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The evolution of interfacial microstructures and mechanical properties of
joints soldered with Sn-0.3Ag-0.7Cu (SAC0307) and SAC0307-0.12Al2O3

nanoparticles (NPs) subjected to thermal cycling were investigated. The joint
soldered with SAC0307-0.12Al2O3 displayed an enhanced thermal cycling
shear force with a ductile fracture mode when compared with the original
alloy whose fracture mode showed a mixed feature of ductile and brittle. The
enhanced thermal cycling shear force was attributed to a pinning effect by
Al2O3 NPs on interfacial IMC grain growth. Even after 1200 thermal cycles,
SAC0307-0.12Al2O3 solder was still structurally characterized by a much
more refined microstructure than the non-reinforced solder alloy. Theoretical
analysis on the growth of interfacial IMC layer showed that with the addition
of Al2O3 NPs, the average growth coefficients of total interfacial IMCs (DT)
and Cu3Sn IMCs (DCu3

) were decreased from 9.2 9 10�11 cm2/h to
5.6 9 10�11 cm2/h, and from 6.9 9 10�11 cm2/h to 4.1 9 10�11 cm2/h, respec-
tively. Hence, a much thinner IMC layer was produced at the SAC0307-
0.12Al2O3/Cu interface, thus contributing to an enhanced shear resistance.

Key words: Al2O3 nanoparticles, thermal cycling, interfacial microstructure,
shear force

INTRODUCTION

The joining of electronic devices and conductive
substrates has been increasingly studied to due to
its important role in mechanical, electrical and
thermal supports.1,2 Therefore, improving the joint
strength becomes particularly critical to ensure the
normal working of joints in harsh environments,
such as a repeat turn on and off, long-term opera-
tion, sweat corrosion, and so on.3–5 From the view of
microstructural properties, the mechanical perfor-
mance of a single solder joint usually depends on the
interfacial intermetallic compounds (IMCs) formed

at the solder/substrate interface.6,7 It is well estab-
lished that solder with a refined microstructure
combined with a thin, flat interfacial IMC layer
formed at the solder joint generally results in good
mechanical properties.8,9 To achieve this, various
methods of alloying10–12 and depositing barrier
metallic films (e.g., Au13,14 and Ni15,16) are widely
accepted. Among them, alloying has been empha-
sized more due to its capacity to modify other
properties of Sn-based solders.17 Despite the variety
of foreign alloys, the most appropriate alloys are
generally those with surface-active characteristics
like Ga or rare earth elements.18–20 This is because
these surface-active alloys can be spontaneously
adsorbed on the grain surfaces of b-Sn phases or
related IMCs to pin their growth. Currently, with
the development of nano-scaled materials,(Received October 25, 2018; accepted April 9, 2019;
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researchers have also begun to select them as
reinforced materials due to their unique properties
of high surface free energy and large specific surface
area.21–27 It has been demonstrated that, when
reinforcing solder with NPs, a higher mechanical
property can be attained. Sun et al.28 doped Al NPs
into Sn-1.0Ag-0.5Cu solder and found that the joint
soldered with Sn-Ag-Cu-0.1Al NPs had higher ther-
mal cycling (TC) shear force than that soldered with
Sn-Ag-Cu. Although lead-free solder reinforced with
NPs has been widely fabricated in recent years,
their TC mechanical properties have rarely been
studied.

So far, Sn-Ag-Cu solder has been commonly used
as a reinforced target mainly because of its rela-
tively better comprehensive properties compared
with other substitutes for Sn-Pb solder, such as Sn-
Cu, Sn-Ag, and Sn-Zn solders.29,30 In general, the
high Ag content in Sn-Ag-Cu solder leads to high
production costs and easy formation of plate-like
Ag3Sn IMCs,31 thus causing a degradation of drop
reliability. Unfortunately, reducing the Ag content
in Sn-Ag-Cu solder also triggers some other issues,
such as excessive growth of interfacial Cu6Sn5

IMCs, directly degrading the joint strength.32,33 To
offset the issues caused by reducing the Ag content,
in our previous study we doped Al2O3 NPs with
varying contents into Sn-0.3Ag-0.7Cu low-Ag sol-
der,34 and the results showed a positive effect of
doping 0.12 wt% Al2O3 NPs on an inhibiting inter-
facial IMC layer growth and a resultant enhanced
shear force of the solder joint. Our previous work
put emphasis on the inhibiting effect of Al2O3 NPs
on the growth of interfacial IMCs in solid–liquid
reactions, while their influence on the solid–solid
reaction has not been studied, and the underlying
mechanism remains enigmatic.

