariant Points of the Quaternary Reciprocal Na.K,Cw/F,Cl System.

Solid phases in equilibrium T(C)

with liquid Exp. Calc.
KCaCl, + CaCl. + CaFCl 5701751 584117 5858
(Na [K.Ca])CL,, + KCaCl, + CaFCl 53081 5426
(Na,[Ca])CL,, + CaCl, + CaFCl 49007 486.0
Na [K.Ca])CL, . + KCaCl; + CaCl, 46371, 5040 477.1
KCaCl, + CaFCl + CaF, 63217 6356117 647.3
(Na fK.Ca])CL, + KCaCl, + CaFCl 5270 5154
(Na.[Ca])Cl,, + CaFCl + CuF, 605U 601 4
(Na.[K.Ca[)CL , +KCaCl;+CaF,+CaFCl 33301 342.6
Na [K.Cal),, + KCaCly+ CaFCl + CaCl, 4600 464.5
(Na.K)Cl,, + KCaCl; + CaF, 50611 5254
KCl + KCaCl, r CaF, 5720551 5gatheT 386 .4
(Na,K)CL, + KCaCl,; (inin.y 51301 5336
(K.Na)CL,, + KCaF, + NaF + CaF, 6352010 6-18.2
(Na.K)CL, + NaF + CaF, 590PT! 605 9
NaF + NaCl + CaF, 662051 6638
(Na,K)CL, + NaF (min.) 6065 612117 610.0
KCaF, + NaF + CaF, 75800 75915 761.7
KCI + KCaF, + CaF- 602721 72310 7223
(K.[Na])F, 5 +(Na K)Cl,, +KCaF;+NaF 56407 574 5734
KF + KCI + KCaF, 6001 600! 599.3
(K.[Na])F,, + Na,K)XCl,, + NaF 570" 582117 580.4
(K.[Na|F,, + KCaF, + NaF 6837 676151 678.7

" A thermal arrest at 574°C is also reported by Litvinoval'l.

C. The Li,K.Ca*F.C! Systemn

Various quaternary reciprocal  sections of the
LiK.Ca//F,Cl have been measured®>! by the visual-
polythermal method.  Points extracted from reported
liquidus projections™*! on these sections are shown in
Figures 26 to 30. Agreement is acceptable except in
composition regions where the CaF; liquidus is very steep
such that a small change in the Ca/K ratio corresponds to a
large change in liquidus temperature. Considering the large

exchange Gibbs energies of the K,Ca//F,Cl and Li,K/F,C!
subsystems (Table ), the model gives results of acceptable
accuracy.

D. The LiNa,Ca/F,Cl System

Various quaternary reciprocal sections of the
Li,Na,Ca//F,Cl systems have been measured®! by the
visual-polythermal method. Points extracted from reported
liquidus projections®™ on these sections arc shown in



Figures 31 to 33. Agreement is good except in composition
regions where the CaF; liquidus is very steep such that a
small change in the Ca/Na ratio corresponds to a relatively
farge change in liquidus temperature.

Khardikova et alP’' measured, by the visual-
polythermal method, the temperature and the liquid
composition of the quaternary invariant points of the
Li,NaCa//F,Cl system (Table V). The calculated
quatemnary invariant points are also given in Table V. Note
that the LiNaCl: and LiNa,Cl; compounds reported by
Khardikoval®”! were not considered to be stable compounds
in the thermodynamic evaluation™ of the LiCl-NaCl
system, but instead, a complete solid solution between LiCl
and NaCl was proposed. Consequently, the reported
invariant points of Khardikoval®”! in Table V noted with a
“*” are calculated as minima of univariant quaternary lines.
The model gives better results for higher CV/F ratios, and
the calculated points are generally higher than the reported
values.

