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Abstract
The ball grid array (BGA) component with cross-sectioned edge row was thermally shocked to investigate the activated slip 
systems in the Sn–3.0Ag–0.5Cu lead-free solder joint. The microstructure and crystal orientations of Sn-based solder joints 
in as-reflowed and thermally shocked conditions were obtained by scanning electron microscopy (SEM) and electron back-
scattered diffraction (EBSD), respectively. The sample was reexamined after 200, 300 and 400 thermal shock cycles without 
further polishing. In this paper, one single-crystal solder joint in a BGA component was selected to analyze the activated slip 
systems during recrystallization under the thermally shocked cycled condition. Two steps were used to determine the activated 
slip systems in this study. Step one, subgrain rotation angles and axes were calculated by the Euler angles obtained by EBSD 
before and after thermal shock. Then several slip systems were obtained according to the calculated subgrain rotation axes. 
Step two, in order to further determine the accurate slip system which could cause the subgrain rotation along the axes in 
step one, the theoretical slip traces were obtained by calculating Euler angles. Because the results contained many kinds of 
theoretical slip traces, so the slip bands observed by SEM were used and assisted to select the theoretical slip traces. Based 
on the comprehensive analysis of the two steps, slip systems that causes the serious deformation were determined. The results 
showed that recrystallization occurred at different areas of the solder joint and the slip bands appeared at the corners of the 
solder joint. The subgrain rotation behavior was variable at the recrystallization area by analyzing the subgrain orientation 
after 200, 300 and 400 thermal shock cycles. By compared the as-calculated slip traces with the slip bands characterized 
by SEM and the rotation axes calculated by the Euler angles, (0 1̄ 0) [0 0 1], (1 1̄ 0) [0 0 1] and (1 1 0) [0 0 1̄ ] were the slip 
systems that caused the subgrain rotation along a certain axis in this solder joint.

1 Introduction

In the electronic information age, the density of electronic 
components increased with the Moore’s law. The develop-
ment of electronic packages trends to light-duty, miniatur-
ization and multifunction, and the ball grid array (BGA) 
component plays an important role in the central process-
ing unit of the large scale equipment (such as automotive, 
communications, aerospace and other fields) as the product 
of miniaturization and densification of electronic package. 
However, solder joints in the packages service under the 
high density of electronic condition where could generate 

a lot of Joule Heat [1], so a serious issue was risen that 
recrystallization occurred under the thermal alternating 
environment caused by the switch on/off frequently [2, 3]. 
In recent years, researchers have done plenty of works to 
investigate recrystallization in the solder joints under the 
thermal cycling condition [4–9]. The results indicated that 
recrystallization occurred in the solder joints during thermal 
cycling, and the way to form recrystallized grains is sub-
grain rotation [10–13]. But there were also a few literatures 
which reported about the mechanism of recrystallization of 
lead-free solder joints in BGA components during thermal 
cycling. Thermal stress/strain exists in electronic packag-
ing products during thermal cycling due to the mismatched 
coefficient of thermal expansion (CTE) [14]. So the recrys-
tallized grains usually generate at the corners, the interface 
and the grain boundary of the solder joints due to the high-
mismatched CTE [15]. Furthermore, the BGA component 
is a symmetrical structure and the stress induced by thermal 
cycling increased gradually from the center of the package 

 * Jing Han 
 hanjing@bjut.edu.cn

 * Fu Guo 
 guofu@bjut.edu.cn

1 College of Materials Science and Engineering, Beijing 
University of Technology, Beijing 100124, China

http://orcid.org/0000-0003-0396-8140
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-018-8741-9&domain=pdf


7502 Journal of Materials Science: Materials in Electronics (2018) 29:7501–7509

1 3

to corner. So, even if solder joints have the similar crystal 
orientation, the place where recrystallization occurred may 
not identical with each other.

