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Effects of Sn-Ag-x layers on the solderability and mechanical properties of 
Sn-58Bi solder
Shuang Zhanga,b, Yang Liu b, Hao Zhangc, Min Zhoub, Yuxiong Xueb, Xianghua Zengb, Rongxing Caob 

and Penghui Chenb

aSchool of Material Science and Engineering, Harbin University of Science and Technology, Harbin, China; bCollege of Electrical, Energy 
and Power Engineering, Yangzhou University, Yangzhou, China; cDepartment of Microelectronics, Delft University of Technology, Delft, 
The Netherlands

ABSTRACT
Sn-Ag-x solders were used as the interfacial layers between SnBi solder and Cu substrate. The 
effects of Sn-Ag-x layers on the solderability, microstructure, and mechanical properties of SnBi 
solder joint were investigated. Experimental results indicate that all the barrier layers have 
positive effects on improving the wettability of SnBi solder. The relative area and grain size of β- 
Sn was enlarged due to the addition of Sn-Ag-x layers. Meanwhile, the addition of the 
interfacial layers decreased the hardness of the SnBi solder joint. The addition of Sn-Ag-x layers 
increased the thickness of the interfacial intermetallic compound (IMC) but had limited effects 
on the shear force of the SnBi solder joint. Due to the addition of the interfacial layers, the 
brittleness of the SnBi/Cu solder joints during the shear test was slightly suppressed.
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1. Introduction

Modern electronic equipment is developing towards 
lightweight and high integration, which puts forward 
higher requirements for packaging materials and 
structures. The life of electronic equipment usually 
depends on the quality of the solder joints. With the 
development of lead-free soldering technology in 
recent years, SnBi solder has attracted attention due 
to its low melting temperature, low cost and wide 
usage in the field of low-temperature soldering [1,2]. 
However, because the SnBi alloy contains a large 
amount of coarse Bi-rich phases, the plasticity of 
the solder joints deteriorates. In addition, the wett-
ability and thermal conductivity of SnBi solder are 
also important aspects to be improved.

Adding trace elements is the common method to 
improve the microstructure and property of the 
SnBi solder alloy. Yang et al. [3] introduced that 
the microstructure of SnBi solder was refined with 
the addition of 0.25 wt.% Mo. The failure mode of 
SnBi-0.25Mo solder joints changed from brittle 
fracture to mixed fracture. Mokhtari et al. [4] 
found that adding a small amount of In or Ni ele-
ments into SnBi solder effectively suppressed the 
growth of the interfacial IMC and the coarsening 
of Bi-rich phase during the isothermal ageing treat-
ment. Chen et al. [5] found that the elongation of 
Sn-Bi solder was increased by 44.5% after adding 

2.5% In element. Additionally, as indicated by 
Wang et al. [6], the addition of In element could 
effectively reduce the melting point of the solder 
and improve the wettability. Wu et al. [7] added 
Cu into the SnBi solder paste. The results showed 
that an appropriate amount of Cu element refined 
the structure and increased the ultimate tensile 
strength of the SnBi solder alloy. Myung et al. [8] 
studied the addition of Ag into SnBi solders, and the 
results showed that the shear strength of the solder 
joint was improved after adding 1 wt.% Ag.

Another way to improve the soldering quality of 
SnBi solder is to add coating layers on the soldering 
substrates. Sn-Ag-x solders, such as Sn-Ag-Cu, show 
better ductility and thermal ageing resistance than 
SnBi does. Therefore, such solders are considered as 
the interfacial layers between SnBi and pad materials 
[9]. Wang et al. [10] obtained a 5 μm-thick SnAgCu 
coating on the surface of Cu substrate by Hot Air 
Soldering Levelling (HASL) method, which effectively 
inhibited the growth of the intermetallic compound 
(IMC) layer on the interface of SnBi/Cu solder joints 
during ageing. Liu et al. [11] adopted the SAC305 
solder balls to form the SnBi/SAC305/Cu composite 
structure. The results showed that SAC305 bumps had 
positive effects on suppressing the brittle failure of the 
SnBi solder joints.

In this work, four kinds of Sn-Ag-x solder layers 
were coated on Cu pads. The solderability, 
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microstructure, and mechanical properties of the 
SnBi/Sn-Ag-x/Cu solder joints were investigated.

