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ABSTRACT

The effect of In on melting property, microstructure and mechanical properties
of Sn—40Bi—xIn (x = 0, 1, 2, 4, 6, 8 wt%, respectively) alloys was investigated by
means of differential scanning calorimetry, scanning electron microscope, X-ray
diffraction and tensile test. The results show that the solidus temperature and
the liquidus temperature decrease with the increase in In content. The 1In, 2In
and 4In alloys are composed of Sn—Bi eutectic and f-Sn dendrites with In atoms
dissolved, whereas 6In and 8In alloys composed of Sn-Bi eutectics, Biln-Sn
metastable phases, Bi particles and primary f-Sn phases. At room temperature,
6In exhibits the maximum ultimate tensile strength of 77 MPa, while 4In dis-
plays a more outstanding elongation rate of 42%. Moreover, 2In alloy exhibits an
even outstanding elongation behavior (above 300%) at temperatures of 100 and
120 °C.
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Introduction focused on alloys Sn-Ag—Cu (SAC) [1-4], Sn—0.7Cu,

Sn-87Zn-3Bi [5-8], Sn-58Bi [9, 10] and Sn-42In

The eutectic Sn—Pb alloy has been widely used in
electronic industry. This alloy has many superior
properties, such as low cost, good wettability, sol-
dering and a low melting temperature (183 °C) that is
suitable for SMT (Surface Mounting Technology)
reflow procedure. As increasing concerns on Pb
poisoning grow, RoHS (the Restriction of the use of
certain Hazardous Substances in electrical and elec-
tronic equipment) was introduced in 2001 and set a
timeline for eliminating Pb from soldering process
5 years later. The published studies are mainly

[11, 12]. When the deadline for implementation of
RoHS was approaching in 2006, the leading alterna-
tives to SnPb solder were Sn-3.8Ag-0.7Cu (SAC387)
eutectic for reflowing process and SnCu eutectic for
waving soldering, both considered acceptable by
academia and industry. However, the higher cost of
Ag and the patent cost of lowa University covering
SAC eutectic alloy prompted the JEIDA (Japan Elec-
tronic Industry Development Association, now
JEITA) to endorse the hypoeutectic SAC305 alloy,
which was covered by a Japanese patent held by
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Senju Metal Industries (patent No. 3027441). SAC 305
performs similar to SAC387 but is much less expen-
sive in price. Therefore, the SAC305 was endorsed as
the first choice for product sold to the EU markets
promoted by IPC (Association of Connecting Elec-
tronics Industries now) and US companies. This
resulted in SAC305 largely replacing SAC and SnCu
eutectic and activated the database building of
SAC305 reliability. Further, the database availability
helped SAC305 become the standard Pb-free solder.
The cost of SAC305 solder, however, is a concern
always due to the high cost of Ag. Under the pressure
of competition and the drive of the low cost, reducing
Ag content in soldering materials is a choice. As a
result, Sn—1.0Ag-0.5Cu (SAC105 for short) [3] and
5n-0.3Ag-0.7Cu [4] have been used as the alterna-
tives for low thermal fatigue and creep requirements.
Furthermore, Sn—-8Zn-3Bi alloy may have a prospect
because of its suitable melting point and bulk prop-
erties, which were finally put aside for the short shelf
life of the corresponding solder paste using in SMT
assembly for the activity of zinc. Similarly, Sn-Bi
alloys were are no longer suitable to use in electronic
industry because of their low mechanical properties
and used only in limited applications that did not
require much mechanical or thermal performance.

The transition from Sn-Pb to SAC alloys brought
many challenges to the packaging procedures and
electronics assembly. SAC305 melts between 217 and
221 °C, 34-38 °C higher than the melting point of
eutectic Sn—Pb. This melting point increase resulted
in the reflowing temperature increase responsively.
Consequently, printed circuit boards (PCBs) and
electronic components were redesigned to withstand
the higher reflow temperatures required by SAC
alloys [13].That was a major inflection point in elec-
tronics assembly which brought a great cost rising
due to overall adaptability of the production line and
the usage of precious metal silver in SAC soldering
alloy.

