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The surface tension of the Cu-Sn system has been measured over the whole composition range by using
the large drop method over the temperature range T ) (430 to 1300) K. The measurements were carried out
at equilibrium and under “oxygen-free” conditions. The results obtained were compared with the available
literature data as well as with theoretical values calculated by the compound formation model (CFM) and
quasi chemical approximation for regular solution (QCA). In addition, dynamic surface tension measurements
have been performed to study the evolution of the molten alloy surface in the presence of trace amounts of
oxygen in the surrounding atmosphere. The general physico-mathematical formalism developed by our group
to study liquid binary alloys and their oxides has been applied to describe the interactions in Cu-Sn melts
under an oxidizing atmosphere. The experimental findings validate the model predicting the oxidation
phenomena which contribute to maintain the interface cleanness and to determine the boundary separating
oxidation and deoxidation regimes.

1. Introduction

Copper-tin is a basic system of many multicomponent alloys
having different important technological applications. These
alloys are precipitation hardened and, if containing some surface
active elements, such as Ti, exhibit high strength, high resistance
to corrosion, and stress relaxation. Depending on the additional
elements, they show good performance both at high temperatures
and at high pressures, so they can be used for a wide range of
applications such as mechanical and micromechanical, chemical,
electrical, architectural, as well as soldering materials in
microelectronics.1

Similar to other complex metal systems,2 the development
of new and improvement of existing, casting technologies
require a precise knowledge of the thermophysical properties
of the liquid phase as a function of temperature and other
parameters. However, most of the multicomponent alloys show
a very high chemical reactivity in the liquid state which makes
accurate measurements of these properties often impossible. One
of the main causes is the presence of reactive elements, such as
oxygen, which can dramatically influence the determination of
the thermophysical properties.3,4 In particular, oxygen can
strongly affect the surface tension value and its temperature
coefficient even if it is present in really small quantities. This
fact was experimentally confirmed on both pure metals5,6 and
alloys7 by using different measurement techniques. An under-
standing of the factors influencing the composition dependence
of the surface tension, as for any other thermophysical property,
is important to provide reasonable extrapolations of measured
values to a whole range of related alloy compositions.8

Accordingly, the experimental investigations have to be sub-

stantiated by suitable theoretical models able to predict the
behavior of the properties for a proper interpretation of the
experimental results.

In this work, the surface tension behavior of several Cu-Sn
alloys has been investigated both as a function of composition
and under variable oxygen content in the surrounding atmo-
sphere. The experimental data have been analyzed together with
the corresponding theoretical values calculated by different
thermodynamic models (i.e., QCA and CFM)9 and by applying
a physico-mathematical analysis describing the interactions
between the oxygen-containing atmosphere and a liquid metal
surface.10

2. Surface Tension under “Oxygen-Free” Conditions

2.1. Experimental. The Cu-Sn alloys were prepared from
the highest purity Sn and Cu shots (99.9999 % Marz-grade) as
already described.11 The surface tension measurements were
performed by the variant of the large drop method,3,12 called
pinned drop method.5 In this case, the solid support is a special
circular crucible with sharp edges. The design of the edges of
the crucible blocks the triple line at an “apparent” contact angle
that is much higher than the real one. A further advantage of
the pinned drop method is that the axis-symmetry of the drop
can be imposed. In this work, samples of about 3.0 g were
contained in a sapphire crucible. The surface tension measure-
ments were carried out in a furnace with a Pt-heating element
to ensure the cleanest working conditions. The temperature was
decreased from T ) (1300 to 50) K above the liquidus
temperature, Tl. A flux of pure argon was kept constant, and
the oxygen partial pressure between pO2 ) (10-4 and 10-2) Pa
was measured by the electrode (µPOAS Setnag). At each
temperature, the real time acquisition of all parameters (surface
tension, oxygen partial pressure, temperature, drop size, shape
factor, and weight to volume ratio) was done every two seconds
for a period of about 20 min with a precision of 0.2 %. The
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final value of the surface tension is a result of the average over
all these data: the experimental error of the surface tension
measurements was less than 1 %. A detailed description of the
apparatus and methodologies used can be found in the
literature.2,5

