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The mechanical properties of Sn-58Bi epoxy solder were evaluated by
low-speed shear testing as functions of aging time and temperature. To
determine the effects of epoxy, the interfacial reaction and mechanical prop-
erties of both Sn-58Bi and Sn-58Bi epoxy solder were investigated after aging
treatment. The chemical composition and growth kinetics of the intermetallic
compound (IMC) formed at the interface between Sn-58Bi solder and elec-
troless nickel electroless palladium immersion gold (ENEPIG) surface finish
were analyzed. Sn-58Bi solder paste was applied by stencil-printing on flame
retardant-4 substrate, then reflowed. Reflowed samples were aged at 85�C,
95�C, 105�C, and 115�C for up to 1000 h. (Ni,Pd)3Sn4 IMC formed between
Sn-58Bi solder and ENEPIG surface finish after reflow. Ni3Sn4 and Ni3P IMCs
formed at the interface between (Ni,Pd)3Sn4 IMC and ENEPIG surface finish
after aging at 115�C for 300 h. The overall IMC growth rate of Sn-58Bi solder
joint was higher than that of Sn-58Bi epoxy solder joint during aging. The
shear strength of Sn-58Bi epoxy solder was about 2.4 times higher than that of
Sn-58Bi solder due to the blocking effect of epoxy, and the shear strength
decreased with increasing aging time.
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INTRODUCTION

For several decades, eutectic Sn–Pb solders have
been widely used in the electronics industry because
of their low price, good wettability, good plasticity,
electrical conductivity, good reliability, and high
productivity.1–7 However, use of Pb is prohibited by
the Regulation of Certain Hazardous Substances
(RoHS) and Waste Electrical and Electronic Equip-
ment (WEEE) due to the environmental pollution by
and toxicity of Pb.8–11

Therefore, many researchers have investigated
Pb-free solders. Among these, the Sn-Ag-Cu solder
family is considered one of the most favorable
because of its comprehensive properties including
thermal resistance, wetting, and high creep resis-
tance.12–20 However, the high liquidus temperature

of Sn-Ag-Cu solder induces thermal damage to the
substrate and degrades the reliability of other
components in the package during the reflow pro-
cess.21,22 On the other hand, Sn-58Bi solder is
suitable for temperature-sensitive processes due to
its low liquidus point (138�C).23–26 It can also
prevent thermal shock damage to electronic pack-
ages due to thermal expansion mismatch.27–29 In
addition, it has good yield strength, creep resis-
tance, and cost efficiency.30 However, Sn-Bi solder
has poor ductility.31 To overcome the brittleness of
Sn-Bi solder, we investigated epoxy-containing Sn-
58Bi solder with electroless nickel immersion gold
(ENIG) and electroless nickel electroless palladium
immersion gold (ENEPIG) surface finishes. There
have been many previous studies concerning inter-
facial reactions between Sn-58Bi solder and various
substrates.32–34 The relationship between the inter-
metallic compound (IMC) growth kinetics and the
diffusion mechanism has been determined. Ni-based
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surface finish is suitable for Cu bond pads, acts as a
diffusion barrier for Sn-rich solder joints, and offers
good corrosion resistance, a very flat and fine lead
pitch, good wettability, a maskless plating process,
and strong adhesion.35 However, the Au solution
used in the immersion process results in galvanic
hypercorrosion of the Ni–P layer, referred to as
‘‘black pad,’’ leading to solder joint failure.36

ENEPIG with addition of a Pd layer is believed to
prevent corrosion of the underlying Ni(P) layer
during immersion in Au solution and to provide
good wettability and a low consumption rate.37

However, there is limited information concerning
interfacial reactions between Sn-58Bi solder and
ENEPIG substrates. In this work we therefore used
an ENEPIG surface finish, the widest-latitude
surface finish used in many electronic products.38,39

We focused on the relationship between IMC
growth and activation energy to investigate the
interfacial reactions between Sn-58Bi solder and
ENEPIG substrate after aging treatment. In addi-
tion, the mechanical properties of the Sn-58Bi and
Sn-58Bi epoxy solders were evaluated by low-speed
shear testing to investigate the effect of epoxy.

