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Abstract: With the rapid iteration of microsystem integrated technology, the miniaturization of
electronic devices requires packaging materials with higher reliability. In this work, the microstructure
evolution and mechanical properties of novel epoxy composite SAC305 solder joints were studied
after isothermal aging to evaluate the enhanced effect of epoxy addition. The thickness variation
and morphological evolution of the interfacial layer were analyzed. The results showed that, as the
aging time was prolonged, the Cu6Sn5 interfacial layer remarkably coarsened and Cu3Sn compounds
formed between the Cu6Sn5 layer and Cu pad due to the continuous atomic diffusion. Compared
with the monolithic joint, the epoxy composite SAC305 joints had a lower overall IMC growth rate
during aging, closely related to the initial morphologies of the interfacial layers. The shear test
results showed an apparent decrease in the shear forces of all the solder joints as the aging time
increased. Nevertheless, because of the extra mechanical support provided by the epoxy layer,
the epoxy composite joints demonstrated notably enhanced mechanical properties. After 1000 h
aging treatment, the shear force of SAC305 joints containing 8 wt.% epoxy was 26.28 N, showing a
24.08% increase over the monolithic joint. Cu-Sn IMCs were detected on the shear fracture of the
monolithic joint after 1000 h aging, indicating the fracture occurred near the interface and displayed
a ductile/brittle mixed fracture. Concerning the epoxy composite joints, cracks were still initiated
and extended within the solder bulk, demonstrating a noticeable enhancement in ductility due to the
addition of epoxy.

Keywords: epoxy composite SAC305 solder joint; thermal aging; reliability; microstructure; shear force

1. Introduction

In recent decades, to meet the design requirements of continuous miniaturization and
high performance for electronic devices, advanced electronic packaging technologies have
been extensively developed and utilized in the electronic packaging industry [1–3]. Sn-
based solder is the most commonly used packaging material today, which provides crucial
mechanical support and electrical connection between substrates and chips or electronic
components [4,5]. Owing to the toxicity of the Pb element, the application of Pb-containing
solders is strictly restricted by WEEE and RoHS 2.0 directives [6]. To make up for this
situation, some lead-free solder alloys, such as Sn-Ag-Cu, Sn-Cu and Sn-Bi alloys, were
developed. Among these solder systems, Sn-Ag-Cu solder alloys have become the most
promising alternative for traditional Pb-containing solder because of their ideal mechanical
properties and superior creep resistance [7,8].

Meanwhile, with the arrival of the era of big data, 5G communication and AI technology
have been rapidly developed [9]. The density of electronic components in integrated circuits
(ICs) is rising, accompanied by a continuous reduction in size [10]. Considering high operation
current density and decreased joint size, the reliability of micro-joints under thermal loads
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is inevitably affected [11]. Generally, the generation of a uniform and continuous interfacial
IMC layer indicates a robust solder joint. However, these brittle IMCs, such as Cu6Sn5 and
Cu3Sn, coarsen excessively under thermal loads, which may lead to the formation of structural
defects and reliability degradation of the micro-joint [12,13]. During the aging process of the
SnAgCu/Cu joint, a Cu3Sn IMC layer forms and overgrows in the solid-state reaction, with
the simultaneous emergence of Kirkendall voids [14]. Wang et al. [15] attributed the reduced
impact strength of the SAC305 solder bump to the thickened interfacial compounds and the
coarsened grain of solder bulk during aging treatment.

With the increased thermal and mechanical loads that interconnected joints withstand,
solders are expected to have higher thermal reliability [16,17]. Many researchers have
reported that adding alloy elements (e.g., Ni, Ga, In, rare earth (RE)) and nanoparticles
(e.g., Al2O3, SiC, CNTs, GNSs) to lead-free solder alloys is a feasible method [18–20]. It can
effectively hinder interfacial reaction and the coarsening of interfacial IMCs, resulting in
higher joint reliability. Among these reinforcements, carbon-based nanomaterials with low
density and superior thermophysical properties have drawn significant attention. These
were investigated by Jung et al. [21], who pointed out that Ag-MWCNTs could also improve
the thermal and electrical performance of Sn-58Bi solder joints during thermal aging.
However, considering issues such as high cost and the agglomeration of nanoparticles
with high surface energy, solders containing additional alloy elements and second-phase
particles face challenges in achieving widespread utilization [22].

In the past few years, owing to the excellent wetting and high bonding strength, the
development and performance evaluation of Sn-based solder materials containing epoxy
have been research hotspots [23–25]. Jung et al. [26] found that the addition of epoxy to
Sn-58Bi solder lowered the activation energy for IMC growth and thus reduced the IMCs’
growth rate during aging, resulting in higher fracture energy and shear strength of the
joint. Sung et al. [27] reported that the Sn-58Bi epoxy solder joint had better thermal shock
reliability, which could withstand more cycles than the original solder joint. Our group [28]
reported that, after undergoing 1000 thermal cycles or 1000 h humidity treatment, the epoxy
layer on the joint surface continued to deliver a noticeable mechanical enhancement to the
Sn-58Bi joint. In addition, high-performance epoxy composite Sn-3.0Ag-0.5Cu (SAC305)
solder paste was developed in our previous study, and its spreadability, microstructure
and shear performance were investigated [29]. To explore the possibility of its applica-
tion in high-density packaging, a thermal aging test was conducted in this work. The
microstructure and morphology evolution of the interfacial layer during isothermal aging
were analyzed. A shear test was performed to address the influence of epoxy addition on
the mechanical property, and then the fracture morphologies were observed.

