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Abstract

This paper compares the shear strength and hardness of the tin-based cast lead-free Sn-2Bi,
Sn-5Sb, and Sn-9Zn binary solder alloys. This was achieved respectively by the shear punch
testing (SPT) and Vickers hardness measurement in the temperature range 298-370 K. The
results showed that the shear yield stress (SYS), ultimate shear strength (USS), and hardness
(Hv) of all three alloys decrease with increasing test temperature. Among all tested materials,
Sn-2Bi showed the highest strength and hardness over the whole testing temperature range.
This is ascribed to the strong solid solution effect of Bi in the Sn matrix, which is superior to
the weak solution hardening and particle strengthening effects of Sb in Sn-5Sb, and particle

hardening of Zn in Sn-9Zn.
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1. Introduction

Lead-free solder alloys have attracted much atten-
tion in recent years for their widespread use in the mi-
croelectronic packaging industry. This is mainly due to
the restrictions imposed on the use of lead-containing
alloys, and also to a combination of suitable solder-
ing characteristics and mechanical properties they can
offer [1]. Accordingly, several lead-free tin-based al-
loy systems with different alloying elements such as
Ag, Bi, Cu, In, Ni, Sb, and Zn have been developed,
and their microstructures, mechanical properties, and
creep behaviour have been reported [2, 3].

Among the developed lead-free solders, the near-
-eutectic Sn-Bi alloys with Bi contents of about 57
wt.% have one of the lowest melting points (139°C)
among all solder alloys [4]. These solders, however,
suffer from extensive microstructural coarsening at
temperatures near 100°C [5]. On the other hand, the
much more dilute Sn-2 wt.%Bi alloy with a melting
point of about 229°C can be considered as a potential
material for lead-free soldering applications [6-8]. An-
timony has also been used as the alloying element in
the binary Sn-Sb systems to provide suitable substi-

tutes for the Sn-Pb solder alloys [9, 10]. The Sn-5Sb
alloy with a relatively high melting point of 245°C has
been widely studied for its mechanical properties [11]
and creep resistance [12]. It has been reported that an-
timony atoms in solution [13] and SnSb precipitates
[14] are the main sources of strengthening increase
deformation resistance and reduce the creep rate of
the material. Another suitable alternative to the lead-
-containing solders used in electronic packaging is the
near-eutectic Sn-9Zn alloy, with a low melting tempe-
rature of about 198 °C, which is very close to the 186 °C
of the eutectic Sn-Pb alloy [15]. Low cost, reasonably
good mechanical properties [16], and acceptable creep
resistance [17] have been reported for this solder.
Due to the relatively low melting points of the sol-
der alloys, working temperatures correspond to high
homologous temperatures, at which softening mecha-
nisms are activated. In such cases, the material resis-
tance to softening becomes important, and thus, they
should possess sufficient strength at service tempera-
tures. The strength of the lead-free solders has gen-
erally been studied by the conventional tensile test
[18, 19], and to a lesser extent by the shear testing
of the joints made on different substrates [20]. Re-
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cently, however, the high-temperature shear strength
of the bulk Zn-Sn [21], Sn-Sb-Ag [22], and Zn-Al-Mg-
-Sn [23] solders has been studied by the localized shear
punch testing (SPT) method. It has been reported
that SPT is an efficient method that is capable of pro-
viding strength data which are well correlated with
those found by the conventional tensile tests [24-26].
This method can be particularly advantageous when
the material is available only as small test pieces, or
there are difficulties with the machining of samples
made of very soft materials such as solder alloys. The
present investigation compares the hot shear strength
and hardness of three common solder alloys, justifying
their difference by considering their microstructures.

2. Experimental procedure
2.1. Materials and processing

The materials used were Sn-2 wt.% Bi, Sn-5 wt.%
Sb, and Sn-9 wt.% Zn binary alloys. They were pre-
pared from high purity (>99.98 %) tin, bismuth, an-
timony, and zinc, melted at 100 K above their melting
temperature in an electrical furnace under an inert ar-
gon atmosphere and cast into 16 mm diameter bars.
In order to ensure that the slabs had similar initial
microstructures, the slabs were homogenized at 0.8 of
their melting point (Ti,, K) for 10h. From the ho-
mogenized bars, 12mm X 12mm X 1mm test speci-
men slices were excised by an electro discharge wire-
cut machine, for the SPT and structural characteri-
zation. Optical microscopy was used to examine the
microstructural evolution of the materials. The speci-
mens were polished with 0.25 pum diamond paste, fol-
lowed by polishing on a micro cloth without any abra-
sive. Etching was carried out using a 2 % nitric acid
and 98 % alcohol solution at room temperature. X-ray
diffraction (XRD) analysis was carried out on selected
samples to identify the present phases.

