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The present investigation explores the influence of Ni and Bi on the solder-
ability of Sn-0.7Cu solder coatings. The minor addition of 0.05 wt.% Ni into
the Sn-0.7Cu solder alloy results in an improvement in the wettability based
on dipping tests. The solderability investigation using a globule mode shows
the influence of Ni and Bi on the interfacial intermetallic compound (IMC).
The addition of Ni to a Sn-0.7Cu solder coating resulted in a (Cu,Ni)6Sn5

interfacial IMC, which enhanced the solderability performance during the
globule test. With an increasing amount of Bi in the Sn-0.7Cu-0.05Ni-xBi
solder ball, the surface energy of the solder alloy can be reduced, and this
improves the solderability. The synchrotron micro-XRF results indicate that
Ni is found in a relatively high concentration in the interfacial layer. Addi-
tionally, Bi was found to be homogenously distributed in the bulk solder,
which improved solderability.

Key words: Solderability, intermetallic compound, free solder, solder
coating, soldering

INTRODUCTION

The application of surface mount technology
(SMT) to position surface mount devices (SMD) on
printed circuit boards (PCB) has rapidly grown
within the electronics industry.1 The main advan-
tage of SMT is that it can be mounted onto a PCB
without the need for drilled holes on the PCB, which
reduces the lower initial manufacturing costs. How-
ever, it should be pointed out that the PCB needs to
be exposed to a copper-coated surface finish in order

to protect its surface from impurities such as oil,
dust, and oxide layers. The surface finish serves two
essential purposes: to be solderable and to act as a
barrier to prevent oxidation, which, if the latter
occurs, could result in subsequent assembly prob-
lems. The application of chip scales packages (CSPs)
in harsh environments requires a conformal surface
finish for meeting reliability requirements. Subse-
quently, some in the PCB industry believe that
PCBs must to be coated in order to protect the
copper. Given that there is no alternative to solder,
PCBs must be soldered using solder as a coating.
Functional as a thin coating, the solder can be
applied either by dipping or passing the circuit
boards over molten solder(s). The solder coating is
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designed to improve aesthetics and extend the life of
the electronic components. Properties required for
solder coating include a low rate of copper dissolu-
tion and stable interfacial intermetallic compounds.

A hot air solder levelling (HASL) surface finish is
one of the most common surface finishes used in
PCBs for substrate manufacturing. HASL utilises
solder as a thin coating, which increases its shelf life
at lower costs relative to other PCB finishes, such as
electroless nickel immersion gold (ENIG), immer-
sion tin (ImSn), and immersion silver (ImAg).2

Currently, the application of a solder coating is a
highly developed approach. For example, the Sn-Cu-
Ni-Ge (SN100CL) solder alloy is one of the most
commonly used solder alloys.3 The solderability of
solder coating is crucial in the soldering process, as
it ensures excellent bonding is formed between the
solder material and substrate. If the solder coating
is insufficient to provide a layer of free solder, the
solderability will decrease due to thinner free solder
thicknesses. Therefore, it is crucial to understand
how free solder influence the solderability, which is
closely related to the wetting force and surface
tension. A wetting balance is typically used to
evaluate solderability by immersing a substrate in
molten solder, and its corresponding wetting force is
continually measured as a function of time.4 Fig-
ure 1a illustrates a typical wetting force curve.
Solderability is normally evaluated based on two
criteria, namely the wetting time (s) and the
maximum force (mN)5 as described in Fig. 1b.
Although Sn-0.7Cu has been attractive for soldering
due to its excellent physical and mechanical char-
acteristic,6 its wetting properties are slightly dis-
satisfactory for solder coating applications7 and for
process packaging at high densities.8 It is also well
known that the addition of Ni in Sn-0.7Cu solder
improves its wettability properties.9 Wang et al.10

reported that the addition of 0.1% Ni in Sn-2.5Ag-
0.7Cu-0.1RE solder alloy increases wettability. In
the solder coating, the formation of the interfacial
intermetallic compound (IMC) between the solder

and Cu-substrate interface is an indication of
chemical bonding. The IMC is immediately formed
as the solder melts on the Cu pads and continues to
grow when exposed to high temperature. The thick
IMC layer formed could also cause a detrimental
effect on strength due to the brittle behaviour of the
IMC layer.

