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Abstract: The Sn—Bi solder paste is commonly used in electronic assembly and packaging, but its
brittleness causes poor reliability in shock environments. In this study, the mechanical reliability
of Sn-Bi solder paste and Sn—Bi composite solder paste with thermosetting epoxy (TSEP Sn-Bi)
was investigated with the board level drop test. The crack characterizations of solder joints were
evaluated using a stereomicroscope after the dye and pull test. The microstructure characterization
and failure types of solder joints were analyzed by a scanning electron microscope (SEM), and an
energy dispersive spectrometer (EDS) was employed to investigate the initial phase identification and
elemental analysis. Compared with Sn—Bi solder paste, the results show that the TSEP Sn—Bi solder
pastes reduced the proportion of the complete failure and partial failure of the solder joints during
the drop test. The microstructure observation of the crack path showed that the Sn—Bi/TSEP Sn-Bi
solder joints were reinforced through the cured epoxy resin. The number of drops of the Sn-Bi/TSEP
Sn-Bi-x (x = 3, 5, 7) solder joints had 1.55, 2.57, and over 3.00 times that of Sn—Bi/Sn—Bi solder joints
after the board level drop test.

Keywords: board level drop test; composite solder paste; crack characterization; mechanical reliability

1. Introduction

Recently, with the miniaturization of electronic products, the reliability of solder joints
has greatly concerned semiconductor and electronic product manufacturers [1-3]. Sn—Ag-
Cu solders with good mechanical property and reliability are widely used in surface-mount
technology (SMT) [4-6]. However, due to the complexity of electronic assembly and
packaging, the production process needs multiple reflow soldering, which requires solders
with different melting temperatures [7,8]. In addition, the Sn—Ag—Cu solders cannot apply
to temperature-sensitive devices that require a low-temperature soldering process, and the
difference of the coefficients of thermal expansion (CTE) of the substrates and chips easily
causes a warpage under the high reflow temperature [9,10].

Low-temperature soldering can reduce warpage caused by thermal stress, improve
product reliability, and reduce nearly 40% of the CO, emissions and production costs [11,12].
In recent years, low-temperature lead-free solders have attracted much attention, in which
the SnBi eutectic solder alloy is the most widely used in low-temperature soldering con-
nections for device-level packaging and system-level packaging [13]. The Sn—Bi solder has
good wettability and mechanical properties, and the melting point is 139 °C. However, the
brittleness of the Bi phase results in poor plasticity of the solder, and the solder joints have
poor mechanical reliability [14,15].

Previous studies showed that the addition of a third element (such as Ag/Cu/Ni/Sb)
or nanoparticles to Sn—Bi eutectic alloys could improve mechanical properties and reliabili-
ties [14,16,17]. Park et al. investigated the effect of 85 °C/1000 h aging on the reliability of a
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Sn-58Bi solder joint with different content of Ag-decorated multi-walled carbon nanotubes
(Ag-MWCNTs). After aging for 1000 h, it was observed that the addition of Ag-MWCNTs
at 0.05 wt.% had a higher bonding strength, whereas the addition of Ag-MWCNTs at over
0.3 wt.% decreased the mechanical and thermal properties of solder joints [18]. Myung
et al. investigated the mechanical and electrical properties of Sn-58Bi, Sn-57.6Bi-0.4Ag,
and Sn-57Bi-1Ag solder joints. It was reported that the Sn-57Bi-1Ag and Sn-57.6Bi-0.4Ag
solder joints had higher shear strength than Sn-58Bi solder joints after aging for 1000 h
and that the IMC thickness increased slower than Sn-58Bi solder joints [19]. Although
many studies demonstrated that the addition of the third element or nanoparticles to Sn—Bi
eutectic alloy benefitted the properties of solder joints, the complexity of the material’s
preparation process and the problem of cost increase were needed to be considered. To
overcome these issues, the Sn—Bi composite solder paste with thermosetting epoxy (TSEP
Sn-Bi) was mentioned to prepare the high-performance joint in our previous studies [20,21].
After the thermal cycling test and temperature and humidity test, the TSEP Sn-Bi solder
joints demonstrated better mechanical characteristics. The addition of the epoxy system
could provide good protection for the solder joints, and reduce fatigue damage from
environmental influence [22].

The failure of solder joints is influenced not only by the temperature and humidity
environment changes in the electronic devices but also by dust, stress, shock, and vibration.
The board level drop test, which is based on the mechanical shock test (refer to the stan-
dards of JEDEC JESD 22-B110 and JESD22-B111A), is an essential method for determining
the mechanical reliability of solder joints [23-25]. Previous studies have focused on the
mechanical reliability of Sn—Ag-Cu solder joints due to their wide use in SMT. When Zhang
et al. studied the board level drop reliability and the failure location of Sn—-Ag—Cu solder
joints, the results indicated that the solder joint failure occurred most frequently at the four
corners of the IC package, and cracks occurred at the interface between IMC and the Ni
pad [26]. Gu et al. investigated the board level drop/vibration reliability of Sn-3.0Ag-0.5Cu
solder joints after thermal/isothermal cycling and analyzed the failure modes and mecha-
nisms of Sn-3.0Ag-0.5Cu solder joints under different loading conditions [27]. However,
due to the brittleness of Sn—Bi solder joints, there have been only a few investigations of
Sn-Bi solder in a board level drop test. The demand for low-temperature soldering has
propelled the wide use of Sn—Bi solders into SMT over the last five years. Fu et al. proposed
a method for improving printed circuit board (PCB) warpage and mechanical reliability by
soldering Sn—Ag—Cu solder with Sn—Bi solder paste at a peak reflow temperature below
200 °C [12]. Ren et al. studied the board level drop reliability of hybrid Sn—Ag—Cu/Sn-Bi-X
solder joints, and the Sn—Ag—Cu/Sn-49Bi-1Ag solder joints had the best drop reliability for
assembling [28]. In this study, a hybrid solder joint of Sn—Bi and TSEP Sn-Bi was prepared
and investigated.

