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Abstract: The effect of cryogenic temperatures on the mechanical properties and fracture mechanism of SnAgCu—SnPb
mixed solder joints was investigated. The results showed that the tensile strength of mixed solder joints first increased
with the increase of Pb content and reached its maximum at 22.46 wt.% Pb; subsequently, it decreased as Pb content
increased. However, cryogenic temperatures improved the tensile strength of the solder joints. Both Pb content and
cryogenic temperature caused the fracture mode of the mixed solder joints to change; however, temperature remained
the main influencing factor. As the temperature fell from 298 to 123 K, the failure pattern in the solder joints
transformed from ductile fracture to quasi-ductile fracture to quasi-brittle fracture and finally, to brittle fracture.
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1 Introduction

In the past few decades, Sn—37Pb eutectic
solder has been widely used owing to its excellent
properties and low cost. However, Pb has an
adverse effect on the environment and human
health because of its toxicity [1]. Because EU
legislation restricts the use of Pb solder, lead-free
solders, especially Sn3.0Ag0.5Cu (SAC305) solder
alloys [2], have become popular. In lead-free solder
alloy processing, Pb pollution is inevitable due to
recycling and mixed assembly [3]. In addition,
Sn—Pb solders are still used in critical applications
(aerospace, military, etc.) to ensure product
reliability. Pb pollution may also occur during
repair processes because of legal stipulations and
several other reasons [4]. In aerospace applications,
the exposed electronic components are subjected
to extreme temperatures due to the huge
temperature gradients that exist in space and on the

surface of different heavenly bodies, for instance,
under the condition of Moon (77—423 K), Mars
(133—293 K) and Giant Planets (133—653 K) [5—7].
As they are used to link electronic components,
solder joints play an important role in mechanical
connection, electrical control and signal channels.
Their performance and quality have an important
influence on the overall function of the electronic
components [8—10].

Temperature is critical to the mechanical
properties and fracture of the solder joints. Till date,
several scholars have studied the microstructure,
thermodynamics, and mechanical properties in the
temperature range of 218—423 K [11,12]. However,
there are few reports on the mechanical properties
of solder joints at cryogenic temperatures (below
218 K). TIAN et al [6] studied the fracture mode of
SAC305 solder joints at 77-298 K and found
that the reduction in temperature would cause the
failure mode of the solder joints to transition from
ductile to brittle fracture. FINK et al [13] and YAO
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et al [14] found that, as the temperature decreases,
the tensile strength of the solder joint does not
increase or decrease monotonically, but rather, first
increases and then decreases. Based on several
studies, three basic failure modes have been
identified for solder joints in the temperature range
of 218—473 K, namely, ductile failure inside the
solder, brittle failure of the IMC layer, and mixed
ductile-brittle fracture between the two [15—17].
However, some scholars have found that the solder
joints fractured inside the solder at 166 K, but the
fracture mode was brittle [18]. From the above
studies, the fracture mechanism of solder joints,
especially mixed solder joints at low temperatures,
has not been explored much and the results are
often controversial.

In this study, Sn—37Pb solder alloys were
mixed with SAC305 solder alloys to make mixed
solder with different Pb contents, and the
Cu/Solder/Cu joints were tested at cryogenic
temperatures to evaluate their mechanical properties.
The fracture location and mechanism are
determined by analyzing the fracture surface. In
addition, the effect of Pb content and different
cryogenic temperatures on the fracture mode and
tensile properties of the solder joints were
investigated to provide experimental data and
theoretical references for the failure of mixed solder
joints at cryogenic temperatures.

2 Experimental

In this study, mixed solders with different
contents of Pb (0, 4.67, 22.46, 37 wt.%) were
fabricated by adding Sn—37Pb solder alloys to
SAC305 solder alloys (Table 1). A certain proportion
of the mixed solders were placed in a crucible, and
5 wt.% ZnCl, rosin flux was dripped into it. The
crucible was placed in a reflow soldering machine
(TYR108C) for 81s at 503 K. The uniform
composition of the mixed solders was ensured by
repetitive smelting three times. After the smelting
was completed, X-ray equipment (X7600NT,
DAGE) was used to select defect-free solder balls
having the same size, which were placed in
anhydrous alcohol and cleaned ultrasonically
(KH—50B, Hechuang) for 5 min. The volume of the
mixed solder balls was (0.070+0.0025) mm® and the
diameter was (500+5) pm.