2. Experimental procedure

The solder materials used in this work were com-
mercial Sn-3.0Ag-0.5Cu (SAC305), Sn-0.3Ag-0.7Cu 
(SAC0307), Sn-0.3Ag-0.7Cu-0.5Bi-Ni (SACBN), 
Sn-3.0Ag-3.0Bi-3.0In (SABI333), Sn-58Bi (SnBi) 
solder pastes. The substrates were Cu pads with an 
open diameter of 640 μm on the PCB. Firstly, 
a small amount of the SAC305, SAC0307, SACBN 
and SABI333 solder pastes were soldered onto the 
Cu pads, respectively. The parts higher than the 
solder barrier layer were grinded with sandpaper. 
Figure 1 shows the structure of the barrier layer 
formed by SAC305 solder after the above treatment. 
The structures of the barrier layer of the other three 
solders, SAC0307, SACBN, and SABI333 are the 
same as shown in Figure 1, among which the solder-
ing temperature of SAC305, SAC0307, SACBN onto 
the Cu pads was 260°C. The soldering temperature 
of SABI333 solder onto the Cu pads was 230°C, and 
the time was 80s. Secondly, the SnBi solder paste 

was dispensed onto the barrier layer by the Create- 
PSD solder paste dispenser. Then, the samples were 
soldered at 180°C for 80s to form the solder joints. 
The schematic diagram of manufacturing this struc-
ture is shown in Figure 2. For comparison, the pure 
SnBi/Cu solder joint was also soldered at 180°C for 
80s. Here, the height of the five kinds of solder joints 
was about 610 μm.

The as-soldered samples were cross-sectioned by 
grinding and polishing. The microstructure and 
chemical composition of the solder joint were char-
acterized by scanning electron microscopy (SEM) 
and energy-dispersive spectrum (EDS). In order to 
study the impact of the barrier layer on the mechan-
ical properties of SnBi solder, the shear force of 
solder joints was obtained by RESCH PTR-1100 
tester. Here the shear height was set as 45 μm, and 
the shear speed was set as 0.02 mm/s. The hardness 
of solder joints was obtained by SHIMADZU DUH- 
211S nanoindentation tester. The test force was 
20 mN and the loading speed was 5 mN/s. The 
Poisson’s ratio of SnBi solder was 0.35. The fracture 
morphologies were observed by SEM. According to 
the Japanese Industrial Standard JIS-Z3197, the 

Figure 1. The structure of the barrier layer formed by the SAC305 solder paste.

Figure 2. Manufacturing process and schematic diagram of the solder joint with barrier layer.
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spread coefficient K was used to evaluate the wett-
ability of the SnBi solder on SAC305, SAC0307, 
SACBN, and SABI333 solders. K was defined as 
follows: 

K ¼
D � H

D
� 100% (1) 

Where K was the spreading coefficient (%), H was the 
height after solder spreading (mm), and D was the 
diameter of a sphere equal to the volume of 
solder (mm).

3. Results and discussion

3.1. Wettability

Wettability is one of the important characteristics to 
evaluate the solderability of the lead-free solder [12]. 
In this study, the wettability of SnBi solder on barrier 
layer is evaluated by spreading coefficient. The calcu-
lation method is shown in Equation (1). The spreading 
coefficient of the SnBi solder on barrier layer is shown 
in Figure 3. The experimental results are the average 
values of the five tests of each sample, which are larger 
than that on the Cu substrate. The spreading coeffi-
cient of SnBi on the SAC305 and SAC0307 barrier 
layers increases by 6.2% compared to that on the Cu 
pad, from 0.81 to 0.86. The spreading coefficient on 
the SACBN barrier layer reaches 0.87. The spreading 
coefficient of SnBi on the SABI333 barrier layer is 0.89, 
which is the largest spreading coefficient. The wett-
ability of the SnBi solder on the barrier layer is better 
than that on the Cu board. The reason may be that the 
barrier layer is Sn-based solder. The Sn element dif-
fuses into the liquid SnBi solder during the heating 
process, thus reducing the interface energy between 
the solder and the barrier layer to reduce the surface 
tension. In addition, Bi is a surface-active element [13]. 
It can reduce the surface tension of liquid solder and 

promote the spread of the solder on substrate. The 
surface-active element Bi exists in the two barrier 
layers of SACBN and SABI333 and further reduces 
the surface tension, so the wettability is relatively good.