The main objective of this study was to evaluate the mechanical reliability performance
of solder joints with a eutectic Sn—Bi solder paste and TSEP Sn-Bi solder pastes in a board
level drop test.

2. Materials and Methods
2.1. Preparation of Test Specimen

The Chip side was designed as a FR4 PCB with dimensions of 23 mm x 23 mm X 1.6 mm
and 8 x 8 arrays of Cu substrates. The PCB side was designed as a FR4 PCB with dimensions
of 77 mm x 77 mm X 1.6 mm and 64 Cu substrates interconnected with Chip sides.
According to the standard of JESD22-B111A, in order to ensure a total symmetric design
for the board, the PCB layout for each of these four components was identical, as shown in
Figure 1, and each solder joint was connected by a daisy chain. The copper pads on the PCB
side and chip side were designed with a 0.60 mm diameter and a 35 um thickness, and the
surface treatment method of the copper pad was organic solderability preservatives (OSP).
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Figure 1. The design of test board and layout.

Four types of solder pastes were used in this study. The eutectic Sn—Bi solder paste
was used to print on the Chip side and PCB side, forming the Sn—Bi/Sn-Bi solder joint.
The Sn—-Bi composite solder paste with thermosetting epoxy with different proportions
(B wt.%, 5 wt.%, and 7 wt.%) (TSEP Sn-Bi-x, x = 3, 5, 7) was used to print on the PCB side,
forming the hybrid Sn-Bi/TSEP Sn-Bi-3, Sn—Bi/TSEP Sn-Bi-5, and Sn—-Bi/TSEP Sn-Bi-
y solder joints. The TSEP Sn-Bi solder paste was prepared using Sn—Bi solder powder
(particle size 25-45um), flux, and epoxy system, and the epoxy resin system consisted
of thermosetting epoxy resin and a curing agent, which can be seen in previous studies
regarding the preparation of TSEP Sn-Bi solder paste [20,22]. Figure 2 illustrates a two-part
schematic diagram of the drop test specimen’s preparation process. The first step was to
print the eutectic Sn—Bi solder pastes to Cu substrates and form a Sn—Bi solder joint on the
chip side after the reflow soldering process. Each of the stencil apertures on the chip side
was 150 pm thick and 1.6 mm in diameter. To enable the solder paste to constitute solder
joints after the reflow soldering process, the stencil apertures were designed to be larger
than the Cu lands. The second step was to complete the assembly of the test specimen by
printing the eutectic Sn—Bi solder paste or TSEP Sn—-Bi-x solder paste to Cu lands on the
PCB side, where the stencil holes were 150 um thick and 0.8 mm in diameter. Using the
hybrid rework system (Kurtz Ersa, Kreuzwertheim, Bavaria Germany, HR 600/2), the chip
sides were assembled to the PCB sides and then implemented a connection.

Stencil printing  Sn-Bi solder paste Stencil printing ~ TSEP Sn-Bi-x solder paste

-i) P /-
l Assembly l

SN reow 7]

a  a o b A . .
Cu substrate  Flux residue Solder ball l \\\ Reflow /// l

Pl

Composite solder joints  Cured epoxy resin + Flux

Figure 2. Schematic diagram of the drop test specimen preparation process.
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In the previous study, the epoxy resin system curing reaction of TSEP Sn-Bi-x solder
pastes was analyzed with a differential scanning calorimeter (DSC). The results showed
that the peak temperature of the epoxy resin system was 151.4 °C, and the curing reaction
was completed close to 200 °C [22]. An optimized reflow profile was applied to the solder
TSEP Sn-Bi-x solder pastes, while the original reflow profile was used to solder the Sn—Bi
solder paste in order to allow the epoxy resin system to complete the curing reaction [20,22].
The reflow profiles of the Sn—Bi solder paste and TSEP Sn-Bi solder pastes are shown in
Figure 3.
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Figure 3. Reflow profile of the Sn—Bi solder paste and TSEP Sn-Bi-x solder pastes [20,22].