Table V- Experimental® and Calculated Quaternary
Invariant Points of the Li,Na,Ca//F,Cl

System.
Solid phases in equilibrium | Exp.®7T| Caic. T

with liquid CcO ((»)
(Na,[LiDF,, + (Na,[LiClL 542 584.9
+ LiF + CaF,
(Li,Na)Cl,, + LiF + CaF, 432 1632
(Li.NaiCl,., + LiF + CaF, I51° 3754 (min)
(Li,Na)Cl,, + LiF + CuF. 169* 479.0 (min)
(L1.Na)Cl,, + CaFCl + CaF, 420 480.1
(L1,Na)Cl,; + CaFCit + CaF. 435+ 481.0 (min)
(Li.Na)Cl,, + CaFCl + CaF» 455* 4823
(L1.Na)Cl,, + CaFCl + CaCl» 410 422.8
(L1.Na)Cl,, + CaFCl + CaCl, 423* 421.5 (min)
(Li.Na)Cl,, + CaFCI + CaCl, 437* 421.5 (min)

* LiNaCl, and LiNa,Cl; pure solids are reported® " instead of
the (Li,Na)Cl solid solution as used for calculations.
Calculated temperatures are minima of univariant lines.

E. The NaAfg,Ca:F,Cl System

Mediaas er af.!'! measured by cryoscopy-DTA the first
and second crystallization temperatures of 24 mixtures in
the NaCl-MgCl,-CaCl,-CaF; system, and also performed
calculations using the quasichemical model™ in the pair
approximation (accounting for first-nearest-neighbor
ordering, but neglecting second-nearest-neighbor ordering).
Calculations of the present model (which takes into account
both first- and second-nearest-ncighbor ordering) are given
in Table VI along with the experimental points'® ~The
calculations are in very good agreement with the
experiments, especially for secondary crystallization
temperatures.
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V. CONCLUSIONS

The modified quasichemical model in the quadruplet
approximation!®! has been applied to the liquid phase of the
LiF-LiCl-NaF-NaCl-KF-KCI-MgF,-MgCl,-CaF--CaCl,
system. Mode! parameters obtained previously!™! from
evaluation/optimization of the common-ion chloride and
fluoride systems were used along with parameters for the
cation-cation binary systems reported in the Appendix to
the present article.

Phase diagrams of the ternary and quaternary reciprocal
systems were calculated. Small empirical reciprocal temary
parameters were required in some cases for precise
reproduction of experimental phase equilibria. However. in
all cases these parameters are small and their inclusion only
changes the calculated liquidus temperatures and
compositions by the order of 10°C to 20°C and 1 to 2
mol.% or less. All experimental ternary reciprocal phase
equilibria are reproduced by the model within experimental
error limits. This is generally also the case for the
reciprocal quatemary equilibcia.  In the case of the
quatermary systems, no additional cmipirical terms were
used.

The model takes into account. simultaneously, both
first-nearest-neighbor and second-nearest-neighbor short-
range ordering. Calculations were performed previously in
these systems using the quasichemical model in the pair
approximation which takes account only of first-nearest-
neighbor ordering. The present model gives significantly
improved predictions over those obtained previously.

The model predictions for the LiF-LiCl-NaF-NaCl-KF-
KCI-MgF:-MgCl-CaF:-CaCl: system arc very satisfactory
considering that (1) the Gibbs energies for the first-nearest-
neighbor exchange reactions (Table [) are very negative in
many cascs, thereby inducing a large degree of first-
nearest-neighbor short-range ordering. and (2) several
binary systems (such as KCI-MgCl,) cxhibit strong second-
nearest-neighbor short-range ordering.  That is. the LiF-
LiCl-NaF-NaCl-KF-KCI-MgF,-MgCl;-CaF.-CaCl: system
provides a severe test of the model.

The model parameters are stored in the databasc of the
F*A*C*T!™! computer system along with the optimized
parameters for the solid phases. This database can be used,
along with the other databases and Gibbs cnergy
minimization software, to calculate the conditions of
multicomponent multiphase equilibria of interest in
processes involving these salts. It is planned to extent the
database, through further evaluations/optimizations, to
include other anions (NO;', OH', CO,™, SO,™, O™, Br, I)
and cations (Rb*, Cs™, S©*, Ba™, Fc™*, Cd™, .... AI*", La®",
...). In the case of larger anions, and many of the larger
and/or multivalent cations, the strong interionic interactions
result in a large degree of short-ringe ordering in the
molten salt solution.
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Table VI-  Experimental””! and Calculated Primary, Secondary and Tertiary Crystallization Temperatures of the

