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Abstract.

The thermal, wetting and microstructural properties of tin (Sn)-58% bismuth (Bi) solder joints were investigated at
three reflow temperatures of 160, 170, and 180 °C to assess their performance for low-temperature assembly processes.
Differential scanning calorimetry (DSC) analysis revealed that the SnBi alloy exhibited a melting range between 139
and 145 °C, confirming its low temperature applicability for reduced thermal processing conditions. Contact angles
were measured at 78.4°, 68.95°, and 69.39° at 160, 170 and 180 °C, respectively, classifying the SnBi as having
moderate wettability behavior. The spreading ratios of 347.7, 333.7 and 322.8 for 160, 170 and 180 °C was measured
demonstrating an inverse relationship with contact angle in accordance with wetting theory. The microstructural
observations from scanning electron microscopy image (SEM) at the SnBi/Cu solder joint revealed the formation of a
relatively uniform CusSns intermetallic compound (IMC) layer at 170 and 180 °C, whereas minimal or nearly no IMC
formation was observed at 160 °C due to insufficient interfacial reaction. The findings indicate that SnBi solder joint
at the lower reflow temperature of 160, 170, and 180 °C showed acceptable wettability condition and interfacial
characteristics, supporting its potential application for energy-efficient and thermally sensitive microelectronic
assembly processes.
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1.0 Introduction
Soldering is a metallurgical joining process in which two or more metallic materials are interconnected using a filler
metal, commonly referred to as solder, at temperatures below 450 °C [1]. For several decades, eutectic tin—lead (SnPb)
solder has remained the dominant interconnection material in electronic packaging owing to its excellent wettability,
low melting temperature, and reliable mechanical performance. However, the toxicity of lead has raised significant
environmental and human health concerns, leading to increasingly stringent international regulations restricting the
use of lead-containing solders in electronic manufacturing industries [1,2]. Consequently, extensive research efforts
have focused on the development and characterization of lead-free solder alloys with comparable or superior
performance characteristics [2—4]. Among the various alternatives, tin—bismuth (SnBi) solder has emerged as a
promising candidate due to its relatively low melting point of approximately 138 °C, high yield strength ranging from
25 to 35 MPa, cost-effectiveness, and favorable reliability performance [5]. In addition to these advantages, the thermal
properties of SnBi solder further enhance their suitability for low-temperature electronic assembly applications.

Heat capacity is defined as the amount of heat energy required to raise the temperature of a body by one
degree Celsius (°C) or one Kelvin (K). It represents the ability of a material or system to store thermal energy. The

heat capacity, (C), is expressed as in Eq. (1).
Q

C = E (])
where (C) is the heat capacity (J/K), (Q) is the heat transferred to the system (J), and (A T) is the temperature change
(K or °C). The heat capacity of SnBi alloy, as summarized in Table 1, ranges from approximately 1.0 to 3.0 J/mol-K
near the eutectic composition, indicating relatively low thermal energy requirements during processing. A lower heat
capacity is beneficial in soldering operations because it enables faster heating and cooling responses while reducing
overall energy consumption during reflow. As presented in Table 1, the heat capacity (Cp) decreases from 2.93518



J/mol-K at 293 K to 1.04822 J/mol-K at 463.12 K. It is suggesting that progressively lower thermal energy is required
to increase the alloy temperature at elevated thermal conditions.

The incorporation of Bi into the Sn matrix alters the thermal energy storage behavior of the alloy and contributes to
the reduction in heat capacity with increasing temperature. This behavior is strongly influenced by the presence of
bismuth, which possesses distinct atomic vibrational and thermal characteristics compared to tin. Furthermore, the
eutectic interaction between Sn and Bi lowers the overall melting temperature of the alloy, thereby enabling phase
transformation at reduced thermal input. The synergistic interaction between Sn and Bi therefore enables SnBi solder
alloys to exhibit enhanced thermal efficiency, reduced processing energy requirements, and favorable characteristics
for low-temperature microelectronic interconnection applications.

