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1. Introduction

The surface tension of molten slag is one of the most im-
portant parameters for controlling the various interfacial
phenomena in the refining or continuous-casting process of
steelmaking. However, it is not often possible to find appro-
priate data on the surface tension of molten slag targeted
for specific purposes, because molten slag is usually a
multi-component oxide, sulfide, and fluoride system, where
the effects of these components on the surface tension is
very complicated, and not all the data (particularly over a
wide temperature and composition range) have been re-
ported. It is, therefore, indispensable to develop a predic-
tion system for determining the surface tension of multi-
component molten slag.

Tanaka et al. developed a predicting model1–3) for deter-
mining the surface tension of molten oxide mixtures, ther-
modynamically-based on Butler’s equation4) and on the pro-
cedure proposed by Speiser et al.5) Recently, Tanaka et al.
modified this model by using the ratio of the cation to anion
radius as a model parameter.6) This improved model is char-
acterized by the simplicity with which it can be extended to
multi-component systems, particularly since the calcula-
tions are conducted only with respect to information based
on the surface tension and molar volume of the pure com-
ponents, and on the ionic radii of the components in the
system. This model has previously been applied to the eval-
uation of binary silicate melts.6) At that time, the modified
model included certain hypotheses regarding the selection
of the surface tensions of molten pure oxides below their
melting points (especially in the case of CaO, MgO etc.
which have high melting points), and on the ratio of the
cation to anion radius of SiO2.

Recently, further improvements were applied to the mod-
ified model based on the above hypotheses.7) First, the tem-
perature dependence of the surface tension was evaluated
for pure oxides not only in their liquid region, but also
below their melting points. Second, the minimum unit of
SiO2 was considered to be SiO4

4�, and the radii ratio of Si4�

to SiO4
4� was experimentally determined to be 0.5. These

improvements allowed the modified model to be extended
to evaluations for ternary molten slags, which includes not
only such oxides as SiO2, Al2O3, CaO, FeO, MgO and
MnO, but also surface-active components such as Na2O,
B2O3 and CaF2.

7,8)

In this work, a still further extension of the above modi-
fied model was attempted for determining the surface ten-
sions of the more complex 6-component slag systems. The
resulting calculated surface tensions were compared with
the experimental data obtained from the multi-component
system, and the effects of the addition of Al2O3, MgO and
Na2O on the surface tension of CaO–SiO2–CaF2 system
were discussed.

2. Model for Estimation of the Surface Tension of
Molten Slag

A model derived by the authors for the estimation of the
surface tension of ionic mixtures was applied to the 6-
component molten slag in the CaO–SiO2–Al2O3–MgO–
Na2O–CaF2 system, which is common to general mold
fluxes for continuous casting.

The surface tension s of the 6-component molten slag is
calculated from Eqs. (1)–(6):
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Subscript i refers to the following components: SiO2, CaO,
Al2O3, MgO, Na2O or CaF2. Subscripts A and X refer to the
cations and anions of component i, respectively. Super-
scripts “Surf ” and “Bulk” indicate the surface and bulk, re-
spectively. R is the gas constant, T is the absolute tempera-
ture, s i

Pure is the surface tension of the pure molten compo-
nent i, which is treated as a model parameter. Ai�N0

1/3 ·Vi
2/3

corresponds to the molar surface area in a monolayer of
pure molten component i (N0: Avogadro’s number, Vi: molar
volume of the pure molten component i). Ni

P is the mole
fraction of the component i in phase P (P�Surf or Bulk).
RA is the radii of the cation, and RX is the radii of the anion.
For example:

RA�RSi
4�, RCa

2�, RAl
3�, RMg

2�, or RNa ...............(8)

RX�RSiO4

4� , RO
2� or RF

�.........................(9)

where SiO4
4� is considered to be the minimum anionic unit

in SiO2, and the value of RSi
4�/R4�

SiO4
was experimentally de-

termined to be 0.5.7)

The above Eqs. (1)–(6) have been derived on the basis of
Butler’s equation4) by considering the following assump-
tions [1] and [2]6):
[1] It has been known that molten ionic mixtures readily.

undergo surface relaxation due to spontaneous
changes in the ionic distance at the surface, which
causes the energetic state of the surface to approach
that of the bulk state. Thus, the contribution from ex-
cess Gibbs energy terms is neglected in Butler’s equa-
tion.

