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A model has been developed that enables the viscosities of the fully liquid slag in the multi-
component Al2O3-CaO-FeO-Fe2O3-MgO-Na2O-SiO2 system to be predicted within experi-
mental uncertainties over a wide range of compositions and temperatures. The Eyring equation
is used to express viscosity as a function of temperature and composition. The model links the
activation and pre-exponential energy terms in the viscosity expression to the slag internal
structure through the concentrations of various Si0.5O, Menþ2=nO , and Menþ1=nSi0:25O viscous flow
structural units (SUs). The concentrations of these SUs are derived from a quasi-chemical
thermodynamic model of the liquid slag using the thermodynamic computer package FactSage.
The model describes a number of slag viscosity features including the charge compensation
effect specific for the Al2O3-containing systems. The predictive capability of the model is
enhanced by the physical aspects of the model parameters—the correlation with other physi-
cochemical properties as well as experimental viscosity data is used to determine model
parameters. The present series of two papers outlines (a) recent significant improvements
introduced into the model formalism and (b) application of the model to the Al2O3-CaO-MgO-
SiO2 system, review of experimental viscosity data, and optimization of the corresponding
model parameters for this system.

DOI: 10.1007/s11663-013-9928-3
� The Minerals, Metals & Materials Society and ASM International 2013

I. INTRODUCTION

Slag viscosity is an essential property for a number of
metallurgical and power generation industrial processes.
Development of a structurally based viscosity model for
predictions in the multi-component slag systems valid
over wide ranges of compositions and temperatures has
been the focus of previous studies[1–7]; the present paper
describes recent developments of the model formalism
and its application for fully liquid silicate slags in the
Al2O3-CaO-MgO-SiO2 system. Similar to other structur-
ally based viscosity slagmodels,[8–12] the link of viscosities
to the complex internal slag structure at the atomic level
improves the predictive capability of slag viscosities. The
overall description and application of the model to the
Al2O3-CaO-MgO-SiO2 system presented in these papers
is only a part of a wider development of the viscosity
model for the Al2O3-CaO-FeO-Fe2O3-MgO-Na2O-SiO2

multi-component system. The systematic trends and self-
consistency of the parameters across the whole multi-
component system are essential features of the present

development. The trend analysis was extended even
further to other important slag systems, for example, to
some lower-order sub-systems containing K2O and PbO.
The fact of the systematic analysis of the trends across a
number of key slag systems is an important feature of this
work, and therefore results for some other sub-systems
have been included in this manuscript.

II. MODEL

A. General Model Description

Frenkel’s kinetic theory[13–15] considers a liquid to
have a solid-like structure with molecules, or more
generally, structural units (SUs), oscillating in their
energetic cells (potential wells) near average positions.
Oscillations higher in magnitude than the potential
barrier result in the movement of a SU into an adjacent
vacant cell, or ‘‘hole,’’ provided the latter is vacant.
These vacant cells, or ‘‘holes,’’ formed in the liquid as a
result of fluctuations, are distributed randomly through-
out the liquid. The viscosity of liquid as a reaction to the
applied shear force therefore is determined by (a) the
ability of a SU to jump over the potential barrier and (b)
the presence of ‘‘holes’’ in the liquid. The following
Eyring Eq. [1] for liquid viscosity was derived[16–18] using
the above principles[13]:
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where R (J/K/mol) and k (J/K) are the gas and the
Boltzmann constants, respectively; p � 3.1416; T is the
absolute temperature (K); and mSU (kg) and vSU (m3)
are the average mass and volume of viscous flow SUs,
respectively. The activation energy Ea is determined by
the strength of interactions between different SUs
composing the liquid. According to Eyring,[16] the
energy term DEV (a product of vaporization energy
and transition probability) is related to the free volume
of the liquid, i.e., to the concentration of the holes in the
liquid. It may be argued that DEV includes the negative
of the energy of the hole formation: A higher concen-
tration of the holes in the liquid corresponds to the
higher DEV value and to the lower viscosity.

Four parameters in Eq. [1]—the average mass and
volume of SUs, and the Ea and DEV energies—are
related to the internal structure of liquids, types,
concentrations, and interactions between SUs at the
atomic/cation/anion level, and require the definition of a
viscous flow SU in a particular model.

A silicate slag structure is conventionally described as
the silicate network of SiO4�

4 tetrahedra broken by
different metal cations distributed to keep the total
electroneutrality.[19] A silicate slag may also be consid-
ered as a nearly close-packed arrangement of larger
oxygen anions with smaller metal cations that occupy
the interstices and interact with each other.[20] Fincham
and Richardson[21] related properties of a silicate slag to
the internal slag structure through concentrations of
three different types of oxygens: ‘‘bridging’’ (O0—con-
nected to two silicon cations), ‘‘non-bridging’’
(O�—connected to only one silicon), and ‘‘free’’
(O2�—associated with non-silicon cations). A simplified
two-dimensional schematic picture of the internal struc-
ture of the slag illustrating these concepts is presented in
Figure 1. Based on the above background, the viscous
flow of the silicate slag in the present model is
considered to be a movement of oxygens partly associ-
ated with metal cations under the applied shear force, so
that the viscous flow SUs are defined as oxygen anions
with metal cations partly associated with them (see ovals
in Figure 1), including Si0.5O (=Si-O-Si=Si-Si),
Menþ2=nO (=Me-O-Me=Me-Me), and Menþ1=nSi0:25O
(=Si-O-Me=Si-Me), where n denotes the oxidation
state of a metal cation Men+. For example, for the
binary MeO-SiO2 silicate slag (see Figure 1), three types
of SUs can be identified, (Si-O-Si) (shaded with dark
gray), (Si-O-Me) (shaded with light gray), and (Me-O-
Me) (white, not shaded). Their molar fractions are
indicated as XSi-Si, XSi-Me, and XMe-Me, respectively.
Viscous flow SUs are specific to the present viscosity
model formulation; they differ from the conventional
SUs.[19–21] The viscous flow SUs in this work are the
units that are assumed to move under the shear stress
and include the ‘‘moving’’ oxygen anions with associ-
ated metal cations. For brevity, they are referred to just
as ‘‘SUs.’’ Other models introduce SUs to describe other
properties, for example, ‘‘bridging,’’ ‘‘non-bridging’’
and ‘‘free’’ oxygen,[21] or second-nearest-neighbor
bonds.[22]

