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Abstract

The effects of porous copper (P-Cu) on the microstructure, hardness, and shear strength of SnBi, SnBi-0.4Ag, and SnBi-
1Ag solder joints were investigated in this paper. The experimental results show that P-Cu frames distribute in the solder
bulks and form triangular areas. The addition of P-Cu leads to the microstructural refinement in the enclosed areas by the
P-Cu frames in the solder bulks. The average hardness here is increased due to the fine grain strengthening mechanism. The
SnBi-1Ag@P-Cu solder bulk shows smaller Bi-rich grains but larger 3-Sn dendrites than the other two P-Cu-enhanced solder
bulks. Porous Cu exists as a frame structure in the solder joints, which hinders the initiation and propagation of cracks and
has a positive effect on the improvement of joint strength. Compared to the SnBi and SnBiAg solder joints, the shear strength
of the P-Cu-enhanced solder joints is increased by 15%. The average shear strength of the SnBi-0.4Ag@P-Cu solder joint

is 79.34 MPa, which is the highest among all the solder joints investigated in this study.

Keywords Porous Cu - Microstructure - SnBi - Hardness - Shear behavior

1 Introduction

With the development of the electronics industry, the inte-
gration and miniaturization of electronic products have
become an inevitable trend, which require higher reliabil-
ity of solder joints [1-5]. This is a huge challenge for the
electronic packaging technology [6-9]. At present, Sn58Bi
(SnBi) alloy has a low melting point, good wettability,
low cost, and high mechanical strength, and is one of the
most promising low-temperature solder materials [10-13].
Although Bi-rich grain enhances the mechanical strength,
it leads to the poor ductility of the solder joint. These
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disadvantages limit the application of Sn58Bi solder in the
packaging industry [14-16].

Adding a small amount of Ag into SnBi solder can
improve the microstructure and mechanical properties of
the solder joint. Sun et al. [17] reported that adding 0.4
wt% Ag element or nano-Ag particles in the solder joint can
improve the microstructure and performance of the solder
joint. Also, the shear strength of the SnBi-nano Ag solder
joint is higher than that of the SnBi-0.4Ag and SnBi eutectic
solder joints. Liu et al. [18] added 1 wt% Ag into SnBi solder
alloy. The experimental results show that the addition of Ag
has a positive effect on the grain microstructure refinement.
Besides, due to the addition of Ag, the shear strength of the
solder joint increases by 13%. Porous metal is widely used in
aerospace, new energy, and other industries due to its light-
weight, large specific surface area, and other attractive prop-
erties [19-24]. It is also used in the research field of bonding
and connection. Zaharinie et al. used porous Cu or Ni as
the interlayer for the bonding between sapphire and Inconel
[25]. The results show that the strength and ductility of the
joint between sapphire and Inconel are improved due to the
addition of the porous metals. Jamadon et al. [26] studied
the effect of porous Cu on the bonding strength of Sn-based
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solders. It is found that porous Cu addition improves the
bonding strength of solder joints.

In this work, porous Cu was added into SnBi, SnBi-
0.4Ag, and SnBi-1Ag low-temperature solders, respec-
tively. The influence of porous Cu addition on the micro-
structure, hardness, and shear behavior of solder joints was
investigated.

2 Experimental procedures

Commercial SnBi, SnBi-0.4Ag, and SnBi-1Ag solder pastes
were used as the solder materials in this work. The thickness
and purity of the porous Cu sheet in this study are 1.0 mm
and 99.99%, respectively. The porous Cu is 1.3 mm in length
and 1.3 mm in width. The SEM micrograph of the porous
Cu is shown in Fig. 1a. The porous Cu has a reticulated
structure, and its average porosity is about 91%. The flux-
coated porous Cu was immersed in the molten solder for
about 5 s, and then was taken out and cooled to ambient
temperature. Thereby, the solder @P-Cu composite solder
sheet was obtained. The SEM morphology of the solder @P-
Cu sheet is shown in Fig. 1b.

The microstructure and constituent of the solder sheets
were observed and analyzed by SEM and energy dispersive
spectrometer (EDS). The hardness of the solder sheets was
evaluated using the SHIMADZU DUH-211S nanoindenta-
tion tester. Here, the testing force is 20 mN and the loading
speed is 5 mN/s. To study the effect of porous Cu on the
shear behaviors of the composite solder joints, the compos-
ite sheets were soldered onto the OSP-treated FR-4 printed
circuit board (PCB) at 180 °C for 100 s. Here, the size of
the Cu pad is 1.3 mm X 1.3 mm, and the height of the solder
joint is 1.0 mm. Therefore, the shape of the solder joint is
1.3 mm X 1.3 mm X 1 mm square sheet. The shear test of
the solder joint was performed using a RESCH PTR-1000
tester. The shear height was 150 pm and the shear speed was

0.1 mm/s. The shear strength of each sample was an average
value of 20 test results.

