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In-situ tensile tests of as-cast 96.5Sn3.5Ag eutectic solder were performed
under the scanning electron microscope (SEM) using different strain rates at
room temperature, and various crack initiation and propagation behavior was
observed on the specimen surface. It was found that, due to the existence of
AgsSn intermetallic particles and the special microstructure of B-Sn phases in
Sn3.5Ag solder, grain boundary sliding (GBS) was no longer the dominant
mechanism for this Pb-free solder. In the lower strain rate regime, accompa-
nied by partial intragranular cracks, intergranular fracture along the grain
boundaries in Sn-Ag eutectic structure or along the interphase boundaries
between Sn-rich dendrites and Sn-Ag eutectic phases occurred primarily for
the Sn3.5Ag solder in the early tensile stage. However, significant plastic
deformation was observed in large areas for the specimens tested at higher
strain rates, and cracks propagated in a transgranular manner across the Sn
dendrites and Sn-Ag eutectic structure.

Key words: 96.5Sn3.5Ag eutectic solder, AgsSn, in-situ scanning electron
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INTRODUCTION

Pb-free solder alloys are intended to completely
substitute for traditional solder materials contain-
ing Pb due to environmental and health concerns.!
Sn-Ag eutectic solder is a promising candidate for
this requirement because of its higher strength and
superior resistance to creep and thermal fatigue,
when compared to eutectic Pb-Sn solder.2 Therefore,
it is very important to understand the mechanical
properties and fracture behavior of this alloy in
order to allow improved prediction of the reliability
of Pb-free solder joints in electronic packaging and
assemblies. Research has been conducted in some
areas, such as isothermal fatigue behavior, tensile
properties, and microstructure change during
creep.® ! Solomon? found that the fatigue resistance
of 96.5Sn3.5Ag was superior to that of Sn-Pb eutec-
tic solder for total shear-strain-controlled fatigue
tests at 35°C and 150°C. Liang* reported that grain
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boundaries of tin-rich phases in 95Sn-5Ag eutectic
alloy are weak spots for cracking during the low
cycle fatigue tests. Igoshev® indicated that, depend-
ing on the applied stress and temperature, grain
boundary (GB) cracking phenomena can affect
the creep rate and, consequently, contribute to
the calculated value of creep activation energy.
Kanchanomai®!° found that steps at the boundaries
of Sn dendrites were the initiation sites for micro-
cracks in the case of low-frequency (103 Hz) fatigue
tests, while for high-frequency (1 Hz) tests, cracks
predominantly initiated at the boundaries of sub-
grains formed in Sn dendrites. Recently, Kerr
studied the creep deformation behavior of Sn3.5Ag
solder at small length scales,™ and a change in the
stress exponent with increasing stress was observed
and explained in terms of a threshold stress for dis-
location motion, due to the presence of obstacles in
the form of AgsSn particles. However, except for
these countable reports on the mechanical behavior
of Sn-Ag eutectic solder, little is known about the
dynamic process of crack initiation and propagation
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Table I. Chemical Composition of 96.5Sn3.5Ag Solder (Wt.%)
Sn Ag Sb Cu As Fe Zn Al
Bal. 3.484 0.063 0.03 0.014 0.005 0.002 0.0010 0.0009

in Sn3.5Ag alloy, which might be necessary to
research the deformation mechanism of the solder
more thoroughly.

The main purpose of the current work is to inves-
tigate the basic characteristics of the fracture
behavior in Sn3.5Ag solder under different tensile
rates, using in-situ scanning electron microscope
(SEM) observation. The dynamic development of the
damage was recorded, and the possible reasons
were discussed in detail.