The values of the Ea and DEV energy terms, and the
average mass and volume of SUs mSU and vSU in the

present model, are expressed through the respective
molar fractions of the various SUs Xpq with Eq. [2]:

mSU ¼
X
p;q

mpqXpq;

vSU ¼
X
p;q

vpqXpq; Ea ¼
X
p;q

�Ea;pqXpq;

DEV ¼ D �EV;0 exp
X
p;q

eV;pqXpq

 ! ½2�

where p and q are metal cations, mpq and vpq are the
masses and volumes of the respective SUs, �Ea;pq are
partial molar activation energies, D �EV;0 is a unit con-
stant, and eV;pq are the dimensionless partial energy
coefficients of the integral energy term DEV of each
SU. In the binary MeO-SiO2 system, partial molar
activation energies are �Ea;Si�Si, �Ea;Si�Me , and Ea;Me�Me

and the integral molar activation energy is expressed
as follows:

Ea ¼ Ea;Si�SiXSi�Si þ Ea;Si�MeXSi�Me þ Ea;Me�MeXMe�Me

½20�

The mpq values are the weights of the corresponding
molecules, such as Si1=2O,Menþ2=nO , andMenþ1=nSi1=4O. The
vpq values are calculated using the effective diameters of
SUs estimated from the ionic radii of various ions (O, Si,
Me) composing a particular SU. The ionic radii are taken
from Shannon[23]; the three-dimensional arrangements of
the SUs are not taken into account in the present model at
this stage. This uncertainty is ‘‘absorbed’’ by the model
parameters later, during optimization.
In addition to one oxygen, a given SU also involves two

metal cations, both of them having other neighbors and
both involved in other SU(s). The partial properties Ea;pq

and eV;pq of a given SU (Mep-O-Meq) therefore depend on
the type of second nearest neighbors. For example, if a
Si-Si SU has Si4+ cations with other Men+ cations as
neighbors (e.g., a SU marked as ‘‘B’’ in Figure 1), they
will have a different partial activation molar energy
compared to the case when some or all other neighbors
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Fig. 1—Simplified two-dimensional schematic diagram of internal
structure and viscous flow SUs in silicate melts (O0, O�, and O2�

correspond to non-bridging, bridging, and free oxygens, respec-
tively).
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are also Si4+ cations (e.g., a SU marked as ‘‘A’’ in
Figure 1). The effect of neighboring SUs on a given
partial activation energy is expressed as a function of the
concentrations of other types of SUs. The partial molar
activation energy of each type of SU was previously[1–6]

expressed using the following Eqs. [3] to [5]:

Ea;Si�Si ¼ E
0

a;Si�Si þ ESi�Si;1
a;Si�SiXSi�Si

þ ESi�Si;2
a;Si�SiX

2
Si�Si þ ESi�Me

a;Si�SiXSi�Me

½3�

Ea;Si�Me ¼ E
0

a;Si�Me þ ESi�Me
a;Si�MeXSi�Me

þ ESi�Si
a;Si�MeXSi�Si þ EMe�Me

a;Si�MeXMe�Me

½4�

Ea;Me�Me ¼ E
0

a;Me�Me þ EMe�Me
a;Me�MeXMe�Me

þ ESi�Me
a;Me�MeXSi�Me

½5�

Note that only the effect of the second nearest
neighbors was taken into account in the model. For
example, Ea;Si�Si does not depend on XMe-Me and vice
versa, because (Me-O-Me) SU cannot be the closest
neighbor of the (Si-O-Si) SU.

A higher power term ESi�Si;2
a;Si�Si was previously used[1–6]

in the expression of Ea;Si�Si to describe experimental
data in the SiO2-containing systems. More complex
terms in the expression of Ea;Si�Si were later intro-
duced[7] for the Na- and K-containing silicate slags. The
composition dependencies of most of the other partial
activation energies except Ea;Si�Si on the concentrations
of other nearest neighbors were not taken into account
due to the weak dependency on compositions and the
lack or uncertainties of experimental data. The partial
activation energies Ea;Me1�Me2 for the slag systems with
limited experimental data available (e.g., Al2O3-‘‘FeO’’
and CaO-‘‘FeO’’) were taken to be equal to 1/2
(Ea;Me1�Me1 +Ea;Me2�Me2). The dimensionless partial
energy coefficients ev,Si-Si, ev,Me-Si, and ev,Me-Me were
described in a similar way.

The so-called ‘‘charge compensation effect’’ (e.g.,
increase of viscosity and maximum at the Al2O3/CaO
ratio close to 1 in the Al2O3-CaO-SiO2 system) was
described with a specially introduced term.[1–6]

The present as well as other structurally based
models[8–11] have advantages over phenomenological
models that express viscosity as a function of just
composition. The model parameters of the structurally
based models bear physical meaning; the values of the
parameters obtained from the lower-order systems can
be extrapolated into multi-component and higher-order
systems where no experimental data are available,
enabling predictions to be performed and, in some
cases, discrepancies between experimental data to be
identified. Certain restrictions on the model parameters
can be introduced and the trends in the values of the
model parameters can be identified and used for
interpolations and extrapolations in other systems in
which experimental data are lacking. Such structural
models are flexible enough to reflect major changes, but

‘‘rigid’’ for composition ranges with similar SU distri-
butions. The models expressing viscosities as polynomial
functions of compositions do not have these predictive
advantages.