Accelerated thermal cycling is a common way to assess 
the reliability of solder joints under thermo-mechanical 
stress. And it has been widely reported in literatures that the 
primary failure mode in Sn-based solder joints is cracking 
near the package side during thermal cycling [16–18]. Sev-
eral studies have been carried out to compare failure modes 
with real case, and these studies focused on the effect of 
different temperature profiles, grain size and different struc-
ture of the package [19–21]. Furthermore, the microstruc-
ture evolution and the crack propagation were observed in 
solder joints during thermal cycling [22–26]. The crystal 
orientation evolution which was caused by the subgrain rota-
tion was identified as the mechanism of the recrystalliza-
tion during thermal cycling, which the recrystallized region 
formed at the area of crystal orientation evolution and began 
to weaken in the solder joint. Meantime, cracks propagated 
along the recrystallized grain boundaries in the recrystal-
lized regions until the solder joint failure [27]. Therefore, in 
order to improve the reliability of the solder joints, it was a 
great significance to research the mechanism of the recrys-
tallization and the subgrain rotation behavior. Though there 
has been a lot of research on the continuous recrystalliza-
tion, the mechanism of the recrystallization was not clear. 
In previous studies of the recrystallization, the researchers 
only focused on either the electron backscattered diffraction 
(EBSD) data or the scanning electron microscope (SEM) 
data and ignored the connection between the EBSD data 
and SEM data. In addition, the majority of the results were 
not accurate due to the process of further polishing which 
could be change the (sub)grain orientations. Moreover, the 
grain orientation and microstructure evolution occurred 
simultaneously during recrystallization. So, it is necessary 
to research the mechanism of recrystallization by combining 
the grain orientation and microstructure.

In this paper, a single-crystal solder joint in the BGA 
component was selected to investigate the activated slip sys-
tems without polishing after 200, 300, 400 thermal shock 
cycles. Two steps were used to determine the activated slip 
systems during recrystallization. EBSD technique was used 
to obtain the grain orientations. The subgrain rotation axes 
and misorientation angles were obtained by calculated Euler 
angles. Then SEM technique was used to obtain the micro-
structure before and after thermal shock, and the slip bands 
were observed on the solder joint. Finally, the slip systems 
that caused the subgrain rotation along a certain axis were 
calculated and obtained by the two steps.

2  Experimental procedures

A BGA component was selected as the specimen with a 
12 mm × 12 mm body size and a three-row perimeter array 
of 228 solder joints which had a 300 µm diameter and 
500 µm pitch. The composition of the solder balls was 
Sn–3.0Ag–0.5Cu (wt%) (SAC305). Figure 1 showed the 
X-ray transmission image of the BGA component. The BGA 
component contained a 10 mm × 10 mm silicon die attached 
solder balls which were used to fit the silicon die and printed 
circuit board (PCB) together. The electrolytic Ni/Au sur-
face finished on top of the Cu surface and the specimen was 
assembled onto a 2.0 mm thick Flame Retardant four (FR-
4) PCB which had an organic surface preservative surface 
finish. A typical reflow profile about peak temperature of 
245 °C was used to mount the BGA on the PCB and the 
dwell time was 1.5 min at temperature above 217 °C.

The outmost row of specimen was cross-sectioned, 
ground and polished prior to thermal shock, as shown 
in Fig. 2. The process of metallographic preparation was 
complied with the standard procedures. The outmost row 
was approximately across the center of solder joints. The 
colloidal silica suspension with 0.05 µm particle was used 
to the final polishing. Then the initial microstructure and 
grain orientation was observed using polarized light 
microscopy and scanning electron microscope (SEM, 
Quanta FEI 650) equipped with the electron backscattered 
diffraction (EBSD, Quanta FEI 650) system before ther-
mal shock test. To protect the solder to oxidation and pol-
lution, the specimen was placed in a vacuum quartz glass 
tube after EBSD characterization of each time. Finally, 

Fig. 1  X-ray transmission image of the BGA component
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the specimen was placed in the thermal shock test furnace 
(BTS2-100B). The temperature profile of thermal shock 
was from − 55 to 125 °C with 5 s cooling and heating 
ramp times and 15 min dwell times. After 200, 300 and 
400 thermal shock cycles, the specimen was characterized 
again by EBSD and SEM without further polishing.

3  Results

Figure 3 showed the EBSD maps, {0 0 1} and {1 0 0} 
pole figures and misorientation angle distribution maps 
after 0, 200, 300 and 400 thermal shock cycles (named 0, 
200, 300 and 400 TS, respectively). In the EBSD maps, 
the blue lines in the solder joint represented the low-angle 
grain boundaries, which were > 2° and < 5°. The red lines 
in the solder joint represented the low-angle grain bounda-
ries of 5°–15°, and purple lines represented the high-angle 
grain boundaries. Figure 3a shows the EBSD results before 
thermal shock, which indicated that the as-reflowed solder 
joint (0 TS) contains only a few low-angle grain bounda-
ries and without high-angle grain boundaries. Then the 
solder joint could be considered as a single crystal solder 
joint in this study, which can be proved by {0 0 1} and {1 
0 0} pole figures and the misorientation angle distribution 
map of 0 TS. The low-angle grain boundaries increased 
after 200 TS, and several subgrains were generated at the 
corners of the solder joint, as shown in the white rectangle 
frames in Fig. 3b. Moreover, pole figures show that the 
diffracted dots were scattered with the increased thermal 

Fig. 2  Schematic of cross-sectioned BGA component for EBSD 
observation

Fig. 3  EBSD maps, {1 0 0} and 
{0 0 1} pole figures and misori-
entation distribution maps, a 0 
TS, b 200 TS, c 300 TS, d 400 
TS. (Color figure online)
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shock cycles. The misorientation angles and the range of 
the low-grain boundaries increased after 200 TS.