Hence, in this work, the evolution of the interfa-
cial microstructure of Sn-0.3Ag-0.7Cu (SAC0307)/
Cu and SAC0307-0.12Al2O3/Cu solders subjected to
different thermal cycles was investigated. Based on
the experimental results, the influence of Al2O3 NPs
on the growth kinetics of interfacial IMCs at the
solder/Cu interface in the solid-state reaction pro-
cess has been discussed. In addition, the shear
forces of two types of solder joints subjected to
various thermal cycling has been evaluated by
shear testing and the corresponding fracture mor-
phology has also been given to better understand
the microstructure–property relationship.

EXPERIMENTAL

SAC0307-0.12Al2O3 low-Ag composite solder was
prepared by mechanically blending 0.12 wt% Al2O3

nanoparticles (� 50 nm) into SAC0307 solder paste,
as detailed in our previous study .34 Afterwards, to
observe the microstructure evolution at the solder/
Cu interface subjected to thermal cycling treatment,
interfacial samples were made through soldering
these two kinds of solders on Cu substrates in a

reflow furnace. The Tmax of the reflow process was
set as � 245�C and the whole reflow time from the
heating stage to the cooling stage was about 475 s.
The detailed reflow profile can be found in our
previous paper.34 Figure 1 shows the corresponding
thermal cycling curve: the highest and lowest
temperatures of the thermal cycle are 125�C and
� 55�C, respectively., and the dwell-time is 20 min.
Both the ascendant rate and the descendant rate
are 18�C/min. The entire process of thermal cycling
lasts for 1200 cycles and the sample observation is
conducted after each 200 thermal cycles. Before the
morphology observation, interfacial samples were
polished and corroded with 5% HNO3-alcohol solu-
tion. Consequently, sample observation and analy-
sis were conducted with the aid of scanning electron
microscopy (SEM) equipped with energy dispersion
spectrum (EDS) and a backscattered electron (BSE)
detector. The thickness of the interfacial IMC layer
was measured by Image Pro-plus software.35,36

To discover the effect of thermal cycling on the
shear forces of the joints soldered with the two kinds
of solders, joint samples were also subjected to the
aforementioned thermal cycling environment. The
joint samples were obtained by soldering 0805
ceramic resistors on a printed circuit board (Cu/Ni/
Au pad) using the studied solders. Afterwards, a
push-type broach equipped in the STR-1000 Micro-
joint strength tester (Rhesca, Japan; Fig. 2) was
added to test their shear forces after thermal
cycling. The shearing speed was set as 10 mm/min
and the shear tool stand-off height was 20 lm when
the shearing process began, and was the same for all
the samples. Each test was undertaken five times
and the average value served as the final result.
After the shearing tests, the morphology of the
fractured joint was observed by SEM and analyzed
by EDS.

Fig. 1. Loading temperature cycle curve.

Effect of Thermal Cycling on Interfacial Microstructure and Mechanical Properties of
Sn-0.3Ag-0.7Cu-(a-Al2O3) Nanoparticles/Cu Low-Ag Solder Joints

4563



RESULTS AND DISCUSSION

Evolution of Interfacial Microstructure

Figure 3 shows the cross-sectional images of
interfacial microstructures of SAC0307/Cu solder
joints subjected to thermal cycling. It is clear that,
after 200 thermal cycles, Ag3Sn particles in the
solder matrix still remained at nano-scale (Fig. 3a),
while Cu6Sn5 IMCs showed a little coarsening. After
400 thermal cycles, the coarsening of Cu6Sn5 con-
tinued, along with a slight growth of Ag3Sn IMCs
(Fig. 3b). With the increment in the thermal cycles
to 1200, the sizes of the Cu6Sn5 IMCs became larger
(Fig. 3c–f) and Ag3Sn IMCs further grew to a micro-
scale (Fig. 3f). The morphology evolution of
SAC0307-0.12Al2O3/Cu solder joints subjected to
the identical thermal cycling is also shown in Fig. 4.
Similarly, with the increased number of thermal
cycles, IMCs of Cu6Sn5 and Ag3Sn also gradually
coarsened, but with a much lower growth rate than

those in the SAC0307/Cu joint matrix (Fig. 3a–f).
This is attributed to the adsorption of Al2O3 NPs on
the grain surfaces of the IMCs, having a pinning
effect on their growth. Hence, the atom diffusion
will be evidently hindered even in the high-temper-
ature stage of thermal cycling. Consequently,
related IMCs can keep a relatively refined state
and play a mechanical strengthening role in the
solder. Moreover, the total thickness of the interfa-
cial IMCs layer at both interfaces of SAC0307/Cu
and SAC0307-0.12Al2O3/Cu increased with the
thermal cycles, along with forming a new IMCs
layer with darker contrast at the bottom of the
Cu6Sn5 IMC layer, whose morphology evolution will
be described in detail in the next section.

