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Impact of Bismuth as Microalloying Element in Sn-0.7Cu Lead-Free Solder Alloys

This study investigated the impact of different amounts of bismuth (Bi) (0 wt.%, 0.5 wt.%, 1.0 wt.%, 1.5 wt.%, and 2.0 wt.%) 
on the microstructure and mechanical properties of Sn-0.7Cu solder, which is known for its high strength. The microstructure analysis 
was carried out using an optical microscope (OM). A single lap shear test was carried out to evaluate the shear strength of the solder 
alloys. The results demonstrated that the addition of 1.5 wt.% Bi effectively refined the formation of Cu6Sn5 intermetallic in the 
solder joint compared to Sn-0.7Cu/Cu joints. Additionally, the incorporation of 1.5 wt.% Bi led to a substantial increase in shear 
strength compared to pure Sn-0.7Cu. These findings validate the potential application of the developed material as a high-strength 
solder for advanced interconnecting purposes.
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1. Introduction

Solder alloys are critical in ensuring the reliability, func-
tionality, and structural integrity of electronic packages. Tradi-
tionally, tin-lead (Sn-Pb) solder alloys were widely utilized in 
electronics for joining components to substrates, owing to their 
exceptional properties [1,2]. These alloys offer a low melting 
point of 183°C, excellent wettability, robust mechanical strength, 
and affordability, making them highly effective for electronic 
applications [3-5]. The inclusion of Pb in solder alloys presents 
serious health and environmental challenges due to its high 
toxicity. In response, many countries have implemented strin-
gent regulations to restrict or ban lead in solder materials. This 
has driven a global shift toward the development of lead-free 
alternatives as safer and more sustainable solutions.

Among those lead-free alternatives, Sn-0.7Cu solder al-
loys have gained more attention due to the cost effectiveness, 
safer and more sustainable solutions [6,7]. However, several 
challenges arise related to Sn-0.7Cu solder alloys. One of the 
major challenges associated with these alloys is the formation of 
a coarse microstructure in the bulk solder alloy and at the inter-
face [8,9]. To address these challenges, microalloying with metal 
elements has been explored. Shelaby et al. [10], incorporated 

several alloying elements, such as In and Cr, into Sn-0.7Cu solder 
alloys. It was reported that the addition of In and Cr suppressed 
the formation of eutectic Sn-Cu phases [10]. Then, P. Yi et al. 
[11] has successfully explored the effect of Nd alloying element 
in Sn-Ag-Cu solder alloys. It was found that, the size of b-Sn 
was reduced with addition of Nd as compared to pure Sn-Ag-Cu 
solder alloys. Along with that, the eutectic phases increased with 
increasing amount of Nd content, resulting from reduction in the 
size of IMCs. Additionally, Ragab et al. [12] attempted to incor-
porate antimony (Sb) into Sn-6.5Zn-0.3Cu solder alloys. Their 
findings indicated that the addition of Sb successfully resulted 
in a uniform dispersion of intermetallic compounds (IMCs) such 
as γ-Cu5Zn8 and Sb2SnZn, alongside ethe α-Zn and β-Sn matrix. 
This led to a refinement of the microstructure and also increased 
the creep resistance of the solder alloys.

In this study, we aimed to investigate the effects of bis-
muth (Bi) addition on the intermetallic layer and mechanical 
properties of Sn-0.7Cu solder alloys. Five different solder al-
loys were prepared with varying amounts of Bi: Sn-0.7Cu (SC),  
Sn-0.7Cu-0.5Bi (SC-0.5Bi), Sn-0.7Cu-1.0Bi (SC-1.0Bi), Sn-
0.7Cu-1.5Bi (SC-1.5Bi), and Sn-0.7Cu-2.0Bi (SC-2.0Bi). The 
microstructure formation and shear strength properties of these 
alloys were then systematically evaluated.
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2. Experimental procedure