Table 1. Thermal energy at different temperature for Sn52Bi

Temperature (K) Heat Capacity, Cp, (J/mol-K)
293 2.93518
298 2.88646
415.5 1.60947
463.12 1.04822

Solidus and liquidus temperature are critical thermal properties that determine the solidification range [4,7]. The
temperature interval between these two points, commonly referred to as the solidification range, plays a significant
role in determining the resulting microstructure and overall joint integrity. A lower solidification range is desired as it
produces well-defined and compact microstructure and reduces micropores defects [7]. Table 2 summarizes selected
literature pertaining to the solidification interval, solidus and liquidus temperature of some SnBi compositions. Many
researchers study on the eutectic Sn58Bi composition [11,12,13] exhibits the lowest melting characteristics, with a
relatively narrow solidification interval ranging from approximately 3 to 9 °C compared others alloy. As content of Bi
decreases, the solidification interval and liquidus temperature increases, meaning the transition from solid to liquid
state will take place over a longer period.

Table 2. Thermal properties of different compositions of SnBi.

Coicr))lc()isiiion Solidus (°C) Liquidus (°C) SOhdlﬁczzleO;l Interval References

130.2 139 8.8 [6]

[8]

136.1 139.1 3 (9]

139 143.1 4.1 [10]

Sn58Bi 139.3 147.6 8.3 [11]

139.5 147.6 8.1 [12]

139.4 148 8.6 [13]

139.6 147.4 7.8 [14]
140.3 146 5.7
Sn55Bi 138 144 6

Sn50Bi 138 155 17 [15]
Sn45Bi 138 168 30
Sn40Bi 138 178 40
Sn35Bi 138 186 48

Wettability properties involving the wetting angle and spreading ratio are used to assess the quality of a solder joint.
Low contact angles in reactive wetting are often used as an indicator for strong solder connections [16]. Griffiths et al.
[16] performed an investigation on the wetting angle of SnBi solder based on different compositions at 350 and 500°C
and noticed decrease in the wetting angle until the eutectic composition is reached which later increases as the Bi
content increases. In that study, a minimum wetting angle is observed for both temperatures between 20 and 30 at. %-
Bi. The increase in temperature will result in a decrease in wetting angle. The result aligns with He et al. [17], where
the investigation revealed the contact angle for eutectic SnBi with flux was 45.22° at 200°C [18,19]. It appears that the
composition as well as temperature of SnBi influences the quality of solder joint, yet detailed investigation at a specific
reflow temperature is not really investigated.



Furthermore, investigations on SnBi solder under reflow conditions provided essential insight into the microstructural
evolution and interfacial metallurgical reactions governing solder joint formation. Jayesh and Elias [20] reported that
at elevated reflow temperatures of approximately 185°C, porous CusSn IMC formation is observed, whereas such
porosity is absent at 170°C, indicating that reflow temperature plays a decisive role in controlling IMC morphology.
These findings clearly demonstrate that thermal processing conditions significantly influence the formation mechanism
and stability of interfacial IMCs in SnBi/Cu solder systems. Similarly, Zou et al. [21] conducted a comprehensive
study on SnBi/Cu solder joints over a wide reflow temperature range between 180 to 300 °C. The investigation revealed
that increasing reflow temperature promotes pronounced Bi segregation, which substantially alters microstructural
homogeneity and interfacial reaction behavior. Although SnBi-based solder systems have been extensively explored,
the fundamental understanding of SnBi/Cu solder joint behavior particularly with respect to the coupled effects of
reflow temperature on thermal response, wettability, microstructural evolution and interfacial metallurgical reactions,
remains insufficiently established. This gap is significant, as these parameters directly govern joint reliability and long-
term performance in electronic packaging applications. Accordingly, this study aims to investigate the thermal
characteristics, wettability parameter, microstructural properties and interfacial intermetallic formation of SnBi/Cu
solder joints under controlled low reflow temperature conditions.

