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Synopsis: 
A theoretical model has been developed to calculate the viscosities in complex slag systems as well as in 
metallic melts. In the case of slag systems, a modified Temkin approach was adopted to represent the 
composition. The absolute reaction rate theory was employed to describe the viscous flow process. The 
model has been applied to some multicomponent systems. The calculated results indicate that the model 
can be successfully used in the estimation of the viscosities of melts at high temperatures. 
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Introduction: 
An understanding of the mechanism of the metallurgical process phenomena and an optimization of the 
processes require access to accurate data of the physical properties of the systems involved. Among them, 
the most important property in the case of molten systems is viscosity , in view of its direct effect on the 
kinetic conditions of the processes. Although, the viscosity measurements that have been carried out in 
the case of slag systems are numerous, the data available in literature are still too few to meet the 
technological demands. This is particularly true in the case of complex slag systems, for which, 
experimental data are very often found to be available only for a few temperatures and cover small 
composition ranges. Process simulation models require extrapolation of the available viscosity data to 
relevant temperature and composition ranges. Carefully assessed viscosity data can be stored, with the help 
of a suitable theoretical model, as model parameters so that the values for relevant conditions can be 
calculated and even be retrieved on line. 

Quite a few models have been developed to evaluate viscosities of pure liquids as well as solutions. 
These models could be classified into two categories, viz. models based on fundamental molecular 
approach and those that employ semi-theoretical procedure. The former type of theories are still under 
development and hardly meet the technological requirements of today. On the other hand, the semi­
theoretical or empirical procedures seem to give somewhat satisfactory results [1-10]. Among such models 
for high temperature slag systems [6-10], the one proposed by McCauley and Apelian [6] is based on the 
Clausius-Clapeyron equation to describe the viscosity-temperature relationship for Newtonian liquids. 
These authors point out that the activation energy for viscous flow is a linear function of temperature only 
in a limited temperature range. They also found that the viscosity, in the case of casting fluxes, was 
strongly dependent on the ratio of the network forming ions to anions in the flux. Lanyi and Rosa [7], from 
their viscosity measurements of casting fluxes, suggested that at constant temperature, the flux viscosity 
was primarily dependent on the mole fractions of Si02 and Al20 3• Riboud et al [9] have made use of the 
relationship TJ =T ·A· exp(B/T), where TJ = viscosity, T = temperature K, A and Bare viscosity parameters 
both being functions of slag composition. A similar equation without the pre-exponent term was later 
proposed by Koyama et al. [10]. 
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The present work aims at developing a self-consistent model, which enables, to a great extent, the 
computation of the viscosities of higher-order systems from simpler ones. A modified Temkin approach 
is employed to represent the composition. 

Model: 
Viscous flow in liquids can be regarded as a thermally activated rate process, in which an ion in the case 
of liquid slags or an atom in the case of metallic melts at a certain site in the liquid has to overcome an 
energy barrier to move to an adjacent vacant site. According to the absolute reaction rate theory proposed 
by Glasstone, Laidler and Eyring [11], the viscosity of viscous flow, TI can be expressed by the following 

equation 

TI hN.ex (/lG*) 
V p RT 

m 

hNP.exp( AG*) -----{l) 
M RT 

h: Planck's constant, N: Avagadro's number, 
V m: molar volume = (Density,p /Molecular weight M), 
AG': Gibbs energy of activation per mole, calculated from experimental viscosity data using equation (1). 

I. Unary system 
For unary systems, equation (1) can be written as 

hNp . . /lG; 
TI i = --1 

• exp ( -' ) - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ( 2 ) 
Mi RT 

The subscript denotes the pure liquid i. From the density of a pure liquid, usually expressed as a linear 
function of temperature, the pre-exponent term in equation (2) can be calculated. The Gibbs energy of 
activation of liquid i is described by the type of equation 

/lG; = a + bT + cTlnT + •••••• -------------------------(3) 
1 

Parameters a, b and c in equation (3) could be optimized from available experimental data. It has been 
found that in almost all the pure oxide systems, it was sufficient to use the first two or three terms on 
the right side of equation (3) in order to get a satisfactory description of the viscosity. 