B. Improved Model

The previous formalism[1–7] had some limitations in
the description of viscosities in complex silicate slag
systems and therefore had been critically reviewed and
subsequently revised in the present study. A number of
further significant improvements introduced into the
model are discussed in the following sections. As a result
of the revision, the partial properties Ea;pq and eV;pq of a
given SU (Mep-O-Meq) are described with Eqs. [6] to [8]:

FSi�Si ¼ F0
Si�Si

þ
X

i¼Ca;Mg;Al;...

FSi�i
Si�Si

XSi�i

1� XSi�Si � Xi�ið Þ1�cSi=i

" #

þ
X

j¼Ca;Mg;...

DFSi�Alðch;jÞ
Si�Si pch;jAlO4

XSi�Al

� �cSi=Al
h i

½6�

Fk�l ¼ F0
k�lþFk�l

k�lXk�l; F
k�l
k�l � 0; F0

l�m � 1=2 F0
l�lþF0

m�m
� �

½7�

FAl�n ¼ F0
Al�n þ

X
j¼Ca;Mg;...

DFch;j
Al�np

ch;j
AlO4

� �
; ½8�

pch;jAlO4
¼ kch;jAlO4

XAl�Al þ 1
2
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� �aAl=j
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Xj�n

� �4�aAl=j
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2
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k

XAl�k

� �
þ
P
t
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2

P
s;s 6¼t

Xt�s

 !" #4

½80�

where i, Ca, Mg, Al, Na, …(i 6¼ Si); j, t, Ca, Mg,
…(j; t 6¼ Si;Al;Na); k, Si, Ca, Mg, Na, …(k 6¼ Al); l, m
Ca, Mg, Na, …(l;m 6¼ Si;Al), n, s, Si, Ca, Mg, Al,…
(n; s 6¼ Na); the symbol F denotes partial molar activa-
tion energy Ea or dimensionless molar energy coeffi-
cients eV; the power coefficient cSi/i in the present
formalism is a system-dependent parameter; pch;jAlO4

in
Eqs. (8) and (8¢) is a probability function that expresses
the probability to have a tetrahedrally coordinated
alumina among existing (Al-O-Men) and (Mej-O-Men)
SUs; kch;jAlO4

is an individual constant for each cation and
it determines the magnitude of the probability to form a
tetrahedrally coordinated alumina structure as a result
of charge compensation by Me2+ cation; aAl=j is the
power which determines the composition dependence of
the probability function pch;jAlO4

and in turn the proportion
of the (Al-O-Men) SUs with the tetrahedrally coordi-
nated alumina (specific for each Al2O3-MeO oxide
binary aluminate system); DFSi�Alðch;jÞ

Si�Si and DFch;j
Al�m
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describe additional contributions to the partial energy
coefficients Ea and eV of corresponding SUs due to the
presence of tetrahedrally coordinated Al-containing
SUs.

The concentrations of SUs in the present study are
determined using the quasi-chemical thermodynamic
model of the liquid slag[22,24,25] that takes into account
short-range ordering of second-nearest-neighbor cations
in the ionic melt. For a binary MeO-SiO2 slag, the quasi-
chemical thermodynamic model considers the formation
of two nearest-neighbor pairs (Si-Me) from (Me-Me)
and (Si-Si) pairs, referred to as ‘‘second nearest neigh-
bour bonds’’ (SNNB).[22,24,25] The concentrations of the
various viscous flow SUs are equal to the concentrations
of the corresponding second-nearest-neighbor bonds
of the quasi-chemical thermodynamic model (see
Figure 1). The quasi-chemical thermodynamic model
as part of the FactSage computer package[26] has been
successfully applied to describe experimental phase
equilibria, thermodynamic and other types of data in
many slag systems from binary to multi-component
systems, and the SNNB concentrations calculated with
the quasi-chemical thermodynamic model were taken as
a reasonable approximation of the slag internal struc-
ture. The important point here is that valuable infor-
mation on the structure of the liquid slag at the atomic
level can be obtained from the quasi-chemical thermo-
dynamic model of the liquid phase developed by
experimental data on phase equilibria and thermody-
namic properties. This information can be used as a
basis for the description of other physicochemical
properties, e.g., viscosity in this study. The SNNB
concentrations were calculated using the thermody-
namic computer package FactSage[26] with the latest
thermodynamic database[27–29] and a specially developed
software tool.

C. Key Principles in Developing Model Formalism
and Model Parameters

Key principles in developing model formalism and
model parameters include (a) critical review of experi-
mental data, (b) determination of and fitting into the
experimental values for Ea and DEV where possible,
(c) application of restrictions to parameters derived
from the physical basis of the model, and (d) systematic
analysis of the trends of the model parameters’ corre-
lations with available structural, physicochemical, and
thermochemical properties.

1. Critical review of experimental data
All existing experimental viscosity data were first

carefully analyzed with particular attention to the
experimental procedures. Only the viscosity data mea-
sured at temperatures higher than liquidus were taken
into account for viscosity modeling (FactSage was used
to predict the liquidus). The contamination of the melt
by the dissolution of container or sensor materials is one
of major sources of uncertainties in high-temperature
viscosity measurements affecting slag composition and
container or sensor geometry. In this study, experimen-
tal results which include post-chemical analyses were

preferred and those which contain the possibility of the
contamination were given low weights. Temperature
control is also essential—experimental results where
temperature was measured by thermocouples close to
the sample were preferred rather than those where an
optical pyrometer was used. The rotating bob/crucible
method was regarded as a more accurate and reliable
technique for the high-temperature viscosity measure-
ments compared to other methods including vibration
viscometer.

2. Derivation of the experimental Ea and DEV values
Experimental values of the integral Ea and DEV

energies were derived using Eq. [1] from the gradient
and intercept, respectively, of the relationship of ln g

T3=2

� �
vs inverse temperature 1/T for a given composition (see
Kondratiev and Jak[1] for details). These Ea and DEV

values were then used along with the viscosity experi-
mental data for optimizations.