The properties and mechanical reliability of sol-
der joints are significantly dictated by the condition
of solder material, IMC thicknesses and the mor-
phologies of IMC. The interface of the IMC layer is
critical towards the mechanical reliability of subse-
quent electronic devices. Therefore, the growth of
the IMC layer during isothermal ageing has been
investigated in numerous studies.11 Many studies
concluded that IMC thickness increases in tandem
with the ageing time. Studies on the IMC layer
thickness formation have also revealed the signifi-
cance of wetting behaviour and interfacial reac-
tions.12 In our previous study,5 we found that higher
free solder thickness improves the solderability,
where the free solder thickness can be tailored by
annealing. We also confirmed that the solderability
of Sn-0.7Cu-0.05Ni solder coating improved due to
the addition of 60 ppm Ge.

In this study, the effect of the addition of Ni and
Bi to the solderability of Sn-0.7Cu solder coating
was investigated. This includes understanding the
wettability of solders on Cu substrates using the
wetting balance test by dipping and the solderabil-
ity of annealed solder coating with Sn-0.7Cu-0.05Ni-
xBi solder alloy using the globule mode method. The
results were verified by the wetting time and
maximum force for both solder coatings. Following
the globule mode test, the distribution of the Bi and
Ni element in Sn-0.7Cu and Sn-0.7Cu-0.05Ni was
also determined using a synchrotron micro-XRF.

EXPERIMENTAL PROCEDURE

Solder alloy samples were prepared from pure
metals in the form of ingots supplied by Nihon
Superior Co. Ltd., Japan. Two solders were

Fig. 1. Schematic diagrams showing the (a) wetting angle measurement and (b) wetting curve by the wetting balance method.
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prepared in the form of solder coating consisting of
Sn-0.7Cu and Sn-0.7Cu-0.05Ni solder alloy. Solder
alloys with different compositions were prepared in
an electric resistance furnace at 350�C: Sn-0.7Cu-
0.05Ni + 0.5Bi, Sn-0.7Cu-0.05Ni + 1.0Bi, Sn-0.7Cu-
0.05Ni + 1.5Bi and Sn-0.7Cu-0.05Ni + 2.0Bi. After
1 h in the furnace, the solder was cast onto a
stainless-steel mould and rolled into foils with a
thickness of 30 lm. Next, a thin sheet of solder was
punched into a diameter of 2.0 mm, then dipped in
rosin mildly activated (RMA) flux, and placed on a
Pyrex sheet. The sheet solder was then melted in a
reflow oven to form a solder ball (spheres) via
surface tension.

The wetting balance test was conducted using a
Multicore Universal Solderability Tester (MUST)
from Gen3 Systems. The copper strip, with dimen-
sions of 3 cm 9 10 cm 9 0.3 cm, was cleaned using
an acid cleaning liquid containing 5 g of hydrochlo-
ric acid (35%) with 95 g of deionised water (1.75%)
to remove surface oxides and contaminants. Prior to
the tests, each copper strip was initially dipped in a
flux for 2 s, then the flux was drained by placing its
vertically on a clean filter paper for 2 s. The flux
used was a standard B type (JIS Z3198-4), which is
a mixture of rosin, 2-propanol, and diethylamine
hydrochloride. The copper strip was then dipped
with molten solder for 20 s with an immersion and
removal speed set to 30 mm/s. Next, the surface of
the solder bath was skimmed to remove the dross at
a wetting temperature of 265–270�C. For part one,
the copper strip was coated with Sn-0.7Cu and Sn-
0.7Cu-0.05Ni by the wetting balance test following
the JIS Z3198-4 standard.

Table I summarises the condition of the wetting
balance test used in this study. The schematic
diagram for the solderability testing is illustrated in
Fig. 1a and b. The wetting angle was calculated
from the height of the meniscus rise of the molten
solder and the wetting force determined by the
wetting balance apparatus. The equilibrium wetting
angle was determined from the interfacial tensions,
rsv, rsl and rlv, via the Young–Dupre equation13:

rsv � rsl ¼ rlv cos h ð1Þ

Next, the coated samples were annealed at 180�C
for 24 h, 120 h and 240 h, respectively. The samples
were properly treated using an acid cleaning liquid

containing 5 g of hydrochloric acid with 95 g of
deionised water to remove the oxidation effect
following the annealing process. The samples were
then cross-sectioned in order to observe the IMC of
the solder coating. The interfacial IMC thickness
was measured using Image-J software.