2. Materials and Methods

The monolithic SAC305 solder paste was fabricated using solder powders (25–45 µm
diameter) and no-clean flux, which were supplied by Hoerson Electronics Technology
Company Limited, Shenzhen, China. In this study, methyltetrahydrophthalic anhydride
(MTHPA; Guangzhou Zhonggao Chemical Company Limited, Guangzhou, China) served
as the curing agent for E51 epoxy (Nantong Xingchen Synthetic Material Company Limited,
Nantong, China), and the ratio of E51 epoxy to the curing agent was 100:85. In addition,
trace amounts of 2,4,6-Tris-(dimethylaminomethyl)phenol (DMP-30; Guangzhou Zhonggao
Chemical Company Limited, Guangzhou, China) were incorporated as an accelerator
to expedite the curing process of the E51 epoxy. The monolithic SAC305 solder paste
was mixed with the E51 epoxy curing system (including curing agent and accelerator)
in proportion to prepare epoxy composite SAC305 solder pastes. The mixing process
described above is performed using a solder paste mixer (MIX500D2, RobotDigg, Shanghai,
China) with a rotation rate of 600 rpm, and the stirring time is 5 min. During the high-speed
rotation process, the components of the composite solder paste were uniformized, and,
simultaneously, the deaeration of the epoxy was accelerated. For the sake of brevity, the
prepared SAC305 solder pastes containing 4 wt.%, 8 wt.% and 12 wt.% epoxy resin curing
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system are denoted by SAC305-4ER, SAC305-8ER and SAC305-12ER, respectively. The
thermal behaviors of the monolithic SAC305 solder paste and epoxy composite SAC305
solder pastes were investigated by differential scanning calorimeter (DSC; STA 449 F3,
Netzsch, Selb, Germany). The heating rate was set as 10 ◦C/min from 30 ◦C to 300 ◦C.

Next, 0603 chip resistors were soldered to OSP-Cu pads on a printed circuit board
(PCB) using the above SAC305 solder pastes through reflow soldering. The parameters of
the 0603 chip resistors and the Cu pad are shown in Figure 1a. The total time of the reflow
process was 5 min, with a peak temperature of 250 ◦C. Figure 1b presents the schematic
diagram of the preparation process of the epoxy composite solder joint during reflow
soldering. More details about the specimen preparation were described in our previous
study [29]. After reflow soldering, monolithic SAC305 and epoxy composite SAC305 solder
joints were aged at 150 ◦C for 300 h, 600 h and 1000 h. The board-level isothermal aging
test was conducted by placing the reflowed PCB into a constant temperature oven set at
150 ◦C with an ambient atmosphere. For each aging condition, 10 specimens of each solder
joint composition were prepared for subsequent shear test and microstructure observation.
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Figure 1. Schematic diagram of (a) dimensions of the chip resistor and Cu pad and (b) the preparation
process of epoxy composite solder joint during the reflow soldering.

The macroscopic morphologies of the aged joints were observed to analyze the macro-
appearance change in the cured epoxy. In order to investigate the cross-section microstruc-
ture, the specimens were cut by a gravity-fed precision sectioning machine (IsoMet Low
Speed, Buehler, Lake Bluff, IL, USA). Subsequently, with the aid of a semi-automatic grind-
ing and polishing machine (Tegrapol-15, Struers, Ballerup, Denmark), the specimens were
initially polished by #400, #1200 and #2000 SiC sandpapers and 3 µm and 1 µm Al2O3
grinding paste, and acidic colloidal silica suspension was used for the final polishing. The
top view of the interfacial IMCs was observed after removing the solder above the interface
layer with thin nitric acid. The cross-sectional microstructure and top-view morphology of
the IMC layer were analyzed by SEM (JSM-IT200, JEOL, Tokyo, Japan) and the attached
EDS, and then the thickness and grain size of the interfacial IMC were measured by image-J
software (version: 1.54d).

The shear forces of the aged solder joints were measured using a micro-joint strength
tester (STR1000, Rhesca, Tokyo, Japan) according to Japanese Industrial Standard JIS Z3198-
7 [30]. The shearing tip operated at a speed of 2 mm/min, with a shear height of 100 µm.
At least five solder joint specimens were tested for each condition, and their average value
was reported. After the shear test, the fracture surfaces were observed by SEM and EDS to
analyze the fracture behaviors of the solder joints.

3. Results
3.1. Thermal Behaviors of the Solder Pastes

Figure 2 shows the DSC curves of the thermal behaviors of the monolithic SAC305
and SAC305-8ER solder pastes. It can be seen from Figure 2a that there was an obvious



Polymers 2023, 15, 4168 4 of 14

endothermic peak at 222.7 ◦C, corresponding to the melting characteristics of the SAC305
solder alloy. For the SAC305-8ER solder paste, the liquid peak of the solder alloy was
223.4 ◦C, which was nearly identical to the monolithic solder paste. In addition, an exother-
mic peak was detected before the melting of the solder alloy in Figure 2b, which indicated
the curing behavior of the added epoxy resin. However, the heating rate during reflow
soldering is significantly higher than that of the DSC test, and thus the peak temperature
of the curing reaction will be increased, while the melting temperature of solder alloy is
almost constant [31].
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Figure 2. DSC result of (a) the monolithic SAC305 solder paste and (b) SAC305-8ER solder paste.

3.2. Microstructure Observation

Figure 3 reveals the macroscopic morphologies and microstructure of the as-reflowed
monolithic SAC305 and epoxy composite SAC305 solder joints. It can be seen that an
excellent metallurgical connection was established between the 0603 resistor and the Cu
pad. During the reflow process, the added epoxy moved to the surface of the molten solder
alloy due to its high fluidity and low density and then formed thermoplastic production
by a curing reaction. As shown in Figure 3c1, with the addition of 8 wt.% epoxy, it can be
observed that a continuous epoxy surrounding layer adhered to the joint surface. However,
some voids were generated in the solder matrix if excessive epoxy was added, as shown
in Figure 3d2. The void formation can be attributed to the organics residue that failed to
evacuate from the solder matrix during the reflow process.
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Figure 4 shows the macro-appearance and microstructure of the monolithic SAC305
and epoxy composite SAC305 solder joints aged for 1000 h. Given that the epoxy layer
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remained intact, it could still provide extra mechanical support for the aged joints. More-
over, some coarsened dark grey phases could be detected in the solder matrix at high
magnification and were identified as Cu6Sn5 IMC by EDS analysis.
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Figure 4. SEM images of the solder joints aged at 150 ◦C for 1000 h: (a1–a3) monolithic SAC305;
(b1–b3) SAC305-4ER; (c1–c3) SAC305-8ER; (d1–d3) SAC305-12ER.