3. Physical meaning of the model parameters and (d)
systematic analysis of the trends of the model parameters
Present model parameters (partial Ea and DEV ener-

gies) have physical basis, and they are directly related to
the internal slag structure and the physics of interactions
at atomic scale. Strong, mostly covalent bonds linking
silicate tetrahedrons in the melt result in high activation
energy and high viscosities in the silica-rich slags.
Addition of basic metal oxides (e.g., CaO, MgO, …)
strongly affects the bonds between silicate tetrahedrons
and therefore has a strong effect on the slag properties,
e.g., decrease viscosity of the high-silicate slags signif-
icantly. Some cations (e.g., Al3+) behave in a different
way depending on the chemical environment. The
individual effect of various metal oxides on viscosity as
well as on other properties is determined by a series of
factors including atomic structure, cation size, inner and
outer electronic arrangement, the ‘‘ease’’ to donate
valent electrons to the oxygen anions in the oxide melt,
etc.
The physical basis of the parameters in the present

viscosity model is a foundation (i) to introduce partic-
ular restrictions (e.g., integral Ea and DEV energies
should be positive over the whole composition range)
and (ii) to relate these parameters to other known metal
cation characteristics (e.g., cation size, ionic potential)
or other physicochemical properties (e.g., heat of
vaporization). The model formulation was revised to
facilitate the linkage of the model parameters to other
physical properties and metal cation characteristics. The
optimization procedures involved active assessments
and estimates of physicochemical trends and the use of
correlations with other properties. The present viscosity
model parameters can also help to ‘‘de-convolute’’ the
relative physicochemical behavior of different cations in
the oxide melt. These considerations were used in the
revision of the model formalism and optimization of the
model parameters. It is an essential feature that the
model for the Al2O3-CaO-MgO-SiO2 system presented
in these papers is only a part of a wider development
of the viscosity model for the Al2O3-CaO-FeO-
Fe2O3-MgO-Na2O-SiO2 multi-component system. The
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systematic analysis of the trends and self-consistency of
the parameters across the whole multi-component sys-
tem extending even further to other important slag
systems, for example, to some lower-order sub-systems
containing K2O and PbO, is an important factor of the
present development.

D. Model Parameters

Systematic optimization of the systems was carried
out using the above principles in cycles from lower-order

systems to the multi-component systems and back until
satisfactory agreement with all accepted experimental
data was achieved. Table 1 reports the present model
parameters.
Agreement with the experimental data using the

modified model compared to the previous version[1–7]

has been improved. In particular, the description of
viscosities at high SiO2 concentrations within experi-
mental uncertainties is demonstrated in the relevant
figures below. Note that the present parameters for the
Al2O3-CaO-MgO-SiO2 system are self-consistent with

Table 1. The Viscosity Model Parameters

The average mass and volume of SUs

SU Si-Si Al-Al Ca-Ca K-K Mg-Mg Na-Na NaAl-NaAl Si-Al Si-Ca Si-K Si-Mg Si-Na Si-NaAl

m, SU 9 10�26 kg 4.99 5.64 9.31 15.64 6.69 10.29 6.81 5.32 7.15 10.32 5.84 7.64 5.90
v, SU 9 10�29 m3 1.92 3.03 5.79 9.00 3.99 5.94 10.38 2.43 3.50 4.58 2.83 3.56 5.01

SU Al-Ca Al-K Al-Mg Al-Na Al-NaAl Ca-K Ca-Mg Ca-Na Ca-NaAl Mg-K Mg-Na Mg-NaAl Na-K Na-NaAl

m, SU 9 10�26 kg 7.48 8.79 6.17 7.97 6.23 12.48 8.00 9.80 8.06 11.17 8.49 10.15 12.97 8.55
v, SU 10�29 m3 4.27 5.49 3.49 4.32 5.97 7.28 4.84 5.86 7.86 6.16 4.90 6.84 7.47 7.77
The coefficients for viscosity molar integral Ea;DEV and partial Ea;DEV energies (J mol�1). (Al2O3-CaO-MgO-SiO2)

Ea ¼ Ea;Si�SiXSi�Si þ Ea;Si�AlXSi�Al þ Ea;Si�CaXSi�Ca þ Ea;Si�MgXSi�Mg

þ Ea;Al�AlXAl�Al þ Ea;Al�CaXAl�Ca þ Ea;Al�MgXAl�Mg þ Ea;Ca�CaXCa�Ca þ Ea;Ca�MgXCa�Mg þ Ea;Mg�MgXMg�Mg;

Ea;Si�Si ¼ 570000� 407000
XSi�Ca

1� XSi�Si � XCa�Cað Þ1�0:32
� 432000

XSi�Mg

1� XSi�Si � XMg�Mg

� �1�0:40 � 259000
XSi�Al

1� XSi�Si � XAl�Alð Þ1�0:58

þ 66430 pch;CaAlO4XSi�Al

� �0:58
þ48215 pch;Mg

TetraAlXSi�Al
� �0:58

;

Ea;Ca�Ca ¼ 78000; Ea;Mg�Mg ¼ 105000; Ea;Si�Ca ¼ 157000; Ea;Si�Mg ¼ 161000;

Ea;Si�Al ¼ 187000þ 66425pch;CaAlO4 þ 59643pch;Mg
AlO4 ; Ea;Al�Al ¼ 169000þ 67855pch;CaAlO4 þ 30000pch;Mg

AlO4 ;

Ea;Al�Ca ¼ 122000þ 50355pch;CaAlO4 þ 52857pch;Mg
AlO4 ; Ea;Al�Mg ¼ 140000þ 52857pch;CaAlO4 þ 28570pch;Mg

