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1 Introduction

ABSTRACT

Aiming to solve the intrinsic brittleness of Sn—Bi solder alloy, the effects of In
element on the microstructure evolution, mechanical and soldering properties
were systematically investigated in Sn-57Bi—-1Ag-based alloy. It was found that
the addition of In could fragment the reticular Bi-rich phase and increase the
content of B-Sn phase in the Sn—(57 — x)Bi-1Ag—xIn alloy, which significantly
improved the fracture elongation of the In-containing solder alloy. The elon-
gation of Sn-56.0Bi-1Ag-1.0In reached 68.51%, which was 2.3 times that of Sn—
57Bi-1Ag (~ 29.68%). What's more, the fracture mechanism of the alloy chan-
ges from brittle fracture to mixed ductile-brittle fracture with the addition of In
element, implying a significant progress in solving the brittleness problem of
Sn-Bi solder alloy. Meanwhile, compared to Sn-57Bi-1Ag, the lower melting
point and solidification temperature of the In-containing solder alloys improved
the solderability, which enhances the spreading rate of alloy and results in a
maximum spreading rate of 72.00% for the Sn-56.0Bi-1Ag-1.0In. This work
provides a valuable guidance for industrial production of solder alloys as it
simultaneously improved both the solderability and the ductility of Sn—Bi-based
alloys.

free solders such as Sn-Ag—Cu- [4, 5], Sn—Cu- [6],
Sn-Zn- [7] [8-10], and Sn-Bi-based [11-14] alloys

Conventional Sn—Pb solders were extensively utilized
in electronic packaging due to their excellent com-
prehensive performance [1]. Since Pb is harmful both
to the environment and to human health [2, 3], lead-

have received increasing attention from the
researchers. However, except for Sn-Bi solder, the
further applications of the above-mentioned solders
are largely limited due to their high melting points,
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which may damage the printed circuit boards (PCBs)
and electronic components during soldering. Sn-Bi-
based solder alloys with low melting temperatures,
low thermal expansions, low surface tensions, and
higher strengths than Sn-37Pb have been widely
utilized in low-temperature electronic packaging [15].
However, the brittleness of the Sn—Bi solder alloys
has always been the bottleneck for their application
and can extremely deteriorate the reliability of solder
joints [16-18].

Currently, the most efficient method to address the
brittleness of Sn—Bi solder alloys is alloying. Elements
such as Ag [12, 19], Cu [20, 21], Sb [22], Zn [23], In
[24, 25], Cr [26], Ni [27], W [28], Co [11, 29], and rare
earths (REs) [30] et al. have been added to Sn-Bi-
based solder alloys to attempt to promote the com-
prehensive performance.

