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Abstract: Graphene nanosheets (GNSs) of different mass fractions (0wt%, 0.025wt%, 0.05wt%, 0.075wt%, 0.1wt%, and 0.2wt%)
were added into the Sn-58Bi low-temperature solder. The influences of GNSs on melting characteristics, wettability, shear properties,

microstructure and interfacial reaction were investigated. Results show that adding GNSs has the positive effect on the wettability and

shear strength of Sn-58Bi solder joint, and a slight influence on the melting temperature. After the addition of GNSs, a finer

microstructure of Sn-58Bi solder is obtained. The thickness of intermetallic compound (IMC) at solder/Cu interface reduces
significantly and the IMC morphology becomes flat after adding GNSs. In addition, with the addition of GNSs, the shear fracture
mode of Sn-58Bi low-temperature solder converts from brittle into a mixed mode of brittle and ductile fracture, which is coincident

with the changing situation of shear strength. In general, adding GNSs may be conducive to the improvement of solder joint reliability.
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Owing to the good wettability and mechanical properties,
SnPb solder has been extensively applied in the electronic
packaging field"?. However, with increasing the awareness of
environmental protection, the application of SnPb solder is
greatly restricted. Until now, many kinds of Pb-free solders
have been considered as ideal substitute for SnPb solder, such
as SnAgCu, SnCu, SnAg, SnBi, and SnZn solder™", among
which SnBi solder is widely used in low temperature
soldering because of its relatively low cost and low melting
point (139 °C)Pl. But the extensively practical application of
SnBi solder is restricted because of the brittleness
characteristic',

A feasible and effective method to improve the performance
of SnBi solder is to introduce nanomaterials as reinforcements
into the SnBi solder alloy”. Yang et al® added CuZnAl
particles into Sn-58Bi solder, and found that the addition of
CuZnAl particles can effectively increase the spreading area

of the solder, thereby improving the wettability of the solder.
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Liu et al™ reported that the addition of Cu nanoparticles
refines the microstructure of the Sn-58Bi solder but has a
negative influence on the wettability. The decrease of
wettability may be attributed to the reduction of solder
viscosity after adding the Cu nanoparticles"”. Ma et al™
studied the influence of addition of graphene nanosheets
(GNSs) on the mechanical properties of SnBi solder. It is
found that adding GNSs increases the hardness and tensile
strength of SnBi solder after aging. Since adding GNSs can
obtain a finer microstructure, the mechanical properties
significantly on the basis of Hall-Petch
mechanism™. Yang et al™ fabricated Sn-58Bi composite

improve

solder by doping carbon nanotubes (CNTs), which effectively
improves the tensile creep resistance of solder. The CNTs can
offer more obstacles to dislocation pile-up, thereby improving
the creep activation energy values and the stress exponent.
Among these reinforcements, GNSs have important applica-
tion prospect in the electronic packaging field because of their
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superior thermal, electrical and mechanical properties.
Nevertheless, in the current study, there are few systematic
researches on adding GNSs in SnBi solder, which restricts the
wide application of this composite solder in electronic
packaging.

In this research, the effects of GNSs addition on melting
characteristics, wettability, microstructure, shear strength and
interface reaction of Sn-58Bi low-temperature solder were
studied. The shear fracture mechanism of solders was also
investigated.

1 Experiment

The raw materials were GNSs powder and Sn-58Bi solder
(50 nm). The Sn-58Bi composite solders were prepared by me-
chanical addition of Owt%, 0.025wt%, 0.05wt%, 0.075wt%,
0.1wt% and 0.2wt% GNSs powder into the Sn-58Bi solder,
and then fusion in a vacuum arc furnace at 600 °C for 60 min,
namely Sn-58Bi-xGNSs with x=0, 0.025, 0.05, 0.075, 0.1, 0.2.
Then the molten solder was chill-cast in a mold to form the
solder ingots. Finally, small pieces were cut from the solder
ingots and extruded into thin sheets via an electric tablet press
(HY2-60). The morphologies and structure of raw materials
and specimens were analyzed by scanning electron micros-
cope (SEM) and X-ray diffraction (XRD), respectively. The
dimension of GNSs raw powder is 1~5 um, as shown in
Fig. la. Some folds and wrinkles located on GNSs surface
indicate that GNSs have the typical characteristics of 2D thin
graphene. Fig. 1b reveals the XRD pattern of GNSs powder. It
can be seen that the reflection at 20=26° is the diffraction peak
of GNSs, and the peak intensity is at 25.82°.

The melting characteristic is the basic performance and can
directly determine the solderability of the solder!”. The
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Fig.1 SEM image (a) and XRD pattern (b) of GNSs

STA449 F3 differential scanning calorimeter (DSC) was
applied to measure the melting temperature of alloys. The
solder pieces of about 15 mg were placed in the AlQ,
crucible. The DSC samples were heated to 200 °C with a
heating rate of 10 °C/min.