[2] In ionic substances, it is well known that their ionic
structures depend upon the ratio of the cation to anion
radii. In order to evaluate the ionic structures and
physico-chemical properties of ionic materials, the
cation to anion radii ratio should be considered.

Data on the ionic radii were obtained from Shannon,9)

and the molar volumes of the pure oxides recommended by
Mills and Keene10) were used in the present model. These
values are listed in Tables 1 and 2, respectively.

Regarding the temperature dependences of the surface
tensions for pure SiO2 and CaF2, those recommended by
NIST11) were used for the calculations in this study. The
temperature dependences of the surface tension for pure
CaO, Al2O3, MgO and Na2O were evaluated in previous
work7,8) and used in the current study. The equations for de-
termining the temperature dependences of surface tension
are listed in Table 3.

� �
�

�

�

�

R

R
N

R

R
NNa

O
Na O
P Ca

F
CaF
P

2 2

2

2
⋅ ⋅





� �
�

�

�

�

R

R
N

R

R
NAl

O
Al O
P Mg

O
MgO
P3

2 2 3

2

2

⋅ ⋅

M
R

R
N

R

R
N

R

R
Ni i

P A

X

P Si

SiO
SiO
P Ca

O
CaO
P4

4
4 2

2

2

� �
�

�

�

�

⋅









 ⋅ ⋅

σ σ� �
CaF
Pure

CaF

CaF
Surf

CaF
Bulk2

2

2

2

RT

A

M

M
ln

σ σ� �
Na O
Pure

Na O

Na O
Surf

Na O
Bulk2

2

2

2

RT

A

M

M
ln

σ σ� �MgO
Pure

MgO

MgO
Surf

MgO
Bulk

RT

A

M

M
ln

σ σ� �
Al O
Pure

CaO

Al O
Surf

Al O
Bulk2 3

2 3

2 3

RT

A

M

M
ln

σ σ� �CaO
Pure

CaO

CaO
Surf

CaO
Bulk

RT

A

M

M
ln

σ σ� �
SiO
Pure

SiO

SiO
Surf

SiO
Bulk2

2

2

2

RT

A

M

M
ln

ISIJ International, Vol. 47 (2007), No. 7

936© 2007 ISIJ

Table 1. Radii of the cationic and anionic ions.9)

Table 2. Molar volumes of the pure components.10)

Table 3. Temperature dependence of the surface tensions of
pure components.



3. Results and Discussion

3.1. Quaternary System

The surface tension of molten slag for the CaO–SiO2–
CaF2 system was evaluated in the previous work.8) Based 
on these results,8) the effects of Al2O3, MgO or Na2O addi-
tion on the surface tension of the above ternary system were
evaluated in this study. The calculated results for the sur-
face tension are shown in Fig. 1. Figure 1(a) is based on the
results obtained for the CaO–SiO2–CaF2 system reported by
Nakamoto et al.8) The three lines in this figure indicate the
calculated results for the iso-surface tensions 350, 400 or
450 mN/m respectively. The experimental values were
quoted from literature results.12) Some of the experimental
values, which exist near the CaF2 apex in this figure, are
lower than the calculated values. Especially, there were
such experimental values as lower than 300 mN/m near
CaF2. The reason on the low value of the experimental re-
sults is not evident, but these values might be evaluated too
low under some specific experimental conditions. Except
for this point, the calculated results reproduced the experi-
mental values. Figure 1(b) shows the effect of Al2O3 addi-
tion on the surface tension of the ternary system shown in
Fig. 1(a). Here, Al2O3 was supposed to be added in mole
fractions of 0.1 or 0.2 while, the liquidus, which is expected
to shift due to Al2O3 addition, was not considered here.
With the addition of Al2O3, the three iso-surface tension
lines shifted toward the SiO2–CaF2 line, thus the surface

tension was found to increase in the whole composition
range of the system. Figure 1(c) shows the effect of MgO
addition on the surface tension of the CaO–SiO2–CaF2 sys-
tem. Similar to the case of Al2O3 addition shown in Fig.
1(b), the surface tension increased through the whole com-
position range of the system. Figure 1(d) shows the effect
of Na2O addition on the surface tension of the
CaO–SiO2–CaF2 system. Contrary to the cases of Al2O3

and MgO addition, the three iso-surface tension lines
shifted toward the CaO apex with Na2O addition. Thus,
Na2O is found to cause a decrease in the surface tension
through the whole composition range of the system.

