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RESUME

Récemment, un nouveau modele de viscosité a été dével oppé dans ce laboratoire pour des
laitiers liquides monophasiques relatifs au systeme CaO-MgO-K,0-Na,0O-Al,03-SiO»-B,05[ 27,
81, 82]. Dans ce modele, la viscosité est liée a la structure du laitier, caractérisée par les
concentrations et |a connectivité des espéces Q'. La structure est calculée & son tour & partir de la
description thermodynamique du liquide al’ aide du Modéle Quasichimique Modifi€[231, 232] et
de la banque de données thermodynamiques de FactSage[14]. Le modéle développé prend en
compte, en utilisant |a connectivité des espéces Q', la formation d un réseau de silice ou d’ oxyde
de bore qui aun effet marqué sur la viscosité.

Un modele de viscosité a été dével oppé pour les systemes MOy, MOy-SIO,, MOx-B,05 et
B,0s-S 0O, (MO, = oxyde basique), et quelques paramétres unaires et binaires avec une
dépendance en température d’ Arrhenius ont été obtenus simultanément a partir des données de
viscosité disponibles pour tous les liquides binaires et ternaires. Le modéle comprend deux
paramétres ternaires supplémentaires pour chaque systeme ternaire MOy—Al,O3-SIO, a base de
Al,O3 pour lequel alieu un Effet de Compensation de Charge (ou Al** occupe une coordination
tétraédrique et s'insére dans le réseau de silice avec un cation basique M restant au voisinage de
AI®* pour compenser la charge manquante). La viscosité de laitiers multicomposants CaO-MgO-
K20O-NaO-Al,03-S0,-B,05 [27, 81, 82] a ensuite été prédite par le modéle sans I'gout de
paramétres gjustables supplémentaires, et elle est en bon accord avec les mesures disponibles en

deca des barres d’ erreur expérimentales.

Cependant, le modéle ne pouvait pas reproduire le comportement complexe des données
de viscosité mesurées dans la région riche en oxyde alcalin des liquides MOg5-SiO,, ou pour des
liquides multicomposants a base d’ oxydes alcalins. Dans le présent travail, le modé e est modifié
pour reproduire le comportement complexe de la viscosité des systémes oxyde acalin-silice du
coté riche en oxyde acain. Ce comportement est attribué aux agrégats en forme d anneaux

formés par les espéces Q° et Q°. L’gjout d'un paramétre binaire supplémentaire E{j‘gf& pour

chaque systeme oxyde alcalin-silice permet de prendre en compte la contribution en excés a la

viscosité due & la polymérisation des espéces Q? et Q* sous laforme d anneaux de grande taille.
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Aussl, dansle présent travail, la viscosité de laitiers liquides contenant PbO, ZnO, MnO et
TiOy a éé révisée et modélisée a I’ade du modele modifié. Seulement 6 paramétres du modele
liés & chaque oxyde MOy (M = Pb, Zn, Mn) sont requis pour reproduire la viscosité de liquides a

base de silice. Deux paramétres ( A, €t E,,, ) décrivent la viscosité du liquide pur MOy; deux
paramétres binaires (Ey, 4 et Ey, ) décrivent la viscosité de chaque liquide MOy - SIO; et
finalement deux paramétres supplémentaires représentent I'énergie de Gibbs AG,,, , de

formation des “especes” Al de coordination tétraédrique entrant dans le réseau de silice avec une
compensation de charge due au cation M. Ces deux parameétres supplémentaires sont obtenus a
partir des viscosités expérimentales des liquides MO,-Al,03-SIO,. La viscosité de laitiers
multicomposants contenant MOy est ensuite prédite par le modéle sans I'gout de parametres
gjustables supplémentaires.

Les liquides a base de silice contenant TiOy ont requis quatre parametres ( Ay, , Arq,
Eqio, €t Eqio, ) décrivant la viscosité des liquides purs TiO, et TiOys, €t quatre paramétres

et E]

TiO, 5-Si

E 11

. . 11 R
binaires ( E Etio,-s+ ETio,,-s

Ti0,5 " ) décrivant la viscosité des liquides TiO,-SIO; et
TiO15-SIO,. Aucune donnée de viscosité n’était disponible pour rendre compte de I’ Effet de
Compensation de Charge entre TiOy, Al,O3 et MOy (TiO2-AlL03 et Ti,03-MOy), ou MOy est un
oxyde basique, et ainsi aucun parametre du modele n’ a été gjoute pour cet Effet de Compensation
de Charge. La viscosité de laitiers multicomposants contenant TiO, et Ti»O3 est ensuite prédite

par le modéle sans |’ gjout de paramétres gjustables supplémentaires.

En guise de test du modele, les données de viscosité expérimental es disponibles pour tous
les sous-systémes du systeme SiO,—~Al,0;-Ca0-MgO-NaO-K,0-PbO-ZnO-MnO-TiO, ont
été rassemblées et utilisées pour calibrer le modéle. L’ écart entre les mesures et les viscosités
prédites par le modéle n’ excede pas | a dispersion des points expérimentaux des différents auteurs.
En particulier, le modéle prédit la viscosité de laitiers multicomposants a base de silice et de
verres commerciaux avec une précision comparable a celle des équations de régression obtenues

apartir des données expérimental es sur les gammes de composition restreintes de ces liquides.

Le modéle est aussi étendu dans le présent travail pour décrire et prédire la viscosité de
liquides oxy-fluorés contenant MF, (M = Ca, Mg, Na, K et Al). Une bangque de données de
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solution simplifiée utilisant un modéle polynémial avec les énergies de Gibbs de chaque liquide
pur d oxyde et de fluorure a été développée, permettant ainsi de calculer approximativement la
composition globale “équilibrée” a partir d'une composition initiale donnée des liquides oxy-
fluorés. Les roles structuraux de MK, (M = Ca, Mg, Na, K et Al) sont examinés, et MF; est
considéré comme un modificateur de réseau dans les liquides a base de silice ou d’ oxyde de bore,
avec des effets de rupture du réseau de silice ou d oxyde de bore que nous avons simplement
supposes identiques a ceux des oxydes basiques contenant e méme cation M.

Un modéle de viscosité a été développe pour les systemes MF,, MFK-S O, e MFK-B,0;
(M = Ca, Mg, Na, K et Al), et quelques paramétres unaires et binaires ont été obtenus
simultanément a partir des données de viscosité disponibles pour tous les liquides binaires et
ternaires. Aucun effet de compensation de charge n’ a é&é observé entre MF, et Al,Ogs, et ansi le
modél e reproduit les données expérimentales pour les liquides binaires et ternaires sans appliquer
d effet de compensation de charge entre MF; et Al,Os. En plus des deux paramétres du modele
requis pour chaque liquide MF-B,O3 (ou MFs est un fluorure basique), les paramétres

additionnels AG,, g ro.)» Emgus,ro,) € M sont nécessaires lorsque MFy est un fluorure acalin de

facon a rendre compte de la formation d’ agrégats au voisinage de la composition du tétraborate.
Ces parameétres supplémentaires représentent |a taille et I'énergie de Gibbs de formation des
agrégats ainsi que leur contribution al’ énergie d’ activation d’ écoulement visgueux. Les données
de viscosité disponibles pour tous les sous-systemes du systéme MF—S O—B,03-Al,0;—Ca0—
MgO—-NaO—-K,0-PbO-MnO-TiOy, (M = Ca, Mg, Na, K et Al) sont examinées. La viscosité de
liquides multicomposants et de liquides ternaires MFE—NO,~SIO, (ou MFy et NO, sont des
fluorures et des oxydes basiques) est prédite par le modéle uniquement a partir des paramétres
unaires, binaires et ternaires. L’ écart entre les mesures et les viscosités prédites n’excede pas la
dispersion des points expérimentaux et les barres d’'erreur expérimentales. La capacité de
prédiction du modéle a également été testée sur plusieurs liquides de flux de moule industriels, et
nous pensons qu’ elle est satisfai sante compte tenu des incertitudes expérimental es des données de
viscosité.

Le modéle développé avec une dépendance en température d’ Arrhenius pour la viscosité
des liquides oxy-fluorés est étendu dans le présent travail pour prendre en compte la dépendance

en température non-Arrhenienne des données de viscosité mesurées de la région vitreuse jusqu’a
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larégion liquide. A I’aide de toutes les données disponibles pour les sous-systémes du systéme
Ca0-MgO-NaO-K,0-ZnO-PhO-Al,05-B,05-SIO,, les valeurs des paramétres du modéle unaires
En et E;!

et binaires A, , E MO, S Mo, ONt €té réoptimisées simultanément avec I'gjout des

MO, !
parametres unaires et binaires non-Arrheniens T, , Nyo » Myg 1 Tyo, s & Nyo g (M = Ca,

Mg, Pb, Zn et Al). De fagon a prendre en compte |’ Effet de Compensation de Charge pour les
verres contenant Al,Os, nous avons gouté deux paramétres supplémentaires dans la fonction

AG,, ALO, correspondant a la formation d’ une espece a Charge Compensee telle que CaAl, O, ou

NaAlO, . Cette modification simple du modéle correspond a un bon accord (en dega des barres

d erreur expérimentales) avec la plupart des données de viscosité pour les systemes ternaires et

d ordre supérieur contenant Al,Os.

A partir des données de viscosité et des éudes micrographiques disponibles pour les
verres binaires MOx-B,0s, il semble que la formation d’ agrégats métastables d’ apparence solide
soit favorable dans ces verres binaires (MO, = oxyde basique). Pour modéliser la formation de
ces agrégats d’ apparence solide dans la région vitreuse, nous avons employé des paramétres pour

les énergies de Gibbs AGm(MBXOy) de formation des agrégats et pour |’ effet de taille des agrégats.

Au total, cinq paramétres binaires sont utilisés pour reproduire les données de viscosité dans

chaque systeme binaire oxyde basique-oxyde de bore : Ag( E; m, AGm(MBXOy) et

MO,) ' TB(MO,)

Em(MBXOy). La taille moyenne m d'un agrégat a été optimisée différemment suivant le verre

binaire MO,-B,0s. Auss, les agrégats d' apparence solide sont modélisés a partir des données de

viscosité pour les verres binaires MOx-B20s. Seuls les paramétres du modéle A, , E,, T, et ng

pour B,Os3 pur, et T

AlO, 5-

5 € n,o 5 pour le systéme binaire Al,Os-B,O3 ont été appliqueés au

AlO; 5

modéle éendu pour reproduire le comportement en viscosité non-Arrhenien des systemes

contenant B,Os.

L es données de viscosité disponibles pour les sous-systemes du systéme B,03-CaO-MgO-
NaO-K,0-ZnO-PbO-Al,05-SiO, ont été examinées. Nous démontrons que le modéle étendu
reproduit bien e comportement complexe des données expérimental es pour les systemes binaires

et ternaires de la région vitreuse jusqu'a la région liquide, et prédit la viscosité de verres



multicomposants en deca des barres d’ erreur expérimentales. En particulier, le modéle éendu
peut étre utilisé pour obtenir de bonnes estimations de la viscosité de verres multicomposants, de
magmas, de laves et de verres commerciaux. Nous pensons que ce modéle étendu reproduit en
deca des barres d’ erreur expérimental es non seulement la dépendance en température mais aussi
la dépendance en composition des données de viscosité disponibles, de la région vitreuse jusgu’ a

larégion liquide.

Le modele éendu s applique sur la gamme de température compléte allant de la région
vitreuse jusgu’ a la région liquide. Pour la région liquide, le modele non étendu est |égerement
supérieur au modéle étendu. En résumé, le modeéle de viscosité reproduit maintenant toutes les
données de viscosité disponibles pour les liquides et les verres relatifs au systéme MFE~SiO—
B,0s-Al,0:-Ca0-MgO-NgO—-K,0-PbO-ZnO-MnO-TiO, (M = Ca, Mg, Na, K et Al) en deca
des barres d erreur expérimentales, a toute composition et sur la gamme de température alant de
300°C a2000°C.



ABSTRACT

Recently, a new viscosity model was developed in this laboratory to reproduce the
viscosity of single-phase oxide melts for the system CaO-MgO-K,O-NaO-Al,03-Si0,-B,04[27,
81, 82]. In this model, the viscosity is related to the structure of the melt characterized by the
amounts and connectivity of Q'-species. The structure in turn is calculated from the
thermodynamic description of the melt using the Modified Quasichemical Model[231, 232] and
the FactSage thermodynamic database]{14]. Most importantly, the model takes into account the
formation of a silicate or borate network which has a profound effect on the viscosity using the

connectivity of Q-species.

The viscosity model for the systems MOy, MOy-SIO,, MO«-B,03 and B,03-SO, (M =
Basic oxides) was developed, and afew unary and binary parameters with Arrhenian temperature
dependence were simultaneously obtained from assessments of the viscosity data of all available
binary and ternary melts. For each Al,Os-containing ternary system MO,—Al,03-SiO, exhibiting
the Charge Compensation Effect (where Al®* assumes a tetrahedral coordination and enters the
silica network with a basic cation M staying close to Al®* to compensate the missing charge) the
model incorporates two additional ternary parameters. The viscosity of multi-component melts
Ca0-MgO-K,0-NaO-Al,05-Si0,-B,05 [27, 81, 82] was then predicted by the model without
any additional adjustable model parameters and is in good agreement with available

measurements within experimental error limits.

However, the model could not reproduce the complex behavior of the viscosity data
measured in the alkali-rich side of MOg5-SiO, melts and multi-component melts containing alkali
oxides. In the present work, the model is modified to reproduce the complex behavior of the
viscosity on the alkali-rich side of the alkali-silica systems. This behavior is attributed to ring
clusters formed by Q* and Q%species. An excess contribution to the viscosity due to
polymerization of Q% and Q3-species into large rings is taken into account by the introduction of

one additional binary parameter E;j7° ; for each alkali-silicasystem.

Also in the present work, with the modified model, the viscosity of molten slags
containing PbO, ZnO, MnO and TiOx have been reviewed and modeled. In order to reproduce the
viscosity of the silicate melts, only 6 model parameters related to each oxide MOy (M = Phb, Zn,
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Mn) are required. Two parameters, A, and E,,, , describe the viscosity of pure liquid MOy

and EX

two binary parameters, E MO, -Si

MO, -Si

, describe the viscosity of each MOy -SIO, melt; and,
finaly, two more parameters represent the Gibbs energy, AG,,, o, , of formation of tetrahedrally-

coordinated Al “species’ which enter the silica network and are charge-compensated by M. The
latter two parameters are obtained from the experimental viscosities of MOy-Al,O3-SiO, melts.
The viscosity of multicomponent melts containing MOy is then predicted by the model without
any additional adjustable model parameters.

Silicate melts containing TiOx required four parameters, A, , Ay, Eqo, and

E+io,, Which describe the viscosity of pure liquid TiO, and TiOys; and four binary parameters,
ETo,s» Etio, s+ ETo,.s @d Efg o Which describe the viscosity of TiO,-SiO; and TiO15-SIO;

melts. No viscosity data were available to account for the Charge Compensation Effect among
TiOy, Al,0O3 and MOy (TiO,-Al>05 and Ti»03-MOy), where M is a basic oxide, and thus no model
parameters were applied for the Charge Compensation Effect. The viscosity of multicomponent
melts containing TiO, and Ti,Os is then predicted by the model without any additional adjustable
model parameters.

To test the model, available experimental viscosity data of all sub-systems of the SiO—
Al,0;—Ca0-MgO-Na,0—-K,0-PbO-ZnO-MnO-TiO, system were collected and used to
calibrate the model. The deviation of the available experimenta data from the viscosities
predicted by the model does not exceed the scatter of experimental points among different
authors. In particular, the model predicts the viscosity of multicomponent silicate melts and
commercial glass melts with an accuracy similar to the accuracy of the regression equations

which were fitted to the experimental data over the narrow composition ranges of these melts.

The modd is also extended in the present work to describe and predict the viscosities of
oxy-fluoride melts containing MF, (M = Ca, Mg, Na, K and Al). A simple solution database
using a polynomial solution model with Gibbs energies of each pure liquid oxide and fluoride
was developed to roughly calculate the overall “equilibrated composition” from given initia
compositions of oxy-fluoride melts. Structural roles of MF, (M = Ca, Mg, Na, K and Al) are

reviewed and regarded as network modifiers in silicate or borate melts and simply approximated
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to have the same breaking effects on silicate or borate networks as basic oxides containing the

same cations.

The viscosity model for the system MF,, MF-SIO, and MF-B,O3; (M = Ca, Mg, Na, K
and Al) was developed and a few unary and binary parameters were simultaneously obtained
from viscosity data of all available binary and ternary melts. No charge compensation effect
between MF, and Al,O3; was observed, and thus the model reproduces the experimental data for
binary and ternary melts without any applying charge compensation effect between MF, and

Al,0s. In addition to the two model parameters that are required for each MF-B,0O3 melt, where

MFyis abasic fluoride, the further parameters AG, g ro,)» Ernus,ro,) @d M are needed when MF

isan akali fluoride to account for the formation of clusters near the tetraborate composition. The
additional parameters represent the size and Gibbs energy of formation of these clusters and their
contribution to the activation energy of the viscous flow. The available viscosity datafor al sub-
systems of MF—SiO,B,05-Al,05-Ca0-MgO-Na,0-K,0-PbO-MnO-TiOy, melts (M = Ca,
Mg, Na, K and Al) are reviewed. The viscosity of multicomponent melts and of ternary melts
MFE~NO,~SIO,, where MF, and NO, are basic fluorides and oxides, is predicted by the model
solely from the unary, binary and ternary parameters. The deviation from the available
experimental data does not exceed the scatter of the experimental measurements and
experimental error limits. The predictive ability of the model has been further tested on severad
industrial mold flux melts and is believed to be in good agreement with the viscosity data within

experimental error limits.

The developed model with Arrhenian temperature dependence for the viscosity of oxy-
fluoride melts is further extended in the present work to take into account non-Arrhenian
temperature dependence of the viscosity data measured from the glass to the melt regions. Using
data for al avalable sub-systems of the CaO-MgO-NaO-K,0-ZnO-PbO-Al,03-B,03-SI0O,

system, the values of unary and binary model parameters A, , E,, , Eyo g ad Eyp, o were

re-optimized simultaneously with the addition of the non-Arrhenian unary and binary parameters

Tuo,» Muo,» M Tyo,.s and ny, o (M = Ca, Mg, Pb, Zn and Al). In order to take into

MO,-Si *
account the Charge Compensation Effect for glasses containing Al>O3, two more parameters were

added to the function of AG,,, . for the formation of Charge Compensated species such as
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CaAl,0,0r NaAlO, . This simple modification of the model results in a good agreement with

most of the viscosity data of ternary and high-order systems containing Al,O; within

experimental error limits.

From available viscosity data and micrographic studies for binary MOy-B,O3; glasses,
metastable solid-like clusters seem to form favorably in the binary MOy-B,0; glasses (M = Basic
Oxides). In order to model the formation of these solid-like clusters in the glass region, we

employed parameters for the Gibbs energies AG,,,; o, , Of formation of clusters and for the size

effect of clusters. A total of five binary parameters are used to reproduce the viscosity data in

each basic oxide-boron oxide binary system: Ay 6 ), Eguo,)» M AG s 0, @d Ege o, The

average size of the cluster, m, was optimized differently according to the binary MO,-B,O;3 glass.
Also, the solid-like clusters are modeled according to the viscosity data of the binary MO,-B,0Os

glasses. Only the model parameters A, , E;, T, and n; for pure B,Oz ,and T and

AlO, 5-B

Nyo, . fOr the binary Alz0;3-B20s system were applied to the extended model to reproduce the
non-Arrhenian viscosity behavior of the systems containing B,Os.

The available viscosity data for the sub-systems of the B,Os;-CaO-MgO-NaO-K,0-ZnO-
PbO-AIl,05-SIO, system have been reviewed. It is demonstrated that the extended model
reproduces well the complex behavior of the experimental datafor the binary and ternary systems
from the glass region to the melt region and predicts the viscosities of multi-component glasses
within experimenta error limits. In particular, the extended model can be used to provide good
estimates of the viscosities of multicomponent glasses, magmas, lavas and commercia glasses.
Most importantly, the extended model is believed to reproduce not only the temperature
dependence but also composition dependence of available viscosity data within experimental
error limits from the glass to the melt region.

The extended model applies over the entire temperature range from the glass region to the
melt region. For the melt region, the unextended model is slightly superior to the extended model.

In summary, the viscosity model now reproduces all available viscosity data for melts and
glasses for the system MF~S OB;0:-Al,0:-Ca0-MgO-NaO—-K,0-PbO-ZnO-MnO-TiOy
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(M = Ca Mg, Na, K and Al) within experimental error limits at all compositions and over the

temperature range from 300 to 2000°C.
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CONDENSE EN FRANCAIS

Une compréhension des phénomeénes impliqués dans les procédés métallurgiques et une
optimisation de ces procédés requiert | accés a des données précises pour |es propriétés physiques
des laitiers liquides et des verres impliqués. Parmi ces propriétés physiques telles la viscosité, la
tension de surface, la conductivité thermique,..., I'une des propriétés physiques les plus
importantes dans le cas de laitiers liquides et de verres est la viscosité. Une connaissance précise
de la viscosité d' une grande variété de laitiers liquides est indispensable pour un certain nombre
de disciplines scientifiques fondamentales et appliquées. En métallurgie, les liquides a base de
silice sont appelés latiers. La connaissance de la viscosité du latier est importante pour
I’ opération des hauts fourneaux et aussi pour le procéde d affinage de |’ acier. Les laitiers sont de
plus utilises comme flux de moule lors du procédé de coulée en continu, ou la viscosité des
laitiers a une importance considérable. Lors du procédé de coulée en continu propre a la
production de I’acier, la viscosité d' un laitier a une influence sur la vitesse d’écoulement du
laitier qui contréle le transfert de masse a I'interface laitier/métal. Cette viscosité devrait étre
suffisasmment faible de facon a assurer une lubrification suffisante (empéchant ainsi e collage),

un transfert de chaleur uniforme contrdl é et la prévention de fissures de surface.

La viscosité des liquides a base de silice est auss un paramétre fondamental pour
I'industrie des verres et pour les procédés géologiques impliquant |'écoulement de liquides
magmatiques. Il est bien connu gqu’il se forme un verre lorsgue des liquides a base de silice sont
refroidis suffisamment rapidement pour éviter la cristalisation.[6, 7, 47, 49] En métallurgie, les
liquides surfondus a base de silice sont appelés verres. En particulier, la viscosité des laitiers
liquides est tres élevée et la cristalisation de tels liquides (i.e. trés visqueux) se produit trés
difficilement. La viscosité d’un verre est importante pour les conditions de fusion et d’ affinage
dans les fours de verrerie. Dans le procédé de fabrication des verres, il y a plusieurs points

critiques largement influencés par la viscosité du verre.

Lors du refroidissement de liquides a base de silice, la viscosité augmente et s approche
de 4 dans I’ échelle logarithmique en poise. Ceci S appelle la température de mise en forme. Une
fois que le verre est formé, il devrait étre soutenu jusqu’ a ce que sa viscosité atteigne une valeur

suffisamment élevée (au dessus de 7.6 dans I'échelle logarithmique en poise) pour éviter une
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déformation du verre sous son propre poids. Le domaine de température entre ces deux points
constitue le domaine de mise en forme. Des domaines de viscosité élevés (entre 12 et 13 dans
I’ échelle logarithmique en poise) correspondent a des domaines de température importants ou le

recuit permet de rel&cher la contrainte interne du verre.

Ainsi, de nombreux géologues, verriers et métallurgistes ont développé des modéles de
viscosité pour tenir compte de la dépendance en composition et en température de la viscosité de
laitiers liquides et de verres. [2, 67, 73, 77, 107, 139, 201, 249, 334, 336, 344, 359, 360] La
plupart de ces modéles ont été développés comme des modéles empiriques ou numériques ne
pouvant pas prendre en compte la structure des liquides a base de silice. La plupart de ces
modéles s appliquent seulement a quel ques systémes binaires, ternaires et multicomposants, et de
nombreux parametres ont été necessaires pour calculer la viscosité de liquides multicomposants a
base de silice malgré une précision du modele peu satisfaisante. Récemment, de nombreux efforts
ont été fournis pour tenter de développer un modéle de viscosité structural basé sur I'information
structurale des liquides a base de silice, pouvant étre calculée a partir de modéles
thermodynamiques tels que le Modée Quasichimique Modifié de Pelton et Blander[230] et le
Modele des Cellules de Kapoor et Frohberg[115]. Ma gré de nombreuses tentatives pour calculer
avec précision laviscosité de laitiers liquides et de verres, aucun modéle développé n’a permis de
prédire de maniére satisfaisante la viscosité de liquides multicomposants a base de silice sur une
large gamme de compositions et de températures.

Dans la présente étude, les données de viscosité disponibles sont examinées pour tous les
sous-systemes du systeme liquide MF—SiO—B,03-Al,03—Ca0-MgO-Na0O—-K ,O0-PbO-MnO-
TiOy (M = Ca, Mg, Na, K et Al) et du systeme de verre SiO-B,03-Al,03—CaO-MgO—-Na,0O-
K,O—PbO-ZnO. Les données considérées comme les plus fiables sont extraites et comparées aux
viscosités calculées a I’aide du modée. Puisgue la viscosité des liquides a base de silice de la
région liquide jusqu’ & la région vitreuse peut varier sur plus de 15 ordres de grandeur (0 & 10
poise) les techniques expérimentales doivent étre différentes suivant la gamme de viscosité, et
ains d'autres considérations expérimentales telles que la préparation des échantillons, |’ analyse
chimique et la mesure de température devraient étre évaluées avec précaution a partir de la
littérature.
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Les difficultés associées aux mesures de la viscosité de verres et de liquides sur une large
gamme de température proviennent de la présence simultanée des conditions suivantes [212,
339]:

e unetreslarge gamme de viscosités a mesurer;

e lesfaibles propriétés de conduction thermique du liquide;

e laprésenceinévitable de petites bulles dansle liquide;

¢ |esinhomogeénéités de température dans la zone du viscosimétre réservée al’ échantillon;
o ladifficulté pour tremper I’ échantillon;

e les phénomenes de cristallisation au cours de |’ expérience.

Un viscosimétre rotatif est tres adapté aux mesures de la viscosité d’un liquide dans ces
conditions. Le domaine optimal pour un viscosimétre rotatif est de -1 a 5 dans |’échelle
logarithmique en poise (In(77 / Pa:s) de -4 & 9). Les nombreuses sources d’ erreurs systématiques
liées a |’ utilisation de ce type de viscosimetre et aux mesures de viscosité des liquides d’ oxydes
en général sont discutées par exemple dans les références [339] et [190]. Lors de mesures de
viscosité effectuées par certains des meilleurs laboratoires dans le cadre d’un projet “en rond”

[190] en utilisant |es mémes matériaux de référence, 1a dispersion moyenne des données obtenues

par ces différents laboratoires était d’ environ 20%. La précision moyenne des données n’est
probablement pas meilleure que 50% lorsque les incertitudes relatives a la préparation des

échantillons et aleur pureté sont prises en compte.

Dans les liquides oxy-fluorés, les difficultés intrinseques associées aux mesures de la

viscosité de liquides fluorés sur une large gamme de température sont les suivantes:
e.g. Mk= Ca~,

e lapertedionsfluorure par formation de HF(g) a cause de la présence d’ humidité;
CaF, (liquid)+H ,0(gas)=CaO(liquid)+2HF(gas)

e la perte d’ions fluorure par formation d’une phase gazeuse telle que SiF4(g) a cause de la

volatilité élevée desions fluorure;
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2CaF,(liquid)+SiO, (liquid)=2CaO(liquid)+SiF,(gas)

o laforteréactivité du liquide avec les creusets.
o lesdifficultés d'analyse chimique de chaque constituant des liquides oxy-fluorés.

Aingi, lorsgue I'on considére les difficultés ci-dessus, la précision des mesures de
viscosité pour les liquides oxy-fluorés serait tres inférieure ala précision des mesures de viscosité

pour les liquides d’ oxydes.

Pour les mesures de viscosité dans la région vitreuse, la plupart des expériences ont été
réalistes a I’aide des méthodes d' élongation de fibre, de pénétration de bille et de micro-
pénétration. Les gammes de viscosité applicables pour chacune de ces méthodes sont les
suivantes[51, 223, 323]:

e Méthode d’ élongation de fibre : viscosité de 7 216 dans |’ échelle log poise
o Méthode de pénétration de bille : viscosité de 9 & 13 dans |’ échelle log poise
e Méthode de micro-pénétration : viscosité de 9 13 dans |’ échelle log poise
e Méthode de courbure de poutre : viscosité de 6 a 13 dans |’ échelle log poise

La mesure de viscosités élevees a des températures plus basses est beaucoup plus difficile
que la mesure de faibles viscosités a cause d’'une forte tendance a cristalliser au cours de
I’ expérience. L’ aptitude a former un verre peut étre prise en compte a |’ aide du taux critique de
refroidissement du systeme. Si I’ échantillon est trempé plus rapidement que le taux critique de
refroidissement, I’échantillon reste a |'état vitreux. Cabral et al.[28] ont étudié de fagon
systématique I’ effet de CaO sur le taux critique de refroidissement par gout de CaO au systeme
NaO-SIO,. Ils ont rapporté que, lors de I'gout de 33 % mol de CaO, le taux critique de
refroidissement du systeme Na,O-CaO-SiO, était 20 fois plus élevé que celui du systéme Na,O-
SiO,[28]. Shelby[285] a égadement observé dans le cas du systeme CaO-Al,03-SIO; une
augmentation de la température de transition vitreuse (Ty) lors d’'une augmentation du rapport
molaire Al,04/Ca0 ateneur en SiO, constante et lors d’ une diminution de la teneur en SiO, dans
la gamme de composition 5-60 % mol SiO, a rapport molaire Al,O3/Ca0 constant. En dessous de

la température de transition vitreuse (T,), le verre (liquide surfondu) se comporte comme un
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solide, ce qui causerait une augmentation abrupte de la viscosité. Cela implique qu’un systéme
ayant des teneurs élevées en CaO et en Al,O; aurait de grosses sources d’ erreur pour les mesures
de viscosité suite a une forte tendance a cristalliser. S la cristalisation commence durant
I’ expérience, la viscosité dépendra du temps et donc elle pourrait étre significativement différente
suivant la durée de I’expérience. De plus, un échantillon de viscosité élevée aurait de faibles
propriétés de conduction thermique et cela induirait de grosses sources d erreur pour la
détermination de la viscosité a la température désirée. Pour calibrer et tester le modele de
Viscosité proposé, nous avons rassembl é les données expérimentales de viscosité pour le systeme
Al,03B,0;-Ca0-MgO-FeO—-+Fe,0;—MnNO-Ni O—-PbO—-2ZnO—-NaO—-K ,0-TiO~Ti,0s—SiO—F et
ses sous-systemes (liquides), et pour le systeme Al,O3B,0;-Ca0-MgO—-2ZnO—-PbO—-Na,O-
K,O-SIO; et ses sous-systemes (verres). A partir de I’analyse critique de toutes les données
disponibles issues de la littérature incluant la bangque de données Sci-Glass[274], nous pouvons
conclure que la plupart des données fiables mesurées par les meilleurs laboratoires présentent
pour les mesures de viscosité une incertitude absolue moyenne comprise entre 0.25 et 0.5 (dans
une échelle logarithmigque en poise) pour les liquides et comprise entre 1 et 2 (dans une échelle

logarithmique en poise) pour lesverres.

Récemment, un nouveau model e de viscosité a été dével oppé dans ce laboratoire pour des
laitiers liquides relatifs au systéme CaO-MgO-K,0-NaO-Al,0s-Si0,-B,03[27, 81, 82]. Dans ce
modéle, la viscosité est liée a la structure du laitier, caractérisée par les concentrations et la
connectivité des espéces Q. Les changements structuraux se produisant lors de la formation des
réseaux de SiO, et B,Os; sont mieux caractérisés par le concept des espéces Q[199]. Dans la
notation Q', I’ exposant i correspond au nombre de ponts oxygéne par atome Si ou par atome B.
Dans SiO, pur, les quatre oxygenes entourant chaque atome Si sont des oxygenes pontants. Ainsi
lafraction des espéces Q” est de 1. Un cation silicium dans une chaine est une espéce Q? puisque
deux de ses quatre oxygenes voisins sont des oxygenes pontants. Lin et Pelton[289] ont montré
comment calculer le nombre de monomeéres, dimeres, triméres etc. par mole de solution en
utilisant les fractions molaires de O%, O et O°. Les fractions des espéces Q' peuvent étre
calculées de maniere similaire. Le Modéle Quasichimique Modifi€[231, 232] et la banque de
données thermodynamiques optimisée de FactSage[15] peuvent étre utilisés pour calculer en

fonction de la température et de la composition les nombres de paires seconds-voisins M-M, M-
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S et Si-Si, qui correspondent aux fractions d oxygenes libres, d’oxygenes non pontants et
d’ oxygenes pontants, respectivement. Pour chaque systéme ternaire MO,—Al,03-S O, a base de

Al,O3 pour lequel a lieu un Effet de Compensation de Charge (ou Al**

occupe une coordination
tétraédrique et s'insére dans le réseau de silice avec un cation basique M restant au voisinage de
AI** pour compenser la charge manquante) le modéle comprend deux paramétres ternaires
supplémentaires. La viscosité de liquides multicomposants est ensuite prédite par le modéle sans
I’'gout de parametres gjustables supplémentaires. A I'aide de quelques paramétres unaires,
binaires et ternaires, le modele a pu reproduire en deca des barres d erreur expérimentales les
données de viscosité mesurées dans le liquide pour la plupart des sous-systemes du systéme CaO-
MgO-K,0-NaxO-Al,03-SiO,-B,04[27, 81, 82] a I'exception des systemes a base d oxydes
acalins.

Des difficultés expérimental es intrinseques sont rencontrées lors des mesures de viscosité
pour les laitiers riches en oxydes acalins a cause de la volatilité des alcalins, de la réactivité du
liquide, et surtout de la contamination des échantillons liée alatrés forte hygroscopie des liquides
et a la forte tendance des liquides produits a partir de carbonates de retenir CO,. Les données
expérimentales dans cette région sont rares et trés dispersees. Méme des données de différents
auteurs apparemment en accord peuvent étre sujettes a une erreur systématique substantielle si les
échantillons sont contaminés d’une maniére similaire. En particulier, pour le systéme NaOgs—
SiO,, plusieurs auteurs ont rapporté une brusgue diminution de viscosité pour une fraction
molaire de SIO, inférieure & 0.5, bien que d'autres auteurs n'aient pas observé un tel
comportement [143]. S les courbes de viscosité expérimentales sont extrapolées jusqu’a NaOg s
pur, une viscosité exagérément basse est obtenue a moins que les courbes de viscosité ne
présentent une seconde inflection conduisant a une courbe en forme de S. Bien que I’on puisse
S attendre a une chute de viscosité similaire dans la région basique du systeme CaO-SiO,, un tel
phénomeéne n'ajamais été observé. Pour garder la simplicité du modele, nous avons initialement
ignoré toutes les expériences correspondant a une fraction molaire de silice inférieure & 0.5 et
nous N’ avons pas tenté de modéliser cette chute de viscosité[82]. Cependant, lors de I’ application
du modéle initial a de nombreux systémes multicomposants, nous avons trouvé des données
expérimentales supplémentaires suggérant un comportement complexe de la viscosité dans la

région riche en oxyde acain des systemes MOps—SiO,. Certaines de ces publications
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comportaient plus de détails sur les conditions expérimentales, et des résultats similaires étaient
rapportés pour des échantillons étudiés dans des atmospheres différentes (ou la contamination des
échantillons devrait ére différente). Etant donnée I’ abondance de preuves expérimentales, le
modéle proposé préecédemment [81, 82] est éendu dans la présente étude pour reproduire le
comportement complexe de la viscosité dans la région riche en oxyde alcain des systemes
MOy s—SiO,. Ce comportement est attribué aux agrégats en forme d anneaux formés par les
espéces Q° et Q°. L'gjout d'un paramétre binaire supplémentaire Ehj“gf_g pour chague systéme
oxyde alcalin-silice permet de prendre en compte la contribution en exces a la viscosité due a la
polymérisation des espéces Q° et Q* sous la forme d'anneaux de grande taille. Le modéle
comporte des parametres unaires décrivant la viscosité des oxydes liquides purs et seulement

deux paramétres binaires (Ey, o € Eyq o) pour la plupart des systémes binaires MOS0,

lorsque M n’est pas un acalin. Pour chague systéme oxyde alcain-silice, un paramétre binaire

supplémentaire ( E[j‘gf_g ) est requis. Le modéle comprend deux paramétres ternaires additionnels

pour chague systéme ternaire MO,-Al,0s-SiO, a base de Al,O3 pour lequel a lieu un Effet de

Compensation de Charge (ot Al**

occupe une coordination tétraédrique et s'insere dans le réseau
de silice avec un cation basique M restant au voisinage de AI** pour compenser la charge
manqguante). La viscosité de laitiers multicomposants est ensuite prédite par le modéele sans
I"gout de paramétres gjustables supplémentaires. Les données de viscosité disponibles pour les
sous-systemes a base d’ oxydes acains du systeme Al,0;—Ca0O-MgO—-NaO0-K,0-S O, ont été
examinées. Nous démontrons gque le modele reproduit les données expérimentales pour les
liquides binaires et ternaires et prédit les viscosités des liquides multicomposants en dega des
barres d’ erreur expérimentales. En particulier, le modele peut étre utilisé pour obtenir de bonnes

estimations de la viscosité de verres, de magmas et de laves multicomposants.

Dans la présente éude, la viscosité de laitiers liquides contenant PbO, ZnO, MnO et TiOy
a étérevisée al’ade du modée modifié. Seulement 6 parametres du modéle liés a chaque oxyde
MOy (M = Pb, Zn, Mn) sont requis pour reproduire la viscosité de liquides a base de silice. Deux
parametres ( A, et E, ) décrivent la viscositeé du liquide pur MOy; deux parametres binaires

(Eno,.s € Ejo ) décrivent la viscosité de chaque liquide MOy - SIO,; et finalement deux

paramétres supplémentaires représentent |'énergie de Gibbs AG,,, ., des “especes’ Al de
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coordination tétraédrique entrant dans le réseau de silice avec une compensation de charge due au
caion M. Ces deux paramétres supplémentaires sont obtenus a partir des viscosités
expérimentales des liquides MOy-Al,03-SIO,. La viscosité de laitiers multicomposants contenant

MOy est ensuite prédite par le modéle sans |’ gjout de paramétres gjustabl es supplémentaires.
Les liquides a base de silice contenant TiOy ont requis quatre parametres (Aqg , Agq,,

ETioz e E ) décrivant la viscosité des liquides purs TiO, et TiO;5, € quatre paramétres

TiOs
binaires (Eto, .5 Efo,.s» ETio,.s & Ero,,.s) décrivant la viscosité des liquides TiO-SIO; et

TiO15-SIO,. A partir de la revue critique de toutes les données expérimental es disponibles, nous
pensons que I'gout de TiO, ou Ti,O3, de méme que d autres oxydes basiques, diminue la
viscosité d'un liquide. Aucune donnée de viscosité n'éait disponible pour rendre compte de
I'Effet de Compensation de Charge entre TiOy, Al,O3; et MOy (TiO.-AlLO3 et Ti,O3-MOy), ou
MOy est un oxyde basique, et ainsi aucun parametre du modéle n’a été gjouté pour cet Effet de
Compensation de Charge. La viscosité de laitiers multicomposants contenant TiO, et Ti>O3 est

ensuite prédite par le modél e sans |’ gjout de paramétres gjustables supplémentaires.

En guise de test du modele, les données de viscosité expérimental es disponibles pour tous
les sous-systemes de SiOr-Al,0;:—CaO-MgO-NaO-K,0-PbO-ZnO-MnO-TiO, ont été
rassemblées et utilisées pour calibrer le modéle. L’écart entre les mesures et les viscosités
prédites par |e modéle n’ excede pas | a dispersion des points expérimentaux des différents auteurs.
En particulier, le modele prédit la viscosité de laitiers multicomposants & base de silice et de
Verres commerciaux avec une précision comparable a celle des équations de régression obtenues

apartir des données expérimental es sur les gammes de composition restreintes de ces liquides.

Le modée décrivant la viscosité de systémes d oxydes liquides a éé éendu dans la
présente étude pour décrire et prédire laviscosité de liquides oxy-fluorés contenant M (M = Ca,
Mg, Na, K et Al). Lesréles structuraux de MF, (M = Ca, Mg, Na, K et Al) sont examinés, et MF
est considéré comme un modificateur de réseau dans les liquides a base de silice ou d’ oxyde de
bore, avec des effets de rupture du réseau que nous avons simplement supposes identiques a ceux

des oxydes basi ques contenant |le méme cation M.
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Le modele éendu pour les liquides oxy-fluorés contenant M, (M = Ca, Mg, Na, K et Al)

a éte développé avec les caractéristiques suivantes :

MF (M = Ca, Mg, Na, K et Al) se comporterait comme un modificateur de réseau dans les
liquides a base de silice ou d’ oxyde de bore comme cela a éé modélise pour les autres oxydes
basiques dans les Chapitres 3 et 4.

Les “compositions équilibrées’ des liquides oxy-fluorés sont calculées a partir des énergies
de Gibbs des liquides purs d’ oxydes et de fluorures. Ensuite, la fraction molaire X calculée
pour chaque liquide d’ oxyde et de fluorure est donnée aux équations du modéle développées
dans les Chapitres 3 et 4. || faut noter que la formation de SiF4 et BF; dans les liquides n’ est
pas considérée. Nous supposons que tous les atomes de S et B sont liés seulement a des

atomes d’ oxygéne.

Les constituants MF, (M = Ca, Mg, Na, K et Al) auraient les mémes effets de rupture des
réseaux de silice ou d’ oxyde de bore que les oxydes basiques contenant le méme cation.
(Note : chague fluorure et chaque oxyde devraient contenir le méme cation). Aing, tous les
fluorures sont considérés comme des oxydes contenant le méme cation seulement pour
calculer toutes les paires seconds-voisins possibles du systeme et |a probabilité p qu’ une paire
particuliere émane d'un atome Si ou B donné a I'aide de la présente banque de données
thermodynamiques[ 15].

Les effets de rupture des réseaux de silice assurés par CaO et CaF, sont les suivants :

Sl—(r (:az+ /1 SIACFi & /F/:)

Sl

N\
Les viscosités des systémes binaires MF-SiO, et MF,-B,03 ont été modélisées avec le méme

type de paramétres unaires et binaires que ceux utilisés dans le modele des Chapitres 3 et 4.

Dans le systéme fluorure acalin-oxyde de bore NF-B,O; (N = Na et K), la formation
d agrégats d' apparence solide tels que 5(NaB4FOg) et 5(KB4FOg) a été modélisée al’ aide des
mémes équations du modéle que celles dével oppées dans e Chapitre 3.
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Un modéle de viscosité a été développe pour les systemes MF,, MFK-S O, e MF-B,03
(M = Ca, Mg, Na, K et Al), et quelques paramétres unaires et binaires ont été obtenus
simultanément a partir des données de viscosité disponibles pour tous les liquides binaires et
ternaires. Aucun effet de compensation de charge n’a éé observé entre MF et Al,Os, et ansi le
modeél e reproduit les données expérimentales pour les liquides binaires et ternaires sans appliquer
d effet de compensation de charge entre MF et Al,Os. En plus des deux parametres du modele
requis pour chague liquide MF-B2Os (ou MFy est un fluorure basique), AG, g ro,)r Emus,ro,) €

m sont nécessaires lorsque M, est un fluorure alcalin de facon a rendre compte de la formation
d agrégats au voisinage de la composition du tétraborate. Ces paramétres supplémentaires
représentent lataille et I énergie de Gibbs de formation des agrégats ainsi que leur contribution &

I’ énergie d’ activation d’ écoulement visqueux.

A partir des données de viscosité disponibles impliquant MF, (M = Ca, Mg, Na, K et Al),
tous les paramétres unaires et binaires A, , By . Eyr o0 Efrs Ede sv Asur) & Egge Ont

été optimisés simultanément de fagon a reproduire en dega des barres d’ erreur expérimentaes les
données de viscosité disponibles a I’aide du modele de viscosité éendu avec la composition
globale d “équilibre” calculée a partir des énergies de Gibbs des liquides purs d’ oxydes et de
fluorures. Dans la présente étude, la viscosité de tous les sous-systemes de MF—SiO,—B,O3s—
Al,0:—Ca0-MgO-NagO—-K,0-MnO-TiOy, (M = Ca, Mg, Na, K et Al) a été analysee de maniere
critique et prédite par le modele seulement a partir des parametres du modele unaires, binaires et
ternaires. L’écart entre les mesures disponibles et les viscosités calculées n’excede pas la

dispersion des points expérimentaux et les barres d erreur expérimentales.

La capacité de prédiction du modéle a également été testée sur plusieurs liquides de flux
de moule industriels, et nous pensons gqu'elle est satisfaisante compte tenu des incertitudes
expérimentales des données de viscosité. En genéra, le présent modéle prédit tres bien la

variation en composition de la viscosité.

Latres bonne capacité de prédiction du présent modele rend relativement aisé I’ gjout d’un
nouveau composant MF au systeme chimique décrit par ce modéle. La viscosité de liquides
multicomposants contenant ce nouveau composant peut étre évaluée sans avoir besoin de mesurer

ni de reproduire la viscosité de liquides multicomposants au voisinage de compositions
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spécifiques d'intérét. Tous les parametres du model e nécessaires peuvent étre obtenus a partir des
données expérimentales pour les liquides MF~SIO, et MF~B,03;, de méme qu'a partir de la

viscosité du liquide pur MK si de telles données existent.

Il est bien connu qu’il se forme un verre lorsque des liquides a base de silice sont refroidis
suffisamment rapidement pour éviter la cristalisation[6, 7, 47, 49]. En métallurgie, les liquides
surfondus a base de silice sont appelés verres. En particulier, la viscosité des laitiers liquides est
tres élevée et la cristallisation de tels liquides (i.e. tres visqueux) se produit tres difficilement. La
viscosité d’un verre est importante pour les conditions de fusion et d’ affinage dans les fours de

verrerie,

Il est bien connu que la dépendance en température de la viscosité d'un liquide vérifie
bien une loi d' Arrhenius (In7o<1/T) a toute composition. Cependant, le modéle ne reproduit
plus les viscosités élevées mesurées dans la région vitreuse car la dépendance en température des
données de viscosité dans la région vitreuse ne suit pas une loi d’Arrhenius. Ainsi, le modéle
pour la viscosité de liquides oxy-fluorés est éendu dans la présente étude pour prédire en deca
des barres d’ erreur expérimentales la viscosité de verres pour tous les sous-systemes disponibles
du systeme CaO-MgO-NaO-K,0-ZnO-PhO-Al,05-B,03-SIO, de la région vitreuse jusgu’'a la
région liquide.

A I'aide de toutes | es données disponibles pour |es sous-systémes du systéme CaO-MgO-
NaO-K ,0-ZnO-PbO-Al,05-B,03-SiO,, les valeurs des paramétres du modele unaires et binaires

Avo.» Eno,» Eno, s €& Eyo, g ONt été réoptimisées simultanément avec I'gjout des paramétres

T

unaires et binaires non-Arrheniens T, n MO S

mo, ' Mo, » Muo, si s

et Ny, s (M =Ca Mg, Pb, Zn

et Al). De fagon a prendre en compte |'Effet de Compensation de Charge pour les verres
contenant Al,O3, nous avons gouté deux paramétres supplémentaires dans la fonction

AG,, ALO, correspondant a la formation d’une espece a Charge Compensée telle que CaAl, O, ou

NaAlO, . Cette modification simple du modéle correspond a un bon accord (en dega des barres

d erreur expérimentales) avec la plupart des données de viscosité pour les systemes ternaires et

d ordre supérieur contenant Al,Os.
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A partir des données de viscosité et des éudes micrographiques disponibles pour les
verres binaires MOy-B,Os, il semble que la formation d’ agrégats métastables d’ apparence solide
soit favorable dans ces verres binaires (MO, = oxyde basique). Pour modéliser la formation de
ces agregats d apparence solide dans la région vitreuse, nous avons employé les énergies de

Gibbs AGm(MBXOy) de formation des agrégats avec I’ effet de taille des agrégats. Au tota, cing

paramétres binaires sont utilisés pour reproduire les données de viscosité dans chague systéme

binaire oxyde basique-oxyde de bore: A, \ Equo, s M+ AGyug 0, & Enus,o, - La talle

MOX)
moyenne m d’'un agrégat a été optimisée différemment suivant les verres binaires MOy-B,Os.
Aussi, les agrégats d apparence solide sont modélisés a partir des données de viscosité pour les

verres binaires MO,-B,0s. Seuls |es parametres du modéle A, E;, T, et n, pour B,Os pur, et
T

AlO, 5-

5 € n,, , pour le systeme binaire Al,Os-B,03 ont été appliqués au modéle étendu pour

AlO; 5

reproduire le comportement en viscosité non-Arrhenien des systemes contenant B,Os.

Les données de viscosité disponibles pour les sous-systemes du systeme CaO-MgO-
NaO-K,0-ZnO-PhO-Al,05-B,035-SIO, ont éé examinées. Nous démontrons que le modele
étendu reproduit les données expé&imentales pour les liquides binaires et ternaires et prédit la

viscosité de verres multicomposants en deca des barres d’ erreur expérimental es.

Lorsgue I’on compare la reproductibilité du modél e précédent dével oppé pour la viscosité
des liquides a celle du modele étendu, le modél e étendu est capable de reproduire les données de
viscosité en dega des barres d erreur expérimentales non seulement dans la région liquide mais
aussi dans larégion vitreuse, et la reproductibilité dans la région liquide de ce modéle é&endu est

comparable a celle du modél e préceédent.

En particulier, le modele étendu peut étre utilisé pour obtenir de bonnes estimations de la
viscosité de verres multicomposants, de magmas, de laves et de verres commerciaux. Il prédit la
viscosité de laitiers multicomposants a base de silice et de verres commerciaux avec une
précision comparable a celle des équations de regression obtenues a partir des données
expérimentales sur les gammes de composition restreintes de ces liquides. Nous pensons que le
model e étendu reproduit en deca des barres d’ erreur expérimental es non seulement |a dépendance

en température mais aussi la dépendance en composition des données de viscosité disponibles
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pour le systeme CaO-MgO-NaO—K,0-ZnO-PbhO-Al,0:-B,0s-Si0,, sur la gamme de
température allant de 300°C a 2000°C.