EXPERIMENTAL PROCEDURES

Sn-58Bi solder was formed on ENEPIG-surface-
finished printed circuit board (PCB). The substrate
was surface mount device (SMD)-type flame retar-
dant 4 (FR-4). The size of the bonding pad opening
was 200 lm. The ENEPIG surface finishes were
composed of 5 lm Ni, 0.1 lm Pd(P) (with 6.5 wt.% to
9.0 wt.% P), coated with 0.08 lm Au. We used Sn-
58Bi solder paste (TLF-401-11; Tamura Co., Japan)
and Sn-58Bi epoxy solder paste (SAM10-401-27;
Tamura Co., Japan). The Sn-58Bi solder paste
included 9.4% flux and had viscosity of 210 Pa s.
The Sn-58Bi epoxy solder paste included 14.7% flux
with epoxy and had viscosity of 234 Pa s and
liquidus point of about 139�C. We evaluated the
thermal behavior of the Sn-58Bi and Sn-58Bi epoxy
solder pastes using differential scanning calorime-
try (DSC; Exstar 6000, Seiko Instruments, Japan)
at heating rate of approximately 5�C/min. Solder
paste was placed on the bonding pad using a stencil-
printing method. The reflow process was performed
with peak temperature of 190�C for 5 min using a
reflow machine (RF-430-N2; Japan Pulse Labora-
tory Co. Ltd., Japan) with four heating zones.
Figure 1 shows the reflow temperature profile.
Samples were cooled at room temperature after
the reflow process, then cleaned with deflux solution
and alcohol to remove flux. The Sn-58Bi and Sn-
58Bi epoxy solders were aged at 85�C, 95�C, 105�C,
and 115�C for 100 h, 300 h, 500 h, and 1000 h,
respectively. The interface of the solder joint was
examined by scanning electron microscopy (SEM,
S-3000H; Hitachi, Japan). The composition of the
IMC formed at the solder joint was analyzed by
electron probe microanalysis (EPMA, JXA-8500F;

JEOL, Japan). The mechanical properties of the
solder joints were evaluated using a low-speed shear
tester (PTR-1000; Rhesca Co., Japan). Figure 2
shows a schematic of the low-speed shear test. The
conditions employed for the shear test were shear
height of 30 lm and shear speed of 200 lm/s, in
compliance with Joint Electron Device Engineering
Council (JEDEC) standard 22-B117A. After the low-
speed shear test, the fracture surface was observed
using SEM.

RESULTS AND DISCUSSION

Figures 3 and 4 show that the liquidus peak of the
Sn-58Bi solder was around 140�C whereas that of
the Sn-58Bi epoxy solder was around 139�C. It is
important to note that the reaction of epoxy in the
Sn-58Bi epoxy solder occurred at a liquidus point
lower than the liquidus point of Sn-58Bi solder.

Figure 5 shows SEM micrographs of solder joints
after the reflow process. Figure 5a and b shows 50�
tilt views of Sn-58Bi and Sn-58Bi epoxy solders.
Figure 5c and d shows cross-sectional micrographs
of Sn-58Bi and Sn-58Bi epoxy solders. After reflow,
the epoxy was filled around the Sn-58Bi solder, as
shown in Fig. 5b and d.

Figure 6 shows cross-sectional SEM micrographs
of Sn-58Bi and Sn-58Bi epoxy solder joints for
different aging times and temperatures. Overall,
the IMCs grew with increasing aging time and
temperature for both solder types. Also, the IMC of
the Sn-58Bi solder joints was slightly thicker than
for the Sn-58Bi epoxy solder joints.