The printed circuit board (PCB) of Cu pads
with a diameter of 420 um and thickness of 37 um
was  processed by  organic  solderability
preservatives (OSP). The solder joints had a
Cu/Solder/Cu sandwich structure prepared by the
double plate lap method. The prepared solder joint
specimens were placed into the reflow machine,
where the peak temperature was 533 K and the
holding time above the liquid phase line was 60 s.
Figure 1 shows the microstructure of solder joints

Fig. 1 Microstructures of solder joints with different Pb contents: (a) 0 wt.%; (b) 4.67 wt.%; (c) 22.46 wt.%;

(d) 37 wt.%
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with different Pb contents, which is mainly
composed of solder body and intermetallic
compound (IMC) layers. Then, the solder joints
were tested using a thermal-mechanical dynamic
analyzer (TQ800, TA) that could deliver atomized
liquid nitrogen to the chamber where the sample
was located and attain the required temperature
(298, 223, 173, 123 K) for this experiment by
adjusting the degree of atomization of liquid
nitrogen. Subsequently, the sample was mounted on
a tensile fixture and the shear rate was set to be
50 um/min as shown in Fig. 2. Three samples were
tested corresponding to each test condition, and the
fracture surface of the tensile samples was
examined with a scanning electron microscope
(SEM, Hitachi, S—2500) equipped with an energy
dispersive spectrometer (EDS).

Heel block
\

o
50 pm/min

Tension film clamp

Fig. 2 Schematic diagram of solder joint stretching
3 Results

3.1 Tensile strength

The stress—strain curve and tensile strength of
SAC305 solder joints at different temperatures are
shown in Fig. 3. It can be seen from Fig. 3(a) that
the decrease in temperature had a great influence on
the tensile process of the solder joints. The typical
stages in the tensile process of the solder joints
were those of elastic deformation and plastic
deformation, followed by the final fracture. The
solder had an obvious region of gentle plasticity
and yielded at 298 K. After reaching the highest
strength, the curve slowly decreased to the point
corresponding to the lowest stress, showing strong
ductile fracture properties. With the decrease in
temperature to 223 K and subsequently, 173 K, the
deformation rate of the solder decreased and the
slope of the elastic-plastic zone increased, which
indicated that the hardening rate of the solder joint
increased with the decrease in temperature. When
the temperature continued to drop to 123 K, the
curve became a smooth line and failure occurred
without yielding, indicating that the failure mode of
the solder joint at this time are brittle fracture. From

Fig. 3(b), the tensile strength increased as the
temperature decreased. Further, the lower the
temperature, the higher the growth rate.
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Fig. 3 Stress—strain curves (a) and tensile strength (b) of
SAC305 solder joints at different temperatures

Figure 4 shows the trend of the stress—strain
curves of the mixed solder joints with temperature.
Like SAC305 solder joints, the toughness
characteristics of the solder continued to weaken
with decreasing temperature. The slope gradient of
the stress—strain curve suddenly became steep at
123 K, which meant that the solder joint fractured
instantaneously at 123 K. Figure 4(d) shows the
tensile strength of solder joints at different
temperatures and Pb contents. The tensile strength
of the solder was comparable to that of the SAC305
joint (Fig. 3(b)) and showed an upward trend. It is
worth noting that with the increase in Pb content,
the tensile strength reached the highest level at
2246 wt.% and then decreased. However,
compared with the solder having low Pb content
(4.67 wt.%), the solder with high Pb content
(37 wt.%) had better tensile properties, and the
performance was the best when the Pb content was
22.46 wt.%.
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Fig. 4 Stress—strain curves (a—c), and tensile strength diagram (d) of mixed solder joints at different temperatures and