Recent investigations [14, 15] have shown minia-
turization of portable electronics and higher package
complexity, which drives flip chip BGAs increasingly
thinner and the package assembly processes needing
multi-steps to finish. Most ultra-thin microprocessors
with standard SAC305 alloys result in a great
dynamic warpage on package substrate and PCB
[14-16]. Such defects can be alleviated, and SMT
yields increased when using low-temperature sol-
dering process that reflows below 200 °C [17, 18].
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Furthermore, lower reflow temperature enables the
usage of cheaper substrates, significantly reducing
energy, materials and operational costs, which make
it a very compelling proposition. According to road
map of iNEMI (International Electronics Manufac-
turing Initiative) 2015, a lower-temperature soldering
technological solution (at least 1-20% lower than the
melting temperature of SAC305 alloy) is expected to
be achieved within the next 10 years.

Actually, the choice for low-temperature alloys to
fulfill SMT (surface mounted technology) soldering
requirements is limited. Thus, Sn—8Zn-3Bi, Sn-Bi and
Sn-In-based alloys come back under consideration.
5n-8Zn-3Bi alloy needs both alloying technology and
upgraded solder paste chemistry to make it possible
as a replacement [5-8]. Sn-Bi and Sn-In alloys need
more work on the melting properties and mechanical
behavior [13].

Based on the previously reported concerning
strengthening mechanical performance, it is recog-
nized that the solute content provides a resulting
refinement in the microstructural array, i.e., both
grain size and dendritic arm spacings [19-22]. And
the microstructural array [19-24] is also affected by
the cooling rate applied and, consequently, the
resulting mechanical behavior can considerably be
improved. As for the strengthening of Sn-Bi alloys,
the alloying elements are often used to improve
mechanical properties and thermal aging resistance
through a combination of solid-solution strengthen-
ing, precipitate hardening, grain or microstructure
refinement and diffusion modifiers [25]. The additive
elements such as Ag [9], Al [25, 26], Zn [27, 28], Ni
[29], rare earth (RE) [30-32], Cu [33, 34] and In [35]
have been verified to be efficient to refine the
microstructure and further increase the mechanical
properties. Among them, only In addition decreases
the melting temperature [35, 37], mainly solutioned
into Sn-rich phase [35]. According to the results of
Yoon et al. [36], a new Bi-In-Sn metastable phase will
be formed when the In content is more than 7 wt%,
which  may make a different mechanical
performance.

Furthermore, decreasing Bi contents from 58 wt%
(the eutectic Sn-Bi solder proportion) to 40, 35 and
even 17 wt % plus minor silver or copper addition
has been verified to be an effective way for meeting
step soldering process and relieving the Bi phase
segregation along the interface between the substrate
and solder alloy [33-35, 38]. And, 40 wt% Bi will be a
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better choice which enlarges the solid-liquid region
by about 20 °C that meets iNEMI requirement. Fur-
thermore, our previous work [35] and the result of
Takao et al. [33] have shown that 40Bi is a better base
alloy according to the elongation and UTS.

Therefore, reducing Bi content to 40 wt% with In
addition will be an effective way to develop a new
low-temperature soldering alloy to meet the urgent
needs. In this paper, the melting properties,
microstructures and tensile behavior of Sn—40Bi—xIn
x=0,1, 2,4, 6,8 wt%, marked as OIn, 1In, 2In, 4In,
6In and 8In, respectively) alloys were systematic
investigated.