The effect of the addition of Al2O3, MgO and Na2O on
the surface tension is summarized in Fig. 2. This figure
shows the relation between the mole fraction ratio of CaO
to SiO2 (CaO/SiO2: basicity) and the surface tension at
1 773 K, where the surface tension increased with increas-
ing basicity. Here, the basic composition refers to the com-
position in which the mole fractions of CaO and SiO2 are
both 0.4 and that of CaF2 is 0.2. For example, in the case
where the basicity increases from 1.0 to 1.2, the surface
tension increases from 388 to 397 mN/m, accordingly. An
increase in the surface tension (397�388�9 mN/m) can be
obtained by the addition of Al2O3 or MgO with
0.09–0.10 mol fractions, rather than the effect of basicity.

3.2. System with 4–6 Components

The surface tension of molten slag with 4 to 6 compo-
nents is evaluated and compared with the literature data.

ISIJ International, Vol. 47 (2007), No. 7
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Fig. 1. Effect of the addition of a fourth component on the surface tension of molten slag of CaO–SiO2–CaF2 at 1 773 K.



Figure 3 shows the relation between Al2O3 content and the
surface tension of the molten slag. We selected here the lit-
erature data, which were measured at almost the similar
composition range to the condition of the present calcula-
tion. The experimental values are different from each other,
but the present model reproduced the dependency of the
surface tension on Al2O3 content. Literature data13–16) were
selected so as not to cause large changes in the content of
the other components. The present model reproduced well
the literature data for the surface tension and composition
dependence with Al2O3 addition.

Figure 4 shows the relation between MgO content and
the surface tension of the molten slag. Similar to the case of
Al2O3, as shown in Fig. 3, the present model also repro-
duced the surface tension results, and the evaluated results
agreed well with the literature data.17–20)

Figure 5 shows the relation between Na2O content and
the surface tension of the molten slag. Here, there is a large
difference between the calculated results and the data re-
ported by Yakushev et al.21) Referring the other data on
Na2O in binary or ternary systems including Na2O,12) it
seems to be difficult to make the surface tension decrease
down to about 200 mN/m with Na2O addition of only
0.1 mol fraction. Furthermore, the data by Yakshev was

evaluated under the condition of higher basicity range at
higher temperature than the present calculation. The calcu-
lated result agreed well with the data of Takayanagi et al.22)

3.3. Reproducibility

Figure 6 shows a comparison between the evaluated re-
sults and surface tension literature data for the molten
CaO–SiO2–Al2O3–MgO–Na2O–CaF2 slag system. Here, the
literature data are the same as those in Figs. 3–5. The repro-
ducibility was evaluated as the average error defined as Eq.
(10). The average error of the present model was 17.5%.

.........................................(10)

In Fig. 6, the plots indicated with (*) correspond to the
data for the CaO–SiO2–Al2O3–MgO–Na2O system reported
by Yakushev et al.,21) which are positioned slightly offset
from the broken line. In their data, the surface tension
shows a large dependence on Na2O content. The present
model shows that the dependence of the surface tension on
Na2O content is not much larger than that reported by

Average error Calc Expe

Expe

�
�

�
1

100
1

N

N σ σ
σ∑ (%)
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Fig. 2. Effects of CaO/SiO2 mole fraction ratio and the addition
of Al2O3, MgO or Na2O on the surface tension of molten
slag formed by the CaO–SiO2–CaF2 system.

Fig. 3. Relation between the mole fraction of Al2O3 and the
molten slag surface tension of the CaO–SiO2–Al2O3–
MgO–Na2O–CaF2 system. Comparison between the eval-
uated results and the literature data.

