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Ag (2.0 wt.%) and In (1.5 wt.%) were alloyed into Sn-58Bi eutectic solder, and
the individual and combined influences of Ag and In on the microstructure,
microhardness, and impact toughness of the SnBi solder were investigated.
The results reveal that the microstructures of the SnBiAg, SnBiIn, and
SnBiAgIn alloyed solders are coarser than that of the SnBi eutectic solder.
Fine Ag3Sn particles are formed in the SnBiAg and SnBiAgIn solders, while
small regions of In-rich phases appear in the SnBiIn and SnBiAgIn solders.
The microhardness of the three alloyed solders are higher than the SnBi
solder, and the Sn-rich phases in the alloyed solders show higher nanohard-
ness, while the nanohardness of the Bi-rich phases with Ag and In addition
changes little. The impact toughness of the SnBiAg, SnBiIn, and SnBiAgIn
solders are observed to be higher than the SnBi solder, especially in the case of
the SnBiAgIn solder. The improvement in ductility of the Sn-rich phase in-
duced by the In solution, and the strengthening effect from the Ag3Sn parti-
cles are predicated to be the reason for the increase in impact toughness. The
fracture surfaces demonstrate that plastic deformation of the SnBiAgIn solder
during the impact process is more obvious. Overall, the combined addition of
Ag and In can increase the microhardness and impact toughness of SnBi
eutectic solder.
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INTRODUCTION

The low melting point of Sn-58Bi eutectic solder
(138.9�C) can avoid thermal damage during the
soldering process, making it more suitable for sol-
dering of temperature-sensitive devices or compo-
nents.1–3 Moreover, the application of low-
temperature solder can significantly reduce energy
consumption during the reflow soldering process.4,5

Additionally, Bi metal is relatively cheap. There-
fore, Sn-58Bi solder is considered to be promising in
mass applications of low-temperature soldering,

such as in the electronic and photovoltaic indus-
tries.6,7 Usually, SnBi solder shows superior ductil-
ity at a low strain rate.8 However, because of the
inherent brittlement of Bi metal, there exists a high
risk of brittle fracture for Sn-58Bi eutectic solder
and its impact toughness is quite pool, so that even
a common shock or drop can result in fracturing of
SnBi/Cu solder joints. As a sudden impact might be
encountered during device assembly, shipping, or
thermal shock/cycling,9 this poor impact resistance
prevents the wide application of SnBi eutectic
solder.7 In addition, Bi segregation occurs at long-
term-aged SnBi/Cu joint interfaces resulting in an
embrittlement.10,11

Currently, the solderability and some mechanical
properties of SnBi solder have been successfully

(Received August 12, 2020; accepted October 28, 2020;
published online November 12, 2020)

Journal of ELECTRONIC MATERIALS, Vol. 50, No. 1, 2021

https://doi.org/10.1007/s11664-020-08595-9
� 2020 The Minerals, Metals & Materials Society

283

http://orcid.org/0000-0002-8324-9762
http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-020-08595-9&amp;domain=pdf


improved through the incorporation of a series of
alloy elements, such as Ag, Ni, Cu, Co, and In, and
some rare earths (RE).12–17 Among these alloy
elements, it has been reported that alloying Ag into
SnBi solder can improve creep resistance, strength
and wettability,13,14 and Bi segregation was elimi-
nated at long-term-aged SnBiAg/Cu interfaces.15

