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Abstract: The effect of Sb content on the properties of Sn−Bi solders was studied. The nonequilibrium melting behaviors of a series 
of Sn−Bi−Sb solders were examined by differential scanning calorimetry (DSC). The spreading test was carried out to characterize 
the wettability of Sn−Bi−Sb solders on Cu substrate. The mechanical properties of the solders/Cu joints were evaluated. The results 
show that the ternary alloy solders contain eutectic structure resulting from quasi-peritetic reaction. With the increase of Sb content, 
the amount of the eutectic structure increases. At a heating rate of 5 °C/min, Sn−Bi−Sb alloys exhibit a higher melting point and a 
wider melting range. A small amount of Sb has an impact on the wettability of Sn−Bi solders. The reaction layers form during 
spreading process. Sb is detected in the reaction layer while Bi is not detected. The total thickness of reaction layer between solder 
and Cu increases with the increase of the Sb content. The shear strength of the Sn−Bi−Sb solders increases as the Sb content 
increases. 
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1 Introduction 
 

Solder material plays a crucial role in providing the 
necessary electrical and mechanical interconnections in 
an electronic assembly. Sn−Pb solders have been widely 
used throughout the electronic packaging industries. 
However, mounting healthy and environmental concerns 
over the toxicity of Pb present in these alloys have led to 
the banning of its use in electronics manufacturing by 
USA, Japan, and European Union [1−4]. As a 
consequence, the study on lead-free solders attracts more 
and more world-wide attention. In many cases, 
components that are sensitive to temperature [5,6] need 
to be soldered at or below 200 °C. It brings the low 
temperature soldering issue. The eutectic temperature of 
Sn−Bi binary alloys is 138 °C, which obviously meets 
the temperature requirement of low-temperature 
soldering [7]. The low melting point gives the alloy an 
advantage in outer packaging [8]. However, the 
segregation of impurities always seriously deteriorates 
physical and mechanical properties of the material, so 
does Bi segregation [9]. The wettability of Sn−58Bi is 
poorer than that of Sn−Pb solders [10,11]. ZHU et al [12] 

tried to employ electrodeposition of Ag thin film onto the 
Cu substrate to successfully prevent the interfacial 
embrittlement of SnBi/Cu interconnects even after a long 
time aging. LI et al [13] studied the effect of rapid 
cooling on the properties of Sn−20Bi−X alloys. 
MANASIJEVIC et al [14] studied the phase equilibrium 
and thermodynamics of Sn−Bi−Sb system. In this work, 
a small amount of Sb was added in Sn−Bi solders while 
the content of Bi decreased. One attempts to reduce the 
adverse effect of Bi in Sn−Bi solder by lowering its 
content, while maintaining the wettability. 
 
2 Experimental 
 

The Sn−Bi−Sb alloys were prepared from pure Sn 
and Bi (both 99.95%, mass fraction) and pure Sb(99.5%, 
mass fraction). Sb was added in the form of Sn−Sb 
intermediate alloys. Required quantities of alloys were 
melted in a pit furnace under a nitrogen atmosphere. 
After the Sn−Sb alloys were molten and cooled for a 
while, the melt was thoroughly agitated and the dross 
was erased. Then, Bi particles were added into the 
molten Sn and Sn−Sb intermediate alloys at 280 °C in a 
crucible. The melt was agitated to effect homogenization. 
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The casting was done in air. The designated 
compositions were considered the actual ones. 

The microstructures of the specimens were analyzed 
by scanning electron microscopy (SEM) and optical 
microscopy. The fracture morphologies of solder/Cu 
joints were analyzed by SEM. The compositional 
profiles near the interface were analyzed by energy 
dispersive X-ray diffraction (EDX). Phase identification 
was carried out using an X-ray diffractometer operated at 
40 kV, and Cu Kα radiation was used, with diffraction 
angle 2θ from 10° to 90° and a scanning speed of      
2 (°)/min. The differential scanning calorimetry (DSC) 
was carried out in a NETZSCH simultaneous DSC−TG 
at a heating rate of 5 K/min. The test was operated within 
the range of room temperature (RT) to 200 °C. 

The spreading test was carried out to evaluate the 
wettability of Sn−Bi−Sb solders on Cu substrate. The Cu 
sheets (5 mm×5 mm×0.1 mm) were treated in an 
aqueous solution of 1% HCl (volume fraction) and then 
an aqueous solution of 0.3% NaOH (volume fraction), 
followed by ultrasonically cleaning in ethanol. The 
spreading ratio (SR) was calculated as follows: 

 

%100R ×
−

=
D

HDS                           (1) 
 

where H stands for the height of solders after spreading; 

D stands for the diameter of solder balls. For one alloy, 
the average spreading ratio of at least three tests was 
used to measure its wettability on Cu substrate. 

