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Abstract
In this study, the thermal properties, mechanical properties, and microstructure evolution of Sn-xBi (x = 0, 10, 17, 20, 30, 40, 
50, and 58 wt.%, respectively) alloys were investigated via differential scanning calorimetry, scanning electron microscope 
during and after tensile test. The results reveal that the shapes of precipitated Bi particles relate to the cooling rate, that is, 
sphere in water cooling condition and short rod like cooled in air. Beta tin phase strengthened by Bi particle precipitation 
offers superior performance than Sn-Bi eutectic structure. The result also clearly demonstrates the deformation and fracture 
modes of Sn-Bi alloys with different microstructure through in situ observations during tensile loading. The deformation 
of Sn-17Bi alloy deforms based on the grain boundary diffusion. For Sn-58Bi alloy, the deformation is mainly resulted by 
grain boundary sliding during even deformation stage and the phase sliding between Bi-rich and Sn-rich phase boundary 
after necking. And the latter accounts for the majority. Sn-50Bi alloy deforms through grain boundary sliding of eutectic 
phase and phase boundary sliding between beta tin phase strengthen by precipitated Bi and eutectic phase. Moreover, Sn-
rich phase works as floating grains, does not participate in the deformation, but provides sliding interface with the eutectic 
part, which promotes the continuous plastic deformation.
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1  Introduction

Since the replacement of lead-free solder in electronic industry,  
Sn-Ag-Cu (SAC) alloy became the mainstream alloy of elec-
tronic manufacturing for surface mount technology proce-
dure. However, the heat input of SAC solder fabrication has 
been a concern always due to the high reflowing tempera-
ture (not lower than 260 °C) [1]. This makes thin and large 
chips prone to warping [2, 3]. Sn-Bi alloy with lower melting 
point, which was shelved in the early period of lead-free 
solder research, has come back to attention [4–6]. For the 
lower reflowing temperature enables the usage of cheaper 
substrates, which may significantly reduce the materials, 
energy, and fabrication costs. This makes the low soldering 

solution based on Sn-Bi solder a very competitive proposal. 
Based on the roadmap of iNEMI (International Electronics 
Manufacturing Initiative) 2015, a lower-temperature micro-
soldering solution (1–20% lower than the melting point of 
Sn-3.0Ag-0.5Cu alloy) has been expected to fulfill within 
the following 10 years. Sn-Bi alloy is the first choice because 
of its low cost compared with Sn-In (another low tempera-
ture solder for lower temperature, regardless of cost).

According to the content of bismuth in alloy, the studies 
of Sn-Bi alloy involve two categories. One is the property 
adjustment based on Sn-Bi eutectic alloy or near eutectic 
alloy [7]. It includes the micro alloying process and the nano-
particle addition [8]. For example, the micro alloying ele-
ments of Ag [7], Cu[7, 9, 10], Ni [11], Cr [12] etc. are mainly 
as a compound formation element added to strengthen the 
solder by dispersion strengthening; elements Sb [13, 14], Zn 
[15–17], and In [18–21] additions may either solute in beta 
tin or form the IMC particles with Bi and vice versa.