Le modele éendu s applique sur la gamme de température compléte allant de la région
vitreuse jusgu’a la région liquide. Pour la région liquide, le modéle non étendu est |égerement
supérieur au modéle étendu. En résumé, le modeéle de viscosité reproduit maintenant toutes les
données de viscosité disponibles pour les liquides et les verres relatifs au systéme MFE—SiO—
B203-Al,0:-Ca0-MgO-Na,O—-K,0-PbO-ZnO-MnO-TiOy (M = Ca, Mg, Na, K et Al) en deca
des barres d erreur expérimentales, a toute composition et sur la gamme de température alant de
300°C a2000°C.
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CHAPTER1 INTRODUCTION

An understanding of the metallurgical process phenomena and an optimization of the
processes require access to accurate data of the physical properties of the molten slags and
glasses involved. Among those physical properties such as viscosity, surface tension, thermal
conductivity etc., one of the most important in the case of molten slags and glasses is the
viscosity. An accurate knowledge of the viscosity of a wide variety of molten slags is
indispensable for a number of pure and applied scientific disciplines. In metallurgy, silicate melts
are known as slags. Knowledge of the viscosity of the slag phase is important for blast furnace
operation and also for the steel refining process. Slags are further used as mold fluxes in the
continuous casting process where the viscosity of slags is of paramount importance. In the
continuous casting process of steelmaking, the viscosity of a slag affects the velocity of
circulating slag flow which controls a mass transfer at the slag/metal interface and should be low
enough to provide sufficient lubrication to prevent sticking, control uniform heat transfer and
prevent surface cracks as shown in Fig. 1.1.
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Fig. 1.1 Schematic diagrams of Continuous Casting Process and Mold in the steelmaking process

The viscosity of silicate melts is also a fundamental parameter for the glass industry and
for geological processes involving the flow of magmatic melts. It is well known that any liquid

forms a glass when melts are supercooled rapidly enough to avoid crystallization. [6, 7, 47, 49] In



metallurgy, the supercooled silicate melts are known as glasses. Especially, the viscosity of liquid
glasses is very high and crystallization from such high-viscosity liquid proceeds with great
difficulty. The viscosity of the glass is important for the melting and refining conditions in glass
furnaces. In the glassmaking process, there are several critical points which are mainly influenced

by the viscosity of glass as shown in Fig.1.2.
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Fig. 1.2 Viscosity of Na,0-Al,03-SiO, as a function of temperatures and critical viscosity points

in the glassmaking process

Upon cooling silicate melts, the viscosity increases and approaches 4 in the logarithm
poise scale as the glass at the working point is formed. Once glass is formed, the glass should be
supported until the viscosity reaches a value sufficiently high to prevent deformation under its
own weight which stops at the viscosity 7.6 in the logarithm poise scale. The temperature range
between these two points is the working range. High viscosity ranges between 12 and 13 in the
logarithm poise scale correspond to important temperature ranges which release the internal

stress of the glass by annealing.



Thus, many geological, glass and metallurgical scientists have developed viscosity
models to take into account the composition and temperature dependence of viscosity of molten
slags and glasses. [2, 67, 73, 77, 107, 139, 201, 249, 334, 336, 344, 359, 360] Most models were
developed as empirical or numerical models which do not take into account the structure of
silicate melts. Furthermore, no model can satisfactorily predict the viscosity of silicate melts and
glasses over a wide composition and temperature range. Most models are only applicable to a few

binary, ternary and multi-component systems.

Recently, a new model for the viscosity of silicate melts was developed in this laboratory
[81, 82]. In this model, the viscosity is related to the structure of the melt, which in turn is
calculated from the thermodynamic description of the melt using the Modified Quasichemical
Model [231, 232]. Most importantly, the model takes into account the formation of the silica
network which has a profound effect on the viscosity. The model predicts within experimental
error limits the viscosity of multicomponent slags from just a few model parameters fitted to the
viscosities of the binary and some ternary subsystems. [81, 82] In spite of its good predictability
of viscosities in metallurgical molten slags, the model still had some drawbacks for specific
systems such as alkali-rich silicate melts and oxy-fluoride melts. In addition, the model was
developed only to be applicable to melts and thus was not able to reproduce the viscosity of

glasses at temperature below the melt region.

In the present study, the viscosity model is further extended to reproduce the viscosity of
all sub-systems of MF,~SiO,—-B,03-Al,03-Ca0-MgO-Na,0-K,0-PbO-MnO-TiOy (M = Ca,
Mg, Na, K and Al) melts and SiO,—B,03;-Al,0;-Ca0-MgO-Na,0-K,0-PbO-Zn0O glasses. All
available experimental data of these sub-systems are critically evaluated and reviewed to develop
the viscosity database. Two viscosity databases were developed for preference of industrial
workers interested in different viscosity ranges in the process. The reproducibility of the model

was also compared with measured viscosities of industrial slags and glasses.



CHAPTER 2 REVIEW OF THE LITERATURE

2.1 Viscosity Modelsfor Molten Slags and Glasses

Many kinds of viscosity models have been developed to predict the viscosity of molten
slags and glasses. In most cases, empirical models were developed and numerous parameters
were required to calculate the viscosity of multicomponent silicate melts although the accuracy of
the models was not satisfactory. Recently several efforts have been made to develop structural
viscosity models based on the structural information of silicate melts which can be calculated
from thermodynamic models such as Modified Quasichemical Model of Pelton and Blander[230]
and the Cell Model of Kapoor and Frohberg [115]. Even though there have been numerous
efforts for the accurate calculation of viscosity of molten slags and glasses, no model
satisfactorily predicted the viscosity of multicomponent silicates over a wide composition and
temperature range. In this section, we will see some representative viscosity models for melts and

glasses of silicates.

2.1.1 Theempirical mode of Urbain et al. for molten dags

Urbain et al. [334, 336] proposed an equation:
10°E
n=ATexp = (2.1)

where T is the temperature in Kelvins, and A and E are two model parameters which can

be obtained from the experimental data. In order to describe the slag composition, Urbain et al.
[334, 336] classified the oxides into three groups, namely the glass forming oxides: SiO,, GeO,,
P,0s, ...; modifier oxides: Na,O, K,0, MgO, CaO, FeO, Cr,03, TiO,,...; and amphoteric oxides:

Al;03, Fe;0s. Urbain et al. used X, X,, and X, to represent the total mole fractions of the
three kinds of oxides. They further introduced the normalized values X, X,, and X by
dividing the mole fractions X, X,, and X, by the term (1+ X . +Xc  + Xqo, + X50,) -

The model’s approach has been used to estimate the viscosities of some ionic melts with a certain
degree of success. However, the application of the method to some slag systems, for example,
Ca0-MgO0-SiO,, CaO-Mn0-SiO; and Fe,0-MnO-SiO,, does not appear to be satisfactory. [189]



2.1.2 Theempirical model of Riboud et al. for molten slags

This model was developed to estimate the viscosity of liquid mold powders. In this model,
the slag constituents are classified into five different categories, and the mole fractions (X) of
these categories are given by

X902 = Xsao2 + XP02_5 + XTio2 + XZro2

Xecao = Koo + Kugo + Ko + XFeol.5 + Xyno + XBOLS

X0, (2.2)
X

CaF,

XNaZO = XNaZO + XKZO

According to Riboud et al. [249], the viscosity of a mold powder can be expressed

empirically by the equation

7= ATexp (%) (2.3)

where T is the temperature in Kelvins, and A and E are two model parameters which can

be calculated from

—19.81+ 1.73(X o + Xpino + Xuugo + Xreo) 24
P +5.82X o, +7.02( Xy, 0 + Xy ) —35.76 X, o @4
and
E = 31140 23896( X c.0 + Xpino + Xiwgo + Xreo)
(2.5)

—46356X ¢y, — 39159 X, o + Xy o) +68833X 4,

This model has only been useful in the estimation of viscosities of some mold flux
compositions over narrow ranges. Furthermore, this empirical model did not properly predict the
viscosity of some multicomponent slags of interest containing other fluorides such as NaF or
MgF;.



2.1.3 The Modd of Zhang and Jahanshahi for molten slags

Zhang and Jahanshahi [359, 360] adopted an empirical form as follows;

EW

n=A"Texp [R—Yrj (2.6)
where

E, =a+b(N_,)*+c(N_)*+d(N )’ (2.7)
and

In(A")=a +bE} (2.8)

In the above equations N _,and N, are the fractions of the bridging oxygen and the free

oxygen in the melt, respectively. R and T are the gas constant and absolute temperature,
respectively. The values of a, b, ¢, d, a'and b'are model parameters which can be obtained

from the experimental data. While N_,and N, are estimated based on a structural model for

binary silicate melts, the pre-exponential term A", and the activation energy, E)’IV , can be

optimized using the experimental data. Zhang and Jahanshahi [359] correlate the viscosity as a
function of composition to the concentrations of bridging, non-bridging and free oxygen in the
silicate melts calculated by the cell model. The application of this model to a number of binary
and ternary silicate systems shows good agreement with experimental data [359]. However, the
model calculation did not show a good predictability for the case of quaternary and quinary
systems [360].

2.1.4 TheModel of Nakamoto et al. for molten slags

Nakamoto et al. [201] have also developed a model that uses the fractions of bridging,
non-bridging and free oxygens. Their model is based on the idea which they define as the sum of
non-bridging and free oxygen through the network structure. They find that the activation energy
for viscous flow is inversely proportional to the distance the *“cutting off” points move when

shear stress is applied to the liquid as shown in Fig. 2.1.

On the basis of this idea, they have derived a viscosity model with an equation as follows:



EV
n=ATexp (ﬁ) (2.9)

where A is a pre-exponential term, and E, is the activation energy for viscosity.

Based on the assumption that the activation energy is inversely proportional to the
distance S, over which the “cutting-off” point moves when shear stress is applied to the liquid,
the following equation is derived.

E
E, = 12
1+a(N_ +N_.)

(2.10)

where Eis the activation energy of pure SiOz, N_.and N_, are the fractions of non-

bridging and free oxygens, respectively, and ¢ is considered as a model parameter relating to the
weakness of the bonding between cation and oxygen ion at the “cutting off” point. While this
model requires very few optimized model parameters, the reproduction of the experimental data
is not very accurate [201].
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Fig. 2.1 Flow Mechanism in silicate melts by the model of Nakamoto et al. [201]



2.1.5 The Modd by Kondratiev and Jak for molten Slags

Kondratiev and Jak[107, 139] developed a viscosity model using the Eyring viscosity

equation:

h

1/7
_ 2RT (22mg KT) exp( Ea) 2.11)

AE vy} RT

\

where R (J/K/mol) and k (J/K) are the gas constant and the Boltzmann constants,

7z =3.1416, T is the absolute temperature(Kelvins), AE, and E_ (J/mol) are the vaporization and
activation energies, and mg, (kg) and vg, (m®) are the average mass and volume of a viscous
flow structural unit. The activation energy E_ (J/mol) reflects the interactions between different
structural units composing the liquid. The energy of vaporization AE, is related to the free

volume of the liquid, i.e. to the concentration of the holes in the liquid determined by the energy

of the hole formation, and can be approximately related to the latent heat of vaporization.

They also used the mole fractions of bridging, non-bridging and free oxygens indicated as
Xy.qand X

Si-Si ! MeS Me-Me !

X respectively. These mole fractions were calculated using the Modified

Quasichemical Model of Pelton and Blander [230]. The AE,, E,, mg, and vg,values in the

model are expressed through the respective mole fractions of the various structural units X

Xues @Nd X, .y Present in the melt as shown in following equations;

Mgy =Mg.5 Xg.5 + Myes Xyes ¥ MyemeXmene
ves X X
E.=E.ssXss T Eoves Xues T EamemeXuene

AE, = AEV,Si-Si Xss +AEV,Me~9‘ Xyes +AEV,Me~MeXMe~Me

Voo =Vss Xsa-a‘ +V mes T Vveme A veme

(2.12)

m and v, .,V Y/ are the masses and the volumes of the

where m mes ' Mueme ss' YMesi ' YMeme

Si-Si ! m
respective structural units. This model requires seven binary parameters for each binary system

but the reproducibility of the model for the experimental data is not very accurate.



2.1.6 Adam-Gibbs model for molten slags and glasses

The fundamental tenet of the Adam-Gibbs model is that relaxation in viscous liquids
becomes increasingly sluggish below the glass transition range as a result of a concomitant dearth
of atomic configurations. Specifically, structural relaxation is described in terms of cooperative
rearrangements of the melt in mutually independent regions whose minimum size decreases with
increasing temperature. Because the structural relaxation times, 7, are inversely proportional to

the average probability of these rearrangements, one obtains

B
T=Aex 2 2.13
Ar p(TSoonf ) ( )
and because 7 is proportional to viscosity mpwe can obtain another equation as follows;
= A ex B (2.14)
n_ p TSoOFIf '

where A_and A_are pre-exponential terms for structural relaxation times and viscosity,

respectively. B, represents the molar Gibbs free-energy barriers opposing structural
rearrangements and S™" s the configurational entropy. T is the absolute temperature(Kelvin).

This model has been used frequently to take into account non-Arrhenian temperature
dependence of the viscosity of silicate melts with decreasing temperature by correlating the
viscosity to the configurational entropy. However, it is very difficult to separate the measured
entropy into configurational and vibrational parts. Therefore, practical applications of the Adam-
Gibbs entropy model has long been hampered by the difficulties affecting these experimental

determinations [250].

2.1.7 Some models based on the Vogel-Fulcher-Tammann Equation

In the glass industry, the most broadly used empirical viscosity model is the Vogel-

Fulcher-Tammann equation [73, 344] as shown in Eq.(2.15).

log n=A+ (2.15)

T-C
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where T is the absolute temperature(Kelvins). A, Band C are model parameters fitted
to the experimental data. A specific feature of this equation is the possibility of describing with
reasonable precision, the temperature dependence of viscosity of silicate melts in the viscosity
range of 10 to 10" poise. However, these parameters A, B and C are independent of the
composition of silicate melts. Therefore, this model requires numerous model parameters for

calculation of viscosity of multicomponent silicate melts.

Giordano et al. [77] tried to take into account the composition dependence by assuming
that the model parameters B and C can be expressed as an linear combinations of oxide

components following as;

3

B =Y [6M,1+3(b, (ML, M2,)]
:1 13=l (2.16)
C= Z[Ci Ni]+Z[Cu(N111N 2,))]

where M and N, refer to the combinations of mol% oxides. M1,;M2,; and N1, N2,

are subordinate numbers of multiplicative oxide cross terms.

Fluegel [67] developed a model for the viscosity of glasses using the Vogel-Fulcher-
Tammann equation, based on a global statistical modeling approach. This empirical model is
based on multiple regression using polynomial functions. It is most accurate in the vicinity of
commercial glass compositions since it is calibrated based on numerous experimental data in
these regions which are summarized in the SciGlass database [37]. The model provides a rigorous

estimation of errors and validity limits. There are compositional limits of the model.
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2.2 Techniquesof Viscosity M easurements

Viscosity is the internal friction of a liquid caused by molecular attraction, which makes it
resist a tendency to flow. According to Newton’s first law of motion, the proportionality of the
viscosity is constant between the shear stress and the shear rate. A Newtonian fluid starts to
deform or flow when it suffers a strain, thus overcoming the internal friction. Higher viscosity, or

internal friction, requires higher stress to make the liquid flow.

Most experiments have been carried out at high temperatures with careful sample
treatments. Since the viscosity of silicates in the range from melts to glasses can span more than
15 orders of magnitude (0 to 10™ poise) the experimental techniques must be different according

to the viscosity range as will be discussed in the next section.

2.2.1 Rotating Crucible Method

A rotating crucible method is the most widely used method for viscosity measurements
for molten slags at high temperatures. An inner cylinder, or bob is placed in an outer cylinder, or
cup, containing the sample. Either the torque transferred to the inner cylinder is measured while
the outer cylinder is rotated at a fixed speed, or the torque required to rotate the inner cylinder at

a set speed is measured while the outer cylinder is stationary.

According to the rotating crucible method, the viscosity can be determined from the
measurement of the torque generated when the cylinder is rotated at a constant speed. The

viscosity (Pa:s) is calculated by the following equation [189];

M 1 1
=——|5-5 2.17
7= 8z%nh (riz ron 217)

where M is the torque(N-m), n is the revolutions per second, h and r; are the height and
radius(m) of the spindle respectively, and r, is the radius(m) of the crucible. Eq.(2.17) holds
when either the inner or outer cylinder is rotated. For given experimental conditions, r,, ri and h

are known, so we have

p=c. M (2.18)
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where C, is the equipment constant and can be obtained from calibration using standard
viscosity materials because the relationship among the measured torque, rotational speed of the
spindle or the crucible and the geometry of the crucible gives a measure of viscous drag exerted
by the liquid.

A rotating crucible method has several advantages for molten slags and glasses.
Relatively simple geometric shapes of cups and bobs can be made easily with refractory materials.
Just a little geometric information of the experimental equipment is required to calculate the
viscosity of the sample. This method also has several drawbacks. Temperature measurement
should be carried out indirectly during the measurement because only the splindle should be
immersed in the sample. Because of high melting temperature of silicates, the contamination of
the sample due to the violent reaction of sample with crucibles should be considered.

MoSi, - eleng!gm I Torque transducer

Pt crucible

Fig. 2.2 Schematic diagram of a rotating crucible method

2.2.2 Oscillating (vibrational) viscometer method

An oscillating (vibrational) viscometer method consists of a torsional pendulum
oscillating in a simple harmonic fashion with an axially symmetrical bob immersed in the fluid.
The drag from the fluid causes a damping of the oscillation that can be measured and used to give
the viscosity. The viscosity in the oscillating (vibrational) viscometer method can be calculated
by Eq.(2.19)
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= 2.19
" oK r*+rd (2.19)

where p is the density of the liquid, xis the period of oscillation in an empty system, r is

the radius of the cylinder, d is the thickness of the cylinder, @is the moment of inertia of the
oscillation, and A is the decrement due to the damping effect of the liquid. This method is usually
used for the measurement of relative viscosity, and the viscometer must be calibrated against
standard viscosity materials. Some drawbacks of this method should be considered. Temperature
measurement should be carried out indirectly during the measurement because only the bob
should be immersed in the sample. Because of high melting temperature of silicates, the
contamination of the sample due to the violent reaction of sample with vessels should be
considered. In addition, the uncertainties in the damping rates of an oscillating wire during the

experiment could give more error sources on the viscosity measurement.

2.2.3 Falling body method

A falling body method is based on the principle that a solid body falling through a fluid
reaches a terminal velocity when the viscous forces are balanced by the gravitational force.
Measurement of the terminal velocity allows viscosity to be calculated. The viscosity can be
expressed mathematically by Stokes’ Law:

__26ri(p—p)
ov[1+2.1(d,/d,)]

(2.20)

where Gis the gravitational constant, r_ is the radius of the sphere, vis the velocity of
descent or ascent of the sphere, p, and p, the densities of the ball and liquid respectively, and
d, and d_the diameters of the ball and the crucible respectively. This method has been used for

the measurements of the viscosities of molten slags. While the technique is convenient for the
measurements of high viscosity materials, it does not provide accurate results for relatively low
viscosity measurements. A particular concern with this method is that a long fluid column is

required for the body to reach terminal velocity and that this column must be within the constant
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temperature zone of the furnace. This necessitates the use of a large furnace and a relatively large

slag sample.

2.2.4 Fiber elongation method

The fiber elongation method has been widely used for the viscosity measurement of
glasses in the range from 7 to 16 on the logarithmic poise scale. The fiber elongation method
requires dumbbell-shaped samples. The dumbbell-shaped samples are made by molding the ends
of the fiber sample using an oxy-propane torch. [318] A 0.55 to 0.75 mm diameter glass fiber is
drawn. One end is fused to make a ball. The glass fiber is cut to 23.5cm length, and then
suspended inside a specified furnace, which only covers the top 10 cm [340]. The sagging of the
lower end is viewed using a telescope and measured as a function of time. When the glass
extends under its own weight, the temperature when the rate of extension of the lower end is 1
mm/min corresponds to the softening point viscosity whose viscosity value is
log(77/ poise) = 7.6. In this method, the deformation rate of the sample with given applied force
should be slow enough to prevent the formation of non-newtonian fluid. The composition of the
sample can be changed due to the different temperature distribution between the end part and the
center part of the sample when manufacturing the dumbbell-shaped of the sample using an oxy-
propane torch. In addition, temperature measurement should be carefully carried out to prevent

temperature inhomogeneity between the sample having extremely high viscosity and the furnace.

Fiber elongation method

Manufacturing sample ﬁl

box furnace
1300 ~ 1600 °C I

L N B N

Hydration

high P-T by
heated water

wwight pan

Fig. 2.3 Schematic diagram of the fiber elongation method
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2.2.5 Beam-bending method

The beam-bending method has been widely used for measuring high viscosities of
glasses at low temperatures in the range from 6 to 13 on the logarithmic poise scale. As
shown in Fig.2.4, the furnace is electrically heated by resistance-wire windings of suitable
alloys capable of maintaining the appropriate temperatures. Control thermocouples are
located as close as possible to the furnace windings for fast response. When a viscous body of
a cylindrical form is supported at two ends, the center of the body sags with a constant rate.
The shear viscosity of this body is related to sagging rate from the viscosity-elasticity analogy
as follows[129];

4
7= 2852’375 (af+gllnz) y (2.21)

where aand b are the outer and inner radius of the sample respectively, | is the length
between the two supports and pis the density of the sample. yand gare the sagging rate of the
center part and the acceleration of gravity respectively. Temperature measurement should be
carefully carried out to prevent temperature inhomogeneity between the sample having extremely

high viscosity and the furnace.

1 Alumina muffle support stand

2 Thenmocouple

3 Zero-adjust mechanism for LVDT
4 Weight

6 Laboratory jack

6 LVDT

7 Loading rod

8 Specimen beam

Fig. 2.4 Schematic diagram of the beam-bending method
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2.2.6 Parallel plate method

The parallel plate method has been used for measuring high viscosities of glasses in the
range from 5 to 11 on the logarithmic poise scale. The principle of a parallel-plate viscometer
was described by Dienes and Klemm [41]. Fig.2.5-(a) shows a schematic of the parallel plate
viscometer. A disk of glass, roughly 6-12 mm diameter and 4-6 mm high, is sandwiched between
two parallel plates inside a well-insulated furnace. The glass sample surfaces should be parallel
with an error of +/- 0.01 mm. The upper pedestal (marked “load rod”) is loaded, and the rate of
sagging is recorded as a function of time by a linear voltage displacement transducer (LVDT) or
similar instrument with a resolution of at least +/- 0.005 mm. The thermal expansion of the
alumina plates in Fig.2.5-(a) should be compensated. It is important to pay attention to the
geometry of deformation of the sample during the experiments. As shown in Fig.2.5-(b), when
no-slip exists, the radial velocity of glass in contact with the plates is zero, and is a maximum at
mid- height. When “perfect slip’ exists, the radial velocity is a function of radius only. Under

these two conditions of slip, the viscosity is determined by

n(no slip) = 22M _gh® / 3V (dh/dt)(2zh® + V)

(2.22)
n(perfect slip) =M _ghZ/ 3V (dh/dt)

where M and g are the applied load and the gravity acceleration respectively. h and V are the

sample height and the sample volume. dh/dt is the deformation or sag rate.
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Fig. 2.5 (a) Schematic diagram of the parallel plate method, (b) Deformation of the sample
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2.2.7 Micro-penetration method

The micro-penetration method has also been widely used for measuring high viscosities of
glasses in the range from 9 to 13 of the logarithmic poise scale. Fig. 2.6 shows a schematic of the
micro-penetration method. This method involves determining the rate at which an Ir-indenter
under a fixed load moves into the glass sample surface [46]. The indenter is attached to one end
of an alumina rod, which is attached at the other end to a weight pan. The metal connection
between the alumina rod and the weight pan acts as the core of a calibrated linear voltage
displacement transducer (LVDT). The movement of this metal core as the indenter is pushed into

the glass sample yields the displacement. The absolute shear viscosity can be determined from

_ 0.1875Pt

05 15
rl

(2.23)

where 1, is the radius of the half-sphere and P is the applied force. | is the indent

distance and t is the time.

The advantages of the micro-penetration method are the ability it provides of using
relatively small amounts of sample and simple sample geometry constraints compared to other
high-viscosity methods such as the parallel plate or fiber elongation methods. Temperature
measurement should be carefully carried out to prevent temperature inhomogeneity between the

sample having extremely high viscosity and the furnace.

P
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Fig. 2.6 Schematic diagram of the micro-penetration method
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2.2.8 Ball penetration method

The ball penetration method is described by Douglas et al. [48] and has been used to
determine high viscosities of glasses in the range from 9 to 13 on the logarithmic poise scale. A
hard, incompressible, chemically inert sphere about 3 mm diameter is allowed to penetrate a flat
specimen of glass. The sag rate is measured with time. The viscosity of the glass can be

calculated from the following equation;

_ 9PG
© 32dL/dt(2Lr,)°®

n (2.24)

where P is the applied loading force and Gis the gravitational constant. L is the

penetration depth and dL/dt is the deformation sag rate. r_is a radius of the sphere. The

advantages of the ball penetration method lie in the simplicity of the method and the ease of the
glass sample preparation. However, temperature measurement should be carefully carried out to
prevent temperature inhomogeneity between the sample having extremely high viscosity and the

furnace.

2.3 Theaccuracy and reliability of viscosity measurements

In the present study, viscosity data are reviewed for all sub-systems of MFSiO,—B,03—
Al;,0;-Ca0-MgO-Na,0-K,0-PbO-MnO-TiOy (M = Ca, Mg, Na, K and Al) melts and SiO,—
B,03-Al,03;-Ca0-MgO-Na,0-K,0-PbO-Zn0O glasses. The data judged to be most reliable are
extracted and compared with the viscosities calculated by the model. Since the viscosity of
silicates in the range from melts to glasses can span more than 15 orders of magnitude (0 to 10*°
poise) the experimental techniques must be different according to the viscosity range, and thus
other experimental concerns such as sample preparation, chemical analysis and temperature

measurement should be carefully evaluated from the literature.

2.3.1 Experimental difficulties of viscosity measurements

The difficulties associated with measurements of the viscosity of glasses and melts over a
wide temperature range arise from the simultaneous presence of the following conditions [212,
339]:
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e avery wide viscosity range to be measured;

e the poor heat conducting properties of the liquid,;

e the invariable presence of small bubbles in the liquid,;

e temperature inhomogeneities in the sample area of the viscometer;

e difficulty in quenching of the sample;

e crystallization phenomena during the experiment;

e composition change of the sample due to the violent reaction with crucibles;

The optimum range for a rotational viscometer is from -1 to 5 in the logarithmic poise
scale(In n (Pa-s) from —4 to 9). The numerous sources of systematic error related to the use of
this particular type of viscometer and to the viscosity measurements of oxide melts in general are
outlined, for example, in Refs. [339] and [190]. When viscosity measurements were carried out

by some of the best laboratories in a “round robin” project [190] using the same reference

materials, the average spread of data obtained by different laboratories was about 20%. Hence,
the average accuracy of viscosity data is probably never better than about 50% when the

uncertainties in sample preparation and purity are also taken into account.

In oxy-fluoride melts, e.g. MFx = CaF,, the intrinsic difficulties associated with

measurements over a wide temperature range are as follows:
e the loss of fluorine ions by formation of HF(g) because of presence of moisture;
CaF, (liquid) + H,0(gas) = CaO(liquid) + 2HF(gas) (2.25)
e the loss of fluorine ions by formation of a gas phase such as SiF4(g) because of the high
volatility features of fluorine ions
2CaF,(liquid) + SiO,(liquid) = 2CaO(liquid) + SiF,(gas) (2.26)
e the violent reactivity of the melt with crucibles.

e (difficulties in the chemical analysis of each component of the oxy-fluoride melts

Thus, when considering the above difficulties, the accuracy of viscosity measurement of

oxy-fluoride melts would be significantly less than for oxide melts.
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For the measurement of viscosity in the glass regions, most experiments were carried out
with the fiber-elongation, ball penetration and micro-penetration methods. The applicable

viscosity ranges for each method are [51, 223, 323]:

e The fiber-elongation method: viscosity range of 7 to 16 in the log poise scale
e The ball penetration method: viscosity range of 9 to 13 in the log poise scale

e The micro-penetration method: viscosity range of 9 to 13 in the log poise scale
e The beam-bending method: viscosity range of 6 to 13 in the log poise scale

High viscosity measurement at lower temperatures is much more difficult than the low
viscosity measurements because of the strong tendency to crystallization during the experiment.
The glass-forming ability can be taken into account by the critical cooling rate of the system. If
the sample is quenched faster than the critical cooling rate, the sample is retained in a glassy state.
Cabral et al. [28] systematically investigated the effect of CaO on the critical cooling rate by
addition of CaO to the Na,O-SiO, system. They reported, when adding 33 mol% of CaO, that the
critical cooling rate of the Na,O-CaO-SiO; system had changed to become 20 times larger than
the critical cooling rate of the Na,O-SiO, system [28]. Shelby [285] also observed in the system
of CaO-Al,03-SiO; that the glass transition temperature (Tg) increases with increasing molar ratio
of Al,O3/Ca0 at constant SiO, and with decreasing SiO, contents in the composition range from
5 to 60 mol% SiO; at constant molar ratio of Al,03/Ca0. Below the glass transition temperature
(Ty), the glass (supercooled liquid) behaves as a solid which would cause a rapid increase of the
viscosity. This implies that a system containing high contents of CaO and Al,O3; would have
larger errors in viscosity measurements because of the strong tendency to crystallization. If
crystallization starts during the experiment, the viscosity is time-dependent and then the viscosity
could be significantly different depending on the elapsed time. In addition, there would be a large
error in the temperature measurement due to the difficulty of achieving temperature homogeneity
between the sample and the furnace, due to poor heat conduction and the extremely high
viscosity of the sample.

For calibration and testing of the proposed viscosity model, experimental viscosity data
were collected for the Al,O3-B,03;—CaO-MgO-FeO-Fe;O3—MnO-NiO-PbO-ZnO-Na,0-K,0-
Ti0,—Ti,03-SiO,—F system and its subsystems for the melts and the Al,03-B,03;—CaO-MgO-
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ZnO-PbO-Na,0-K,0-Si0, system and its subsystems for the glasses. Based on the critical
evaluation and analysis of all available data collected from all literature data including the Sci-
Glass database [274], it can be concluded that most reliable data measured by different best
laboratories show average absolute uncertainty of viscosity measurements within 0.25 to 0.5 for
oxide melts, and within 1 to 2 for glasses in the logarithm poise scale. However, viscosity
measurement for the oxy-fluoride melts would have larger errors than that of oxide melts due to
the difficulties of the chemical analysis of the system caused from the effect of volatilization of
the fluorides and the presence of the moisture in the sample. The average absolute uncertainty of
viscosity measurements of oxy-fluoride melts was shown within 0.65 to 0.9 in log poise scale

from the

2.3.2 Chemical Analysis of oxy-fluoride melts and vaporization effect of

fluorides

The chemical analysis of silicate melts without any fluorides can be accurately carried out
by many analytical methods such as ICP-AES, SEM-EDS and EPMA. However, in the case of
oxy-fluoride melts, chemical analysis of the components is still uncertain. Chemical analysis of
the components in the oxy-fluoride melts is crucial to analyze the effects of each component on
the viscosity of the melts. The vaporization effect of fluorides during the experiments would also
effect considerable changes of composition of the system. In 1934, Herty et al. [89] stressed that
the actual change in composition in certain cases may be considerably greater than the published
results indicate because of the high volatile properties of CaF, and the analytical difficulties in
fluorine determination. Furthermore, the composition change of the sample would be time-
dependent with the evaporation of the fluoride gases. Thus, it would be inaccurate to say that the
viscosities measured in the middle stage of the experiments are directly related to the analyzed

composition of the sample.

Recently, Persson et al. [234] studied the kinetics of fluoride evaporation from the
subsystems of CaF,-Al,03;-Ca0-MgO-SiO, using thermogravimetric analysis (TGA) and found
that the evaporation of fluorine as HF(g) or SiF4(g) was minimal in the absence of moisture. Suk
and Park [310] also studied the vaporization behavior of CaF, in the system CaF,-CaO-MgO-
SiO, using thermogravimetric analysis (TGA). Suk and Park [310], however, reported that there
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were significant weight changes of the sample and that they would be caused by the formation of
CaF,(g) and SiF4(g).

On the other hand, some authors [226, 233, 280] who measured the viscosity of CaF,—
containing systems analyzed the initial and final compositions of the samples using XRF [226,
233, 280] and electrode spectrometry [233, 280] after dissolving the samples in NaOH solution
for analyzing fluorine ions. All their results were in agreement that there was no significant
change from the initial compositions of the sample. In all their experiments they thoroughly

removed moisture from the injected gas and the sample.

However, the quantitative analysis of fluoride and oxide in the sample using XRF or
electrode spectrometry still has a limitation because XRF or electrode spectrometry analyzes the
concentrations of cations or anions, and then converts them to those of compounds which are
assumed to be the most likely to exist in a sample [110]. Therefore, in order to quantify a fluorine
compound and other constituents in a sample, the existing form of fluorine should be identified in
advance. These methods would be more unreliable for the case of multicomponent systems
containing fluorides. For example, Park et al. [226] measured viscosities of CaF,-CaO-Na,O-
SiO, and analyzed the cations (Ca, Na and Si) using XRF (X-ray fluorescence spectrometry)
because direct analysis for fluorine ions is not possible. They identified no difference in the
amount of cations in the sample after the experiments and concluded that the overall
compositions were the same as the initial compositions. During the experiments, however, the
equilibrated composition would be newly established according to the stability of each phase. It
is well-known that NaF is the most favorable phase to be formed. Thus, we could expect to have
some amount of NaF in the sample but the present XRF cannot analyze accurately how many Na
cations are bonded with fluorine and oxygen ions respectively. Because of the lack of a
thermodynamic database and the limitation of chemical analysis equipment, more
thermodynamic studies and the development of more advanced chemical analysis methods are

required.

From the critical review of all available experimental data, we found that most studies
were carried out with thorough removal of moisture from the gas injected and the sample to
prevent the formation of HF(g) from the sample. However, most authors who measured the
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viscosities of oxy-fluoride melts could not accurately analyze the final compositions because of
the limitations of chemical analysis equipment.

In the present study, the initial compositions of the published literature were used for
model modification and optimization. We simply extracted all available experimental data with
the following assumptions;

e During the experiment, there was no significant change from initial composition because of
absence of moisture in the sample.

e Vaporization effects by HF(g), SiF4(g) and MF4(g) (M = Ca, Mg, Na, K and Al) would be
negligible.

(e.9. MR, ()=MF,(9), Pc,,, =855-10atm and P

(MgF,)

=8.04+10%atm at 1600°C)
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CHAPTER 3 A MODEL TO CALCULATE THE VISCOSITY OF

MOLTEN SLAGS
In this Chapter, the previous work [27, 81, 82] will be discussed.

Recently a new viscosity model was developed in this laboratory to reproduce the
viscosity of molten slags for the system CaO-MgO-K,0-NaO-Al,05-Si0,-B,03[27, 81, 82]. In
this model, the viscosity is related to the structure of the melt, which in turn is calculated from the
thermodynamic description of the melt using the Modified Quasichemical Modd [231, 232].

3.1 Structureof Silicate and Borate Melts

The S atoms in silicate melts are always tetrahedrally bonded to four oxygens as shown
in Fig.3.1-(a). Virtually every SO, that is added to a very basic MOgs or MO melt (where M =

basic cations) enters the solution as an SiO; orthosilicate ion. On increasing the silica content

above the orthosilicate composition, the silicate tetrahedral unit start to polymerize, first forming
dimers, then trimers, then even longer chains and rings. At even higher SIO, contents, the rings

and chains coalesce forming a three-dimensional network.

On the other hand, the structure of MOy-B,0O3 binary systems (where MOy is a basic
oxide) is very complicated. In solid compounds, boron is known to assume both triangular and
tetrahedral coordination with oxygen but it is believed that mostly triangular coordination is
present in pure B,O3; melts as shown in Fig.3.1-(b). The tetrahedral coordination is charge-
compensated by alkali or alkaline earth cation which are located in the vicinity of the BO, group.
Boron atoms in tetrahedral and triangular coordination can co-polymerize to form various
clusters.
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Fig. 3.1 Structure of (&) orthosilicate and (b) triangular borate

3.2 Calculation of pair fractions using the Modified Quasichemical
Model

The goa of a CALPHAD-like optimization is to obtain parameters of model equations for
the Gibbs energies of al phases in a system as a function of composition and temperature that
simultaneously satisfy all experimental thermodynamic and phase diagram data. Numerous
models have been proposed to model the Gibbs energy of liquid oxides. Over twenty years ago
the modified quasichemica model [230] was developed by one of the authors to model the Gibbs
energy of the liquid phase. This model has been particularly successful in modeling liquids that
display strong short-range-ordering. The model has continually been refined and extended [232]
and large databases have been developed for multicomponent systems along with a software
package that alows the caculation of phase diagrams and thermodynamic properties of
multicomponent systems [15]. The following is a short synopsis of the quasichemical model and

its application to silicate liquids.

The quasichemical model treats a binary MO,-SIO, system by assuming that M and Si
mix substitutionally on one quasi-lattice and oxygen completely occupies a second quasi-lattice.
Every Si or M has oxygen as first nearest neighbors and there are three types of second-nearest-
neighbor pairs, namely M-M pairs, M-Si pairs and Si-Si pairs. The model considers the formation

of two M-Si pairs fromaM-M and a Si-Si pair according to the quasichemical reaction:

(M-M)+(Si-Si)=2(M-Si) (3.2)



26

The Gibbs energy change of this reaction is expanded as a polynomia in either the
component mole fractions or the pair fractions. It is the coefficients of this expansion which are
the parameters of the model. These parameters are optimized in order to simultaneously
reproduce all carefully evaluated experimental thermodynamic and phase diagram data. In this
way, optimized parameters are obtained for binary and many ternary systems. Through the model
the thermodynamic properties of multicomponent systems can be calculated from the binary and
ternary parameters. A large database for multicomponent molten oxides has been developed by
this means over the past 30 years. Using this database, and the quasichemical model, it is possible
to caculate the concentrations of M-M, M-S and Si-Si pairs in multicomponent slags as a
function of temperature and composition. This provides a powerful tool to model physical
properties such as viscosity. The Si-Si, M-Si and M-M next-nearest-neighbor pairs as calculated
by the quasichemical model are conceptually and numerically equivalent [230] to the fractions of
bridging O°, non-bridging O and free O* oxygen introduced by Fincham and Richardson [66],
the concentrations of which can also be calculated by other models such as the cell model of
Kapoor and Frohberg [115].

Fig. 3.2 shows the pair fractions for the systems NaOy5-S IO, and CaO-S O, that are
calculated from the thermodynamic optimization of these systems using the quasichemical model
[9,10]. Both CaO and NaOgs are strongly basic oxides. The Gibbs energy of mixing of the liquid
is V-shaped with a sharp minimum at the orthosilicate composition (Na;SIO, and CaSiO4
respectively). The energy change of the quasichemical reaction (Eq. 3.1) is consequently very
negative and the reaction is displaced strongly to the right. The liquid therefore shows virtually
perfect second-nearest-neighbor ordering leading to the fraction of Na-Si and Ca-Si next-nearest-
neighbor pairs being very close to unity at the composition of maximum ordering. At higher SO,
contents the fraction of Na-Na or Ca-Ca pairs is aimost zero. The systems KOp5-S O, [351] and
MgO-SiO, [352] are very similar to the systems NaOg 5-SiO, and CaO-SiO..
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Fig. 3.2 S-S, M-S and M-M pair fractions calculated from the quasichemical thermodynamic

model for the systems CaO-SiO, and NaOgs-SiO..

3.3 Characterization of the structure of SiIO, and B,O3 networks

The structura changes taking place upon formation of SIO, and B,O; networks are best
characterized by the concept of Q'-species [199]. In the Q'-notation the superscript i denotes the
number of bridging oxygens per Si atom or B atom. In pure SO, all four oxygens surrounding
each Si are bridging oxygens. Thus the fraction of Q*-speciesis 1. A silicon cation in achainisa

Q?-species if two of its four surrounding oxygens are bridging oxygens.

Lin and Pelton [289] showed how to calculate the number of monomers, dimers, trimers
etc. per mole of solution using the mole fractions of 0%, O and O°. The fractions of Q'-species
can be calculated in a similar manner. The Modified Quasichemical Model [231, 232] and the
optimized FactSage thermodynamic database [15] can be used to calculate the numbers of M-M,
M-Si and Si-Si second-nearest-neighbor pairs, which correspond to the fractions of free oxygens,

non-bridging and bridging oxygens respectively, as functions of temperature and composition.
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Let us define p as the probability that a particular pair emanating from a given S atom is
aSi—Si pair. Then, as afirst approximation, p can be calculated by dividing the number of S—Si
pairs emanating from all Si atoms by the number of all S—S and Si—M pairs:

(3.2)

where ni is the number of i+ pairs. Note that every S—Si pair is counted twice as emanating

from one and from the other Si atom in the pair.

As mentioned in section 3.1, every silicon is tetrahedrally coordinated by four oxygens. If
every one of the four oxygens has an equal probability p of being a bridging oxygen then the
fractions of Qi-species per mole of silicon (i.e. the probability that a given siliconis a Qi-speci es)

can be caculated from a binomial distribution as:

Y(@Q"=p*

Y(Q*) =4 p*-(1-p)

Y(Q*)=6-p*-(1- p)* (3.3
Y(Q)=4 p-(1-p)’

Y(Q%)=@1-p)*

Note that ZY(Qi) =1. As can be seen from Eq. (3.3), the probability that a given Si

atom is a Q*-species is p* because four Si—Si pairs emanate from this Si atom. Similarly, we can
calculate the probabilities that a given Si atom is a Q'-species as well as the fractions of al five

Q'-speciesin amelt.

The fractions of Q'-speciesin amelt (in situ measurements) or in a quenched glass can be
determined using Raman spectroscopy or nuclear magnetic resonance (NMR) measurements as
these spectrareveal the bonding characteristics of Si. Fig.3.3 compares the fractions of Q'-species
in the PbO-SO, system calculated by FactSage [15] from the Modified Quasichemica Model
with the fractions determined by NMR spectroscopy [65]. It can be seen that there is good
agreement between the calculated and experimentally determined curves. A possible source of
error in the calculations is the assumption of randomly distributed bonds. For example, the
probability that a particular pair emanating from a given Si atom is a Si—Si pair may depend on

how many other Si—-Si pairs emanate from this S atom. On the other hand, the experimenta
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fractions of the Q'-species are derived under certain assumptions from the relative intensities of
spectral lines and can have substantia uncertainties.
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Fig. 3.3 Calculated and experimental [65] fractions of Q'-species for the PbO-SiO, system at
1200°C

Fig. 3.4 shows a schematic of the connectivity of the silicate network. Basic oxides such
as M?" and AI®* break the silicate network and are bonded with non-bridging oxygens. The
silicon atoms (shown in green and red) are Q*-species. The silicon atom (shown in red) is bonded
to four other Q*-species to form a cluster of five interconnected Q*-species with at least 16
connected oxygen bridges or Si-Si pairs.
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Fig. 3.4 Connectivity of silicate network

The probability that a given Si atom is part of a cluster of at least n interconnected S-S
pairs is proportional to p”. Thisis only an approximate relation. Clearly there are restrictions on
the arrangement of bonds because of the local structure of the melts, which is similar to the
diamond lattice structure of cristobalite. The approximation becomes better for larger values of n.

In any case, the function p" is clearly a measure of the connectivity of the network.

It is postulated in the viscosity model [27, 81, 82] that a certain critical cluster size can be
defined that mimics the formation of a percolating SiO, network. When this cluster size is
reached the viscosity will increase dramatically. Analysis of the viscosity data indicates that a

group of 40 interconnected S—Si pairsisagood choice for the critical cluster size.

3.3.1 Combined network formed by SiO, and B,0O3

Si and B are both network formers. Although reality is undoubtedly more complex, the
model [27, 81, 82] assumes that the B- and Si-based networks join in a single complex network
by forming B—O°-Si oxygen bridges in addition to the S—0O°-Si and B—O°-B bridges. However,
some boron cations can act instead as breakers of the silica network. In this case, for each B**
cation, three broken bridges Si-O areformed, coordinated with the one B** cation. The Modified
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Quasichemical Model [231, 232] and thermodynamic database [15] can be used to calculate the
numbers of B-B, B—Si and Si—-Si second-nearest-neighbor pairs, but cannot predict whether a B—

Si pair is an oxygen bridge or a broken bridge.

Let usdefine pS® asthe probability that a particular pair emanating from a given Si atom
is a S—Si or Si—-B network pair [27, 81, 82]. Then, as a first approximation, pS® can be

calculated by dividing the number of Si—-Si and Si-B network pairs emanating from al Si atoms
by the number of all S-S and S-B pairs:

. 2ngq +CNgg
pes = s B-si (3.4)
2nSi-Si + r]B-Si

where ni; is the number of i pairs. Note that every S—Si pair is counted twice, as
emanating from one and from the other Si atom in the pair. In Eq.(3.4), c is a“coupling factor”
representing the fraction of the B—Si pairs which are oxygen bridges. It is reasonable to assume,
as we do, that c is not a function of composition. This is an adjustable model parameter which is

obtained by fitting the viscosity of the B,Os;—SiO, system.
Similarly, the probability that a particular pair emanating from agiven B atomisaB-B or
B—Si network pair is:

2Ng 5 +CNg g

3.5
2N 5 +Ng g (35

pB,Si _
oS =

Furthermore, the probability that a particular pair emanating from agiven B or Si atom is
aB-B, S-S or B-Si network pair is:

BS _ 2(nB—B + nSi—Si + CnB—Si)

Pes = (3.6)
oS 2(Ngg +Ngg +Ngg)

The probabilities pg®, pg® and pg§ for multicomponent melts are given by the

following equations [27, 81, 82]:

2nSi-Si + C( XB + XSi ) nB—Si

2Ngg +Ngg + Z MNy.s
M

(3.7)

BS _
Ps™ =
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_ 255 +C( X+ Xg )N g (38)

2N, +Ng g + Z Nye
M

B,Si
B

Z[nB_B +Ngg +C(Xg+Xg )Ny
2(nB—B +tNgg +tNgg )+Z MNy-s +z Nyg
M M

(3.9)

BS _
Pes =

3.4 A proposed Viscosity Model for Molten Slags

3.4.1 Viscosity of theunary systems
The development in this section is taken from the previous papers [27, 81, 82].

The viscosity nof unary systems as a function of temperature is given by an Arrhenius

like equation
E
In(n) = A+— 3.10
() — (3.10)
E
N7yo, = Avo, +— (3.12)

RT

where 77 isthe viscosity in Pa:s, Risthe gas constant and T is temperature in Kelvins.

If experimental viscosity data for pure basic oxides(MOy) are available for a unary system,
the pre-exponential term A, and the activation energy for viscous flow E,, are fitted to the
experimental data and these parameters are used when optimizing the viscosity parameters of

multicomponent system. If no experimental data are available, the viscosity of the unary system

is obtained by extrapolation from binary viscosity data.
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It iswell known that the viscosity as a function of temperature deviates for the glass phase

at low temperatures. In the case of viscosities of pure B,Oj3, the viscosity data show obvious non-
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Arrhenian behaviour unlike other pure liquid oxides including SO, as shown in Figs 3.5 and 3.6.
Thusin the case of B,O3, anon-Arrhenian term in Eq.(3.12) was applied [27, 81, 82] asfollows:

In(15) = A= {HU j} (3.12)

RT T

This equation contains four adjustable parameters A, , E; , T, and n, optimized from data
for pure B,Os.

Inng = A +%reprasents the hypothetical viscosity of SiO, if it behaved like a basic

oxide and did not form a network. An excess contribution per Si atom of large clusters of Q*-
species, which contain at least 40 interconnected Si—-Si pairs, is proportional to p*. This

contribution is represented by the parameters ES and AS . This is the contribution of the silica

network which is assumed to be independent of other cations M. Therefore, the viscosity of pure
SiOz is:

Inng = (A, +A3)+(E$+Es) (3.13)

3.4.2 Viscosity of the binary systems M O,-SIO, and M O,-B,03

Consider aliquid oxide melt with composition given by the metal mole fractions Xy. For

example, for abinary system AlO; 5—SIO,, the mole fractions of Al and Si are

n Ne.
_ AlO, 5 . XSi: SO, (314)

X
AlOs —
Naio,, nso Naio,, T Nsio,

where n; are the mole fractions of the components.

The following equations were proposed [27, 81, 82] for the viscosity of liquid melts.

E
In(n) = A+— 3.15
(m) — (3.15)
E= XMOX EMO +Xg {E + EaE p40+(p4_ p40)(xMoX EAFAQoxfs& )}"’ XMOXXSi Eli\}li)x-si (3'16)

A= Xyo, Avo, + Xs {As| +AspY+(pt - p40)(XMoX A\Fjoxfsi )} + Xyo, XSiAiv’lijx-Si (3.17)
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where 77 isthe viscosity in Pa:s, Risthe gas constant and T is temperature in Kelvins.

An excess contribution per Si_atom for the rest of the Q*species, that is of smaller
clusters which contain less than 40 interconnected Si—-Si pairs, is proportional to (p*— p*). This

contribution is represented by binary parameters Ey,  and Aj, . Since these clusters are

smaller, the M cations are located closer to a given S atom so that the contribution of this Si
atom depends on M.

Figs 3.7 and 3.8 show the lines cal culated by the model using Egs. (3.15)-(3.17) compared
with the experimental data of AlO,5-SiO, and CaO-SiO, systems [27, 81, 82]. The model [27, 81,
82] reproduces well the viscosity behaviour of binary AlO;5-SIO, and CaO-S O, systems at al
temperatures.

Egs. (3.16) and (3.17) contain the additional polynomial binary parameters

Eub,.s ad Al - In most binary systems, it was assumed that only one such parameter, Ey, .,

was needed to account for small nonlinearities of the viscosity, if any, as a function of
composition in the basic regions of the binary systems MO,~SiO,. Here these terms are
generalized to allow more flexibility in fitting experimental viscosity data in a binary system. In
particular, it will be shown that one additional polynomia term is required to accurately
reproduce the viscosity of binary PbO-SiO, meltsin Ch. 6.

It should be noted that parameters A7,  and A, o are amost never needed and can

Oy -Si
almost always be set equal to zero. So far the model has been applied to multicomponent oxide
liquids containing Si, B, Al, Ca, Mg, Li, Na, K, Mn, Ni, Fe?*, Fe**, Pb, Zn, Ti. Only one non-zero
parameter, AE,OLS_Si , was introduced and even in this case the description was aready very good

without it.
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The viscosity of MOx-B>0O3 melts, where M is abasic oxide, can be expressed by analogy
with Egs. (3.15)-(3.17) of viscosity for MO,-SIO, melts, taking into account Eq.(3.12) for pure
BzOgZ

E
In(7) = A+— 3.18
n(n) = A+ =T (3.18)
* 40 T e *
E= XMox EMOX T XB {EB(MOX) +( pg) [EB {1"' (?Bj }_ EB(MOX)J} (3-19)
* 40 *
A= X0, Avo, + XB{AB(MOX) +(p)" (A - AB(MOX))} (3.20)

where X,,, and Xgarethe cation fractions of M and B. The equation

: . Buwoy
InnB(MOX) = AB(MOX) + RT (3.21)

represents the viscosity of hypothetical non-polymerized B,O3; surrounded by MOy, as if
B,O3; were acting like a basic oxide and not forming a network. (It should be noted that the

similar values for silica, 75, A, and E; , were considered to be independent of the other cations
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that are present in the system. That is, as a first approximation, it was assumed that
Nso,) =7si » Esmo,) = Es ad Aoy = As)

As mentioned in section 3.3, the probability that a given B atom is part of a cluster of at

least n interconnected B-B pairs is proportional to p". Even though this is only approximate

relation, the function of p" is clearly a measure of the connectivity of the network. The term

(pg )40(A3 —AQ(MOX)) in Eg.(3.20) and the corresponding term in Eq.(3.19) essentialy represent

an excess contribution per B atom of large clusters containing at least 40 interconnected B—B
pairs. This is the contribution of the B,O3; network. Analysis of the viscosity data of the binary
MOy-B,03 systems (M=basic oxides) indicates that a group of 40 interconnected B-B pairsis a

good choice for the B,O3 network.