Experimental procedure

Pure Sn, In and Bi sheets of 99.99 wt% purity were
stacked from bottom to top in the center of a
50 mm x 30 mm x 20 mm graphite crucible at room
temperature (no In sheet for Sn58Bi alloy), as shown
in Fig. 1. Then, the graphite boat was put into a
tubular resistance furnace for alloy preparation under
the protection of high-purity nitrogen atmosphere at
800 °C for 60 min. The In content in the Sn—40Bi—xIn
alloy is 0, 1, 2, 4, 6, 8 wt%. A series of alloy ingots
were re-melted and stirred at 200 °C for 15 min with
an anti-oxidation agent over the surface. Then, the
melts were poured into a graphite mold (90 mm x

Bi
In :
Sn .
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90 mm x 20 mm) and cooled in the air to form a
plate, which was followed by 2-week aging at room
temperature for stabilizing the microstructure. To
evaluate the room temperature aging on the change
in microstructure, the alloys had been aged for
6 months. Figure 1 shows the preparation procedure
of xIn alloys.

The microstructure and phase composition of xIn
alloys were investigated by scanning electron
microscopy (SEM, JSM-6480) equipped with energy-
dispersive X-ray (EDX) analysis and X-ray diffraction
(XRD, RD-6000) analysis. The differential scanning
calorimetry (DSC, Pyris Diamond, =+ 0.1 °C) mea-
surement was used to analyze the melting tempera-
ture of the alloys at a heating rate of 5 °C/min in Ar
flow protection of 20 mL/min.

As illustrated in Fig. 2, the dog-bone sample was
machined to conduct tensile test with the gauge
length of 10 mm, and a rectangle cross section of
1.5 mm x 3 mm. The tests were carried out three
times each with a strain rate of 0.01 s~ under tem-
peratures of 25 °C, 60 °C, 80 °C, 100 °C and 120 °C,
respectively. For the tests at elevated temperatures,
the tensile specimens were clamped at room tem-
perature and then heated up. Tensile tests were car-
ried out when the temperature reaches the set
temperature. After the tensile test, fracture surfaces of
specimens were investigated through SEM and EDX.

800°C for 60 minutes

Protective gas

- wil

Sn-40Bi-Xin Solder

Cooling
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Figure 1 The fabrication procedure of xIn alloys (sketch not in scale).
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Figure 2 The schematic illustration of tensile test specimen
(sketch not in scale).

Results and discussion
Melting properties

Figure 3 shows the DSC curves of xIn along with Sn—
40Bi alloy upon heating at a scanning rate of 5 °C/
min. It is found that when the In content increases
from 0 to 8 wt%, the number of exothermal peaks on
DSC curves of xIn alloy changes from 1 to 4. This
peak, marked as peak 1, appears within the temper-
ature range of 137.3-142.9 °C for OIn, 1In and 2In
alloys, and 118.9-131.7 °C for 4In, 6In and 8In alloys.
Compared with the DSC curves of OIn (Sn—40Bi) and
5Sn-58Bi alloys in Fig. 3b, Peak 1 should be the heat
fluctuation caused by Sn-Bi eutectic phase transfor-
mation. This peak shifts slightly from 139.8 °C for 1In
alloy to 1189 °C for 8In alloy. The peak strength
decreases with increasing In addition. In other words,
In addition depresses the formation of Sn—Bi eutectic
phase and enlarges the liquid-solid two-phase
region, as shown in Table 1. From this point of view,
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the enlarged liquid-solid two-phase zone will make
the microstructure of the xIn alloy coarser. Also it is
noted that the peak temperature of Sn—-58Bi eutectic
alloy is higher than the generally accepted 138 °C in
academic field and 141 °C in industries. The reasons
for this distortion may lie in two aspects. Firstly, the
curve used in this paper is the heating curve, and
secondly, the heating rate is 5 °C/min which is quite
high for DSC test. Nevertheless, the purpose of
introducing eutectic Sn—58Bi alloy in this work is to
provide a ‘reference’ standard to understand the
relative melting properties of Sn—40Bi—xIn alloys.

However, Sn—40Bi—4In alloy exhibits a different
characteristic with a second peak at 136.1 °C indi-
cating a new phase. Further, two more peaks (marked
as Peak 3 and Peak 4) arise on the curves of 6In and
8In alloys, indicating the existence of new phases.
The XRD patterns of 6In and 8In alloys are presented
in Fig. 4. It demonstrates this might be related to Biln
phase.

