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Tin-bismuth solder has emerged as a promising lead-free alternative to tin-
lead solder, especially for low-temperature packaging applications. However,
the intrinsic brittleness of tin-bismuth solder alloy, aggravated by the coarse
bismuth-rich phase and the thick interfacial intermetallic layer, notably limits
the mechanical performance of the bonded joints. In this work, the
microstructure and mechanical performance of solder joints were improved by
adding 3.2 vol.% aluminum borate whiskers to the tin-bismuth solder alloy.
This whisker-reinforced composite solder was fabricated through a simple
process. Typically, 25-lm to 75-lm tin-bismuth particles were mixed with a
small amount of aluminum borate whiskers with diameter of 0.5 lm to 1.5 lm
and length of 5 lm to 15 lm. The addition of whiskers restrained the forma-
tion of coarse brittle bismuth-rich phase and decreased the lamellar spacing
from 0.84 lm to 7.94 lm to the range of 0.22 lm to 1.80 lm. Moreover, the
growth rate of the interfacial intermetallic layer during the remelting treat-
ment decreased as well. The joint shear strength increased from 19.4 MPa to
24.7 MPa, and only declined by 4.9% (average, �5.9% to 15.8%) after the tenth
remelting, while the shear strength of the joint without whiskers declined by
31.5% (average, 10.1–44.1%). The solder alloy was reinforced because of their
high strength and high modulus and also the refinement effect on the solder
alloy microstructure.
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shear strength

INTRODUCTION

Tin-bismuth (Sn-Bi) solder is one of the most
promising lead-free alternatives for use in packag-
ing applications below 200�C due to its low eutectic
temperature.1–3 Therefore, thermal damage can
largely be avoided during the assembly process,
leading to improved microelectronic packaging
reliability.1 However, application of Sn-Bi solder is
limited by unsatisfactory joint strength due to the
brittle nature of the coarse Bi-rich phase and thick
interfacial intermetallic layer, especially if the
joint is annealed or applied in high-temperature

conditions.2,3 It is thus essential to modify the
microstructure and improve the mechanical prop-
erties of Sn-Bi solder to achieve satisfactory relia-
bility for further applications.

Addition of reinforcement materials, such as car-
bon nanotubes, metal oxides, metallic nanoparti-
cles, etc., is an effective way to modify the
microstructure and enhance the mechanical prop-
erties of solder alloys.4–7 Among such materials,
whiskers perform well as reinforcement materials to
improve the mechanical properties of various
metallic and ceramic composites.8–10 The hardness
and bending strength of a copper matrix were both
improved by adding a small amount of whis-
kers.11,12 The strength of aluminum alloy or tita-
nium alloy was also reinforced by addition or in situ
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growth of whiskers.13,14 Such whiskers, which have
diameters ranging from 0.2 lm to 2 lm and lengths
less than 100 lm, are easily dispersed in compos-
ites.15,16 Thus, whiskers are a suitable material for
reinforcement of tiny joints in microelectronic
packaging applications.17 It has been reported that
SbSn and Cu6Sn5 whiskers formed in tin-based
solder joints effectively improved the creep resis-
tance or work-hardening rate.18,19 A Pb-free solder
composite containing NiTi fibers exhibited super-
plastic characteristics during tensile testing.20

Joints reinforced by TiB whiskers also showed high
shear strength.21 Carbon fibers have also been used
to improve the mechanical performance and ther-
mal conductivity of joints.22 However, although
many kinds of ceramic whiskers, such as aluminum
borate whiskers and silicon carbide whiskers,13,23

have been applied to reinforce various metals and
alloys, they have not been reported in composite
solders. Silicon carbide particles have been applied
to enhance the mechanical performance of lead-free
solder, but whiskers have a more favorable influ-
ence on elastic–plastic properties and stiffness.24–26

Silicon carbide whiskers have been found to notably
enhance various aspects of mechanical performance
such as compressive strength,27 superplasticity,28

and fracture toughness.29 However, aluminum
borate whiskers show higher tensile strength and
Young’s modulus compared with silicon carbide
whiskers,30,31 and metallic composites with alu-
minum borate whisker fillers exhibit even better
mechanical performance.32 Additionally, the price of
aluminum borate whiskers is far below that of sili-
con carbide whiskers, so there is great potential for
application of aluminum borate whiskers in large-
scale industrial manufacturing processes. The
purpose of this work is to investigate the effect of
aluminum borate whiskers on the microstructure
and strength of tin-bismuth alloy-based composites
and soldered joints.