2.2. Results. The surface tension experimental data of pure
Cu and the Cu-Sn alloys measured in the whole composition
range between T ) (630 and 1700) K are shown in Figure 1.
For the sake of clarity, the surface tension as a function of
temperature of Cu-Sn alloys with the Sn content varying
between (30 and 90) at % is shown in the inset of Figure 1.
Indeed, it is worth noting the presence of both negative and
positive values of the surface tension temperature coefficient,
dγ/dT. The results shown in Figure 1 are in good agreement
with the experimental and theoretical data on the surface tension
of the Cu-Sn system as a function of temperature reported in
the literature.13–16 In particular, in ref 16 the surface tension
data of liquid Cu-Sn alloys, measured in the temperature range
T ) (700 to 1500) K, are shown to have both negative and
positive temperature coefficients, similar to the results obtained
in this work. Generally, a positive temperature coefficient is
observed as a consequence of the presence of tensioactive
elements,16 mainly oxygen, as an effect of the solubility
increasing with the temperature decreasing. A positive temper-
ature coefficient has also been observed for liquid alloys having
a positive excess free energy.18,19 The Cu-Sn system exhibits
negative excess Gibbs energy in the liquid phase, so the positive
temperature coefficient is claimed16 due to the enhanced surface
segregation of Sn caused by the large difference in the surface
tension between the two components.

3. Thermodynamic Modeling

The basis of the thermodynamic calculations of the surface
properties of Cu-based alloys has been extensively described
in our previous work.20 Since the phase diagram of the Cu-Sn
system has been assessed by many authors,21–23 the optimized
data set related to the excess Gibbs energy of mixing, GM

xs, of
the Cu-Sn liquid phase22 together with experimental data on
the Gibbs energy of mixing21 were the input data. The

normalized form of the Gibbs energy of mixing, GM
xs, calculated

for the equiatomic composition at T ) 1423 K, has a value of
about -1.06, indicating that the tendency of compound forma-
tion in the liquid phase is weak. All thermodynamic data exhibit
a minimum around 75 at % of Cu, and thus, the stoichiometry
of the Cu3Sn intermetallic compound, A3B, was taken in the
present calculations as the most probable.14,24 The mixing
behavior of two metals forming binary alloys is the result of
the interplay of energetic and structural readjustment of the
constituent atoms. The “energetic effect”, generally termed as
order energy of a system, is the typical combination of
interatomic interaction energies of different pairs of nearest
neighbors present in the melt. The computed values of the order
energy parameters at T ) 1423 K are, in kbT units, W )-0.071,
WAB ) -3.97, WAA ) -0.043, and WBB ) 0.0. The obtained
values are slightly less negative than the corresponding values
calculated at T ) 1373 K.14,20

The Cu-Sn phase diagram25 and the thermodynamic func-
tions of mixing21 indicate that the tendency of compound
formation in the melts is weak.26 The surface properties of liquid
Cu-Sn alloys have been considered in the framework of the
quasichemical approximation for regular solutions (QCA)27,28

and the compound formation model (CFM) in a weak interaction
approximation.9,26 The theoretical curves, calculated at T ) 1423
K, are shown in Figure 2. The surface tension prediction of
molten metallic alloys requires reliable reference data for the
surface tension of the pure components.6,17 Surface tension data
of pure Cu were obtained by our new measurements. These
data are close to that of Lee et al.,16 while our recently obtained
surface tension data on Sn were taken from the literature.29 It
is interesting to notice that for the Sn-rich alloys all experimental
sets exhibit a good agreement with the calculated values. On
the other hand, for the Cu-rich alloys the disagreement between
the measured and calculated values is more evident, and
differences up to 180 mN ·m-1 can be observed in particular
with respect to the CFM isotherm (Figure 2). Concerning the
alloys with intermediate compositions, our experimental results
agree with the literature data,13,16 while the surface tension data
reported by Kawai et al.15 differ from all experimental sets but

Figure 1. Surface tension as function of temperature of: `, Cu; (, Cu95.5Sn4.5; 9, Cu90Sn10; 2, Cu80Sn20; b, Cu70Sn30; 4, Cu60Sn40; O, Cu50Sn50; 0, Cu30Sn70;
], Cu15Sn85; 3, Cu10Sn90.
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exhibit good agreement with the CFM isotherm. All other
Cu-Sn surface tension experimental data sets seem to be better
described by the QCA for regular solutions than by the CFM
(Figure 2). Although Cu-Sn is a weakly interacting system,
the effect of the chemical short-range order (CSRO) on its
surface tension is more pronounced for the Cu-rich alloys having
compositions close to that of an energetically favored interme-
tallic compound, Cu3Sn. This theoretical consideration was
experimentally confirmed by ref 15.