Among the alloying elements mentioned above, Ag
is excellent in improving the mechanical properties of
Sn-Bi-based solder alloys. Shalaby et al. investigated
the effects of Ag and In additions on both the
mechanical properties and creep resistance of Sn—
58Bi solder [31]. The presence of intermetallic com-
pounds, AgszSn and Snln;s, was confirmed in the
solder, which effectively improved the creep resis-
tance and mechanical properties of the solder alloy.
And the modulus of elasticity increases from 42.72
GPa for Sn-58Bi to 46.15 GPa for ternary alloy Sn—
58Bi—2Ag. The influence of Ag addition to Sn-58Bi
solder on SnBi/Cu interfacial reaction and the frac-
ture behavior of the aged SnBiAg/Cu solder joints
were investigated by Hu et al. [32]. The results
revealed that the Ag element in the solder could
diffuse into the Cu substrate during the soldering
and aging process, forming a Cu-Ag alloy layer
adjacent to the joint interface. The Bi segregation was
not observed at the aged SnBiAg/Cu interface, and
the embrittlement would not occur at the aged
SnBiAg/Cu solder joints once the Bi segregation was
restrained. Park et al. used Ag-decorated MWCNT to
improve the mechanical, electrical, and thermal reli-
ability of Sn-58Bi solder joints [33]. They found that
the bonding strength of solder joints using Sn-58Bi-
0.05Ag-MWCNTs was 12% higher than those of
other solder joints. Moreover, the electrical resistance
of the solder joints using Sn-58Bi-0.1Ag-MWCNTs
was lower than that of Sn-58Bi solder joint. Yang
et al. found that the B-AgzSn precipitated as a sec-
ondary phase and a heterogeneous nucleation sub-
strate when doping Ag into Sn—Bi eutectic alloys [12].
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The Sn-Bi-Ag alloy can have improved ultimate
tensile strength (UTS) due to the fine grain
strengthening and the secondary phase strengthen-
ing. Compared to other Ag-doped alloys, the Sn-
58Bi-1Ag alloy showed the best UTS (72 MPa) and
better elongation (19.3%). In the above-mentioned
studies, despite the significant improvement of Sn-
Bi-based solder alloys, the elongation of those still
lacks in-depth elaboration, i.e., the brittleness prob-
lems associated with the high Bi content in those
solders still exist and their current elongation levels
are not sufficient for the refinement of the electronics
industry. Meanwhile, the theoretical studies of the
Sn-Bi-based quaternary solder alloy are not system-
atic enough. In order to promote the further devel-
opment of the electronic packaging industry, the
research of the Sn-Bi quaternary solder alloy is
necessary.

Sn-57Bi-1Ag is a commercial ternary solder alloy,
but it still meets with the problem of high brittleness.
However, In element has been proved to have “soft-
ening effect” on solder alloys in previous studies
[15, 24, 34]. Therefore, in this work, we intend to use
Sn-57Bi-1Ag ternary solder alloy as a substrate and
systematically investigate the effect of the In addition
on the microstructure evolution, the phase composi-
tion, the thermal properties, the wettability, and the
mechanical properties of Sn—-57Bi—1Ag-based quater-
nary solder alloy.

2 Experimental

Sn—(57 — x)Bi-1Ag—xIn (x =0, 0.5, 1.0, 1.5, 2.0, 2.5
wt%) solder alloys were prepared using Sn, Bi, and In
particles and Ag wire with 99.99% purity. All solder
alloys were vacuum sealed in quartz tubes, then
melted in a 16-channel tube furnace (GSL-1200X-
MGI-16) at 800 °C for 2 h. Subsequently, the molten
solder alloys were water-cooled and casted into a
cylindrical shape. Schematic diagram of sample
preparation is shown in Fig. 1.

Thermal properties of all solder alloys were tested
in a Differential Scanning Calorimeter (DSC; TA
Instruments DSC 25). The whole test process was
carried out under nitrogen protection. The heating
temperature range was from 100 to 200 °C with a
heating rate of 5 °C/min. The cooling temperature
range was from 200 to 100 °C with a cooling rate of
5 °C/min. Next, 0.3 g solder pellets were used for
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spreading rate test. The flux-covered (Type of flux:
RMA223) solder pellets were placed on the copper
substrate (Size of Cu Substrate: 30¥30*0.3 mm), and
then placed together on a heating table (Type of
heating table: JF966-1515) and, kept at 180 °C for 10 s
and then cooled in air. The solder spreading rate, Sg,
was calculated using [35]:

D-H
Sr =

x 100% (1)

where D shows the diameter of the solder pellets

(mm) and H represents the height of the solder joint
(mm). The spreading rate test meets the relevant
requirements of the Chinese electronics industry
standards SJ/T 11390-2009.

