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Abstract

The spacecraft for deep space exploration missions will face extreme environments, including cryogenic temperature,
intense radiation, wide-range temperature variations and even the combination of conditions mentioned above.
Harsh environments will lead to solder joints degradation or even failure, resulting in damage to onboard electronics.
The research activities on high reliability solder joints using in extreme environments can not only reduce the use of
onboard protection devices, but effectively improve the overall reliability of spacecraft, which is of great significance
to the aviation industry. In this paper, we review the reliability research on SnPb solder alloys, Sn-based lead-free sol-
der alloys and In-based solder alloys in extreme environments, and try to provide some suggestions for the follow-up
studies, which focus on solder joint reliability under extreme environments.
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1 Introduction

Deep space exploration such as Lunar Exploration Pro-
ject, Manned Lunar Landing Project, space station and
Mars Exploration are of great strategic significance in
politics, science and national economy. Globally, the
United States, Europe, Russia, China, Japan, India, South
Korea, Brazil and other countries have formulated and
launched deep space exploration plans. China began its
Lunar Exploration Project which named as “ChangE
Project” in 2004. Following the successful launch of
Chang’E-1 in 2007, Chang’E-4 probe landed autono-
mously in the Von Karman Impact crater in the Aitken
Basin at the South Pole on the moon on January 3, 2019,
achieving the first soft landing of a human probe on
the far side of the moon. Chang’E-5 spacecraft dug the
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lunar soil from the Moon’s surface and then sent it back
to the Earth on Dec. 2, 2020. Later, the Mars probe pro-
ject “Tianwen-1” blasted off on July 23, 2020, and entered
orbit around Mars on February 10, 2021.

When a spacecraft escapes from the earth’s atmosphere
to space, it will be affected by radiation such as high-
energy electrons and protons from the solar wind, space
plasma, extreme temperature, wide range temperature
variation environment, etc., which will damage onboard
electronics and affect the reliability of the spacecraft
electronic systems. In order to reduce the damage from
the space environments, the electronic devices are usu-
ally placed in an enclosure or equipped with an active
thermal control device. The enclosure plays a role in
heat insulation, cooling, and radiation or corrosion pre-
vention. While the thermal control device plays as the
heating or cooling device [1]. Meantime, this approach
reduces the spacecraft payload ratio, increases launch
costs, and fails to protect the electronics which inevitably
exposes outside, such as the solar arrays.

With the progress of technology, miniaturized high-
power electronic devices have become the mainstream,
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and the decreasing packaging size has strongly affected
the reliability of solder joints, especially under the drive
of an increasingly severe service environment of the elec-
tronic device. It is well known that solder joints play an
important role in electronic packaging, which serves as
both mechanical bridges and electrical interconnec-
tions between the component and the substrate. Once a
solder joint fails, the IC even the whole device might be
destroyed. Package failure accounts for 70% of the total
number of onboard electronic failures while solder joint
failure is the main reason [2, 3].

Now the third-generation semiconductor devices such
as SiC, GaN which have strong radiation resistance, can
normally operate at a temperature from — 223 “C to 600
°C. In contrast, the operation temperature range of Sn-
based solder joints cannot exceed — 196 C to 250 C.
The solder joint reliability has limited the application of
electronic devices under extreme environments. For a
long-term exploration mission, the amount of fuel in the
spacecraft is limited. If the reliability of solder joints can
be ensured in extreme environments, the dependence of
spacecraft on active thermal control devices and enclo-
sures can be greatly reduced, thus reducing energy con-
sumption, launching costs and system complexity, which
is of great significance to deep space exploration activi-
ties. This paper reviews the research progress of solder
joint reliability in three typical extreme environments:
thermal cycle, cryogenic environment and radiation envi-
ronment. With an increase in the range and duration of
deep space exploration missions, existing solder joint
reliability cannot meet the requirements of harsh envi-
ronments. The reliability of solder joints in onboard elec-
tronics under cryogenic and large temperature variation
environments needs to be further improved. More atten-
tion should be paid to the radiation resistance of solder
joints. The reliability of solder joints under multi-extreme
environments coupling conditions is an urgent problem
to be solved in future deep space exploration missions.

