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Abstract: In deep space exploration the exploration equipment will inevitably experience the harsh
environment of cryogenic temperature. Solder joints belong to the most vulnerable parts of electronic
equipment, and the harsh environment of extreme cryogenic temperature will seriously threaten the
reliability of solder joints. In this paper, Sn3.0Ag0.5Cu/Cu solder joints were prepared and stored
at cryogenic temperatures (—50 °C, —100 °C, and —196 °C) for up to 960 h, whilst studying the
microstructural evolution and deterioration of shear properties. The results showed that the influence
of cryogenic temperature on microstructure deterioration was greater than that of storage time.
With the decrease of storage temperature and the extension of storage time, the Ag3Sn intermetallic
compounds (IMCs) were uniformly dispersed in the 3-Sn matrix; the size decreased and the number
increased. After being stored at —196 °C for 960 h, some microcracks appeared at the interface of
the solder joints. Meanwhile, the shear force of the solder joints was reduced by 19.02%, and the
fracture mode changed from ductile fracture to ductile-brittle mixed fracture. Therefore, it is of great
scientific significance to reveal the microstructural evolution and deterioration of shear properties of
the solder joints under long-term storage at cryogenic temperatures.

Keywords: cryogenic temperature; Sn3.0Ag0.5Cu; solder joints; intermetallic compounds (IMCs);
shear force

1. Introduction

Since the 21st century, human exploration of the unknown universe has gradually
shifted from Earth’s orbit to a more remote and complex deep space environment. Some
countries, especially developed countries, led by the United States, Russia, the European
Union, and Japan, have covered all kinds of celestial bodies in the solar system [1,2].
Additionally, China’s first Mars Exploration mission, i.e., Tianwen-1 mission, was launched
in July, 2020 [3]. However, deep space exploration equipment will experience complex
mechanical, thermal, and irradiation environments. Table 1 shows each celestial body’s
surface temperature and rotation period [4,5]. For example, the rotation period of the
Moon is 29.5 days. In each rotation cycle, the Moon’s temperature will be maintained
at —180 °C for 14.7 days at night. Therefore, the detection equipment must be operated
at long-term cryogenic temperatures. The cryogenic temperature is far lower than the
minimum temperature of —55 °C in the military standard. This will bring potential
reliability problems to the detection equipment [6-8]. According to statistics, more than 70%
of electronic equipment failures are caused by solder joint failure on the equipment [9-12].
Therefore, it is of great scientific significance to study the rules of microstructural evolution
and mechanical property deterioration of solder joints after cryogenic temperature storage.
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Table 1. Rotation period and surface temperature of different celestial bodies.

Celestial Bodies Surface Temperature (°C) Rotation Period (Day)
Pluto —229 9.4
Moon —180~150 29.5
Europa —188~—143 3.6
Titan —180 16
Enceladus —196 41

Currently, the studies on solder joints at cryogenic temperatures mainly focus on
the effect of thermal cycling on reliability [13-16]. However, there are relatively few
research reports on the long-term storage reliability of solder joints under a cryogenic
temperature [17-19]. Rahim M. et al. [20] tested the stress distribution in the chip refluxed
with Sn63Pb37 solder in the range of —180 °C~150 °C. The results showed that the stress
in the solder joint interconnection interface was significantly increased at the cryogenic
temperature. Linda D. C. et al. [21] studied the tensile properties of Sn-Pb based solders
with different Pb contents at different temperatures. The research found that the strength of
Pb90Sn10 solders consistently increased as the temperature decreased, and the strength of
other solders all reached a maximum near —150 °C. Significantly, the strength of Sn40Pb60
solders decreased after reaching the max, but increased after dropping to about —200 °C.
Du X. et al. [22] conducted tensile tests on solder joints prepared with Sn63Pb37 and
5n3.0Ag0.5Cu (SAC305) solders at cryogenic temperatures. The results show that the tensile
force of solder joints increases first and then decreases with the decrease in temperature.
However, the tensile force at cryogenic temperature is still higher than at room temperature.
As mentioned above, due to the variety of solder types available in the field of electronic
packaging, the existing research is not systematic. Even for the same research object, the
results obtained by different scholars are still controversial.