None of the models9,27,28 mentioned above take into account
the presence of oxygen during the surface tension measurements.
However, it is important to underline from the experimental
point of view that the surface tension values of pure metals,
even if determined under a controlled atmosphere particularly
poor in oxygen, can never be considered as “oxygen free”.
According to Arato et al.,30 the condition of “clean surface”
for a liquid metal or alloy has to be used to define a surface
free of oxide but not free of adsorbed oxygen. Small or large
discrepancies between the theoretically predicted and experi-
mentally obtained surface tension data can often be explained
by an oxidation tendency of a system under so-called “oxygen-
free conditions”.

The calculated values of surface composition at T ) 1423 K
suggest the segregation of Sn atoms to the surface at all bulk
concentrations. To estimate the effects of clustering on the
surface segregation in the Cu-Sn system, the CFM has been
applied, and the obtained values have been compared with the
corresponding results obtained by the QCA for regular solution.
The contribution of the short-range order to Sn-surface segrega-
tion on liquid Cu-Sn alloys can be estimated by the difference
in the surface composition calculated by the two models. As
shown in Figure 3, the presence of associates or clusters in the
liquid phase slightly decreases the Sn segregation, exhibiting
the maximum difference at composition that corresponds to the
energetically favored Cu3Sn intermetallic compound.

4. Interaction with Oxygen-Containing Atmosphere

As previously mentioned, it is impossible to avoid traces of
oxygen in the working atmosphere, and so, surface contamina-
tion phenomena are of great practical relevance in determining
reliable thermophysical properties data such as surface tension,
density, etc. In such instances, the evaluation of oxygen-liquid

metal interactions can be correctly studied using theoretical
approaches based on the study of mass transport phenomena in
liquid metal-gas systems.5

4.1. Theoretical AchieWements. The presence of oxygen and
the existence of oxygen fluxes at the liquid metal/gas interface
lead to the oxidation phenomena to be taken into account,
forming one or more oxides at the interface or inside the gaseous
layer close to it. It is required to distinguish between the stable
condensed oxides and the volatile oxides in terms of thermo-
dynamic considerations. For those liquid metals that have highly
volatile oxides, there are oxide fluxes coming from the metal
surface. In these cases, the study of the oxygen exchanges
between the gaseous and liquid phases must consider both the
molecular oxygen and that linked as oxide. In determining the
oxidation conditions of the liquid metal, the equilibrium
thermodynamic approach has been shown to be inadequate,30

and only the consideration of the liquid-atmosphere mass-
exchanges under stationary conditions makes it possible to
describe the phenomena occurring at the liquid metal/gas
interface. The steady state condition leads to the definition of
“the effective oxygen pressure”: the oxygen partial pressure at
which the oxidation of the liquid metal becomes evident. This
effective oxygen pressure can be considered as a property of
each pure metal, and it can be many orders of magnitude greater
than the (thermodynamic) equilibrium pressure.5,10

Both the theoretical and experimental aspects of this question
have already been discussed for the pure liquid metals.31,32

Recently, an extension to liquid binary alloys has been pro-
posed,10 which allows the interpretation of the behavior of the
molten Cu-O-Sn system to be described in this work.

For a molten binary alloy, there are two equilibrium reference
conditions: one for each component. In fact, each metal is
considered as saturated by oxygen, and the equilibrium between
the oxidizing atmosphere and the condensed phase, e.g., the
metal and its stable oxide, is taken into account. However, in
many instances, the existence of a volatile oxide prevents surface
oxidation even if the corresponding metal is present in low
percentages. The model10 demonstrates that the behavior of a
molten binary alloy to oxidation tends to be similar to that of
the “less oxidizable” component also if it is present in a low
percentage. The term “less oxidizable” is not used in its strict
thermodynamic sense but with the dynamic meaning, particu-
larly allowing for the oxide evaporation phenomena. Following

Figure 2. Surface tension isotherms of liquid Cu-Sn alloys at T ) 1423
K. 1, calculated curve by QCA for regular solution model; 2, calculated
curve by CFM; -----, calculated curve by the ideal solution model; *, ref
11; O, ref 13; 0, ref 15; 4, ref 16.