2 Space Environments

2.1 Cryogenic Environments

The military specification temperature range of CMOS
integrated circuits is from - 55 ‘C to 125 C, and the
environment below — 557 is usually called a cryogenic
environment in the aerospace industry [4]. The surface
temperatures of many planets are less than — 55 °C, such
as Mars, where the winter temperature at the poles is
below — 143 °C. The space exploration vehicles, such as
the James Webb Space Telescope, will operate at — 246
°C. Obviously, the service temperature environment in
space exploration activities has a significant difference
from the service temperature environment on the earth.
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2.2 Large Temperature Variations

Moon, which is the nearest planet to earth, has a surface
temperature in straight sunlight surpassing 120 °C while
the surface temperature would be below — 230 °C dur-
ing the night. The maximum instantaneous temperature
change rate of the moon is as high as 2 °C/min.

Actually, the most harmful effects on the solder joints’
reliability in aircraft electronics are the large tempera-
ture variation range and the temperature change rate
instead of the extreme upper or lower environmental
temperatures.

2.3 Radiation-rich Environments

Three significant radiation effects are 1) displacement
effects that high-energy particles displace atoms or
nuclei; 2) ionization effects that the materials are ion-
ized when they are traversed by high-energy charged
particles; and 3) total dose effect that charges dielectric
causing cumulative parametric shifts that render a device
nonfunctional.

3 Solder Joint Reliability in Space Environments

Traditional SnPb solder alloys were widely applied in the
electrical industry in the last century. For sake of its tox-
icity, Pb is forbidden to be used in commercial electron-
ics currently. However, the electronics in the aerospace
industry are free from the restriction of hazardous sub-
stances (RoHS) and waste electrical and electronic equip-
ment (WEEE) directive and thus SnPb solder alloys with
excellent wettability and cryogenic performance, still
have wide application in the electronics used in aircraft

[5].

3.1 SnPb Solder Alloys

3.1.1 Effect of Thermal Cycling

Statistically, 70% of electronic device failure is caused by
the failure of packaging. Thermal fatigue and creep are
the main mechanisms of solder joint failure, which are
mainly caused by large temperature variations [4, 6]. A
large number of studies have shown that the formation
and growth of hard and brittle intermetallic compounds
(IMCs) is the main cause of solder joint fracture under
thermal cycling conditions [5, 7].

Tian et al. [8] explored the reliability and failure mecha-
nism of Sn37Pb BGA solder joints under thermal cycling
conditions of -196 °C to 150 °C for 400 times. As shown
in Figure 1(a), IMC AuysNi,;Sn, was formed between
the Ni3Sn, IMC layer and the Sn37Pb solder during ther-
mal shock. As shown in Figure 1(b), (c), brittle fracture
occurred along the Ni;Sn,/Au,sNij:Sn, interface dur-
ing thermal shock. The characteristic lifetime of Sn37Pb
BGA solder joints was 304 cycles.
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Figure 1 Schematic diagram of IMC cracks and its mechanism at the interface [8]: (a)-(c) Cross-sectional SEM micrographs of Sn37Pb solder joints

after 300 cycles

Hang et al. [9] investigated the evolution and growth
behavior of IMCs and their effects on the pull strength
and fracture behavior of quad flat package (QFP) with
Sn37Pb solder joints under extreme temperature ther-
mal shock test from — 196 °C to 150 °C, as shown in
Figure 2(a), (b). As shown in Figure 2(c)—(f), a continu-
ous (Cu, Ni)¢Sng IMC layer was formed at the interface
between the Cu lead and the Sn37Pb solder alloy after
reflowing, and the IMC formed between the solder and
Ni-P layer was (Ni, Cu);Sn, IMC. A thin layer of Cu;Sn
IMCs was formed between the Cu lead and (Cu, Ni)sSn;
IMC layer after 150 cycles. The morphology of interfacial
(Cu, Ni)¢Sng IMC changed from scallop-type to plane-
type, and the morphology of interfacial (Ni, Cu);Sn, IMC
evolved from needle-type to scallop-type, and finally to
plane-type during extreme temperature thermal shock.