The parameters A, , and Eg,,, , Were optimized to reproduce the viscosity in each

MO, )

MOy-B,0s binary system. No other binary parameters were needed. That is, parameters E}

MO, -B !
AjofB’ Ellv]i)fB and Alv'ljoxfe' analogous to the parameters Er\joxfsw Aﬁ\ioxfsw E&/]Joxfs and Aﬁlv]loxfsi

which were required for the MO,—SI O, systems as discussed previously, were not required for the
MOx-B,0s3 systems [27].

Fig. 3.9 shows the lines calculated by the model using Egs. (3.18)-(3.21) compared with
the experimental data of PbO-B,03; system [27, 81, 82]. The model [27, 81, 82] reproduces well
the viscosity behaviour of binary PbO-B,0O; system at all temperatures within experimental error

[imits.

3.4.3 Viscosity of the binary systems R,0O-B,0; (R = Na and K)

The addition of basic oxides including Alkali metals to B,O3 has a complicating effect on
viscosity, known as the “Boron-Alkali Anomaly” or “Borate Anomaly” [284]. As temperature
decreases, adding small quantities of alkali oxide to B,O3 melts causes the viscosity to rise to the
maximum value at around 20 mol% of RO as shown in Fig. 3.10 (where R is an akali meta
such as Na and K). Beyond this maximum, the viscosity decreases monotonically with increasing
alkali concentration. In the binary R,O-B,0; system, the clusters at the tetraborate composition,
NaB = 1:4, and diborate composition, NaB = 1.2, have been proposed based on studies by
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Raman and Infrared spectroscopy, *'B NMR, and X-ray and neutron diffraction [44]. It should be
noted that NaB, and NaB, are simply the overall compositions where stable clusters seem to form.
The average size of these clusters is not known. With decreasing temperatures, these stable
clusters seem to be formed and have similar physical properties to those of solid compounds
formed at tetraborate or diborate compositions. Thus, the formation of these solid-like clusters

would give significant increasing effect on viscosity with decreasing temperatures.

The effect of these solid-like cluters on viscosity is different from the effect of phase
separation of the liquid and the crystallization phenomena of the sample. For the phase separation
of liquids, the viscosity can be affected from the composition of separated phases and this can be
estimated from the summation of contribution of each phase on the viscosity of the liquid (It
should be noted that the present mode! is intended for single phase melts). When crystallization is
occurred during the measurement, the composition of the sample would change and this can
contribute to the change of viscosity. On the other hand, the volume fraction of solid phase in the
sample would increase with the process of crystallization. This can contribute to the increasing

effect on viscosity of the sample.

In order to take into account the “Borate anomaly” of the viscosity in the binary R,O-
B,0O3 mélts, the formation of solid-like clusters at the composition of alkali tetraborates RB4Og 5
(M = Na, K) [26] was applied to reproduce the viscosity data measured in the melt region.
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O © ® @ [eedecke and Bergeron,1976—1978 C‘\J‘.-@' o,
4-4 & A A ghartsis et al.,1953 a s D‘B
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2506 6 0 9 Thanes .
Zhang and Reddy,1999 . .
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Molar ratio B, O, /(Na, O +B,0;)

Fig. 3.10 Viscosity of Na,O-B,03; melts: experimental points [112, 158, 162, 203, 281, 362] and
calculated lines. Dashed lines are extrapolations below the liquidus
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The modeling for the depolymerization of borate melts by addition of basic oxides (MOx)
was discussed in the preceding section 3.4.2. Depolymerization caused by an akali oxide is
qualitatively identical to that caused by any basic oxide. This is described by two adjustable

model parameters, Ay, and Ey,,,, which represent the hypothetical viscosity of non-
polymerized B,O3 surrounded by M»0 as shown in Eq.(3.21).

The second effect is modeled as follows. Let us assume that clusters m(RB4Ogs) with the
tetraborate composition are formed according to the reaction:

m-RO,+ 4m-BO,, = m(RB,O;.) (3.22)
The model parameter in the viscosity model is smply the Gibbs energy of this reaction

which, as a first approximation, is assumed to be independent of temperature. The second model

parameter is m, the average size of these clusters. We can write an equilibrium constant:

AG X,
K ——ex mM(RB4Og5) — mM(RB,Og5) 3.23
m(RB4Og5) p|: RT :| ( x};oos )m ( X;Ol-s )4m ( )

Using mole fractions instead of activitiesin EQ.(3.23) is, of course, asimplification, but is

acceptable because AG, s ..., Will be calibrated based on the experimental viscosity data and
Eq.(3.23) gives a qualitatively correct compositional dependence of the viscosity which reflects
the formation of clusters at the tetraborate composition.

At each given overal composition X, =~ and Xg(= Xgg ), Where X, = and X are the
mole fractions of cations of each oxide and Xg,  + X; =1, Eq.(3.23) can be solved, taking into

account the mass balance constraints, to obtain the number of moles of each species:

nROo.s’ nB and nm(RB4OB_5) :

The viscosity of R,0-B,0; melts is assumed to be the sum of two contributions: the
contribution of the clusters, Inn, ¢ .. ,, ad the contribution of the rest of the melt, Inp" . The

simplest assumption is to postulate that each contribution is linearly proportiona to the fraction
of cations forming the associates and the rest of the melt as shown in Eq.(3.24), and the
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assumption leads to a very good representation of the experimental data of binary R,O-B,0O3

melts:

N +N, ., . ., 5m

Inp=—22—2In7" (X, XB)+MM%<RB@&5> (3.24)

nlotal nlotal
where 77 istheviscosity in Pa:s,
Mot = XROO_s +Xg = nIRoO_5 + n|'3 + 5mnrln(RB406_5) (3.25)
: X
Xpoy, = ot (3.26)
0.5 XROOIS + XB

X*B = # (3.27)

><ROO.5 + ><B

7" is calculated by substituting Xg, = and X ingtead of X,,, and X, into Egs. (3.18)-
(3.20). Nre,o,.) IS €xpressed in Pas and represents the contribution of the associates to the

viscosity of the melt per mole of cations in the associates:

Em(RB Ogs)
In - 4+ —(RBOss) 3.28
nm(RB406,5) Aﬂ(RBAO&S) RT ( )
where
1 4
An(RBL,OG‘s) = g Aqoo‘s + E A\B(ROO‘s) (3.29)

and E,gg,o,.) IS an adjustable model parameter which is fitted to the viscosity data in the
R,0-B,0; SyStem

Therefore, a total of five binary parameters are used to reproduce the viscosity data in

each alkali oxide — boron oxide binary system: A,¢o, |\ Egro.)r M AGire 0,0 @ Epgeio,)- It

ROgs)

should be noted that the same optimized average cluster size, m =5, is used for all these systems.
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3.4.4 Viscosity of multicomponent systemswithout Al,Os

The overall viscosity of multicomponent systems, 77, is assumed to be the sum of two
contributions: from the alkali-boron associates, 7Jgg q, ., » and from the rest of the melt, n(X).

These contributions are weighted by the cation fractions:

29Nz, 0,) In

Inn=Mln77*(X;,xg,X;on)+ >

otal M=Alkali Notal

715R8,055) (3:30)

where 7750,y IS the contribution of the 5(RB4Ogs) associates per mole of cations in the

associates. Since

E
Innp=A+—
7 RT
In77*—A*+E (3.31)
RT '

ES(RBAOG‘S)

In775(RBAOs.5) = &(RB4OG.5) + RT

equations similar to (3.30) apply aso to A and E. In particular the activation energy is:

’ * * * * 25n
E = o £ (Xg,XB, XMOX) n Z l: 5(RB,4Og5) ES(RB406.5):I (3.32)

Notal M=Alkali Nia

where the total adjusted number of cations in the melt without counting the boron-alkali
associatesis

n:otd = n; +Ng + Z MNvio, (3.33)
M

and the total adjusted number of cationsin the melt is
Nota = n:otal + 25n5(NaB4) + 25n5(KB4) + .. (3.34)

Thus, the contribution of the rest of the melt in multicomponent systems is calculated
from the following equations

Consider amelt with the overall composition

X3 X5 Xino,s oo (3.35)

*
S
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* * E*
In =A +— 3.36
() — (3.36)

E =§(XKAOX EMOX)+§(XKAOX X3Eiib,s)

* ) e Bs\( B5\* E Bs\ Bs ¥ ;(X’;OXESOX_S) (3.37)
3 +{5) (#5)" B (%) [1-(82) | gy

- s\3/ Bs\Y T.\® .
+XB{EB+(p§' ) (P53) (EB[H(?B) ]—EBJ}
A = (Xuo, Avo)+ 2 Ko, X Ao, 5 )

4 136 4 .\ 36 Z(X'L'OXAGOX'S)

XA+ (082) A () [ (088) ) g (839
X { A+ () (952)7 (A -A)}
where

. X;EI;(Si)-I-Z(X;/IOXE;(MOX)) . X;A;(Si)-'-Z(X;/IOXAI;(MOX))
E: = v A= v (3.39)

Xgq +%: Xyo. Xg +%:x;ﬂox

The viscosities of ternary and higher-order melts without Al,O3; can be predicted by the
model based on the unary and binary viscosity parameters without any additional adjustable
parameters. For example, as shown in Fig. 3.11, the viscosity data of CaO-MgO-SiO, system are
in good agreement with the predicted lines of the model using only a few unary and binary
parameters [27, 81, 82].
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Fig. 3.11 Viscosity of CaO-MgO-SiO, melts at weight ratio SIO,/MgO=3/1 compared with
experimenta data[27, 81, 82]
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Fig. 3.12 Viscosity of NapO-Al,03-SiO, melts at 67 mol% SiO, compared with experimental data
[27, 81, 82]
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Fig. 3.13 Viscosity of CaO-Al,03-SiO, melts at 75 mol% SO, compared with experimental data
[27, 81, 82]

3.4.5 Takinginto account Charge Compensation Effect

The most prominent feature in MOy-AlO;5-SiO; ternary systems is a viscosity maximum
with aridge running along the metaluminous composition as shown in Figs 3.12 and 3.13 [27, 81,

82]. The maximum is particularly prominent in the NaOg5-AlO;5-S IO, system.

Certain amphoteric oxides such as Al,O3; can behave in profoundly different ways in a
silicate melt depending on the overall composition. When added to a pure silica melt, Al,Osacts
as a network-modifier, breaking the oxygen bridges of the pure silica network, thereby
substantialy decreasing the viscosity. However, in a melt containing both AlO;5 and MOy the
AlI** can partially substitute for Si** in the silica network, thereby acting as a network forming
AlI®* remains associated with the M** or M?* jons that compensate for the missing charge. This
concept has become generally accepted and is termed the “ Charge Compensation Effect”. Due to
this “Charge Compensation Effect” [199], there is a maximum in the viscosity when the molar
ratio of Al,O3to MO or M0 isunity as shownin Figs 3.12 and 3.13.
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The thermodynamic database of Modified Quasichemical Model parameters, upon which
the viscosity model is based, does not explicitly consider the different structural roles of Al.
Hence, in order to model the viscosity maximum, the amount of network-forming Al must be
evaluated a posteriori. Thisis done asfollows.

Consider, for example, the Al,0;—CaO-Na,O-SiO, system. We can write two reactionsto
form tetrahedrally-coordinated Al that enters the silica network and is charge-compensated by
either Naor Ca:

AlO, . + NaO,, == NaAIO, (3.40)

2AI0, , + Ca0 = CaAl,0, (3.41)

It is assumed that the NaAlO, and CaAl, O, “species’ have the same effect on the
viscosity as one or two SiO, species respectively. The model parameters are simply the Gibbs
energies of reactions (3.40) and (3.41). These Gibbs energies are not dependent on temperature,
but are found to vary linearly as a function of SIO, content, becoming more negative at higher
SiO, concentrations. Hence, only two parameters are required to model the Charge Compensation
Effect in each ternary system MO-AI,O3-SiO; (including the limiting MO-AI,O3 binary
systems).

The equilibrium constants for reactions (3.40) and (3.41) can be written as

—AG X,
KNaAIOZ = exp[ R_Nl_aAloz J: X NAT (3.42)
NaQys ¥ YAIO; 5
—AG X,
Koo, = EXP RO = (3.43)
o RT XCaO(XAIOm)

At each given overall composition Xaoys + Xcao s Xaio, and Xy, Egs. (3.42) and (3.43)

can be solved, taking into account the mass balance constraints, to calculate

1 1
NaOgs ! Xcao AlO, 5! Xs XNaAIOZ’ and XCaAI204

Here (Xyano, +2X can,0,) Gives the amount of network-forming Al, while X, gives

the amount of network-modifying Al.
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Since we assume that NaAlO, and CaAl,O4 species have exactly the same effect on the
viscosity as one or two SiO, species respectively, the viscosity can be calculated by substituting
the following adjusted mole fractions into Egs. (3.37) and (3.38):

X; = ( x;a + XlNaA|o2 + 2X'Camzo4 )/ Nt*ot

X:\IOM = X/'Alol‘5 / Nt*ot
Xio = Xew ! N, (3.44)
X;laoq5 = xl'\laoo‘s / Nt*ot

where N, = XNaOO's + Xewo + XAIOls +Xg + XNaAlo2 + 2XCaA|204

Obviousdly, this proposed treatment of the Charge Compensation Effect is a simplification.
Strictly speaking, the charge-compensated AlO, s that enters the silica network does not form
chemically distinct species such as NaAlO, and CaAl,O,; the contribution of network-forming
AlOy5 to the viscosity may be different from that of S and, finally, mole fractions are used in
Egs. (3.42)—«3.43) instead of activities. However, the proposed treatment gives a qualitatively
correct functional dependence of the viscosity on temperature and composition, and the
description is made quantitative by fitting the Gibbs energies of reactions (3.40) and (3.41) to
experimental viscosity datain the ternary MO,—Al,03-SiO, systems.

The viscosities of ternary and higher-order melts can be predicted by the model based on
the unary, binary and ternary viscosity parameters without any additional adjustable parameters
as shown in Figs 3.14 and 3.15. Viscosity data of many ternary and higher-order systems for
Ca0-MgO-K,0-NaO-Al,05-Si0,-B,03 systems show a good agreement with the predicted lines
by the model within experimental error limits except for akali-rich silicate melts[27, 26, 81, 82].
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Fig. 3.14 Viscosity of CaO-MgO-Al,03-SiIO, melts at 5, 10, 15, 20 and 25 wt% MgO and 50
wit% at 1500°C compared with experimental data[27, 81, 82]
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CHAPTER4 MODIFICATION OF THE MODEL FOR MELTS

CONTAINING ALKALI OXIDES

From this chapter on, the results of the present work will be discussed.

4.1 Introduction

Intrinsic experimental difficulties are encountered in measurements of the viscosity of
alkali-rich slags due to the volatility of alkalis, the reactivity of the liquid and, most importantly,
contamination of samples due to extremely high hygroscopicity and a strong tendency of melts
produced from carbonates to retain CO,. Experimental data in this region are scarce and widely
scattered. Even seemingly consistent data from different authors can still be subject to a
substantial systematic error if samples are contaminated in asimilar manner. In particular, for the
NaOys—SiO, system, several authors reported a sharp decrease of the viscosity below a mole
fraction of SIO, equal to 0.5, athough others did not observe such behaviour [143]. If the
experimental viscosity curves are smoothly extrapolated to pure NaOgs, an unreasonably low
viscosity is obtained unless the viscosity curves show a second inflection leading to an S-shaped
curve. Although one might expect a similar drop of the viscosity in the basic region of the CaO—
SiO, system, this has never been observed. To keep the model simple, we initialy ignored al
experiments below a silica mole fraction of 0.5 and did not attempt to model the dip in the
viscosity [82]. However in applying the model to many multi-component systems, we came
across additional experimental data which support the complex behaviour of the viscosity on the
alkali-rich side of the MOys—SiO, systems. Some of these publications contained more details
about experimental conditions, and similar results were reported for samples studied in different
atmospheres where the contamination of the samples should be different. In view of this
preponderance of experimental evidence, the model proposed earlier [81, 82] is further devel oped
in the present study to reproduce the complex behaviour of the viscosity on the alkali-rich side of
the MOp5—SIO;, systems.

4.2 Modification of the model for melts containing alkali oxides

As can be seen from the previous chapter 3, only Q”-species were assumed to provide a
substantial excess contribution to the viscosity. The excess contribution from Q* and Q-species
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was considered to be negligibly small in comparison. Comparing Figs 4.1-4.3 with Figs 3.7-3.8
the experimental data of the MOp5-SIO, (M=Na, K and Li) system show very different behavior
of the viscosity compared with the AlO;5-SIO, and CaO-SiO; systems on the MO,-rich side. As
can be seen from Figs. 4.1-4.3 in section 4.3, there is experimenta evidence for complex
behaviour of the viscosity on the akali-rich side of the MOy 5-SIO, systems where M is an akali.
In this composition region mostly Q* and Q>-species are present. If these species can join
together to form large clusters, their contribution can be substantial.

In particular, rings formed by Q* and Q>-species have been reported to form in binary
alkali oxide — silica systems based on evidence from NMR and Raman spectroscopy [175, 177].
Formation of these rings is facilitated by monovalent akali cations which are very strong
network breakers. On the other hand, when a divalent cation, such as Ca*, bresks the silica
network, the two Si—-O groups that are formed must be arranged in such a way that two
negatively charged oxygen atoms are located close to one Ca?* cation in order to maintain local
electroneutrality. This would be expected to create a strain in the structure and make the
formation of similar rings in the MO-SIO, systems less favourable. Therefore, for akali oxide —
silica systems, an additional excess contribution of Q* and Q>-species polymerized into large
rings has been added to the viscosity formulae (3.14)-(3.16) asfollows.

The probability that a given Si atom is a Q*species (i.e. is linked to two other Si atoms
through oxygen bridges and to two broken bridges) is proportional to p?(1 —p)2 The probability
that agiven Si atom isa Q*-species linked to at |east one Q>-species forming a cluster:

is proportional to p*(1 —p)? p(1 —p) = p*(1 — p)*. In general, the probability that a given
Si atom is part of a cluster formed by a number of Q*-, Q* and Q>-species linked together is
approximately proportional to p"(1 — p)™. Since it is not known how many Q-species form these

clusters, and since clusters of different size are likely to form, we simply postulate as a first
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approximation that an excess contribution of such clusters per Si atom is proportional to p"(1 —
p)™ where n and m are parameters of the model. The values n = 7 and m = 3 were selected based
on an analysis of all viscosity datafor alkai oxide — SIO, binary systems and are the same for al

these systems.

Therefore, an additiona term is added to Egs. (3.36) and (3.37) which becomes;

* * E*
In =A +— 4.1
1) — 4.1)

E =§(x;mx EMOX)+§( Xuio, XsEvib_s )

* BS\*( 85\¥ E Bs \? B3 \® Z(X';OXESOX-S) w
B +(7)"(983) "5 +(02°) [1-(2)” | g
+X;j o G > 4.2)
e 3 Z (XMOXEI\FI:ISS-S)
+(p2) (1-pd)’ [ e _
(55 -5 S |
e Bs\3( B3 \¥ T, )" *
+XB{EB+(pB' ) (P53) [EB[H(?BJ ]—EBJ}
A =3 (Ko, Avo, )+ 2 Xuo, XsAlb, s )
’ 4 .\ 36 4 .\ 36 Z(X;"OXAﬁOX’S) ‘
Ao +(057) (123)” AS+(0°)1(082) ][—M %
: T (4.3)
+X5 3 . , >
BN I R C
+(p§) (1_p§) M_Alkajlzx;mx
o {A () (12)7 (A - A}
where
) X;E;(Si)-i-Z(x;/IOXE;(MOx)) . X;A;(9)+Z(x;ﬂoxA;(Mox))
E, = M = I (4.4)

Xq +%‘,x;ﬂox i x;+%‘, Xo,
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where E“f‘gf_Si is a binary parameter which is non-zero only for alkali oxide — silica

systems. It should be noted that a similar additional term was never needed in Eq.(4.3) for A.

That is, al parameters AG% g =0.

In summary, for most binary systems MO,-SIO, only two binary parameters,

Evo,.s dEy, o, were required to fit the experimental viscosity data, while for each alkali

oxide— SiO, system one additional binary parameter, Ej¢°  , was needed.

4.3 Review of the available viscosity data and calibration of the
model

In the present study, viscosity data were collected for all sub-systems of the Al,Os—CaO—
MgO-NaO—-K,0-SIO, system. The most reliable data for alkali-containing systems are shown in
the figures below. Experimental data and calculated curves for akali-free subsystems were
presented previously [81, 82]. To improve the legibility of the figures, the results of afew studies
which substantially deviate from those of other authors are not shown. For multicomponent
subsystems, preference was given to extensive systematic studies. If the viscosity was reported
for just a few compositions in a multicomponent system and the description of the experiments
was insufficient, it is very difficult to evaluate the real accuracy of the data unless similar

compositions were also studied by other authors.

The proposed model is intended for liquid melts. The extension of the model to describe
the viscosity of glasses will be reported in Chapters 11 and 12. Therefore, the viscosity data were
collected mostly for temperatures above the liquidus. Phase equilibrium calculations were carried
out using the FactSage thermochemical software and databases [14] to check that the viscosity
was indeed measured in asingle liquid region. If an abnormally high viscosity value was reported
for a temperature below the liquidus, this is most likely the result of crystallization. In most
obvious cases such data points were discarded, but sometimes these points are still shown in the
figures if it is deemed possible that they correspond to a supercooled liquid which does not

contain precipitated solids.
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4.3.1 Viscosities of pure alkali oxides and binary MOys-SiO, (M =
Li, Na, K) melts

The system NaOys—SO- is of primary importance to the glass industry and has been

studied by many authors. Most measurements were conducted using a rotating crucible or
rotating cylinder viscometer employing Pt/Rh or Pt/Ir crucibles [119, 125, 134, 143, 166, 167,
212, 246, 312, 313, 333, 348, 362] or molybdenum crucibles [23]. Some investigators [223, 283,
295] measured the viscosity using the counterbal anced sphere method with platinum spheres and
crucibles. Heidtkamp and Endell [88] used the counterbalanced sphere method for viscosities

above 0.8 Pa:s and an oscillating ball method for viscosities below 0.8 Pas.

Alkali oxides are extremely corrosive, hygroscopic and difficult to work with at high
temperature. Therefore, no viscosity measurements exist for pure NaO, K,O and LiO.
Accordingly, the parameters A,, and E,, representing the viscosity of the pure liquid alkali
oxides must be obtained from extrapolation of the experimental viscosity data for the
corresponding binary systems M,0O-SiO,. However, as can be seen from Figs. 4.1 to 4.3, a
smooth extrapolation of the viscosity in the akali-rich regions to pure M,O results in
unreasonably low viscosities of the pure alkali oxides unless the viscosity curve shows a second
inflection point. Since molten alkali oxides are ionic liquids, the viscosities of molten salts can
provide an insight into the viscosity of M»O liquids. For example, it can be assumed as a first
approximation that the viscosities of NaCl and N&O at their boiling points should be similar. The
boiling point of NaCl [14] is 1486 °C. Extrapolation of the viscosity of NaCl to this temperature

gives|In[n (Pas)] = —7.93 [192]. The viscosity of NayO, as optimized in the present study, has the

following value at its boiling point (1840°C): In[x (Pas)] = —7.56. As can be seen from Fig. 4.1,
this results in two inflection points on the isothermal viscosity curve in the Na,O-rich region of
the NapO-SiO, system. Similarly, the optimized viscosity of liquid KO has the value In[# (Pas)]
= —7.79 a its boiling point (1573 °C) which is close to In[ (Pa:s)] = —-8.04 for KCl at its boiling

point of 1434 °C. See Fig. 4.2.
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The viscosity parameters Ay, A5, Eg and ES for pure SiO, are taken from the previous

publication [82]. Three parameters for each MOys-SiO, binary system, E: = and

MO,-Si ' MO,-Si

Eno’ s » Were fitted to the experimental data shown in Figs. 4.1 to 4.3. The parameters Ay,

MO,-Si ’

Alo.s and AT o were not required and were set equal to zero. The optimized model

parameters arelisted in Table 4.1.

The modified model proposed in the present study and the one reported earlier in Chapter
3 [82] give aimost identical descriptions in the high-silica regions. However in the akali-rich
regions, the modified model isin good agreement with the majority of experimental data whereas
the previous model as shown in Chapter 3 is in agreement only with the results of Kou et al.
[143] which do not show the drop in the viscosity. As can be seen from Fig. 4.1-(b), the scatter of
experimental data can be as high as 1.0 in the In scale and the modified model describes the

measurements within experimental error limits.

As can be seen from Fig. 4.2, the modified model describes very well all experimental
data for KOps—SiO, melts except for two points by Bockris et a. [23] at high temperature and
close to pure SIO,. It should be noted that the viscosity of pure SO, reported in the same paper
[23] is substantially lower than that reported by other authors as shown in Fig. 6 of the first paper
[82]. The reason for this disagreement is not clear. One possible cause may be a reaction of the
melt with the molybdenum crucible and cylinder at high temperature since Bockris et al. [23]
reported that molybdenum reacted violently with silica at 1900 °C. Difficulties of removing
bubbl es originating from the decomposition of K,CO3; and the high volatility of potassium at high

temperature may have also contributed to the experimental error.

An aternative viscosity model which uses the thermodynamic database of FactSage [15]
was developed by Jak [107]. It is based on the Eyring equation for the viscosity with cation pair
fractions calculated by FactSage employed as concentration variables. This model requires 7
binary parameters for each of the binary systems NaOgs—SiO, and KOps—SiO,. As can be seen
from Figs. 4.1 and 4.2, the model developed in the present study provides a much better fit of the

experimental data even though it requires only 3 binary parameters for each of these systems.

An accurate description of the viscosities of glass melts was proposed by Fluegel [67].

This model is based on multiple regression using polynomial functions. It is most accurate in the
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vicinity of the commercial glass compositions since it is calibrated based on numerous
experimental data for these regions. The viscosity of KOgps—SiO, melts calculated using the
Fluegel’s model is shown in Fig. 4.2-(b) over the concentration range which is within the validity
limits of the model. Outside these limits the model is not applicable and it diverges rapidly from
the experimental data. The comparison with Fluegel’s model estimates for multicomponent glass
melts will be discussed below in Section 4.3.6. For the KOg5—SiO, system, the present model is
more accurate with the Fluegel’s model being lower than the experimental data at low

temperatures and higher at high temperatures.

Although a thermodynamic description of the LiOys—SiO, system is not available in the
FactSage thermodynamic database, the cation pair fractions for LiOys—SiO, and NaOys—SiO;
melts at the same composition should be fairly close. This assumption was used to model the
viscosity of LiOps—SiO, melts. As can be seen from Fig. 4.3, the drop in the viscosity in the

alkali-rich region becomes more pronounced in the sequence Li < Na< K.
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Fig. 4.1 Viscosity of NaOys—SiO, melts. Points are experimental [23, 143, 223, 313, 333].
Figures (a) and (b) compare the modified viscosity model proposed in the present study (solid
lines) with the model reported earlier [82] (dash-dot lines). Figure (c) compares the viscosity
model proposed in the present study (solid lines) with the model by Jak [107] (dash-dot lines)
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Fig. 4.2 Viscosity of KOg5—SIO, melts. Points are experimental [11, 23, 53, 125, 193, 223, 237,
283]. Figure (@) compares the modified viscosity model proposed in the present study (solid
lines) with the model reported earlier [82] (dash-dot lines). Figure (b) compares the viscosity
model proposed in the present study (solid lines) with the model by Jak [107] (dotted lines) and
the model for glass melts by Fluegel [67] (dashed lines corresponding to 1000 °C and 1600 °C)
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Fig. 4.3 Viscosity of LiOys—SiO, melts: experimental points [23, 223, 283] and calculated lines.
The calculated viscosities for NaOgs—SiO, and KOps—SiO, melts at 1200 °C are aso shown for

comparison

4.3.2 Ternary syssemswithout alumina(Al,O3)

The viscosities of ternary melts without alumina are predicted by the model using only the
model parameters describing the viscosity of pure oxides and the binary parameters for MOy—
SO, melts. No additiona ternary parameters are used. Hence, the agreement of experimental
data points and calculated lines shown in the figures in this section is not the result of fitting, but

rather an indication of how well the model can predict the viscosity of ternary melts.

As can be seen from Figs. 4.4 and 4.5, the model describes ternary CaO-Na,O-SIO, melts
within the experimental scatter. Since the data are limited to the region which is not rich in N&O,
the mode reported earlier [82] reproduces the data equally well. The effect of the modification of
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the model proposed in the present study is more visible for MgO—-NaO-S O, melts shown in
Figs. 4.6 t0 4.8. Clearly, the modified model isin excellent agreement with the experimenta data
[119], while the earlier model gives systematically higher viscosities in the Na,O-rich region.

Figs 4.7 and 4.8 show only the experimental points of Kawahara et al. [119] who used the
rotating crucible method with Pt-Rh crucibles. Their data for the NaoO-SiO, system are in good
agreement with the other measurements as can be seen from Fig. 4.1. An early experimental
study of MgO—NaO-Si O, melts was reported by English [59]. Most likely it is subject to alarge
systematic error because his results are not consistent with the mgjority of the data on the Na,O—

SO, system.
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Fig. 4.4 Viscosity of CaO—NaO-SiO, melts at 65 mol% SiO,: experimental points [294, 349]
and calculated lines
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Fig. 4.5 Viscosity of CaO—-NaO-SiO, melts at 15 mol% NaO: experimental points [59, 294, 349,
357] and calculated lines
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Fig. 4.6 Compositions in the MgO—-NaO-SiO, system at which the viscosity was measured [59,
119]. Solid lines show the pseudo-binary sections reported in Figs. 4.7 and 4.8
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Fig. 4.7 Viscosity of MgO-Na,O-SiO, melts. Experimenta points [119] and calculated lines at
different molar ratios of NaO to SiO,. Solid lines are calculated using the modified viscosity
model proposed in the present study and dash-dot lines correspond to the model reported earlier
[81]
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Fig. 4.8 Viscosity of MgO-Na,O-SiO, melts. Experimenta points [119] and calculated lines at
(@ 5, (b) 10, (c) 15 and (d) 20 mol% MgO. Solid lines are calculated using the modified viscosity
model proposed in the present study and dash-dot lines correspond to the model reported earlier

[81]
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Experimental information for ternary melts containing KO is limited. The available data
are compared with predictions of the model in Figs. 4.9 and 4.10. Yasukouchi et a. [357]
measured the viscosities of K,O0—-CaO-SiO, melts at constant molar ratio CaO/SiO, = 1.071 using
a rotating crucible viscometer with Pt-Rh crucibles. Although the difference between these data
and the viscosity predicted by the model seemsto be systematic, the maximum absol ute deviation
is not large and is comparable with average experimental errors of viscosity measurements.
Unfortunately, the measurements were not made for higher K,O concentrations; this would have
permitted a more thorough comparison with the new model. The viscosity of K,O-CaO-SiO,
melts was also reported by Shilo et al. [288] who used an e ectro-viscometer. However their data
for CaO-S O, and Al;O3-CaO-SiO, melts are substantially higher than the data of other authors.

Therefore these results were not considered in the present study.

Kim and Lee [125] measured the viscosities of K,O-NaO-SiO, melts at 75 mol % SiO,
in the temperature range from 1000 ° to 1400 °C using the rotating cylinder method with Pt-30%
Rh crucibles. The calculated viscosities are compared with these datain Fig. 4.10. Obvioudly, the
agreement is good, although the model predicts an ailmost linear interpol ation between the K,O—
SiO; and N&xO-SiO, binaries whereas the experimental data suggest a slight curvature which
becomes more pronounced at lower temperatures. It should be noted that this effect can be very
well reproduced by the model by incorporation of an additional binary term

X a0y, Kkoys Enaoge ko, - HOWever, this was not deemed to be justified considering the average

accuracy of the viscosity measurements.
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Fig. 4.9 Viscosity of K,O0-CaO-S O, melts at a molar ratio of CaO/SIO, = 1.071: experimental
points [357] and calculated lines
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4.3.3 Ternary systemswith alumina(Al,O,)

As discussed earlier in the section 3.4.5, Al cations can assume tetrahedral coordination
and replace Si in the liquid network when the missing charge is compensated by abasic cation M.
This results in a maximum in the viscosity when the molar ratio of Al,O3to MO or M0 is unity.
This effect is modeled by two parameters for each ternary system MO,—~Al,0:—SIO, which
describe the Gibbs energy of reaction (3.40) or (3.41) as a function of composition. These model
parameters for the Al,O3—Ca0O-MgO-Na,0O—-K,0-SIO, system are summarized in Table 4.2.

Only parameters for AG,,,, Were optimized in the present study. The other valuesin Table 4.2

were taken from the previous publication [81] and used with the modified viscosity model
proposed here. This resulted in a good description of the experimental data for NaoO-Al,03-S O,
melts as shown by Figs. 4.11 and 4.12. Not only the magnitude, but also the shape of the
viscosity maximaiswell reproduced.
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Fig. 4.11 Viscosity of NapO-Al,03-SiO, melts a 50 mol% SiO,: experimenta points [200, 252,
324] and calculated lines
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Fig. 4.12 Viscosity of NayO-Al,O3-SIO, melts at 75 mol% SO,: experimenta points [20, 36,
146, 252, 269, 307, 324, 335] and calculated lines. Viscosities calculated using Fluegel’s model
for glass melts [67] are shown by dashed lines within the validity limits of the model and by the

dotted lines outside these limits

As can be seen from Fig. 4.12, the regression equation for glass melts reported by Fluegel
[67] does not reproduce the viscosity maximum: the calculated lines start to deviate from the
experimental points at the onset of the maximum, leaving most of it outside the validity range of
the moddl.

The viscosity of K,O-Al,03-SiO, melts was studied by Urbain et a. [335], N'Dala et 4.
[200], Kim and Lee [125] and Mizoguchi et a. [193] using rotating crucible or rotating cylinder
viscometers with Pt [193], Pt/Rh [125, 335], or molybdenum [200] crucibles. The phase diagram
of the K,O-Al,0s-SiO, system was reported by severa authors [24, 147, 271, 325]. Based on
these studies, only viscosity measurements above the liquidus were used for optimization of two

model parameters correspondingto AG inTable4. 2.

KAIO,
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The experimental data points are compared with the calculated linesin Figs. 4.13 to 4.20.
The agreement is believed to be within experimental error limits. The points of N'Dala et al.
[200] in Fig. 4.15 lie dlightly higher than the calculated lines, although some crystallization may
have occurred in the experiments because the liquidus temperature at this composition should be
above 1800 °C [24, 147, 271, 325]. It should be noted that the point of N’Dalaet a. [200] in Fig.
4.11 for a similar composition in the Na,O-Al,0s—S O, system is also higher than the results of
other authors. Similarly, the data points of Kim and Lee [125] in Figs. 4.18-(b) and (c) are
probably below the liquidus at 1000 °C and 1200 °C.

Fig. 4.17 shows that the data of Urbain et al. [335] and N'Dala et a. [200] are in good
agreement for the orthoclase composition, KAISi;0g. The temperature dependence of these data
is well reproduced by the present model, even though the model does not contain any
temperature-dependent parameters. Birch and Dane [20] also measured the viscosity at the
orthoclase composition, but their data are higher than the results of the other authors by about 3.0

in the natural logarithm scale.
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Fig. 4.13 Compositions in the K,O-Al,03—-SiO, system at which the viscosity was measured [125,
193, 200, 335]. Lines show the sections of thisternary system reported in Figs. 4.14 t0 4.18
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Fig. 4.18 Viscosity of K,O-Al, O3-S0, melts: experimental points [125, 193] and calculated

lines using the modified viscosity model proposed in the present study (solid lines) and using the
model reported previously [81] (dash-dot lines). (a) 2.5 mol% Al,Os, (b) 5 mol% Al,O3 and (c)
10 mol% A|203

4.3.4 Multicomponent systems

The viscosity of multicomponent systems is predicted by the model from the unary,

binary and ternary parameters given in Tables 4.1 and 4.2 with no additional parameters.

The viscosities along pseudo-binary sections through several quaternary systems are
shown in Figs. 4.19 to 4.21. As can be seen from the figures, the predicted viscosities of Na,O—
Ca0-Al,03-S10;, K,0-CaO-Al,0:+-S 0, and K,O0NaO-Al,0-SO, melts are in good
agreement with the experimental data.

The experimental measurements of Sukenaga et al. [311] shown in Fig. 4.20 indicate that
the viscosity decreases with NapO additions to the CaO-Al,Os—S O, melts, but initially increases
with additions of K,O. The model predicts this general trend athough the predicted increase with

K0 is somewhat less than the experimental. However, the deviations are small and within the
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scatter limits of the data from the various researchers. The explanation for the different trends in
the viscosity with NaO and K0 additions is related to the Charge Compensation Effect which is
more pronounced with KO than with Na;O as can be seen from the higher and sharper maxima
for the viscosity in Figs. 4.14-4.17 as compared to Figs. 4.11-4.12.
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Fig. 4.19 Viscosity of K,O0-CaO-Al,0s-S O, melts for a section between (95 mol% CaO, 5
mol% Al,O3) and (73 mol% SiO,, 7 mol% K,O , 20 mol% Al,Os): experimental points [84, 200,
259] and calculated lines
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Fig. 4.20 Changes in the viscosity of CaO-Al,0s-SiO, melts resulting from additions of NaO or
K0: experimental points[311] and calculated lines
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Fig. 4.21 Viscosity of K,O0-NaO-Al,0:—-SO, melts for a section between (18 mol% SiO,, 0.63
mol% K0, 81.7 mol% N&O) and (88.2 mol% SO, 3.09 mol% K0, 8.7 mol% Al,O3):
experimental points[91, 200] and calculated lines
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4.3.5 Magmasand lavas

The Al,03~Ca0-MgO-NaO-K,0-SIO, system contains subsystems of importance for
petrology. In particular, a knowledge of the viscosity of silicate melts formed by albite-
orthoclase—anorthite feldspars, diopside and nepheline is important to the understanding of the
generation, transport and emplacement of igneous rocks. The viscosity of these melts was studied
by Kozu and Kani [146], Birch and Dane [20], N’'Dala et a. [200], Scarfe et al. [269, 270] and
Sykeset a. [314].

The viscosities along the albite-anorthite, albite-orthoclase and anorthite-diopside
sections predicted by the model are compared with the experimental data in Figs. 4.22 to 4.24.
The section albite-diopside was reported earlier [81]. The calculated linesin Fig. 4.22 are in good
agreement with the experimental points. Even though Kozu and Kani [146] reported somewhat
higher viscosities of pure abite, this is within the experimental error limits as can be seen from
the measurements by different authorsin Fig. 4.12.

For the abite-orthoclase section shown in Fig. 4.23, the modd predicts a smooth
variation of the viscosity when N&O is replaced by K,O whereas the measurements [200] appear
to indicate an abrupt change of the slope in the middle of the plot. Since there is no obvious
physical reason for such behaviour, it is most likely an artifact caused by the scatter of the
experimental data which is slightly more than 1.0 in the natural logarithm scale in this case. This
section was also measured by Birch and Dane [20], but their points are widely scattered and are
higher by 3.0 in the natural logarithm scale than the results of N’Dala et al. [200] and Urbain et al.
[335] for pure KAISi3Og. Therefore, these points are not shown in Fig. 4.23.
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Fig. 4.22 Viscosity of abite—anorthite (NaAlSi;Os—CaAl,Si,Og) melts: experimenta points [36,
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Fig. 4.23 Viscosity of albite—orthoclase (NaAlSizOs—KAISI30g) melts: experimental points [200]

and calculated lines.
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As can be seen from Fig. 4.24, the calculated viscosities along the anorthite—diopside
section are in excellent agreement with the measurements of Scarfe et a. [270]. The results of
Kozu and Kani [146] progressively deviate from those of Scarfe et al. as the amount of diopside
increases. The reason for this disagreement is not clear, but it should be noted that the data of
Scarfe et a. for pure diopside are consistent with the measurements of other authors shown in Fig.
3 of the previous study [81]. This trend persists for the ternary abite—anorthite-diopside melts
studied by Kozu and Kani [146]. Hence, their data seem to be more reliable only for relatively
small contents of diopside. In particular, their results are in good agreement with the cal culated
lines for the pseudo-binary section through the albite-anorthite-diopside system at 20 wt% of
diopside shown in Fig. 4.25.

The viscosities calculated by the model for the nepheline—diopside section arein similarly
good agreement with the experimental measurements by Sykes et al. [314]. Therefore, it can be
concluded that for these systems of petrological interest, the model predicts the viscosities within
experimental error limits.
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Fig. 4.24 Viscosity of anorthite-diopside (CaAl,Si,0s—CaMgSi,Og) melts. experimental points
[146, 270] and calculated lines.
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Fig. 4.25 Viscosity aong the section through the albite—-anorthite-diopside system at 20 wt%
diopside: experimental points [146, 270] and calculated lines.

4.3.6 Médtsused in glasstechnology

A large number of viscosity measurements are available for glass-forming melts in the
Al,0;—Ca0-MgO-Na,0—-K,0-SIO, system around some technologically significant
compositions. In particular, the compositions of typical soda-lime-silica melts for the production
of container glasses and float glasses are within this six-component system. The concentrations of
additional minor components such as FeO, CrOy, LiOgs or PbO are normally less than 1.0 wt %.
The calculation of viscosity of commercia glasses was carried out by the extended model with

ignorance of the amount of these minor components.

In some cases, extensive experiments were carried out in a very well controlled manner
by the same authors using the same equipment and well-characterized samples in a narrow
composition range corresponding to a particular type of glass. Melts used in glass technology
may also be easier to work with since they are specifically designed to avoid crystallization. This
minimized the scatter of the experimental data and allowed the authors to fit the experimental

points very accurately using fairly simple regression equations. The equations so obtained can be
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used for reliable interpolations within the limited composition range covered by the grid of

experimental points, but extrapolations outside this range are not possible.

A few regression equations for melts used in glass technology were obtained based on the
viscosity measurements by several investigators. In particular, the recent statistical model of
Fluegel [67] fits a very large amount of experimental information on melts used in glass
technology which is summarized in the SciGlass database [37]. The model provides a rigorous
estimation of errors and validity limits. This model [67] is based on multiple regression using
polynomial functions. Fluegel clams that his analysis of systematic differences between
|aboratories improves the overall accuracy of interpolation [67]. Fluegel’s model is most accurate
in the vicinity of the commercial glass compositions since it is calibrated based on numerous

experimental datafor these regions.

The model developed in the present study, on the other hand, is designed particularly for
wide-range extrapolations in composition. No experimental data for multicomponent melts used
in glass technology have been used for the calibration of our model which is based solely upon
parameters obtained by fitting data for binary and Al,Os-containing ternary systems. It is
applicable at any composition, contrary to the regression eguations mentioned above which
cannot be extrapolated outside their validity limits. It is interesting to examine how the present
model compares with existing regression equations within their own ranges of validity.

Table 4.3 shows the viscosities of typical soda-lime-silicamelts and the effect of additions
of Al,O3, K;0O and MgO. The experimental data of Lakatos et a. [154] are compared with the
viscosities calculated by Fluegel's regression equation [67] and with those predicted by the
present model. The agreement is very good and the accuracy of the present model seems to be

comparable to Fluegel's regression eguation.

Table 4.4 shows the viscosities of less typical melts used in glass technology which are
used for the production of mineral-wool isolating fiber products. These compositions are outside
the validity range of Fluegel's regression equation [67] and were not used for its calibration. As
one would expect, the regression egquation cannot reliably predict the viscosities of these melts,

whereas the predictions of the present model are in good agreement with the experiment.
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4.4 Conclusions

In the previous model for the viscosity of slags as shown in Chapter 3, the viscosity is
related to the structure of the melt characterized by the amounts and connectivity of Q'-species.
The structure in turn is calculated from the thermodynamic description of the melt using the
Modified Quasichemica Model [231, 232] and the FactSage optimized thermodynamic database
[14].

The modd is extended in the present study to reproduce the complex behaviour of the
viscosity on the alkali-rich side of the alkali oxide — silica systems. This behaviour is attributed to
ring clusters formed by Q% and Q°-species. An excess contribution to the viscosity due to
polymerization of Q% and Q3-species into large rings is taken into account by the introduction of
one additional binary parameter for each akali oxide — silica system. The extended modd is
almost equivalent to the earlier model in Chapter 3 if the total mole fraction of akali oxides,
MOQOqs, is less than 0.5. However, in the alkali-rich region, the difference between the models can

be substantial as can be seen, for example, from Figs. 4.1, 4.2 and 4.8.

In summary, the model contains unary parameters describing the viscosity of pure liquid

oxides and only two binary parameters, Ej, o and E;, o, for most binary systems MOS0,

when M is not an akali. For each alkali oxide — SIO, system one additional binary parameter,
EX9 ., is needed. For each Al,Osz-containing ternary system MO-AI,03-SiO, exhibiting the

MO, -Si *
Charge Compensation Effect (where Al** assumes a tetrahedral coordination and enters the silica
network with a basic cation M staying close to AlI** to compensate the missing charge) the model
incorporates two additional ternary parameters. The viscosity of multicomponent melts is then
predicted by the model without any additional adjustable model parameters.

The available viscosity data for the akali-containing subsystems of the Al,0s—CaO—
MgO-NaO—-K,0-SiO, system have been reviewed. It is demonstrated that the model reproduces
the experimental data for the binary and ternary melts and predicts the viscosities of
multicomponent melts within experimental error limits. In particular, the model can be used to
provide good estimates of the viscosities of multicomponent melts used in glass technology,

magmas and lavas.



Table 4.1 Optimized model parameters for the viscosity expressed in Pa:s.
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System Parameters A Parameters E (J-mol™)
SO, Aq =-10.56 Eg = 217200
A; =-6.13 E< =298520
AlO; 5 Ano,, =—9.22 E a0, =120400
Cao0 A =-12.27 E o =137650
MgO Ay =—10.58 Eygo =117160
NaOgs Ao, =—10.15 Eneo,, = 45500
KOos Aco,, =—13.35 Eo,, =84500
LiOos Ao, =—9.85 Eio,, =45500
AlO15-SI0O; Alo,,.s =—12.30 Exio,,.s =—75000
E xo,..s = 303500
Ca0-S0; Egk g =—101750
Egos = 81400
MgO-SiO; Enios =—86250
Epgo.s = 72600
NaOps-SiO; Eil,. s = 32500
E fo,,.s =10200
Efw. o = 20444358
KQps5-SiOz Eo,..s =—38200
E o,..s = 39000
Egol o = 42390018
LiOp5-SiO2 Elb,,.s =10752
E /... =32000

EJe  =12441119

LiOys-Si




86

Table 4.2 Optimized parameters for ternary systems containing alumina (J-mol™)

System

KOps-AlO15-SiO; AGy 0, = —57000-35000X g,
NaOo5—AlO15-S 0, AGyp0, = —26000-57000X g,
Ca0-AlO15-S 0O, AGe,y 0, = 5000—100000X g,
MgO-AlO;5-SiO; AGyy4010, =13000-105000X 5,

Table 4.3 Viscosities of typical soda-lime-silica glass melts and the effect of additions of Al;Os,
K>0 and MgO. The experimental data of Lakatos et a. [154] are compared with the viscosities
calculated by Fluegel's regression equation [67] and predicted by the present model.

S0, | Al,O; | CaO | NaO | K,O | MgO Temp:rat”r Viscosity, In(Pass)
mass | Mmass | mass | mass | mass | mass °c Lgkgltos Fluegel Pref[sen
% % % % % % asg | 157 | mod
7241 | 123 | 1217 | 14.19 10074 | 691 | 711 | 7.04
7241 | 123 | 1217 | 1419 10121 | 691 | 703 | 697
7260 | 123 | 1221 | 13.87 10168 | 691 | 703 | 697
7366 | 125 | 1066 | 14.44 1021.8 | 691 | 698 | 696
7323 | 124 | 1230 | 1322 10262 | 691 | 703 | 6.9
7391 | 125 | 1035 | 14.49 10238 | 691 | 697 | 69
7407 | 126 | 1244 | 12.23 10401 | 691 | 7.04 | 6.96
7495 | 127 | 909 | 14.69 10319 | 691 | 694 | 693
7655 | 130 | 7.14 | 15.00 10444 | 691 | 690 | 687
7766 | 132 | 580 | 1522 10530 | 691 | 688 | 682
7068 | 360 | 1187 | 13.85 10303 | 691 | 696 | 7.07
69.43 | 530 | 11.66 | 13.61 10435 | 691 | 692 | 717
69.27 | 118 | 11.64 | 1358 | 434 984.0 691 | 692 | 7.10
6638 | 1.13 | 11.15 | 13.01 | 8.33 956.0 691 | 698 | 7.26
7137 | 121 | 11.99 | 13.99 144 | 10132 | 691 | 691 | 6.80
7086 | 120 | 11.90 | 13.89 214 | 10135 | 691 | 686 | 6.71
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Table 4.4 Viscosities of melts for the production of mineral-wool isolating fiber products. The
experimental data of Lakatos et al. [153] are compared with the viscosities predicted by the
present model and calculated by Fluegel's regression equation [67].

S0, | Al,O; | Ca0 | MgO | N&O | K,0 Temfeerat“ Viscosity, In(Pass)
Lakatos | Presen | Fluege
T e me | mas | mas | mes | o wd | | L[e]
ool %o % % % % [153] | model | **
60 10 11 16 200 | 1.00 1506 1.15 1.01 2.30
58 13 19 8 1.33 | 0.67 1518 1.15 1.22 0.96
53 16 15 12 267 | 133 1469 1.15 1.14 1.26
49 19 23 4 333 | 167 1488 1.15 113 | -142
54 10 24 8 267 | 133 1408 1.15 1.13 0.57
50 13 16 16 333 | 167 1379 1.15 0.92 1.19
49 16 28 4 200 | 1.00 1413 1.15 110 | -2.33
47 19 20 12 1.33 | 0.67 1404 1.15 084 | -1.53
48 10 25 12 333 | 167 1325 1.15 080 | -0.24
46 13 33 4 267 | 133 1345 1.15 082 | -3.28
45 16 21 16 1.33 | 0.67 1352 1.15* 052 | -2.46
41 19 29 8 200 | 1.00 1339 1.15* 0.63 | -1451
46 10 38 4 1.33 | 0.67 1307 1.15* 063 | -2.71
42 13 30 12 200 | 1.00 1280 1.15* 056 | -6.16
37 16 34 8 333 | 167 1277 1.15* 044 | -21.40
35 19 26 16 267 | 133 1276 1.15* 032 | -28.32
* These experimental viscosities may be overestimated due to the onset of crystallization

since the reported temperatures are dightly below the liquidus calculated by FactSage [14] and
the silica contents are not high enough to prevent crystallization of supercooled melts.

*x All compositions are outside the validity range of Fluegel's model [67]. This column is
shown only to illustrate the spread of values that a regression equation can produce outside its

validity range.
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CHAPTERS5 MODELING VISCOSITY OF SILICATE MELTS

CONTAINING LEAD OXIDE

5.1 Introduction

Silicate slags containing lead oxide are formed during pyrometallurgical production of
lead either from metal scrap or from ores. Of particular importance is the slag viscosity which
quantifies the flow properties of the slag and affects the degree of refractory attack, the amount of
entrained metal in the slag, mass transfer at the slag/metal interface and heat transfer through the
dlag [17]. The viscosity of PbO-containing oxide meltsis also of primary importance to the glass
industry.

In the present study, viscosity data are reviewed for melts formed by PbO with SO,
Al,O3, Ca0, MgO, NaO and K;0O. A few model parameters are optimized to reproduce the
viscosities of PbO, PbO-SIO, and PbO-Al,0s-SiO, melts. Then the available experimental
viscosity data for other ternary and higher-order PbO-containing systems are compared to the
viscosities calculated by the model without using any additional adjustable model parameters.