The alloying of Ni can improve the elastic modulus,
and the tensile and yield strength of Sn-58Bi solder
during solid-state aging,16 and doping of Cu or Zn
into SnBi solder can improve the strength through
refining the microstructure.18 With the addition of
the In element, the melting point of Sn-58Bi solder
can be decreased and the wettability improved,
while the elongation of the SnBi-In solder was also
obviously increased, i.e., the solder became more
ductile.19,20 Furthermore, the combined effects of
Ag, Cu, In, Zn, and RE on SnBi solder have also
been revealed.18,21–23 SnBi solder containing In and
Ag exhibited a good combination of higher creep
resistance, good mechanical properties, and lower
melting temperatures compared with Pb-Sn eutectic
solder.22 In addition, Bi segregation and aging
embrittlement were also eliminated in SnBiAgIn/
Cu solder joints.21 Based on the results, the Ag and
In elements can be considered to be effective in the
optimization of Sn-58Bi eutectic solder, whereas,
thus far, little attention has been paid to the
influence of Ag and In on the microhardness and
toughness of SnBi eutectic solder. Also, there are
still few studies on the development of Sn-Bi series
solder with a higher impact toughness.

During the early research processes conducted by
the authors, it was found that the anti-dropping
capability of SnBiAgIn/Cu solder joints is higher, and
it is predicated that the combined addition of Ag and
In may also be able to improve the impact toughness
of SnBi solder. To further optimize the composition
and toughness of SnBi solder, in this study a lower
content Ag and In were added into Sn-58Bi eutectic
solder alone or in combination, and their influences
on the microstructure, microhardness, nanohard-
ness, and impact toughness of Sn-Bi eutectic solder as
well as the impact fracture behavior were studied. As
the content of Ag (4.0 wt.%) and In (3.0 wt.%) in the
previous study was relatively high, bulk large Ag3Sn
intermetallic compound (IMC) plates were formed in
the SnBiAg solder and a low-melting point phase was
formed in the SnBiIn solder;21 therefore lower con-
tents of Ag and In were used to better explore the
content of Ag and In. It is hoped that this work can be
helpful in facilitating further applications of SnBi
series solders.

EXPERIMENTAL PROCEDURE

Preparation and Characterization of Solders

The Sn-58Bi (wt.%) eutectic solder used in this
study was purchased commercially. The alloyed
solders were obtained by adding 2.0 wt.% of Ag and
1.5 wt.% of In separately or in combination into s

Sn-58Bi alloy, and are here named SnBiAg, SnBiIn
and SnBiAgIn, respectively. The lower contents of
Ag and In were chosen to avoid the formation of
bulk Ag3Sn plates and a low-melting-point In-rich
phase.21 It should be noted that the weight percent-
ages of the alloy elements are their percentages in
the obtained alloyed solders. The SnBiAg and
SnBiAgIn solders were smelted in Al2O3 ceramic
crucibles at 500�C for 0.5 h with Ar protection, and
the SnBiIn solder was smelted at 200�C in air with
the protection of flux. After the smelting, all the
solders were remelted at 200�C in air and cast into
bulks with the size of 20 mm 9 10 mm 9 100 mm. .
Then, the solder bulks were aged at 120�C for 24 h
so that their microstructures reached a steady state.
The aged solders were embedded in epoxy resin and
their surfaces were progressively mechanically
ground with SiC abrasive paper to 2000-grit, pol-
ished with diamond polishing slurry, and ultrason-
ically cleaned with deionized water and anhydrous
ethanol in turn for 20 min. The microstructures of
the solders were observed by a FEI Quanta 250
scanning electron microscope (SEM) under the
backscattered electron (BSE) imaging mode, and
the element distribution in the SnBiAgIn solder was
analyzed by an energy dispersive spectrometer
(EDS). The phases in the four solders were charac-
terized by a Bruker Axs D8 Discover x-ray diffrac-
tion spectroscopy (XRD).