The other is that bismuth is added into tin-based alloy as 
strengthening element to form tin bismuth alloy. Actually, 
Bi has been added to Sn-Ag, Sn-Cu, Sn-Zn, and Sn-Ag-Cu 
solders to improve the wetting behavior, strengthening, and 
melting properties. It is found that Bi addition to SAC solder 
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could improve the mechanical properties [22] including the 
creep and fatigue resistances [23–25]. And 1 or 4 wt.% Bi 
doped into Sn-Zn alloy could also enhance the mechani-
cal properties of Sn-Zn solder [24]. Based on the previous 
researches, Bi addition may improve the thermal, mechani-
cal, and deformation behavior of Sn-based alloys. Therefore, 
when bismuth is added to pure tin to form Sn-Bi non-eutectic  
alloy, what is the appropriate bismuth content? Recent 
results and our previous work confirm that the mechanical 
properties of eutectic composition are lower than that of 
beta-Sn-based Sn-Bi alloy [9, 26, 27]. This explains that the 
content, morphology, and size of Bi element play an impor-
tant role on the solder performance [28, 29]. Actually, during 
the low-temperature fabrication procedure for temperature 
sensitive components or LED connections, decreasing Bi 
content from the eutectic content, 58 wt.% to 40, 35, 30 
wt.% and even 17 wt.%, with minor Cu or Ag doped has 
been confirmed to be useful to meet the step soldering pro-
cedure and relieve the Bi phase segregation along the solder/
substrate interface [29–32]. And, taking Bi as a source for 
precipitating hardening for beta tin phase may provide an 
efficient result for Sn-Bi solders. But the basic reasons for 
this hardening of beta tine and the deformation behavior of 
hypoeutectic Sn-Bi alloys desperately need further investi-
gations to provide a better understanding for Sn-Bi solder 
solution optimization.

2 � Experimental procedure

Sn-xBi alloys were prepared by putting Sn (99.99%) and 
Bi (99.99%) metals in a quartz tube for 15 mm in diameter, 
melting at 600 °C for 60 min. During melting, the melts 
were stirred at least 3 times before cooling the quarter tube 

in water. The sample alloy fabrication process is shown in 
Fig. 1. The samples for microstructure and phase identifica-
tion were prepared near the ingots bottom surfaces. Then, 
the scanning electron microscopy equipped with energy dis-
persive X-ray spectrometry was used for the microstructure 
observation and phase identification, respectively.

The thermal behavior of the alloys was investigated by 
using differential scanning calorimetry (DSC) measure-
ment at heating and cooling rate of 2 °C/min under Ar gas 
atmosphere.

The tensile tests for evaluation of the mechanical prop-
erties were performed in a universal testing machine at 
a speed rate of 6 mm/min. All the alloys were machined 
into specimens with 2 mm2 cross section area and 10 mm 
gauge length, as shown in Fig. 2. Stress-strain/tensile- 
displacement curves for at least three specimens for each 
alloy were conducted at room temperature. The ultimate ten-
sile strength (UTS) and elongation (EL) were also reported 
in scatter curves for better understanding the results. The 
deformation and fracture surfaces of the selected Sn-10Bi, 
Sn-17Bi, Sn-40Bi, and Sn-58Bi specimens were observed 
in details through scanning electron microscopy during 
and after tensile test. During the test, displacement load-
ing was carried out in several steps followed by SEM sur-
face observation subsequently. So, the surface observations 
were implemented after 1 mm, 2 mm, and 3 mm (2.5 mm 
for Sn58Bi alloy) displacement loading, respectively, com-
panied by a fracture surface observation after fracture. 
Samples were marked before deformation observation for 
tracking the same observation position during tensile test. 
The displacement load curves in “Deformation during ten-
sile test” were selected from the normal tensile test (results 
from Fig. 9) of the same alloy for a clear demonstration of 
deformation behavior.

Fig. 1   The fabrication procedure of Sn-xBi alloys (sketch not in scale)
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3 � Results and discussion

3.1 � Thermal behavior

Figure 3 displays the DSC curves of Sn-xBi alloys during 
heating and cooling processes at a scanning rate of 2 °C/

min. There are two peaks shown in both heating and cooling 
curves except for Sn-58Bi eutectic alloy. According to the 
Sn-Bi phase diagram, the peak of Sn-58Bi represents the 
eutectic transformation at 138 °C (136.25 °C in this study) 
under equilibrium phase transformation: L → eutectic (Bi-
rich + Sn-rich) phase. The undercooling is about 7.05 °C 

Fig. 2   The schematic illustration 
of the tensile sample

Fig. 3   DSC curves and phase diagram
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calculated from the peak temperature during heating minus 
the peak temperature cooling down divided by 2.