X-ray diffraction (XRD; Rigaku, MiniFlex600) was
used to obtain the phase composition of the solder
alloys. Microstructures of the solder alloys and frac-
ture morphologies of the tensile samples were
observed by scanning electron microscope (SEM;
Tescan vega3). The elemental composition of each
phase was determined by energy dispersive spec-
troscopy (EDS) in SEM. Chemical element distribu-
tion of solder alloys was measured by electron probe
micro-analysis (EPMA; SHIMADZU, EPMA-1720
Series). In order to quantify the microstructure
change, firstly, a region was randomly selected in the
microstructure image, and three straight lines were
taken in the horizontal and vertical directions of this
area, respectively. Then the software was used to
manually count the distance between adjacent Bi
sheet layers on each straight line, and the average
value is the average lamellar spacing of the eutectic
phase (L) [15]. Tensile testing was measured at room
temperature using an electronic universal testing
machine (SHIMADZU, AG-Xplus 50 kN) at room
temperature with a strain rate of 1 x 107%™,
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Fig. 1 Schematic diagram of sample preparation
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3 Results
3.1 Microstructure evolution

The XRD diffraction pattern of Sn—(57 — x)Bi-1Ag-xIn
solder alloys are shown in Fig. 2. Three phases, B-Sn,
Bi, and Agz;Sn, are present in the Sn-Bi-Ag solder
alloy. However, the low content of Ag;Sn phase causes
the diffraction peaks to be insignificant. After the
addition of In, the diffraction peaks of Ags(Sn, In)
appeared in the XRD spectra, and the diffraction
intensity became stronger. The SEM images of the Sn—
57Bi-1Ag solder alloys with various In contents are
displayed in Fig. 3. According to the EDS results
(Figs. 4 and 5), all solder alloys contain four different
phases, which are the gray B-Sn phase, white Bi-rich
phase, dark intermetallic compound and overlapping
lamellar Sn—Bi eutectic phase. Combined with the EDS
results (Fig. 5) and previous study [36, 37], the dark
blocks in the In-containing solder alloys are identified
as intermetallic compounds (IMC) whose chemical
formula is Ags(Sn, In). It also can be found that the
dark blocks changes from Ags;Sn into Ags(Sn, In) in
solder alloys when adding In element.

From Fig. 3, the B-Sn phase in the alloys gradually
increases with increasing In content and is accompanied
by a dendritic to ellipsoidal to strip to ellipsoidal shape
transformations. And the continuous reticulated struc-
ture of the Bi is disrupted with the addition of In. With
the increase of In content, the quantity and size of IMC
and the size of Bi-rich phase become larger, and the size
of Sn-Bi eutectic phase become smaller. Figure 6 shows
the average lamellar spacing of the eutectic phase of Sn—
(57 — x)Bi-1Ag-xIn solder alloys. With the addition of

Sn-57.0Bi-1Ag

Sn-56.5Bi-1Ag-0.5In
- Sn-56.0Bi-1Ag-1.0In
Sn-55.5Bi-1Ag-1.5In
Sn-55.0Bi-1Ag-2.0In
Sn-54.5Bi-1Ag-2.5In
¢B-Sn & Bi ¥AgSn

- A Ag,(Sn, In)
*
W v Lh M N

L3

NPAWAY

Intensiy (a.u.)
e

20 30 40 50 60 70

2Theta (deg.)

Fig. 2 XRD diffraction pattern of Sn—(57 — x)Bi-1Ag—xIn
(x=0,0.5, 1.0, 1.5, 2.0, 2.5 wt%) solder alloys
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Fig. 3 Microstructure of Sn—
(57 — x)Bi-1Ag—xIn solder
alloys: a x = 0 wt%,
bx=0.5wt%, cx=1.0
wt%, d x = 1.5 wt%,
ex=20wt%, fx=2.5wt%

Energy (keV)

Fig. 4 SEM and EDS results of Sn—57Bi—-1Ag: a Microstructure
of Sn—57Bi-1Ag, b Point EDS results in spot A, Mapping EDS
results: ¢ Sn, d Bi, e Ag

In, the lamellar spacing of Sn—Bi eutectic phase gradually
increases from 2.07 to 3.65 um.
3.2 Thermal properties

