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ABSTRACT

The microstructure, shear behaviour and hardness of the SnBi/SACBN/Cu solder joint before
and after isothermal ageing were investigated in comparison with the SnBi/Cu and SACBN/Cu
solder joints. The experimental results indicated that the pre-soldered SACBN joint had
a significant effect on the formation and growth of the B-Sn grains in the SnBi bulk solder.
The brittleness of the SnBi/SACBN/Cu composite solder joint was also suppressed and its failure
mode transformed from brittle failure to brittle-ductile failure after reflow. However, the shear
strength and failure mode of the SnBi/SACBN/Cu composite solder joint became similar to
those of the SnBi/Cu joints after 600 h isothermal ageing. The shear strength of the three kinds
of solder joints decreased after isothermal ageing, but the SnBi/SACBN/Cu composite solder
joint showed higher shear strength than SnBi/Cu did during ageing. The shear strength of the
composite solder joint was 67.1MPa after ageing. Due to the diffusion of elements in the
isothermal ageing process, the microstructure of the composite solder joint was significantly
coarsened after ageing for 600 hours. This phenomenon further led to the decrease of the
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hardness and shear strength of the three kinds of solder joints.

1. Introduction

Nowadays, with the increasing awareness of envir-
onmental protection, the traditional Sn-Pb solder
has been replaced by lead-free solders. Among
these, the Sn58Bi (SnBi) solder is widely used in
the electronic packaging industry due to its low
cost, low melting temperature of 139°C, good ten-
sile strength and creep resistance [1-4]. However,
the inherent brittleness of Bi element results in the
insufficient ductility of Sn58Bi solder, which leads
to a high risk of brittle fracture of the SnBi solder
joint under mechanical shock or drop conditions.
Therefore, it is of great importance to reduce the
hardness and brittleness of the SnBi solder joints in
order to broaden its further industrial applications.

One of the common methods to improve the
performance of the SnBi solder joints is to add
trace elements into the solder. Cheng et al. [5]
found that adding 10% Ni to SnBi alloy reduced
the thickness of IMC. In addition, the tensile
strength of solder joints increased with the decrease
of IMC thickness. Zhou et al. [6] studied the effects
of Ti addition on the properties of SnBi alloys. The
results showed that the microstructure of SnBi
solder was refined after adding Ti. Adding 0.5 wt%

Ti after ageing achieved the highest yield strength
and ultimate tensile strength. Sun et al. [7] analysed
the mechanical properties of the SnBi solder joint
doped with various amounts of carbon nanotubes
(CNTs). The highest shear strength of 77.3 MPa was
realized after adding 0.05 wt% CNTs. However, the
shear strength of the SnBi solder joint decreased
sharply when the doping amount overpassed
0.1 wt%. Ma et al. [8] found that the coarsening of
Bi-rich phase and the growth of IMC in the SnBi/Cu
solder joints were inhibited by adding 0.7 wt% Zn
into SnBi solder paste. In addition, the ultimate
tensile strength of SnBi solder increased by 6.05%
after soldering. Zhu et al. [9] found that the addition
of Al,O; nanoparticles with a medium concentra-
tion could make the Sn-rich and Bi-rich phases in
SnBi solder distribute more uniformly. Shen et al.
[10] proved that the 0.1 wt% Cu addition had a posi-
tive effect on the wetting behaviour of SnBi solder.

Improving the surface finish of the substrate is
another effective method to improve the perfor-
mance of SnBi solder joints. Common substrate
surface finish treatment methods include organic
solderability preservative (OSP) [11],
nickel immersion gold (ENIG) [12] and electroless

electroless
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nickel immersion palladium gold (ENEPIG) [13].
Zhang et al. [14] found that adding Ni element to
the surface of the Cu substrate can refined the IMC
grain and improved the shear strength of the solder
joints. Hu et al. [15] and Zou et al. [16] added trace
amounts of Ag, Al, Sn or Zn elements into Cu
substrate and found that the interfacial Bi embrit-
tlement in the SnBi/Cu solder joint was restrained.
Meanwhile, the void at the interface was eliminated.
The SAC solder coated with a thickness of about
5 um was obtained on the Cu pad using hot air
solder levelling (HASL) by Wang et al. [17]. The
study found that the SAC coating helped to inhibit
the growth of the IMC layer at the interface of the
SnBi/Cu solder joint during soldering and isother-
mal ageing and improved the shear strength and
ductility of the SnBi/Cu solder joint.