The thermal properties of other Sn-xBi alloys are quite dif-
ferent from those of Sn-58Bi alloy. For Sn-10Bi alloy, there are 
two exothermic peaks on the DSC cooling curve. The higher 
temperature peak (numbered peak 2) represents primary beta 
tin phase precipitation with minor Bi dissolved in. And with the 
precipitation of primary beta phase during cooling down, the 
concentration of bismuth in the remnant liquid increases con-
tinuously. Finally, when temperature reaches peak 1 as shown in 
Fig. 3, the liquid phase with more bismuth finally transforms into 
beta tin phase. The solid solubility of bismuth in tin decreases 
with further decrease of temperature, and bismuth particles 
precipitate from the primary beta phase gradually. Thus, the 
peak 1 of Sn-10Bi should represent the reaction: Beta-Sn (high 
temperature) → Beta-Sn (low temperature) + Bi. Which occurs 
about 114.6 °C according to the cooling dsc curves. That is, the 
liquid to solid phase transition process can be described as fol-
lows: L1 → L2 + (primary Sn-rich) → Sn → Sn + Bi precipitates.

According to Sn-Bi phase diagram, the maximum solu-
bility of Bi in solid beta Sn is 21 wt.%. Thus, Sn-20Bi 
should share the similar phase transformation sequence 
with Sn-10Bi (see Fig. 3c). Actually, from the DSC curves 
of Sn-xBi alloys, the peak characteristics of Sn-20Bi alloy 
are more similar to those of Sn-30Bi, Sn-40Bi, and Sn-
50Bi alloys. They all have an exothermic peak close to 
eutectic temperature 136.25 °C in this study and usually 
138 °C. This is because the Sn-xBi alloys in this study are 
prepared via water cooled solidification process, which 
makes the undercooling about 5 °C. So, the phase precipi-
tation controlled by diffusion is inhibited, and the eutectic 
transformation of Sn-Bi occurs.

Thus, the two peaks of DSC curves for Sn-20Bi, Sn-
30Bi, Sn-40Bi, and Sn-50Bi alloys, peak 2 represents the 
precipitation of Sn phase from liquid metal, while peak 1 
displays eutectic transformation. The sequence of phase 
transition could be described as follows: L1 → L2 + (pri-
mary Sn-rich phase) → eutectic structure (Bi-rich 
phase + Sn-rich phase) + (primary Sn-rich phase + Bi 
precipitates). And the under cooling is in the range of 
5.7~13.15 °C, as shown in Table 1.

3.2 � Microstructure

As shown in Sn-Bi binary phase diagram in Fig. 3c, six 
hypoeutectic alloys of Sn-10Bi, Sn-17Bi, Sn-20Bi, Sn-
30Bi, Sn-40Bi, and Sn-50Bi are indicated, respectively. 
These alloys are discussed in detail to understand the 
solidification behavior. The Sn-Bi eutectic content calcu-
lated based on Scheil’s model for Sn-xBi alloys is shown 
in Table 2. And the Scheil Gulliver equation is related  
to the redistribution of solute elements in the solidifica- 
tion process of alloy, also known as the lever law of non-
equilibrium crystallization, see Eq. 1. It describes the 
redistribution law of solute under the condition of non-
diffusion of solid phase and uniform mixing of liquid phase 
in a wide range of experimental conditions.