2.2. Experimental Procedures
2.2.1. Board Level Drop Test

Figure 4 shows the schematic configuration of the drop test apparatus. A high-acceleration
shock tester (King Design Industrial, New Taipei City, Taiwan China, DP-1200-18) was used to
evaluate the mechanical reliability of the Sn—Bi/Sn-Bi solder joints and hybrid Sn-Bi/TSEP
Sn-Bi-x solder joints at the same condition. The specimen (with the chip side facing down)
was mounted on the base plate, where the four corners was fastened with a single-pass
copper stud with thread size of M2.5, bolt length of 25 mm, and thread length of 6 mm.
A torque wrench was used to fasten the single-pass copper studs, with the tightening
torque setting at 0.18 N. The table was raised to a prescriptive height and then released
freely to impact the striking surface once the drop test was accomplished. The repeated up
and down bending of the PCB during the drop impact process has been identified as the
primary cause of solder joint failure in many investigations. In this study, the parameters
were set as follows: the acceleration peak was 1500 G, the pulse duration was 0.5 ms, and
the equivalent drop height was 112 cm. The failure criterion was defined as the case in
which the digital multimeter detected an open circuit between the positive and negative
terminals of the PCB. Five specimens of each solder paste were selected for testing, and the
number of drops after failure was recorded to take the average value.
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Figure 4. Schematic configuration of the drop test apparatus.

2.2.2. Microstructural Characterization and Failure Analysis

A dye and pull test was used to analyze the crack characterizations of the four kinds
of solder joints after the board level drop test. According to the standard IPC TM-650
2.4.53 “Dye and Pull Test Method (Formerly Known as Dye and Pry)”, the specimens were
submerged in red dye and then subjected to alternating vacuum to force the dye into any
cracked interfaces. After that, the specimens were put in an oven and allowed to dry at
60 °C for 15 min, and then the pull test was used to separate the interconnected surfaces.
Both the PCB sides and chip sides of the interconnecting surface were inspected for any
traces of dye using the stereomicroscope. The red color penetrated any cracks that had
formed before being submerged, and the specimens were prepared for cross-sectional
analyses after the board level drop test. The microstructure characterization and failure
types of solder joints were analyzed by a scanning electron microscope (SEM, Hitachi,
Tokyo, Japan, S3400N Type II), and an energy-dispersive spectrometer (EDS) was employed
to investigate the initial phase identification and elemental analysis.

3. Results and Discussion
3.1. Drop Test Results

The connectivity of the circuit was detected after each drop impact process, and the
failure criterion was defined as an open circuit that corresponded to 100% of the solder
joint cracks. There were five specimens of each solder paste selected, and the number of
drops was recorded. Figure 5 shows the drop test results for Sn—Bi and TSEP Sn-Bi-x (x = 3,
5, 7) solder pastes after the board level drop test. The Sn—Bi/Sn-Bi solder joints failed
when the drop number was 1163. The Sn—Bi/TSEP Sn-Bi-x solder joints (x = 3, 5) failed
when the number of drops were 1807 and 3004, which were 1.55 and 2.57 times that of
the Sn-Bi solder joints, respectively. In addition, the Sn—Bi/TSEP Sn-Bi-7 solder joints did
not fail after 3500 drops, over 3.00 times as many as the Sn—Bi/Sn-Bi solder joints. The
results demonstrated that under the same testing conditions, the number of drops were
increased with the addition of the epoxy resin system. Solder joints prepared with TSEP
Sn-Bi-x solder pastes had higher reliability under impact drop conditions than Sn-Bi solder
joints did.
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Figure 5. Drop test results for Sn—Bi/Sn—Bi and Sn-Bi/TSEP Sn-Bi-x solder joints after the board
level drop test.

3.2. Crack Characterization of Sn—Bi/Sn—Bi Solder Joints and Sn—Bi/TSEP Sn—Bi-x Solder Joints

After the board level drop test, the digital multimeter detected an open circuit between
the positive and negative terminals of the PCBs. It indicated that there were over 50%
disconnected failures inside the solder joints. At the same time, the resistance was increased
continually during the real-time monitoring of circuit resistance changes, indicating that
there were some cracks and crack growth in the solder joints during the drop test. The dye
and pull test was used to analyze the position and cause of internal defects in the solder
joints, by observing the pads and solder joints of the lifted circuit board that had been
stained red.

There were 4 pics of chips on each specimen, and a digital multimeter was used to
measure the conduction of each chip. The U3 of Sn—Bi/Sn-Bi, U1 of Sn-Bi/TSEP Sn-Bi-3,
U4 of Sn—Bi/TSEP Sn-Bi-5, and U3 of Sn—Bi/ TSEP Sn—-Bi-7 were chosen for the dye and
pull test, and they were tested via open circuit.

The solder joints were observed by a stereoscopic microscope, and the crack character-
izations of the Sn—Bi/Sn-Bi solder joints and Sn—-Bi/TSEP Sn-Bi-x solder joints after the
dye and pull test were shown in Figure 6. There were four solder joints chosen from each
specimen, which were framed with blue wire in Figure 7. The PCB sides and chip sides
of solder joints after the dye and pull test were shown to observe and analyze the crack
characterization of the solder joints. The principle of the dye and pull test was to use the
liquid’s penetration characteristics, which could penetrate all solder gaps. If the solder
joints were stained red in the place that had been soldered, that was the crack’s position.