The DSC curves of solder alloys are shown in Fig. 7.
All temperature points in Fig. 7 are selected based on
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the intersection of the baseline extension and the
tangent line at the maximum slope of each peak front
as specified by the international confederation for
thermal analysis (ICTA). The values of onset tem-
perature (Tt1.onset OF Tconset), €ndset temperature (T
endset O Tc_endset), and mushy zones range (4T = Ty
onset — I'H-endset OF ATc= Tc.onset — TC—endset) of the
solder alloys during heating or cooling process,
respectively, are listed in Table 1. It is obvious that
the TH-onset/ TH-endset/ TC-onset/ and TC-endset of each
solder alloy are decreased with increasing In content.
During the heating process, the Tionset Of solder
alloy is decreased from 137.62 to 130.46 °C and the
TH-endset 18 decreased from 141.34 to 136.30 °C. The
ATy increases slightly from 3.72 to 5.84 °C as the In
content increases. During the cooling process, the Tc.
onset Of solder alloy is decreased from 128.52 to
125.02 °C and the Tc.cngset is decreased from 125.21 to
116.76 °C. The ATc is also increased from 3.31 to
7.98 °C.

The TH—onsetr TH—endsetr TC—onset/ TC—endset of Sn—(57
— x)Bi-1Ag-xIn solder alloy is reduced by In addi-
tion. The main reason is the solid solution of In ele-
ments in Sn which changes the atomic spacing,
affecting the bonding force between atoms. And the
formation of Ags(Sn, In) intermetallic compounds
will also change the bonding energy of the metal
bonds, which reduces the required energy to break
the metal bonds during melting. Moreover, metal In
is low melting point element and generally the
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Fig. 5 SEM and EDS results
of Sn—56.0Bi-1Ag—1.0In:

a SEM image of Agz(Sn, In)

IMC, b Point EDS results for
spot B, Mapping EDS results

of IMC: ¢ Sn, d Ag, e Bi, f In
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Temperature (°C)

melting point of alloys is lower than that of pure
metals, so the melting temperature of In-containing
alloy are reduced. Furthermore, the addition of In
makes the composition of metal bond in the alloy
more complex, requiring a greater span of energy
change for the breaking and reorganization of the
metal bonds during melting and solidification, which
leads to a higher temperature in the mushy zones
range (4T and ATc) of the solder alloy.

Temperature (°C)

What’s more, the intensity of Sn-Bi eutectic
endothermic peak in Fig. 7a gradually decreases with
increasing In content, which indicates that the addi-
tion of In can inhibit the formation of Sn—Bi eutectic
phase [24]. And this phenomenon is in agreement
with the observation of the microstructure (Fig. 3).
The narrower mushy zones temperature reflects the
shorter coexistence of solid and liquid phases during
solidification of the alloy, which ensures reliable joint

@ Springer
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Table 1 The values of Ty

onsets TH-endsets T C-onsets 1C- Solder alloys Th-onset (°C) Th.endset (°C) ATy T onset Tc-endset ATc

endset Of solder alloys ) (O °C) (°C)
Sn—57Bi-1Ag 137.62 141.34 3.72 128.52 125.21 3.31
Sn—56.5Bi-1Ag-0.5In  135.90 139.71 3.81 126.47 122.44 4.03
Sn—-56.0Bi-1Ag-1.0In 134.42 138.72 42 125.84 121.22 4.62
Sn-55.5Bi-1Ag-1.5In  132.90 138.24 5.34 125.66 120.26 5.4
Sn—55.0Bi-1Ag—2.0In  132.30 138.09 5.79 125.02 118.42 6.6
Sn—54.5Bi-1Ag-2.5In  130.46 136.30 5.84 125.81 117.83 7.98

formation during the welding process. From Table 1, 80

the n.lushy zones temperature range for Sn—£57 - W o -

— x)Bi-1Ag-xIn are narrow and all less than 8 °C, - 71.11% 71.66%

indicating that the Sn—(57 — x)Bi-1Ag-xIn solder é ol 1 :

alloy has excellent thermal properties and soldering 2.

properties. It is worthy noting that when the In con- &

tent exceeds 1.5 wt%, there are two exothermic peaks 0

appearing during the solidification process (Fig. 7b). 3 55

This is because the exothermic peaks of Sn—Bi eutectic §

phase and B-Sn phase in the Sn-57Bi-1Ag solder % 20

alloy are coincide. However, the addition of In 45

increases the f-Sn phase content, which causes the - 0

Sn phase to release more heat during solidification
process. Therefore, there are two exothermic peaks
on the exothermic curve.

