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Summary. The surface tension in the ternary Ag–Cu–Sn system in a wide composition and tempera-

ture range has been determined experimentally. Besides, the surface tension of the investigated alloys

has been modeled using the theoretical approach of Butler. The measured and the calculated absolute

values of the surface tension are compared and analyzed.
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Introduction

Recently the Ag–Cu–Sn system came in sight of the applied science following a
search of a lead-free solder material being capable to substitute for traditional
Pb–Sn solders. Therefore, a systematic study of various physical properties of solid
as well as liquid Ag–Cu–Sn alloys is required. Because of the crucial role of the
wetting in soldering process, knowledge of the surface tension of liquid Ag–Cu–Sn
alloys is of a high importance. In this work we report the experimental data on the
surface tension in ternary Ag–Cu–Sn melts. Besides, the surface tension for the
investigated alloys is calculated using the absolute values of the surface tension
of pure components and the thermodynamic characteristics of the binary Ag–Cu,
Ag–Sn, and Cu–Sn systems.

Results and Discussion

In order to study the behavior of the surface tension in liquid Ag–Cu–Sn system in
dependence on temperature and composition, the alloys from the line Sn–Ag7Cu3

lying in the vicinity of ternary eutectic line in the Ag–Cu–Sn system [1] have been
chosen. Figure 1 shows the experimental temperature dependences of the surface
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tension � as well as the compositions of the investigated alloys. The temperature
dependences of � are not of the same character for all investigated alloys, and the
temperature behavior depends on the alloy composition. In the studied temperature
intervals, the surface tension of (Ag7Cu3)100�xSnx alloys with 40� x� 100
decreases with increasing temperature. The surface tension of the Sn30Ag49Cu21

alloy in the temperature interval 600–850�C exhibits virtually no temperature
dependence. The surface tension of the Sn20Ag56Cu24 alloy firstly increases with
temperature and then it decreases when the temperature is farther increasing. For
the alloy containing 10 at.% Sn it is difficult to make any conclusion because of the
short temperature interval studied.

Fig. 1. The temperature dependences of the surface tension in liquid Ag–Cu–Sn alloys; the lines are

guides for the eye

Fig. 2. The composition dependences of the surface tension in the (Ag7Cu3)100�xSnx alloys; sym-

bols: experimental data; lines: theoretical calculations
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The isothermal composition dependences of � along the line Sn–Ag7Cu3 are
plotted in Fig. 2. The surface tension varies very weakly with composition when Sn
content is higher than 80 at.%. Noticeable changes are observed when concentra-
tion of Sn in ternary alloys becomes less than �70%.

Figure 3 shows the surface tension contours in the Ag–Cu–Sn alloys at
# ¼ 850�C calculated with the theoretical approach of Butler. The model of ideal
solutions gives straight lines of constant � that go nearly parallel to the Ag–Cu
binary line. The surface tension contours obtained with the model of real solutions
are curved lines over the whole concentration triangle.

For a better comparison, the calculated values of the surface tension at
# ¼ 850�C along the line Sn–Ag7Cu3 are shown in Fig. 2 together with the experi-
mental data. Both models yield the surface tension rapidly decreasing with small
additions of Sn and weakly changing at the Sn-rich side. The highest deviation of
the calculated values from the experimental results is �12% for the model of ideal
solutions and �16% for the model of real solutions. It is to be noted that the
surface tension calculated with the model of ideal solutions decreases gradually
with increasing Sn content over the whole composition range, whereas the applica-
tion of the real solutions approximation leads to a hump at about 70–80 at.% of Sn.
Obviously this increase is connected with the Ag–Sn part of the thermodynamic
data, since the theoretical values of � calculated with the model of real solutions
for binary Ag–Sn alloys show a similar hump on the Sn-rich side.

Figure 4 presents the temperature dependences of the surface tension �ð#Þ
for the (Ag7Cu3)100�xSnx alloys determined with the approximations of ideal and
real solutions. In general, both models reproduce the temperature behavior of �

Fig. 3. The calculated surface tension contours for liquid Ag–Cu–Sn alloys at 850�C; black lines:

real solutions; light lines: ideal solutions; the absolute values of the surface tension are given in

mN �m�1
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established experimentally: i) the surface tension of Sn-rich alloys (>40–50 at.%
Sn) exhibits negative temperature dependences over the whole temperature range
studied theoretically; ii) the surface tension of the alloys containing <30–40 at.%
Sn shows positive temperature dependences at low temperatures and negative ones
at high temperatures. However the temperature dependences of � determined with
the approximation of real solutions seem to be closer to the experimental results
shown in Fig. 1. This is well seen from comparison of the theoretical and the
experimental temperature dependences for the alloys containing 20 and 30 at.% Sn.

Prasad and Mikula [2] have studied the surface tension in the Cu–Sn liquid
alloys and found a positive temperature coefficient for �ð#Þ at 75 at.% Cu and zero
coefficient around the equiatomic composition. They suggested that such behavior
is connected with compound formation tendencies and dissociation at the surface
of atomic clusters associated with the �-phase of the Cu–Sn system. Obviously
different types of the temperature dependences �ð#Þ for the (Ag7Cu3)100�xSnx
alloys are also related with formation (by decreasing temperature) or disintegration
(by increasing temperature) of atomic clusters corresponding to the Ag–Sn and
Cu–Sn compounds in the solid Ag–Cu–Sn alloys and variation of the Sn-content in
the bulk and in the surface phases.