2.0 Materials and Methods

The Sn58%Bi solder alloy was prepared using high-purity raw materials of 99.99 wt.% tin (Sn) ingots and 99.99 wt.%
bismuth (Bi) pieces. The elements were accurately weighed according to the eutectic composition of 42 wt.% Sn and
58 wt.% B to achieve the lowest melting temperature according to the phase diagram. The weighed elements were
subsequently homogenized and melted in a furnace at 600°C for 1h to ensure complete alloying and compositional
uniformity. The resulting Sn58Bi alloy was subjected to differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA) to evaluate its thermal characteristics and melting behavior. Following
solidification, the SnBi solder alloy was cast into billets for subsequent experimental characterization. These billets
were then reflow-soldered onto copper (Cu) substrates at three different temperatures, namely 160, 170, and 180°C,
with a fixed dwell time of 60s. The soldering process was carried out using a controlled hotplate system and a
thermocouple was employed to ensure accurate and stable temperature conditions throughout the reflow process. After
soldering, the samples were sectioned for analysis, and the contact angle and spreading ratio were measured for each
reflow condition. Fig. 1 shows the cross-section samples used for the contact angle measurement. The spreading ratio
was calculated using Eq. (2).

Spreading Ratio = (?) x100% 2)
where D is the diameter of the spread, and H is the height of the solder.

Fig.1 Wetting samples for (a) spreading ratio and (b) contact angle.

To examine the microstructural and metallurgical characteristics of the Sn58Bi/Cu solder joints, scanning electron
microscopy (SEM) was employed to inspect the interfacial morphology and overall microstructural evolution with
high spatial resolution. The SEM incorporated with energy-dispersive X-ray (EDX) was utilized to determine the
elemental distribution and compositional variations across the solder/substrate interface. Furthermore, X-ray
diffraction (XRD) analysis was conducted to detect the IMC formation and phase evolution at the SnBi solder joint for
the different reflow temperatures.



3.0 Results and Discussion

3.1 DSC and TGA

The thermal analysis via the DSC peak in Fig. 2 revealed a melting peak at approximately 141°C, which is in close
agreement with previously reported melting temperatures of eutectic SnBi alloys, typically ranging from 138 to 141°C
[20 - 22]. The close agreement between the measured and reported values confirms the successful preparation of the
eutectic SnBi composition and demonstrates the reliability of the fabrication procedure employed in this study. The
slight elevation in melting temperature relative to the nominal eutectic value of 138 °C may be attributed to minor
compositional deviations introduced during the weighing and mixing of the constituent elements. Previous
investigations have demonstrated that even small variations in the Sn-to-Bi ratio can influence the melting
characteristics and phase transformation behavior of SnBi-based alloys due to changes in microstructural homogeneity
and phase distribution [21,22]. Such deviations are commonly observed in experimentally fabricated solder alloys and
generally remain within the acceptable range for eutectic systems. The measured melting temperature of 141°C
therefore remains representative of a eutectic SnBi alloy and is comparable to values reported in the literature [20-22].
The narrow melting interval indicates a relatively homogeneous microstructure and confirms the near-eutectic nature
of the alloy. A narrow melting range is highly desirable for soldering applications because it promotes rapid melting
and solidification, reduces thermal gradients during reflow processing, and minimizes the thermal stress imposed on
electronic components and substrates [23].
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Fig.2 DSC curve of SnBi.

The TGA curve of the SnBi alloy is presented in Fig. 3. The TGA results indicate that the sample experienced a gradual
mass reduction throughout the heating cycle under an oxygenated atmosphere. The initial sample mass of 2.825194mg
decreased to 2.683968mg after heating at a rate of 10°C min™', corresponding to a total mass loss of 0.141226 mg. The
percentage weight loss was determined using Eq (2), yielding a value of approximately 4.99wt.%. The observed
reduction in mass suggests the occurrence of thermally activated physicochemical processes during heating. In oxygen-
containing environments, such behavior is commonly attributed to the removal of physically adsorbed moisture,
volatilization of residual organic contaminants, decomposition of surface impurities, and oxidation-induced reactions
occurring at elevated temperatures [24—27]. The initial stage of weight reduction observed below approximately 150°C
is likely associated with the evaporation of moisture and desorption of weakly bonded surface constituents. As the
temperature increases, the rate of mass loss becomes more pronounced, indicating the activation of additional thermal



degradation mechanisms and oxidation-related processes. The overall weight loss percentage was calculated as in Eq
3).

