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ABSTRACT

To improve the mechanical properties of SnBi solder joints, Sn–Ag–Cu–Bi–Ni

(SACBN) bumps were pre-soldered on the Cu pads, and thus the SnBi/

SACBN/Cu solder joints were obtained in this work. By comparing with SnBi/

Cu, the effects of soldering time on the microstructure and mechanical prop-

erties of SnBi/SACBN/Cu solder joint were investigated. Experimental results

show that increasing soldering time suppresses the composition segregation in

SnBi bulk, but it leads to the coarsening of b-Sn and Bi-rich phases. As the

soldering time increases, the interfacial IMC layers in the SnBi/Cu and the

SnBi/SACBN/Cu solder joints gradually become thicker. The growth of the

(Cu, Ni)6Sn5 interfacial IMC in SnBi/SACBN/Cu is mainly based on solid–solid

diffusion. Its growth rate is lower than that of the IMC whose growth is dom-

inantly due to liquid–solid diffusion in SnBi/Cu. The addition of SACBN bulk

decreases the hardness of the SnBi bulk. Meanwhile, the hardness shows a

decreasing trend as the soldering time increases. When the soldering time is 40 s

and 160 s, SACBN bulk suppresses the propagation of fracture in SnBi bulk and

improves the shear strength of the solder joint. As the soldering time reaches

280 s, the shear strength of the SnBi/SACBN/Cu solder joint decreases, and the

fracture is mainly located in the SnBi bulk.
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1 Introduction

SnBi eutectic alloy is widely used in low-temperature

soldering in electronic packaging due to its low

melting point and low cost [1–3]. However, the high

concentration of brittle Bi-rich phase reduces the

ductility of the SnBi solder and increases the risk of

interface brittle fracture, which seriously affects the

reliability of solder joints [4, 5]. Due to the minia-

turization and high integration trend of electronic

components, the reliability of solder joints is getting

increasingly crucial [6–8]. Therefore, improving the

performance and reliability of SnBi solder is of great

significance.

Alloying a trace amount of additives into the alloy

is one of the feasible methods to optimize SnBi solder.

Ma et al. [9] added 0.7% Zn nanoparticles into the

SnBi solder and soldered them on the Cu substrate to

obtain the SnBi–Zn/Cu solder joints. The interfacial

reaction and creep resistance of the solder joints

during liquid aging were studied. The results showed

that the coarsening of the Bi-rich phase and the

growth of the Cu–Sn intermetallic compound in the

bulk solder are suppressed due to the addition of

0.7% Zn nanoparticles. Cr powders with several

weight fractions were doped into SnBi solder by Zhu

et al. [10]. The elongation of solder slab and the

ultimate tensile strength (UTS) of solder joint were,

respectively, enhanced by 56% and 10% when the

concentration of Cr was 0.2 wt% in the solder alloy.

Meanwhile, the fracture mechanism changed from

brittle fracture to ductile fracture in both the solder

joint as well as the slab. In addition, other elements,

such as Ag, Sb, Mo, Ni, and In, are also considered as

the additives for SnBi and are investigated widely

[11–14].

Optimizing the surface layer of the solder pad is

also an effective way to improve the quality of SnBi

solder joint [15–17]. The common surface finish pro-

cesses on Cu are, for example, Organic Solderability

Preservative (OSP), Electroless Nickel/Immersion

Gold (ENIG), Hot Air Solder Leveling (HASL), etc.

Besides, small amounts of Ag, Al, Sn, or Zn elements

are also added into the Cu substrate to modify the

performance of SnBi/Cu solder joint [18]. Wang et al.

[19] obtained a SnAgCu (SAC) coated layer on the Cu

pad through the HASL process. The aged SnBi solder

joints on the bare Cu pad showed lower shear

strength and brittle failure through the interfacial

intermetallic compound (IMC) layer, while the SAC-

coated joints displayed higher shear strength and

through-solder ductile failure. In our previous work

[20], the SAC bump was pre-soldered on Cu to work

as an interlayer between SnBi and Cu. The

microstructure and mechanical properties of the sol-

der joint were studied. It was found that the addition

of the SAC bulk suppressed the brittle failure of the

SnBi solder joint. However, the shear strength of the

solder joint showed a decreasing trend.

According to our previous research, SACBN/Cu

solder joint has excellent mechanical properties [21].