EXPERIMENTAL PROCEDURES

The diameters of the regular spherical Sn-58Bi
particles used in this experiment ranged from
25 lm to 75 lm, and the morphology of the particles
is illustrated in Fig. 1a. Figure 1b correspondingly
shows the morphology of the aluminum borate
(Al18B4O33) whiskers. The whiskers were synthe-
sized by high-temperature reaction of aluminum
hydroxide and boric acid.33 The whiskers grew into
clavate single crystals with diameter of 0.5 lm to
1.5 lm, length of 5 lm to 15 lm, and length-to-di-
ameter ratio of 5 to 30. The density of the whiskers
was 2.925 ± 0.025 g/cm3.

The composite solder paste was prepared as fol-
lows: 3.20 ± 0.03 vol.% Al18B4O33 whiskers were
weighed and mixed with rosin flux (type Flux55) in
an alumina crucible. Then, Sn-58Bi particles were
gradually added into the mixture and stirred at
120 rpm until the whiskers were well distributed in
the paste. The prepared composite solder paste was
heated and remelted at 180�C on an oxygen-free
copper plate for 180 s. A certain volume of paste was
also heated at 180�C on an alumina ceramic plate
for 90 s to fabricate solder balls. The molten solder

Fig. 1. (a) Original Sn-58Bi alloy particles and (b) Al18B4O33 whiskers.

Fig. 2. Schematic of solder ball shear testing method.
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transformed into spherical shape due to its non-
wetting characteristic on alumina ceramic, and
finally solidified as solder balls with diameter of
600 ± 20 lm. The solder balls were applied to ball
grid array (BGA) joints bonding onto copper pads
with diameter of 500 lm. Solder balls were fixed on
the pad with flux and remelted at the same tem-
perature for one, three, five, eight, and ten times,
respectively. To prepare samples for observation of
intermetallic grains, redundant solder was cut with
an electric discharge machine followed by treatment

with mixed solution of ethanol and nitric acid. The
microstructure of the composite solder was analyzed
by scanning electron microscopy (SEM, SU8020;
Hitachi High-Technologies). The location coordi-
nates of the whiskers were recorded using the
accessory tools of the SEM, and the distance
between neighboring whiskers was calculated from
the location coordinates. The thickness and grain
size of the intermetallic layer were analyzed using
image analysis software (Nano Measurer 1.2).
Shear strength was tested by the solder ball shear
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Fig. 3. Microstructure of (a) Sn-58Bi and (b) Sn-58Bi-3.2 vol.%Al18B4O33. (c) Distance between neighboring whiskers. (d, e) Whisker in Sn-58Bi-
3.2 vol.%Al18B4O33 composite solder.
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testing method using a bond testing station (DAGE
4000; Nordson). As shown in Fig. 2, the shear blade
moved along the shearing direction and deformed
the solder ball bonded onto the substrate at a shear
rate of 60 lm/s with shear height of 30 lm. The
maximal shear force was recorded after each test,
and 25 solder ball specimens were tested for each
condition.

RESULTS AND DISCUSSION

Microstructure Evolution of Solder Alloy
After Remelting

The microstructure of Sn-58Bi solder and
Sn-58Bi-3.2 vol.%Al18B4O33 composite solder after
remelting is shown in Fig. 3. The microstructure of
Sn-58Bi alloy solder was composed of white Bi-rich
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Fig. 4. Sections of intermetallic layer along (a) Sn-58Bi/Cu interface and (b) Sn-58Bi-3.2 vol.%Al18B4O33/Cu interface after different remelting
times (from above: remelted for one, three, five, eight, and ten times) and (c) thickness of intermetallic layer along Sn-58Bi/Cu interface and
Sn-58Bi-3.2 vol.%Al18B4O33/Cu interface after different remelting times.
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phase and dark Sn-rich phase, with the majority of
the Bi-rich phase appearing as continuous network-
like coarse structures with a few well-distributed
Bi-rich phases observed in certain eutectic struc-
tures (Fig. 3a). By contrast, Bi-rich phases grew as
fine lamellar eutectic dendrites after addition of
Al18B4O33 whiskers (Fig. 3b). The lamellar spacing,
i.e., the sum of the thicknesses of neighboring
Sn-rich phase and Bi-rich phase layers, decreased
from 0.84 lm to 7.94 lm to the range of 0.22 lm to
1.80 lm. In other words, the well-distributed whis-
kers induced microstructure refinement and
homogenization of the Sn-58Bi alloy matrix. The