As Figure 5 shows, a continuous scallop-like interfacial layer formed above the Cu
pad after the reflow soldering. Based on the EDS analysis shown in Table 1 and the
previous study by [32], the compound could be confirmed as Cu6Sn5 IMC. It should be
noticed that the IMC layer thicknesses of all the as-soldered joints were similar because
they had undergone the same reflow process. Nevertheless, the interfacial layer of the
epoxy composite joint exhibited a relatively flat and smooth morphology relative to the
monolithic joint. This phenomenon can also be revealed in the top-view microstructure of
the interfacial IMCs of the as-soldered joints. As shown in Figure 6a, there were visible gaps
between the interfacial Cu6Sn5 particles of the as-soldered monolithic joint, and the height
difference between these particles was large. Nevertheless, the interfacial IMCs of the
as-soldered epoxy composite joint gradually exhibited a homogeneous morphology with
reduced grain size, as presented in Figure 6b–d. The interfacial IMC showed an average
grain size of 3.7 µm, 3.0 µm, 2.7 µm and 2.6 µm for the monolithic SAC305, SAC305-4ER,
SAC305-8ER and SAC305-12ER solder joints, respectively.
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Table 1. EDS elemental analysis in Figures 5 and 6 (at.%).

Points Cu Sn Ag

A 55.67 44.33 -
B - 25.93 74.07
C 52.95 47.05 -
D 75.69 24.31 -
E 56.10 43.90 -
F 54.65 45.35 -
G - 29.69 70.31
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(a,e) monolithic SAC305; (b,f) SAC305-4ER; (c,g) SAC305-8ER; (d,h) SAC305-12ER.

During the manufacturing process of soldering materials, organic acids and their
anhydrides are commonly used as activators in the flux to enhance the interaction between
the solder and the substrate [33,34]. The observed changes in morphology mentioned
above could be attributed to the anhydride-type curing agent present in the epoxy resin
curing system. The agent near the Cu substrate assisted in removing the oxides of the
Cu substrate during the soldering heating process [29]. Consequently, while serving as
a curing agent, it also reduced the interfacial tension between the molten solder alloy
and the copper substrate, facilitating the wetting process. As a result, the Cu diffusion
from the substrate and interfacial IMC dissolution were enhanced at the initial stage of
the soldering process. Yu and Wang reported [35] that the dissolution would facilitate the
formation of a smooth and uniform interfacial layer with little roughness. It was supposed
that more nucleation sites were provided with the epoxy addition and the growth between
adjacent IMC grains was equivalent, resulting in a smoother IMC morphology. In summary,
for the epoxy composite SAC305 solder joint, the IMCs produced by interfacial reactions
were more homogeneous with lower roughness. A similar phenomenon was observed by
Zhang et al. [36]. It was found that, with the assistance of ultrasonic waves, the oxidation
film was effectively removed and the Cu diffusion was promoted, leading to a fine and
homogeneous interfacial layer.

During the subsequent aging, the interfacial IMC layer gradually thickened and
became flatter for a given joint type, accompanied by the emergence of a new IMC layer
between the Cu6Sn5 IMC and Cu substrates. With regard to the EDS elemental analysis
(Point D in Figure 5 and Table 1) and the Cu-Sn phase diagram [37], the new Cu-Sn
interfacial compound exhibited an atomic ratio of 3:1, which was supposed to be a Cu3Sn
IMC. After the same aging time, it could be observed from the cross-section images that the
joints bearing epoxy had thinner IMC layers than the monolithic joints. Simultaneously, as
depicted in Figure 6e–h, following a 1000 h aging process, the Cu6Sn5 IMC grain obviously
coarsened, accompanied by the detection of some minute white Ag3Sn IMC embedded on
the Cu6Sn5 grain surface. The Cu3Sn compound was covered by the Cu6Sn5 IMC layer,
and was hardly observed. Moreover, the IMC grain sizes of the SAC305 joints bearing 4%,
8% and 12% were 12.0 µm, 9.2 µm and 10.2 µm, respectively, which were smaller than
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those of the monolithic joints (18.9 µm). The following section will discuss and analyze the
variation in thickness and the coarsened behaviors of the interfacial layer.

3.3. IMC Growth Kinetics

Figure 7a illustrates the total thickness variation of the interfacial layer of the mono-
lithic SAC305 and epoxy composite SAC305 solder joints for various aging times. It is
evident that, as the aging time increased, the total thickness of all the aged joints showed a
significant increase. After undergoing a 1000 h aging process, the interfacial layer of the
monolithic SAC305 solder joint exhibited the highest thickness of 11.03 µm, while those
solder joints bearing 4, 8 and 12 wt.% epoxy resins had thinner IMC thicknesses, with
9.03 µm, 7.99 µm and 7.79 µm, respectively.
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It is widely recognized that the atomic diffusion mechanism dominates IMC growth
at the interface of the solder bulk/Cu pad during aging, which can be expressed as [38,39]:

xt = x0 +
√

Dt

where xt is the thickness of the interfacial IMC layer after t h aging, x0 is the primary IMC
thickness before aging and D is the diffusion coefficient. Based on the above formula, there
exists a linear relationship between xt and the square root of t. Figure 7b shows the linear
fitted curves between IMC thickness (xt) and the square root of the aging time (t), and the
fitting data are listed in Table 2. By calculating the slope of each curve, it can be concluded
that the epoxy composite joints have smaller growth coefficients than the monolithic joints,
and that the joints bearing 8 wt.% and 12 wt.% epoxy resins have the smallest values.
Kim et al. [26] reported a similar research result regarding the IMC growth behavior of
an Sn-58Bi epoxy solder joint. They found that the epoxy-enhanced Sn-58Bi solder joint
demonstrated a lower IMC growth rate than the monolithic Sn-58Bi solder joint and the
former had a higher activation energy for IMC growth.