Generally, the DSC curves also present some other
trends besides the above-mentioned peaks with the
increasing In content. First, the onset point of Peak 1
decreases from 130.6 to 98.7 °C. Second, the liquidus
temperature decreases from 178.2 to 168.2 °C. Third,
the peak temperature and phase transformation
temperature shift to lower temperature after In
addition. Finally, there exists a longer holding time in
solid and liquid two-phase zone. The temperatures of
four peaks presented in Fig. 3 are listed in Table 1.

(a) (b) .
142.9°C
Peak 1
Peak 3 Peak 2 8In
Peak 4 \ / 163 g 0ln (Sn-40Bi)
" /Gln
2 =
e s
> s 143.2°C
o )
o [
ks 5
T £
Sn-58Bi
1 1 1 1 1 1
50 100 150 200 250 0 100 200 300

Temperature (°C)

Temperature("C)

Figure 3 DSC curves of a xIn alloys (x = 1, 2, 4, 6, 8) and b 0In (Sn—40Bi) and Sn—58Bi alloys.
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Table 1 List of related information shown in Fig. 1 in details

J Mater Sci (2020) 55:3092-3106

Alloys Liquidus temperature  Possible solidus Temperature range  Peak 2 Peak 1 Peak 3 Peak 4
(°C) temperature (°C) °C) O °O) °C) °C)

Sn—58Bi 143.2 143.2 0 143.2

OIn (Sn— 179.7 135.6 44.1 142.9

40Bi)

1In 178 135.6 474 139.8

2In 178 130.6 51.9 137.3

4In 169.5 118.5 51 136.1 131.7

6In 169.5 112 (98.9) 51 (69.3) 129.8 124.9 98.9 79.2

8In 168.2 98.7 69.5 123.8 118.9 98.7 79.2

Relative intensity

20 50

2 theta (degree)

80

Figure 4 XRD patterns of xIn alloys (x = 1, 2, 4, 6, 8).

Microstructure of xIn alloys
before and after aging

Microstructure before aging

Figure 5 shows the microstructure of the xIn alloys.
The bright and dark gray regions represent Bi-rich
phase and Sn-rich phase, respectively. The OIn alloy
is composed of laminar Sn-Bi eutectic structure and
Sn dendrites with Bi particles/strips, as shown in
Fig. 5a. The 1In, 2In and 4In alloys show the similar
microstructures with OIn alloy except that there are
different contents of soluble indium in tin phases and
the finer microstructures.

The 6In and 8In alloys are composed of Bi-rich
phase, Sn-rich phase and a new phase with white-
gray color between the Bi-rich phase and the Sn-rich
phase, as shown in Fig. 5e and f. According to the
XRD results (Fig. 4) and EDX results (Fig. 5g), the
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new phase is confirmed to be Biln phase (PDF
number 65-3891). Ruggiero et al. [37] reported that
there are several subsystems in Sn-Bi-In system
during cooling; a Biln-Sn metastable phase may be
present when the In content is higher. That is, 6In and
8In alloys are composed of Sn-Bi eutectic region,
Biln-Sn coexistence zone, B-Sn and some Bi blocks.

In atoms in 1In, 2In and 4In alloys are completely
solid-soluted into Sn-rich phase because the solid-
solution phase of In may be Bi-rich phase or Sn-rich
phase, or both. For Bi-rich phase, when the content of
In is minor the Biln is the only phase according to the
Bi-In phase diagram. For Sn-rich phase, In atoms
could completely dissolve in B-5Sn lattice because In
and B-Sn share a same tetragonal crystal structure
due to the similar atom number [39]. The solubility of
In in B-5Sn is about 9 wt% in equilibrium state [36, 37].
Therefore, it is reasonable to regard the dissolved In
in B-Sn at room temperature [35].

