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Abstract

With the rapid development of electronical products, many primary challenges arise in the field of design and manufacture, among
which the property of electronical packaging materials is a crucial factor. Compared with lead-containing solder, the performance
of lead-free solder alloy is hardly noticed before but is being concerned recently due to the restriction of lead application, which
still could not meet the actual requirement. Moreover, the increasingly severe service conditions of electronical equipment such
as specific temperature, high-density current and corrosion, which would result in the degradation of microstructure and prop-
erty of lead-free solder alloy, have requested a great raise in the reliability of solder joint. Therefore, a great number of studies
to enhance the reliability of lead-free solder joint subjected to special environments have been conducted in the last decade and
it has been proved that the increasing reliability could be obtained by the addition of element and nanoparticle, as well as the
enhanced substrate. In this article, a systematic review of the progress on the reliability investigation of lead-free solder joint is
given to try to provide some theoretical support for the further investigation and application of lead-free solder alloy.

1 Introduction

Traditional Pb-containing solder alloy has been widely
applied in the last century due to its excellent property and
low cost. But with the implement of the directives on waste
electrical and electronic equipment (WEEE) and restriction
of the use of hazardous substances in electrical and electronic
equipment (RoHS Directive), much requirement has been
attached to lead-free solder alloys, the majority of which are
SnCu, SnZn, SnBi and SnAgCu systems [1]. However, com-
pared to lead-containing solder alloy, the effect of thermal/
electrical stress and corrosive mediums on lead-free solders
is more severe and consequently, the unsatisfactory reliability
of lead-free solder alloys has been limited their application.

With the advance of technology, the miniaturization and
high power have become the essential factor of electronic
devices which benefit from the application of high-density
integrated circuit packages, such as BGA, CSP, IGBT and
WLP. The decreasing size of packaging has placed much
importance on the reliability of solder alloy, especially under
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the drive of increasingly severe service environment of elec-
tronic device. Miniature solder joints are being subjected
to specific temperature, high-density current and corrosive
environment, which would significantly degrade the property
of solder joint and even result in the fracture of electronic
system [2-5]. Therefore, it is worthy of attention to under-
stand the failure mechanism of lead-free solder joints under
special environments and seek the solution to improve their
reliability. In this paper, the reliability evolution of three
typical lead-free solder joints under various special environ-
ments was summarized, including isothermal aging, thermal
cycling, cryogenic storage, electromigration, corrosion and
radiation. Moreover, the investigation progress on enhancing
the reliability of lead-free solder joint was discussed, expect-
ing to provide some suggestions for the further reliability
research of lead-free solder alloy.

2 Isothermal aging
2.1 Influence mechanism
2.1.1 SnAgCu solder alloy

The microstructure of SnAgCu solder matrix is mainly
comprised of B-Sn dendrites, along with small CusSns and
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Ag;Sn particles [6]. These particles dispersed in the matrix,
enhancing the microstructure of solder joint and however,
they coarsened during thermal aging because of the acceler-
ated atomic migration, which broke the dendritic structure
and resulted in the formation of voids in the solder matrix
[7]. It is well known that the reliability of solder joint is
influenced by the thickness and morphology of brittle inter-
metallic compound (IMC) layer between solders and Cu sub-
strate, such as CugSns, Cu,Sn, etc. Due to increasing service
temperature, the excessive growth of CugSns layer and the
formation of new Cu;Sn layer could be obtained, which gave
a decrease in the reliability of solder joints [8]. As could
be observed in Fig. 1, CusSns layer of SnAgCu solder joint
significantly thickened after isothermal aging and a new
Cu;Sn layer formed between CugSns and Cu substrate with
a few voids due to the atomic migration [9]. The competitive
growth of two brittle IMC layer increased the initiation risk
of crack in solder joint, hence the mechanical property of
joint was degraded [10].

2.1.2 SnBisolder alloy

As a typical eutectic structure, SnBi solder matrix consists
of lamellar B-Sn and Bi phase, which interlock with each
other [11]. The diffusion rate between Sn/Bi phase was risen
during thermal aging and the increasing eutectic space of
SnBi solder matrix was observed. As the brittleness of Bi
was significantly higher than other chemical compositions,
the mechanical property of SnBi solder joint was decreased
due to the coarsening Bi phase near the interface, as well as
the excessive growth of Cu,Sns and Cu;Sn layer [12, 13].
Zou et al. [14] investigated the aging effect on the SnBi/Cu
solder joint and found the solder joint almost failed after
aged at 120 °C for only 324 h. Although SnBi is a promising
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Fig. 1 Evolution of interfacial structure at various aging temperature
and time [9]
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low-melting temperature filler metal, it has been proved
that Bi element could accelerate the growth of brittle IMC
layer of Sn-based solder joint [15]. Therefore, the reliability
of SnBi solder joint subjected to thermal stress should be
greatly concerned.

2.1.3 SnZn solder alloy

SnZn solder alloy is seen as an excellent candidate for Pb-
containing solder because of its melting temperature and
cost, but its reliability is always a non-negligible problem.
The B-Sn and needle-like Zn-rich phase form the micro-
structure of SnZn matrix [16]. Owing to the high chemical
activity of Zn, the growth of Zn-rich phase during aging
process is harmful to the reliability of solder joint, espe-
cially for these exposed to thermal and corrosive conditions
[17]. Unlike other Sn-based solder alloy, the interfacial
layer of SnZn solder joint is CusZng intermetallics rather
than Cu-Sn and the accelerated growth of CusZng layer at
high-temperature storage is also a great reason for the reduc-
ing reliability [18]. Xue et al. [19] found that after aged at
150 °C for 1200 h, the CusZng layer of SnZnGa solder joint
significantly thickened with a shear strength decrement of
approximately 49.33%.

2.2 Micro-alloying
2.2.1 Rare earth elements

Rare earth(RE) elements are seen as the excellent modifier
for electronic packaging materials [20]. The trace addition
of Nd could significantly improve the microstructure sta-
bility of SnAgCu solder joints at the elevated temperature,
which could be attributed to the grain refinement strength-
ening of dispersed Nd-Sn particles [21]. Moreover, it was
reported that compared with SnAgCu solder, finer Ag;Sn
particles would aggregate at the interface of SnAgCu-Ce
solder joint, which decreased the thickness and grain size
of the IMC layer and reduced the fracture risk, as shown
in Fig. 2 [22]. The effect of Ce and La mixed RE addition
on SnBi solder joint was quite similar and in the compari-
son with SnBi, the IMC layer of SnBi-0.1RE was hardly
changed during thermal aging because RE could depress
the activity of Sn, giving a lower growth rate of IMC
[23]. After aged at different temperature for up to 1200 h,
SnZnGa-Nd solder performed better than SnZnGa and
SnZn solder joints in the strength test, which was attributed
to the more stable microstructure of SnZnGa-Nd solder
[24]. But after the content of rare earth elements exceeded
a critical value, coarsening RE phase formed in the solder
matrix and hence the reliability degradation of solder joints
was obtained [25].
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Fig.2 Top-view morphology of the CugSns particles between the solder alloys and the Cu substrate in as-reflowed conditions for the alloy a