Evolution of Interfacial IMC Layer

Figures 5 and 6 show the BSE micrographs of
interfacial IMC layers forming at the interfaces of
SAC0307/Cu and SAC0307-0.12Al2O3/Cu, respec-
tively. After an initial 200 thermal cycles, a contin-
uous hill-like interfacial Cu6Sn5 IMC layer was
observed at the SAC0307/Cu interface (Fig. 5a).
With an increment in the number of thermal cycles,
the thickness of the interfacial Cu6Sn5 IMC layer
increased, along with gradually increased radii
(Fig. 5b–f). In particular, a new interfacial IMC
layer with dark contrast, identified as Cu3Sn via
EDS analysis (Fig. 5f), also formed at the bottom of
the interfacial Cu6Sn5 IMC layer, and its thickness
increased with the number of thermal cycles. Unlike
the interfacial IMC layer at the SAC0307/Cu inter-
face, that which developed at the SAC0307-Fig. 2. Sketch of shear test.

Fig. 3. Cross-sectional images of the microstructure at SAC0307/Cu interfaces subjected to thermal cycling: (a) 200 cycles; (b) 400 cycles; (c)
600 cycles; (d) 800 cycles; (e) 1000 cycles; (f) 1200 cycles.
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0.12Al2O3/Cu interface exhibited a much flatter
morphology without any sharp protrusions
(Fig. 6a–f). This is attributed to the surface-active
characteristic of Al2O3 NPs, which allows them to be
adsorbed on the grain surfaces of interfacial Cu6Sn5

IMCs, thereby pinning their growth. In this case,
each interfacial Cu6Sn5 IMC had a similar, low-
growth speed, and consequently a flat interfacial
IMC layer was formed. Also, compared with the
Cu3Sn IMC layer formed at the SAC0307/Cu inter-
face, a thinner layer with dark contrast was also
observed to emerge at the bottom of the interfacial
Cu6Sn5 IMC layer at the SAC0307-0.12Al2O3/Cu
interface, with increased thickness with extending
thermal cycles. Especially, with the thermal cycles
increased to 1200, a few black particles emerged
near the interface of SAC0307-0.12Al2O3/Cu
(Fig. 6f). After EDS analysis on area B in Fig. 6f,
these black particles were preliminarily identified
as Al2O3 particles according to the Al/O atom ratio
(Fig. 6g). To make a further confirmation, EDS
mapping analysis was also undertaken, as displayed
in Fig. 7a–f. It can be observed that the EDS
mappings of Al and O (Fig. 7b, c) were bright in
the location of the black particles, which confirms
that those black particles are likely to be Al2O3

particles.
The average thicknesses of the total interfacial

Cu6Sn5 and Cu3Sn IMC layers as well as the
separate Cu3Sn IMC layer of these two types of
solder joints subjected to different numbers of
thermal cycles are summarized in Table I. Clearly,
both solder joints observed an increase in the
average thickness of the IMC layer, while the one

growing at the SAC0307-0.12Al2O3/Cu interface
had a much lower growth rate. After 1200 thermal
cycles, the thickness of the interfacial IMC layer at
the SAC0307/Cu interface grew to � 8.2 lm, while
that at the SAC0307-0.12Al2O3/Cu interface only
reached � 5.1 lm. It is well known that the growth
of the interfacial IMC layer is mainly related to the
diffusion during thermal cycles. In this research,
considering different temperatures in one cycle, the
conception of an average diffusion coefficient ( �D) can
be defined. As is well known, the thickness of the
IMC layer at the solid diffusion interface satisfies
the following classic diffusion formula:

xt ¼ x0 þ
ffiffiffiffiffiffi

�Dt
p

; ð1Þ

where xt is the thickness of the interfacial IMC after
a certain growth time t, x0 is the initial thickness, D
is the diffusion coefficient, which can be obtained
from the slope of the linear-fitted curve, for the
thickness of the interfacial IMC layer with growth
time. Accordingly, a relationship between the thick-
ness of the interfacial IMC layer (Cu6Sn5 + Cu3Sn
and Cu3Sn) and the square root of the thermal
cycling time (tc) can be built, as shown in Fig. 8.
Clearly, a nearly linear relationship between the
IMC layer thickness and tc was obtained, and the
fitted equations are as follows:

xt ¼ x0 þ
ffiffiffiffiffiffi

Dt
p

ð2Þ

where xt is the thickness of the interfacial IMC after
a certain growth time t, x0 is the initial thickness, D
is the diffusion coefficient, which can be obtained
from the slope of the linear-fitted curve, for the

