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Abstract
The increasingly severe temperature has always been a problem for the solder joint applied in the future novel electrical 
devices. The reliability evolution of solder joint in these conditions is necessary for the design of electrical packaging materi-
als. In this paper, a common thermal cycling test of − 65 to 150 ℃ and an extreme thermal shocking test of − 196 to 150 ℃ 
were carried out on Sn50Pb49Sb1/Cu solder joint. The interfacial behavior of the solder joint, as well as the corresponding 
mechanical performance, was analyzed. In the thermal cycling test, the coarsening behavior of  Cu6Sn5 layer and the forma-
tion of a new  Cu3Sn layer were detected. After 400 cycles of thermal cycling, the shear force of solder joint was decreased 
by 31.55%, but the ductile fracture was hardly changed. The reliability of solder joint was more sensitive to the extreme 
thermal shocking. Besides the coarsening behavior of IMC layer, the micro-crack formation induced by thermal stress was 
obtained in  Cu6Sn5 layer. These micro-cracks became the crack source and gave a further decrement of the shear strength. 
After 400 cycles of extreme thermal shocking, the shear force of solder joint was reduced by 50.43%, giving a ductile/brittle 
mixed fracture.

1 Introduction

With the recent development of fifth generation (5G) cel-
lular networks, the data transmission between electronical 
facilities has been unprecedentedly accelerated and higher 
power devices are being widely applied [1, 2]. Meanwhile, 
the electronical devices are gradually miniaturized owing 
to the advanced processing technology, giving a high inte-
gration level [3]. High-density integrated circuit greatly 
increased the portability of electrical products, but it also 
leads to a critical cooling problem for the electrical devices 
as well as their solder joints, especially for those applied in 
5G cellular networks.

Solder joints, which provide the interconnection between 
electrical devices, are claimed to be sensitive to the periodic 
temperature change owing to the interfacial behavior [4–7]. 
Pang et al. [8] investigated the impact of − 40 to 125 ℃ ther-
mal cycling on SnAgCu solder joint and found that after 
1500 cycles of thermal cycling, a great deal of voids formed 
in the intermetallic compound (IMC) layer of solder joint, 
weakening the bond between solder matrix and Cu pad. Yang 
et al. [9] carried out a thermal cycling test ranging from − 30 
to 125 ℃ on SnBi solder joint and not only the excessive 
growth of IMC layer but also the enrichment of brittle Bi 
phase in solder matrix was obtained after long-term thermal 
cycling, which gave a further decrease of strength. In the 
past decades, many efforts have been conducted to try to 
clarify the microstructure and performance evolution of sol-
der joint in the common thermal cycling condition and it has 
been found that thermal cycling tests with different tempera-
ture profiles possessed different effects on solder joints [10]. 
Spelt et al. [11] conducted thermal cycling tests of 0–100 ℃ 
and − 40 to 125 ℃ on the solder joint in the Plastic Ball 
Grid Array Package (PBGA), respectively, and found that 
the damage per cycles was increased with the temperature 
difference due to the higher thermal stress. Vries et al. [12] 
simulated the endurance behavior of solder joints subjected 
to two kinds of thermal cycle conditions (− 40 to 125 ℃ and 

 * Songbai Xue 
 xuesb@nuaa.edu.cn

1 College of Materials Science and Technology, Nanjing 
University of Aeronautics and Astronautics, Nanjing 210016, 
China

2 Joining and Welding Research Institute (JWRI), Osaka 
University, Ibaraki, Osaka 567-0047, Japan

3 Jiangsu Provincial Key Laboratory of Advanced Welding 
Technology, Jiangsu University of Science and Technology, 
Zhenjiang 212003, China

http://orcid.org/0000-0003-1546-9533
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-020-03141-z&domain=pdf