Table 2. Curve fitting results of Figure 7b.

Solder Linear Fitted Curve D Value(m2/s)

Monolithic SAC305 y = 2.91 + 0.25
√

t 1.74 × 10−17

SAC305-4ER y = 2.50 + 0.19
√

t 1.00 × 10−17

SAC305-8ER y = 2.54 + 0.15
√

t 0.63 × 10−17

SAC305-12ER y = 2.46 + 0.16
√

t 0.71 × 10−17
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During the reflow process, the primary chemical reaction conducted between the
melted solder alloy and Cu pad was the nucleation and growth of Cu6Sn5 IMC, as described
below [40]:

6Cu + 5Sn → Cu6Sn5

In the subsequent solid-state aging, the Cu6Sn5 gradually thickened because of the
continuous diffusion of Cu and Sn atoms. It has previously been mentioned that, at room
temperature or during solid-state thermal aging, Cu can move into Sn and Cu6Sn5 IMC by
interstitial diffusion, which is easier than the movement of Sn to Cu, dominated by lattice
diffusion [41]. As illustrated in Figure 8, the Cu flux engaged in the interfacial reaction
primarily originated from two parts. Firstly, the Cu flux from the scallop peak to the valley
(Path 1) was propelled by the curvature effect to reduce the surface energy of the scallop-
like interfacial IMCs. The other is the Cu diffusion flux from the Cu substrate (Path 2) [42].
The transformation of morphology from scallop type to layer type can be attributed to the
short diffusion path existing between the scallop valley and the Cu pad. Compared with
the epoxy composite joints, the interfacial layer of the monolithic joint was more uneven
and thus thickened rapidly at the valley in the subsequent aging. Therefore, although the
thickness of the as-soldered joints was similar, the interfacial IMC growth of the monolithic
joint was faster. This phenomenon was more pronounced for the joints with higher epoxy
content. Deng et al. [43] investigated the influence of the initial morphology and thickness
of the interfacial layers on the IMC growth of Sn-Ag/Cu joints during isothermal aging. It
was also pointed out that, due to the shorter diffusion path in the scallop valleys, the joint
with a scallop-like IMC layer had a higher IMC growth rate during aging compared to the
joint with a flat interfacial IMC layer.
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As the aging time increased, the formation of the Cu3Sn compound took place between
the Cu6Sn5 IMC layer and the Cu pad, resulting from the gradual consumption of Cu6Sn5
IMC, as depicted below [44]:

Cu6Sn5+9Cu → 5Cu3Sn

With the continuous atomic diffusion during aging, the IMC layers of all the joints
thickened, and the top-view images indicated that the IMC grain sizes increased, accompa-
nied by the planarization process.

3.4. Shear Force

Long-term aging will lead to the reliability degradation of tin-based solder joints
because of the accelerated atomic diffusion and stress concentration. The shear test is the
most direct means of assessing joint reliability. Figure 9 displays the schematic diagram of
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the shear test and the shear forces of the monolithic SAC305 and epoxy composite SAC305
solder joints after isothermal aging. With the extension of aging time, all the solder joints
displayed a gradual reduction in the shear forces. Nevertheless, the epoxy composite joints
exhibited higher shear forces compared to the monolithic joint following an equivalent
aging period. After 1000 h aging, the shear forces of SAC305 composite joints containing
4%, 8% and 12% epoxy resin were 22.78 N, 26.28 N and 22.94 N, which were still 7.55%,
24.08% and 8.31% higher than those of the monolithic joint, respectively.

Polymers 2023, 15, x FOR PEER REVIEW 9 of 15 
 

 

 
Figure 8. Schematic diagram of interfacial layer growth during aging treatment: (a) monolithic 
SAC305 solder joint; (b) epoxy composite SAC305 solder joint. 

As the aging time increased, the formation of the Cu3Sn compound took place be-
tween the Cu6Sn5 IMC layer and the Cu pad, resulting from the gradual consumption of 
Cu6Sn5 IMC, as depicted below [44]: 

Cu6Sn5 + 9Cu → 5Cu3Sn 

With the continuous atomic diffusion during aging, the IMC layers of all the joints 
thickened, and the top-view images indicated that the IMC grain sizes increased, accom-
panied by the planarization process. 

3.4. Shear Force 
Long-term aging will lead to the reliability degradation of tin-based solder joints be-

cause of the accelerated atomic diffusion and stress concentration. The shear test is the 
most direct means of assessing joint reliability. Figure 9 displays the schematic diagram 
of the shear test and the shear forces of the monolithic SAC305 and epoxy composite 
SAC305 solder joints after isothermal aging. With the extension of aging time, all the sol-
der joints displayed a gradual reduction in the shear forces. Nevertheless, the epoxy com-
posite joints exhibited higher shear forces compared to the monolithic joint following an 
equivalent aging period. After 1000 h aging, the shear forces of SAC305 composite joints 
containing 4%, 8% and 12% epoxy resin were 22.78 N, 26.28 N and 22.94 N, which were 
still 7.55%, 24.08% and 8.31% higher than those of the monolithic joint, respectively. 