In addition, the current research on the mechanical properties of solder joints at
cryogenic temperature mainly focuses on tensile behavior [23,24]. However, compared
with tensile stress, shear stress has more influence on the mechanical properties of solder
joints. Therefore, the shear properties of solder joints at cryogenic temperature need to
be further studied to improve the database and facilitate further research. In this paper,
SAC305/Cu solder joints were prepared and stored at different cryogenic temperature
environments (—50 °C, —100 °C, —196 °C) for a long time (240 h, 480 h, 720 h, 960 h). The
research results reveal the influence of storage temperature and time on the evolution of
microstructures and the deterioration of shear properties of SAC305/Cu solder joints. The
results provide a reference for further understanding the reliability of solder joints under
long-term cryogenic temperature storage. This work provides relevant primary research
data for the process design and application verification of spacecraft products in deep space
exploration, and meets the urgent needs of space technology and industry development.

2. Materials and Methods
2.1. Sample Preparation

The experimental printed circuit board (PCB, made in China, manufacturer: Shenzhen
Hgpcb Electronics Technology Co., Ltd., Shenzhen, China) substrate was made of glass
fiber epoxy resin (FR-4), and SAC305 solder balls (made in China, manufacturer: Haipu
Semiconductor (Luoyang) Co., Ltd, Luoyang, China) with a diameter of 760 um were
adopted. Cu pads with a diameter of 550 um and a thickness of 35 um were used as the pad
materials. The pads were welded to the PCB board using surface mount technology (SMD).
First, the pad surfaces were washed with anhydrous ethanol, applied with appropriate
NC-559-ASM (made in American, manufacturer: Amtech Systems, Inc., Arizona, American)
flux on the pad surface, and finally placed the SAC305 solder balls on the Cu pads. The re-
flow welding machine (model: T200N; made in Beijing, China; manufacturer: Beijing Torch
SMT Incorporated Company, Beijing, China) was used to weld the SAC305 solder balls to
the Cu pads. The peak reflow temperature was 245 °C and the holding time was 120 s. The
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schematic diagram and microstructure of the cross-section of a SAC305/Cu solder joint are
shown in Figure 1. After the reflow soldering, a dark gray contrast intermetallic compound
(IMC) layer was formed between the SAC305 solder ball and the Cu pad (Figure 1b).
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Figure 1. The schematic diagram (a) and microstructure morphology (b) of the cross-section of a
SAC305/Cu solder joint.

2.2. Microstructure Characterization

The SAC305/Cu solder joints were subjected to storage experiments at cryogenic
temperatures of —196 °C, —100 °C, and —50 °C, respectively. At least three samples were
tested per storage experiment condition. The storage experiments at —100 °C and —50 °C
were mainly carried out in an LRHS-101F-YD ultra-low temperature testing chamber (made
in Shanghai, China; manufacturer: Shanghai LinPin Equipment Co., Ltd., Shanghai, China).
The storage experiment at —196 °C was used to soak the samples in liquid nitrogen directly.
The storage time is 240 h, 480 h, 720 h, and 960 h, respectively. After the storage experiments,
microstructure analysis and shear tests of the SAC305/Cu solder joints were conducted.

The solder joint samples were ground, polished, and then etched with a chemical corro-
sion agent (2 vol% HCI + 3 vol% HNOs3 + 95 vol% C,Hs0H, made in China, manufacturer:
Guangzhou Chemical Reagent Factory, Guangzhou, China) to reveal the microstructure
morphologies. The internal and interface microstructures of the solder joints were observed
with the Gemini SEM 300 Zeiss field-emission scanning electron microscope (FE-SEM,
made in Germany, manufacturer: Carl Zeiss AG, Oberkochen, Germany). The shear test
on SAC305/Cu solder joint samples was conducted using an MFM1200 push—pull tester
(made in Shanghai, China; manufacturer: Shanghai TengXin Electronic Technology Co.,
Ltd., Shanghai, China). At least eight specimens shall be used to obtain a valuable result.
The shear tests were performed according to the standard JESD22-B117, and the shear
height and rate were set as 30 um and 300 um/s, belonging to low-speed shear. FE-SEM
observed the fracture morphologies of the SAC305/Cu solder joints, and the IMC compo-
sition was analyzed using the energy dispersive spectrometer (EDS) equipped with the
FE-SEM.