In part two, the solderability testing on the coated
annealed specimens was conducted using a Gen3
wetting balance in the ‘‘microwetting balance’’ glob-
ule mode with Sn-0.7Cu-0.05Ni-xBi solder ball, as
shown in Fig. 2a. In this mode, the sample was
fluxed and fixed at an angle in the grip of the
wetting balance. The globule mode was then raised
until it touches the surface of the copper strips,
simultaneously, the instrument begins to measure
the force on the copper strips as a function of time
and maximum force, as per Fig. 2b and c. Table II
summarises the parameters of the wetting test in
the globule mode.

The samples were then examined using a syn-
chrotron micro-XRF elemental mapping, which was
carried out at the BL6b beamline at the Synchrotron
Light Research Institute (SLRI) in Thailand. At the
BL6b, the white x-ray beam was produced from a
bending magnet and the size of the beam was limited
by a circular aperture prior to being focussed using a
polycapillary lens to obtain a micro-x-ray beam with
a beam size of 30 9 30 lm2 onto the specimen.
Without a monochromator, the energy of the micro-
x-ray beam is 2–12 keV. The specimen was placed 90
degrees to the incident x-ray beam and the CCD
camera, while the Vortex EM-650 silicon drift detec-
tor used to collect the fluorescent x-rays emitting
from the samples was placed 45 degrees to the
specimen. The specimens were mounted vertically
on the sample holder, and the raster scanning of the
samples was performed using high precision
motorised stages. The experiments were performed
at atmospheric conditions, and the exposure time for
each point was 10 s. The result was then analysed
using the PyMca software.14

Elemental mapping was performed using micro-
XRF by detecting the characteristic x-rays of the
element. This technique is commonly used to anal-
yse the distribution of elements after the globule
mode test. The samples, post-globule mode testing,
were mounted, ground, and polished prior to being
placed onto a glass slide.

RESULTS AND DISCUSSION

Wettability of Solder Coating on the Cu Strip
Using the Dipping Method

Figure 3 shows the wettability of Sn-0.7Cu and
Sn-0.7Cu-0.05Ni solder alloy on the Cu strip in the
context of the wetting time and maximum force
applied by the dipping test. Better wettability is
determined by a lower wetting time and a higher
value of maximum force. The result indicates that
the Sn-0.7Cu-0.05Ni solder coating has the highest
maximum force and lowest wetting time relative to

Table I. Testing parameters for wetting test in
dipping mode

Cu specimen size 10 mm 9 3 mm 9 0.3 mm
Atmosphere Air
Solder pot temperature 265–270�C
Immersion time 20 s
Immersion depth 5 mm
Immersion speed 30 mm/s
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that of Sn-0.7Cu solder coating. Accordingly, this
confirms that the presence of Ni decreases the
surface tension of the molten solder. Wettability is
mainly determined by the surface tension between
the liquid solder and surrounding flux; the liquid
solder quickly accumulates at the solder/flux inter-
face in its molten state.10

The IMC’s thickness is dictated by the diffusion
rates of the Cu and Sn via reactions at the layer
interfaces. Additionally, IMC and free solder

thicknesses dictate the suitability of solderability
when assembling electronic components. However,
Sobri et al.15 hypothesized that increased dipping
time increases IMC’s thickness, but it should be
pointed out that the total coating thickness remains
unaffected by differences in the dipping time.

Fig. 2. Wettability test in globule mode schematic diagram (a) side view (b) typical wetting balance curve; t0 = start point to wet; tw = peak time,
2/3 Fmax = 2/3 from the maximum wetting force, and Fmax = maximum wetting force and (c) illustration interfacial IMC during the globule mode.