MATERIALS AND EXPERIMENTAL
PROCEDURES

The Sn-Ag eutectic solder, which was supplied in
as-solidified form, was used in the present study.
Ingots 0f 99.9% Sn and 99.9% Ag were melted in air
under temperature of 420°C and cast into a steel
mold. The material then was left to cool by 50°Cs ™!
in air. The chemical composition of the specimen is
given in Table I. In order to reveal the microstruc-
ture, the solder was etched with etchant 2 g of
FeCl;, 5 mL of HCI, 30 mL of distilled water, and
50 mL of alcohol. Figure 1 shows the SEM micro-
graph of the Sn-Ag eutectic alloy. Under equilibrium
conditions, the phase diagram of the Sn-Ag system
at the eutectic composition predicts a microstruc-
ture consisting of a mixture of AgsSn (¢) and Sn.
However, the cooling rate of 50 °C s~ ! for the current
Sn3.5Ag solder resulted in non-equilibrium solidifi-
cation, and yielded a microstructure of primary Sn
(B)-rich dendrites (dark) surrounded by a fine eutec-
tic mixture (light) of circular or needlelike AgsSn in
a Sn-rich matrix, as shown in the figure. Moreover, a
relatively fast cooling rate also led to the obvious
GB in eutectic structure, as indicated by the arrow
in Fig. 1.

Fig. 1. SEM micrograph of Sn-Ag eutectic solder.

In order to quantify the relationship between the
mechanical properties and strain rates, monotonic
tensile tests were conducted by an Instron 5569 Elec-
tron Universal Material Testing Machine (Instron,
U.K.) at 25 °C with three displacement rates—5 mm
min~ !, 0.5 mm min~?!, and 0.05 mm min . If using
the strain rate as a standard, this equals about 5.6 X
10351 56 x 10 *s ! and 5.6 X 10°° s L. Then,
from bulk solder bar materials, the in-situ SEM
specimens were machined on a linear cutting (LC)
machine. The specimen, which was designed accord-
ing to the operation demand of the SEM, has a flat
dog bone shape (2.0-mm thick, 12-mm wide, 38-mm
long; 5.0-mm wide and 6.0-mm long gage section).
For observation convenience, a notch was made in
the middle of the specimen side face with the LC
machine, and its depth was approximately 1 mm.
The in-situ tensile experiment was performed in a
HITACHI S-570 SEM (Hitachi, Japan) with a maxi-
mal load capacity of 2 kN at ambient temperature.
For Sn-Pb eutectic solder, the fracture mechanism
changed from intergranular-dominated to transgran-
ular-dominated when the strain rate was increased,
and the critical value was 1072 s~ 1.!2 In this SEM
in-situ study, two kinds of displacement rates (L)
were employed—0.05 mm min~! and 1 mm min'—
in order to be equivalent to approximately below 103
s 1, and higher than the value in strain rate for the
purpose of comparison with the previous work. Dur-
ing this procedure, the straining was stopped several
times in order to make observations and take micro-
graphs while the load was still applied.

RESULTS AND DISCUSSION

Mechanical Properties and Parameters of
96.5Sn3.5Ag Lead-Free Solder

After the monotonic tensile tests, the curves of
axial stress-strain with different strain rates were
achieved, as shown in Fig. 2. The strength and plas-
ticity of Sn3.5Ag increased with increased rate.
These phenomena differed from that of 63Sn37Pb
solder, which exhibited superplasticity when the
strain rate was low enough,'® but poor plasticity
with quick deformation. The resultant modulus of
elasticity with the medial strain rate was 47 GPa,
and the measured stress exponent, n, at room tem-
perature was 11.6. If the creep was defined as
power-law behavior, then the strain rate could be
expressed as follows:

€ =Ac" = (A'o)"
Here, the constant A' in our study was approxi-

mately —1.5 that of the same A' value of 63Sn37Pb
solder in Ref. 14. However, the stress exponent of
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Fig. 2. Axial stress-strain curve of 96.5Sn3.5Ag eutectic solder for
different displacement rates in monotonic loading.

the latter, ~7.2, was lower than the former in the
same monotonic loading condition, which means
that Sn3.5Ag has better creep resistance compared
with the Sn-Pb eutectic.