3. Results and Discussion
3.1. Internal Microstructural Evolution of the SAC305/Cu Solder Joints after Long-Term Storage at
Cryogenic Temperatures

Figure 2 shows the internal microstructural evolution of the SAC305/Cu solder joints
after long-term storage at —196 °C. The 3-Sn matrix in the original internal microstructure
mainly contained AgzSn precipitates with grey contrast and CugSns precipitates with dark
grey contrast (Figure 2a). Generally, the Ag;Sn or CugSns precipitates mixed with the
[3-Sn matrix to form eutectics [25,26]. The AgzSn IMCs include long strip and granular
forms, while CugSns IMCs are massive. The CugSns IMCs size is significantly larger than
AgsSn, randomly distributed in the 3-Sn matrix [27-29]. After storage at —196 °C for 240 h,
the size of AgzSn becomes small and its quantity increases, which is distributed evenly
and dispersedly in the 3-Sn matrix. However, the size and distribution of CugSns did not
change significantly (Figure 2b).
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Figure 2. SEM-SE images of the internal microstructural evolution of the SAC305/Cu solder joints after
long-term storage at —196 °C for different durations: (a) 0 h; (b) 240 h; (c) 480 h; (d) 720 h; (e) 960 h.

It can be seen that the size of AgzSn precipitates gradually refined with the extension
of storage duration, and the morphology mainly changed to small particles (Figure 2c—e).
The distribution of AgzSn particles in the 3-Sn matrix is uniform, and the fine and uniform
microstructure can significantly improve the shear properties of solder joints. Under the
cryogenic temperature storage state, the solid solubility of Ag atoms in the 3-Sn matrix was
smaller than that at room temperature. Therefore, the supersaturated Ag element migrates
or precipitates from the grain to the grain boundary defects in the form of the second phase.
Thus, the number of second-phase particles, Ag;Sn, increases with the storage time. At
cryogenic temperature, the diffusion rate of elements becomes extremely slow, and the
growth of the second phase is difficult. Therefore, Ag3Sn particles in the 3-Sn matrix are
evenly distributed.

Figure 3a,b are SEM images showing the internal microstructure of SAC305/Cu
solder joints after storage at —100 °C at different times. Similar to the storage results
at —196 °C (Figure 2), the AgsSn IMCs gradually refined and homogenized, and their
size gradually changed into small particles with the extension of storage time at —100 °C.
However, the size and distribution of CugSns did not change significantly. After being
stored for 960 h, the size of Ag35n particles at —100 °C was larger than that at —196 °C. This
phenomenon indicated that the lower the temperature, the more significant the refining
effect of low-temperature storage on IMCs. There is a valuable tool for explaining diffusion
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mechanisms, i.e., the equilibrium phase diagram, since it states both the nature of the
phases coexisting at the interface and the driving force for the growth, either interfacial or
diffusion controlled [30]. Abdulhamid et al. [31] investigated the damage mechanism of
the Sn4.0Ag0.5Cu (SAC405) solder joints, and found that the Cu atom was the dominant
migration element due to its faster diffusion rate than the Sn atom. Additionally, Ouyang
et al. [32] subjected the thermomigration testing of SAC305 solder joints at 150 °C, and they
found that the diffusion mark diffused toward the cold end. In other words, the refining
of the microstructure or its evolution may occur by diffusion-controlled nucleation and
growth mechanisms. Figure 3c,d are the SEM images of the internal microstructure of
the SAC305/Cu solder joint after storage at —50 °C at different times. It can be seen that
the morphology and size of Ag3Sn and CugSns IMCs had not changed significantly after
storage at —50 °C.

Figure 3. SEM-SE images of the internal microstructural evolution of the SAC305/Cu solder joints
after long-term storage at: —100 °C for 240 h (a) and 960 h (b); —50 °C for 240 h (c) and 960 h (d).

3.2. Interfacial Microstructural Evolution of the SAC305/Cu Solder Joints after Long-Term Storage
at Cryogenic Temperatures

Figure 4 shows the microstructure morphology and interface element distribution of
solder joints after reflow. The long-strip, granular AgzSn and massive CugSns IMCs were
distributed randomly and sparsely in the 3-Sn matrix, as shown in Figure 4a. The IMCs at
the interface of solder joints after reflow were mainly composed of short, rod-like Cu-Sn
binary IMC. The mapping scanning results of EDS in Figure 4b—d revealed that the IMC
was enriched in elements of Cu and Sn. Figure 5 shows the EDS analysis results of the short,
rod-like compound at the solder/Cu pad interface (i.e., the red circle in the Figure 4a); the
Sn and Cu are 47.47% and 52.12% (at. %), respectively. This result was consistent with the
study of Hu et al. [33] and our previous studies [34,35], revealing the compound is CugSns
phase.
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10 um

Figure 4. Microstructure morphology and interface element distribution of solder joints after reflow:
(a) Interface microstructure morphology; (b) Element mapping of Sn; (¢) Element mapping of Cu;
(d) Element mapping of Ag of (a).