According to Japan industry standard JIS Z 3198−5 
[15], the novel shear specimen (as shown in Fig. 1) was 
adopted to evaluate the mechanical properties of the 
solder joints with a CMT 4503 material testing machine. 
The shear speed was set as 2 mm/min. The Cu substrate 
had dimensions of 30 mm×5 mm×2 mm. The thickness 
between the two substrates was 0.3 mm. The substrate 
was put in the flux and dipped into the melting solders 
for 30 s. After soldering, a wedge was cut on each side of 
the joint. The gap between two wedges was 8 mm. 

 

 
Fig. 1 Schematic illusion of shear strength tests for solder joints  
 
3 Results and discussion 
 
3.1 Structure 

Figure 2 shows the microstructures of Sn−58Bi  
and Sn−Bi−Sb alloys. Sn−58Bi alloy shows the typical 

 

 
Fig. 2 SEM images of Sn−58Bi and Sn−Bi−Sb alloys: (a), (d) Sn−58Bi; (b), (e) Sn−52Bi−1.8Sb; (c), (f) Sn−48Bi−1.8Sb;         
(g) Sn−48Bi−1.4Sb; (h) Sn−48Bi−1.8Sb; (i) Sn−48Bi−2.4Sb 
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eutectic structure. The dark region is Sn phase and the 
white region represents Bi phase. For Sn−Bi−Sb alloys, 
two kinds of structures, i.e. Parts A and B are observed. 
Each part contains two phases, the dark phase and the 
light phase shown, respectively in the pictures (Figs. 2(e) 
and (f)). 

Figure 3 and Table 1 show the EDX results of 
Sn−Bi−Sb alloy. It is seen that the dark phase is Sn phase 
and the light phase is Bi-rich phase. Previous 
thermodynamics studies [16,17] show that there are two 
reactions around the designed compositions. One is the 
eutectic reaction L→(Sn)+(Bi). The other is the 
quarternary quasi-peritectic reaction L+β→(Sn)+(Bi). 
Compared with the typical eutectic structure of Sn−58Bi, 
it can be concluded that part A in Figs. 2(e) and (f) is 
quasi-peritectic structure and part B in Figs. 2(e) and (f) 
is eutectic structure. 

When Bi content changes, the proportion of each 
structure does not change much (Figs. 2(b), (c)). 
However, the proportion of quasi-peritectic structure 
increases as the Sb content increases (Figs. 2(g), (h), (i)). 
These are in agreement with results shown in the XRD 
patterns. Figure 4 shows the XRD patterns for different 
solders. For Sn−48Bi−xSb alloys, the intensity of β phase 
increases when the Sb content increases. For 
Sn−xBi−1.8Sb alloys, similar trend is not observed. 
 
3.2 DSC 

Figures 5 and 6 show the DSC profiles of nine 

Sn−Bi−Sb alloys. The temperatures of the endothermic 
peaks are shown in Table 2 and Table 3. Table 2 and 
Table 3 also give the melting ranges of these alloys 
derived from the DSC profiles. For Sn−Bi−Sb alloys, the 
melting behavior is different from that seen in eutectic 
alloy (Figs. 5 and 6). All the main peaks appear around 
147 °C. The melting range of all Sn−Bi−Sb alloys is 
larger than that of the eutectic alloy. Second peaks are 
observed in many DSC profiles of Sn−Bi−Sb alloys. As 
the Bi content is reduced, the melting range becomes 
large obviously (Table 2). Meanwhile, when Sb content 
changes, the melting range and liquidus temperature 
reach the maximum around the Sn−48Bi−1.8Sb 
composition, and then starts to drop (Table 3). For 
melting range, it may be attributed to the fact that the 
proportion of eutectic structure will change when Bi or 
Sb content changes. For liquidus temperature, it is found 
that the primary phase changes to β phase when the Sb 
content is more than 1.8%. The second peaks imply that 
the remaining primary phases continue to melt after 
quasi-peritectic reaction. Because the temperature of 
quasi-peritectic reaction is 140 °C [17], which is close to 
the eutectic temperature, the two reaction peaks tend to 
overlap, indicating that the Sn−52Bi−1.8Sb composition 
is close to the quasi-peritectic composition. 

