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Abstract The density and the surface tension of binary

Sn–Sb and ternary Sn–Sb–Cu liquid alloys have been

measured over a wide temperature range by the sessile-

drop method. The experimental data for the surface tension

were analyzed by the Butler thermodynamic model.

Investigations of the wetting behavior of these alloys on the

Cu and Ni substrates in a vacuum were also performed.

Introduction

High-temperature solders with melting temperatures above

500 K are widely used in the electronics industry for

advanced packing technologies [1]. In the multi-chip

modeling (MCM) technology, there is a need for a family

of solder alloys with different melting temperature (the

upper limit is around 620 K). Availability of different

solders enables complex electronic components to be

manufactured. The Sn-based alloys with antimony are

possible substitutes for the toxic high-temperature Pb–Sn

solders ([85 wt% Pb) currently used in the MCM tech-

nology, due to the improvement of wetting properties,

thermal fatigue resistance, and creep strength [2]. Sn–Sb

solders with good electrical properties and different melt-

ing points are often used in the step soldering technology,

where soldering is applied more than once during the

manufacturing. The solders used at the early stages should

be characterized by higher melting temperatures in order to

prevent melting of the existing solder joints during the

subsequent soldering [3].

Small quantities of copper are often added to the solder

alloys for improvement of their electrical characteristics,

changing the melting temperature, and to prevent the

whisker formation. Cu is also introduced into the solder

due to the dissolution of Cu substrate. Therefore, it is

important to know the effect of Cu on the solderability,

when selecting a particular Sn–Sb–Cu solder alloy.

Among various physical properties, the knowledge of

the surface tension is very important for practical appli-

cations because it is directly related to the wettability of a

substrate by a solder. If an addition of some component to a

liquid alloy decreases the surface tension, the wettability is

improved simultaneously. Hence, measurements of the

surface tension are useful for predicting the effect of

modifying elements on the solder properties. Experimental

data on the surface tension, density, and wetting behavior

are scarce in the literature and rather contradictory even for

binary Sn–Sb alloys. Also, their properties are not well

known, particularly with respect to their interactions with

substrate materials [4–7]. In the present work the thermo-

physical properties relevant to the soldering process,

namely, density, surface tension, and the wetting behavior

on the Cu and Ni substrates for some binary Sn–Sb and

ternary Sn–Sb–Cu liquid alloys have been investigated

over a wide temperature range by the sessile-drop method.
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Experimental details

In this work, the density, surface tension, and wetting

behavior were studied by means of the sessile-drop tech-

nique, where the profile of a liquid droplet placed on a

substrate is recorded and analyzed. The basic method is

well established and described in various textbooks, for

example [8].

The alloys have been prepared from pure Sn, Sb, and Cu

(99.99%) according to the nominal composition by arc

melting under protective atmosphere of high purity argon

after preliminary evacuation of the furnace up to the rest

pressure &0.1 Pa. Almost spherical specimens of about

15–25 mm3 were placed on polished graphite substrates for

the density and surface tension measurements. Before the

measurements the graphite substrates were aligned hori-

zontally in order to provide an axis-symmetry of the liquid

drop. The axis-symmetry of the sample was checked per-

manently during the experimental run. The shape of the

sample was captured by means of a digital CCD camera at

a rate of 25 frames/s. Three series comprising 20 pictures

each were captured during 2 min after reaching the desired

temperature.

The temperature was measured with a thermocouple

(type K) placed right above the sample and kept stable

within ±1 K around the selected set point. During the

experiments a pressure of less than 10-3 Pa was main-

tained in the chamber. Measurements of the density and

surface tension were started at the maximum experimental

temperature. Images were taken at intervals of about 25 K

after a slow cooling and temperature stabilization for sev-

eral minutes. In order to avoid recording of the glowing of

the heater and samples, monochromatic blue background

light and a suitable filter in front of the camera were

applied.

In order to obtain the density and the surface tension the

droplet shape was analyzed. The substrate line and the

profile of the sample were found automatically by dedi-

cated evaluation software [9]. Assuming cylindrical sym-

metry, a contour function has been obtained and then

integrated in order to get the volume and, finally, with the

sample mass, the density, q.