Microhardness and Nano-indentation Tests

As the impact toughness of the solders were
tested using bulk solders, the microhardness and
nano-indentation tests were also conducted on the
polished surfaces of the bulk solders for comparison.
The micro-Vickers hardness tests of the solders
were carried out by a Digital Vickers Microhardness
tester (HV-1000) at an applied load of 25 g and a
dwell time of 15 s. At least five indentations were
conducted on each solder to obtain the average
value. To characterize the nanohardness and plas-
ticity of the Sn-rich and Bi-rich phases in the
solders, nano-indentation of the phases was tested
by a nano-indenter (MTS-G200) at surface approach
velocity of 10 nm/s, a strain rate target of 0.05 s�1, a
depth limit of approximately 300 nm, a peak hold
time of 10 s, and a Poisson’s ratio of 0.33. A
triangular pyramid diamond Berkovich indenter
with a half angle of 65.3� was used in the indenta-
tion test. Since the size of the indentations is
thinner than the eutectic lamina spaces of SnBi-
based solders, the indentations can usually be
pressed on a single phase and the nanohardness of
the phase can be identified. However, the indenta-
tions may also locate at the boundary of the Sn-rich
phase and the Bi-rich phase, so 18 nano-indenta-
tions were performed on each solder to ensure
enough indentations could be pressed on a single
phase, and the mean nanohardness of the Sn-rich
phases and the Bi-rich phases were calculated from

Yang, Zhang, and Song284



3�5 nanohardness values. The load–displacement
curves of each indentation were recorded. After the
tests, all the indentations were observed by SEM.

Impact Tests and Fracture Surfaces
Observation

The impact toughness tests were performed with
a digital display cantilever impact testing machine,
with the specimen was clamped in the middle. The
initial angle a was 150� and the maximum impact
energy was 2.75 J. The dimension of the impact
samples was 20 mm 9 3 mm 9 2 mm. All the sides
of the samples were ground with 2000-grit abrasive
paper, and the impact surfaces and side surfaces of
the specimens were polished for fracture surface
observation. At least three samples were tested for
each kind of solder to obtain an average value. The
patterns of the fracture surfaces and side surfaces of
the cracked specimens were observed by SEM under
a secondary electron imaging mode to reveal and
compare the fracture behavior.

RESULTS AND DISCUSSION

Microstructure and Phases of Solders

The BSE images of SnBi(AgIn) series bulk solders
aged at 120�C for 24 h are shown in Fig. 1. As
shown in Fig. 1a and b, the SnBi eutectic alloy is
composed of the gray Sn-rich phase (b-Sn) and the
white Bi-rich phase, and presents as a fine inter-
locked alternate-layered structure. With 2.0 wt.% of
Ag addition, the microstructure shows a little
coarsening (see Fig. 1c and d). The microstructure
of the SnBiIn solder is coarser, i.e., the lamellar
thickness is much thicker than that of the SnBi and
SnBiAg solders, as shown in Fig. 1e and f, whereas
the SnBiAgIn solder is similar to the SnBiAg solder
and only a little coarser than that of the SnBi solder

(see Fig. 1g and h). Among the four solders, the
microstructure of the SnBiIn solder is the coarsest
and that of the SnBi solder is the finest, because the
melting point of SnBiIn is lower and the normalized
temperature (T/Tm) is relatively high. As a result,
alloying with In alone can lead to much greater
influence on Bi coarsening compared to Ag or Ag
and In together. For the Ag-containing solders, fine
Ag3Sn particles can be observed in the Sn-rich
phase at a higher magnification, as presented in
Fig. 1d and h, which is consistent with some
previous literature,13,14 while large plate-like Ag3Sn
grains were not observed. Therefore, it is predicated
that a proper content of Ag can form fine Ag3Sn
particles and avoid the formation of large Ag3Sn
plates. In addition, it has been reported that the
InBi phase can be formed in SnBiIn solder,20 while
little InBi phase can be observed in the SnBiIn and
SnBiAgIn solders in this study.