distance between neighboring whiskers is shown in
Fig. 3c. The distance mainly ranged from 190 lm to
240 lm, showing a normal distribution with mean
of 217.4 lm and standard deviation of 33.90 lm.
This statistical result also indicates the homogene-
ity of the whisker distribution. Figure 3d and e
illustrates the morphology of embedded Al18B4O33

whiskers that bonded well with the surrounding
Sn-Bi alloy. The addition of whiskers effectively
increased the nucleation rate and the number of
heterogeneous nucleation sites during the cooling
process. Furthermore, the well-distributed whiskers
blocked crystal growth of Sn-Bi alloy and boosted

Fig. 6. Whiskers distributed (a) around the intermetallic layer and (b) in the intermetallic layer.

Fig. 5. Morphology of intermetallic layer along (a) Sn-58Bi/Cu interface and (b) Sn-58Bi-3.2 vol.%Al18B4O33/Cu interface after different remelting
times (from upper: remelted for one, three, five, eight, and ten times).
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constitutional supercooling around phase bound-
aries, which diminished the lamellar spacing and
improved the eutectic microstructure.34

Microstructure Evolution of Intermetallic
Layer After Remelting

Figure 4 illustrates the intermetallic layers
along the interface of copper pad joints with and
without Al18B4O33 whiskers after remelting. The
thickness of the layer along the Sn-58Bi/Cu inter-
face increased almost linearly with the number
of remelting times. By comparison, although the
corresponding layer along the Sn-58Bi-3.2
vol.%Al18B4O33/Cu interface also became thicker
after remelting, the increment of thickness was
always quantitatively smaller, especially when
remelted more than five times. This indicates a
retardation effect on the growth rate of the inter-
metallic layer due to the addition of whiskers. This
effect was more obvious than previously reported

with addition of other materials such as metallic
nanoparticles.35 Intermetallic grain sizes after dif-
ferent remelting times are shown in Fig. 5. It was
observed that the grain size correlated positively
with the remelting times despite the difference
between the two solders, demonstrating Ostwald
ripening of intermetallic grains that coarsened and
merged with each other.36 No obvious effect of whis-
ker addition on the grain size of the intermetallic
layer was observed, as the grain size distributions of
both intermetallic layers were at the same level.

Figure 6 illustrates that Al18B4O33 whiskers were
inclined to adhere to the intermetallic layer to some
extent and some whiskers even adhered to the
copper pad and were surrounded by Cu6Sn5 grains.
The whiskers near the intermetallic layer could
therefore block the Cu/Sn interdiffusion chan-
nel,37,38 and thus the initial intermetallic layer
could not grow as thick as the intermetallic layer
without Al18B4O33 whiskers due to the reduced
diffusion rate.

Shear Behavior After Remelting Treatment

The shear loading performance of BGA joints
using Sn-58Bi solder with and without Al18B4O33

whiskers after remelting is shown in Fig. 7, in
which the error bars indicate the data scatter range
of the measured shear strength values. It is seen
that the shear strength of BGA joints with 3.2 vol.%
Al18B4O33 whiskers was relatively high compared
with joints without whisker addition. The shear
strength of the composite solder joints reached
24.7 MPa after one remelt, and only declined by
4.9% (average, �5.9% to 15.8%) to 23.4 MPa even
after remelting ten times. The shear strength of the
joints without whiskers declined remarkably by
31.5% (average, 10.1% to 44.1%) from 19.4 MPa to
13.3 MPa after the same remelting treatment. By
contrast, aluminum alloy with 15 vol.% ceramic
whiskers showed ca. 150% higher tensile strength,
indicating the greater potential for shear strength
improvement with a higher whisker concentration.8

The shear load could be transmitted to the
Al18B4O33 whiskers with excellent strength and
modulus. The shear strength of the BGA joints was
effectively enhanced since most shear failure hap-
pened in the solder zone or at the solder/inter-
metallic interface. Besides, the addition of
Al18B4O33 whiskers played a positive role in the
microstructure refinement of the solder, as the
numerous phase boundaries and the whiskers
themselves could hinder dislocation slip under the
shear loading.