Figure 3. Surface composition (CSn
s) vs bulk composition (CSn) for liquid

Cu-Sn alloys at T ) 1423 K. 1, calculated curve by the QCA for regular
solution; 2, calculated curve by the CFM.
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the theoretical description, when dealing with the Cu-Sn
system, there are two equilibrium reference conditions: (1) each
metal (Cu and Sn) and its stable condensed oxide (i.e., Cu2O
and SnO2) and (2) the formation of two other oxides in the gas
phase (i.e., CuO and SnO) that play an important role.

From the thermodynamic point of view, Sn segregates over
the whole composition range, and it should be more oxidizable
than Cu, as the saturation pressure of Sn is some orders of
magnitude lower than that of Cu.33 On the other hand, the vapor
pressure of CuO is extremely lower than the vapor pressure of
the volatile oxide of Sn (i.e., SnO). In fact, Cu can be mentioned
among those metals for which the effective oxygen pressure
coincides with the saturation pressure. So, only the evaporation
of the tin volatile oxide, SnO, maintains the cleanness of the
liquid alloy surface. The theoretical approach predicts that the
alloy will behave, over a wide composition range, like Sn, the
“less oxidizable” component, according to the definition of the
effective oxygen pressure.10

4.2. Dynamic Surface Tension Measurements. The behavior
of the Cu-Sn system with respect to oxidation phenomena has
been determined by dynamic surface tension measurements. To
obtain the indication of the oxygen interactions with the liquid
metal surface, an experimental isobaric procedure was utilized,
where the imposed temperature was changed under constant
oxygen partial pressure of the feed gas until the effect of oxygen
was found.5,31,32 The tensioactivity is revealed by the change
of the temperature coefficient sign. As saturation conditions
strongly depend on temperature, a temperature modulation
corresponds to a modulation of the saturation level, and it is
then equivalent to a modulation of oxygen concentration in the
liquid phase.34,35 The dynamic surface tension experiments were
performed varying the temperature at a rate equal to 5 K ·min-1,
under a Knudsen regime, over the temperature range T ) (630
to 1130) K at one minute intervals. As an example, the test
performed on the Cu5Sn95 alloy is shown in Figure 4. The
experiment was performed at Ptot ≈ 10-3 Pa (Knudsen regime)
and at the constant oxygen partial pressure pO2 ) 2.6 ·10-5 Pa.
The oxygen partial pressure was continuosly monitored by a
solid state oxygen sensor placed close to the sample inside the
test chamber. The temperature modulation between T ) 630 K
and T ) 1130 K allowed some significant inversions of the
surface tension behavior with the temperature to be revealed
(marked with stars in Figure 4). They indicate the temperature

value at which the tensioactive effect of oxygen at the surface
of the liquid alloy becomes evident. In fact, the surface tension
temperature coefficient changes rapidly from negative to positive
as a result of a temperature decrease, and vice versa, showing
the existence of oxygen adsorption/desorption. However, the
surface adsorption is mainly due to the segregation of the oxygen
dissolved in the liquid bulk (the consequence of the variation
in the temperature), more than the effect of the externally
imposed oxygen partial pressure. Moreover, the experimental
conditions of the inversion are linked to the tensioactive effect
but not necessarily to the formation of stable oxides on the
surface, and this effect is identified by the sign inversion of the
surface tension temperature coefficient.34

In Figure 5, the results of the dynamic surface tension
measurements performed on the Cu50Sn50 alloy, under the
constant oxygen partial pressure pO2 ) 1.7 ·10-3 Pa, are shown.
This alloy has a positive temperature coefficient, as described
in Section 2.2. In this case, the oxygen tensioactive effect was
indicated by a slight change of the slope of the surface tension
linear behavior with the temperature, instead of a sharp change
of it. The oxygen partial pressure values corresponding to the
inversion or deviation points of the surface tension with the
temperature, together with the calculated effective oxygen
pressure, are shown in Figure 6. The values were obtained from
the experimental data at T ) 1050 K as a function of alloy
composition. The difference between the experimental values
(circles) and the theoretical predictions (line) is of only 1 order
of magnitude. The agreement can be considered very significant
in comparison with the difference between the thermodynamic
predictions, e.g., the calculated saturation pressures33 and the
experimental data here reported, is more than 15 orders of
magnitude.