To improve the comprehensive performances of SnBi

solder joints, SACBN solder was pre-soldered on a

Cu pad and then SnBi/SACBN/Cu composite solder

joints were obtained. The microstructure, hardness,

shear strength, and fracture mode of the solder joints

under different soldering times are investigated in

this study.

2 Experimental procedures

Commercial Sn0.7Ag0.5Cu3.5Bi0.05Ni (SACBN) sol-

der balls and eutectic Sn58Bi solder paste were the

solder materials used in this study. The melting

temperatures of SnBi and SACBN solder were 139 �C
and 220 �C, respectively. The soldering substrate was

copper pad with a diameter of 640 lm on the printed

circuit board (PCB). Firstly, the PCB was placed in

anhydrous alcohol and cleaned with ultrasonic for

10 min. Secondly, the SACBN balls with a diameter

of 450 lm were soldered by a heating platform at

260 �C for 70 s. Then the soldering samples were

cooled to room temperature and were cleaned with

an ultrasonic cleaner. The SnBi solder paste was

dispensed evenly onto the SACBN/Cu joint by the

Create-PSD solder paste dispenser. Next, the samples

were heated to 160 �C for 40 s, 160 s, and 280 s,

respectively, to obtain the SnBi/SACBN/Cu com-

posite solder joints. The schematic diagram of the

composite solder joint is shown in Fig. 1. For com-

parison, SnBi solder paste was heated at 160 �C for

40 s, 160 s, and 280 s, respectively, to obtain the

SnBi/Cu solder joints with the same size of SnBi/

SACBN/Cu. The height of both kinds of solder joints

is 800 lm. For microstructure observation, cross-sec-

tional samples were prepared by mounting, grinding,

polishing, and etching. The microstructural mor-

phology of the solder joints was observed by scan-

ning electron microscope (SEM). Meanwhile, energy-
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dispersive X-ray spectroscope (EDS) was used to

determine the element distribution. The thickness of

the IMC was calculated in Photoshop using the area

method. Using the scale as a reference, the mean

value of the thickness was calculated through the

pixels of the area and length of the IMC layers. The

shear experiment was carried out by the RESCH PTR-

1000 bond tester. The shear height was set as 45 lm

and the shear speed was 0.1 mm/s. The morphology

of the shear fracture was observed by SEM. The

hardness of the solder bulk was evaluated with a

SHIMADZU DUH-211S indenter. Each solder bump

had been tested at 10 locations to obtain the average

hardness. The loading force and holding time of the

hardness test were set to 100 mN and 10 s.

3 Results and discussion

3.1 Microstructure of the solder joints

Figure 2 shows the microstructure of the SnBi solder

bulks with different soldering times. According to the

previous study, the microstructure of the solder bulks

is mainly composed of the white Bi-rich phase and

the gray b-Sn phase. This is supported by the EDS

result in Fig. 2d. As shown in Fig. 2a, the solder bulk

presents a dense network structure when the sol-

dering time is 40 s. At the same time, the uniformity

of the microstructure is low, and obvious composi-

tion segregation can be observed. As the soldering

time increases, the microstructures in Fig. 2b and c

become more uniform. The composition segregation

is suppressed significantly. Meanwhile, the Bi-rich

and b-Sn grains show a clearly growing tendency. It

is known that atoms undergo an intense thermal

motion in molten alloys during the soldering process.

Therefore, extending soldering time promotes the

uniformity of the solder composition and facilitates

the grain growth in the solder bulk.

Figure 3 presents the SEM micrographs and ele-

ment mapping of Cu in the SnBi/Cu solder joints

with the soldering time of 40, 160, and 280 s,

respectively. Due to the interaction between SnBi

solder and Cu pad, a very thin Cu6Sn5 interfacial IMC

layer forms at the soldering interface as shown in

Fig. 3a. As the soldering time increases, the thickness

of the interface IMC shows an increasing trend.

According to the element mapping results, obvious

diffusion of Cu can be observed from the Cu pad into

the solder bulk during the soldering process. The

driving force for the diffusion is the concentration

gradient of Cu at the interfacial area. As the soldering

time extends, such diffusion becomes more intense.