Figure 7 shows the IMC thickness of the Sn-58Bi
and Sn-58Bi epoxy solders as a function of the
square root of time for each aging temperature. The
relationship between IMC thickness and aging time
can be described by the equation

W ¼ ktn; ð1Þ

Fig. 1. Reflow temperature profile.
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where W is the reaction layer thickness, k is the
growth rate constant, n is the time exponent, and t
is the reaction time. The thickness of the IMC layer
increased linearly with the square root of aging
time. The IMC growth was faster for higher aging
temperatures, especially 115�C. Table I presents

the time exponent (n) and growth rate constant for
the Sn-58Bi and Sn-58Bi epoxy solders. The value of
the time exponent was approximately 0.5, and the
IMC growth reaction was controlled by a diffusion
mechanism.40 The IMC growth rate for the Sn-58Bi
solder was faster than for the Sn-58Bi epoxy solder.

To calculate the activation energy for IMC growth
for the Sn-58Bi and Sn-58Bi epoxy solders, we used
the Arrhenius equation

k2 ¼ k2
0 exp �Q=RTð Þ; ð2Þ

where k2 is the frequency factor, Q is the activation
energy, R is the gas constant (8.314 J/mol K), and T
is the aging temperature (K). The activation energy
was calculated from the slope of the Arrhenius plot
of 1/T versus ln k2. The growth rate k for the Sn-
58Bi and Sn-58Bi epoxy solders is presented in
Table II.

Figure 8 shows Arrhenius plots of 1/T versus
ln k2 for the IMC with the Sn-58Bi and Sn-58Bi
epoxy solder. In the case of Sn-58Bi solder, the 85�C
to 95�C activation energy was 11.23 kJ/mol, and the
95�C to 115�C activation energy was 184.15 kJ/mol.
In the case of Sn-58Bi epoxy solder, the 85�C to 95�C
activation energy was 3.74 kJ/mol, and the 95�C to
115�C activation energy was 108.41 kJ/mol. The
total activation energy for Sn-58Bi solder was
126.899 kJ/mol, whereas that for Sn-58Bi epoxy
solder was 74.2 kJ/mol. In general, solder with high
activation energy is expected to grow faster at
higher temperature compared with solder with low
activation energy. Also, there was a crossing point
between the Sn-58Bi and Sn-58Bi epoxy solders at
85�C to 95�C because of their different activation
energy values.

Figure 9 shows EPMA micrographs of the interface
between the Sn-58Bi solder and ENEPIG surface finish
depending on the aging time at 115�C. (Ni,Pd)3Sn4 IMC
containing 3.05 at.% Au, 4.34 at.% Bi, and 1.83 at.% P
formed at the interface between Sn-58Bi solder and
ENEPIG surface finish after reflow. The chemical
composition of this IMC was determined using energy-
dispersive x-ray spectroscopy (EDX; Sn:Pd:Au:Bi:-
Ni:P = 72.65:11.16:3.05:4.34:5.76:1.83, at.%). When
aged for 300 h, Ni3Sn4 and Ni3P IMCs formed under
the (Ni,Pd)3Sn4 IMC. The Ni3Sn4 and Ni3P IMCs
contained 6 at.% Bi. The (Ni,Pd)3Sn4 and Ni3Sn4 IMCs
grew continuously over 1000 h of aging. The Pd and Au
in the IMC moved up with increasing aging time based
on the mapping micrograph and quantitative analysis.
A Bi-rich region remained on the IMC because Sn, Ni,
Pd, and Au reacted to form an IMC. In addition, the Bi-
rich phase and Sn-rich phase coarsened with aging
treatment.

Figure 10 shows EPMA micrographs of the inter-
face between Sn-58Bi epoxy solder and ENEPIG
surface finish depending on the aging time at 115�C.
In the Sn-58Bi epoxy solder, Pd and Au flakes were
formed as reflowed. (Ni,Pd)3Sn4 IMC containing 8
at.% Bi and 5 at.% Au formed at 300 h. Ni3Sn4 and

Fig. 2. Schematic of low-speed shear test.

Fig. 3. DSC curve of Sn-58Bi solder paste with heating rate of 5�C/
min.

