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Asincreasing worldwide demand for portable consumer electronics drives development of smaller, faster,
more powerful electronic devices, components in these devices must become smaller, more precise,
and more robust. Often, failure of these devices comes as a result of failure of the package (i.e. when a
mobile phone is dropped) and specifically comes as a result of failure of solder interconnects. As a result,
stronger more reliable solder materials are needed. In this paper, the constitutive responses of three solder
materials (Sn63Pb37, Sn62Pb36Ag2, and Sn96.5Ag3Cu0.5) are analyzed as a function of temperature

Is(g(x?rds" (—=196°C to 60°C) and strain rate (103 to >103 s ). The lead-free Sn96.5Ag3Cu0.5 possessed the highest
Mechanical properties yield stress of the three solders at all tested strain rates and temperatures, and all solder microstructures
Microstructure which displayed a mechanical response that was sensitive to temperature exhibited grain coarsening

with increasing plastic strain, even at room temperature.

Temperature dependence
Strain rate sensitivity
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1. Introduction

Traditionally, solders in consumer electronics have been used
as convenient joints and to ensure electrical contact between com-
ponents, but typically solders were not expected to provide high
mechanical strength. Recently, however, there is an enhanced need
for electronic devices to survive and function in ever increas-
ing extreme environments. Electronic components are now often
asked to perform under conditions of high stress, high strain, or
after high strain rate loads have been applied. In addition, these
same components may be subjected to large and/or frequent fluc-
tuations in temperature, which can induce high temperature creep
fracture and enhanced mechanical and thermal failure in solders
[1-3]. At the same time, manufacturers face growing restrictions in
the use of leaded solders, as national and local governments, such
as the European Union, China, and the state of California, increas-
ingly adoptresolutions prohibiting the addition of lead to consumer
electronics [4].

In order to design and implement solders that are both phys-
ically robust and environmentally friendly, knowledge of the
mechanical properties of various solder materials under a wide
range of temperatures and strain rates is required. While there is
a well-developed field of study dedicated to the electronic prop-
erties of these materials, there has been less work conducted to
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quantify their mechanical properties and associated microstruc-
tural and substructural evolutions after deformation. A factor that
complicates characterization of solders is the fact that microstruc-
tures of solder materials, both leaded and lead free, change over
time. This is due to both the comparatively high homologous tem-
peratures that occur during processing and operation of these
components and the thermal mismatches between materials in
microelectronic devices [5]. While numerous studies have been
performed on the stress—strain behavior [6,7], mechanical behavior
[8-10], and microstructure [11-14] of various solder alloys under
different testing conditions, due to the large numbers of solder
alloys in use, as well as the complications in characterization listed
above, much work remains to be done.

In this study, the constitutive behaviors of three solder alloys,
Sn63Pb37, Sn62Pb36Ag2, and Sn96.5Ag3Cu0.5, are examined
as a function of temperature and strain rate. Sn63Pb37 and
Sn62Pb36Ag2 are leaded solders that are commonly used in elec-
tronics. Sn63Pb37 is a eutectic solder with a melting point of 183 °C,
and Sn62Pb36Ag2 is a silver-alloyed solder with a melting point of
179 °C that possesses both a relatively higher strength and creep
resistance [15]. These solders are compared to Sn96.5Ag3Cu0.5, a
lead-free solder with a very narrow melting range of 217-218°C. It
has a long history of use in Japanese electronics manufacturing and
is recommended for wave and reflow soldering applications [16].
Each solder material is characterized prior to and after testing to
understand the substructural evolution of these multi-phase alloy
systems and to correlate observed properties with microstructures
during loading.
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2. Experimental

The solder materials used in this investigation included industrial purity
Sn63Pb37 (S1), Sn62Pb36Ag2 (S2) and Sn96.5Ag3Cu0.5 (S3) in wt’%. All three solders
were originally bar stock, with S1 being cylindrical with a diameter of 3.175 mm, S2
being an isosceles trapezoid with a height of 10 mm and top and bottom widths
of 12.5mm and 19.75mm respectively, and S3 being an equilateral triangular
prism with side length of 23 mm. Optical microscopy (OM) and scanning elec-
tron microscopy (SEM) were used to characterize the as-received microstructure
of the three alloys. S1 and S2 were prepared for microstructural characterization
by mechanically polishing to a 0.05 wm finish, followed by etching with a solution
of 93% CH30H + 5% HNO; + 2% HCl, and finished by polishing with colloidal silica in
a vibratory polisher for three hours. S3 was similarly prepared, but an etchant of
98% C,H50H +2% HCl was used instead. Optical microscopy was performed using a
Zeiss optical microscope equipped with an Axiocam HRc digital camera, and SEM
was performed using an FEI Inspect F SEM. X-ray energy dispersive spectroscopy
(XEDS) was performed within the Inspect SEM to identify the chemical composition
of intermetallic precipitates. Electron backscatter diffraction (EBSD) was used in
conjunction with OM and SEM to help characterize the microstructure of the three
solders as well as to provide crystallographic texture information for these materi-
als. EBSD was performed on a Philips XL30 Field Emission Gun SEM equipped with a
Hikari high-speed EBSD detector. Data was acquired and analyzed using orientation
imaging microscopy (OIM) software by TexSEM Laboratories (TSL) of EDAX.