 

 
Figure 9. (a) Schematic diagram of shear test; (b) shear forces of monolithic SAC305 and epoxy com-
posite SAC305 solder joints during thermal aging. 

Figure 9. (a) Schematic diagram of shear test; (b) shear forces of monolithic SAC305 and epoxy
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The decrement in the mechanical property of tin-based solder joints can be mainly
ascribed to the coarsening of the solder bulk and the thickening of the brittle interfacial
layer [15]. Significantly, the thickness of the interfacial layer plays a crucial role in deter-
mining joint reliability. When the thickness is beyond a particular value, the mechanical
performances of solder joints will be obviously reduced [45]. In this study, the Cu-Sn
interfacial layer gradually coarsened and thickened during isothermal aging. Therefore,
stress concentration was more likely to be generated near the brittle interfacial IMC layer,
deteriorating the shear performance of the aged joints. In comparison to the SAC305-8ER
solder joint, the SAC305-12ER solder joint had a similar IMC thickness, but its shear force
was lower. This could be attributed to the excessive epoxy addition, which led to the
generation of voids during reflow, consequently undermining the structural integrity of
the joint.

3.5. Fracture Morphology

To further determine the impact of epoxy addition on the shear performance of
the solder joint, the fracture morphology was observed after the shear test. Figure 10
describes the fracture surfaces of the SAC305 joints after reflow soldering. As the epoxy
content increased, epoxy resin gradually covered the joint surface and exhibited broken
morphologies after the shear test. The corresponding fracture surfaces of all the as-soldered
joints displayed characteristic shear fracture features. The fracture surface was uniform,
and the EDS analysis in Table 3 (Point H and I) revealed that the composition mainly
consisted of the Sn element. Thus, whether or not they contained epoxy resin, the fracture
of all the as-soldered joints occurred inside the solder matrix and presented ductile. The
fractured epoxy morphology revealed that it also undertook partial shear loads during
the shear test and provided additional mechanical reinforcement. Nevertheless, when the
epoxy content approached 12 wt.%, some voids in the solder matrix in the epoxy layer
weakened the mechanical properties.
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Figure 10. Fracture surfaces of the joints after reflow soldering: (a) monolithic SAC305; (b) SAC305-
4ER; (c) SAC305-8ER; (d) SAC305-12ER; (e) enlarged image of the marked region in (a); (f) enlarged
image of the marked region in (b); (g) enlarged image of the marked region in (c); (h) enlarged image
of the marked region in (d).

Table 3. EDS elemental analysis in the fracture surface (at.%).

Points Cu Sn Ag C O

H - 96.99 3.01 - -
I 0.92 97.61 1.47 - -
J 53.69 45.19 1.12 - -
K 50.27 46.77 2.96 - -
L 0.66 98.11 1.23 - -
M 1.09 97.87 1.03 - -
N 5.77 92.73 1.50 - -
O - - - 69.71 30.29

Figure 11 shows the fracture surfaces of the monolithic SAC305 and epoxy composite
SAC305 solder joints aged for 1000 h. As presented in Figure 11e, the fracture morphology
of the monolithic SAC305 solder joint displayed some shear dimples, and several pits were
observed at the dimple bottom. The EDS element mapping showed that the Cu content
in the pits was high, and the internal particles could be identified as a Cu-Sn IMC based
on the EDS analysis results listed in Table 3. Figure 12 shows the magnified image of the
marked region in Figure 11e, indicating that some Cu-Sn IMCs were exposed at the dimple
bottom. This means that the crack propagated through the brittle interfacial layer. The
thickness and morphology of the interfacial layers play a crucial role in the evolution of the
fracture behaviors of the as-aged SAC305 solder joints. The interfacial IMCs exhibited rapid
coarsening and flattening during aging, leading to pronounced stress concentration near
the interface due to their inherent brittleness. Thus, the cracks were prone to nucleate and
propagate near the interface under the external forces. It can be seen that, after isothermal
aging, the fracture position gradually moved from the solder bulk towards the vicinity
of the interface of the solder bulk/IMC layer, and that the fracture mode displayed a
ductile/brittle mixed pattern. Wu et al. [46] also reported that, upon reaching a specific
duration of aging, the fracture behaviors of a low-silver SnAgCu/Cu joint transformed
from occurring within the solder bulk to taking place at the Cu-Sn IMC layer, due to the
thermal expansion mismatch.
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However, as presented in Figure 11b–d, the fracture still presented ductile characteris-
tics for the epoxy composite joints, and the fracture location remained in the solder matrix.
The ductility improvement could be ascribed to a lower IMC growth rate, which reduced
the stress concentration caused by the excessive growth of brittle IMCs. More details are
given in Figure 13 to observe the broken epoxy resin of the SAC305-8ER solder joint after
fracture. It can be observed from the magnified image in Figure 13d that some broken
epoxy residue (the light gray area, such as Point O) was attached to the joint surface (the
dark gray area, such as Point N) after the shear test, which indicated the excellent adhesion
between the epoxy layer and the solder surface.
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4. Conclusions

In this study, an isothermal aging test was carried out to assess the thermal reliability of
epoxy composite SAC305 solder joints. The impact of the epoxy addition on the interfacial
growth behaviors, shear properties and fracture morphologies of the joints was analyzed.
The following conclusions can be drawn:

1. After high-temperature storage for 1000 h, the macroscopic images revealed the epoxy
layer on the joint surface remained intact without any noticeable defects. As the aging
time was prolonged, the thicknesses and grain sizes of the interfacial IMC layer of all
the joints increased, and the Cu3Sn layer emerged between the Cu6Sn5 layer and the
Cu pad. However, the growth rate of the interfacial IMC layer of the epoxy composite
joint was lower than that of the monolithic joint.

