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Expansion of the system for thermodynamic parameters in liquid iron is expected for the improvement
in iron & steelmaking processes. The development of their calculation method is one of the issues for its
realization. In the present work, we proposed a calculation method for an activity coefficient of solute in
infinite dilute liquid iron to element /, y%, based on the surface tension of binary liquid Fe alloys. It was
found that the estimated values by our proposed method agree with recommended literature data.
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1. Introduction

Thermodynamic data such as the activity coefficient,
interaction coefficient and excess free energy are regarded
as important guidelines for determining the direction of
actual operations in various kinds of high-temperature metal
production processes. This is because thermodynamic data
elucidate the reactions of liquid state substances and the
phenomena occurring between them. Therefore, the thermo-
dynamic data in the liquid Fe system related to the removal
of impurities and inclusions have been actively obtained in
the steelmaking process for steel production."” Many types
of models exist for calculating the physicochemical proper-
ties, which are the control factors in high-temperature pro-
cesses. Models for liquid alloy surface tension and viscosity
based on thermodynamic data have been developed as the
thermodynamic database is improved, and the construction
of a calculation system based on this thermodynamic data-
base has progressed.*™ In particular, a calculation method
based on Butler’s equation for the surface tension of a liquid
alloy via activity has been proposed by Speiser et al.,'”
and is considered a good model that correlates well with
the measured value. Thus, it is no exaggeration to state that
this model sufficiently associates the thermodynamic data to
the surface tension for a liquid alloy. From this viewpoint,
Gasior et al."? reported a method for calculating the excess
free energy from the surface tension of a liquid alloy using
the previous method (i.e., calculating the liquid alloy surface
tension based on the thermodynamic data) in the opposite
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direction. Gasior et al. proposed that a polynomial equation
can fit the data on the composition dependence of surface
tension for liquid alloy in Fe-Ni and Fe—Co systems, and
they evaluated the excess free energy in an entire composi-
tion range by fitting the surface tension calculated with the
model into the polynomial equation. This method of Gasior
et al. is suitable to calculate the phase equilibrium such as
phase diagram because the calculated excess free energy is
available in an entire composition range. However, a small
amount of many different solute components are often dis-
solved in the large quantity of solvent refined in a metal
refining reaction; e.g., in liquid steel in the steel refining
process. In this case, the activity coefficient of the solute
constituent based on Wagner’s expression'” is generally
used to calculate an equilibrium partition under the assump-
tion of an infinite dilute liquid as a matter of convenience.
Therefore, measurements of the activity coefficients and the
interaction coefficient between solutes in an infinite dilute
liquid Fe have been carried out even in recent years owing
to their indispensability."*'” In the present work, we were
challenged to calculate the activity coefficient of a solute
element in an infinite dilute liquid Fe based on the surface
tension for a binary liquid Fe-based alloy. Further, the sur-
face tension for liquid metals and alloys was reviewed based
on published compilations and the latest data to improve
the accuracy of the calculation. This is because great vari-
ability among the measured data on surface tension has been
reported owing to the considerable variation of surface ten-
sion that occurs with a slight amount of impurity element.
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2. Calculation of Activity Coefficient in Infinite Dilute
Liquid Based on Surface Tension for a Binary Liq-
uid Alloy

The equation for calculating the surface tension of a lig-
uid A-B alloy’>™ is given as

— S — —
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where subscript i indicates either the A or B metal; o; is
the surface tension of the pure liquid metal i; R is the gas
constant; 7 is the absolute temperature; and 4, is the surface
area of a monolayer of pure liquid metal i, expressed as
A; = LNY?V?3 where L is typically 1.091 for liquid metals,
Ny is the Avogadro’s number, and V; is the molar volume of
pure liquid metal i. Further, X/ (where P = S (surface) or
B (bulk)) is the mole fraction of pure liquid metal i in the
surface or the bulk, G©* (T, X5 ) (P=S or B) is the partial
excess Gibbs energy of metal i in the surface or bulk as a
function of 7 and X§ or X§. In terms of G (T,XE), the
equation®® proposed by Yeum et al.'® was used herein,
given as

GFS (T,X,%) =B-G*® (T,Xg).