The EBSD results indicated that the grain orientation 
evolution occurred in the solder joint, and many subgrains 
were generated in the solder joint during thermal shock. 
With the increasing thermal shock cycles, many subgrains 
and subgrain boundaries were formed in the solder joint, 
as shown in Fig. 3c and d. The range of low-angle grain 
boundaries and misorientation angles increased gradu-
ally after 300 and 400 TS, and the pole figures show that 
the diffracted dots spread gradually around the initial dif-
fracted dots. Furthermore, several dots in the pole figures 
were more scattered than that of the initial state, as shown 
in Fig. 3d. The results indicated that the grain orientations 
changed during thermal shock, and many subgrains formed 
in the solder joint.

In order to investigate the subgrain rotation behavior 
during thermal shock, the EBSD data was obtained with-
out polishing after 200, 300 and 400 TS. Three areas (a, 
b and c) where subgrains formed at corners of the solder 
joint were selected to obtain the subgrain orientations after 
200, 300 and 400 TS, as shown in the red rectangle frames 
of the Fig. 3d. In addition, the deformation occurred in 
the solder joint during thermal shock, and amounts of slip 
bands were characterized clearly after 300 TS, as shown 
in the red frames signed at areas a, b and c in Fig. 4c. The 
number of slip bands increased with the increasing num-
ber of thermal shock cycles. Figure 4e–g show the local 
magnified SEM maps of Fig. 4c at 300 TS. Three kinds of 
slip bands marked with colorful lines and numbers ①, ② 
and ③ were selected to analyze the slip systems.

4  Discussion

4.1  The analysis of slip directions using EBSD

The EBSD results were used to analyze the subgrain rota-
tion behavior by calculating Euler angles. Figure 5 shows 
the grain orientations at areas a, b and c after 0, 200, 300 
and 400 TS. The blue lines marked with angles that ranged 
from 2° to 5° represented the low-angle grain boundaries 
in the EBSD maps. The red lines represented the low-angle 
grain boundaries of 5°–15° in the EBSD maps. The pur-
ple lines represented the high-angle grain boundaries. The 
frames marked with M, N and K represented the initial grain 
orientations which selected at areas a, b and c, respectively, 
as shown in Fig. 5a. The frames marked with A, B and C 
represented the grain orientations after 200 TS, as shown 
in Fig. 5b. The frames marked with D, E and F represented 
the grain orientations after 300 TS, as shown in Fig. 5c. The 
frames signed with G, H and I represented the grain orienta-
tions after 400 TS, as shown in Fig. 5d.

Because the subgrain orientations were obtained with-
out further polishing after 200 TS, 300 TS and 400 TS, the 
EBSD data could be used to analyze the subgrain rotation 
behavior accurately. For example, at area a, the subgrain 
orientation A could be transformed from the initial orien-
tation M after 200 TS. The subgrain orientation D could 
be transformed from the initial orientation M after 300 TS, 
whereas the subgrain orientation G could be transformed 
from the initial orientation M after 400 TS. At area b, the 
subgrain orientation B, E and H could be transformed from 
the initial orientation N after 200, 300 and 400 TS, respec-
tively. At area c, the subgrain orientation C, F and I could 

Fig. 4  SEM maps after a 0 TS, b 200 TS, c 300 TS and d 400 TS, respectively e, f and g magnified SEM maps of c at areas a, b and c, respec-
tively
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be transformed from the initial orientation K after 200, 300 
and 400 TS, respectively.

Figure 6 showed the process of subgrain rotation analysis 
after 200, 300 and 400 TS by calculating Euler angles. The 
grain orientations were obtained by the EBSD data, which 
were correspond to the grain orientations in Fig. 5, and the 
black rectangle frame represented the initial orientation. The 
red, blue and pink rectangle frames represented the grain 
orientations after 200, 300 and 400 TS, respectively. For the 
area a, the grain rotation axes (RA) and the misorientation 
angles (MA) were [ ̄1 2̄ 0 ] @ 10.0°, [ ̄1 2̄ 1 ] @ 12.0° and [ ̄1 4̄ 2 ] 
@ 13.2° after 200, 300 and 400 TS, respectively. For the area 
b, the grain rotation axes and the misorientation angles were 
[ ̄3 2 1 4 ] @ 10.5°, [ ̄3 2 1 1 ] @ 12.6° and [ ̄2 3 1 1 ] @ 12.4° 
after 200 TS, 300 and 400 TS, respectively. For the area c, 
the grain rotation axes and the misorientation angles were 
[ ̄3 2 8 ] @ 4.9°, [ 1 2 7̄ ] @ 6.4° and [ 0 1 5 ] @ 7.9° after 200, 
300 and 400 TS, respectively. The results indicate that the 
subgrain rotation axes and the misorientation angles were 
various at different areas of the solder joint during thermal 
shock. For area a, the rotation axes were close to Sn [0 1 0], 
whereas the rotation axis was close to Sn [0 0 1] at the areas 
b and c of the solder joint.