Table II. Testing parameters for the wetting test in
globule mode

Parameters Details

Size of substrate 10 mm 9 3 mm 9 0.3 mm
Substrate material Copper
Solder ball type Sn-0.7Cu-0.05Ni-xBi
Globule size 4 mm
Mass of solder 200 mg
Immersion speed 1.0 mm/s
Removal speed 1.0 mm/s
Immersion depth 0.2 mm

Fig. 3. Relationship between the wetting time and the maximum
force.
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Interfacial Intermetallic Compound (IMC)
and the Free Solder Thickness of Sn-0.7Cu
and Sn-0.7Cu-0.05Ni Solder Coating Upon
Annealing

The coated samples were annealed at multiple
times to obtain different interfacial IMC and free
solder thicknesses. The cross-sections of the coated

Sn-0.7Cu and Sn-0.7Cu-0.05Ni solder coating after
annealing are shown in Fig. 4. In the case of both
solder alloys, the Cu6Sn5 intermetallic layer in the
shape of scallops was formed between the copper
strip and solder. Comparing Fig. 4a and b, which
show images of the samples prior to the annealing
process, the intermetallic layer of the Sn-0.7Cu-

Fig. 4. Growth of IMC in Sn-0.7Cu coating on copper strip as a function of annealing temperature at 180�C for (a) 0 h, (c) 24 h, (e) 120 h and (g)
240 h and Sn-0.7Cu-0.05Ni coating on copper strip as a function of annealing temperature at 180�C for (b) 0 h, (d) 24 h, (f) 120 h and (h) 240 h.
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0.05Ni solder was much thinner relative to that of
the Sn-0.7Cu solder. For the Sn-0.7Cu solder alloy,
after being annealed for 24 h, a layer of Cu3Sn was
formed between the Cu6Sn5 layer and the Cu
substrate. Also, the scallop-shaped Cu6Sn5 layer
changed into a planar configuration when annealed.
Further annealing at 120 h and 240 h resulted in
the Cu6Sn5 and Cu3Sn intermetallic layer thick-
nesses increasing in tandem with annealing time.

The analyses of the IMC layer’s growth and free
solder thickness post-annealing was conducted by
measuring the average thickness of the total inter-
facial layer (Cu6Sn5 + Cu3Sn), as per Fig. 5. Gen-
erally, increasing annealing time results in thicker
interfacial intermetallic layer.16 The interfacial
IMC of the Sn-0.7Cu increased from 3.54 lm to
3.85 lm, 7.70 lm, and 8.78 lm following 24 h,
120 h, and 240 h, respectively. The Cu3Sn interfa-
cial layer also increased after being annealed for
24 h to 2.18 lm, and 3.32 lm and 4.95 lm after
120 h and 240 h of being annealed, respectively. A
thin as-reflowed interfacial IMC thickness was
detected in the Sn-0.7Cu-0.05Ni measuring
2.45 lm, which increased to 5.02 lm, 10.9 lm, and
13.3 lm when annealed for 24 h, 120 h, and 240 h,
respectively. The Cu3Sn interfacial can only be
observed after being annealed for 120 h, measuring
1.1 lm, which increased to 1.79 lm after being
annealed for 240 h.

With thicker IMCs, the free solder’s thickness
becomes thinner with increasing annealing times.
In the case of the Sn-0.7Cu solder coating, the free
solder’s thickness decreased from 17.55 lm to
17.15 lm, 12.0 lm, and 11.2 lm after annealing
for 24 h, 120 h, and 240 h, respectively. However, in
the case of the Sn-0.7Cu-0.05Ni solder coating, the
free solder thickness decreased from 16.46 lm to
14.90 lm, 9.1 lm, and 8.06 lm after annealing for
24 h, 120 h, and 240 h, which confirms that the IMC
for the Sn-0.7Cu-0.05Ni is much thicker relative to
the Sn-0.7Cu solder alloys. It is believed that the
solubility of Cu into the molten Sn phase is very low

and the addition of Ni into the molten Sn, increases
this solubility with the higher solubility, the disso-
lution rate increases along with the IMC growth.

