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Abstract: Surface tension of calcium aluminate refining slag was measured by the Slide method at 1823 K. Based on different levels
of the MgO content and the mass ratio of CaO to Al2O3, the effects of MgO content and the mass ratio of CaO to Al2O3 on surface
tension were investigated. The results indicate that surface tension decreased with increasing MgO content (from 0 to 4.86%),
followed by an increase with further increasing MgO content up to 11.33%. The trend that surface tension changed with the mass
ratio of CaO to Al2O3 was the same as the trend that surface tension changed with the MgO content. The surface tension was varied
from 0.617 N/m to 0.710 N/m, for the mass ratio of CaO to Al2O3 varying between 0.60 and 1.28. An attempt was made to estimate
surface tension of CaO−Al2O3−MgO slag and its sub-system, and the application showed that the model worked well.
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1 Introduction
It is of importance to investigate surface tension of
slag not only to the theory research for molten melt,
which is directly amenable to the structure correlations
of molten melt, but also to the application for processes.
Many metallurgy phenomena are closely related to
surface tension of slag. It may directly affect the
behavior of bubbles or drops in gas−liquid reaction
systems of materials and metallurgy processing,
therefore, influencing the rates of the relevant processes.
CaO−Al2O3 system is of considerable importance in
metallurgical processes, such as LF (Ladle furnace) and
ESR (Electroslag remelting), ceramic materials and
geological phenomena. The binary phase diagram shows
that the eutectic composition (about 50% CaO and 50%
Al2O3, near to 12CaO·7Al2O3 composition) has the
lowest temperature on the liquidus surface [1]. However,
the MgO component is introduced into the slag
inevitably because metallurgical flux and refractory
contain a small amount of MgO. Therefore, as a matter
of fact, the calcium aluminate refining slag containing
magnesia is usually used during metallurgical process.
Many researchers reported optimization of CaO−Al2O3−
MgO system [2−5]. The temperature of calcium

aluminate slag was lower than 1823 K when the addition
of MgO into 12CaO·7Al2O3 was less than 10%.
As we know, surface tension of liquid CaO−Al2O3
slag has been investigated experimentally, and few
experimental studies have been reported on CaO−Al2O3−
MgO system, most of which investigated the effect of
MgO content on surface tension with the mass ratio of
CaO to Al2O3 about 1.0 and 1.2 [6]. However, the
currently available surface tension data are often felt too
few to fulfill the requirements either in conventional or
in advanced metallurgy processing. Furthermore, the
available measured surface tension data of a system
under the same or similar experimental conditions are
often scattered. Many works are needed for further
research.
The main interest of this work is on the
12CaO·7Al2O3 refining slag with addition of MgO. In
our previous work, the density and viscosity of selected
CaO−Al2O3−MgO system were investigated, and effects
of the MgO content and the mass ratio of CaO to Al2O3
were studied. The results showed that both of the MgO
content and the mass ratio of CaO to Al2O3 had a
significant influence on density and viscosity of slag
[7−8]. The aim of the present work is to investigate
effects of the MgO content and the mass ratio of CaO to
Al 2 O 3 on surface tension of slag. On the basis of the
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present experimental data and the data from literature, an
attempt was made to estimate surface tension of
CaO−Al2O3−MgO slag and its sub-system by the
so-called excess surface tension model.

2 Experimental
These samples were prepared from CP grade purity
CaO (≥99.0%), Al2O3 (≥99.5%) and MgO (≥99.0%)
powders, which were dried at 373 K for 24 h. The slag in
the experiments was prepared in the laboratory and the
method of preparation has been reported elsewhere [9].
As shown in Table 1, the desired samples were divided
into two groups. One was that the compositions of
samples were on the line of the mass ratio of CaO to
Al2O3 equal to 1.0, in which the MgO content was varied
from 0% to 12%. The other group is that the
compositions of slag samples were on the line of MgO
content equal to 5.5%, in which the mass ratio of CaO to
Al2O3 was varied from 0.60 to 1.20. Table 1 also gives
the analyzed chemical compositions of the homogeneous
samples, which were melted in air induction furnace and
then crushed into fine powders.
The surface tension was measured using the
High-temperature physical function determinator
(RTW−08, China) by the Slide method, which involves
measuring the maximum excess force exerted on a
cylinder during its withdrawal from immersion in the
melt [10]. Schematic of experimental apparatus is shown
in Fig. 1. The measurement has a maximum continuous
temperature of 1873 K, which was measured by a
Pt−30Rh/Pt−6Rh thermocouple touching the crucible
bottom from outside. The metal pin for surface tension