To the best of our knowledge, β-Sn is the body centered 
tetragonal structure with the length of a[100] = b[001] ≈ 2c[001], 
so the axes [1 0 0] and [0 1 0] could be considered as the 
same rotation axis during analyzing the grain rotation behav-
ior due to the symmetrical feature. As reported in the litera-
ture, there are fifteen common nonequivalent slip systems 
in Sn, and the slip system with the lowest ideal shear resist-
ance is (1 0 1) [ ̄1 0 1] [28]. The literature reported that the 
subgrain rotation axes were likely the slip directions [8]. So, 
for area a, the activated slip system groups (1 0 0) [0 1 0], (0 

0 1) [1 0 0] and (1 0 1) [0 1 0] could cause the initial grain 
orientation M rotate along Sn [1 0 0] into the grain orienta-
tions A, D and G after 200, 300 and 400 TS. For areas b and 
c, the activated slip system groups (1 0 0) [0 0 1] and (1 1 0) 
[0 0 1] could cause the initial grain orientation N (K) rotate 
along Sn [0 0 1] into the grain orientations B (C), E (F) and 
H (I) after 200, 300 and 400 TS. However, the activated slip 
systems depended on the grain orientation and the stress 
direction.

Figure 7 showed the misorientation angles at different 
areas with the increasing thermal shock cycles. The lines 
signed with A, B and C represented the smallest misorienta-
tion angle of areas a, b and c after 200, 300 and 400 TS. For 
areas a and b, the misorientation angles increased after 300 
and 400 TS, but the growth ratio decreased. Whereas, for 
the area c, the misorientation angle increased after 300 and 
400 TS and the growth ratio increased. The results indicated 
that the misorientation angle increased with the increasing 
thermal shock cycles, but the growth ratio was invariable at 
different areas of the solder joint. The main reason caused 
the phenomenon was closely related to the cyclic thermal 
stress, which could cause different groups of slip systems 
activate during thermal shock.

4.2  The analysis of slip plane using SEM

The results of Fig. 6 showed that the subgrain rotation 
behavior (rotation axes and rotation angles) at areas a, b 
and c was different between each other, though the initial 
state of grain orientation was similar, which meant that the 
joint selected in this paper was the single crystal structure, 
as analyzed in Chap. 3.1. Then the results demonstrated 
that there could not be only one slip system activated in the 

Fig. 5  (Sub)grain orientations 
at corners of the solder joint 
before and after thermal shock, 
a grain orientations M, N and 
K before thermal shock, b 
subgrain orientations A, B and 
C after 200 TS, c subgrain ori-
entations D, E and F after 300 
TS, d subgrains G, H and I after 
400 TS. (Color figure online)
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solder joint, and the stress was non-uniform distribution in 
the solder joint. Therefore, in order to determine a certain 
slip system that could cause the subgrain rotate about Sn 
[1 0 0] and [0 0 1], another step was used to determine the 
accurate slip systems by using SEM results. Many slip bands 
could be observed on the solder joint after 300 TS, as shown 
in Fig. 8a.

The generalized Schmid Factors (SF) for each given slip 
system were calculated with the Euler angles and listed in 
Table 1 (SF > 0.3) [29, 30]. The theoretical calculated slip 
traces are obtained with the theoretical calculated Schmid 
Factors. However, only three slip systems with theoretical 
calculated slip traces could match the slip bands in SEM 
maps, as shown in Fig. 8(c). For the slip bands ①, (0 1 
0) [0 0 1̄ ] is the slip system that could be activated with 
the short burgers factor and high SF (0.643). For the slip 
bands ②, (1 1 0) [0 0 1̄ ] is the theoretical calculated slip 
system with blue slip trace that could be activated during 
thermal shock. For the slip bands ③, (1 1̄ 0) [0 0 1] is the 
theoretical calculated slip system with green slip trace that 