SnAgCu; b SnAgCu-0.02Ce; ¢ SnAgCu-0.15Ce; d SnAgCu-0.5Ce [22]

2.2.2 Other metallic elements

Previous researches showed that doping Mn reduced the
space between Cu,Sn; particle and the diffusion of Sn across
interface of SnAgCu-Mn solder joint became more difficult
[26, 27]. Hence after 200 h aging, only Cu4Sns layer was
observed whose thickness was thinner than SnAgCu solder
joint. The thickness of IMC layer during thermal aging could
be expressed as follows:

Y=Y, + VDt (1)

where Y|, is the IMC thickness of as-soldered joint and D
is the diffusion coefficient of atoms that is positive corre-
lated with temperature. The addition of Ge could impede the
diffusion of Cu into solder matrix and as listed in Table 1,
although the diffusion coefficient was increased with rising
temperature, the coefficient of SnCu-Ge solder joint was
lower than SnCu, which inhibited the excessive growth of
IMC layer [28]. Compared with SnAgCu solder, the thermal
fatigue resistance of the SnAgCu solder joint modified with
Bi was significantly improved due to the strengthening effect
of solid-soluted Bi in Sn matrix and it had been proved that
the microstructure of SnAgCu solder doping with Bi and Fe
remained more stable during thermal aging, which might be
concluded that multi-additions could be an excellent method
to improve the reliability of lead-free solder [29, 30]. Zhang
et al. [31] reported that a Cu-Ag layer formed at the interface
of SnBi-Ag/Cu solder joint, which depressed the growth of
IMC layer as well as Bi segregation during the soldering and
aging process. This was ascribed to the impeding effect of

Table 1 Diffusion coefficient at

‘ Tem- Diffusion coefficient,
different temperatures [28] perature D (pm2 /h)
§©)
SnCu SnCu-Ge
100 0.001421 0.001163
125 0.013433 0.005898
150 0.066409 0.028696

Cu-Ag layer and Ag,Sn particle on the atomic diffusion. Ni
was claimed to be conducive to refining the microstructure
of SnBi solder and postponing the coarsening behavior of
Bi-rich phase by the formation of concentrated Ni;Sn, on
solder matrix [32]. Hu et al. [18] investigated the effect of
Cr addition on SnZn solder and found that lower diffusion
coefficient and constant of Cus;Zng was obtained in SnZn-
0.3Cr solder because Cr could reduce the activity of Zn by
generating Zn-Cr phase.

2.3 Nanoparticle strengthening
2.3.1 Metallic nanoparticles

Thanks to the nano-size effect, the property of metal mate-
rials could be greatly influenced by the addition of nano-
particles and solder alloys are no exception. As illustrated
in Fig. 3, although thermal aging reduced the ultimate ten-
sile strength of solder joint, the strength improvement of
SnAgCu solder joint bearing nano-Mn was attained at the
same isothermal aging parameter due to the strengthening
effect of nano-Mn pinning at the grain boundary, peaking at
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Fig.3 UTS versus aging time of Sn—0.3Ag—0.7Cu—xMn solder joints
aged at 150 °C [33]

0.1 wt% nano-Mn [33]. However, it has been proved that the
content of nano-Mn should be limited to less than 0.15 wt%
and otherwise Mn nanoparticle would reunite to form large
particles and the coarsening microstructure was observed
again [34]. Ag;Sn nanoparticles tended to assemble at
the interface of solder joints and blocked the migration of
IMC grain boundary, which refined the microstructure and
enhanced the properties [35].

2.3.2 Compound nanoparticles

With the identical element content, the reliability of SnAg
solder doping with Ag;Sn nanoparticle was better than that
of SnAgCu solders [36]. Meanwhile, the stress magnitude of
SnAgCu-TiO, solder joint was reduced with the decrease of
the pad size during the thermal aging, which minimized the
probability of the formation of crystal defects and improved
joint reliability [37]. Sharma et al. [38] added 0.6 wt% nano-
CeO, into SnBi solder alloy and found that the strength of
joint was remarkably enhanced with a symmetrical micro-
structure. During the long-term aging, the IMC layer growth
of SnBi-nanoCeO, solder joint was more unobvious than
SnBi, providing an excellent reliability. A similar phenom-
enon was observed in the SnZnBi solder bearing ZrO, nano-
particle where Zn atoms was impeded from gathering due
to the blocking effect of nano ZrO, [39]. Consequently, the
excessive growth of CusZng layer during isothermal aging
was restrained.

2.3.3 Advanced nanoparticles
Doping Graphene nanosheets (GNSs) not only improved

the wettability of lead-free solders by reducing the interfa-
cial surface energy between solder and substrate [40], but
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also significantly impeded the diffusion across the interface,
which depressed the excessive growth of IMC layer and
increased the mechanical properties of solder joints, as shown
in Fig. 4 [41, 42]. Carbon nanotube (CNT) is another type
of excellent strengthening phase for lead-frees solder alloys.
Yang et al. [43] found that Ni-CNTs could reduce the thermal
expansion coefficient (CTE) of SnBi solder and hence gave a
thinner IMC layer than original solder during thermal aging.

Despite the enhanced reliability of lead-free solder joint
was obtained by modifying nanoparticles, nanoparticles pos-
sessed few effect on melting characterization of solder alloy
compared with micro-alloying. Meanwhile, the manufacture
of lead-free solder bearing nanoparticles is usually expen-
sive, which limits their application.