Pb contents: (a) 4.67 wt.%; (b) 22.46 wt.%; (c) 37 wt.%

3.2 Fracture morphology

To further study the effect of different
temperatures and Pb contents on the transition of
the fracture mechanism of solder joints, it is
necessary to analyze the fracture surface. Figure 5
shows the fracture morphology of SAC305 solder
joints at normal as well as cryogenic temperatures.
Figures 5(a, b) showed that there were obvious
dimples and tearing edges on the fracture surface.
The facets of the tearing unit were surrounded by
the tearing ridges. They were connected by zones of
plastic deformation, and there were holes in the
middle of the solder joints. These phenomena
indicated that the fracture mode was ductile at 298
and 223 K. In contrast, the fracture surface
distribution was more complex at 173 K. The
mixture of solder and IMC showed mixed
transgranular and intergranular fracture and there
were many cracks. With the further decrease in
temperature (Fig. 5(d)), the fracture surface was

completely transferred to the IMC layer, indicating
that there was massive clastic CusSns distribution
on the fracture surface. As brittle materials, CusSns
and CusSn IMCs indicated that the brittle fracture
of solder occurred at 123 K, which was consistent
with the conclusions of the stress—strain curve
analysis in Fig.3. It is worth noting that the
cracks in the solder at 123 K were different from
the tiny cracks at 173 K, and it penetrated the entire
IMC layer, resulting in potentially catastrophic
damage.

The fracture surface of the mixed solder joints
with 4.67 wt.% and 22.46 wt.% Pb at different
temperatures are shown in Figs. 6 and 7. It can be
clearly seen from Figs. 6(a, b) that the joint broke
inside the solder at 298 and 223 K, which meant
that the fracture mode was ductile. As the
temperature decreased, the fracture position was
transferred to the junction of the solder and the IMC
layer, and the flower-like solder on the fracture
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Fig. 6 Fracture surface morphology of mixed solder joints with 4.67 wt.% Pb at different temperatures: (a) 298 K;

(b) 223 K; (¢) 173 K; (d) 123 K

surface was mixed with bulk IMC (Fig. 6(c)). As
the temperature dropped to 123 K, the fracture
surface was transferred to the IMC layer and
located between CueSns and CusSn (Fig. 6(d)).
When the Pb content increased to 22.46 wt.%
(Fig. 7), the fracture morphology of mixed solder
joint produced at 298 and 223 K (Figs. 7(a, b))

resembled that of the 4.67 wt.% Pb. However, the
mixture that adhered to the IMC layer was
significantly reduced at 173 K and distributed
between the grain boundaries from flower-like to
strip-like (Fig. 7(c)). Nevertheless, the number of
Cu;Sn on the fracture surface increased slightly at
123 K.
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In contrast to the above two solder joints,
although the solder with 37 wt.% Pb still mostly
fractured in the solder interior, the edge was
fractured in the IMC layer with many cracks at
298 K (Fig. 8(a)). As the temperature decreased, the
solder joint broke at the interface, but the solder
accounted for the majority. At 173 K, a large
amount of Cu¢Sns was found at the fracture, and

many uniformly distributed substances adhered to
the surface of CugSns, which was detected as the Pb
phase. When the temperature was lowered to 123 K,
the entire cross-section was composed of fine
equiaxed Cus3Sn, which indicated that the solder
joints almost failed at the Cus;Sn layer and there
were many tiny cracks distributed between the
Cu;Sn grain boundaries.

Fig. 7 Fracture surface morphology of mixed solder joints with 22.46 wt.% Pb at different temperatures: (a) 298 K;

(b) 223 K; (¢) 173 K; (d) 123 K

Pb phase

Fig. 8 Fracture surface morphology of solders joints with 37 wt.% Pb at different temperatures: (a) 298 K; (b) 223 K;

(c) 173K; (d) 123K
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4 Discussion

4.1 Mechanical properties

YAZZIE et al [15,19] reported that at low
tensile rates, the fracture mode of the solder joint is
determined mainly by the solder, and the fracture
mode has a great relationship with the slip
phenomenon inside the material. Under the action
of tensile stress, the elastic deformation of the
material crystal occurs first. Beyond this category,
due to the increase in the tensile force, the relative
displacement between Sn grains produces
significant plastic deformation. In addition, the
decrease in temperature suppresses the occurrence
of sliding, resulting in a continuous decrease in
plastic deformation. Finally, brittle fracture
occurred at 123 K. It is well known that cryogenic
temperatures will reduce the plasticity of the
material, leading to progressive brittle fracture of
the welded joint during tension, thus increasing the
strength [20]. Combined with the theory of
fine-grain strengthening, a smaller grain boundary
area is beneficial to enhancing the obstacle to grain
boundary slippage, resulting in higher strength [21].