2.2. Mechanical property measurements

The strength of the alloys was determined by shear
punch testing. The 1-mm thick slices of the mate-
rials were ground to a thickness of about 0.7 mm for
the SPT. A shear punch fixture with a 3.175 mm di-
ameter flat cylindrical punch and 3.225 mm diame-
ter receiving-hole was used for this experiment. Shear
punch tests were performed in the temperature range
of 298-370K using a screw driven Santam universal
testing system equipped with a three-zone split fur-
nace. After locating the specimen in the fixture, the
assembly of the specimen and SPT fixture were ac-
commodated by the split furnace, heated to the test
temperature and held for 20 min to establish ther-
mal equilibrium in the testing arrangement before the

specimen was deformed by the punch. Tests were run
with a load cell of 20 kN capacity and at a constant
cross-head speed of 0.25 mm min~!. After application
of the load, the applied load P was measured automat-
ically as a function of punch displacement; the data
were acquired by a computer so as to determine the
shear stress (7) of the tested materials using the rela-
tionship:
P

T= 5 (1)
where P is the punch load, t is the specimen thickness,
and D is the average of the punch and die diameters.
Three different samples were tested for each condition,
and it was observed that the variation in the measured
ultimate shear strength values was less than about
3 %.

The same configuration was used for the hot hard-
ness tests, in which a cemented-carbide Vickers in-
denter was mounted in the holder. A load of 10N at
an approaching rate of 0.5 mm min~! was applied for
a dwell time of 30s. At least three indentations were
made on each sample, and the lengths of the diagonals
were quantified by an optical microscope. The average
values of these diagonals were used to estimate the
hardness values using the following relationship:

Hv = 0.1854F/d?, (2)

where F' is the applied load in N and d is the average
diagonal length in mm.

3. Results and discussion

The shear deformation behaviour of all three mate-
rials was investigated by SPT. Despite the fact that
all SPT specimens had similar thicknesses of about
0.7 mm, the punch displacement was normalized to
the initial specimen thickness in order to eliminate
gage effects. The punching load was converted to shear
stress and plotted against the normalized displace-
ment, using Eq. (1). SPT curves of the investigated
alloys obtained at different temperatures in the range
298-370K are shown in Fig. 1. It is evident that sim-
ilar to tensile stress-strain curves, each of the individ-
ual curves exhibits a linear part, after which a devia-
tion from linearity is observed. Further loading of the
samples results in the load-instability, at which a max-
imum is observed in the stress-displacement curves.
The deviation point is taken as the shear yield stress
(SYS), and the stress corresponding to the maximum
point is referred to as the ultimate shear strength
(USS).

Regarding the reproducibility of the SPT data,
especially for the cast materials, attention must be
paid to the impact of the comparable sizes of the
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Fig. 1. SPT curves obtained at different temperatures for:
(a) Sn-2Bi, (b) Sn-5Sb, and (c) Sn-9Zn.

punch and defects, from one side, and inhomogene-
ity of the microstructural constituents from the other
side. This may cause significant scatter, depending on
where the punching is made, and how many parti-
cles, grains, and other constituents contribute to the
obtained load-displacement data. The same is true for
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Fig. 2. Shear stress-normalized displacement curves, show-

ing the reproducibility of the results obtained at 320 K for

all three tested materials: (a) Sn-2Bi, (b) Sn-5Sb, and (c)
Sn-9Zn.

the microstructural inhomogeneities and defects which
may be located beneath the punch, affecting the resis-
tance of the material to punching [27]. In the present
work, however, at least three separate samples were
tested and the obtained flow curves were very similar
in terms of SYS and USS values, as shown in Fig. 2
for all alloys tested at 320 K. This may be indicative
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Fig. 3. Variation of: (a) SYS, (b) USS, and (c) Vickers
hardness of the alloys with test temperature.

of the fact that due to the relatively high solidification
rate, a refined microstructure has been resulted, and
hence the SPT data exhibit a high level of reliability.
Therefore, SPT can be regarded as a useful tool for

investigating the mechanical properties of the present
lead-free solder alloys at various temperatures.

In all of the tested materials, increasing the test
temperature from 298 to 370 K results in a significant
softening, as indicated by the lower levels of the SPT
curves at higher temperatures (Fig. 1). Variations in
both SYS and USS values with test temperature are
summarized in Figs. 3a and b, respectively. It is evi-
dent that the highest SYS and USS values at all test
temperatures belong to the Sn-2Bi alloy and the low-
est to the Sn-9Zn alloy, those of the Sn-5Sb lying in
between. The same order has been previously reported
for the creep resistance of the same alloys determined
by shear punch creep [28], and indentation and impres-
sion creep testing methods [29]. It is worth compar-
ing the present results with those reported for other
solder materials in the literature. The USS values of a
Sn-1.7Sb-1.5Ag alloy in the temperature range of 298—
373 K have been found to be in the range 18-30 MPa,
which are lower than those obtained in the present
study [22]. Nevertheless, the reported 70 and 48 MPa
USS values of the high-temperature lead-free Zn-20Sn
obtained, respectively, at 298 and 385 K [21], are much
higher than the corresponding USS values of about 44
and 27 MPa, found for the Sn-2Bi in the present work.
The temperature dependence of the Vickers hardness
(Hv) values for the investigated alloys is plotted in
Fig. 3c. It can be inferred that the variations in hard-
ness values follow the same patterns as those already
observed for the USS and SYS in Figs. 3a and b, re-
spectively.

