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Abstract: This paper presents an assessment of the effect of isothermal annealing of Sn whisker
growth behavior on the surface of Sn0.7Cu0.05Ni solder joints using the hot-dip soldering technique.
Sn0.7Cu and Sn0.7Cu0.05Ni solder joints with a similar solder coating thickness was aged up to
600 h in room temperature and annealed under 50 ◦C and 105 ◦C conditions. Through the observa-
tions, the significant outcome was the suppressing effect of Sn0.7Cu0.05Ni on Sn whisker growth
in terms of density and length reduction. The fast atomic diffusion of isothermal annealing con-
sequently reduced the stress gradient of Sn whisker growth on the Sn0.7Cu0.05Ni solder joint. It
was also established that the smaller (Cu,Ni)6Sn5 grain size and stability characteristic of hexag-
onal η-Cu6Sn5 considerably contribute to the residual stress diminished in the (Cu,Ni)6Sn5 IMC
interfacial layer and are able to suppress the growth of Sn whiskers on the Sn0.7Cu0.05Ni solder
joint. The findings of this study provide environmental acceptance with the aim of suppressing
Sn whisker growth and upsurging the reliability of the Sn0.7Cu0.05Ni solder joint at the electronic-
device-operation temperature.

Keywords: Sn whisker; Sn0.7Cu0.05Ni; IMC interfacial; (Cu,Ni)6Sn5; solder joint; annealing;
suppression; mitigation

1. Introduction

The main impetus of Sn whisker nucleation and growth is residual stress [1–3] by
soldering. As a response over time, stresses release mechanism by diffusion [2,4,5] and
compressive residual stress, and Sn whiskers are initiated and protrude out spontaneously
at their base of substrate that may contribute immense apprehension to the electronics
industry [1,6,7]. The major source of compressive stress in lead-free solder joints is inter-
metallic compound (IMC) interfacial evolution as per the continuous reaction of a Sn-rich
solder with a copper (Cu) substrate forming intermetallic compounds within the grain
boundaries [2,5,7–11]. The formation of the Cu6Sn5 layer by the IMC growth–diffusion
gradient between 109 ◦C and 220 ◦C is an adequate and continuously controlled deliberate
reaction process [1]. Illés et al. established the ability of spontaneous Sn whiskers to initiate
and grow on surface of a solder joint with an average thickness of solder coating of 400 nm
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as deposited. They also provided evidence that the main stimulus of the whiskering inten-
sity on the solder coating surface is induced by high compressive stress of IMC interfacial
layer [2].

The properties of the lead-free solder joint between the Sn-rich solder and the Cu
substrate affect the Sn whisker growth behavior of the surface. Horvath et al. concluded that
the thickness of the solder coating and the grain size are the main properties accountable
for Sn whisker behavior [12,13]. A thicker solder coating provides better stress relaxation
capacity [2,14] and exhibits a lower inclination to whisker nucleation and growth. A thicker
solder coating requires more incubation time for the interfacial IMC to diffuse and move
up the grain boundaries to develop the occupied compressive stress cell [13]. Horváth et al.
endorsed that the thickness of the solder coating for electronic devices should be 8 µm at
minimum in order to suppress the vulnerability of Sn whisker growth, as well to prolong
incubation time [13]. The effect of solder grain size also correspondingly contributes stress
that is induced in solder coating. To correlate the atomic diffusion of the grain boundary and
the formation of the IMC interfacial layer, it is accepted that more stress is produced during
grain boundary diffusion of smaller grains. However, Sn whiskers proceed with lower
stress for the purpose of grain boundary sliding for nucleation and growth in small grain
boundary diffusion. As an outcome, the resistance of smaller grains is improved against the
low residual stress gradient on behalf of the stress relaxation of the solder coating layer [13].
In a previous study, Hashim et al. found that Sn0.7Cu0.05Ni with a smaller grain size of
(Cu,Ni)6Sn5 had a lower inclination to Sn whisker propensity compared to the Sn0.7Cu
solder joint [14].

