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Effect of liquid-liquid transition on solidification and wettability
of Sn-0.7Cu-xBi solder
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Abstract

The electrical resistivity-temperature curve (ρ-T ) of Sn-0.7Cu-xBi (wt.%) melts was mea-
sured, and anomalous changes were observed on the ρ-T curve at the temperature far above
the corresponding liquidus. The results reveal that the melts have experienced a temperature-
induced liquid-liquid transition (LLT), and the transition is reversible after the first cycle
heating. Based on the result of LLT, solidification experiments and spreadability testing were
carried out on the Sn-0.7Cu-xBi alloy to investigate the effect of LLT on the solidification
and wettability. The results show that the microstructure was refined, and the wettability was
improved when the solder samples solidified from the melt experienced LLT.
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1. Introduction

The nature of liquid structures and properties re-
mains an open problem for understanding many fun-
damental and applied fields such as materials science
and processing. It is widely believed that a liquid
state has a great effect on the microstructures and
properties of as-cast materials. Melt thermal treat-
ment and melt superheating treatment have been
widely explored and used in modifying the solidifica-
tion microstructure and improving the mechanical or
physical properties of various materials: metallic al-
loys [1–3], aerogel [4], and polyethylene [5]. But the
exact mechanism is still not fully understood, and
there are discrepancies in the explanations put for-
ward [6].
In recent years, the liquid-liquid transition has at-

tracted much attention in liquid physics and materials
field. Many experimental and theoretical studies have
shown that temperature- or pressure-induced liquid-
liquid transition can exist in some single-component
and multicomponent liquids [7–12]. In our previous
study, temperature induced liquid-liquid transitions
(LLTs) have been observed in some binary alloys,
such as In-Sn, In-Bi, Pb-Sn, Cu-Sn, and Pb-Bi, by the
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electrical resistivity method [13–15], X-ray diffraction
[16, 17], revised internal friction method [18], and dif-
ferential scanning calorimetry (DSC) [19]. Compared
with other experiments, electrical resistivity experi-
ment is a relatively effective method to investigate
liquid-liquid changes.
Because of the hazard of lead on the environment

and human health in the field of solders, it has been ex-
tensively accepted that lead-free solders should substi-
tute the traditional Sn-Pb solders. Among the Sn-base
lead-free solders such as Sn-Ag, Sn-Cu, Sn-Ag-Cu,
Sn-Zn, and Sn-Bi alloys, Sn-0.7Cu alloy system has
been recognized as one of the leading candidates due
to its low cost [20, 21]. Thus, it is useful to explore the
effect of melt structural transition on the solidification
and properties of Sn-0.7Cu-xBi alloy.
In this paper, the temperature dependence of elec-

trical resistivity on the liquid Sn-0.7Cu-xBi alloy
was investigated, and the results suggest that a re-
versible structural change occurs in a relatively high-
temperature range. The effect of LLT on the solidi-
fication microstructure and wettability was also dis-
cussed, which would lead to a better understanding of
the nature of LLT and its effect on solidification and
wettability.
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2. Experimental procedures

2.1. Electrical resistivity measurements

The electrical resistivity measurements were car-
ried out using DC four-probe technology. The details
of the measuring method are the same as described
elsewhere [15]. The Sn-0.7Cu-xBi (wt.%) sample was
prepared with Sn, Cu, and Bi granules of high pu-
rity (4N). The melt was heated to 500◦C, and held
for 1 h covered with KCl-LiCl melts, then poured into
a quartz cells and cooled to a temperature below liq-
uidus for the following experiments. During the entire
melting process, the sample was agitated mechanically
three times for component homogenization. In the re-
sistivity measurements, the heating and cooling rate
was both 5◦C min−1 and the ρ-T curves were recorded
by a computer datum collection system. The thermal
expansion of the quartz was so small that the size
variation with temperature could be neglected. Fig-
ure 1 shows the results of electrical resistivity mea-
surements.

2.2. Solidification experiments

The melting and holding temperatures of the alloys
are chosen according to the ρ-T curve shown in Fig. 1.
Also, the overheating treatments of the liquid alloys
were conducted according to the following sequential
scheme: two same weight Sn-0.7Cu-xBi samples A and
B (20,000 g) were heated and held at 500◦C for 1 h
covered with B2O3 (to avoid the evaporation and ox-
idation), and then cooled down. For Sn-0.7Cu as an
example (Fig. 2), sample A was then heated to 720◦C
(before the liquid change temperature of the first heat-
ing cycle) and held for 15 min, and then poured into an
iron mold. Sample B was heated to 1100◦C (above the
temperature 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 other Sn-0.7Cu-
-xBi melts overheating temperatures are listed in Ta-
ble 1 with the similarly prepared procedure.
The solidified sample was divided into two parts:

one was used to analyze the microstructures; the
other was used for wettability tests. The speci-
mens for microstructures were prepared by stan-
dard metallographic procedures with an etchant of
FeCl3+HCl+H2O and observed under an optical mi-
croscope (OM).