At a certain moment during solidification, the components 
at the interface of solid-liquid phase are C∗

s
 and C∗

L
 , and the 

corresponding mass fractions are fS and fL. The original com-
position of the alloy is C0. For Sn-Bi hypoeutectic alloys, the 
calculations were conducted by considering the eutectic tem-
perature of 138 °C, where k0 = CS/CL = 21/58 = 0.36, the con-
stant equilibrium partition coefficient. And CS is the solid 
composition (limit of solid solubility) and CL is the liquid 
compositions (limit of eutectic compositions), respectively. 
When fs = 0,C∗

s
= k0C0 , so for Sn-40Bi alloy,k0 = 0.36 , 

C0 = 0.4, then C∗
s
= 0.36 × 0.4 = 14.4% . Similarly, for Sn-

10Bi (Sn-17Bi, Sn-20Bi, Sn-30Bi, Sn-40Bi, and Sn-50Bi) 

(1)C∗

S
= k0C0

(

1 − fs
)(k0−1)

Table 1   Thermal properties of 
Sn-xBi alloys

Alloys Thermal properties( °C)

Heating Cooling Under cooling Under cooling

Peak1 Peak2 Melting range Peak1 Peak2 Peak1 Peak2

Sn-10Bi 140.9 219.4 78.5 114.6 210.1 13.15 4.65
Sn-17Bi 141.4 204.9 63.5 130.5 192.9 5.7 6
Sn-30Bi 143 191.1 48.1 130.0 178.9 6.5 6.1
Sn-40Bi 143.7 177.1 33.4 130.5 165.2 6.6 5.95
Sn-50Bi 142.5 153.4 10.9 130.5 144.0 5.95 4.7
Sn-58Bi 143.3 129.2 7.05 136.25

Table 2   Solidification properties of Sn-xBi alloys

C
∗

�
 (the start point for 

solidification)
Eutectic fraction (fs 
when C∗

�
= 0.58)

Sn-10Bi 3.6% 6.2%
Sn-17Bi 6.2% 12.6%
Sn-20Bi 7.2% 18.5%
Sn-30Bi 10.8% 35.2%
Sn-40Bi 14.4% 57%
Sn-50Bi 18% 79%
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alloy, the C∗
s
=

(

21

58

)

× 0.1(0.17, 0.2, 0.3, 0.4, 0.5, 0.56) = 
0.036 (0.062, 0.072, 0.108, 0.144, 0.18). For the Bi content, 
liquid phase can be expressed by the following equation,

From Eq. (2), it is easy to find if the concentration of bis-
muth reaches 58 wt.% in liquid phase (the eutectic content of 
Sn-Bi alloy),C∗

L
= 0.58 , the Bi content in the residue liquid 

during solidification is about 6.4%. That is, the residue of the 
liquid fraction will experience the eutectic phase transforma-
tion which will not occur in equilibrium condition. Thus, 
the eutectic phase in Sn-xBi alloys can be listed in Table 2. 
This could explain why the eutectic microstructure and the 
unusual DSC peak have been shown in the previous results 
about Sn-20Bi alloy.

As shown in Fig. 4, the solidified microstructures of the 
hypoeutectic Sn-xBi alloys observed consist of eutectic mix-
ture and Sn-rich dendrites decorated by Bi precipitates in 
their own core, generally. These two phases have different 

(2)C∗

L
= C0f

(k0−1)

L

lattice structures, the Bi-rich phase is rhombohedral and the 
Sn-rich phase is body centered tetragonal. During cooling, 
the solid solubility of bismuth in beta tin decreasing explains 
the Bi particle precipitation within the beta Sn-rich regions. 
It can be seen from the previous analysis that eutectic phase 
exists in all alloys during non-equilibrium solidification. 
For Sn-10, 17Bi, 20Bi alloys (Fig. 4a–c), the microstruc-
ture can be seen as the beta tin base with precipitated Bi 
particles decorated on. For Sn-30Bi, the eutectic phase is 
about 35.2%, which has not connected to form net structure 
like Sn-40Bi (Fig. 4d). Thus, the microstructure of Sn-40Bi 
and Sn-50Bi alloys mainly contains Sn-Bi eutectic phase 
and beta tin with Bi particles precipitated during cooling, 
as seen in Fig. 4e.