3.1.2 Effect of Low Temperature Storage

The transition of B-Sn to a-Sn under cryogenic condi-
tions which is also called "tin disease", is a serious prob-
lem for electronic devices. Compared with the lead-free
solder alloys, the SnPb solder alloys have good "tin dis-
ease” resistance and low-temperature performance

because Pb could impede the "tin disease" [10, 11]. Thus
SnPb solder alloy is widely used in spacecraft onboard
electronics. The ductile-to-brittle transition temperature
(DBTT) of SnPb eutectic solder alloy is about — 80 °C
[12]. With the increase of Pb content, the toughness and
DBTT of SnPb solder alloy become fuzzy. When the Pb
content is more than 90 wt.%, the ductile-to-brittle tran-
sition phenomenon in the solder alloy disappeared [12].
Under low-temperature impact conditions, solder joint
failure mainly occurs at the IMC interfaces. During long-
term usage under low temperatures, the types of inter-
facial IMCs are usually stable. The increased interfacial
IMCs thickness and interfacial stress are the main causes
of solder joint failure [13].

Tian [14] conducted long-term storage experiments
at — 196 °C and — 100 °C for Sn37Pb solder joints to
explore the growth mechanism of interfacial IMCs. As
shown in Figure 3, after storage at — 196 °C for 960 h,
the thickness of interfacial CuSng IMC increased and its
shape changed from scallop-type to columnar-type. The
IMC growth rate decreased with the storage time, and
the growth rate at — 196 °C was higher than that at — 100
°C.
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The cross section of Sn37Pb
solder joints after reflowing

SEM images of the Cu
lead/Sn37Pb solder interface
after reflowing

SEM images of the Sn37Pb
solder/Ni-P layer interface after
reflowing

Ji et al. [15] investigated the uniaxial tensile deforma-
tion and fracture mechanisms of Sn37Pb solder alloy
over a full temperature range from 20 °C to — 196 °C. As
the ambient temperature declined to — 150 °C, the ten-
sile strength and quasi-static toughness were significantly
improved while the fracture elongation was maintained
at 25 % to 30 %. The optimal combinations of strength,
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Figure 2 Microstructure and microstructure of Sn37Pb solder joints before and after 300 times thermal cycling [9]

ductility and toughness were achieved at — 150 °C. The
deformation harmony between the two phases coupled
with deformation twins occurring in the Sn matrix leads
to the simultaneous enhancement of strength, ductility,
and toughness.

An et al. [16] explored the failure mode and the frac-
ture mechanism of six kinds of Sn-based bulk solders (Sn,
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Figure 3 Interfacial microstructure of Sn-37Pb/Cu solder joints stored at

99.35n0.7Cu, 96.55n3Ag0.5Cu, 62Sn36Pb2Ag, 63Sn37Pb,
10Sn90Pb) with the temperature range of — 150 °C to 20
°C. The ductile-to-brittle transition became more signifi-
cant in all the Pb-free solders at lower temperatures. For
pure Sn solder, the ductile-to-brittle transition occurred
between — 40 °C and — 60 °C. For 62Sn36Pb2Ag sol-
der, the fracture mode is a quasi-cleavage fracture which
is between cleavage fracture and dimple fracture. With
higher Pb content, the solder toughness would be higher,
and the ductile-to-brittle transition phenomenon in the
solder tends to be insignificant.

3.1.3 Effect of Radiation Environment
An in-orbit spacecraft not only has to endure extremely
high and low temperatures and large temperature vari-
ations, but also faces the space strong radiation envi-
ronments. With the sustained improvement of the
micro-electronic circuit integration, the solder joint vol-
ume decreases and the solder joint number increases,
which makes solder joints more sensitive to intense cos-
mic radiation. At present, researches about solder joint
reliability in extreme environments mainly focus on large
temperature variations, extreme high and low tempera-
ture conditions, but few researchers pay attention to the
radiation resistance of SnPb solder joints.