Fig. 4. DSC curve of Sn-58Bi epoxy solder paste with heating rate of
5�C/min.
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Ni3P IMCs containing 6 at.% Bi and 1.5 at.% Au
formed between the (Ni,Pd)3Sn4 IMC and ENEPIG
surface finish. At 1000 h of aging, (Ni,Pd)3Sn4 and
Ni3Sn4 IMCs grew continuously. Regarding the
total composition of the IMC, the amounts of Au,
Pd, and Bi decreased and the Ni content increased
with increasing aging time. Thus, Pd, Au, and Sn
were the major reactants in reflow. The Ni(P) and
Sn in the solder were the major reactants with
increasing aging time. Although the Sn-58Bi epoxy

solder did not demonstrate clearly different behav-
ior from the Sn-58Bi solder, needle-type Pd and Au
were present in vertical form in the IMC of the Sn-
58Bi epoxy solder. We assumed that the epoxy in
the Sn-58Bi epoxy solder affected the IMC thick-
ness, although this requires further evaluation.

The shear strength of the Sn-58Bi solder including
epoxy was evaluated by low-speed shear test, in
compliance with JESD22-B117A. After reflow, the
Sn-58Bi solder was encircled by epoxy approximately

Fig. 5. SEM micrographs of solder joints after reflow: 50� tilt views of (a) Sn-58Bi and (b) Sn-58Bi epoxy solder; cross-sectional micrographs of
(c) Sn-58Bi and (d) Sn-58Bi epoxy solder.

Fig. 6. Cross-sectional SEM micrographs of (a–d) Sn-58Bi and (e–h) Sn-58Bi epoxy solder joints after aging at (a, e) 85�C for 100 h, (b, f) 85�C
for 1000 h, (c, g) 115�C for 100 h, and (d, h) 115�C for 1000 h.
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90 lm in height. During the shear test, the height of
the tip of the shear tester from the substrate surface
was 30 lm, as shown in Fig. 2. The tip of the shear
tester collided with the epoxy surrounding the solder
ball, about 60 lm. Fracture occurred in the epoxy and
then propagated inside the solder ball. Shear
strength–displacement (F–x) curves obtained from
the shear test are shown in Fig. 11. The overall shape

of the F–x curves changed with epoxy addition. The
Sn-58Bi epoxy solder indicated greater elongation
than the Sn-58Bi solder. However, the stress dropped
sharply after peaking at the maximum shear
strength for both solders. Thus, the shear strength
of the Sn-58Bi epoxy solder was improved by the
blocking effect of epoxy.24 The shear strength of the
Sn-58Bi epoxy solder was about 2.4 times higher than
that of the Sn-58Bi solder.

Figure 12 shows the shear strength of the Sn-
58Bi and Sn-58Bi epoxy solders as functions of
aging time and temperature. The shear strength
decreased with increasing aging time and temper-
ature for both the Sn-58Bi and Sn-58Bi epoxy
solders because of the increasing thickness and
coarsening of the IMC.

Figure 13 shows the fracture energy of the Sn-
58Bi and Sn-58Bi epoxy solders as a function of
aging time and temperature after the low-speed
shear test. The fracture energy of the Sn-58Bi epoxy
solder was higher than that of the Sn-58Bi solder at
all aging temperatures and times. The Sn-58Bi
epoxy solder had high fracture energy because of
the stress imparted by the epoxy around the solder.
Also, the fracture energy of the solder tended to
decrease with increasing aging time and tempera-
ture for both the Sn-58Bi and Sn-58Bi epoxy
solders.

Figure 14 shows top-view micrographs of the Sn-
58Bi and Sn-58Bi epoxy solders after low-speed
shear test for various aging times at 115�C. Ductile
fracture of the surface was observed in the Sn-58Bi
and Sn-58Bi epoxy solder after reflow based on
detection of Sn and Bi elements by EDX. The image
in Fig. 14a also demonstrates ductile fracture.
However, Fig. 14b–e and g–j shows brittle fracture
surface for the Sn-58Bi and Sn-58Bi epoxy solders
after aging treatment. Sn and Ni elements were

Fig. 7. IMC thickness as function of square root of time for each aging temperature for (a) Sn-58Bi and (b) Sn-58Bi epoxy solder.