Determination of the surface tension, r, is based on the

analysis given by Rotenberg et al. [10]. Starting from

suitable assumptions on the droplet size and its surface

tension, the profile line was calculated by numerical inte-

gration of the Laplace equation. Studying the experimental

and analysis procedure one can estimate that the relative

experimental uncertainty of the obtained density is less

than 7%. The capillary parameter can be determined to an

accuracy of about 5%. Consequently, the overall relative

error of the surface tension can be estimated to be of about

12% [9].

For investigation of the contact angle, copper and nickel

plates were used as substrates. Prior to the measurement,

the surface of the substrate was carefully polished, cleaned

with acid, and rinsed with propane.

In order to achieve a uniform temperature field, at the

beginning of each measurement the alloy sample was kept

15 min in the furnace at the temperature of about 20 K

below its melting temperature. The measurements were

carried out with steps of temperature between 10 and 20 K.

Modeling

The surface tension of binary and ternary liquid alloys can

be calculated with the equation of Butler [11]:

r ¼ ri þ
RT

Si
ln

Xs
i

Xb
i

þ 1

Si
Gxs;s

i T ;Xs
jðj¼2;3Þ

� �
� Gxs;b

i T;Xb
jðj¼2;3Þ

� �h i
;

i ¼ 1; 2; 3: ð1Þ

where R, T, ri, Si are gas constant, temperature, surface

tension of pure components, and surface area, respectively.

Gxs;s
i T ;Xs

jðj¼2;3Þ

� �
and Gxs;b

i T ;Xb
jðj¼2;3Þ

� �
are partial excess

Gibbs’s energies of a component i in the surface phase and

in the bulk phase, respectively. Both free energies are given

as functions of T and composition of the surface and bulk

phase, i.e., Xs
jðj¼2;3Þ and Xb

jðj¼2;3Þ:
The surface area of component i is calculated from the

Avogadro’s number, the atomic mass, and the density data

[8] as follows:

Si ¼ 1:091N0

Mi

qi

� �2=3

ð2Þ

The excess energy term of a component i can be derived

from the standard thermodynamic relation, in the form:

Gxs
i ¼ Gxs þ

Xn

j¼1

ðdij � XjÞ
oGxs

oXj
ð3Þ

where dij is Kronecker’s symbol.

Assuming that the free energy of the alloy is always

proportional to the number interactive contacts between

neighboring atoms, Gxs;b
i and Gxs;s

i can be related to the

respective coordination numbers in the surface layer and

the bulk phase as:

Gxs;s
i T ;Xs

jðj¼2;3Þ

� �
¼ bGxs;b

i T;Xb
jðj¼2;3Þ

� �
ð4Þ

where b is the ratio between the two coordination numbers,

i.e., a parameter describing the reduced coordination in the

liquid phase. In typical close-packed solid structures (bcc,

hcp) the coordination numbers are 12 and 9 for the bulk

and the surface phases, respectively, and thus b = 0.75.
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However, in some cases the value of b might be affected by

other factors, such as the relaxation of the surface structure,

and in the literature different values ranged in 0.5 B

b B 0.84 can be found [12].

Results and discussion

The density, surface tension, and contact angle measure-

ments were performed for binary Sn–Sb and ternary Sn–

Sb–Cu liquid alloys between their melting point, Tm, and

873 K. The temperature dependence of the surface tension,

r(T), of molten binary Sn90Sb10, Sn80Sb20 and ternary

Sn90.8Sb7.4Cu1.8, Sn83.84Sb12.99Cu3.17, Sn76.1Sb20.2Cu3.7

liquid alloys (all in at.%) is shown in Fig. 1 together with

the results of previous studies for the alloy compositions

close to ours [4]. The surface tension decreases linearly

with increasing temperature and can be presented as:

r ¼ r0 þ
dr
dT
ðT � TmÞ ð5Þ

where r0 is the surface tension at the melting temperature Tm,

and dr/dT is the surface tension temperature coefficient.

For each of the samples investigated the data obtained

by our measurements can be described by Eq. 5 with

parameters r0 and dr/dT listed in Table 1. The magnitude

of the surface tension increases with an increase of the

Sn-content for the binary Sn90Sb10 and Sn80Sb20 alloy. The

surface tension of the molten Sn90Sb10 is higher than the

corresponding value obtained by the maximum bubble

pressure method [4], while the data of the Sn80Sb20 alloy

are in good agreement.