Numerous studies of mitigation methods have been suggested to suppress Sn whisker
formation. The conformal coating or the added-nickel (Ni) under-layer between the solder
and the Cu substrate is a well-known method used to mitigate Sn whisker formation [10],
which has comparable outcomes to avoiding large grain growth of the IMC interfacial layer
between a Sn-rich solder and a Cu substrate. Distinctly, these approaches are significant in
terms of temporary effect as, in many cases, Sn whiskers are able to penetrate conformal
coatings. The findings of these reference studies are accepted in terms of delayed incuba-
tion time for Sn whisker growth [3,10]. Isothermal annealing is also one of the common
methods used to mitigate the Sn whisker by developing a fine and uniform IMC interfacial
layer between the Sn-rich solder and the Cu substrate. This IMC interfacial layer inhibits
the formation of a large grain in the IMC layer by promoting fast diffusion of Cu grain
boundaries in the Sn-rich layer and yielding the relief of internal stresses in the solder
joint [8,13].

In the view of the constrained temperature range for the nucleation and growth of Sn
whiskers, there has been limited significant research on how isothermal annealing affects
Sn whisker behavior [15]. When the temperature is too low, slow atomic diffusion, takes
place, owing to the insufficient kinetics. Furthermore, when the temperature is too high,
fast atomic diffusion occurs; therefore, there is not enough of a driving gradient because of
stress release [8]. As stated in previous research, isothermal annealing at 150 ◦C and aged
for 30 min is a representative technique used for the inhibition of Sn whisker growth at
ambient temperatures. Fukuda et al. conducted a reduction assessment of whisker density
periodically over 8 months with isothermal annealing at 50 ◦C [7]. They also detected a
reduction in maximum Sn whisker length with isothermal annealing at 150 ◦C and ageing
for 1 h. In addition, Kim et al. also asserts that annealing at 125 ◦C is useful to the inhibition
of Sn whisker growth without the growth of Cu3Sn [13].

The purpose of this study was to analyze the effects of isothermal annealing on
Sn whisker growth behavior of the Sn0.7Cu0.05Ni solder joint using the hot-dip solder-
ing technique. Isothermal annealing at 50 ◦C and 105 ◦C with an ageing time of up to
600 h pointedly represents an accelerated test to obtain life extrapolation at the electronic-
device-operation temperature. To evaluate the practicality of the mitigation strategies of Sn
whiskers, the Sn0.7Cu solder joint was used as a point of reference.
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2. Materials and Methods
2.1. Materials and Sample Preparation

The lead-free solder alloys of Sn-0.7Cu and Sn-0.7Cu-0.05Ni were provided by Nihon
Superior Co., Ltd. in Osaka, Japan. For sample preparation, the high-purity Cu substrate
(1.5 cm × 1.5 cm × 0.1 cm) was cleaned with a 5% hydrochloric acid solution and deionized
water for 3 min to remove surface oxides, then it was rinsed with acetone followed by
distilled water, and subsequently air-dried to dispose of oil impurity. Then, the Cu substrate
was dipped in a standard halogen rosin-activated flux solution of the Japanese Industrial
Standard, JIS Z3198-4, in order to seal out air and improve soldering wetting characteristics.

2.2. Hot-Dip Soldering

The Sn-0.7Cu and Sn-0.7Cu-0.05Ni solder joint was synthesized using the hot-dip
soldering technique. This technique provides well-controllable lead-free solder coating
thickness parameters. During the hot-dip soldering process, the molten solder pot was
heated up to 265 ◦C and the Cu substrate was placed between a pair of blower air knives.
The Cu substrate was immersed in molten solder for 2 s and withdrawn at a speed of
10 mm/s. During withdraw, the air knives system wiped down the excessive solder
(tinning process) adhered on both sides of the substrate surface by impinging the pressured
hot air as shown in Figure 1. The controllable hot air of the knives was used to control the
thickness of the total solder coating and the uniformity of the coating, particularly near the
substrate edge. The pressure of hot air comprised the range 0.1 MPa to 1.0 MPa to obtain
the condition of comparable solder coating thickness for Sn whisker growth evaluation.
The samples were then washed with acetone and distilled water after cooling for 30 min.
In order to saturate the internal residue stress induced by Cu6Sn5 IMC formation, samples
were aged for 48 h at room temperature.
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Figure 1. Schematic diagram of a hot-dip soldering process.