To reveal the distribution of the Ag and In
elements, EDS mapping of the solders were con-
ducted. For the EDS equipment used in this study,
an element with an atomic ratio higher than 0.5% is
detectable. The detection time was chosen to be
about 10 min to better show the In and Ag mapping.
Figure 2 presents the element distribution in
SnBiAgIn solder as an example. It can be seen that
the In distribute mainly in the Sn-rich phase, with
no In-rich phase, which further demonstrates that
most of the In element has dissolved into the b-Sn
phase while the InBi phase can hardly be formed
with the current content of In. In contrast, the
contents of Ag in both the Sn-rich phase and the Bi-
rich phase are very small, because the solubility of
Ag in Sn and Bi is very low, and most of the Ag
element forms into Ag3Sn IMC. Therefore, the In
element can strengthen the b-Sn phase through
solid solution, and the fine Ag3Sn particles can play
the role of precipitation strengthening.

Fig. 1. Microstructures of the bulk solders aged at 120�C for 24 h: (a, b) SnBi, (c, d) SnBiAg, (e, f) SnBiIn and (g, h) SnBiAgIn.
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To better characterize the phases formed in the
alloyed solders, the phases of the four solders were
characterized by XRD and the results are presented
in Fig. 3, from which it can be seen that the XRD
patterns of the four solders are very similar, mainly
composed of the b-Sn and Bi-rich phases. With the
Ag addition, a small amount of Ag3Sn IMC can be
identified in the BSE images, but its diffraction
peaks are quite weak and can be easily covered by
the peak of the Bi phase, because the content of
Ag3Sn is small and the Ag3Sn particles are very
fine. For the SnBiIn and SnBiAgIn solders, the InBi
and InSn19 phases reported in some early publica-
tions were not detected, which fits with the SEM
images and the EDS mapping results.

Microhardness and Nano-indentation

The microhardness of SnBi(AgIn) series solders
are presented in Fig. 4. The average microhardness
of SnBi solder is 19.75 HV0.025, slightly lower than
that of the SnBiIn alloy (21.5 HV0.025) and the
SnBiAgIn solder (21.99 HV0.025), which can be
attributed to the solid solution strengthening of In.
As the solubility of Ag in Sn is far lower than that of
In, and most of the Ag element in the SnBiAg solder
forms into the Ag3Sn IMC, the solid solution
strengthening effect of Ag should be less obvious.24

However, the Ag alloy element can also increase the
microhardness of the solder due to the precipitation
strengthening effect of the Ag3Sn particles, making
the average microhardness of the SnBiAg alloy (22.1

HV0.025) also slightly higher than that of the SnBi
solder. As the AgIn2 IMC can be formed between Ag
and In,25 the solid solution strengthening effect of
In might be restrained to some extent when Ag and
In are added together, and thus the microhardness
of the SnBiAgIn alloy is not higher than that of
SnBiAg and SnBiIn. To further reveal the effects of
the Ag and In elements on the hardness and
deformation behavior of the two phases in SnBi
solder, nano-indentation tests were conducted on
the Sn-rich phases and the Bi-rich phases of the
four solders.

Figure 5 shows the nanohardness of the Sn-rich
phases and the Bi-rich phases in the four different
solders. The nano-sized indentations were pressed
into the solders as arrays, and only the nanohard-
nesses of the indentations fully pressed into a single
phase were calculated. Although the Bi-rich phase
is usually considered to be hard and brittle, the
nano-indentation results reveal that the nanohard-
nesses of the Sn-rich phases in SnBi(AgIn) series
solders are higher than those of the Bi-rich phases.
The Sn-rich phases in the three alloyed solders
increased obviously compared with those of SnBi
solder, which fits with the microhardness of the
solders. Moreover, the nanohardness of the Bi-rich
phase is basically unchanged. According to the
phase diagrams and the EDS mapping results, the
Ag and In elements have very low solubility in the
Bi-rich phase, and thus the nanohardness of the Bi-
rich phase is hardly affected by the alloy elements.