 
3.3 Wettability and interfacial structure of Sn−Bi−Sb/ 

Cu 
Resin flux and organic flux were used in the 

 

 
Fig. 3 EDX analysis of Sn−Bi−Sb alloy: (a) Light phase in part A; (b) Dark phase in part A; (c) Light phase in part B; (d) Dark phase 
in part B 
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Table 1 EDX analysis results of different phases in Fig. 3 

Mass fraction/% 
Phase 

Sn Bi Sb 

Light phase in part A 43.76 53.52 2.72 

Dark phase in part A 85.88 12.99 1.13 

Light phase in part B 2.16 96.72 1.12 

Dark phase in part B 83.50 15.05 1.45 

 

 
Fig. 4 XRD patterns of Sn−xBi−1.8Sb (a) and Sn−48Bi−xSb 
alloys (b) 
 

 
Fig. 5 DSC profiles for Sn−xBi−1.8Sb alloys and Sn−58Bi 
alloy (on heating) 

 

 

Fig. 6 DSC profiles for Sn−48Bi−xSb alloys (on heating) 
 
spreading test, respectively. Figure 7 shows the results of 
the spreading test. It is seen that when the Sb content is 
fixed, the highest spreading ratio reaches at Bi content of 
48%. For the alloys with Sb content changing, the 
spreading ratio first increases and then drops, reaching 
the summit when Sb content is 2.0%. For all the 
Sn−Bi−Sb solders, the highest spreading ratio is 78.2%, 
which is higher than that of Sn−58Bi. The resin flux and 
organic flux show similar change with the variation of Bi 
and Sb contents, while organic flux behaves better. 

The spreading ratio of Sn−Bi−Sb solders is affected 
by three factors, liquidus temperature, physical wetting 
and reactive wetting [18,19]. In this work, Bi mainly 
affects the wettability of Sn−Bi−Sb alloys on Cu 
substrate from two aspects. On one hand, increasing Bi 
can enhance the degree of overheating, as shown in Table 
2, which favors the wetting. On the other hand, higher Bi, 
which means lower Sn, causes the reactive wetting to 
decrease. The decline of reactive wetting impedes the 
wettability. The results show that the spreading ratio 
changes a little when Bi content changes. Sb also affects 
the wettability from two aspects. Higher Sb accelerates 
the reactive wetting while the degree of overheating 
decreases. When the Sb content changes from 1.0% to 
1.8%, the degree of overheating decreases and reactive 
wetting accelerates, which leads to the similar spreading 
ratio. As the Sb content continues to increase to 2.8%, 
the compounds generated from excessive reaction 
between solders and Cu block the solder to spread [20]. 
As a consequence, the optimum Sb content for wetting is 
about 2%. 

When Sb is added into Sn−Bi solders, the interface 
structure between solder and Cu substrate changes. 
Figure 8 shows the microstructure and EPMA line 
analysis profiles of the Sn−Bi−Sb/Cu interface. There  
are only Cu and Sn across the diffusion reaction    
layer between Sn−58Bi and Cu, which suggests that Sn  
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Table 2 Reaction temperatures of Sn−xBi−1.8Sb alloys and Sn−58Bi alloy 

Alloy 
Main peak 

temperature/°C 
Second peak 

temperature/°C 
Solidus 

temperature/°C 
Liquidus 

temperature/°C 
Melting 
range/°C 

Sn−58Bi 143.1 − 139.4 148.0 8.6 

Sn−52Bi−1.8Sb 147.7 − 140.6 152.0 11.4 

Sn−48Bi−1.8Sb 146.5 163.0 140.9 172.7 31.8 

Sn−44Bi−1.8Sb 146.9 169.0 141.9 180.5 38.6 

 
Table 3 Reaction temperatures of Sn−48Bi−xSb alloys 

Alloy 
Main peak 

temperature/°C 
Second peak 

temperature/°C 
Solidus 

temperature/°C 
Liquidus 

temperature/°C 
Melting 
range/°C 

Sn−48Bi−1.0Sb 144.7 162.0 140.6 168.7 28.1 

Sn−48Bi−1.4Sb 146.8 163.3 141.2 170.4 29.2 

Sn−48Bi−1.8Sb 146.5 163.0 140.9 172.7 31.8 

Sn−48Bi−2.0Sb 147.6 164.4 142.3 169.7 27.4 

Sn−48Bi−2.4Sb 148.5 163.3 142.8 169.3 26.5 

Sn−48Bi−2.8Sb 148.0 162.6 143.6 168.4 24.8 

 

 

Fig. 7 Spreading ratios of Sn−xBi−1.8Sb alloys (a) and Sn−48Bi−xSb alloys (b) at 190 °C 
 
diffuses preferentially. For ternary alloys, Sb is found in 
the diffusion reaction layer between Sn−Bi−Sb and Cu. 
The plateaus of Sn and Sb discovered in the diffusion 
reaction layer imply that Sb participates in the interface 
reaction. Table 4 shows the total thickness of the 
interfacial layers formed at the interface of the Sn−Bi− 
Sb/Cu joint. It can be seen that the total thickness of 
interfacial layers increases with the increase of Sb 
content. 
 