3.2. Microstructure of solder joints

Figure 4(a–e) shows the SEM microstructures of the 
Sn-Bi bulk solder in the five types of the solder joints. 
The SnBi/Cu solder joints have a typical eutectic struc-
ture. The bright area is the Bi-rich phase, and the dark 
area is the Sn-rich phase, as shown in Figure 4(a). This 
is consistent with the previous researches [14,15]. 
From the Figure 4(b–e) of SnBi/SAC305/Cu, SnBi/ 
SAC0307/Cu, SnBi/SACBN/Cu, SnBi/SABI333/Cu 
solder joints, it can be observed that the structures 
formed by the four solder joints are similar, which 
are composed of two parts: eutectic structure and 
quasi-peritectic structures (the parts are circled in 
red). Each part contains Sn-rich phase and Bi-rich 
phase. The formation of these two parts can be 
explained by the Sn-Bi binary eutectic phase diagram. 
There are two reactions during the heating process. 
One is the eutectic reaction L→ Sn + Bi that occurs at 
the eutectic point. The other is L + β→ Sn + Bi during 
which the Sn element in the barrier layer dissolves into 
the molten SnBi solder, so the microstructure changes 
in the hypoeutectic zone. There are more quasi- 
peritectic structures in Figure 4(b–e) compared with 
the typical Sn-58Bi eutectic structure. At the same 
time, it can be clearly found that the structures in 
Figure 4(b–e) are thicker than that in Figure 4(a), 
and the β-Sn and Bi phases are larger in size. Figure 
4(f) is the EDS result of the corresponding point in 
Figure 4(a). The Ag, Cu and other elements form the 
intermetallic compound Ag3Sn, Cu6Sn5 and 
other second-phase particles in the microstructure. 
The second-phase particles act as heterogeneous 

Figure 3. Effects of the barrier layer on the spreadability of SnBi solder.
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nucleation points and accelerate the nucleation rate 
during the cooling and solidification process. 
However, the Bi particles attached to these particles 
have no time to diffuse from β-Sn. Thus, there are 
some quasi-peritectic structures in Figure 4(b–e).

The interface microstructures of SnBi solder on 
the bare Cu substrate and the Sn-Ag-x barrier layer 
are shown in Figure 5. Figure 5(a) shows the SnBi/ 
Cu solder joint. The solder part has a typical SnBi 
eutectic structure, and a compound is formed at the 
interface as a connection. The interfacial IMC 
formed by SnBi/Cu solder joint is Cu6Sn5 according 
to the reported work [16]. This study obtains the 
same result, as shown in Table 1. Due to the high 
content of Bi in the solder, a large number of Bi 
blocks form in the solder joint and cover on Cu6Sn5. 
The IMC exhibits thin and flat morphology due to 
the growth inhibition. At the interface, the pre- 
prepared barrier layer completely dissolves into 

the SnBi solder (Figure 5(b–e)), and a thicker IMC 
layer can be observed between the solder and the Cu 
pad. Figure 5(f) shows that the IMC composition in 
Figure 5(d) is (Cu, Ni)6Sn5. Table 1 shows the EDS 
results of points 1, 2, 3, 4, and 5 in Figure 5. It can be 
seen that except that the SnBi/SACBN/Cu solder 
joint interface IMC forms (Cu, Ni)6Sn5, the compo-
sition of the other four solder joint interface IMCs 
are all Cu6Sn5. The growth of Cu6Sn5 at the inter-
face can be expressed by the following reaction: 

6Cuþ 5Sn! Cu6Sn5 (2) 

The formation of Cu6Sn5 is usually formed by 
a chemical reaction between Sn atoms in the molten 
solder and Cu atoms in the Cu substrate. It plays an 
important role in Cu6Sn5 IMC formation and growth 
[17]. During the subsequent heating process, the grain 
boundaries between Cu6Sn5 as diffusion channels are 
used by the Cu atoms in the Cu substrate, and diffuse 

Figure 4. SEM microstructures of SnBi solder on the bare Cu pad (a) and on the SAC305, SAC0307, SACBN, SABI333 barrier layer (b– 
e), (f) EDS of the point in (a).

Figure 5. Interfacial structures of Sn–58Bi solder on the bare Cu pad (a) and on the SAC305, SAC0307, SACBN, SABI333 barrier 
layers (b–e), (f) EDS of the point 4.
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into the liquid solder and react with the Sn atoms in 
the solder, thereby thickening the Cu6Sn5 IMC. 
Therefore, the reason why the IMC of the four solder 
joints of SnBi/SAC305/Cu, SnBi/SAC0307/Cu, SnBi/ 
SACBN/Cu, SnBi/SABI333/Cu is thicker than that of 
the IMC of the SnBi/Cu solder joint can be explained 
as Cu6Sn5 or (Cu, Ni)6Sn5 has been formed at the 
interface when preparing the barrier layer. During 
the second soldering process, the barrier layers dis-
solve into the liquid SnBi solder. When the liquid 
solder contacts the Cu6Sn5 or (Cu, Ni)6Sn5 IMC 
layer generated during the first soldering process, the 
Sn atoms in the solder directly react with the Cu atoms 
diffused through the Cu6Sn5 or (Cu, Ni)6Sn5 grain 
boundaries in the Cu pad, resulting in the thickening 
of IMC. The inconsistent growth of the IMC thickness 
may be due to the difference in the particle size of the 
IMC generated during the first soldering, resulting in 
the difference in the number of grain boundaries, 
thereby affecting the diffusion flux of Cu atoms.