G Element Wt% At%
AglL 00.49 00.41
SnL 62.67 47.47

el Cuk 36.84 52.12
Matrix Correction | ZAF

$n

Cu

100 200 300 400 500 600 7.00 800 900 1000 1100 1200 1
Energy - keV.

Figure 5. Element composition at the mark in Figure 4a.

As shown in Figure 6, the SEM images reveal the interface microstructure of SAC305/Cu
solder joints after storage at —196 °C at different times. The interface compound maintains
the short rod shape, and the IMC thickness has not changed significantly with the extension
of storage time (Figure 6b—d). In addition, it can be seen from Figure 6e that after being
stored at —196 °C for 960 h, many microcracks appeared at the interface between the IMC
and filler metal matrix. The thermal expansion coefficients of SAC305 filler metal and inter-
face compound CugSns are 25 x 107¢/°C and 16.3 x 107¢/°C, respectively [36], indicating
that there are quite different. During storage at —196 °C, thermal expansion mismatch be-
tween materials causes thermal stress at the IMC of SAC305 filler metal/interface. Thus, the
SAC305 solder is prone to creep at a higher temperature (approximate temperature > 0.3),
but the approximate temperature at —196 °C is far lower than 0.3 (the melting point of
SAC305 solder is 217 °C). Therefore, the solder joint cannot release the thermal mismatch
stress at the interface through the creep of SAC305 solder during storage at —196 °C.
Under the long-term effect of thermal stress, microcracks are formed at the SAC305 sol-
der/interface IMC. The microstructure of shear fracture of solder joints stored at different
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temperatures with different storage times was analyzed, which only found cracks after
long-term storage at —196 °C.

Figure 6. SEM-SE images of the interfacial microstructural evolution of the SAC305/Cu solder joints
after long-term storage at —196 °C for different durations: (a) 0 h; (b) 240 h; (c) 480 h; (d) 720 h; (e) 960 h.

Figure 7 shows the microstructure and surface scanning analysis results of the
SAC305/Cu solder joint interface after storage at —196 °C for 960 h. The interfacial IMC
is still composed of Cu and Sn. EDS analysis results show that the compound is CugSns
phase. This is consistent with the results of previous researchers [33-35]. The storage at
—196 °C has no noticeable effect on the morphology, thickness, and phase composition
of the SAC305/Cu solder joint interface compound. This is because there is insufficient
activation to promote the expansion reaction of materials under extremely low-temperature
conditions. In this article, the results of all samples in the same group were similar, so there
was no comparison between samples from the same group.
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Figure 7. Microstructure morphology and interface element distribution of solder joints after stor-
age at —196 °C for 960 h: (a) Interface microstructure morphology; (b) Element mapping of Sn;
(c) Element mapping of Cu; (d) Element mapping of Ag of (a).

The interfacial microstructural evolution of the SAC305/Cu solder joints after long-
term storage at —100 °C and —50 °C was also investigated. After storage at —100 °C and
—50 °C for 240 h, the interface CugSns IMC still maintains a short rod shape (Figure 8a,c).
The morphology and thickness of the interfacial compound have not changed significantly
with the extension of storage time (Figure 8b,d). This result is similar to that of cryogenic
temperature storage at —196 °C. In contrast, after 960 h storage at —100 °C and —50 °C,
no microcracks were found at the IMC layer/solder interface. This may be because the
thermal mismatch stress generated by the solder joints at the IMC layer/solder interface
under —100 °C and —50 °C storage conditions is smaller than that under —196 °C, which
is not enough to cause microcracks.

Figure 8. SEM-SE images of the interfacial microstructural evolution of the SAC305/Cu solder joints
after long-term storage at: —100 °C for 240 h (a) and 960 h (b); —50 °C for 240 h (c) and 960 h (d).
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As shown in Figure 8, the reduction in storage temperature or the extension of storage
time had no obvious effect on the morphology, thickness, and phase composition of IMC at
the interface of the solder joints. This phenomenon may be because there was not enough
activation to promote the diffusion reaction of Cu atoms at cryogenic temperature, which
hindered the growth of IMCs. Note that after the solder joints were stored at —196 °C for
960 h, microcracks appeared at the interface of SAC305/Cu solder joints. According to the
report of Tian et al. [34], the interface stress can be expressed by Formula (1):

0; = Ei(e — a;AT) (i = 1,2,3,4) 1)

where 0; is the normal stress in each part of the solder joint structure; ¢ is the total strain
of the solder joint structure; E; is the Young’s modulus in each part of the solder joint
structure; «; is the coefficient of thermal expansion in each part of the solder joint structure;
AT is the temperature change of solder joint structure, i.e., the difference between storage
temperature and SAC305 solder solidus temperature; 1, 2, 3, and 4 represent FR4 substrate,
Cu, CugSns, and SAC305, respectively.