Different shear flow behaviour of the tested mate-
rials can be ascribed to their respective microstruc-
tures shown in Fig. 4. To identify the type of phases
present in the microstructures of the tested alloys,
XRD analysis was employed, and the results are shown
in Fig. 5. As can be observed, in the spectrum of the
Sn-9Zn alloy pure zinc is the only phase present in
the Sn matrix as indicated by peaks at 20 = 36.3°
and 20 = 39.0°. For Sn-5Sb, a weak peak at 20 =
29.1° confirms the presence of SnSb particles. There
is, however, no distinct Bi phase present in the Sn-2Bi
alloy pattern, implying that the Bi content of the al-
loy has mainly remained in solid solution. Back to the
microstructures, the micrograph of the Sn-9Zn alloy,
shown in Fig. 4a consists of Sn matrix and Zn-rich
phase in the form of both fine particles and some rel-
atively coarse needle-shaped precipitates. Therefore,
particle hardening is the main strengthening mecha-
nism which enhances the strength of the material as
compared to pure tin. For the Sn-5Sb alloy, a rather
coarse equiaxed grain structure with an average grain
size of about 280 um has been achieved, as depicted in
Fig. 4b. This is a recrystallized structure with a low
volume fraction of SnSb intermetallic particles at the
grain boundaries. These particles provide some par-
ticle strengthening, which is accompanied by some
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Fig. 4. Optical micrographs of the materials.

solute hardening of Sb in Sn to enhance the shear
strength of the material [12]. The Sn-2Bi alloy, with
the highest shear strength among all tested materials,
exhibited a recrystallized grain structure without any
initial dendritic structure (Fig. 4c).

The superior strength of the Bi-containing alloy
can be ascribed to the strong solid solution strength-
ening effect of Bi in the Sn matrix. According to the
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Fig. 5. XRD patterns of pure Sn and the tested materials.
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Fig. 6. An enlarged view of the XRD patterns of pure

Sn and Sn-2Bi, showing a shift in the 5-Sn peaks from

30.7° and 32.0° in pure Sn to 30.5° and 31.8° in the Bi-
containing alloy.

Sn-Bi binary phase diagram, the solubility limit of Bi
in Sn is approximately 21 wt.% at 139°C, which re-
duces to above 2wt.% at room temperature [30]. In
the current study, with the Bi content of 2 wt.%, it
is likely that Bi remains in solid solution, resulting in
improved strength of the material at both room and
elevated temperatures. This can be verified by exam-
ining the enlarged XRD patterns of pure Sn and Sn-
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-2Bi alloys, as shown in Fig. 6. The patterns in the
range 30° to 34° indicate a shift in the 5-Sn peak
from 30.7° and 32.0° in pure Sn to 30.5° and 31.8°
in the Bi-containing alloy. The observed shifts in the
positions of the Sn diffraction lines are believed to be
caused by the dissolution of Bi in the Sn matrix [31].
Similar shifts in the XRD peaks have been reported
after the introduction of 1.5 wt.% Bi into the Sn-5Sb
alloy, increasing the indentation creep resistance of the
Bi-bearing alloy [32].

5. Conclusions

The shear strength and hardness of the three
common lead-free Sn-2Bi, Sn-5Sb, and Sn-9Zn sol-
der alloys were respectively tested by the shear punch
and Vickers indentation method in the temperature
range of 298-370 K. The initial microstructure of Sn-
-9Zn consisted of Zn-rich particles in the Sn matrix,
while that of Sn-5Sb contained sparse SnSb particles,
mainly at grain boundaries. The Sn-2Bi alloy showed
an equiaxed microstructure with no Bi-rich particles.
Among the materials tested, Sn-2Bi had the highest
shear strength and hardness, followed by Sn-5Sb and
Sn-9Zn over the whole range of test temperatures. The
higher strength and hardness of the Sn-2Bi alloy can
be attributed to the strong solid solution hardening ef-
fects of Bi in Sn matrix. The SnSb particles in Sn-5Sb
and Zn-rich phase in Sn-9Zn were not able to com-
pete with the solid solution hardening effect of Bi in
the Sn-2Bi alloy in enhancing the strength and hard-
ness of the materials.
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