2.1. Sample preparation

In this study, Sn-0.7Cu (SC) solder alloys were purchased 
from Nihon Superior, Osaka, Japan, while bismuth (Bi) was 
obtained from Sigma Aldrich (M) Sdn. Bhd., Selangor, Malaysia. 
Sn-0.7Cu–xBi (SC–xBi) solder alloys were prepared through the 
casting process. The SC solder alloys, with varying weight per-
centages (wt.%) of Bi (ranging from 0 to 2.0 wt.%), were melted 
in an electric-resistance furnace at a temperature of 350℃ for 
one hour. The mixture was then stirred to ensure homogeneity 
before being poured into a pre-heated stainless-steel mold and 
allowed it to cool and solidify at room temperature. To prepare 
a ~900 µm solder ball, the cast solder alloys were cold rolled 
into a thin sheet and then punched into disc shapes. These disc 
shapes were subsequently dipped in a rosin mildly activated 
(RMA) flux and melted in a reflow oven at a temperature of 
250℃. The resulting solder balls were then subjected to a series 
of sieves to achieve a uniform size of solder ball. 

2.2. Microstructure analysis

Solder ball joints were prepared by placing a ~900 µm 
solder ball on a Cu substrate, followed by the application of 
rosin mildly activated (RMA) flux prior to the reflow solder-
ing process in a reflow oven. Afterward, the solder joints were 
cold-mounted using epoxy resin and ground with a series of 
SiC papers. This was followed by mechanical polishing using 
alumina solutions of 1.0 and 0.3 µm. Finally, an OPS solution 
was used for further polishing to achieve even clearer observa-
tions of the microstructure. The microstructure of SC-xBi solder 
joints were then observed using an optical microscope. Then, the 
thickness of intermetallic compound (IMC) layer was measured 
by dividing the area (A) of IMC layer by its length (L). For each 
composition of the SC-xBi solder joints, the average value from 
five samples was reported.

2.3. Lap-shear testing

To evaluate the shear strength of SC-xBi solder joints, 
a single lap shear test was performed using a Universal Test-
ing Machine (UTM) from Instron at room temperature, with 
a crosshead speed of 5 mm/min. For each composition of the 
SC-xBi solder joints, the average value from five samples was 
reported. The specifications for the Cu substrate adhered to the 
ASTM D1002 standard as indicates in Fig. 1.

3. Results and discussions

3.1. Phase diagram of Sn-0.7Cu-xBi alloy  
and solidification path

The SC-xBi system phase diagram was generated using 
Thermo-Calc 2022a and the TCSLD 3.3 database, as depicted in 
Fig. 2. The diagram indicates a gradual decrease in the liquidus 
temperature with increasing Bi content. For low Bi concentra-
tions (0.5-1.0 wt.%), the liquid phase coexists with the βSn phase 
over a broad temperature range. The eutectic reaction, involving 
the liquid phase transitioning into β-Sn and ηCu6Sn5, occurs at 
a slightly reduced temperature with increasing Bi content. This 
depression of the liquidus line is attributed to the dissolution 
of Bi into the Sn-rich phase, which alters the thermodynamic 
equilibrium of the system.

Fig. 3 illustrates the simulated solidification sequence 
under Scheil conditions for the SC-xBi system and the phase 
sequences were summarized in TABLE 1. The solidification 
path phase sequences vary with the addition of Bi in the SC 
solder alloy. For the base SC alloy, the solidification begins 
with the formation of βSn at 228°C, followed by the formation 
of ηCu6Sn5 as a secondary phase, with solidification complete 
at 226.9°C. The narrow temperature range for SC base alloy 
highlights a relatively straightforward with limited phase tran-
sitions due to eutectic solidification. When Bi is introduced at 
0.5 wt.%, the onset temperature decreases slightly to 227°C, and 

Fig. 1. Dimensions of the single lap shear test specimen are specified in accordance with the ASTM D1002 standard
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the final solidification temperature drops significantly to 195°C, 
indicating an extended solidification range. The solidification 
sequence remains dominated by βSn formation, followed by the 
coexistence of βSn and ηCu6Sn5. This suggests that the introduc-
tion of Bi alters the thermal equilibrium, likely by modifying 
the solubility of Cu and Sn, which extends the solidification  
process.

