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Abstract Generally, lead-free solder joints in electronic
device are near single or multi crystalline rather than poly
crystalline, and the fatigue failure behavior of solder joints
is greatly influenced by the solder joint thickness. In this
study, the grain number and orientation of solder joints
with four solder thicknesses (0.1, 0.2, 0.3, 0.6 mm) were
analyzed and the effect of that on the low cycle fatigue
deformation behavior of solder joint was also investigated.
The orientation analysis was conducted by means of elec-
tron backscatter diffraction and the fatigue test was per-
formed under room temperature with a fixed frequency of
1 Hz. Moreover, the deformation evolution on side surface
of solder joint was observed by utilizing scanning electron
microscope. It is shown that there is no preferred solidifi-
cation orientation for lead-free solder joints. However,
grains in one joint seem to have a similar orientation when
the solder thickness is <0.3 mm. Solder joint grain number
increases with solder thickness. Besides, the slip direction
and slip band density are different for grains with different
orientations. Consequently, the deformation on both sides
of the grain boundary is inhomogeneous and the fatigue
crack is prone to initiate and propagate in this area.

1 Introduction
Lead-based solders are replaced by lead-free solders due to

environmental concerns and international trade restrictions
which ask the eradication of lead from all electronic
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components by 2006 [1]. Sn—Ag—Cu solder alloys have
been widely used as the electronics industry standard lead-
free solder [2]. Paralleled with the trend of miniaturization,
high packaging density and high reliability for electronic
product, lead-free solder joints play an increasingly sig-
nificant role in mechanical support and electrical connec-
tions [3].

As is known to all, solder joint reliability depends on its
mechanical and physical property, such as fatigue resis-
tance, hardness, coefficient of thermal expansion (CTE)
and so on. Generally, the mechanical property of solder
joint is influenced by the microstructure, such as the tin
grain number and orientation; distribution and morphology
of inter metallic compounds (IMC). Polarized light
microscopy (PLM) and electron backscatter diffraction
(EBSD) have been widely used to quantify the number of
B-Sn grains and to examine the B-Sn crystallographic ori-
entation in solder joints. Telang [4, 5] indicated that the tin-
based solder joints are often near single or multi crystalline
rather than poly crystalline, and there is no preferred
solidification orientation. Yang [6-8] investigated the B-Sn
grain number and crystal orientation of SnAgCu/Cu solder
joints with of different sizes and found that the SnAgCu/Cu
solder joints with different sizes contain only several -Sn
grains and most solder joints were comprised of no more
than three Sn grains, and the grain number, crystal orien-
tation and misorientation were independent of solder joint
size. However, other researchers advocated that the size
reduction of solder joint means the solder changes from
poly crystalline to multi crystalline or even single crys-
talline [9-12], which makes the grain boundaries play a
more important role in reliability of electronic package.

From the present work described above, it should be
mentioned that the effect of grain number and orientation
on solder joints with different sizes is still unclear.
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Moreover, its influence on fatigue deformation behavior of
solder joint has not been reported, yet. Hence, in this study,
the grain number and orientation for solder joints with
different solder thickness and its effect on fatigue defor-
mation behavior were investigated.

2 Experimental procedure

A single shear-lap joint specimen with copper substrates
was designed in this research in order to mimic the shear
stress condition experienced by the actual solder joint, as
shown in Fig. 1. 96.5Sn-3.0Ag—0.5Cu solder with different
thickness (0.1, 0.2, 0.3, 0.6 mm) was used in this study and
the substrate metal is selected as copper. The fabrication
process of solder joints is as follows: first, in order to
remove the oxide layer, the copper substrates were cleaned
using the nitric acid solution for 15 s. Second, the solder
paste was dispersed on the end of the copper substrate.
Then, the copper with solder paste, solder sheet and the
other copper substrate were placed in an aluminum fixture
orderly. The aluminum fixture was illustrated as Fig. 2. At
last, the fixture was put into a reflow oven for 8 min, and
the thermal reflow profile was shown in Fig. 3. The spec-
imens should be placed in air for more than 2 weeks in
order to relieve the residual stress.

The side surface of the specimens was firstly grinded
with 1,500 and 2,000 grit SiC abrasive paper, and then
carefully polished with 0.3 pm Al,O3 and 0.04 pm silica
polishing suspension for EBSD and damage evolution
observation.

