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The measurements of the surface tension of the liquid Hg-In alloys were made by means of a
maximum drop pressure method. The surface tension increases monotonously with increasing
the In concentration. It is thermodynamically shown that the composition of the Hg atoms
adsorbed on the surface is larger than that in the bulk. Experimental results are compared with
calculated results due to various model theories; in particular the hard sphere model with a
density-dependent cohesive potential is found to be in qualitative agreement with experimental
results of both surface tensions and its temperature coefficients.

1 INTRODUCTION

This paper describes results of the surface tension measurements of liquid
Hg-In alloys. Previous measurements of surface tension of this system
(except for the respective pure states) have been reported by Olsen and
Johnson,! but their study has been limited to the Hg-rich region at 25°C.
The Hg-In system, in which both components have negative activity
coefficients>® and nearly equal atomic volumes, has been investigated
mainly from the point of view of bulk properties, such as electron transport*->
and viscosity.® It is also important to investigate surface properties, such
as the surface tension of the Hg-In system over the entire composition
range. The experimental data are discussed using three kinds of theoretical
models; the concentration fluctuation theory, lattice theory and density-
dependent pseudo-potential theory.

t Present address: Technical Research Laboratory Branch, Kawasaki Steel Corporation,
Chiba, Japan.
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2 EXPERIMENTAL

2.1 Method and procedure

The surface tension was measured using a maximum drop pressure tech-
nique.” A simple glass cell, which was consisted of a capillary part and a
metal reservoir as illustrated in Figure 1, was filled with the alloys in vacuo
and then sealed off from the vacuum system. The cell was attached to the
driving apparatus for its rotation in an oil bath. The change in the level
difference (with the rate of about 0.2 mm/min) was read by a cathetometer,
and the maximum height was determined at the instant when the metal
began to flow upwards vertically out of the capillary. The pressure needed
to make the alloy overflow was gradually applied to the samples by turning
the cell.
The surface tension y was, thus, calculated by Schrodinger’s equation®

2
T B
in which h is the height of liquid, r the radius of capillary, p,, the density and g
the acceleration of gravity.
The alloys were prepared from Hg (99.998%;), distilled twice, and In
(99.9999 %) in vacuo. The inner diameter of capillary (0.3 ~ 0.4 mm) was
measured using a microscope after each measurement. Density data used

were taken from those reported by Predel and Eram.® Experimental errors
are within +19%.

Vacuum

Liquid alloy

|
Capillary

FIGURE 1 Cell used for the maximum drop pressure method.
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2.2 Results

The surface tension data are plotted against temperature and composition
in Figures 2 and 3, respectively. Our value 482 + 5 mNm™! for pure Hg at
20°C is in good agreement with that in literature!® 485 + 1.2 mNm™! at
25°C. The value of 566 mNm ™! for pure In at 160°C is slightly higher than
that of Hoar and Melford,!! 559 + S mNm™!,

The surface tension increases monotonously with increase of the In
concentration at all the temperatures. The values of Olsen and Johnson,!
whose composition range was below 64 at. % In, are also in good agreement
with our data except for that of 64 at. 9/ In.

No anomalous behaviour of the composition dependence is observed in
the isotherm of surface tension within experimental errors. The slightly
convex nature of the curve i.e, the positive deviations from the linear law,
being indicated by a dotted line in Figure 3, should be noted.

3 DISCUSSION

3.1 Surface segregation estimated by Gibbs’ adsorption equation

The surface tension of binary mixtures is related to the surface adsorption
by Gibbs’ adsorption equations,!?

oy _ Iy — xpT,\ Oug
ox, ( Xy oxg’ &)

a

where, I, denotes the number of moles of the component « in unit area of the
surface layer, x,, the atomic fraction and u, the chemical potential of the
component . The quantities I'; — x3I,/x, can be calculated from Eq. (2)
using the activity results of this system? and the present surface tension data.

By assuming that the surface is monolayer and that the surface area of
each component per mole A, is of the same as that in the pure state A2, an
additional relation between I', and I'y is obtained.!?