Figure 4c, d, e, f and h show the variation of the
microstructure of the IMC layer (comparing Cu6Sn5

and Cu3Sn). Post-annealing, cracks on the Sn-0.7Cu
coating was evident relative to the Sn-0.7Cu-0.05Ni
solder caused by stress generated by the volume
change associated with the polymorphic transfor-
mation between the g (hexagonal) and g’ (mono-
clinic) transformation that occurred at � 186�C, as
per Nogita.17 However, it can be seen that the
addition of Ni into Sn-0.7Cu, can stabilise the
Cu6Sn5 interfacial IMC giving less cracking and
suppress the Cu3Sn interfacial IMC compared to
those without the addition of Ni. The addition of Ni
will affect the diffusional coefficients and the acti-
vation energy of Cu6Sn5. As a phase with a higher
interdiffusion coefficient, the IMC will grow with
more ease through a solidifying melt. Huang et al.18

also reported that the activation energy of Cu6Sn5

decreases with addition of Ni. This implies that the
Ni induces easier nucleation of (Cu,Ni)6Sn5, and
nucleates preferentially to Cu3Sn and suppresses its
growth.19 By increasing the diffusion coefficient of
Sn in Cu6Sn5, the diffusional driving force of Cu3Sn
is decreased. This give explanations to the suppres-
sion of Cu3Sn with Ni addition.

In the case of Sn-0.7Cu solder coating, at shorter
ageing times, the Cu6Sn5 layer thickness is thicker
relative to the thickness of the Cu3Sn layer. How-
ever, increased ageing time results in the Cu3Sn
layer thickness being almost as thick as the Cu6Sn5

layer thickness, as shown in Fig. 4c, e and g. In the
Sn-0.7Cu-0.05Ni solder coating, Cu3Sn is only pre-
sent when the ageing time is extended, but the
thickness remains lower relative to that of the
Cu6Sn5 layer, as can be seen in Fig. 4f and h.
According to Mohd Salleh et al.20 Cu6Sn5 would
quickly form during the early stage of Sn-0.7Cu
solder wetting, with a Cu3Sn intermetallic layer
forming due to continuous Cu diffusion from the Cu

Fig. 5. Average thickness of Cu3Sn/Cu6Sn5/(Cu,Ni)6Sn5 and free solder as a function of annealing time (a) Sn0.7Cu and (b) Sn-0.7Cu-0.05Ni.
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substrate into the Cu6Sn5 layer, which was also
supported by Wang et al.21 concluded that anneal-
ing accelerates the formation of the Cu3Sn inter-
metallic layer. In this study, the Cu3Sn layer in Sn-
0.7Cu-0.05Ni was thinner relative to the Cu3Sn
layer in the Sn-0.7Cu, confirming that the addition
of Ni suppresses Cu diffusion from the Cu strip into
the Cu6Sn5 layer.

Figure 6 shows the growth kinetics of IMC as a
function of annealing time. The result reveals that
the relationship between the thickness of the overall
IMC layer and the annealing time adhere to follow
Fick’s law.

y ¼
ffiffiffiffiffiffi

Dt
p

ð2Þ

Where y is the average IMC thickness, t is the
annealing time, and D is the growth rate that is a
function of temperature. The growth rate can be
determined using a linear regression analysis of y

versus
ffiffi

t
p

, where the slope of the straight line is
ffiffiffiffi

D
p

.

The growth rate was estimated to elucidate the
effect of Ni on the total IMC. As can be seen in
Fig. 6a, the growth rate of the addition of Ni for the
total IMC is higher relative to the Sn-0.7Cu total of
IMC. In the case of the Cu3Sn growth rate (Fig. 6b),
the result confirms that the growth rate for Cu3Sn is
higher without the addition of Ni.

Solderability of Annealed Solder Coating
with Sn-0.7Cu-0.05Ni-xBi Solder Alloy

The annealed solder coating was then tested with
the Sn-0.7Cu-0.05Ni-xBi solder ball to determine its
solderability performance using globule testing.
Figure 7a and b shows the wetting time and max-
imum force of the Sn-0.7Cu solder coating when it
touches the Sn-0.7Cu-0.05Ni + xBi solder ball at
multiple annealing times. Figure 7c and d also
shows the influence of Ni on the Sn-0.7Cu solder
coating’s solderability with the Sn-0.7Cu-0.05Ni +
xBi solder ball. The addition of Ni into the Sn-0.7Cu
solder coating resulted in a slight increase in the
maximum force and decreased wetting time. Next,
the standard (0 h) and more extended (240 h)
annealing times were used to elucidate the effect
of annealing on solderability. The results showed
that when annealed at 240 h, the wetting time of
both solder coatings increased and decreased the
maximum force(s). Therefore, it is concluded that
shorter wetting time and higher maximum force
represents excellent solderability.22 Noh et al.23

reported that increasing maximum force and
shorter wetting time would result in superior
wettability of solder alloys. As a result of this, the
Sn-0.7Cu-0.05Ni solder coating would provide supe-
rior solderability relative to the Sn-0.7Cu solder
coating.