Fig. 2. Element distribution in SnBiAgIn solder: (a) morphology of solder; EDS mapping of (b) Sn, (c) Bi, (d) In, and (e) Ag elements.
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Figure 6 presents the nanohardness–depth
curves and the corresponding indentations of the
two phases in the four different solders. As seen in
the figure, at the same indentation depth, the load
on the Sn-rich phases is always higher than that on
the Bi-rich phases. When the indentation depths
reach the maximum, the applied loadings on the Sn-
rich phases are also higher than those on the Bi-rich
phases. Among the Sn-rich phases, their indenta-
tion curves in the SnBi and SnBiAg solders are

close, and their curves in the SnBiIn and SnBiAgIn
solders are also close, while the curves of the two
groups are different, as in Fig. 6a. As the solubility
of Ag in the Sn-rich phase is much lower than that
of In, the Ag element alloy shows less influence on
the deformation property of the Sn-rich phase if the
Ag3Sn is not considered. As a result, the nano-
indentation curve of Sn-rich phase in SnBiAg solder
is similar to that in SnBi solder. For the Bi-rich

Fig. 3. Surface XRD patterns of the (a) SnBi, (b) SnBiAg, (c) SnBiIn, and (d) SnBiAgIn solders.

Fig. 4. Microhardness of SnBi, SnBiAg, SnBiIn, and SnBiAgIn bulk
solders under a load of 25 gf.

Fig. 5. Nanohardness of the Sn-rich phases and the Bi-rich phases
in the bulk SnBi, SnBiAg, SnBiIn, and SnBiAgIn solders.
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phases, the nano-indentation curves are similar for
all the solders, as exhibited in Fig. 6b, because the
Ag and In have little solubility in Bi. Morphologies
of all the indentations on different phases corre-
sponding to the curves were inserted in the images.
As the indentation depth is the same, the size of the
indentations are similar except that in SnBiAg
solder, probably because the residual plastic defor-
mation of the two phases in SnBiAg solder is lower
and the size of the indentations are smaller.

Impact Toughness and Fracture Behavior

The impact toughness (impact strength) can be
expressed by the value of the impact energy, which
is presented in Fig. 7. It can be seen that the
average impact energy of the SnBi eutectic solder is
the lowest, only 5.37 kJ/m2. The lowest impact
energy indicates that the SnBi eutectic solder is
the most brittle. The impact energy of the SnBiAg
and SnBiIn solders are a little higher than that of
the SnBi solder, but not obviously. Although the

nanohardness of the Sn-rich phases in the two
solders clearly increased, the greater hardness
usually corresponds to lower impact toughness,
whereas the impact energy of the SnBiAgIn
increases significantly to about 10.5 kJ/m2. In other
words, the impact energy was obviously improved
by adding a small amount of Ag and In elements in
combination. However, when the two alloy elements
are added separately, the impact toughness was
only increased a little.

In order to further reveal the impact fracture
mechanisms of the solders, the fracture surfaces
and side surfaces of the SnBi and SnBiAgIn solders
were observed for comparison, as shown in Fig. 8.
For the impact surfaces, it can be seen that there
are some microcracks in the SnBi solder (see
Fig. 8a), which were formed during the impact
process, because the solder is quite brittle. From
the side view, the side surface of the SnBi solder is
vertical to the impact direction, i.e., plastic defor-
mation of the solder is very small, as presented in
Fig. 8b. From Fig. 8c, it can be seen that the impact
fracture surface of the SnBi solder is similar to the
tensile fracture surface,8,21 and that the cleavage
fracture is the major fracture mode. For the
SnBiAgIn solder, however, few microcracks can be
seen on the impact surface, as shown in Fig. 8d.
Also, an obvious bending of the solder can be found
from the side view, and the plastic deformation
characteristics of the solder at the impact side can
be seen (see Fig. 8e), which confirms that the
SnBiAgIn solder has a higher ductility and tough-
ness, which is consistent with the results of the
impact surface and impact strength. However, the
difference in the fracture surfaces of the SnBiAgIn
solder and the SnBi solder is not very obvious (see
Fig. 8f), because the fracture mechanism was not
basically changed as the alloy elements have little
influence on the Bi-rich phase. Also, the cleavage
fracture should be more likely to occur at a high

Fig. 6. The load on the sample versus displacement into the surface of the (a) Sn-rich phases and (b) Bi-rich phases of the bulk solders; insets
show the indentations.