For mixed solder joints, the addition of Pb is
beneficial to optimizing the mechanical properties
of the joint [4]. As a soft phase, Pb -easily
aggregates at the boundaries of Sn grains and the
IMC layer. It helps to release residual stress to
enhance the tensile strength during the stretching
process. However, the substance is prone to
dynamic recovery at normal and high temperatures,
and results in reduced flow stress and strength.
Conversely, Pb will weaken the thermal activation
during dislocations and increase the presence of
dislocations, resulting in an increase in the tensile
strength at cryogenic temperatures [12,22]. Notably,
the addition of excess Pb will separate the Sn grains
and accumulate in the IMC layer, especially the
37 wt.% Pb solder joints [23]. This will cause the
Pb phase to squeeze with the brittle IMC layer and
reduce the performance of the solder joints [24].
Notably, when the Pb content was controlled at
22.46 wt.%, the Pb phase distribution was uniform,
which was the reason for the better tensile
performance of the 22.46 wt.% Pb joints [4].

4.2 Fracture mode
It is well known that the toughness of

materials depends on the electronic type, bonding
direction, and degree of symmetry of the structure.
The more symmetrical the crystal structure, the
more likely the material will undergo ductile
fracture [25]. As a multicomponent alloy material,
SAC305 solders are mainly composed of f-Sn
matrix, and hence, the crystal structure of S-Sn
has a considerable influence on the fracture
mechanism [26]. The S-Sn has a body-centered
tetragonal (bct) structure, and although some
studies have shown that f-Sn will transform into a
diamond cubic structure a-Sn at cryogenic
temperatures. This transformation is very slow and
generally has an incubation period of several years.
So, f-Sn retains the crystalline form mentioned in
Ref. [18].

During the deformation of the metallic
material, the diffusion of dislocations leads to an
increase in the density of dislocations and in the
interaction between dislocations and flow stress.
The required performance is the improvement of
work hardening [27].
necessary to overcome the Peierls—Nabarro (P—N)
stress (op) that occurs when dislocations pass
through the lattice. It is given by the following
expression:

. ﬁp[ﬁj 0

In addition, it is also

L

where G is the tensile modulus of the material, v is
Poisson ratio, & is the dislocation half-width, and b
is the Burgers vector.

Thus, the dislocation movement is subjected
to many resistances such as line tension, long-
range interaction force, and applied force during
dislocation proliferation. Considering the resistance
mechanism of the different dislocations, rheological
stress (o) can be expressed as

0'=0'p+a7 2)
where a is a coefficient, usually between 0.2—0.5, /
is the number of dislocations in the crystals, and the
smaller the value of /, the higher the number of
dislocations.

From Egs. (1) and (2), with the decrease in
temperature, the P—-N stress as well as the
rheological stress showed an increasing trend,
which leads to an increase in the strength of the
solder joints during the tensile process.
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According to the Griffith microcrack theory,
the small cracks and defects that originally exist in
the joint at cryogenic temperatures will exhibit
stress concentration phenomena under the action of
a tensile stress. Further, due to the difference in the
thermal expansion coefficient, the internal cracks in
the solder joints continue to expand, which is also
the reason for many cracks in Fig. 4(c) [28,29].

For mixed solder joints, because of the
difference in the Pb content, the order of phase
generation is quite different in solder joints [4,30].

For 4.67 wt.% Pb,
L—L+(Sn)

— L+(Sn)+#—CusSns

— L+(Sn)+#n"—CuSns

— L+(Sn)+#—CueSns+(Pb)
For 22.46 wt.% Pb,
L—L+(Sn)

— L+(Sn)+#n—CusSns

— L+(Sn)+#—CueSns+(Pb)
For 37 wt.% Pb,
L—L+(Sn)

— L+(Sn)+#n"—CusSns+(Pb)

From the above, it can be known that the
increase in Pb content will change the order of
precipitation of the compound and accelerates the
precipitation of the CugSns and Pb phases.