Figure 8 illustrates the relationship between the
shear strength of BGA joints and the aging time.
The error bars indicate the data scatter range of the
measured shear strength values. The shear
strength dramatically reduced after aging treat-
ment under 90�C for 48 h, while it became almost
stable after 96 h of aging treatment. Although the
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Fig. 8. Shear strength of bonded joints after aging treatment.
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shear strength of the whisker-reinforced joints
decreased by about one-third after 2 weeks of aging
treatment, it was still 8.5% higher than that of
Sn-Bi solder joints. For different samples at the
same condition, the shear strength values showed a
narrow distribution around the average. The maxi-
mum deviation of only 0.8 MPa shows the good
coherence in the shear strength samples. The
higher shear strength of the BGA joints with addi-
tion of 3.2 vol.% whiskers indicates that the whisker
reinforcement improved the shear strength of the
BGA joints even after aging treatment.

Figure 9 shows the fracture surface of a BGA joint
using Sn-58Bi-3.2 vol.%Al18B4O33 composite solder
after the shear test. Fracture usually happened in
the solder area under shear loading, as shown in
Fig. 9a, and obvious plastic deformation could be
found at the fracture surface. This illustrates that
the whiskers enhanced the plastic deformation
capability of the solder, and the stiffness of the BGA
joints became smaller compared with BGA joints
using Sn-58Bi solder only. Whiskers could be
directly observed at the fracture surface, and one
can clearly see from the enlarged view of zone A
that Al18B4O33 whiskers pinned into and tightly
integrated with the solder. However, pull-out
whiskers were not observed on the fracture surface

of the copper substrate side. The fracture during
solder ball shear testing happened very close to the
copper substrate, along the borderline of the solder
alloy rather than completely in the composite.
Therefore, during the shear test, the whiskers
distributed across the fracture were inclined to
remain in the removed solder ball. The addition of
Al18B4O33 whiskers improved the shear strength of
BGA joints after remelting, and the mechanism can
be explained as follows: The solder ball melted and
reacted at the surface of the BGA pad when the joint
was remelted, and a thin Cu6Sn5 intermetallic layer
was rapidly generated along the interface during
the first remelting process. Al18B4O33 whiskers
were inclined to adsorb on the Cu6Sn5 intermetallic
layer due to its high interfacial energy, and some
whiskers even adsorbed onto the surface of the
copper pad. Therefore, the whiskers around the
intermetallic layer could block the Cu/Sn interdif-
fusion channel. Diffusion was weakened, and thus
the growth rate of the Cu6Sn5 intermetallic layer
decreased. Since the Cu6Sn5 intermetallic layer is
more brittle compared with the Sn-Bi solder itself
and the shear fracture was gradually inclined to
happen in the intermetallic layer, the thinner
intermetallic layer could improve the mechanical
properties of the BGA joint.

Fig. 9. (a–c) Fracture surface of BGA joint using Sn-58Bi-3.2 vol.%Al18B4O33 composite solder remelted for one time after the shear test. The
inset in (c) is a high-magnification image of zone A.
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CONCLUSIONS

Addition of aluminum borate whiskers with
diameter of 0.5 lm to 1.5 lm and length of 5 lm to
15 lm dramatically reinforced a tin-bismuth solder
due to the high strength and high modulus of the
whiskers and a microstructure refinement effect.
Coarse brittle Bi-rich phases were restrained by
well-embedded whiskers, and the lamellar spacing
decreased from 0.84 lm to 7.94 lm to the range of
0.22 lm to 1.80 lm. The intermetallic layer thick-
ness grew more slowly during remelting due to the
retardation effect of whiskers blocking the Cu/Sn
interdiffusion channel. The joint strength was
accordingly improved with the whiskers, after both
remelting and long-time aging treatment. The shear
strength of the composite solder BGA joints was
24.7 MPa, and only declined by 4.9% after remelting
for ten cycles, while the shear strength of the joint
without whiskers declined remarkably by 31.5%
from 19.4 MPa to 13.3 MPa. With whisker addition,
the shear strength was 8.5% higher even after
2 weeks of aging treatment.
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