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1. Introduction

Since surface tension of molten ionic mixtures such as
molten slag is an important physico-chemical properties di-
rectly related to various surface phenomena in steelmaking
processes, e.g. wettability with liquid steel and refractories,
etc., there have been accumulated a lot of data so far. The
authors have developed a system to evaluate various physi-
co-chemical properties such as surface tension and viscosi-
ty on the basis of thermodynamic databases,1–4) which are
usually used to calculate phase equilibria, chemical reac-
tions etc. The simultaneous evaluation of those various
properties is quite significant to investigate complicated
phenomena at high temperature in steelmaking processes.
Recently we could evaluate phase diagrams in nano-sized
alloys from the above evaluation system1,5,6) by considering
simultaneously both of phase equilibria and the surface
properties. At the present stage, we can evaluate the surface
tension of liquid alloys1–6) by using Butler’s equation7) with
a procedure proposed by Speiser et al.8,9) On the other hand,
we can not apply these procedures to evaluate the surface
tension of molten ionic mixtures and molten slag, and we
have had still some problems2,4,10–13) on the evaluation of
the surface tension even for molten alkaline–halide binary
mixtures, which are the simplest group in molten ionic mix-
tures.

In the present paper, we discuss those problems on the
evaluation of the surface tension of molten ionic mixtures,
and then we propose a new model to evaluate the surface
tension of those ionic mixtures and molten SiO2 based bi-
nary systems.

2. Evaluation of Surface Tension of Liquid Alloys

First of all, the evaluation of the surface tension s of liq-
uid alloys1–6) is discussed in this section in order to make
clear some problems on the surface tension of molten ionic
mixtures described later. Here, we use the following Eqs.
(1) and (2) to evaluate the surface tension of liquid alloys.
These equations were derived14) by one of the authors to re-
invesitigate the derivation of Butler’s model.7) The formula
is the same as that derived by Butler.7)

....(1)

....(2)

In Eqs. (1) and (2), s i
Prure is the surface tension of pure

component i, Ai�LN0
1/3Vi

2/3 (N0: Avogadro’s number,
L�1.091 for liquid metals, Vi: molar volume of pure com-
ponent i) is the molar surface area of pure component i.
Superscripts Bulk and Surf show bulk and surface, respec-
tively. Here the surface is assumed to be an outermost
monolayer of a material. Ni

P is mole fraction of component
i in the bulk (P�Bulk) and the surface (P�Surf). Gi

E,P(T,
NB

P) is partial excess Gibbs energy of component i in the
bulk (P�Bulk) and the surface (P�Surf), which is a func-
tion of temperature T and the mole fraction of component B
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A thermodynamic model was derived to evaluate the surface tension of molten ionic mixtures by consid-
ering the ratio of the radius of cation to that of anion. The present model reproduces the following charac-
teristics of the composition dependence of surface tension in molten alkaline–halide ionic mixtures precisely.

• almost linear change with the composition in common cation systems:
• large concave feature of the composition dependence in common anion systems.
The present model can be applied to evaluate the surface tension molten ionic mixtures with complex

anion such as sulfate as well as molten SiO2 based binary systems considering effective ionic radii for com-
plex anions.

KEY WORDS: surface tension; thermodynamics; molten slag; SiO2; ionic radius.



NB. In Eqs. (1) and (2), Gi
E,Bulk(T, NB

Bulk) in the bulk can be
obtained directly from thermodynamic databases, but
Gi

E,Surf(T, NB
Surf) for the surface can be estimated from the

following approximation proposed by Speiser et al.8,9)

Gi
E,Surf(T, NB

Surf)�bMIX·Gi
E,Bulk(T, NB

Surf) ...........(3)

The above equation means that the excess Gibbs energy in
the surface has the same function of temperature and com-
position as that in the bulk, but the mole fraction is re-
placed by NB

Surface. bMIX is a parameter related to the ratio of
the coordination number in the surface to that in the bulk
ZSurf/ZBulk. For example, Speiser et al.8,9) proposed bMIX�
ZSurf/ZBulk�9/12�0.75 by assuming a closed packed solid
structure. However, since the value bMIX for liquid can not
be evaluated exactly, the authors determined the apparent
ratio of (ZSurf)�/ZBulk for liquid metals and alloys from the
relationship between the surface tension of pure metals and
the binding energy per unit area1–6,10–13):

...(4)

The procedure to calculate the surface tension of liquid al-
loys s in Eqs. (1) and (2) is as follows1–6):

(1) The surface tensions, the molar volumes of pure
components and excess Gibbs energies in the bulk of com-
ponents A and B are substituted in Eqs. (1) and (2) at a
given temperature and composition.