Fig. 4. Cross-sectional images of microstructure at SAC0307-0.12 Al2O3/Cu interfaces subjected to thermal cycling: (a) 200 cycles; (b) 400
cycles; (c) 600 cycles; (d) 800 cycles; (e) 1000 cycles; (f) 1200 cycles.
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interfacial IMC thickness with growth time. Accord-
ingly, a relationship between IMC thickness
(Cu6Sn5 + Cu3Sn and Cu3Sn) and the square root
of thermal cycling time (tc) can be built, as shown in
Fig. 8. Clearly, a nearly linear relationship between
IMC thickness and tc was obtained and the fitted
equations are as follows:

TðSAC0307�totalÞ ¼ 4:7 þ 0:096 �
ffiffiffiffi

tc
p

;

TðSAC0307�Cu3SnÞ ¼ 0:083 �
ffiffiffiffi

tc
p ð3Þ

TðSAC0307�Al2O3�totalÞ ¼ 2:6 þ 0:075
ffiffiffiffi

tc
p

;

TðSAC0307�Al2O3�Cu3SnÞ ¼ 0:064
ffiffiffiffi

tc
p ð4Þ

Fig. 5. BSE images of interfacial morphology at the SAC0307/Cu interface subjected to thermal cycling: (a) 200 cycles; (b) 400 cycles; (c) 600
cycles; (d) 800 cycles; (e) 1000 cycles; (f) 1200 cycles; (g) EDS analysis of Point A in (f).
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It can be seen that doping 0.12 wt% Al2O3 NPs
effectively decreased the average growth coefficients
of both total interfacial IMCs ( �DT) and Cu3Sn IMCs
( �DCu3

), from 9.2 9 10�11 cm2/h to 5.6 9 10�11 cm2/h,
and from 6.9 9 10�11 cm2/h to 4.1 9 10�11 cm2/h,
respectively. This decrease in the values of �DT

mainly benefited from the pinning effect of Al2O3

NPs on the growth of the interfacial Cu3Sn IMC.
However, the underlying mechanism for the growth
inhibition of the interfacial Cu3Sn IMC ( �DCu3

) is
mainly due to the decreased concentration gradient

of Sn atoms at the Cu6Sn5/Cu3Sn interface caused
by the Al2O3 NPs as obstacles. Moreover, it was
found that the growth constant of the Cu3Sn IMC
( �DCu3

) was a little larger than that of the interfacial
Cu6Sn5 IMC ( �DCu6

), which can be explained as
follows. During the solder interface, the interfacial
Cu6Sn5 IMC may be formed in two ways. One is to
form directly

6Cu þ 5Sn ! Cu6Sn5 ð5Þ

Fig. 6. BSE images of interfacial morphology at the SAC0307-0.12Al2O3/Cu interface subjected to thermal cycling: (a) 200 cycles; (b) 400
cycles; (c) 600 cycles; (d) 800 cycles; (e) 1000 cycles; (f) 1200 cycles; (g) EDS analysis of area B in (f).
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Fig. 7. (a) Magnified BSE images of the interfacial morphology at the SAC0307-0.12Al2O3/Cu interface subjected to 1200 thermal cycles; (b–f)
EDX element mappings of the distribution of Sn, Ag, Cu, O, and Al, respectively.

Table I. Thickness of Cu6Sn5 and Cu3Sn interfacial IMC layers

Solder Thickness (lm)

Thermal cycles

034 200 400 600 1000 1200 1400

SAC0307 Total (Cu6Sn5 + Cu3Sn) 4.9 5.9 6.4 7.1 7.5 7.7 8.2
Cu3Sn 0 1.0 1.4 1.9 2.4 2.5 2.8

SAC0307-0.12Al2O3 Total (Cu6Sn5 + Cu3Sn) 2.6 3.4 4.1 4.5 4.7 5.0 5.1
Cu3Sn 0 0.7 1.0 1.5 1.7 1.9 2.2