2.4 Enhanced substrate

Considering that the coarsening IMC layer induced by the
diffusion becomes the weak area of solder joint after ther-
mal aging, strengthening substrate to postpone the growth of
IMC layer is seen as an excellent method to improve the reli-
ability of lead-free solder with superior operability [44, 45].
Recently great attractions have been placed on the surface
finish technology of Cu pad, impeding the diffusion of Cu
in solder matrix. So far various coatings have been applied,
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Fig.4 Schematic diagram of the IMC growth at the a undoped and b
GNS-doped Sn58Bi0.7Zn solder joint interface [42]
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the majority of which are Ni, electroless nickel-immersion
gold (ENIG), electroless nickel electroless palladium immer-
sion gold (ENEPIG) and organic solderability preservative
(OSP). In SnAg/Ni-Cu solder joint, the diffusion of Cu in sol-
der matrix during thermal aging could be impeded by the Ni
surface finish which acted as a barrier layer, and a new Ni;Sn,
IMC layer formed, whose growth rate was lower than CugSn;
and Cu;Sn [46]. Although Cu pad with Ni film performed
well in the test, the solderability of lead-free solder alloy
would be declined due to the oxidation of Ni film during the
thermal storage. Therefore, Au was sprayed on the Ni surface
to prevent it from being exposed to air and enhance the wet-
tability of the molten solder, which was known as ENIG [47].
Compared with ENIG, currently ENEPIG surface coating is
applied much more widely because Pd layer in ENEPIG could
suppress the growth of interfacial layer and the consumption
of Ni layer, strengthening thermal stability of solder joint [48].
Therefore, as illustrated in Fig. 5, the enhancement effect of
ENEPIG was more notable than ENIG and OSP, with higher
microstructure stability of solder joint during aging [49]. But
it has been proved that the thickness of Pd layer should be
limited below 0.2 pm or the formation of (Ni, Cu);Sn,/Ni,Sn
bilayer with a series of micro-cracks would be attained, which
was induced by the poor attachment of two layers [50].
Besides surface films, alloying Cu substrate is also able
to improve the reliability of lead-free solder joint, which is
an emerging investigation for now. Zhang et al. [51] modi-
fied Cu pad by doping minor amount of Ag and Zn and the
results showed that the addition of Ag and Zn could restrain
the Bi segregation at the interface of SnBi/Cu-X solder joint
after thermal aging and therefore the Bi embrittlement was
eliminated, as shown in Fig. 6. Moreover, during aging, the
formation of Cu;Sn and Kirkendall voids was significantly
hindered in the SnAgCu/Cu-2Mn solder joint, which could
be attributed to the Mn segregation in Cu;Sn layer [52].
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Fig.5 The IMC thickness of SnAgCu solder joint with different sur-
face films after aging at 150 °C [49]

Cu;Sn layer doping Mn acted as a diffusion barrier for sol-
der/Cu interface and resulted in the slower growth rate of
interfacial layer. Compared with surface coating, alloying
Cu substrate with the character of more easily operating and
lower cost, could be a novel idea to enhance the reliability
of lead-free solder joint.

3 Thermal cycling
3.1 Influence mechanism
3.1.1 SnAgCu solder alloy

The changing power of electrical production provides a peri-
odic temperature cycle in the electronical devices, which
could affect the property of solder joint. During the high-
temperature stage, the growing IMC layer of SnAgCu was
observed with the formation of CugSns/Cu;Sn bilayer micro-
structure, which was similar to thermal aging [53]. Exposed
to the low-temperature condition, the stress at the interface
would greatly improve due to the different CTE of brittle
Cu;Sn and CugSny and hence micro-defects were generated
[54]. Hence after long-term cycling, the strength of solder
joint was decreased with higher risk of failure [55]. Now
a series of researches have been conducted to test the reli-
ability of solder joint under thermal cycling conditions, the
majority of which focus on the temperature range of —65
to 150 °C [56, 57]. Recently, some investigations are start-
ing to explore the reliability sensitivity of solder joint to
the extreme thermal shocking due to the increasingly spe-
cific service environment. Tian et al. [58, 59] investigated
the effect of — 196 °C/+ 150 °C thermal shocking on the
reliability of SnAgCu/Cu solder joint and found significate
deterioration was obtained with increasing shock cycles. The
tensile strength of SnAgCu solder joint was reduced by 33%
after only 300 cycles and big cavities formed in the solder
matrix. Compared with the common thermal cycling test,
more efforts should be put into the reliability investigation of
solder joint subjected to extreme thermal shocking to meet
the increasing requirement of electronical system.

3.1.2 SnBisolder alloy

In comparison with SnAg-based solders, SnBi solder
seemed to suffer more greatly from thermal cycling at the
same parameter [60]. Not only the excessive growth of brit-
tle IMC layer, but also the coarsening Bi-rich phase along
with big voids were observed after thermal cycling [61].
Cracks was generated in SnBi solder joint as well, which
was attributed to the mismatch of CTE, and the coarsen-
ing brittle Bi-rich phase promoted its propagation process
[62]. It may be concluded that as a low melting temperature
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Fig. 6 Interfacial morphologies (backscattered electron image) of Sn—58Bi/Cu-2.5Ag solder joints aged for a 7 days, b 13 days, ¢ 20 days, and
Sn—58Bi/Cu—10Zn solder joints aged for d 7 days, e 13 days, and f 20 days [51]

solder alloy, the reliability deterioration of SnBi solder joint
applied in the large-range temperature conditions should be
seriously emphasized.

3.1.3 SnZn solder alloy

Bearing a resemblance to SnBi solder, SnZn solder joint also
showed a microstructure degeneration after long-term thermal
cycling. Increasing inner stress induced by thermal expansion,
generated micro-cracks and CTE mismatch between p-Sn and
Zn-rich phase during thermal cycling resulted in the faster
crack growth [63, 64]. It was reported that the lifetime of
SnZn solder joint under thermal cycling was also shorter than
SnAgCu solder joint. Zhang et al. [65] estimated the reliability
of Sn9Zn, Sn3.8Ag0.7Cu and Sn37Pb solder alloy through
finite element analysis and found that due to lower von Mises
stress, Sn9Zn showed longer fatigue life than Sn37Pb solder
during thermal cycling test, which however failed to reach to
the reliability level of Sn3.8Ag0.7Cu.

Currently the researches on the reliability of SnZn and
SnBi solder subjected to thermal cycling are not sufficient
enough but existing results indicate that SnAgCu solder
performs better than other lead-free solder alloys during
thermal cycling.

3.2 Micro-alloying
3.2.1 Rare earth elements

A series of investigations have proved that the addition of
RE elements, such as Ce and Pr, could greatly improve the
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thermal cycling resistance of lead-free solder joints due to
the RE-Sn particles in solder matrix, which refined p-Sn and
acted as a barrier to the migration of grain boundary [66,
67]. Shen et al. [68] added a trace amount of La-Ce mixed
RE in SnBiCu solder joint and found the similar phenom-
enon where finer Bi-rich phase and thinner IMC layer were
observed, ensuring the excellent mechanical property of sol-
der joint. It was reported that Y element not only contributed
to improving the wettability of SnZn solder alloy, but also
enhanced the strength of joint, which was always higher than
SnZn solder joint at the same cycling parameter [69].

3.2.2 Other metallic elements

Wang et al. [70] investigated the effect of Bi addition on
the microstructure and properties of SnAgCu solder. Results
demonstrated that a moderate amount of Bi element led
to the microstructural refinement and gave a significant
increase of the strength because Bi element assembled at
grain boundaries and offered a resistance to dislocation
glide, especially with 3 wt % Bi addition. Compared with
Sn—0.5Cu solder joint, the formation of (Al, Cu)-Sn, Si—Sn
and Al-Sn particles was observed near the interface of
Sn—0.5Cu modified with minor Al and Si, and the excessive
IMC growth of Sn-0.5Cu solder joint during thermal cycling
could be impeded by these particles [71]. But solder joints
doping with composite additive of multiple elements do not
always perform well. Although the composite addition of
Ni, Sb and Bi could suppress the coarsening IMC layer of
SnAgCu solder joint during the early stage of cycles, cracks
expanded faster after certain cycles which was attributed
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to the early recrystallization of Sn matrix [72]. It could be
concluded from the result of electron back-scattered diffrac-
tion (EBSD) that the crack was easier to propagate in the
recrystallization area due to the decreasing resistance of the
massive grain boundaries which was generated at the early
stage of thermal cycling, as shown in Fig. 7.