Figures 4f and 5 show that the microstructure of Sn-
58Bi contains three eutectic characteristic structures: finer 
(in dashed black lines), coarser eutectic zones, and fish 
bone structure, indexed by black arrow. Sn-xBi alloys, 
as aforementioned, are characterized by quite complex 
eutectic structures. The structure variation from lamellar 

Fig. 4   Microstructures of a Sn-10Bi, b Sn-17Bi, c Sn-20Bi, d Sn-30Bi, e Sn-40Bi, f Sn-50Bi, and g Sn-58Bi
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morphology (quasi-regular) to a more complex-regular 
structure strongly depends on the thermal parameters under 
solidification process [9, 33]. For example, a much higher 
cooling rate is conducive to a more complex microstruc-
ture. The coarser and finer microstructure regions shown in 
the present results could be ascribed to thermal instabilities 
which is associated with the local heat flow during cooling 
down. That is a typical non-steady state cooling condition. 
That is, the finer eutectic features could be formed in some 
certain sites, surrounded by much coarser structures, driven 
by the thermal instabilities with quicker cooling rates. In 
Fig. 4, both finer and coarser eutectic regions are highlighted 
in SEM images, displaying both Sn-rich and Bi-rich phases. 
Generally, the finer eutectic emerges like isolated “islands” 
among the eutectic mixtures and beta-tin rich dendrites [28]. 
And a typical “fishbone” eutectic structure is also observed 
in Fig. 4. This structure usually preferred to appear adjacent 
to the lamellar structure of Bi-rich phase, as seen in Figs. 4 
and 5 indicated by black arrows. The fishbone-like structure 
in Sn-58Bi specimens appears as an isolated area from the 
two different scales of lamellar eutectic phases. Thus, the 
microstructures, the second or third phases in size of Sn-xBi 
alloys, are summarized in Table 3.

Additionally, the distribution and fraction of Bi precipi-
tates within the dendritic Sn regions are found uneven. Those  
Bi particles display both spherical and rod-like (ellipsoidal 
in Ref. [9, 28]) morphologies as shown in Fig. 6.

This phenomenon should be related to the temperature 
field during solidification. When the temperature is steady 
during cooling down and long enough for the Bi Particle to 
grow driven by the temperature difference, the Bi particle 
could be rod like which means the Bi phase were growing 
along the same direction[34]. When changing the cooling 
rate from water cooled to air cooled solidification condi-
tions, the cooling rate and temperature gradient decrease, 
while the concentration gradient increases by at least an 
order of magnitude, which assures the material transport 
distance increases. This makes the precipitation of bismuth 
particles form in a shape of elliptical or short rod geometry, 
as shown in Fig. 7.

3.3 � Mechanical properties

3.3.1 � UTS and elongation

Figure 8 shows ultimate tensile strength (UTS) and elon-
gation values of Sn-xBi alloys. It is found that UTS of the 
alloy increases with Bi content firstly, reaching the maxi-
mum value of about 81 MPa when Bi content is 17 wt.%; 
with Bi content further increasing from 17 to 58 wt.% of 
eutectic composition, UTS shows a downward trend, from 
81 to 60 MPa. Correspondingly, the elongation decreases 
with Bi content increasing, from 61% of pure tin to about 
21% of eutectic alloy. This is consistent with the UTS curves 
changing with Bi content from Rachal et al. [29], showing 
that Sn-Bi alloy with 40 wt.% Bi content could be a better 
base alloy to adjust the mechanical properties of Sn-Bi alloy.