2.683968-2.825194 of — _ 0
2.825194 X 100 % = —4.99881% 3)
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Fig.3 TGA curve of SnBi.

A closer examination of the TGA profile reveals that the onset of measurable mass reduction occurs at approximately
138°C which corresponds closely to the melting temperature identified from the DSC analysis. This agreement
suggests that the thermal events observed in both analyses are associated with the eutectic phase transformation of the
alloy. The initiation of melting enhances atomic mobility and increases surface activity, thereby facilitating the release
of volatile species adsorbed on the alloy surface. The close correlation between the DSC and TGA results therefore
confirms the thermal consistency of the fabricated eutectic SnBi alloy. The mass-loss rate becomes increasingly
pronounced between approximately 170 and 230 °C, indicating that the dominant degradation processes occur within
this temperature interval. As shown, the maximum mass-loss rate was observed at approximately 206 to 210°C,
reaching about 0.402 % min'. This temperature region corresponds to the steepest section of the TGA curve and
signifies the highest rate of volatile species evolution. Beyond 230°C, the DTG signal gradually approaches zero,
indicating a substantial reduction in reaction kinetics and suggesting that most volatile constituents have already been
removed. The damping behavior observed at higher temperatures further indicates that the alloy approaches a thermally
stable condition after the completion of the primary degradation processes.

Importantly, the overall mass reduction remained below 5 wt.%, demonstrating that the alloy exhibits good thermal
stability within the investigated temperature range. Considering that industrial reflow soldering processes for eutectic
SnBi alloys are typically completed within a few minutes, the relatively slow mass-loss kinetics observed during TGA
suggest that thermal degradation is unlikely to significantly influence solder performance under normal processing
conditions. Consequently, the fabricated SnBi alloy exhibits thermal characteristics suitable for low-temperature
electronic packaging applications, where thermal stability and process reliability are critical requirements.

3.2 Wetting Properties

The wettability of a solder alloy is commonly evaluated by its contact angle and spreading area. In general, lower
contact angles indicate better wettability because the molten solder would spread more smoothly across the substrate
surface. According to Young's equation, wettability improves when the interfacial energy between the solder and
substrate decreases, allowing the solder to form a flatter droplet shape. Although the interfacial energy is not studied
in this paper, the contact angle and spreading ratio was used to relate to the prior parameter. The chart as in Figs. 4 and
5 show the result of contact angles and spreading ratios at each reflow temperature. Among the three reflow
temperatures, the solder joint at 160°C displayed the highest contact angle at 78.4°, followed by 69.39° at 180°C and
68.95° at 170°C, showing minimal variation. These contact angles are considered high and are attributed due to the



high Bi content present in the alloy as well as the associated surface tension. Bi are known to restrict the fluidity of the
SnBi solders. Study by Griffiths et al. [16] too supported this observation, as the investigation revealed an increase in
contact angle with the increase in Bi content, with the lowest contact angle at 20 wt.% to 30 wt.% of Bi content.
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Fig. 4 Average contact angle of SnBi at 160°C, 170°C and 180°C.
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The increase in temperature causes the reduction in the contact angle due to overheating, which increases the fluidity
and spreading of alloy [24]. At higher temperatures, the viscosity of the molten solder decreases, enabling better flow
and improved interaction with the substrate surface. Furthermore, elevated temperatures promote atomic diffusion at
the solder—substrate interface, which enhances metallurgical bonding and reduces interfacial tension. These factors
contribute to the improved wetting behaviour observed at 170°C. However, when the temperature further increased to
180°C, the contact angle increased slightly to 69.39°. This behaviour may be attributed to the formation of oxide films
on the molten solder surface and substrate. Excessive heating can accelerate oxidation, which acts as a barrier between
the solder and substrate, thereby limiting wetting performance. Additionally, prolonged exposure to higher
temperatures may increase flux consumption, reducing its ability to remove oxides effectively. Consequently, the
wettability improvement observed at 170°C was not further enhanced at 180°C.