2. The addition of epoxy resulted in a more uniform morphology of interfacial IMCs in
the as-soldered joints, leading to higher thermal stability in the epoxy composite solder
joints. With the addition of 4 wt.%, 8 wt.% and 12 wt.% epoxy, the growth coefficients
of the IMC layer gradually decreased from 1.74 × 10−17 m2/s to 1.00 × 10−17 m2/s,
0.63 × 10−17 m2/s and 0.71 × 10−17 m2/s, respectively.

3. The shear forces of the epoxy composite joints were remarkably increased due to their
thinner IMC layers and the extra bonding area created by the epoxy layer. After aging
for 1000 h, the fracture location of the monolithic joint transformed from the solder
bulk to the interface of the solder/IMC layer, which presented a ductile/brittle mixed
fracture. However, the fracture mode of the epoxy composite joint remained almost
unchanged after long-term aging, showing its better ductility.

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

Funding: This research was funded by the National Natural Science Foundation of China (grant
no. 51975284), China Scholarship Council (grant no. 202106830073) and Priority Academic Program
Development of Jiangsu Higher Education Institutions (PAPD).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

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



Polymers 2023, 15, 4168 13 of 14

References
1. Liu, Y.; Lu, Y.; Tu, K.N. Low temperature interfacial reaction in 3D IC nanoscale materials. Mater. Sci. Eng. R 2022, 151, 100701.

[CrossRef]
2. Hou, Z.; Zhao, X.; Gu, Y.; Tan, C.; Huo, Y.; Shi, S.; Liu, Y. Enhancement mechanism of Te doping on microstructure, wettability

and mechanical properties of Sn–Bi-based solder. Mater. Sci. Eng. A 2022, 848, 143445. [CrossRef]
3. Dele-Afolabi, T.T.; Ansari, M.N.M.; Azmah Hanim, M.A.; Oyekanmi, A.A.; Ojo-Kupoluyi, O.J.; Atiqah, A. Recent advances in

Sn-based lead free solder interconnects for microelectronics packaging: Materials and Technologies. J. Mater. Res. Technol. 2023,
25, 4231–4263. [CrossRef]

4. Ismail, N.; Atiqah, A.; Jalar, A.; Bakar, M.; Rahim, R.; Ismail, A.; Hamzah, A.; Keng, L. A systematic literature review: The effects
of surface roughness on the wettability and formation of intermetallic compound layers in lead-free solder joints. J. Manuf. Process
2022, 83, 68–85. [CrossRef]

5. Du, Y.; Wang, Y.; Ji, X.; Tan, S.; Han, J.; Guo, F. TEM and EBSD characterization revealing the recrystallization process occurring in
the Sn-3.0Ag-0.5Cu Ball Grid Array solder joints during thermal cycling. Mater. Charact. 2023, 200, 112890. [CrossRef]

6. Zhong, S.J.; Zhang, L.; Li, M.L.; Long, W.M.; Wang, F.J. Development of lead-free interconnection materials in electronic industry
during the past decades: Structure and properties. Mater. Des. 2022, 215, 110439. [CrossRef]

7. Ren, X.; Wang, Y.; Liu, X.; Zou, L.; Zhao, N. Process dependence and nucleus models of β-Sn grains in SAC305 freestanding
solder balls and BGA solder joints. J. Mater. Process Technol. 2022, 302, 117468. [CrossRef]

8. Yi, X.; Zhang, R.; Hu, X. Study on the microstructure and mechanical property of Cu-foam modified Sn3.0Ag0.5Cu solder joints
by ultrasonic-assisted soldering. J. Manuf. Process 2021, 64, 508–517. [CrossRef]

9. Shen, Y.A.; Chen, S.W.; Chen, H.Z.; Chang, C.M.; Ouyang, Y.H. Extremely thin interlayer of multi-element intermetallic compound
between Sn-based solders and FeCoNiMn high-entropy alloy. Appl. Surf. Sci. 2021, 558, 149945. [CrossRef]

10. Wang, J.; Yodo, S.; Tatsumi, H.; Nishikawa, H. Thermal conductivity and reliability reinforcement for sintered microscale Ag
particle with AlN nanoparticles additive. Mater. Charact. 2023, 203, 113150. [CrossRef]

11. Tu, K.N. Reliability challenges in 3D IC packaging technology. Microelectron. Reliab. 2011, 51, 517–523. [CrossRef]
12. Zhang, H.; Ma, Z.; Yang, S.; Fan, M.; Cheng, X. Microstructure and mechanical properties of Sn-xGa alloys and solder joints. J.

Mater. Res. Technol. 2023, 26, 3830–3839. [CrossRef]
13. Li, Z.; Cheng, K.; Liu, J.; He, Y.; Xiao, Y. Effect of Thermal aging on the interfacial reaction behavior and failure mechanism of

Ni-xCu/Sn soldering joints under shear loading. Materials 2023, 16, 5253. [CrossRef]
14. Peng, W.; Monlevade, E.; Marques, M.E. Effect of thermal aging on the interfacial structure of SnAgCu solder joints on Cu.