measurement was made of molybdenum, and the size of
pin had to be carefully designed so that was is applicable
in the required measurement range. As shown in Fig. 2,
the dimension of the pin at high temperature was
calculated from those measured at room temperature and
coefficient of thermal expansion of molybdenum.
Knowledge of the maximum force and the dimensions of
the cylinder allow the surface tension of the melt to be
determined as follows:



Fmax g R3 R
F g
f ( , )  max C
4πR
V r
4πR

(1)

where Fmax is the maximum excess force required for
detachment of the pin from the surface of the melt; R is
the average of the inner and outer radii of the pin; r is
half the wall thickness of the pin; V is the volume of
liquid suspended above the free surface of the melt; and f
(R3/V, R/r) is a correction factor to account for the
noncylindrical shape of the suspended liquid, which was
measured by pure water several times until the measured
values are stable at room temperature and coefficient of
thermal expansion of molybdenum.
For each sample, the graphite crucible, filled with
120 g fine slag power, was placed in the furnace, and the
furnace was programmed to heat up to 1823 K with
heating rate of 10 K/min. The furnace was kept at the
temperature at least for 30 min before slag was melted
completely. Then, the surface tension was measured until
the measured values were stable, with the error of
±1×10−3 g. After measurement was complete, the furnace
was cooled down.
In surface tension measurements, several sources of
error may occur. As mentioned above, a deviation from

Table 1 Nominal and analyzed chemical compositions of slag samples
No.

Nominal

Analyzed

w(CaO)/% w(Al2O3)/% w(MgO)/%

η

w(CaO)/% w(Al2O3)/% w(MgO)/%

η

Surface
tension/(N·m−1)

1-1

50.00

50.00

0.00

1.00

49.80

49.46

0.39

1.01

0.673

1-2

48.00

48.00

4.00

1.00

48.02

48.43

3.78

0.99

0.647

1-3

46.00

48.50

5.50

0.95

47.08

47.96

4.86

0.98

0.617

1-4

47.00

47.00

6.00

1.00

46.61

46.90

5.79

0.99

0.621

1-5

46.00

46.00

8.00

1.00

46.26

45.58

7.60

1.01

0.660

1-6

44.00

44.00

12.00

1.00

44.16

43.84

11.33

1.01

0.670

2-1

35.44

59.06

5.50

0.60

35.25

58.60

5.14

0.60

0.710

2-2

38.91

55.59

5.50

0.70

40.41

54.98

5.26

0.73

0.653

2-3

40.00

54.50

5.50

0.73

41.00

53.54

4.91

0.77

0.634

2-4

42.00

52.50

5.50

0.80

42.83

52.36

4.96

0.82

0.628

2-5

45.00

50.00

5.00

0.90

44.51

49.90

4.29

0.89

0.621

2-7

49.50

45.00

5.50

1.10

51.14

43.58

5.50

1.17

0.642

2-8

51.54

42.96

5.50

1.20

52.40

40.94

5.24

1.28

0.645

η is the mass ratio of CaO to Al2O3

J. Cent. South Univ. (2016) 23: 3079−3084

3081

Fig. 3 Relationship between surface tension and MgO content
Fig. 1 Schematic of experimental apparatus

Fig. 2 Dimension of pin (Unit: mm)

the volume of pin should cause an error in surface
tension; the determination of the temperature with an
accuracy of ±5 K should introduce an error in surface
tension; the accuracy of ±1×10−3 g in the weighting
balance should also cause an additional error in surface
tension. The total error in the determination of the
surface tension was at least ±2.5%.