Our previous results showed that the SnBi/
SACBN/Cu composite solder joints with superposi-
tion structure can be successfully fabricated and the
interface brittleness of SnBi/Cu solder joints is effec-
tively suppressed after reflow soldering. However,
the performance changes of the composite solder
joints during ageing are still unknown. Therefore,
the evolution of the microstructure, shear behaviour
and hardness of the SnBi/SACBN/Cu composite
solder joint during isothermal ageing were investi-
gated in this study in comparison with the SnBi/Cu
and SACBN/Cu solder joints.

2. Experimental procedures

The SACBN solder ball and SnBi solder paste were
the main solder materials used in this study. The
SACBN solder balls were made through cutting and
melting processes in glycerol. The SnBi solder paste
was a commercial product with eutectic composi-
tion. The melting temperature of SACBN and SnBi
solder was 220 °C and 139 °C respectively. The
customized printed circuit board (PCB) with Cu
pads was used as substrate. The diameter of these
Cu pads was 640 pum. Firstly, the PCB was cleaned
by ethanol under ultrasonic condition for 10 min.
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Secondly, the SACBN ball with the diameter of
550 um were positioned onto the Cu pads with
flux and then soldered on a heating platform at
260°C for 90s. The AMTECH 4300LF washable
flux was used during this soldering process. Then
the soldered samples were cooled to room tempera-
ture and were cleaned by ethanol to remove residual
flux. Finally, the SnBi solder paste was dispensed
onto the soldered SACBN joints by the Create-PSD
solder paste dispenser. The samples were soldered at
160 °C for 90 s to form the solder joints with super-
position structure. The schematic diagram of the
fabrication process is presented in Figure 1. For
comparison purpose, the SACBN/Cu and SnBi/Cu
solder joints with the same geometric size were
made at 260°C and 160°C for 90 s respectively.
Here the height of all the three kinds of solder joints
is 790 um.

The solder joints were further aged at 100°C for
600 h in the thermostatic ageing furnace. The
cross-sectional samples of the three solder joints
before and after ageing were prepared by grinding
and polishing. The evolution of the microstruc-
tures during thermal ageing were investigated
with the Metallographic microscope. The chemical
compositions of the solder joints were analysed
with the energy dispersive X-ray and spectrometer
(EDS). The shear behaviour of the solder joints
was studied with the RESCH PTR-1000 bond tes-
ter. The shear height was set as 45 pm and the
shear speed was 0.1 mm/s. The fracture morphol-
ogy was observed with the SEM. Besides, the
SHIMADZU DUH-211S hardness tester equipped
with a Berkovich indenter was used for the char-
acterizing the microhardness of solder joints. The
nanoindentation test was performed in several
bulk solders for each kind of joint. At least 10
positions were tested for getting the average hard-
ness. The loading force and holding time of the
nanoindentation hardness test was set as 100 mN
and10 s, respectively. The Poisson’s ratio of 0.35
was selected for this study. The loading and
unloading mode was applied at a rate of 5 mN/s.
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Figure 1. Schematic diagram of the fabrication of the SnBi/SACBN/Cu solder joint.



3. Results and discussion
3.1 Microstructure of the solder joints

Figure 2 illustrates the overall structure and the
microstructure of the three solder joints. As shown
in Figure 2(c), by comparison with the Sn58Bi
(SnBi) and Sn0.7Ag0.5Cu3.5Bi0.05Ni (SACBN)
solder joint, the overall structure of the SnBi/
SACBN/Cu solder joint is composed of two parts.
The SnBi eutectic structure is located above the
SACBN bulk to form a composite solder joint with
an overlapping structure. The Sn dendritic in the
SnBi bulk appears clear sunlight morphology along
with the SACBN bulk as marked by the red line and
arrows, which correspond to the Sn dendrites in
SnBi bulk. It can be deduced that the Sn grains in
the SACBN bulk affect the formation and growth of
the Sn dendritic in the SnBi bulk. Figure 2(a) dis-
plays that the SnBi/Cu solder joints consist of dense
Sn phases and Bi-rich phases. This dense micro-
structure is consistent with the previous studies
[18]. As shown in Figure 2(b), the SACBN/Cu
solder joint consists of a large amount of Sn and
dense eutectic structures. Compared Figure 2(a)
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with Figure 2(c), the number of Sn phases increases
significantly and the number of Bi-rich phases
decreases. Since the concentration of Sn in the
SACBN bulk is higher than that in the SnBi alloy,
Sn atoms diffuse from the SACBN bulk into the
molten SnBi solder during the second soldering
step. Therefore, the concentration of Sn in the
SnBi bulk increases, which results in the formation
of large Sn grain.