There are several types of crack modes in Figure 6, such as complete crack, partial
crack, PCB crack, and no penetration crack. In complete crack mode, the whole fracture
was dyed red, indicating that there was nearly 100% failure of the solder joints in the
drop test. The no-penetration crack mode had a bright crack surface, which was formed
during the pull test after the dye and pull test. The fracture of partial crack mode consisted
of red and bright colors; there was still a connection between the chip side and the PCB
side. In addition to the three crack modes above, another crack mode was the PCB crack,
where cracks occurred primarily between the PCB matrix and the Cu substrate. These were
generally accompanied by partial cracks in the solder joints. However, the solder matrix
was still soldered with Cu substrate, which was not defined as a failure of the solder joints.

The distribution of failed solder joints in the four specimens above that were stained
red were counted as shown in Figure 7. The nearly 100% failed solder joints were set as
Type A and marked with red color, the partial failure of solder joints were set as Type B and
marked with the red grid line, and the solder joints with no penetration were set as Type C
and marked with white. Among the solder joints tested by the Sn—Bi/Sn-Bi solder joints in
Figure 7a, 18.75% of the solder joints failed completely as Type A, and 15.63% of the solder
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PCB side

PCB side

joints were likely to fail as Type B. Solder joints both near the outside of the PCB and inside
the PCB had more dyed areas; in particular, the four corners of solder joints more easily
failed. There was a less dyed area of the solder joints at center area of solder joint array;,
meaning that the maximum stress was primarily distributed on the outside corners of the
solder joints.

Figure 7b—d show the fracture distribution maps of Sn—Bi/TSEP Sn-Bi-x (x =3, 5, 7)
solder joints. Among the solder joints, 9.37%, 6.25%, and 0% of solder joints were nearly
100% failure (Type A). The amounts of partial failure (Type B) of the solder joints were
7.81%, 7.81%, and 4.68%. The distribution of failed solder joints was similar to the Sn—Bi
solder joints. However, compared with the distribution of failed solder joints of the Sn—Bi
specimen, the quantity of failed solder joints decreased with the increase of the epoxy resin
system addition, meaning that the TSEP Sn-Bi solder pastes could not only improve the
reliability of solder joints but also reduce the proportion of the complete failure and partial
failure of solder joints.

PCB side

s
ik ()

Partial crack

(d)

Figure 6. The crack modes of the Sn—Bi/Sn-Bi solder joints and Sn—Bi/TSEP Sn—Bi-x solder joints
after the dye and pull test. (a) Sn—-Bi/Sn-Bi. (b) Sn—Bi/TSEP Sn-Bi-3. (c¢) Sn—Bi/TSEP Sn-Bi-5.
(d) Sn—Bi/TSEP Sn-Bi-7.
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Figure 7. The fracture distribution maps of Sn—-Bi/Sn-Bi solder joints and Sn—Bi/TSEP Sn-Bi-x solder
joints after a board level drop test. (a) Sn—Bi/Sn-Bi U3. (b) Sn—Bi/TSEP Sn-Bi-3 U1. (c) Sn—Bi/TSEP
Sn-Bi-5 U4. (d) Sn-Bi/TSEP Sn-Bi-7 U3.

3.3. Fracture Behavior of Sn—Bi/Sn—Bi Solder Joints and Sn—-Bi/TSEP Sn—Bi-x Solder Joints

Previous studies summarized several possible crack modes of failed solder joints
during the board level drop test [29,30]. Combined with the fracture modes of the solder
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joint in this study, the seven types of possible crack paths were predicted in Figure 8. In the
board level drop test, an open circuit was detected from the specimens, which indicated
that a complete crack occurred in the solder joints. When the electrical resistance measured
by the detector showed a significant increase, this indicated circuit defects and that a partial
solder joint cracked. The complete cracks and partial cracks were primarily located between
the intermetallic compound (IMC) and solder interface (Type 3 and Type 4 in Figure 8),
between the Cu substrate and IMC (Type 2 and Type 5 in Figure 8), or at the solder matrix
fracture (Type 7 in Figure 8), which could cause the circuit defects. In addition, when the
copper-clad plate (CCL) pad matrix could no longer endure the drop impact, some cracks
formed between the Cu substrate and PCB matrix (Type 1 and Type 6 in Figure 8), which
might not cause the solder joint failure temporarily.

Types:

@ Pad/ Cu substrate lift (Chip side)

@ Cu substrate/ IMC interface fracture (Chip side)
® IMC/ Soler interface fracture (Chip side)

@ IMC/ Soler interface fracture (PCB side)

® Cu substrate/ IMC interface fracture (PCB side)
® Pad/ Cu substrate lift (PCB side)

@ Solder fracture

Figure 8. The possible crack path of solder joints from the board level drop test.

The microstructure of failed solder joints was observed through SEM and EDS to
compare the failure modes between the Sn—Bi/Sn-Bi solder joints and Sn-Bi/TSEP Sn—Bi-x
solder joints. Figure 9 shows the cross-section microstructure of solder joints after the
board level drop test, and Figure 10 shows the enlarged images of cracks area in Figure 9,
which are marked in orange lines in Figure 9. As shown in Figure 9a, the Sn—Bi solder was
completely separated from the Cu substrate on the chip side, and a partial crack formed
on the PCB side. The complete crack fracture of the Sn—Bi/Sn-Bi solder joint was a mixed
fracture, and the crack path was along the boundary of the IMC layer and solder (type 4),
as shown in Figure 10a. Due to a higher plastic strain between the PCB and solder matrix,
this type of crack was more likely to occur at the corner edges of the components.

