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The Surface Tension of Binary Alloys:
Simple Models for Complex Phenomena'

I. Egry’

Surface segregation is the key to understanding the surface tension y of
alloys. The basic phenomena can be demonstrated qualitatively by using the
ideal solution model. For a binary system, this model is first used to explain
the temperature dependence of the surface tension. A simple criterion is
established for sign reversal of the temperature coefficient. The ideal solu-
tion model is then extended to include the effect of compound formation. A
simple explicit equation is proposed which fits existing data surprisingly well.
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1. INTRODUCTION

The surface tension y of binary liquid alloys has been the subject of
numerous publications. Using Butler’s equation [1], it can be derived from
the surface tensions of the pure elements and bulk thermodynamic data of
the alloy [2]. Although not free from intrinsic simplifications, it has been
widely used. Two prominent examples are the publications of Yeum et al.
[3] and of Frohberg and coworkers [4]. A more sophisticated multilayer
model was later developed by Chatain and coworkers [5]. All these mod-
els can be solved only numerically; an explicit analytical expression does
not exist. On the other hand, the ideal solution model [6] provides a sim-
ple analytical formula. In its original form, it is known to be applicable to
weakly interacting systems only. Nevertheless, it describes the gross physi-
cal features correctly, in particular, surface segregation.
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In the ideal solution model, the surface concentrations ¢} 5 of a
binary alloy of components A and B are given by

CB
cg+caSo

CA

. 1
ca+cp/So W

o= cp=
where cy4, c¢p are the bulk concentrations, and Sy is the surface segregation
factor given by

A(yp—vA)

SO =e RT (2)

Here, it has been assumed that the molar volumes of both components
are identical, V4 =Vg =V; consequentl%/, A=A, = Ap is the (average)
molar surface area [7]: A = 1.09V2/3NA/3. Na is Avogadro’s constant:
Nj =6102 (mol)™!, R is the gas constant (R=8.3Nmmol !K~!), and
T is the temperature. In practice, V is an effective molar volume and is
used as a fitting parameter.

Using the surface concentrations, the surface tension of the alloy can
be written as

v (T)=cy(T)ya(T) + cp(T)ys(T) 3)

where y4 p(T) are the surface tensions of the pure components.

Within this model, two effects will be discussed: In contrast to the
behavior of the pure elements, the surface tension of an alloy may have
a positive temperature coefficient, i.e., 3y /9T > 0. This is due to the fact
that, at low temperatures, the surface is covered entirely by the component
with lower surface tension, and 3y /9T is negative, following the temperature
dependence of the surface tension of this component. At high temperatures,
the surface concentrations of the two components equal those of the bulk
phase (which are temperature independent) and, consequently, dy /a7 is a
weighted average of the temperature coefficients of the two components, and
is therefore also negative. At intermediate temperatures, however, there will
be a transition from the lower limit of y to the upper limit. This transition
region may or may not display a positive temperature coefficient 3y /97T > 0.
It depends on the competition between energetic and entropic effects. In
other words, the system can lower its energy by segregating the component
with lower surface tension at the surface, but entropy is maximized when
such a concentration profile is homogenized.

In systems forming intermetallic compounds in the solid phase, a sur-
face depletion is often observed in contrast to the predictions of the ideal
solution model. This effect can be understood by assuming that clusters of
the intermetallic composition also prevail in the liquid phase. The success
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of thermodynamic association models [8], which are based on the existence
of such clusters, supports this view. If these clusters exist, they bind the
otherwise surface- active component, preventing it from segregating at the
surface. In other words, there is a competition between surface segregation
and cluster formation, controlled again by entropy and energy consider-
ations. By allowing the ideal solution model to account for cluster forma-
tion, we present an extension of this model, capable of describing surface
depletion. Both models will be discussed and compared to experimental
data.