Figure 3 shows the microstructures of the three
solder joints under isothermal ageing for 0 h and
600 h at 100°C. Compared with the joint aged for
0 h in Figure 3(a), the size of the Bi-rich phase
grains in the SnBi/Cu solder joint aged at 600 h in
Figure 3(e) has an increasing trend. However, the
number of Bi-rich phases with a smaller size
reduces. Similar phenomenon is also found in the
comparison of the microstructure of the composite
solder joints before and after ageing, as shown in
Figure 3(c and g). This phenomenon can be attrib-
uted to the Ostwald ripening of Bi element during
the isothermal ageing. In addition, the eutectic
structure of the SACBN/Cu solder joint signifi-
cantly increases after ageing for 600 hours, as

Figure 2. Overall structure and microstructure of the solder joints. (a) SnBi/Cu, (b) SACBN/Cu, (c) SnBi/SACBN/Cu.

Figure 3. SEM micrographs of the solder bulks before and after isothermal ageing. (a) and (e) SnBi/Cu, (b) and (f) SACBN/Cu, (c)
and (g) SnBi bulk in SnBi/SACBN/Cu, (d) and (h) SnBi/SACBN interface in SnBi/SACBN/Cu.
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shown in Figure 3(f). The microstructure in
Figure 3(h) indicates that the Sn at the interface of
SnBi/SACBN still radially distributes after ageing.
Many Bi phases can be observed in the SACBN area,
which is caused by element diffusion during the
isothermal ageing process.

Figure 4 shows the mapping of various elements
on the SnBi/SACBN interface after isothermal age-
ing for 600 hours. As shown in Figure 4(b), the Sn
element continuously distributes on the SnBi/
SACBN interface. It can be deduced that the micro-
structure of the SACBN region has an effect on the
formation and growth of the Sn phase in the SnBi
region during the second soldering process of the
composite solder joint. The structure in Figure 2(c)
also confirms the above phenomenon. It is sug-
gested that the solid-liquid diffusion between the
two solders during the second soldering process
and the solid-solid diffusion during the isothermal
ageing process are the main reasons for the distri-
bution of a large amount of Bi element in the
SACBN region of the composite solder joint, as
shown in Figure 4(c). In addition, Figure 4(d,e and
f) illustrate that the elements of Ag, Cu and Ni
evenly distributes in SnBi/SACBN.

Figure 5 shows the interfacial microstructures
and EDS analysis of the three solder joints before
and after isothermal ageing at 100°C. It can be
observed from the figure that the structure of the
three solder joints is significantly coarsened after
ageing for 600 h. It is well known that CugSns is

the main phase produced by the SnBi solder sol-
dered on the Cur substrate [19], which is also con-
sistent with the EDS analysis in Figure 5(g).
Compared Figure 5(a) with Figure 5(d), the thick-
ness of interfacial IMC significantly increases. This
phenomenon can be attributed to the solid-solid
diffusion that occurs at the solder joint interface
during high temperature ageing. On the other
hand, the annexation and merging of adjacent
grains in the IMC is an important reason for the
increase of the thickness of the interfacial IMC after
ageing. As shown in Figure 5(b), the interfacial IMC
in SACBN/Cu joint is (Cu, Ni)¢Sns. Compared
Figure 5(b) with Figure 5(e), the IMC shows
a tendency to diffuse into the SACBN bulk solder.
Due to the addition of the SACBN bump, the inter-
facial reaction in the composite joint is between
SACBN and Cu. Therefore, the IMC on the inter-
face of SnBi/SACBN/Cu joint is (Cu, Ni)eSns, as
shown in Figure 5(c). Compared Figure 5(c) with
Figure 5(f), the thickness of and grain size of the
interfacial IMC (Cu, Ni)¢Sns increase significantly.
Meanwhile, a small amount of the interfacial IMC
diffuses into the bulk solder during ageing. It can be
seen that the thickness of the interfacial IMC in the
SnBi/Cu solder joint is the thinnest among the three
kinds of solder joints. This is due to the formation
of a large amount of Bi-rich grains above the CusSns
IMC layer on the substrate. Therefore, the growth of
the IMC layer is suppressed and the thin and flat
state is exhibited.