A similar effect on solidification was reported by Ali et 
al. [13] following the addition of Bi into SAC alloys. Notably, 
a new phase, η’Cu6Sn5, begins to form at lower temperatures, 
as illustrated in Fig. 3(c-e), highlighting the increasing influence 
of Bi on the stabilization and transformation of intermetallic 
compounds (IMCs). The solidification pathway becomes more 
complex, involving the coexistence of βSn, η’Cu6Sn5, and Bi 
phases after addition of 1.5 wt.% and 2.0 wt.% of Bi as shown 
in Fig. 3(d-e). This extended temperature range indicates that 
Bi significantly affects the solidification dynamics by delaying 
the completion of solidification.Fig. 2. Phase diagram of the SC-xBi solder alloy

Fig. 3. Scheil solidification sequences in SC-xBi; (a) SC, (b) SC-0.5Bi, (c) SC-1.0Bi, (d) SC-1.5Bi and (e) SC-2.0Bi
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Table 1

The temperature solidification sequence of the SC  
and SC-xBi solder alloys

Composition Liquid + βSn 
(°C)

ηCu₆Sn₅ 
(°C)

η’Cu₆Sn₅ 
(°C)

η’Cu₆Sn₅ + Bi 
(°C)

Sn-0.7Cu 228 226.9 — —
Sn-0.7Cu-0.5Bi 227 226 — —
Sn-0.7Cu-1.0Bi 226.5 225.4 185.7 —
Sn-0.7Cu-1.5Bi 225.7 224.7 186 138.4
Sn-0.7Cu-2.0Bi 224.9 224.7 186 138.4

3.2. Microstructural analysis

During the solidification process, an intermetallic com-
pound (IMC) was formed at the interface between the solder 
and the Cu substrates. Fig. 4(a-e) depicts the cross-sectional 
image of IMC layer that are formed at the interface between 
solder materials and Cu substrate varying with different weight 
percentage (wt.%) of Bi. The interfacial reaction between SC-xBi 
solder alloys and Cu substrate, lead to the formation of Cu6Sn5 
IMC. In this research, no formation of Cu3Sn can be observed. 

Fig. 4. The cross-sectioned image of SC-xBi at the interfacial IMC for (a) SC, (b) SC-0.5Bi, (c) SC-1.0Bi, (d) SC-1.5Bi, (e) SC-2.0Bi and  
(f) Average thickness of IMC layer
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Cu3Sn commonly forms in Sn-Cu solder joint during subsequent 
ageing process. During the soldering and solidification process 
of Sn-Cu solder joints, Cu6Sn5 IMCs will be formed results 
from the dissolution of Cu from the Cu substrates. According 
to the phase diagram in Fig. 2, Cu6Sn5 forms as a direct reac-
tion product between Cu and liquid Sn at 226.9°C. Meanwhile, 
for interfacial IMC of Cu3Sn, it can only be produced through 
a solid-state reaction between Cu and Cu6Sn5 [14]. 

Fig. 4(f) shows a bar graph depicting the average thickness 
of IMC layer that was measured using Image-J software. Based 
on Fig. 4(f) it was observed that; the average thickness of IMC 
layer was increased with increasing amount of Bi. Specifically, 
the addition of 1.5 wt.% of Bi to SC solder alloys resulted in 
the thinnest IMC layer, exhibiting a reduction of approximately 
21% compared to pure SC solder alloys. However, the addition 
of 2.0 wt.% Bi resulted in a slight increase in the thickness of 
the IMC layer although it still remained thinner than that of pure 
SC solder alloys. The improvement in the average thickness of 
IMC layer may due to the effect of Bi addition in SC solder al-
loys. As reported by Y. Chen et.al [15], the dissolved Bi in the 
Sn matrix may increase the atomic diffusion barrier and reduce 
the interdiffusion rate of Cu and Sn atoms, hence resulted in the 
thinner IMC layer of SC-xBi solder alloys. Therefore, the pro-
portion of Bi added should be controlled within an appropriate 
range to ensure optimal performance of SC solder alloys.