Wang et al. [17] irradiated Sb37Pb solder alloy/Cu and
Sn50Pb49Sb1 solder alloy/Cu solder joints [18] by *°Co

— 196 °C for different periods [14]: (@) 240 h, (b) 480 h, (c) 720 h, (d) 960 h

y-rays with a dose rate of 0.25 Gy/s for 0 to 960 h to inves-
tigate the effect of y-ray irradiation on the microstructure
and mechanical property of SnPb solder joints. y-ray irra-
diation has an insignificant effect on the thickness and
morphology of IMCs layer for both joints. However, the
formation and growth of micro-voids and micro-cracks
were observed in Pb-based solid solutions for both joints.
Due to the Compton effect, the y-ray photon could knock
the electron out of its orbit, which created energetic elec-
trons. Solder joint atoms were knocked by the energetic
electrons and hence displacement. As shown in Figures 4
and 5, after y-ray irradiation, the microhardness of both
solder joints significantly decreased. After 960 h irradia-
tion, the shear forces of Sn37Pb/Cu and Sn50Pb49Sb1/
Cu solder joints were decreased by 11.47% (Figure 4) and
22% (Figure 5), respectively.

3.2 Sn-based Lead-free Solder Alloys

As the inevitable trend of deep space exploration space-
craft onboard electronics solder joints, the reliability
of lead-free solder joints in extreme environments has
been widely concerned by researchers. At present, the
main Sn-based lead-free solder alloys are SnAgCu, SnAg
and, SnBi. Wherein SnAgCu solder alloys have good
wettability, high welding reliability, excellent thermal
fatigue resistance and creep resistance [19, 20]. There-
fore, SnAgCu solder alloys are considered as the most
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Figure 4 The maximum force of Sn37Pb solder joints at various
irradiation time in the impact test [17]
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Figure 5 The pull force of the Sn50Pb49Sb1/Cu solder joints at
various irradiation times [18]
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potential candidate for SnPb solder alloys and are widely
used in spacecraft onboard electronics [21-25].

3.2.1 Effect of Thermal Cycling

Now a series of researches have been conducted to
test the reliability of lead-free solder joints under ther-
mal cycling conditions, the majority of which focus on
the temperature range from — 40 C to 155 C [26-31].
The thermal cycling performance increases with Ag
content in SnAgCu lead-free solder alloys. SAC305
(96.5Sn3Ag0.5Cu) and SAC405 (95.5Sn4Ag0.5Cu) sol-
der alloys have good thermal cycling reliability which is
desirable for high temperature electronic devices used in
aerospace, military, and automotive industry [32, 33]. The
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failure mechanism of SnAgCu solder alloys under ther-
mal cycling conditions has attracted a lot of researchers’
attention due to the increasingly harsh service environ-
ments of solder joints [34, 35]. During the high tempera-
ture stage of thermal cycling, the growing IMCs layer at
SnAgCu solder alloy/Cu substrate interface is observed
with the formation of CuySn;/Cu,Sn bilayer microstruc-
ture, which is similar to that in thermal aging process
[36]. Exposing to the low-temperature stage, the stress at
the interface would greatly increase due to the different
coefficient of thermal expansion (CTE) of brittle Cu3Sn
and Cu6Sn5 and hence generated some microcracks.

Chen et al. [37] compared the influences of two differ-
ent thermal cycling temperature ranges (25 C to 125 C
and 25 °C to 185 ‘C) on the interfacial microstructure in
SAC305 solder alloy/Cu substrate. The CugSn; and Cu;Sn
IMC layers could be evidently observed after rapid ther-
mal cycling, and the IMC layers thickness was increased
with the elevated heating temperature and time. The
thickness and compositions of interfacial IMCs evidently
changed compared to that in the original specimen.

Tian et al. [38] investigated the tensile behaviors
of SAC305 solder alloy and SAC305/Cu solder joints
with the strain rates of 1072 s™! and 1072 s™! within the
temperature range from — 196 ‘C to 25 “C. The tensile
strength of SAC305 solder alloy and SAC305/Cu solder
joints increased firstly and then decreased with descend-
ing temperature. The tensile strength of joints under the
strain rate of 1072 s~ was always higher than that under
the strain rates of 107> s~ with the same temperature.
The fracture mode of SAC305/Cu solder joints trans-
ferred from ductile fracture to brittle fracture as the test
temperature decreased from 25 °C to — 196 ‘C, as shown
in Figure 6.