The thermal expansion coefficients of SAC305 solder and CugSns phase were
25 x 107%/°C and 16.3 x 107°/°C, respectively. In other words, the thermal expan-
sion coefficients of SAC305 solder and the interface compound CusSns were quite different,
resulting in thermal stress at the interface of SAC305 solder. It can be seen from Formula (1)
that the thermal stress at the interface will continue to increase as the temperature decreases.
According to the report of Du et al. [17], when the ambient temperature is more significant
than 0.3 of the solder melting point temperature, the solder can release adaptive stress
at the interface through creep. However, —196 °C was far lower than the critical creep
temperature of the solder joint, so the solder joint cannot release the thermal mismatch
stress at the interface through the creep of SAC305 solder at —196 °C. Under the aging
effect of thermal stress, microcracks are formed at the interface of the solder joints, which
may lead to further failure.

3.3. Effect of Storage Temperature and Time on Shear Properties of Solder Joints

Figure 9 shows the shear force of SAC305/Cu solder joints at different storage tem-
peratures and times. The shear force of solder joints was 11.20 N after reflow. When
the storage temperature was —50 °C, the shear force of solder joints fluctuated up and
down in a particular range with the extension of storage duration. This indicates that low-
temperature storage at —50 °C has no significant impact on the shear force of SAC305/Cu
solder joints. When the storage temperature was —100 °C, the shear force of solder joints
generally exhibited an upward trend with the extension of storage time. After storage for
960 h, the shear force of solder joints increased to 12.15 N. It should be noted that, when
the storage temperature was —196 °C, the shear force of solder joints first increased and
then decreased with the extension of storage time. When the storage time was extended
to 720 h, the shear force of the solder joints reached the peak value (13.29 N). When the
storage time was extended to 960 h, the shear force of solder joints decreased significantly,
only 9.07 N (by 19.02% lower than the initial shear force). It indicates that the existence of
interfacial microcracks leads to the deterioration of the shear properties of solder joints.
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Figure 9. The shear force of SAC305/Cu solder joints after storage at different temperatures (—50 °C,
—100 °C, —196 °C) with different times (240 h, 480 h, 720 h, 960 h).

3.4. The Microstructure Characterization of Shear Fracture of Solder Joints

Figure 10 shows the microstructure of shear fracture of solder joints stored at different
temperatures with different storage times. The direction of the shear force was labeled
with the red arrows in Figure 10. As shown in Figure 10a, the solder joint fracture after
reflow was composed of parabolic dimples. Only the Ag;Sn IMCs were observed at the
bottom of the dimple, indicating that the fracture mode of the solder joints was a ductile
fracture. Figure 10b shows the shear fracture morphology of SAC305/Cu solder joints
stored at —50 °C for 960 h. Compared with the microstructure of the solder joint shear
fracture after reflow, even if stored at —50 °C for 960 h, the dimple size and the AgsSn
IMCs size of that did not change significantly. Combined with the research results of
microstructures and shear properties of solder joints, it can be indicated that storage at
—50 °C has no significant effect on the properties of SAC305/Cu solder joints. Figure 10c
shows the shear fracture morphology of SAC305/Cu solder joints stored at —100 °C for
960 h, the fracture still presented a parabolic dimple shape. Its fracture mode was the
ductile fracture inside the solder body. Compared with the shear fracture morphology of
solder joints at —50 °C, the size of AgzSn at —100 °C decreases gradually and its distribution
is more uniform and dispersed. The dispersed Ags;Sn particles in the solder play a role
in dispersion strengthening; it is consistent with the increasing trend of the shear force of
SAC305/Cu solder joints with the prolongation of storage time at —100 °C. Figure 10d
shows the shear fracture morphology of SAC305/Cu solder joints stored at —196 °C for
720 h. The particle size of AgzSn IMCs was finer and more uniform. The fracture of the
SAC305/Cu solder joint still consisted of the parabolic dimple. Figure 10e shows the shear
fracture morphology of SAC305/Cu solder joints stored at —196 °C for 960 h. In addition
to AgszSn IMCs, another type of particle was observed in the pits between the dimples. The
EDS results showed that the particles were CugSns IMCs, as shown in Figure 10g. Under
the same experimental conditions, the same results were obtained for the shear fracture
morphology of the samples. Therefore, the fracture morphologies of samples under the
same experimental conditions are not listed here.

