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Abstract: 

Due to the inherent environmental and health toxicities associated with lead, the use of environmental friendly 

lead-free solder materials has become an unavoidable trend in the electronic packaging industry. Sn-58Bi alloy 

is gaining attention for its good material properties such as low melting point, reliability and high tensile 

strength. The presence of the bismuth-rich phase increases the brittleness of Sn-58Bi alloy. The purpose of this 

study is to suppress the brittleness of Sn-58Bi alloy by the addition of different wt% (0, 10, 20, 30) of Sn 

powder. The powder metallurgy method was used to prepare the samples. Scanning electron microscopy and 

energy dispersive X-ray analysis were done to study the structural properties and a tensile test was done by a 

universal tensile machine to study the mechanical properties. The results reveal that the Sn particles partially 

dissolved in the Sn-58Bi solder matrix. The dissolution of Sn particles significantly improved the mechanical 

strength by 30%, suppressed the brittleness and improved the strain value by 1.3 times.  
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1. INTRODUCTION: 

In the electronic packaging industry, eutectic or near eutectic Sn-Pb solder alloys are used to connect electronic 

components on printed circuit boards (PCBs) due to their low melting temperature, excellent material properties, 

and low cost [1, 2]. Due to the inherent environmental and health toxicities associated with lead, the use of 

environmental friendly lead-free solder materials has become an unavoidable trend in the electronic packaging 

industry [3, 4]. In this consequence, intensive research has been conducted over the last few decades to find 

suitable lead-free alloys that replace the use of lead-based alloys in the industry [5, 6].  

There have been several Pb-Free solder materials found to substitute the Pb-based solder [1, 7]. The most 

popular of these is a tin-bismuth (Sn-Bi) solder alloy [8, 9]. Sn-Pb solder alloys have been replaced with Sn-Bi 

solder alloys as both solder alloys have the same mechanical properties at lower temperatures, and the melting 

point of the eutectic Sn-Bi alloys is much lower than that of the Sn-Pb alloys [10-12]. During the reflow process, 

the intermetallic compound (IMC) develops and contributes to the solder interface [13, 14]. The IMC's 

morphology varies with soldering conditions. As the homologous temperature rises, the diffusion rate of atoms 

in solder increases, resulting in an increase in the thickness of the IMC in the solder joint[15, 16]. Due to an 

increase in the thickness of the IMC, the solder joint may have reliability issues [17, 18]. 

Different types of studies have been done to find a way to increase the Sn-Bi solder alloy's reliability including 

adding alloying elements [19, 20], microparticles [21, 22], nanoparticles (NP) [23-27] and carbon nanotubes 

[28]. In the past, Ni [29], Sb [30], Cu and Zn [31] and Ag [32, 33] have been added to the Sn-Bi solder joint. 

Despite the promising properties enhancement by the addition of different reinforcement particles into Sn-Bi 

eutectic alloy, researchers have paid less attention to the effects of Sn added to Sn-Bi solder alloys. Tin is one of 

the potential candidates that can be added for increased reliability of the solder [34]. With the addition of Sn to 

form composite solder, it is expected that the brittleness of Sn-58Bi eutectic alloy can be suppressed by 

hindering the crack propagation with the embedment of Sn particles in the Sn-58Bi solder matrix [35]. 

Due to the brittleness of Bi rich phases, the crack will initiate and propagate easily when under external loading 

such as shear stress due to coefficient of thermal expansion (CTE) mismatch between 2 types of materials [36]. 

It is necessary to know the microstructure of the solder matrix and tensile properties after adding Sn to the 

system to understand the Sn-58Bi solder matrix. The major concern is the brittleness of eutectic Sn-58Bi solder 

alloy while processing electronic devices [37]. So, there is a need to understand the effect of Sn reinforcement 

particles on the microstructure and the mechanical properties of the eutectic Sn-58Bi solder matrix. Sn particles 



 

 

must be able to distribute and embed inside the matrix and how wt% of Sn particles addition will affect the 

structural and mechanical properties of eutectic Sn-58Bi solder matrix. 

This study investigates the effect of the addition of different wt% of Sn powder in eutectic Sn-58Bi solder 

matrix on the structure and mechanical properties. The Sn particles are ductile in nature while the Bi-phase 

present in Sn-58Bi solder is brittle. After the addition of Sn, the material properties such as ductility, mechanical 

strength and microstructure might be improved. Composite solder alloys were prepared using the powder 

metallurgy method and then samples were cross-sectioned to observe the microstructural changes by scanning 

electron microscope (SEM) analysis and energy dispersive x-ray (EDX) analysis was done to observe the 

distribution of Sn powder in the solder matrix. Then, tensile tests were conducted after reflow to study how Sn 

powder affects the tensile strength of the eutectic Sn-58Bi solder matrix.  