Pang et al. [39] investigated the effect of thermal
cycling aging on the lead-free 95.55n3.8Ag0.7Cu solder
joint. Two temperature cycling modes: thermal cycling
(— 40 C to 125 C, 12.7 C/min) and thermal shock (— 55
C to 125 °C, 51.4 ‘C/min) with 1000 and 2000 cycles, were
investigated. The average shear strength of the solder
joints decreased with increasing thermal cycling times
resulting from the growth and coarsening of intermetal-
lic compounds. The average shear strength of samples
subjected to thermal cycling is higher than that of ther-
mal shock samples. And the growth rate of thermal shock
samples is higher than that of thermal cycling samples.

3.2.2 Effect of Low Temperature Storage

Compared with Sn/Pb solder alloys, the lead-free solder
alloys do not contain Pb elements, which cannot prevent
"tin disease" at low temperatures. Lead-free solder joints
under low temperature conditions are in danger of frac-
ture due to the different CTE and brittleness between
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Figure 6 Fracture surfaces of SAC305 solders at 1073 s~" under
different temperatures [38]: (a) 25 C, (b) — 50 °C, (c) — 100 °C, (d), (e)
—150°Cand () —196°C

B-Sn and a-Sn. Current researches suggest that long-
term low temperature storage would not generate new
IMCs, but lead to the growth of an interfacial IMC layer
[14]. The lower storage temperature brings a faster IMCs
growth rate. The thermal mismatch between materials
in solder joints leads to a high-stress gradient and pro-
motes the diffusion of atoms [14, 40], which accelerated
the IMCs growth. Therefore, long-term low tempera-
ture usage will increase the interfacial IMCs thickness
in the lead-free solder joints and thus reduce their shear
strength.

Li et al. [41] investigated the influence of deep cryo-
genic treatment (DCT) (— 196 C for 0 h, 24 h, 72 h, 168
h, 600 h) on the mechanical properties and microstruc-
ture of SAC305 solder joints. The solder alloy and IMC
strength show different change trends with the increase
of DCT time. After 24 h of DCT, the strength of solder
increased rapidly. After 72 h of DCT, the strength of sol-
der increased while the strength of IMC decreased, which
is mainly due to the mismatch of thermal expansion coef-
ficient and the stress concentration that happened at the
solder alloy/IMC interface. With the increase of DCT
time, the fracture mode changed from ductile fracture
inside solder to brittle fracture along the solder alloy/
IMC interface or inside the IMC layer.
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Li et al. [42] investigated the failure mechanism of
SAC305 BGA solder joints under — 100 C. At — 100
C, the fracture characteristic of SAC305 solder joints
was brittleness, which was different from ductile frac-
ture under room temperature (RT). The transition tem-
perature range was confirmed as — 70 ‘C to — 80 °C by
verification experiments. Because of the low-temperature
characteristics of SAC305, there may be a higher failure
risk of actual operation, more attention should be paid
to the reliability of Pb-free material applications for deep
space exploration.

Liu et al. [43] investigated the effects of low tempera-
ture (— 40 °C to RT) on the mechanical strength and
fracture modes of SnAgCu solder joints with a high
shear rate of 1.0 m/s. As shown in Figure 7(a), (b), the
peak load of SnAgCu solder joints was slightly decreased
with decreased temperature, and the value of energy to
peak load was dramatically dropped by about 40% from
RT to — 40 °C. Low temperature results in a mechanical
strength reduction at the solder joint/Cu interface.

3.2.3 Effect of Radiation Environment

It is well known that lead-free solder alloys do not con-
tain Pb elements that can effectively block cosmic radia-
tion, thus their radiation resistance is relatively weak.
Energetic radiation particles in cosmic radiation can
cause supersaturated micro-defects in the lead-free sol-
der matrix along with the degradation of solder joints
properties. In recent years, researchers have carried out
a large number of studies about the irradiation resistance
of third-generation semiconductor devices, including
SiGe [44—46], GaN [47-49] and SiC [50-52].