AT, + AT, = L. 3)

The value of A2 was estimated from the density data by the relation A°
= (V)'3N'3 where V' and N represent the molar volume of component
o in the pure state and Avogadro’s number respectively; the estimated
values of A2 were 4.37 x 10* m? mol~*! for Hg and 4.58 x 10* m? mol !
for In at 433 K. As can be seen in Table 1, the calculated surface atomic
fraction of Hg (i.e., I'yy/(T'yg + I'1n)) is larger than the bulk atomic fraction,

ng .
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FIGURE 2 Temperature dependence of the surface tension of liquid Hg-In system.
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TABLE 1

Surface adsorption and composition of the Hg-In system at 433K

XHg I XD/ X Fug i Tug/(Thg + T)
(bulk) 107 ° moles m~? (surface)

0.0 0.0 6.0 21.8 0.0

0.2 1.9 5.9 16.2 0.27

0.4 39 11.3 11.1 0.50

0.6 8.1 16.8 5.8 0.74

0.8 21.2 22.5 0.3 0.99

1.0 — 22.9 0.0 1.0

3.2 The analysis due to concentration fluctuation theory

Bhatia and March!? developed the theory of surface tension of liquid alloys
by extending Cahn-Hilliard’s concentration fluctuation theory!# for surface
tensions. Their expression for the surface tension of alloys, y,,, is of the form

l %S (O))_1
~—(1+—"—) . 4
Tu XT( nkg Txr “)

Here n, kg, T and x; represent the number density, the Boltzmann’s constant,
absolute temperature and the isothermal compressibility respectively. The
S.(0) is the long wavelength limit of the liquid structure factor which can be
written as

Se(0) = nky TV(3*G/0x3)™", (%)

where G is the Gibbs free energy and V the volume. The § is the size factor
defined by

S = _1_ (a_V) __ Va1 ©6)
V\Ox,)1p,n  XaUs + X0

with the partial molar volume v, of the component «. The surface tensions
for the liquid Hg-In alloys can thus be estimated by Eq. (4) as far as values of
xrs 0, Sc(0) and the surface thickness ! are known. For this estimation the
linear relation was assumed for y; and /; experimental yr values of pure Hg
and In were used and the surface thickness of pure metals were determined
by fitting the calculated surface tension values to experimental ones (0.223A
for Hg and 0.168A for In, which are almost the same as those determined by
Bhatia and March!? for polyvalent liquid metals). The size factor § was
calculated by assuming that v, in the alloys is equal to v? in the pure state.
This simplification may be reasonable for this system because its excess
volume of mixing is very small. Values of S, (0) were calculated by activity
data of Okajima and Shimoji.> For comparison, similar calculations were
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FIGURE4 Comparisons of the surface tensions calculated from the concentration fluctuation
theory and experiment. a: experiment; b: S™*! (0); c: Si¢=! ().

also made by assuming ideal mixing; that is S,.(0) = Si2(0) = x,x,. Figure 4
shows that calculated results in which real S (0) was used are in better
agreement with experiment than those due to $%(0).

3.3 The lattice model calculation

Many lattice theories for surface tension of liquid mixtures have been
presented on the basis of the monolayer!>'® or multi-layer models.!’
These theories can be conveniently applied to liquid alloys in spite of the
hypothetical structure pictures. Here, Guggenheim’s theory!® and Hoar—
Melford’s theory!® were used which can be written

RT x, pW , (p+9
‘))M=‘ya+ Aa 1n;;+ Au x5—TWX§
RT, x; pW (r+9
= = 4+ x - T wxl, 7
’yﬂ + Aﬂ HXﬂ + A/j xa Aﬂ xa ( )

These two theories are based on the regular solution theory and are
characterized by the regular solution parameter W(W = AHM/x,x;; AHY
being the enthalpy of mixing). In Eq. (7), y, represents the surface tension
value of component « in the pure state; R is the Gas constant; x, represents
bulk atomic fraction of o and prime indicates the surface atomic fraction;
A, is the surface area per mole of « component in the alloys. Guggenheim’s
model corresponds to the case where 4, = 4, = A.
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FIGURE 5 Comparisons of the surface tensions calculated from the lattice model theory and
experiment. a: experiment; b: Hoar-Melford theory; ¢: Guggenheim theory; d: linear law.