2.3. Testing and Characterization

The samples of the Sn0.7Cu and Sn0.7Cu-0.05Ni solder joint was investigated by
performing isothermal annealing at 50 ◦C and 105 ◦C for ageing times 0, 100, 200, 300,
400, 500, and 600 h. The samples were annealed in a mechanical-convection heating oven
provided by Thermo Scientific. For reference assessment, the samples were observed at
room temperature with the same ageing time (0–600 h).

The metallography surface and cross-section of the solder joint morphology of Sn
whisker behavior were found using the secondary and backscattered electron imaging
approaches of a scanning electron microscope, SEM (JEOL-JSM-6010LA), JEOL Ltd., Tokyo,
Japan. The samples were deep-etched using 2% 2-nitrophenol, 5% sodium hydroxide
solution, and 93% distilled water for a top view of the Cu6Sn5 IMC interfacial layer. Figure 2
presents the illustrative cross-sectional schematic of the solder joint. A measured average
value of five interpretations of the thickness value of the solder coating, the IMC interfacial
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layer, and particle size analyses were examined using Image-J programmed software (1.8.0
open source software) as specified in previous research [14].
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The statistic evaluation of Sn whisker behavior was measured based on the whisker
standards (JESD22-A121A) of the Joint Electron Device Engineering Council (JEDEC).
The analyses of the length and density distribution of the Sn whisker were structured
with ±5% accuracy and five preference average values of interpretations analyses using
Image-J Software. In order to attain a statistically consistent assessment, the density of
Sn Whiskers were analyzed using the binary thresholding image-segmentation technique.
This technique separates the foreground pixels from the background pixels and produces
binary segmentation images from Scanning electron microscopy (SEM) grayscale images as
illustrated in Figure 3a,b. Respectively, Figure 3c,d indicate the validation of the elemental
Sn whisker assessment using SEM-EDX analyses.
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Figure 3. The method of image processing adapted to calculate density of Sn whisker growth and
element analyses of Sn whisker (a) SEM-EDX grayscale image, (b) binary thresholding segmentation
image, (c) EDX of point 001, (d) EDX of point 002.

For wettability analyses, the samples of the Sn0.7Cu and Sn0.7Cu0.05Ni solder were
rolled and punched into a diameter of 0.2 mm, then reflowed onto the Cu substrates. The
reflow time was conducted at 250 ◦C for 127 s. The samples were mounted, carried out
using an optical microscope (OM) and Image-J software for wettability properties. This
investigation was attained by measuring the wetting degree of the contact angle between
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the Sn-rich solder and the Cu substrate. The thermodynamic assessment of the phase
diagram, phase equilibrium, and phase transformation was validated using the Calphad
method and Thermo-Calc-2021a database TCSLD v3. 3. A binary crystal structure phase
diagram of Sn-Cu and Sn-Ni preferred to justify the phase transformation of Sn0.7Cu and
Sn0.7Cu0.05Ni evidently.

