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a b s t r a c t

The temperature dependence of electrical resistivity (�–T) of a Sn–0.7Cu (wt.%) melt was measured
and an abnormal change was found on the �–T curve within the range of 825–1066 ◦C. The result sug-
gests that the melt has experienced a temperature-induced liquid–liquid structural transition (TI-LLST),
ccepted 12 June 2010
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and the transition is reversible after the first cycle heating. Based on the result of TI-LLST, solidification
experiments and spreadability tests were carried out on the Sn–0.7Cu alloy to investigate the effect of
liquid structure transition on solidification microstructure and wettability. The results show that the
microstructure was refined and the wettability was improved when the samples solidified from the melt
experienced TI-LLST.
olidification
ettability

. Introduction

Due to the hereditary effects of liquid on solid, the thermal his-
ory of melt has a great effect on the microstructures and properties
f as-cast materials. Melt thermal treatment and melt superheat-
ng treatment have been widely explored and used in modifying
he solidification microstructure and improving the mechanical or
hysical properties of various materials: metallic alloys [1–5], aero-
el [6], and polyethylene [7]. But the exact mechanism is still not
ully understood and there are discrepancies in the explanations
ut forward [8].

In recent years, liquid–liquid transition has attracted much
ttention in liquid physics and materials field. And many exper-
mental and theoretical studies have shown that temperature-
nduced or pressure-induced liquid–liquid structural transition can
ccur in some single-component and multiple-components liquids
9–14]. In our previous work, temperature-induced liquid–liquid
tructural transitions (TI-LLSTs) have been observed in some binary
lloys, such as In–Sn, In–Bi, Pb–Sn, Cu–Sn and Pb–Bi, by the elec-
rical resistivity method [15–17], X-ray diffraction [18,19], revised
nternal friction method [20], and differential scanning calorimetry

DSC) [21]. Compared with other experiments, electrical resistivity
xperiment is a relative simple but effective method to investigate
iquid structure changes due to the fact that electrical resistivity is
sensitive physical property to structures.
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It has been widely accepted that the traditional Sn–Pb solders
should be substituted by lead-free solders, because of the hazard of
lead on environment and human health. Among the main Sn-base
lead-free solders such as Sn–Ag, Sn–Cu, Sn–Ag-Cu, Sn–Zn, and Sn–Bi
alloys, Sn–0.7Cu alloy has been recognized as one of the leading
lead-free solder candidates due to its low material cost [22–24].
Thus it is useful to explore the effect of melt structural transition
on the solidification and properties of Sn–0.7Cu alloy.

In this article, the temperature dependence of electrical resis-
tivity on the liquid Sn–0.7Cu alloy was investigated, and the results
suggest that a reversible structural change occurs in a relatively
high-temperature range. And the effect of TI-LLST on the solidifica-
tion microstructure and wettability was also discussed, which may
lead to a better understanding of the nature of TI-LLST and its effect
on solidification microstructure and wettability.

2. Experimental procedures

2.1. Electrical resistivity measurements

The electrical resistivity measurements were carried out by means of direct cur-
rent four-probe technology. The details of the measuring method are the same as
described elsewhere [15]. The Sn–0.7Cu (wt.%) sample was prepared with tin and
copper granules of high purity (4N). The melt was heated to 400 ◦C, and held for 1 h
covered with KCl–LiCl melts, then poured into a quartz cells and cooled to a tem-

◦
perature below liquidus (227 C) for the following experiments. During the entire
melting process, the sample was shaken mechanically three times for component
homogenization. In the resistivity measurements, the heating and cooling rate were
both 5 ◦C/min, and the �–T curve was recorded by a computer datum collection sys-
tem. The thermal expansion of the quartz was so small that the size variation with
temperature could be neglected.
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Fig. 1. Electrical resistivity–temperature curves of Sn–0.7Cu alloy in two heating
and cooling cycles. (Note: in order to observe the �–T curves in different cycles, the
ordinate value � is added with a different value as listed in the inset brackets.)
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Fig. 2. Sketch of preparation procedure of liquid Sn–0.7Cu alloys.

.2. Solidification experiments

In the experiments, the melting and holding temperatures of the alloys are cho-
en according to the �–T curve, which is shown in Fig. 1. In addition, the temperature

reatments of the liquid alloys were conducted in accordance with the following
equential scheme (Fig. 2): two same weight Sn–0.7Cu samples A and B (20.000 g)
ere heated and held at 400 ◦C for 1 h covered with B2O3 (to avoid the evaporation

nd oxidation), and then cooled down. Sample A was then heated to 720 ◦C (before
he liquid change temperature of the first heating cycle) and held for 15 min, and

Fig. 3. Solidification microstructures of Sn–0.7Cu
pounds 505 (2010) 472–475 473

then poured into an iron mold. Sample B was heated to 1100 ◦C (above the tempera-
ture range with the anomalous change) and held for 15 min, and then rapidly cooled
to 720 ◦C. At 720 ◦C, it was held for another 10 min, and finally poured into the same
iron mold.