2. TEMPERATURE DEPENDENCE

In the following, we assume y4 < yp and introduce Ayps =yp —ya > 0.
This means that component A is surface active in component B. By taking
the temperature derivative of Eq. (3) which we denote by a prime, we obtain,
after eliminating ¢}, =1—cj,

V/zchVBA + cpAypa + Va 4)

In this equation, the first term is positive and describes the increase in
surface tension with temperature due to the entropic effect. The last term
is negative and dominates at high temperatures. The second term can have
either sign, but will be generally small and can therefore be neglected. The
temperature 7, of the surface tension maximum, y‘(T,) =0, is therefore
(implicitly) given by

/
ch=——A 5)
Aypa

For the surface tension of the two components we assume a linear tem-
perature dependence with the same temperature coefficient y. For such a
model, the second term in Eq. (4) vanishes identically. This is not a seri-
ous restriction of generality, at least as long as the surface tensions of the
pure components do not intersect. Such a behavior has not been observed
for liquid metals. Consequently, we can write

va.s(M)=v3 5 — 1T (6)
where y9, yp, and y,* are positive numbers and Aypa=yg — ). Inserting
Eq. (6) into Eq. (3), and defining Aya(T)=y(T) — yg, we arrive at the

following equation:

Aya(T)=—yyT + Aypa cx(T) (7
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Next, we introduce a dimensionless temperature ¢;

__RT
AAypa

®)

and replace y;= —Z—; by y= —‘2—}; = yéM%. Finally, we divide Eq. (7)

by 9 and obtain the following equation for the dimensionless surface ten-
sion g(1) =Aya(T)/vo:

Ag

)=—t+—7r—— 9
g() +1+§_261/, ©)

Here, Ag=Aypa/yo=R/(Ayy). The function g(t) describes the difference
between the surface tension of the alloy and that of the surface active
component in units of the dimensionless temperature coefficient. It con-
tains only two parameters, namely A, and cs/cp, the ratio of the bulk
concentrations. It is interesting to note that A, does in fact not depend
on Aypa, the difference of the surface tensions of the two components.

Starting from Eq. (9), it is now straightforward to discuss the temper-
ature derivative ¢ =dg/dt. It is given by

i_A 1/t
<1+§—Z€1/t) !

From the condition ¢ =0, we obtain

t(e_1/2,+C_Ael/2z> = [agch (11)
CB CB

If this criterion is satisfied, there will be extrema of the surface ten-
sion. The left hand side of Eq. (11) is a convex function of # which
diverges for t =0 and ¢t =o0. For ¢4 >0 it has a minimum > 0. There-
fore, Eq. (11) has either no solution or two solutions. This means that
depending on the value of the square root on the right-hand side, the sur-
face tension is either a monotonic function, or it has both a minimum and
a maximum.

In order to derive an explicit result, we neglect e~/? on the left-hand
side and arrive at the following criterion for the appearance of a positive
temperature coefficient of the surface tension:

Ag>AgF=1.85— (12)

CA
CB
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where we have used the fact that the function xe!/* has a minimum at x =
1 with a value of e. The temperature #,, at which the maximum occurs, is
approximately given by

t, =+ Agcacp (13)

In Fig. 1 the surface tension as given by Eq. (9) is plotted for ¢4 =0.7
and three different values of Ag. The lowest curve corresponds to Ag =
0.5Ag*, the second curve represents Ag = Ag*, while the upper curve is
given by Ag=2Ag*, where Ag* is the critical value for the occurrence
of extrema. The dashed line shows the surface tension of component 1
which is a lower bound for g(f). Numerically, we find Ag* =4.7, while
Eq. (12) predicts Ag*=4.3. As can be seen from Fig. 1, the maximum for
Ag=2Ag occurs at t, =1.1, while Eq. (13) yields #, =1.3.

Positive temperature coefficients for the surface tension have been
reported by many authors, and also a maximum in the surface tension as
a function of temperature has been observed. Such an example is shown in
Fig. 2 for a NiFe alloy, probably measured under high oxygen partial pres-
sure [9]. To the author’s best knowledge, a minimum in the surface tension

0.4
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Fig. 1. Surface tension of a binary alloy as a function of temperature in dimensionless
units. Curves are plotted for c4 =0.7. Dashed curve, yn,, corresponds to the surface ten-
sion of component 4. The other curves correspond to Ag=0.54g*, Ag=Ag*, and Ag=
2Ag* where Ag* is the threshold value for the occurrence of extrema.
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Fig. 2. Surface tension of a NiggFegy alloy contaminated by oxygen.

has not been reported for metallic systems. This may be due to the fact
that the temperature of the minimum is so low, that the sample solidifies
before it reaches that temperature.