Fig. 4. Relation between the mole fraction of MgO and surface
tension of molten slag of CaO–SiO2–Al2O3–MgO–
Na2O–CaF2 system. Comparison between the evaluating
results and the literature data.

Fig. 5. Relation between the mole fraction of Ma2O and surface
tension of molten slag of CaO–SiO2–Al2O3–MgO–
Na2O–CaF2 system. Comparison between the evaluating
results and the literature data.



Yakushev et al. By removing the literature data (Yakushev
et al.) from the data plots, the average error in Eq. (10) is
reduced to 10.3%.

4. Conclusions

A thermodynamic model for evaluating the surface ten-
sion of molten ionic mixtures by considering their ionic
radii was extended to molten slags of multi-component sys-
tems including CaO, SiO2, Al2O3, MgO, Na2O and CaF2.
The calculated results obtained using the present model re-
produced well the surface tension composition dependence
of the molten slag in a 6-component system.

REFERENCES

1) T. Tanaka, K. Hack, T. Iida and S. Hara: Z. Metallkd., 87 (1996),
380.

2) T. Tanaka and S. Hara: Z. Metallkd., 90 (1999), 348.
3) T. Tanaka, M. Nakamoto and T. Usui: Proc. of Japan-Korea Work-

shop on Science and Technology in Ironmaking and Steelmaking,
the Iron and Steel Institute of Japan, Tokyo, (2003), 56.

4) J. A. V. Butler: Proc. R. Soc. A, 135 (1932), 348.
5) R. Speiser, D. R. Poirier and K. Yeum: Scr. Metall., 21 (1987), 687.
6) T. Tanaka, T. Kitamura and I. A. Back: ISIJ Int., 46 (2006), 400.
7) M. Nakamoto, A. Kiyose, T. Tanaka, L. Holappa and M.

Hamalainen: ISIJ Int., 47 (2007), 38.
8) M. Nakamoto, T. Tanaka, L. Holappa and M. Hamalainen: ISIJ Int.,

47 (2007), 211.
9) R. D. Shannon: Acta Crystallogr. A, A32 (1976), 751.

10) K. C. Mills and B. J. Keene: Int. Mater. Rev., 32 (1987), 1.
11) NIST molten salt database, National Institute of Standards and Tech-

nology, New York, (1987).
12) B. J. Keene: Slag Atlas, 2nd Ed., Verlag Stahleisen GmbH, Dussel-

dorf, (1995), 437.
13) C. W. Parelee and C. G. Harman: J. Am. Cream. Soc., 20 (1937),

224.
14) C. Mazanek and M. Szulc: Hutnik, 38 (1971), 168.
15) V. I. Yavoisky, Y. M. Nechkin, I. V. Zinkovsky and V. G. Padalka: Sb.

Mosk. Inst. Stali Splavov., 74 (1973), 87.
16) V. D. Sloylarenko, F. P. Yakushev and F. P. Edneral: Izv. V.U.Z. Cher-

naya. Metall., (1965), 72.
17) R. Benesch, R. Knuhnicki and J. Janowski: Arch. Hutn., 21 (1976),

591.
18) V. A. Kim, E. I. Nikolai, A. A. Akberdin and A. S. Kim: Izv. V.U.Z.

Chernaya. Metall., 27 (1972), 622.
19) G. A. Sokolov and A. G. Sergeev: Izv. V.U.Z. Chern. Metall., 13

(1970), 22.
20) D. Povolotskii: BISI 21861, August 1983. Pub.: Bisits, the Metals

Society, London, UK.
21) A. M. Yakushev, V. M. Romashin and N. V. Ivanova: Steel USSR, 15

(1985), 425.
22) T. Takayanagi, M. Kato and S. Minowa: J. Jpn. Foundary Soc., 48

(1976), 779.

ISIJ International, Vol. 47 (2007), No. 7

939 © 2007 ISIJ

Fig. 6. Comparison of the evaluated surface tension results ob-
tained for the molten slag of CaO–SiO2–Al2O3–MgO–
Na2O–CaF2 with the literature data.