Figure 9b shows a partial crack mode of the Sn—Bi/Sn-Bi solder joint, and there was
an obvious deformation of the Cu substrate on the PCB side. The PCB had a greatly
flexural deflection under the 1500 G drop impact load, and the cracks were caused by
stress concentrations. The crack initiation was more likely to occur at the solder/Cu
substrate/PCB point of intersection due to the different elasticity modulus of the materials.
In addition, the IMC layer was relatively thin after the reflow soldering, which is shown
in Figure 10b; the cracks propagated mainly along the edges of the Sn—Bi solder and the
IMC layer (type 4). There was also a crack mode located on the substrate Cu/PCB matrix
(type 6). Although the formation of this crack mode did not result in an open circuit
in the short term, it ultimately resulted in the propagation of crack in the solder joints,
eventually leading to failure. The primary reason for cracks in this mode could be a poor
substrate quality due to the PCB’s manufacturing process. The stress was concentrated
at the intersection of solder/Cu substrate/PCB, which was the second reason for cracks.
The intersection became more vulnerable to cracks, the solder hardness increased, and at
a given strain level, more stress was transmitted to the interface of the PCB pad, leading
to the crack initiation and propagation into the bulk of the PCB. Furthermore, the PCB
temperature difference before and after the reflow soldering increases resulted in a more
mismatched CTE of the horizontal plane between the PCB and the solder joint, as well as
increased stress on the solder joints.
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Compared to the crack modes of the Sn—Bi/Sn-Bi solder joints, the Cu substrates were
not deformed in Sn—Bi/TSEP Sn-Bi-x solder joints. As shown in Figure 10c—f, the orange
dotted lines were used to mark the uncleaned flux residues and cured epoxy resin after
soldering, which covered and wrapped around the solder joints. However, there were
only no-cleaning flux residues covered around the Sn—Bi/Sn-Bi solder joints. The cured
epoxy resin acted like an adhesive and provided mechanical resistance to the solder joints,
which could reduce the warpage deformation of the PCB substrate during the repetitive
drop impact. Combined with the results of the board level drop test, we discovered that
with more epoxy resin system added, the protective layer was thicker, and the solder joints
became much more reliable.

The microstructure of the Sn—Bi/TSEP Sn-Bi-x solder joint crack paths is shown in
Figure 10. The microstructure near the crack was analyzed. The EDS analysis showed
that the Bi-phase was observed in white color according to Spectrum A, and the Sn-phase
was observed in gray color. Spectrum B of Figure 10e shows the IMC layer was CugSns.
Figure 10c,d show the microstructure and crack path of Sn—Bi/TSEP Sn-Bi-3. The crack
path of Figure 10c was mainly located along the solder matrix, and the crack path of
Figure 10d was extended between the IMC layer and the solder interface (type 4). The
crack path of Sn—Bi/TSEP Sn-Bi-5 is shown in Figure 10e, where the crack initiated from
the solder matrix and expanded along with the solder interface and IMC layer. Mapping
C of Figure 10f indicated that the crack path of Sn—Bi/TSEP Sn-Bi-7 solder joints also
expanded between the IMC layer and the solder interface (type 4), which was similar to the
Sn-Bi/TSEP Sn-Bi-3 and Sn-Bi/TSEP Sn-Bi-5.
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Figure 9. The typical failures of solder joints after the board level drop test: (a,b) Sn—Bi/Sn-Bi,
(c,d) Sn—Bi/TSEP Sn-Bi-3, (e) Sn-Bi/TSEP Sn-Bi-5, (f) Sn—Bi/TSEP Sn-Bi-7.
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Figure 10. The SEM and EDS cross-section microstructure of solder joint crack paths: (a,b) Sn-Bi/Sn—
Bi, (c,d) Sn—Bi/TSEP Sn-Bi-3, (e) Sn—Bi/TSEP Sn-Bi-5, (f) Sn—Bi/TSEP Sn-Bi-7.

During the drop test, the bending deformation of the PCB produced tensile and
compressive stress on the solder joints at the corners of the specimens. In addition, the
strains in the non-perpendicular planes subjected the solder joints to shear stress. Under
the continuous reciprocal bending of the PCB, the crack gradually initiated and propagated,
resulting in the complete failure of the solder joints. The stress produced by bending was
dispersed and released under the protection of the cured epoxy resin, thereby increasing
the fatigue resistance and mechanical strength of the solder joints and improving product
reliability. Furthermore, a solder ball was observed in the solder joints of Sn—Bi/TSEP
Sn-Bi-7, as shown in Figure 9f. The solder ball was embedded in the flux and cured epoxy
resin, which did not violate minimum electrical clearance. According to the standard IPC
A610G “Acceptability of Electronic Assemblies”, it is acceptable when the diameter of the
solder ball is no more than 0.13 mm. However, the increase in the amount of epoxy resin
system added would increase the proportion of the flux. During the reflow soldering, the
more epoxy resin system in the flux, the better the liquidity. As the temperature increased,
the flux flowed preferentially, and it dispersed part of the unmelted solder alloy powder.
When the temperature rose to the melting temperature of the Sn—Bi alloy, the dispersed
solder alloy powder could not fuse with the solder to rely on surface tension, which formed
as a solder ball.

