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Effect of nanosized graphite on properties of Sn—Bi solder
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Abstract A novel Sn—Bi composite solder reinforced by
nanosized graphite was studied. Effect of nanosized
graphite content on spreadability was studied by spreading
test. Microstructure of Sn—Bi solder and Sn—Bi composite
solder was observed by scanning electron microscope. The
tensile test and creep test for Sn—Bi solder and Sn—Bi
composite solder joints were conducted in a micro-
mechanical test system. The results show that the addition
of nanosized graphite is harmful to the spreadability of Sn—
Bi solder. The microstructure of Sn—Bi composite solder is
refined gradually with the content of graphite increased.
The ultimate tensile strength of Sn—Bi composite solders
joints is reduced with the addition of nanosized graphite
and the ultimate tensile strength of Sn-Bi + 0.07 wt%
solder joint is almost unchanged compared with Sn-Bi
solder joint. There is a great improvement in elongation of
Sn-Bi + 0.07 wt% graphite solder joint. Furthermore, Sn—
Bi + 0.07 wt% composite solder has a better creep per-
formance compared with Sn—Bi solder.
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1 Introduction

Sn—Pb solder was widely used as an interconnect material
in electronics industry in the past. However, due to the
consideration of environment protection, many kinds of
substitutes for Sn—Pb solder were found, such as Sn—Cu,
Sn—-Ag, Sn-Zn, Sn—Ag—Cu (SAC) and Sn-Bi. Today,
researchers are paying more and more attention on the
reliability of solder joint. Composite solder is a common
solder researchers employed to improve the reliability.
Many kinds of reinforcing phases have been investigated.

Metallic particles, such as Ag, Ni and Cu, have been
widely used in composite solder. Guo et al. [1] studied
the effect of nanosized Ag particles on the comprehen-
sive property of Sn—0.7Cu. They conducted wettability,
mechanical performance, and creep-rupture life tests. The
results show that the composite solder with 1 vol% Ag
reinforcement addition exhibits the best comprehensive
property as compared to the composite solders with other
reinforcement volume fractions. Shi et al. [2] conducted
the mechanical property of microsized Ag and Cu par-
ticle-reinforced Sn—0.7Cu solders. They observed that
composite solders reinforced with microsized particles
exhibit better creep strengthening than composite solders
reinforced with nanosized particles, although the
mechanical tensile shear strength of composite solder
joints reinforced with nanosized particles may be higher
than those reinforced with microsized particles. They
also studied the constitutive relations for creep in Sn—
0.7Cu composite solder reinforced with 5 vol% micro-
sized Ag particles. They concluded that the activation
energy of the Ag-particle-reinforced Sn—0.7Cu-based
composite solder joint is higher than that of the Sn—
0.7Cu solder joint. At the same time, the stress exponent
of the Ag-particle-reinforced Sn—0.7Cu-based composite
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solder joint is higher than that of the Sn—0.7Cu solder
joint [3].

Intermetallic compound particle is also a kind of rein-
forcement. Guo et al. [4] studied the creep and thermo-
mechanical fatigue properties of in situ CugSns reinforced
lead-free composite solder. They concluded that in situ
CueSns reinforced composite solder has lower steady-state
creep strain rate, higher stress exponent and higher shear
stress. They also observed that in situ CugSns reinforcing
particles could block the damages from propagation into
the solder matrix.