II. Higb--0rder system 
In view of the ionic nature of slag systems, the liquid slag is described by a modified Temkin approach 
[12], which consider the mixing of cations and anions within each of their subgroupings. The ionic solution 
can be represented by the formula 

(Cl,C2, ... Ci, ... Cn)p(Al,A2, ... Aj, ... Am)0 

where p and Q are the coefficients determined by stoichiometric considerations. Cl, C2, Ci, ... , Cn 
represent different cations, and Al, A2, Aj, ... , Am different anions. The ionic fraction of cation Ci within 
the cation grouping is defined as 

Nci 
Yci = -- -------- ---------------------(4) 

LNc 
In equation (4), N represents the number of the ions and the summation covers all the cations in the 
system. In a similar way the ionic fraction of anion Aj within the anion grouping is defined as 

NA · 
YA . = __ J -----------------------------( 5) 

J ENA 

It is to be pointed out that the values of P and Q vary with composition so that the electrical charge 
neutrality of the system is maintained. Furthermore, at the terminal composition corresponding to one of 
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the pure compounds, Ci,;Aj•i• the stoichiometric coefficients will be p = vi, and Q = vj. 

In view of the presence of complex and polymeric ions, most of the slag models have to consider each of 
the ionic species present in the solution. This complication is avoided in the present model by considering 
the disintegration of complex ions to basic entities. For example, [Si04]

4 ion could be considered to 
consist of Si+4 and 4 0-2

• The model representation in such a case may not be in agreement with the 
physical description of the ionic melt. However, the deviations from reality are compensated 
mathematically in the model. 

In the use of equation (1), the molecular weight of the complex slag can be calculated by the equation 

M = LXii·Mij -----------------------------(6) 

where, X;1 represents the mole fraction of the component Ci.,Aj,1 in the solution, and MIJ is the molecular 
weight of the same. In a similar way, the density of the solution may be estimated, as a first 
approximation, by the relationship, 

P = Lxii. Pii -----------------------------(7) 

P;i is the density of the pure component Ci,;Aj.1 in liquid state. 

The Gibbs energy of activation is expressed, in analogy with integral molar Gibbs energies of solutions 
as 

The first term on the right hand side of the above equation represents the "linear" variation of the Gibbs 
energy of activation from the pure components in the absence of interaction between different 
components. In this term, i and j denote cation grouping and anion grouping respectively; ~G11• is the 
Gibbs energy of activation of pure component Ci,;Aj.1 in liquid state. 

The second term K · T has been introduced in order to take into account the effect of compositional 
variations on non-linear behaviour. The general expression for K used in the present work is 

K = -R(PLyi· lnyi + QLY( lnyj) ----------(9) 

which is identical with Ternkin's expression for ideal entropy of mixing in ionic melts. 

The third term in equation (8) represents the part due to the mutual interaction between different species. 
This term is expressed as 

The first two terms in equation (10) represent the binary interactions between different species. The 
product in the first three-power summation stands for the interaction of different cations Cil and Ci2 
when anion Aj is present. Similarly, The product under the second three-power summation represents the 
interaction of different anions Ajl and Aj2 when cation Ci is present. The L parameters can be expressed 
as 
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Li1,i2<i> = 
0
L + 1L( Yi1 - Yi2 ) + 2L( Yi1 - Yi2 ) 2 -------------(11) 

and 

Li1,i2<i> = 0L + 1L( Yj1 - Yj2) + 2L( Yi1 - Yj2 ) 2 -------------(111) 

with 

kL = kL1 + kLzT -------- - ----------(12) 

where k stands for 0, 1 or 2. 

In those cases where tqe complexity of the ions strongly affect the viscosity, the high-order interactions 
are introduced. The high-order interaction terms are given in the second pair of parentheses in equation 
(10). In the same way as binary interactions, while the product under the first four-power summation 
represents the three-cation interaction when anion Aj is present, the product under the second four-power 
summation denotes the three-anion interaction when cation Ci is present. The L parameters are expressed 
as 

Li1,i2,i3(j) = 
0L + E 1l.mYm + E 2LmY! ---------(13) 

m = il, i2 
and 

Lj1,j2,j3(i) = 0L + E 1!..,,Yn + E 2 !..,,Y~ ---------( 13
1

) 

n = jl, j2 
with 

kl.m = kl.m,1 + kl.m,2T + [ kl.m,3TlnT] -------------------(14) 

and 

kr. = kr . + kr. T + [ kr. TlnT] -------------------(141) '""'n '""'n, 1 '""'n,2 '""'n,3 

The logarithmic term in brackets in 
equations (14) as well as (14') are to be 
used when the temperature range is very 
large. 