3.4 Mechanical property and fracture morphology 

The values of shear strength of Sn−Bi−Sb/Cu joints 
are shown in Table 5. It shows that when the Bi content 
decreases, the shear strength of the joints decreases. 
When the Sb content increases, the shear strength first 

changes a little and then increases obviously until the Sb 
content exceeds 2%. The shear strength of Sn−48Bi− 
2.4Sb is even higher than that of Sn−58Bi. Figure 9 
shows the fractographs of Sn−Bi−Sb solders. All of the 
alloys display the ductile dimples. As the Bi content 
decreases and the Sb content increases, the alloys show 
more ductility. This may explain the drop of the shear 
strength of Sn−Bi−Sb alloys. Sb dissolves in the Sn and 
Bi matrix. The dissolution of Sb has two effects. One is 
solution strengthening. The other is to change the 
structure of solders, which leads to the segregation of Bi. 
When the Sb content reaches 2.4%, the proportion of 
eutectic structure resulting from quasi-peritectic reaction 
decreases obviously (Fig. 2(i)), which may contribute to 
the increase of shear strength. 
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Fig. 8 SEM images (a, c, e, g) and EPMA analyses (b, d, f, h) of Sn−Bi−Sb/Cu joint: (a), (b) Sn−58Bi/Cu; (c), (d) Sn−48Bi−1.4Sb/ 
Cu; (e), (f) Sn−48Bi−2.0Sb/Cu; (g), (h) Sn−48Bi−2.4Sb/Cu 
 
Table 4 Total thickness of Sn−Bi−Sb/Cu reaction layers 

Alloy Layer thickness/μm 

Sn−58Bi 2.34 
Sn−52Bi−1.8Sb 2.43 
Sn−48Bi−1.4Sb 2.43 
Sn−48Bi−1.8Sb 2.51 
Sn−48Bi−2.0Sb 2.76 
Sn−48Bi−2.4Sb 2.85 

Table 5 Shear strength of Sn−Bi−Sb/Cu joints 
Alloy Shear strength/MPa 

Sn−58Bi 55.5 
Sn−52Bi−1.8Sb 53.0 
Sn−48Bi−1.4Sb 45.2 
Sn−48Bi−1.8Sb 45.8 
Sn−48Bi−2.0Sb 47.1 
Sn−48Bi−2.4Sb 66.7  
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Fig. 9 Fracture morphologies of Sn−Bi−Sb/Cu joints: (a) Sn−58Bi; (b) Sn−52Bi−1.8Sb; (c) Sn−48Bi−1.4Sb; (d) Sn−48Bi−1.8Sb;  
(e) Sn−48Bi−2.0Sb; (f) Sn−48Bi−2.4Sb 
 
 
4 Conclusions 
 

1) The structure of Sn−Bi−Sb solders consists of Sn 
phase, Bi phase and SnSb intermediate phase. As Sb 
content increases, the SnSb intermediate phase increases. 

2) As Bi content declines, the melting point and 
melting range become large. When the Sb content 
increases, the melting range and liquidus temperature 
increase first and then start to drop. The Sn−52Bi−1.8Sb 
composition is close to the quasi-peritectic composition. 

3) The addition of Sb has an important effect on the 
spreading ratio of Sn−Bi−Sb alloy while Bi does not. 
Sn−48Bi−2Sb alloy possesses the highest spreading ratio. 
The IMC layer at Sn−Bi−Sb/ Cu interface consists of Cu, 
Sn and Sb. The layer becomes thick when the amount of 
Sb increases. 

4) When Bi is fixed, increasing the Sb content can 
improve the shear strength of the joints, especially when 
the Sb content exceeds 2%. 
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摘  要：研究 Sb 元素含量对 Sn−Bi 系焊料性能的影响。通过差示扫描量热法研究 Sn−Bi−Sb 焊料的熔化行为。采

用铺展实验研究焊料在 Cu 基板上的润湿性。测试 Sn−Bi−Sb/Cu 结合界面的力学性能。结果表明：三元合金中含

有包共晶反应形成的共晶组织，随着 Sb 含量的增加，共晶组织增多；在加热速率为 5 °C/min 的条件下，三元合

金显示出更高的熔点和更宽的熔程；添加少量 Sb 对 Sb−Bi 系焊料的铺展率有影响；在焊料铺展过程中形成反应

过渡层，反应过渡层中存在 Sb 元素而无 Bi 元素，过渡层厚度随着 Sb 元素含量的增加而增大。Sn−Bi−Sb 焊料的

剪切强度随着 Sb 元素含量的增加而升高。 

关键词：无铅焊料；Sn−Bi−Sb 合金；显微组织；熔化行为；润湿性 
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