Equation (2) signifies that the partial excess Gibbs energy
in the surface phase, Gf’s T,X5 ), has the same formula as
that in the bulk phase. It is noted that the mole fraction in
the bulk phase (X£) was replaced by the mole fraction in
the surface, X3, and the coefficient  was multiplied with
GF® (T , Xg) The parameter 3, which corresponds to the
ratio of the coordination number in the surface to that in the
bulk, is generally given as 0.75 by assuming a close-packed
structure. However, Tanaka et al.>™® have derived a relation
between the surface tension and the heat of evaporation
divided by the molar surface area for pure liquid metals, and
determined the value $=0.83 for liquid alloys. The surface
tension for a liquid alloy, o, based on thermodynamic data
GP* (T,Xg ) can be calculated by solving the system of
equations with the two unknown parameters of the surface
tension for liquid alloy, o, and the mole fraction of B in the
surface, Xp. This is possible when the surface tensions of
the pure liquid metals A, 04, and B, o3, the surface area in
a monolayer of the pure liquid metals A, 44, and B, 4, and
the mole fraction of B in the bulk, X§, are known. Equation
(1) can then be rewritten using the relation of Eq. (3) to Eq.
(4), such that

éiE‘P = RT[nyiP (P =Sor B) .................... (3)

where y! is the activity coefficient of metal i in the surface
(superscript S) or the bulk (superscript B). Further,
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Here, the calculation of the activity coefficient from
the surface tension of the liquid A-B alloy, which is the
proposed method in the present work, is considered based
on Eq. (4). When the known parameters are O, Oa, Os, 4a,
Ag and X§, there are five unknown parameters in the two
expressions in Eq. (4); namely, X3, J/AB, 72, ys and V8.
Thus it is impossible to determine the activity coefficient
based on Eq. (4). Therefore, this study focused on an infi-
nite dilute solution. In an infinite dilute liquid, the activity
coefficient for the solute is a constant based on Henry’s law,
and the activity coefficient for the solvent is a constant based
on Raoult’s law. For example, the relationships y§ =y3 =1
and ¥ =y = yp = const. are satisfied in the system where
solute B exists in an infinite solute liquid A. Therefore, we
can obtain

RT . 1-X}
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Here, it is assumed that the surface and bulk layers are
both regarded as an infinite dilute liquid, where a solute B is
infinitely diluted in a liquid A in the surface layer. Because
only two parameters are unknown in Eq. (5) (namely, the
activity coefficient for solute B in an infinite dilute liquid A
(ys) and the mole fraction of B in the surface (X3)), ¥B can
be calculated by simultaneously solving the two expressions
of Eq. (5). In the present work, the activity coefficients for
the solute elements Al, Ce, Co, Cr, Cu, La, Mn, Ni, Si, Sn,
Ti in an infinite dilute liquid Fe at 1 873 K were calculated
based on Eq. (5).

3. Properties for Calculation of Activity Coefficient

3.1. Molar Volume and Surface Tension for Pure Liq-
uid Metal
Table 1 shows the molar volume and surface tension
for a pure liquid metal used in the activity coefficient of
solute element in an infinite dilute liquid Fe. The molar

Table 1. Molar volume at melting point,'” thermal expansion
coefficient'” and surface tension for element.?!?225:26)

i Vi (10 m¥mol) & (10~ ¥/K) : (mN/m)