3 Results and discussion
3.1 Microstructure of the solder joints

Figure 2a shows the microstructure of the SnBi eutectic
solder joint. The SnBi solder alloy is a typical eutectic
structure, mainly composed of B-Sn (dark area) and Bi-rich
(white area) phases. A small amount of tiny Bi-rich grains
distributes on the pf-Sn grains in the microstructure. As
shown in Fig. 2c, the SnBi-0.4Ag solder bulk has a similar
eutectic structure to the eutectic SnBi bulk. The enlarged
morphology of the structure and the element mapping results
in Fig. 3 demonstrate that the Ag element is uniformly dis-
persed in the B-Sn phase and the Bi-rich phase. According
to the research by Sun et al. [17], when the concentration of
Ag is low, it mainly exists in solid solution in SnBi matrix.
In contrast, the SnBi-1Ag solder bulk in Fig. 2e shows a
different microstructure with the other two. The increasing
concentration of Ag enlarges the f-Sn grains. Meanwhile, a
large amount of Bi-rich dendrites transform into sub-micron
Bi particles. According to the element mapping of the SnBi-
1Ag solder bulk in Fig. 4, the Ag element was detected. The
constituent was confirmed as Ag;Sn by the EDS results in
Fig. 5a. As shown in Fig. 6, Suganuma [27] et al. reported
that Ag;Sn crystallizes as the primary-precipitated phase
during the solidification process of SnBi-1Ag solder. With
the progress of the cooling process, Bi-rich grains nucleate
and grow. Then Sn, Bi, and Ag,Sn precipitate at the eutec-
tic temperature. As shown in the enlarged morphology of
Fig. 2e, another interesting finding is that Ag;Sn IMC exists
at the grain boundaries of the Bi-rich particles. It is deduced
that those primary Ag,Sn grains suppress the growth of
the Bi-rich phase and lead to the formation of tiny Bi-rich
particles.

Fig.1 SEM morphology of the porous Cu and the solder@P-Cu solder sheet. a porous Cu and (b) solder sheet
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Fig.2 Microstructure of the solder bulks. a SnBi, (b) SnBi@P-Cu, (¢) SnBi-0.4Ag, (d) SnBi-0.4Ag@P-Cu, (e) SnBi-1Ag, and (f) SnBi-
1Ag@P-Cu
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Fig. 3 EDS of the points in Fig. 2. a EDS of point 1, (b) EDS of point 2
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Fig.4 Microstructure and element mapping of the SnBi-0.4Ag solder bulk. a microstructure, (b) element mapping of Sn, (¢) element mapping

of Bi, and (d) element mapping of Ag

When porous Cu is added into the solder joints, as shown
in Fig. 2b, d and f, clear Cu frames can be seen in the micro-
structures. CugSns IMC layers are observed between the sol-
der matrix and the Cu frames. The EDS result is shown in
Fig. 5b. There are some triangular areas enclosed by those
porous Cu frames in the SnBi matrix. It can be seen that
the addition of porous Cu has a limited effect on the micro-
structure outside the enclosed areas. In contrast, the micro-
structure of SnBi alloy is significantly refined inside those
triangular areas. On the one hand, porous Cu frames inhibit
the growth of the Bi-rich phase and the $-Sn phase in those
areas. On the other hand, due to the dissolution and diffu-
sion of the porous Cu frames, the Cu content in such areas
is increased. The dispersed CusSns IMC grains promote the
nucleation of the Bi-rich phase and the -Sn phase, resulting
in the microstructural refinement.

3.2 Interfacial IMC layers of the solder joints
The interfacial morphology of the solder joints is shown in
Fig. 7. Thin scallop shape CugSns IMC layers are observed

at the interfaces between the solder bulks and the Cu sub-
strates. The constituent of the IMC is shown in Fig. 7g.