3.3 Nanoparticle strengthening
3.3.1 Metallic nanoparticles

Gain et al. [73] studied the reliability of SnAgCu-nano Al
solder subjected to thermal cycling and found that the accu-
mulation of Al nanoparticle on the grain boundary not only
improved the mechanical properties of solder joints, but also
reduced the diffusion coefficient of Cu across the interface
during thermal cycling, which decreased the growth rate of
brittle IMC layer. Mo nanoparticles, dispersing in SnBi-nano
Mo solder matrix, were conducive to hindering the sliding of
dislocation and make the mechanical property of composite
solder joint enhanced [74].

3.3.2 Compound nanoparticles

Al,0O5 nanoparticles, pinning at the grain boundaries of
solder matrix, refined the 3-Sn grain size and enlarged the
content of eutectic microstructure in solder joint and there-
fore, gave an increasing strength of solder joint after thermal
cycling. It could be seen from Fig. 8 that the shear force of 1
wt% nanoAl,0O;-doped SnAgCu solder joint was still higher

— 30°~50°
¢ 50770
70°~100°

Fig.7 The EBSD result of solder joint after 1500 thermal cycles: a
SnAgCu, b SnAgCu-Ni-Sb-Bi [72]

than original SnAgCu solder joint after 300 cycles, which
was attributed to pinning effect of Al,O5; nanoparticles [75].
The total pinning force (F,,,) of nanoparticles acting on
the grain boundary of solder matrix could be expressed as

follows:

Fiowal = BTy = %f_ib @
where n; is the density of the nanoparticle at the grain
boundary and r is the radius of the nanoparticle. It could be
concluded that the F,,,, of nanoparticle acting on the grain
boundary was positive correlated with the radius of particle
and the effect of smaller nanoparticles on solder matrix was
much more significant, resulting in finer microstructure and
higher strength. As show in Fig. 9, TiO, nanoparticle with a
diameter of 6 nm showed more notable effect on the SnAgCu
solder matrix than those with a diameter of 20 nm [76].
Nano-Fe,0; addition could remarkably improve the wet-
tability of SnAgCu solders and reduce the CTE mismatch
between the solder and substrate, which improved the reli-
ability of solder joints under thermal cycling [77, 78].

3.3.3 Advanced nanoparticles

Ni-CNTs were claimed to be able to improve the microstruc-
ture stability of SnAgCu composite solder joint and after
more than 2000 cycles, the joint still provided a reliable
mechanical interconnection without obvious defects [79].
Polyhedral Oligomeric Silsesquioxane (POSS) nanoparticle
with special structure, is seen as a novel reinforcing phase
to the lead-free solder. Han et al. [80] found that 3 wt%
POSS nanoparticle pinned the grain boundary of SnAgCu
solder joints, resulting in the refined microstructure and the
postponement of dislocation migration and crack initiation.
What is more, POSS nanoparticles, accumulating at the
interface of solder joint, acted as a barrier to the atomic dif-
fusion between solder matrix and Cu substrate. As a result,
the thinner brittle interfacial layer without crack initiation
and the higher reliability of the solder joint were obtained,
as shown in Fig. 10 [81].

3.4 Enhanced substrate

Compared with ENIG finishes, finer Ag;Sn and Cu4Sn;
particles could be obtained in SnAgCu/OSP solder joint
which had an enhancing effect on the strength of solder joint
and obstructed the expansion of cracks induced by thermal
cycling [82]. Therefore as shown in Fig. 11, SnAgCu/OSP-
Cu solder joint performed better than SnAgCu/ENIG-Cu
solder joint in the thermal cycling test [83]. Fe-Ni UBM
provided an excellent barrier layer to the diffusion of Cu
atoms during thermal cycling and hence the growth of the
interfacial layer was slower than SnAgCu/Cu solder joint.
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Fig.8 Shear results comparison 4500 4500
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Fig.9 Metallograph of the
nano-composite solders (0.5

wt % TiO, nanoparticles): a
SnAgCu; b SnAgCu-6 nm TiO,;
¢ SnAgCu-20 nm TiO, [76]

However the thermal stress in SnAgCu/Fe—Ni/Cu solder joint
was increased due to CTE mismatch, which reduced the life-
time of solder joint [84]. Cai et al. [85] electroplated Co-P
film on Cu substrate and found that small needle-shaped
CoSnj; and columnar (Cu, Co)sSns IMC formed at the inter-
face of SnAgCu/Co-4 wt%P solder joint and compared with
SnAgCu/Cu solder joint, the higher strength after cycling
was obtained due to the enhancing effect of small CoSn,
particles. But for SnAgCu/Co-8 wt%P solder joint after ther-
mal cycling, a brittle layer of Co-Sn-P was observed at the
interface and hence the fracture occurred at the Co-Sn-P layer
rather than solder matrix. Moreover, the fracture analysis
showed that the type of fracture was changed from ductile to
ductile-brittle mixed, as shown in Fig. 12.

Recently epoxy-contained lead-free solder paste attracts
much attention. Although epoxy didn’t change the chemical
composition of solder matrix, it could form an insulation film
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Thermal shock cycles

over solder joints during soldering, which relieved residual
stress and suppressed IMC growth, giving an enhanced relia-
bility of joints [86, 87]. As illustrated in Fig. 13, the fracture
of epoxy-containing SnAgCu solder joint was not observed
after 1000 cycles and only a few pores formed in the solder
matrix as well as epoxy. Moreover, insulating epoxy layer
still attached well to solder joint during cycling, enhancing
its mechanical property and stability [88].

4 Cryogenic storage
4.1 Influence mechanism
Generally, the service temperature of civil electronic prod-

ucts is no less than — 65 °C, which is also the lowest test
temperature of production reliability. But the on-orbit
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Fig. 10 Evolution of the micro-
structure at the interface during
thermal cycling: a—¢ SnAgCu
and d—f SnAgCu+3 wt %POSS
(81]
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Fig. 11 Weibull plots of thermal cycling results for SnAgCu/OSP and
SnAgCuw/ENIG joints [83]

satellites travelling in deep space, such as the New Hori-
zons and Juno of NASA, is subjected to the specific cryo-
genic environment, which is as low as near absolute zero of
temperature. Currently the active thermal control system is
applied to keep a suitable inner temperature, which how-
ever increases the volume and weight of satellite and fails to
meet the miniaturization and light-weighting requirement of
deep space exploration mission. As a result, the reliability of

Deformation |

A,

1340 cycles

lead-free solders exposed to cryogenic condition becomes an
important issue to provide the reference to reduce the active
thermal control system of future small satellite.