(2) Equations (1) and (2) are the equations having two
unknowns; the surface tension of liquid alloys s and the
surface composition NB

Surface.
(3) These equations are solved numerically to deter-

mine s and NB
Surface.

As shown in Fig. 1, the calculated results2,4,15) of the sur-
face tension of liquid alloys (solid curves) in Fe–Si and Fe–
Cu systems agree well with the experimental values.16–20)

The relationship between NB
Bulk and NB

Surface are indicated in
small squares in Fig. 1. It was found from Fig. 1 that when
alloys have negative excess Gibbs energy, e.g. Fe–Si alloy,
the surface tension deviates positively from the surface ten-
sion in ideal solution. On the other hand, when alloys have
positive excess Gibbs energy, e.g. Fe–Cu alloy, the surface
tension deviates negatively from that in ideal solution.2–4)

These thermodynamic characteristics can be generally ap-

plied to liquid alloys.1–6)

3. Problems in Evaluation of Surface Tension of
Molten Ionic Mixtures

By applying the above procedure for liquid alloys, we
tried to evaluate the surface tension of molten ionic mix-
tures.10–13) Some of the results10) are shown as solid curves
in Fig. 2 although we used bMIX�(ZSurf)�/ZBulk�0.94, which
had been obtained for ionic mixtures10–13) by applying the
same procedure to determine the above Eq. (4). As can be
seen in Fig. 2, the calculated results (solid curves) 10–13) do
not agree with the experimental values (�).21) Especially,
although those molten ionic mixtures have negative excess
Gibbs energies, the experimental values of the surface ten-
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Fig. 1. Surface tension of liquid binary alloys. Calc. from Eqs. (1), (2), (3) and (4): solid curves, Expe. in Fe–Si: � (Ref.
17), � (Ref. 16), � (Ref. 18), Expe. in Fe–Cu: � (Ref. 19), � (Ref. 20).

Fig. 2. Surface tension of molten ionic mixtures. Calc. from Eqs.
(1), (2) and (3) with bMIX�0.94: solid curves, �: Expe.
(Ref. 21).



sion deviate negatively from that in the ideal solution,10)

which do not obey the above thermodynamic characteristics
of the composition dependence of the surface tension in liq-
uid alloys. In other words, the calculated results exist at the
opposite sides against the surface tension of ideal solutions,
which means that we can not evaluate the surface tension of

molten ionic mixtures by considering only the ratio of the
coordination number in the surface to that in the bulk.10–13)

Then, we proposed the following equation to evaluate the
value of bMIX to cope with the above problems in our previ-
ous work10–13):
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Fig. 3(a). Surface tension of molten ionic mixtures in commom cation alkaline–halide systems. Dotted curve: from Eqs.
(1), (2) and (4); solid curves: from Eqs. (6) and (7). �: Expe. (Ref. 21).

Fig. 3(b). Surface tension of molten ionic mixtures in commom cation alkaline–halide systems. Dotted curve: from Eqs.
(1), (2) and (4); solid curves: from Eqs. (6) and (7). �: Expe. (Ref. 21).



: for molten ionic mixtures

...........................................(5)

In Eq. (5), we considered the effect of the surface relaxation
on the change in ionic distance to keep charge neutrality on

the surface.10–13) (ZSurf)�/ZBulk is the apparent ratio of the co-
ordination number in the surface to that in the bulk
((ZSurf)�/ZBulk�0.94).10–13) z is the ratio of change in the
ionic distance at the surface to that in the bulk (z�
0.97).10–13) The calculated results of the surface tension of
molten alkaline-halide systems obtained from Eq. (5) with
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Fig. 3(c). Surface tension of molten ionic mixtures in common anion alkaline–halide systems. Dotted curves: from Eqs.
(1), (2) and (4); solid curves: from Eqs. (6) and (7). �: Expe. (Ref. 21).