5.2 Review of the available viscosity data and calibration of the
model

In the present study, viscosity data are reviewed for al PbO-containing subsystems of the
PbO-SiO-Al,03-Ca0-MgO-NaO—-K,0 system and using the model introduced in Chapter
4.(See EQs. (4.1)-(4.4)) The datajudged to be most reliable are shown in the figures below.

The proposed modd is intended for melts. The extension of the model to describe the
viscosity of glasses will be reported in Chapters 11 and 12. Therefore, the viscosity data were
collected mainly for melts above the liquidus or for dightly supercooled melts where
crystallization did not occur. These measurements were mostly made with rotational or
vibrational viscometers. Phase equilibrium calculations were carried out using the FactSage
thermochemical software and databases [14] to check that the viscosity was indeed measured in a
single-phase liquid region. If an abnormally high viscosity value was reported for a temperature
below the liquidus, this was most likely the result of crystallization. Parameters of the model for
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PbO-containing melts that were fitted to the experimental viscosity data are listed in Table 5.1.
The model parameters for melts without PbO were shown in Tables 4.1 and 4.2.

5.2.1 PurePbO

The viscosity of PbO was measured by Oliver [219] using a rotating crucible viscometer
with platinum crucibles under Ar gas atmosphere in the temperature range of 900 to 1150°C. The
formation of PbO, from pure liquid PbO is negligible under the given condition. As shown in Fig.

5.1, these experimental data are well reproduced by a linear Arrhenian function. The model

parameters A, andE,, aregivenin Table5.1.
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Fig. 5.1 Viscosity of pure liquid PbO: experimental points[219] and caculated line.

5.2.2 Viscosities of Binary PbO-SIO, Méelts

The viscosity of PbO-SiO, melts has been studied repeatedly due to the relatively low
liquidus temperatures and the importance of this system to the lead smelting process. Urbain
[361], Gupta [85], Wright et a. [350], Kou et a. [143] and Nakamura et a. [202] measured the

viscosity by the rotating crucible method with Pt—Rh crucibles and spindles to reduce



90

experimental errors caused from the chemical attack by the melts. Frohberg and Rohde [69] and
Nemilov and Ignat’ ev [207, 209] used the rotating cylinder method with alumina crucibles.

Hino et al. [93], Ejima et a. [54], Ouchi and Kato [224], Evstrop'ev [63] and
Saringyulyan and Kostanyan [263] measured the viscosity using the counter-balanced sphere

method with Pt—Rh crucibles. The former two studies came from the same group and reported

substantially higher viscosities than the other authors, most likely indicating the presence of

systematic errors.

Ito et a. used Pt—Rh crucibles to measure the viscosity by the oscillation method and by

the rotating crucible method [103]. As can be seen from Fig. 5.2-(c), the latter method produced
results that are in good agreement with the other authors although the viscosities obtained by the
oscillation method are substantially lower. The authors attributed the difference to a systematic

error caused by the uncertainties in the damping rates of an oscillating wire.

11

Initially, two model parameters, 5 and ES 4, were optimized to fit the viscosities of

PbO-SiO, melts. As can be seen from Fig. 5.2-(a), the model reproduces well the experimental
data, but the calculated curves are higher than the two points by Saringyulan and Kostanyan
[263] at amole fraction of SIO, equal to 0.7. To the best of our knowledge no other authors have
measured the viscosities of PbO-SiO, melts at these high silica concentrations which are below
the liquidus. To fit these two points, the slope of the viscosity curves must decrease and then
increase again when approaching pure silica. The physical reason for such behavior is unclear.
However, if this disagreement is attributed to the experimental uncertainties and ignored, the
predicted viscosities of lead crysta glass melts are systematically dlightly higher than the
experimental data of Lakatos et a. [152, 154, 155]. The compositions of lead crystal glasses are
close to the K,O-PhO-SiO, system as shown below in Fig. 5.9. Since the mole fraction of SO,
in these glasses varies from about 75 to 80 mol %, the viscosities of lead crystal glass melts
calculated by the model are defined by the viscosities of PbO-SiO, melts at these high silica
concentrations which are substantially below the liquidus and cannot be measured experimentally.
On the other hand, in the K,O—-PbO-SiO, system, viscosity measurements can be made at such
high silica contents as can be seen for example from Fig. 5-12. These data substantiate the

existence of the second inflection point on the viscosity curvesin the PbO-SiO, system.
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Therefore, the viscosities of PhO-SIO, melts were finaly fitted with two polynomial

11

parameters, 5 and B3, which are given in Table 5.1. As can be seen from Figs 5.2-(b) and

5.2-(c), these parameters give a slightly better description of the experimental data at high silica
contents than the fit shown in Fig. 5.2-(a). However, the viscosity values extrapolated to X(SiO,)

= 0.8 are substantially different for these two variants.
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Fig. 5.2 Viscosity of PbO-SIO, melts: (a) experimenta points [54, 63, 69, 85, 93, 104, 143, 202,

207, 209, 219, 224, 263, 332, 350] at 800, 900 and 1000°C and calculated lines fitted with
parameters E5, o and E5«; (b) experimental points [54, 63, 69, 85, 93, 104, 143, 202, 207, 209,
219, 224, 263, 332, 350] at 800, 900 and 1000°C and calculated lines fitted with parameters

W g and B2 . ; () experimenta points [103, 104, 143, 202, 209, 219, 224, 350] for 1100 °C

and calculated lines fitted with parameters B, g and Ejp g -

5.2.3 Ternary and Quaternary Meltswithout Alumina(Al,Ox3)

The viscosities of ternary and higher-order melts without Al,O; were predicted by the
model based on the unary and binary viscosity parameters without any additional adjustable

parameters.
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5.2.3.1 PbO-Na;0O-SiO, system

The viscosities of PbO-Na,O-SiO, melts were measured by the platinum ball pulling-up

method [111] and by the counter-balanced sphere method [63, 62, 93, 327] a compositions
shown in Fig. 5.3. Experimental points and calculated curves are shown in Figs 5.4 to 5.8. As can
be seen from Fig. 5.5, the data of Tret’yakova and Mazurin [327] are systematically lower than
the viscosity predicted by the model although the difference is fairly small. It should be noted
that extrapolation of these data to the Na,O-SiO, system would result in lower viscosities than
reported by many other authors as shown in Chapter 4, indicating that the data of Tret’yakova
and Mazurin [327] have a small systematic error. The data of Evstrop'ev [63] are in good
agreement, with the calculated lines being dlightly lower (see Figs 5.5, 5.7 and 5.8), while his

earlier results are higher (see Figs 5.6 and 5.7). Overall, the viscosities predicted by the model are
in agreement with the experimental data within the experimental scatter in the PbO-Na,O-SIO;

ternary and the limiting binary systems.

1937, Evstrop'ev

1940, Evstrop'ev

1968, Hino et al.

1969, Tret'yakova and Mazurin
1972, Kadogawa and Yamate

i m 4

e
P
L 2

“Figs7
mole fraction

Fig. 5.3 Compositions in the PbO-Na,0O-SiO, system at which the viscosity was measured [63,

62, 93, 111, 327]. Lines show the sections of this ternary system reported in Figs 5.4t0 5.8
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Fig. 5.4 Viscosity of P0O-NaO-SiO, melts at a molar ratio of SIO,/PbO = 1: experimenta

points [93] and calculated lines
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Fig. 5.5 Viscosity of PbO-Na,O-SIO, melts at 60 mol% SO,: experimenta points [63, 327] and

calculated lines
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Fig. 5.6 Viscosity of PbO-NaO-SiO, melts at 50 mol% SiO,: experimenta points [62, 93] and

calculated lines
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Fig. 5.7 Viscosity of PbO-NaO-SiO, melts at a molar ratio of Na,O/PbO = 1: experimenta

points [63, 62, 93, 327] and calculated lines
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Fig. 5.8 Viscosity of PbO-Na,O-SiO, meltsin the section from (34 mol% N&O, 66 mol% S O,)

to (50 mol% PbO, 50 mol% SiO,): experimental pointg63, 62, 93, 327] and calculated lines

5.2.3.2Pb0O-K;0-SiO; system
Hino et al. [94], Shartsis and Spinner [282] and Saringyulyan and Kostanyan [263]

measured the viscosities of PbO-K,0-SIO, melts by the counter-balanced sphere method with

Pt—Rh and Pt crucibles, respectively. Pohimann [237] used a rotating viscometer with alumina

crucibles and Kadogawa and Yamate [111] applied the platinum bal pulling-up method to
measure the viscosity at a single composition. The studied compositions are shown in Fig. 5.9.

Experimental error can be inferred for example from the comparison of the calculated
lines with the experimental points at the right and left boundaries in Fig. 5.10 which correspond
to binary melts. In particular, the left boundary represents one composition in the PbO-S O,
system, so the calculated lines at this point reproduce experimental data of the many authors

shown in Fig.5.2, indicating that the measurements of Hino et al.[94] are systematically higher.
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The six sections through the PbO-K,0-SiO, system presented in Figs 5.10 to 5.15 show

good agreement between the experimental data and the viscosities predicted by the model. The
trends of the experimental points correspond very well with the slopes of the calculated lines. In
particular, the measurements of Saringyulyan and Kostanyan [263] depicted in Fig. 5.12 extend
to very high-silica contents and cover viscosity values varying over several orders of magnitude.
The calculated lines are in good agreement with the experiments and show two inflection points

originating from the description of PbO-SiO, melts with two polynomial terms. Overall, the

accuracy of the model predictions for PbO-K,O-SiO, melts is no worse than the experimental

scatter in the PbO-S O, binary system.

1851, Shartsis and Spinner
1869, Hino et al.

1970, Saringyulyan and Kostanyan
1972, Kadogawa and Yamate

1976, Pohimann

Lead crystal glasses

L7 m e e

PbO

Fig.5.12
mole fraction

Fig. 5.9 Compositions in the PbO-K,0O-SO, system at which the viscosity was measured. [94,

111, 237, 263, 282] Lines show the sections of this ternary system reported in Figs 5.10 to 5.15
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Fig. 5.10 Viscosity of PbO-K,0-SiO, melts in the section from (50 mol% PbO, 50 mol% SiO,)

to (11 mol% K20, 89 mol% Si0O,): experimental points [94, 237, 282] and calculated lines
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Fig. 5.11 Viscosity of PbO-K,0-SiO, melts at a molar ratio of SiO,/PbO = 1: experimentd

points [94] and calculated lines
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Fig. 5.12 Viscosity of PbO-K,0-SIO, melts at 10 mol% K,O: experimental points [94, 263] and

calculated lines
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Fig. 5.13 Viscosity of PbO-K,0-SiO, melts at 50 mol% SiO,: experimental points [94, 263] and

calculated lines
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Fig. 5.14 Viscosity of PbO-K,0-SiO, melts at 60 mol% SiO,: experimenta points [263] and

calculated lines
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Fig. 5.15 Viscosity of PbO-K,0-SO, melts at 70 mol% SiO,: experimental points [263] and

calculated lines
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5.2.3.3Pb0O-MgO-SiO; system

Kawahara et a. [120] and Ouchi and Kato [224] measured the viscosities of PbO-MgO-

SiO, melts by the counter-bal anced sphere method while 1to et al. [104] used the rotating crucible
method. The studied compositions are shown in Fig. 5.16. As can be seen from the sections
shown in Figs 5.17 to 5.19, Kawahara et al. [120] reported an increase in the viscosity as PbO is
substituted by MgO at constant mole fraction of silica. The calculated lines are in perfect
agreement with the experiments at X(SiO;) = 0.4 and show the same trend at X(SIO,) = 0.5.
However, the model predicts that this effect flattens out at X(SiO,) = 0.6. If the experimenta
points [120] a X(SO,) = 0.6 and 0.5 are extrapolated to the MgO-SO, binary system, this
would result in viscosity values which seem too high compared to the experimental data available
for the MgO-SiO, and MgO—-Ca0O-SIO, systems [81]. The maximum difference between the
calculated lines and the data of Kawahara et a. [120] is about 1.0 in the natural logarithm scale
which is similar to the normal scatter observed between the results of different authors for these
systems. Unfortunately, to the best of our knowledge, no other authors have measured the
viscosities of MgO—-CaO-SiO, melts at relatively high MgO contents. The data of Ouchi and
Kato [224] are in very good agreement with the predictions of the present model.

Sio,

™ 1979, Ouchi and Kato
= 1979, Kawahara et al.
A, 4 1963, Itoetal

4 Fig.5.18

. Fig.5.17

, Fig.5.18

% Fig.5.17
B

X

/ \
P N

PbO MgO

mole fraction

Fig. 5.16 Compositions in the PbO-MgO-Si O, system at which the viscosity was measured [104,

120, 224]. Lines show the sections of this ternary system reported in Figs 5.17 to 5.19
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Fig. 5.17 Viscosity of PbO-MgO-SiO, melts at 40 and 60 mol% S O.: experimental points [120]

and calculated lines

In 7 [Pa-s]

" Mole fraction Si0,=0.5 1150 1200 1250°C
r u (m] B 1979, Ouchi and Kato
® 1979, Kawahara etal.

| —— Calculated
iy 3 SR R |

1 1 | I S R

03 0.4 0.5 0.6 0.7
Molar ratio PbO/(PbO+MgO)

0.8 0.8 1.0

Fig. 5.18 Viscosity of PbO-MgO-SiO, melts at 50 mol% SiO,: experimental points [120, 224]

and calculated lines
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Fig. 5.20 Viscosity of PbO-CaO-SiO, melts at a molar ratio SO,/PbO = 1.66: experimental

points [350] and calculated lines
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5.2.3.4Pb0O-Ca0-SiO, system

The viscosities of PhO-CaO-S O, melts were measured by the rotating crucible method

[350] and the counter-balanced sphere method [224]. As can be seen from Fig. 5.2, the data of
Wright et al. [350] are somewhat lower while the data of Ouchi and Kato [224] are dlightly
higher than the best fit of all experimental data for the PbO-SiO, system. As can be seen from
the three sections in Figs 5.20 to 5.22, this systematic error persists in the ternary system,
indicating that the agreement with the viscosities predicted by the modd is within the
experimental scatter.

5.2.35Pb0O-K 20-N8.20-Si 0O, system

As can be seen from Fig. 5.23, the viscosities of PhO-K,0-Na,O-SO, melts predicted

by the model are in good agreement with the measurements of Kadogawa and Y amate [111] who
used the platinum ball pulling-up method. The viscosity varies nearly linearly as N&O is
substituted by KO at constant mole fractions of SiO, and PbO, while the maximum difference
between the experimental points and the calculated lines does not exceed 0.5 in the natura
logarithm scale.
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A A A 4 4 1972 Kadogawa and Yamate
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Mole fraction PbO=0.1 ~——— Calculated
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Fig. 5.23 Viscosity of PbO-K,O0-NgO-SiO, melts at 75 mol% SiO, and 10 mol% PbO:

experimental points[111] and calculated lines
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5.2.4 Mdtswith Alumina(Al,O,)

The viscosities of PbO-Al,0z—SIO, melts were measured [104, 143] at compositions
indicated in Fig. 5.24 by the rotating crucible method with Pt—Rh crucibles. These measurements

are in good agreement with each other, whereas the results of Sheludyakov et a. [167] are

substantially higher and are not used in the present study.

This system exhibits the Charge Compensation Effect which the viscosity model takes
into account by assuming that tetrahedrally-coordinated Al which enters the silica network and is

charge-compensated by the reaction:

2A10,, + PO == PbAILO, (5.1)

It is further assumed that the PbAl; “species’ have the same effect on the viscosity as two
Si atoms. The Gibbs energy of reaction (5.1) was optimized based on the experimental data [104,
143] to be:

AGppy 0, =—14226 - 48953X 5, J-mol™ (5.2)

As can be seen from Figs 5.25 to 5.28, the model reproduces very well both the
temperature and the composition dependence of the viscosity even though AGPbA|204 IS

temperature independent. The maxima in the calculated curves near the equimolar PbO/Al,Os
ratio are characteristic of the Charge Compensation Effect. Such maxima are observed in al
MO—AI,03-SIO;, systems studied where M isan alkali or alkali-earth metal.
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Fig. 5.24 Compositions in the PbO-Al,0s-SIO, system at which the viscosity was measured.

[104, 143] Lines show the pseudo-binary sections of this ternary system reported in Figs 5.25 to
5.28
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Fig. 5.25 Viscosity of PhO-Al,05-SO, melts at 5 mol% Al,O3: experimenta points [104, 143]

and calculated lines
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Fig. 5.26 Viscosity of PbO-Al,03-SiO, melts at 10 mol% Al,Os: experimental points [143] and
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Fig. 5.27 Viscosity of PbO-Al,03-SO, melts at 30 mol% SO, experimenta points [143] and

calculated lines
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Fig. 5.28 Viscosity of PbO-Al,0s~SO, melts at 40 mol% SiO,: experimenta points [143] and

calculated lines

5.2.5 Metsused in glasstechnology

A great many viscosity measurements are available for melts of lead crystal glasses. The
base composition of lead crystal glasses is close to the relatively small region in the PbO-K,O-

SO, system shown in Fig. 5.9. However, additional minor components, such as NaO, CaO,
MgO and ZnO, are often used to modify the properties of lead crystal glasses, for example to

increase chemical resistance or to decrease the melting temperature.

Several regression equations have been proposed specifically to describe the viscosity of
melts used in glass technology. In particular, the recent statistical model of Huegel [67] fits a
very large amount of experimental information on melts used in glass technology which is
summarized in the SciGlass database [274]. The model is based on multiple regression using
polynomial functions and provides a rigorous estimation of errors and vdidity limits. Huegel
clams that his analysis of systematic differences between laboratories improves the overal
accuracy of interpolation [67]. Fluegel’s model is most accurate within the limited composition

ranges covered by the grid of the experimental points in the vicinity of the commercial glass
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compositions since it is calibrated based on numerous experimental data for these regions.
However, extrapolations outside these ranges are not possible.

The model developed in the present study, on the other hand, is designed particularly for
wide-range extrapolations in composition. No experimental data for multicomponent melts used
in glass technology have been used for the calibration of our model which is based solely upon
parameters obtained by fitting data for binary and Al,Os-containing ternary systems. It is
applicable at any composition contrary to the regression equations mentioned above which
cannot be extrapolated outside their validity limits. It is interesting to examine how the present
model compares with existing regression equations for glasses in their own ranges of validity.
Table 5.2 shows the viscosities of typical lead crystal glass melts and the effect of additions of
Ca0, MgO and ZnO. The experimental data of Lakatos et al. [155] are compared with the
viscosities calculated by Fluegel's regression equation [67] and predicted by the present model.
The agreement is very good and the accuracy of the present model appears comparable to
Fluegel's regression equation.

Lakatos et al. [154] studied the effect of additions of up to 12 wt % PbO on the viscosity

of soda-lime-silicamelts. These data are aso very well reproduced by the present model.

5.3 Conclusions

To calculate the viscosity of PbO-containing silicate melts, only six model parameters

related to PpO are required. Two parameters, A, , and E reproduce the viscosity of pure

PbO ’

liquid PbO; the other two parameters are fitted to the viscosity of binary PbO-SiO, melts; and,
finaly, two more parameters represent the Gibbs energy, AG,,,, ., , of tetrahedrally-coordinated

Al “species” which enter the silica network and are charge-compensated by Pb. The latter two
parameters are obtained from the experimental viscosities of PbO-Al,0s-SiO, melts. The
viscosity of other ternary and multicomponent melts containing PbO is then predicted by the
model with no additional adjustable model parameters.

To test the model, al experimental viscosity data were collected for melts formed by PbO
with SO,, Al,O3, CaO, MgO, NaO and K;O. To the best of our knowledge, no data are
available for subsystems without silica. Although there are some viscosity datafor dl five ternary
sub-systems formed by PbO and SO, with the other oxides, no systematic studies have been
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made for higher-order PbO-containing subsystems except for PbO-NaO—-K,0-SiO,. The
deviation of the available experimental data from the viscosities predicted by the model does not
exceed the scatter of experimental points from different authors in the binary systems that were
used to calibrate the model. The model predicts the viscosity for melts of lead crystal glasses with
the accuracy similar to the accuracy of the regression equations of Fluegel [67] which were fitted

to the experimental data over the narrow composition range of these melts.
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System Model parameter Model parameters (J-mol™)
PbO A, =-8.93 Eqo =33814
PbO-SiO; Epo.q =—155000

EZS o = 2650000

PbO-Al,05-SiO;

AGiyp0, = —14226 - 48953X

sio,

The model parameters for subsystems without PbO that are used for the viscosity calculations in
the present study were optimized and reported elsewhere (see Tables 4.1 and 4.2).

Table 5.2 Effect of CaO, MgO and ZnO on the viscosity of a typical lead crystal glass melt. The

experimental data of Lakatos et al. [155] are compared with the viscosities calculated by

Fluegel's regression equation [67] and predicted by the present model.

Temperatu
SiO, PbO Na,O | K,0O CaOo MgO | ZnO Total |re Viscosity, In(Pass)
Lakato Presen
mass | mass | mass | mass | mass | mass | mass | mass setal. | Fluegel t
% % % % % % % % °C [155] [67] model
55.2 28.0 1.9 14.4 99.50 1242.4 3.45 3.39 3.77
52.8 26.6 1.7 13.4 52 99.70 1268.2 3.45 3.19 * 3.49
53.9 27.2 1.7 13.8 3.2 99.80 1283.0 3.45 3.47* 3.27
52.2 25.9 1.5 11.8 8.58 99.98 1190.0 3.45 3.30 * 3.88
55.2 28.0 1.9 14.4 99.50 1024.3 5.76 5.62 6.26
52.8 26.6 1.7 13.4 5.2 99.70 1060.5 5.76 5.28 * 5.74
53.9 27.2 1.7 13.8 3.2 99.80 1075.8 5.76 5.63 * 5.46
52.2 25.9 1.5 11.8 8.58 99.98 1015.1 5.76 5.69 * 5.91
55.2 28.0 1.9 14.4 99.50 876.0 8.06 7.91 8.49
52.8 26.6 1.7 13.4 5.2 99.70 916.9 8.06 7.39 * 7.77
53.9 27.2 1.7 13.8 3.2 99.80 930.7 8.06 7.85* 7.45
52.2 25.9 1.5 11.8 8.58 99.98 897.8 8.06 8.13 * 7.61

*

Compositions slightly outside the validity range of Fluegel's model. [67]
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CHAPTER 6 MODELING VISCOSITY OF SILICATE MELTS

CONTAINING ZINC OXIDE

6.1 Introduction

Silicate slags containing zinc oxide are formed during pyrometallurgical production. The
fuming of zinc from slags is the basis of a number of pyrometallurgical processes used
industrially to recover zinc from zinc blast furnace slags and from residues and wastes of other
metallurgical operations [108]. Of particular importance is the slag viscosity which quantifies the
flow properties of the slag and affects the degree of refractory attack, the amount of entrained
metal in the slag, mass transfer at the slag/metal interface and heat transfer through the slag [17].

The viscosity of ZnO-containing oxide melts is also of importance to the glass industry.

In the present study, viscosity data are reviewed for melts formed by ZnO with SiO,,
Al,O3, PbO, Ca0, MgO, Na,0 and K;0. A few model parameters are optimized to reproduce the
viscosities of ZnO, ZnO-SiO; and ZnO-Al,03-SiO, melts. Then the available experimental
viscosity data for other ternary and higher-order ZnO-containing systems are compared to the

viscosities calculated by the model without any additional adjustable model parameters.

6.2 Review of the available viscosity data and calibration of the

model

In the present study, viscosity data are reviewed for all ZnO-containing subsystems of the
Zn0-Si0,-Al,03-Ca0-Mg0O-Na,0-K,0-PbO system and using the model introduced in
Chapter 4 (see Egs. (4.1)-(4.4)). The data judged to be most reliable are shown in the figures

below.

The proposed model is intended for melts. The extension of the model to describe the
viscosity of glasses will be reported in Chapters 11 and 12. Therefore, the viscosity data were
collected mainly for melts above the liquidus or for slightly supercooled melts where
crystallization did not occur. These measurements were mostly made with rotational or
vibrational viscometers. Phase equilibrium calculations were carried out using the FactSage

thermochemical software and databases [14] to check that the viscosity was indeed measured in a
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single-phase liquid region. If an abnormally high viscosity value was reported for a temperature
below the liquidus, this was most likely the result of crystallization. Parameters of the model for
ZnO-containing melts that were fitted to the experimental viscosity data are listed in Table 6.1.
The model parameters for melts without ZnO were shown in Tables 4.1, 4.2 and 5.1.

6.2.1 Viscosities of binary ZnO-SiO, melts

Due to the extremely high melting temperature and volatility of ZnO, there are no
viscosity data for pure liquid ZnO. The viscosity of ZnO-SiO, melts was studied only by
Mizoguchi et al. [193] who used a rotational viscometer with Pt crucibles. They only measured
two points which are not sufficient to permit us to optimize the viscosity of pure liquid ZnO and
to obtain the binary ZnO-SiO, parameters.

1500 1525 1550 1575°C
A A A A 82Mizoguchi et al.

Calculated

(=]
L]

In n[Pa-s]

.3 A A M 1 A M M M 1 M A M A
0.3 0.4 0.5 0.6

Molar ratio SiO,/(SiO,+Zn0)

Fig. 6.1 Calculated viscosity of ZnO-SiO, melts compared to experimental points [193]

In order to optimize the four model parameters, A, , E,., En.,g and E> o, the

experimental data for the ZnO-B,0j3 binary system [27] and for the ZnO-CaO-SiO, and ZnO-
Na,O-SiO, ternary systems were used simultaneously with the data for the ZnO-SiO, binary

melts. The optimized model parameters are given in Table 6.1. As can be seen from Fig. 6.1, the
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data of Mizoguchi et al. [193] are systematically lower than the viscosity predicted by the model

although the difference is relatively small. The agreement is well within experimental error limits.

6.2.2 Ternary Melts without Alumina(Al,O5)

The viscosities of the ZnO-CaO-SiO, and Zn0O-Na,O-SiO, ternary systems were
calculated based on the unary and binary viscosity parameters without any additional adjustable

parameters.

6.2.2.1 ZnO-CaO-SiO, system

The viscosities of ZnO-CaO-SiO, melts were measured by a rotational [313] and
vibrational [171] viscometer method at molar ratios CaO/SiO, = 0.632, 0.67 and 1.0. The data of
Sumita et al. [313] are slightly lower than the model calculations because their data for binary
Ca0-SiO; melts are also systematically lower than the best fit of all available data provided by
the model. However, the observed decreasing trend of the viscosity with increasing ZnO content

is well reproduced.

Calculated sipa
T=1500°C i B

...........

In n[Pas]

" Molar ratio CaO/SiO,
[ 0.632 0.67 1

S ® O 82 Sumitaetal.
A 78 Lyamkin et al.

i I PN T P T P T T T

00 01 02 03 04 05 06 07 08 09 1.0
Mole fraction ZnO

Fig. 6.2 Viscosity of ZnO-CaO-SiO, melts at molar ratios CaO/SiO, = 0.632, 0.67 and 1.0:

experimental points [171, 313] and calculated lines
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6.2.2.2 Zn0O-Na,0-SiO; system

The viscosities of ZnO-Na,0-SiO, melts were measured with a rotational viscometer [10,
105, 313]. The experimental and calculated viscosities are compared in Figs. 6.4 to 6.6 along the
sections shown in Fig. 6.3. As can be seen from these figures, the viscosities of ternary melts are
very well described by the model using only the unary and binary parameters. The agreement is

well within experimental error limits.

Sio,
/\ e B2 Sumitaetal
S’/‘i e s 69 Ivanov et al.
/ #* 65 Artem’ev and Appen

o8 08 07 06 05 04 03 02 01
Na,0 Fig. 6.5 Fig. 6.6 mole fraction £n8

Fig. 6.3 Compositions in the Zn0O-Na,O-SiO, system at which experimental viscosity
measurements are available [10, 105, 313]. The lines indicate seven sections of this system

selected to show the viscosity as a function of composition in Figs. 6.4 to 6.6
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Fig. 6.4 Viscosity of ZnO-Na,O-SiO, melts at molar ratios Na,O/SiO, = 1/4, 3/7, 2/3, 1/1 and

3/2: experimental points [313] and calculated lines
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Fig. 6.5 Viscosity of ZnO-Na,0-SiO, melts at 10 mol% ZnO: experimental points [105, 313] and

calculated lines
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Fig. 6.6 Viscosity of ZnO-Na,O-SiO, melts at 20 mol% ZnO: experimental points [10, 105, 313]

and calculated lines

6.2.3 Ternary Melts with Alumina(Al,O;)

Viscosities of ZnO-Al,03-SiO, melts have been measured at the compositions indicated

in Fig. 6.7 by rotational viscometer [193] and vibrational viscometer [287] methods.

This system exhibits the Charge Compensation Effect which the viscosity model takes
into account by assuming that tetrahedrally-coordinated Al which enters the silica network and is

charge-compensated by Zn is formed by the reaction:

2Al0, . + ZnO == 7ZnAl 0, (6.1)

It is further assumed that the ZnAl;, “species” have the same effect on the viscosity as two
Si atoms. The Gibbs energy of reaction (6.1) was optimized based on the experimental data [193,
287] to be:

AG yop0, = 25.5-94.5X g, ki-mol™ (6.2)
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As can be seen from Figs 6.8 to 6.10, the model reproduces well both the temperature and

the composition dependence of the viscosity within experimental error limits even though
AGZnA|204 is temperature independent. The maxima in the calculated curves near the equimolar

ZnO/Al,O3 ratio are characteristic of the Charge Compensation Effect. Such maxima are

observed in all MOy-Al,05-SiO, systems studied where M is an alkali or alkali-earth metal.

< B2 Mizoguchi et al.
o 67 Sheludyakov et al.

a

\% Fig. 6.8 and 6.9

- . Fig. 6.8and 6.9
o/ —o) \,\?ogFig. 6.8 and 6.9
\-//\ - “\\ Fig. 6.8 and 6.9
L 5 @ Fig. 6.9
o
,
&/
/
i
4 AT
Alzoa o3 ]} 07 06 0s 04 0.3 02 0.4 6 Zno
mole fraction ‘!"}é

Fig. 6.7 Compositions in the ZnO-Al,03-SiO; system at which experimental viscosity
measurements are available [193, 287] . The lines indicate four sections of this system selected to
show the viscosity as a function of composition in Figs 6.8 to 6.10
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Fig. 6.8 Viscosity of ZnO-Al,03-SiO; melts at 45, 50, 55 and 60 mol% SiO,: experimental points

[193] and calculated lines
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Fig. 6.9 Viscosity of ZnO-Al,03-SiO, melts at 40, 45, 50, 55 and 60 mol% SiO,: experimental

points [193] and calculated lines
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Fig. 6.10 Viscosity of ZnO-Al,03-SiO, melts at 5 mol% Al,Os: experimental points [193, 287]
and calculated lines

6.2.4 Multicomponent systems

6.2.4.1 ZnO-Ca0-Al,03-SiO, system

Figs 6.11 to 6.13 compare the viscosities of ZnO-CaO-Al,03-SiO, melts predicted by the
model with all available experimental data [167, 171, 222]. Fig 6.11 shows the predicted
viscosities at constant 47.1 mol% SiO, and 5.5 mol% Al,O3 along with the experimental data of
Sheludyakov et al. [167] who used a vibrational viscometer method. Their data for the ternary
Zn0-Al,05-Si0, system are slightly higher than the calculated lines as was shown in Fig. 6.10
and thus their reported viscosities of ZnO-CaO-Al,03-SiO, quaternary melts are also slightly

higher although the difference is relatively small.

Ota et al. [222] measured viscosities with additions of ZnO to the CaO-Al,03-SiO;
system using the counter-balanced sphere method. As can be seen from Fig. 6.12, the
experimental data show systematically higher values. However, their data for the ternary CaO-

Al,O3-SiO, system (left-hand edge of Fig. 6.12) also show higher values than the calculated lines,
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whereas our previous study [81] showed that our calculations for the CaO-Al,03-SiO, system are
in good agreement with the data of many other authors.

Lyamkin et al. [171], who also reported viscosities in the ZnO-Ca0O-SiO, ternary system
(Fig. 6.2), measured viscosities using a vibrational viscometer method at constant molar ratio
Al,03/Si0, = 0.505 and 0.295. As can be seen from Fig. 6.13, the experimental data are
systematically higher than the calculated lines although the difference is relatively small. Again,
these data are also higher for the CaO-Al,03-SiO, system, indicating a probable small systematic
error. The observed trend of decreasing viscosity with increasing ZnO content is well predicted
by the calculations. Overall, the viscosities predicted by the model for ZnO-CaO-Al,03-SiO,
melts are believed to be in agreement with the measurements within experimental error limits.

3
Mole fraction Si02=0.4?1, Mole fraction A|203=0.055
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2r .
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Fig. 6.11 Viscosity of ZnO-CaO-Al,03-SiO; melts at 47.1 mol% SiO; and 5.5 mol% Al,Os:
experimental points [287] and calculated lines
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Fig. 6.12 Viscosity of ZnO-CaO-Al;03-SiO, melts at 40 mol% SiO, and 10 mol% Al,Os:

experimental points [222] and calculated lines
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Fig. 6.13 Viscosity of ZnO-Ca0-Al,03-SiO, melts at molar ratios Al,03/SiO, = 0.505 and 0.295

at a constant molar ratio CaO/SiO, = 1.071: experimental points [171] and calculated lines.



125

6.2.4.2 ZnO-Ca0-Mg0O-Na,0-K;0-SiO; system

Fig. 6.14 compares the viscosities of ZnO-Ca0O-MgO-Na,O-K,0-SiO, melts predicted by
the model with the measurements of Fromberg et al. [70] who used a rotational viscometer for
melts and the fiber-elongation method for glasses. In the present study, only the viscosities
measured for the melts are considered. As can be seen from Fig. 6.14, the viscosities of the melts
are very well predicted by the model from only the unary and binary parameters. In particular, the

composition dependence predicted by the model is in good agreement with the experiments

10

Mole fraction Ca0=0.06, Mole fraction MgO=0.053
[ Mole fraction Na,0=0.137, Mole fraction K,0=0.026
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Fig. 6.14 Viscosity of ZnO-CaO-Mg0O-Na,0-K,0-SiO, melts at 6 mol% CaO, 5.3 mol% MgO,

13.7 mol% Na,O and 2.6 mol% K;O: experimental points [70] and calculated lines

6.2.4.3 ZnO-CaO-MgO-NaZO-KZO-AI203-Ti02-Si02 system

Kawamoto [121] measured the viscosity of ZnO-CaO-MgO-Na,0-K,0-Al,03-TiO,-SiO,
melts using a rotational viscometer method. As can be seen from Fig. 6.15, the viscosities of the
melts are very well predicted by the model from the unary and binary parameters. The maximum

difference of 0.4 in the natural logarithm scale is certainly within experimental error limits.
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Fig. 6.15 Viscosity of ZnO-CaO-MgO-Na,0-K,0-Al,03-TiO,-SiO, melts at 58.7 mol% SiO,,
2.75 mol% TiOy, 7.25 mol% Al,O3, 0.9 mol% Na,O and 0.1 mol% K,O and 4 mol% ZnO:
experimental points [121] and calculated lines

6.2.5 Melts used in glass technology

Lakatos et al. studied the effect of ZnO on the viscosity for melts of soda-lime-silica [151]
and lead crystal [155] glasses. These data are compared with the viscosities predicted by the
present model in Table 6.2.

Several regression equations have been proposed that fit numerous experimental data on
the viscosity of melts used in glass technology. In particular, the recent statistical model of
Fluegel [67] fits a very large amount of experimental information on melts used in glass
technology which is summarized in the SciGlass database [274]. The model provides a rigorous
estimation of errors and validity limits. It is obtained by multiple regression analysis using
polynomial functions and is most accurate in the vicinity of the commercial glass compositions
since it is calibrated based on numerous experimental data for these regions. The viscosities

calculated by this model are also given in Table 6.2.
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The model developed in the present study, on the other hand, is designed particularly for
wide-range extrapolations in composition. No experimental data for multicomponent glass melts
have been used for the calibration of our model which is based solely upon parameters obtained
by fitting data for binary and ternary systems. The experimental data for multicomponent melts
used in glass technology have not been used for the calibration of our model. It is applicable at
any composition contrary to the regression equations mentioned above which normally cannot be
extrapolated outside their validity limits. As can be seen from Table 6.2, the present model
provides a very good prediction of the variation of the viscosity with addition of ZnO to soda-
lime-silica and lead crystal melts. This prediction is no worse than calculations using the
regression equation [67] which was calibrated based on the experimental viscosity data for melts

used in glass technology.

6.3 Conclusions

To calculate the viscosity of ZnO-containing silicate melts, only 6 model parameters

related to ZnO are required. Two parameters, A, ; and E describe the viscosity of pure

Zno '

liquid ZnO; two binary parameters, E* . and EJ ., describe the viscosity of ZnO-SiO, melts;

and, finally, two more parameters represent the Gibbs energy, AG,,, , , of tetrahedrally-

coordinated Al “species” which enter the silica network and are charge-compensated by Zn. The
latter two parameters are obtained from the experimental viscosities of ZnO-Al,03-SiO, melts.
The viscosity of multicomponent melts containing ZnO is then predicted by the model without

any additional adjustable model parameters.

To test the model, all experimental viscosity data were collected for melts formed by ZnO
with SiO,, Al,03, CaO, MgO, Na,0, K,0 and PbO. The deviation of the available experimental
data from the viscosities predicted by the model does not exceed the scatter of experimental
points among different authors in all binary and ternary sub-systems of ZnO-SiO,—Al,03-CaO-
MgO-Na,0-K,0-PbO that were used to calibrate the model. In particular, the model predicts the
viscosity of multicomponent ZnO-containing soda-lime-silica and lead crystal melts with the
accuracy similar to the accuracy of the regression equations which were fitted to the experimental

data over the narrow composition ranges of these melts.
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Table 6.1 Optimized Model parameters for the viscosity expressed in Pa:s

System Model parameter Model parameters (J-mol™)
ZnO A, ,=-11 E..o =80000
Zn0-SiO;

EL . =—18677
ER . =95000

ZnO-Alzog-SiOZ

AG 0, = 25500 - 94500 X g

The model parameters for subsystems without ZnO that are used for the viscosity calculations in

the present study were optimized and reported elsewhere (see Tables 4.1, 4.2 and 5.1).
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Table 6.2 Effect of ZnO on the viscosity of soda-lime-silica and lead crystal glass melts. The

experimental data of Lakatos et al. [151, 155] are compared with viscosities calculated by

Fluegel's regression equation [67] and predicted by the present model.

Temp. SiO, | Al,O;3 | CaO | Na,O | K,O | PbO | ZnO Viscosity, In(Pa:s)
Lakatos
°c m;ss m;ss m;oss m(;)ss m;:s m;oss m;oss [151, FI[Lge?g]el i;zs::lt
° ° 155]
soda-lime-silica glass melts
1416.1 7241 | 1.23 12.17 | 14.19 0 2.30 2.42 2.75
1007.4 7241 | 1.23 12.17 | 14.19 0 6.91 7.11 7.04
1417.8 70.39 | 1.19 9.85 13.8 4,77 2.30 2.48" 2.70
1006.7 70.39 | 1.19 9.85 13.8 4,77 6.91 7.25" 7.00
14373 | 69.36 | 1.18 | 6.47 | 13.59 9.39 2.30 253 2.60
1017.2 | 69.36 | 1.18 | 6.47 | 13.59 9.39 6.91 7.31° 6.90
lead crystal glass melts

1321.0 62.1 2.9 10.8 | 235 0 3.45 3.49 3.44
1079.7 62.1 2.9 10.8 235 0 5.76 5.91 5.99
916.8 62.1 2.9 10.8 23.5 0 8.06 8.39 8.31
1333.7 61.2 2.7 10.7 | 23.1 1.8 3.45 3.39 3.37
1099.0 61.2 2.7 10.7 23.1 1.8 5.76 5.71 5.81
938.5 61.2 2.7 10.7 23.1 1.8 8.06 8.07 8.02
1268.0 54.3 1.9 134 | 27.1 2.6 3.45 3.24 3.56
1050.3 54.3 1.9 134 | 27.1 2.6 5.76 5.43 5.96
904.7 54.3 1.9 134 | 27.1 2.6 8.06 7.59 8.06
1268.2 52.8 1.7 134 | 26.6 5.2 3.45 3.197 3.49
1060.5 52.8 1.7 134 | 26.6 5.2 5.76 5.28" 5.74
916.9 52.8 1.7 134 | 26.6 5.2 8.06 7.397 7.77

" Compositions slightly outside the validity range of Fluegel's model [67].
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CHAPTER 7 MODELING VISCOSITY OF SILICATE MELTS

CONTAINING MANGANESE OXIDE

7.1 Introduction

Viscosity is one of the key properties of slags which influence the performance of
pyrometallurgical processes in many ways. Manganese is added to all commercial steels to
deoxidize it and to combine with sulfur to form globular MnS. In the blast furnace process of
ironmaking and steelmaking, the control of the viscosity of slags containing MnO is very
important for stable mass transfer at the slag/metal interface and heat transfer through the slag.
Because of these important reasons, the viscosity of slags containing MnO has been investigated

by many groups.

In the present study, viscosity data are reviewed for melts formed by MnO with SiO,,
Al,03, CaO, MgO, Na,O and K;O. A few model parameters are optimized to reproduce the
viscosities of MnO, MnO-SiO, and MnO-Al,03-SiO, melts. Then the available experimental
viscosity data for other ternary and higher-order MnO-containing systems are compared to the

viscosities calculated by the model without using any additional adjustable model parameters.

7.2 Review of the available viscosity data and calibration of the

model

In the present study, viscosity data are reviewed for all MnO-containing subsystems of the
MnO-SiO,~Al,03-Ca0-MgO-Na,0-K,0 system and using the model introduced in Chapter 4
(see Egs. (4.1)-(4.4)). The data judged to be most reliable are shown in the figures below.

The proposed model is intended for melts. The extension of the model to describe the
viscosity of glasses will be reported in Chapters 11 and 12. Therefore, the viscosity data were
collected mainly for melts above the liquidus or for slightly supercooled melts where
crystallization did not occur. These measurements were mostly made with rotational or
vibrational viscometers. Phase equilibrium calculations were carried out using the FactSage
thermochemical software and databases [14] to check that the viscosity was indeed measured in a

single-phase liquid region. If an abnormally high viscosity value was reported for a temperature
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below the liquidus, this was most likely the result of crystallization. Parameters of the model for
MnO-containing melts that were fitted to the experimental viscosity data are listed in Table 7.1.

The model parameters for melts without MnO were shown in Tables 4.1, 4.2, 5.1 and 6.1.

7.2.1 Viscosities of binary MnO-SiO, melts

Due to the extremely high melting temperature of MnQO, no viscosity measurements exist.
The system MnO-SiO;, has been investigated by several groups as shown in Fig. 7.1. The
viscosity of the MnO-SiO, system were measured using the rotating crucible method with Pt-Rh
crucibles [275, 335, 353] and Mo crucibles [187] under Ar gas atmosphere to keep the reduced
atmosphere. Rait et al. [248] measured the viscosity of the MnO-SiO, system using the
logarithmic decrement method with Mo crucibles and spindles under reducing atmosphere. As
shown in Fig. 7.1, most data points show a good agreement with the calculated lines except for
the data of Rait et al. [248]. The data of Rait et al. show higher values than other data at all
temperatures. The data were measured by the logarithmic decrement method which requires
information of the density data of the liquid sample for viscosity measurements. This can
contribute to a large error sources for the viscosity measurements. Except for the data points of

Rait et al. [248], all available viscosity data of MnO-SiO, system were used to obtain the unary
and binary parameters A, ., Eyor Exmosand Epv o - The parameter E" . was not necessary

for the MnO-SiO, system and was set equal to 0.
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Fig. 7.1 Viscosity of MnO-SiO, system compared to experimental data at 1400,1500 and 1600°C
[187, 248, 275, 335, 353]

7.2.2 Ternary Melts without Alumina(Al,O,)

The viscosities of ternary melts without Al,O3; were predicted by the model based on the

unary and binary viscosity parameters without any additional adjustable parameters.

7.2.2.1 MnO-CaO-SiO, system

Viscosities of MnO-Ca0-SiO, melts have been measured at the compositions indicated in
Fig. 7.2. Figs 7.3-7.9 show the calculated viscosity of the MnO-CaO-SiO, system compared to
experimental data measured by Segers et al. [275], Mikiashvili et al. [186], Sridhar et al. [304]
and Kawahara et al. [118] using the rotating crucible method. In Figs 7.3-7.4, the viscosities are
predicted at 30 and 40 mol% MnO. The data of Segers et al. [275] and Kawahara et al. [118]
show slightly lower values than the predicted lines. However, the temperature dependence and
the curvature trend of the data points with increasing SiO, contents show a good agreement with
the predicted lines at all temperatures. It seems that the viscosity model shows a good relation

with the all experimental data within the experimental error limits.
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In Figs 7.5-7.7, the viscosities are predicted at 40, 45 and 50 mol% SiO,. Most data points
except the data of Mikiashvili et al. [186] show good agreement with the predicted lines at all
temperatures within the experimental error limits. The data of Mikiashvili et al. [186] were most
likely measured below the liquidus. The authors reported that they observed a solid crystalline
phase during the experiment. This could contribute to the higher viscosities during the viscosity
measurements as shown in Figs 7.5-7.7. As shown in Figs 7.5-7.7, the data points show a good

linearity as a function of molar basic oxides. The assumption that In(;) of the ternary system can
be simply calculated from a linear combination of parameters A and E of the binary systems as

seen in Eqs. (4.2)-(4.3) leads to a very good representation of the experimental data.

In Figs 7.8-7.9, the viscosities are predicted for molar ratios SiO,/CaO = 1 and 1.5. As
shown Figs 7.8-7.9, the data points of Kawahara et al. [118] show slightly lower values. However,
the decreasing curvature trend of the data points with increasing MnO contents shows a quite
good relation with the predicted lines at all temperatures. Mikiashvili et al. [186] also show
higher values than other authors. The crystallization of the sample was reported during viscosity

measurement [186] and it would lead to higher apparent viscosities.

¥ 61 Mikiashvlli et al.
@ 79 Segers etal
® 81 Kahawaraetal
# 01 Sridharetal

\ ®
e

.’)’4

MnO Fig7.4 Fig.7.3 Ca0

Fig. 7.2 Compositions in the MnO-CaO-SiO, system at which experimental viscosity
measurements are available [118, 186, 275, 304]. The lines indicate seven sections of this system

selected to show the viscosity as a function of composition in Figs 7.3 to 7.9
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Fig. 7.11 Viscosity of MnO-Na,O-SiO, melts at 20 mol% MnO compared to experimental data
[10, 105]

7.2.2.2 MnO-Na,0-SiO; system

Figs 7.10 and 7.11 show the calculated viscosity of the MnO-Na,O-SiO, system
compared to experimental data measured by Ivanov et al. [105] and Artem’ev and Appen [10]
using the rotating crucible method with Pt crucibles. All data points show a reasonable relation at
all temperatures within the experimental error limits.

7.2.3 Ternary Melts with Alumina(Al,O5)

The only adjustable parameters required to model the viscosity of the ternary systems
containing AlOys are the values of AG® as shown in Egs. (3.40)-(3.43). Only the values of
AG&nAlZOA for the reaction of Eq.(7.1) were optimized in this study as shown in Table 7.1. The

other values were taken from Tables 4.1, 4.2, 5.1 and 6.1, and used to predict the viscosity of

multi-component systems containing alumina.
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2Al0, . + MnO = MnAl0, (7.1)

Figs 7.13-7.21 show the calculated viscosity of the MnO-Al,03-SiO, system compared to
experimental data [118, 143, 187, 335]. Mikiashvili et al. [187], Urbain et al. [335] and Kawahara
et al. [118], who also measured the system MnO-SiO,, measured the viscosity using the rotating
crucible method with Mo [187] and Pt-Rh crucibles [118, 335]. Kou et al. [143] measured
viscosities of the MnO-Al,O3-SiO, system using the rotating crucible method with Pt-Rh
crucibles. The calculated viscosity is compared to the experimental data as shown in Figs 7.13-
7.21. Several data points can be identified that were measured below the liquidus temperature and
consequently show abnormally high viscosities. Except for those data points, the calculated lines

show an excellent relation with most of the data points at all temperatures even though the

optimized parameters of AG&nA,ZOA have no temperature dependence.

In Figs 7.13-7.17, the viscosities are predicted at 30, 40, 50, 60 and 76 mol% SiO,. Most
data points except for the data of Mikiashvili et al. [187] show a good agreement with the
predicted lines at all temperatures within the experimental error limits. As shown in Figs 7.13-
7.15, the data points of Mikiashvili et al. [187] in the MnO-Al,O3-SiO; system show a narrower
temperature dependence than other data. Their data, as shown in Fig. 7.1, also show narrower

temperature dependence in the MnO-SiO, system, indicating a systematic experimental error.

In Fig.7.18, the viscosity is predicted at the molar ratio of Al,03/MnO = 1. All data points
show a good agreement with the predicted lines at all temperatures. In Figs 7.19-7.21, the
viscosity is predicted at 10, 20 and 30 mol% Al,O3. Again, the data points of Mikiashvili et
al.[187] show a narrower temperature dependence than other data. Some of the data points of
Mikiashvili et al. [187] show abnormally higher viscosities which could be due to partial
crystallization of the samples.
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7.2.4 Multicomponent systems

The viscosity of multicomponent systems is predicted by the model from the unary,
binary and ternary parameters given from Tables 4.1, 4.2, 5.1, 6.1 and 7.1 with no additional
parameters. Several data points can be identified that were measured below the liquidus

temperature and consequently show abnormally high viscosities.

7.2.4.1 MnO-CaO-Al,03-SiO, system

Figs 7.22 and 7.23 compare the viscosities of MnO-CaO-Al,03-SiO, melts predicted by
the model with all available experimental data [34, 317]. Fig. 7.22 shows the predicted viscosities
at 6 wt% Al,O3 with the molar ratio CaO/SiO, = 0.64 along with the experimental data of Tanabe
et al. [317] who used a rotational viscometer. Most of the data show a good agreement with the
lines calculated by the model. It seems that the observed trend of decreasing viscosity with
increasing MnO content is well predicted by the model within the experimental error limits.
Chubinidze and Kekelidze [34] measured the viscosities of MnO-CaO-Al,03-SiO, melts at
40wt% SiO, and 10wt% Al,O3 using a vibration viscometer with Mo crucibles. The measured
data points show a good agreement with the calculated lines in the temperature range of 1500 to
1700°C while the data points measured below 1400°C are slightly higher, although the difference
is fairly small. The data points show a somewhat different temperature dependence from that of
the model. It seems that viscosity data from 1400°C deviate from Arrhenian temperature
dependence of Eg.(4.1) and indicate non-Arrhenian temperature dependence with decreasing
temperatures. It should be noted that the present model is developed using an Arrhenian relation
in Eg.(4.1) and the extension of the model for the viscosity of glasses showing non-Arrhenian

temperature dependence will be discussed in Chapters 11 and 12.
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7.2.4.2 MnO-Ca0O-MgO-Al,03-SiO; system

Figs 7.24 and 7.25 compare the viscosities of MnO-CaO-MgO-Al,03-SiO, melts
predicted by the model with available experimental data [278, 346]. Fig. 7.24 shows the predicted
viscosities compared with the experimental data of Semik [278] who used a rotational viscometer.
The measured data points show a good agreement with the calculated lines in the temperature
range of 1500 to 1600°C while the data points measured below 1400°C are slightly higher,
although the difference is fairly small. Again, the data points show somewhat different
temperature dependence from that of the model. It seems that viscosity data from 1400°C deviate
from an Arrhenian temperature dependence of Eq.(4.1) and indicate non-Arrhenian temperature
dependence with decreasing temperatures. It should be noted that the present model is developed
using an Arrhenian relation in Eq.(4.1) and the extension of the model for viscosity of glasses

showing non-Arrhenian temperature dependence will be reported in Chapters 11 and 12.

