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Wetting Transition of Grain Boundaries in Tin—Rich Indium-Based Alloys

and Its Influence on Electrical Properties
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The microstructural evolution of tin-rich indium-based alloys after the grain boundary wetting phase transition in the (liquid + y) two-
phase region of the tin—indium phase diagram and its influence on the electrical conductivity were investigated. Five tin-indium alloys, SnysInys,
SnypInzp, SnesInss, Sneplngg, and SnssIngs, were annealed between 393 and 454 K for 24 h. The melted area of the grain boundary triple junctions
and grain boundaries increased with increasing the annealing temperature. The microstructures of as-prepared specimens of SnysInys and
SnyoInzg alloys had different amounts of completely wetted grain boundaries after annealing. The XRD results show the changes in phases that
underwent the eutectic transformation during quenching from various annealing temperatures. The electrical conductivity of annealed tin—
indium specimens with various microstructures was measured. It increased with both annealing temperature and tin content.
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1. Introduction

In the electronics industry, solder alloys are widely applied
to join chips to conductor substrates. The most commonly
used solders in electronic packaging are Sn—Pb alloys. The
Sn—Pb alloys have many desirable properties, but the
European Union declared in 2006 that imported electric
devices must be Pb-free for both environmental and health-
related reasons. Subsequently, the research and development
of Pb-free alloys has become a very important subject.
Numerous Sn-based alloy systems with various alloying
elements, such as Ag, Bi, Zn, and Sb, have already been
developed to replace the Sn—Pb alloys.'™ Indium has also
been used as an alloying element in Sn-In component
systems to provide suitable properties for soldering.*®

In recent years, electronic devices have been requested to
have a high density and more functionality. Heat is generally
produced when these electronic devices are used. The
increase in temperature can affect the interface microstruc-
ture of solder materials. A common phenomenon is the grain
boundary wetting phase transition in polycrystalline materi-
als, such as metals and ceramics.” The occurrence of the
grain boundary wetting transition depends on the GB energy
(0ge) and solid-liquid interface energy (os;).® When the ogp
is lower than 2 ogp, the GB is incompletely wetted and the
dihedral angle 6 > 0°. However, when ogp is higher than 2
osL, the GB is completely wetted by the liquid phase and
6 = 0°. When grain boundary wetting transition occurs, the
liquid metal forms in the triple junctions among the solid
grains and further penetrates into the grain boundaries.” The
grain boundary wetting phase transition in polycrystalline
alloys is closely related to the geometry of the grain
boundary. A grain boundary can be defined by five macro-
scopic parameters, or degrees of freedom (DoF’s). The
prevalent scheme of GB uses three variables to describe the
misorientation of two grains adjacent to the GB and two
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Fig. 1 The Sn-In bulk phase diagram.?”)
variables to describe the inclination of the GB.!? As a result,
the spectra of various GBs are associated with different free
energies ogp in polycrystalline materials. Therefore, the
maximal wetting temperature Ty max and minimal wetting
temperature 7, min can be found for GBs in polycrystals from
minimal and maximal energies ogg, respectively. When the
temperature increases from Ty, min t0 Ty max, the fraction of
completely wetted GBs increases from 0 to 100%.'D The
GB wetting transition can affect the properties of materials,
such as the brittleness, plasticity, thermal conductivity and
others.'>'¥ Some Pb-free solder alloys, Sn—Zn,'>'” Sn—
AL'"® Al-Sn—-Ga,'” and others, have already been inves-
tigated and their grain boundary wetting phase transition
temperatures found. However, the influence of the wetting
transition of the grain boundaries in Pb-free alloys on
electrical conductivity has seldom been discussed.
Tin—indium alloys have low melting points and the
eutectic temperature is 393 K. The Sn—(48-99) at% In alloys
with melting points in the range 393—497 K have an extensive
(liquid + ) two-phase region (Fig. 1).29 Sn—In alloys are
also commonly used to replace Pb—Sn solder. They are also
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used in cryogenic environments, thermal interface materials,
step soldering and heat sensitive-devices among others.>?"
Since temperature strongly affects Sn—In alloys, the liquid
phase is produced in the microstructure. The solidus line of
the Sn-rich region in the Sn—In phase diagram has recently
been determined.’” This study aims to observe the micro-
structural evolution of Sn-rich In alloys that is caused by the
grain boundary wetting transition and investigates its effect
on electrical conductivity.