3.3 Wettability

Wettability of solder alloy is important performance
indicator to assess the bonding of the solder joint.
And the wettability can be characterized by spread-
ing area, wetting angle, and spreading rate. In pre-
sent study, the spreading tests are used to measured
wettability. The spreading rate results are shown in
Fig. 8. It can be found that the spreading rate tends to
increase and then decrease with the increase of In
content. The spreading rate of Sn-57Bi-1Ag is
68.56%. When 1.0 wt% In is added, the spreading rate
of Sn-56.0Bi-1Ag-1.0In increases to a maximum of
72.00%. However, the spreading rate of the solder
alloys slightly decreases when the In content is
exceeds 1.0 wt%. Nevertheless, the spreading rates of
all In-containing solder alloys are improved com-
pared with that of Sn-57Bi-1Ag alloy.

The addition of In element reduces the Tiy_gneet and
TH-cndaset Of the solder alloys, which facilitates the
increase of the spreading rate. At the same heating
temperature, the melt of the solder alloys with lower
TH-onset aNd Tiyendset implies a better fluidity, result-
ing in a higher spreading rate in solder alloy [25].

@ Springer
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Fig. 8 Spreading rate of Sn—(57 — x)Bi-1Ag—xIn (x =0, 0.5,
1.0, 1.5, 2.0, 2.5 wt%) solder alloys

Moreover, In is a surface active element, whose
addition reduces the surface tension of the molten
solder, thus increases the spreading rate of the solder
alloy. Also, the addition of In increases the B-Sn
phase content, which can increases the contact area
between the Sn in the solder alloy and the copper
sheet. Therefore, the wetting reaction between the
solder alloy and the copper sheet was promoted.
However, the decrease in spreading rate when the In
content exceeds 1.0 wt% was due to the fact that the
generation of IMC reduces the fluidity of the molten
solder alloy.

3.4 Mechanical properties

The engineering stress—strain curves, the ultimate
tensile strength, and the elongation statistics of Sn—
(57 — x)Bi-1Ag—xIn solder alloys are shown in Fig. 9.
According to Fig. 9b, it is clear that the elongations of
Sn—(57 — x)Bi-1Ag—xIn solder alloys tends to increase
and then decrease with increasing In content. The Sn—
56.0Bi-1Ag-1.0In solder alloy shows an substantial
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increase of elongation to 68.51%, which is more than
2 times of that of Sn-57Bi-1Ag. Elongation of solder
alloy then decreases, dropping to 42.24% at an In
content of 2.5 wt%. In addition, the UTS of the Sn—(57
— x)Bi-1Ag-xIn solder alloys decreases as the In was
added, reaching a minimum strength of 62.83 MPa
when 1.5 wt% of In content is added. Nevertheless,
the UTS of Sn—(57 — x)Bi-1Ag-xIn solder alloy does
not change significantly with an increase in In con-
tent. The UTS of all In-containing solder alloys
exceeded 60 MPa and the elongation was not less
than 40%, so the solder alloys exhibited a good bal-
ance of UTS and elongation after the addition of In.