Vulchev and Tororov, who also measured the viscosities in the CaO-MgO-Al,03-SiO,
melts, measured viscosities using a rotational viscometer with the addition of MnO. As can be
seen in Fig. 7.25, the experimental data in the temperature range of 1350 to 1550°C are
systematically higher than the calculated lines in the MnO-CaO-MgO-Al,03-SiO, melts although
the difference is fairly small. Their data points measured in the CaO-MgO-Al,03-SiO, melts also
show systematically higher viscosities than the calculated lines by the model, indicating a most
probably systematic experimental error. However, the observed trend of decreasing viscosity with
the addition of MnO is well predicted by the calculations. Overall, the viscosities predicted by the
model for MnO-CaO-MgO-Al,O03-SiO, melts are believed to be in agreement with the

measurements within experimental error limits.
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Fig. 7.25 Viscosity of MnO-CaO-MgO-Al,03-SiO; melts in the section of (34 mol% SiO,, 10
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7.2.4.3 MnO-K,0-CaO-Al,03-SiO, system

The viscosities of MnO-K,0-Ca0O-Al,0;-SiO, melts were measured only by Rudneva et
al. [257] who used an electrical viscometer. As can be seen in Fig. 7.26, the observed trend in
viscosity of the data points is quite well predicted by the model, although some of the data points
show an abnormal increasing trend with decreasing SiO, contents. Since there is no obvious
physical reason for such behavior, it is most likely caused from partial crystallization of the
sample during the experiments. As mentioned in the section 2.3.1, the sample containing low
SiO, contents is hard to keep the glassy state [285] due to the strong crystallization trend of the
sample.
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Fig. 7.26 Viscosity of MnO-K,0-Ca0-Al,03-SiO, melts in the section of (2.1 mol% SiO,, 1
mol% CaO, 0.66 mol% K,0, 96.23 mol% MnO) to (50.85 mol% SiO,, 5 mol% Al,O3, 25.73
mol% Ca0, 18.41 mol% K,0) with a molar ratio CaO/SiO, = 0.506: experimental points [257]
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7.2.4.4 MnO-Na,0-K,0-Ca0-Al,03-SiO; system

Fig. 7.27 compares the viscosities of MnO-Na,0-K,0-Ca0-Al,03-SiO, melts predicted
by the model with the measurements of Tkach et al. [322]. Considering the expanded scale of the
y-axis, it seems that the data points of Tkach et al. [322] at all temperatures show an excellent
agreement with the lines predicted by the model using only a few unary, binary and ternary
parameters.
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Fig. 7.27 Viscosity of MnO-Na,0-K;0-Ca0-Al,03-SiO, melts at 10 wt% Al,03, 12.8 wt% CaO,
17.5 wt% MnO, 2.5 wt% K,0 and 4.2 wt% MgO compared to experimental data [322]

7.3 Conclusions

To calculate the viscosity of MnO-containing silicate melts, only 6 model parameters

related to MnO are required. Two parameters, A, , and g, describe the viscosity of pure

liguid MnO; two binary parameters, EX  _ and ER describe the viscosity of MnO-SiO,

MnO-Si MnO-Si ’

melts; and, finally, two more parameters represent the Gibbs energy, AG,,,,, o, » Of tetrahedrally-
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coordinated Al “species” which enter the silica network and are charge-compensated by Mn. The
latter two parameters are obtained from the experimental viscosities of MnO-Al,03-SiO, melts.
The viscosity of multicomponent melts containing MnO is then predicted by the model without
any additional adjustable model parameters.

To test the model, all experimental viscosity data were collected for melts formed by
MnO with SiO,, Al,0O3, CaO, MgO, Na,0O and K,O. The deviation of the available experimental
data from the viscosities predicted by the model does not exceed the scatter of experimental
points among different authors in all binary and ternary sub-systems of MnO-SiO,—Al,03;—-CaO-
MgO-Na,0-K,0 that were used to calibrate the model. Overall, model parameters have been
obtained which permit MnO to be added to the database and which permit the accurate prediction

of the viscosity of multicomponent MnO-containing melts.

Table 7.1 Optimized Model parameters for the viscosity expressed in Pa:s

System Model parameter Model parameters (J-mol™)
MnO Ao =-9 Eyno = 44040
MnO-SiO; Ernos =—50000

ER . =81000

MnO-Al;03-SiO; AGyyar,0, =14500-94500 X g6,

The model parameters for subsystems without MnO that are used for the viscosity calculations in

the present study were optimized and reported elsewhere (see Tables 4.1, 4.2 ,5.1 and 6.1).
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CHAPTER 8 MODELING VISCOSITY OF SILICATE MELTS

CONTAINING TITANIUM OXIDES

8.1 Introduction

In the blast furnace processing of titaniferrous iron ore, the control of the viscosity of
slags containing TiOy is very important to avoid a lack of fluidity which causes shutdown of an
arc furnace. Titanium is also added to many grade steels as an alloying element to improve
mechanical properties via grain refinement [72]. However, titanium is very reactive with oxygen
and the formed TiO, causes nozzle clogging [123]. Thus, control of the viscosity of slags
containing TiOy is a key factor for stable mass transfer at the slag/metal interface to prevent
nozzle clogging; and also to improve heat transfer through the slag and the lifetime of refractory
materials. Because of these important reasons, the viscosity of slags containing TiOy has been

investigated by many groups.

In the present study, viscosity data are reviewed for melts formed by TiO, and Ti,O3 with
Si0O,, Al,O3, CaO, MgO, Na,0, K,O and MnO. A few model parameters are optimized to
reproduce the viscosities of pure TiO;, TiyOs, TiO,-SiO; and Ti,03-SiO, melts. Then the
available experimental viscosity data for other ternary and higher-order TiOy-containing systems
are compared to the viscosities calculated by the model without using any additional adjustable

model parameters.

8.2 Review of the available viscosity data and calibration of the

model

In the present study, viscosity data are reviewed for all TiO4-containing subsystems of the
Ti0,—MnO-SiO,~Al,03-Ca0-MgO-Na,0-K,0-PbO system and using the model introduced in
Chapter 4. (See Egs. (4.1)-(4.4)) The data judged to be most reliable are shown in the figures

below.

The proposed model is intended for melts. The extension of the model to describe the
viscosity of glasses will be reported in Chapters 11 and 12. Therefore, the viscosity data were

collected mainly for melts above the liquidus or for slightly supercooled melts where
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crystallization did not occur. These measurements were mostly made with rotational or
vibrational viscometers. Phase equilibrium calculations were carried out using the FactSage
thermochemical software and databases [14] to check that the viscosity was indeed measured in a
single-phase liquid region. If an abnormally high viscosity value was reported for a temperature
below the liquidus, this was most likely the result of crystallization. Parameters of the model for
TiOy-containing melts that were fitted to the experimental viscosity data are listed in Table 8.1.

The model parameters for melts without TiO, were shown in Tables 4.1, 4.2, 5.1, 6.1 and 7.1.

8.2.1 Viscosities of unary TiO, melts
All optimized model parameters are listed in Table 8.1.

No viscosity data for pure Ti,O3 were available. The viscosity of pure TiO, was measured
by Mitin and Nagibin [191] in the temperature range 1850 to 2350°C using a damped torsional
vibration method with Mo crucibles under Ar gas atmosphere. As shown in Fig. 8.1, the
calculated line shows a slightly different slope from that of the experimental data. The melting
point of TiO, is very high (approximately 1857°C) [14]. Under Ar gas atmosphere at such a high
temperature, pure TiO, might be expected to dissociate to Ti,Os. There is no information about
the impurity of purified Ar gas used in the experiment. It is known that the purified Ar gas used
in the experiment approximately contains 10 vol% of the O, gas as the impurity. [319] We tried

to calculate how much Ti;O3 can be formed from pure TiO, under P, . = 10" atm using the

FactSage thermochemical software and database [14]. At 1850°C, the amount of Ti,O3 formed is
approximately 0.013 mol%. On the other hand, at 2350°C, the amount of Ti,O3 formed is
approximately 21.39 mol%. Thus, the dissociation of pure TiO, to Ti,O3 could be considerably
occurred at higher temperatures. Thus, this dissociation of TiO, could give some effects on the
change of viscosity. Because of lack of information for the impurity of Ar gas used by Mitin and
Nagibin [191], these data were not considered for the optimization of unary Ti,Os; system.
Because of the high temperatures, the authors used an optical pyrometer to measure the
temperature. There is an inherent weakness of non-contact temperature measurement such as the
optical pyrometer because of gas or fume formed from the sample during the experiment which
prevents reading the accurate emissivity of the surface of the sample from the optical pyrometer.
Furthermore, the prediction of binary and ternary systems containing TiO, measured at low

temperatures would be very sensitive to the extrapolation of the data points for unary TiO, to low
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temperatures. Thus, as shown in Section 8.2.2, the unary parameters of TiO, were carefully
optimized by considering the data of unary TiO, and binary TiO,-K,0 and TiO,-MnO systems.
As shown in Figs 8.1, 8.3 and 8.4, the lines calculated by the model seems to be in good

agreement with all data points within experimental error limits.

2500°c 2300°C  2100°C 1900°C 1700°C
0 T T T I
Ak
2k A_=T75E__=90000J/mol
7} @
8
9
=
= @
4k
SE ——Calculated
® 71 Mitin and Nagibin
-6 M 1 M 1 M 1 M
3.5 4.0 4.5 5.0 55
10T(K")

Fig. 8.1 Viscosity of pure liquid TiO, melts: experimental points [191] and calculated line

8.2.2 Viscosities of binary TiO,-SiO, and TiO,-MO, (M = K and
Mn) melts

Figs 8.2-8.4 show the calculated viscosities of binary systems of TiO,-SiO, and TiO,-
MOy (M = K and Mn) along with the experimental data of Leko et al. [160], Van Bemst and
Delaunois [338] and Yagi et al. [353]. No data for binary systems containing Ti,O3 were

available.

As shown in Fig. 8.2, the only available viscosity data for the binary TiO,-SiO, system
were measured by Leko et al. [160]using the beam-bending method at compositions rich in SiOs.
However, their data show abnormally higher viscosities than the viscosities calculated by the

model and even higher than those of unary SiO; at all temperatures. The model showed an
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excellent agreement with the experimental data of unary SiO, as shown in Fig. 3.6 [82]. Thus, the
data points of Leko et al. [160] were not considered for the optimization of binary parameters. In
the present study, all available ternary systems containing TiO, were considered for the
optimization of binary parameters of the system TiO,-SiO,. In the case of the Ti,03-SiO; binary
system, there are no available data. The binary Ti,O3-SiO, system was optimized from the higher

order systems as shown later.

In Fig. 8.3, the viscosity is predicted by the model from the linear combination of the
model parameters for each unary basic oxide TiO, and KOg s comparing the data points measured
by Van Bemst and Delaunois [338] using the rotating crucible method with iron [338] under Ar
gas atmosphere. As can be seen in Fig. 8.3, the model shows an excellent agreement with most
data except for two data points showing abnormally high viscosities which could have been
measured in the sub-liquidus region with partial crystallization of the sample during the

experiment.

In Fig. 8.4, the viscosity is predicted by the model from the linear combination of the
unary model parameters for TiO, and MnO comparing the data points measured by Yagi et
al.[353] using the rotating crucible method with Pt-Rh crucibles under air atmosphere [353]. As
can be seen in Fig. 8.4, the model is in good agreement with all data points at all temperatures.
Again, as shown in Figs 8.3-8.4, it seems that the assumption that the viscosity of binary basic

oxides MO,-NO, where MO, and NOy, are basic oxides can be predicted from a linear
combination of parameters A and E of the unary basic oxides as seen in Eqgs. (4.2)-(4.3) leads

to a very good representation of the experimental data.
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Fig. 8.2 Viscosity of TiO,-SiO, melts: experimental points [160] and calculated line

900 1000 1100 1150°C
A vV X 66 Van Bemst and Delaunois

[ Mole fraction of Si0,=0

In 7 [Pa-s]

Calculated

00 01 02 03 04 05 06 07 08 09 1.0
Molar ratio TiO,/(TiO,+KO )

Fig. 8.3 Viscosity of TiO,-K,0 melts: experimental points [338] and calculated line
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Fig. 8.4 Viscosity of TiO,-MnO melts: experimental points [353] and calculated line

8.2.3 Ternary and Higher order Melts

There are no available viscosity data between Ti,O3 and MOy (M = Basic oxides except
for Al). Furthermore, the viscosity data in ternary and higher-order silicates containing TiO, and
Al;O3 can be reproduced by the model without introducing the Charge Compenstaion Effect.

I** cation cannot be compensated by Ti*" cations, most likely

Therefore, it seems that the A
because the Ti ion has a higher charge than other cations such as M* or M?*. Thus, in the present
study, only the Charge Compensation Effect between Al,O3; and MOy was considered. The
viscosities of ternary and higher-order melts containing TiO, or Ti,O3 were predicted by the
model based on the unary and binary viscosity parameters given from Tables 4.1, 5.1, 5.2, 6.1,

7.1 and 8.1 without any additional adjustable parameters.

8.2.3.1 TiO,-CaO-SiO, system

The viscosities of the ternary systems without AlO;s5 were calculated by linear

combination of the binary viscosity parameters according to Egs. (4.2)-(4.3) with no additional
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parameters. Therefore, the binary viscosity parameters of the system TiOy-SiO, were optimized

from these ternary systems.

Figs 8.6-8.9 show the calculated viscosities of the TiO,-CaO-SiO, system compared to
experimental data measured by Schenck and Frohberg [272], Dingwell [42], Yasukouchi et al.
[357] and Nakamura and Morinaga [202] using the rotating crucible method with Pt-Rh [202,
286, 357] and carbon crucibles [272] under air [202, 286, 357] and CO gas atmosphere [272].
Under the experimental conditions of Schenck and Frohberg [272], the dissociation of TiO; to

Ti,O3 in liquid slag can be expected as shown in the reaction (8.1):

2TIOZ (I)in Slag + C(S) ﬁ Tizos(l)in Slag + Co(g) (81)
K(S.l) = exp(_AG(Sl) j _ aTiZZOS(I)PCO(g) (8'2)
RT aTiOz U] aC(s)

where arg ), ario ) and ac are activities of TiO,, Ti,O5 in liquid slag and solid

Ti, 04

carbon respectively. P, is the partial pressure of CO gas in the experiment.

Using the FactSage thermochemical software and database [14], we are able to calculate
the thermodynamic properties for a system under given experimental conditions. However, the
present thermodynamic database [14] has not been fully optimized for the system CaO-SiO,-TiOy,
and thus is not able to calculate accurately the thermodynamic properties of the CaO-SiO,-TiO;

system.

As shown in Eq.(8.2), the dissociation of TiO, to Ti,O3 in liquid slag with carbon

crucibles, a.,, =1, is mainly dependent on the partial pressure of CO gas P, . The activity of

Ti,O3 increases with decreasing P, However, under the given experimental conditions,

0@ *

Peog 18 1 atm, and this would minimize the increase of a, , , ata given composition during the

experiment. However, we still have a possibility of dissociation of TiO, to Ti,O3 in liquid slag
and the reaction (8.1) to form CO gas in the sample with dissociation of TiO, liquid. Thus,
Schenck and Frohberg [272] carefully carried out experiments to look for the existence of gas

formation from the sample during the experiment. They pointed out that there was no observation
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of gas formation during the experiments except for two points indicated as ‘CO gas formed’ as
shown in Fig. 8.9.

In Figs 8.7 and 8.8, the data points measured in the TiO,-CaO-SiO, system by Schenck
and Frohberg [272] who also measured the CaO-SiO, binary system are systematically higher
than the calculated lines at all temperatures, although the differences are fairly small. It was
shown that the calculated lines for the CaO-SiO; system were in a good agreement with many
other authors as shown in Fig. 3.8 [82]. Some data showing abnormal high viscosities appear to
have been measured at low temperatures under partial crystallization of the sample during the
experiment. However, the observed trend of decreasing viscosity with increasing TiO, content is
in a good agreement with the calculations. The data points of Dingwell [42] show more sharply
decreasing trends with the addition of TiO; than the data reported by Schenck and Frohberg [272]
as shown in Fig. 8.7. This discrepancy between two authors [42, 272] is not clear. When
comparing the data of unary TiO, measured by Mitin and Nagibin [191], however, the
extrapolated viscosities of Dingwell [42] at 1600°C up to unary TiO, are almost same as that of
the data of Mitin and Nagibin [191] at 2300°C. Thus, the extrapolated viscosity from the data of
Dingwell [42] show much lower values than the viscosity data of Mitin and Nagibin [191]. See
Figs 8.1 and 8.7. It should be noted that the unary parameters of TiO, were carefully optimized
with consideration of the data of unary TiO, and binary TiO,-K,0 and TiO,-MnO systems as
shown in Figs 8.1, 8.3 and 8.4.

In Fig. 8.9, the observed trends of the viscosity data of Schenck and Frohberg[272] show
good agreement with the lines calculated by the model except for two points indicated as ‘CO gas
formed’. Schenck and Frohberg [272]reported that they observed the formation of CO gas in the
melt during the viscosity measurement at these points. Thus, as shown in the reaction (8.1), the
dissociation of TiO, to Ti,O3 with CO gas formation in the sample would cause viscosity to

decrease.
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Fig. 8.5 Compositions in the TiO,-CaO-SiO, system at which experimental viscosity

measurements are available [42, 202, 272, 357]. The lines indicate four sections of this system

selected to show the viscosity as a function of composition in Figs 8.6 to 8.9
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Fig. 8.6 Viscosity of TiO,-CaO-SiO, melts for a molar ratio CaO/SiO, = 0.7179 compared to

experimental data [272]
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Fig. 8.7 Viscosity of TiO,-CaO-SiO, melts for a molar ratio CaO/SiO, = 1 compared to
experimental data [42, 272]
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Fig. 8.8 Viscosity of TiO,-CaO-SiO, melts for a molar ratio CaO/SiO, = 1.307 compared to
experimental data [272]
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Fig. 8.9 Viscosity of TiO,-CaO-SiO, melts in the section of (76.18 mol% TiO,, 23.82 mol%
Ca0) to (80.96 mol% TiO,, 19.04 mol% CaO) compared to experimental data [272]

8.2.3.2 TiO,-Na,0O-SiO;, system

Figs 8.11-8.15 show the calculated viscosity of the TiO,-Na,O-SiO, system compared to
experimental data reported by Dingwell[42], Bouhifd et al. [3], Nakamura and Morinaga [202],
Evstrop'ev et al. [64] and Liska et al. [167] using the rotating crucible method with Pt-Rh or Pt
crucibles under air atmosphere. In Fig. 8.11, some of the data points of Liska et al. [167] show
higher viscosities which were most likely would be measured with partial crystallization during
the experiment. However, most of data points show an excellent relation with the lines calculated
by the model at all temperatures. The data points on the section with molar ratio Na,O/TiO,= 1
in Fig. 8.12 show slightly lower viscosities than the calculated lines although the difference is

fairly small.

In Fig. 8.13, the data points measured by Dingwell [42]who also measured the system of
Ti0,-Ca0-Si0O,, show a sharp decreasing trend compared to the lines calculated by the model.
Again, as also shown in Fig. 8.7, the extrapolated viscosity from the data of Dingwell [42] up to

pure TiO, show much lower viscosities than the viscosity data of Mitin and Nagibin [191] at the
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same temperatures. Figure 8.14 compares the calculated lines with the experimental data
measured by three different authors who used the same experimental method [3, 42, 167]. The
decreasing trend of the data points with increasing TiO, is sharper than the lines calculated by the
model. This difference is mainly a result of the model parameters of pure TiO,. The viscosity of
binary basic oxides MO,—NOy where MO, and NOy are basic oxides, is predicted by the model
from a linear combination of the model parameters of each basic oxide as shown in Egs. (4.2) and
(4.3) and this approach gave quite good results as shown in Figs 8.3 and 8.4. Again, the trend of
the data points in Fig. 8.14 would result in much lower viscosities in the binary TiO,-Na,O
system and this would result in inconsistent viscosities for pure TiO, as compared to other
authors [191, 338, 353] as discussed in Figs 8.1, 8.3 and 8.4. Figure 8.15 shows the predicted
viscosities at constant 33.3 mol% Na,O along with the experimental data of Evstrop'ev et al. [64]
who also measured the binary Na,O-SiO, system. As can be seen in Fig. 8.15, the experimental
data are systematically lower than the calculated lines. Their data in the binary Na,O-SiO; system
are also lower by about 2 in the natural logarithm scale at all temperatures, whereas our previous
study as shown in Fig. 4.1 showed that our calculated lines for the system Na,O-SiO, are in good
agreement with the data of many other authors. The observed trend of decreasing viscosity with

increasing of TiO, content, however, is well predicted by the calculations.
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Fig. 8.11 Viscosity of TiO,-Na,O-SiO, melts at 76 mol% SiO, compared to experimental data
[167]
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experimental data [42]
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8.2.3.3 Ti0O,-K,0-SiO; system

Figs 8.17-8.21 show the calculated viscosity of the TiO,-K,0-SiO, system compared to
the experimental data reported by Nakamura and Morinaga [202], Bouhifd et al. [3] and Van
Bemst and Delaunois [338] using the rotating crucible method with iron [338] or Pt-Rh crucibles
[3, 202] under air [3, 202] or Ar [338] atmosphere.

In Figs 8.17-8.19, the viscosities are predicted at 33, 40 and 50 mol% K;O. Most data
points measured by Van Bemst and Delaunois [338] (except several points indicated as ‘sub-
liquid’) show good agreement with the lines calculated by the model. These exceptional data
points could have been measured in the sub-liquidus regions with partial crystallization of the
sample during the experiments. In Fig. 8.19, the data points of Van Bemst and Delaunois [338],
who also measured the binary K,O-SiO, system, show systematically higher viscosities than the
lines calculated by the model at the K,O-rich side. Their data are also higher for the K,O-SiO,
system, indicating most probably a systematic experimental error, whereas our previous study as
shown in Fig. 4.2 showed that our calculated lines for the system K,O-SiO, are in good
agreement with the data of many other authors. As shown in Fig. 8.20, all data points of authors
[3, 202, 338] at all temperatures show an excellent agreement with the lines calculated by the
model. Overall, the viscosities predicted by the model for TiO,-K,0-SiO, melts are believed to
be in agreement with measurements.
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Fig. 8.18 Viscosity of TiO,-K,0-SiO, melts at 40 mol% K,O compared to experimental data
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Fig. 8.19 Viscosity of TiO,-K,0-SiO, melts at 50 mol% K,O compared to experimental data
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Fig. 8.20 Viscosity of TiO,-K,0-SiO, melts for a molar ratio K,O/TiO, = 1 compared to
experimental data [3, 202, 338]

8.2.3.4 TiO,-MnO-SiO; system

Figs 8.22-8.24 show the calculated viscosity of TiO,-MnO-SiO, system compared to the
experimental data measured by Yagi et al. [353] using the rotating crucible method with Pt-Rh
crucibles under air atmospheres [353]. As can be seen from Figs 8.22-8.24, the viscosities are
predicted at 50, 60 and 70 mol% MnO. Considering the expanded scale of the y-axis, most data
points show a good agreement within experimental error limits with the lines calculated by the

model using only a few unary and binary parameters.
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Fig. 8.21 Compositions in the TiO,-MnO-SiO, system at which experimental viscosity
measurements are available [353]. The lines indicate four sections of this system selected to show
the viscosity as a function of composition in Figs 8.22 to 8.24
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Fig. 8.22 Viscosity of TiO,-MnO-SiO, melts at 50 mol% MnO compared to experimental data
[353]
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Fig. 8.23 Viscosity of TiO,-MnO-SiO, melts at 60 mol% MnO compared to experimental data
[353]
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Fig. 8.24 Viscosity of TiO,-MnO-SiO, melts at 70 mol% MnO compared to experimental data
[353]
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8.2.3.5 TiO,-K,0-Na,0O-SiO, and TiO,-Al,03-Na,O-SiO, systems

Figs 8.25 and 8.26 show the calculated viscosities compared to the data points measured
in the TiO,-K,0-Na,0-SiO, and TiO,-Al,03-Na,O-SiO, melts by Evstrop'ev et al. [64], who also
measured the TiO,-Na,O-SiO, system, indicating systematically lower viscosities than the lines
predicted by the model. Their data points, as shown in Fig. 8.15, are also systematically lower for
the Na,O-SiO, and TiO,-Na,O-SiO; systems, indicating most probably a systematic experimental
error. However, the observed trend of the viscosity data shown in Figs 8.25 and 8.26 is well
predicted by the calculations.
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Fig. 8.25 Viscosity of TiO,-K;0-Na,O-SiO, melts at 50 mol% SiO; and 16.7 mol% TiO,
compared to experimental data [64]
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Fig. 8.26 Viscosity of TiO,-Al,03-Na,O-SiO, melts at 33.3 mol% Na,O and 16.7 mol% TiO,

compared to experimental data [64]

8.2.3.6 TiO,-Ca0-MgO-Al,03 -SiO, system

Blast furnace final slag is made from the meltdown of sinter, lump, coke and flux at high
temperature, and can be considered approximately as a mixture of the five oxides, TiO,, CaO,
MgO, Al,O3; and SiO,. The effect of TiO, on blast furnace slags has been studied by many
authors [18, 58, 188, 277, 364].

Semik[277] measured viscosities of TiO,-CaO-MgO-Al,03-SiO, melts at constant Al,Os,
MgO and CaO contents using the rotating crucible method with carbon crucibles under CO+N,
gas atmosphere as shown in Figs 8.27 and 8.28. Some points indicated as ‘Sub-Liquid’ show
abnormally high viscosities which most likely were measured in the sub-liquidus region with
partial crystallization of the sample during the experiments, whereas most points show an
excellent agreement with the lines calculated by the model. The observed trend of increasing
viscosity with increasing SiO, contents is well predicted by the calculations. In Fig. 8.29, the

viscosities predicted by the model compare well with the data points measured by Semik [277]
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and Benesch et al. [18] who used the rotating crucible method with graphite crucibles. The
agreement is well within experimental error limits.

Endell and Brinkmann [58] measured viscosities with additions of TiO, to CaO-MgO-
Al;03-Si0, melts using the counter-balanced method with Pt crucibles. As can be seen from Fig.
8.30, the experimental data show systematically higher viscosities although the difference is
fairly small. These data are also higher for the CaO-MgO-Al,O3-SiO, system, indicating a small
systematic error. However, the observed trend of decreasing viscosity with increasing TiO,
content is quite well predicted by the model.

In Fig. 8.31, the viscosities are calculated at 8.9 mol% Al,O3, 20 mol% MgO and 10
mol% TiO, along with the experimental data of Zhilo et al. [364] and Miller and Babushkin [188]
who measured viscosities using the rotating crucible method with Mo crucibles[364] and carbon
crucibles [188]. As can be seen from Fig. 8.31, the data of Miller and Babushkin [188] show
higher viscosities than the calculated lines although the difference is within experimental error
limits. The scatter of experimental data measured by Zhilo et al. [364] seems to be as high as 1.0
in the natural logarithm scale. Overall, the viscosities predicted by the model for TiO,-CaO-
MgO-Al,03-SiO, melts are believed to be in agreement with the measurements within

experimental error limits.
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Fig. 8.27 Viscosity of TiO,-CaO-MgO-Al,03-SiO, melts at 17 wt% Al,03, 8 wt% MgO and 20
wt% CaO compared to experimental data [277]
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Fig. 8.28 Viscosity of TiO,-CaO-MgO-Al,03-SiO, melts at 17 wt% Al,03, 8 wt% MgO and 25
wt% CaO compared to experimental data [277]
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Fig. 8.29 Viscosity of TiO,-CaO-MgO-Al,03-SiO, melts for a weight ratio CaO/SiO, = 1.2 and
Al;03/MgO = 2 compared to experimental data [18, 277]
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Fig. 8.30 Viscosity of TiO,-CaO-MgO-Al,03-SiO, melts at 10.1 mol% Al,O3, 30.6 mol% CaO
and 7.1 mo% MgO compared to experimental data [58]
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Fig. 8.31 Viscosity of TiO,-CaO-MgO-Al,03-SiO, melts at 8.9 mol% Al,03, 20 mol% MgO and
10 mo% TiO, compared to experimental data [188, 364]
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8.2.3.7 TiO, and Ti,0O3 containing system

The model parameters of unary TiO;5 and binary TiO;5-SiO, system were optimized
using data from mulcomponent systems containing both TiO, and Ti,O3 with the assumption that
the model parameters of unary TiO;5 and the binary TiO;5-SiO, system would be similar to
those of TiO, and the TiO,-SiO, system, since no available data exist for binary and ternary

systems. The model parameters are listed in Table 8.1.

Figs 8.32-8.34 compares the viscosities of the systems containing both TiO, and Ti,O3
with the experimental data of Handfield et al. [87], Morozov et al. [195] and Karyazin et al. [116].
Handfield et al. [87] measured viscosities with additions of Ti,O3 to the CaO-Al,03-MgO-MnO-
K,O-TiO,-SiO, system using the rotating crucible method with Mo crucibles under Ar gas
atmosphere as shown in Fig. 8.32. The observed trend of data points is well predicted by the

model at all temperatures.

Morozov et al. [195] measured viscosities for CaO-Al,03-MgO-MnO-TiO,-Ti,03-SiO,
melts at 1500 and 1550°C using the rotating crucible method. As shown in Fig. 8.33, the
observed trend of the data shows a fairly good agreement with the calculated lines although the
data points measured at 1500°C show somewhat higher viscosities. This difference is believed to

be within experimental error limits.

Karyazin et al. [116]measured viscosities for the system of Al,03-MgO-MnO- -TiO,-
Ti,03-Si0O; melts in the temperature range of 1550 to 1650°C using the rotating crucible method.
As can be seen from Fig. 8.34, the model shows a fairly good agreement with the data points
measured at 1650°C although the scatter of the data points seems to be slightly more than 1.0 in
the natural logarithm scale. On the other hand, several data points measured at 1600°C show
abnormally high viscosities compared with the calculated lines. In this case, the sample
containing very low SiO, contents (4.5 mol%) would strongly promote partial crystallization of
the sample during the experiment with decreasing temperatures. Overall, the optimized unary and
binary parameters for unary TiO;5 and binary TiO;5-SiO, system result in good reproducibility
within experimental error limits for the viscosities of multicomponent systems containing both
TiO; and Ti,0s.
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Fig. 8.32 Viscosity of CaO-Al,03-MgO-MnO-K,0-TiO,-Ti,03-SiO, melts in the section of
(35.25Si0,-35.25Ca0-25.4Mg0-2Al,03-0.3Mn0-0.8Ti0,-1K,0) to (95.9Ti,03-2Al1,05-
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Fig. 8.33 Viscosity of CaO-Al,03-MgO-MnO-TiO,-Ti203-SiO, melts at 11.64 mol% TiO,, 14.28
mol% SiO,, 2.3 mol% CaO, 2.1 mol% MgO and 1.2 mol% MnO compared to experimental data
[195]
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Fig. 8.34 Viscosity of Al,03-MgO-MnO-TiO,-Ti,03-SiO, melts at 3.5 mol% Al,03, 4.5 mol%
Si0O;, 5.6 mol% MgO and 1.3 mol% MnO compared to experimental data [116]

8.3 Conclusions

To calculate the viscosity of TiOx-containing silicate melts, only eight model parameters

related to TiOx are required. Four parameters, Ay, , Ao . E;, and E,, describe the

viscosity of pure liquid TiO, and TiOys; four binary parameters, gt

, ER Lo and

Tio,-Si ' ETiOLS—Si

Efo,, s describe the viscosity of TiO,-SiO, and TiO;5-SiO, melts. No viscosity data were
available to account for the Charge Compensation Effect among TiOy, Al,03 and MOy (TiO,-
Al,O3 and Ti,03-MOy), where M is a basic oxide, and thus no model parameters were applied for
the Charge Compensation Effect. The viscosity of multicomponent melts containing TiO, and

Ti,03 is then predicted by the model without any additional adjustable model parameters.

To optimize the model parameters using the model, all experimental viscosity data were
collected for melts formed by TiO, and Ti,O3 with SiO,, Al,O3;, CaO, MgO, Na,0, K,0 and
MnO. From a critical review of all available experimental data, the addition of TiO; or Ti,Os is

believed, as is the case for other basic oxides, to give negative effects on viscosity in the melt.
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The deviation of the available experimental data from the viscosities predicted by the model does
not exceed the scatter of experimental points among different authors and the experimental error
limits in all sub-systems of SiO,~Al,0;—Ca0-MgO-Na,0-K;0-TiOx-MnO that were used to
calibrate the model. Overall, model parameters have been obtained which permit TiO, and Ti,O3
to be added to the database and which permit the accurate prediction of the viscosity of

multicomponent TiOx-containing melts.

Table 8.1 Optimized Model parameters for the viscosity expressed in Pa:s

System Model parameter Model parameters (J-mol™)
TiO; Ao, =—1.5 Eqio, =90000
TiO1s Ario,, =—1.5 Eqio,, = 73500
TiO~SiO; EX o =—99250

ERy, o =95000

TiO15-SiO E-:lL—’i]él.S'Si =-99250

EF, o =95000

The model parameters for subsystems without TiO, that are used for the viscosity calculations in
the present study were optimized and reported elsewhere (see Tables 4.1, 4.2, 5.1, 6.1 and 7.1).
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CHAPTER9 MODIFICATION OF THE MODEL FOR MELTS
CONTAINING FLUORIDE AND APPLICATION TO

SYSTEMS CONTAINING CaF,

9.1 Introduction

Slags based on CaF, are widely used in the continuous casting process of steelmaking,
welding and electroslag remelting. In the continuous casting process of steelmaking, the viscosity
of a slag affects the velocity of circulating slag flow which controls mass transfer at the
slag/metal interface and should be low enough to provide sufficient lubrication to prevent
sticking, control uniform heat transfer and prevent surface cracks. It is well-known that the
addition of CaF, significantly decreases the viscosity of slags, and thus some amounts of CaF;
have been added in the mold flux of continuous casting process. On the other hand, the addition
of fluorides poses severe problems for environmental pollution. Thus, the design for the proper
composition of mold flux or other slags is required in the steelmaking process. However, there is
no clear model which can predict the viscosity of multicomponent systems containing CaF,
within experimental error limits. In addition, intrinsic experimental difficulties are encountered in
measurements of the viscosity of CaF,—containing slags due to the volatility of CaF, and the

violent reactivity of the liquid with crucibles.

Unfortunately, our present oxide database [15] is not able to calculate the thermodynamic
information of oxy-fluoride melts. Therefore, simple assumptions were needed to take into
account the structure of oxy-fluoride melts as will be shown in next section. In the present study,
the model is further developed to reproduce the viscosity of multicomponent systems containing
fluorides such as CaF,, NaF, KF, MgF, and AlFs. In the present chapter, available viscosity data
of melts containing CaF, will be treated. In Chapter 10, available viscosity data of melts
containing other fluorides MF, (M = Na, K, Mg, Al) will be introduced.
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9.2 Modification of the model for melts containing CaF,

9.2.1 Structural role of CaF, in oxy-fluoride melts

The structural role of CaF; in oxy-fluoride melts was investigated by many authors [99,
170, 227, 264, 329]. Tsunawaki et al. [329] studied the structural role of CaF, using Raman
spectra in the system CaO-SiO,-CaF,. They concluded that CaF, contributed to the breakage of
some Si-O bonds when the CaF, concentration was less than 20 mol% and the CaO/SiO; ratio
was smaller than unity. Iguchi et al. [99] also concluded that CaF; in the basic CaO-SiO, system
behaved as a diluent, while the addition of CaF, to the acid CaO-SiO, system caused an increase
in the intensity of the designated Raman band. This was attributed to a higher number of non-
bringing oxygens in the CaO-SiO,-CaF, system. In other words, the structural role of CaF, in
acid CaO-SiO; melts is a network modifier which breaks the silicate network. Park et al. [227]
also studied the structural role of CaF, in the system of CaO-SiO,-CaF, using FT-IR
spectroscopy. They also concluded that the effect of CaF, on the viscous flow of molten slags can
be understood by a decrease in the degree of polymerization of silicate melts by F~ as well as by
O% ions. [227]

On the other hand, Luth [170] studied fluorine ions in the CaF,-CaO-SiO, system using
Raman spectroscopy and observed an increase in Q3-species with a decrease of Q°-species when
adding CaF,. Because of the highly ionic bonds of Ca-F, Luth could not observe Ca-F complexes
using Raman spectroscopy [170]. Thus, he suggested that the substitution of CaF, for CaO at a
fixed SiO, content would cause an increase in bulk polymerization of silicate melts by the
formation of Ca-F complexes. Sasaki et al. [264] studied the effect of Ca and Na cations on the
polymerization of silicate melts containing F ions in the system CaF,-Ca0O-SiO, and CaF,-NaF-
Ca0-SiO, using a molecular dynamic simulation. They also concluded that the substitution of F~
for 0% enhances the polymerization of the melt due to the formation of loosely bonded Ca-2F

complexes.

Therefore, the structural role of CaF; in silicate melts is still uncertain. However, from a
critical review of available viscosity data of CaF,-containing systems, we can see that the
addition of CaF, decreases the viscosity of silicate melts and this implies that the addition of

CaF, decreases the degree of polymerization of silicate melts. Thus, we conclude that CaF,
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behaves as a network modifier in silicate melts as we modeled for basic oxides in Chapters 3 and
4,

Fig. 9.1 shows the calculated viscosity of the CaO-SiO, system at 1600°C compared to
the experimental data for the CaF,-SiO, and CaO-SiO, systems. As shown in Fig. 9.1, the
viscosity of the CaF,-SiO, system shows very similar behavior to the CaO-SiO; system and this

suggests that the effect of CaF, on the viscosity is very similar to that of CaO.
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Fig. 9.1 Comparison of Viscosity between CaF,-SiO, and CaO-SiO, melts. Experimental points
[22, 96, 145, 164, 174, 335] and a calculated line of CaO-SiO, melts at 1600°C

9.2.2 Viscosity Model for oxy-fluoride melts

The structure of oxy-fluoride liquids is very complex. Unfortunately, the Modified
Quasichemical Model [231, 232] and thermodynamic database[14] were not developed for all
oxy-fluoride melts. Therefore, p in Eqgs (3.4)-(3.9) cannot be calculated from the present
thermodynamic data [14]. We should note that the viscosity of the CaF,-SiO, system is very
similar to the CaO-SiO, system as shown in Fig. 9.1.

Thus, we propose two simple assumptions as follows:
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e All fluorides will behave as network modifiers in silicate or borate melts

e All fluorides will have same breaking effects on silicate or borate networks as all basic oxides

containing the same cation.

The breaking effect of CaO and CaF; in silicates networks are shown schematically as

follows:

Si—T° . Ca* _ _}a<o_ Si—cr Ca>  _ F_}ai_
i \oz' /0 \_c,i Si +Fj\_ Si/ ° \Si

Si

Therefore, we postulate that for all systems, MF,,and MO, have the same bridge-breaking

behavior for the same metal M.

Thus, for the binary CaF,-SiO, system, we calculate p by using the thermodynamic
database with CaF, replaced by CaO. Then we use the previous viscosity model equations from

Chapters 3 and 4 with optimized viscosity parameters for CaF, which will be similar to, but a bit

different from, that for CaO (e.g. EX_ . =67750 and EX

CaF, i caosi = 81400). For all fluorides, we
apply similar unary and binary viscosity parameters as for other basic oxides as in Chapters 3 and

4.

For a multi-component system, such as, CaO-CaF,-Al,03-AlF;-SiO,, we therefore first
calculate p by replacing (CaO+CaF;) and (AlO;s+AlFs3) by CaO and AlO; s respectively. Then
we use the previous viscosity equations using optimized unary and binary viscosity parameters
for the systems CaO-SiO,, CaF,-SiO,, AlO; 5-SiO, and AlF3-SiO..

A problem arises because this is a reciprocal system (one containing 2 or more cations

and 2 or more anions) with a charge neutrality condition: (2n., +3n,, +4ng, = n. +2n, ). Hence,

it is a 4-component system (not 5-component) in the sense of the Phase Rule and requires only 3
independent composition variables. That is, the composition can be expressed in several ways in
terms of the mole fractions of CaO, CaF,, Al,O3, AlF; and SiO,. For instance, a solution

described as containing 0.5 moles SiO,, 0.2 moles CaO, 0.1 moles AlO;5 and 0.1 moles AlFs is
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identical to one containing 0.5 moles SiO,, 0.15 moles CaF;, 0.2 moles AlO;5 and 0.05 moles
CaO as shown in the reaction 9.1.

Which mole fractions should be added in the model equations from Chapters 3 and 4 for

the viscosity calculation? An approximate solution to this question is as follows:

1.5Ca0(l) + AlF,((I) & 1.5CaF,(1)+AlO, (1) ; AG), (9.1)
K _ _AG(%J) _ aclfin aAI01_5 Xéast XAlol_5

en — EXp RT - 15 = X1.5 X (92)
aCaOa'AIF3 Ca0 /M AIF,

where AGg ,,is Gibbs energy change for the reaction (9.1) and K, is the equilibrium

constant of reaction (9.1). R and T are the gas constant (J/mol) and absolute temperature

(Kelvins) respectively. ac,. , 8o, au, and a,,  are the acitivities of CaF,, CaO, AlF; and

AlO; in the solution respectively and X Xcaor Xar, and X, are the mole fractionos of

CaF, !

CaF,, Ca0, AlF; and AlO; 5 in the solution respectively.

First, we input the overall composition in terms of any convenient set of components.

Secondly, AGg,, is calculated from the Gibbs free energies of the pure liquid oxides and

fluorides. Then, the X, calculated from Eq. (9.2) for each liquid oxide and fluoride will give the
“equilibrated composition” or “formal composition” which is then used in the model equations

from Chapters 3 and 4. In the present example, if AG,,, <<0 (and Ky,, >>1), CaF; and AlOy5

would predominate over CaO and AlFs.

Physically, this means that in the liquid solution, there is a strong tendency for Ca and F
to form clusters and for Al and O to form clusters; that is, Ca-F and Al-O are preferential first-
nearest-neighbor pairs. Hence, the viscosity of the multicomponent solution will be calculated
mainly from the binary parameters for the CaF,-SiO; and AlO; 5-SiO; systems, and will depend
upon the binary CaO-SiO, or AlF;-SiO, parameters only insofar as there is an excess of CaO or

AlF;. In other words, the system will be treated, depending upon the overall mass balance, either

as the CaF,-Al,03-Ca0-SiO, (with X AFF, ~0) or the CaF,-Al,03-AlF;-SiO, system (with

X a0 0).
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This proposed treatment is a simplication. Strictly speaking, a real solution of oxy-
fluoride melts would be different from a solution of each pure liquid oxides and fluorides.
However, the proposed treatment gives a qualitatively correct functional dependence of the
viscosity on temperature and composition, and the description is made quantitiatively by fitting
the viscosity data using unary and binary model parameters of MF,-SiO, or MF,-BO; 5 systems

(M=basic cations).

Thus, for all cations M, equilibrium contants as shown in Eq. (9.2) are calculated using
the Gibbs free energies of the pure liquid oxides and fluorides. Note that we do not consider SiF,
and BF; formation. We assume all Si and B atoms are bonded only to oxygens because the

formation of SiF,(l)and BF,(l)in liquid solution is very unstable [15].

The same approach for MF,-B,O3; systems (M = basic cation) was applied for the
modification of the model with Eqgs (3.18)-(3.21). Especially, in alkali borate NF-B,O3; melts
(N=Na and K), the observed trends of viscosities are quite similar to those of the NOy5-B,03
systems. From the review of experimental data of the system NF-B,03; melts (N = Na and K), it
appears that the clusters at the tetraborate composition K:B = 1:4 or Na:B = 1:4 are the most
likely clusters to be formed strongly in the systems NF-B,03(N = Na and K) as will be shown in
Figs 10.4-10.5.

In order to take into account the “Borate anomaly” in the melts, in Chapter 3 we
employed the formation of solid-like clusters at the composition of alkali tetraborates NB,4 (N =
Na, K) [26]. In the present study, we extended the model further to reproduce the abnormal
behavior of viscosity for each NF,-B,O3(N = Na and K) melt by employing the formation of
solid-like clusters at the composition of alkali tetraborates NB4,FOg(N = Na and K) via reaction
(9.3) using Egs (3.23) to (3.29).

m-NF +4m-BO,; &= m(NB,FO,)(N = Naand K) (9.3)

9.3 Review of the available viscosity data and calibration of the

model

In the present study, viscosity data are reviewed for available MF,-containing subsystems
(M = Ca, Mg, Na, K and Al) of the MF,~SiO,-B,03-Al,03;-Ca0-Mg0-Na,0-K,O0-MnO-TiO,
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system. The data judged to be most reliable are shown in the figures below. In this chapter, only
CaF,-containing systems are introduced and systems with other fluorides (MgF,, NaF, KF and
AlF3) will be introduced in Chapter 10.

The proposed model is intended for oxy-fluoride melts in a single-phase region. The
extension of the model to describe the viscosity of glasses will be reported in Chapters 11 and 12.
Therefore, the viscosity data were collected mainly for melts above the liquidus or for slightly
supercooled melts where crystallization did not occur. These measurements were mostly made
with rotational or vibrational viscometers. If an abnormally high viscosity value was reported for
a temperature below the liquidus, this is most likely the result of crystallization. In obvious cases
such data points were discarded, but sometimes these points are still shown in the figures if it is
deemed possible that they correspond to a supercooled liquid which does not contain precipitated
solids. Viscosities of glasses, measured for example by a fiber elongation or beam-bending

method, were not considered in the present study.

As mentioned in the section 2.3.1, viscosity measurement for the oxy-fluoride melts
would have larger errors than that of oxide melts due to the difficulties of the chemical analysis
of the system caused from the effect of volatilization of the fluorides and the presence of the
moisture in the sample. The average absolute uncertainty of viscosity measurements of oxy-
fluoride melts was shown within 1.5 to 2 in In [Pa-s] scale from available viscosity data of the
subsystems of MF,~SiO,-B,03-Al,03;-Ca0-MgO-Na,0-K,O0-MnO-TiOy (M = Ca, Mg, Na, K
and Al).

9.3.1 Viscosity of pure CaF, melts

All optimized unary parameters of CaF;, and binary parameters of CaF,-SiO, are listed in
Table 9.1. In oxy-fluoride melts, as shown in section 9.2.2, we would expect the formation of
other fluorides such as NaF and MgF, from the initial composition of the melt. Thus, we have to
consider the effect of other fluorides on viscosity in oxy-fluoride melts when considering the

overall “equilibrated composition” calculated from the given initial composition of the melts by

the thermodynamic database [14]. Thus, all unary and binary parameters A,. , Ey: , EﬁfFX_Si,

Eve’s » Ebesi+ Aswr, and Egye, were optimized simultaneously using the developed
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viscosity model to fit available viscosity data within experimental error limits. The unary and
binary parameters of other fluorides (MgF,, NaF, KF and AlF;3) will be shown in Chapter 10.

In order to evaluate the viscosities of silicate melts containing CaF, the evaluation of the
viscosity of pure CaF; is indispensable. However, as shown in Fig. 9.2, the assessment of these
data is extremely difficult because the reported viscosities differ by two orders of magnitude. The
most probable source of error lies in the use of techniques which are unsuitable for the required
viscosity range. Other error sources are sample impurities or violent reaction with crucibles.
Viscosities of pure CaF, were measured by many investigators using the rotating crucible method
[38, 216, 273, 356, 366, 365] and the vibrational viscometer method [12, 78, 97, 102, 149, 174,
309, 341, 347, 354, 368]. Even measurements with the same method show a wide scatter,
although the viscosity data measured by the rotating crucible method show somewhat consistent
results. The electro-vibrational method and the oscillation method can contribute to large
systematic errors in viscosity measurements by the uncertainties in the damping rates of an
oscillating wire [104]. On the other hand, the rotating crucible method requires only information
for the radius and the height of a bob which is rotated in the sample liquid. As shown in Fig. 9.2,
the data reported by Hoshino et al. [97], Kulifeev et al. [149] and Gladkii et al. [78] show too low
values and are inconsistent with other data. In order to obtain the unary and binary parameters for
CaF, and CaF,-SiO,, all available unary, binary and ternary systems containing CaF, were
considered and all parameters were optimized simultaneously. The data of Zhmoidin [366, 365],
Vyatkin et al. [347], Zhukova and Sheludyakov [368],Stepanov et al. [309], Istomin et al. [102]

and Mal'kov [174] were considered for the optimization and the parameters A and E, were

obtained. The calculated viscosities the model are also compared with the calculated viscosities
of another group in this laboratories [253]. Robelin and Chartrand [253] developed the viscosity
model to reproduce the viscosity data of the NaF-AlF;-CaF,-Al,03 system. The viscosity of
unary CaF; in their model has been calibrated by considering the viscosity data of both unary
CaF; and other sub-systems of the NaF-AlF;-CaF,-Al,O3 system [253]. The result shows slightly
different temperature dependence from that of the model in the present study. However, the
reproducibility of the model of Robelin and Chartrand [253] are very similar to that of the model

in the present study.
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Fig. 9.2 Calculated viscosity in CaF, system compared to experimental data [12, 38, 78, 97, 102,
149, 174, 216, 273, 309, 341, 347, 354, 356, 366, 365, 368] and to calculated viscosities of the
model of Robelin and Chartrand [253]

9.3.2 Viscosities of the binary CaF,—SiO, melts

Viscosities of the CaF,-SiO, melts were measured by Istomin et al. [102] and Mal'kov
[174] using the vibration viscometer method. The viscosity measurement in the binary CaF,-SiO,
system could include many error sources by HF(g) formed by the reaction with moisture and
SiF4(g) formed by SiO, liquid with CaF, liquid as shown in Egs. (2.24)-(2.25). As mentioned in
section 2.3.2, however, the effect of vaporization by HF(g), SiF4(g) and CaF,(g) would be

negligible because most studies were carried out with thorough removal of moisture of the
injected gas and the sample. The unary and binary parameters A, , Ec,e . Ecir gand Ege

were carefully and simultaneously optimized using the unary CaF, and all available binary and
some ternary systems. As shown in Fig. 9.3, the experimental data are in good agreement with

the lines calculated by the model at all temperatures.
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9.3.3 Viscosities of the binary CaF,—Al,O; melts

The viscosity of the CaF,-Al,03 melts was measured by several investigators using the
rotating crucible method [38, 141, 366, 365] and the vibration viscometer method [102, 254, 347,
368]. As shown in Fig. 9.4, these calculated lines were reproduced linearly by the unary
parameters of CaF, and AlO; s according to Egs (3.37)-(3.38). Most data except for the data of
Istomin et al. [102] show higher viscosities than the calculated lines at 1400°C and 1500°C.
Those data would have been measured in the sub-liquidus region and they show abnormally high
viscosities because of partial crystallization of the sample. However, the observed trend of
decreasing viscosity with increasing CaF, content is well predicted by the model. At 1600°C,
most data show a good agreement with the calculated line within experimental error limits. The
data of Davies and Wright [38] show systematically lower viscosities than the other data of all
systems containing CaF,. Again, we assumed that there is no charge compensation effect in the
system containing CaF, and Al,03;. Without involving charge-compensated species such as

CaAl,FOs, the calculated lines reproduce well the viscosity data within experimental error limits.
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Fig. 9.5 Viscosity of CaF,-CaO melts: experimental points [38, 79, 255, 341, 354, 366] and

calculated lines
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9.3.4 Viscosities of the binary CaF,—CaO melts

The viscosity of the CaF,-CaO melts were measured by several investigators using the
rotating crucible method [38, 366] and the vibration viscometer method [79, 255, 341, 354]. All
calculated lines were reproduced linearly by the unary parameters of CaF, and CaO according to
Egs (3.37)-(3.38). In the CaF,-CaO system, there would be replacement only between fluorine
and oxygen ions. Thus, the viscosity of this system would be expressed linearly as a function of
the molar ratio CaF,/(CaF,+Ca0). In Fig. 9.5, the data measured at 1500°C by different authors
show a big scatter of viscosities which is more than 2 in the natural logarithm scale. The data of
Yakobashvili [354] show systematically higher viscosities than the calculated lines because his
unary CaF, data were higher than other data as shown in Fig. 9.2. On the other hand, the data of
Davies and Wright [38] show systematically lower viscosities than other data for all systems
containing CaF,. However, it can be seen that the observed linear trend of viscosity data is fairly

well predicted by the model.