Fracture Behavior and Mechanisms in the Low
Tensile Rate Regime (L = 0.05 mm min!)

Through SEM in-situ tensile testing, the dynamic
fracture behavior of 96.5Sn3.5Ag solder was
recorded in real time. Macrodeformation process
near the notch with lower displacement rate was
shown in Fig. 3. It can be seen that the notch has
been widened. Due to stress concentration, cracks
originated in the vicinity of the notch (areas A and
B), and grew in size with increased loading. Accom-
panied by the slip behavior to a certain degree in
the later tensile stage, obvious plastic deformation
occurred along the maximum shear stress direction.

Figure 4 showed the specific evolution of area A in
Fig. 3. It was found that, in the early stage, micro-
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cracks initiated along the grain boundaries (CD,
EF) in eutectic structure, and along the interphase
boundaries (FGH) between Sn dendrites and Sn-Ag
eutectic phases. The crack along the boundary EF
continued to propagate, and then a cavity was
formed here. Later, further GB behavior was con-
strained. More slip bands along the maximum shear
stress direction (45° angle to the loading direction)
presented at the specimen surface. In the straining
concentration area, grains were prolonged along the
loading direction, such as Sn dendrites O and P in
Fig. 4b. Then, drastic deformation was centralized
within these grains, and transgranular cracks ap-
peared, as shown in Fig. 4c. Finally, the cavity along
the boundary EF did not develop, and the main
crack was generated and propagated through grain
O, P, and R (Fig. 4d). During this process, separate
small cavities were sometimes also observed along
the grain or phase boundaries, as shown in Fig. 4b.
However, with the coming remarkable plastic defor-
mation and the development of the main crack, they
did not coalesce and propagate at later stage.

It was reported that the creep behavior of Sn-rich
solders is dominated by the behavior of Sn matrix.!5
Therefore, at high homologous temperature (~0.60
T/T,, at room temperature for Sn3.5Ag), the defor-
mation in Sn-Ag eutectic solder was ready to follow
the grain boundary sliding (GBS) mechanism that
was dominant during the deformation process of the
pure tin.'® Moreover, both the grain boundaries in
the eutectic structure and the interphase bound-
aries between Sn dendrites and Sn-Ag eutectic
phases can be considered as weak areas. These
areas have high free-energy, stress concentration,
and diffusion processes, and boundary sliding might
occur. However, the second-phase particles of Ag;Sn,
which existed along the grain boundaries (GBs)
in eutectic and the boundaries of Sn dendrites,
obstructed and reduced the boundary sliding. More
importantly, the 96.5Sn3.5Ag solder has a special
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Fig. 3. Macrodeformation process near the notch of Sn3.5Ag specimen strained to (a) 1.1%, (b) 4.6%, and (c) 5.9% at 298 K (strain rate < 10737,

load direction in horizontal).
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Fig. 4. Damage evolution in area A in Fig. 3 with high magnification strained to (a) 3.8%, (b) 5.0%, (c) 5.7%, and (d) 6.5% at 298 K (strain rate

< 107%s™", load direction in horizontal).

microstructure—primary Sn-rich dendrites. The
nature of dendrite structure, similar to the branches
of a tree, is not favorable for the sliding process
along GBs.? Thus, it is not surprising that the slid-
ing process is not the dominant mechanism for this

Pb-free solder as it was in the case of the 63Sn37Pb
solder.!” The presence of particles of hard inter-
metallic inclusions at GBs in the Sn3.5Ag alloy did
not allow for the process of stress concentration
relaxation by GBS mechanism. Then let us assume
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Fig. 5. Surface configuration of area B in Fig. 3 during tensile process with high magnification strained to (a) 4.8%, (b) 5.7%, (c) 5.9%, and

(d) 7.4% at 298 K (strain rate < 1072 s™", load direction in horizontal).

that, due to such stress concentration along GB, a
failure (microcrack or void nucleation) appears
around the small particle of the GB’s intermetallics.
Once created, such a defect serves as a vacancy sink
in the process of stress relaxation. It grows by diffu-
sive mass transport along GBs. The driving force of
this kinetic process is the local stress concentration
sustained by the creep deformation of the specimen
within a small strain range. As the defect grows,
the GB displacement becomes possible which, in

turn, leads to the formation of a boundary crack on
the surface.