The solidified sample was divided into two parts: One was used to analyze
the microstructures; the other was used for wettability tests. The specimens for
microstructures were prepared by standard metallographic procedures with a solu-
tion of FeCl3 + HCl + H2O as the etchant and observed under optical microscope (OM).

2.3. Wettability tests

In order to examine the effect of liquid structural transition on wettability,
spreadability tests were carried out. According to the National Standard of China
GB/T 11364-2008 “Testing Method of wettability for brazing filler metals”, the sub-
strate used was copper with a purity of 99.97 wt.%, which was cut into the size
of 40 mm × 40 mm × 2 mm. The Cu substrate was polished with 600-grit sandpaper
before cleaning with ethanol. The solder wafer was cut into 0.2 ± 0.0002 gram (using
an electronic balance) with the same diameter. Spreadability tests were conducted
at 260 ◦C with a dwelling time of 60 s in a resistance furnace, and activated rosin was
used as flux. Spreading areas of the solders on Cu surface were measured by using
an optical microscope.

3. Results and discussions

3.1. Electrical resistivity

Fig. 1 shows the �–T curve of the Sn–0.7Cu melt. The resistiv-
ity of the melt increases linearly with temperature rising above the
liquidus; however, it changes abruptly from 825 ◦C to 1066 ◦C; then
increases linearly again above 1066 ◦C. The anomalous changes are
reversible in subsequent cooling and heating process, but the turn-
ing points and the change trend are different from that of the first
cycle heating. It is presumed that two types of TI-LLST exist in
Sn–0.7Cu melt, i.e. irreversible TI-LLST in the first cycle heating and
reversible after the first cycle heating.

It is generally agreed that the atomic bonds of crystals are only
partly broken on melting, and the liquid structures are mainly com-
posed of atomic clusters and a few free atoms [25,26]. According to
ref. [27], high temperature X-ray diffractometer had been used to
study the liquid structure of Sn–0.7Cu alloy, and the experimental
result showed that only short-range orders (SROs) were detected
in molten Sn–0.7Cu alloy at 260, 330, 400 ◦C. In addition, investiga-
tions of the high-temperature properties and SROs of melts showed
that the microheterogeneous states were metastable or nonequi-
librium rather than thermodynamically stable [28]. Accordingly, in
this study, we can reasonably deduce that there are probably many
metastable SROs (such as Sn–Sn, Cu-Cu and Sn–Cu SROs) in the

melt at a low temperature above the liquidus. With the temper-
ature rising, those metastable SROs dissolve or break into stable
SROs within the temperature range of 825–1066 ◦C. Then the melt
becomes more uniform and disorder. This metastable to stable tran-
sition in the Sn–0.7Cu melt is irreversible.

alloy: (a) for sample A and (b) for sample B.
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Table 1
Spreadability of solders on Cu substrate (260 ◦C, 60 s).

Solders Sample A Sample B The relative variable ratio of sample B as against sample A

Spreading area (mm2) 45.467 49.969 +9.90%
Wetting angle (◦) 33.008◦ 31.775◦ −3.74%
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Fig. 4. Spreadability testing of solde

In respect to the different characteristic of the anomaly on �–T
urves between the first heating cycle and the subsequent cycles,
e can assume that the stable Sn–0.7Cu melt has some SROs with

eversible change character, i.e. they can reassemble on cooling and
reak again on heating. According to ref. [29], the liquid structure
f Sn has been investigated by neutron scattering experiments. The
xperimental result showed that an obvious shoulder exists on the
igh-Q side of the first peak of S (Q) at 300 ◦C, 500 ◦C, and even
600 ◦C. Since the shoulder is a sign of a covalent bond, these fea-
ures for liquid Sn suggest that some tetrahedral SROs with covalent
haracteristics may remain in liquid Sn at lower temperatures, and
t least the fragments of tetrahedral unit could persist at high tem-
eratures in liquid Sn. In addition, comparing the results of ref. [27]
ith that of the liquid structure of Sn in ref. [30], it can be inferred

hat the liquid structure of Sn–0.7Cu solder is similar to that of
n in a low-temperature range above liquidus. It is reasonable to
resume that the tetrahedral SROs with covalent characteristic in

iquid Sn and Sn–0.7Cu melt may be the main cause of the reversible
I-LLST.