Figure 10 shows SEM images of the fracture mor-
phologies of the Sn-57Bi-1Ag, Sn-56.5Bi-1Ag-0.5In,
5n-56.0Bi-1Ag-1.0In, and Sn-55.0Bi-1Ag-2.0In sol-
der alloys. The fracture morphology of the Sn-57Bi-
1Ag in Fig. 10a is mostly a smooth and flat cleavage
planes, which is mainly produced by the brittle
fracture of the massive reticulated Bi phase in the
eutectic phase and the bulk Bi-rich phase in the
matrix, and there is a small amount of B-Sn phase
pulled out in the matrix. Because the deformation
ability of the B-Sn phase is better than that of the Bi
phase, and the B-Sn phase is fractured after the Bi
phase in the tensile process, the fracture morphology
of the B-Sn phase shows a “pulled out” state. From
Fig. 10b and c, after the In addition, it can be found
that the fracture morphologies of the Sn-56.5Bi-1Ag-
0.5In and Sn-56.0Bi-1Ag-1.0In solder alloys show
less cleavage planes, and the f-5n phase that is pulled
out after large plastic deformation increases signifi-
cantly with the increase of In content. Therefore, the
fracture morphology of the In-containing solder
alloys shows the characteristic of unevenness
accompanied by voids. Indicating that the fracture
mechanism of the solder alloys changes from brittle
fracture to mixed ductile-brittle fracture after the

Fig. 9 Mechanical properties (a
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addition of In [12]. Additionally, in Fig. 10c and d,
some voids are found on the fracture surface of the
solder alloy, the quantity and the size of voids
increases with increasing In content. The EDS results
of the fracture morphology of Sn-57Bi-1Ag and Sn—
56.0Bi-1Ag-1.0In solder alloys are shown in Fig. 11a
and b, respectively. From Fig. 11a, the fracture pro-
duces a cleavage plane of Bi-phase, while the
“drawn-out” structure is the -Sn phase. In Fig. 11b,
some Ag;(Sn, In) IMC fracture generated cleavage
planes can also be observed in the voids, which
indicates that brittle fracture also occurred in the IMC
particles.

4 Discussion
4.1 Microstructure evolution

Schematic diagrams of the solidification growth of
solder alloys are shown in Fig. 12. During solidifica-
tion of the solder alloys, the B-Sn phase nucleates and
grows first. As the temperature decreases the eutectic
reaction occurs in the alloy melt and the eutectic
phase begins to nucleate and grow. At this time, the
IMC has two ways of nucleation growth: One is
spontaneous nucleation growth, and the other is
growth with B-Sn phase and eutectic phase as
nucleation substrate [12]. As the Sn-Bi solid solution
is a supersaturated solid solution, the Bi-rich phase
precipitates in the solder alloys when the tempera-
ture drops to room temperature [38]. Finally, the
room temperature phase composition of the solder
alloys is pB-Sn phase + eutectic phase + IMC
phase + Bi-rich phase. According to the “similarity-
solubility principle,” since Sn and In elements have
the same tetragonal crystal structure and similar
atomic radius [39], some of the In atoms added to the

(b

g

of Sn—(57 — x)Bi-1Ag—xIn
solder alloys. a Engineering
stress—strain curves.

b Ultimate tensile strength and
elongation variation curves
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Fig. 10 SEM images of Sn—
(57 — x)Bi-1Ag—xIn solder
alloys fracture surface. a x = 0
wt%, b x = 0.5 wt%,
cx=1.0wth%,d x=2.0wt%

>

:

Dimplers\‘

Fig. 11 The fracture
morphologies and
corresponding EDS results.
a Sn—57Bi-1Ag, b Sn—
56.0Bi-1Ag—1.0In solder
alloys
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Element  Content (at.%)
Sn 731
Bi 269

Element  content (at.%)

Enement  content (at.%)
z 814

Sn 154
Bi 846

Energy (keV) Energy (keV)

(a) Melt

Ag; (Sn, In)

With the temperature decrease

Fig. 12 Schematic diagrams of the solidification growth of the
solder alloys. a Sn—57Bi-1Ag, b Sn—56.0Bi—1Ag—1.0In.