As the majority of commercial solder is Sn-based alloy,
the transition of B-Sn to a-Sn under cryogenic condition
which is also called tin pest, is a serious problem to elec-
tronic devices, especially for lead-free solder alloy. NASA
reported that eutectic SnPb solder alloy performed better
than Sn—5Ag solder alloy in cryogenic strength test because
Pb could impede the tin pest process. Lead-free solder joints
subjected to cryogenic condition are in danger of fracture
due to the difference of CTE and brittleness between -Sn
and a-Sn. As shown in Fig. 14, volume difference between
o/p-Sn and the formation of crack could be observed after
long-term cryogenic storage [89]. Tian et al. [90] studied the
strength and fracture mechanisms of SnAgCu solder joints
under specific cryogenic conditions and results showed that
the tensile strength of SnAgCu solder joints was increased
firstly and then decreased with descending temperature and
the fracture mechanism changed from ductile mode to brittle
mode because the CTE mismatch between solder and IMC
layer became larger. With the aging temperature decreasing,
the growth of CuSns IMC layer was postponed while Ag;Sn
assembled at the interface and the degradation of ductility
was obtained [91].

4.2 Improving measures
Although the application of lead has been forbidden, dop-
ing with other elements also help to increase the cryogen-

resistance of solder alloy. It has been proved that the micro-
structure stability of Sn—0.5Cu solder doping with trace Bi
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Fig. 12 SEM images of frac- Top View
tured surface of solder joints 100 cycles 500 cycles Enlarged Top View
after 100 and 500 thermal . -

cycles. a—¢ SnAgCu/Cu joints,
d-f SnAgCu/Co—4 wt % P
joints. g—i SnAgCu/Co-8 wt %
P joints [85]
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Fig. 13 Cross-section of solder joint after thermal cycling: a full view, b left side, ¢ right side [88]
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Fig. 14 SEM images of surface of Sn-1Cu solder alloy after long-
term cryogenic storage: a boundary of a/p-Sn and b crack along o-Sn
[89]

and Sb was higher than original solder matrix due to the
strengthening effect of solute element and after long-term
cryogenic storage, no tin pest was observed in modified sol-
der alloy [92]. The addition of Ag could form small Ag;Sn
particle and meanwhile finer CugSn; particle was obtained in
solder matrix, which helped to suppress tin pest formation.
However, Cu had adverse effect on the cryogenic reliability
of solder and the increasing content of a-Sn was observed
with the addition of Cu in SnAgCu solder matrix [93]. As
illustrated in Fig. 15, the a-Sn content of solder alloy con-
taining Ag was lower than others after 4 days cryogenic
treatment while the a-Sn was observed obviously in Sn—1Cu
and Sn—3Cu solder. Moreover, compared to Sn-based solder
alloy, In-based solder alloy is seen as an ideal electronic
packaging materials for the cryogenic structure owing to
its excellent cryogenic performance and some kinds of In-
based solder alloys have been applied in the manufacture of
satellite currently [94, 95]. However, the high cost of Indium
limited the commercial application and its low melting tem-
perature could not endure the wide-range change of service

temperature of on-orbit satellite without active thermal con-
trol system. Up to now, researches on the evolution of lead-
free solder joints subjected to extremely cryogenic environ-
ment are relatively absent and the further investigation to
improve the reliability is required.

5 Electromigration
5.1 Influence mechanism
5.1.1 SnAgCu solder alloy

Under the drive of increasingly finer pitch of electronic
devices, the electric current density in solder joint is greatly
increased, which makes the electromigration of solder joint
a serious reliability issue [96-98]. Once the current den-
sity reaches to the threshold of damaging electromigration,
which is usually thought to be 1x 10* A/cm?, energetic
atoms are generated and migrate parallel with the electron
flow, resulting in the microstructure deterioration [99, 100].
Bashir et al. [101] found that after only 1000 h test at a
constant current of 5 A, the IMC layer of SnAgCu solder
joint at cathode side was attenuated with the formation of
cracks near interface while the layer at the anode was greatly
increased due to the diffusion of Cu atoms along the electron
flow.

5.1.2 SnBisolder alloy

SnBi solder alloy is usually considered to be more sensitive
to high-density current than other Sn-based solders, which
limits the extensive application of SnBi solder alloy [102].
Not only coarsening interfacial layer but also the phase inho-
mogeneity could be observed in the SnBi/Cu solder joint
during electromigration test [74]. As shown in Fig. 16, the
formation of Bi-rich/Sn-rich layer at anode/cathode side
respectively, was observed between solder matrix and the
coarsening IMC layer after long-term electromigration at
ambient temperature for only 336 h, which was ascribed
to the atomic migration of Bi induced by high-density cur-
rent [103]. With the segregation process of Bi and Sn, the
mechanical property was decreased due to the brittle Bi-rich
layer and the cracks were much easier to initiate and expand
at the interface of solder joint. Moreover, the electrical resis-
tivity of Bi was higher than other phase of SnBi solder joint
and hence the coarsening Bi-rich layer gave a great decrease
of electrical conductivity [104].

5.1.3 SnZn solder alloy

It has been reported that high-density current stress pos-
sessed a reverse polarity effect on the SnZn solder joint,
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Fig. 16 BSE images on anode interfaces and cathode interfaces in
Cu/Sn—58Bi/Cu solder joints after electromigration test with current
density of 1.0x 10* A/cm? at ambient temperature for a 48 h, b 144 h
and ¢ 336 h [103]

especially for the joint under thermoelectric stress [105,
106]. The CusZng layer at the cathode side thickened more
significantly than that at the anode side, which was ascribed
to the opposite migration of Sn and Zn. Zhang et al. [107]
found that after the electromigration at 4.26 x 10* A/cm? and
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140 °C for 166 h, the thickness of interfacial layer at the
cathode side was greatly increased with the dissolution of
block-shaped CusZng IMC into solder matrix. While at the
anode side, the CusZng layer was gradually replaced by a
Cu,Sn; layer, whose thickness was correspondingly thinner.
Moreover, voids were observed at the cathodic IMC layer
as well as the Zn-rich phase in the solder matrix due to the
inhomogeneous migration of atoms induced by the electri-
cal stress [106, 108]. With the increasingly higher service
temperature of electronical device, the electromigration
effect on solder joint is becoming more and more serious
and should be concerned [109, 110]. Currently impeding
atomic migration induced by electrical current is the main
method to improve the electromigration-resistance of lead-
free solder joint [111].