The observation outlined above can be attributed
to the annealing process, which decreases the free
solder’s thickness, as per Ramli et al.5 who suggested
that if the interfacial IMC increases increased, the
free solder thickness decreases, which decreases the
solderability of the solder’s coating. Moreover, the
solderability of the solder’s coating is engulfed by
thicker intermetallic layers and thinner free solder
thicknesses. In this example, the IMC growth of the
solder coating increases in tandem with increasing
annealing time, which can be attributed to the
dissolution of Cu substrate to the solder and inter-
diffusion kinetics from thermal acceleration caused
by annealing.24 However, it should be pointed out
that thicker IMCs produces thinner free solder
thicknesses. Generally, thicker free solders provide
a higher wettable surface for the soldering process,
which engulf the interfacial IMC thickness, thus
improving wettability performance.

The relationship between the free solder thick-
ness and solderability of the annealed coated sam-
ples was determined using the wetting time and the
maximum force reported by the experiment. Here,
the wetting time represents the wetting rate and

Fig. 6. Growth kinetics of (a) total IMC thickness as a function of
annealing time and (b) Cu3Sn IMC thickness as a function of
annealing time.
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simulates the actual conditions in soldering appli-
cations. The wetting time was taken at 2/3 Fmax,
which was used to determine the kinetics of solder-
ing. In addition to the wetting time, the maximum
force also showed a significant difference in deter-
mining the solderability of the solder. In this case,
the annealed sample will influence the coating
surface by creating an oxide layer on the surface,
which increase the IMC layer’s thickness.25 Simi-
larly, the presence of an oxide layer can influence
the wetting behaviour, due to it’s incorporating
contaminants from its surroundings. However, this
oxide layer can be removed using acid cleaning and
flux prior to the globule mode test.26

Next, the Bi element was added to the Sn-0.7Cu-
0.05Ni solder ball, which enhanced the solderability
of the Sn-0.7Cu and Sn-0.7Cu-0.05Ni solder coating
by decreasing the wetting time and increasing the
maximum force of the solder ball. This phenomenon
can be attributed to the decrease in the surface
tension of molten solder by Bi. Nobari et al.27

outlined the effect of the addition of Bi to the Sn-Cu
and Sn-Ag-Cu alloys improving wetting and spread-
ing performance. It has also been shown that
increasing the amount of Bi decreases the wetting
time continuously while increasing the maximum
force. Among the solder ball compositions used in
this study, the Sn-0.7Cu-0.05Ni + 2.0 Bi solder ball
reported the best wetting behaviour in the context

of wetting time and maximum force, as illustrated
in Fig. 7.

Figure 8 shows the microstructure of the cross-
sectioned samples following the globule mode being
used on the wetting balance tests. During the
dipping process, the solder reacts with the Cu strip
to form a continuous Cu6Sn5 IMC at the Cu strip (as
shown in the yellow line). This initial formation of
the Cu6Sn5 IMC at the interface between the solder
and Cu-substrate was rapid and almost instanta-
neous.28 Post-annealing, the intermetallic Cu6Sn5

grows, resulting in the formation of very thin
Cu3Sn. With increasing annealing time(s), the
IMC’s thickness will both increase and decrease
the free solder’s thickness. The relationship
between the IMC thickness and free solder thick-
ness with the wetting time and maximum force has
been studied previously.5 In the case of the Sn-
0.7Cu solder coating, it was confirmed that when
the free solder thickness decreased, the wetting
time slightly increased. However, despite the fact
that the free solder thickness decreases with
annealing time, the addition of Bi on Sn-0.7Cu-
0.05Ni solder ball decreased the wetting time.