Al 11.3 1.5 979 — 0.271 (T - 933)*
Ce 20.9 0.34 751 -0.07 (T—1071)*
Co 7.60 1.4 1900 —0.35 (T— 1 768)*Y
Cr 8.27 1.1 1710 —0.54 (T -2 176)*
Cu 7.94 1.0 1320 - 0.28 (-1 358)*)
Fe 7.94 1.3 1880 —0.41 (T—1 811)*)
La 233 0.40 752 - 0.056 (T— 1 193)>329)
Mn 9.54 1.6 1152-0.35 (T—1518)*)
Ni 743 1.51 1880 —0.41 (T—1811)*
Si 111 1.4 850 —0.25 (I'— 1 683)*)
Sn 17.0 0.87 550 —0.07 (T — 505)*Y

Ti 11.6 0.56 1670 —0.16 (T— 1 943)*)
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volume at 1 873 K for each solute i was calculated using
the molar volume at the melting point, Vp,;, and the thermal
expansion coefficient, ¢;, given in Ref. [19]. Several data
compilations giving the surface tension for a pure liquid
metal have been reported, such as in the book by Iida and
Guthrie,'” and the reviews by Keene?” and Mills et al.?" It
is well known that surface tension is affected by impurities
such as surface active elements. In some cases, a significant
decrease in the surface tension can result from only a small
amount of the impurity element, which leads to the large
scatter of measured surface tension values. It is considered
that the impurity sources are the sample, the atmosphere
and the contact material used in the experiments. To obtain
reliable experimental measurement data, therefore, a great
deal of attention has been given to improving the purity of
the sample and the atmosphere and preventing reactions
between the sample and contact material. The review papers
by Keene and by Mills et al. evaluated the surface tension
data for liquid metals from this viewpoint, primarily focus-
ing on the surface tension reduction induced by the presence
of impurities. Recently, the levitated oscillating drop method
has been used to measure the surface tension of liquid met-
als, where contact between the liquid metal sample and the
contact material is avoided by levitating the liquid metal
sample. This method has provided reliable surface tension
data even for high-reactivity metals by eliminating the effect
of impurities originating from the contact materials. While
the review by Mills et al. partially included data obtained
by the levitated oscillating drop method, the reliability of
the surface tension data for liquid metals has increased by
the additional measurements acquired by this method since
the review of Mills et al. From the above viewpoints, the
surface tension for pure liquid metals was reassessed in the
present work.

This work assessed the surface tension of pure liquid Al,
Ce and La because the high reactivity of these elements are
considered to greatly affect the surface tension. Although
Cr and Ti are also high-reactivity metals, the data for these
elements using the levitated oscillating drop method in
the compilation by Mills ef al. are regarded as appropriate
measurement values. In addition, the surface tension values
of pure liquid Co, Cu, Fe, Mn, Ni, Si, and Sn evaluated in
the compilation of Mills et al. are also appropriate because
these elements are less reactive than Cr, Ti, Al, Ce and La.
Further, the assessment of some metals were conducted
by including the data from the levitated oscillating drop
method. Kobatake ef al.,?® Brillo et al®® and Leitner et
al*® have measured the surface tension for pure liquid Al
with the levitated oscillating drop method. In the calcula-
tions herein, the value measured by Kobatake et al. was
selected as the most appropriate value of the three based on
the report that the concentration of oxygen in the sample
of Kobatake ef al. is lowest. Recently, the surface tension
values of pure liquid rare earth elements including Ce and
La have been measured systematically by Ishikawa et al.
with the electrostatic levitated oscillating drop method.**2%
The temperature range in their measurement of Ce is narrow
(1 079-1 185 K), while that of La is broad (1 150-1 525 K).
Although some may argue the justifiability of extrapolat-
ing the surface tension data for Ce at 1873 K from the
temperature dependence of surface tension for Ce given
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by Ishikawa et al., the surface tension data for La***% and
Ce” was used in the present work owing to the fact that this
represents the sole measurement by the levitated oscillating
drop method for Ce.

