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Understanding the Influence of Aging Time on the Eutectic Growth of Sn-xBi Solder Alloys
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In order to support new packaging technologies driven by new demands for rapid data communication 
in 5G and IoT (Internet of Things), as well as prevent issues related to thermal expansion and 
deformation. Studies aimed at understanding the effect of temperature and time during service life 
of soldered parts are rare, especially for the Sn/Bi eutectic arrangement. Therefore, this study aims 
to understand the influence of the aging time (30, 60 and 90 days) at 100 °C on the local eutectic 
coarsening of Sn-xBi alloys (x=34, 52 and 58 wt.% Bi). Directionally solidified samples, solidified at 
cooling rates compatible with soldering, were examined using SEM with the aid of Energy-dispersive 
X-ray spectroscopy analysis, and Vickers hardness tests to assess both untreated and treated eutectic 
microstructures. The sample having lower Bi content showed higher coarsening sensitivity over time 
due to increased Bi flow from the β-Sn phase to the eutectic Bi.
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1. Introduction
The issue of microstructural stability in solder alloys 

has been extensively investigated by various researchers1-4. 
Anderson et  al.1 demonstrated that the addition of Co to 
Sn-Ag-Cu alloys not only acted as a solidification catalyst, 
promoting enhanced microstructural refinement, but also 
contributed to improved microstructural stability and mechanical 
strength retention by modifying the coarsening behavior 
of solder joints during high-temperature aging. Moreover, 
considerable research has been dedicated to examining the 
effects of elemental doping on the microstructural stability 
of Sn-Cu alloys at elevated temperatures2-4.

Despite existing studies on Bi precipitation in Sn-rich 
solder alloys aged at room temperature5-9, data on the 
coarsening behavior of Bi at higher temperatures remain 
scarce. Previous investigations have focused on the 
coarsening of Bi particles in SAC-Bi/Cu, Sn-Ag-Bi/Cu, 
and Sn-Bi/Cu solder joints subjected to room-temperature 
aging5-9. Belyakov et al.6 observed the growth of Bi plates 
as a function of aging time, while Wu et al.7 conducted an 
in-depth study to elucidate the microstructural evolution, 
particularly the Bi coarsening process, in SAC-3Bi solder 
alloys during room-temperature aging.

Soldered joints play a critical role in the electronics 
industry by ensuring both mechanical strength and electrical 
conductivity, thus ensuring the reliability of electronic 
components10-12. The properties/features of solder alloys 

and interfacial layers have a significant impact on solder 
joints and consequently affect the performance of electronic 
devices. Traditional solder alloys, primarily based on 
lead-tin alloys, are being reconsidered due to lead toxicity, 
leading to the exploration of more sustainable alternatives 
like hypoeutectic and eutectic Sn-Bi alloys10,12-22.

The interconnects in electronic packages not only suffer 
thermal shocks caused by changes in ambient temperature, 
but also the elevated temperature induced by Joule heating. 
Therefore, the thermal stability and performance of solder 
interconnects have become one of the important indicators 
of their reliability. The aging of welded joints is a thermal 
process that occurs when the material is exposed to 
temperatures between 50 and 100 °C for hours and/or days, 
causing significant microstructural and property changes6,8. 
Several types of damages are possible in joints, including 
joint movement and shocks, fatigue fail, corrosion action, 
and coarsening of either the alloy microstructure or the 
interfacial layer23.

Besides the obvious interest in microstructure stability 
in the soldering sector, more recently, bismuth-containing 
alloys have been envisaged for new applications such as 
plugs for oil well capping and closure operations, since this 
metal expands when it solidifies24, and has the potential 
to outperform cement. In this scenario, Sn-Bi alloys are 
potential alternatives for such applications. Operating 
temperatures can reach up to 100-130 °C, and the aging 
characteristics of the alloys are essential to enable their 
use as a sealing material.
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Despite the importance of microstructure coarsening in 
understanding the behavior of solder joints, most studies 
primarily focus on macroscopic behaviors, leaving a notable 
research gap, especially concerning the coarsening of eutectic 
Sn-Bi alloys subjected to thermal cycling25-27.