There are also many papers about metallic oxide parti-
cles reinforced solders. These metallic oxide particles
include TiO,, Al,O5 and ZrO, et al. Tsao et al. [5] studied
TiO, particles reinforced solder in details. They investi-
gated the interfacial reaction, morphology of IMC, and
shear strength in the Sn—3.5Ag—0.5Cu composite solder
and BGA substrates during reflow. They stated that Sn—
Ag—Cu composite solder reinforced with 1 wt% nanosized
TiO, had a thinnest CugSns IMC layer at the solder/pad
interface and a highest shear strength [5]. Tsao also studied
the effect of nano-TiO, particles on the ultimate tensile
strength (UTS) and yield strength (YS). He concluded that
the addition of nano-TiO, particles promote a high nucle-
ation density of second phase in the eutectic colony during
solidification, reduce the average size of AgsSn size and
contribute to a higher strength [6]. In another paper, Tsao
et al. [7] studied effect of nano-TiO, particles on Sn—0.7Cu
composite solder. The results show that the yield strength
improvement was attributed to (1)the Hall-Petch effect due
to B-Sn grain size refinement; (2) Orowan strengthening;
(3) generation of geometrically necessary dislocations to
accommodate CTE mismatch between the matrix and the
second phase (CueSns and TiO,); and (4) load-bearing
effects due to the presence of nano-sized reinforcements.
Studies [8, 9] about composite solder reinforced with other
metallic oxide particles showed similar results.

Some kinds of metal-unrelated materials were also
applied in composite solder. Most of them, such as carbon
nanotubes (CNTs), diamond particles, SizN, particles, and
SiC particles, have a high strength. Systematical investi-
gations have been done by Nai and Han et al. about CNTs
reinforced composite solder. They studied the effect of
multiwalled CNTs (MWCNTs) on spreadability, melting
point, density, mechanical properties, creep performance,
electrical resistivity, and interfacial IMC growth. They
concluded that MWCNTs could modify the spreadability,
improve mechanical properties [10, 11], increase stress
exponent and activation energy value [12], and suppress
the growth of interfacial IMC [13]. Consider the combi-
nation between CNTs and matrix solders, Ni-coated CNTs
were incorporated into Sn—3.5Ag-0.7Cu solder by Han
et al. They investigated the effects of Ni-CNTs on the

physical, thermal and mechanical properties of SAC solder
alloy. Decreased density and improved spreadability were
found in SAC composite solder reinforced with Ni-CNTs.
Mechanical characterization revealed an improvement in
UTS and YS with addition of 0.05 wt% Ni-CNTs in SAC
solder [14]. They also studied the improved creep perfor-
mance of SAC/0.05 wt% Ni-coated CNTs by nanoinden-
tation tests [15].

Although POSS (polyhedral oligomeric silsesquioxanes)
particles are organic particles, they were incorporated into
composite solder because of the special nano-structure. Guo
et al. revealed the electromigration resistance of SnBi
composite solder reinforced with POSS particles [16—-18].
They also conducted hardness test of SAC composite
solder and found that POSS particles increasing the
hardness of SAC solder by means of refining Ag;Sn IMC
particles.

In this paper, a novel Sn—Bi composite solder reinforced
with nanosized graphite was fabricated. Effects of nano-
sized graphite on spreadability, microstructure, and
mechanical properties were investigated. The creep per-
formance of composite solder with 0.07 wt% nanosized
graphite addition was studied.

2 Experiments
2.1 Materials

The composite solder pastes were fabricated by mechanical
blending [19]. The matrix material used in this study was
Sn—58Bi powder with an average diameter of about 43 pum.
Graphite powder had an average size of 400 nm.

2.2 Spreadability and microstructure

About 0.25 g paste weighed from each prepared composite
solder pastes was placed in the middle of each substrate,
which was copper pads with dimension of 40 mm X
40 mm x 1 mm. These pads were all polished and cleaned
with alcohol. The heating and cooling process of spreading
samples is shown in Fig. 1.

Spreading coefficient which was used to weigh the
spreadability of Sn—Bi solder and Sn—Bi composite solders
was expressed as:

D—H
- x 100 % (1)

K:

where K is spreading coefficient, D is the diameter of Sn—
Bi ball which is equal to the Sn—Bi alloy spreading on the
surface of copper substrate in mass, and H is the maximum
height of solder alloy spreading on the surface of copper
substrate.
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Fig. 1 Reflow profile of Sn—Bi solder and its composite solder

The microstructure and fracture of Sn—Bi solder and its
composite solders joints were observed by scanning elec-
tron microscope (SEM).