3.3. Shear strength analysis

Solder joints are frequently exposed to mechanical stress in 
actual operating conditions. To investigate the impact of various 
weight percentage (wt.%) of Bi to the reliability of SC solder 
alloys, a single lap-shear test was conducted. Fig. 5 depicts the 
bar graph that represents the average shear strength with respect 
to different wt.% of Bi content. From the bar graph Fig. 5, it can 
be observed that, the average shear strength increased with in-
creasing amount of Bi. The maximum average shear strength was 
obtained with 1.5 wt.% Bi, reaching 8.48 MPa. This represents 
a 51% improvement over pure Sn-0.7Cu solder joints. However, 
addition of Bi beyond 2.0 wt.% could reduce the shear strength 
of SC solder alloys. Nonetheless, the average shear strength with 
2.0 wt.% Bi remains higher than pure SC solder alloys. 

The improvement in the average shear strength of SC sol-
der alloys with the addition of Bi up to 1.5 wt.% can be attributed 
to the solid solution strengthening effect. The presence of Bi 
atoms into the Sn matrix promotes solid solution strengthening 
by dissolving within the Sn structure. This dissolution increases 
the alloy’s resistance to dislocation movement, thereby improv-
ing the overall strength and mechanical properties of the solder 
joint. Furthermore, this dissolution also may lead to increase in 
the lattice parameter “a” and “c” which could enhance the ani-
sotropy of Sn crystal structure, as reported by Nogita et al. [16]. 
The resulting local nonuniformity in the lattice due to the al-
loying elements make plastic deformation more challenging by 
restricting the dislocation motion in the SC solder alloys [16]. 

Therefore, the complex relationship between incorporation of 
Bi and lattice structure contributes to the improvement in the 
shear strength of SC solder alloys. However, excess Bi addi-
tion beyond 2.0 wt.% has been observed to reduce the shear 
strength of SC alloys. This phenomenon occur may due to the 
excess Bi atoms have been forced out of solution during cooling, 
leading to the formation of a second phase of Bi precipitates. 
Consequently, it can be inferred that from this study incorpo-
rating more than 2.0 wt.% Bi does not provide any additional 
strengthening effect to the SC solder alloys. In contrast, Liu 
et al. [17] reported that, incorporation of Bi beyond 4 wt.% to 
Sn-3Ag-Cu could compromised the shear strength of the solder 
alloys due to the brittleness of Bi precipitates, ultimately leading  
to brittle failure. 

Fig. 5. Bar graph illustrates the average shear strength of SC-xBi 
solder alloys

4. Conclusions

The study presents a detailed analysis of microstructural 
modifications, phase formations, mechanical behavior, and 
thermal properties induced by bismuth addition in the range of 
0 to 2.0 wt.% Bi, highlighting its potential to enhance solder 
performance. Several conclusions can be drawn from this study:
i.	A s according to the phase diagram and the simulated 

solidification sequence under Scheil conditions generated 
from Thermo-Calc software, the solidification path phase 
sequences vary with the addition of Bi in the SC solder 
alloy.

ii.	I n the SC-xBi solder joint, the additions of 1.5 wt.% of Bi 
showing the lowest thickness of interfacial IMC with 21% 
reduction as compared to the SC solder alloys. The reduc-
tion in the thickness of IMC layer in SC-1.5 Bi was due to 
the effect of Bi that may reduce the interdiffusion rate of 
Cu and Sn atoms. 

iii.	A dditions of different wt.% of Bi increased the average 
shear strength of SC solder alloys. The results proved 
that the additions of 1.5 wt.% Bi exhibited highest aver-
age shear strength due to the solid solution strengthening 
mechanism.
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In the future, investigations into the microstructural evolu-
tion during extended thermal cycling can provide deeper insights 
into phase stability and mechanical performance, as well as 
predict the impact of Bi microalloying on solder performance.
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