AlO4 ;

the rest, Ea;i�j ¼ 1=2 Ea;i�i þ Ea;j�j
� �

DEV ¼ expðeV;Si�SiXSi�Si þ eV;Si�AlXSi�Al þ eV;Si�CaXSi�Ca þ eV;Si�MgXSi�Mg þ eV;Al�AlXAl�Al þ eV;Al�CaXAl�Ca

þ eV;Al�MgXAl�Mg þ eV;Ca�CaXCa�Ca þ eV;Ca�MgXCa�Mg þ eV;Mg�MgXMg�MgÞ;

eV;Si�Si ¼ 23:6� 7:6
XSi�Ca

1� XSi�Si � XCa�Cað Þ1�0:32
� 8:7

XSi�Mg

1� XSi�Si � XMg�Mg

� �1�0:40
� 0:0

XSi�Al

1� XSi�Si � XAl�Alð Þ1�0:58
þ 2:6 pch;CaAlO4XSi�Al

� �0:58
þ1:6 pch;Mg

AlO4 XSi�Al

� �0:58
;

eV;Ca�Ca ¼ 13:5; eV;Mg�Mg ¼ 14:1; eV;Si�Ca ¼ 15:7; eV;Si�Mg ¼ 15:8;

eV;Si�Al ¼ 16:3þ 2:6pch;CaAlO4 þ 2:8pch;Mg
AlO4 ; eV;Al�Al ¼ 15:5þ 3:2pch;CaAlO4 þ 1:6pch;Mg

AlO4 ;

eV;Al�Ca ¼ 14:0þ 2:6pch;CaAlO4 þ 0:0pch;Mg
AlO4 ; eV;Al�Mg ¼ 14:8þ 0:0pch;CaAlO4 þ 1:4pch;Mg

AlO4 ;

the rest, eV;i�j ¼ 1=2 eV;i�i þ eV;j�j
� �

pch;jAlO4 ¼ 14

XAl�Alþ1
2

P
k

XAl�k

� �2:5

Xj�jþ1
2

P
n

Xj�n

� �4�2:5

XAl�Alþ1
2

P
k

XAl�k

� �
þ
P
t

Xt�tþ1
2

P
s;s 6¼t

Xt�s

� �� 	4 j ¼ Ca;Mgð Þ
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and derived using trends of the broader range of
important slag systems; therefore, some results for other
sub-systems containing Fe, Na, K, and Pb oxides are
also presented below.

III. DETAILS OF MODEL DEVELOPMENT

A. Pure Oxide Properties

The partial Ea and DEV energies of pure SiO2, Al2O3,
and PbO liquids have been determined first using
available experimental data for pure oxides.[30–40] The

calculated and experimental viscosities of pure oxide
melts are shown in Figure 2, demonstrating good
agreement. Experimental data for the SiO2 melt by
Bockris et al.[31] appear to be inconsistent with the
others. Experimental data by Iida et al.[40] for the PbO
melt were given a low weight during optimization due to
a possible contamination of the melt by the dissolution
of crucible material. The partial Ea and DEV energies for
pure CaO, MgO, Na2O, and K2O melts were derived
from not only (i) the data in the close composition
ranges in the corresponding binary and ternary silicate
systems but also (ii) using analysis of the Ea and DEV

trends as functions of available structural and other
physicochemical data. Various types of data and trends
were analyzed, and ionic potentials and enthalpy of
vaporization were selected to assist in evaluation of the
partial Ea and DEV energies (see Figure 3).
Figure 3(a) shows the relationship between the partial

molar activation energies for pure oxides and the ionic
potentials of the corresponding cations (ratio of the
charge to the radius of a cation)—the activation energy
is higher for the cations with higher ionic potentials, indi-
cating stronger bonds with oxygen anions. Figure 3(b)
shows the comparison between the partial energy terms
DEV for pure oxides and the enthalpies of vaporizing
liquid oxides in elemental gas species calculated using
the latest thermodynamic databases of the FactSage
thermodynamic computation package[26–29,41] on the
basis of the following reaction:

Me2=nO Liquidð Þ ¼ 2=nMe Gasð Þ þ O Gasð Þ;

where n denotes the oxidation state of a cation Men+.
Figure 3(b) indicates that DEV for pure SiO2 is much
higher than the others, which may be attributed to the
strong covalent components of the bonds involving
silicon cations. The DEV values of the other pure oxide
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liquids are approximately in the range of values of the
corresponding enthalpies of vaporization of pure liquid
oxides in elemental gas species. It should be noted that

Ea and DEV values for SiO2, Al2O3, and PbO (described
by squares) in Figure 3 have been derived from exper-
imental values available for the corresponding pure
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oxides; those for the others (described by circles) have
no experimental data for pure oxides and were derived
from experimental data in the composition areas close to
the corresponding oxides in binary and higher-order
systems. The trends given in Figure 3 were also used as a
guide to determine corresponding molar energies of the
pure oxide liquids in addition to the experimental data
in the corresponding unary, binary, and ternary systems.

B. Binary Silicate Systems

Figure 4 presents the fractions of the (Si-O-Si), (Si-O-
Me), and (Me-O-Me) SUs in various Si1/2O-Me2/nO
systems, calculated using the quasi-chemical thermody-
namic model[22,24,25] and the FactSage computer pack-
age[26]—the so-called ordering tendency (preference to
form Si-Me over Me-Me and Si-Si SNNB) decreases
from the Na2O-, K2O-, and CaO- to MgO-, ‘‘FeO’’-,
and Al2O3-silicate system. An important point is that at

high SiO2 concentrations, the Si-Me and Si-Si are
predominant SUs and therefore determine the viscosity
in the melts. This internal structural information was
carefully analyzed and used in optimization of the model
parameters, and is essential for understanding of the
detailed trends in the developed model.
Figures 5 and 6 show the calculated and experimental

slag viscosities of binary silicate systems indicating that
the addition of other metal oxides into the silica-rich slag
significantly (by several orders of magnitude) decreases
viscosity. This significant viscosity decrease is commonly
attributed to the disturbance of the strong covalent bonds
in the silicate tetrahedral network structures by basic
cations. The degree of this viscosity decrease therefore
should be related to such characteristics as cation size,
valence, inner and outer electronic arrangement, the
‘‘ease’’ for cations todonate valent electrons to the oxygen
anions in themelt, and the tendency towardmore basic or
acidic chemical behavior, and therefore should be specific
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for a given metal oxide. The use of a second power term
ESi�Si;2
Si�Si X2