3.2. Surface Tension for Binary Liquid Fe Alloy

In this calculation, the surface tension for an infinite
dilute liquid Fe-solute element / must be considered as the
surface tension of a binary liquid Fe alloy to calculate the
activity coefficient for the solute element 7/ in an infinite
dilute liquid Fe, Vi. Here, to consider the surface tension
for an infinite dilute liquid Fe-solute element i, we applied
the concept regarding the effect of additive elements on the
surface tension for a Fe-based binary liquid alloy reported
by Keene.?” Keene reported the value of do/(d[at%])
(mN/m[at%]) in the composition range adjacent to a pure
liquid Fe based on the tendency that, when adding a solute
element to liquid Fe, the surface tension decreases linearly
in a certain solute concentration range. The surface ten-
sion for an infinite dilute liquid Fe-solute element i, o, was
calculated by decreasing the concentration of the solute
element to the utmost limits in accordance with this linear
relationship, i.e. lowering the concentration of the solute
element in the region of an infinite dilute liquid Fe was
used for the calculation of the activity coefficient for solute
element 7 in an infinite dilute liquid Fe (i ). Table 2 shows
the value of do/d[at%] (mN/m[at%]) in the composition
range adjacent to the pure liquid Fe for the calculation of
the surface tension for liquid Fe alloy, viz. an infinite dilute
liquid Fe-solute element 7, 0. The do/d[at%] (mN/m[at%])
values in Table 2 were assessed in this study based on the
value given in the compilation by Keene and by additionally
considering newly-obtained data via the levitated oscillating
drop method and the other methods.

As discussed above, it is preferable to use the surface
tension data for liquid Fe—Al alloy measured by the levi-
tated oscillating method for the present calculation owing
to the high reactivity of Al. However, the measurement of
surface tension for the liquid Fe—Al alloy with a low Al
concentration range has not been carried out since the Keene
compilation. Therefore, the value do/d[at%] = —18 in that
compilation was selected herein. Two values of do/d[at%]

27,30,33,36)

Table 2. Surface activity of solute relative to iron.

i dold [at%] (mN/m[at%]) Range (in at%)