As shown in Fig. 5, with In content increasing from
0 to 4 wt%, the Bi-rich phase in eutectic structure first
transforms to finer strip, then coarsening when the In
content is within the range of 6-8 wt%. This may rely
on the following two aspects. First, the addition of In
provides more nucleation spots, which leads to the
finer microstructure. Second, the addition of In
enlarges the solid-liquid two-phase zone and
broadens the eutectic transformation peak, which
leads to the coarsening of microstructure. As a result,
1-4 wt% In-doped alloys present fine microstructure
and 6-8 wt% In-doped alloys appear as a coarse
microstructure.

Furthermore, the xIn alloys were observed under
higher magnified condition with more details shown
in Fig. 6. With the increase in In content, Bi phase in
eutectic Sn—Bi structure becomes coarsening, which is
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Figure 5 Microstructures of
a O0In, b 1In, ¢ 2In, d 4In,

e 6In, f 8In alloys and g EDX
analysis on image.
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2 Biln’Sii phase’

Element Wt%  at%
In 33.29 46.86
Sn 2.61 3.55

Bi 64.10 49.59

consistent with the widening trend of peak 1. The B-
Sn dendrites with rod-like shape in Bi phases with
low In content transform to particle shape in highly
In-doped alloys. The rod-like structure indicates that
this zone during cooling process may experience Bi
atom desolventizing from the adjacent area in a much
stable heat flow field with preferred directions,
whereas the particle shape may depend on the

directionless Bi phase growing procedure with more
Bi nucleation spots.

Microstructures after room temperature aging

To investigate the structure stability of xIn alloys, the
microstructure after 6-month room temperature
aging was characterized and is shown in Fig. 7.
Compared with the previous microstructures, the

@ Springer



3098

Figure 6 Magnified SEM
images of a OIn, b 1In, ¢ 2In,
d 4In, e 6In and f 8In alloys.

following changes can be clearly observed. Firstly,
the Bi particles embedded in B-Sn matrix merge with
the Bi phases in Sn-Bi eutectic structure, especially in
1In, 2In and 4In alloys. Secondly, the Biln-Sn
metastable phase zone disappeared and is replaced
by bigger Biln phase embedded in Sn matrix, typi-
cally in 6In and 8In solder alloys [36, 37].

Since the solubility of Bi in Sn is limited, the
growth of Biln particles can be described by the
model for the second-phase growth in a saturated
solution. The driving force for the growth of Biln
particles is the interface curvature between the two
phases. It is called Ostwald ripening. Because the
larger particles are much more energetically favored
than the smaller ones [40], this originates the fact that
molecules on the particle surfaces are energetically
less stable than those in the interior. In order to keep
the energy to a minimum, molecules on the small-
particle surfaces, energetically unfavorable and being
with less bonded neighbors, usually tend to depart

@ Springer
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from particle surface and solute into the solution.
When all the smaller particles disappeared, the con-
centration of free molecules in solution will increase
and finally attain supersaturation. Then, those free
molecules tend to solidify on the surface of some
larger particles. Thus, all the larger particles grow
accompanied by the smaller ones shrinking; and
overall the average size of particles increases. Finally,
the entire population of particles becomes some large
spherical particles to minimize the overall surface
area. For the two eutectic phases, namely SnBi and
Biln-Sn, the Sn-Bi phase is more stable.

The possible formation procedure during cooling

In DSC test, the cooling rate is quicker than the
equilibrium solidification process. More Bi atoms
may dissolve into the primary P-Sn phase. After-
ward, Bi particles precipitate from B-Sn phases dur-
ing cooling with a rod-like structure for Sn matrix



J Mater Sci (2020) 55:3092-3106

Figure 7 Microstructures of
a O0In, b 1In, ¢ 2In, d 4In,

e 6In and f 8In alloys after
6-month aging at room
temperature.