There was a gradual decrease in spreading ratio from 347.72 to 322.80 with increasing temperature appears contrary
to the expectation that better wettability should result in larger spreading areas. This phenomenon may be associated
with changes in molten solder dynamics and IMC formation. At elevated temperatures, accelerated diffusion between
the solder and substrate can promote the growth of IMC layers. Excessive IMC growth may restrict lateral spreading
of the molten solder and alter its wetting kinetics. Moreover, increased oxidation at higher temperatures can hinder the
outward flow of solder, resulting in a smaller spreading area despite the lower contact angle. The discrepancy between
contact angle and spreading area suggests that wettability is influenced by multiple factors rather than a single
parameter. While the contact angle indicates the thermodynamic tendency of the solder to wet the substrate, the
spreading area reflects the actual flow behaviour of the molten solder during reflow. Therefore, both parameters should
be considered simultaneously when evaluating solder performance.

The results indicate that 170°C is the optimum soldering temperature for the investigated solder alloy, as it produced
the lowest contact angle and thus the best wetting performance. Temperatures above this optimum may promote
oxidation and excessive interfacial reactions, which can adversely affect the spreading characteristics of the molten
solder. These findings are consistent with previous studies reporting that an optimum soldering temperature exists
where improved fluidity and interfacial bonding are achieved without significant oxidation or excessive IMC growth.

3.3 Microstructural and Metallurgical Properties

Microstructural and metallurgical properties of a solder are primarily influenced by the IMC formation and its thickness
that influences a solder joint’s reliability. The SEM analysis revealed that minimal IMCs were formed between the
Sn58Bi solder and Cu substrate. Fig. 6 (a) displays the overall SEM image of the SnBi/Cu substrate. The EDX analysis
on the SEM image of the Sn58Bi revealed minimal presence of Sn, Bi and Cu, with large void visible. The minimal
presence of these elements clarified that the formation of voids is due to the trapped gas within the molten solder. This
is because of the flux decomposition when heated throughout the soldering process and the gas will be released. The
EDX point was taken at the area which appears to be void, as seen in Fig. 6 (b). Nevertheless, the void was seen at 160
°C, and the reason behind this is due to the incomplete outgassing occurrence as there is insufficient heat to fully
activate the flux, resulting in trapped gas within the solidified solder.

(2)

Sn58Bi’s IMC formation rates are known to rapidly accelerate before slowing down over time [25]. According to the
phase diagram of SnBi alloy, at temperature above 138°C, a rapid formation of IMC should begin but this may not be
unanimous. Yu, J. and Kim J. Y. [26] observed that void formation at the interface disrupts the IMC growth rate [26].
In this study, the Sn, Bi and Cu elements did not react and produce IMCs due to insufficient heat as the reflow
temperature is only 20°C (for 160 °C reflow temperature) higher than the melting point of SnBi. Even though the SnBi
solder has melted, insufficient heat energy disables IMC layer formation. Another observation that proves that IMCs
are not formed at 160°C is the presence of voids, as voids are known to be the gaps left from insufficient IMC
formation. This was seen just above the solder joint, as in Fig. 6. Studies have proved that diffusion gaps left between
the substrate and solder will result in the formation of voids [27, 28].

The SEM images of the SnBi/Cu solder joints at 170 and 180 °C are shown in Fig. 7 (a) and (b) respectively. The IMC
layer thickness was measured using these cross sections and is shown in Fig. 8. The IMC layers of CusSns and Cu3Sn
are detected from the EDX analyses and seen in Fig. 9 (a) and Fig. 9 (b). These IMCs were formed during the soldering
process as the reaction between the Cu substrate and SnBi solder as in Eq (4). With the increase in soldering



temperature, Cu atoms are gradually consumed to support the growth of CusSn intermetallic compounds, as described
in Eq (5). Subsequently, CusSns begins to convert into CusSn, as illustrated in Eq (6).