3.3. Hardness and shear behaviour on solder 
joints

The nanoindentation is a common method to test the 
hardness of solder joints [18,19]. The nanoindentation 
experiment is used to test the hardness of the solder in 
the five solder joints, and the results are shown in 
Figure 6. Figure 6(a) shows the load–depth relation-
ship of the composite solder joints. It can be seen from 

the curve that the depth of the indentation increases 
with the increase in the loading force. Under the test 
conditions, the indentation depth of the bulk solder of 
the SnBi/Cu solder joint is about 1.4 μm. This depth is 
the smallest of all the tested solder joints. After adding 
a barrier layer to the SnBi/Cu interface, the solder 
indentation depth of the solder joint body increases 
to varying degrees, among which SnBi/SAC0307/Cu 
solder joints have the largest indentation depth of bulk 
solder.

Figure 6(b) shows the influence of the barrier layer 
on the hardness of SnBi solder. The average hardness 
of the bulk solder of the SnBi/Cu solder joint is 
357.6MPa, which is significantly higher than the aver-
age hardness of the solder joint after adding a barrier 
layer. According to reference [18], the hardness of the 
pure SnBi solder is about 166.5MPa. The hardness 
tested in this paper is higher than this value. This is 
due to the continuous diffusion of Cu on the substrate 
into the SnBi solder bulk during the soldering process. 
Therefore, the hardness of the SnBi solder bulk 
increases. In particular, the average hardness of the 
bulk solder of the SnBi/SAC0307/Cu solder joint is 
255.1MPa. Compared with SnBi/Cu solder joints, the 
hardness of bulk solder has decreased by 28.7%, which 
is the lowest among the five solder joints. In addition, 
the bulk solder hardness of SnBi/SACBN/Cu solder 
joints and SnBi/SABI333/Cu solder joints is higher 
than that of SnBi/SAC0307/Cu solder joints and 
SnBi/SAC305/Cu solder joints. From the microstruc-
ture of the solder joints, it can be seen that with the 
addition of barrier layers at the interface of SnBi/Cu, 
the Sn concentration, β-Sn, and Bi phase sizes increase 
in the SnBi block. The increase of β-Sn size is the main 
factor leading to the decrease in solder hardness 
[20,21]. In SnBi/SACBN/Cu solder joints and SnBi/ 
SABI333/Cu solder joints, because the barrier layer is 
dissolved into the SnBi solder during the heating 

Table 1. EDS analysis results of different point in Figure 5.

Point

At%

Sn Cu Bi Ag In Ni

Point 1 48.22 51.38 0.4 / / /
Point 2 44.47 54.89 0.42 0.22 / /
Point 3 42.65 57 0.35 0 / /
Point 4 39.71 57.42 0.3 0 / 2.57
Point 5 47.96 51.26 0.62 0.02 0.14 /

Figure 6. Results of the hardness test (a) hardness curves of the five kinds of solder joints. (b) hardness of the five kinds of solder 
joints.
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process, the Bi, Ag, Ni, and In elements diffuse into the 
solder, and form the second-phase particles, which is 
considered as the solder joint body the main reason for 
the increase in the hardness of the solder.

In order to study the influence of the barrier layer 
on the shear performance of SnBi solder, the ball shear 
test method is used to evaluate the shear force of SnBi 
solder. The results are shown in Figure 7. Figure 7(a) 
shows the comparison of the shear force of SnBi solder 
on different barrier layers. It can be seen that the shear 
forces of several solder joints are similar. Therefore, 
the addition of barrier layer has no obvious effects on 
the shear force of SnBi solder. Figure 7(b–f) is the 
force–distance relationship of the five solder joints 
shear tests of SnBi/Cu, SnBi/SAC305/Cu, SnBi/ 
SAC0307/Cu, SnBi/SACBN/Cu, SnBi/SABI333/Cu. 
The results show that the shear curves of the five 
kinds of solder joints are similar, and the shear force 
decreases sharply after reaching the peak value, and 
the solder joints show the typical brittle fracture. 
However, the SnBi/Cu solder shows high shear force. 
The strengthening phase Bi leads to this result [22]. In 
addition, by calculating the distance before the solder 
joint is completely broken, it is found that the com-
plete fracture distance of the SnBi/Cu solder joint is 
0.192 mm, which is the smallest of the five solder 
joints. The complete fracture distance of the solder 
joints with the barrier layer added is larger than that of 
the SnBi/Cu solder joints. The SnBi/SACBN/Cu solder 
joint has the largest fracture distance, which is 
0.248 mm. It increases 29.1%.