Biln Phase

/

displaying inner white rectangle frame in Fig. 6a. The
solidification process is dependent on the saturation
solubility of Bi in B-Sn and the following precipitation
behavior. The cooling sequence of phase formation
during solidification of the OIn (Sn—40Bi) alloy is as
follows: L — L 4 (primary p-Sn) — SnBi eutec-
tic + Primary B-Sn + Bi particles [36, 37, 40—42].

For 1In or 2In alloy, the obtained microstructure
shows an enlarged solid + liquid two-phase coexis-
tence zone with 47.4 and 51.9 °C temperature range,
respectively. That is, In addition into Sn—40Bi alloy
can retard the eutectic transformation. The sequence
of phase transformation during cooling is:
L —» L + (Primary p-Sn) — Eutectic phase transfor-
mation — SnBi eutectic + Primary B-Sn with In dis-
solved in + Bi particles. The cooling sequence should
be similar to Sn—40Bi alloy just with the enlarged
solid + liquid zone due to large undercooling.

The 4In alloy shows a wider peak represented by
the temperature range in Table 1, 51.9 °C, different
from the 44.1 °C of Sn—40Bi alloy, 47.4 °C of 2In alloy,
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Biln Phase

similar to the 51 °C of 6In alloy. According to the
result from Chen et al. [35], Biln phase will appear
when the In content is up to 4 wt%. In this experi-
ment, Biln phase is not clearly observed in the
microstructure and the XRD pattern (Fig. 4). How-
ever, the heat release is really large which explains
the coarser Bi phase and the nearly invisible eutectic
phase in the microstructure (Fig. 6d). The cooling
procedure can be regarded as the following: L;.
— L, + (Primary B-Sn) — L3 + Bi + (Primary p-
Sn) — (Sn + Bi) eutectic phase + Bi + Primary f-Sn
with In dissolved in.

According to the DSC curves of alloys 6In and 8In,
the phase transformation of the two alloys during
cooling should be similar. Based on the results of
Yoon et al. [36], there are several independent sys-
tems in Sn-Bi-In alloy during cooling, and only one
eutectic reaction per independent system possibly
occurred. Thus, the eutectic temperature is the lowest
phase transition temperature in each independent
system. Also previous study from Ruggiero et al. [37]
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identifies several eutectic reactions, and they assume
that subsystem exists. For instance, they find five
eutectic reactions, two from two quasi-binary systems
and the three from three subsystems they supposed.
During this test condition, it is impossible to reach
the theoretical limit uniformity for the liquid phases
during cooling process. Thus, using Ruggiero’s
viewpoint to explain the experimental results is rea-
sonable. As shown in Fig. 8, when 8In alloy is cooled
down below 168.2 °C, primary B-Sn phase may pre-
cipitate from the liquid. The alloy then enters the
liquid + B-Sn two-phase region. Continuous cooling
down to 123.8 °C promotes the formation of some
extra Bi particles due to the Sn-Bi stoichiometric
reaction. When the temperature is around 118.9 °C,
the appearing peak is similar to the other peak 1
shifted to the lower temperature, representing Sn-Bi

J Mater Sci (2020) 55:3092-3106

eutectic transformation. That is verified by Sn-Bi
eutectic zones in 6In and 8In alloys shown in Fig. 4d
and f. After temperature is lower than 98.7 °C, most
of the residue liquid may transform to Biln + Bi
phase, replacing the area that is previously occupied
by (L + Biln + B-Sn) and (L + Biln + Bi). The
(L + Biln + B-5Sn) phase field keeps until it reaches
the next reaction, occurring at 79.2 °C [43]. Thus, the
reaction at 98.7 °C can be expressed as L + Bi — -
Sn + Biln. The last minor peak may be represented
by the reaction of L — eutectic Biln-Sn phase. Thus,
the whole cooling sequence can be expressed by the
following series of processes: L — L; +(primary -
Sn) —» L, + Bi + (primary B-Sn) — L; + eutectic
(Sn + Bi) + Bi + (primary B-Sn) — Ly + (B—
Sn + Biln) + eutectic (Sn + Bi) + (primary p-Sn) +
Bi — Biln-Sn 4 (B-Sn + Biln) + eutectic