Consequently, the Cu6Sn5 interfacial IMC layer is

much thicker when the soldering time reaches 280 s,

as presented in Fig. 2c. In addition, those Cu6Sn5

grains present a dendritic morphology embedded

with the Bi-rich grains. Compared with the other area

in the solder bulk, the morphology of the Bi-rich

phases is similar. The difference is that the b-Sn and

Bi-rich eutectic microstructure is replaced by the

Cu6Sn5 and Bi-rich microstructure. It can be seen that

the diffusion of Cu increases the concentration of Cu

in the molten alloy near the interface. Since Cu and Bi

have almost no interaction under these conditions,

Cu reacts with Sn and forms Cu6Sn5 phase during the

reaction. Meanwhile, the Bi element in the liquid

alloy is precipitated as a Bi-rich phase.

Figure 4 shows the cross-sectional morphology and

element mapping results of the SnBi/SACBN/Cu

solder joint with the soldering time of 40 s. As shown

in Fig. 4a, the solder joint includes three parts, SnBi,

SACBN, and Cu pad. Meanwhile, these parts have

two interfaces, which are SnBi/SACBN and SACBN/

Cu. Three selected areas in Fig. 4a are magnified and

are shown in Fig. 4b–d, respectively.

As shown in Fig. 4b, the SnBi area is composed of

b-Sn and Bi-rich phases. Compared with the SnBi/Cu

solder joint in Fig. 2a, the microstructures of SnBi

Fig. 1 Schematic diagram of

the SnBi/SACBN/Cu solder

joint
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bulks in the composite solder joints are quite differ-

ent. Based on the morphology and element mapping

results in Fig. 4d–i, it can be seen that element dif-

fusion occurs at the interface between the SACBN

bulk and the SnBi bulk. On one hand, Sn atoms dif-

fuse from the SACBN bulk into the SnBi bulk during

the second soldering process. The concentration of Sn

in the molten SnBi is increased, and the SnBi eutectic

Fig. 2 Microstructures and

EDS analysis of SnBi solder

bulks on Cu with different

soldering times. a 40 s,

b 160 s, c 280 s, d EDS of the

point in a

Fig. 3 Interfacial IMC and element mapping of Cu in SnBi/Cu solder joints under the soldering time of a and d 40 s, b and e 160 s, c and

f 280 s
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composition transforms to a hypereutectic composi-

tion. During the cooling stage, the b-Sn precipitating

phase is formed in dendrites, as shown in the figure.

On the other hand, regardless of the impact of the

testing noise on the results, it can be seen that a trace

amount of Ag, Cu, Ni elements diffuse from the

SACBN bulk into SnBi, which also has a certain

impact on its microstructure. However, due to the

low content of these elements, such effect is relatively

insignificant, and they usually exist as small IMC

grains. Figure 4c shows the enlarged morphology of

the SACBN/Cu interface. It is clear that when the

SnBi soldering time is 40 s, the interfacial IMC is (Cu,

Ni)6Sn5 in the SnBi/SACBN/Cu solder joint. Com-

pared with the SnBi/Cu solder joint in Fig. 3, the

interface IMC and microstructure of the solder bulk

are changed due to the addition of the SACBN solder

bulk.

Figure 5 shows the microstructure and element

mapping of the SnBi/SACBN/Cu solder joint with

the soldering time of 280 s. As shown in Fig. 5a, it has

a similar structure with the solder joint soldered for

40 s in the second soldering stage as presented in

Fig. 4a. However, the area of the SACBN bulk

decreases with the increase of soldering time. The

increasing soldering time stimulates the diffusion of

atoms from the SACBN bulk into the molten SnBi

alloy during the second soldering process. This phe-

nomenon further increases the Sn content in the SnBi

alloy, resulting in the formation of more b-Sn den-

drites distributing in the SnBi bulk as shown in

Fig. 5a. Meanwhile, the grain size of b-Sn in the SnBi

Fig. 4 Microstructure and element mapping of the SnBi/SACBN/

Cu solder joint with the soldering time of 40 s. a Cross-sectional

view of the joint, b magnified view of the area 1 in a, c magnified

view of the area 3 in a, d magnified view of the area 2 in a, and e–

i element mapping of d
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bulk increases, as presented in Fig. 5b. In Sn–Bi bin-

ary system, when the concentration of Sn increases in

the alloy with a hypereutectic composition, the liq-

uidus temperature increases and thus promotes the

growth of the b-Sn grains. According to the element

mapping in Fig. 5d–i, increasing soldering time

facilitates the diffusion of other elements at the SnBi/

SACBN interface. Among them, Bi element diffuses

from the SnBi alloy into the SACBN bulk. As shown

in Fig. 5c, obvious Bi-rich particles can be observed

near the SACBN/Cu interface. In addition, the (Cu,

Ni)6Sn5 IMC layer at the SACBN/Cu interface is

getting thicker due to the increasing soldering time.