Table I. Calculated growth rate constant and time
exponent (n) as functions of aging temperature

Solder
Temperature

(�C) n
k2

(10215 cm2/s)

Sn-58Bi solder 85 0.65 13.00
95 0.27 14.40

105 0.39 61.50
115 0.53 321.49

Sn-58Bi epoxy solder 85 0.57 13.45
95 0.41 13.92

105 0.58 33.49
115 0.65 87.03

Table II. Growth rate k for Sn-58Bi and Sn-58Bi
epoxy solder

Solder Temperature (�C) k (lm/s)

Sn-58Bi solder 85 0.00114
95 0.0012

105 0.00248
115 0.00567

Sn-58Bi epoxy solder 85 0.006
95 0.00118

105 0.00183
115 0.00295
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Fig. 8. Arrhenius plot for IMC layer growth.

Fig. 9. EPMA mapping results of Sn-58Bi solder aged at 115�C: (a) as reflowed, (b) 300 h, (c) 1000 h.

Fig. 10. EPMA mapping results of Sn-58Bi epoxy solder aged at 115�C: (a) as reflowed, (b) 300 h, (c) 1000 h.

Fig. 11. F–x curves for Sn-58Bi and Sn-58Bi epoxy solders.
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Fig. 12. Shear strength of solder joints as function of aging time and temperature for (a) Sn-58Bi and (b) Sn-58Bi epoxy solder.

Fig. 13. Fracture energy of solder joints as function of aging time and temperature for (a) Sn-58Bi and (b) Sn-58Bi epoxy solder.

Fig. 14. Fracture surfaces of Sn-58Bi solder (a–e) and Sn-58Bi epoxy solder (f–j) after shear test: (a, f) as reflowed, and after aging at (b, g)
115�C for 100 h, (c, h) 115�C for 300 h, (d, i) 115�C for 500 h, and (e, j) 115�C for 1000 h.
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detected by EDX. The composition of the IMC was
Ni3Sn4.

Figure 15 shows cross-sectional SEM micro-
graphs of fracture surfaces of Sn-58Bi and Sn-58Bi
epoxy solder. Figure 15a and f shows that extra
solder was observed on the surface for both solder
types after reflow. However, Fig. 15b–e and g–j
shows that extremely small amounts of solder
remained on the surface.

CONCLUSIONS

We compared the interfacial reaction and
mechanical properties for Sn-58Bi and Sn-58Bi
epoxy solders with ENEPIG surface finish. A Sn-
rich phase and Bi-rich phase of the eutectic group
and a (Ni,Pd)3Sn4 IMC formed at the interface
between Sn-58Bi solder and ENEPIG surface finish
after reflow. Ni3Sn4 and Ni3P IMCs formed between
(Ni,Pd)3Sn4 and ENEPIG surface finish at 115�C
after 300 h of aging. In addition, for both the Sn-
58Bi and Sn-58Bi epoxy solder, the (Ni,Pd)3Sn4 and
Ni3Sn4 IMCs increased with increasing aging time
and temperature. The total IMC thickness was
slightly thinner for the Sn-58Bi epoxy than the Sn-
58Bi solder. The total IMC growth was controlled by
a diffusion mechanism because the time exponent
was approximately 0.5 for both solders. The activa-
tion energy of the Sn-58Bi epoxy solder was lower
than that of the Sn-58Bi solder. The low-speed
shear test results revealed that the Sn-58Bi epoxy
solder had higher shear strength and fracture
energy than the Sn-58Bi solder. Addition of epoxy
to the Sn-58Bi solder improved its mechanical
properties. Therefore, Sn-58Bi epoxy is fully
expected to replace Sn-58Bi solder.
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