4. Conclusions

In this study, the effects of the epoxy resin system addition on the mechanical and
reliability of the Sn—Bi solder joints were investigated with the board level drop test.

The overall results indicated that the addition of epoxy resin system increased the
mechanical reliability of solder joints. Sn—-Bi/TSEP Sn-Bi-3 and Sn-Bi/TSEP Sn-Bi-5 solder
joints failed at 1807 and 3004 drops after the board level drop test, which were 1.55 and
2.57 times that of the Sn—Bi/Sn-Bi solder joints, respectively. The Sn-Bi/TSEP Sn-Bi-7
solder joints had not failed after 3500 drops. It was observed that in the dye and pull
test, the number of cracked solder joints decreased with the addition of the epoxy resin
system content in Sn—Bi solder paste. In the Sn—Bi/Sn-Bi solder joint, 18.75% of solder
joints had 100% failure, and 15.63% of the solder joints had a partial failure. The 100%
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failure decreased to 9.37%, 6.25%, and 0%, and the partial failure decreased to 7.81%, 7.81%,
and 4.68% after reinforcement with 3 wt.%, 5 wt.%, and 7 wt.% epoxy resin system in the
Sn-Bi solder joints, respectively.

The microstructure of the Sn—Bi/Sn-Bi solder joints and Sn-Bi/TSEP Sn-Bi-x (x = 3, 5,
7) solder joints showed the cracks were commonly initiated at the solder/Cu substrate/PCB
point of intersection, and the cracks propagated along the edges of the Sn—Bi solder and
the IMC layer. However, compared with the Sn—Bi/TSEP Sn-Bi-x (x = 3, 5, 7) solder joints,
the copper substrates of the Sn—Bi/Sn-Bi solder joints were deformed obviously and failed
earlier. The cured epoxy resin was covered and wrapped around the solder joints, which
acted as an adhesive, provided mechanical resistance to the solder joints, dispersed, and
released the stress produced by bending to reduce the warpage deformation of the PCB
substrate during the repetitive drop impact. The more epoxy resin system that was in the
flux, the better the affection was.

Therefore, compared with the Sn-Bi solder paste, the TSEP Sn-Bi-x (x = 3, 5, 7) solder
pastes extended the service life of the solder joints and improved mechanical reliability.
The TSEP Sn-Bi-7 solder paste had a better performance than the TSEP Sn-Bi-3 and TSEP
Sn-Bi-5, but the solder pastes with higher epoxy resin system content needed a special
application environment.

Author Contributions: Conceptualization, S.X.; methodology, L.L.; software, L.L. and R.N.; valida-
tion, L.L.; formal analysis, L.L.; investigation, L.L. and P.Z.; resources, S.X.; data curation, L.L. and
R.N.; writing—original draft preparation, L.L.; writing—review and editing, L.L., RN. and P.Z.;
visualization, L.L.; supervision, S.X.; project administration, S.X.; funding acquisition, S.X. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was funded by the National Natural Science Foundation of China (grant
no. 51975284) and the Priority Academic Program Development of Jiangsu Higher Education Institu-
tions (PAPD).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We gratefully acknowledge the support of Jiangsu Higher Education Institutions
for providing a scholarship for Lu Liu. Songbai Xue acknowledges financial support from the
National Natural Science Foundation of China, grant no. 51975284.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wang, J,; Liu, X.; Huo, F; Kariya, K.; Masago, N.; Nishikawa, H. Novel transient liquid phase bonding method using In-coated
Cu sheet for high-temperature die attach. Mater. Res. Bull. 2022, 149, 111713. [CrossRef]

2. Ben Romdhane, E.; Guédon Gracia, A.; Pin, S.; Roumanille, P.; Frémont, H. Impact of crystalline orientation of lead-free solder
joints on thermomechanical response and reliability of ball grid array components. Microelectron. Reliab. 2020, 114, 113812.
[CrossRef]

3. Vandevelde, B.; Gonzalez, M.; Limaye, P,; Ratchev, P; Beyne, E. Thermal cycling reliability of SnAgCu and SnPb solder joints: A
comparison for several IC-packages. Microelectron. Reliab. 2007, 47, 259-265. [CrossRef]

4. Zeng, G.; Xue, S.; Zhang, L.; Gao, L.; Dai, W.; Luo, J. A review on the interfacial intermetallic compounds between Sn—-Ag-Cu
based solders and substrates. J. Mater. Sci. Mater. Electron. 2010, 21, 421-440. [CrossRef]

5. Sun, L. Zhang, L.; Zhong, S.; Ma, J.; Bao, L. Reliability study of industry Sn3.0Ag0.5Cu/Cu lead-free soldered joints in electronic
packaging. J. Mater. Sci. Mater. Electron. 2015, 26, 9164-9170. [CrossRef]