Microelectron. Reliab. 2007, 47, 2161–2168. [CrossRef]
15. Wang, J.; Nishikawa, H. Impact strength of Sn–3.0 Ag–0.5 Cu solder bumps during isothermal aging. Microelectron. Reliab. 2014,

54, 1583–1591. [CrossRef]
16. Yang, L.; Zhu, L.; Zhang, Y.; Zhou, S.; Wang, G.; Shen, S.; Shi, X. Microstructure, IMCs layer and reliability of Sn-58Bi solder joint

reinforced by Mo nanoparticles during thermal cycling. Mater. Charact. 2019, 148, 280–291. [CrossRef]
17. Jiang, N.; Zhang, L.; Liu, Z.-Q.; Sun, L.; Long, W.-M.; He, P.; Xiong, M.-Y.; Zhao, M. Reliability issues of lead-free solder joints in

electronic devices. Sci. Technol. Adv. Mat. 2019, 20, 876–901. [CrossRef] [PubMed]
18. Li, M.L.; Zhang, L.; Jiang, N.; Zhang, L.; Zhong, S.J. Materials modification of the lead-free solders incorporated with micro/nano-

sized particles: A review. Mater. Des. 2021, 197, 109224. [CrossRef]
19. Zhang, P.; Xue, S.; Wang, J. New challenges of miniaturization of electronic devices: Electromigration and thermomigration in

lead-free solder joints. Mater. Des. 2020, 192, 108726. [CrossRef]
20. Chen, C.; Zhang, L.; Wang, X.; Lu, X.; Guo, Y.-H. Intermetallic compound evolution and mechanical properties of Cu/Sn58Bi/Cu

3D structures blended with B4C nanoparticles during isothermal aging. J. Mater. Res. Technol. 2023, 24, 3643–3656. [CrossRef]
21. Park, B.G.; Myung, W.R.; Lee, C.J.; Jung, S.B. Mechanical, electrical, and thermal reliability of Sn-58 wt.% Bi solder joints with

Ag-decorated MWCNT for LED package component during aging treatment. Composites Part B 2020, 182, 107617. [CrossRef]
22. Zhang, L.; Tu, K.-N. Structure and properties of lead-free solders bearing micro and nano particles. Mater. Sci. Eng. R 2014, 82,

1–32. [CrossRef]
23. Myung, W.R.; Kim, Y.; Kim, K.Y.; Jung, S.B. Drop reliability of epoxy-contained Sn-58 wt.%Bi solder joint with ENIG and ENEPIG

surface finish under temperature and humidity test. J. Electron. Mater. 2016, 45, 3651–3658. [CrossRef]
24. Kang, M.S.; Kim, D.S.; Shin, Y.E. Suppression of the growth of intermetallic compound layers with the addition of graphene

nano-sheets to an epoxy Sn–Ag–Cu Solder on a Cu substrate. Materials 2019, 12, 936. [CrossRef] [PubMed]
25. Myung, W.R.; Kim, Y.; Jung, S.B. Mechanical property of the epoxy-contained Sn–58Bi solder with OSP surface finish. J. Alloys

Compd. 2014, 615, S411–S417. [CrossRef]
26. Kim, J.; Myung, W.R.; Jung, S.B. Effects of aging treatment on mechanical properties of Sn-58Bi epoxy solder on ENEPIG-surface-

finished PCB. J. Electron. Mater. 2016, 45, 5895–5903. [CrossRef]
27. Sung, Y.G.; Myung, W.R.; Jeong, H.; Ko, M.K.; Moon, J.; Jung, S.B. Mechanical reliability of the epoxy Sn-58wt.% Bi solder joints

with different surface finishes under thermal shock. J. Electron. Mater. 2018, 47, 4165–4169. [CrossRef]
28. 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]

https://doi.org/10.1016/j.mser.2022.100701
https://doi.org/10.1016/j.msea.2022.143445
https://doi.org/10.1016/j.jmrt.2023.06.193
https://doi.org/10.1016/j.jmapro.2022.08.045
https://doi.org/10.1016/j.matchar.2023.112890
https://doi.org/10.1016/j.matdes.2022.110439
https://doi.org/10.1016/j.jmatprotec.2021.117468
https://doi.org/10.1016/j.jmapro.2021.02.003
https://doi.org/10.1016/j.apsusc.2021.149945
https://doi.org/10.1016/j.matchar.2023.113150
https://doi.org/10.1016/j.microrel.2010.09.031
https://doi.org/10.1016/j.jmrt.2023.08.151
https://doi.org/10.3390/ma16155253
https://doi.org/10.1016/j.microrel.2006.12.006
https://doi.org/10.1016/j.microrel.2014.03.007
https://doi.org/10.1016/j.matchar.2018.12.012
https://doi.org/10.1080/14686996.2019.1640072
https://www.ncbi.nlm.nih.gov/pubmed/31528239
https://doi.org/10.1016/j.matdes.2020.109224
https://doi.org/10.1016/j.matdes.2020.108726
https://doi.org/10.1016/j.jmrt.2023.03.226
https://doi.org/10.1016/j.compositesb.2019.107617
https://doi.org/10.1016/j.mser.2014.06.001
https://doi.org/10.1007/s11664-016-4517-2
https://doi.org/10.3390/ma12060936
https://www.ncbi.nlm.nih.gov/pubmed/30901825
https://doi.org/10.1016/j.jallcom.2014.01.078
https://doi.org/10.1007/s11664-016-4803-z
https://doi.org/10.1007/s11664-018-6224-7
https://doi.org/10.3390/cryst11070733


Polymers 2023, 15, 4168 14 of 14

29. Zhang, P.; Xue, S.; Liu, L.; Wu, J.; Luo, Q.; Wang, J. Microstructure and shear behaviour of Sn-3.0 Ag-0.5 Cu composite solder
pastes enhanced by epoxy resin. Polymers 2022, 14, 5303. [CrossRef]

30. JIS Z3198-7; Test Methods for Lead-Free Solders—Part 7: Methods for Shear Strength of Solder Joints on Chip Components.
Japanese Industrial Standard: Tokyo, Japan, 2003.