Figure 5 shows the surface morphology during the
tensile process in another area with severe fracture
in Fig. 3, area B. Obviously, cracks originated and
expanded along the grain boundaries in Sn-Ag
eutectic structure, especially along the boundary
A’B’ and C’D’. On the other hand, due to the limita-
tion of intensive boundary behavior, intragranular
rupture also occurred in some sites to relax the
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Fig. 6. The SEM micrographs of local surface configuration in the Sn3.5Ag specimen strained to 3.9% at 298 K, showing intergranular cracks along
(a) the Sn-dendrite boundary (arrow A) and (b) the boundary in eutectic structure (arrow B) (strain rate < 1072 s, load direction in horizontal).

surplus stress concentration, like grain W in the
figure. With increasing loading time, multiple trans-
granular cracks were detected near the notch. Inter-
granular cracks initiated along the boundary A'B’
and C’D’ were finally propagated through the grain
U and V, respectively, as shown in Fig. 4d. Thus, in
the early tensile stage, the formations of intergran-
ular cracks were isolated and independent. On fur-
ther straining, under the influence of the special
structure of Sn-rich dendrites, these cracks were
controlled to some extent in sizes and depths. After
a period of loading, some of these cracks eventually
attempted to link-up to form larger cracks, resulting
in the emergence of both intergranular crack and
transgranular crack.

Local deformation behavior was also traced to fur-
ther understand the fracture mechanism of Sn3.5Ag
specimen at low displacement rate. Examples of
local intergranular cracks either along Sn dendrites
boundary or along grain boundaries in the eutectic
structure were indicated by arrows in Fig. 6 with
high magnification. At the same time, transgranular
cracks were also observed distinctly, by cutting
through either the Sn-Ag eutectic structure or
the Sn-rich dendrites, as shown in Fig. 7. Moreover,
the AgsSn particles have a higher stiffness(Egssn
~ 80 GPa) than the surrounding Sn-rich phases
(Es, ~ 46 GPa), and the deformation resistance
of AgsSn is naturally much higher than that of the
B-Sn matrix. Therefore, because of the difference in
deformation between both regions, interphase
cracks might appear. Conversely, since the Sn

matrix was softer than the eutectic, most of the
stress and strain take place in the dendrites, which
results in heavier intragranular fracture of the Sn
dendrites, as shown in Fig. 7.

Figure 8 shows the surface deformation configura-
tion of the area containing rod-shaped AgsSn in the
specimen tested at low tensile rate. It should be
noted that the fine and uniform dispersion of AgsSn
will enhance the strength of the alloy by providing
more efficient obstacles for dislocation motion. Also,
they will supply the nucleation source and activate
the formation of intergranular defects within a
small strain range. While the large AgsSn eutectic
rods only cause some surface microcracks engen-
dered around them (as can be seen in Fig. 8), these
microcracks did not differ greatly afterward.

Above all, due to the existence of fine particles
AgsSn in Sn3.5Ag solder and the special micro-
structure of Sn dendrites, boundary behavior was
limited. However, high homologous temperature, to-
gether with lower deformation rate, caused Sn3.5Ag
eutectic solder to exhibit creep behavior to some
extent. Under this condition, along with partial
transgranular cracks, intergranular fracture was
the dominant mechanism in the early tensile stage.

Fracture Behavior and Mechanisms in the
High Tensile Rate Regime (L = 1 mm min Y

In a higher loading rate regime, GB behavior
could not keep up with the tensile rate. This means
that the contribution from boundary behavior could
not be expected to relax the quickly increased stress
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Fig. 7. The SEM micrographs of local surface configuration in the Sn3.5Ag specimen strained to 5.4% at 298 K, showing transgranular cracks
through (a) Sn-Ag eutectic structure and (b) the Sn-rich dendrites (strain rate < 1072s™ ", load direction in horizontal).