5732 Journal of Materials Science: Materials in Electronics (2020) 31:5731–5737

1 3

− 55 to 125 ℃) and found that the earlier fracture of solder 
joint was obtained in the latter condition. With the increas-
ingly extensive application of electrical devices, solder joints 
are facing much more extreme temperature conditions, such 
as cosmic and polar environments [13]. For example, the 
low-earth-orbit (LEO) satellite would be exposed to a severe 
temperature ranging from − 170 to 123 ℃, which gave the 
solder joint an extreme thermal shocking [14]. But currently 
the investigations on the effect of extreme thermal shocking 
on solder joint are rarely reported. Therefore, to comprehend 
the reliability difference between solder joints subjected to 
various extreme temperature conditions, the comparative 
investigation on the microstructure and property evolution 
of solder joint under common thermal cycling and extreme 
thermal shocking is necessary.

Pb-containing solder alloys, which although have been 
prohibited in the commercial electrical products, are still 
widely used in the martial and astronautical equipment due 
to their excellent wettability and cryogenic property [15]. 
In comparison with eutectic SnPb solder alloy, Sn50Pb50 
solder with higher resistance to thermal load is preferred in 
the electrical system applied in the aerospace industry. The 
trace addition of Sb element was found to be able to enhance 
the reliability of solder joint subjected to thermal cycling 
[16]. Hence SnPbSb solder alloy is seen as an excellent 
packaging material for the future novel electrical devices 
for aerospace industry. In this article, Sn50Pb49Sb1 solder 
joint was exposed to a common thermal cycling of − 65 to 
150 ℃ and an extreme thermal shocking of − 196 to 150℃, 
respectively. The interfacial microstructure and mechanical 
properties evolution of solder joint in the two conditions 
were analyzed and compared to provide reference for the 
future investigation on solder alloy applied in the extreme 
conditions.

2  Experimental

Sn50Pb49Sb1 solder alloy was made by high-purity metals 
of Sn, Pb, and Sb and then soldered on Cu pads at 250 ℃ to 
prepare the samples. The experiment parameters of the com-
mon thermal cycling (TC) and the extreme thermal shock-
ing (TS) are listed in Table 1. The thermal cycling test was 
conducted in a thermal cycling test chamber according to 
American Military Standard MIL-STD-883 and the maxi-
mum/minimum temperatures were 150 ℃/− 65 ℃. The dwell 
time was 20 min and the ramp rate of temperature was nearly 
15 ℃/min. The extreme thermal shocking test was provided 
by liquid Nitrogen (− 196 ℃) and a constant temperature 
chamber which was set as 150 ℃. The dwell period was also 
20 min and the ramp rate of temperature was too difficult to 
be measured as the exchanging process between maximum/
minimum temperature was finished immediately. After 0, 

200, 400 cycles of TC and TS test, part of samples were 
taken out to be analyzed.

After TC and TS test, these samples were divided into 
two groups, where one is for cross-sectional observation and 
the other is for top-view observation. The samples in cross-
sectional observation group were cut and polished to analyze 
the effect of TC or TS on the cross-sectional IMC morphol-
ogy. The samples in top-view observation group were deeply 
etched by a mixed solution of 13 ml  HNO3 and 87 ml  H2O 
with continuous ultrasonic concussion and then cleaned by 
ethyl alcohol to remove all solder matrix and provide a top-
view observation on the IMC layer. The microstructure was 
analyzed by the scanning electron microscope (SEM) and 
the energy-dispersive spectrometer (EDS).

The strength test of solder joint was conducted in accord-
ance with Japanese Industrial Standard JIS Z 3198-7. 0805 
resistors were soldered on the printed circuit board by the 
prepared Sn50Pb49Sb1 solder in advance and then subjected 
to the TC and TS test. After every 100 cycles, 10 resistors 
were tested by an STR-1000 joint strength tester, as shown 
in Fig. 1. The shear instrument of strength tester was set 
in front of the resistor and then moved at 2 mm/min along 
the shear direction to push the resistor and break the solder 
joint. The maximum shear force during the test process was 
taken to assess the strength evolution of solder joint and 
the fracture observation was also carried out to clarify the 
fracture characteristics.