The fracture diagram of the SAC305/Cu solder joint of ductile fracture and ductile—
brittle mixed fracture is shown in Figure 11. For the ductile fracture mode (Figure 10a—d),
the crack mainly occurs in the SAC305 solder ball. Thus, the Ag;Sn IMCs inside the
solder ball were observed at the bottom of the dimple (Figure 11a). For the shear fracture
specimens, after 960 h storage at —196 °C, the fracture mainly occurs in the interior of the
solder joint; a small part of the fracture occurs at the interface between the solder and the
IMC layer. The fractured form of SAC305/Cu solder joints was a mainly ductile-brittle
mixed fracture (Figure 11b). In other words, with the extension of the storage time of
solder joints at —196 °C, the fracture position of SAC305/Cu solder joints transferred from
the interior of the solder to the solder/IMC layer interface, which may be related to the
microcracks initiated at the solder/IMC layer interface. During the shear test, the existing
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microcracks gradually expanded under the shear stress at the solder /IMC interface. Finally,
the microcracks penetrated the solder joint, forming a ductile-brittle mixed fracture. Due
to the propagation of microcracks at the interface and the change of shear fracture position
of solder joints, the shear force of solder joints stored at —196 °C for 960 h would decrease
significantly. It was consistent with the shear force results of SAC305 solder joints/Cu

stored at —196 °C (Figure 9).

Element Wit% At%

s (8) dgl | 0031 00.68

= SnL 61.68 46.50

Cuk 37.51 52.82
Matrix Correction | ZAF

1225 1650 2075 2500 2925 3350 3105
Energy - keV.

Figure 10. The microstructure of shear fracture of solder joints stored at different temperatures with
different storage times: (a) reflow; (b) —50 °C for 960 h; () —100 °C for 960 h; (d) —196 °C for 720 h;
(e,£f) —196 °C for 960 h. (g) The EDS of CugSns.
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Figure 11. The fracture diagram of SAC305/Cu solder joint: (a) ductile fracture, (b) ductile-brittle
mixed fracture.

4. Conclusions

The microstructure morphology, shear properties, and shear fracture morphology
of SAC305/Cu solder joints under cryogenic temperature for long-term storage were
investigated, and we can draw the following conclusions:

(1) When stored at —50 °C, even if the storage time was extended to 960 h, the
microstructure of SAC305/Cu solder joints was almost unchanged. When the storage tem-
perature further decreased to —100 °C, or even below —196 °C, the internal microstructure
of SAC305 solder joints revealed noteworthy aging. In other words, with the extension of
storage time, the size of AgzSn IMCs inside the solder joint became smaller, the number
increased, and they were dispersed in the solder joint.

(2) After long-term storage at —50 °C, —100 °C, and —196 °C, the phases of SAC305/Cu
solder joint interface were the CugSns IMCs, and no CuzSn IMCs were observed. Further-
more, the morphology and thickness of CugSns phases almost did not change with the
decreasing of temperature and the prolonging of time. It is worth noting that the microcrack
appeared at the interface of SAC305/Cu solder joints after storage at —196 °C for 960 h.

(3) After the long-term storage at —50 °C, the shear force of solder joints fluctuated
in a small range of around 11.2 N without apparent regularity. After long-term storage at
—100 °C, the shear force of solder joints increased slightly with the extension of storage
time. The peak shear force of solder joints appeared to be 12.15 N after being stored for
960 h. After long-term storage at —196 °C, the shear force of solder joints first increased
and then decreased, and the peak value was 13.29 N at 720 h. Meanwhile, as the storage
time was further extended to 960 h, the shear force of the solder joints decreased to 9.07 N,
which was 19.02% lower than the initial shear force.

(4) There are two fracture modes for SAC305/Cu solder joints stored at low-temperature:
the ductile fracture mode inside the solder joints and the ductile-brittle mixed fracture
mode at the interface of the solder joints. The fracture mode of solder joints stored at —50 °C
and —100 °C is not time-sensitive, and the primary fracture mode is a ductile fracture. The
fracture mode of solder joints stored at —196 °C gradually changes from ductile fracture to
ductile-brittle mixed fracture with prolonged storage time. The fracture position transfers
from the interior of solder joints to the interface of solder joints.
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