Fig. 7. Impact strengths energy of the four bulk solders.
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strain rate during the impact process. Even so, it
can be predicated from the deformation and fracture
morphologies that the SnBiAgIn solder is more
ductile than the SnBi eutectic solder under impact
loading.

Influences of Ag and In on Sn-58Bi Eutectic
Solder

It is easy to understand that the addition of Ag
and In can increase the nanohardness of the Sn-rich
phase and the microhardness of the solder due to
solution strength. As the solid solubility of In in the
Sn-rich phase is relatively high, the nanohardness
of the Sn-rich phase and the microhardness of the
solder increases after In addition. Also, it has been
reported that the addition of the In element can
improve the ductility of SnBi solder.19 In contrast,
the Ag3Sn generated by adding 2.0% Ag element
has a certain pinning effect on the dislocation
movement,20 so that the strength and the micro-
hardness of the SnBiAg solder increases, whereas,
the solid solubility of Ag in the Sn-rich phase is
much lower, and most of the Ag element forms
Ag3Sn particles with Sn, making the nanohardness
of the Sn-rich phase in the SnBiAg solder increase
only a little with individual Ag addition. With the
combined addition of the In and Ag elements, the
strengthening and toughening effects of the In and
the strengthening effects of the Ag occur at the
same time. As a result, the SnBiAgIn alloy shows
the highest impact toughness. The solid solution,
strengthening and coarsening mechanisms of the
Ag and In elements in the Sn-rich phases still need
further exploration.

From the above results and discussion, it can be
concluded that the microhardness and toughness of
the SnBi solder were improved by adding a certain
amount of Ag and In. The mechanical properties of
the SnBiAgIn solder may be further optimized by
adjusting the content of Ag and In in the solder.
According to some early reports, a series of alloy
elements are effective in the refinement of the SnBi
solder.23,26,27 If the coarsening of the SnBi(AgIn)
solders in this study can be restrained or even that
the solders can be refined, it can be expected that
the ductility, microhardness and impact toughness
of the solders can be further improved. Therefore,
further alloying of SnBiAgIn solder with grain
refinement elements should be beneficial for its
ductility and toughness.

CONCLUSIONS

In the current study, the influences of Ag and In
on the microstructure, microhardness, and tough-
ness of SnBi(AgIn) series solders were studied.
Based on the results and discussion, it can be
concluded that:

1. With 2.0 wt.% of Ag and 1.5 wt.% of In addition,
the microstructure of SnBi solder shows differ-
ent degrees of coarsening, especially for SnBiIn
solder. Fine Ag3Sn particles are formed in the
Ag-containing solder, while large Ag3Sn plates
do not appear. The In-rich phases in the SnBiIn
and SnBiAgIn solders are small.

2. The microhardness of the alloyed solders and
the nanohardness of the Sn-rich phases in the
alloyed solders obviously increase compared
with the SnBi solder, which is mainly due to

Fig. 8. Morphologies of the impact fracture surfaces: (a, b) side surfaces, and (c) fracture surfaces of the SnBi solder, (d, e) side surfaces, and (f)
fracture surfaces of the SnBiAgIn solder.
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the solution strengthening of In and the precip-
itation strengthening of the Ag3Sn IMC. The
nanohardness of the Bi-rich phases change little
after alloying.

3. The impact toughness of the SnBiAgIn solder is
obviously higher compared with the SnBi eutec-
tic solder, because the plastic deformation is
increased in the SnBiAgIn solder as In alloying
can improve the ductility, and both the Ag and
In addition can improve the strength of the Sn-
rich phase in the solder.
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