6.  Wu,]J.; Xue, S.; Wang, J.; Xue, P. Effect of Thermal Cycling on Interfacial Microstructure and Mechanical Properties of Sn-0.3Ag-
0.7Cu-(x-Al,O3) Nanoparticles/Cu Low-Ag Solder Joints. J. Electron. Mater. 2019, 48, 4562-4572. [CrossRef]

7. Kang, SK.; Shih, D.Y.; Bernier, W.E. Flip-Chip Interconnections: Past, Present, and Future. In Advanced Flip Chip Packaging; Tong,
H.M,, Lai, Y.S., Eds.; Springer: Boston, MA, USA, 2013; pp. 85-154. [CrossRef]

8.  Zhong, W.H.; Chan, Y.C.; Alam, M.O.; Wu, B.; Guan, ]. Effect of multiple reflow processes on the reliability of ball grid array

(BGA) solder joints. . Alloys Compd. 2006, 414, 123-130. [CrossRef]


http://doi.org/10.1016/j.materresbull.2021.111713
http://doi.org/10.1016/j.microrel.2020.113812
http://doi.org/10.1016/j.microrel.2006.09.034
http://doi.org/10.1007/s10854-010-0086-y
http://doi.org/10.1007/s10854-015-3606-y
http://doi.org/10.1007/s11664-019-07211-9
http://doi.org/10.1007/978-1-4419-5768-9_4
http://doi.org/10.1016/j.jallcom.2005.07.047

Crystals 2022, 12, 924 12 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Murayama, K.; Aizawa, M.; Kurihara, T. Study of Crystal Orientation and Microstructure in Sn-Bi and Sn-Ag—Cu Solder with
Thermal Compression Bonding and Mass Reflow. In Proceedings of the 2016 IEEE 66th Electronic Components and Technology
Conference (ECTC), Las Vegas, NV, USA, 31 May-3 June 2016. [CrossRef]

Cheng, S.; Huang, C.M.; Pecht, M. A review of lead-free solders for electronics applications. Microelectron. Reliab. 2017, 75, 77-95.
[CrossRef]

Fu, H.; Aspandiar, R.; Chen, ].; Cheng, S.; Chen, Q.; Coyle, R.; Feng, S.; Hardin, B.; Krmpotich, M.; Mokler, S.; et al. iNEMI project
on process development of BISN-based low temperature solder pastes—Part II: Characterization of mixed alloy BGA solder
joints. In Proceedings of the 2018 Pan Pacific Microelectronics Symposium (Pan Pacific), Big Island, HI, USA, 5-8 February 2018.
[CrossRef]

Fu, H.; Radhakrishnan, J.; Ribas, M.; Aspandiar, R.; Byrd, K.; Chen, J.; Cheng, S.; Chen, Q.; Coyle, R.; Feng, S.; et al. iNEMI project
on process development of BiSn-based low temperature solder pastes: Part III: Mechanical shock tests on POP BGA assemblies.
In Proceedings of the 2018 International Conference on Electronics Packaging and iMAPS All Asia Conference (ICEP-IAAC), Mie,
Japan, 17-21 April 2018. [CrossRef]

Kotadia, H.R.; Howes, P.D.; Mannan, S.H. A review: On the development of low melting temperature Pb-free solders.
Microelectron. Reliab. 2014, 54, 1253-1273. [CrossRef]

Wang, F.; Chen, H.; Huang, Y,; Liu, L.; Zhang, Z. Recent progress on the development of Sn—Bi based low-temperature Pb-free
solders. J. Mater. Sci. Mater. Electron. 2019, 30, 3222-3243. [CrossRef]

Li, J.F; Mannan, S.H.; Clode, M.P,; Whalley, D.; Hutt, D. Interfacial reactions between molten Sn-Bi-X solders and Cu substrates
for liquid solder interconnects. Acta Mater. 2006, 54, 2907-2922. [CrossRef]

Kang, H.; Rajendran, S.H.; Jung, ].P. Low Melting Temperature Sn—Bi Solder: Effect of Alloying and Nanoparticle Addition on the
Microstructural, Thermal, Interfacial Bonding, and Mechanical Characteristics. Metals 2021, 11, 364. [CrossRef]

Li, M.Z.L,; Jiang, N.; Sun, L.; Xiong, M. Research Progress of Using Nano-particles to Improve Properties of Lead-free Solders.
Mater. Rep. 2021, 35, 5130-5139. [CrossRef]

Park, B.G.; Myung, W.R; Lee, C.J.; Jung, S.-B. Mechanical, electrical, and thermal reliability of Sn-58wt.%Bi solder joints with
Ag-decorated MWCNT for LED package component during aging treatment. Compos. Part B Eng. 2020, 182, 107617. [CrossRef]
Myung, WR.; Ko, M.K,; Kim, Y.; Jung, S.-B. Effects of Ag content on the reliability of LED package component with Sn-Bi-Ag
solder. J. Mater. Sci. Mater. Electron. 2015, 26, 8707-8713. [CrossRef]