NaClI-CaCl,-MgCl,-CaF, System.
Composition (wt%) Terp CCO) Teaatc Q) Calculated
Precipitating Phases
CaCl; NaCl MgCl, CaF; | T, T, Ts T, T, Ts
59.84 40.15 ] 0 561 572 504 - NaCl,,
59.82 40.18 0 0 556 499 573 504 - NaCl,,
56.85 38.14 5.00 0 527 534 488 - NaCl;
56.80 38.19 5.01 0 518 535 488 - NaCl, o
33.99 36.23 4.75 5.03 541 641 547 488 MgF.+ NaCl,
5391 36.31 1.75 5.03 651 535 641 548 488 MgF»+ NaCl,,
SL.11 34.29 4.50 10.09 374 689 567 556 MgF,+CaFCl
51.03 34.37 4.50 10.10 | 700 570 353 689 567 556 MgF,+CaFCl
48.16 32.31 10.01 9.51 517 734 523 488 MgF.+ NaCl,
48.17 32.34 10.01 9.48 748 514 484 734 524 488 MegFy+ NaCl,
45.48 30.51 15.03 8.98 483 736 486 484 MgF,+CaFCI+NaCl, ¢
4546 30.57 15.03 8.95 753 483 481 736 486 434 MgF,+CaFCI+NaCl, .
39.98 60.02 0 0 683 690 504 - NaCl,,
37.95 56.98 5.07 0 654 665 470 - NaCl,
37.56 56.38 5.02 1.05 654 665 347 472 NaCl, o
37.19 35.84 4.97 2.00 657 665 611 479 NaCl, .
36.07 54.17 4.81 J.94 696 690 667 492 MgF:
3511 32.71 4.69 749 726 716 668 564 MgF,
34.11 51.28 4.56 9.99 736 722 669 389 MgF,
3222 4837 998 9.43 640 770 646 494 | MgF.+NaCl,,
30.42 45.67 15.00 8.90 610 772 616 477 MgF,+NaCl,
50.08 49.92 ¢ 0 627 639 304 - NaCl,
50.09 49.91 0 0 626 638 S04 - NaCl,
47.57 47.42 501 0 594 608 482 - NaCi, ,
47.04 -16.89 4.93 [.11 596 609 514 481 NaCl, ¢
46.60 46.45 4.90 2.05 598 610 576 485 NaCl, ,
45.20 45.05 4.76 5.00 603 66~ 61 487 MgF-+NaCl,
45.20 45.06 474 4.99 671 602 663 614 186 MgF,+NaCl,,
44,01 13.87 4.63 748 607 693 616 345 MgF,+NaCl,
44.01 +43.90 4.62 748 705 606 693 616 345 MgF,+NaCl,,
4279 42,65 4.50 10.05 609 704 617 576 | MgF+NaCl,,
12.77 42.69 449 10.05 | 714 609 7 617 376 MegF.+NaCl,
-10.29 40.16 10.09 9.46 381 751 391 487 MgF+NaCl,,
<10.24 40.19 10.12 915 767 581 751 591 487 MgF,+NaCl,,
38.07 37.95 15.04 8.94 547 753 557 181 MgF.+NaCl,
38.03 38.01 15.03 8.93 766 344 753 557 481 MeF,+NaCl,,
List of Symbols gisixrean  parameter giving the influence of first-
. , . . nearest-neighbor A-X paus on the Gibbs

Ag o v Gibbs energy .of the common-anion pair- energy of formation of ABXY quadruplet
exchange reaction : (AZ.5r1r)-

(l [X] A)+(8 [X] B)=2(d [X] B) T absolute temperature (K}

Ag 5t Gibbs cnergy of the common-cation pair- Xoe mole fraction of A»X; “unary” quadruplets
exchange reaction : . R . —
(F'—[.-‘Il—F)+(C1—[A]—Cl): 2([:_[-4]_(:[) Xoaeix, mole fraction of ABX; “binary” quadruplets

cxchange . A Xoiw mole fraction of A:XY “binary” quadruplets

Ag i Gibbs energy of the exchange reaction : v : | . f ABXY “reci I"
AF +BCl = ACl + BF S ;“° j pf:::m" ¢ reciproca

A vy Gibbs cnergy of formation of ABXY . :a u . L
quadruplet from ABXs, ABY: AXY and z, i10n l:earest neighbor coordination number of
BaXY quadruplets ) z 2™ nearest-neighbor coordination number of

L(ABX, + ABY, + A, XY + B, XY )= 2ABXY

ion /



Z o 2% nearest-neighbor coordination number of
ion 4 in a hypothetical solution formed only
by A BXY quadruplets.