It is generally believed that the shear force is related 
to the thickness of the interface IMC [10]. In this 

study, the thickness of the interface IMC in the solder 
joints formed by adding a barrier layer is thicker than 
that of the interface IMC formed by SnBi solder on 
bare Cu, as shown in Figure 5(a–e). The shear test 
results show that there is little difference in the shear 
force of the five solder joints. For this phenomenon, 
the possible reason is the Cu6Sn5 or (Cu, Ni)6Sn5 

crystal grain formed at the interface in the five solder 
joints. The contact area between the crystal grain and 
the solder of the SnBi/SAC305/Cu, SnBi/SAC0307/ 
Cu, SnBi/SACBN/Cu, SnBi/SABI333/Cu solder joints 
are more than SnBi/Cu solder joint. The interface IMC 
particles are more embedded in solder. It can hinder 
the movement of dislocations and crack propagation 
in the bulk solder during the shearing process, which 
helps to increase the shearing force of the solder joints, 
thereby making up for the defect that the shearing 
force is reduced due to the increase of the interface 
IMC thickness. At the same time, the x element dis-
solves into SnBi solder, which destroys the original 
eutectic reaction and forms more quasi-peritectic 
structures in SnBi solder. It has a positive effect on 
the shear behaviour of solder joints.

Figure 8 shows the fracture morphologies of solder 
joints after shear test. The fracture of the SnBi solder 
joint occurs inside the SnBi solder matrix, as shown in 
Figure 8(a). The typical layered structure and a large 
amount of Bi phase of SnBi solder can be seen by 
observing the local morphology of the fracture, as 
shown in Figure 8(b). It can be judged that the failure 
mode of SnBi solder is brittle fracture [23]. Figure 8(c, 
e,g,i) are the macroscopic fracture shapes of the four 
solder joints of SnBi/SAC305/Cu, SnBi/SAC0307/Cu, 

Figure 7. Results of the shear test (a) shear force of the five kinds of solder joints. (b–f) shear curves of SnBi/Cu, SnBi/SAC305/Cu, 
SnBi/SAC0307/Cu, SnBi/SACBN/Cu, SnBi/SABI333/Cu solder joints.
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SnBi/SACBN/Cu, SnBi/SABI333/Cu appearance. It 
can be seen that the fracture position is the same with 
the SnBi/Cu solder joint, and it is still inside the SnBi 
solder matrix. But the difference is that the solder 

residue on the fracture of the solder joint with the 
barrier layer is more than that of SnBi/Cu solder 
joint. As shown in the microstructure and shear 
curve of the solder joints, the addition of the Sn-Ag-x 

Figure 8. The macroscopic and microscopic fracture morphologies on solder joints: (a,b), SnBi/Cu; (c–d), SnBi/SAC305/Cu; (e,f), 
SnBi/SAC0307/Cu; (g,h), SnBi/SACBN/Cu; (i,j), SnBi/SABI333/Cu.
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layers enlarges the β-Sn grains and leads to the increase 
in shear distance. Therefore, it can be deduced that the 
addition of the interfacial layers has positive effects on 
the ductility improvement of the SnBi solder joint.

4. Conclusions

Sn-Ag-x layers were coated on Cu pads and were 
used as the interfacial layers between SnBi and Cu. 
The effects of the barrier layer on the wettability, 
microstructure, interfacial IMC, hardness and shear 
behaviour of SnBi solder joints were studied.

(1) The wettability of SnBi on Cu was signifi-
cantly improved by the addition of Sn-Ag-x 
layers.

(2) The composite solder joints showed a larger 
grain size of β-Sn but lower hardness than the 
SnBi/Cu joint did.

(3) The addition of the Sn-Ag-x layers had limited 
effects on the shear force of SnBi solder joint.

(4) The addition of the interfacial layers had 
positive effects on the ductility improvement 
of the SnBi solder joint.
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