31. Eom, Y.S.; Jang, K.S.; Moon, J.T.; Nam, J.D. Electrical Interconnection with a Smart ACA Composed of Fluxing Polymer and
Solder Powder. ETRI J. 2010, 32, 414–421. [CrossRef]

32. Pal, M.K.; Gergely, G.; Gácsi, Z. Growth kinetics and IMCs layer analysis of SAC305 solder with the reinforcement of SiC during
the isothermal aging condition. J. Mater. Res. Technol. 2023, 24, 8320–8331. [CrossRef]

33. Li, K.; Lei, Y.; Lin, J.; Liu, B.; Bai, H.; Qin, J. Development of Sn-Bi systems lead-free solder paste. In Proceedings of the 2013 14th
International Conference on Electronic Packaging Technology, Dalian, China, 11–14 August 2013; pp. 160–162. [CrossRef]

34. Xu, D.; Li, X.; Wang, C.; Xu, B. Study on wettability and corrosivity of a new no-clean flux for lead-free solder paste in electronic
packaging technology. In Proceedings of the 2011 Second International Conference on Mechanic Automation and Control
Engineering, Inner Mongolia, China, 15–17 July 2011; pp. 1706–1708. [CrossRef]

35. Yu, D.Q.; Wang, L. The growth and roughness evolution of intermetallic compounds of Sn–Ag–Cu/Cu interface during soldering
reaction. J. Alloys Compd. 2008, 458, 542–547. [CrossRef]

36. Zhang, K.; Zhang, X.; Qiu, R.; Shi, H.; Liu, Y. The combined effects of ultrasonic wave and electric field on the microstructure and
properties of Sn2.5Ag0.7Cu0.1RE/Cu soldered joints. J. Mater. Sci. Mater. Electron. 2014, 25, 1681–1686. [CrossRef]

37. Karthik, M.; Abhinav, J.; Shankar, K.V. Morphological and mechanical behaviour of Cu–Sn alloys—A review. Met. Mater. Int.
2021, 27, 1915–1946. [CrossRef]

38. Dele-Afolabi, T.; Hanim, M.A.; Ojo-Kupoluyi, O.; Calin, R. Impact of different isothermal aging conditions on the IMC layer
growth and shear strength of MWCNT-reinforced Sn–5Sb solder composites on Cu substrate. J. Alloys Compd. 2019, 808, 151714.
[CrossRef]

39. Yang, L.; Lu, X.; Mu, G. Effects of Mo nanoparticles addition on the evolution of microstructure in Cu58Bi-xMo/Cu solder joints
during aging. Mater. Today Commun. 2022, 32, 104025. [CrossRef]

40. Chen, B.; Wang, H.; Zou, M.; Hu, X.; Chen, W.; Jiang, X. Evolution of interfacial IMCs and mechanical properties of Sn–Ag–Cu
solder joints with Cu-modified carbon nanotube. J. Mater. Sci. Mater. Electron. 2022, 33, 19160–19173. [CrossRef]

41. Tu, K.N.; Liu, Y. Recent advances on kinetic analysis of solder joint reactions in 3D IC packaging technology. Mater. Sci. Eng. R
2019, 136, 1–12. [CrossRef]

42. Lee, T.; Choi, W.; Tu, K.N.; Jang, J.; Kuo, S.; Lin, J.; Frear, D.; Zeng, K.; Kivilahti, J. Morphology, kinetics, and thermodynamics of
solid-state aging of eutectic SnPb and Pb-free solders (Sn–3.5 Ag, Sn–3.8 Ag–0.7 Cu and Sn–0.7 Cu) on Cu. J. Mater. Res. 2002, 17,
291–301. [CrossRef]

43. Deng, X.; Piotrowski, G.; Williams, J.; Chawla, N. Influence of initial morphology and thickness of Cu6Sn5 and Cu3Sn intermetallics
on growth and evolution during thermal aging of Sn-Ag solder/Cu joints. J. Electron. Mater. 2003, 32, 1403–1413. [CrossRef]

44. Hu, X.; Xu, T.; Keer, L.M.; Li, Y.; Jiang, X. Microstructure evolution and shear fracture behavior of aged Sn3Ag0.5Cu/Cu solder
joints. Mater. Sci. Eng. A 2016, 673, 167–177. [CrossRef]

45. Wang, X.; Zhang, L.; Wang, X.; Guo, Y.H.; Sun, L.; Liu, Y.X.; Chen, C.; Lu, X. Growth behavior and reliability of interfacial IMC for
Sn58Bi/Cu and Sn58Bi–AlN/Cu solder joints applied in IGBT modules. J. Mater. Res. Technol. 2022, 21, 4263–4280. [CrossRef]

46. Wu, J.; Xue, S.; Wang, J.; Wang, J.; Deng, Y. Enhancement on the high-temperature joint reliability and corrosion resistance
of Sn–0.3Ag–0.7Cu low-Ag solder contributed by Al2O3 Nanoparticles (0.12 wt%). J. Mater. Sci. Mater. Electron. 2018, 29,
19663–19677. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/polym14235303
https://doi.org/10.4218/etrij.10.0109.0400
https://doi.org/10.1016/j.jmrt.2023.05.091
https://doi.org/10.1109/ICEPT.2013.6756446
https://doi.org/10.1109/MACE.2011.5987285
https://doi.org/10.1016/j.jallcom.2007.04.047
https://doi.org/10.1007/s10854-014-1783-8
https://doi.org/10.1007/s12540-020-00899-z
https://doi.org/10.1016/j.jallcom.2019.151714
https://doi.org/10.1016/j.mtcomm.2022.104025
https://doi.org/10.1007/s10854-022-08753-1
https://doi.org/10.1016/j.mser.2018.09.002
https://doi.org/10.1557/JMR.2002.0042
https://doi.org/10.1007/s11664-003-0108-0
https://doi.org/10.1016/j.msea.2016.07.071
https://doi.org/10.1016/j.jmrt.2022.11.013
https://doi.org/10.1007/s10854-018-0092-z

	Introduction 
	Materials and Methods 
	Results 
	Thermal Behaviors of the Solder Pastes 
	Microstructure Observation 
	IMC Growth Kinetics 
	Shear Force 
	Fracture Morphology 

	Conclusions 
	References