Mechanical testing in compression was conducted on the three solder materi-
als under quasi-static and dynamic loading conditions. Cylindrical samples 5 mm in
diameter and 5 mm in height were machined from the as-received materials with
the loading direction of the samples parallel to the longitudinal direction of the as-
received solder bars. Quasi-static tests were performed in an Instron load frame at
strain rates of 10-3-10~" s~!. Dynamic tests were performed using a Split Hopkinson
Pressure Bar (SHPB) apparatus at strain rates of 1250-2700s-!. In all cases, speci-
mens were tested to strains in excess of 10% to establish the stress-strain curves.
These tests were also performed as a function of temperature. The temperature
range investigated was —196-60°C.

To establish the influence of room temperature recovery, two-step quasi-static
compression tests at strain rates ranging from 103 to 102 s~! were conducted. The
two-step process consisted of loading to a strain of 20% and subsequent reloading
up to 70% after a set dwell period with no load. Following mechanical deformation,
the microstructural changes of the three solder materials were again characterized
via OM, SEM, XEDS, and EBSD techniques.

3. Results and discussion

The as-received microstructure for the three alloys, as revealed
by OM, is shown in Fig. 1. S1 showed a homogenous microstructure
with nominally equiaxed grains in the matrix. The microstructures
in both the cross-sectional and longitudinal sections were seen to
be fairly uniform and consisted of a Sn and Pb eutectic structure. Sn
grains had an average diameter of 6.4 um, while the Pb grains had
an average diameter of 3.7 wm. In Fig. 1, Sn grains appear light and
the Pb grains appear dark. S2 was qualitatively more heterogeneous
with some strings of Pb grains parallel to the transverse direc-
tion. Average grain diameter measured 4.7 wm for the Sn grains
and 3.2 pm for the Pb grains. Also observed were occasional AgsSn
intermetallic particles, identified as such through SEM XEDS. Fig. 2
shows an SEM image of the S2 microstructure and a corresponding
XEDS micrograph displaying the presence of gold from the Ag(L)
emission. The AgsSn particles appeared to be aligned with the Pb
grains, and the majority of this phase was on the submicron scale,
though some larger sized particles were also observed. S3 showed
a heterogeneous microstructure in both the cross-sectional and
longitudinal directions. Intermetallic precipitates were observed
in the as-received microstructure and were heavily aligned along
the longitudinal direction, indicating an extruded structure. The
compositions of these precipitates were identified as AgzSn and
CugSns by XEDS; Fig. 2 shows the S3 microstructure as well as XEDS
micrographs of the Ag(L) and Cu(K) emissions.

Texture analysis was also performed on the as-received S1, S2,
and S3 solder alloys using EBSD, as shown in Fig. 3. For all alloys,
the texture provided is for the tin phase, as it is the primary con-
stituent within the microstructure. Also, microstructures shown
for the S1 and S2 solders have been cleaned via nearest neighbor
point correlation with a threshold confidence index of 0.2; noise

in the microstructures is from the lead phase, which is difficult to
image properly using EBSD. Initially, S1 exhibits a slight [0 1 1] tex-
ture while S2 is essentially random. On the other hand, S3 initially
possesses a strong [10 1] texture.

Quasi-static compression tests performed at strain rates of0.001
and 0.1 s~ atroom temperature and at liquid nitrogen temperature
showed that yield strength increases from S1 to S2 to S3, as shown
in the stress-strain plots of Fig. 4. For all the alloys, yield strength
increased with increased strain-rate and decreased temperature
within the quasi-static strain-rate regime. While work harden-
ing was observed under most conditions, work softening occurred
under room temperature, low strain rate (0.001s~!) conditions for
the S1and S3 alloys. While S1 and S2 possessed qualitatively similar
microstructures, the grain size for the as-received S2 was approxi-
mately half that of S1 (Fig. 1).In addition, S2 possessed a measurable
volume fraction of Ag3Sn precipitates that were not present in S1,
as evidenced by Fig. 2.