Fig. 3(d). Surface tension of molten ionic mixtures in common anion alkaline–halide systems. Dotted curves: from Eqs.
(1), (2) and (4); solid curves: from Eqs. (6) and (7). �: Expe. (Ref. 21).



Eqs. (1), (2) and (3) are shown as dotted curves in Figs.
3(a)–3(d). As can be seen in these figures, the calculated re-
sults agree with the experimental ones21) in many molten
salt systems.10,11) The authors have applied this approach to
evaluate the surface tension of reciprocal systems, carbon-
ates, sulfates, nitrates, molten slag11–13) as well as the inter-
facial tension between liquid iron and molten slag.13)

However, we have noticed that we still have the following
defects in this calculation:
1) In alkaline-halide molten ionic mixtures, there still

exist some discrepancies between the calculated results
and the experimental one. In particular, in common
cation systems (Figs. 3(a) and 3(b)), their composition
dependence of the experimental surface tension shows
almost linear change. On the other hand, common
anion systems (Fig. 3(c) and 3(d)) have concave feature
in the composition dependence. However, the calculat-
ed results do not always reproduce those composition
dependence.10)

2) In CaO–SiO2 binary system, activities of the compo-
nents change drastically with the composition, but the
surface tension of this system has gentle change with
the composition, which means that the surface tension
is not affected by the drastic change in the activi-
ties.4,13)

4. Evaluation of Surface Tension of Molten Ionic Mix-
tures

The authors have derived the Eqs. (6) and (7) described
below on the basis of the following assumptions for the
above problems:

(1) It has been known that molten ionic mixtures easily
have surface relaxation such as spontaneous change in ionic
distance at the surface, which lets the energetic state of the
surface approach the bulk state.22)

(2) In ionic substances, it is well known that their ionic
structures depend upon the ratio of the radius of cation to
that of anion23) as shown in Fig. 4. In order to evaluate ionic
structure and physico-chemical properties of ionic materi-
als, we should consider the ratio of the radius of cation to
that of anion.

Then, we set the following conditions:
“1”: In the above Eqs. (1) and (2), the surface structural

relaxation is considered in the first term on the right-hand
side, i.e. s i

Prure. In addition, the excess Gibbs energies in the
surface are also affected by the surface relaxation, and they
approach the excess Gibbs energies in the bulk. Then, it is
assumed in the present work that we neglect the difference
between the excess Gibbs energies in the surface and that in
the bulk.

“2”: We replace the mole fraction in Eqs. (1) and (2) by
the ionic radius fraction considering the ratio of the radius
of cation to that of anion.

Finally we have derived the following semi-empirical
equations to evaluate the surface tension s of molten ionic
mixtures:

....................(6)

....................(7)

Here,

In the above equations, subscripts A and B are cations,
and X and Y are anions. Superscripts P�Surf or Bulk indi-
cate the surface and the bulk, respectively. RA and RB are
the radius of cations, and RX and RY are the radius of an-
ions. The information on the radius of ions can be obtained
from the compilation by Shannon24) and they are summa-
rized in Table 1. Ai�N0

1/3Vi
2/3 (N0: Avogadro’s number, Vi:

molar volume of pure component i) is the molar surface
area of pure component i. The values of surface tension and
density of pure molten salts21) are listed in Tables 2 and 3.
Molar volume of molten pure salt is calculated by dividing
molecular weight (sum of atomic weight shown in Table 2)
by the density.

The calculated results of the surface tension in various
alkaline–halide ionic mixtures obtained from Eqs. (6) and
(7) are shown by solid curves in Fig. 3. In all of the systems
in Fig. 3, the calculated results (solid curves) agree well
with the experimental values (�).21) In addition, the model
reproduces the characteristics of the composition depen-
dence quite well in common ionic mixtures described
above. Furthermore, this model can be applied to molten
salt mixtures with complex anions such as sulfate systems.
In those ionic mixtures, we used the apparent effective radii
of complex anions proposed by Jenkins et al.,25,26) who de-
rived the radii to investigate other bulk properties. Some of
the calculated results on sulfate systems are shown in Fig.
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Fig. 4. Correlation between ionic structure and the ratio of ionic
radius of cation to that of anion through coordination
number.