Si�Si for all binary silicate systems in the previous
QCV model[1–6] resulted in systematic discrepan-
cies—predicted viscosities were higher than experimental
data at high SiO2 concentrations. The revised model has
the (Si-O-Si) partialEa andDEV energies in different SiO2-
MeO systems expressed by a power function of the
concentrations of the (Si-O-Me) SUs (Eq. [6] reduces to
Eq. [9] in the binary system):

Ea;Si�Si ¼ E
0

a;Si�Si þ ESi�Me
a;Si�SiX

cSi=Me

Si�Me ; eV;Si�Si

¼ e0V;Si�Si þ eSi�Me
V;Si�SiX

cSi=Me

Si�Me

½9�

where the parameters cSi=Me; E
Si�Me
a;Si�Si, and eSi�Me

V;Si�Si (the
latter two with negative values) describe the degree of
viscosity decrease with the increase of the (Si-O-Me) SU
concentrations as a result of complex interactions in the
silicate melt. The power parameter cSi=Me may be related
to the apparent number of the (Si-O-Si) SUs which are
affected by one given (Si-O-Me) SU. These parameters
are system specific, dependent on how basic the metal
cation Men+ behavior is in affecting the strength of the
predominantly covalently bonded silicate tetrahedral
structures, and are expected to correlate with the ionic
potential IMe—defined by the ratio of the charge to the
size of a cation. These parameters therefore may be
derived from correlations with other properties if direct
experimental viscosity data are not sufficient. Alterna-
tively, if viscosity data exist, the trend of the correlation
between the parameters and other properties may be
established.

The correlations among the parameters
cSi=Me; E

Si�Me
a;Si�Si; eSi�Me

V;Si�Si, and ionic potentials of corre-
sponding cations are shown in Figure 7. Figure 7(a)
indicates that the value of the power parameter cSi=Me

increases proportional to the ratio of ionic potentials IMe/
ISi. Figure 7(b) indicates that the value of the activation
energy coefficient for the Al2O3-SiO2 system ESi�Al

a;Si�Si is
higher than those for other binary silicate systems, but
besides this there is no clear trend between the activation
energy coefficient ESi�Me

a;Si�Si and the ratio of ionic potentials
IMe/ISi. It may be argued that a Men+ cation with larger
size and lower ionic potential compared to Si4+ cation has
the ability to affect more surrounding Si-Si SUs and to
reduce their partialEa andDEV energiesmore significantly,
which is expressed by lower cSi=Me values, and therefore
more significantly decrease the viscosity of the SiO2-Me2/
nO silicate melt with the addition of Me2/nO. Figure 8
demonstrates that for a number of binary silicate systems,
the integral molar activation energy at high SiO2 concen-
trations shows significant decreasewith the cSi=Me decrease.

The individual contributions of partial Ea and DEV

energies to the corresponding integral molar energies in
the present model can accurately describe all available
experimental integral Ea and DEV energies derived from
reliable experimental viscosity data at different temper-
atures.[30–33,42,43] Details are given in Figure 9 for the
CaO-SiO2 system as an example.

The revised QCV model describes experimental vis-
cosity data within experimental uncertainties, as illus-
trated in Figures 5 and 6 for the CaO, MgO, PbO,

Al2O3, Na2O, and K2O-SiO2 systems. Comparison with
the viscosity model developed by Decterov et al.[11]

incorporated into the FactSage version 6.3[22,24–26] given
in Figures 5 and 6 shows close viscosity description by
both models in the composition ranges where experi-
mental data are available.

C. Extrapolation of Binary Parameters into Multi-
Component Silicate Systems

Analysis of the trends in the ternary and multi-
component silicate systems indicates that the integral Ea

and DEV energies vary as follows:
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Mole SiO2 / (SiO2+Me1O+Me2O) = const.
(Toop model)
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Mole Me1O / Me2O = const.
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Fig. 10—Schematic diagram showing extrapolation of binary param-
eters.
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(i). as a function of SiO2 concentrations along the
constant ratio of two metal oxides (section A in
Figure 10), similar to those in the binary silicate
systems, and

(ii). as a function of the basic metal oxide ratios along
the constant SiO2 concentrations (section B in
Figure 10), approximately linearly.

To describe these trends, the parameters determined
for binary systems in the present viscosity model were
extrapolated into the multi-component systems using
the following expression:

FSi�Me
Si�Si X

cSi=Me

Si�Me ! FSi�Me
Si�Si

XSi�Me

1� XSi�Si � XMe�Með Þ1�cSi=Me

ðF ¼ Ea or eVÞ
½10�

Note that the right-hand side of Eq. [10] reduces to
the left-hand side in binary silicate systems. This
extrapolation of the binary parameters into ternary or
multi-component silicate systems is similar to the
Kohler/Toop ‘‘asymmetric’’ model[44] used in many
other models for various properties of complex solutions
(for example, Chartland and Pelton[45] in the quasi-
chemical thermodynamic model).
Figure 11 shows the sections in the CaO-MgO-SiO2

ternary system used for comparison of predictions with
experimental results[30,31,37,46–52] which are represented
with thick solid lines. Good agreements of predicted and
experimental values of the Ea and DEV energies and the
corresponding viscosities are illustrated in Figures 12
and 13 for the CaO-MgO-SiO2 system. Figure 12(a)
shows that the concentrations of the Si-Si, Si-Ca, and
Si-Mg SUs as functions of SiO2 concentration at a fixed
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molar ratio of MgO to CaO in the CaO-MgO-SiO2

system vary similarly to those in the binary silicate
systems [Figure 12(b)]—both are calculated with Fact-
Sage.[22,24–26] The trends of the calculated integral
Eaand DEV energies [Figure 12(c)] and viscosities
[Figure 12(d)] are similar in the binaries and ternary
systems.