The wettability is one of the important standards for
evaluating the solder performance!'®. The Cu substrates with
the size of 25 mmx25 mmx0.3 mm were rinsed by ultrasonic
cleaner in ethanol for 1 min. The solder pieces of 0.2 g were
put on the Cu substrates separately and then heated to 180 °C
in the T-962 reflow furnace.

The UTMS5000 electronic universal testing machine was
used in the shear experiment to determine the shear strength
of solder joints. The schematic illustration of all samples is
shown in Fig.2. The size of the coated solder is 3 mmx3 mmx
0.3 mm. The dimension of Cu plates is 40 mmx4 mmx0.6
mm. Before the shear test, the Cu substrates were ground with
sandpapers, and then rinsed by ultrasonic cleaner in ethanol
for 1 min. The morphology of shear fracture was observed by
SEM.

For the analysis of microstructure and interfacial inter-
metallic composite (IMC) layer, all samples were sectioned,
and then embedded in the cold epoxy resin. The samples were
ground by sandpapers and polished by diamond paste of 1.5
pm. In order to distinctly observe the morphology of inter-
facial IMC, the samples were corroded with 95vol%
CH,CH,OH+5vol% HNO; solution for 1~3 s. The morpho-
logies of IMC at the interface were observed by SEM. An
energy dispersive spectroscopy (EDS) was used to determine
the chemical composition of IMC. To further study the effect
of adding GNSs on IMC of solder/Cu interface, the average
thickness of IMC layer (y) was calculated by Eq.(1):

X=7 (1
where 4 is the area of the IMC layer, and L is the length of
IMC layer in the interface.

2 Results and Discussion

2.1 Melting characteristics

Fig.3 shows the DSC results and melting temperatures of
different SnBi-xGNSs specimens. The solidus temperature
(T) of the Sn-58Bi-xGNSs (x=0, 0.025, 0.05, 0.075, 0.1, 0.2)
solder ranges from 138.25 °C to 138.73 °C. The liquidus tem-
perature (7)) of Sn-58Bi-xGNSs composites ranges from
139.49 °C to 140.56 °C. The result demonstrates that GNSs
addition has little influence on the melting temperature of Sn-
58Bi low-temperature solder alloys, because the melting point
of solder alloy is an intrinsic physical property.
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Fig.2 Schematic diagram of samples (unit: mm)
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Fig.3 DSC curves of different SnBi-xGNSs solders: (a) x=0, (b) x=0.025, (c) x=0.05, (d) x=0.075, (e) x=0.1, and (f) x=0.2

2.2 Wettability

Fig. 4 presents the spreading area of the Sn-58Bi-xGNSs
solders. It can be seen that the spreading area of Sn-58Bi
solder is obviously smaller than that of solder after adding
GNSs, indicating that the minor addition of GNSs improves
significantly the wettability of the Sn-58Bi solder. It is well
known that the capillary phenomenon also exists at the solder/
Cu interface and is beneficial to the improvement of solder
fluidity"™. GNSs do not melt during the soldering process, but
act as the reinforcing phase to strengthen the capillary pheno-
menon. In particular, the spreading area of Sn-58Bi-0.05GNSs
solder rises to 84.1 mm? increasing by 23.3% compared to
that of Sn-58Bi solder (68.2 mm?®). However, when the
addition content of GNSs exceeds 0.05wt% , the spreading
area of Sn-58Bi composite solder gradually decreases. The
excess GNSs easily agglomerate on the solder surface!®",
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Fig.4 Spreading area of different Sn-58Bi-xGNSs solders

resulting in the decrease of the solder fluidity.
2.3 Mechanical properties

Fig.5 shows the shear strength of different Sn-58Bi-xGNSs
solders. It is evident that the shear strength of solder joints
with the addition of GNSs is better than that of Sn-58Bi
solder, indicating that the addition of GNSs enhances the
shear strength of solder joints because of the promotion of
nucleation and grain refinement. The GNSs addition improves
of Hall-Petch
mechanism®”. In addition, GNSs act as the second particles

the mechanical properties on the basis
and are distributed dispersively in the solder matrix. Based on

Orowan mechanism, the dispersion strengthening can be

expressed by Eq.(2):
2Gb
o =5 (2

where o, refers to the yield stress, G is the shear modulus of
solder matrix, b represents the Burger’s vector of the dislo-
cation, and A refers to the distance between the dispersed
GNSs. The yield stress of Sn-58Bi-xGNSs solders improves
because 4 decreases. In addition, the mechanical properties of
solder joints depend generally on the bond strength between
the solder alloys and substrates”, suggesting that IMC is
critical for the reliability of solder joints. Particularly, the
brittleness of IMC may degrade the reliability of solder joints,
whereas thin and continuous IMC layer can effectively
enhance the reliability of solder joints®. Therefore, the
improvement of shear strength may be attributed to the
reduction of IMC.

Sn-58Bi solder joint with 0.075wt% GNSs presents the best
shear strength among these solder joints. Nonetheless, the
shear strength of solder joint gradually reduces as the GNSs
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Fig.5 Shear strength of different Sn-58Bi-xGNSs solders

content further increases. The aggregations of GNSs weaken
the function, acting as the nucleating particles. As a result, the
excessive addition of GNSs reduces the shear strength of
solder joints slightly.