Liu, L.; Xue, S.; Liu, S. Mechanical Property of Sn-58Bi Solder Paste Strengthened by Resin. Appl. Sci. 2018, 8, 2024. [CrossRef]
Xue Songbai, L.S.; Liu, L.; Zhong, S.; Long, W. Effect of Curing Agent on the Spreading Property of Sn-58Bi Resin-based Solder
Paste. Mater. Rep. 2020, 34, 22172-22177. [CrossRef]

Liu, L.; Xue, S.; Ni, R.; Zhang, P.; Wu, J. Study on the Reliability of Sn—-Bi Composite Solder Pastes with Thermosetting Epoxy
under Thermal Cycling and Humidity Treatment. Crystals 2021, 11, 733. [CrossRef]

Tamin, M.N.; Shaffiar, N.M. Application III: Board-Level Drop Test. In Solder Joint Reliability Assessment: Finite Element Simula-
tion Methodology; Tamin, M.N., Shaffiar, N.M., Eds.; Springer International Publishing: Cham, Switzerland, 2014; pp. 137-151.
[CrossRef]

Singh, B.; Menezes, G.; McCann, S.; Jayaram, V.; Ray, U.; Sundaram, V.; Pulugurtha, R.; Smet, V.; Tummala, R. Board-Level
Thermal Cycling and Drop-Test Reliability of Large, Ultrathin Glass BGA Packages for Smart Mobile Applications. IEEE Trans.
Compon. Packag. Manuf. Technol. 2017, 7, 726-733. [CrossRef]

Bentata, Y.; Forster, S.; Goh, K.Y.; Fremont, H. Study of JEDEC B-condition JESD22-B111 standard for drop test reliability of Chip
Scale Packages. In Proceedings of the EuroSimE 2008—International Conference on Thermal, Mechanical and Multi-Physics
Simulation and Experiments in Microelectronics and Micro-Systems, Freiburg im Breisgau, Germany, 20-23 April 2008. [CrossRef]
Zhang, B.; Xi, ].S.; Liu, PK,; Ding, H. Failure Analysis of Board-Level Sn—Ag—Cu Solder Interconnections Under JEDEC Standard
Drop Test. J. Electron. Mater. 2013, 42, 2848-2855. [CrossRef]

Gu, J.; Lin, J.; Lei, Y.; Fu, H. Experimental analysis of Sn-3.0Ag-0.5Cu solder joint board-level drop/vibration impact failure
models after thermal/isothermal cycling. Microelectron. Reliab. 2018, 80, 29-36. [CrossRef]

Ren, J.; Huang, M.L. Board-level drop reliability and fracture behavior of low-temperature soldering Sn—-Ag—-Cu/Sn-Bi-X hybrid
BGA solder joints for consumer electronics. J. Mater. Sci. Mater. Electron. 2021, 32, 15453-15465. [CrossRef]

Huang, M.; Zhao, N.; Liu, S.; He, Y.Q. Drop failure modes of Sn-3.0Ag-0.5Cu solder joints in wafer level chip scale package. Trans.
Nonferrous Met. Soc. China 2016, 26, 1663-1669. [CrossRef]

Gu, J.; Lei, Y.P; Lin, J.; Fu, H.; Wu, Z. The Failure Models of Lead Free Sn-3.0Ag-0.5Cu Solder Joint Reliability Under Low-G and
High-G Drop Impact. J. Electron. Mater. 2017, 46, 1396-1404. [CrossRef]


http://doi.org/10.1109/ectc.2016.140
http://doi.org/10.1016/j.microrel.2017.06.016
http://doi.org/10.23919/PanPacific.2018.8318989
http://doi.org/10.23919/ICEP.2018.8374660
http://doi.org/10.1016/j.microrel.2014.02.025
http://doi.org/10.1007/s10854-019-00701-w
http://doi.org/10.1016/j.actamat.2006.02.030
http://doi.org/10.3390/met11020364
http://doi.org/10.11896/cldb.19090088
http://doi.org/10.1016/j.compositesb.2019.107617
http://doi.org/10.1007/s10854-015-3546-6
http://doi.org/10.3390/app8112024
http://doi.org/10.11896/cldb.19060118
http://doi.org/10.3390/cryst11070733
http://doi.org/10.1007/978-3-319-00092-3_8
http://doi.org/10.1109/TCPMT.2017.2684464
http://doi.org/10.1109/ESIME.2008.4525013
http://doi.org/10.1007/s11664-013-2661-5
http://doi.org/10.1016/j.microrel.2017.10.014
http://doi.org/10.1007/s10854-021-06094-z
http://doi.org/10.1016/S1003-6326(16)64272-3
http://doi.org/10.1007/s11664-016-5027-y

	Introduction 
	Materials and Methods 
	Preparation of Test Specimen 
	Experimental Procedures 
	Board Level Drop Test 
	Microstructural Characterization and Failure Analysis 


	Results and Discussion 
	Drop Test Results 
	Crack Characterization of Sn–Bi/Sn–Bi Solder Joints and Sn–Bi/TSEP Sn–Bi-x Solder Joints 
	Fracture Behavior of Sn–Bi/Sn–Bi Solder Joints and Sn–Bi/TSEP Sn–Bi-x Solder Joints 

	Conclusions 
	References