Compared to Sn-Ag-Cu and Sn-Ag based solders, 
Sn-Bi solders undergo more pronounced microstructural 
changes when subjected to thermal loads28,29. The evolution 
of microstructure in Sn-Bi joints can occur even under 
room temperature storage conditions30, and the coarsening 
of phases may result in decreased mechanical strength for 
Sn-Bi solder joints31. Due to their low melting points, Sn-Bi 
alloys exhibit a high homologous temperature. For example, 
the homologous temperature of the Sn-Bi eutectic solder 
(Sn–58wt.% Bi) at 100 °C is 0.9, making microstructural 
coarsening more readily observable.

The present investigation aims to fill the mentioned gap 
by exploring how long-time aging treatment affects the scale 
of the eutectic microstructure of Sn-(x)Bi alloys, considering 
starting eutectic structures produced at high solidification 
cooling rates to provide insights into their thermal stability 
and mechanical strength.

2. Materials and Methods
The Sn-34 wt.% Bi, Sn-52 wt.% Bi, and Sn-58 wt.% 

Bi alloys were produced using commercially pure tin (Sn-
99.88%) and bismuth (Bi-99.99%). These metals were melted 
following adequate quantities in an Inductotherm VIP model 
power-trak 50-30 R induction furnace to produce the binary 
alloys. A vertical directional solidification process was 
employed, utilizing a vertical furnace with top-to-bottom 
directional cooling. A water-cooled upward unidirectional 
solidification device with a 3 mm thick carbon steel plate 
(SAE 1020) at the bottom allowed heat extraction, while 
a two-part stainless-steel mold with inner insulation 
minimized radial heat loss. J-type thermocouples coated 
with stainless steel tubes were used to monitor temperature 
evolution during solidification of each alloy, connected to 
an Almemo thermal data logger (model 2890-8) for real-
time temperature measurements and data storage16,32,33.

The temperature × time data obtained were used to 
determine the solidification cooling rate at different points 
along the length of each produced casting. Samples of 
each alloy were collected from the position with the finest 
eutectic arrangement, in order to analyze how much this 
microstructure could be altered by thermal aging. The 
samples of each alloy were chosen at 5 mm from the metal/
mold interface. After cross-cutting the castings, samples 
measuring approximately 1.0 cm2 in area and 1.0 mm thick 
of each alloy were taken to carry out the aging process of 
heat treatment, as shown in Figure 1.

The choice of the position 5 mm close to the cooled 
base was due to these samples exhibit the highest cooling 
rates in each Sn-Bi alloy, and consequently, cooling rates 
closer to the values found in soldered joints in electronic 
microcomponents. Typical cooling rates during reflow 
procedures for solders in industrial practice remain in the 
range of 3.0–10.0 K/s34,35.

But considering specifically the Sn-Bi alloys of the 
present study, the cooling rates varied between 0.1 and 

12.0 °C/s, as reported by Silva et al.33. The cooling rates 
were determined from the direct reading of the quotient of 
the temperatures immediately before and after the liquidus 
temperature (TL) and the corresponding liquidus front passage 
times at each position of the castings, i.e., ṪL = ∆T/∆t.

Samples extracted at 5 mm from the cooled bottom of 
the three alloys castings underwent aging heat treatments 
in an oven (Rectangular model, Tramontina) at a fixed 
temperature of 100 °C for 30, 60, and 90 consecutive days. 
This temperature was chosen to induce a more accelerated 
aging of the alloys, which is an approximation of what 
actually occurs when using electronic equipment with 
soldering joints. 90-day time has been chosen based on 
2 reasons: testing a longer comparative effect of aging 
time, in order to find a limit time that affects eutectic 
growth; 2. empirically simulating the lifetime of electronic 
components using Sn-Bi solder alloys. The value of 100 °C 
for the aging temperature was chosen based on literature 
values for tin-based alloys36-40. Metallographic procedures 
were then performed, including sanding, polishing, micro-
etching (100 mL of distilled H2O, 2.5 mL of HCl and 
10 g of FeCl3 for 30 s), and scanning electron microscopy 
(SEM-EDS - Auriga 40 model) to analyze microstructural 
coarsening as a function of time and determine the eutectic 
spacing (λ). In order to obtain mean and average deviation 
λ values, 40 measurements were carried out for each 
microstructural configuration studied, applying the method 
proposed by McCartney and Hunt41. Hardness tests were 
performed on the transversal sections at different points 
of the eutectic microstructure using a test load of 100 gf 
and a count time of 10 s. Eight measurements have been 
performed per sample analyzed with a statistical treatment 
to obtain a mean value and standard deviation.