Moreover, another important point to be mentioned here is
that the experimental findings seem not to contradict the
substantial invariance in the oxidizability of Cu-Sn alloys with
a Cu content up to about 80 %.

5. Conclusions

The surface tension of liquid Cu-Sn alloys has been
measured over the whole composition range by the large drop
method, at equilibrium, under “oxygen-free” conditions. As is
reported in the literature, the alloys with compositions between
Cu80Sn20 and Cu30Sn70 show positive values of the surface

Figure 4. O, Surface tension γ of the Cu5Sn95 alloy as a function of time t in the temperature (-) range T ) (630 to 930) K. *, inversion points.
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tension temperature coefficient. This behavior cannot be justified
only by the presence of compounds in that composition range.
Accordingly, the specific phenomena can only be partially
encoded in terms of the compound formation model (CFM)
which, in some cases, has been successfully applied to describe
the mixing behavior of Cu-Sn melts. The presence of associates
or clusters in the liquid phase slightly decreases Sn segregation,
exhibiting the maximum difference at a composition that
corresponds to the energetically favored Cu3Sn intermetallic
compound. The surface tension isotherms of the Cu-Sn system
computed at T ) 1423 K together with the experimental data
mainly agree with the surface tension isotherm calculated by
the QCA for regular solutions.

The oxygen tensioactive effect on liquid Cu-Sn alloys has
been studied both theoretically and experimentally. The ap-
plication of the theoretical analysis based on the fluid-dynamic
model recently extended to liquid binary alloys and their oxides
has indicated that the interactions of the alloy and oxygen tend
to be similar to that of the less oxidizable component. The
assumption of stationary conditions leads to the definition of

the effective oxygen pressure: it is a property of the system
and it can be many orders of magnitude greater than the
equilibrium oxygen pressure due to the existence of volatile
oxides preventing the surface oxidation, even if the correspond-
ing metal is present in low percentages. This can be observed
performing dynamic surface tension measurements of several
Cu-Sn alloys at constant oxygen partial pressure and by
modulating the temperature. The very good agreement between
the experimental data and the model predictions can be
considered as a confirmation that the dependence of the effective
oxygen pressure on the composition can really be predicted for
the Cu-Sn alloys from the knowledge of the experimental
effective oxygen pressures of their pure constituents. Sn
maintains the cleanness of the surface under higher oxygen
partial pressures; in other words, Sn is in practice less oxidizable
than Cu. According to the theory, the effective oxygen pressure
of the alloy should be similar to that of pure Sn, even with a
Cu content up to about 80 at %.

In agreement with thermodynamic calculations, theoretically
supported in the literature, the surface segregation of Sn seems

Figure 5. O, Surface tension γ of the Cu50Sn50 alloy as a function of time t in the temperature (-) range T ) (900 to 1130) K. The bold lines indicate the
change of the slope.

Figure 6. Effective oxygen pressure POeff for the Cu-Sn alloys at T ) 1050 K, as a function of alloy composition at %. Line (-), effective oxygen pressure
calculated at T ) 1050 K; O, experimental values obtained from the dynamic surface tension measurements of Cu-Sn alloys at the same temperature T.
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to be the driving phenomenon which can explain the behavior
of the surface tension with the temperature of liquid Cu-Sn
alloys. The effect of segregation, together with the key role of
Sn in the alloy oxidation, should explain the positive surface
tension coefficient observed for some alloy compositions.

However, the CSRO effects also have to be encountered even
if the thermodynamic functions of mixing indicate that the
tendency of compound formation in the liquid is weak.

Depending on the alloy composition, a competition between
all these effects can be taken into account, leading to the
formation of particular surface structures which could be the
main reason of the discrepancy between the experimental surface
tension values and the thermodynamic predictions as well as
of positive surface tension temperature coefficients. To confirm
experimentally the above hypothesis, X-ray and/or neutron
diffraction experiments36 on the liquid metal surface are needed
to explain the liquid surface structure.
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