Paulus et al. [53] investigated the effects of the *°Co
y-ray irradiation with a dose rate of 0.53 Gy/s on the
microhardness of SAC/ENIG/Cu solder joints. As shown
in Figure 8, the microhardness value of the joints reached
the maximum when the y-ray irradiation dose was 5 Gy.
When the y-ray irradiation dose was increased to 50 Gy
and 500 Gy, the SAC/ENIG/Cu solder joints are softened.

Yusoff et al. [54] investigated the effect of low dose
%9Co y-ray irradiation (from 5 Gy to 25 Gy) with a 0.26
Gy/s dose rate on microhardness and microstructural
properties of SAC305 solder joints. As shown in Fig-
ure 9(a), the microhardness value of solder joints reached
the maximum when the irradiation dose was 5 Gy, and
it decreased with the increase of irradiation dose, which
was similar to the result in Ref. [53]. As shown in Fig-
ure 9(b), the IMC layer thickness increased with the
increment of radiation dose, which is attributed to heat
from gamma ray enhancing the formation of IMC.

Wen et al. [55] investigated the effect of °°Co
y-ray irradiation with a dose rate of 0.2 Gy/s on the
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Figure 7 Low temperature micro-impact test of SnAgCu BGA solder
joints [43]

microstructure and mechanical properties of the
AuSn20 solder joints. The irradiation treatment was
performed at the atmospheric condition for differ-
ent durations of 300 h, 600 h, and 1000 h at RT. As
shown in Figure 10(a)-(d), the number and size of
voids in joints gradually increased during the irradia-
tion process due to the migration and agglomeration
of irradiation-induced vacancies. As shown in Fig-
ure 10(e)—(h), the (Au,Ni)Sn and (Ni,Au);Sn, IMC lay-
ers were formed by the activation of interfacial reaction
between Au/Sn solder and plating metal. The failure
mode of solder joints was altered from ductile fracture
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Figure 10 Microstructure of the joints after irradiation [55]: X-ray images of joints with irradiation durations (a) 0 h, (b) 300 h, (c) 600 h, (d) 1000 h;
SEM micrograph of MoCu20/Cu solder joints (e) O h, (f) 300 h, (g) 600 h, (h) 1000 h
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to brittle fracture, and the shear strength was decreased
by 37.23% after 1000 h y-ray irradiation.

3.3 In-based Solder Alloys

Indium (In) is one of the softest materials with a low
melting point (156.7 °C) and has been used in various
solder alloys, such as In-Sn, In-Sn-Ag-Zn, In-Bi, In-Ag
and In-Bi-Sn. In-based solder alloys are potential mate-
rials in cryogenic applications due to their excellent
electrical conductivity and ductility at a cryogenic tem-
perature [56, 57]. They have been used for die/substrate
bonding in SiGe BiCMOS modules for Martian and
Lunar exploration.

3.3.1 Effect of Thermal Cycling

In-based solder alloys can effectively relieve the inter-
face thermal stress during the thermal cycle and thus
improve packaging reliability [58]. In particular, the In-
based solder alloys can operate at temperatures near
their melting points and have good ductility at a lower
temperature. The fracture of hard and brittle Cu-In and
Ni-In IMCs during thermal cycling is the main failure
mechanism of the In-based solder joints.

Chang et al. [59] assessed thermal fatigue and iso-
thermal mechanical fatigue of In solder joints. The
packaged structure is shown in Figure 11. At extremely
low temperatures (below — 55 °C), the dominant fail-
ure mode of In solder joints was an interfacial fracture
at Au-In IMC layer under mechanical cyclic loading.
However, the thin IMC layers strengthen the joint (less
than 15 um) and do not have a detrimental effect on
solder joint fatigue life.

Deshpande et al. [60] investigated the shear property
of four different In-based solder alloys (In-3Ag, In-34Bi,
In-51Bi and In-32Bi-20Sn) to explore their suitability
for cryogenic applications. The shear strength of In-
based solder joints was measured at RT, deep cryogenic
temperature (— 196 C) and after 10 thermal cycles (RT
to — 196 C). The maximum shear strengths of 47.2

SiGe Die
Multilayer Interconnect:
/ Copper & Polyimide

Die Attach: Indium

Au/Ni coating @ die backside,
substrate and housing.