6Cu + 5Sn = CugSns 4)
Cu + 3Sn — CuzSn %)
CugSng + 9Cu — 5Cu;Sn (6)

- ——170'C
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Fig. 8 Average CusSns IMC layer thickness at 170°C and 180°C.
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Fig. 9 EDX analysis of the IMC layer at SnBi/Cu solder joint (a) CusSns layer at 170°C, (b) CusSns layer at 180°C
and (c) CusSn layer at 180°C.

The presence of these IMCs generally indicates good bonding between the solder and substrate, especially with a thin
CueSns IMC layer. At 170°C, the CusSn IMC layer was not observed, due to the low temperature and short reflow time
during the reflow soldering process. Kang et al. [29] had parallel agreement where only CusSns seem to be formed
after reflow soldering at 170 °C for 5 minutes. Appearance of CusSn is known to be detrimental to the solder joint. In
this study, at 180°C, the CusSn was detected and was alike other studies that observed the CusSn formation at 180 °C
[30, 31]. Hence, the observation of this IMC is ordinary at this temperature. However, in this research, the CuszSn layer
formed was notably thin and the elements are unable to be identified through the EDX as seen in Fig. 9 (c).
Observing the morphologies of the IMCs at temperatures 170 and 180°C, the IMC displays relatively smooth
morphologies with rounded, lumpy scallop-like curve formation. At 170 °C the average thickness of the CusSns layer
was 0.909pum which was thicker at 180°C with a thickness measuring 1.404pm. This observation was supported by
Kang et al. [7]. In this research, it was noted that there was a more controlled IMC growth compared to the rapid
increase observed at 180°C. In addition to that, a parabolic growth rate was also observed as the initial IMC growth
was rapid. At 180°C, there was some detection of CusSn IMC formation near to the solder side. The diffusion theory
is associated with this as the Cu is known to have higher diffusion rate and will tend to migrate into the solder side [29,
31]. Availability of high Cu content is likely to be diffused into the SnBi solder, where it reacts with Sn to form CusSn.
The SEM images clearly illustrate the changes in IMC morphology at 180°C as compared to 170°C. The growth
kinetics of the Cu—Sn IMCs is be determined from their measured thickness, as expressed in Eq (7).

X, =Dt (7)



Alternatively, minimal Bi segregation was observed at all three reflow temperatures, suggesting that this phenomenon
likely occurs at significantly higher temperatures above 180°C or after prolonged thermal aging. Investigation by Lu
et al. [32] revealed that noticeable Bi segregation only emerged after approximately 10 days of aging at 180 °C. This
suggest that at lower reflow temperatures below 180°C, the likelihood of Bi atoms to precipitate when CusSns
transform into CusSn are minimal, diminishing the Bi segregation throughout the microstructure [32,33]. This is
supported by the investigation performed by Ali H et al. [27], where Bi segregation can only be observed after several
days of prolonged exposure to heat. In this research, with the reflow temperature of 160, 170 and 180°C with a short
reflow duration, it can be concluded that Bi segregation does not occur under these conditions.

4.0 Conclusion

The TGA and DSC confirmed the melting range of the SnBi solder is between 130 to 140 °C, confirming it being a
low temperature alloy. The contact angle decreased with the increase in temperature due to the increased fluidity as
the reflow temperatures increase. The spreading ratio decreased with the increase in temperature, which further
supports the conclusion that elevated temperatures enhance alloy spreadability. Thinnest IMC layer was observed at
170 °C, with a thickness of 0.909 pm where the solder joint primarily consisting of CusSns. The CusSn was only visible
at 180 °C was suggesting its formation at higher temperatures. This aligned to the thicker thickness observed. Gathering
the experimental findings and analyses, the Sn58Bi can be concluded as a potential alternative for a clean low
temperature solder in electronic packaging. Retardation of thick IMC layer formation and minimal formation of brittle
Cu3Sn IMC layer without jeopardizing the wettability stands out as the significant.
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