3 Results and discussion
3.1 Effect of MgO content on surface tension of
selected slag
Figure 3 presents relationship between the surface
tension and the MgO content at 1823 K. It is shown that
the MgO content had obvious influence on surface
tension of selected slag. At the same mass ratio of CaO
to Al2O3, surface tension decreased with the increasing
MgO content at first, and then increased as the MgO
content continued to increase. The results showed
that there was a minimum surface tension value

approximately 0.617 N/m when the MgO content was
4.86%. The comparison of the experimental results with
the data in Ref. [6] is also shown in Fig. 3. At the
composition range of the present study, no previously
measured surface tension values were found in literature.
However, surface tension of CaO−Al2O3 slag has been
studied at 1773, 1873 and 1973 K [6]. Comparison of
corresponding slags reveals that the value of the present
study is close to the results from literature.
In general, on the basis of the additive method
widely used for alloys and slags, surface tension of slag
depends upon surface tension of oxide [11]. The pure
component surface tensions of CaO, MgO, and Al2O3 are
0.621, 0.611 and 0.701 N/m at 1823 K, respectively [12].
Since the pure component surface tension of MgO and
CaO are much lower than the pure component surface
tension of Al2O3, the surface tension of slag will decrease
with the small amount of increasing MgO content. On
the other hand, surface tension is also closely related to
the total number of ions and moment among the ions on
the surface of the unit, and the variation of surface
tension mainly depends on the force between O2− in the
surface and nearby cations [13−14]. In molten slag, the
gradual addition of cations results in the progressive
breaking of these oxygen bonds with the formation of
non-bridging oxygen (NBO). The tendency to form more
extreme anionic units can be ranked in terms of the
parameter in the hierarchy Mg2+>Ca2+. With the further
addition of MgO, instead of CaO and Al2O3 in
12CaO·7Al2O3, should reduce the degree of
polymerization, and the amount of free O2− in molten
slag, which plays a more significant role in changing
surface tension than the cations and the complex anions,
will increase, which should lead to raise surface tension
of slag [10]. Consequently, surface tension of slag is
enhanced with the further increasing of the MgO content.
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3.2 Effect of mass ratio of CaO to Al2O3 on surface
tension of selected slag
The relationship between surface tension and the
mass ratio of CaO to Al2O3 at 1823 K is shown in Fig. 4.
The result indicated that the mass ratio of CaO to Al2O3
also had obvious influence on surface tension of selected
slags. The trend that surface tension changed with the
mass ratio of CaO to Al2O3 was the same as the trend
that surface tension changed with the MgO content.
Surface tension was varied from 0.617 N/m to 0.710 N/m,
for the mass ratio of CaO to Al2O3 varying between 0.60
and 1.28. The data of corresponding slags of CaO−Al2O3
system and CaO−MgO−Al2O3 system in Ref. [6] are also
shown in Fig. 4. Comparison of corresponding slags in
CaO−Al2O3 binary shows that the value of the present
study is close to the most of the literature data. The trend
of surface tension varying with the mass ratio of CaO to
Al2O3 in the present work is the same as that of the
literature at elevated temperature, which also confirmed
the repeatability of the present experiment. Comparison
of corresponding slags in CaO−MgO−Al2O3 system
indicates that the values of the present study are higher
than the experimental ones in literature. The difference
could be involved in slag composition and experimental
procedure.

more with raising the mass ratio of CaO to Al2O3, which
makes surface tension increase. Furthermore, the molar
masses of CaO, MgO and Al2O3 are 56.08 g/mol, 40.31
g/mol and 101.96 g/mol, respectively. Since the molar
mass of Al2O3 is larger than that of other metal oxide
components, the total number of ions in molten slag will
also increase with increasing the mass ratio of CaO to
Al2O3. The lower degree of polymerization and the
higher number of ions in molten slag will enhance the
attraction forces between ions, and surface tension of
slag will increase.