3. Results and Discussion

It should be noted that Sn whisker nucleation and growth is significantly correlated
to total solder coating thickness. A thicker solder coating resulted in more residual stress
and incubation time of Sn whisker growth on the solder surface [2,14–20]. Figure 4 shows
a thickness observation of the total solder coating after hot-dip soldering with different
pressures of hot air knives. The data clearly show the conditions of the equivalent solder
coating thickness for Sn0.7Cu and Sn0.7Cu0.05Ni in the evaluation of Sn whisker growth.
The total solder thickness decreased proportionally to the hot air knives’ pressure, as well
as dissimilar thicknesses with different type of solder. In order to obtain comparable solder
thicknesses for both Sn0.7Cu and Sn0.7Cu0.05Ni, the hot air pressure was in the wide range
of 0.1 to 10 MPa. At the lowest pressure of the hot air knives, 0.1 MPa, the total solder
coating of Sn0.7Cu was 16.74 µm (A), and Sn0.7Cu0.05Ni was 13.82 (B) µm. Meanwhile,
at the highest pressure of 10 MPa, the total solder coating of Sn0.7Cu was 13.20 µm and
8.68 µm for Sn0.7Cu0.05Ni. The similar total thickness coating of Sn0.7Cu was 13.34 µm
(C) at 0.9 MPa, and Sn0.7Cu0.05Ni was 13.31 µm (D) at 0.2 MPa.
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This consequence noticeably shows the purpose of hot air knives in controlling the
thickness of the total solder coating. Additionally, the variation in total solder thickness
significantly indicates the solder wettability properties of Sn0.7Cu and Sn0.7Cu0.05Ni. The
wettability of the solder was evaluated through the wetting angle of the solder joint as
presented in Figure 5. A larger wetting contact angle allows for a higher-thickness solder
coating to be completed. The Sn0.7Cu0.05Ni solder joint showed better wettability with
a smaller contact angle, θ = 16.8◦, related to the Sn0.7Cu solder joint with contact angle
θ = 27.2◦. The superior fluidity properties of the Sn0.7Cu0.05Ni solder alloy are capable
of producing reliable in the uniformity of the thickness of the Cu substrate. As agreed by
Gain et al., Ni alloying enhances wettability, which may influence the mechanical reliability
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of the interconnection [16]. The optimum wettability that relates to lower surface-interfacial
energy could be achieved by minimizing the contact angle value [17].
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Figure 6 shows the average Sn whisker densities of the Sn0.7Cu and Sn0.7Cu0.05Ni
solder joints with an average total solder thicknesses ±13.3 µm, ageing up to 600 h in room
temperature, and annealed under 50 ◦C and 105 ◦C conditions. From the observation, most
of the Sn whiskers were grown and noticed after 100 h of ageing under all conditions. After
ageing up to 600 h at room temperature, the reference sample showed that the density of
the Sn whisker reached 128 pcs/mm2 on the Sn0.7Cu solder joint and 84 pcs/mm2 on the
Sn0.7Cu0.05Ni solder joint. Additionally, for the Sn0.7Cu and Sn0.7Cu0.05Ni solder joints,
the observation also showed an increased growth in the Sn whiskers with annealed ageing
time. Additionally, the density of Sn whisker growth indicated a reduction trend in the
increase in isothermal annealing temperature. It is interesting to point out that the intensity
of Sn whisker formation is higher at Sn0.7Cu related to the Sn0.7Cu0.05Ni solder joint.
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Figure 7 shows the surface morphology of Sn whisker nucleation and growth on
Sn0.7Cu0.05Ni at ageing times 100 h, 300 h, and 600 h with room temperature ageing,
50 ◦C isothermal ageing, and 105 ◦C isothermal ageing. The number of Sn whiskers on
the Sn0.7Cu0.05Ni solder joint with isothermal ageing increased scattering with ageing
duration. Furthermore, the intensity of Sn whisker growth increased with ageing at room
temperature of the reference sample, compared to the annealed samples under 50 ◦C
and 105 ◦C conditions. After 100 h ageing time, the scattered nucleation of Sn whiskers,
particularly under room temperature conditions, can be observed. It can also be observed
that Sn whiskers significantly intensify to initiate after 300 h of ageing.
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600 h with isothermal ageing at (a) room temperature, (b) 50 ◦C, and (c) 105 ◦C.

The length of the Sn whiskers after 600 h of ageing time at room temperature was
obviously longer and had a greater density of Sn whisker growth per unit area. However, in
the case of the annealed samples, the 105 ◦C condition increased the density of Sn whisker
growth compared to the annealed samples 50 ◦C. It can be determined that isothermal
annealing is functional for Sn whisker mitigation. The significant outcome was detected
through the observation of the suppressing effect of Sn0.7Cu0.05Ni on Sn whisker growth
in terms of density and length reduction.

The average Sn whisker lengths measured indicate that isothermal annealing is effec-
tive at reducing whisker lengths as observed in Figure 8. The length of the Sn whiskers
increased with increasing ageing time and annealing temperature. The condition where
the annealing temperature was elevated from 50 ◦C to 105 ◦C had a small length-reducing
effect. This decrease effect was similar for both the annealed Sn0.7Cu and Sn0.7Cu0.05Ni
solder joint samples. It was reported by Kim et al. that the behavior of Sn whiskers after
50 ◦C isothermal annealing for 6-month ageing is similar to Sn whisker growth in ambient
storage for a 1-year-ageing duration in terms of size and of shape [21]. It is also notewor-
thy that Sn0.7Cu0.05Ni was seen to reduce the length of the Sn whiskers compared to
Sn0.7Cu, either in room temperature or annealing temperature. This further confirms that
Sn0.7Cu0.05Ni has a suppression effect in retarding the length of Sn whiskers.