-2

Calculated

In n[Pa-s]

1400 1450 1500 1550 1600°C
o e o @ O 80Istomin etal.

¢ & 65 Stepanov et al.
A 72 Goncharov et al.

-5 2 A 2 2 s A a
00 01 02 03 04 05 06 0.7 08 09 1.0
Molar ratio CaF /(CaF +MgO)

Fig. 9.6 Viscosity of CaF,-MgO melts: experimental points [79, 102, 309] and calculated lines
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Fig. 9.7 Viscosity of CaF,-TiO, melts: experimental points [354] and calculated lines

9.3.5 Viscosities of the binary CaF,—~MgO melts

The viscosity of the CaF,-MgO melts was measured by several investigators using the
vibration viscometer method [79, 102, 309]. In Fig. 9.6, all calculated lines were reproduced
linearly by the unary parameters of CaF, and MgO according to Egs (3.37)-(3.38) and are in a

good agreement with all viscosity data within experimental error limits.

9.3.6 Viscosities of the binary CaF,—TiO, melts

The viscosity of the CaF,-TiO, melts was only measured by Yakobashvili [354] using the
vibration viscometer method. As can be seen in Fig. 9.7, all data points show systematically
higher viscosities than the lines calculated by the model because their unary CaF, data are
systematically higher than the other data as shown in Fig. 9.2. All calculated lines were
reproduced linearly by the unary parameters of CaF, and TiO, according to Egs (3.37)-(3.38) and
the observed trend of viscosity data is well predicted by the model.
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9.3.7 Viscosities of the ternary CaF,—CaO-SiO, melts

The viscosities of ternary and higher-order melts containing CaF, were predicted by the
model based on the unary and binary viscosity parameters given from Tables 4.1, 5.1, 5.2, 6.1,
7.1, 8.1, 9.1, 10.1 and 10.2 without any additional adjustable parameters.

The viscosity of the CaF,-CaO-SiO, melts has been well-investigated by many
researchers to carry out systematic studies of viscosities of the mold flux in the continuous
casting process of steelmaking. Figs 9.9-9.15 show the calculated viscosities of the CaF,-CaO-
SiO; system compared to experimental data [90, 114, 196, 280, 292, 357, 368] measured by the
rotating crucible method [90, 280, 292, 357], the vibrational viscometer method [196, 368] and
the oscillation viscometer method [114]. As shown in Figs. 9.9 to 9.14, the data points of the
Ca0-SiO, system reported by Shiraishi and Saito [292] lie slightly higher than the calculated
lines at all temperatures although the difference is fairly small. It was shown that the calculated
lines for the CaO-SiO, system were in a good agreement with many other authors as shown in
Fig. 3.8 [82].

In Figs. 9.9 to 9.10, viscosities were calculated at constant molar ratio of CaO/SiO, with
the addition of CaF, and most data show good agreement with the calculated lines at all
temperatures within experimental error limits. It is seen that the observed trend of decreasing
viscosity with the addition of CaF, is well predicted by the calculations obtained from only unary
and binary parameters of the model. As can be seen in Figs. 9.11 to 9.15, most data except for the
data of Shahbazian et al. [280] show a fairly good agreement with the lines calculated by the
model within experimental error limits. As can be seen from Fig. 9.12, the model is well able to
reproduce the decreasing trend of the viscosities of the CaF,-CaO-SiO, with addition of CaF,
from 0 to 53 mol%. However, as shown in Fig. 9.13, the decreasing trend of the viscosity data of
Yasukouchi et al. [357] and Shiraishi and Saito [292] is somewhat different from those of
calculated lines of the model. However, the extrapolation of those viscosity data of two authors
[292] [357] would lead to systematically lower viscosities of unary CaF, than the calculated
viscosities. It should be noted that the viscosity of CaF, were carefully evaluated and most of
data show good agreement with the calculated line as shown in Fig. 9.2.The data of Shahbazian et
al. [280], who used the rotating crucible method with iron crucible and spindles, show

systematically lower viscosities than the other data as shown in Fig. 9.11 and 9.15, although the
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difference is fairly small. This difference might be caused from contamination of the sample by

the iron crucibles and spindles.
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Fig. 9.8 Compositions in the CaF,-CaO-SiO, system at which experimental viscosity
measurements are available [90, 114, 196, 280, 292, 357, 368]. The lines indicate seven sections

of this system selected to show the viscosity as a function of composition in Figs 9.9 to 9.15.
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Fig. 9.9 Viscosity of CaF,-Ca0O-SiO, melts for a molar ratio CaO/SiO, = 0.5464 compared to
experimental data [292]
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Fig. 9.10 Viscosity of CaF,-CaO-SiO, melts for a molar ratio CaO/SiO, = 0.6857 compared to

experimental data [292]
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Fig. 9.11 Viscosity of CaF,-CaO-SiO, melts in the section of (47.5 mol% CaO, 52.5 mol% SiO)
to (4.06 mol% CaO, 95.94 mol% CaF,) compared to experimental data [89, 280, 292, 368]
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Fig. 9.12 Viscosity of CaF,-CaO-SiO, melts for a molar ratio CaO/SiO, = 1 compared to
experimental data [89, 368]
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Fig. 9.13 Viscosity of CaF,-Ca0-SiO, melts for a molar ratio CaO/SiO, = 1.05851 compared to
experimental data [89, 114, 292, 357]
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Fig. 9.14 Viscosity of CaF,-Ca0-SiO, melts in the section of (57.44 mol% CaO, 42.56 mol%
Si0y) to (7.6 mol% CaO, 92.4 mol% CaF,) compared to experimental data [89, 114, 292]
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Fig. 9.15 Viscosity of CaF,-Ca0-SiO, melts in the section of (56.1 mol% CaO, 43.9 mol% CaF,)
to (17.15 mol% CaO, 82.85 mol% SiO,) compared to experimental data [89, 196, 280, 292, 368]

9.3.8 Viscosities of the ternary CaF,—Al,0;—CaO melts

The viscosity of the CaF-Al,03-CaO melts has also been well-investigated by many
researchers to carry out systematic studies of viscosities of slags used in the refining process of
steelmaking. Figs 9.17-9.21 show the calculated viscosities of CaF-Al,03-CaO melts compared
to the experimental data [38, 61, 141, 196, 245, 296, 368] measured using the rotating crucible
method [38, 141] and the vibrational viscometer method [61, 196, 245, 296, 368].

Figs 9.17-9.19 show the calculated viscosities of the CaF-Al,03-CaO melts at constant
molar ratio of CaO/Al,03= 1.814, 2.933 and 1.53, respectively. It can be seen that most of data
except for the data of Davies and Wright [38] are in good agreement with the calculated lines
within experimental error limits. It is seen that the observed trends of decreasing viscosity with
the addition of CaF, are well predicted by the model using only unary and binary parameters.
Again, the data points of Davies and Wright [38] show systematically lower viscosities in all

CaF, containing oxy-fluoride melts.
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In Fig. 9.20, the viscosities are calculated in the section of 92.85 mol% CaO-7.15 mol%
CaF, to 87.39 mol% Al,03-12.61 mol% CaF, along with the experimental data of Povolotskii et
al. [245], Sikora and Zielinski [296] and Zhukova and Sheludyakov [368]. The scatter of
experimental data measured by Povolotskii et al. [245] is slightly more than 1 in the natural
logarithm scale. As can be seen from Fig. 9.20, the viscosities predicted by the model are
believed to be in agreement with the measurements within experimental error limits at all

temperatures.

In Fig. 9.21, viscosities were calculated at 30 mol% Al,O3 as a function of molar ratio of
CaF, and CaO along with the data points of Povolotskii et al. [245]. As can be seen from Fig.
9.21, the data points of of Povolotskii et al. [245] at the binary CaO-Al,O; system show
systematically higher viscosities than the calculated lines. In addition, the data points show an
abrupt decrease, and then show linearly decreasing trends with increasing CaF,. Since there is no
physical reason for such an abrupt decreasing trend, it is most likely just an artifact caused from
the crystallization of the sample during the experiment. It should be noted that the viscosity of
Ca0-Al,O3 reported in the previous paper [81] are fairly in good agreement with other authors’
data within experimental error limits. Overall, it seems that the observed trends of the viscosity

data are well predicted by the model within experimental error limits.

9.3.9 Viscosities of the ternary CaF,—Al,0;—MgO melts

In Fig. 9.22, the viscosities of the CaF,-Al,03-MgO melts are calculated in the section of
(65.95 mol% MgO - 34.05 mol% CaF;) to (43.37 mol% Al,03- 56.63 mol% CaF,) along with
the experimental data measured by Roshchin et al. [254] using the vibrational viscometer method
at 1600°C. As can be seen from Fig. 9.22, the data points of Roshchin et al. [254] indicate an
abrupt change of the slope in the middle of the plot where the model predicts a smooth variation
of the viscosity when MgO is replaced by Al,O3. Since there is no obvious physical reason for
such behavior, it is most likely an artifact caused by the scatter of the experimental data which is

within experimental error limits.
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Fig. 9.16 Compositions in the CaF,-Al,03;-CaO system at which experimental viscosity
measurements are available [38, 61, 141, 196, 245, 296, 368]. The lines indicate five sections of

this system selected to show the viscosity as a function of composition in Figs 9.17 to 9.21.
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Fig. 9.17 Viscosity of CaF,-Al,03-CaO melts for a molar ratio CaO/Al,O3; = 1.814 compared to
experimental data [38, 61, 141, 245, 296, 368]
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Fig. 9.18 Viscosity of CaF,-Al,03-CaO melts for a molar ratio CaO/Al,O3 = 2.933 compared to
experimental data [38, 245]
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Fig. 9.19 Viscosity of CaF,-Al,03-CaO melts for a molar ratio CaO/Al,O; = 1.53 compared to
experimental data [38, 245, 368]
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Fig. 9.20 Viscosity of CaF,-Al,03-CaO melts in the section of (92.85 mol% CaO, 7.15 mol%
CaF,) to (87.39 mol% Al,O3, 12.61 mol% CaF,) compared to experimental data [245, 296, 368]
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Fig. 9.21 Viscosity of CaF,-Al,03-Ca0O melts at 30 mol% Al,O3 compared to experimental data
[245]
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Fig. 9.22 Viscosity of CaF,-Al,03-MgO melts in the section of (65.95 mol% MgO, 34.05 mol%
CaF,) to (43.37 mol% Al,O3, 56.63 mol% CaF,) compared to experimental data [254]

9.3.10 Viscosities of the ternary CaF,—SiO,—TiO, melts

In Fig. 9.23, the viscosities of the CaF-SiO,-TiO, melts are calculated at constant molar
ratio of SiO,/CaF, = 1.3 along with the experimental data measured by Mal kov et al. [174], who
also measured the viscosities of CaF,-SiO, melts using the vibrational viscometer method. As can
be seen from Fig. 9.23, the experimental data show a good agreement with the calculated lines

within experimental error limits.
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Fig. 9.23 Viscosity of CaF,-SiO,-TiO, melts for a molar ratio SiO,/CaF, = 1.3 compared to
experimental data [174]

9.3.11 Viscosities of the ternary CaF,—SiO,—Al,O; melts

Figs 9.25-9.28 show the calculated viscosities of the CaF,-SiO,-Al,0O3 melts compared to
the experimental data measured by Vyatkin et al. [347], Mal kov et al. [174] and Roshchin et al.

[254] using the vibrational viscometer method.

In Figs 9.25-9.26, the viscosities are predicted by the model along the two pseudo-binary
sections, (15.85 mol% SiO,, 84.13 mol% Al,03)-(12.62 mol% SiO,, 87.38 mol% CaF,) and (29.8
mol% SiO,, 70.2 mol% Al,03)-(24.52 mol% SiO,, 75.48 mol% CaF,) comparing the data
measured by Vyatkin et al. [347] and Roshchin et al. [254], respectively. As can be seen from Fig.
9.25-9.26, the model is in good agreement with all data points at all temperatures. Especially, the
observed trends of decreasing viscosities with the addition of CaF, are well predicted by the
model within experimental error limits. Again, no Charge Compensation Effect was applied to

the model and it gave a good result.

In Fig. 9.27-9.28, the viscosities are predicted by the model along the two pseudo-binary
sections, (83.62 mol% SiO,, 16.38 mol% Al,03)-(8.05 mol% CaF,, 91.95 mol% SiO,) and (76.11
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mol% CaF,, 23.89 mol% Al,03)-(96.02 mol% SiO,, 3.98 mol% Al,O3) comparing the data
measured by Vyatkin et al. [347] and Mal'kov et al. [174]. As can be seen from Figs 9.27-9.28,
the model reproduces well the viscosities of CaF-SiO,-Al,O3; melts at all temperatures within

experimental error limits.

< 73 Watkin et al.
i = B6 Mal'kov et al.
83 Roshchin et al.

S io 2 08 08 0.7 08 05 0.4 0.3 0.2 0.1 A|203

mole fraction

Fig. 9.24 Compositions in the CaF,-SiO,-Al,0; system at which experimental viscosity
measurements are available [174, 254, 347]. The lines indicate four sections of this system

selected to show the viscosity as a function of composition in Figs 9.25 to 9.28.
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Fig. 9.25 Viscosity of CaF,-SiO,-Al,03 melts in the section of (15.87 mol% SiO,, 84.13 mol%
Al;03)-(12.62 mol% SiO,, 87.38 mol% CaF,) compared to experimental data [254, 347]
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Fig. 9.26 Viscosity of CaF,-SiO,-Al,03 melts in the section of (29.8 mol% SiO,, 70.2 mol%
Al;03)-(24.52 mol% SiO,, 75.48 mol% CaF,) compared to experimental data [254, 347]
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Fig. 9.27 Viscosity of CaF,-SiO,-Al,03 melts in the section of (83.62 mol% CaF,, 16.38 mol%
Al;03)-(8.05 mol% CaF,, 91.95 mol% SiO,) compared to experimental data [174, 347]
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Fig. 9.28 Viscosity of CaF,-SiO,-Al,03 melts in the section of (76.11 mol% CaF,, 23.89 mol%
Al;03)-(96.02 mol% SiO,, 3.98 mol% Al,O3) compared to experimental data [174, 347]



210

9.3.12 Viscosities of the ternary CaF,—MgO-SiO, melts

Figs 9.29-9.33 show the calculated viscosities of the CaF,-MgO-SiO, melts compared to
the data measured by Istomin et al. [102], Mal'kov et al. [174] and Roshchin et al. [254] using the

vibrational viscometer method.

Fig. 9.30 shows the calculated viscosities by the model along the pseudo-binary section
(5.66 mol% SiO,, 94.34 mol% MgO)-(84.67 mol% CaF,, 15.33 mol% SiO,) comparing the data
of Istomin et al. [102] and Roshchin et al. [254]. As can be seen from Fig. 9.30, the data of
Roshchin et al. [254] show a slightly higher viscosity than the calculated line although the
difference is fairly small. The calculations by the model are in good agreement with the data

points within experimental error limits at all temperatures.

Fig. 9.31 shows the calculated viscosities by the model along the pseudo-binary section
(73.82 mol% CaF,, 26.18 mol% MgO)-(68.41 mol% SiO,, 31.59 mol% MgO) comparing the
data of Istomin et al. [102] and Mal'kov et al. [174]. As can be seen from Fig. 9.31, all data points
show an excellent relation with the calculated lines by the model. The observed trends of
increasing viscosity with increasing SiO; are well predicted by the model within experimental

error limits.

In Figs. 9.32-9.33, the viscosities are calculated along the two pseudo-binary sections,
(29.7 mol% CaF,, 70.3 mol% MgO)-(38.64 mol% CaF,, 61.36 mol% SiO,) and (25.6 mol% CaF,
74.4 mol% Mg0)-(33.91 mol% CaF,, 66.09 mol% SiO,) comparing the data points measured by
Mal'kov et al. [174] and Roshchin et al. [254] at 1600°C. In Fig. 9.32 and 9.33, the data points of
Roshchin et al. [254] show slightly higher and lower viscosities than the calculated lines,
respectively. It is most likely the scatter of the experimental data which is within experimental

error limits. All data points are in a good agreement with the model.

Fig. 9.34 compares the calculated viscosities of CaF,-MgO-SiO, melts at constant molar
ratio of SiO,/CaF, = 1.3 along with the data points measured by Mal’kov et al. [174]. The
observed trends of decreasing viscosity with the addition of MgO are well predicted by the model

using only a few unary and binary parameters.
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Fig. 9.29 Compositions in the CaF,-MgO-SiO, system at which experimental viscosity
measurements are available [102, 174, 254]. The lines indicate four sections of this system

selected to show the viscosity as a function of composition in Figs 9.30 to 9.34.
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Fig. 9.30 Viscosity of CaF,-MgO-SiO; melts in the section of (5.66 mol% SiO,, 94.34 mol%
MgO)-(84.67 mol% CaF,, 15.33 mol% SiO,) compared to experimental data [102, 254]
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Fig. 9.31 Viscosity of CaF,-MgO-SiO, melts in the section of (73.82 mol% CaF,, 26.18 mol%
MgO)-(68.41 mol% SiO,, 31.59 mol% MgO) compared to experimental data [102, 174]

T=1600°C

< 86 Mal'kov et al.
O 83 Roshchin et al.

In n[Pa-s]
0]

Calculated

(29.7mol% CaF,,70.3mol% MgO)-
(38.64mol% CaF, 61.36mol% Si0,)

-4 " M " " A M A L
00 01 0.2 03 04 05 06 07 0.8 09 1.0
Molar ratio SiO,/(SiO,+MgO)

Fig. 9.32 Viscosity of CaF,-MgO-SiO; melts in the section of (29.7 mol% CaF,, 70.3 mol%
MgO)-(38.64 mol% CaF,, 61.36 mol% SiO,) compared to experimental data [174, 254]
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Fig. 9.33 Viscosity of CaF,-MgO-SiO; melts in the section of (25.6 mol% CaF,, 74.4 mol%
MgO)-(33.91 mol% CaF,, 66.09 mol% SiO,) compared to experimental data [174, 254]
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Fig. 9.34 Viscosity of CaF,-MgO-SiO, melts for a molar ratio SiO,/CaF, = 1.3 compared to
experimental data [174]
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9.3.13 Viscosities of the CaF,-Al,05;-Ca0O-SiO, melts

In the continuous casting process of steelmaking, the system CaF,-Al,03-Ca0-SiO; is a
key system. Therefore many authors [9, 19, 117, 163, 185, 196, 367] measured the viscosities in
this system as shown in Figs 9.35-9.39.

Fig. 9.35 compares the calculated viscosities with the experimental data measured by
Zhmoidin and Moldavskii [367], Bills [19], Kato and Minowa [117], and Michel and Mitchell
[185] using the rotating crucible [185, 367] and the counter-balanced sphere viscometer methods
[19, 117]. Most of the data except for those of Kato and Minowa [117] show good agreement
with the calculated lines within experimental error limits. Kato and Minowa [117] systematically
measured viscosities of CaO-Al,03-SiO,-MF, (M = Ca, Mg, Na, Al) using the counter-balanced
sphere viscometer method. All data in these quaternary systems show systematically lower
viscosities than the lines predicted by the model as will be shown in Chapter 10. This difference
could be caused by the counter-balanced sphere viscometer method contributing to large
systematic errors by the uncertainties in the damping rates of an oscillating wire [104]. The
observed trends of decreasing viscosity with the addition of CaF, are well predicted by the model

within experimental error limits.

In Figs 9.36-9.37, the calculated lines are compared with the experimental data measured
by Muratov [196] and Artamonov et al. [9] using the vibrational viscometer method. As can be
seen from Fig 9.36, the predicted lines by the model show an excellent reproducibility with all
data points of Muratov [196]. The data points of Artamonov et al. [9] in Fig. 9.37 show slightly
lower viscosities at all temperatures although the difference is within experimental error limits.
However, the observed trends of decreasing viscosity with the addition of CaF, are fairly well

predicted by the model.

Li Tao-Chao and Tsylev [163] measured the viscosities of CaF,-Al,03-Ca0-SiO, melts
using the rotating crucible method with carbon crucibles and the data points were compared with
the calculated lines by the model as shown in Figs 9.38-9.39. The data points at all temperatures
show systematically lower viscosities than the calculated lines although the difference is fairly
small. On the other hand, as shown in Fig. 9.39, the data points at 1200°C show experimental
scatter which is more than 2 in the natural logarithm scale. This could be caused from partial

crystallization of the melt preventing accurate viscosity measurements from the rotating spindle.
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However, it seems that the observed trends of the viscosity data are well predicted by the model

within experimental error limits at all temperatures.
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Fig. 9.35 Viscosity of CaF,-Al,03-Ca0-SiO, melts in the section of (57.38 mol% SiO,, 7.39
mol% Al,03, 35.23 mol% Ca0)-(32.05 mol% CaF,, 19.86 mol% Al,03, 48.09 mol% CaO)
compared to experimental data [19, 117, 185, 367]
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Fig. 9.36 Viscosity of CaF,-Al,03-Ca0-SiO, melts in the section of (36.03 mol% CaF,, 13.81
mol% Al,O3, 50.16 mol% Ca0)-(31.87 mol% CaF,, 21.37 mol% SiO,, 45.76 mol% CaO)

compared to experimental data [196]
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Fig. 9.37 Viscosity of CaF,-Al,03-Ca0-SiO; melts for molar ratios of Al,03/CaO = 0.4584 and
Ca0/SiO, = 4.286 compared to experimental data [9]
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Fig. 9.38 Viscosity of CaF,-Al,03-Ca0-SiO, melts in the section of (34.23 mol% SiO,, 2.88
mol% Al,O3;, 62.88 mol% Ca0)-(54.89 mol% CaF,, 41.61 mol% SiO;, 3.5 mol% Al,O3)

compared to experimental data [163]
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Fig. 9.39 Viscosity of CaF,-Al,03-CaO-SiO, melts in the section of (19.36 mol% SiO,, 2.85
mol% Al,O3, 77.79 mol% CaO)-(71.55 mol% CaF,, 24.8 mol% SiO,, 3.65 mol% Al,O3)

compared to experimental data [163]
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9.3.14 Viscosities of the CaF,-Al,05-MgO-SiO, melts

Roshchin et al. [254] measured the viscosities of CaF,-Al,03-SiO, and CaF,-Al,03-MgO-
SiO, melts using the vibrational viscometer method at 1600°C as shown in Figs 9.40 and 9.41.
All data are well reproduced by the model and the observed trends of decreasing viscosity with

the addition of MgO are well predicted by the model within experimental error limits.

9.3.15 Viscosities of the CaF,-Al,05-B,05;-Ca0 melts

Fig. 9.42 compares the calculated viscosities comparing to the data points measured in
CaF,-Al,03-B,03-Ca0 melts by Muratov [196] who also measured the system CaF,-Al,03-CaO
using the vibrational viscometer method. The data points show systematically lower viscosities
than the calculated lines although the difference is fairly small. All data points seem to be in good

agreement with the predicted lines by the model within experimental error limits.

Fig. 9.43 compares the viscosities of CaF,-Al,03-B,03-Ca0 melts measured by Istomin et
al. [102] (who also measured CaF,-Al,O3 melts) using the vibrational viscometer method, with
the lines calculated by the model. All data show systematically lower viscosities than the
predicted lines although the difference is fairly small. The observed trends of viscosity data are
somewhat different from that of the model. Considering the experimental difficulties with
viscosity measurements, however, we can conclude that the data points are in good agreement

with the model within experimental error limits.
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Fig. 9.40 Viscosity of CaF,-Al,03-MgO-SiO, melts in the section of (49.56 mol% CaF,, 13.8
mol% SiO,, 36.64 mol% Al,03)-(31.02 mol% CaF,, 8.97 mol% SiO,, 60.02 mol% MgO)

compared to experimental data [254]
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Fig. 9.41 Viscosity of CaF,-Al,03-MgO-SiO, melts in the section of (41.4 mol% CaF,, 26.9
mol% SiO,, 31.7 mol% Al,03)-(27.88 mol% CaF,, 18.12 mol% SiO,, 54 mol% MgO) compared
to experimental data [254]



220

(36.03mol% CaF ,,13.81mol% ALO,,50.16mol% Ca0)-
(33.86mol% CaF ,19mol% B,0,,47.14mol% Ca0)

1400 1500 1600°C
A A A 72Muratov

@ 1
: 400°c
© A
P._'.. A
& A
E
A
A A 1600°,
A c
Fa
A
Calculated
M L L 1 i 1
0.05 0.10 0.15

Mole fraction 8203

Fig. 9.42 Viscosity of CaF,-Al,03-B,03-Ca0O melts in the section of (36.03 mol% CaF,, 13.81
mol% Al,0O3, 50.16 mol% CaO)-(33.86 mol% CaF,, 19 mol% B,0s, 47.14 mol% CaO) compared

to experimental data [196]
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Fig. 9.43 Viscosity of CaF,-Al,03-B,03-CaO melts in the section of [(CaF;)s3047—Al,03]-[CaO-
B,03] compared to experimental data [102]



9.3.16 Viscosities of the CaF,-B,05;-Na,O-SiO, melts
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Fig. 9.44 shows the viscosities of the CaF,-B,03-Na,O-SiO, melts measured by Nikitin et

al. [215] who also measured the viscosities of B,O3-Na,O-SiO, melts using the rotating crucible

method with alumina crucibles. As can be seen from Fig. 9.44, the data for CaF,-B,03-Na,O-

SiO, melts show systematically lower viscosities than the lines calculated by the model although

the difference is fairly small. The contamination of the sample due to the reaction with alumina

crucibles could bring a large change of the composition of the sample and give error sources on

viscosity measurement. Their data for B,O3-Na,O-SiO, melts are also systematically lower by

about 2 in the natural logarithm scale at all temperatures, whereas our previous work [26] showed

that our calculated lines for the system B,03-Na,O-SiO; are in good agreement with the data of

many other authors [26].
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Fig. 9.44 Viscosity of CaF,-B,03-Na,O-SiO, melts in the section of (63.7 mol% SiO,, 28.45
mol% Na,O, 9.85 mol% B,03)-(99.42 mol% CaF,, 0.53 mol% Na,O, 0.05 mol% B,03)

compared to experimental data [215]
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9.3.17 Viscosities of the CaF,-Al,O5;-Ca0O-Na,O melts

In Figs 9.45-9.46, the calculated lines of the model are compared with the data measured
by Basov et al. [16] using the rotating crucible method with Mo crucibles. As can be seen from
Figs 9.45 and 9.46, all data points are systematically higher than the predicted lines although the
difference is fairly small. On the other hand, the observed trends of viscosity data are well

predicted by the model within experimental error limits.

9.3.18 Viscosities of CaF,-Al,0;-CaO-MnO and CaF,-Al,0;-CaO-
TiO, melts

Figs 9.47 and 9.48 show the calculated viscosities compared to the data measured in
CaF,-Al,03-Ca0-MnO and CaF,-Al,03-CaO-TiO, melts by Zhmoidin and Moldavskii [367]
who also measured the viscosities of CaF,-Al,03-CaO melts using the rotating crucible method
with Mo crucibles. As can be seen from Figs 9.47 and 9.48, all data are systematically lower than
the calculated lines by the model although the difference is within experimental error limits. The
observed trends of viscosity data with the addition of MnO or TiO, are well predicted by the
model, and thus the predicted viscosities of CaF,-Al,03-CaO-MnO and CaF;-Al,03-Ca0O-TiO,
melts are believed to be in agreement with the measurements within experimental error limits
considering the intrinsic experimental difficulties on viscosity measurements of CaF, bearing
systems.

9.3.19 Viscosities of CaF,-Ca0O-Na,O-SiO, melts

Figs 9.49-9.51 compare the predicted viscosities of CaF,-CaO-Na,0-SiO, melts with the
experimental data measured by Park et al. [226] and Endell and Strasmann [57] using the rotating
crucible method with Pt crucibles. In Fig. 9.49, the data points of Park et al. [226] at the CaO-
Na,O-SiO, system indicate systematically higher viscosities than the calculated lines even though
the difference is small and within experimental error limits. As can be seen from Figs 9.49-9.51,
all data points are in good agreement with the lines calculated by the model at all temperatures. In
particular, the decreasing trends of the viscosity observed in Figs 9.49-9.51 with the addition of

CaF, are well predicted within experimental error limits.
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Fig. 9.45 Viscosity of CaF,-Al,03-Ca0-Na,O melts in the section of (100mol% Na,O)-
(65.51mol% Ca0, 21.39mol% CaF,, 13.10mol% Al,03) compared to experimental data [16]
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Fig. 9.46 Viscosity of CaF,-Al,03-Ca0-Na,O melts in the section of (63.7mol% SiO,,
28.45mol% Na,O, 9.85mol% B,03)-(99.42mol% CaF,, 0.53mol% Na,O, 0.05mol% B,03)

compared to experimental data [16]
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Fig. 9.47 Viscosity of CaF,-Al,03-CaO-MnO melts for molar ratios of Al,03/CaO = 0.385 and
CaF,/Al,05 = 1.488 compared to experimental data [367]
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Fig. 9.48 Viscosity of CaF,-Al,03-CaO-TiO, melts for molar ratios of Al,O3/CaO = 0.385 and
CaF,/Al;05 = 1.492 compared to experimental data [367]
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Fig. 9.49 Viscosity of CaF,-Ca0O-Na,O-SiO, melts for a weight ratio of CaO/SiO, = 0.8 and
Na,O = 12wt% compared to experimental data [226]

(64.62mol% Sioz,ald»smol% Na?0.1.89rr|ol% Ca0)-
(80mol% CaF ,,5.22mol% Si0,,14.78mol% Ca0)

Calculated

In 7 [Pa-s]

"2 I 1400 1500 1600°C -
[ & ¢ <O 41Endelland Strasmann 600°c
-3 N 1 N 1 A
0.0 0.1 0.2 0.3

Mole fraction CaF2

Fig. 9.50 Viscosity of CaF,-CaO-NayO-SiO; melts in the section of (64.62mol% SiO,,
33.49mol% Na,0, 1.89mol% CaO)-(80mol% CaF,, 5.22mol% SiO,, 14.78mol% CaO) compared

to experimental data [57]



226

(70.18mol% Si0,,29.05mol% Na,0,0.77mol% Ca0)-
(61.2mol% CaF ,24.52mol% Si0,_14.28mol% Ca0)

Calculated

In n[Pa-s]

i 16000
1400 1500 1600°C

4L
¢ ¢ <O 41 Endell and Strasmann
i 1 A 1

0.0 0.1 0.2 0.3

Mole fraction Can

Fig. 9.51 Viscosity of CaF,-CaO-Na,O-SiO, melts in the section of (70.18mol% SiO,,
29.05mol% Na,O, 0.77mol% Ca0)-(61.2mol% CaF,, 24.52mol% SiO,, 14.28mol% CaO)

compared to experimental data [57]

9.3.20 Viscosities of CaF,-Al,03-Ca0O-MgO-SiO, melts

Figs 9.52-9.54 compare the calculated viscosities of CaF,-Al,03-Ca0-MgO-SiO, melts
with the experimental data measured by Musorin [198], Komel'kov et al. [138] and Tribe et al.
[328] using the rotating crucible method. Most data except for some showing abnormally high
viscosities in Fig. 9.59 which would most likely have been measured under partial crystallization
of the melt show an excellent agreement with the calculated lines. From the results in Figs 9.52-
9.54, the predicted viscosities of CaF,-Al,03-CaO-MgO-SiO, melts are believed to be in good

agreement with measurements within experimental error limits.
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Fig. 9.53 Viscosity of CaF,-Al,03-CaO-MgO-SiO, melts in the section of (10 wt% SiO,, 30 wt%
Al,03, 55 wt%CaO, 5 wt% MgO)-(10wt% CaF,, 20wt% SiO,, 10 wt% Al,O3, 55 wt%CaO, 5
wt% MgO) compared to experimental data [138]
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Fig. 9.54 Viscosity of CaF,-Al,03-Ca0-MgO-SiO, melts in the section of (75.3mol% CaO,
11.46mol% Al,03, 5.43mol% MgO, 7.8mol% CaF;)-(57.7mol% SiO,, 22.98mol% CaO,
11.5mol% MgO, 7.8mol% CaF,) compared to experimental data [138, 328]

9.3.21 Viscosities of Mold Flux melts

The viscosity of mold flux melts is a key parameter determining the optimum casting
conditions in the continuous casting process of steelmaking. Several experimental studies [31,
156, 182] have been carried out using the rotating crucible method for industrial slags as well as
synthetic slags with compositions close to industrial mold fluxes which are the subsystems of the
CaF,-Ca0-Al;03-MgO-MnO-FeO-Na,0-K,0-B,03-TiO,-Fe,03-SiO, system.

In Fig. 9.55, the calculated viscosities and experimental data [31, 156, 182] containing up
to 31.23 wt% CaF, are compared in the natural logarithm scale. All data show an excellent
relation with the predicted viscosities by the model using only a few unary, binary and ternary
parameters within experimental error limits. Overall, the developed model can reliably reproduce

the viscosities of industrial mold fluxes within experimental error limits.
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Fig. 9.55 Comparison between calculations and experimental data for the viscosity of mold flux
melts [31, 156, 182]

Table 9.1 Optimized Model parameters for the viscosity expressed in Pa:s

System Model parameter Model parameters (J-mol™)
CaF; Acar, =—9.35 Ecar, = 75000
CaF,-SiO,
Ecar,.s: = —74250
Egan_Si =67750
Ring
CaF,-Si
CaF,—B,03 A;(Can) =-9.35 E;(CaFZ) =75000

The model parameters for subsystems without CaF; that are used for the viscosity calculations in

the present study were optimized and reported elsewhere (see Tables 4.1, 4.2, 5.1, 6.1, 7.1 and

8.1).
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CHAPTER 10 APPLICATION OF THE MODEL TO MELTS

CONTAINING MF,(M = Mg, Na, K and Al)

10.1 Review of the available viscosity data and calibration of the

model

In the present study, viscosity data are reviewed for available MF,-containing subsystems
(M = Ca, Mg, Na, K and Al) of the MF-SiO,—-Al,0;—Ca0-MgO-Na,O-K,0-MnO-TiO,
system. The data judged to be most reliable are shown in the figures below.

The proposed model is intended for oxide melts in a single-phase region. The extension of
the model to describe the viscosity of glasses will be reported in Chapters 11 and 12. Therefore,
the viscosity data were collected mainly for melts above the liquidus or for slightly supercooled
melts where crystallization did not occur. These measurements were mostly made with rotational
or vibrational viscometers. If an abnormally high viscosity value was reported for a temperature
below the liquidus, this is most likely the result of crystallization. In obvious cases such data
points were discarded, but sometimes these points are still shown in the figures if it is deemed
possible that they correspond to a supercooled liquid which does not contain precipitated solids.
For example, viscosities of glasses measured by a fiber elongation or beam-bending method,
were not considered in the present study.

10.1.1 Viscosities of unary MF, and binary MF,-SiO, (M = Mg, Na,
K and Al) systems

All optimized unary parameters of MF, and binary parameters of MF,-SiO, (M = Mg, Na,
K and Al) are listed in Table 10.1. The unary CaF, and binary CaF,-SiO, parameters were listed
in Table 9.1. No viscosity data of the binary NaF-SiO,, KF-SiO,, MgF,-SiO, and AlF3-SiO,
systems were available. However, we had to consider the effect of other fluorides on the viscosity

when considering the overall “equilibrated composition” or “formal composition” (see section

9.2.2) of the oxy-fluoride melts. Thus, all unary and binary parameters A,: , Ey | EﬁfFX_Si,

Eve’s Ede s Asur,) and Egue ) (M = Ca, Mg, Na, K and Al) were optimized simultaneously

using the developed viscosity model.
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Fig. 10.1 Calculated viscosity in NaF system compared to Experimental data [1, 25, 29, 40, 56,
217, 240, 342]

The viscosity of pure NaF were measured by many authors using the oscillation method
[29, 40, 56, 217, 240, 342] and the torsional balance method [342]. As can be seen from Fig. 10.1,
most of the data show consistently linear trends as a function of temperature except for the data
of Abramov [1] which shows systematically higher viscosities than the other data. The data of
Popescu [240], Brockner et al. [25] and Vetyukov and NiKitin [342] were considered for the

optimization of the unary parameters A and E,,- as shown in Fig. 10.1.
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The viscosity of pure MgF, was measured by Kulifeev et al. [149] and Hoshino et al. [97]
using the oscillation method. As can be seen from Fig. 10.2, the data of two authors[97, 149]

show a large difference of about 1.5 in the natural logarithm scale at all temperatures. The data of

Hoshino et al. were selected for the optimization of the unary parameters A,. and E,,. since

the data of Kulifeev et al. [149] show too low viscosities, almost equal to the viscosity of water at

room temperatures.

The viscosities of pure KF were measured only by Ejima et al.[56] using the oscillation
method. The data were used for the optimization of the unary parameters A and E,.. As can

be seen from the unary data of CaF, as shown in Fig. 9.2 and other MF, (M = Mg, Na, K)
viscosity data as shown in Figs 10.1-10.3, these fluorides have viscosities in the range of -4.5 to -
7 on the natural logarithm scale. In the case of AlF3, there are no available data. Thus, the unary
parameters of AlF; were estimated by considering the viscosities of other pure fluorides and the
viscosities of the system 3(CaSiO3):Al,0s—AlF; measured by Kato and Minowa [117] as shown
in Fig. 10.18.
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Fig. 10.4 Calculated viscosity in KF-B,03 system compared to experimental data [326]
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10.1.2 Viscosities of the binary KF-B,O; melts

The viscosities of KF-B,0O3 melts were reported only by Toyuki and Imaoka [326] using
the counter-balanced sphere viscometer method with platinum spheres. As can be seen from Fig.
10.4, the data are in good agreement at all temperatures. The height of the maximum rapidly
declines with increasing temperature, most likely indicating that the solid-like clusters tend to

decompose at high temperatures, as is to be expected.

All five model parameters given in Tables 10.1 and 10.2 were optimized to fit the

experimental data. The parameters AQ(NF) and E;(NF) (N = Na and K) were optimized to reproduce

the sharp decrease in the viscosity that is observed when less than 10 mol% KF is added to B,0Os.

The parameters AG,, g ro,) aNd E, g ro,) IN EGs (3.23) and (3.28) were obtained from the

temperature dependence of the viscosity maximum while the cluster size, m, controls the width of

the viscosity maximum.
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Fig. 10.5 Calculated viscosity in NaF-B,03 system compared to experimental data [221]
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10.1.3 Viscosities of the binary NaF-B,0; melts

The viscosities of NaF-B,03; melts were measured only by Ota et al. [221] using the
rotating crucible method with platinum crucibles. Ota et al. [221] measured viscosities only at

one composition at different temperatures. Thus the maximum trend of the viscosity as shown in

*

KF-B,0s system was not observed. However, without applying the parameters A;(NF), Eane)

m,
AG,,ng,ro,) @Nd Enero,) (N = Na and K) the experimental data could not be reproduced. The

optimized parameters are given in Tables 10.1 and 10.2. As can be seen from Fig. 10.5, the

model fits the experimental data well within experimental error limits. No available viscosity data

for binary systems AlF;-B,03; and MgF-B,03 exist. Only the binary parameters A;(A,%), A;(MQFZ) ,
E;(A,Fs) and E;(MQFZ) for AlF3-B,03 and MgF-B,03 systems were used in the model and set to the

same values as the unary parameters Ay , Ay, Earand Eyge for the unary AlF; and MgF,

systems. They are summarized in Table 10.1.
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Fig. 10.6 Viscosity of NaF-CaO-SiO, melts for a weight ratio CaO/SiO, = 1 compared to
experimental data [357]
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10.1.4 Viscosities of the ternary NaF-CaO-SiO, melts

The viscosities of ternary and higher-order melts containing MF, (M = Mg, Na, K and Al)
were predicted by the model based on the unary and binary viscosity parameters given from
Tables 4.1, 4.2, 5.1, 6.1, 7.1, 8.1, 9.1 and Tables 10.1-10.2 without any additional adjustable

parameters.

Fig. 10.6 shows the calculated viscosities of the system NaF-CaO-SiO, at constant weight
ratio of CaO/SiO, = 1 along with the data points measured by Yasukouchi et al. [357] using the
rotating crucible method. As can be seen from Fig. 10.6, all data show an excellent agreement
with the lines calculated by the model. In particular, the observed trends of decreasing viscosity
with the addition of NaF are well predicted by the calculations obtained from only unary and

binary parameters of the model.

10.1.5 Viscosities of the ternary MgF,-CaO-SiO, melts

Figs 10.7-10.9 show the calculated viscosities of the system MgF,-CaO-SiO, at constant
weight ratio of CaO/SiO, = 0.51, 1 and 1.28 along with the experimental data measured by
Shiraishi and Saito [292] who also measured the binary CaO-SiO, system using the rotating
crucible method with graphite crucibles. The data measured for the CaO-SiO, system are
systematically higher than the calculated lines at all temperatures, though the differences are
fairly small. It was shown that our calculated lines for the CaO-SiO, system as shown in Fig. 3.8
were in good agreement with many other authors [82]. As can be seen from the Figs 10.7-10.9,
all data points show a good agreement with the calculated lines within experimental error limits.
The observed trends of decreasing viscosity with addition of MgF, are well predicted by the

model.
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Fig. 10.7 Viscosity of MgF,-CaO-SiO, melts for a weight ratio CaO/SiO, = 0.51 compared to
experimental data [292]
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Fig. 10.8 Viscosity of MgF,-CaO-SiO, melts for a weight ratio CaO/SiO, = 1 compared to
experimental data [292]



238

1450 1500 1550 1600°C
¥ ¥ « WV 65Shiraishi and Saito

5i02

In [Pa-s]

Calculated  7600°C

CaO[wt%)/SiO, [wt%]=1.28
M 1 "

0 10 20 . 30
MgF [wt%]

]
o

Fig. 10.9 Viscosity of MgF,-CaO-SiO, melts for a weight ratio CaO/SiO, = 1.28 compared to
experimental data [292]

10.1.6 Viscosities of the ternary NaF-Na,O-SiO, melts

The viscosity of the NaF-Na,O-SiO, system was investigated by Bobylev et al. [21] using
the oscillation method and Endell and Strasmann [57] using the rotating crucible method with
platinum crucibles. Figs 10.11-10.16 show the calculated viscosities of NaF-Na,O-SiO, melts
obtained from only unary and binary parameters of the model compared to experimental data of
Bobylev et al. [21] and Endell and Strasmann [57].

In Figs 10.11-10.12, viscosities were calculated in two pseudo-binary sections of NaF-
Na,O and Na,O-SiO,. All data points of Endell and Strasmann [57] show a good agreement with
the calculated lines at all temperatures within experimental error limits. In particular, the
observed trends of decreasing viscosity with the addition of NaF are excellently predicted by the

calculations obtained from only unary and binary parameters of the model.

Figs 10.13-10.14 show the calculated viscosities at constant molar ratio of SiO,/Na,O =1

and 0.667 along with the experimental data measure by Bobylev et al. [21]. The observed trends
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of decreasing viscosity of the data points with addition of NaF are sharper than the lines predicted
by the model. When this decreasing trend of the data points of Bobylev et al. [21] was
extrapolated to pure NaF, the viscosities obtained for pure NaF were much lower than the
experimental data for pure NaF measured by several authors [1, 25, 29, 40, 56, 217, 240, 342] in
Fig. 10.1. Bobylev et al. [21] measured the viscosities of NaF-Na,O-SiO, melts using the
oscillation method which can contribute to large systematic errors in the viscosity measurements
through the uncertainties in the damping rates of an oscillating wire [104]. On the other hand, the
rotating crucible method used by Endell and Strasmann [57] requires only information on the
radius and the height of the bob which is rotated in the sample liquid.

As shown in Figs 10.15 and 10.16, the data of Endell and Strasmann [57] are in good
agreement with the calculated lines at all temperatures within experimental error limits while the
data of Bobylev et al. [21] show systematically lower viscosities than the lines calculated by the

model although the difference is fairly small.

.Y ¢ 80 Bobylev et al.
:.-.}N N O 41 Endell and Strasmann

Fig. 10.10 Compositions in the NaF-Na,O-SiO, system at which experimental viscosity
measurements are available [21, 57]. The lines indicate six sections of this system selected to
show the viscosity as a function of composition in Figs 10.11 to 10.16.
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Fig. 10.11 Viscosity of NaF-Na,O-SiO, melts in the section of (65.91 mol% SiO,, 34.09 mol%
Na;0) to (94.48 mol% NaF, 5.52 mol% Na,O) compared to experimental data [57]
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Fig. 10.12 Viscosity of NaF-Na,O-SiO, melts in the section of (68.21 mol% SiO,, 31.79 mol%
Na,0) to (96 mol% NaF, 4 mol% Na,O) compared to experimental data [57]
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Fig. 10.13 Viscosity of NaF-Na,O-SiO, melts at a molar ratio of SiO,/Na,O = 1 compared to
experimental data [21]
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Fig. 10.14 Viscosity of NaF-Na,O-SiO, melts at a molar ratio of SiO,/Na,O = 0.667 compared to
experimental data [21]
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Fig. 10.15 Viscosity of NaF-Na,O-SiO, melts in the section of (66.18 mol% Na,O, 33.82 mol%
NaF) to (73.45 mol% SiO,, 26.55 mol% NaF) compared to experimental data [21, 57]
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Fig. 10.16 Viscosity of NaF-Na,O-SiO, melts in the section of (78.41 mol% Na,O, 21.59 mol%
NaF) to (92.14 mol% SiO,, 7.86 mol% NaF) compared to experimental data [21, 57]
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10.1.7 Viscosities of the ternary NaF-Na,O-B,0; melts

Fig. 10.17 shows the calculated viscosities of the system NaF-Na,O-B,03 in the section
from 33.33 mol% Na,0-66.67 mol% B,0; to 50 mol% NaF-50 mol% B,0; along with the
experimental data measured by Ota et al. [221], who also measured the viscosity of the binary
Na,0-B,03; and NaF-B,03 systems, using the rotating crucible method with platinum crucibles.
As can be seen from Fig. 10.17, the lines predicted by the model are believed to be in agreement
with the measurements within experimental error limits.
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Fig. 10.17 Viscosity of NaF-Na,0-B,03; melts in the section of (33.33 mol% Na,0, 66.67 mol%
B,03) to (50 mol% NaF, 50 mol% B,03) compared to experimental data [221]
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Fig. 10.18 Viscosity of CaO-Al,03-SiO,-AlF; melts in the section of 3(CaSiO3)-Al,03 to AlF;

compared to experimental data [117]
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Fig. 10.19 Viscosity of CaO-Al,03-SiO,-NaF melts in the section of 3(CaSiO3)-Al,03 to NaF

compared to experimental data [117]
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Fig. 10.20 Viscosity of CaO-Al,03-SiO,-MgF, melts in the section of 3(CaSiOs)-Al,O3 to MgF,

compared to experimental data [117]

10.1.8 Viscosities of CaO-Al,03-SiO,-MF, (M = Al, Na, Mg) melts

Figs 10.18-10.20 show the calculated viscosities of the system CaO-Al,03-SiO,-MF, (M
= Al, Na, Mg) in the section from 3(CaSiO3)-Al,03 to MF, (M = Al, Na, Mg) along with the
experimental data measured by Kato and Minowa [117], who also measured the viscosity of the

Ca0-SiO, system, using the counter-balanced sphere viscometer method.

As can be seen from Figs. 10.18 and 10.19, most of data show systematically lower
viscosities than the lines calculated by the model although the difference is fairly small. The
observed trends of decreasing viscosity with addition of AlF; or NaF are fairly well predicted by

the model within experimental error limits.

On the other hand, as shown in Fig. 10.20, the data of CaO-Al,03-SiO,-MgF, show more
rapidly decreasing trends with addition of MgF, than the predicted lines. This trend can be fit by
re-optimizing the unary parameters A, and E,, . If this trend is smoothly extrapolated to pure

MgF,, however, the viscosities of pure MgF, obtained by the model are much too low, lower

even than the data of Kulifeev et al. [149] in Fig. 10.2 which show physically unreasonable low
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viscosities. Therefore, the data of Kato and Minowa [117] in the system CaO-Al,03-SiO,-MgF;
would have most probably systematic experimental errors caused from the intrinsic experimental

difficulties for viscosity measurement of oxy-fluoride melts.
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Fig. 10.21 Viscosity of CaF,-NaF-Na,0-B,03; melts in the section from (77.44 mol% CaF,, 7.56
mol% Na,O, 15 mol% B,03) to (86.47 mol% NaF, 4.54 mol% Na,O, 9 mol% B,03) compared to
experimental data [308]

10.1.9 Viscosities of CaF,-NaF-Na,O-B,0; melts

In Fig. 10.21, the calculated viscosities of the system CaF,-NaF-Na,O-B,03 are compared
to the experimental data measured by Stepanov et al. [308] using the vibrational viscometer
method with Mo crucibles. As can be seen from Fig. 10.21, the reproducibility of the model is
not in good agreement with most of data points. Some of data show abnormally high viscosities,

perhaps measured in the sub-liquidus region.

No available viscosity data measured in systems of order higher than quaternary systems
exist. However, the calibrated viscosity model as shown in Figs 10.1-10.21 shows that the

viscosities of oxy-fluoride melts can be reproduced by the developed viscosity model using only
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a few unary, binary and ternary model parameters within experimental error limits. This viscosity

calculation is automatically performed using the FactSage thermodynamic software and database
[14].

10.2 Conclusions

Our recently developed model for the viscosity of oxide melts as introduced in Chapters 3

and 4 has been extended to oxy-fluoride melts containing MF, (M = Ca, Mg, Na, K and Al). The

Modified Quasichemical Model [231, 232] and thermodynamic database [14] were not developed

for all oxy-fluoride melts. Thus, the model was modified to reproduce the viscosity of the oxy-

fluoride melts with following features;

MF, (M = Ca, Mg, Na, K and Al) would behave as network modifiers in silicate or borate

melts as modeled for corresponding basic oxides in Chapters 3 and 4.

The *equilibrated composition” or “formal composition” of the oxy-fluoride melts are
calculated from Gibbs free energies of pure liquid oxides and fluorides. Then the calculated
X for each liquid oxide and fluoride is given to the model equations developed in Chapters 3
and 4. Note that the formation of SiF, and BF; in the melts is not considered. We assume all

Si and B atoms are bonded only to oxygens because the formation of SiF,(I)and BF,(l)in

liquid solution is very unstable [15].