3. Results and Discussion
Figure  2 illustrates the eutectic microstructure 

characteristics of the Sn-Bi samples before and after 
aging for 90 days. Bi is the darker phase in the images 
in Figure 2, and although the eutectic complex structure 

Figure 1. Scheme of the longitudinal section of the directionally 
solidified casting and the sample removal, including the thermal 
aging conditions (temperature and time).
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is roughly maintained, some thickening happened with 
aging as translated by the λ values. Figure 2(a,c,e) shows 
samples originally solidified at high cooling rates, while 
Figure 2(b,d,f) subsequently aged samples. This growth 
is driven by diffusion, prompting the migration of atoms 
from the Bi eutectic phase to the Sn-rich phase.

Comparing the microstructures of all the alloys analyzed, 
it is noted that the Sn-34wt.%Bi alloy displays higher fractions 
of the Sn-rich primary phase, which was already expected 
as it is a hypoeutectic composition. The opposite occurs for 
the Sn-58wt.%Bi alloy, as it is the eutectic composition for 
the Sn-Bi system. It is also observed that the morphology 
of Bi particles dispersed in the Sn-rich phase tends to be 
more lamellar for longer aging heat treatment times. The 

same effect was reported by Nishikawa et al.42 in the study 
of heat-treated Sn-45wt.%Bi, Sn-45wt.%Bi-2.6wt.%Zn, 
Sn-45wt.%Bi-2.6wt.%Zn-0.5wt.%In alloys with an aging 
time of 42 days. Considering the Sn-45 wt.% Bi alloy, the 
authors observed that after aging, both β-Sn and the Bi 
phase went from a refined to a coarse condition.

Given that Bi is the primary diffusion element in Sn–Bi 
solders43, the growth in the Sn-rich phase is significantly less 
than in the Bi-rich phase. Consequently, the diffusion of Sn 
atoms may have minimal impact on the microstructure and 
properties during thermal aging. Heat treatment deals with 
the acceleration of the diffusion process, which is also a 
compromise between the employed temperature, time and 
the paths for diffusion characterizing the microstructure.

Figure 2. Micrographs of the eutectic microconstituent in untreated (a) Sn-34wt.% Bi, (c) Sn-52wt.% Bi, (e) and Sn-58wt.% Bi, and 
treated (b) Sn-34wt.% Bi, (d) Sn-52wt.% Bi, and (f) and Sn-58wt.% Bi alloys samples. The images in (b,d,f) correspond to the treated 
samples for 90 days at 100 oC.
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The diffusion process has a greater potential for 
growth in refined samples due to the higher number of 
phase boundaries, which serve as diffusion sites. This 
accounts for the substantial coarsening of λ observed in 
the refined initial dendritic microstructures, as can be seen 
in Figure 3a, especially in the case of the Sn-34 wt.% Bi 
alloy. After 90 days, the original λ of 11.9 μm increased 
by approximately 80.6%. This growth was governed by 
the diffusion process, which stimulates the migration of 
atoms from fine eutectic boundaries to neighboring ones, 
forming coarser structures.

Minho et al.44 confirmed that heat treatment time directly 
influences the microstructure of intermetallic layers and the 
eutectic mixture in Sn-58wt.%Bi, Sn-57 wt.%Bi-1wt.%Ag, 
and Sn-57wt.%Bi-1wt.%Ni alloys. With increased heat 
treatment time, the Bi layers in the eutectic structure tended 
to become coarser, as also observed here. Aged eutectic 
structures exhibited a more heterogeneous and random 
distribution and morphology as compared to the untreated 
samples, as can be seen in Figure 2.