4 Estimated surface tension of CaO−MgO−
Al2O3 slag
Due to the inherent problems and difficulties
associated with measurements at high temperature, it is
necessary to have access to reliable model for estimating
surface tension of slag. There are many kinds of models
[12, 17−22] for estimating surface tension of slag, most
of which are proposed based on the structure of atoms
and molecules with physical picture of the practical
solution, or the model combines both theoretical
considerations and practical thermodynamic. Based on
the regular solution approximation rules of excess molar
quantities for binary system melt, the expanded
approximation rules was proposed to estimate molar
volume for multi-component slag [23]. In the present
work, this idea was used to estimate surface tension for
CaO−Al2O3−MgO slag. The surface tension of slags
should be expressed as follows:

   I  E

(2)

and

 I  xi  i

Fig. 4 Relationship between surface tension and mass ratio of
CaO to Al2O3

Since the pure component surface tension of Al2O3
is larger than that of the other pure components
mentioned above, surface tension will also decrease with
increasing the mass ratio of CaO to Al2O3. Slags mainly
are composed of the cations and complex anions and the
amount of ions and the attraction force between ions
directly affect the slag surface tension [15−16]. With
increasing the mass ratio of CaO to Al2O3, the
network-breaking cations (e.g. Ca2+, Mg2+) present in
slag increase, and the complex polymers of aluminum
complicated structures as AlO45− tetrahedral break down
into smaller units, reducing the degree of polymerization;
the amount of free O2− of molten slag gets more and

(3)

where xi and σi respectively indicate the mole fraction
and surface tension for component i; σI and σE represent
the contributions of the ideal and non-ideal behaviors of
the solution, respectively; σE is defined as the excess
surface tension. We do it to obtain the relation between
the excess surface tension and composition. It is well
known that the regular solution approximation rule is
most widely used. The excess surface tension of slags
can be expressed as

 E   aij xi x j 
j i



j i  k

aijk xi x j xk

(4)

where aij represents the parameters for components i and
j, which could be obtained by optimizing experimental
data in certain composition and temperature range; aijk
represents the parameters for components i, j and k; xi, xj
and xk indicate the mole fractions of component i, j and k,
respectively.
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The average error of all calculated values can be
assessed by Eq. (5)−(6). δn is the percentage difference of
the calculated and measured values; Δ value is calculated
by taking the summation of all absolute values of δn and
dividing by the number of all data.

n 



( cal )n  ( mea )n
( mea )n

1
N

100

(5)

N

 n

(6)

n 1

The surface tension of the pure oxides used in the
present model is listed in Table 2, recommended by
MILLS and KEENE [17]. The necessary data have been
collected using the present experimental data and the
data from Ref. [6] in CaO−MgO−Al2O3 system and
CaO−Al2O3 sub-system, and the present model was used
to estimate surface tension of slag. The optimized
parameters are shown in Table 3. As shown in Fig. 5, the
estimated values using the present model are compared
with experimental data verify the model. The result
indicated that the estimated values agree with the
experimental data, and for all calculated values, the
average error Δ is 4.33%. It can be seen that the model
prediction can reach a reasonable accuracy as an
appropriate amount of experimental data is available.
Table 2 Surface tension of pure components [17]
Temperature dependence of
Temperature
Oxide
surface tension
range/K
CaO

791−0.0935T

1473−1873

Al2O3

1024−0.177T

1573−1873

MgO

1770−0.636T

1623−1873

5 Conclusions
Surface tension of calcium aluminate refining slag
was measured by the Slide method at 1823 K. Different
slag compositions were chosen based on different levels
of the MgO content and the mass ratio of CaO to Al2O3,
and effects of the MgO content and the mass ratio of
CaO/Al2O3 were investigated. The main features are
concluded as follows:
1) Both of the MgO content and the mass ratio of
CaO to Al2O3 had influence on surface tension of
calcium aluminate refining slag. The surface tension
decreased with increasing MgO content, followed by an
increase with further increasing MgO content.
2) The trend that surface tension changed with the
mass ratio of CaO to Al2O3 was the same as the trend
that surface tension changed with the MgO content.
Surface tension was varied from 0.617 N/m to 0.710 N/m,
for the mass ratio of CaO to Al2O3 varying between 0.60
and 1.28.
3) On the basis of the regular solution
approximation rules, an attempt was made to estimate
surface tension of CaO−Al2O3−MgO slag and its subsystem. The result indicated that the present model could
fit the experimental data well.
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