Figure 4. SEM and element mapping of the SnBi/SACBN interface after ageing. (a) Microstructure, (b) Sn element mapping, (c) Bi
element mapping, (d) Ag element mapping, (e) Cu element mapping, (f) Ni element mapping.
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Figure 5. SEM morphology and EDS analysis of the IMC layers in the solder joints before and after ageing. (a) and (d) SnBi/Cu, (b)
and (e) SACBN/Cu, (c) and (f) SnBi/SACBN/Cu, (g) EDS of the point in (d), (h) EDS of the point in (e), (i) EDS of the point in (f).

3.2 Mechanical Properties of the solder joints

Figure 6 shows the average shear strength of the
three solder joints before and after isothermal

1 |:| SnBi/Cu
m SACBN/Cu
100+ m SnBI/SACBN/Cu
=
S sl
=
1)
§ 60t
wn
g
o 4or
%)
20+
0

Aging time

Figure 6. The average shear strength of the three kinds of the
solder joints before and after ageing.

ageing. The average shear strength of the SnBi/Cu
solder joint is 68.2 MPa, which is much lower than
that of the other two joints. That is caused by the
presence of a great deal of hard and brittle Bi-rich
phases in the SnBi/Cu interface and the thin IMC,
as shown in Figure 5(a). Among these three solder
joints, the SACBN joint achieves the highest shear
strength of 85.2 MPa. The strength of the SnBi/
SACBN/Cu composite solder joint is 74.4MPa,
which is higher than that of the SnBi/Cu solder
joints. The average shear strength of the three solder
joints all reduce after isothermal ageing for 600 h.
The coarsening of the structure of the solder joint
during the ageing process is considered as the main
reason for the decrease of the shear strength, which
also proves that the ageing process can weaken the
barrier effect of the SACBN barrier layer. However,
the shear strength of SnBi/SACBN/Cu is always
higher than that of SnBi/Cu.

Figure 7 shows the shear curves of the three
solder joints before and after isothermal ageing.
The shear strength of the SnBi/Cu solder joints
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Figure 7. Shear strength-distance relationships of the three
solder joints before and after isothermal ageing.

drops after reaching the peak, which indicates that
brittle fracture occurs in the SnBi/Cu solder joints
before isothermal ageing. The shear force of
SACBN/Cu increases to the maximum at first and
then decreases slowly during the shear test.
According to the study by Di Maio and Hunt [20],
Sn is ductile phase. Therefore, the solder joint

demonstrates clear ductile failure behaviour. The
shear curve of the SnBi/SACBN/Cu composite
solder joints is similar to that of the SACBN/Cu
joints. Obviously, the SACBN bumps in the compo-
site joint act as a barrier layer, which suppresses the
brittleness of the SnBi solder joint. The failure mode
of SnBi/SACBN/Cu is suggested to be brittle-ductile
failure before ageing. As shown in Figure 7, the
SnBi/Cu and SACBN/Cu joints after isothermal
ageing show similar failure modes with that before
ageing. However, the shear curve of the composite
solder joint after ageing is similar to SnBi/Cu and
the failure mode shifts from brittle-ductile failure to
brittle failure.

As shown in Figure 8(a and d), the SnBi/Cu
fracture surface shows smooth and bright morphol-
ogy. Therefore, clear brittle fracture occurs near the
substrate in the SnBi/Cu solder joints before and
after ageing due to the high concentration of the
hard and brittle Bi-rich phases. In contrast, the
fracture morphology of the SACBN/Cu joint
shows a large number of dimples, as shown in
Figure 8(b and e). Therefore, plastic fracture occurs
in the SACBN/Cu solder joints before and after

0 5 keV 10 0

5 keV 10 0 5 keV 10

Figure 8. Shear morphology and EDS analysis of the three solder joints before and after ageing. (a) as-soldered SnBi/Cu, (b) as-
soldered SACBN/Cu, (c) as-soldered SnBi/SACBN/Cu, (d) SnBi/Cu after ageing, (e) SACBN/Cu after ageing, (f) SnBi/SACBN/Cu after
ageing, (g) EDS of the point in (d), (h) EDS of the point in (e), (i) EDS of the point in (f).
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Figure 9. SEM and elemental mapping of the SnBi/SACBN/Cu joint aged at 100°C for 600 h. (a) microstructure, (b) element
mapping of Sn, (c) element mapping of Bi, (d) element mapping of Cu, (e) element mapping of Ni. (f) element mapping of Ag.