5.2 Micro-alloying
5.2.1 Rare earth elements

Compared to SnAgCu solder matrix, the grain of SnAgCu
solder modified with Ce was finer and the CeSn; particles
assembling at the grain boundary blocked the atomic diffu-
sion, which hence retarded the formation of voids and cracks
near interface [112]. Guo et al. [113] investigated the effect
of RE addition on the reliability of SnBi solder joint under
high-density current and found that Ce-La—Nd mixed RE
could improve the electromigration resistance of SnBi solder
joint. RE elements, accumulating at the grain boundaries of
solder matrix, suppressed the grain boundary sliding and
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resulted in the slower migration of Sn/Bi atoms in SnBi-RE
solder joint. However, there were some researchers reported
that under the same thermal-electrical stress, solder alloys
doping with RE elements might perform worse than original
solder matrix, which made the electromigration resistance
of RE enhanced solder alloys an unclear issue [114, 115].

5.2.2 Other metallic elements

It was proved that the grain orientation of Sn matrix was
one of the most critical factor in the serrated Cu dissolution
at the cathode side, which was accelerated if the c-axis of
Sn grain was parallel to the electron flow due to the lower
activation energy of diffusion and resulted in the microstruc-
ture degradation [116—118]. The lifetime of SnAgBiln solder
joint modified with Co under high-density current stress was
much longer than the original solder, which was attributed
to the refinement effect of Co. The content of the Sn grain
whose c-axis was parallel to the electron flow was reduced
with the increasingly refined microstructure and hence the
formation of voids and cracks induced by electromigration
was retarded [119]. In some cases, the strengthening effect
of alloying element is more obvious than nanoparticles even
if their chemical compositions are all the same, which could
be attributed to the aggregation of nanoparticles. Compared
to SnBi solder joint doping with 0.4 Ag nanoparticles, the
microstructure of SnBi—0.4Ag composite solder joint was
much more uniform and refined, resulting in higher elec-
tromigration-resistance. Therefore, SnBi—0.4Ag composite
solder joint performed best in the high-density current test
among SnBi solder matrix and SnBi—0.4 nanoAg composite
solder, as shown in Fig. 17 [120]. Wang et al. [121] fabri-
cated a structural composite SnBi solder joint by adding
a SnAgCu solder foil between two SnBi foils and found
that the SnAgCu interlayer acted as a barrier layer which
blocked the diffusion of Sn and Bi atoms. As a result, thinner
IMC layer and Bi-rich layer without voids and cracks were
obtained in the composite solder joint after electromigra-
tion test.

5.3 Nanoparticle strengthening
5.3.1 Metallic nanoparticles

Bashir et al. [101] found that the electromigration resistance
of SnAgCu solder joint was improved when it was soldered
by the Co nanoparticle-doped flux. Co nanoparticle could
partly replace Cu atoms in IMC layer, forming (Cu, Co)Sn;
IMC layer, and hence the diffusion of Cu induced by cur-
rent stress was impeded. Moreover, as a barrier to the slide
of dislocation and grain boundary, uniform Co nanoparti-
cle retarded the formation of voids and cracks, stabilizing
the microstructure of solder joint. But compared with Co
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Fig. 17 The thickness evolution of Cu-Sn IMC layer at the anode
side in SnBi0.4Ag, SnBi-0.4nanoAg and SnBi solder joint with the
increasing time of current stress [120]

nanoparticle, the strengthening effect of Ni nanoparticle was
more obvious and after long-term electromigration test at
the same parameter, the tensile strength of SnAgCu-nano
Ni solder joint was higher than SnAgCu-system solder, as
listed in Table 2 [122—-124].

5.3.2 Compound nanoparticles

Nano Al,O; could not only greatly reduce the diffusion
coefficient of the elements, but also assemble at the grain
boundary, acting as an barrier to the diffusion of atoms, and
suppress the growth of Bi-rich layer and IMC layer of SnBi
solder joint under current aging [125]. Kim et al. [3] inves-
tigated the effect of SiC nanoparticle addition on the elec-
tromigration resistance of SnAgBiln solder joint and found
that during high-density current test, only narrow voids were
generated in the composite solder joint rather than obvious
cracks, which prevented the current crowding.

5.3.3 Advanced nanoparticles

In comparison with plain SnZnBi solder alloy, doping with
GNSs gave a strength increase of nearly 11% for the composite
solder joint under the same electrical stress, which was ascribed
to the much finer microstructure [126]. CNTSs refined the micro-
structure of lead-free solders joints and bonded well with the
solder matrix, sliding out of the bonding interface to relieve
the stress under external load [127]. At the same time, doping
CNTs could form a high conductive net in the solder matrix,
which was the prior channel for the electron flow, and hence
lower electromigration damage was obtained [128]. Moreover,
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Table 2 The tensile strength of
nano Ni-doped solder joint and
its correlation with literature

Solder composition

Electromigration parameters

Tesile strength (MPa) References

Before After

before/after electromigration

[122] Sn-3Ag-0.5Cu+ nanoNi

T=5%10° A/em?

100.99+4.2 7723+34 [122]

T=150°C
t=192h

Sn-3Ag-0.5Cu

T=5x%10% A/cm?

60.34+1.5 22.36£8 [101]

T=150°C
t=192h

Sn-3.8Ag-0.7Cu

J7=5.03x10% A/cm? 47 17

[123]

T=145°C

t=48 h
T=3%x10* A/em? 55 35

Sn-3.8Ag-0.7Cu

[124]

T=145°C
t=98.5h

Sn-3Ag-0.5Cu+nanoCo

T=5x%10% A/cm?

88.18+1 78.16£5.6 [101]

T=150°C
t=192h

Ag-coated multi-walled CNTs could significantly improve the
lifetime of SnBi solder joint due to the strengthening effect of
uniform CNTs and nano-scale Ag;Sn particle [129].

5.4 Enhanced substrate

As a barrier for the Cu diffusion, Ni surface provided a bet-
ter electromigration resistance for solder joint but at a high
current density of over 2000 A/cm?, the consumption of Ni
into solder matrix induced the current stress was observed,
which weakened the reliability of solder joint again [130,
131]. The atomic electromigration flux of Bi (/,,,) induced
by current stress in SnBi solder joint could be expressed as
follows [132]:

I, :CDxZ
kT

epj 3

where C, D, and Z" are the concentration, diffusivity and
effective charge number of the diffusing Bi. p is the resis-
tivity of SnBi solder and k is Boltzmann’s constant. Com-
pared to Cu pad, ENIG surface reduced the value of D X Z*
and hence lower atomic flux and higher electromigration-
resistance were obtained, as listed in Table 3 [133]. (Pd, Ni)
Sn, layer with low Ni content, forming at the interface of
solder matrix and ENEPIG surface, could effectively retard
the electromigration and consumption of Ni layer because
PdSn, phase was more insusceptible to electromigration
[134]. However, at the same electromigration test param-
eters, SnBi solder joint with OSP surface performed better
than other films, which was ascribed to its highest activa-
tion energy for electromigration, as shown in Fig. 18 [135].
Therefore, it might indicate that OSP was an excellent sur-
face for the lead-frees solder joint subjected to high-density
current [136]. As the solder joint of electronical device is
becoming increasingly finer, the electromigration damage
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has been unprecedentedly critical and further investigations
to improve electromigration-resistance are necessary.