Fig. 8. The SEM micrograph of local surface configuration in the
area containing rodlike AgsSn in the Sn3.5Ag specimen strained to
6.5% at 298 K (strain rate < 1073 s, load direction in horizontal).

concentration in time. Figure 9 shows the macrode-
formation process near the notch with higher dis-
placement rate. Plastic flow was notable, even in the

early tensile stage, and the specimen surface turned
white under the influence of slip bands everywhere.
No obvious macrocrack was visible. It is reasonable
to suggest that many dislocations were activated
within grains, and the dislocation density was
increased. Mobile dislocations were pinned by the
fine AgsSn particles, which strengthened the solder
alloys more efficiently in this condition. Combined
with the relevant mechanical properties, the
strength in this case was higher. This agrees well
with the Taylor yielding strength theory:'®

T, = aGbp

where b is Burgers vector modulus, p is dislocation
density, o is a geometric constant, and G is shear
modulus. At the same time, plastic deformation
evolved fully due to the constraining of serious
intergranular cracks, which also increased the
strain to failure.

In order to observe the microdeformation process,
the variation of surface morphology in area C in Fig. 9
was inspected, as shown in Fig. 10. It was noted that
grains were distorted soon with the fast straining.
The boundaries of interphase were unclear under the
influence of considerable plastic flow. Positions O and
P were further traced with high magnification to
understand the boundary behavior in the case of
higher strain rate. Figure 11 shows the deformation
phenomena in position O. It was found that the inter-
granular microcrack initially nucleated at the Sn-
dendrite boundary E’F’ and did not propagate before
the serious intragranular cracks appeared, like grain
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Fig. 9. Macrodeformation process near the notch of Sn3.5Ag specimen strained to (a) 0%, (b) 4.2%, and (c) 7.3% at 298 K (strain rate > 10 3s™ ",

load direction in horizontal).

a b

c

Fig. 10. Microdeformation process in area C under the notch in Fig. 9, strained to (a) 0%, (b) 4.2%, and (c) 6.1% at 298 K (strain rate > 103 s,

load direction in horizontal).

N. It is the same for position P, as can be seen in
Fig. 12. Microcracks attempted to originate along the
boundaries IJK and LM in the Sn-Ag eutectic struc-
ture at first, but later the transgranular fracture was
entirely dominant during the fast deformation
process. It should be noted that, when drastic trans-
granular cracks were obstructed by the small AgsSn
particles, the latter were drawn apart from the
matrix under the power of the stress. Here, some
separated particles of second phase can be detected in
Fig. 12d.

Examination of local deformation behavior in the
Sn3.5Ag solder revealed that obvious intragranular
deformation has sometimes been carried out before
the nucleation of the boundary cracks under the
higher strain rate. Evidence can be provided in
Fig. 13 by the appearance of slip lines and the
microcracks within the grain. Furthermore, the

stress concentration in the Sn-rich dendrites (which
have lower strength and stiffness than the Sn-Ag
eutectic) will cause the intragranular fracture more
easily here. The failure mode, therefore, has close
relations with the configurations of the dendrite
microstructure. Figure 14 indicates that different
deformation results can be produced with different
dendritic morphology in the same deforming region
of the specimen. Serious intragranular cracks were
preferable in the large Sn dendrite, as shown in
Fig. 14a. On the contrary, when the Sn dendrites
were relatively small, intergranular cracks along
the interphase boundaries between Sn-Ag eutectic
structure and the Sn-rich phase evolved more suffi-
ciently than the former (Fig. 14b).