Figure 13(a) shows the fractions of SUs in the CaO-
MgO-SiO2 system at a fixed SiO2 concentration of
50 mol pct. It can be seen that the proportions of the

Si-Si SUs do not change significantly, those of the Ca-
Ca and Mg-Mg SUs are almost zero, while those of the
Si-Ca and Si-Mg SUs change nearly linearly with the
MgO/(CaO+MgO) molar ratio. Figure 13(b) and (c)
shows the Ea and DEV energies, and the viscosities as a
function of the MgO/(CaO+MgO) molar ratio, indi-
cating that these properties change nearly linearly with
the MgO/(CaO+MgO) ratio.
Experimental viscosity data by Licko et al.[46] at 50

SiO2-50 mol pct MgO binary composition were not
taken for optimizing partial energy coefficients Ea and
eV because viscosities were partially measured below
liquidus temperatures.

D. Description of the Charge Compensation Effect

Experimental results indicate that the viscosities in the
Al2O3-containing silicate slag systems Al2O3-(Me+,
Me2+)xO-SiO2 are at a maximum at intermediate
(Me+, Me2+)O/Al2O3 ratios (for example, in the
systems Al-Ca-O-Si,[30,53,54] Al-Mg-O-Si,[54,55] and
Al-Na-O-Si,[56,57] see Figures 14 and 15). This viscosity
maximum is commonly attributed[20] to the so-called
‘‘charge compensation effect’’ explained as the Al3+

cation’s ability to take the tetrahedral interstitial
between the oxygen anions if the excess negative charge
for Al3+ is compensated by the alkali or alkaline earth
cations; this is sometimes described as Me+AlO2 or
Me2+Al2O4 associates in the melt. It is argued that the
positioning of the Al3+ cations into the tetrahedral
interstitials increases viscosity due to (i) the formation of
stronger covalent (Al-O-Al) and (Al-O-Si) bonding in
place of weaker ionic bonds and (ii) reduction of the
weakening effect of the octahedral Al3+ on the strength
of the nearest (Si-O-Si) bonds.
The ‘‘charge compensation effect’’ in the Ca-, Fe-,

Mg-, and K-containing aluminate systems is not specif-
ically described in the latest quasi-chemical thermody-
namic model by a corresponding Al-Me-O associate,[8]

which is different from the AlNaO2 associate introduced
into the quasi-chemical thermodynamic model for the
Al-Na-containing systems. Therefore, a special treat-
ment is required to describe the charge compensation
effect on the viscosity of the corresponding melts.
A special charge compensation term added to the

activation energy of viscous flow in the initial model[1–6]

was based on the assumption[20] that the ‘‘charge
compensation effect’’ appears when the Al3+ replaces
Si4+ in the tetrahedral coordination, thus keeping the
silicate network structure instead of breaking it. This
mechanism related the ‘‘charge compensation effect’’ to
the presence of the silicate networks, and therefore the
‘‘charge compensation term’’ in the previous formula-
tion[1–6] was made proportional to the concentrations of
the Si-Si SUs. However, that description had subse-
quently been revised[7] due to the following reasons. It
did not reflect the fact that the viscosity maximum was
observed also in the SiO2-free systems (e.g., CaO-
Al2O3

[58,59]). More importantly, it was argued[7] that
the slag viscous flow is the movement of individual Si-Si
and other SUs due to the breaks of the individual bonds
(rather than long networks). The networks in slags are
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not permanent and individual (Si-O-Si) bonds do break
during liquid flow. The viscous flow depends on the
strength of the individual (Si-O-Si) bonds rather than on
the network length (on the contrary, the length of the
network depends on the strength of the individual
bonds). Acceptance of the suggestion that formation of
tetrahedral Al3+ influences the strength of the individ-
ual bonds in the long networks would also accept
significance of the long-range (more than several atomic
distances) interactions; the latter concept is believed to
be incorrect. Instead, the strength of the individual (Si-
O-Si) bonds is taken to be independent of the formation
of the tetrahedral Al3+ at a distant atomic position
(only the second-nearest-neighbor interaction is taken to
be significant). The presence of a network is not taken to
justify high viscosity. The increase of viscosity and the
presence of networks are taken to be (i) the result of the
strength of the individual interactions involving tetra-
hedral Al3+ with higher proportion of covalent bonding
and (ii) the reduced concentrations of octahedral Al3+

and therefore their reduced effect on the interactions
between Si-Si SUs. This assumption means that the
increase of viscosity associated to the charge compen-
sation effect is due to (i) stronger (Al-O-Al) and (Al-O-
Si) bonds for the tetrahedral Al3+ and (ii) smaller effect
of Al3+ cations on the predominantly covalently
bonded (Si-O-Si) SU. These effects do not necessarily
depend on the (Si-O-Si) SU concentrations, which agree
with experimental evidence.[58,59] The Al3+ cations
taking tetrahedral coordination as a result of charge
compensation form strong covalent bonds and reduce
the proportion of Al3+ in the octahedral coordination.
In the present model, the probability of Al3+ to take a

tetrahedral coordination pch;jAlO4
has been introduced, and

the additional contributions of the charge-compensated
Al3+ to the Ea and DEV energies of the Al2O3-containing
SUs are described to be proportional to the pch;jAlO4

value.
Moreover, the reduction of the effect of Al3+ cations on
decreasing the partial molar energies of the (Si-O-Si) SUs,
due to the fact that a proportion of Al3+ is not in the
octahedral but in the tetrahedral coordination, is described
by the addition of special term with positive coefficients
DFSi�Alðch;jÞ