@ Springer

As presented in Fig. 7a, c, the IMC layers in SnBi/Cu and
SnBi-0.4Ag/Cu solder joints have similar thickness and mor-
phology. In contrast, the SnBi-1Ag/Cu solder joint shows
larger CugSns IMC grains than the other two at the solder-
ing interfaces. The previous discussion indicates the effect
of Ag content on the microstructure of SnBi solder bulks.
The SnBi-1Ag solder bulk has a different microstructural
morphology than the other two. The interfacial morphology
of those solder joints is closely related to the microstructure
of the solder bulks. For SnBi and SnBi-0.4Ag, the coarsened
Bi-rich phase decreases the contact area between the f-Sn
phase and the Cu substrate. It hinders the diffusion of Cu
and Sn elements at the interfaces and thereby inhibits the
growth of the interfacial IMC. In contrast, the SnBi-1Ag
solder bulk has small Bi-rich grains but large -Sn grains.
It can be observed from Fig. 7e that some fine Bi-rich parti-
cles are embedded in the CusSns IMC layer at the interface.
Although the growth of the IMC at those positions is sup-
pressed, most of the CusSns grains contact the f-Sn phase
and grow into the solder bulk.

As shown in Fig. 7b, d and f, with the addition of porous
Cu, the morphology and thickness of the interfacial layer
between the solder bulks and the Cu substrates changed. The
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Fig.5 Microstructure and element mapping of the SnBi-1Ag solder bulk. a microstructure, (b) element mapping of Sn, (¢) element mapping of
Bi, and (d) element mapping of Ag
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Fig.6 Phase diagram of Sn-Bi-xAg [27]

1.0

IMC thickness in Fig. 8 demonstrates that the effect of the
Ag content on the thickness of the IMC is consistent with
the solder joint without adding porous Cu. As indicated by
the microstructural investigation, the porous Cu addition has
a limited effect on the size of Bi-rich and pB-Sn grains. The
SnBi-1Ag@P-Cu solder joint presents tiny Bi-rich phase and
large B-Sn. Consequently, the interfacial IMC shows higher
thickness in the SnBi-1Ag@P-Cu/Cu solder joint than that
in the others. Also, it can be seen from Fig. 8 that the addi-
tion of porous Cu leads to an increase of IMC thickness
of the solder joints. As shown by the element mapping of
SnBi@P-Cu joint in Fig. 9, the Cu frame here increases the
concentration of Cu near the interface of the solder joint.
Therefore, the IMC layers in the porous Cu-enhanced solder
joints show increased thickness.

3.3 Hardness of the solder bulks

It was found that there are two kinds of areas separated by
the porous Cu frame in the solder bulk via microstructural
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Fig. 7 Interfacial microstructure and EDS of the solder joints on Cu subsrtate (a) SnBi, (b) SnBi@P-Cu, (¢) SnBi-0.4Ag, (d) SnBi-0.4Ag@P-
Cu, (e) SnBi-1Ag, (f) SnBi-1Ag@P-Cu, (g) EDS result of the IMC in (f)

@ Springer



Effect of porous Cu addition on the microstructure and mechanical properties of SnBi-xAg solder...

Page7of10 735

Lor E=] Pure solder/Cu
BB Solder@P-Cu/Cu
0.8
E]
o6t
8 I
(5] E %
g
o]
2041
a I 55 I
02
0.0 - B -
SnBi SnBi-0.4Ag SnBi-1Ag

Fig.8 The thickness of the interfacial IMC layers

observation. Therefore, the indentation test is performed at
positions a and b on each solder bulk, as shown in Fig. 10.
The hardness of the solder bulks is shown in Fig. 11. As
shown in the figure, the SnBi and SnBi-0.4Ag solder bulks
show similar hardness with an average of 285.5 MPa. The
average hardness of SnBi-1Ag reaches 324.1 MPa, which
is higher than that of the other two. According to the

microstructure of the solder bulk in Fig. 2e, a large amount
of sub-micron Bi-rich particles and Ag;Sn grains disperse
in the SnBi-1Ag solder matrix. The dispersion strengthening
of those phases is suggested to be the dominant mechanism
for the hardness increase.