3  Results and discussion

The interfacial layer growth under thermal load was always 
a serious problem for the solder joint due to the high brittle-
ness of IMC [17, 18]. Figure 2 exhibits the cross-sectional 
SEM images of SnPbSb/Cu solder joint after different cycles 
of TC and TS tests. It could be seen from Fig. 2 that after 
soldering process, a scallop-like  Cu6Sn5 IMC layer formed 
at the interface of solder matrix and Cu pad, which indicated 
that the solder matrix was bonded well with Cu [19]. But 
with the increasing cycles,  Cu6Sn5 layers in solder joints 
were subjected to TC and TS tests; both thickened and their 
morphologies were changed to be flatter and flatter. Moreo-
ver, the formation of new  Cu3Sn layer between  Cu6Sn5 layer 

Table 1  The experiment parameters of TC and TS test

TC test TS test

Maximum temperature (℃) 150 150
Minimum temperature (℃) − 65 − 196
Dwell time (min) 20 20
Ramp rate of temperature (℃/min) Nearly 15 Hard to be 

obtained
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and Cu pad could be obtained in both conditions, which 
gave an extensive growth of interfacial layer. It could be 
seen from Fig. 2 that at the same cycles of TC and TS test, 
the total thicknesses of IMC layers in two conditions were 
quite similar, but the  Cu6Sn5 layer of solder joint subjected 
to TS test showed some different behaviors. After 400 TC 
cycles, the  Cu6Sn5 layer of solder joint thickened signifi-
cantly and kept a holonomic morphology without any obvi-
ous defects. Whereas after being subjected to 400 TS cycles, 
many micro-cracks formed in the  Cu6Sn5 layer, which gave 
a broken morphology. Some  Cu6Sn5 particles were tending 
to lose the reliable bond with IMC layer.

Figure 3 shows the top-view images of solder joint dur-
ing TC and TS tests and Table 2 lists the corresponding 
EDS results. As shown in Fig. 3a, the interfacial layer 
surface of as-soldered joint was rough and the magnified 
image in Fig. 3b indicated the surface of the IMC layer 
with hill-like morphology with ravines. This IMC layer 
was identified to be  Cu6Sn5 IMC, which was consistent 
with the cross-sectional observation. After 400 TC cycles, 
the surface of  Cu6Sn5 layer was changed to be much flatter 
and the original ravines were filled up, as shown in Fig. 3c 
and d. The same phenomenon was observed in solder joint 
after 400 TS cycles, where the flatting behavior of  Cu6Sn5 
layer was also obtained. But it was interesting to find that 
a few new hollows formed at the surface, which were not 
detected in the TC samples. The corresponding magnified 
image in Fig. 3f indicated that at the bottom of these hol-
lows, there were some broken grains which were identified 
to be  Cu6Sn5 IMC. It could be concluded that some  Cu6Sn5 

grains were broken during the TS test and were removed 
in the following deep etching process, exhibiting a frag-
mentary morphology. As  Cu3Sn layer was at the interface 
between  Cu6Sn5 layer and Cu, it was too hard to detect 
 Cu3Sn layer in the top-view observation. 