Figure 9 identifies the quantitative assessment of nucleation and growth from a small
nodule to the longest-length 763 µm Sn whiskers assessed from the surface of the Sn0.7Cu
solder coating with 50 ◦C isothermal annealing and up to 600 h ageing time. The assessment
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of the kinetic growth of Sn whiskers are relative to the stress gradients induced in the solder
coating layer [5]. Moreover, it can be clearly observed in Figure 9d that the conductive
Sn whiskers able to grow longer may lead to reliability apprehension in miniaturization
trends in the electronics industry [22]. This finding did not certainly occur toward the
end of the observation as long Sn whiskers have a tendency to break off impulsively [13].
Additionally, Tu et al. validated that it is possible to short circuit as the Sn whiskers could
break and fall between two neighboring conductors [8].
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Figure 9. A quantitative evaluation of Sn whisker growth on the surface of the Sn0.7Cu solder joint
with isothermal annealing at 50 ◦C for (a)100 h; (b) 200 h; (c) 400; and (d) 600 h.

Figures 10 and 11 show the comparison between Sn whisker growth behavior on the
Sn0.7Cu and Sn0.7Cu0.05Ni solder joints with isothermal annealing at 105 ◦C for 400 h.
Sn whiskers of the long filament with a very high aspect ratio were commonly observed
on the surface of the Sn0.7Cu solder joint, whereas the short Sn whiskers or hillocks were
spotted on the surface of Sn0.7Cu0.05Ni solder joint. Figure 10 presents kinked Sn whiskers
growing from the nodule with fine striation marks along the length of the outer surface. The
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Sn whisker displays fine striations along the whisker axis grooves along their length that
are characteristic of typical Sn whiskers seen in the literature, as Sn whiskers are extruded
and tend to propagate from the weakest points of grain boundaries [21] through surface
cracks and imperfection sites.
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Figure 10. SEM-EDX analyses of kinked Sn whisker growing from nodule on Sn0.7Cu solder joint
with isothermal annealing at 105 ◦C for 400 h.

Figure 11 shows the evaluation results of Sn whisker growth behavior on the Sn0.7Cu0.05Ni
solder joint. However, a small composition of 0.05% Ni added to the Sn0.7Cu solder
prompted a significant suppression effect on Sn whisker aspect-ratio growth. It was
perceived that the Sn whiskers became denser and shorter than Sn whiskers on the Sn0.7Cu
solder joint. The rate of Sn whisker growth on the Sn0.7Cu0.05Ni solder joint was much
slower than that of the Sn0.7Cu solder joint with a divergent aspect ratio and morphology.

The formation of the Cu6Sn5 IMC interfacial layer between the Cu substrate and
the Sn-rich solder was closely related to the Sn whisker growth behavior. In view of
the formation of the Cu6Sn5 IMC interfacial layer as a main stimulus of the compressive
stress in the solder coating layer, the effect of isothermal annealing had to be consid-
ered a substantial reliability aspect of the Sn whisker acceleration factor. An isothermal-
annealing accelerated test provided the thermal kinetic mechanism of a lifetime at the device
operation temperature.