@ Springer

solder alloys are dissolved into the solvent Sn in the
form of replacement solid solution. From Fig. 13, the
EPMA mapping results of the Sn-56Bi-1Ag-1.0In
solder alloy, most of the added In element will be
solidly solution in the Sn matrix and some of them
will participate in the formation of Ags(Sn, In).
Since the eutectic phase is a lamellar structure
consisting of Sn and Bi phases, the Bi phase in the
eutectic phase forms a continuous reticulation in the
solder alloy, and there is also a small amount of Bi-
rich phase distributed around the f-Sn phase to make
the Bi phase reticulation more continuous. However,
when In is added, the temperature range of the
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mushy zone increases and more B-Sn phase precipi-
tates in the liquid phase of the alloy so that less of the
remaining liquid phase is involved in the eutectic
reaction, resulting in a decrease in the amount of
eutectic phases generated in the solder alloy. After
adding In elements, the mass fraction of Sn atoms in
the remaining liquid phase decreases, so the Bi layer
in the eutectic phase also becomes thicker. In addi-
tion, the coarser growth of the B-Sn phase in the In-
containing solder alloy matrix prevents the continu-
ous growth of the eutectic phase, which is separated
into smaller eutectic clusters, thus disrupting the
continuous reticulation of the Bi phase in the solder
alloys. The generation of Bi-rich phase is attributed to
the precipitation of more -Sn phase, which increases
the concentration of Bi atoms in the liquid phase of
the alloy, resulting in the nucleation and growth of Bi
atoms in addition to participating in the eutectic
reaction, eventually forming more large Bi-rich pha-
ses in the solidified structure of the solder alloy.

4.2 Ductility enhancement

Since Bi is a brittle phase with poor plastic
deformability, the large area of the reticulated Bi
phase in the matrix structure of the Sn-57Bi-1Ag
solder alloy will be the first to undergo brittle fracture
when the reticulated Bi phase is fractured. And the -
Sn phase in the Sn-57Bi-1Ag solder alloy will frac-
ture faster when subjected to larger tensile stresses
due to its smaller content and smaller stress area. The
fracture mode of Sn-57Bi-1Ag solder alloy is brittle
fracture, and the fracture elongation is only 29.68%.

Fig. 13 EPMA mapping of (a)
Sn—56.0Bi—1Ag—1.0In solder p . ’
alloy. a SEM image of Sn— s B
56.0Bi-1Ag—1.0In, b EDS

mapping results
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In addition, the fracture of the Sn-57Bi-1Ag solder
alloy in Fig. 10a has a large number of cleavage
planes, which also proves that the fracture of this
solder alloy is brittle fracture. The ultimate tensile
strength of Sn-57Bi-1Ag solder alloy is relatively
high, reaching 77.64 MPa, due to the small spacing
between the layers of its lamellar eutectic structure.
The addition of In element makes the solder alloy
free of continuous large eutectic phase, and the B-Sn
phase in the alloy increases significantly with the
increase of In content. Due to the limited deformation
capacity of Bi during the tensile process, the Bi-rich
phase will be the first to fracture after the solder alloy
yields, and the surrounding eutectic and -Sn phases
will then continue tensile deformation to “wrap” the
cleavage plane generated by the fracture of the Bi-
rich phase. Therefore, it can be seen from Fig. 10c and
d that there are voids in the fracture morphology of
the solder alloy due to the fracture of the Bi-rich
phase, and there are fewer cleavage planes. However,
the fracture morphology of the B-Sn phase indicates
that the B-Sn phase is dominated by grain sliding
plastic deformation and the fracture mode is ductile
fracture. The order of deformability of the various
structure in the In-containing solder is: B-Sn
phase > eutectic phase > Bi-rich phase and IMC
phase. Since more B-Sn phases in the In-containing
solder alloys undergo ductile fracture, the fracture
morphology of the In-containing solder is character-
ized by unevenness and accompanied by voids.
Therefore, the fracture behavior of the In-containing
solder alloys shows mixed ductile-brittle fracture
characteristics, and its elongation is higher compared

=](Em
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to that of the Sn-57Bi-1Ag solder alloy, which is
consistent with the trend of the elongation of the Sn—
(57 — x)Bi-1Ag—xIn solder alloy in Fig. 9b, and the
fracture elongation of the Sn-56.0Bi-1Ag-1.0In solder
alloy is as high as 68.51%.