(Sn + Bi) + (primary p-Sn) + Bi — final room tem-

perature: f-Sn + Biln + Bi.
250 |- Eutectic Reaction: gama-Sn+Bi+ In-->Biln+Bi
Peritectic Reaction: L+Bi-->Biln+Beta tin Tensile properties
Eutectic reaction: L--> (Sn+Bi)
s L \ ‘ ' Tensile properties at room temperature
c) Bi Beta Tin
< ‘ . . .
s \ 1 / P The tensile p.ropert.les of xIn alloys in room temper-
o s ature were investigated. The stress—strain curves
- —1
S 150 obtained from tensile tests are shown in Fig. 9a. The
relationship between the ultimate tensile strength
8In (UTS) and elongation rate with In content is shown in
Fig. 9b. The 6In alloy displays a maximal UTS of
or ) ) ) ) ) ) ) 77 MPa, whereas 4In alloy gives the best elongation
50 100 150 0 250 of 42%. This might be owing to the distribution of
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Figure 9 xIn alloys (x = 0, 1, 2, 4, 6, 8) under tensile test: a stress—strain curves and b In addition versus UTS and Elongation.
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Figure 10 Stress—strain curves of 4In alloy at room temperature,
60 °C, 80 °C, 100 °C and 120 °C (inset top right is local
magnified image correspondingly).

Figure 11 Fracture
morphologies of (inset top left
is magnified image
correspondingly): a OIn, b 11n,
¢ 2In, d 4In, e 6In and f 8In
alloys at room temperature.
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the coarsening of eutectic zone with Bi content
increasing. Shalabyet al. [44] investigated the creep
behavior of Bi-Sn alloy and found that the extra Bi
could strengthen P-Sn phase, which was further
counteracted by the softening effect of In addition. As
shown in Fig. 5, it finds that with In addition, Bi
phase coarsens. According to Chen et al. [35],
2.5 wt% In-doped Sn-Bi alloy exhibits remarkable
elongation behavior. In this paper, 4 wt% In-doped
Sn-Bi alloy displays the maximum elongation rate.
This difference might be due to the different
microstructures of the two works. The as-cast xIn
ingot has been aged for 2 weeks in this study which
may stimulate the supersaturated Bi atoms precipi-
tate from the beta tin base. The aging softens In-
containing alloys and further improves the ductile
properties, while the Biln phase formation worsens
plastic performance.

As shown in Fig. 9, the elastic modulus of xIn alloy
is basically the same. The value is mainly related to
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Figure 12 Stress—strain curves of xIn (x = 0, 1, 2, 4, 6, 8) alloys at a 60 °C, b 80 °C, ¢ 100 °C and d 120 °C.

atomic bonds which are insensitive to the
microstructure and therefore to the different xIn
alloys; they are very temperature dependent. When
the temperature increases, the elastic modulus
decreases, as shown in Fig. 10.

Figure 11 demonstrates the fracture morphologies
of xIn alloys. It shows all alloys exhibit ductile frac-
tures. However, the dimples can only be seen on the
fracture surfaces of OIn, 1In, 2In and 4In alloys. The
fracture surfaces of 6In and 8In alloys are relatively
flat in general and exhibit some cleavage feature in
high-magnified images, which is consistent with the
elongation results.