Table 1. Ionic radii in Å of cations and anions.



5. The values of apparent effective radius of SO4
2�, the sur-

face tension and the density of pure molten salts are listed
in Tables 125,26) and 4.21)

5. Evaluation of Surface Tension of Molten SiO2 based
Binary Slag

In this section, we have extended the above model de-
rived for molten ionic mixtures to molten SiO2 based binary
slags. Since the complex ion SiO4

4� exits in molten SiO2

systems, we assumed that Si4� is cation, and SiO4
4� is anion

unit to evaluate the ratio R�(RAnion/RCation) for SiO2.
However, we do not know the value of the ratio of the ra-
dius of Si4� ion to that of SiO4

4� ion, which is therefore
treated as a parameter. The ionic radii of some ions such as
Ca2�, O2� are listed in Table 124) In addition, when we
apply the above Eqs. (6) and (7) to molten slag, we need the
information on the surface tension of pure molten oxides.
We have had the value of the surface tension of molten pure
SiO2(sSiO2

/mN m�1�243.2�0.031 ·T),21) but we usually do
not have the information on the surface tension of, for ex-
ample, pure liquid CaO at around 1 873 K because pure
CaO exists as solid state at the temperature. Therefore, it is
necessary to treat the surface tension of pure oxide compo-
nents as another parameter at around 1 873 K.

We calculated the surface tension of molten binary SiO2

based binary slags from Eqs. (6) and (7) with the following
assumptions:

(1) We assume that the ratio of ionic radius of cation to
that of anion for SiO2 is regarded as the ratio of the radius

of Si4� to that of SiO4
4�(RSi4�/RSiO4

4�) which is determined to
fit calculated results with experimental values.

(2) We determine the surface tension of pure compo-
nents with high melting point, e.g. CaO by parameter-fitting
to reproduce experimental values of the surface tension of
molten slag.

ISIJ International, Vol. 46 (2006), No. 3
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Table 2. Surface tension and density values of pure molten
salts for common anion systems.

Table 3. Surface tension and density values of pure molten
salts from common anion systems.

Fig. 5. Surface tension of molten ionic mixtures in sulfate sys-
tems. Solid curves: from Eqs. (6) and (7), �: Expe. (Ref
21).

Table 4. Surface tension and density values of pure molten
salts for sulfate systems.



The calculated results are shown in Fig. 6 with the exper-
imental values reported by Boni & Derge.27) In this calcula-
tion, we selected R�(RAnion/RCation)�0.5 as the ratio of the
radius of Si4� to that of SiO4

4�. Furthermore, we selected
the value of the surface tension of molten pure oxides in the
parenthesis in Fig. 6. These parameters have been selected
as best-fitting values to satisfy the calculated results with
the experimental values. As shown in Fig. 6, we found that
we could evaluate the surface tension of various molten
SiO2 based slag from Eqs. (6) and (7) although we need to
select the values of R�(RAnion/RCation) for SiO2 and the sur-
face tension of pure molten oxides. Based on the results ob-
tained here, we suppose that the surface tension of molten
slag can be predicted from the present model because the
above Eqs. (6) and (7) can be easily extended to multi-com-
ponent systems.

6. Concluding Remarks

We have derived the thermodynamic model to evaluate
the surface tension of molten ionic mixtures by considering
the ratio of the radius of cation to that of anion. The follow-
ing results are obtained:

(1) Although the surface tension of molten alkaline–
halide ionic mixtures has the following characteristics of
the composition dependence;
• almost linear change with the composition in common

cation systems,
• large concave feature of the composition dependence in

common anion systems,
the present model reproduces the above composition depen-
dences of molten ionic mixtures precisely.

(2) The surface tension of molten ionic mixtures with
complex anion such as sulfate can be evaluated by consid-
ering effective ionic radii for the complex anions.

(3) When we assume the apparent ratio of the radius of
Si4� to that of SiO4

4� as well as the surface tension of pure
molten oxides, the surface tension of molten SiO2 based bi-
nary slag can be evaluated from the present model.
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Fig. 6. Surface tension of molten SiO2 based binary systems.