6 Corrosion
6.1 Influence mechanism
6.1.1 SnAgCu solder alloy

Other than providing electronical interconnection between
devices, mechanical bonding is also an important function
of solder joint. However, the increasingly wide application
of solder alloy makes it easier to be exposed directly to the
corrosion medium [137, 138]. Corrosion conditions, such as
brackish coastal and humid conditions, act as the electrolyte
and accelerate the corrosion process of solder matrix, which
has become a major reason of joint failure [139]. As NaCl is
one of the main corrosion medium for materials, the experi-
ments to evaluate the corrosion resistance of solder alloy
were usually conducted in the NaCl solution [140, 141]. The
corrosion process of SnAgCu solder joint in the salt spray
test is relatively simple, which could be clarified by the fol-
lowing galvanic corrosive reaction [142, 143]:

Table3 D XxZ* values at different test parameters for Sn-58Bi/Cu and
Sn-58Bi/ENIG solder joint [133]

Test parameters (A/ Substrate Jem(atoms/cmzs) D x Z*(cm?/s)

cmz)

30 °C, 5x10° Cu 7.43% 10" 1.07x1071°
30 °C, 5x10° ENIG 3.83%x10"? 3.07x107"
75 °C, 5% 10° Cu 1.84x10" 2.87x1071°
75 °C, 5x 103 ENIG 1.24x 10" 1.77x 10710




Journal of Materials Science: Materials in Electronics (2019) 30:9065-9086

9079

Fig. 18 The lifetime of Sn-58Bi
solder joint with different
surface at different parameters:
a 80 °C, b 90 °C, ¢ 100 °C and
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) ) corrosion, and only Bi-rich phase remained, the high brit-
Anodic reaction: tleness of which made the corrosion area lose the excellent
Sn 4+ 20H™ —2¢~ = SnO + H,0 (5) mechanical properties [151, 152]. Mostofizadeh et al. [153]
found that after long-term salt spray test, Sn-rich phase of
SnO + 20H™ —2¢™ = SnO, + H,0 (6)  SnBi solder joint was corroded away, forming the pitting

Therefore, the dissolution of Sn matrix and the formation
of oxide surface film with cracks were obtained, which gave a
great decrease of joint strength [144]. What’s more, the large
IMC particle in solder matrix with higher electrochemical
stability, such as Ag;Sn and CugSns, could act as the exces-
sive cathode area and accelerate the reaction process [145].
Moreover, current investigations proved that corrosion behav-
ior of solder joint also aroused the growth of Sn whisker [146,
147]. The volume swelling induced by the corrosion products,
increased the inner stress of solder joint and hence provided
the growth energy of Sn whisker, which was an important
reason for short circuit [148]. But in summary, it has been
reported that the corrosion resistance of SnAgCu solder alloy
is higher than SnBi and SnZn solder alloy, the mechanism of
which is clarified in the following sections [149].

6.1.2 SnBi solder alloy
In the corrosive environment, the Sn-rich and Bi-rich phases

in the solder matrix formed a large number of micro-scale
galvanic cells where Sn-rich phase acted as the anode and

corrosion, and dense Bi phase was observed. All corroded
solder joints performed badly in the sequential drop test with
the different fracture behavior from ductile mode to brittle
mode.

6.1.3 SnZn solder alloy

The corrosion behavior of SnZn solder joint is more com-
plicated than other Sn-based solders due to the existence of
erodible Zn-rich phase [154]. Zn element with high chemical
activity, is sensitive to the corrosion medium and easy to
result in the pitting corrosion [155]. In the corrosive condi-
tions, external Zn-rich phase was preferentially dissolved
and hence a crack formed from the surface to solder matrix,
which provided an accelerated path to the transport of cor-
rosive medium and promote the corrosion process [156].
SEM observation and element mapping analysis showed
that after corrosion test, corrosive medium migrated into
Sn-12Zn solder matrix and micro-cracks formed along the
intergranular boundary between Zn-rich phase and Sn, with
inner-growing pits, as showed in Fig. 19 [157]. In general,
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although SnZn solder alloy has a remarkable advantage in
the melting temperature and cost, it performed the worst in
the corrosive conditions in the current commercial Sn-based
solders, which became a menace to its application [149].

6.2 Micro-alloying
6.2.1 Rare earth elements

In the melting SnZnLa solder, La could also help to form
high melting-temperature IMC particles, which acted as the
nucleation particles and hence reduced the average size of
Zn-rich phase. As a result, SnZnLa solder alloy possessed a
higher corrosion-resistance than SnZn solder [17]. As men-
tioned above, rare earth element could refine the microstruc-
ture of solder joint, which also help to improve its reliability

®

Porous layer

Passive layer

under corrosion conditions. In Sn—3.5Ag solder matrix, large
Sn grains and a sparse precipitate at the grain boundary
while Sn3.5Ag-Ce showed more homogeneous distribution
and smaller grain without coarsening IMC and hence the
corrosion potential was decreased. Moreover, higher pitting
resistance was obtained in Sn3.5Ag-Ce solder joint because
a passive Ce oxide film mixed with Sn and Ag oxide formed
at the surface of solder joint, which prevented the penetra-
tion of corrosive ion [158].

6.2.2 Other metallic elements

In the NaCl solution corrosion test, Sn0.5Cu solder alloy
performed better than Sn3.0Ag solder alloy and no obvi-
ous cracks were observed on the surface of Sn0.5Cu solder
alloy, which was attributed to the lower content of IMC in

7
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Cracks 1
Chloride complexes
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Fig. 19 SEM image of the cross-section (a) and the element mapping for Sn—12Zn solder alloy after corrosion test: b Zn, ¢ O, d Cl, e Sn and f

the schematic illustration of pitting corrosion process [157]
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the Sn0.5Cu [159]. It has been proved the micro-galvanic
corrosion between the cathodic coarsening IMCs and the
anodic Sn matrix is one cause of corrosion and the large-
platelet IMC could accelerate the corrosion process [160].
Therefore, decreasing the size and amount of IMC seems to
be an effective method to improve the corrosion resistance
of solder joint [161-163]. Compared to SnZn solder alloy,
a thinner and more uniform passivation layer formed at the
surface of SnZn-In solder along with smaller cracks and pits,
which suppressed the migration of corrosive medium into
matrix and improved the corrosion resistance of solder joint,
as shown in Fig. 20 [164]. The addition of Ti promoted the
formation of nuclei, giving a finer Zn-rich phase, and hence
the probability of corrosion reaction was reduced [165]. The
corrosion resistance of SnZn solder could be significantly
improved by doping trace amount of Cr, which was ascribed
to the formation of a compact and uniform passivation film
on the surface, but the enhancing effect was unobvious until
the content of Cr reached to 0.3 wt% [166]. The addition
of Ni could only stabilize the passive film on the surface
of SnZn solder joint to impede the migration of corrosive
ions, but also lead to the formation of NisZn,, IMC parti-
cle, which promoted the refinement of Zn-rich phase [167].
Thus, as illustrated in Fig. 21, SnZn solder containing Ni
showed a better corrosion resistance than SnZn solder con-
taining other elements.