The increase in yield strength from S1 to S2 is expected in part
due to Hall-Petch strengthening due to reduced grain sizes in S2
[17,18]. In addition, precipitation hardening from Ag3;Sn particles
is also expected to contribute to the increased yield strength of S2
over S1[19]. The further increase in strength of S3 as compared to
S1 and S2 can also be partially attributed to Hall-Petch strengthen-
ing as well as precipitation hardening from numerous AgsSn and
CugSns rod-like precipitates of less than a micron to 5 wm in size,
as shown in Fig. 2. In addition, the comparatively strong [10 1] tex-
ture of S3 as compared to the random texture of S1 and S2 likely
also contributes to the enhanced strength of S3.

Dynamic compression tests performed at strain rates of
1250-2700s~! displayed a sensitivity of yield stress to strain rate,
with higher yield stresses at higher strain rates, as shown in Fig. 5.
In addition, all three alloys displayed increased strength with
decreases in temperature. While the difference in the stress-strain
relationship between S1 and S2 became less significant at higher
strain rates, S3 remained noticeably stronger than the other two
alloys. Work hardening rates extracted from roughly 2 to 6% strain
for the three test temperatures showed that the work hardening
rate appears to be relatively insensitive to temperature changes
between 60°C and 20°C. However, the work hardening rate was
notably higher at —40°C. For example, the work hardening rate
for alloy S2 was calculated at 500 MPa (per unit strain) at 60°C,
580 MPa at 20°C, and 840 MPa at —40°C. This suggests that effi-
cient dynamic recovery occurs at temperatures above 20°C and
that stored defects contribute to work hardening at temperatures
below 20°C.

In addition to quasi-static and dynamic compression tests,
two-step compression tests were performed at strain rates of
0.001-0.01s~! and temperatures of 20°C to —40°C. The results
of these tests are shown in Fig. 6. While all solders experienced
a decrease in flow stress following static aging at 20 °C, negligi-
ble decreases in flow stress were observed after a 10 min dwell at
—40°C. In contrast, notable decreases in flow stress occurred in all
three solders tested at —40°C but with a 5 min dwell at room tem-
perature, indicating that the recovery rate in the solders at room
temperature is relatively rapid.

In addition to the as-received microstructural characterization,
the deformed microstructures for all three solders were also char-
acterized. SEM observations showed that minor grain coarsening
occurred with increasing strain in the cross-sectional microstruc-
ture of S1, while slightly more pronounced coarsening occurred
in the cross-sectional microstructure of S2 with increasing strain,
as shown in Fig. 7a and b (as compared to Fig. 3a and b). While
coarsening increased with increasing deformation strain, no obvi-
ous differences in grain coarsening were observed as a function of
strain rate variation for the two leaded solders. Additional exper-
imentation showed that for both S1 and S2, grain coarsening also
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Fig. 1. Solder bar stock schematics with corresponding OM microstructure images of the cross-sectional (CS) and longitudinal (L) sections of the as-received alloys (a, b, c)

S1,(d, e, f)S2,and (g, h, i) S3.

occurred at decreased deformation temperature after compression
to similar strains in the longitudinal direction, although this change
in grain morphology was not as substantial as it was at higher
temperatures. In terms of texture evolution, deformed S1 textures
did not vary substantially from the undeformed S1 alloy (Fig. 7a).
Deformed S2 samples exhibited a very slight evolution of a [001]
texture but overall remained close to random, as in the undeformed
S2 alloy (Fig. 7b).

In the case of the S1 and S2 alloys, substantial coarsening of the
microstructure as a function of strain was expected to contribute

Sn Matrix

Ag,Sn

significantly to the work hardening rate as a function of strain. How-
ever, while coarsening was not observed to change drastically with
strain rate, the work hardening response of the S1 and S2 alloys
did change substantially with strain rate, as shown in Fig. 3a and
b and Fig. 4a and b. Additionally, in the cases where grain coars-
ening was not prominently observed, such as at low temperatures,
a similar influence of strain rate on work hardening was observed.
Specifically, it is observed in Figs. 3 and 4 that work hardening rates
increased substantially as a function of strain rate for S1 and S2
at all temperatures investigated in this study. These observations

Fig. 2. SEM and XEDS images of (a) AgsSn precipitates in S2 and (b) AgzSn and CugSns precipitates in S3.
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Fig. 3. EBSD inverse pole figure maps and corresponding texture plots for undeformed (a) S1, (b) S2, and (c) S3. While S1 and S2 possess only a slight initial texture, S3 has a
strong [1 01] type initial texture.
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Fig. 6. Stress—strain curves for S1, S2, and S3 undergoing two-step compression tests at strain rates of 0.001-0.01s~! and temperatures of 20°C to —40°C.

suggest that defect generation and storage mechanisms dominate
the mechanical response of the S1 and S2 alloys at both quasi-static
and dynamic strain rates, at least up to strains of 15%, and that grain
coarsening has less of an influence on the mechanical response in
this strain regime.