I number of quadruplets emanating from a pair
(2.4 in this work).

Xrct Xra =X up,

Xar Xear =X,
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APPENDIX

Evaluation/Qptimization of Common-cation Binary
Systems

The LiF-LiCl, NaF-NaCl, KF-KCl, MgF,-MgCl, and
CaF,-CaCl. systems were optimized previously’™ ! with a
random-mixing (Bragg-Williams) eatropy and a polynomial
expansion for the excess Gibbs energy. They are re-
optimized here with the quasichemical model. Second-
nearest-neighbor coordination numbers are
zf,=Zg, =6 for common-alkali systems and
Zh, =Zg, =3 for common-alkaline-earth systems. As
defined previously!), in these binary systems x,o and



Yor are equal to the second-nearest-neighbor pair

fractions. In all systems, solid solubility is assumed to be
negligible.

A_ The LiF-LiCl System

The phase diagram has been measured'” (Figure 34).
Calorimetric measurements are availableP®® (Figure 35).
Figures 534 and 35 show the phase diagram and
thermodynamic properties. The optimized energy of
formation of F-Li-Cl second-nearest-neighbor pairs is :

Agy, re = —736.4+0.2802T +740.6 1 gy +236.Lx o
J/mol  [A-1]

B. The NaF-NaCl System

The phase diagram has been measured"®*! (Figure 36).
Calorimetric measurements are available®! (Figure 35).
Figures 35 and 36 show the phase diagram and
thermodynamic propertics. The optimized energy of
formation of F-Na-CI second-nearest-neighbor pairs is :

AZvurrct =740 +04623T + 6112y —~222 6y,
J/mol  [A-2]

C. The KF-KCI System

The phase diagram has been measured™ (Figure 37).
Calorimetric measurements are available®! (Figure 35).
Figures 35 and 37 show the phase diagram and
thermodynamic propertics. The optimized energy of
formation of F-K-C! second-nearest-neighbor pairs is :

Agy sy = —107.6-0.2880T +437.3 1,

J/mol A-3
+(-96.2 +1.33627 )y o [A-3]

D. The MgF-\MgCl; System

The phase diagram has been measured"®! (Figure 38).
The calculated phase diagram is shown in Figure 38. The
optimized energy of formation of F-Mg-C/ second-nearest-
neighbor pairs is :

AZyises =2720 =365y ~383.170p  Wmol  [A~]

E. The CaFCaCl, System

The phase diagram has been measured!!**%22:331
(Figure 39). The calculated phase diagram is shown in
Figure 39. The optimized energy of formation of F~Ca-C!
second-nearest-neighbor pairs is:

AZeurre = —646.1 J/mol [A-5]

339

The optimized Gibbs energy of formation of CaFCl
from CaCl: (sy and CaF; () is as follows. (AC, of formation
is assumed to be 0)

£ CaCly, ++CaFyy =CaFCl AG® = —14026.2 +9.866T
Jmol  [A-6}
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Fig. 33 - Li,Na,Ca//F Cl system : calculated liquidus lines of the
(LiF»-(NaCl),-CaF, isopleth for constant LiF/A(LiF+NaCl)
molar ratios of 0.25, 0.50 and 0.75. (Labels on lines
indicate the primary solid phases).
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Fig 34 — LiCI-LiF system : calculated phase diagram.

40C i
300 MaCl-HaF at 1014°C |
- /-_~\\
Z 200 " N
= - . e
£ KOl 7 .
= 100 /(/I KF at879'C
o8
£, — T e
=
= \\ — ’./
=-100 N /
z b d
=200 .
E ™ e
300 ® . LCILFarBC
<100 T
500 Exp. paints fram Kleppa and Melnichak™ !
Q az 06 as T

[
Mole Fraction Alkali Fluoride

Fig. 535 - Alkali chloride — atkali fluoride systems :
calculated enthalpy of mixing of the liquid with
experimental points of Kleppa and Melnichak?!
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Fig. 36 - NaCi-NaF system : calculated phase diagram.
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Fig. 37 - KCI-KF system : calculated phase diagram.
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Fig. 38 - MgCl.-MgF, system : calculated phase diagram.
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Fig. 39 - CaCl,-CaF, system : calculated phase diagram.