6.3 Nanoparticle strengthening

In the past decades, the investigations on enhancing the
corrosion resistance of solder joint was concentrated on
micro-alloying whereas the effect of nanoparticles addition
was hardly covered. But actually, nanoparticles are also con-
ducive to improving the reliability of lead-free solder joint
subjected to corrosive medium [168].

The addition of CeO, nanoparticle refined Ag;Sn IMC,
decreasing the probability of galvanic corrosion, and
enhanced the passivation film of solder matrix, which acted
as a barrier to the corrosion propagation [169]. There-
fore, the corrosion resistance of SnAg solder joint was

Fig.20 Cross-sectional mor-
phologies of (a) Sn—9Zn and (b)
Sn-9Zn—41In solder alloys after
corrosion test [164]

Oxide layer

I
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significantly increased with lower corrosion current and
corrosion potential. Wu et al. [170] investigated the effect
of Al,O5 nanoparticle addition on the corrosion resistance
of SnAgCu solder joint and found that the passive film
on the surface of Sn—0.3Ag—0.7Cu-0.12A1,05 was more
homogeneous and compact than SnAgCu matrix, which
could impede further corrosion. After long-term corrosion
in NaCl solution, a quantity of pitting formed on the surface
of SnAgCu solder joint whereas the surface of SnAgCu-
nano Al,Oj still kept dense and compact due to the enhanced
effect of aggregated nano Al,0O; on the surface, as shown
in Fig. 22. Compared to SnBi solder alloy, the size of deep
ditches of SnBi-nanoCu4Sns composite solder alloy induced
by corrosion greatly shrunk because there were more bound-
aries in the composite solder, which acted as barriers for
corrosive medium and reduced the corrosion rate, as shown
in Fig. 23 [151]. The increasing corrosion resistance was
also obtained in the Sn—3.5Ag—0.7Cu solder alloy containing
Ni-CNTs. The finer Sn matrix and Ag;Sn induced by the dis-
persing Ni-CNTs, formed quantities of corrosion microcells
and Ni-CNTs could act as the electrode [171]. Therefore, the
galvanic corrosion between the Sn anode and Ag;Sn cathode
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Fig. 21 Polarization curves of alloys in NaCl 3.5 wt % solution [167]
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in the Sn—-3.5Ag—0.7Cu solder alloy containing Ni-CNTs
was reduced.

7 Irradiation

In addition to extremely cryogenic temperature, the cosmic
radiation consisting of y-ray, energetic proton and cosmic
ray, is another severe barrier to the on-orbit satellite [172,
173]. Energetic radiation particles could cause supersatu-
rated micro-defects in the satellite material along with the
degradation of properties [174—176]. Compared to structural
materials, the electronic material is much more vulnerable
to the irradiation and hence currently radiation-shielding
devices are generally applied to prevent the electronic
system from irradiation damage [177]. Unfortunately, the
radiation-shielding devices increase the weight of satellite
and fail to meet the light-weighting demand of deep space
mission. After long-term interplanetary travel, it is impor-
tant for satellite to reduce its velocity to enter the orbit of the
target planet rather than fly by to carry out more exploration
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Fig.23 Comparisons in corrosion rate of composite solder with dif-
ferent CugSns nanoparticle concentrations [151]

mission. The quantity of fuel used to change the velocity
could be calculated by the Tsiolkovsky’s rocket equation
[178]:
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0 Element  wye, At?
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Sn CK 02 106
1.0 55 X 0804 ©
cx | o5 | an 0K 636 2512
’ oK 671 297 | AKX | 321 | 78
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g | l K 283 561 z | ‘ CK 480 854
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o | Cuk 613 674 X CuK 934 922
1‘ 6.29 i ‘ ﬂ Agl  9.64  5.64
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Fig.22 SEM image of a SnAgCu and b SnAgCu-0.12A1,0; solders after corroded in 0.1 M NaCl for 30 days; ¢ EDS analysis of region I in (a);

d EDS analysis of region J in (b) [170]
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Av = v,In 0

v=v,ln m—l @)
where Av is the maximum disparity of velocity, v, is the
effective exhaust velocity, m is the initial total mass and m,
is the mass without propellant (m, — mg,,;). A small incre-
ment of weight would significantly increase the requirement
of the fuel, which is unable to support the increasingly wider
range and more complex mission of deep space exploration.
Therefore, many importance has been attached to improving
the reliability of electronic materials exposed directly to cos-
mic radiation environment. However few researches on the
irradiation effect on the reliability of lead-free solder joints
have been reported and only the investigation on the reli-
ability of lead-containing solder joint subjected to gamma-
ray irradiation has been conducted, in which the decreasing
properties was obtained [179]. With the development of
aerospace industry, it is meaningful to clarify the effect of
cosmic radiation on the lead-free solder joint to explore to
reduce the radiation-shielding devices and provide the refer-
ence for the design of next-generation satellite.

8 Conclusions

In the past decades, quantities of researches have been con-
ducted to clarify the reliability evolution of lead-free solder
alloy exposed to several special environments and many
novel lead-free solder alloy systems have been created under
the drive of environment-friendly development. However,
it should be noted that the current reliability researches on
the lead-free solder alloy are mainly focused on the thermo-
electrical challenge, which is hardly comprehensive due to
the increasingly severe service environment of solder joint.
More investigations on the reliability of lead-free solder
joint subjected to corrosive, cosmic or multi-field cou-
pling conditions are needed to provide the reference for the
design of future packaging materials. Moreover, it could
be concluded that the enhancement of micro-alloying is
not effective enough to meet the property demand of novel
solder alloy. Although the reliability improvement could be
obtained in the solder joint doping with nanoparticles, the
composite solder alloy is still stuck on the plateau of aca-
demic research and is far away from industrial application
because of its high-budget preparation. It may be significant
to explore to enhance the reliability of lead-free solder alloy
by the composite addition of element and nanoparticles,
which is seen as an effective method to design the future
solder alloy with excellent reliability. Besides, the substrate
enhancement also shows a great potential to increase the
reliability and is much easier to be applied in the electri-
cal industry compared with micro-alloying and doping
nanoparticles. In summary, this review concentrates on the

recent reliability investigations on lead-free solder alloy and
tries to provide theoretical support for the design of reli-
able electrical packaging materials. With the advance of
electronical technology, more researches on the solder alloy
are expected to contribute to complying with the increasing
requirement of electrical industry in the near future.
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