.2. Solidification microstructure

The microstructure of samples A and B are shown in Fig. 3.
ccording to ref. [31], only �-Sn and Cu6Sn5 phases exist in the
olidified Sn–0.7Cu alloy. From the observation of microstructure,
he microstructure of the rapidly cooled Sn–0.7Cu alloy has light
egions of �-Sn grains and dark regions of eutectic colonies con-
aining Cu6Sn5 intermetallic compounds (IMCs). From Fig. 3, we
an see that, although the two samples were cooled down from the
ame condition, the microstructures become finer when solidified
rom the melt experienced the TI-LLST (sample B).

The Sn–0.7Cu melt which did not undergo the TI-LLST has lots
f relatively big-size clusters. Through fluctuations in structure
nd energy, those clusters can easily reach the critical nucleation
adius so that they can nucleate under a low under-cooling. Up
o the TI-LLST temperature, the big-size clusters absorb enough

nergy to disintegrate into smaller ones or break up; as a result,
he melt becomes absolutely disordered and homogeneous. On
his condition the melt needs a greater under-cooling to nucle-
te. Furthermore, with greater under-cooling degree, the density of
ritical size nucleus and the nucleating rate would be higher while
) for sample A and (b) for sample B.

the growth rate becomes slower due to lower atom diffusion rate.
Analysis from the both points of nucleating and growing, the solid-
ification structure would be finer when solidifying from the melt
which experienced TI-LLST.

3.3. Wettability

The results of the spreadability testing of the solders are shown
in Table 1 and Fig. 4. The spreadability testing samples in Fig. 4(a)
are from the solders (sample A) before the TI-LLST, and the solders
(sample B) used in Fig. 4(b) are solidified from the melt experi-
enced the TI-LLST. It can be found that the overall spreading area
in Fig. 4(b) is larger than that of Fig. 4(a). Compared with that of
sample A, the spreading area of sample B increased by 9.90%, while
the wetting angle decreased by 3.74% (as seen in Table 1).

During the soldering process, the wetting interaction was
dominated by three surface energies: the surface energy of the sub-
strate/flux �SF, the surface energy of the substrate/liquid solder
interfacial area �SL, and the surface energy of the liquid sol-
der/flux �LF. The equilibrium contact angle �eq is defined by the
Young–Dupre equation [32]:

cos �eq = �SF − �SL

�LF
(1)

�SF is determined by the structures of the substrate and flux, so
�SF may be regarded as constant. �SL and �LF are determined by
the property of the molten alloy. The melt which experienced TI-
LLST is more disordered and homogeneous than the melt did not
experience, so atoms in the former state are more active as com-
pared to that of the latter. Therefore, when sample B started to melt
and spread as the temperature increased, it was easy to spread on
the Cu substrate due to the higher atoms’ activity. In addition, �SL
and �LF, which prevent molten alloy from spreading on the Cu sub-
strate, decrease as a result of increased atoms’ activity. According
to Eq. (1), the equilibrium contact angle then decreases, and the
wettability is improved when the melt has experienced TI-LLST.
3.4. Shear strength

According to the standard of soldered joint’s shear strength,
some soldered joints were obtained using the solidified solders
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Table 2
Shear strength of the soldered joint (MPa).

Samples 1 2 3

Sample A 43.333 43.773 43.74
Sample B 45.432 45.990 46.26
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Fig. 5. Schematic figure of the soldered joint in the shear strength testing.

samples A and B), and Cu plate as substrate (shown in Fig. 5). The
esults of shear strength testing are listed in Table 2. From Table 2,
t can be found that the shear strength of sample B joint (after the
I-LLST) is about 5.23% higher than that of the sample A (before the
I-LLST). The result of shear strength testing is consistent with the
esult of the wettability test.

. Conclusions

The following conclusions are drawn from the results of the
nvestigation:

1) The anomalous change on the �–T curve suggests that there are
two sorts of TI-LLSTs in the Sn–0.7Cu melt—irreversible in the
first cycle heating and reversible in the subsequent cycles. The
irreversible TI-LLST can be attributed to the metastable to stable
transition of SROs, and the reversible TI-LLST is closely related
to the tetrahedral SROs with covalent characteristic. And the
structural transition results in a more disordered melt which
has an obvious effect on solidification and wettability.

2) The disordered melt inhibits the nucleation because of the
homogeneous and smaller size clusters; thus the melt needs
a high under-cooling to nucleate, and a higher nucleation rate
will be obtained. In addition, greater under-cooling degree
inhibits the crystal growth of the primary phase owing to low
atom diffusion rate. Eventually, the TI-LLST refines the solidifi-

cation microstructures.

3) For the disordered melt after TI-LLST, the surface energies of
�SL and �LF decrease due to the higher atoms’ activity; so the
equilibrium contact angle decreases and the spreading area
on the Cu substrate increases to improve the wettability of

[

[
[
[

Average value Change rate of B against A

1 43.616
8 45.897 +5.23%

the Sn–0.7Cu solder, and the shear strength of soldered joints
increases correspondingly.
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