According to the Sn—Pb binary phase diagram,
when the Pb content exceeds 22.46 wt.%, a large
quantity of the Pb phase begins to deposit near the
IMC layer. It becomes an insulating layer between
Sn in the solder and Cu in the Cu substrate, slowing
the reaction.

At the same time, the interface reaction
between CugSns and the Cu substrate occurs as
CueSns—CuzSn. Compared with the formation of
CueSns, the growth of CusSn would further reduce
the free energy of the system and tend to favor the
generation of CusSn in kinetics. This reaction is
intensified as the temperature decreases, causing
the 37 wt.% Pb solder joints to break to Cu;Sn at
123 K [4,31].

During the stretching process, the edge is
prone to stress concentration due to its own
weakness and the CET mismatch of the components
in the solder joints [1,32]. Especially when there is
a certain thickness of IMC in the solder joints,
cracks will appear along or outside the IMC layer.
Due to the lowed solder distribution at the edge and
the brittleness of the IMC layer itself, cracks are
easy to initiate and expand in these places, resulting
in the situation of Fig. 8(a) [33].

At present, most scholars agree with concept
of three basic failure modes [3—14]. Through
experiments on solder joints, this study also
confirmed that the cryogenic temperature and Pb
content influenced the transformation of the fracture
mechanism of solder joints from the initial ductile
fracture to the ductile—brittle mixed fracture and
finally to the brittle fracture. However, the mixed
fracture mode is more complex, and LAMBRINOU
et al [18] and DU et al [34] subdivided the mixed
fracture mode into the quasi-ductile fracture (more
than 50% fracture in solder) and quasi-brittle
fracture (more than 50% fracture in IMC layer).
Along with the results of this study, the fracture
mechanism is classified as Fig. 9.

o ﬁ
IMC IMC IMC
AN e,

(

a) (b)
EMC EMC
(d) (e)

(©

Fig. 9 Transition of fracture mechanism of solder joints: (a) Ductile fracture; (b) Quasi-ductile fracture; (c) Quasi-brittle
fracture; (d) Brittle fracture of CusSns; () Brittle fracture of CusSn
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Figure 10 shows the transition of the fracture
mode of solder joints owing to the temperature and
Pb content, and the letter in the figure corresponds
to the fracture mode in Fig. 9. At 298 K, the
increase in Pb content leads the solder joints to
transition from ductile fracture (Fig.9(a)) to
quasi-ductile fracture (Fig. 9(b)). At cryogenic
temperature, the Pb content also promoted the
transition of the fracture mode, but the variation
interval is limited. On the contrary, as the
temperature decreases, the fracture position of the
solder joints moved continuously from the interior
of the solder to the interface, gradually
transforming to quasi-ductile fracture (Fig. 9(b))
and quasi-brittle fracture (Fig. 9(c)), and eventually,
brittle fracture occurred at 123 K. In particular, the
solder joint with 37 wt.% Pb is broken at the Cu;Sn
layer of IMC at 123 K (Fig. 9(e)), which indicates
that the decrease in temperature influences the
transition of the fracture mechanism of the solder
joint.

140

—— 123K
120F —— 173 K
—— 223 K (d)

100

80 (a) (©

60

Tensile strength/MPa

40t

0 10 20 30 40
Pb content/wt.%

Fig. 10 Fracture mode of solder joints at different Pb
contents and temperatures, corresponding to fracture
mode in Fig. 9

5 Conclusions

(1) Cryogenic temperature and Pb content
have a considerable influence on the tensile strength
of mixed solder joints. The increase in Pb content
can improve the tensile strength. When the Pb
content is 22.46 wt.%, the best effect is achieved,
and then, it gradually decreases with the increase in
Pb content.

(2) Pb content and cryogenic temperature will
lead to change in the fracture mode of mixed solder

joints, but the temperature is the dominant factor.
The decrease in temperature causes the solder joint
to change its failure mode from ductile to
quasi-ductile and then, to quasi-brittle fracture, until
finally, the brittle fracture mode is attained.
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