The dominant factor is that the second soldering

process accelerates the diffusion between SACBN

bulk and Cu, which in turn promotes the growth of

the interfacial IMC layer.

Figure 6 presents the IMC thickness in the solder

joints. It can be seen from the figure that the interfa-

cial IMC thickness of SnBi/SACBN/Cu is higher

than that of SnBi/Cu under the same soldering time.

According to the microstructures of the two solder

joints, the interfacial IMC of SnBi/SACBN/Cu is a

(Cu, Ni)6Sn5 compound formed by the interfacial

reaction of SACBN and Cu at 260 �C. Compared with

the Cu6Sn5 at the SnBi/Cu interface, (Cu, Ni)6Sn5 has

more nucleation particles and forms a thicker IMC

layer. In addition, the SnBi eutectic alloy has a large

amount of Bi-rich grains, which hinder the diffusion

of Sn and Cu and suppress the growth of Cu6Sn5 at

the SnBi/Cu interface. It is also a factor for the

Fig. 5 Microstructure and element mapping of the SnBi/SACBN/

Cu solder joint with the soldering time of 280 s. a cross-sectional

view of the joint, b magnified view of the area 1 in a, c magnified

view of the area 3 in a, d magnified view of the area 2 in a, and e–

i element mapping of d
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thickness of SnBi/SACBN/Cu IMC to be larger than

SnBi/Cu. Besides, as presented in the figure, the IMC

layers in the two kinds of solder joints increase.

However, the growth mechanisms of the two are

different. The formation and growth of the interfacial

IMC layer in SnBi/Cu are mainly based on the liq-

uid–solid diffusion between the molten SnBi alloy

and the Cu pad. In contrast, in SnBi/SACBN/Cu

solder joints, the IMC layer is formed during the

soldering process of SACBN/Cu bumps and then

grows due to solid–solid diffusion at the SACBN/Cu

interface during the second soldering stage.

3.2 Mechanical properties of the solder
joints

Figure 7 shows the average hardness of the two kinds

of solder joints with the soldering time of 40 s, 160 s,

and 280 s, respectively. The indentation area is the

center of the SnBi part in the solder joints. The

average hardness of the SnBi/Cu solder joints with a

soldering time of 40 s is 418.3 MPa. The hardness

decreases to 390.5 MPa and 338.2 MPa when the

soldering time is 160 s and 280 s, respectively.

Meanwhile, the average hardness of the SnBi bulks in

the SnBi/SACBN/Cu solder joints is 350.2 MPa,

309.5 MPa, and 284.3 MPa, respectively. It can be

seen that the hardness of the SnBi bulks in the two

solder joints decreases as the soldering time increa-

ses. According to the previous analysis on the

microstructure, increasing soldering time leads to the

increase of the grain sizes of the two types of solder

joints, which is one of the reasons for the decrease of

their hardness. In addition, for SnBi/SACBN/Cu

solder joint, the diffusion of Sn from SACBN into

SnBi increases its Sn content and facilitates the for-

mation of large-size b-Sn grains. Therefore, the

hardness of SnBi in SnBi/SACBN/Cu is lower than

that in SnBi/Cu under the same soldering time. As

the soldering time increases, such diffusion is pro-

moted. This is also a key factor that decreases the

hardness of the SnBi bulks in the SnBi/SACBN/Cu

solder joints as the soldering time increases.

Figure 8 shows the shear strength of the two kinds

of solder joints. The average shear strength of the

SnBi/Cu solder joints with the soldering time of 40 s,

Fig. 6 IMC thickness of the solder joints Fig. 7 Hardness of the SnBi solder bulks

Fig. 8 Shear strength of the solder joints
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160 s, and 280 s is 63.7 MPa, 64.8 MPa, and 75.4 MPa,

respectively. Meanwhile, the average shear strength

of the SnBi/SACBN/Cu solder joints with the sol-

dering time of 40 s, 160 s, and 280 s is 66.1 MPa,

71.4 MPa, and 65.2 MPa, respectively. With the

increase of soldering time, the shear strength of SnBi/

Cu and SnBi/SACBN/Cu appears in different trends.