The microstructure evolution of IMC layer during TC 
and TS test could be attributed to the atomic migration 
under thermal load [20]. The growth behavior of interfa-
cial layers was a migration-dominant process which was 
greatly accelerated at the high-temperature stage of TC 
and TS tests [21]. The increasing cycles gave a high Cu 
content at the interface and hence gradually coarsening 
 Cu6Sn5 layer was obtained. Moreover, once the Cu con-
tent exceeded the threshold, the original  Cu6Sn5 would 
transform to  Cu3Sn IMC, which started from the interface 
between  Cu6Sn5 and Cu. Therefore, coarsening bilayer 
structure was obtained in both TC and TS tests. But the 
coarsening IMC layer with high brittleness has been 
claimed to be adverse to the reliability of solder joint [22]. 
In the temperature-changing condition, the coefficient of 
thermal expansion (CTE) difference between solder matrix 
and Cu pad made the interface a stress–concentration area 
and increased the probability of cracks formation, espe-
cially for the wide temperature range of TS test. Therefore, 
the stress intensity factor KI at the interface was increased 
during the TC and TS process and once KI exceeded KIC, 
which was the fracture toughness of IMC layer, the forma-
tion and prolongation of cracks were obtained [23]. Pang 
et al. [8] reported that the KIC value of  Cu3Sn without 
defects was higher than that of  Cu6Sn5, which gave  Cu6Sn5 
a higher fracture risk under stress. In the cross-sectional 
observation, no defects were detected in the  Cu3Sn layer 
of solder joint during TS test and hence micro-cracks 
occurred in  Cu6Sn5 layer rather than  Cu3Sn after 400 TS 
cycles [24]. But in comparison to the TS test, no cracks 
were observed in the solder joint subjected to the TC test. 
This was consistent with previous researches and may be 
ascribed to the low temperature range of TC test, where 
the KI of IMC layer during TC test was lower than KIC [25, 
26]. The formation of micro-cracks in TS test destroyed 
the reliable bonding between  Cu6Sn5 grains, giving a bro-
ken morphology. As a result, the detached  Cu6Sn5 grains 

Fig. 1  The diagram of shear test

Fig. 2  The cross-sectional microstructure of interfacial layer in solder 
joint at different parameters



5734 Journal of Materials Science: Materials in Electronics (2020) 31:5731–5737

1 3

from IMC layer in cross-sectional observation and the bro-
ken  Cu6Sn5 grains in top-view observation were obtained.

The strength of solder joint was claimed to be signifi-
cantly affected by the behavior of IMC layer [27, 28]. Fig-
ure 4 shows the shear force evolution of SnPbSb/Cu solder 
joint during the TS and TC test. The solder matrix and Cu 
pad were bonded well in the as-soldered joint, which gave a 
shear force of 51.12 N. With the increasing cycles, the shear 
forces of solder joint subjected to TC and TS test were both 
reduced gradually, but the downtrend in TS test was more 
obvious than that in TC test. After 400 cycles, the shear 
force of solder joint was decreased by 50.43% for TS test, 

Fig. 3  The top-view SEM images of solder joints in various conditions. a as-soldered solder joint and b its high-magnification image; c solder 
joint after 400 TC cycles and d its high-magnification image; e solder joint after 400 TS cycles and f its high-magnification image

Table 2  The EDS results of 
Fig. 3

Points Composition 
(at.%)

Cu Sn

A 52.27 47.73
B 54.59 45.41
C 56.17 43.83
D 55.63 44.37
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while 31.55% for TC test. It could be concluded that at the 
same cycle, the effect of extreme thermal shocking on the 
strength of solder joint was much more serious than that 
of common thermal cycling. The excessive growth of brit-
tle  Cu6Sn5 and  Cu3Sn layers resulted in the deteriorating 
strength of solder joint during TC and TS tests [29, 30]. The 
CTE mismatch of solder matrix and Cu pad made the brittle 
interfacial layer become the stress-concentration area, which 
led to the fracture of solder joint at the relatively low stress 
level in the shear test. Hence the increasing cycles deterio-
rated the shear force of solder joint. Moreover, as shown 
in Figs. 2 and 3, although the IMC thicknesses of solder 
joint in TS and TC test were similar, the broken behavior of 
 Cu6Sn5 layer with the formation of micro-cracks during TS 
test provided the crack sources in the solder joint, which pro-
moted the initiation and prolongation of cracks in the shear 
test [31]. Therefore, the micro-cracks induced by extreme 
thermal stress gave a further decline of shear force during 
the TS test.