Coarsening is quite sensitive to the initial microstructure 
features and composition, as it can be seen in the evolution 
in Figure 3. The percentage increase in λ decreased as the Bi 
content increased. To understand the initial distribution of 
Bi before the heat treatment, five EDS point measurements 
for each alloy were performed on eutectic Sn lamellae in 
regions where Bi is in solution, as seen in Figures 4a-c. 
A much higher Bi content in the β-Sn phase was found 
in the Sn-34 wt.% Bi alloy, which induced a higher Bi 
flow in this alloy, promoting higher coarsening over time. 
Bi enter in solid solution and diffuse throughout Sn. At 
temperatures above the solvus, a homogeneous dispersion 
of Bi precipitates forms, as shown in Figure 2. Elevated 
temperatures will accelerate this process, as the solubility 
of Bi in Sn increases with temperature45.

Considering that the diffusion length is proportional 
to the square root of the mobility lifetime (DS × t) 1/2, the 
λ results were plotted against this parameter as shown in 
Figure 3b. Here, Ds​ represents the solid diffusion coefficient 

(in m2/s), which is approximately 1.87 × 10−16 m2/s for Bi in 
the β-Sn phase for Sn-Bi alloys46. Equations were derived, 
yielding coefficients of determination (R2) greater than 
0.8, demonstrating strong agreement between the trends 
and the experimental data. The lines in Figure 3b refer to 
these equations.

The analysis of hardness with respect to the alloy Bi 
content and microstructure is important to assess their effect 
on the mechanical strength. Generally, phase coarsening 
reduced hardness, as seen in the comparison between as-
cast and as-aged bars in Figure 4d. For alloys with a higher 
fraction of the Sn phase (i.e., Sn-34 and 52Bi), there was 
a notable decrease in hardness due to the thickening of Bi 
precipitates in the Sn-rich phase. In contrast, the Sn-58 wt.% 
Bi alloy showed a slight increase in hardness after aging due 
to the increased width of the eutectic Bi phase. It is worth 
noting that the Sn-58 wt.% Bi alloy has lower β-Sn phase 
fraction as compared to the other alloys examined. As such, 
the thickening of the Bi precipitates within the β-Sn phase 
has a negligible effect in this case.

The mean values ​​of the Vickers indentation diagonals 
in the untreated and aged samples are 95.4 μm and 
97.3 μm, respectively. The dispersion of the mean Vickers 
microhardness values ​​is associated with the fraction of the 
Sn-rich phase, Bi content and thickening of the Bi-rich 
phase. The decrease in hardness after 90 days of aging time 
occurred for the Sn-34wt.%Bi and Sn-52wt.%Bi alloys due 
to the thickening of the Bi-rich phase. This behavior was 
more evident considering that these alloys exhibit higher 
fractions of the Bi-rich phase.

The limitation of SEM-EDS may arise from the electron 
beam interaction volume, which extends beneath the surface 
of the sample. This causes signal mixing from adjacent 
phases and subsurface regions, reducing spatial resolution 
and the accuracy of compositional analysis47. Despite this 
interaction and some possible variations in the measured 
wt. % values in Figure 4a, the trend of higher Bi content 
in the eutectic Sn lamellae for lower alloy content remains 
evident, as explained above.

Figure 3. (a) Percentage evolution of λ as a function of aging period, and (b) λ as a function of (Ds × t) 1/2 for the Sn-Bi alloy samples.
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4. Conclusions
•	 Comparing the microstructures of all the alloys 

analyzed, it is shown that the Sn-34wt.%Bi alloy 
displays higher fractions of the Sn-rich primary phase. 
The opposite occurs for the Sn-58wt.%Bi alloy, as 
it is the eutectic composition for the Sn-Bi system.

•	 Coarsening was shown to be quite sensitive to the 
initial microstructure features and Bi content of 
the alloy. The percentage increase in λ decreased 
as the alloy Bi content increased.

•	 For alloys with a higher fraction of the Sn phase 
(i.e., Sn-34Bi and Sn-52Bi), after aging for 90 days 

there was a decrease in hardness of about 17% 
and 14.5%, respectively, due to the thickening of 
Bi precipitates in the Sn-rich phase. In contrast, 
the Sn-58Bi alloy showed a 28.3% increase in 
hardness after aging due to the increased width of 
the eutectic Bi phase.
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