Fig. 6  Subgrain rotation analy-
sis at areas a, b and c after 200, 
300 and 400 TS, respectively

Fig. 7  The analysis of misorientation angle at areas a, b and c after 
200, 300 and 400 TS, respectively. The colorful lines with A, B and C 
represent the minimum value of the misorientation angle
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could be activated during thermal shock. The results show 
that slip systems (0 1̄ 0) [0 0 1], (1 1̄ 0) [0 0 1] and (1 1 0) 
[0 0 1̄ ] contained in the slip system groups (1 0 0) [0 0 1] 
and (1 1 0) [0 0 1]. So (0 1̄ 0) [0 0 1], (1 1̄ 0) [0 0 1] and 
(1 1 0) [0 0 1̄ ] were the slip systems that activated in the 
solder joint during thermal shock, and the rotation axes 
may be the slip direction.

However, from the results above, at area b, the activated 
slip systems were (1 1 0) [0 0 1̄ ] and (1 1̄ 0) [0 0 1], which 
were contained in the slip groups (1 1 0) [001] that was 
obtained by the rotation axis [001]. At area c, the activated 
slip system was (1 1̄ 0) [0 0 1], which were also contained 
in the slip groups (1 1 0) [001] that was obtained by the 
rotation axis [001]. While (0 1 0) [0 0 1̄ ] that was the acti-
vated slip system at area a was not contained in anyone slip 
groups (1 0 0) [0 1 0], (0 0 1) [1 0 0] and (1 0 1) [0 1 0] 
obtained by the rotation axis [100]. The results indicated that 
the activated slip system at area a was not determined by this 
method. The main reason may be caused by the tolerance 
that was introduced by the calculating rotation axes and the 
relationship between rotation axes and slip directions. Then 
the method need to be further investigated.

The results showed that though the solder joint was the 
single crystal solder joint, several slip systems could be acti-
vated in the solder joint of the BGA components. The main 
reason may be caused by the stress distributed unevenly, 
and the stress at areas a and b was much larger than that at 
area c, leading to the difference of the misorientation angles 
at areas a, b and c, as shown in Fig. 7. The misorientation 
angles at areas a and b were much larger than that at area c. 
Furthermore, the SEM results showed that there were a lot 
of curved slip bands at areas a and b, as shown in Fig. 8a, 
which could prove that there were not only one slip system 
activated during thermal shock, while there were mounts of 
smooth slip bands at area c, then one slip system was acti-
vated. Figure 8b showed that subgrain rotation behavior at 
areas a and b was much more complicated than that at area 
c. Because the rotation axes in two grain orientation before 
and after thermal shock were not on a straight line and there 
was an angle, while the rotation axes of the grain orienta-
tions were ranged in a line at area c. The result indicated that 
more than one slip system was activated at areas a or b. So, 
in this study, several slip systems could be activated in one 
single crystal solder joint at different areas, and there was 

Fig. 8  a Magnified SEM maps 
of Fig. 4a at areas a, b and c, 
respectively b subgrain rotation 
behaviors at areas a, b and c c 
slip systems with as-calculated 
slip traces that can match the 
slip bands characterized by 
SEM
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more than one slip system activated at the same area of the 
solder joint during thermal shock.

5  Conclusion

In this study, two steps were used to analyze the subgrain 
rotation behavior in a single crystal solder joint of the BGA 
component. The data was obtained by the EBSD technique 
without further polishing after 200, 300 and 400 TS, and the 
activated slip systems could be determined during deforma-
tion under the thermal shock cycles condition. By analyzing 
the subgrain rotation behavior, [0 1 0] and [0 0 1] seem to be 
the rotation axes with different misorientation angles. The 
misorientation angle increased with the increasing number 
of thermal shock cycles. The results of SEM show that a lot 
of slip bands appeared at the corners of the solder joint after 
thermal shock cycles, and Schmid factors and several as-
calculated slip traces were obtained by calculated the Euler 
angles to determine the activated slip system. By the two 
steps analysis, (0 1̄ 0) [0 0 1], (1 1̄ 0) [0 0 1] and (1 1 0) [0 0 
1̄ ] were determined as the slip systems that activated in the 
solder joint during thermal shock cycles and the rotation 
axes may be the slip directions. The results also show that 
several slip systems could be activated at different areas of 
the single crystal solder joint, and more than one slip system 

could be activated at the same area of the solder joint. The 
misorientation angles at areas with multiple slip systems 
is much larger than that at area with the single slip system. 
In the future, the slip systems that were activated during 
thermal shock will be investigated and analyzed by transmis-
sion electron microscope to better understand the process of 
recrystallization in the lead free solder joints.
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