It should be noted that among all methods, the sessile-

drop method and the maximum bubble pressure method are

most easily applied at elevated temperatures and have been

most frequently used [13]. Although the maximum bubble

pressure technique frequently produces lower values [14],

the present results agree with data reported in [4] as well as

with the theoretical values calculated by the Butler’s model

in the regular solution approximation within the experi-

mental error.

The situation with the surface tension data of ternary

alloys is more complicated. The lowest r(T) corresponds

to the composition with the lowest Sn-content, Sn76.1

Sb20.2Cu3.7. Positions of the other two dependencies reflect

the influence of the both elements (antimony and copper)

on the surface tension of liquid tin.

The values of the Gibbs free energy of mixing, GM of

liquid Sn–Sb phase determined experimentally [15] and

obtained from the thermodynamic calculations [16] are

very similar for the equiatomic composition (in the nor-

malized form, GM/RT equals –0.9270 and –0.9345 at

873 K, respectively), which indicates weak interatomic

interactions in the alloy melts. The surface tension iso-

therm of liquid Sn–Sb alloys calculated by the Butler’s

model in the regular solution approximation at 873 K

together with that obtained in the ideal solution approxi-

mation is shown in Fig. 2. The regular solution isotherm

deviates positively from the corresponding ideal solution

curve, confirming that liquid alloys with negative excess

Gibbs energy in the bulk exhibit positive surface tension

deviations with respect to the ideal mixture. The surface

tension literature data [4] of Sb- and Sn-rich alloys exhibit
Fig. 1 Temperature dependence of the surface tension for the Sn–Sb

(a) and Sn–Sb–Cu (b) liquid alloys

Table 1 Temperature dependence of the surface tension of the

Sn–Sb and Sn–Sb–Cu liquid alloys

Alloy r0, mN/m dr/dT, mN/m/K Tm, K

Sn90Sb10 555 -0.19 544

Sn80Sb20 476 -0.06 593

Sn90.8Sb7.4Cu1.8 475 -0.09 513

Sn83.84Sb12.99Cu3.17 503 -0.13 548

Sn76.1Sb20.2Cu3.7 445 -0.07 592
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a good agreement with the calculated values obtained by

the Butler’s model in the regular solution approximation,

while differ slightly from the corresponding data of Sn–Sb

alloys having intermediate compositions. The same trend is

noted for our surface tension experimental data of Sn90Sb10

and Sn80Sb20 alloys (Fig. 2).

The surface tension of liquid Sn–Sb–Cu alloys was

calculated with by Eq. 1 along with Eqs. 2–4 using the

Gibbs free energy data of the liquid binary phases Sb–Sn

[15], Cu–Sn [17], and Cu–Sb [18], while the surface ten-

sion of pure components and structural data (coordination

number, molar volume) were taken from [8]. The differ-

ence between the surface tension of liquid Sn90.8Sb7.4

Cu1.8, Sn83.84Sb12.99Cu3.17, and Sn76.1Sb20.2Cu3.7 at 873 K

obtained experimentally and the values calculated with the

Butler’s model in the regular solution approximation is up

to about 8% (Fig. 3).

The density values of molten binary Sn90Sb10, Sn80Sb20

and ternary Sn90.8Sb7.4Cu1.8, Sn83.84Sb12.99Cu3.17, Sn76.1

Sb20.2Cu3.7 liquid alloys are shown in Fig. 4. The temper-

ature dependence of the density in the temperature interval

investigated can be well fitted with linear functions for all

compositions:

q ¼ q0 þ
dq
dT
ðT � TmÞ ð6Þ

where q0 is the density at the melting temperature, and

dq/dT is the thermal coefficient of the density. The

parameters q0 and dq/dT obtained by fitting of the exper-

imental data are listed in Table 2. The obtained values of

the density of liquid Sb–Sn alloys are in good agreement

with the data reported earlier in [5].