The shear fractures reveal the shear properties of these
specimens, as shown in Fig.6. Some grain contours are obser-
ved in Fig. 6a, indicating that the fracture mode of Sn-58Bi
solder is the typical brittle fracture™. As shown in Fig.6b and
6¢, the fracture surface shows slightly tearing markings. The
plastic deformation occurs and a lot of tearing markings
appear in Fig. 6d~6{*". Therefore, the fracture mode of Sn-
58Bi solder converts from brittle to a mixed mode of brittle
and ductile fracture. The results are coincident with the
improvement of shear strength.

2.4 Microstructure

Fig.7 reveals the SEM images of Sn-58Bi and the compo-
site solders. With the GNSs addition, the grains of Sn-58Bi-
xGNSs composite solders are refined, as shown in Fig.7a~7d.
It can be seen from Fig. 7d that the smaller Bi grains and

relatively uniform microstructure appear in the Sn-58Bi-
0.075GNSs composite solder, suggesting that adding GNSs
restrains the grain growth, thereby refining the solder micro-
structure. Because GNSs act as the barrier which inhibits the
diffusion of metal atoms, the growth of Cu,Sny grains is
restricted™.

Nonetheless, as the GNSs content increases from 0.075wt%
to 0.2wt%, the microstructure of the Sn-58Bi-xGNSs compo-
site solders slightly coarsens, as shown in Fig. 7d~7f. When
GNSs are added in excess, the growth of metal grains along
the GNSs surface can be promoted, resulting in the coarsening
of solder microstructure.

2.5 Interfacial IMC layer

Fig.8 exhibits the SEM images of Sn-58Bi-xGNSs compo-
site solders/Cu interfaces. A scallop-shaped and continuous
IMC layer forms at Sn-58Bi/Cu interface. The composition of
interfacial IMC is shown in Fig. 9, indicating that IMC
consists of CusSns (57.39at% Cu and 42.61at% Sn). The
morphology of the interfacial IMC layer markedly changes
with the addition of the GNSs. When the addition amount of
GNSs is 0.075wt%, IMC morphology becomes relatively flat,
as shown in Fig.8d. As GNSs content further increases, the
interfacial IMC becomes uneven, as shown in Fig.8e and &f.

The average thickness of interfacial IMC is shown in
Fig.10. It is found that the interfacial IMC thickness decreases
significantly as the addition amount of GNSs increases,
suggesting that the GNSs addition suppresses the IMC
growth. The mean thickness of IMC layer decreases linearly

from 1.15 pm to 0.91 um as the GNSs content increases from
Owt% to 0.075wt% , which may be related to the change of
surface free energy caused by the adsorption properties of
nanoparticles. Based on the adsorption theory, the surface free
energy equation is given as follows?":

Fig.6 SEM images of shear fractures of different SnBi-xGNSs solders: (a) x=0, (b) x=0.025, (¢) x=0.05, (d) x=0.075, (e) x=0.1, and (f) x=0.2
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Fig.8 Interfacial IMC layers of Sn-58Bi-xGNSs/Cu solder joints: (a) x=0, (b) x=0.025, (c) x=0.05, (d) x=0.075, (¢) x=0.1, and (f) x=0.2

. TK
nyAK = Z(y{f - RTIOI;dc)AK — min 3)
K K

where y¥ represents the surface tension of Cu,Sn, crystal plane
K with adsorption of GNSs; R and T are the thermodynamic
temperature and Planck constant, respectively; A, is the area
of crystal plane; ¢ and I is the concentration and adsorption
of GNSs at crystal plane K, respectively; y4 represents the sur-
face tension of crystal plane without adsorption of GNSs.

CI_‘K
When ZA X j o dec — max, the free energy of the crystal
K

is minimized. At the grain boundary of Cu,Sn,, the increase of
GNSs surface-active material adsorption decreases the surface
energy, thereby reducing the growth rate of the Cu,Sny IMC
plane. However, the IMC thickness increases slightly with the
further addition of GNSs. Because GNSs are diffused into the

solder/Cu interface, the activation energy of Cu,Sn; grain
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Fig.10 Layer thicknesses of interfacial IMC at different Sn-58Bi-
xGNSs solder/Cu interfaces

boundary reduces, leading to the thickness decrease of the
Cu,Sn, IMC layer.

3 Conclusions

1) Graphene nanosheets (GNSs) addition improves the
wetting behavior of Sn-58Bi low-temperature solder, but has
slight influence on the melting temperature.

2) The shear strength of Sn-58Bi-GNSs composite solder
joints improves, which is attributed to a the shear fracture
mode change from brittle (Sn-58Bi) to a mixed mode of brittle
and ductile fracture caused by the GNSs addition.

3) As the GNSs content increases, the microstructure of
low-temperature Sn-58Bi-GNSs composite solders becomes
finer, and the thickness of interfacial intermetallic composite
(IMC) reduces (in a certain range). In addition, the IMC
morphology becomes flat by adding GNSs.
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