2. METHODOLOGY: 

Sample preparation for structure and mechanical properties via powder metallurgy method was prepared. The 

Sn powder was dried at 50oC for 12 hours (h) to eliminate moisture. After that, 10, 20 and 30 wt% of Sn powder 

of size 25±2 μm were mixed with Sn-58Bi solder powder to obtain Sn and Sn-Bi powder mixture. The mixture 

was blended for 30 minutes manually to ensure thorough mixing. For structure properties, 0.9 g of powder 

mixture was placed between 2 pellets as shown in Fig. 1 (a) and pressed the powder mixture into disk shape 

structure sample of size 3 mm as shown in Fig 1 (b). The sample was then reflowed in the reflow oven. After the 

reflow, two sets of samples were prepared. One set of samples was for microstructure properties and the second 

set of samples was for tensile properties as shown in Fig 1 (c and e). For the first set of samples, the mounting 

process of samples by using epoxy resin and hardener was done. A mounting cup with an inner diameter of 30 

mm was used. The samples were placed vertically into a mounting cup by using a plastic holder as shown in 

Figure 1 (d). After that, a mixture of epoxy resin and hardener was placed in the mounting cup. The mounting 

cup was kept in a room temperature for 6 h to solidify the mixture. After solidification, the samples were taken 

out from the mounting cup and were cross-sectioned and polished. A cross-sectional view of samples was 

observed through a scanning electron microscope (SEM). Energy dispersive X-ray (EDX) analysis was used to 

understand the distribution of Sn powder inside the Sn-58Bi solder matrix.  

For the second set of samples, two copper bars with a dimension of 25 mm x 3 mm x 2 mm were taken. One end 

of the copper bars was cleaned to remove the oxidation layer. The cleaning process was done by using distilled 

water and 20% sulphuric acid (H2SO4). The samples were kept for 1 minute in a chemical solution. The solder 



 

 

disk shown in Fig 1 (b) was placed between two copper bars as shown in Fig 1 (e) and then reflowed in the 

reflow oven. After the preparation of tensile samples via the powder metallurgy method, a tensile test was 

carried out by a universal tensile machine (UTM) (Model No. Instron 3382A). A strain rate of 6.96×10-4 s-1 was 

applied to pull the samples as shown in Fig 1 (f). 

3. RESULTS AND DISCUSSIONS: 

3.1 Microstructure after Reflow: 

Sn-58Bi solder powder with the addition of different wt% of Sn powder was cross-sectioned. Scanning electron 

microscopy (SEM) and energy dispersive X-ray (EDX) spectroscopy were used to analyze the samples. Figure 2 

(a) shows an SEM image of Sn-58Bi solder powder with 10 wt% of Sn powder addition after reflow. The 

selected points in the image show the compressed Sn particles. SEM image showed that Sn powder was 

distributed non-uniformly inside the eutectic Sn-58Bi solder matrix. Sn particles can be easily differentiated 

from the Sn-58Bi solder matrix. It was observed in Fig 2 (a) that the particles were trapped inside the Sn-58Bi 

solder matrix. Due to compression, the shape of the Sn particle was changed from spherical to the irregular 

shape. The Sn particles that were near the top surface of the solder bump, floated in the flux due to the lower 

density of Sn particles. The Sn particle was still in the solid-state and Sn-58Bi solder powder was in the molten 

form. Sn has a lower density than Sn-58Bi eutectic solder alloy. Sn has a density of 7.31 g/cm3 and Sn-Bi 

eutectic alloy has a density of 8.12 g/cm3. During the reflow process, when Sn-58Bi starts to melt and form a 

molten state, Sn particles will float to the surface due to bouncy force resulting from density difference [38]. An 

SEM image of floated Sn particle was shown in Fig 2 (b). The bonding strength between Sn particle and eutectic 

Sn-58Bi solder matrix is too weak [35] to retain Sn particles inside the matrix is another reason why Sn particle 

was unable to remain inside the Sn-58Bi solder matrix as shown in Fig 2 (b). Fig 2 (c) shows the EDX spectrum 

obtained from spot analysis performed at the selected point. This spectrum shows that Sn particles were present 

in the Sn-58Bi solder matrix. Sn particles had a higher concentration than Bismuth (Bi) at this point in Fig 2 (a).  

The samples were reflowed under low temperature and for a shorter time and the size of Sn particles were 

bigger. Due to this, the Sn particles dissolved partially. The reason was that the Sn particles were not able to 

completely dissolve within 90 seconds of the reflow process. 

Figure 3 (a) shows an SEM image of eutectic Sn-58Bi solder powder with 20 wt% of Sn powder addition after 

reflow. The selected points in the image show the Sn particles. Sn particles were found in irregular shapes in the 

eutectic Sn-58Bi solder matrix. The distribution of Sn was non-uniform and the shape was irregular. Fig 3 (b) 



 

 

shows the EDX analysis. The spot analysis was done. The EDX analysis revealed that a high concentration of 

Sn particles were found on the selected spot in Fig 3 (a). This conveyed the presence of Sn particles in the 

eutectic Sn-58Bi solder matrix. 