Substrate Attach: Indium

Package: AlSi /AI203

Base Substrate: AIN

Figure 11 Drawing of packaged structure [59]
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Figure 12 Specimen configurations and thermal cycle temperature
profile [62]: (@) Single chip indium joint, (b) Sandwich type joint

MPa and 32.5 MPa were obtained in Cu/In32Bi20Sn/
Cu joints at RT and after thermal cycling, respectively.
At — 196 C, the maximum shear strength of Cu/In3Ag/
Cu joint was found to be 67.5 MPa. It was believed that
the In32Bi20Sn solder alloy was the most appropriate
for thermal cycling under cryogenic temperature [60].

3.3.2 Effect of Low Temperature Storage

Sn-based solder alloys have the nature of low tempera-
ture phase transformation. Few pieces of research focus
on their mechanical properties and microstructure under
low temperatures. As In is a kind of face centered cubic
(FCC) metal and multiple close pack systems present in
FCC, which brings In-based solder alloys with good duc-
tility at low temperatures [60, 61].

Cheng et al. [62] investigated the interfacial reactions
of thin and thick In/Cu (Figure 12(a)) and In/Ni/Cu (Fig-
ure 12(b)) solder joints under low-temperature cycling
conditions (— 196 ‘C to 27 C), respectively. Low-tem-
perature cycling had an insignificant effect on the growth
of Cu-In IMC:s for thick In joints. However, the effect of
low-temperature cycling on the evolution of Cu-In and
Ni-In IMCs is significant, which was different from that
in the thick In joints. The properties of thick indium
joints were close to those of pure indium, while the thin
In joints were suggested to be regarded as a composite
due to a drastic increase in the volume ratio of IMCs. It
was believed that when the joint thickness was reduced
to less than 230 um, the negative effect of IMCs on the
In joints reliability would be significant in the cryogenic
application.

4 Conclusions and Prospects

At present, there are many pieces of research focusing
on solder joint reliability under thermal cycling and low
temperature conditions, and the failure mechanism is
mainly related to the fracture of hard and brittle IMCs.
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The evolution of solder joint interface IMCs under
these conditions has been widely studied. How-
ever, there still have some issues of solder joint reli-
ability under extreme environments which need more
attention:

(1) The wide bandgap semiconductors, such as SiC
and GaN, are presented as suitable candidates for
extreme temperature applications which exceed the
boundaries of 500 °C and 900 °C. Their limit operat-
ing temperatures are far higher than the solder alloy
melting points, which means that the solder joints
have become weak sections in spacecraft onboard
electronics. There are some approaches, such as
element addition and nanoparticles addition in sol-
der alloy, which are believed to be promising ways
to enhance the reliability of solder alloys under
extreme temperature conditions.

(2) The SAC305 and SAC405 solder alloys have good
thermal cycling reliability, but their high Ag con-
tent makes their drop shock performance poor.
In-based solder alloys have good low temperature
and thermal cycling performances and excellent
plasticity. SnPb solder alloys have good thermal
cycling reliability, low temperature performance
and radiation resistance, which can better adapt to
the harsh space environments and is irreplaceable
in most of the aerospace industry for now. Devel-
oping lead-free solder alloys that can adapt multiple
extreme environments simultaneously is the trend
of onboard electronics solder joint development in
future deep space explorations.

(3) With the increase of the micro-electronic circuit
integration and the increase of range and duration
of deep space exploration spacecraft, deep space
exploration spacecraft will face more severe radia-
tion environments. The solder joint radiation resist-
ance of onboard electronics will become an inevita-
ble problem. However, at present, there is still a lack
of systematic research on the reliability of solder
joints under space radiation environments.

(4) Sn-based solder alloys generally occur a -Sn to
a-Sn phase transition under low temperature con-
ditions, which makes them not suitable for low
temperature environments in deep space explora-
tion. However, In-based solder alloys have good
conductivity and toughness at low temperature,
and there is no low temperature phase transition in
such alloys. Therefore In-based solder alloys have
a better application prospect when operating in
cryogenic environments in deep space exploration.
However, at present, there are very few reports on
low temperature In-based solder alloys, especially
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on the solders containing nanomaterials and rare
earth elements.
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