Due to the high concentration of Bi in the SnBi

eutectic solder, a large amount of Bi-rich grains

generate and are located on the interfacial IMC layer.

The growth of the IMC layer is suppressed and pre-

sents a thin and flat morphology in the solder joint.

The extension of the soldering time stimulates the

interfacial diffusion between the molten SnBi solder

and the Cu pad. As shown in Fig. 3, more Cu atoms

diffuse into the SnBi solder bulk because of the

increasing soldering time. It has a positive effect on

improving its mechanical performance. Therefore,

the shear strength of the SnBi/Cu solder joints

increases with the increase of the soldering time.

Figure 9 shows the shear fracture morphology and

element mapping of the SnBi/Cu solder joints. It can

be seen from the figure that the fracture position of

the three solder joints is all in the SnBi bulks near the

SnBi/Cu interface. According to the shear morphol-

ogy in Fig. 9a–c and the element mapping in Fig. 9g–

i, it can be seen that as the soldering time increases,

the fracture position tends to extend toward the

interface. This phenomenon is consistent with the

previous analysis. It shows that the diffusion of Cu

into the solder bulk can improve its strength. In

addition, this strengthening suppresses the defor-

mation of the solder bulks and appears increasingly

in brittle features during the shear process, as shown

in Fig. 9d–f.

The shear strength of the SnBi/SACBN/Cu solder

joint increases as the soldering time increases from 40

to 160 s but decreases when the soldering time

reaches 280 s. Based on the analysis of microstruc-

ture, increasing soldering time promotes the ele-

mental diffusion from SACBN into SnBi. It has a

significant impact on the fracture mode of the solder

joint as is shown in Fig. 10. When the soldering time

is 40 s, as shown in Fig. 10a and g, the shear fracture

Fig. 9 Shear fracture and element mapping of the SnBi/Cu solder joints with the soldering time of a, d, and f 40 s, b, e, and h 160 s, c, f,

and i 280 s
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is mainly located in SACBN bulk. Bi can only be

detected at the edge of the fracture. As shown in

Fig. 10d, where this area is partially enlarged, the

microstructure of SACBN and SnBi can be observed.

It can be deduced that the fracture generates in the

SnBi bulk at the edge of the solder joint, and then

propagates into the SACBN bulk during the shearing

process. When the soldering time is increased to

160 s, the SACBN bulk further diffuses into the SnBi

bulk, leading to the transformation of the fracture

mode, as shown in Fig. 10b. According to the element

mapping in Fig. 10h, the fracture surface is mainly

composed of SnBi alloy and interfacial IMC, which

can be observed in the magnified view in Fig. 10e. It

is clear that the diffusion of SACBN does not only

lead to the microstructural transformation of the SnBi

bulk but also affects the crack propagation in the

solder joint. Consequently, the shear strength of the

solder joint increases when the soldering time

reaches 160 s. As shown in Fig. 10c, f, and i, when the

soldering time increases to 280 s, SACBN diffuses in

a large amount, and the crack is completely inside the

SnBi bulk. Therefore, the enhancement of the SACBN

bulk is suppressed since it has a limited effect on

crack propagation, and thus the shear strength is

reduced. According to the results and discussion, it

can be summarized that soldering time has a signif-

icant impact on the shear strength and fracture mode

of the SnBi/SACBN/Cu solder joints.

Fig. 10 Shear fracture and element mapping of the SnBi/SACBN/Cu solder joints with the soldering time of a, d, and f 40 s, b, e, and

h 160 s, c, f, and i 280 s
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4 Conclusions

1. The SACBN bump diffuses into SnBi in the SnBi/

SACBN/Cu solder joint during the soldering

process, which changes the composition of the

liquid SnBi alloy, thereby affecting the

microstructure and mechanical properties of the

solder joint.

2. The growth of the (Cu, Ni)6Sn5 interfacial IMC in

SnBi/SACBN/Cu solder joint is mainly based on

solid–solid diffusion. Its growth rate is lower than

that of the IMC based on liquid–solid diffusion in

SnBi/Cu.

3. Increasing soldering time promotes the diffusion

of SACBN into SnBi. The geometric size of the

SACBN bulk in the SnBi/SACBN/Cu solder joint

has a significant effect on its shear strength and

fracture mode.

4. With the optimization of soldering time, the

addition of SACBN bulk can improve the

mechanical properties of SnBi solder joint.
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