2. Experimental

Tin (99.999%) and indium (99.999%) slugs of five
compositions were sealed in quartz tubes in an argon
atmosphere. The Sn-45, 40, 35, 30, and 25 (at%) In alloys,
SnssIngs, Sngolngg, Sneslnss, Snyplnzg and SnysIngs respec-
tively, were melted for 10h at 573 K and homogenized for
24h at 373 K. These alloy sticks were sliced into several
specimens. To obtain uniform microstructures, the specimens
were plastically deformed using light blows with a hammer
and annealed for 20 h at 383 K.

These Sn-rich In specimens were annealed above the
eutectic temperature of 393 K for 24 h to approach the phase
equilibrium, and quenched in salt-saturated ice water at
263K and liquid nitrogen. The deviation of annealing
temperatures was controlled within 1 K. After they were
annealed, the specimens were mechanically ground and
then polished using an electro—polishing instrument (Model
Tenupol-5, Struers Corporation). The polishing solution
contained 70% HCIO, and ethyl alcohol, and the polishing
voltage was 30 V. The temperature of the polishing solution
was between 233 and 243 K.

The transferred microstructures of annealed specimens
were observed using a field-emission scanning electron
microscope (FESEM, JSM-6700F, JEOL Instrument). The
completely wetted GBs were counted using quantitative
metallographic software. Wetted GBs were counted by
SEM analysis, using the following criterion: every GB was
regarded as completely wetted only when a continuous layer
had covered the whole (visible part) of the GB; if such a
layer appeared to be interrupted, the GB was regarded as
incompletely wetted. Over one hundred GBs were analyzed
at each annealing temperature. An X-ray diffractometer
(XRD, Model D8 Discover, Bruker Corporation) was used to
identify phases of the samples. The XRD parameters were
acquired over an angle of diffraction angles, 26, between 20°
and 80°, with a sampling width of 0.02° and scanning speed
of 2°/min. The electrical conductivity of the specimens was
measured using the four-probe method. The current source
was a Keithley 6221 current source and the voltage was
measured using a Keithley 2182A nanovoltmeter. The input
currents were 30, 50 and 100 mA. To prevent interference
from the environment, the electrical conductivity was
measured under vacuum conditions.

3. Results and Discussion
Figure 2 shows the microstructure of Sn;sInys specimens

annealed for 24 h between 398 and 454 K in the (liquid + y)
two-phase region. A granular structure can be clearly
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observed in all samples in which the solid grains are y—
InSny phase. The grain boundary wetting phase transition is
clearly observed. Firstly, the triple junctions and the partial
grain boundaries among the solid grains contained the liquid
phase during annealing at 398 K. As the annealing temper-
ature increased gradually, more grain boundaries were
completely wetted by the liquid phase and the solid grains
separated from each other. The liquid phase underwent
eutectic transformation and became the f—In3Sn and irreg-
ular y—InSny mixed phase microstructure during quenching.
When the annealing temperature approached the liquidus
temperature, the liquid phase invaded the grains and
occupied most of the area of the specimen. Furthermore,
the dendritic y—phase structure and a small amount of S—
phase transformed from the liquid phase during quenching,
because the Sn content of the liquid phase increased with
annealing temperature close to the liquidus temperature.
Figures 2(b) and (c) show small inclusions inside a few grain
boundaries after the SnysInys specimens were annealed at
398 and 404 K. A few of the thinner wetted liquid layers
perhaps shrunk and formed the strip of interrupted inclusions
in the grain boundaries because of rapid quenching.