To clarify the fracture characteristics of solder joint dur-
ing the TC and TS test, the fracture analysis was conducted 
in this section. Figure 5 exhibited the fracture images of 
SnPbSb/Cu solder joint at different cycles of TC or TS test, 
as well as the corresponding elemental mapping results. As 
shown in Fig. 5a, a great number of shear dimples formed 
on the fracture surface of as-soldered joint and no charac-
teristics of brittle fracture were obtained. Moreover, the 
corresponding elemental mapping in Fig. 5b detected high 
content of Sn, Pb, and Sb at the fracture surface, where the 
content of Cu element was negligible. It could be concluded 
that for the as-soldered joint, the ductile fracture occurred 
in the solder matrix during the shear test [32, 33]. After 400 
TC cycles, the morphology of solder joint still consisted of 
shear dimples and compared to the as-soldered joint, the Cu 

content was slightly increased, as illustrated in Fig. 5c and d. 
This phenomenon indicated that although the fracture mode 
of solder joint was still ductile fracture, the fracture position 
was changed to the solder matrix near the interface [34]. 
However, the fracture morphology of solder joint after 400 
TS cycles was quite different from the former two, as exhib-
ited in Fig. 5e. Although the majority of fracture surface was 
still shear dimples in solder matrix, there were many hollows 
at the bottom of dimples. The high-magnification image in 
Fig. 5f exhibited the morphology of dimple with the hollow. 
At the bottom of these hollows, there were some broken 
grains, which showed brittle fracture characteristics. These 
broken grains were clarified to be  Cu6Sn5 by EDS analysis, 
as shown in Fig. 5g. For the solder joint subjected to 400 TS 
cycles, the fracture during shear test initiated at the  Cu6Sn5 
layer and prolongated in the nearby solder matrix, giving a 
ductile/brittle mixed fracture mode.

Usually, Sn-based solder matrix possessed lower strength 
than brittle IMC layer and the fracture of as-soldered joint 
occurred in the ductile solder matrix [35]. Hence as shown 
in Fig. 5a and b, the fracture morphology of as-soldered 
joint exhibited the ductile dimples of solder matrix. How-
ever, with the increasing TC cycles, the growth of brittle 
IMC layer and the accumulation of thermal stress which 
was induced by the CTE mismatch weakened the interface 
area [17]. At this time, the fracture resistance of IMC layer 
was still higher than solder matrix and hence the fracture 
of solder joint after 400 TC cycles occurred in the solder 
matrix near the interface, showing the ductile dimples [26]. 
But the micro-cracks in  Cu6Sn5 layer induced by TS test, 
provided the crack sources and significantly deteriorated the 
IMC layer [36]. Therefore, the fracture of solder joint after 
400 TS cycles initiated in the brittle  Cu6Sn5 layer and pro-
longated in the nearby solder matrix, exposing the broken 
 Cu6Sn5 grains at the bottom of dimples.

4  Conclusion

In this paper, the effect of common thermal cycling and 
extreme thermal shocking on the interfacial layer and 
mechanical property of SnPbSb/Cu solder joint was stud-
ied contrastively. The results indicated that the thicknesses 
of IMC layer in two conditions were quite similar at the 
same cycles due to the growth behavior of IMC, but the 
harmful effect of extreme thermal shocking was more seri-
ous than that of thermal cycling. After 400 TS cycles, 
many micro-cracks formed in the  Cu6Sn5 layer, which 
showed a broken morphology in the cross-sectional and 
top-view observation, deteriorating the strength. After 
400 cycles of TC and TS test, the shear forces of solder 
joint were reduced by 31.55% and 50.43%, respectively. 
After 400 TC cycles, the ductile fracture of solder joint 

Fig. 4  The shear force of solder joint during the TC and TS test
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was hardly changed, but the fracture position was trans-
formed to solder matrix near the interface. But for the 
solder joint after TS test, the fracture initiated in the bro-
ken  Cu6Sn5 layer and then prolongated in the nearby sol-
der matrix, which showed ductile/brittle mixed fracture 
characteristics.
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