Fig. 8. Average thickness of the (a) total interfacial IMCs and (b) Cu3Sn IMC at the interfaces of SAC0307/Cu and SAC0307-0.12Al2O3/Cu
subjected to the thermal cycling.
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and the other is to form by sacrificing the interfacial
Cu3Sn IMCs

2Cu3Sn þ 3Sn ! Cu6Sn5: ð6Þ

Similarly, there are also two possible approaches,
including direct and indirect, for the growth and
development of the interfacial Cu3Sn IMC. The
direct way is

3Cu þ Sn ! Cu3Sn; ð7Þ

while the indirect way is

Cu6Sn5 þ 9Cu ! 5Cu3Sn: ð8Þ

By comparison, it can be found that, when the
interfacial Cu6Sn5 and Cu3Sn IMCs form in direct
ways (Eqs. 5, 7), per unit of Cu6Sn5 demands more
Sn atoms than that of Cu3Sn. When Cu6Sn5 and
Cu3Sn IMCs form in indirect ways (Eqs. 6, 8), the
growth of Cu6Sn5 still requires a supply of Sn
atoms, whereas that of Cu3Sn demands abundant
feeding of Cu atoms. Therefore, it can be concluded
that the diffusion flux of Sn atoms dominates the
development of Cu6Sn5, while that of Cu atoms and
the interface state of Cu3Sn/Cu6Sn5 mainly controls
the growth of Cu3Sn. Doping Al2O3 NPs into the
solder matrix (the only Sn sources) can impede the
diffusion of Sn atoms, thus effectively controlling
the growth of the interfacial Cu6Sn5 IMC. However,
in addition to the direct way that requires Sn atoms,
the growth of Cu3Sn IMC can also proceed by the
indirect approach (Eq. 8). Thus, the growth con-
stant of ( �DCu3

) is a little larger than that of
interfacial Cu6Sn5 IMCs ( �DCu6

).

Shear Force and Fracture Morphology

After thermal cycling, shear tests were conducted
on the two kinds of joints to evaluate their thermal

cycling shear force. Figure 9 shows the change of
shear forces of the solder joints with the number of
thermal cycles. Clearly, with the number of thermal
cycles increasing, the shear force of both joints first
reduces slowly and then rapidly deteriorates. It
should be noted that the SAC0307-0.12Al2O3/Cu
solder joint exhibited a higher shear force than the
SAC0307/Cu solder joint, irrespective of the number
of thermal cycles. After 1200 thermal cycles, the
shear force of the SAC0307/Cu and SAC0307-
0.12Al2O3/Cu solder joints dropped to 19.8 N and
27.3 N, respectively. This enhancement in the ther-
mal cycling shear force can be attributed to the
improved joint microstructure, including solder
matrix refinement and thinning of the interfacial
IMC layer thickness, caused by doping 0.12 wt%
Al2O3 NPs.

In order to further understand the strengthening
mechanism, the fracture surfaces of these two types
of joints after thermal cycling were observed using
SEM. Figures 10 and 11 show the fracture surfaces
of the joints soldered with SAC0307 and SAC0307-
0.12Al2O3, respectively. It is clear from Fig. 10a
that, after 200 thermal cycles, elongated slant
dimples parallel to shear loading direction were
found on the fracture surface of the as-soldered
SAC0307/Cu joint, indicating a mode of ductile
fracture. The corresponding EDS analysis on area
C (Fig. 10g) showed its main composition was pure
Sn, which means that the fracture occurred from
the solder matrix. With the number of thermal
cycles increased from 200 to 800, despite the
occurrence of ductile fractures in the SAC0307/Cu
joints, slant dimples became larger and more super-
ficial, as shown in Fig. 10a–d. These joints seemed
to fracture from the solder matrix. This indicates
that the shear strength of one solder joint is mainly
dependent on the quality of the solder itself rather
than the thickness of the interfacial IMCs, which is
consistent with the results in Ref. 37. Worthy of
note is that, as the number of thermal cycles
increased to 1000 and then to 1200, the fracture
surface became flatter and a relatively rough sur-
face composed of many dark particles appeared
(Fig. 10e, f). Based on the EDS analysis on area D,
this region is identified as Cu6Sn5 according to its
Cu/Sn ratio (Fig. 10h). Thus, it can be inferred that,
with the number of thermal cycles increasing, the
fracture location transferred from the bulk solder to
the interface. This is mainly due to the growth of the
interfacial IMC layer and the thermal expansion
mismatch between the solder and the Cu6Sn5 which
induced the formation of micro-cracks. Moreover,
some river patterns besides large dimples also
emerged on the fracture surface of the SAC0307/
Cu solder joint after 1200 thermal cycles. Hence, it
can be determined that the fracture mode of the
joint soldered with SAC0307 changed from ductile
to a mixed mode of ductile and brittle with increas-
ing thermal cycles.Fig. 9. Evolution of shear forces of SAC0307/Cu and SAC0307-