2.3. Wettability tests

To evaluate the effect of LLT on wettability,
spreadability tests were carried out. According to the
National Standard of China GB/T 11364-2008 “Test-
ing Method of Wettability for Brazing Filler Metals”,

Fig. 1. Electrical resistivity-temperature curves of Sn-
-0.7Cu-xBi alloy in two heating and cooling cycles: (a) Sn-
-0.7Cu, (b) Sn-0.7Cu-3Bi, (c) Sn-0.7Cu-5Bi. (Note: To ob-
serve the ρ-T curves in different cycles, the ordinate value
ρ is added with a different value as listed in the inset brack-

ets).

the substrate used was copper with a purity of 99.97
wt.%, which was cut into the size 40 mm × 40 mm ×
2 mm. The Cu substrate was polished with 600-grit
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Ta b l e 1. The overheating temperature of Sn-0.7Cu-xBi
alloys

Alloy T1 (◦C) T2 (◦C)

Sn-0.7Cu 720 1100
Sn-0.7Cu-3Bi 730 1050
Sn-0.7Cu-5Bi 710 1150

Fig. 2. Sketch of preparation procedure of liquid Sn-0.7Cu
alloys.

sandpaper before cleaning with ethanol. The solder
wafer was cut into 0.2 ± 0.0002 g (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 a flux. Spreading areas of the solders on Cu surface
were measured.

3. Results and discussion

3.1. Electrical resistivity

From the ρ-T curves of the Sn-0.7Cu-xBi melts in
Fig. 1, the melt resistivity usually increases linearly
with a temperature rising above the liquidus (except
for Sn-0.7Cu-3Bi with another low-temperature liquid
change); however, they change obviously at the tempe-
rature far above their liquidus; then increases linearly
again. The anomalous changes are reversible in sub-
sequent cooling and heating process, but the turning
points and the change trend are different from that of
the first cycle heating. It is presumed that two types of
LLT exist in Sn-0.7Cu-xBi melt, i.e. irreversible LLT
in the first cycle heating and reversible after the first
cycle heating.

It is generally accepted that the atomic bonds of
crystals are only partly broken on melting, and the
liquid structures are mainly composed of atomic clus-
ters and some free atoms [22, 23]. According to [24],
high-temperature X-ray diffractometer had been used
to study the liquid structure of Sn-0.7Cu alloy, and the
experimental result showed that short-range orders
(SROs) were detected in the molten Sn-0.7Cu alloy at
260, 330, and 400◦C. Also, investigations of the high-
-temperature properties and SROs of melts showed
that the microheterogeneous states were metastable
or nonequilibrium rather than thermodynamically sta-
ble [25]. Accordingly, in this study, we can reason-
ably guess that there are probably many metastable
SROs (such as Sn-Sn, Cu-Cu, Bi-Bi and Sn-Cu, Sn-Bi
SROs) in the melt at a low temperature above the liq-
uidus. With the temperature rising, those metastable
SROs dissolve or break into stable SROs within the
anomalous temperature range. Then the melt becomes
more uniform and disordered. This metastable to sta-
ble transition in the Sn-0.7Cu-xBi melt is irreversible.
Based on the different characteristic of the anoma-

ly on ρ-T curves between the first heating cycle and
the subsequent cycles, we can assume that the sta-
ble Sn-0.7Cu-xBi melt has some SROs with reversible
change character, i.e. they can reassemble on cooling
and break again on heating in the transition tempe-
rature range. According to [26], the liquid structure
of Sn has been investigated by neutron scattering ex-
periments. The experimental results showed that an
obvious shoulder exists on the high-Q side of the first
peak of S (Q) at 300, 500, and even 1600◦C. Since
the shoulder is a sign of a covalent bond, these fea-
tures for liquid Sn suggest that some tetrahedral SROs
with covalent characteristics may remain in liquid Sn
at lower temperatures, and at least the fragments of
the tetrahedral unit could persist at high tempera-
tures in liquid Sn. Also, comparing the results of [24]
with that of the liquid structure of Sn in [27], it can
be inferred that the liquid structure of Sn-0.7Cu-xBi
solder is similar to that of Sn in a low-temperature
range above liquidus. It is reasonable to presume that
the tetrahedral SROs with the covalent characteristic
in liquid Sn and Sn-0.7Cu-xBi melt may be the main
cause of the reversible LLT. Moreover, it can be ob-
served from Fig. 1 that the reversible change becomes
more obvious with Bi’s increasing, that is to say, the
addition of Bi enhances the trend of reversible transi-
tion.