In the case of the Sn-0.7Cu-0.05Ni solder coating
(Fig. 8d, e and f), it was found that the IMC’s
thickness increased and the free solder’s thickness
decreased post-annealing. The solderability of the
solder coating got significantly worse if the free

Fig. 7. Effect of Sn-0.7Cu-0.05Ni-xBi solder ball on wetting time, (a) Sn-0.7Cu coating, (c) Sn-0.7Cu-0.05Ni coating and on maximum force, (b)
Sn-0.7Cu coating and (d) Sn-0.7Cu-0.05Ni coating.
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solder thickness decreases. Despite the fact that it
was touched by the Sn-0.7Cu-0.05Ni + 2.0Bi solder
ball during the globule mode testing, it still results
in the best solderability at a lower wetting time and
higher maximum force. This observation suggests
that the addition of Bi influence the solderability of
the solder coating. Furthermore, by comparing both
solder coatings, the Sn-0.7Cu-0.05Ni solder coating
gives better solderability relative to the Sn-0.7Cu
solder coating when tested using the globule mode
method with the Sn-0.7Cu-0.05Ni + 2.0Bi solder
ball. This finding can be used to determine the
influence of the Ni element, which influences the
solderability of the solder coating. In the Sn-0.7Cu-
0.05Ni solder coating, the intermetallic layer inter-
face corresponds to (Cu,Ni)6Sn5 relative to the
Cu6Sn5 in Sn-0.7Cu solder coating. This observation
may be an essential factor that influences the
solderability of the solder coating. Furthermore, it
also appears that the Bi element did not precipitate
in the interfacial IMC layer, which means that it
possibly dissolved in the Sn due to the solid-solution
mechanism. This occurrence could potentially
improve solderability.

Because the addition of Bi remained unreactive
with the interfacial IMC layer, further characteri-
sation was employed to elucidate the effects of Ni
and Bi in Sn-0.7Cu-0.05Ni to its overall solderabil-
ity. The synchrotron micro-XRF mapping was used
to analyse the composition and distribution of the
elements in the Sn-0.7Cu and Sn-0.7Cu-0.05Ni
solder coating after using the globule mode with

the Sn-0.7Cu-0.05Ni-1.5Bi solder ball. The globule
mode was carried out in the y-axis direction so that
the Cu-substrate was located at the top and the
solder was at the bottom. Figure 9 shows the results
of micro-XRF in Sn-0.7Cu and Sn-0.7Cu-0.05Ni
solder coatings. The elemental map of the Sn, Cu,
Ni and Bi at the solder coating after the globule
mode shows the distribution of the elements. The
higher intensity indicates a higher concentration of
a particular element.

After using the globule mode method with the Sn-
0.7Cu-0.05Ni-1.5Bi solder ball, the Cu and Ni
elements were distributed throughout the Sn-grain
in the bulk solder, which likely formed as
(Cu,Ni)6Sn5 primary IMC in Sn-0.7Cu coating, as
shown in Fig. 9a. Figure 9b shows that when sol-
dered with the Sn-0.7Cu-0.05Ni solder coating, the
Ni was not only distributed in the bulk solder as
(Cu,Ni)6Sn5 primary IMC, but it was also present in
the interfacial IMC as (Cu,Ni)6Sn5. This observation
confirms that the Sn-0.7Cu solder coating formed a
Cu6Sn5 interfacial IMC and that the Sn-0.7Cu-
0.05Ni solder coating form the (Cu,Ni)6Sn5 interfa-
cial IMC.

It was also found that during the globule mode
method, Ni in Sn-0.7Cu-0.05Ni-xBi solder ball did
not diffuse into the interfacial IMC and form a
(Cu,Ni)6Sn5 interfacial IMC, as proposed in Fig. 10.
This might be due to Ni lacking time to diffuse into
the Cu6Sn5 interfacial IMC from the rapid globule
mode test. It was also confirmed that Ni did not melt
and form a new interfacial IMC during the globule