2.3 Miniature joint and tensile properties

The miniature joints (shown in Fig. 2) of Sn—Bi solder and
Sn—-Bi composite solders were prepared for tensile test. The
heating and cooling process of miniature joints is shown in
Fig. 1. The volume of solder alloy is 1 mm x 1 mm X
1 mm. A micro-mechanical test system (Micro-MTS,
shown in Fig. 3) were designed and fabricated for tensile
test and creep test. The UTS and elongation were recorded
by Micro-MTS automatically.

2.4 Creep performance

Kanda and Kariya [20] evaluated creep properties of SAC
by a multi-temperature stress relaxation test. We can con-
clude that lower stress relaxation rate means lower creep
rate from Ref. [20]. So, the miniature joint was stretched
and not stopped until the tensile stress up to about 20 MPa.
Then the setup recorded the changing stress of miniature
joint. The resistance to creep deformation could be dis-
tinguished from the relationship between time and stress
clearly.

9.5 }
10.5

20

Unit: mm

Fig. 2 Geometry model of miniature joint
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Fig. 3 Part of micro-mechanical test system
3 Results and discussion

3.1 Effect of nanosized graphite content
on spreadability of composite solder

Figure 4 shows the decreased spreading coefficient of
composite solders with the addition of nanosized graphite.
It indicates that addition of nanosized graphite can weaken
the spreadability of Sn—Bi solder.

3.2 Effect of nanosized graphite content
on microstructure of composite solder

Figure 5 reveals the microstructure of Sn—Bi solder and its
composite solders. Figure 5a is the microstructure of Sn—Bi
solder. Figure 5b, c, d, e show the microstructure of Sn—Bi
composite solders. It can seen from Fig. 5 that micro-
structure of Sn—Bi composite solders is refined gradually
with the addition of nanosized graphite. The microstructure
of composite solder with 0.07 wt% nanosized graphite
addition has not changed greatly compared with that of
Sn—Bi matrix solder. However, the composite solder with
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Fig. 4 Effect of nanosized graphite on the spreadability of Sn—Bi
composite solder
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0.6 wt% nanosized graphite addition has the smallest
microstructure. Nanosized graphite provides more centers
for nucleation and leads to the refined microstructure.

3.3 Effects of nanosized graphite content on tensile
properties of composite solder

Tensile test results revealed the influence of nanosized
graphite on the UTS and elongation of Sn—Bi composite solder
joint. The average UTS and elongation of joints are presented
inFig. 6. The average UTS of Sn—Bi jointis 57.84 MPa and is
higher than that of its composite solder joints. The UTS of Sn—
Bi + 0.07 wt% graphite composite solder is 57.57 MPa and
has little of reduction compared with that of Sn—Bi matrix
solder. The UTS of Sn—-Bi + 0.14 wt%, Sn—-Bi + 0.3 wt%,
and Sn—-Bi 4 0.6 wt% composite solders joints is lower than
that of Sn—Bi + 0.07 wt% composite solder joint. The elon-
gations of Sn—Bi composite solder joints are all higher than
that of Sn—Bi solder joint. However, the elongation of com-
posite solder with 0.07 wt% nanosized graphite is the highest
(about 2,019 pm).

According to 3.2 and Hall-Petch Relationship, smaller
the microstructure is, higher the yield strength will be.
However, high content of graphite separates the Sn-Bi
matrix, and do damage to the strength by means of stress
concentration.

Although smaller microstructure is observed in Sn—
Bi + 0.14 wt%, Sn—Bi + 0.3 wt%, and Sn-Bi + 0.6 wt%
composite solders, the UTS of their joints has not been
improved. It is because of the damage effect that nanosized
graphite leads to greater than the strengthen effect the
refined microstructure causes.
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Fig. 6 Effect of nanosized graphite on the UTS and Elongation of
Sn-Bi solder and its composite solders joints

The microstructure of Sn-Bi + 0.07 wt% graphite
composite solder is refined slightly and the content of
nanosized graphite is very low. So the strengthen effect
caused by refined microstructure is counterbalanced by the
damage effect caused by nanosized graphite. This leads to
the hardly changed UTS of Sn-Bi + 0.07 wt% graphite
composite solder joint compared with that of Sn—Bi solder
joint.