ANNEXE XII

Conversion des coefficients optimisés pour I’expansion
compositionnelle de ’énergie de formation des paires
des modéles polynomial et quasichimique modifié aux
coefficients du modéle quasichimique amélioré avec

expansion des paires.



Pour un modéle thermodynamique avec entropie configurationnelle de type Bragg-
Williams (BW) et expansion de l'énergie en excés sous forme d’un polyndme de
puissances des fractions équivalentes, [’énergie de formation des paires 4-8 i partir des

paires A-A et B-B est :

By _ 00(B) 10(BW¥') 20(B856) g2
Awly ' =Aw +Aw; Y, +Aw 7
W 2 4 2
+A@ P, + A0 FEY] &

(B

ou les paramétres Aw’S’sont les paramétres optimisés pour ce modéle. Pour le
modele quasichimique modifié de Pelton et Blander, 1984 (QM) une expansion similaire

peut étre utilisée :

M) _ 00(QA) 10CQAL) 20(0AM) 12
Aw'D "’ = Aoy +Aw Y+ Aw 50
QM) J2(OM 2
+Aw Y + Aw U )
+...
ou les paramétres Aw’P*” sont les paramétres optimisés pour ce modéle. [t est possible
de convertir exactement les paramétres Aw’?’ en paramétres pour le modéle
quasichimique amélioré. II est aussi possible de convertir approximativement les
y(BI¥)

paramétres Aw? en paramétres pour le modéle quasichimique amélioré. Cette

approximation est meilleure plus la valeur des paramétres tend vers O car alors le
mélange s’approche d’un mélange aléatoire des espéces tel qu'imposé par 'entropie de

Bragg-Williams. Les termes Aw’@ et Aw’$"’ correspondent exactement l'un a

"autre et sont notés Aw?, dés maintenant dans cette annexe.

Sachant que, du bilan de masse des espéces, ona :

YA:XM +"I’:XAB 3)



349

Vo =Xgg +5X s )
et
X,-szl—X,u_Xse 3)

pour les 3 modéles considérés et pour un systéme binaire. Alors on a que :
Aw = A0 + A0 (1 + X, ~ X )+ A0 (1 Xy — X )

+LAw? (1+2)(,u —-X,,B ~2X Koy ¥ X 4 X2) (6)
+1 A0 (142X 5 2K, —2X | K gy + X2, + X25)

Ce qui équivaut & :

Aa)w—(Aa),m+ A(u st Aw L +L -\(U,mﬂ'"tla)ﬁ)

F(raety —180% + e - tae )X,

F (% L\w.TB - %Aw.ﬁ? + TA(‘)A:B - %Awi )‘Yag (7)
rLaw + A0S )X, +(LAmzz rLaw )X,
~(LAwD LAQE )X L Xy

L’expansion compositionnelle pour le modéle quasichimique amélioré (QA) est :

©4) = pgy%eh L) O Q)
Ay’ =Aw g™ +Aw 57 X, +Aw 5P X g

8
+AWGEX, + A0SR X + A0S X |\ X s ®
Ce qui donne la conversion suivante :
A0%@ = Aw% +1(A0!% +80% )+ (A0 + A0 ) )
A% = %(Aa)_: —Awly +AwZ, - A0, (10)

Amol(QA) ";_(Angg —AG)LOB +Awg’zs —Aa)i%) (l l)



803 = 2% = H80] + Al (12)
Aw'Ke = _%(A(oj‘; + ij',i,) (13)

Une approche similaire peut étre utilisée pour les puissances plus élevées.

Une conversion des paramétres des fonctions Y, (quasichimique modifié et polynomial)
en paramétres des fonctions X, (quasichimique amélioré) est donc possible pour
I'iniégration des bases de données courantes des 2 premiers modéles a2 une base de

données du nouveau modéle quasichimique améliorg.