Al — 182D 0-10
Ce —1750%" 0-0.04
Co 0% 0-10
Cr 0% 0-10
Cu —30%7 0-10
La —1500%7 0-0.4
Mn —-50%" 0-5
Ni —0.4» 0-20
Si - 1377 0-5
Sn — 163077 0-0.15
Ti 0%" 0-1
© 2020 ISIJ
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are given for each of the Fe—Ce, Fe-La and Fe—Ti systems
in the compilation of Keene: namely, 0 or —1 750 for the
Fe—Ce system, 0 or —1 500 for the Fe-La system, and 0
or —230 for Fe-Ti system. Thus, these values should be
assessed. Although Ce, La and Ti have a high reactivity
like Al, no surface tension data have been obtained by the
levitated oscillating method for a Fe-based liquid alloy
containing Ce, La and Ti. Therefore, the do/d[at%] was
reviewed based on previous reports®®*® that are not included
in Keene’s compilation. Ryabov er al.*® reported that Ce
and La act as a surface active component against liquid
steel, which means that Ce and La are considered to be sur-
face active components for liquid iron. On the basis of this
knowledge, we adopted the do/d[at%] values of —1 750 for
the Fe—Ce system and —1 500 for the Fe-La system, which
decrease the surface tension for liquid Fe alloy. In terms
of the Fe-Ti system, do/d[at%] = 0 was selected in this
calculation because Lee et al.*” indicate the result that the
surface tension for liquid Fe—Ti alloy rarely changes in the
low Ti concentration range. It has been confirmed that the
surface tension for liquid Fe—Cr alloy has no composition
dependence based on a measurement result via the levitated
oscillating drop method by Nogi et al.,***" although the data
on the surface tension for liquid Fe—Cr alloy has exhibited
a large scatter in the past because of the high reactivity of
Cr. Therefore, it is considered that the surface tension for
liquid Fe—Cr alloy does not vary with the composition; i.e.,
dold[at%)] = 0. Nogi et al.*” also have measured the surface
tension for the liquid Fe—Cu system and Fe—-Sn system by
the levitated oscillating drop method. Their results are in
good agreement with past literature values, which indicates
that the do/d[at%] value of —30 for the liquid Fe—Cu sys-
tem and —1 630 for the liquid Fe—Sn system, provided in
Keene’s compilation, are reliable. Since Keene’s compila-
tion was published, the surface tension for the liquid Fe—Si
system has been measured by the levitated oscillating drop
method by Brooks et al.*® Although their measurement was
carried out for varying Si composition, increasing in steps
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of 25 at%, their data are not suitable for the calculation for
dold[at%] because the range of Si concentration where a
linear relationship can be valid is less than 5 at%. Thus, the
value found in Keene’s compilation of do/d[at%] = 13 was
used herein. The surface tension of the liquid Fe—Ni system
has been newly measured by Seyhan et al.,*® and the value
dol/d[at%] = —0.4 given in their study was selected herein.
To our knowledge, no data exists on the surface tension for
the liquid Fe-Mn system measured by the levitated oscil-
lating drop method. The new do/d[at%] value by Lee et
al*¥ obtained by the sessile drop method is in accordance
with the value of do/d[at%] = —50 assessed by Keene,
and this value was used in this calculation. The do/d[at%]
value obtained by Eichel et al.*® via the levitated oscillating
drop method shows a larger negative concentration depen-
dence of surface tension for the liquid Fe—Co system than
before when adding Co to liquid Fe. Gasior et al.'" have
reported that the data of Eichel et al. is unreliable based on
their evaluation of the comparison of the excess Gibbs free
energy calculated from the surface tension for liquid Fe—Co
alloy with that in the literature. Gasior et al. further suggest
that the surface tension value measured by the sessile drop
method by Ogino et al.*® possesses higher reliability. Based
on the data of Ogino, do/d[at%] = 0 for liquid Fe—Co alloy
was selected in this study. The composition ranges where
the surface tension for liquid Fe-based alloy had a linear
relationship on its concentration dependence in the compi-
lation of Keene are show in Table 2. The temperatures of
the do/d[at%] values in Table 2 are 1 823 K for the data
in Keene’s compilation?’” and the measured temperatures
for the others; which are different from the temperature of
calculation in the present work of 1873 K. However, the
dold[at%] values shown in Table 2 were used as the val-
ues at 1 873 K in this calculation because the temperature
dependence of do/d[at%] is regarded as negligible similar
to that of surface tension.
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Fig. 1. The relationship between the calculated Iny; and the content of solute 7. (a) Co, Cu. Mn. Ni, Si and Sn, and (b)

Al, Ce, Cr, La and Ti.
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4. Calculation Results

The activity coefficient for a solute element 7 in an infinite
dilute liquid Fe, vi , was calculated based on the surface
tension of liquid Fe-i alloy, and are shown in Fig. 1, where
the effect of the solute concentration on the calculated activ-
ity coefficient was investigated. Figure 1 plots the activity
coefficient calculated by the proposed method for a bulk
concentration of the solute element, Xg, decreasing every
digit in the composition range, which satisfied the linear
relationship of the surface tension for a liquid Fe-i alloy
suggested by Mills. The activity coefficient of each solute
element converged to a certain value with decreasing solute
element concentration. In this study, the convergent value
obtained at the low concentration was defined as the activ-
ity coefficient for the solute element 7 in an infinite dilute
liquid Fe, ¥i. The activity coefficient for Co, Cr, Ni or Ti
was constant with no dependence on the solute element con-
centration. The surface tension for the liquid Fe-based alloy
containing Co, Cr, Ni, or Ti exhibited little or no change
with varying solute concentration. This signifies that the
ratio of the bulk concentration of solute, X&, to the surface
concentration of solute, X3, is maintained at a constant to
provide a constant activity coefficient. The activity coeffi-
cient for the other solutes decreased from a certain value and
reached a constant value as the solute element concentration
decreased. In particular, the activity coefficient decrease for
the solutes La and Sn was sharp. Liquid La and Sn have a
low surface tension compared with that of liquid Fe and a
negative do/dX with a large absolute value. A solute ele-
ment whose surface tension is lower than the surface tension
for liquid alloy tends to be segregated on the surface of the
liquid Fe-based alloy. This leads to the situation where the
surface concentration of the solute is remarkably higher than
the bulk concentration of the solute. In this study, it was
assumed that an infinite dilute liquid was satisfied in both
the bulk and the surface in the calculation of the activity