Due to the higher strain rate, the boundary
behavior presented in the initial stage was quickly
substituted by the intragranular deformation and
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Fig. 11. Deformation phenomena in position O in Fig. 10 with high magnification, strained to (a) 1.2%, (b) 4.2%, (c) 5.0%, and (d) 6.1% at 298 K
(strain rate > 1072 s, load direction in horizontal).

fracture before it could grow further. The elevation A comparison between the mechanical properties
of the tensile rate constrained the intergranular of the Sn3.5Ag studied here, to previous research on
fracture, but promoted the development of cracks 63Sn37Pb solders,'” indicates that both solders
intragranularly. exhibited different deformation behavior under the
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Fig. 12. Deformation phenomena in position P in Fig. 10 with high magnification, strained to (a) 1.2%, (b) 4.2%, (c) 5.0%, and (d) 6.1% at 298 K

(strain rate > 1072 s, load direction in horizontal).

same loading condition. For Sn-Pb eutectic alloy,
Sn and Pb are all the IV main group elements in the
periodic table, and the fifth and sixth periodicity,
respectively. The arranging positions are closely
distributed, and they are compatible. There are not

intermetallic products. In contrast, for Sn-Ag eutec-
tic, Ag is the transition group element in the fifth
periodicity and reacts drastically with Sn, forming
intermetallic AgzSn. Mobile dislocations are arres-
ted and slowed at these particles, which strengthens
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Fig. 13. Local deformation behavior of the specimen surface far away from the notch, strained to (a) 0%, (b) 4.2%, and (c) 7.3% at 298 K (strain

rate > 103 s, load direction in horizontal).

a

Fig. 14. A contrast of deformation results with (a) large and (b) small Sn-rich dendrites strained to 5.0% at 298 K (strain rate > 1072 s~ load

direction in horizontal).

the solder remarkably. Simultaneously, the forma-
tion of AgzSn particles comparted the small Sn par-
ticles in matrix. The finer the AgsSn particles, the
more effectively the compartmentation performs.
The existence of these small particles restrained
the fluidity and diffusibility of Sn atoms, which
obstructs the boundary behavior to a certain extent
since more vacancies are produced in the Sn matrix.
In summary, two important differences exist
between the solders. First, the Pb content in Sn-Pb
eutectic is great, and the eutectic is a solid solution.

Grain boundaries are rounded off, and the atom
diffusion resistance is small, resulting in a GBS-
dominated deformation mechanism. In Sn-Ag eutec-
tic, the solid solubility of small amounts of Ag in the
Sn matrix could be neglected, and all of the Ag in
solution is almost turned to AgsSn. The normal
as-cast solidification rate could not get to the equi-
librium station, and the structure of the primary
precipitated Sn dendrites means that GBS is no
longer the dominant mechanism. Second, the Ag;Sn
particles have a higher stiffness and strength than
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the surrounding matrix. They strengthen the mate-
rials, but sacrifice the plasticity. However, Pb is
known to be less stiff and weaker than the matrix.
The strength is relatively lower, and toughness is
better than the Sn-Ag eutectic.

CONCLUSIONS

Combining the mechanical properties testing and
in-situ observation results, conclusions can be
drawn for the deformation behavior of 96.5Sn3.5Ag
solder alloys. It should be emphasized that micro-
structure is one of the key factors that influence the
mechanical properties of the materials. The high
solidification rate obtained with air cooling in this
paper promoted nucleation but suppressed the
growth of Ag;Sn, yielding fine Ag;Sn particles with
spherical morphology dispersed in the Sn matrix.
Affected by both the structure of Sn-rich dendrites
and the encumbrance of AgsSn particles, GBS was
no longer the dominant deformation mechanism.
In the lower strain rate, the creep property of Sn ma-
trix was exerted, and the defects were accumulated
around the second-phase particles by the diffusion
process. Consequently, intergranular-dominated
fracture occurred, especially in the early stage.
In the higher strain rate, boundary behavior was
limited under the fast straining, and plastic defor-
mation and intragranular cracks appeared mainly
during this procedure.
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