From the EBSD test, the orientation imaging micros-
copy (OIM) of side morphology could be obtained. Then,
low-cycle fatigue test were conducted using a micro-uni-
axial fatigue testing system. All fatigue tests were dis-
placement controlled. A triangular waveform was
employed, corresponding to the strain ratio R = 0. Dis-
placement amplitude is 50 um and the frequency is 1 Hz.
For the yield stress of copper is far higher than that of the
solder, so it is supposed that the deformation was con-
centrated in the solder. Fatigue tests were terminated when
the maximum load drop 20 and 50 %, respectively. Then,
deformation evolution was observed from the fine-polished

Fig. 1 Schematic of fabrication of shear-lap solder joint specimen
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Fig. 2 Schematic diagram of the aluminum fixture
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Fig. 3 The temperature curve of reflow soldering

side surface of the solder joint using scanning electron
microscope (SEM).

3 Results and discussion

3.1 Comparing grains from different thickness solder
joints

OIM was widely used to examine the microstructure on the
side surface of the solder joints with different thicknesses
[13]. The volume fraction of B-Sn makes up the largest part
of the 96.5Sn-3.0Ag-0.5Cu solder joint, accordingly,
CugSns and AgzSn formed small, needle or disc-shaped
particles, which take a low volume fraction of solder joint
and they are hardly scanned by OIM. Telang and Bieler [4]
found that the OIM maps from two opposite sides of a
solder joint show the same crystal orientation, which means
that grain on one side throughout the joint, and surface
OIM scans are probably representative of the interior of the
joint. Therefore, only one side surface OIM scans were
taken to determine the distribution of grains in the solder
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joints. Figure 4 was OIM maps for solder joint with dif-
ferent solder thickness and different color represents dis-
tinct grains. As shown in Fig. 4a—d, only one grain can be
scanned in the 0.1 mm thickness solder joint (Fig. 4a), and
there are three grains in the 0.2 and 0.3 mm thickness
solder joints (Fig. 4b, c). Furthermore, six grains were
observed in the 0.6 mm thickness solder joint (Fig. 4d). So
it can be concluded that solder joints grain number increase
with enlarging solder thickness.

Based on the OIM analysis, the three-dimensional ori-
entation figures were obtained by the HKL-EBSD Simu-
lator, all of the crystal orientations in each joint were
illustrated in Fig. 4e-h. The -Sn crystal shows the body-
centered tetragonal structure, and the lattice constant are
a=b = 5.8326, c = 3.1821, respectively. The blue axis
in Fig. 4e—f represents the c¢ axis, and the red and green
represent a and b axis, respectively. The details about the
orientations of each grain in different thicknesses solder
joints were shown in Table 1. There is one-to-one corre-
spondence between the Euler angles and Miller indices of
each grain. As shown in Fig. 4f, there was very small
misorientation between the neighbor grains for 0.2 mm
thickness solder joint. However, the grain number

Fig. 4 The OIM maps of
different thickness solder joints
(0.1, 0.2, 0.3 and 0.6 mm) and
corresponding three-
dimensional orientation figures

Table 1 The orientation of each grain in different thickness solder
joint

Solder thickness/mm  Euler angle/° Miller indices

P1 @ P2
0.1 mm 17.1 1056 250 @6-1)[5-23]
0.2 mm 724 1675 53 (01-=2)[121]
1194 1692 464 (11-4[131]
77.1 1604 112 (15-8)[243]
0.3 mm 414 113.0 646 @42-1[1—-12]

337 1207 444

56.6 121.7 439

0.6 mm 924 1198 53
935 116.6 88.8

151.6 994 249

352 1033  66.9

312 1003 63.0

1525 102.8 25.7

Q22-D[2-12]
22-1)1[102]
03 -1)[013]
40—1)[104]
(120)[=212]
(73 -1)[2-35]
95-1[2-34]
(37-1)[-323]

increased and orientation become disordered with
increasing the solder thickness, as shown in Fig. 4h. It can
be explained by the growth of additional nucleation
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Fig. 5 Maximum load drop 20 % during the cycles

centers. In general, the solder joints solidified as single
crystalline or multi crystalline, and during the process of
cooling, coherent B-Sn formed easier. Investigations of
four group specimens indicated that there is no preferred
solidification orientation for lead-free solder joints.

Fig. 6 Damage evolution when
maximum load drop 20 % in
0.3 mm thickness solder joint

Meanwhile, tiny IMC had little influence on the process of
grain growth.