In Fig. 10c and d, some voids appear on the frac-
ture surface of the solder alloys. This is mainly
attribute to the brittle Bi-rich phase and IMC particles
which are pulled off first during the tensile process,
followed by the B-Sn and eutectic phases continuing
to be elongated, and then voids are formed when the
solder alloy fractures. As the number of Bi-rich phase
and IMC particles increases with the In content, the
number of voids on the fracture surface of the In-
containing solder alloy tends to increase. When the In
content exceeds 1.0 wt%, the elongation of the solder
alloy starts to decrease. Combined with the
microstructural changes and fracture morphology
analysis of the solder alloy, there are three main
reasons for this phenomenon: Firstly, the addition of
more In elements will lead to the precipitation of
larger brittle Bi-rich phase in the solder alloy which
will quickly fracture; Secondly, the IMC particles in
the solder alloy when subjected to tensile stress will
also occur brittle fracture; Lastly, the eutectic phase of
the Bi lamellae in the eutectic phase become too thick
with increasing In content. These three reasons lead
to an increase in the proportion of brittle fracture in
the solder alloy during the tensile process, which
results in a decreasing trend of the elongation of the
solder alloys.

There are two reasons why the addition of In ele-
ment reduces the strength of the solder alloy: On the
one hand, the decrease in the size of the eutectic
phase and the increase in the eutectic layer spacing in
the In-containing solder alloy lead to a decrease in the
ultimate tensile strength of the solder alloy; On the
other hand, the addition of In increases the B-Sn
phase in the solder alloy, so that the Bi phase is no
longer connected to a reticular structure. At this time,
the main strength-bearing phase in the solder alloy
during tensile deformation is the B-Sn phase, but the
strength of the B-Sn phase is lower than that of the
reticulated Bi phase, eutectic phase, and IMC phase,
so the ultimate tensile strength of the solder alloy
decreases after the addition of In. However, the
ultimate tensile strength of the solder alloys does not
change significantly with increasing In content,
mainly because the hard Bi-rich phase and IMC

@ Springer
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phase in the solder alloys increase with increasing In
content, and the generation of the hard phase coun-
teracts part of the weakening effect of the In element
on the ultimate tensile strength of the solder alloy.

5 Conclusion

In this study, the brittleness of the Sn-Bi alloy was
solved by In alloying, and the microstructure evolu-
tion, phase composition, thermal properties, wetta-
bility, and mechanical properties of the solders were
systematically investigated and the following main
conclusions can be drawn:

1. The Sn-57Bi-1Ag base alloy is composed of B-Sn,
Bi-rich, lamellar eutectic, and Ag;Sn IMC phases.
Moreover, the Bi element is distributed in the Bi-
rich phase and eutectic phase, forming a contin-
uous reticular structure thus playing as the major
origin of the brittleness of the solder.

2. The addition of In can break the reticulated Bi-

rich phase to significantly enhance the ductility of
solder. The elongation of Sn-56.0Bi-Ag-1.0In
alloy reaches 68.51%, which is 2.3 times higher
than that of Sn-57Bi-1Ag alloy. The intrinsic
brittleness problem of the Sn-Bi-based alloys is
well solved.

3. After adding In element, the Ags;Sn IMC particles

transformed into Ags(Sn, In), and the particle size
increased. With increasing In content, B-Sn and
Bi-rich phase increase accompanied by the
decrease in eutectic phase and fragmentation of
the reticulated Bi.

4. Compared to Sn-57Bi-1Ag, 1 wt% In addition

reduced the Tiionsetr TH-endsetr IC-onsetr and Tc.
endset Of the alloy by 7.14 °C, 5.04 °C, 2.51 °C, and
8.45 °C, respectively, which contributes to a
5.02% increase in the spreading rate.
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