As shown in Fig. 11, the addition of porous Cu signifi-
cantly increases the hardness of position a in the three types
of solder joints. Among them, the SnBi-1Ag@P-Cu solder
bulk has the highest hardness at position a, with an average
of 364.8 MPa. As reported in our previous study [28], this
phenomenon is attributed to three factors. First, as shown in
Fig. 2b, d and f, it can be found that the position a has finer
microstructure than position b as well as the pure solder bulk
without porous Cu addition. The microstructural refinement
leads to the hardness increase. Second, the diffusion and
dissolution of the Cu frames increase the Cu concentration
in this area and, thus, affect the hardness. Additionally, the
Cu frames have a restraining effect on the enclosed areas
and, thus, increase their stress and hardness. As shown in
Fig. 10, the addition of porous Cu shows a limited effect on
the hardness of position b in the solder bulks. According to
the microstructural investigation, the grain size of f-Sn and
Bi-rich phases change slightly due to the addition of porous
Cu. Therefore, the hardness of position b is similar to that
of the pure solder bulks.

Fig.9 Microstructure and element mapping of the SnBi@P-Cu solder joint. a microstructure, (b) element mapping of Sn, (¢) element mapping

of Bi, and (d) element mapping of Cu
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Fig. 10 Microstructure of the SnBi-1Ag@P-Cu solder bulk for
nanoindentation test
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Fig. 11 Hardness of the solder bulks

3.4 Shear behavior of the solder joints

Figure 12 shows the shear strength of the solder joints.
Among the three types of solder joints without porous
Cu, SnBi-0.4Ag/Cu solder joint showed the highest shear
strength, with an average of 68.8 MPa. With the addi-
tion of porous Cu, the shear strength of the solder joints
increased significantly. Among them, the shear strength of
SnBi-0.4Ag@P-Cu solder joint reaches 79.34 MPa, which
is increased by 15%.

Figure 13 shows the fracture morphology of SnBi,
SnBi-0.4Ag, and SnBi-1Ag solder joints. The enlarged
morphology in Fig. 13d, e and f indicates that the three

@ Springer
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Fig. 12 Shear strength of the solder joints

types of solder joints are mainly brittle fracture. Among
them, SnBi and SnBi-0.4Ag solder joints have residue sol-
der bulk on the shear fractures, indicating that their frac-
tures mainly occur in the solder bulk. This shows that the
strength difference between the two mainly comes from the
strength difference of the solder bulks. Due to the addition
of a small amount of Ag, the dispersed Ag;Sn in the SnBi-
0.4Ag solder joints causes the strength increase. Accord-
ing to the element mapping analysis in Fig. 14, Ag,Sn and
Cu,Sn; are found on the shear fracture of SnBi-1Ag solder
joint in Fig. 13f. It is clear that when the Ag content in
the solder is increased to 1 wt%, the fracture position of
the solder joint is changed to the soldering interface. As
presented in Fig. 7, SnBi-1Ag solder joint shows coars-
ened CugSns IMC layer embedded by Bi-rich particles.
Therefore, the main factor for its lower strength than the
SnBi-0.4Ag solder joint is the strength decrease at the sol-
dering interface.

Figure 15 shows the shear fractures of the three solder
joints enhanced by porous Cu. Compared with the frac-
tures in Fig. 13, the effect of porous Cu on the fracture
positions is limited. The solder joints mainly broke due
to the brittle failure in the solder bulk or at the interface
of the solder joint. As demonstrated by the microstruc-
tural observation, the porous Cu frame is continuously and
uniformly distributed in the solder bulk. First, porous Cu
has the effect of second-phase strengthening in the solder
joints. Second, the porous Cu frame is positive on inhibit-
ing the generation and propagation of cracks. Therefore,
due to the addition of porous Cu, the shear strength of the
three solder joints increases.
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Fig. 14 Elemental mapping of the shear fracture of SnBi-1Ag/Cu. a microstructure, (b) element mapping of Sn, (¢) element mapping of Bi, (d)

element mapping of Ag, and (e) element mapping of Cu

4 Conclusion

1. The addition of porous Cu leads to the microstructural
refinement in the triangular areas enclosed by the Cu
frames, but has limited effect on the microstructure out-
side of the triangular areas.

The addition of porous Cu increases the Cu content in
the solder joint as well as the thickness of the interfacial
IMC layers.

The hardness of the solder bulk in the triangular areas
changes slightly due to the addition of porous Cu, while
the hardness of the areas inside increases.

Porous Cu addition results in increased shear strength
of the solder joints. The SnBi-0.4Ag@P-Cu solder joint
exhibits the highest shear strength among them.

@ Springer
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Fig. 15 Shear fractures of solder@P-Cu composite solder joints. a SnBi@P-Cu, (b) SnBi-0.4Ag@P-Cu, (¢) SnBi-1Ag@P-Cu. (d-f) magnified
morphology of (a—c), respectively
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