Si�Si to the partialEa and DEV energies of (Si-O-Si)
SU, which is proportional to the concentration of tetra-
hedral (Al-O-Si) SUs, which affects one (Si-O-Si) SU. The
above improvements are shown in Eqs. [6] to [8].
Similar to Al2O3-containing systems, tetrahedrally

coordinated Fe3+-containing SUs should be taken into
account in Fe2O3-containing systems because there are
some lines of analytical evidence indicating that tetra-
hedrally coordinated Fe3+ ions exist in the oxide melts
or glasses due to the charge compensation effect by basic
cations.[49,60] However, previous viscosity-measuring
studies have indicated that the charge compensation
effect of Fe3+ ions on slag viscosity is not high
compared to that of Al3+ ions.[61] In this case, the
model formalism in Fe2O3-containing systems can be
described by adjusting parameters in the partial molar
activation energies of Fe3+-containing SUs instead of
introducing the special treatment used in Al2O3-con-
taining systems.
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Figure 16 shows the calculated result of the propor-
tion of tetrahedrally coordinated Al3+ ions among total
Al3+ ions in the Al2O3-CaO-SiO2 system and it depends
on aAl=Ca and kch;CaAlO4

values in probability function pch;CaAlO4
.

The probability function has a maximum at intermedi-
ate Al2O3/CaO ratio, and the maximum positions are
shifted to the higher Al2O3 concentrations for the higher
aAl=Ca values. The maximum value of the probability
function is proportional to kch;CaAlO4

values. The experi-
mental result by Neuville et al.[62] obtained by MAS
NMR analysis and Raman spectroscopy for corre-
sponding glass compositions indicates that almost all
Al3+ in the system are charge compensated by Ca2+

and thus tetrahedrally coordinated. This experimental
structural information was used to determine the values
as aAl=Ca ¼ 2:5 and kch;CaAlO4

¼ 14:0 for the Al2O3-CaO and
Al2O3-CaO-SiO2 systems. For other Al2O3-MeO and
Al2O3-MeO-SiO2 systems, the aAl=Me and kch;Me

AlO4
values

were assumed to be equal to aAl=Ca and kch;CaAlO4
,

respectively, at this stage as the initial guess, due to
the lack of reliable experimental structural data on the
concentration of tetrahedrally coordinated Al3+.

Unlike the Ca-, Fe-, and Mg-containing aluminate
systems, the ‘‘charge compensation effect’’ in the
Na-containing aluminate systems is described in the
latest quasi-chemical thermodynamic model by the
formation of the NaAlO2 associates[26,27] and in the
present viscosity model by formalism for the Ea and
DEV energies of the corresponding SUs without the
above special adjustments.

Currently, the viscosity model including the charge
compensation effect has been developed up to Al2O3-
(Na+, Ca2+, Mg2+, Fe2+)xO-SiO2 systems. Figure 14
shows the calculated slag viscosities of the Al2O3-CaO-
SiO2 and Al2O3-MgO-SiO2 systems at constant SiO2

concentration of 67 mol pct. The predicted viscosities
satisfactorily reproduce available experimental data. It
was indicated that the use of the present viscosity model
is valid to reasonably describe slag viscosities of
aluminosilicate systems over wide composition ranges.

Figure 15 provides the comparison of the viscosities at
SiO2 = 50 mol pct for different ternary aluminosilicate
melts. The predicted viscosities show upward curvatures
due to the contribution of tetrahedral Al3+ coordina-
tion, which agree with the corresponding experimental
data. It was found that the viscosity maximum decreases
in the series of (Na-Al-Si-O)> (Ca-Al-Si-O)> (Mg-Al-
Si-O)> (Fe2+-Al-Si-O) systems.

IV. CONCLUSIONS

The quasi-chemical viscosity model has been revised,
which makes it possible to predict the viscosities of fully
liquid multi-component silicate slags over wide compo-
sitions and temperature ranges on the basis of physico-
chemical characteristics of the oxide melts.
The present viscosity model uses information from a

structurally based (e.g., quasi-chemical) thermodynamic
model for phase equilibria and thermodynamic proper-
ties. There are a number of important advantageous
features in the present viscosity model. The values of the
molar partial Ea and eV energy coefficients obtained
using the experimental data in the binary and ternary
systems can be extrapolated into higher-order systems
where no experimental data are available. This treat-
ment enables the viscosity predictions to be performed
and, in some cases, discrepancies between experimental
data to be identified. The model is flexible enough to
reflect major structural changes, but ‘‘rigid’’ for com-
position ranges with similar SUs distributions. The
integral Ea and DEV energies can be ‘‘de-convoluted’’ to
partial contributions from a given SU and can be
systematically analyzed. It enables various aspects which
affect the viscosity of molten slag to be evaluated.
Some relationships have been found between model

parameters and other physicochemical properties of
oxide components, such as ionic potentials and enthalpy
of vaporization. These correlations have significantly
assisted in the selection of model parameters for the

Fig. 16—Calculated result of the proportion of tetrahedrally coordinated Al3+ ions among total Al3+ ions in the Al2O3-CaO-SiO2 system at dif-
ferent SiO2 concentrations as a function of Al2O3/CaO ratio.
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systems in which experimental data are lacking and can
be further used in other chemical systems. The param-
eters for the Al2O3-CaO-MgO-SiO2 system presented in
these papers are only a part of a wider development of
the viscosity model for the Al2O3-CaO-FeO-Fe2O3-
MgO-Na2O-SiO2 multi-component system and there-
fore are based on the analysis of the systematic trends
and self-consistency across whole multi-component
system—this is an essential feature of the present
development.

Agreement with the experimental data using the
modified model compared to the previous version has
been improved. For example, viscosities at high SiO2

concentrations are reproduced within experimental
uncertainties. A comparison with the viscosity model
incorporated in FactSage presented in some figures
shows good description of experimental viscosities by
both models.
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