3.3.2 � Deformation during tensile test

For better understanding the deformation behavior of Sn-xBi 
alloys. Sn, Sn-17Bi, 50Bi, and 58Bi alloys were selected 
for further deformation observation. As shown in Figs. 9, 
10, 11, and 12, all the tensile curves contain a linear elastic 

Fig. 5   Microstructure of Sn-58Bi alloy

Table 3   Microstructure 
properties of Sn-xBi alloys

Alloys Base The second or third phases

Sn Beta tin grain 46 μm
Sn-10Bi Beta tin (43.4 μm) Bi particles under 1 μm + (eutectics)
Sn-17Bi Beta tin (40.1 μm) Bi particles (about 1 μm) + (eutectics)
Sn-20Bi Beta tin (32.1 μm) Bi particles (1 μm) + eutectics
Sn-30Bi Beta tin (20.3 μm) Bi particles (2 μm) + eutectics
Sn-40Bi Sn-Bi eutectic Beta tin (11.2 μm) with 2 μm Bi + eutectics
Sn-50Bi Sn-Bi eutectic Beta tin (8.1 μm) with dot or short rod Bi + eutectics
Sn-58Bi Sn-Bi eutectic Finer + coarser structure + fish bone

384 Advanced Composites and Hybrid Materials (2021) 4:379–391



1 3

stage, plastic rising, and a load resistance decay stage after 
necking. When the tensile displacement is 1 mm, the ten- 
sile sample for pure tin already entered the stage of uniform 
plastic deformation. The grain morphology of the sample 
surface is clearly visible. This is due to the local cracks 
caused by the uneven deformation of grains with different 
orientations at the grain boundary [29][35][36][37]. At this 
time, the grains keep equiaxed shape. When the displace-
ment is further increased to 2 mm, it is found that the grains 
extend into a strip shape along the loading direction. For 
example, the grain boundaries of A, B, and C are flattened 
in Fig. 9. For this kind of banded morphology, it might be 
resulted by the deformation at the grain boundary is faster 
than that inside the grain. According to the tensile results 
dependent on strain rate and temperature, the activation 
energy for pure tin at room temperature, lower strain rate, is 
about 37 kJ/mol. And the activation energy of bulk diffusion 
of Sn is about 100–130 kJ/mol[37] [38], that of grain bound-
ary diffusion of pure Sn is about 30–40 kJ/mol [39]. Thus, it 
should be the grain boundary diffusion-guided deformation 
for pure tin based on the data and the deformation observa-
tion. This also was confirmed by the TEM observation dur-
ing tensile fracture in pure tin [40]. The vacancy diffusion 
driven the micro-voids nucleated, finally linked up to form 
the cracks propagation [40, 41].

We further find that a small grain appears between the 
three grains A, B, and C, see Fig. 9a–c. This phenomenon 
may be due to the grain boundary sliding which leads to 

the appearance of the grain behind, or the recrystallization 
which resulted by the appearance of a new grain at the 
trigeminal grain boundary [42]. Combined with the tensile 
curve in Fig. 9d, it can be seen that the plastic deformation 
of pure tin mainly comes from the uniform deformation 
before necking. The ability of diffusion and transfer of 
deformation in the alloy is better. Once necked, the crack 
propagates rapidly and the material breaks subsequently as 
shown in Fig. 9e. The fracture surface presents a fracture 
line showing a strong plastic fracture.

In addition, the area of the shadow part under the force-
displacement curve is obtained by integrating the force 
with the displacement, that is, the energy required in the 
stretching process is 559.51 mJ.

For Sn-17Bi solder, when the tensile sample enters plas-
tic deformation stage after 1-mm displacement along ten-
sile direction, some grain boundaries become visible, see 
Fig. 10a. When the displacement is further increased to 
2 mm, the grain boundary becomes clearer, and the defor-
mation of the alloy is coordinated between grains. The bis-
muth phase distributed on beta Sn base no matter the eutectic 
fraction or precipitated particles deforms within beta tin. 
The grain deformations with different orientations become 
uneven. Additionally, voids can be seen at the grain bounda-
ries in Fig. 10 a–c and f, g, which further validates the atom 
diffusion at the grain boundaries in fracture process. Com-
paring with Fig. 10 e and f, it can be seen that some grains 
appear at the grain boundaries shown by black arrows, which 