Fig. 8. Micrographs of cross-sectional interfacial IMC after the globule mode test with the Sn-0.7Cu-0.05Ni-2.0Bi solder ball. Sn-0.7Cu solder
coating annealing at (a) 0 h, (b) 24 h, (c) 240 h and Sn-0.7Cu-0.05Ni solder coating at (d) 0 h, (e) 24 h, (f) 240 h.
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mode test. This is because the IMC of Cu6Sn5 was
reported to melt at 415�C, and Cu3Sn IMC at
676�C.29 Owing to this factor, the Cu6Sn5 interfacial
IMC will not form (Cu,Ni)6Sn5 with Ni addition
during the globule test. This finding also confirmed
the influence of Ni in the interfacial IMC as
increasing the solderability of the solder alloy.
Wang et al.10 reported that the addition of Ni up
to 0.5 wt.% improved the solderability of the Sn-
2.5Ag-0.7Cu-0.1RE solder alloy. The influence of Ni
in the interfacial IMC is believed to influence the
solderability when using the globule mode test with
the Sn-0.7Cu-0.05Ni-xBi solder ball. Furthermore,
the addition of Bi in Sn-0.7Cu-0.05Ni solder also
increases the solderability of the solder alloy.

The surface energy of the solder is an important
criteria in its wetting phenomena. If the surface
energy of the copper substrate changes upon the
addition of the molten solder, the copper substrate will
be wet. This wetting phenomenon can be defined by:

S ¼ csubstrate � cliquid solder � csubstrate � cliquid solder

ð3Þ

where S is the spreading parameter, csubstrate the
surface energy of the copper substrate, cliquid solder the
surface energy of the solder, and csubstrate–liquid solder

the interfacial energy between the copper substrate
and the liquid. If S< 0, the liquid solder partially
wets the substrate and if S> 0, the liquid solder
completely wets the substrate. Therefore, if the
surface energy of liquid is lower than surface energy
of the substrate, more complete wetting will occur.
In this study, the author believes that the Bi
element in Sn-0.7Cu-0.05Ni-xBi could decrease the
surface energy of solder alloy. Indeed, this Bi was
found to be well distributed in the b-Sn, which acts
as a solid solution strengthening, which decreases
the surface tension of solder alloys from the addition
of Bi, as per Nobari et al.27 The combination of Ni in
the interfacial IMC and Bi makes the solderability

Fig. 9. Micro-XRF mappings after the globule mode test with Sn-0.7Cu-0.05Ni + 1.5Bi solder ball, (a) Sn-0.7Cu coating at 0 h and (b) Sn-0.7Cu-
0.05Ni coating at 0 h.
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of Sn-0.7Cu-0.05Ni solder coating superior to the
Sn-0.7Cu solder coating.

CONCLUSION

This study elucidated the relationship between
solderability and intermetallic thickness of the
solder coating. The influence of the combined addi-
tion of Ni and Bi to the solderability of solder
coating was also established. It can also be con-
cluded that:

1. The Sn-0.7Cu-0.05Ni solder alloy showed better
wettability on a Cu substrate relative to the Sn-
0.7Cu solder alloy based on the dipping test.

2. The growth kinetics of the total interfacial IMC
(Cu6Sn5 and Cu3Sn) of Sn-0.7Cu-0.05Ni solder
coating was 9.94 9 10�12 m/s, which is higher
relative to the Sn-0.7Cu solder coating, while the
growth kinetics of Cu3Sn in Sn-0.7Cu exceeded
that of the Sn-0.7Cu-0.05Ni solder coating.

3. The Ni in Sn-0.7Cu solder coating formed
(Cu,Ni)6Sn5 interfacial IMC, while Ni in Sn-
0.7Cu-0.05Ni + xBi soldered on Sn-0.7Cu coat-
ing did not affect the formation of (Cu,Ni)6Sn5

interfacial IMC, but mostly the primary IMC in
the bulk solder.

4. The addition of 2.0 wt.% of Bi in Sn-0.7Cu-
0.05Ni solder demonstrated excellent solder-
ability on Sn-0.7Cu-0.05Ni solder coating, with
a low wetting time (2.33 s) and a high maximum
force (3.65 mN).

5. The addition of Bi in Sn-0.7Cu-0.05Ni improved
the surface energy of the solder alloy, which also
improves the wetting performance of the solder,
where the Bi element was observed to be
homogeneously distributed in the b-Sn after
soldering.
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