15 T T T T o
10+ g i
s Ce |
. Cr,
20
= Pl
Ti} &G
5L L i
-10- - i
S& Al{
15 a L ! !

1
-1 -10 S 0 5 10 15
In }?expe

Fig. 2. Comparison between calculated Iny; based on surface
tension for alloy and literature Iny;.

coefficient for solute 7 in an infinite dilute liquid Fe. This
assumption may be satisfied in the bulk but is not satisfied
in the surface when the surface concentration of the solute is
remarkably higher than the bulk concentration of the solute.
Consequently, it is considered that the calculated activity
coefficient changes with the solute concentration. However,
the infinite dilute liquid assumption can be applicable even
in the surface when decreasing the concentration of solute in
bulk without limit, which converges the activity coefficient
to a certain value.

Figure 2 compares the activity coefficient of solute i/ in an
infinite solute liquid Fe calculated based on the surface ten-
sion for the liquid Fe-i alloy with the value in the literature.
The literature value in Fig. 2 is the recommended activity
coefficient reported in the compilation of thermodynamic
data for steelmaking." It is generally reported that an impu-
rity significantly affects the surface tension of the liquid
metal, as described above, and several percentage of scatter
arising from the measurement method itself is included in
the measured value.’’*® The scatter of the activity coeffi-
cient calculated by considering the surface tension for a pure
liquid metal with + 3% of error was shown as an error bar
in Fig. 2. The plots including the scatter showed data that
existed in the first and third quadrants, and it was found that
the sign of the calculated activity coefficient roughly agreed
with the literature. The reproducibility of the absolute value
of the activity coefficient was also confirmed to some extent
because (excepting Al and Ce) the plots were located along
the line of the ratio of the calculated value to the literature
value, whose slope equals 1. Consequently, it is concluded
that the activity coefficient of a solute in an infinite dilute
liquid Fe can be calculated based on the surface tension for
binary liquid Fe alloy by the method proposed in the present
work. Ono et al.*” regard the difficulty of measurement as
one of the reasons why the sufficiency rate for interaction
coefficients is low, and urge the necessity of establishing a
non-conventional measurement method. The measurements
of the surface tension for liquid metals and alloys via the
levitated oscillating drop method, which minimizes the
effect of impurities on the surface tension in a non-contact
manner as described above, have largely been conducted in
recent year. This method has actualized the measurement of
the surface tension for reactive metals?* 2% and alloys.***4"
It is therefore expected that the method proposed in this
study will lead to the acquisition of thermodynamic data
in alloy systems that are not obtainable by conventional
methods because the proposed method is available for all
alloy systems whose surface tension can be measured. In
addition, we expect that the activity coefficient for Al and
Ce calculated based on our proposed method, which accords
poorly with the recommended value (Fig. 2), will agree with
the recommended value when the surface tension for liquid
Fe—Al and Fe—Ce alloys is measured by the levitated oscil-
lating drop method.

5. Conclusions

The activity coefficient of the solute element in an infinite
dilute liquid Fe was calculated using the surface tension
for a binary liquid Fe-based alloy obtained via the method
for calculating the surface tension for liquid alloy based on

© 2020 ISIJ
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the thermodynamic data in reverse. The new equation was
derived by modifying Butler’s equation under an assump-
tion of an infinite dilute liquid. The resulting value calcu-
lated from the surface tension for binary liquid Fe-based
alloy by the derived equation generally agrees with the
recommended value in the literature.
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