Fig. 6   Spherical and ellipsoidal 
morphologies of Bi particles in 
a Sn-20Bi and b Sn-50Bi alloys

Fig. 7   Microstructure of Sn-
40Bi alloy under a air-cooled 
condition and b cooled in water
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may be due to recrystallization. With the fracture continu-
ing, by 3 mm in tensile direction, micro-cracks nucleated at 
the voids, which finally connected to drive the crack propa-
gation furthering the tensile fracture. The fracture surface 
observation in Fig. 10e displays a plastic characteristic of 
dimples generally. Therefore, the grain boundary should be 

the location of crack initiation [40]. And this crack finally 
connected within beta tin phase forming the dimple ridge, 
showing a fracture surface in Fig. 10e. The dimple size and 
grain size should be comparable, 46 μm or so.

Figure 11 shows the force-displacement curve, mor-
phologies during and after tensile deformation of Sn-50Bi 

Fig. 8   Tensile properties of 
Sn-xBi alloy: a UTS and b 
elongation

(a) (b) (c)

(d) (e)

Fig. 9   Beta tin deformation during tensile test after a 1 mm, b 2 mm, and c 3 mm displacements, d force-displacement curve, and e fracture 
surface (side)
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alloy. During the tensile process, when the displacement 
reaches 1 mm, the uneven deformation appears on the 
alloy surface, as shown in Fig.  11a. The deformation 
in Sn region and eutectic region with different orienta-
tions shows great difference. Phase boundary slip occurs 
between the phase interfaces of beta tin and eutectic 
regains (see Fig. 11a2). And there are steps shown between 
eutectic phases with different orientations (called grain 
usually), indicating the inconsistent deformation between 
them. Further deformation strengthens this feature, as 
shown in Fig. 11b, c.

Additionally, it is noted that the shape of beta tin phase 
remains unchanged during the displacement that varies 
from 1 mm, 2 mm, and 2.5 mm. This zone works as a 
kind of floating grains during the tensile deformation 
until the end of deformation. Within eutectic regions, 
the uneven deformation results in the concave convex 
between the Sn-rich and Bi-rich lamellar phases. The tin 
rich phase has protruded on surface and bears the main 
part of the deformation, shown in higher magnification 
images (Fig. 11a2~c2). At the displacement of 2.7 mm, 
the sample fractured with the total energy of 576.83 mJ. 

(d) 

Fig. 10   Sn-17Bi alloy during tensile test after a 1 mm, b 2 mm, and c 3 mm displacements; d force-displacement curve, e fracture surface, f 
1 mm, and g 2 mm displacements under higher magnification images

387Advanced Composites and Hybrid Materials (2021) 4:379–391



1 3

The fracture surface shows beta tin-based regions with 
very fine dimples and the eutectic fracture regions, quit 
flat in general. From the microscopic point of view, the 
eutectic fracture zone is composed of Bi-rich region with 
cleavage smooth facet morphology and Sn-rich region 
bearing deformation (Fig. 11e).

In addition, two kinds of cracks can be seen on the frac-
ture surface, one is the large cracks between phases; the 
other is the micro cracks between eutectic grains.

For Sn-58Bi alloy, the grains with preferred orientation 
deform first, along with the sliding of phase boundary in 
the grains, which further promotes the deformation of slip 

)1c()1b()1a(

(a2) (b2) (c2) 

(d) 

(e) 

Fig. 11   Sn-50Bi deformation during tensile test after a1, a2 1 mm, b1, b2 2 mm, c1, c2 2.5 mm displacements, d tensile curve, and e fracture 
surface after tensile test
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band along the tensile direction, as the white arrow shown in 
Fig. 12a–c. At the initial of tensile test, the grain boundary 
first slides where most of the phase boundary does not change 
at all. With the displacement reaching 1 mm, the phase 
boundary slides directly accompanied by the deformation of 