3. COMPOUND FORMATION

As before, we assume component A to be surface active, i.e., y4 <
yp and Sy > 1. The surface segregation factor S is the ratio between the
energy gained by surface segregation and the thermal energy. The idea is
to modify this factor by taking into account the fact that some of the sur-
face-active atoms may be bound in clusters. For these, the energy gain by
surface segregation must include the energy required to break a cluster of
the form A, B,,. Consequently, we replace Sy by Sap;

A(nyyA)ff(ner)cz c%l

Sap=e W (14)

Here f is the molar binding energy of the cluster. The factor (n +
m) ensures that f remains independent of cluster size. The factor c’jcy
describes the probability for such a cluster. The maximum probability
occurs at



The Surface Tension of Binary Alloys 937

max n
=— 15
Ch ntm (15)

This means that the deviation from ideal behavior is largest at the
concentration of the intermetallic phase. Inserting Eq. (14) into Eq. (1),
and Eq. (1) into Eq. (3), we finally obtain our model;

rach — + YBCh o (16)

Alyg—vA)—[f(ntm)cy cp Alyg—yp)—f(ntm)cy c'p
ca+cpe RT cgp+tcape RT

‘}/:

In order to get a feeling for the behavior of the model, we have plot-
ted Eq. (16) in Fig. 3 for three different cases: A3B;, AB, A| B3, as a func-
tion of concentration cg. We have chosen ya=1,yp=2, Aya/(RT)=1,
and f/(RT) =75 for all three cases. For comparison, the ideal solution
model (f =0) is also shown. Surface tension values below the diago-
nal, caya +cpys, correspond to surface segregation; values above it result
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Fig. 3. Surface tension of a hypothetical binary alloy as a function of concentration.
Dotted line corresponds to the ideal solution model, and full lines represent the present
model, assuming compounds of the form A; B3, AB, and A3B;. Model parameters are the
same for all three curves.
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from surface depletion of component A. Whereas the ideal solution model
predicts surface segregation for all concentrations, the present model is
indeed capable of describing surface depletion near the intermetallic com-
position.

To check the model against a real system, we have chosen Ni-Al, where
experimental data are available [10, 11]. The Ni-Al system displays sev-
eral intermetallic phases in the solid [12], and one has to make a choice
of which one is to be modeled. Obviously, this is the one with the highest
binding energy, i.e., with the highest liquidus temperature in the phase dia-
gram. In the case of the Ni-Al system, this is NisgAlsg. Figure 4 shows
the experimental data and our fit using Eq. (16) with n =m =1. The
fit was performed using the Levenberg-Marquardt algorithm and resulted
in the following values of the fit parameters: y4 =0.738Nm !, yy; =
1.725Nm~!, y4A/(RT)=1.268, and f/(RT)=5.334. As can be seen, the
fit is excellent.

1.71{ | Ni-Al at 1640 °C |

m Ayushina et al. [11]
~ Eremenko et al. [10]
— fit

Surface tension, Nem"
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(e I
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Fig. 4. Surface tension of the Ni-Al system at 1640°C. Open squares are data from
Eremenko et al. [10], open triangles are data from Ayushina et al. [11], and the full line is
a fit with the present model, assuming NiAl clusters.
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4. CONCLUSION

In conclusion, the simple models presented here show correctly the
gross features of the surface tension of binary alloys. The ideal solution
model predicts a sign reversal for the temperature coefficient correctly, and
it can handle compound formation, when the probability for cluster for-
mation is built in phenomenologically. It should be stressed that this is a
model, not a rigorous theory. Nevertheless, although not intended for this
purpose, it fits experimental data surprisingly well. The coefficients deter-
mined from fitting have, however, no physical relevance, and can only be
used to parameterize experimental data sets.
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