MF, (M = Ca, Mg, Na, K and Al) would have the same breaking effects on silicate or borate
networks as basic oxides containing the same cation. (Note: Each fluoride and oxide should
contain same cation) Therefore, all fluorides are regarded as oxides containing the same
cation only to calculate all possible second-nearest-neighbor pairs of the system and p which
is the probability that a particular pair emanating from a given Si or B atom using the present

thermodynamic database [15].

No Charge compensation effect for M*and M** cations with fluorine ions. (No available data

and the observed trend implied no charge compensation effect)

Viscosities of the binary MF,-SiO; and MF-B,03 systems were modeled with the same kinds

of unary and binary parameters used in the model of Chapters 3 and 4.

In the alkali-borate system NF-B,0O3; (N=Na and K), the formation of solid-like clusters such
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as 5(NaB4FOg) and 5(KB4FOg) was modeled using the same model equations developed in
Chapter 3.

Using available viscosity data containing MF, (M = Ca, Mg, Na, K and Al), all unary and
binary parameters Ay , Eve . Er o0 Efr%s Eue s Aswr, and Egye, were optimized

simultaneously using the modified viscosity model with the overall “equilibrated composition” to

fit available viscosity data within experimental error limits.

In Chapters 9 and 10, the viscosities of oxy-fluoride melts containing MF, (M = Ca, Mg,
Na, K and Al) were critically reviewed. The viscosities in all sub-systems of MF,~SiO,—B,03—
Al;,0;-Ca0-Mg0O-Na,0-K,0-MnO-TiOy (M = Ca, Mg, Na, K and Al) have been predicted by
the model solely from the unary, binary and ternary model parameters. The deviation from the
available experimental data does not exceed the scatter of the experimental measurements and
experimental error limits.

The predictive ability of the model has been further tested on several industrial mold flux
melts and is believed to be in good agreement with the viscosity data within experimental error
limits. Overall, the present model provides a very good prediction of the variation of the viscosity

with composition.

The very good predictive ability of the present model makes it relatively easy to add a
new component MF, to the chemical system described by the model. The viscosity of
multicomponent melts containing this new component can be evaluated without the need to
measure and fit the viscosity of multicomponent melts around specific compositions of interest.
All necessary model parameters can be obtained from the experimental data on MF,-SiO, and

MF—-B,03, as well as from the viscosity of pure MF, liquid if such data exist.



Table 10.1 Optimized Model parameters for the viscosity expressed in Pa-s

System Model parameter Model parameters (J- mol™)
MgF, Avgr, =-8.77 Eygr, =34578
NaF Aar =-9.59 E,. = 32641
KF Ace =-9.176 E,. = 23990
AlF; Aur, =-9.377 E e, = 25000
MgF2-SiO; Eigr, 51 = -86250
Enee s = 72600
Evid =0
NaF-SiO, E s = -90000
ER s =10200
Eqne. =20444358
KF-Si02 E, =-38200
ES & =39000
ESM = 42390018
AlF3-SiO2 Anir, s =-12.3 E pr o = 75000
ERg s = 303500
Efr’s =0
MgF-B,05 Astugry = 8.7 E o) = 34578
NaF-B,0; Aoy =959 B er) = 32641
KF-B,0s Ase = -9-176 E; e, = 23990
AIF;-B,0s Asiar, =-9:377 Eq o, = 25000

The model parameters for subsystems without MF, (M = Mg, Na, K and Al) that are used for the
viscosity calculations in the present study were optimized and reported elsewhere (see Tables 4.1,
4.2,5.1,6.1,7.1and 8.1 and 9.1)



Table 10.2 Optimized parameters for the boron containing systems

250

E, m
Cluster IN77,0,70,) = Anvis,Foy) +%
AG J/mol
(MB4FOg) o) M) 1 i pg ) (Cluster
Em(MB4FOG) =o+pT  (J/mol) Size)
Aﬂ(MB4F06) =-9.59
NaB4FOg —-35690 5
Evs,ro,) = 216206-42.857T
An(MB4F06) =-9.176
KB4FOg —25230 5
E.v,ro,) = 204306-41.214T
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CHAPTER 11 EXTENSION OF THE MODEL TO THE GLASS REGION

OF SILICATES

11.1 Introduction

It is well-known that any silicate liquid forms a glass when supercooled rapidly enough to
avoid crystallization [6, 7, 47, 49]. The supercooled silicate melts are known as glasses. The
viscosity of glasses is very high and crystallization from such high-viscosity liquid proceeds with
great difficulty. The viscosity of the glass melt is important for the melting and refining
conditions in glass furnaces. In the glassmaking process, there are several critical points which
are mainly influenced by the viscosity of glass. The value of viscosity is 4 in the logarithm poise
scale at the working point. Once glass is formed, the glass should be supported until the viscosity
reaches a value sufficiently high to prevent deformation under its own weight which stops at the
viscosity of 7.6 in the logarithm poise scale. The temperature range between these two points is
the working range. Also, the prediction of temperatures corresponding to the high viscosity range
such as 12 and 13 in the logarithm poise scale is important for releasing the internal stress of the
glass during the annealing. Therefore, the prediction of viscosity for the glass region is of much

importance.

Many glass scientists have tried to develop models to predict the viscosity of glasses.

Several models for the viscosity of glasses have been discussed in Chapter 2.

In the melt region, as discussed in Chapters 3 to 10, the viscosity data could be
reproduced with an Arrhenian temperature dependence (In77o<1/T) at all compositions except

for pure B,0O3. However, the model does not reproduce the high viscosities measured in the glass
region because the temperature dependence in the glass region is non-Arrhenian. The model
proposed in Chapters 3 to 10 is further developed in the present chapter to predict the viscosity of
glasses for all available subsystems of the CaO-MgO-Na,0-K;,0-Zn0-PbO-Al,03-SiO, system
from the glass to the melt region within the experimental error limits by the addition of a few

non-Arrhenian model parameters.
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11.2 Viscosity Model

11.2.1 Structure of Silicate Glasses

The structure of silicate glasses should be similar to that of silicate melts from which the
glass is formed by quenching without crystallization. This contention is supported in the case of
silicate glasses by in-situ measurements by X-ray, infrared spectrometry and Raman scattering
[113, 290]. Kalampounias et al. [113] melted the sample of MgO-SiO, system using the
container-less levitation techniques and CO, laser heating system under Ar gas atmosphere and
guenched the sample by a sudden shut down of the laser. Then, they measured the concentration
of non-bridging oxygens per Si atom corresponding to M-Si second-nearest-neighbor pairs using
Raman spectroscopy. Fig. 11.1 compares the non-bridging oxygens per Si atom in the MgO-SiO,
system calculated by FactSage [14] from the Modified Quasichemical Model with the
experimental results determined by Raman spectroscopy [113]. It can be seen that there is good
agreement between the calculated curve and experimental data. A possible source of error in the
calculation is the assumption of randomly distributed bonds. On the other hand, the experimental
fractions of non-bridging oxygens are derived from the relative intensities of spectral lines and

can have substantial uncertainties.

0.30 0.32 0.34 0.36 0.38 0.40 0.42 0.44 0.46 0.48 0.50 0.52
4.0 — 4.0

Modified Quasichemical Model at 1600°C

NBO/Si
(non-bridging oxygens per Si atom)

O 09 Kalampounias et al., Raman Spectra
il 'l il 'l il L i L ' L

15 1.5
0.30 0.32 0.34 0.36 0.38 0.40 0.42 0.44 046 0.48 0.50 0.52
Mole fraction of SiO2

Fig. 11.1 Calculated and experimental [113] non-bridging oxygens (NBO/Si) for the MgO-SiO,
system at 1600°C.
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The structural changes taking place upon formation of the SiO, network can be
characterized by the amounts of so-called Q'-species [199] which are defined as Si atoms linked
to i bridging oxygens and (4 — i) non-bridging oxygens. In pure SiO,, all four oxygens
surrounding each Si are bridging oxygens and the fraction of Q*-species is 1. An isolated SiO,*
ion is a Q°-species. The calculation of Q'-species of silicate systems has been discussed in
Chapter 3 and can be carried out using the Modified Quasichemical Model [231, 232] and

thermodynamic database [14].

11.2.2 Extended Viscosity Model with Non-Arrhenian Temperature
Dependence

The viscosity data for silicate glasses and melts can often be fitted, at least over limited
temperature ranges, by an Arrhenian temperature dependence expression of the form of Eq.(11.1)
with different parameters Aand E for each limited temperature range. For example, as shown in
Fig. 11.8, viscosity data of the CaO-SiO, system measured in different temperature ranges show
different linear temperature dependences. However, as will be shown in Figs 11.4 and 11.5, the
viscosity data over a wide temperature range obviously show non-Arrhenian temperature
dependence as a function temperature. There is no universal agreement about the origin of the
non-Arrhenius behavior of viscous liquids.

E
logn=A +— 11.1
an T (11.1)

In the previous study [82], we considered all available data for pure SiO, and the data at
all temperatures showed Arrhenian temperature dependence. On the other hand, as shown in Fig.
12.1 of Chapter 12, the viscosities of B,Os; show obviously non-Arrhenian temperature

dependence. We applied (see Eq.(3.12)) a non-Arrhenian temperature dependence to the model
with two adjustable parameters, T, and n, to take into account the viscosity of pure B,Os in the

glass region as shown in Eq.(11.2).

logn, = A +%- 1+(—B] (11.2)
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where 77is the viscosity in poise, R is the gas constant, T is temperature in kelvins. In

previous chapter, shown in Chapters 3 to 10, we have used the unit of Pa-s but many
glassmaking engineers working in the industry field are more familiar with the unit of poise. In

the present chapter, we will indicate all viscosities with the unit of poise.

Figs 11.2, 11.4 and 11.6 show the viscosities of the NaO5-SiO,, KOy 5-SiO; and PbO-
SiO;, systems. At all temperatures, these systems show similar composition dependence.
Therefore, as we did in the unary system in Eq.(11.2), we added two system-dependent non-

Arrhenian binary parameters T and n into the model (Chapters 3 to 10) as shown in

MO, -Si MO, -Si

Eq.(11.4) to account for the non-Arrhenian temperature dependence of the binary viscosity data.

The effects of these terms T, and n on the viscosity calculations are weaker at higher

MO, -Si MO, -Si

temperatures and stronger at lower temperatures at constant composition.

Then the activation energy E for silicate systems (no borates) is calculated as

E
logn=A +— 11.3
gn =T (11.3)

(T Y S
Z(XMOx EM)[1+ XMgc:X-SI ( ’4@ J ]+ZZ(XII\/IOX XS]i Ellx)ljox-si)
M

M i

-

[Ex+(p2=) (pe2) S

Tuo,si | (11.4)
== Z(XMOx EISIOX»Si) ll+§[(TJ . XMOX - XSi ]]

X Bsi 4[1_ BSi 36i|
+Xgi 9 +( Psi ) ( pB,s|) %XMOX

X ERing )
+(p3) (1-p3) P Riot

2 X,
M

L

B,Si B,Si

where the values of p®, pS® and p2S' are same as pS in the absence of boron oxide.

B,Si
These values take into account the probability of the network pairs emanating from a given B or

Si atom. For a more detailed description for pg™, pg™ and pgs , see Chapter 3.

We also extended the model to the glass region of the systems containing boron. The

systems containing boron required special treatment to reproduce the viscosity data in the glass
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region. The extension of the viscosity model to boron-containing systems will be described in
detail in Chapter 12.

An equation similar to Eq. (11.4) is used for A except that it does not have any non-

Arrhenian terms. If needed, the unary parametersT,,, and n,,, are added to enable better fitting

of viscosity data of binary MOy-SiO,(M = basic oxide) systems by the model with binary

parameters T, and n In some binary systems, the cross-over point of viscosity of

MO, -Si MO, -Si *
binary MO,-SiO2(M = basic oxide) systems was reproduced as will be shown in Figs. 11.8 and

11.9 due to the contribution of these T,,, and n,,, parameters. The detailed explanation for the

roles of these parameters will be shown in section 11.3.3. The binary parameter m,,, ; was also

added to better reproduce the non-linearity of viscosity data as a function of molar ratio of basic
oxides at constant SiO, contents as will be shown in the ternary CaO-Na,O-SiO,, MgO-Na,O-

SiO; and CaO-MgO-SiO, systems. In the present study, the unary parametersT, and Nyo, are

added to the unary CaO, MgO and PbO systems and the binary parameters m are added

MO, -Si

only to the binary CaO-SiO, and MgO-SiO; systems.

In order to reproduce the maximum in the viscosity of the melt region for the systems
containing Al,O3, we applied the Gibbs energies for the formation of the associates as discussed
in Chapter 3. In the melt region, these Gibbs energies were not dependent on temperature, but
were found to vary linearly as a function of SiO, content, becoming more negative at higher SiO;
concentrations. However, these Gibbs energies required a temperature dependence in the glass
region because the formation of the associates would be more significant with decreasing
temperature. Hence, two more parameters are added to model the Charge Compensation Effect in
each ternary glass system MO,—Al,O3-SiO; (including the limiting MO,~Al,O3 binary systems)
as shown in Eq.(11.5):

AGMAIXOy = (A+BT)+(C+DT)X(SiO,) [J/mol] (11.5)
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11.3 Review of the available viscosity data and calibration of the

model

In the present study, viscosity data measured from the melt to the glass region are
reviewed for all subsystems of the CaO-MgO-Na,0-K,0-ZnO-PbO-SiO,—-Al,0O3 system. The
data judged to be most reliable are shown in the figures below. To improve the legibility of the
figures, the results of a few studies which substantially deviate from those of other authors are
not shown. For multicomponent subsystems, preference was given to extensive systematic
studies. If the viscosity is reported for just a few compositions in a multicomponent system and
the description of the experiments is insufficient, it is very difficult to evaluate the real accuracy
of the data unless similar compositions were also studied by other authors.

The extended model is intended for the single phase regions of the melts and the glasses.
The data measured in the two phase regions were not considered. Therefore, the viscosity data
were collected mostly for the single phase region at all available temperature ranges. If an
abnormally high viscosity value was reported when comparing with other data, this is most likely
the result of the effect of crystallization. In most cases such data were discarded, but sometimes

these points are still shown in the figures to take into account systematic errors.

11.3.1 The Accuracy and Reliability of Viscosity Measurements

Most experiments to measure viscosity of glasses were carried out with several careful
treatments. First, the sample having the targeted composition was melted and stirred to make
homogeneous melts without the formation of bubbles. Secondly, the sample was quenched
quickly to avoid crystallization. After quenching, some authors attempted to distinguish the

presence of glasses without any crystallization by microscopic observation.

Some systems are known to be very difficult to quench to retain the glassy state, such as
Ca0-SiO, and MgO-SiO,, while other systems such as Na,O-SiO, are known to be easier to
quench to retain the glassy state [28, 164, 176, 184, 213]. The viscosity data were collected
mainly for melts and glasses where crystallization did not occur. Since the viscosity of silicates in
the range from melts to glasses can span more than 15 orders of magnitude (0 to 10" poise) the
experimental measurements must differ according to the viscosity range. The measurements of

the melt were mostly made with rotational and vibrational viscometers and the measurements in
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the glass region were mostly made with the fiber-elongation, ball penetration and micro-
penetration methods. The experimental method and the difficulties associated with measurements
of the viscosity of glasses and melts over a wide temperature range has been discussed in detail in
Chapter 2.

For calibration and testing of the proposed viscosity model, experimental viscosity data
were collected for the all subsystems of Al,03-B,03;—CaO-MgO-FeO-Fe;O3—MnO-NiO-PbO-
Zn0O-Na,0-K,0-TiO,-Ti,03-SiO,—F for the melts and all subsystems of Al,03—B,03;—CaO-
MgO-ZnO-Pb0O-Na,0-K,0-SiO, for the glasses. Based on the critical evaluation and analysis
for available data collected from the investigated literature data including the Sci-Glass database
[274], it can be concluded that most reliable data measured by different best laboratories show
the average absolute uncertainty of viscosity measurements within 0.25 to 0.5 for the melts and

within 1 to 2 in the logarithm poise scale for the glasses.

11.3.2 Viscosity of the unary systems

The unary SiO, system was studied by many researchers due to its technological
importance from the melt to glass region and was optimized in the previous study [82] (see Fig.
3.6). Viscosity data of this system were well reproduced by the model with Arrhenian
temperature dependence over the entire temperature range of 1000 to 2500°C [82]. Due to the
extremely strong tendency to crystallization and high melting temperatures of CaO and MgO and
the reactivity and volatility of Na,O and K;O, no viscosity measurements are available for lower
temperatures. Data for PbO and Al,O3 in the melt are available [82, 128] but data at lower
temperatures are not available due to the strong tendency for crystallization. It can be assumed
that basic oxides would be formed as a glass when cooled rapidly enough to avoid crystallization.
We assumed that the basic oxide is characterized hypothetically as a glass in the silicate systems
and the viscosity of the basic oxide has Arrhenian dependence as a function of temperature if the
binary data can be reproduced with only binary parameters. But if unary non-Arrhenian
parameters were needed to reproduce the binary viscosity data we introduced non-Arrhenian

unary parameters into the model. In the present study, the non-Arrhenian unary parameters T,,
and n,,, were applied only to CaO, MgO and PbO, and optimized simultaneously with the

model parameters A, and E,,, . Fig. 11.2 shows the viscosities of pure PbO calculated by the
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previous model and the extended model. As can be seen in Fig. 11.2, the extended model
reproduces non-Arrhenian trend with decreasing temperature and shows a good agreement with

the experimental data.
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Fig. 11.2 Calculated viscosity in PbO system compared to experimental data [219] as a function

of temperature

11.3.3 Viscosity of the binary systems

All optimized model parameters are listed in Tables 11.1 to 11.3. The viscosity

parameters A, Al , E; and ES for pure SiO, and three parameters for each MO,~SiO, binary

system except for MOy = CaO, MgO, PbO, ZnO and Al,O;, E,; ER and ER" _ are

MO, -Si ! —MO,-Si MO, -Si
taken from Tables 4.1 and 6.1. With the addition of unary and binary non-Arrhenian parameters
for each MO-SiO, binary system (M = Ca, Mg, Pb, Zn and Al), the values of the model

R
EMOX—Si

parameters A E and E,l,  were re-optimized simultaneously with the non-

Mo, ' —=mo, !

Arrhenian unary and binary parameters Ty, , n T and ny,, . The model

Mo, * Mwmo,-si* Imo, i

parameters Ayt o, Ao s and AJS® o were not required except for the value AS, o and were

set equal to zero.
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The unary and binary non-Arrhenian parameters T, n m , T, and

Mo, ' ''™MO, MO, -Si MO, -Si

n were optimized using all the selected binary and ternary subsystem data simultaneously.

MO, -Si
For the binary systems CaO-SiO,, MgO-SiO, and PbO-SiO, we applied the unary and binary
non-Arrhenian parameters simultaneously. On the other hand, no unary non-Arrhenian
parameters were applied to the other systems such as ZnO-SiO,, NaOgs-SiO,, KOy5-SiO, and
AlO; 5-SiO; because only binary non-Arrhenian parameters were enough to reproduce the data

for the binary and ternary subsystems containing these basic oxides.

The NaOgs-SiO, system is the best—investigated from the melt to glass regions. Figs 11.3
and 11.4 show available viscosity data as a function of log7 vs composition and log7 vs 104/T

(Kelvin™), respectively. In the melt region, most viscosity data were measured using the rotating
viscometer [23, 52, 134, 166, 167, 212, 246, 299, 312, 333, 349] and counter balanced sphere
methods [88, 223, 267, 283, 294]. In the glass region, the data were measured with the uniaxial
compression method [212, 294, 298], the beam bending method [52, 223, 267], the ball
penetration method [208, 223], the parallel plate method [290], the micro-penetration method
[134] and the fiber-elongation method [238]. Notably, in the different experimental methods, the
viscosity data at lower temperatures show a consistent relationship with each other as a function
of composition. In Chapter 4, we modified the model to take into account the sharp drop of
viscosity in alkali-rich regions of binary silicates [127]. As shown in Fig. 11.3, a sharp decrease
of the viscosity below a mole fraction of SiO; equal to 0.5 is also shown at lower temperatures.
As can be seen in Figure 11.4, the data show obvious non-Arrhenian temperature dependence
with decreasing temperature. Examination of the literature reveals that most viscosity data are
reported in either the glass region (10° to 10" poise) or the melt region (< 10° poise), and
relatively little can be found for viscosities between these regions (10° to 10° poise). The paucity
of the data within the softening region (10° to 10° poise) of viscosity versus temperature curve is
primarily due to the strong tendency to crystallization within this viscosity range [284]. In the
system NaOgs-SiO», the data in this middle viscosity range were measured by Ota et al. [223] and
Ehrt et al. [51]. This system has good glass-forming ability [28] and thus, the glass can be formed
easily by rapid cooling in this system. As mentioned in Section 11.2.2, the effects of the non-

Arrhenian binary parameters T,.,  and ng,  on the viscosity calculation are weaker at

higher temperatures and stronger at lower temperatures at constant composition. Thus, the
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calculation with the extended model with addition of the parameters T,,, ; and n 5 for the

NaO; -
NaOy 5-SiO, system was almost the same as the calculation with the previous model developed to
reproduce the viscosity data measured in the melt region.
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Fig. 11.3 Calculated viscosity in NaOg5-SiO, system compared to experimental data [23, 51, 88,
134, 166, 167, 208, 212, 223, 238, 246, 267, 283, 290, 294, 298, 299, 312, 333, 349] as a
function of composition
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Fig. 11.4 Calculated viscosity in the NaOgs-SiO, system compared to experimental data [23, 51,
134, 208, 223, 246, 267] as a function of temperature

The KOg5-SiO, system is also one of the best—investigated systems from the melt to the

glass region. Figs. 11.5 and 11.6 show available viscosity data plotted as a function of 1097 vs

composition and log7vs 10%/T (Kelvin™), respectively. As can be seen in Figs 11.5 and 11.6, the

extended model describes very well most viscosity data of the KOy 5—SiO, system. Two points by
Bockris et al. [23] at 1600°C show systematically lower viscosities than calculated. It should be
noted that the viscosity of pure SiO, reported in the same paper of Bockris et al. [23] is
substantially lower than that reported by other authors as shown in Fig. 3.6 [82]. The reason for
this disagreement is not clear. One possible cause may be a reaction of the melt with the
molybdenum crucible and cylinder at high temperature since Bockris et al. [23] reported that
molybdenum reacted violently with silica at 1900°C. The viscosity data of Nemilov [208] and
Poole [238] show a much sharper decreasing trend with increasing KOy s contents and they show

systematically lower viscosities than other data. The reason for this discrepancy may be that
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intrinsic experimental difficulties are encountered in the measurements of the viscosity of glasses
containing high alkali metal contents due to contamination of samples because of extremely high
hygroscopicity. In addition, three points at X(SiO;) = 0.9 by Nemilov [208] in the temperature
range of 600 to 800°C show systematically lower viscosities than calculated. Nemilov [208] did
not measure viscosity of pure SiO, but the extrapolated value would be systematically lower at
pure SiO,. At lower temperatures, the presence of small amounts of impurities can lead to a large
decrease in viscosity. In particular, the presence of water, introduced into the silica-rich region in
varying small amounts depending on the method of synthesis, leads to large differences in the
measured viscosity. This effect was systematically investigated by Hetherington et al. [92] who

observed a decreasing effect with increasing water content in pure SiO,.

The recent statistical model of Fluegel [67] which fits a very large amount of
experimental information on glass melts, is summarized in the SciGlass database [37] and
provides a rigorous estimation of errors and validity limits. The calculated lines by Fluegel [67]
are shown in Fig. 11.5 for a comparison at 500, 600 and 1600°C, and the calculations show
systematically different trends of viscosity comparing most data at high silica content regions.
Their results seem to be more in agreement with the data of Nemilov [208] and Poole [238] at
low temperatures. Furthermore, the calculated line at 1600°C is more consistent with the data of
Bockris et al. [23] which show systematically lower viscosities. Thus, it can be concluded that the
statistical model of Fluegel [67] gives systematically wrong results in the binary KOgs-SiO;
system. One point measured at 400'C by Saringyulyan and Kostanyan [263] shows a very similar
value to other data [208, 223] measured at 500°C. Their data show a good agreement at higher
temperatures as shown in Fig. 11.5. This inconsistency of the data measured at such a low
temperature, 400°C, occurred perhaps due to temperature differences between the sample and the
furnace. In their study [263], the temperature measurement was indirectly carried out by
measuring the atmospheric temperature in the furnace. At low temperatures, temperature
equilibration between furnace and sample is much more difficult to attain due to poor heat
conduction and high viscosity of the glass sample. As mentioned in Section 11.2.2, the effects of
the non-Arrhenian binary parameters T,

and n.,  on the viscosity calculations are

5-Si 05-Si

weaker at higher temperatures and stronger at lower temperatures at constant composition. Thus,

the calculation of the extended model with addition of the parameters T,,  and n,,  for the

05 -Si



263

KOo5-SiO; system was almost the same as the calculation of the previous model developed to

reproduce the viscosity data measured in the melt region.
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Fig. 11.5 Calculated viscosity in KOy 5-SiO; system compared to experimental data [23, 208, 223,
237, 263, 267, 283] and the model by Fluegel [67] as a function of composition
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Fig. 11.6 Calculated viscosity in KOgs-SiO, system compared to experimental data[11, 193, 223,
283] as a function of temperature

The viscosity of the PbO-SiO, system is well investigated from the melt to glass region
because of the low-melting temperature in a wide composition range. Fig. 11.7 shows available
viscosity data plotted as a function of log7 vs composition. High temperature viscosities were
measured using the rotating viscometer [69, 85, 137, 207, 209, 302, 332] and the counter
balanced sphere method [55, 63, 140, 263]. The viscosity measurements in the glass region were
made by the penetration [207, 209, 263], the beam bending [80] and the fiber-elongation methods
[63, 74, 137, 243]. As shown in Fig. 11.7-(a), most available data show good agreement with the
calculated lines at all temperatures except for two points measured at 400°C by Saringyulyan and
Kostanyan [263]. Their measurements were carried out over a wide temperature range from 400
to 1200°C at high silica contents X(SiO,) = 0.6 and 0.7. During the experiments, the temperature
measurement was carried out indirectly by measuring the temperature of the furnace atmosphere.

Again, there would be a large error in the temperature measurement due to the difficulty of
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achieving temperature homogeneity between the sample and the furnace, due to poor heat
conduction and the extremely high viscosity of the sample. As can be seen from Fig. 11.7-(b), the
scatter of experimental data can be as high as 1.0 and 0.5 in the log scale for the glass and for the

melt respectively, and the extended model describes the measurements within experimental error
limits. As mentioned earlier, the model parameters A, , E,., EX. and Eil g were re-
optimized simultaneously with the non-Arrhenian unary and binary parameters T, o, Npyo .
Meoposiv Tpno.s@Nd Moy - Fig. 11.7-(b) compares the calculations of the extended model using

re-optimized parameters with that of the previous model using the previous parameters in Table
5.1 at 800 and 1200°C. As shown in Fig. 11.7-(b), the reproducibility of the extended model is

comparable with the previous model developed to reproduce viscosity data measured in the melt

region.
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Fig. 11.7 (a) Calculated viscosity in PbO-SiO; system compared to experimental data [55, 63, 69,

74, 80, 85, 137, 140, 202, 207, 209, 243, 263, 302, 332] (b) Compares experimental data with the
extended model and the previous model with an expanded scale

The viscosity of the CaO-SiO; system at low temperatures was studied by a research
group [212, 213] using the uniaxial compression method. No viscosity measurements in the
middle viscosity range from 10% to 10° poise were possible because of the very rapid rate of
crystallization in this viscosity-temperature range [176, 184]. As shown in Fig. 11.8, the viscosity
data measured at X(SiO,) = 0.5 and 0.6 in the glass region show a decrease with increasing SiO;
contents at constant temperature while the viscosity data increase in the melt region when SiO; is
added at constant temperature. Thus, the viscosities of the CaO-SiO, system would have a cross-
over point as a function of temperature as shown in Fig. 11.8. This trend of viscosities is also
supported from ternary measurements of the CaO-Na,;O-SiO, and MgO-Na,0O-SiO; systems. Fig.
11.9 shows the calculated viscosities of the CaO-SiO, and MgO-SiO, systems at constant
temperature obtained from the extrapolation of ternary measurements of the CaO-Na,O-SiO, and
MgO-Na,0-SiO; systems as will be shown in Figs 11.10-11.25. No viscosity data for MgO-SiO,



267

in the glass region are available, but the ternary measurements in MgO-Na,;O-SiO; strongly
imply viscosity behavior having a cross-over point at a certain temperature as shown in Fig. 11.9.

Without the unary and binary parameters T, , n,,, and m,, , the extended viscosity model

was not able to reproduce properly the binary, ternary and high-order silicate systems containing
Ca0 and MgO.

The physical reason for such behavior is unclear. As shown in Fig. 3.6, viscosity data of
pure SiO, show Arrhenius temperature dependence. If these basic oxides such as CaO and MgO
would have non-Arrhenian temperature dependences and this would create a cross-over point

with changing temperature in the binary MO,-SiO, systems (M = Ca and Mg). Thus, the non-

Arrhenian unary and binary parameters T,,, , Ny » Myo siv Twmo . @Nd Ny, s Were applied to

reproduce the cross-over point as a function of temperature in the binary MO,-SiO, systems (M =
Ca and Mg) and were optimized from the available experimental data for the CaO-SiO,, MgO-
Si0;, Ca0-Na,0-Si0,, MgO-Na,0-SiO, and CaO-MgO-SiO, systems. The calculated lines in
Fig. 11.8 show good agreement with all experimental data within the experimental error limits

over all available temperature ranges.
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Fig. 11.8 Calculated viscosity in the CaO-SiO, system compared to experimental data [96, 164,
212, 213, 335]
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The viscosity of the binary MgO-SiO;, ZnO-SiO, and AlO;5-SiO; systems are not
available at lower temperatures because of the strong tendency to crystallization. The binary non-

Arrhenian parameters, T, . and n,. ., were optimized using the experimental data of the ZnO-
Na,O-SiO, system. For the system AlO,s-SiO, the parameters, T,, and n,, g, were

optimized using the available ternary measurements containing AlO; s as shown in section 11.3.5.

11.3.4 Viscosity of the ternary systems without AlO, 5

The viscosities of ternary systems without alumina are predicted by the extended model
using the model parameters describing the viscosity of pure oxides and the binary parameters for
MOy-SiO; melts with unary and binary non-Arrhenian parameters in Tables 11.1 and 11.2. No
additional ternary parameters are used. Hence, the agreement of experimental data and calculated
lines in the figures from this section is not the result of fitting, but rather an indication how well

the model can predict the viscosity of ternary systems.

The system of CaO-Na,O-SiO, is one of best—investigated systems by many researchers
from the glass to melt regions. This system is technologically important since it represents nearly
80% of commercial glasses and in particular, soda-lime-silica glasses are the basis of
conventional window and container glasses, as well as bioactive glasses [212]. The predicted
viscosities for the CaO-Na,0-SiO, system are compared to the experimental data [30, 48, 68,
105, 165, 179, 212, 239, 262, 266, 294, 349] in Figs 11.11 to 11.16. The viscosity measurements
were carried out using the rotating viscometer and counter-balanced method for the melt [68, 105,
165, 212, 262, 266, 294, 349] and using uniaxial compression [212, 294], penetration [48, 68,
105, 262], fiber-elongation [30, 165, 179, 239] and beam-bending methods [266] for the glasses.
The experimental data at lower temperatures show a curvature as a function of composition at
constant X(SiO,) while an almost linear relation of viscosity is described at higher temperatures.

There is no clear physical reason for this behavior. In the extended model, the curvature can be
- TMO . Moy -si -
reproduced by the binary terms x vex= and T “Xuo, - Xsi N Eq.(11.4). As the

effect of these terms on the viscosity calculation becomes larger, the curvature of the calculated
viscosity curves at constant SiO, contents becomes more significant. As can be seen from Figs.
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11.11 to 11.16, the observed trend of the viscosity data at different temperatures is well predicted
by the extended model using only unary and binary model parameters.
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Fig. 11.10 Compositions in the CaO-Na,0-SiO, system at which the viscosity was measured and
experimental data [30, 48, 68, 105, 165, 179, 212, 239, 262, 266, 294, 349]
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Fig. 11.13 Viscosity of CaO-Na,0-SiO, melts at 70 mol% SiO,: experimental points [105, 165,
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The MgO-Na,;0-SiO, system has been well-investigated by several researchers from the
glass to melt regions. The predicted viscosities for the MgO-Na,O-SiO, system are compared to
the experimental data [59, 75, 95, 105, 119, 122, 179, 239, 242, 260] in Figs 11.18 to 11.25. The
viscosity measurements were carried out using the rotating viscometer method for the melt [59,
75, 105, 119, 122] and the fiber-elongation method [59, 75, 95, 122, 179, 239, 242], the
penetration [105] and the beam-bending methods [260] for the glasses. As can be seen from Figs.
11.18 to 11.25, the extended model reproduces most of the viscosity data very well as a function
of composition and temperature within experimental error limits. As shown for the CaO-Na,O—-
SiO, system, the viscosity data of MgO-Na,O-SiO, system also show the curvature as a function

of composition at constant SiO, contents while a linear relation of viscosity is described at higher

temperatures. Again, the curvature can be reproduced by the binary terms x ivox< and

T _ Nvio, -si
(%) * Xmo, - X N EQ.(11.4) and the observed trends of the viscosity data at different

temperatures are well predicted by the extended model using only unary and binary model

parameters.
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Fig. 11.17 Compositions in the MgO-Na,O-SiO, system at which the viscosity was measured
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The predicted viscosities for the CaO-MgO-SiO, system are compared to the
experimental data [83, 164, 213, 297, 314, 318, 320] in Figs 11.26 to 11.27. The data of this
system are limited because of the strong tendency to crystallization during the experiments [164,
314]. The viscosity measurements were carried out by several investigators using the rotating
viscometer [144, 164, 314], the uniaxial compression [213, 297], micro-penetration [320] and
fiber-elongation methods [318]. The extended model is in good agreement with most of the data
except for the data at the diopside composition (CaMgSi,Og) in the temperature range from 740
to 780°C as shown in Figs. 11.26 and 11.27. The temperature dependences of the extended model
and the experimental data are not consistent. However, allowing for partial crystallization during
the experiment, it may be concluded that the extended model can reproduce most experimental
data within the experimental error limits at all temperatures. Neuville and Richet [213] measured
the viscosities with the replacement of CaO by MgO at constant X(SiO,) = 0.5 and observed
minima in the viscosity at the diopside composition as shown in Fig. 11.26. The physical reason

for such behavior is unclear. In the extended model, the curvature of the viscosity data can be
T ) Mo, -si
reproduced by the terms of X Mo« and (%J +Xuo, * Xg In EQ. (11.4). As the effect

of these terms on the viscosity calculation becomes larger, the curvature at constant SiO, contents
becomes more significant. As can be seen from Fig. 11.26, the observed trends of the viscosity
data at different temperatures are well predicted by the extended model using only unary and

binary model parameters.
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The predicted viscosities for the Na,O-K,O0-SiO, system are compared to the
experimental data [208, 238] in Figs 11.28 to 11.30. Nemilov [208] and Poole [238] measured
the viscosities using the penetration method and the fiber-elongation method in the glass region,
respectively. The data of Nemilov [208] at X(SiO;) = 0.87 of the Na,O-SiO, system are
systematically higher than the other data as shown in Fig. 11.2 (X(SiO) = 0.77 in NaOg5-SiO,).
On the other hand, the binary data at X(SiO,) = 0.95 of the K,0-SiO, system show lower values
due to the contamination of the sample by extremely high hygroscopicity as shown in Fig. 11.4
(X(SiO2) = 0.9 in KOgy5-Si0,). On the other hand, the data of Poole [238] in the Na,O-SiO,
system show good agreement with most data at all temperatures. However, the data for the K,O-
SiO, system at high alkali contents showed systematically lower trends as shown in Figs 11.5 and
11.30. The mixed alkali effect on viscosity of the Na,0O-K,0-SiO, system has been discussed by
several authors [67, 159, 208]. The mixed alkali effect on viscosity signifies that if a glass
contains more than one alkali oxide, the viscosity of alkali-containing glasses at low
temperatures is significantly lower than the viscosities of each binary alkali-containing glasses at
low total alkali concentrations. With increasing temperature, this effect becomes weaker.
However, controversy still exists about the mixed alkali effect. Leko [159] observed a deep
minimum of the viscosity in the ternary mixed alkali glasses containing 5 mol% Na,O+K,0 total
while Nemilov [208] as shown in Figs. 11.28 and 11.29 did not observe the mixed alkali effect in
the ternary Na,O-K,0-SiO, system. However, the data of Nemilov[208] have systematic errors in
the binary K,O-SiO, and Na,O-SiO, systems, and thus it is difficult to conclude the existence of
the mixed alkali effect. In addition, Fluegel [67] attempted to reproduce the mixed alkali effect
with the data of Poole [238] as shown in Fig. 11.30. However, as shown in Fig.11.5, his model
does not reproduce properly the system K,O-SiO,, and thus it appears that Fluegel’s model [67]
shows systematically wrong results in the ternary Na,O-K,0O-SiO, system. Because of lack of
reliable experimental data, more accurate viscosity measurements at low temperatures need to be
carried out to take into account the mixed alkali effect in the ternary Na,O-K,0-SiO; system. On
the other hand, as shown in Fig. 11.26, these viscosity minima at low temperatures are also
observed in the system CaO-MgO-SiO,. That is, the viscosity minima are not unique to mixed

alkali systems. The extended model reproduces these viscosity minima through the binary terms
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The predicted viscosities for the PbO-K,0-SiO, system are compared to the experimental
data [94, 263] in Figs 11.31 to 11.33. As can be seen from these figures, the model shows
excellent reproducibility for most data except for the data measured at 400°'C. As shown in Fig.
11.4, the data measured at 400'C by Saringyulyan and Kostanyan [263] show values almost
similar to the other data measured at 500°C. Again, this inconsistency of the data measured at
such a low temperature, 400°C, could occur due to temperature inhomogeneity between the
sample having extremely high viscosity and the furnace. It should be noted that the homogeneity
of temperature between furnace and sample at low temperature is much more difficult to achieve
due to the poor heat conduction and high viscosity of the glass sample.

The predicted viscosities for the PbO-Na,O-SiO, system are compared to the
experimental data [63, 62, 327] in Fig. 11.34. The viscosity data measured in the glass region are
limited as shown in Fig. 11.34. Evstropiev [63] measured only the viscosity in the glass region
using the fiber-elongation method. They also measured the binary Na,O-SiO, system and it

shows data slightly lower than those of the other work. Considering the experimental difficulties
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and the experimental error limits in viscosity measurement, it is concluded that the model

reproduces fairly well the viscosity data as shown in Fig. 11.34.

The predicted viscosities for the ZnO-Na,O-SiO, system are compared to the
experimental data [105, 235, 313] in Figs. 11.35 and 11.36. The viscosities of the melt were
measured by a rotational viscometer [105, 313] and the viscosities of the glasses were measured
by the penetration method [105, 235]. As can be seen from Figs. 11.35 and 11.36, the model
shows excellent reproducibility for most of the data at all temperatures. The agreement is well
within experimental error limits.

11.3.5 Viscosity of the ternary systems with AlO, 5

As discussed earlier in Chapter 3, Al cations can assume tetrahedral coordination and
replace Si in the network when the missing charge is compensated by a basic cation M. This
results in a maximum in the viscosity when the molar ratio of Al,O3 to MO or M0 is unity. We
applied two model parameters without temperature dependence to describe the viscosity
maximum in the melt region [81]. In the present study, this effect is also extended as described in
Eq.(11.10) by adding temperature dependence with only two more parameters for each ternary
system MO,—Al,03-SiO, which describe the Gibbs energy of reaction (3.40) or (3.41) as a
function of composition. Optimized model parameters for the systems MOy—Al,03-SiO, (M = Ca,
Mg, Na, K, Zn and Pb) are summarized in Table 11.3.

The predicted viscosities for the Na,O-Al,03-SiO, system are compared to the
experimental data [98, 125, 214, 252, 269, 297, 307, 321, 324, 335] in Figs. 11.37 to 11.41.
Because of the strong tendency of crystallization within the viscosity range from 10° to 10° poise,
viscosity data measured within this range is rare [284]. Except for the data of Neuville and Richet
[214], which show a different temperature dependence compared with other data at the same
composition (Figs 11.38 and 11.41) as shown in Eq.(11.5), this extension resulted in a good
description of the experimental data for the Na,O-Al,03-SiO; system as shown in Figs. 11.38 to
11.42. Not only the magnitude, but also the shape of the viscosity maxima are well reproduced.
Figs. 11.38-11.40 compare the calculations of the extended model using the re-optimized
parameters from Tables 11.1 and 11.2 with those of the previous model using the previous
parameters in Table 4.1 at 1200, 1400 and 1600°C. As shown in Figs. 11.38-11.40, the

reproducibility of the extended model is comparable to that of the previous model which was
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developed to reproduce viscosity data measured only in the melt region. Thus, the extended
model is believed to reproduce the viscosity data of the Na,O-Al,03-SiO, system measured over

the wide composition and temperature ranges within experimental error limits.
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Fig. 11.37 Compositions in the Na,O-Al,03-SiO; system at which the viscosity was measured
and experimental data [98, 125, 214, 252, 269, 297, 307, 321, 324, 335]
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The predicted viscosities for the CaO-Al,03-SiO, system are compared to the
experimental data [58, 83, 98, 109, 145, 172, 256, 270, 297, 303, 318, 320, 323, 330, 335] in Figs.
11.44 to 11.47. Again, because of the strong tendency to crystallization within the viscosity range
from 10° to 10° poise, viscosity measurements in this region are very rare [284]. As shown in
Figs. 11.44 to 11.47, the model describes well most available data at all temperatures within
experimental error limits, except for the one data of Sipp et al. [297]in Fig. 11.47 measured at
X(SiO,) = 0.12 at 800°C. The data of Sipp et al. [297] show a slight increase in viscosity with
decreasing SiO, at 800°C and this could be caused by a strong tendency to crystallization due to
high contents of CaO and Al,Oj3 as pointed out by Shelby [285].
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Fig. 11.43 Compositions in the CaO-Al,03-SiO, system at which the viscosity was measured
and experimental data [58, 83, 98, 109, 145, 172, 256, 270, 297, 303, 318, 320, 323, 330, 335]
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Fig. 11.44 Viscosity of CaO-Al,03-SiO, melts at 50 mol% SiO,: experimental points [83, 98,
145, 172, 270, 297, 303, 318, 320, 323, 335] and calculated lines
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Fig. 11.47 Viscosity of CaO-Al,03-SiO, melts at constant molar ratios of CaO/Al,0O; = 1:
experimental points [98, 145, 256, 270, 297, 318, 320, 323, 335] and calculated lines

The only available viscosity data in the glass region for the system MgO-Al,03-SiO;
were measured at X(SiO,) = 0.5 by several researchers [168, 251, 318, 323, 335, 363]. As can be
seen in Fig. 11.48, all experimental data show an excellent agreement with the calculated lines at
all temperatures.

No viscosity data for the K,O-Al,03-Si0O, system at low temperatures are available. The
temperature dependence was applied to reproduce the available viscosity data measured in the
melt region [126, 193, 200, 335] for the K,O-Al,03-SiO, system.
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The predicted viscosities for the ZnO-Al,03-SiO, system are compared to the
experimental data [183, 193] in Fig. 11.49. McMiillan et al. [183] measured only high viscosities
in the temperature range of 700 to 800°C using the fiber-elongation method. Mizoguchi et
al.[193] measured the viscosities in the melt using a rotational [193] viscometer. As can be seen

from Fig. 11.49, the model shows a good agreement with all data points at all temperatures.

There were no available data measured in the glass region for the system PbO-Al,O3—

SiO;and thus, the optimized parameters were taken from Table 5.1.

11.3.6 Magmas, Lavas and Multi-component Glasses

The Al,03-Ca0-Mg0O-Na,0-K,0-SiO, system contains sub-systems of importance for
petrology. In particular, a knowledge of the viscosity of silicates formed by albite—orthoclase—
anorthite feldspars, diopside and nepheline is important for the understanding of the generation,
transport and emplacement of igneous rocks. The viscosity of these silicates from the glass to the
melt regions was studied by Tauber and Arndt [320], Taniguchi [318], Hummel and Arndt [98],
Cranmer and Uhlmann [36], Scarfe et al. [270], N’Dala et al. [200] and Sykes et al. [314].

The viscosities along the diopside—anorthite, nepheline—diopside and anorthite-albite
sections predicted by the model are compared with the experimental data in Figs. 11.50 to 11.52.
The calculated lines in Fig. 11.50 are in good agreement with the experimental points in the
temperature range from 850 to 1600°C except for the data measured at 750 and 800°C. It appears
that the extrapolation of the data measured in the anorthite section would be much higher than the
predicted. At those temperatures, no viscosity data are available at the composition of anorthite
because of the strong tendency to crystallization. Again, Shelby [285] observed in the system
Ca0-Al,05-SiO; that the glass transition temperature (Tg) increases with increasing molar ratio of
Al,O3/Ca0 at constant SiO,. Shelby [285] presented the glass transition temperature at the
composition of anorthite around 800°C. Below Tg, the glass (supercooled liquid) behaves as a
solid which would cause an abrupt increase of the viscosity. This implies that the data measured
below 800°C at the anorthite-rich side in Fig. 11.50 would have large systematic errors because
of partial crystallization of the sample. In Fig. 11.51, the data of Sykes et al. [314] are slightly
lower than the calculated lines in the temperature range of 1300 to 1500°C. On the other hand, the
viscosity measured in the temperature range from 680 to 720°C shows good agreement with the

predicted viscosities within the experimental error limits except for one datum measured at the
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nepheline(NaAIlSiO,)-rich side. The extrapolated viscosity of the data of Sykes et al. [314] to
pure nepheline (NaAlSiO,;) would show a systematically lower values than the other data
measured at the composition of nepheline as shown in Fig. 11.38. As shown in Fig. 11.52, the
calculated lines show good agreement with the data measured in the temperature range from 1300
to 1600°C. On the other hand, the data are reproduced less satisfactorily by the calculated lines in
the temperature range from 800 to 950°C. The data measured by Hummel and Arndt [98] and
Cranmer and Uhlmann [36] show U-shaped trends of viscosities in the temperature range from
800 to 950°C. The extended model predicts the viscosity of anorthite—albite by linearly

extrapolating AG,,, o, and AG,, ., and the extended model shows excellent agreement with all

available data for the ternary Na,O-Al,03-SiO, and CaO-Al,03-SiO, systems as shown in
Figs.11.37-11.48. There is no obvious physical reason for such behavior. However, considering
the experimental difficulties of viscosity measurement at low temperatures, it appears that the
predicted viscosities are in a good agreement within the experimental error limits. Figs. 11.50-
11.52 also compare the calculation of the extended model using re-optimized parameters with
that of the previous model using the model parameters of Table 4.1 in the temperature range from
1200 to 1600°C. The lines calculated by the extended model at 1200°C of Fig. 11.50 and 1300°C
of Fig. 11.51 are somewhat higher than those of the previous model, although the differences are
fairly small. The experimental data measured at 1200°C are plotted in Fig. 11.50 and the
difference is believed to be within experimental error limits. As can be seen from Figs 11.50-
11.52, the reproducibility of the extended model is comparable with the previous model
developed to reproduce viscosity data measured in the melt region. The extended model is
believed to reproduce the viscosity data of multicomponent silicate systems measured in the wide

composition and temperature ranges within experimental error limits.
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The viscosities for all available subsystems of the Al,0;—CaO-MgO-ZnO-PbO-Na,O-
K,O-SiO, system are also predicted as shown in Figs. 11.53 to 11.61. The viscosity of
multicomponent systems is predicted by the extended model from the unary, binary and ternary
parameters given in Tables 11.1 to 11.3 with no additional parameters. In Figs 11.53 and 11.54,
the predicted viscosity of the CaO-MgO-Na,O-SiO, system are compared with the data measured
by Kim and Vyazkost [124] and Khanna [122]; the extended model is in good agreement with
most experimental data at all temperatures. The data of Khanna [122] show slightly lower
viscosities in the system MgO-Na,O-SiO, in Fig. 11.20 and represent systematically lower
viscosities than the predicted as shown in Fig. 11.54, but the model is still in reasonable

agreement within the experimental error limits.

As can be seen from Figs. 11.55 to 11.57, the predicted viscosities for the system CaO-

MgO-Na,0-Al,03-SiO, show fairly good agreement with most data at all temperatures within
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the experimental error limits. In Fig. 11.55, the data of Okhotin and Andryukhina [218] show
systematically higher viscosities than the calculated lines with decreasing temperatures on the
section of system CaO-MgO-Al,03-SiO,. Again, with high contents of CaO, Al,O3; and MgO,
the viscosity data at lower temperatures would be expected to have large errors because of the

tendency for crystallization of the sample during the experiment.

Fig. 11.58 shows the predicted viscosities for the system CaO-Na,O-K,0-Al,03-SiO,
along with the experimental data measured by Startsev et al. [305] using the beam-bending
method. The viscosity data with decreasing Na,O show an abrupt increase in viscosity at 750 and
800°C. Since there is no obvious physical reason for such behavior, it is most likely an effect
caused by crystallization. Except for these points, the extended model describes well the viscosity

data at all temperatures within the experimental error limits.
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(70.22 mol% SiO,, 1.77 mol % Al,O3, 14.45 mol% MgO, 13.56 mol% Na,O): experimental
points [4] and calculated lines
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In Figs. 11.59 and 11.60, the viscosity data for the system CaO-MgO-Na,0-K,0-Al,03—
SiO; are compared with the predicted viscosities. In Fig. 11.59, the total alkali content
(Na,0+K;0) is 3.5 mol%. Therefore this system is virtually the CaO-MgO-Al,03-SiO, system
and the viscosity data below 800°C show systematically higher values than the predicted. This
systematic difference could be caused by partial crystallization of the sample containing high
contents of CaO, Al,O3; and MgO during the experiments. On the other hand, as shown in Fig.
11.60, the viscosity data could be measured up to 575°C because of the high contents of SiO;in
the system. However, the experimental data in Fig. 11.60 also show an abrupt increase in
viscosity with decreasing Na,O while the viscosity data show a linear relation as a function of
mole fraction of basic oxides in Fig. 11.59. Again, since there is no obvious physical reason for

this abrupt increase in viscosity, it is most likely an effect caused by crystallization.
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Fig. 11.61 shows the predicted viscosities for the system ZnO-CaO-MgO-Na,0-K,0-SiO,
with the experimental data measured by Fromberg et al. [70] using the rotational viscometer
method for the melt and the fiber-elongation method for the glasses. As can be seen from Fig.
11.61, the experimental data show an excellent agreement with all experimental data at all

temperatures within the experimental error limits.

11.3.7 Viscosity of Commercial Glasses

A large number of viscosity measurements are available for glass-forming melts in the
Al,03-B,03;-Ca0-MgO-ZnO-PbO-Na,0-K,0-SiO, system around some technologically
significant compositions. In particular, the compositions of typical soda-lime-silica glass melts
for production of container glasses and float glasses, E-glasses, wool glasses, low-expansion
borosilicate glasses and lead crystal glasses are within this nine-component system. The
concentrations of additional minor components such as Fe, Cr, or Li are normally less than 1
wt %.
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Some glass research groups [279] carried out extensive viscosity measurements in a very
well—controlled manner using the rotating spindle, parallel plate and beam bending methods with
well-characterized samples over a narrow composition range corresponding to a particular type of
glass. Commercial glass melts may also be easier to work with since they are specifically
designed to avoid crystallization. This minimized the scatter of experimental data and allowed
fitting experimental points very accurately using fairly simple regression equations. The
equations obtained can be used for reliable interpolations within the limited composition range
covered by the net of the experimental points, but extrapolations outside this range are not

possible.