In the case of the S3 alloy, microstructural evolution during
deformation was observed to be more significant than in the S1
and S2 cases. Fig. 8 shows EBSD scans of longitudinal sections
of S3 in the as-received state as well as after testing at a strain
rate 0.001s~! to 5% and 60% strain at 20°C and to 20% strain at
—196°C. The as-received material exhibited predominately elon-
gated grains oriented parallel to the longitudinal direction. The
grain aspect ratio, defined as the length of the minor axis over the
length of the major axis of an ellipse fitted to an individual grain,
had a median of 0.27 for as-received S3, indicating highly elon-
gated grains. With increasing deformation at 20 °C, the distribution

of the grain aspect ratio shifted higher, such that at 60% strain, the
S3 sample possessed a grain aspect ratio with both a mean and
median of ~0.5. Average grain size grew from 5.7 um to 6.9 um
within the first 5% strain but then dropped to 4.2 wm at 60% strain.
The combination of the redistribution of the grain aspect ratio and
the drop in grain size suggests that recrystallization occurs in S3 at
large strains. Given that efficient dynamic recovery occurs at even
moderate temperatures, substantial strain was necessary to cause
recrystallization at 20 °C. Compared to the room temperature com-
pression tests, the sample tested at —196 °C exhibited significant
grain coarsening at just 20% strain. Based on the mechanical test
data and post mortem metallographic analysis of the microstruc-
ture, we believe that while significant work hardening occurred in
the sample at —196 °C, recrystallization and grain growth occurred
after testing while the sample rested at room temperature. In addi-
tion, texture analysis of S3 showed that a strong [1 0 1] fiber texture
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Fig.7. EBSD inverse pole figure maps and corresponding texture plots for (a) S1 deformed at 20°C, £=0.17,and & =2700s',(b)S2 deformed at 20°C, £=0.13,and & =2000s™",

and (c) S3 deformed at 20°C, £=0.6,and ¥ =0.1s"!.
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Fig. 8. EBSD scans of S3: (a) as-received, (b) at a strain of ~0.05, and (c) at a strain of ~0.6. Tests were performed at a strain rate of 0.001s~! at 20°C, with the exception of
(d) which was performed at —196°C to a strain of ~0.2. An inverse pole figure for the scans is included in (a). Grain aspect ratio plots indicate the elongation of the grains
within each sample, with a low aspect ratio indicating greater elongation. Average grain sizes for the different test conditions are also given.

existed in the as-received sample (Fig. 3c) but was weakened by
compressive deformation, with the texture weakening increasing
with stored work during deformation (Fig. 7c). The combination of
grain coarsening and recrystallization leading to texture weakening
likely contributes to a significant drop in work hardening rates at
strains of only 5% under dynamic loads and 10% under quasi-static
loads.

4. Conclusions

The mechanical properties and microstructural characteristics
of three solder alloys, Sn63Pb37 (S1), Sn62Pb36Ag2 (S2), and
Sn96.5Ag3Cu0.5 (S3) were quantified for a range of strains, strain
rates, and temperatures. S1 and S2 exhibited similar responses to
one another under all conditions, but overall, S3 possessed the
highest yield stress for all the tested strain rates and tempera-
tures. Some degree of work softening was observed in all three
solder alloys during deformation at room temperature and low
strain rates, but pronounced work hardening was displayed under
conditions of low temperature and/or high strain rate. During high
strain rate deformation, the work hardening rate was found to
be insensitive to deformation at temperatures >20°C, suggesting
efficient dynamic recovery at room temperature for all three sol-
ders. In terms of microstructural characteristics, both S1 and S2
exhibited grain coarsening with increasing plastic strain and defor-
mation temperature, which led to reduced rates of work hardening
at higher strains. In S3, both static recrystallization and grain coars-
ening occurred with increasing stored work during deformation.
In general, Sn96.5Ag3Cu0.5 seems to be a worthy candidate for
widespread replacement of leaded solders due to its improved yield
stress performance at a variety of strain rates that encompass both
thermal stress and drop test conditions.
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