Figure 12 presents the growth revolution of the thickness morphology of the (Cu,Ni)6Sn5
IMC interfacial layer on the Sn0.7Cu0.05Ni solder joint after isothermal ageing for 300 h
at room temperature, annealed at 50 ◦C and 105 ◦C. It was revealed that the thickness of
the (Cu,Ni)6Sn5 IMC interfacial layer was upsurged and uniform relative to the isothermal
ageing temperature and duration. The average thickness of the (Cu,Ni)6Sn5 IMC interfacial
layer aged for 300 h at room temperature was 1.34 µm and increased to 3.52 µm after
annealing at 50 ◦C, before increasing to 5.48 µm after annealing at 105 ◦C. It proposes
that Cu atoms diffuse more intensely through higher activation energy in the Sn solder
layer at the isothermal annealing temperature. The activation energy and growth rate of
the (Cu,Ni)6Sn5 IMC interfacial layer on the Sn0.7Cu0.05Ni solder joint were stimulated
by the isothermal annealing temperature. At 105 ◦C, the growth of the (Cu,Ni)6Sn5 IMC
interfacial layer with a higher Cu diffusion rate was faster compared to being annealed at
50 ◦C. Additionally, the uniform and stable IMC interfacial layers could be protective layers
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for Sn whisker nucleation from the solder joint [15]. In addition, isothermal annealing
possibly significantly decelerates the irregular growth of Cu6Sn5 IMC interfacial layer
against bulk diffusion and reduce lattices imperfections thus diminish residual stress in
solder coating [15].
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Figure 12. An assessment of the (Cu,Ni)6Sn5 IMC interfacial layer on the Sn0.7Cu0.05Ni solder joint
after ageing for 300 h at (a) room temperature, (b) isothermal annealing 50 ◦C, and (c) isothermal
annealing 105 ◦C.
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In correlation with the stress generation due to the formation of the IMC interfacial
layer and the growth rate of the Sn whiskers, it is supposed that the stress is relieved
in sequence to the fast atomic diffusion of the IMC interfacial layer [8], and therefore
reduces the stress gradient of Sn whisker growth. In this study, the formation of the
Cu3Sn IMC interfacial layer was not obviously apparent, possibly because Sn0.7Cu0.05Ni
suppressed the formation of the Cu3Sn IMC interfacial layer [23,24]. It was observed that
the formation of the Cu6Sn5 and Cu3Sn IMC interfacial layer during isothermal annealing
was able to be function as a continuous diffusion barrier and was thus less prone to whisker
formation [8,15].

It is marked that the grain structure of the IMC interfacial layer also intensely regu-
lates the behavior of Sn whisker growth. Figure 13 show the microstructure and particle
size analyses of the Cu6Sn5 and (Cu,Ni)6Sn5 IMC interfacial layer after isothermal ageing for
300 h at 50 ◦C. It is remarkable that the average grain size of (Cu,Ni)6Sn5 was
1.143 µm, which is considerably smaller than average grain size of Cu6Sn5 1.953 µm.
It was established by Horvath et al. that a larger grain size induced more susceptibility to
Sn whisker growth. The smaller grain sizes result in smaller grain boundary areas, which is
a consequence for Sn whisker grains as it takes less stress to cause grain boundary sliding.
Thus, the Sn0.7Cu solder joint is more vulnerable to whiskering than Sn0.7Cu0.05Ni [13].
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Figure 13. Morphology and particle size analyses of IMC interfacial layer after aging for 300 h at
50 ◦C: (a) Cu6Sn5 and (b) (Cu,Ni)6Sn5.

The accompanying aspect that inclines the invulnerable growth of the Sn whisker
in the Sn0.7Cu0.05Ni solder joint is the phase stabilization of the IMC interfacial layer.
Figure 14 shows a summary of the binary phase equilibrium for the Sn-Cu and Sn-Ni
system using Thermo-Calc software. It presents the allotropic transformation of Cu6Sn5
IMC, occurring at a temperature that falls approximately below 186 ◦C, which causes a
structural change from hexagonal η-Cu6Sn5 to monoclinic η’-Cu6Sn5 [24]. Meanwhile, the
(Cu,Ni)6Sn5 IMC maintains stability in the hexagonal η-Cu6Sn5 phase. The stabilizing effect
of the crystal structure the during cooling process in the hexagonal η-Cu6Sn5 phase inhibits
volume modifications that may possibly come up with the residual stress diminished in the
IMC interfacial layer [14,25,26]. The thermal reduction difference in the Sn solder and the
substrate for the duration of the cooling process from the deposition soldering temperature
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correspondingly contributes to Sn whisker formation. In addition, the transformation
of volume expansion in the intermetallic layer is significant to the properties of lower
density of the IMC interfacial layer related to the Cu substrate. The volume expansion
also produces compressive stresses of the Cu and Sn interface in the vertical direction
against Sn solder coating [2]. Therefore, it is suggested that the stability characteristic of
the (Cu,Ni)6Sn5 IMC is able to suppress Sn whisker growth on the Sn0.7Cu0.05Ni solder
joint [14].
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4. Conclusions

The assessment of Sn whisker growth behavior on the surface of the Sn0.7Cu0.05Ni
solder joint using the hot-dip soldering technique was examined after ageing to 600 h at
room temperature, annealed under 50 ◦C and 105 ◦C conditions. The obtained conclusions
are as follows:

(i) The Sn whisker growth on the Sn0.7Cu0.05Ni solder joint was significantly mitigated
with isothermal annealing.