Tensile properties at high temperatures

Figure 12 shows the stress—strain curves of xIn alloys
at high temperatures of 60, 80, 100 and 120 °C,
respectively. It is found that UTS of all the tested
alloys decrease with the increase in In content. It is
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also noticed that the 4In alloy holds the maximum
fracture strain at temperatures of 60 and 80 °C. The
fracture strain of 4In alloy can even exceed 200% at
temperature of 80 °C. The UTS of 2In alloy is maxi-
mum at temperature of 100 °C, but 1In alloy holds
the maximum UTS when the temperature is further
increased to 120 °C. The 2In alloy holds the maxi-
mum fracture strain at temperature of 100 and
120 °C, and the value of maximum fracture strain is
327% and 313%, respectively. The reason for this
phenomenon may relate to the addition of In. In
addition, the shape of tensile curve changes from
dome-like shape at low temperature to sharp peak
appearance at high temperature. Take the tensile
curves at 120 °C as an example, 6In and 8In alloys
almost lost the ability to resist the external loading
process. This is no doubt that it is due to the existence
of low-melting-point phase, based on the previous
DSC analysis, which could be a reason for the
strength decay.
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Figure 13 Fracture surfaces
of a OIn, b 1In, ¢ 2In, d 4In,
e 6In and f 8In alloys after
tensile tests at 120 °C.

As shown in Fig. 13, the tensile fracture of xIn
alloys at 120 °C exhibits ductile fracture, but the
fracture morphology is different from that at room
temperature. The fracture surface of OIn alloy
becomes rougher showing a better ductile property,
as shown in Fig. 13a. The fracture morphologies of
1In, 2In and 4In alloys are flat and smooth covered by
the round particles. The particles sizes are 5-10 um
for 1In alloy, 25 pm for 2In alloy and about 50 pm for
4In alloy. These particles are Sn-rich and Bi-rich
phases according to the previous microstructure
observation. The 14 wt% In addition induces the Sn
and Bi phase boundary to slide easily at 120 °C. And
the phase boundary sliding should be the main
source of superior plasticity of 1In and 2In alloys. For
the fracture of 4In alloy, the surface of particles
becomes rough, which leads to the relatively lower
fracture strain compared with 1In and 2In alloys.
Further, the fracture surfaces of 6In and 8In alloys
look like totally collapsing after tensile test at a tem-
perature of 120 °C.
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Conclusion

The effects of In addition on the melting properties,
microstructures and mechanical responses of Sn—40Bi
alloy were investigated. The conclusions can be
drawn as follows:

1. When the content of In is in the range of 1-8 wt%,
the DSC curve shows that the peak of thermal
fluctuation of the alloy during heating or cooling
is from one peak of 1In alloy to four peaks of 8In
alloy. And the indium addition makes all the
phase transformation temperatures of Sn—40Bi
alloy move toward lower temperature.

2. The phase transformation sequence for 8In alloy

can be written as L —» Ly + (primary p-
Sn) — L, + Bi + (primary p-Sn) — L3 + eutectic
(Sn + Bi) 4 Bi + (primary B-Sn) — Ly + (B-
Sn + Biln) + eutectic (Sn + Bi) + (primary B-
Sn) + Bi — Biln-Sn + (B-Sn + Biln) + eutectic
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(S5n + Bi) + (primary p-Sn) + Bi — final room
temperature: f-Sn 4+ Biln + Bi.

The microstructures for 1In, 2In and 4In alloys are
arranged by B-Sn dendrites with In dissolved in,
Bi precipitates with uniform distribution and a
complex eutectic mixture. The 6In and 8In alloys
present a different initial microstructure com-
posed of Sn-Bi eutectic, Biln-Sn metastable phase,
Bi particles and p-Sn matrix, which finally
evolves into a more stable structure of f—Sn, Biln
and Bi phases.

At room temperature, the UTS and fracture strain
of the alloy increase first and then decrease with
the increase in In content. This trend is caused by
the transformation of In existence from solid
solution in f-5n of 1In, 2In and 4In alloys to Biln—
Sn metastable phase or Biln phase of 6In and 8In
alloys. And 6In exhibits a much higher ultimate
tensile strength (UTS) of 77 MPa, while 4In
displays a more outstanding elongation rate of
42%. When the tensile tests were taken at 60, 80,
100 and 120 °C separately, the UTS decreases
with the increase in temperature. 2In alloy
instead of 4In alloy displays the maximum
elongation rate over 300% at 100 and 120 °C.
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