Figure 7 shows the joints after tensile test, stress dis-
tribution of joint in ABAQUS and tensile fracture of Sn—
Bi + 0.07 wt% graphite composite solder joint. Figure 7a,
b, ¢, d, e are the joints of Sn—Bi solder and its composite
solders. It can be seen that joints in (a), (c), (d) and (e) were
broken near the interface between Sn—Bi + x wt% graph-
ite solder and copper bar. Figure 7f shows the stress

Fig. 5 Microstructure of Sn—Bi solder and Sn—Bi composite solders a Sn—Bi, b Sn-Bi + 0.07 wt% Graphite, ¢ Sn—Bi + 0.14 wt% Graphite,

d Sn-Bi + 0.3 wt% Graphite e Sn—Bi + 0.6 wt% Graphite
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distribution of this kind of joints. The high stress areas that
will become the failure area firstly are marked in it. This is
the reason that these joints of Sn—Bi, Sn-Bi + 0.14 wt%,
Sn-Bi + 0.3 wt%, and Sn-Bi + 0.6 wt% were broken
near the interface between solder and copper bar. However,
the Sn-Bi 4 0.07 wt% graphite composite solder joint
after tensile testing in Fig. 7b was fractured in the middle
of solder joint. It is because of the improved ductility of
Sn-Bi + 0.07 wt% graphite composite solder. The high
stress in Fig. 7f can be relaxed rapidly by plastic deform-
ing. The tensile fracture of Sn-Bi + 0.07 wt% graphite
composite solder joint shown in Fig. 7g, h is tiny touph
dimple which is typical characteristic of plastic fracture.

3.4 Creep performance of SnBi and SnBi/graphite

Figure 8 shows the changing stress of solder joints with the
time prolonged during stress relaxation. The stress relaxation
rate of Sn-Bi solder joint is larger than that of Sn—
Bi + 0.07 wt% graphite composite solder joint. This means
that Sn—Bi composite solder with 0.07 wt% graphite addition

Fig. 7 Joints after tensile test, stress distribution of joint in ABAQUS
and tensile fracture of Sn-Bi + 0.07 wt% graphite composite solder
joint. a Sn-Bi solder, b Sn-Bi 4 0.07 wt% Graphite composite

@ Springer

has a lower creep rate compared with Sn—Bi solder under
equal stress. Larger creep rate will be observed in the solder
with smaller microstructure. However, the lower creep rate
was observed in Sn—Bi + 0.07 wt% graphite composite sol-
der which has a smaller microstructure. It is because of the

2ro O Sn-Bi
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20+ A Graphite
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Fig. 8 Stress relaxation curves of Sn-Bi and Sn-Bi + 0.07 wt%
graphite composite solder

High Stress
Areas

solder, ¢ Sn-Bi + 0.14 wt% Graphite composite solder, d Sn—
Bi + 0.3 wt% Graphite composite solder, e Sn-Bi + 0.6 wt%
Graphite composite solder
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nanosized graphite that pinning the dislocations improves
creep performance of Sn—Bi composite solder.

4 Conclusions

In this work, spreadability, microstructure, ultimate tensile
stress, elongation, and creep performance of Sn—Bi and its
composite solder are investigated. Following conclusions
can be made based on the results:

1.

The addition of nanosized graphite is harm to the
spreadability of Sn—Bi solder. The spreading coeffi-
cient is reduced from 0.84 to 0.81 with the increasing
content of graphite from O to 0.6 wt%.

The microstructure of Sn—Bi and its composite solder
is refined gradually with the content of graphite
increased. This is because of the more centers for
nucleation that nanosized graphite providing.

The ultimate tensile strength (UTS) of Sn—-Bi solders
joints is reduced with the addition of nanosized
graphite and the UTS of Sn-Bi + 0.07 wt% is almost
unchanged compared with Sn—Bi solder joint. There is
a great improvement of elongation in 0.07 wt%
graphite content.

The Sn—Bi + 0.07 wt% composite solder has a better
creep performance compared with Sn—Bi solder. It is
mainly because of pinning to dislocations caused by
nanosized graphite.
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