3.2 Low cycle fatigue deformation

Generally, the maximum load drop of every cycle indicates
the crack initiation and propagation process in solder joint.
Hence, the fatigue resistance ability is determined by the
load drop rate. In order to observe the deformation evo-
lution on solder joint side surface, fatigue test stopped
when the maximum load of every cycle drops 20 %. Fig-
ure 5 is the corresponding maximum load drop curves.
OIM map for solder joint with 0.3 mm thickness and
corresponding surface morphologies scanned by SEM are
shown in Fig. 6. Figure 6a shows the low power field Euler
angle color of whole region for 0.3 mm thickness joint, the
inverse pole figure of Fig. 6b shows the normal y direction
of joint distribution in a-b-c coordinate system. The scan-
ning step is selected as 1.5 pm to acquire adequate details.
Figure 6¢c shows the initial state by OIM map from the
surface of joint, and Fig. 6d shows the change after max-
imum load drop 20 % fatigue test. In this joint only two
colors can be seen, the color on the top left corner is

Slip direction
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different from other part of the joint, which represent two
orientation grains, named grainl and grain2. Based on the
OIM map analysis, the Miller indices of grainl is (30-2)
[021] and grain2 is (21-1) [011]. As shown in Fig. 6d, the
slip direction on grainl is different from other part of the
joint, the boundary hampered the process of the slip and
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Fig. 7 Maximum load drop 20 % during the cycles
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then the grain boundary obviously can be seen. Enlarging
the area of grainl, details of the deformation morphology is
shown in Fig. 6e. Slip directions on both sides of grain
boundary are nearly vertically. Besides, the density of slip
band on grainl is slightly larger than that under the grain
boundary. The deformation characteristics are closely
related to the orientation of each grain, it was suggested
that one main slip system in each grain would be activated
during the deforming process. The {010} <100> slip sys-
tem would be activated first in the single crystal f-Sn under
room temperature [9]. Figure 6f shows the details about the
small box region in Fig. 6d. It is significant that slip band
accumulated near the IMC layer, which is caused by the
restraint effect of substrate metal. Consequently, crack
initiated here due to the inhomogeneous deformation.
Many studies define the cyclic number of maximum
load drop 50 % as the fatigue life of the solder joint [14]. It
means that the crack has started to propagate and the solder
joint is near failure at the point of 50 % load drop. In order
to observe the failure of the solder joint, fatigue test
stopped when the maximum load of every cycle drops
50 %. Figure 7 is the corresponding maximum load drop
curves. Figure 8 are OIM map for solder joint with 0.6 mm
thickness and corresponding surface morphologies scanned

Fig. 8 Damage evolution when maximum load drop 50 % in 0.6 mm thickness solder joint
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by SEM. As shown in Fig. 8a, it is noticeable that the grain
boundary throughout the whole joint and two dominating
grains occupying most of the 0.6 mm thickness as-reflowed
solder joint. Based on the OIM map analysis, the orienta-
tion of each grain has a big difference, the Miller indices of
the red one which named grainl is (122) [-1 —1 2] and the
yellow one which named grain2 is (111) [—1 —2 4]. Some
studies suggested that samples with <112> axis have
higher stacking fault energy and easily cause cross-slip, so
that the slip deformation appears corrugate slip band and it
occurs more easily than other samples with different ori-
entations. After fatigue test with 50 % maximum load
drop, the identical surface of solder joint was observed by
SEM timely. As shown in Fig. 8b, the slip process occurred
incrementally with each cycle, and the deformation is more
severe than that after fatigue test with 20 % maximum load
drop. Meanwhile, inhomogeneous deformation occurred
near the grain boundary, the density of slip band has a large
difference between the two grains, in spite of similar slip
direction evidenced in Fig. 8c, a mass of deformation
occurred in the grain with [—1 —1 2] axis. As shown in
Fig. 8d, crack on the top right corner propagated along the
grain boundary and the fatigue failure will occur real soon.
Besides, crack was initiated around the CugSns phase, but it
was not further propagated, which shows it has little effect
on the fatigue property of solder joint. On the other hand,
restraint effect is decreased with increasing the solder
thickness, so that there is less deformation on the interface
near the copper substrate.

4 Conclusions

1. The grain number of solder joints increases with sol-
ders thickness. The solder joint studied in this research
is a single or multi crystalline rather than poly
crystalline.

2. Grains for solder joint with thickness <0.3 mm have
similar orientations. With increasing the thickness,
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especially the thickness over 0.3 mm, the orientations
difference of each grain appears markedly increase.

3. Only one or two slip systems start during the fatigue

deformation process of B-Sn single crystalline, so that
under low cycle fatigue test there is a large difference
in the slip direction and slip band density among the
grains with different orientations. Inhomogeneous
deformation made the fatigue crack initiation and
propagated along the grain boundaries.
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