3.2. Solidification microstructure

The microstructure of samples A and B for dif-
ferent composition is shown in Fig. 3. According to
[28], only β-Sn and Cu6Sn5 phases exist in the so-
lidified Sn-0.7Cu alloy. From the observation of mi-
crostructure, the microstructure of the rapidly cooled
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Fig. 3. Solidification microstructures of Sn-0.7Cu-xBi alloy in steel mold from different melt state: (a) Sn-0.7Cu before
LLT, (b) Sn-0.7Cu after LLT, (c) Sn-0.7Cu-3Bi before LLT, (d) Sn-0.7Cu-3Bi after LLT, (e) Sn-0.7Cu-5Bi before LLT, (f)

Sn-0.7Cu-5Bi after LLT.

Sn-0.7Cu alloy has light regions of β-Sn grains and
dark regions of eutectic colonies containing Cu6Sn5
intermetallic compounds (IMCs). From Figs. 3a,b, we
can see that, although the two samples were cooled
down from the same temperature, the microstructure
became finer when the sample solidified from the melt
experienced the LLT (sample B). The similar refining
effect can be observed from Figs. 3c–f.

It can be speculated that the Sn-0.7Cu-xBi melt
that did not undergo the LLT has lots of relative big-
-size clusters, which can easily reach the critical nu-
cleation radius through fluctuations in structure and
energy to nucleate under a low undercooling. Up to the
LLT temperature, the big-size clusters absorb enough
energy to disintegrate into smaller ones or break up
so as to become absolutely disordered and homoge-
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Ta b l e 2. Wettability testing results of Sn-0.7Cu-xBi alloys

Alloy Melt status Spreading area (mm2) Change rate of area Contact angle Change rate of contact angle

Sn-0.7Cu
Sample A 45.467

+9.90%
33.008◦

– 3.74 %Sample B 49.969 31.775◦

Sn-0.7Cu-3Bi
Sample A 51.864

+3.00%
30.967◦

– 3.09 %Sample B 53.420 30.008◦

Sn-0.7Cu-5Bi
Sample A 51.326

+4.33%
29.225◦

– 6.44 %Sample B 53.546 27.342◦

neous. On this condition, the melt needs a greater
under-cooling to nucleate. Furthermore, with a greater
under-cooling degree, the density of critical size nu-
cleus and the nucleating rate would be higher while
the growth rate becomes slower due to lower atom
diffusion rate. Analysis from the both points of nucle-
ation and growth shows that the solidification struc-
ture would be finer when it is solidified from the melt
experienced LLT.

3.3. Wettability

The results of the spreadability testing of the sol-
ders are shown in Table 2. Compared with that of
sample A, the spreading area of sample B with dif-
ferent Bi content is larger, while the wetting angle of
sample B is smaller (as seen in Table 2).
During the soldering process, the wetting interac-

tion was dominated by three surface tensions: the sur-
face tension of the substrate/flux γSF, the surface ten-
sion of the substrate/liquid solder interfacial area γSL,
and the surface tension of the liquid solder/flux γLF.
The equilibrium contact angle θeq is defined by the
Young-Dupre equation [29]:

cos θeq =
γSF − γSL

γLF
, (1)

where γSF is determined by the structures of the
substrate and flux, so γSF may be regarded as con-
stant. γSL and γLF are determined by the properties
of the molten alloy. The melt which experienced LLT
is more disordered and homogeneous than the melt un-
experienced, so atoms in the former state are more ac-
tive than the latter. Therefore, when sample B started
to melt and spread with temperature increasing, it
was easy to spread on the Cu substrate due to the
higher atoms’ activity. Also, γSL and γLF, which pre-
vent molten alloy from spreading on the Cu substrate,
decrease as a result of increased atoms’ activity. Ac-
cording to Eq. (1), the equilibrium contact angle then
decreases, and the wettability is improved when the
melt has experienced LLT.

4. Summary and conclusions

From the investigated results, the conclusions are
drawn as follows:
1. The anomaly on the ρ-T curves suggests that

there exist two kinds of LLTs in the Sn-0.7Cu-xBi melt
– irreversible in the first cycle heating and reversible
in the subsequent cycles. The irreversible LLT can be
attributed to the metastable to stable transition of
SROs, and the reversible LLT is closely related to the
tetrahedral SROs with the covalent characteristic.
2. The LLT results in a more disordered melt which

has an obvious effect on solidification and wettability.
Because of the homogeneous and smaller size clusters,
the disordered melt needs a higher undercooling to nu-
cleate, and a higher nucleation rate will be obtained.
Also, greater under-cooling degree inhibits the crystal
growth of the primary phase owing to low atom diffu-
sion rate. Eventually, the LLT refines the solidification
microstructures.
3. For the disordered melt after LLT, the surface

tension of γSL and γLF decreases due to the higher
atoms’ activity; so the equilibrium contact angle de-
creases and the spreading area on the Cu substrate
increases to improve the wettability of the Sn-0.7Cu-
-xBi solder.
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