Figure 4 (a) and (b) show the Sn-58Bi solder matrix with 0% and 30% Sn powder addition after reflow. When 

Sn powder was added to the Sn-58Bi solder matrix, Bi started to diffuse into Sn particle forming alloy as shown 

in Fig 4 (c and d). Similar results were found by Lee et al. [39]. They found that the Bi started to diffuse into Sn 

after plating. At 0% Sn addition, Sn rich phase and Bi rich phase tangled against each other to form a complete 

Sn-58Bi matrix. However, when extra Sn particles were added, Sn particles started to dissolve into the solder 

matrix forming equiaxed-shaped Sn particles as shown in Fig 4 (b). With the addition of Sn particle into Sn-

58Bi solder powder, Bi diffused in Sn particles forming Sn-rich Sn-58Bi solder alloy in Figure 4 (c and d). This 

phenomenon is explained by the Ostwald Ripening process [40]. Sn particles are ductile and the Sn-58Bi solder 

matrix is brittle [41, 42]. Dissolution of Sn particles in Sn-58Bi solder matrix can participate to increase the 

ductility of Sn-58Bi solder. The material properties of Sn particles are higher than the Sn-58Bi solder matrix. 

So, the dissolution of Sn particle can participate in the improvement of material properties of Sn-58Bi solder 

matrix [43-45]. 

3.2 Tensile Test Analysis: 

Figure 5 shows the Stress-Strain curves of Sn-58Bi at different wt% concentrations of Sn particles. Stress-strain 

curves were plotted for four sets of samples i.e. 0 wt%, 10 wt%, 20 wt% and 30 wt%. The average value of 

stress and strain are plotted in Fig 5. The result revealed that the eutectic Sn-58Bi solder matrix had the lowest 

stress and strain curves. After the addition of the Sn particles, the stress and strain curves increased. The 

ductility was improved by Sn powder addition due to an increase in the plasticity region as shown in Fig 5. The 

strain values also increased from 6.11±0.36 mm to 7.96±0.33 mm. The stress and strain values are tabulated in 

Table 1. The possible reason is that when extra Sn particles were added, Sn particles started to dissolve into the 

solder matrix forming equiaxed-shaped Sn particles as shown in Fig 4 (b). Sn particle which has higher hardness 

[46], higher tensile strength [47] and higher ductility [42] than Bi, which bridge the crack propagation causing 

more energy is required to further propagate the crack, hence ductility will be increased. 

Figure 6 shows the Tensile strength of Sn-58Bi solder matrix at 0%, 10%, 20% and 30% wt% concentration of 

Sn powder. This figure shows that the Sn-58Bi solder matrix with the addition of 30% wt Sn powder has the 

highest tensile strength of 91.75 MPa as compared to the Sn-58Bi solder matrix without the addition of Sn 



 

 

powder. The tensile strength of Sn-58Bi solder matrix with the addition of 10% and 20% wt Sn powder is 79.41 

MPa and 84.82 MPa, respectively. 

4. CONCLUSION: 

The effect of the addition of Sn powder in Sn-58Bi solder matrix at different wt% concentrations on the 

structure and mechanical properties was investigated. Sn powder was added to Sn-58Bi powder and 

compressed. After reflow, the compressed Sn particles partially dissolved in the Sn-58Bi solder matrix. It was 

also observed that some Sn particles floated on the surface of the eutectic Sn-58Bi solder matrix due to lower 

density. The dissolved Sn particles improved the mechanical strength and ductility. In a higher concentration of 

Sn particle addition, the mechanical strength increased by 30% and the strain value increased by 1.3 times 

compared to Sn-58Bi solder.  
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Figures 

 

Figure 1 shows (a) Schematic of compression of powder mixture into pellet form, (b) Solder disk, (c) Solder bump 

after reflow, (d) Schematic of sample placed in mould cup to cross-section the sample for SEM, (e) Preparation of 

Tensile sample and (f) Schematic of tensile test of the samples. 
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Figure 3 shows (a) SEM image of solder joint with 20wt% of Sn addition and (b) EDX spectrum obtained 

from spot analysis performed at the selected point as labelled in (a). 

Figure 2 shows (a) SEM image of solder joint with 10wt% of Sn addition, (b) SEM image of floated and 

dissolved Sn particles and (c) EDX spectrum obtained from spot analysis performed at the selected point as 

labelled in (a). 
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Figure 4 shows SEM images of Sn-58Bi with (a) 0% Sn addition (b) 30% Sn addition, (c) 20 wt% Sn 

addition with higher magnification and (d) 30% Sn addition with higher magnification. 
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Figure 5 Stress-Strain curves of Sn-58Bi before and 

after addition of different wt% of Sn particles. 

Figure 6 Tensile Strength of Sn58Bi before and after addition of different 

wt% of Sn particles. 
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Tables: 

 

Table 1: Stress and Strain values of Sn58Bi solder powder before and after addition of 

different wt% of Sn particles 

Samples 
Stress 

(MPa) 

Strain  

(mm) 

Sn58Bi 70.54±6.41 6.11±0.36 

Sn58Bi+10%Sn 79.41±7.32 6.33±0.29 

Sn58Bi+20%Sn 84.82±8.03 7.03±0.41 

Sn58Bi+30%Sn 91.75±8.67 7.96±0.33 

 

 

 