Sn-rich phase, see Fig. 12b. There are obvious sliding steps at 
the interface of Sn-rich and Bi-rich phases showing up. With 
tensile displacement furthering, the deformation of Sn-rich 
phase intensifies, while the fracture of Bi-rich phase occurs, 
and the whole alloy appears to collapse. The broken Bi-rich 

(e) 

(a2) 

(a1) (b1) (c1) 

(b2) (c2) 

(d) 

Fig. 12   Sn-58Bi deformation during tensile test: a1, a2 1 mm, b1, b2 2 mm, and c1, c2 about 2.5 mm displacements, d tensile curve, e fracture 
surface after tensile test
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phase occurs on the sample surface as shown in Fig. 12c. The 
fracture surface of the tensile test sample displays a brittle 
mode with broken Bi-rich phase seen (Fig. 12e).

Figure 12 d shows the force-displacement curve of ten-
sile test. It shows that the most of the plastic deformation 
of Sn-58Bi alloy could be ascribed to the deformation after 
necking. That is, the Bi-rich phase who blocks the Sn-rich 
phase deformation contributes a lot to the plastic property of 
Sn-58Bi alloy. And the total energy required for breaking the 
tensile sample is about 504.13 N·mm.

In the process of tensile test, the energy required to over-
come the deformation can be obtained by integrating the force 
on the whole displacement, as the shadow area in gray color 
shown in Figs. 9 and 10 in the corresponding displacement-
force curves. And the total energy needs during tensile test are 
listed in Table 3. According to the deformation forms of materi-
als: elastic deformation, even plastic deformation, and non-even 
deformation after necking, the energy required in the tensile 
process can be divided into elastic property, even plastic defor-
mation energy and non-even deformation energy after necking. 
The area under the corresponding displacement-force curve is 
the energy of the corresponding part, as shown in Table 4. It is 
found that the homogeneous deformation ability of Sn-Bi alloy 
becomes worse, and the inhomogeneous transformation takes 
up the main part of the deformation, compared with the pure tin 
alloy. And Sn-17Bi is the alloy with the largest energy require-
ment among all alloys. Its strength and plasticity are excellent.

We may as well multiply UTS and elongation to get a com-
prehensive index of strength and plasticity, energy index. This 
index may be more proper to value the comprehensive behav-
ior for engineering mechanical behavior of alloys.

4 � Conclusions

Based on the experimental results and discussion above, the 
following conclusions can be drawn.

1.	 The microstructure of Sn-x (x = 10, 17) Bi alloy is con-
stituted by Bi particle and beta-Sn phase under water 
cooled condition. The microstructure of Sn-20Bi and 
Sn-40Bialloy consists of both eutectic and primary 

phases. Sn-50Bi solder contains Sn-Bi eutectic base 
decorated by beta tin with Bi particles. The thermal DSC 
curves explain the microstructure formation clearly. The 
shape of precipitated Bi particle is related to the cooling 
rate, sphere under water cooled and short rod-like under 
air-cooled condition.

2.	 Sn-17 Bi alloy displays the highest strength, better elon-
gation, and needs the most energy in the tensile process 
of all the Sn-xBi alloys. Bi particles and a small part of 
Sn-Bi eutectic being the strengthening particles to inten-
sify beta tin base for Sn-17Bi solder. The beta tin base 
deformation based on the grain boundary diffusion simi-
lar to pure beta tin deformation under the same condition.

3.	 For Sn-58Bi alloy, the deformation mainly resulted by the 
grain boundary sliding during even deformation stage and 
the phase sliding between Bi-rich and Sn-rich phase bound-
ary after necking. And the latter accounts for the majority. 
Sn-50Bi alloy, in contrast, contains tin phase with disper-
sion distributed Bi particles. These tin-rich phases work 
as floating grains, do not participate in the deformation, 
but provide sliding interfaces with the eutectic part, which 
promotes the continuous plastic deformation.
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