Figure 3 shows the microstructures of the Snyglnsg
specimens after annealing. It reveals that numerous grain
boundaries were completely wetted by the liquid phase
during annealing for 24 h at 394 K, just 1 K above the eutectic
temperature. The liquid layers occupied most of the grain
boundaries and their thickness increased gradually with
temperature. The extent of grain boundary wetting in
Snyplnzg specimens was higher than that in SnysIn,s speci-
men at a given annealing temperature (398 K). The micro-
structure of as-prepared Snyolnzg specimens was inferred to
be a pearlite-like structure with a high B-phase content
(Fig. 3(a)). As the temperature increased over the eutectic
temperature, the B—phase and the grain boundaries with
higher energy transformed firstly into the liquid phase.
Therefore, the phenomenon of completely wetted GBs in
SnyoInzp specimens can be clearly observed after annealing at
398 K. Figure 4 shows the annealed microstructures of other
Sn-rich In alloys, SngsInss, Sngglngy and Snsslngs alloys.
Almost all of the grain boundaries in these Sn-In alloys
were occupied by the liquid phase layers. As the Sn content
decreased close to the eutectic composition, the number of
solid grains decreased gradually and the liquid phase became
the major phase in the structure.

Figure 5 shows the statistical results for the completely
wetted GBs of Sn-rich In alloys at various annealing
temperatures. The fraction of GBs that are completely wetted
depends on the annealing temperature. When the SnysIn,s
alloy was annealed between 398 and 437K, the fraction of
completely covered GBs increased from 13 to 84% with the
annealing temperature. Upon annealing at 437 K, the number
of solid grains decreased gradually and the liquid layer
transformed into a large liquid phase region among the
grains, making the fraction of completely wetted GBs
difficult to determine correctly. The fraction of completely
wetted GB in the annealed SnyoInsq alloy also depends on the
annealing temperature. Between 394 and 424 K, the fraction
of wetted GBs gradually increased from 78 to 91% with
temperature. The proportion, 78%, of the GBs that were
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Fig. 2 Micrographs of (a) the as-prepared SnssIn,s specimens and annealed for 24 h at (b) 398, (c) 404, (d) 414, (e) 424 and (f) 454 K.

completely wetted by annealing at 394 K, which is slightly
above the eutectic temperature is such that the minimal
wetting temperature Ty min can not be found within the
(liquid 4 y) two phases region of the Sn—In phase diagram.
Figure 5 plots statistical results concerning wetted GBs in
other Sn-rich In alloys that were annealed for 24 h at 398 K.
The fractions of completely wetted GBs of these alloys were
between 92 and 96%. Only a few grain boundaries with lower
energy were not wetted by the liquid phase in the annealed
alloys. The amount of completely wetted GBs (at a given
annealing temperature) increased with indium content in the
alloys (Fig. 5), because the amount of liquid phase in the
microstructure increased during annealing.

The grain boundary wetting phase transition alters the
microstructure of Sn-rich In alloys and also affects their
crystal structures during quenching. Figure 6 shows the XRD
results of the SnysInys alloy via annealing at 398 to 445 K.
These results reveal that directly after homogenization, the
initial Sn;sInys alloy was composed of the non-stoichiometric
y phase. A liquid phase formed in the y-matrix during
annealing in the solid-liquid phase region, as revealed by the
XRD patterns, which indicate that the annealed Sn7slnps
samples contained a small amount of f—phase. Figure 7
shows the XRD pattern of five Sn-In alloys after annealing
for 24h at 398 K. The peak height of the f—phase clearly
increases as the Sn content decreases since the quantity of

liquid phase increased during the isothermal annealing and
more S—phase was formed during quenching.