(ii) Isothermal annealing stimulates the activation energy and faster atomic diffusion of
the IMC interfacial layer and hence reduces the stress gradient for Sn whisker growth
on the Sn0.7Cu0.05Ni solder joint.

(iii) The stability characteristic of hexagonal η-Cu6Sn5 significantly contributes to the
residual stress diminished in the IMC interfacial layer of (Cu,Ni)6Sn5 IMC and is
able to suppress the formation and growth of Sn whiskers on the Sn0.7Cu0.05Ni
solder joint.
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The findings of this study provide environmental acceptance with the aim of suppress-
ing Sn whisker growth and upsurging the reliability of the Sn0.7Cu0.05Ni solder joint at
electronic-device-operation temperature.
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and agreed to the published version of the manuscript.

Funding: This research was funded by Fundamental Research Grant Scheme (FRGS) Malaysia, grant
number FRGS/1/2020/TK0/UNIMAP/03/18. This publication was also supported by TUIASI from
the University Scientific Research Fund (FCSU).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors gratefully acknowledge the Centre of Excellent Geopolymer and
Green Technology (CeGeoGTech), UniMAP, SIG Metal Processing & Metallurgy, Department of
Materials Faculty of Chemical Engineering & Technology, Universiti Malaysia Perlis.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Boettinger, W.J.; Johnson, C.E.; Bendersky, L.A.; Moon, K.W.; Williams, M.E.; Stafford, G.R. Whisker and Hillock formation on Sn,

Sn–Cu and Sn–Pb electrodeposits. Acta Mater. 2005, 53, 5033–5050. [CrossRef]
2. Illés, B.; Skwarek, A.; Bátorfi, R.; Ratajczak, J.; Czerwinski, A.; Krammer, O.; Medgyes, B.; Horváth, B.; Hurtony, T. Whisker

growth from vacuum evaporated submicron Sn thin films. Surf. Coat. Technol. 2017, 311, 216–222. [CrossRef]
3. Lim, H.P.; Ourdjini, A.; Bakar, T.A.A.; Tesfamichael, T. The effects of humidity on tin whisker growth by immersion tin plating

and tin solder dipping surface finishes. Procedia Manuf. 2015, 2, 275–279. [CrossRef]
4. Suganuma, K.; Baated, A.; Kim, K.-S.; Hamasaki, K.; Nemoto, N.; Nakagawa, T.; Yamada, T. Sn whisker growth during thermal

cycling. Acta Mater. 2011, 59, 7255–7267. [CrossRef]
5. Jagtap, P.; Jain, N.; Chason, E. Whisker growth under a controlled driving force: Pressure induced whisker nucleation and growth.

Scr. Mater. 2020, 182, 43–47. [CrossRef]
6. Pei, F.; Jadhav, N.; Chason, E. Correlation between surface morphology evolution and grain structure: Whisker/hillock formation

in Sn-Cu. JOM 2012, 64, 1176–1183. [CrossRef]
7. Fukuda, Y.; Osterman, M.; Pecht, M. The impact of electrical current, mechanical bending, and thermal annealing on tin whisker

growth. Microelectron. Reliab. 2007, 47, 88–92. [CrossRef]
8. Tu, K.; Chen, C.; Wu, A.T. Stress analysis of spontaneous Sn whisker growth. J. Mater. Sci. Mater. Electron. 2007, 18, 269–281.

[CrossRef]
9. Chen, Y.-J.; Chen, C.-M. Mitigative tin whisker growth under mechanically applied tensile stress. J. Electron. Mater. 2009, 38,

415–419. [CrossRef]
10. Mathew, S.; Wang, W.; Osterman, M.; Pecht, M. Assessment of Solder-Dipping as a Tin Whisker Mitigation Strategy. IEEE Trans.