Application 
The model has been applied to various 
systems from unary to quaternary slags. In 
general, the experimental data can be very 
well fitted by the present model. Figure 1 
presents the calculated iso-viscosity curves in 
the Ca0-Si02 system using the experimental 
data reported by Urbain et al [13] and 
Bockris et al [14]. 

Figure 2 shows the viscosity as a function of 
temperature in the A120 3-CaO-Si02 system 
at a given composition of XA1203 = 0.05 and 
Xcao = 0.25. This system was assessed in the 
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Figure 1 The calculated !so-viscosity curves in the Ca0-Si02 system 
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present work using the experimental data 
obtained by Machin et al [15] as well as 
Kozakevitch [16] in the temperature range 
1423-2273 K. But the experimental values in 
the temperature range 1523-1723 K have 
been excluded in the model calculation. The 
viscosity values caict.ilated using the model 
are compared with the reported 
experimental data [15] at 1623 K in Table I. 
The good agreement between the two sets of 
values demonstrates the reliability of the 
present model in the interpolation of the 
viscosity data. 

Table I A Comparison of the calculated viscosjtv values wilh the 
exoerimental data for the Al Q~ ~ 

' ' 

The values for viscosity in the case of the 
quaternary system Al20 3-Ca0-Mg0-Si02 

have been reported by Jakubeiner et al [17]. 
These values have been treated using the 
model in the present work. The iso-viscosity 
curves in the system for the section 
XA1203 = 0.06 and T = 1673 K are presented in 
Figure 3. The variation of the viscosity with 
the mole fraction of Cao at 1773 K, 
XA1203 = 0.10 and XMgo = 0.30 has been shown 
in Figure 4. These figures illustrate the 
potentialities of the present model. 
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Figure .2 The calculated viS<'.osity as a funclion or temperature in the Al20 3- Figure 3 The calculated iso-viS<'.osity curves In the AJ20
3
-Ca0-Mg0-Si02 

CnO-S102 system, XA120J=O.OS and Xc.o=0.25 system al T=1673 Kand XA1203 =0.06 

Discussion 
The good agreement between the calculated results and the experimental data shown in Table I indicates 
that the present model can be used to interpolate or extrapolate the experimental viscosity data. This 
would be very helpful in reducing the heavy experimental work and the cost of the same. Even in the case 
of higher order systems, where no experimental data is available, the viscosity could be predicted, with 
certain amount of accuracy, by the present model using the information from the corresponding lower­
order systems. 
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The model has been developed in such way 
that both cation and anion groupings can 
accommodate a number of ionic species. 
However, at the present stage, the model 
has only been applied to systems with only 
one species, viz. 0 ·2 ion, in the anion 
grouping. This is mainly due to the lack of 
the experimental data. It is hoped that the 
model can be tested for slags with more 
than one anion species, e.g. slags containing 
both oxides and fluorides, using the 
experimental results that are being 
generated in the department of Theoretical 
Metallurgy, KTH. 
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The model is also intended to introduce 
complex ions, such as Si04 

4
, Si20/i, as well 

as neutral species in the various ion 
groupings. However this would require the 
calculation of the y values using 
thermodynamic information. By using mole 
fractions instead of y terms in the 
representation of the composition, the model 
has been successfully employed for metallic 
melts. 

MOLE FRACTION OF CA101 

Figure 4 The calculated viscosity as a function or mole fraction or CaO in 
the Al20J"Ca0-Mg0-Si02 system, T= 1773 K, XAt!Ol = 0.10 and XMg0 = 0.30 

Summary 
A theoretical model has been developed to calculate the viscosities of melts at high temperatures. The 
viscous flow in liquid is described by the equation, f7 =Aexp(AG"/RT). The Gibbs energy of activation, AG' 
is considered to be a function of temperature as well as composition of the melt. In the case of slag 
systems, the composition is expressed by a modified Temkin approach. The model has been applied 
successfully to various systems from unary to quaternary slags. 
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