A few regression equations for glasses were obtained based on the viscosity
measurements by several investigators. In particular, the recent statistical model of Fluegel [67]
fits a very large amount of experimental information on glass melts, which is summarized in the
SciGlass database [37], and provides a rigorous estimation of errors and validity limits. This
model [67] is based on multiple regression using polynomial functions. Fluegel claims that his
analysis of systematic differences between laboratories improves the overall accuracy of
interpolation [67]. Fluegel’s model is most accurate in the vicinity of the commercial glass

compositions since it is calibrated based on numerous experimental data for these regions.

The extended model developed in the present study, on the other hand, is designed
particularly for wide-range extrapolations of composition and temperature. The experimental data
for multicomponent glass melts have not been used for the calibration of our model which is
applicable at any composition contrary to the regression equations mentioned above which
cannot be extrapolated outside their validity limits. It is interesting to examine how the present

model compares with existing regression equations over their ranges of validity.

Float glasses and container glasses are virtually the CaO-MgO-Na,0-SiO, system. Some
commercial viscosity data were comparable with the CaO-Na,O-SiO, system as shown in Figs
11.12 to 11.14. All viscosity data for the Container Glass series as shown in Figs 11.12 to 11.14
show good agreement with the calculated results of the extended model. In Fig. 11.62, the
viscosity of float glasses and container glasses are compared with the lines calculated by the
extended model and the model of Fluegel [67] as an inverse function of temperature and all data

show better relations with the model proposed by Fluegel [67]. As mentioned earlier, Fluegel’s



307

model was calibrated based on numerous experimental data for these compositional regions while
the extended model developed in the present study was designed particularly for wide-range
extrapolations of composition and temperature of the Al;03-B,03-CaO-MgO-ZnO-PbO-
Na,0-K,0-SiO, system. However, it is apparent that the extended model is able to reproduce the
commercial glass viscosity data within the experimental error limits and is comparable with

Fluegel’s model.

In Figs 11.63 and 11.64, the viscosity of float and container glass series are plotted with
the experimental data of other authors [122, 124, 181, 268] and the lines calculated by the
extended model are also compared with the model by Fluegel [67]. As shown in Figs 11.63 and
11.64, the extended model reproduces well all experimental data including the commercial
glasses as a function of composition and temperature, and the extended model is also comparable
with the model by Fluegel [67].
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lines. Figures (a) to (d) compares the viscosity model proposed in the present study (solid lines)
with the model by Fluegel [67] (dashed lines)
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Fig. 11.63 Viscosity of CaO-MgO-Na,0-SiO, at 10.27 mol% CaO and 14.79 mol% Na,O:
experimental points [122, 124, 181, 279] and calculated lines (solid lines) compared with the
model proposed by Fluegel [67] (dashed lines)
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Fig. 11.64 Viscosity of CaO-MgO-Na,O-SiO, at 7.42 mol% CaO and 4.23 mol% MgO:
experimental points [122, 268, 279] and calculated (solid lines) compared with the model

proposed by Fluegel [67] (dashed lines)

11.4 Conclusions

A model for the viscosity of oxide melts is extended to predict the viscosity of glasses for
all available sub-systems of the CaO-MgO-Na,0-K,0-Zn0O-PbO-Al,05-SiO, system from the

glass to the melt regions within the experimental error limits.

The structure of silicate glasses quenched from the molten state is similar to the structure
of silicate melts, and thus the structure of silicate glasses can be taken into account by the
Modified Quasichemical Model [231, 232].
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Using all available sub-systems of the CaO-MgO-Na,O-K;0-ZnO-PbO-Al,05-SiO;
EQ and E}

system, the values of model parameters A MO. _Si MO S

mo, ' Ewmo, » were re-optimized

simultaneously with the non-Arrhenian unary and binary parameters T, n

mo, * Mmo, + Myo, si

T and n

MO, -Si

vo.s (M = Ca, Mg, Pb, Zn and Al). The model parameters A} Ao, s and

0,-Si !

rna . were not required except for the value Af

0, -si s and were set equal to zero.

IOl.S -

In the binary systems CaO-SiO, and MgO-SiO,, the viscosity data have a cross-over point
as a function of temperature and this trend of viscosities is also supported by the ternary

measurements in the CaO-Na,O-SiO, and MgO-Na,O-SiO, systems. This cross-over point in the

binary MOx-SiO; (M = basic oxide) systems can be taken into account by the terms of T, ,

Nyio, » Myo, si TMOX-Si and Mvio, si -

In order to take into account the Charge Compensation Effect for glasses containing

Al203, we added two more parameters into the function of AG,,, , for the formation of Charge

Compensated Species such as CaAl,O, or NaAlO,. This simple modification of the model

results in good agreement with most viscosity data for ternary and high-order systems containing

Al,O3 within experimental error limits.

When comparing the reproducibility between the previous model and the extended model,
the extended model is able to reproduce the viscosity data not only in the melt region but also the
glass region within experimental error limits, and the reproducibility of the extended model in the

melt region is comparable with the results of the previous model.

The available viscosity data for the sub-systems of CaO-MgO-Na,0-K;0-ZnO-PbO-
Al,03-SiO, have been reviewed. It is demonstrated that the extended model reproduces the
experimental data for the binary and ternary glasses and predicts the viscosities of
multicomponent glasses within experimental error limits over wide temperature and composition
ranges. In particular, the extended model can be used to provide good estimates of the viscosities
of multicomponent glasses, magmas, lavas and commercial glasses. Most importantly, the
extended model is believed to reproduce not only the temperature dependence but also

composition dependence of available viscosity data within experimental error limits.



Table 11.1 Optimized Model parameters for the viscosity expressed in Pa-s

System Model parameter Model parameters (J-mol™)
SiO;, A, =-10.56 Eg =217200
Af =-6.13 E& =298520

AlO; 5 Aso,, =911 Eao,, =118500

CaO Ao =-11.25 E..o = 58560

MgO Aygo =—10.20 Eygo =59434

NaOg s Avo,, =—10.15 E o, = 45500

KOos Ao,, =—13.35 Exo,, = 84500

ZnO A,=-11 E,., =80000

PbO Ao =—6.92 Eppo =3373

AlO, 5-SiO; A/-F\{|ol_5-5i =-12.78 Eillol_s-m =-99699
E Zow_g = 303400

CaO-SiO; Egng =—172232
E&os =39893

MgO-SiO, Ego-si = —209506
E,\Fjgo_Si =5742

NaOO_s—SiOZ

Eilo,. s = 32500

ER

NaOys-Si

=10200

Efne  =20444358

NaOy s -Si
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KOo5-SiO Elo,.si = —38200

E &5 = 39000

Efol & = 42390018
ZnO-SiO0, Eilos =—30000

El s = 95000
PbO-SiO;

EX . =—-191759
E2 . =1748612

ER s = 26518

Table 11.2 Optimized non-Arrhenian parameters for the extended viscosity model

System T (Kelvin), N

CaO T, =1873.15
N, =234

MgO Tygo =1872.71
Ny =2.72

PbO T.po =1760
N,,, =3.114

Zn0 —

NaOg 5 —

KOO_S —_

A|01,5 —_

Ca0-SiO,

Top0s =1909.89

nCaO—Si

m

CaO-Si

=1.95
=0.416




MgO-SiO;

T, =3665.52

MgO-Si

nMgO-Si =1

M0 = 0.642

PbO-SiO,

Toposi =982.18
Neyosi =33

ZnO—Si02

meO-Si =0
T

NaOO_s—SiOZ

nNaOO_5 s =92.08

KOg5-Si0O;

T ; =780.1

KOy -Si

Nio,. s =6.86

AlO15-SiO;

Tro,.s =370.36

nAlol_5 s=1

Table 11.3 Optimized parameters for the ternary systems containing alumina (J mol™)
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System

KOg5—-AlO15-Si0O;

AG o, = (-172290+38.69T)+(153922-59.60T)X (Si0, )

NaOo,s—A|01,5—Si02

AG o, = (-115182+52.87T)+(153888-123.49T)X (SiO,)

CaO—AIOl_s—SiOz

AGu o, = (-207945+130.8T)+(178900-170.24T)X (SiO,)

MgO—AIOl_s—SiOz

AGyygnr0, = (-182734+109.36T)+(228839-180.42T)X (SiO,)

PbO-AlO,5-SiO;

AGipyu, o, = -14226-48953X (SiO,)

ZnO—AIOl_s—SiOz

AG 0, = (-625073+360.94T)+(1085539-653.92T)X (Si0,)
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CHAPTER 12 EXTENSION OF THE MODEL TO THE GLASS REGION

OF BORON-CONTAINING SYSTEMS

12.1 Introduction

Boron oxide is one of the best glass-forming oxides. It plays an essential role in the
industrial production of glass due to its high solubility in silicate melts and to the low melting
temperatures of boron-containing glasses. Boron is also widely used in ceramics, metallurgy,
production of fibers, growing of single-crystal semiconductors from melts, etc. The viscosity of

B,03-containing melts is of primary importance for most of these applications.

As shown in Chapter 3, we have developed a model to reproduce the viscosity of oxide
melts containing boron. In this model the viscosity is related to the structure of the melt, which in
turn is calculated from the thermodynamic description of the melt using the Modified
Quasichemical Model [231, 232]. Most importantly, the model takes into account the formation
of the borosilicate network which has a profound effect on the viscosity. The model predicts
within experimental error limits the viscosity of multicomponent borosilicates from just a few

model parameters fitted to the viscosities of the binary and some ternary subsystems.

In Chapter 11, we extended the model to the glass region of silicates by addition of a few
non-Arrhenian parameters. The model reproduced most available experimental data for the
system Ca0O-MgO-Na,O-K,0-PbO-Zn0O-Al,03-SiO, within experimental error limits. No other
model exists for the viscosity in the glass region of boron-containing systems over wide

composition and temperature ranges.

The addition of basic oxides including alkali metals to B,O3; has a complex effect on
viscosity, known as the “Boron-Alkali Anomaly” or “Borate Anomaly” [284]. With decreasing the
temperature, adding alkali oxides to B,O3; melts and glasses causes the viscosity to rise to
different maximum values at around 20 and 33 mol% of R,O, respectively (where R is an alkali
metal as Na, K and Li). In addition, additions of other basic oxides such as CaO, MgO and PbO
also yield maximum values in viscosity around the metaborate MB,O, (M = Ca, Mg) or diborate
compositions MB4O7; (M = Pb, Zn) in the glass region. Beyond this maximum, the viscosity

decreases monotonically with increasing concentration of these basic oxides. Other properties
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such as density and thermal expansion change in a roughly similar fashion [284]. For example,
there is a minimum in the thermal expansivity of borate glasses at roughly the same compositions
as the viscosity maximum of borate melts [331]. The current understanding of the borate anomaly
connects the variation of the various properties to the population of various structural groups in

the melt.

In order to take into account the “Borate Anomaly” in the melts, we employed the
formation of solid-like clusters at the composition of alkali tetraborates MB, (M = Na, K) as
shown in section 3.4.3 to reproduce the viscosity data measured in the melt region. In the present
chapter, we extend the model further to reproduce the abnormal behavior of the viscosity for each
B,03-MOy system from the glass to the melt regions, where M is a basic oxide, by introducing
the formation of solid-like clusters also at the diborate composition and we predict the viscosity
of multicomponent systems containing boron oxides not only in the melt but also in the glass

region within experimental error limits.

12.2 Extended Viscosity Model for Boron-containing Systems

In Chapter 11, Eq. (11.4), we employed the non-Arrhenian unary and binary parameters

Tuo. » Mvo.» Muo. siv Two.sianNd Ny,  to reproduce the viscosity data measured from the glass

to the melt regions. We now employ the additional non-Arrhenian binary parameters T,,, . and

Nuo 5 tO reproduce the viscosity data for boron-containing systems from the glass to the melt

regions as shown in Eq. (12.1).

M ij

[ (T ) ]
5K, Em>l1+xmgix-5'[ =) }+zz(x;mxx;i £il )

[ (o) (o) 2] (12,1
ST Z(XMOx EISIOX-Si) 1+§ (Tx) : XMOX - X

X 4+( s 4[1_ Bsi 36]7,
+ Si +(pS| ) (pB,Sl) %XMOX

Z (Xuo, Eversi)
i\ (1_ nsi\S MATali T
+(psi) (1 psi) M ;XMOX

* Bsi\®( Bsi)\*¥ Ts " * TMOX-B e
+{EB +( Ps’ ) ( Pasi ) {EB |:1+(T) :|_ EB]}(XB +§(TJ : XMOx : XB)
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The effects of these terms T,,, , and n,,, , on the viscosity calculations are weaker at

higher temperatures and stronger at lower temperatures at constant composition. However, no

non-Arrhenian binary parameters, T and n were required in the model except for the

MO, -B MO, -B !
system Al,O3-B,03. No formation for the solid-like clusters was applied in the binary Al,Os3-
B,03 system. The solid-like clusters containing Al,O3; and B,O; at tetraborate and diborate
compositions seem to be much less favorably formed due to the same charge of each cation AI**

and B¥.

As shown in Figs 12.2 to 12.8, viscosity data for the binary B,O3;—MO, (M = basic oxides)
systems show viscosity maxima at the diborate (MB,) and tetraborate compositions (MB,) at
lower temperatures. In order to take into account the “Borate Anomaly” in the melts, we
employed the formation of solid-like clusters at the composition of alkali tetraborates MB, (M =
Na, K) as shown in section 3.4.3 to reproduce the viscosity data measured in the melt region.
However, these viscosity maxima are also seen in the other binary systems Ca0O-B,03, PbO-B,03
and ZnO-B,0;. Thus, we extended the model further to reproduce the abnormal behavior of

viscosity for each B,03;—MOy system from the glass to the melt regions, where M is a basic oxide.

Modeling of the solid-like clusters formed at the tetraborate composition was shown in
section 3.4.3. We now apply a similar approach to model the formation of solid-like clusters at

the diborate composition as well.

The reaction for the formation of the solid-like clusters m(MB,Oy.3) at the diborate

composition is shown in Eq. (12.2).

m-MO, + 2m-BO,, == m(MB,0,..) (12.2)

We used similar model equations as in section 3.4.3 and optimized model parameters

* *

Ao, Esmo,)» M AGreyo,.,y aNd Epeyo,,,) for the binary MO,-B,Os systems. The model
parameters in section 3.4.3 are simply the Gibbs energy for the formation of solid-like clusters
AG,,we,0,.,)and the activation energy E_ s, , Which, as a first approximation, are assumed to

be independent of temperature. In order to reproduce the viscosity data for the boron-containing
systems over a wide temperature range, we added temperature dependences to the Gibbs energy

and the activation energy parameters as shown in Egs (12.3) and (12.4).
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AG,ws0,,) =a+bT (12.3)

Em(MBXOy) =o+pT (12.4)

12.3 Review of the available viscosity data and calibration of the

model

In the present study, viscosity data measured from the melt to the glass regions are
reviewed for all subsystems of the B,03-CaO-MgO-Na,0-K,0-PbO-ZnO-SiO,~Al,03 system.
The data judged to be most reliable are shown in the figures below. To improve the legibility of
the figures, the results of a few studies which substantially deviate from those of other authors are
not shown. For multicomponent subsystems, preference was given to extensive systematic
studies. If the viscosity is reported for just a few compositions in a multicomponent system and
the description of the experiments is insufficient, it is very difficult to evaluate the real accuracy

of the data unless similar compositions were also studied by other authors.

The extended model is intended for the single phase region of the melts and the glasses.
The data measured in the two-phase regions were not considered. Therefore, the viscosity data
were collected mostly for the single phase region at all available temperature ranges. If an
abnormally high viscosity value was reported when compared with other data, this is most likely
the result of crystallization. In most cases such data were discarded, but sometimes these points

are still shown in the figures to take into account systematic errors.

12.3.1 Viscosity of the unary B,0O; system

All optimized model parameters are listed in Table 12.1. The viscosity parameters A; ,
E;, Tz and n,for pure B,Os; were taken from the previous study [27, 26]. Two parameters for
each MO,—BO 5 binary system, A;(MOX) and E;(MOX) are taken from the previous publication [27,
26]. In order to predict the viscosity in borosilicate glasses, the unary parameters A, Eg;, AS,
Es Avo, » Emo, » Myo.si» Nuo, a@nd T,,, for pure silica and basic oxides, and binary
parameters A;,,’OSI Ao, si Rigg_Si, E;,',gx_s“ E o, -si EQ‘QE_S“ Tuo,.si and Ny,  for MOx-

SiO, are taken from Tables 11.1 and 11.2. To take into account the charge compensated effect of
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the systems containing AlO;s, the model parameters for the Al,O3;—CaO-MgO-Na,0-K,0-
PbO-Zn0O-SiO; system are taken from Table 11.3.

The low-melting unary B,0O3; system was studied by many researchers due to its
technological importance from the melt to glass region. As shown in Fig. 12.1, all available
experimental data are collected and the reliable data are plotted. Some of the data are not shown,
even though these data show a good agreement with the extended model, in order to improve the
legibility of the figures. Some of the data are shown in the figures for the binary systems. In the
melt region, most of the viscosity data were measured using the rotating viscometer [60, 106, 148,
162, 204, 220, 228, 258, 265, 291, 301], counter-balanced [35, 173, 178, 281, 326], ball pulling-
up [355], oscillation viscometer [100] and vibration viscometer methods [197]. For the high
viscosity measurement in the glass region, the beam-bending [131, 236], the penetration [178,
345, 355] and the fiber-elongation methods [220, 247] were used. In Fig. 12.1-b), the data of
Napolitano et al.[204] and Shiraishi et al. [291] show a more sharply increasing behavior of
viscosity with decreasing temperature than the other data. Napolitano et al. [204] and Shiraishi et
al. [291] measured viscosities from high to low temperatures with the rotating viscometer method.
As mentioned in Section 11.3.1, a rotational viscometer is most suitable for measurements of
viscosity in the melt and the optimum range for a rotational viscometer is from -1 to 5 in the
logarithm poise scale. Viscosity measurements outside the optimum range for each viscometer
method would cause large errors and the real accuracy can be much lower. As can be seen from
Figs 12.1-b) and c), the model describes well most viscosity data within the experimental error
limits and the scatter of experimental data can be as high as 0.5 in Fig.12.1-b) and 1 in Fig. 12.1-

¢) in the logarithm poise scale.
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Fig. 12.1 a) Calculated viscosity in B,O3 compared to experimental data [35, 60, 100, 106, 131,
148, 162, 173, 178, 197, 204, 220, 228, 236, 247, 258, 265, 281, 291, 301, 326, 345, 355] b)
Comparison of experimental data with the extended model prediction with expanded scale in the

melt c) Comparison of experimental data with the extended model with expanded scale in the
glass

12.3.2 Viscosity of the Na,O-B,0; system

The system Na,O-B,0s is the best—investigated system for the study of the “Boron-Alkali
Anomaly”. Thus, many researchers measured the viscosity using the rotating viscometer [112,
157, 265], vibration viscometer [71], counter-balanced [281] and ball pulling-up [355] methods
for low viscosity measurement and the penetration [206, 261, 355], beam-bending [306] and
Pochettino viscometer methods [343] for high viscosities. As can be seen from Figs. 12.2-a) and
b), two maxima in viscosity are observed in the viscosity data measured from melt to glass
regions. As mentioned earlier, it is well-known that stable clusters at the tetraborate composition,
Na:B = 1:4, and diborate composition, Na:B = 1:2, were proposed based on studies by Raman

and Infrared spectroscopy, 'B NMR, X-ray and neutron diffraction [45]. The glass-transition
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temperature is defined as the temperature corresponding to a viscosity of 10" poise. Chryssikos
et al. [32, 33, 358] systematically investigated the structure of alkali(A = Li, K, Na, Rb, Cs) and
alkaline earth(B = Mg, Ca, Sr, Ba) borates by measuring the glass-transition temperature and they
observed a maximum in viscosity around the composition of X(A) = 0.33 for alkali borate and
X(B) = 0.45 to 0.5 for alkaline earth borates. No temperature dependence in Egs. (12.3) and
(12.4) was applied in the previous model of Section 3.4.3 for the melt region. As shown in Fig.
3.3 of Section 3.4.3, the viscosities measured above 700'C were reproduced by considering only
the tetraborate clusters MB,. At 600°C in Fig. 12.2-b), the maximum has been shifted from the
tetraborate to the diborate composition. It appears that the relative tendencies for the formation of
the stable tetraborate (NaB,) and diborate (NaB;) clusters shift with temperature. Therefore, we
considered the formation of two clusters, tetraborate (NaB,) and diborate (NaBy;), by assigning
Gibbs energy parameters for the formation of these clusters along with the activation energies
given with temperature dependence as shown in Egs. (12.3) and (12.4). In Figs. 12.2-a) and b),
most of the data show an excellent agreement with the calculated lines at all temperatures except
for the data of Visser and Stevels [343] at 350 and 450°C. Their data show higher values than the
other data measured at the same temperatures. Visser and Stevels [343] measured the viscosity
using the Pochettino viscometer, used mostly for polymer melts having low viscosity. The
viscosity measurement outside the optimum range for each viscometer method would cause a
large error. Sasek et al. [265] measured the viscosity using the rotating viscometer method in the
temperature range from 500 to 1200°C. As shown in Fig. 12.2-a), their data measured in the
temperature range from 600 to 1200'C show good agreement with the predicted viscosities and
the other data within the experimental error limits. The data measured at 500°C show good
agreement with the data of Nemilov [206] up to X(Na,O) = 0.3, while the data measured at
X(Na,0) = 0.33 are much lower than the predicted viscosities. In addition the data of Sasek et al.
[265] shows an inconsistency for the maximum viscosity at X(Na,O) = 0.33. As mentioned
earlier, the optimum measurement range for the rotating viscometer method is in the viscosity
range of -1 to 5 in the logarithm poise scale. Again, viscosity measurements outside the optimum

range for each viscometer method would result in large errors.
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Fig. 12.2 a) Calculated viscosity in Na,O-B,03 system compared to experimental data [71, 95,
112, 157, 206, 261, 265, 281, 306, 343, 355] with expanded scale b) Compares experimental

data with the extended model
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12.3.3 Viscosity of the K,0O-B,03 system

The system K,0-B,03 has also been investigated by many researchers using the rotating
viscometer [148, 157, 258], counter-balanced [35, 281, 326] and ball pulling-up methods [355]
for low viscosity measurement and the penetration method [112, 355] for high viscosity
measurements. Unfortunately, viscosity data measured at the composition of X(K;0) = 0.33 in
the temperature range from 350 to 600°C are not available, but we can see that the viscosity data
show a maximum near the composition X(K,O) = 0.2 in the temperature range from 700 to
1000°C. As shown in Fig. 2 of the previous paper [26], the viscosities measured above 700°C
were reproduced by considering only the tetraborate clusters MB,. Viscosities calculated at 600°C
using the previous model of Sections 3.4.2 and 3.4.3 are shown in Fig. 12.3-a). It can be seen that
the previous model is not able to reproduce the data of Yamate and Kadogawa [355] measured at
600°C. It seems that, similarly to the Na,O-B,0; system, the viscosity maximum shifts with
decreasing temperature from the tetraborate towards the diborate composition. Accordingly, we
included parameters for diborate formation in the model as in the case of the Na,O-B,03 system.
The predicted viscosities reproduce well most of the viscosity data at all temperatures within the

experimental error limits.
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Fig. 12.3 a) Calculated viscosity in K,0-B,03 system compared to experimental data [35, 112,
148, 157, 258, 281, 315, 326, 355] with expanded scale and to the lines calculated (dashed line)
using the previous model of Sections 3.4.2 and 3.4.3 at 600°C, b) Comparison of experimental
data with the extended model

12.3.4 Viscosity of the CaO-B,0; system

The viscosity of the system CaO-B,0Oj3 in the glass region was directly measured only by
Nemilov [205] using the penetration method. Klyuev and Pevzner [133] determined the glass
transition temperature of the CaO-B,0; system using dilatometry curves. It is well-known that
the viscosity of glasses at the glass transition temperature is appromimately 10*% poise. As
mentioned earlier, we optimized the Gibbs energy for the formation of CaB,0, as a solid-like
cluster and the extended model including this cluster shows good agreement with experimental
data at low temperatures. In the previous model of Sections 3.4.2 and 3.4.3, we did not apply the
formation of solid-like clusters for the CaO-B,03 binary system. In Fig. 12.4, we show calculated
viscosities at 700 and 1200°C using the previous model with the model parameters taken from the

previous studies [27, 26], and compare to calculations of the extended model. The previous
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model could not reproduce the viscosity data measured at low temperatures such as 700°C, while
the calculated line of the previous model [27, 26] at 1200°C is comparable with that of the
extended model as shown in Fig. 12.4. Istomin et al. [101] measured viscosities using the
vibration viscometer method and their data are lower than the calculated lines. Their reported
lower viscosity may have been caused by incomplete dehydration of the melts. A significant
reduction of the viscosity of pure B,O3 by the effect of residual water in the sample was reported
by Istomin et al. [101].
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Fig. 12.4 Calculated viscosity in CaO-B,03 system compared to experimental data [101, 133,
205] and to the line calculated (dashed line) using the previous model of the Sections 3.4.2 and
3.4.3 at 700 and 1200°C

12.3.5 Viscosity of the PbO-B,0; system

The viscosity of the system PbO-B,0O3; was measured by many researchers using the
rotating viscometer [55, 210], vibration viscometer [300] and counter-balanced methods [55] for

low viscosity measurement and the fiber-elongation [74, 241], compression [86], beam-bending
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[131] and penetration methods [210] for high viscosities. From phase diagram data, Geller and

Bunting[76] reported PbO-2B,0, as a congruently melting composition. In addition, De Luca et
al. [39] measured viscosity and observed the growth of the phase PbO-2B,0, using a micro-

photographic method. Another investigator, Habeck et al. [86] also reported that the glass melt
with concentrations smaller than 10 mol% PbO in the temperature range of 256 to 335°C is a
micro-heterogeneous melt including liquid and solid-like particles. This micro-heterogeneity
contributed to an increase of the viscosity with increasing PbO contents. We compared the lines
calculated at 600°C by the extended model and the previous model of Sections 3.4.2 and 3.4.3 in
Fig. 12.5. As can be seen from this figure, the previous model is not able to reproduce the
viscosity because no formation of solid-like clusters was considered. On the other hand, the

extended model applied with Gibbs energies for the formation of PbB,O, clusters reproduces

well most of the available data at all temperatures within the experimental error limits, except for
the data measured at 450°C by Habeck et al. [86] and Klyuev and Bulaeva [131]. Both authors’
data show higher values than the calculated viscosities. The data of Habeck et al. [86] at 450°C
show almost similar viscosities to their data [86] measured at 300°C even though the data have a
similar composition (X(PbO) = 0.1 at 450°C and X(PbO) = 0.07 at 300°C). Habeck et al. [86]
reported that the region of the glass melt with PbO contents equal to and larger than 10 mol% in
the temperature range of 420 to 496 C was a two-liquid region. The viscosity of a two-liquid
region can be significantly changed according to the amounts of each phase depending on
composition. Thus, this difference could be caused by measurement in a two-liquid region. It

should be noted that the extended model is intended for a single-phase melt or glass.
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Fig. 12.5 Calculated viscosity in PbO-B,03 system compared to experimental data [39, 55, 74, 86,
131, 210, 241, 300] and to the line calculated (dashed line) using the previous model of the
Sections 3.4.2 and 3.4.3 at 600°C

12.3.6 Viscosity of the Al,03-B,0; system

The viscosity of the system Al,03-B,O3; was measured only by Musikhin et al. [197]
using the vibration viscometer method in the temperature range from 1200 to 1500°C. Neither
structural data nor viscosity data exist in the glass region. No reliable phase diagram information
which can support the existence of solid-like clusters is available. However, ternary data such as
for the systems B,03;-Al,03-CaO and B,03-Al,03-PbO required binary non-Arrehnian

parameters, T and n

AIO,;-B 5 to be reproduced by the extended model in the glass region. In

AlO, 5
addition, Klyuev and Pevzner [130, 132] measured the glass-transition temperature
corresponding to the viscosity 10" poise in the system B,03-Al,03-Na,O. They reported that the

glass-transition temperature at constant Na,O = 0.085, 0.15 and 0.22 shows maximum values in
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the composition range from X(Al,O3) = 0.4 to 0.5 as shown in Fig. 12.6. This implies that the
viscosity of the B,03-Al,O3 system on the isothermal section will increase with addition of Al,O3

and show a maximum in viscosity around X(Al,03) = 0.4 to 0.5. Thus, the binary non-Arrhenian
parameters, T, gand n,, , were applied to take into account the high viscosity of the system
containing B,O3 and Al,O3at low temperatures as shown in Eq.(12.9). With the addition of these

parameters, the extended model shows an excellent agreement with the viscosity data as shown in
Fig. 12.7.
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Fig. 12.8 Calculated viscosity in the ZnO-BO; 5 system compared to experimental data [50, 100,

101, 135, 136, 162, 211, 244, 276]
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12.3.7 Viscosity of the ZnO-B,0; system

The viscosity of the system ZnO-B,03; was measured by many researchers using the
rotating viscometer [162], vibration viscometer [50, 101] and oscillating viscometer methods
[100] for low viscosity measurement and the fiber-elongation [244], beam-bending [244] and
penetration methods [135, 136, 211, 276] for high viscosities. No reliable phase diagram is
available for ZnO-B,0s;. As can be seen from Fig. 12.8, there are only two compositions with
experimental data at low temperatures. The viscosities of the ternary ZnO-PbO-B,03; system
measured by Kochkanyan et al. [136] as shown in Figs. 12.24 to 12.26 were also considered for
modeling the Gibbs energy of formation of the solid-like clusters. The ternary data suggested the
formation of ZnB,O; at low temperatures even though the data show systematic experimental
errors. The extended model applied with Gibbs energies for the formation of ZnB40O; show good

agreement with most available data at all temperatures within the experimental error limits.

12.3.8 Viscosity of the MgO-B,0; system

For the system of MgO-B,03, no viscosity data exist. As mentioned earlier, Chryssikos et
al. [32, 33, 358] systematically investigated the structure of alkaline earth (M = Mg, Ca, Sr, Ba)
borates by measuring the glass-transition temperature and they observed a maximum in viscosity
around the composition X(M) = 0.45 to 0.5 for alkaline earth borates. Therefore, we assumed that
the MgO-B,03 system would form similar solid-like clusters as the CaO-B,03 system and so we
estimated that the Gibbs energies for the formation of MgB,0, for the extended model are the

same as for CaB,0;, clusters.

12.3.9 Viscosity of the Borosilicates (B,O3-SiO,)

The viscosities of the B,O3-SiO, system were measured by several investigators using the
vibration viscometer [197], oscillating viscometer [100], and rotating viscometer methods [8,
337] for low viscosities and the compression [180] and fiber-elongation methods [225] for high
viscosities in the temperature range from 300 to 1800°C as shown in Fig. 12.9. Without additional
binary parameters, the calculated viscosities of the extended model show excellent agreement
with all experimental data at all temperatures within the experimental error limits. It should be
noted that, most importantly, the model takes into account the formation of the borosilicate

network which has a profound effect on the viscosity as shown in Egs. (3.7) to (3.9).
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Fig. 12.9 Calculated viscosity in the B,O3-SiO, system compared to experimental data [8, 100,
161, 180, 197, 225, 337]

12.3.10 Viscosities of ternary systems

The viscosities of ternary systems containing B,O3 are predicted by the extended model
using the model parameters describing the viscosities of pure oxides and the binary parameters
for MO,-BO; 5 and MO,-SiO, melts taken from the previous studies [27], Tables 11.1-11.3 and
12.1. No additional ternary parameters are used. Hence, the agreement of experimental data and
calculated lines in the figures from this section is not the result of fitting, but rather an indication

of how well the model can predict the viscosity of ternary systems.

The predicted viscosities for the Na,O-K,O-B,O3; system are compared to the
experimental data [95, 150, 178, 261, 343] in Figs. 12.11 to 12.13. The viscosity measurements
were carried out using the counter-balanced [178], beam-bending [150], Pochettino viscometer

[343], fiber-elongation [95] and penetration methods [261]. As can be seen from Fig. 12.11, the
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extended model reproduces the maxima at X(B,0O3) = 0.67 and 0.8 and it shows the maximum in
viscosity at 600°C as shifted from X(B,03) = 0.8 to 0.67. In Fig. 12.11, the predicted viscosities
show a good agreement with all available data at all temperatures within the experimental error
limits except the data of Matusita et al. [178] at 500°C and the data of Visser and Stevels [343] at
450°C, which show much lower values than the predicted. The data of Matusita et al. [178] were
measured by the counter-balanced method which is the most suitable in the viscosity range of -1
to 5 in the logarithm poise scale and the data of Visser and Stevels [343] were measured by the
Pochettino viscometer method which is most suitable for measurement of low viscosity fluids.
The errors of the viscosity measurements could correspond to those of measurements outside the
optimum range of each method. In Figs. 12.12 and 12.13, the viscosity data of Hoffman et al.
[95] and Sakka et al. [261] represent a linear relation as a function of mole fraction of alkali
oxides and show an excellent agreement with the predicted viscosities, considering the scatter of

the experimental data which is within 2 in the logarithmic poise scale.
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The predicted viscosities for the Na,O-B,03;-SiO, system are compared to the
experimental data [51, 203, 229, 290, 316] in Figs. 12.15 to 12.16. As can be seen from these
figures, the viscosity data measured in the melt region show good agreement with the predicted
viscosities, while the measured viscosity data in the temperature range of 450 to 600°C are much
higher than the predicted viscosities. Discussion of viscosity for alkali borosilicate glasses must
begin with a consideration of the composition regions of two—phase glasses or homogeneous
single—phase glasses. It is well-known that alkali borosilicate systems (alkali = Li, Na, K) have a
strong tendency to phase separation below liquidus temperatures [284]. Fluegel [67] also
observed systematic difference in the viscosity in the Na,0-B,03-SiO, system. He mentioned
that the viscosities calculated by his model were systematically lower than the measured data in
the glass-softening range [67]. The phase separation below the liquidus temperature would
significantly influence the viscosity. Especially, when cooling the alkali borosilicates below the
liquidus temperature, the glass formed at the borosilicate-rich side separates into silica-rich and
borate-rich phases. The phase separation can be affected by the heat treatment temperature,
composition and elapsed experimental time. Ehrt and Keding [51] and Pascual et al. [229] indeed
measured the viscosities of phase—separated phases in the glass region. They also confirmed the
existence of phase separation of silica-rich and borate-rich phase under heat treatment using a
micrographic method [51, 229]. Shiraishi et al. [290] did not mention phase separation, and it is
most likely that phase separation would cause systematic errors in the measurements. It should be
noted that the extended model takes into account only the viscosity of single-phase glasses and

melts.
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The predicted viscosities of the B,03—PbO-Al,O; system are compared to the
experimental data [194, 210] in Figs. 12.18 to 12.20. The viscosity measurements were carried
out using the rotating viscometer [210], penetration [210] and fiber-elongation methods [194]. As
can be seen from Fig. 12.18, the predicted lines of the extended model show a good agreement
with all available data at all temperatures within the experimental error limits except for the data
measured at Al,03:PbO ratios higher than 0.162 at 450 and 500°C. The data measured at 450 and
500'C show a slightly increasing trend with the addition of Al,O3 and the viscosities reported at
Al,O3/(Al,03+Pb0) = 0.162 sharply increase and then show a slightly increasing trend with the
addition of Al,Os. It is most likely that this abnormal increase in viscosity would be caused by
crystallization of the sample during the experiment. In Figs. 12.19 and 12.20, the predicted
viscosities show an excellent agreement with the viscosity data at 475 C. The extended model
describes the sharp increase and decrease in viscosity with decreasing B,O3 and reproduces very
well the viscosity data at the abrupt viscosity change of 5 to 8 orders of magnitude in the

logarithm poise scale in the very narrow composition range.
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The viscosity of the B,03;—CaO-Al,03; system was measured by Kostanyan and
Kirakosyan [142] using the counter balanced (1 to 4 in log poise) and penetration methods (5 to
13 in log poise). The viscosity of the B,O;-CaO-K,0 system was measured by Coughanour et
al.[35], who also measured the binary B,03-K,0 system using the counter-balanced method. As
can be seen from Figs. 12.21 and 12.22, the extended model reproduces the viscosity data very

well from the glass to melt regions within the experimental error limits.
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Fig. 12.23 Viscosity of ZnO-PbO-B,03 system at 12.5 mol% PbO: experimental points [136] and
calculated lines

The viscosity of the system ZnO-PbO-B,0; was measured only by Kochkanyan et
al.[136] using the rotational viscometer for the melt and the penetration method for the glasses in
the temperature range of 500 to 1000°C. The Gibbs energy for the formation of solid-like clusters
ZnB,0O; was modeled in consideration of the composition dependence of viscosities in Figs 12.8
and 12.23. As can be seen from Fig 12.23, the data measured at low temperatures are
systematically lower than the predicted viscosities. Kochkanyan et al. [136] are in the same

reasearch group with Saringyulyan and Kostanyan [263] and they also measured the viscosity of
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the K;0-SiO,, PbO-SiO, and PbO-K;0-SiO, systems and all data measured in the temperature
range of 400 to 600°C were considerably lower than the other data of each system as shown in
Chapter 11. They carried out temperature measurements indirectly by measuring the atmospheric
temperature over the wide temperature range from 500 to 1000°C. Thus, the experimental data of
Saringyulyan’s group would most probably have a large systematic error source for temperature
measurement due to possible differences in temperature between the sample and the furnace

because of the extremely high viscosity and poor heat conduction of the sample.

12.3.11 Viscosity of Multicomponent Glasses

For multicomponent subsystems, the available experimental data in the glass industry are
numerous. However, most of the data were measured within a narrow composition range because
the industry mainly needs the viscosity at specific compositions in which they are interested. In
the present study preference was given to extensive systematic studies. Using the unary, binary
and ternary parameters taken from the previous studies [27], Tables 11.1-11.3 and 12.1, the
viscosity of multicomponent systems is predicted by the extended model without any additional
parameters. In the case of multicomponent systems containing B,Os, it was difficult to find
systematic studies and thus we attempted to show how the extended model reproduces the

viscosity data measured in each different system as shown in Fig. 12.25.

As shown in Fig. 12.24, a systematic study for the B,O3;—CaO-Al,03;-K;0-Na,0 system
was carried out by Oshchipkov et al. [220] using the rotating viscometer and the fiber-elongation
method. The extended model shows excellent agreement with all viscosity data at all
temperatures within the experimental error limits. Fig. 12.25 compares the predicted viscosities
with all available experimental data of subsystems of the B,03-SiO,—CaO-MgO-Al,03—-K,0-
Na,O system from the glass to the melt region and the extended model predicts very well the

viscosity data of multicomponent systems at all temperatures within the experimental error limits.
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12.3.12 Viscosity of Commercial Glasses

A large number of viscosity measurements is available for glass-forming melts in the
Al;03-B,03-Ca0-MgO-ZnO-PbO-Na,0-K,0-SiO, system around some technologically
significant compositions. In particular, the compositions of typical soda-lime-silica glass melts
for production of container glasses and float glasses, E-glasses, wool glasses, low-expansion
borosilicate glasses and lead crystal glasses are within this nine-component system. The
concentrations of additional minor components such as Fe{O, CrOy, or LiOgs are normally less
than 1 wt %. The calculation of viscosity of commercial glasses was carried out by the extended
model with ignorance of the amount of these minor components.

As mentioned in Chapter 4, the commercial viscosity data were measured in a very well
controlled manner using the rotating spindle, the parallel plate and the beam bending methods
with well-characterized samples over very narrow composition ranges corresponding to particular
types of glass. Using these viscosity data and large numbers of experimental data from the
SciGlass database [37], the statistical model of Fluegel [67] was optimized and provides a
rigorous estimation of error and validity limits. This model is based on multiple regression using
polynomial functions and is most accurate model for the commercial glass compositions since it

is calibrated based on numerous experimental data of these compositions and temperature regions.

The extended model developed in the present study, on the other hand, is designed
particularly for wide-range extrapolations of composition and temperature. The experimental data
for multicomponent glass melts have not been used for the calibration of our model. It is
applicable at any composition contrary to the regression equations mentioned above which
cannot be extrapolated outside their validity limits. It is interesting to examine how the present

model compares with existing regression equations in their own ranges of validity.
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We compared the viscosity data of container and float glasses with the extended model in
Chapter 11 and the extended model was in good agreement with not only the temperature but also
the composition dependence. E-glass, wool glass and low-expansion borosilicate series contain
up to 14 mol% boron. These predicted viscosity data were also compared with the commercial
viscosity data of E-glass, wool glass and low-expansion series. As shown in Fig. 12.26, the
viscosity of E glass-3, wool glass and low expansion borosilicate-12 glass were compared with
the calculated lines by the extended model and the model of Fluegel [67] as an inverse function
of temperature and all data show better agreement with the model proposed by Fluegel [67]. As
mentioned earlier, Fluegel’s model was calibrated based on numerous experimental data for these
composition regions while the extended model developed in the present study was designed
particularly for wide-range extrapolations of composition and temperature of the Al,03-B,0s—
Ca0-MgO-ZnO-PbO-Na,0-K,0-SiO, system. However, it is seen that the extended model is
able to reproduce the commercial glass viscosity data within the experimental error limits and is

comparable with Fluegel’s model.

E-glass series are subsystems of the Al,03-B,0;—CaO-MgO-Na,0O-SiO, system as
shown in Fig. 12.27 and it is seen that the viscosity data measured by one research group [279]
show an experimental scatter of 1 to 1.5 in the temperature range of 750 to 900°C and 0.5to 1 in
the logarithmic poise scale at higher temperatures. The extended model shows quite good
agreement with all experimental data at all temperatures within experimental error limits and

experimental scatterings.

In Fig. 12.28, wool glass series were also compared with the extended model and the
model by Fluegel [67], and the model also shows a good agreement with most of the data except
for the wool-5 glass. These data are systematically lower than the values predicted by both the
extended model and the model of Fluegel [67]. However, allowing for the intrinsic difficulties of
the viscosity measurements, the predictions of the two models show a reasonable reproducibility

within the experimental error limits.

Many series of low-expansion borosilicate glasses were plotted in the present work with
two models for comparison. The viscosity data are in a good agreement with the extended model
predictions above 800°C while the extended model shows systematically lower predictions than

the measured data [279] in the temperature range from 600 to 700°C. These systematic
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differences could arise from phase separation because the main composition ranges of low
expansion borosilicate glasses are covered by the system Na,0O-B,03-SiO,. As pointed out by
Fluegel [67], phase separation can be present in the glass softening range at borosilicate-rich
compositions and the model of Fluegel [67] also shows slightly lower values in the same

temperature range.

12.4 Conclusions

The extended model for the viscosity of molten slags and glasses is further developed to
reproduce the viscosity of glasses containing boron oxides in the CaO-MgO-Na,0-K,0-ZnO-

PbO-Al,03-SiO, system from the glass to the melt region within the experimental error limits.

Boron oxide is one of the best glass-forming oxides. From available viscosity data and
micro-graphing studies, meta-stable solid-like clusters are seen to form preferentially in the
binary MOy-B,03 glasses(M = Basic Oxides). In order to model the formation of these solid-like

clusters in the glass region, we employed parameters for the Gibbs energies AG for the

m(MB,O,)
formation of clusters. A total of five binary parameters are used to reproduce the viscosity data in

each basic oxide-boron oxide binary system: A;(MO ) E;( oMy AG g 0y80d E s o - ThE

MO,

average size of the cluster, m, was optimized differently according to the binary MO,-B,03 glass.

Only the model parameters A, E,, T, and n, for pure BO3z ,and T

Ao, and N for

AlO, 5-B

the binary Al,03-B,03; system were applied to the extended model to reproduce the non-

Arrhenian viscosity behavior of the systems containing B,Os.

The extended model is able to reproduce viscosity data not only in the melt region but
also in the glass region within experimental error limits, and is comparable with the previous

model in the melt region.

The available viscosity data for the sub-systems of the B,03-CaO-MgO-Na,0-K,0-ZnO-
PbO-Al,03-SiO, system have been reviewed. It is demonstrated that the extended model
reproduces the experimental data for the binary and ternary glasses and predicts the viscosities of
multicomponent glasses within experimental error limits. In particular, the extended model can
be used to provide good estimates of the viscosities of multicomponent glasses and commercial

glasses. Most importantly, the extended model is believed to reproduce not only the temperature
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dependence but also the composition dependence of available viscosity data within experimental

error limits.

Table 12.1 Optimized parameters for the boron containing systems

Additional parameters for pure B,O5: T, =520K , n, =4, A, =—4.7, E; =70000J-mol™.

cl 100 .0 = A 0+
USter AG =a+ bT m(MBxOy) - (Mony)
mMB,0,) o RT M7 (Kelvin),
(MB,) or (J/mol) (inpoise) (Cluster
System Enve,0,) =0 +BT  (J/mol) Size) l
Aﬂ(NaBAOG_S) =-3.703
NaB4Og s -9047.15-8.368T 5 -
Enuap,o,,) = 84992-14.15T
Aﬂ(KB“Oe's) =-3.026
KB4Og3s -8210.35-8.368T 5 -
E oo, = 171862-104.03T
An(NaBzos_s) =-3.656
NaB,0;5 -66651+57.9T 10 -
E o,y = 302777-258.77T
Anke,0,5) = —3-321
KB;035 -69413+ 62T 10 _
E 0, = 326204-292.56T
Am(PbB4O7) =-3.421
PbB,0O; -57614+46.82T 10 -
E\nous,0,, = 152004-80.8T
Am(CaBZO4) =-4.181
CaB,0, -271960+230.12T 1 -
Epcas,o,) = 492926-362.5T
Am(MgBZO4) =-3.538
MgB,0, -108784 +83.68T 1 -
E v ugs,, = 427782-293.26T
An(ZnB4O7) =-1.692
ZnB.O, -108789+104.605T 1 B
E s o, = 395231-283.85T
T =1600
A|01_5—801_5 - — _ AlO, 5-B

Npo,, 8 =32
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CHAPTER 13 CONCLUSIONS

Recently, a new viscosity model for the viscosity of single-phase oxide melts was
developed in this laboratory and calibrated using available viscosity data for the system CaO-
MgO-K;0-Na,;0-Al,03-Si0,-B,03 [27, 81, 82]. In this model, the viscosity is related to the
structure of the melt characterized by the amounts and connectivity of Q'-species. The structure
in turn is calculated from the thermodynamic description of the melt using the Modified
Quasichemical Model [231, 232] and the FactSage thermodynamic database [14]. Most
importantly, the model takes into account the formation of the silicate or borate network which
has a profound effect on the viscosity. For each Al,O3-containing ternary system MOy—Al,O3—
SiO, exhibiting the Charge Compensation Effect (where AI** assumes a tetrahedral coordination
and enters the silica network with a basic cation M staying close to AI** to compensate the
missing charge) the model incorporates two additional ternary parameters. The viscosity of multi-
component melts CaO-MgO-K,0-Na,0-Al,03-Si0,-B,03 [27, 81, 82] is then predicted by the
model without any additional adjustable model parameters and in good agreement with the model

within experimental error limits except for systems containing alkali oxides.

In the present work, the model is modified to reproduce the complex behavior of the
viscosity on the alkali-rich side of the alkali-silica systems. This behavior is attributed to ring
clusters formed by Q- and Q3-species. An excess contribution to the viscosity due to
polymerization of Q% and Q3-species into large rings is taken into account by the introduction of
one additional binary parameter for each alkali-silica system. The viscosity of binary, ternary and
higher-order oxide melts containing alkali oxides is calculated by the model without any

additional adjustable model parameters and is in good agreement within experimental error limits.

Also, in the present work, with the modified model, the viscosity of oxide melts
containing PbO, ZnO, MnO and TiOy have been reviewed. Only 6 model parameters related to
each MOy (M = Pb, Zn, Mn) are required. Available experimental viscosity data of all sub-
systems of the SiO,—-Al,03-CaO-MgO-Na;0-K,;0-PbO-ZnO-MnO-TiOx system were
collected and used to calibrate the model. The deviation of the available experimental data from
the viscosities predicted by the model does not exceed the scatter of experimental points among

different authors. In particular, the model predicts the viscosity of multicomponent silicate melts
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and commercial glass melts with an accuracy similar to the accuracy of regression equations

which have been fitted by Flugel [67] to the experimental data over narrow composition ranges.

The model has also been extended in the present work to describe and predict the
viscosities of oxy-fluoride melts containing MF, (M = Ca, Mg, Na, K and Al). Structural roles of
MF, (M = Ca, Mg, Na, K and Al) are reviewed and regarded as network modifiers in silicate and
borate melts and simply approximated to have the same breaking effects on the silicate or borate
networks as basic oxides containing the same cations. For the systems MF,, MF,-SiO, and MF-
B,03; (M = Ca, Mg, Na, K and Al), the same kinds of unary and binary parameters developed in
the oxide model were applied. No charge compensation effect between MF, and Al,O3 is
observed, and thus the model reproduces the experimental data for binary and ternary melts
without applying any charge compensation effect between MF, and Al;Os. In order to take into
account the ““Borate Anomaly” for each MF-B,O3; melt, where MFy is an alkali fluoride, the
formation of solid-like clusters at the tetraborate composition was employed in the model. The
available viscosity data for all sub-systems of MF,—SiO,—B,03-Al,03-Ca0-MgO-Na,0-K,0—-
PbO-MnO-TiOy melts (M = Ca, Mg, Na, K and Al) are critically reviewed and in good

agreement within experimental error limits.

The modified model with Arrhenian temperature dependence for the viscosity of oxy-
fluoride melts is further extended in the present work to take into account non-Arrhenian
temperature dependence of the viscosity data measured from the glass to the melt regions. A few
unary and binary non-Arrhenian model parameters were added in the model to reproduce the
viscosity data of all available sub-systems of the CaO-MgO-Na,0-K,0-ZnO-Pb0O-Al,03-B,0s-
SiO, system within experimental error limits. In order to take into account the Charge
Compensation Effect for Glasses containing Al,O3;, two more parameters were added to the

Gibbs energy function for the formation of Charge Compensated species such as CaAl,O, or
NaAlO,. In order to model the formation of solid-like clusters in the binary MOy-B,O3 glasses

(M = Basic Oxides), Gibbs energy parameters were introduced for the formation of solid-like
clusters. From a critical review of available viscosity data for the sub-systems of the CaO-MgO-
Na,0-K,0-Zn0-PbO-Al,03-B,03-SiO, system, the extended model is believed to reproduce not

only the temperature dependence but also the composition dependence of the available viscosity
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data of the system CaO-MgO-Na,0-K;0-ZnO-PbO-Al,03-B,05-SiO, within experimental error
limits.

In summary, the extended model applies over the entire temperature range from the glass
region to the melt region. The viscosity model now reproduces all available viscosity data for
melts and glasses for the system MF,—SiO,—B,03—Al,03—-Ca0O-MgO-Na,0-K,0-PbO-ZnO-
MnO-TiOy (M = Ca, Mg, Na, K and Al) within experimental error limits at all compositions and

over the temperature range from 300 to 2000°C.

The viscosity model and databases have been programmed and included in the FactSage

thermodynamic software and database [14].
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