Fig. 2 Surface tension of liquid Sn–Sb alloys calculated at

T = 873 K. Open circle refers to the literature data, [4] and filled
triangle are the experimental data of present work. (solid line Butler

model in the regular solution approximation; dashed line the ideal

solution model)

Fig. 3 Iso-surface tension lines (in mN/m) of liquid Sn–Sb–Cu alloys

calculated by the Butler model in the regular solution approximation

at 873 K. The symbols represent the alloys studied: Sn90.8Sb7.4Cu1.8

(filled square), Sn83.84Sb12.99Cu3.17 (open square), Sn76.1Sb20.2Cu3.7

(filled triangle). The experimental values of the surface tension are

also given

Fig. 4 Temperature dependence of the density for the Sn–Sb and Sn–

Sb–Cu liquid alloys

Table 2 The temperature dependence of the density for the studied

liquid alloys: linear fits of the experimental data plotted in Fig. 4

Alloy q0, g/cm3 dq/dT, 10-4 g/cm3/K Tm, K

Sn90Sb10 6.97 -9.00 544

Sn80Sb20 6.86 -8.27 593

Sn90.8Sb7.4Cu1.8 7.17 -5.35 513

Sn83.84Sb12.99Cu3.17 7.36 -8.76 548

Sn76.1Sb20.2Cu3.7 6.99 -7.90 592
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The contact angles of molten binary Sn95Sb5, Sn90Sb10,

Sn80Sb20 and ternary Sn90.8Sb7.4Cu1.8, Sn83.84Sb12.99Cu3.17,

Sn76.1Sb20.2Cu3.7 liquid alloys were determined. Temper-

ature dependence of the contact angle, h, for the

Sn90.8Sb7.4Cu1.8 liquid alloy on the copper and nickel

substrates is presented in Fig. 5. As can be seen, the contact

angle slightly decreases at low temperature. Then, a rapid

decrease from 120� to about 40� in a narrow temperature

range between 573 and 593 K takes place. Further heating

up to about 673 K is accompanied by a gradual contact

angle decreasing to its lowest value of 31�. Similar wetting

behavior on the copper substrate was observed for other

alloys, while temperature behavior of their contact angle on

the nickel substrate differs noticeably. The contact angle on

the nickel substrate of the Sn90.8Sb7.4Cu1.8 liquid alloy

decreases gradually with heating from initial 150� to the

lowest value of about 20�. Such a gradual h(T) decreasing

has been revealed both in the binary and ternary alloys. The

present results are in agreement with [19–21], confirming

different wetting behavior of Sn-based solders in contact

with copper and nickel substrates. Namely, a sharp drop of

the contact angle after only few seconds was already

observed dealing with Sn-rich solder alloys and Cu sub-

strate, while a stepwise decrease of the contact angle is

characteristic for the same type of alloys in contact with Ni

substrate [19–21]. These results are related to the higher

rate of dissolution controlled by diffusion in the liquid

phase in the case of copper substrate. It was found that Cu

atoms diffuse faster into the solder comparing to those of

Ni [22, 23] and the intermetallic compounds of different

thickness are formed at the interface [19]. An influence of

the thickest Cu5Sn6 layer could be the reason of a sharp

decrease of the contact angle on the Cu substrate, con-

nected with reaching the so-called temperature threshold of

wetting (see [24] and references therein].

The minimum contact angle values for the alloys and

substrates investigated as well as the corresponding initial

temperatures are summarized in Table 3. Taking into

account that for the solder alloys, the contact angle of 40�
indicates a good wettability, the corresponding tempera-

tures are also reported.

It is evident that the wetting of copper by liquid Sn–Sb

alloys is better in comparison with the wetting of nickel.

Upon addition of copper, the wetting of nickel substrates

by Sn–Sb–Cu alloy melts becomes worse. The contact

angles of ternary compositions measured on the copper

substrate strongly depend on the Sn/Sb/Cu ratio in the alloy

(Table 3).

Summary

The density, surface tension, and wetting on the Cu and Ni

substrates have been studied for liquid Sn–Sb and Sn–Sb–

Cu alloys in the temperature range from their melting point

up to 873 K. Corresponding linear dependences have been

derived for the surface tension and density. The results

obtained, compared to available literature data exhibit a

good agreement. The surface tension data have also been

analyzed by the thermodynamic model based on the Butler

equation. The experimental surface tension, density, and

contact angle data provide useful information for devel-

opment of new materials for high-temperature soldering.
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