Conclusions

It has been established experimentally that the temperature behavior of the surface
tension of ternary (Ag7Cu3)100�xSnx alloys depends on the Sn content: i) the sur-
face tension shows negative temperature dependences over the whole temperature
range for x� 40; ii) d�=dT� 0 for x¼ 30; iii) � shows a positive temperature

Fig. 4. The simulated temperature dependences of the surface tension for the (Ag7Cu3)100�xSnx
alloys
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dependence at low temperatures and a negative one at high temperatures for x¼ 20.
The theoretical approach of Butler yields a similar temperature behavior both with
model of ideal and model of real solutions. However, the shape of the curves �ð#Þ
simulated with the model of real solutions is closer to the experimental results. The
composition dependences of � calculated with the approximation of ideal solutions
decreases gradually with increasing Sn content in agreement with the experimental
data, whereas there appears a hump on the calculated curves at the Sn-rich side
when the model of real solutions is applied.

Methods

Experimental

The measurement technique [3] is based on the experimental measurement of the
force exerting on the alumina stamp submerged below the level of the free liquid
surface. Application of the cylindrical stamp allows investigation of the meniscus
formation and contraction up to the complete tearing of the stamp away from the
surface. After correction of the experimental data for buoyancy force and geometry of
the crucible and the stamp, the volume of the meniscus in dependence on the height
of the contact line is determined. On the other hand, the meniscus is modeled by the
numerical solution of Laplace’s equation for different values of the capillary constant.
From the simulated meniscus curves the meniscus volumes can be calculated. Then
the experimental and theoretical volume curves are compared and the capillary con-
stant is calculated. For the calculation of the surface tension the density is determined
from the buoyancy force exerted by the liquid sample on the stamp immersed into it.

The measurements have been performed in a vertical high temperature chamber
(1 m length, 0.1 m inner diameter). Before heating the chamber was evacuated to
better than 5 � 10�5 m bar and then filled with a gas mixture of Ar-10% H2 with a
total pressure of �1 bar. The graphite crucible (5 cm inner diameter, 4 cm height)
was moved by an ultrahigh vacuum manipulating system. The weight of the stamp
was measured by a balance with an accuracy of 	1 mg. The experimental error did
not exceed 3% for the surface tension and 1.5% for the density.

The samples were prepared from granules of Ag (99.99), Cu (99.999), and
Sn (99.99).

Theoretical

The surface tension in liquid binary as well as ternary alloys can be estimated using
Butler’s equation (Eq. (1)) [4]

� ¼ �i þ
RT

Si
ln

�
x̂xi

xi

�
þ 1

Si
DXSbGGi � DXSGiÞ:

�
ð1Þ

Here T is the absolute temperature; R the gas constant; the subscript i denotes the
components of the alloy; �i the surface tension of pure components; Si the surface

area of the ith component, which can be calculated as Si ¼ f � N1=3
A � V2=3

i with
Avogadro’s number NA, component’s molar volume Vi, and geometry factor
f ¼ 1:091 for a dense packing. The xi and x̂xi give the molar fraction of a compo-
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nent i in the bulk and in the surface layer, respectively. The DXSGi and DXSbGGi are
the partial molar excess Gibbs energies of the ith component in the bulk phase and
in the surface layer.

Two thermodynamic approximations were applied: i) model of ideal solutions,
where the excess Gibbs energy is zero; ii) model of real solutions, where optimized
excess Gibbs energies in terms of Redlich-Kister polynomials (Eq. (2)) [5] were
used to introduce a ‘‘real’’ thermodynamic behavior of the studied alloys.

DXSG ¼ x1x2

X
i

Liðx1 � x2Þi ð2Þ

The excess Gibbs energies for the ternary alloys were calculated as the sums of
those for the binary alloys, and the ternary contributions were neglected. The
polynomial coefficients Li for the binary Ag–Sn, Ag–Cu, and Cu–Sn systems
taken from Refs. [6–8] are given in Table 1.

It is assumed that DXSGi and DXSbGGi can be given by the same Eq. (2), but they
differ due to various compositions of the bulk and the surface phase. It is suggested
in the literature that a difference between the coordination number N in the bulk
and the coordination number bNN in the surface phase has also to be considered,
so that DXSbGGi ¼ bNN=N � DXSGi with 0:5� bNN=N�1:0 (e.g., see Ref. [9] for a review).
In the present work bNN=N ¼ 1:0 is applied.

The surface tension of pure Ag and Cu used in the calculations was taken from
Ref. [10]: �Ag ¼ ð1252 � 0:31TÞ mN �m�1 �Cu ¼ ð1656 � 0:26TÞ mN �m�1. The
surface tension of pure Sn was determined in the present work: �Sn ¼ ð572 � 76 �
10�3TÞ mN �m�1.
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Table 1. Optimized Redlich-Kister coefficients for binary Ag–Sn, Ag–Cu, and Cu–Sn systems

System L0=J �mol�1 L1=J �mol�1 L2=J �mol�1

Ag–Sn [6] �4902.5� 4.30532T 16474.0� 3.12507T �7298.6

Cu–Sn [7] �9002.8� 5.8381T �20100.5þ 3.6366T �10528.4

Ag–Cu [8] 17323.4� 4.46819T 1654.38� 2.35285T 0.0
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