0.12Al2O3/Cu solder joints subjected to thermal cycling.
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For the SAC0307-0.12Al2O3/Cu solder joints, a
ductile fracture was observed after the initial 200
thermal cycles, but the dimples on the fracture
surface were smaller than those on the fracture
surface of the SAC0307/Cu joint (Fig. 11a). Also,
compared with the dimples on the fracture surface
of the SAC0307/Cu joint, those on the fracture
surface of the SAC0307-0.12Al2O3/Cu joint were
more rounded, indicative of an increased modulus of
elasticity. With the increasing number of thermal
cycles, the sizes of the dimples continued to increase
but were still smaller than those on the fracture
surface of the SAC0307/Cu joint (Fig. 11b–e). In
addition, after 1200 thermal cycles, the newly
formed IMCs were observed on the bottom of the
dimples, identified as Cu6Sn5 IMCs by EDS analy-
sis. In addition, some particles were also observed to

lie on the bottom of the dimples, and confirmed as
Al2O3 particles according to the EDS analysis on
point G (Fig. 11g). These Al2O3 agglomerations
were responsible for the accelerated fracture of the
joint. Compared with the fracture behavior of the
joint soldered with SAC0307, the fracture of the
SAC0307-0.12Al2O3/Cu joint did not transfer to the
interface even after 1200 thermal cycles. This also
demonstrated the effective pinning effect of Al2O3

NPs on the growth of the interfacial IMC layer,
contributing to the ductile fracture behavior with a
higher shear force.

CONCLUSIONS

In this paper, the effect of Al2O3 NPs (0.12 wt%)
on the evolution of interfacial microstructures and
mechanical properties of joints soldered with Sn-

Fig. 10. Evolution of the fracture morphology of the SAC0307/Cu solder joint subjected to thermal cycling: (a) 200 cycles; (b) 400 cycles; (c) 600
cycles; (d) 800 cycles; (e) 1000 cycles; (f) 1200 cycles; (g) EDS analysis of area C in (a); (h) EDS analysis of area D in (e).
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0.3Ag-0.7Cu (SAC0307) and SAC0307-0.12Al2O3

nanoparticles (NPs) subjected to thermal cycling
were investigated and the following conclusions can
be obtained:

1. Adding Al2O3 NPs (0.12 wt%) can effectively
inhibit the microstructure coarsening of the
solder matrix subjected to thermal cycling due
to the pinning effects of surface-active Al2O3

NPs on the IMCs’ growth.
2. With increasing the number of thermal cycles,

the thickness of both interfacial IMC layers
(Cu6Sn5 + Cu3Sn) increased. Theoretical analy-
sis showed doping 0.12 wt% Al2O3 NPs effec-
tively reduced the average growth coefficients of
both total interfacial IMCs ( �DT) and Cu3Sn
IMCs ( �DCu3

), from 9.2 9 10�11 cm2/h to

5.6 9 10�11 cm2/h, and from 6.9 9 10�11 cm2/h
to 4.1 9 10�11 cm2/h, respectively.

3. Irrespective of the number of thermal cycles,
the SAC0307-0.12Al2O3/Cu solder joint had a
higher shear force than the SAC0307/Cu solder
joint due to the improved joint microstructure
caused by the doping of Al2O3 NPs, including
the refinement of the solder matrix as well as
the thinning and flattening of the interfacial
IMC layer.

4. With the number of thermal cycles increased
from 200 to 1200, the SAC0307-0.12Al2O3/Cu
solder joint always displayed a typical ductile
fracture mode, while the fracture mode for the
SAC0307/Cu solder joint was transformed from
ductile to a mixture of ductile and brittle. This

Fig. 11. Evolution of fracture morphology of SAC0307-0.12Al2O3/Cu solder joint subjected to thermal cycling: (a) 200 cycles; (b) 400 cycles; (c)
600 cycles; (d) 800 cycles; (e) 1000 cycles; (f) 1200 cycles; (g) EDS analysis of point E in (f).
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indicated a higher ductility of SAC0307-
0.12Al2O3 than of SAC0307.
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