Since grain boundary wetting can cause microstructural
variations and affects the properties of polycrystalline
materials, the electrical properties of the annealed Sn-rich
In solder alloys was investigated in the present study.
Figure 8(a) plots variations in electrical conductivity of the
SnysInys alloy. The electrical conductivity of the as-prepared
SnysInys specimen, which had a clear granular structure
and completely dry grain boundaries, is about 50,225
(Ohm-cm)~'. When the SnysInys specimens were annealed
above the eutectic temperature, the liquid phase wetted the
triple junctions and grain boundaries. With increasing
annealing temperature, the Sn content of the y—phase solid
grains and the liquid phase both increased. The fraction of S—
phase decreased gradually during quenching. The y—phase
structure became the dendritic structure from irregular
structure with the amount of y—phase. A dendritic structure
grew from the liquid phase and then extended to connect
adjacent solid grains during quenching from the higher
annealing temperature (Fig. 9(a)—(c)). The connected den-
dritic y—phase structure can be regarded as electronic
conductive channels. After annealing, as GB wetting pro-
ceeds, the electrical conductivity of the Sn;slnys alloy
increased gradually with annealing temperature and the
fraction of y—phase. Figure 8(b) plots the electrical con-
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Fig. 3 Micrographs of (a) the as-prepared SnyoInsy specimens and annealed for 24 h at (b) 394, (c) 398, (d) 404, and (e) 424 K.

Fig. 4 Micrographs of (a) SngsInss, (b) Sngoplngy and (c) SnssIngs alloys after annealing for 24 h at 398 K.
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Fig. 5 Fraction of the completely wetted GBs related to the annealing
temperature for Sn-rich In alloys.
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Fig. 6 XRD pattern of the SnysIn,s alloy annealed at 398 to 445 K.
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Fig. 7 XRD pattern of the Snyslnys, Snyolnsg, Sneslnss, Sngplng and
SnssIngs alloys annealed for 24 h at 398 K.

ductivity of five Sn-rich In alloys annealed at 398 K. The
electrical conductivity of the annealed Sn7sInys specimen is
about 51,481 (Ohm-cm)~!. When these Sn-rich In alloys
annealed at 398 K, the amount of liquid phase increased and
the number of solid grains decreased with the In content. The
composition of liquid phase contained lower Sn content.
According to the XRD results, the amount of p-phase
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Fig. 8 The electrical conductivity of (a) SnysInys specimens annealed at
various temperatures and (b) five Sn-In alloys annealed at 398 K (The dash
line indicates the electrical conductivity of the y-phase (Sngylnyg alloy)).

increases as the amount of liquid phase increases. The S—
phase surrounded the fine and irregular y phase grains
(Fig. 9(d)). This variation reduces electrical conductance.

4. Conclusions

Five Sn-rich In alloys, Sn7ysInys, Snyglnzg, Sngslnss,
Sngolngy and SnssIngs, were annealed in the (liquid + y)
two-phase region to investigate their microstructural evolu-
tion after the grain boundary wetting phase transition, and
its effect on electrical conductivity. In Sny5Inys alloy, the
fraction of wetted GBs gradually increases from 13 to 84%
as the temperature increases from 398 and 437 K. In Sn7gIn3g
alloy, the fraction of wetted GBs gradually increases from
78 to 91% as temperature increases from 394 to 424 K. The
amount of the completely wetted GBs increased (at a given
annealing temperature) as the indium content in the alloys
increased, because the relative among of liquid phase in the
microstructure increased during annealing. During quench-
ing, the liquid phase layer transferred into the S—In;Sn phase
and y—InSny phase structures, depending on the amount and
composition of the liquid phase. The electrical conductivity
of the SnysInys alloy increases with annealing temperature
because the connected dendritic y—phase structure forms and
the Sn content increases. Annealing Sn-rich In alloy at 398 K
reduces its electrical conductivity because it increases the
amount of B—phase structure.
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Fig. 9 Micrographs of the SnysInys specimens annealed at (a) 398, (b) 414, (c) 445K and (d) the SnssIngs specimen annealed at 398 K.
The liquid phase transforms into the y-phase and B-phase after quenching.
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