ageing. The results of Figure 8(i) and Figure 9 show
that the SnBi/SACBN/Cau failures appear in both the
SnBi bulk and SACBN/Cu interface after ageing.
Figure 10 is the top view of the fractured SnBi/
SACBN/Cu composite solder joints before and after
ageing. An interesting phenomenon can be
observed from the figure. The area of SACBN in
the fracture section without ageing is very large,
while the area of SACBN reduces significantly
after ageing for 600 hours. In Figure 11(d and f),
Ag and Ni diffuse evenly to the entire pad. The
reason for this phenomenon is that the elements
in SACBN area diffuse into SnBi alloy by solid-

solid diffusion during the isothermal ageing.
Therefore, the content of SACBN in the composite
solder joint after ageing reduces. As shown in
Figure 11(b and e), the fracture section of the
SACBN area is mainly composed of Sn and Cu. As
shown in Figure 11(c), the fracture section of the
SnBi area is composed of a large amount of Bi. This
phenomenon once again proves that the SACBN
area in the composite solder joint fractures at the
interface and the SnBi areafractures in the bulk
solder.

In order to eliminate the influence of the loading
position of the load on the bulk solder on the

SnBi area

Figure 10. Shear fractures of SnBi/SACBN/Cu. (a) top view of as-soldered joint, (b) top view of aged joint.
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Figure 11. Element mapping of the shear fracture of SnBi/SACBN/Cu joint aged at 100°C for 600 h. (a) microstructure, (b) element
mapping of Sn, (c) element mapping of Bi, (d) element mapping of Cu, (e) element mapping of Ni. (f) element mapping of Ag.

hardness value of the bulk solder. In the nanoin-
dentation hardness test, the loading positions of the
bulk solder with the same solder joints are also
similar and each area is subjected to 10 loading
experiments. To get the average hardness of the
bulk solder. The maximum load of the nanoinden-
tation hardness test is 100 mN, the maximum load
holding time is 10 s, the Poisson’s ratio is 0.35, and
the loading and unloading rates are both 5 mN/s.
The comparison of the average hardness of the three
solder joints before and after ageing is shown in
Figure 12. The average hardness of the SnBi/Cu
solder joint is 304.7MPa, which is much higher

than that of the other two. The hardness of the
SACBN/Cu bulk solder is the lowest due to its
high concentration of soft 3-Sn phase and eutectic
structure. The two areas were tested respectively.
The average hardness of the SnBi area in the SnBi/
SACBN/Cu composite solder joints is 287.5MPa,
which is lower than that of the SnBi/Cu solder
joints. The Sn element in the SACBN bulk diffuses
into the SnBi alloy during the second soldering step
and then more -Sn phases form, which is the main
reason for the decrease of hardness in the SnBi
region. The average hardness of SACBN area in
the composite solder joints is higher than that of

4001~ |:]SnBi in SnBi/Cu

350

300
1/
250

200

150

[ ¥/////]SACBN in SACBN/Cu

100

Hardness of solder joint (MPa)

S0

Y| SuBi in SuBi/SACBN/Cu
(/| SACBN in SnBi/SACBN/Cu

Oh

Aging time

Figure 12. Hardness of the solder bulks.



SACBN/Cu. The diffusion of Bi atoms from the
SnBi area into the SACBN area results in
a strengthening effect and leads to the increase of
hardness. After ageing at 100°C for 600 h, the aver-
age hardness of the three solder joints has
a decreasing tendency, which can be attributed to
the coarsening of the microstructure. Thus, the
addition of SACBN bulk to the SnBi/Cu joints will
significantly reduce the average hardness of SnBi
alloys before and after ageing.

4. Conclusions

(1) The addition of the SACBN layer increases
the concentration p-Sn phase in the SnBi/Cu
solder joint.

(2) The addition of SACBN bulk suppresses the
brittle fracture of SnBi/Cu and the failure
mode changes from brittle fracture to brittle-
ductile hybrid fracture during the shear test.

(3) The massive diffusion of elements leads to
a reduction in the relative area of the
SACBN region during the ageing process.

(4) The addition of SACBN bulk into the SnBi/
Cu joint significantly reduce the average
hardness of SnBi alloy before and after
ageing.
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