The parameters p and g have the meaning of the fraction of the total next-
neighbour contacts made by a molecule within its own layer and that in
cither adjoining layer. For numerical calculations, p = 1/2 and ¢ = 1/4
were assumed, which corzesponds to a close packing structure. In the treat-
ment of Hoar and Melford the values of p and g can be slightly varied by
some relaxation effect of the surface layer, though the condition p + g = 1
is required; here, the value of p was assumed to be 0.75 as in their paper.

Figure 5 shows that calculated results are in good agreement with experi-
ment in the In-rich concentration range, in particular in the case of Hoar-
Melford’s theory, but in the Hg-rich region slight negative deviations from
the linear law are predicted, in contradiction to experiments. In these calcu-
lations the surface enrichment of Hg atom was confirmed, which is similar
to the thermodynamic analysis given in Table 1.

3.4 The analysis due to the hard sphere model in a
density-dependent cohesive potential

We can derive the expression for the surface tension of hard sphere fluids
enclosed in a density-dependent cohesive potential from the point of view of
the more general neutral pseudo-atom theory of the surface tension of liquid
metals presented by Evans.'® His formalism, based on the pseudo-potential
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theory, stresses the importance of the density-dependent but structure-
independent energy u,(n) (n: electron density) at the surface. Extension of
this theory to the liquid alloy state is straightforward. The total potential
energy @ of liquid alloys can be described by the sum of u (n) part and the
part containing pair-potential ¢,4(R;;; n) between the i-th atom of the
species « and the j-th atom of the species fi. Assuming that the density
gradient is only possible to the direction z normal to the surface, we have for
the surface tension of liquid alloys

® 0
= — f dzz L‘q(ag(—zn (Ps(2) + pp(2))

- ”J dzyz; deu[ Gus n2(Rys) + ad)ﬂﬂ nfe?(Rlz)
zy

+ 2% (35«48 (2)(R12):| f dz, JdRu (x12 — z12)

Paa n‘2) a¢ﬂﬁ (2) 5(}5&5 (2)
[ R12 Nyy (RIZ) + (RIZ) + ZaRl (RIZ)

In this expression, p,(z) is the ion number density of the species « and
n3(R;;) represents the two particle density correlation function between the
particle of species o and that of species f at the separation of R;;.

The second term in Eq. (8) caused by the density dependence of interionic
potentials can be neglected in comparison with the first term arising from
the density dependent potential u,. For numerical calculations, it was as-
sumed that at the surface the exponential decay of electron density and the
step functional profile of ion density were assumed ;'8 the radial distribution
function at the surface can thus be replaced by that of bulk. The last integral
term in Eq. (8) thus leads to a simple extension of Fowler’s expression'® for
the surface tension of mixtures, in which the surface segregation effect is
neglected. Because reliable interionic potentials in liquid alloys are still
unavailable generally, hard sphere potentials are simply assumed for
interionic potentials; this approximation was successful in bulk liquid
metals.?? These simplifications in Eq. (8) give

1 ou (n°)
M= (og + p‘;?)Ln"[—g;o—

7T
-3 ks T[pS ot gm(0.) + Pp Gﬂﬂgﬂﬁ(aﬁﬁ)
+ 2p3pgaaﬂgaﬂ(aaﬂ)]’ (9)
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where L represents the electron decay distance at the surface and the super-
script 0 indicates the bulk quantity; o,,, 6,5 and g, are the closest distance
of approach between o — o, & — B and f — § atoms. Radial distribution
functions at the hard sphere diameter gf(0,,), gas(0.5) and gi(asp) can be
given as the solution of the PY equation of mixture of hard spheres.?!

The structure-independent term u, can be calculated by extending Heine
and Weair’s expression?? to alloy states

221Z%53  0.9162*4 1.87%
u(R,) = RZ - R, + Z*Ecg — R,
3ZHZRY*  Z*
% — 25 (4o RY)* rydberg, (10)

where R, is the radius of the atomic sphere, E, . is the correlation energy of
electron gas and given in the form Ecg = 0.0313 In(R,/Z*!/3) — 0.100 ryd.
The pseudopotential parameter R,, and A, represent the core size and the
potential depth in the core region. The asterisk means the concentration
average. In Eq. (10) it was assumed that two kinds of ion cores in alloys
can be replaced by a single average ion core. Similar assumptions were adop-
ted by Faber?? in the calculation of compressibility of liquid alloys. Param-
eters (in atomic unit) used in Eq. (10) are as follows: 4, = 1.05and Ry, = 2.6
for Hg, A, = 1.35 and R,, = 2.4 for In?°,

In order to determine the packing fraction y, which is related to the hard
sphere diameters o, and o5 by y = n(pla? + pjo})/6, expressions for
thermal pressure coefficient y2° and its temperature coefficient (8y,/0T),
are used.

Tyt oy 22+ 2y — TET),
W‘”"”[ T T—r ] (h

(0y,/0T), = 4nkp(2 + 2y — y*)y/dT)(1 — y)*
+ dnkg T(5 + 2y — y*)0y/0T) /(1 — y)5. (12)

The experimental value of (dy,/0T), was approximated by (8y,/0T)p, which
can be estimated from the temperature dependence of yr and thermal
expansion coefficient «,. The results are as follows: y = 0.443 and
(0y/0T), = —9.6 x 107> K~ ! for Hg at 160°C and y = 0.446 and (dy/0T),
= —5.3 x 107% K~ ! for In at 160°C. The electron decay distance L at the
surface for pure Hg and pure In was determined in order to fit the surface
tension value by Eq. (9) to the experimental value. Determined L are 0.34 A
for Hg and 0.81 A for In respectively. These L values are reasonable in
comparison with the value estimated by Evans'® from the Lang-Kohn’s
density functional theory?* and those of Bhatia and March!? derived from
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FIGURE 6 Comparisons of the surface tensions and its temperature coefficients calculated
from the hard sphere model in a density dependent cohesive potential. rexperiment;----- :
theory.

the concentration fluctuation theory. For alloys, L was estimated from the
linear relation between those of pure components. Calculated results shown
in Figure 6 predict the positive departure of the isotherm curve from the linear
law and are qualitatively in good agreement with experiment.

In addition to the surface tension values, its temperature coefficient can be
predicted by assuming that u, term in Eq. (9) is essentially insensitive to
temperature, as performed successfully for pure liquid metals.?® The resulting
expressions becomes

5)} Vi 3 2
—ﬁM = — 2 kol 0uagual9u) + PG 950 95(Tss) + 20aPp0upuTap)]. (13)

Figure 6 shows that the calculated temperature coefficients are in fairly
good agreement with experiment in particular in the Hg-rich concentration
region.

3.8 General discussions and conclusions

The surface behavior of Hg-In alloys were predicted mostly by the concentra-
tion fluctuation theory and the model of hard sphere fluids enclosed in a
density-dependent cohesive potential. In particular, the latter model was
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able to predict the temperature coefficient in addition to the surface tension
value. This model, which is based on the neutral pseudo-atom theory of
Evans, contains the parameter of electron decay distance L at the surface.
For numerical calculations, L was determined in order to fit the calculated
surface tension values to experimental ones. But in principle the electron
density profile must be closely linked to the ion density profile at the surface.
In this respect, the self-consistent treatment of electron and ion profile by
Allen and Rice?® becomes important in a purely theoretical point of view.
In addition to this point, there remains important problems peculiar to
alloy problems, that is the surface segregation effect and the charge transfer
effect. In this paper, the former is completely neglected and the latter is taken
into account approximately by assuming the average values of ion cores or
depth-parameters. Further improved treatments are desired to make clear
such problems in the surface properties of liquid alloys.
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