Compon. Packag. Manuf. Technol. 2011, 1, 957–963. [CrossRef]
11. Baated, A.; Hamasaki, K.; Kim, S.S.; Kim, K.-S.; Suganuma, K. Whisker Growth Behavior of Sn and Sn Alloy Lead-Free Finishes. J.

Electron. Mater. 2011, 40, 2278. [CrossRef]
12. Horvath, B.; Illes, B.; Harsanyi, G. Investigation of tin whisker growth: The effects of Ni and Ag underplates. In Proceedings

of the 2009 32nd International Spring Seminar on Electronics Technology (ISSE 2009), Brno, Czech Republic, 13–17 May 2009;
pp. 1–5.

13. Horváth, B.; Illés, B.; Shinohara, T.; Harsányi, G. Whisker growth on annealed and recrystallized tin platings. Thin Solid Films
2012, 520, 5733–5740. [CrossRef]

14. Hashim, A.N.; Salleh, M.A.A.M.; Sandu, A.V.; Ramli, M.M.; Yee, K.C.; Mokhtar, N.Z.M.; Chaiprapa, J. Effect of Ni on the
Suppression of Sn Whisker Formation in Sn-0.7 Cu Solder Joint. Materials 2021, 14, 738. [CrossRef] [PubMed]

15. Lee, H.-X.; Chan, K.-Y.; Shukor, M.H.A. Effects of annealing on Sn whisker formation under temperature cycling and isothermal
storage conditions. IEEE Trans. Compon. Packag. Manuf. Technol. 2011, 1, 1110–1115. [CrossRef]

16. Gain, A.K.; Zhang, L. Effects of Ni nanoparticles addition on the microstructure, electrical and mechanical properties of Sn-Ag-Cu
alloy. Materialia 2019, 5, 100234. [CrossRef]

17. Ramli, M.; Salleh, M.; Abdullah, M.; Zaimi, N.; Sandu, A.; Vizureanu, P.; Rylski, A.; Amli, S. Formation and Growth of Intermetallic
Compounds in Lead-Free Solder Joints: A Review. Materials 2022, 15, 1451. [CrossRef]

http://doi.org/10.1016/j.actamat.2005.07.016
http://doi.org/10.1016/j.surfcoat.2017.01.011
http://doi.org/10.1016/j.promfg.2015.07.048
http://doi.org/10.1016/j.actamat.2011.08.017
http://doi.org/10.1016/j.scriptamat.2020.02.036
http://doi.org/10.1007/s11837-012-0442-x
http://doi.org/10.1016/j.microrel.2006.04.011
http://doi.org/10.1007/s10854-006-9029-z
http://doi.org/10.1007/s11664-008-0619-9
http://doi.org/10.1109/TCPMT.2011.2104963
http://doi.org/10.1007/s11664-011-1712-z
http://doi.org/10.1016/j.tsf.2012.03.130
http://doi.org/10.3390/ma14040738
http://www.ncbi.nlm.nih.gov/pubmed/33562471
http://doi.org/10.1109/TCPMT.2011.2134854
http://doi.org/10.1016/j.mtla.2019.100234
http://doi.org/10.3390/ma15041451


Materials 2023, 16, 1852 14 of 14

18. Ramli, M.; Salleh, M.; Sandu, A.; Amli, S.; Said, R.; Saud, N.; Abdullah, M.; Vizureanu, P.; Rylski, A.; Chaiprapa, J.; et al. Influence
of 1.5 wt.% Bi on the Microstructure, Hardness, and Shear Strength of Sn-0.7Cu Solder Joints after Isothermal Annealing. Materials
2021, 14, 5134. [CrossRef]

19. Salleh, M.; Al Bakri, A.; Somidin, F.; Sandu, A.; Saud, N.; Kamaruddin, H.; McDonald, S.; Nogita, K. Comparative Study of Solder
Properties of Sn-0.7Cu Lead-free Solder Fabricated Via the Powder Metallurgy and Casting Methods. Rev. De Chim. 2013, 64,
725–728.

20. Saleh, N.; Ramli, M.; Salleh, M.M. Effect of Zinc Additions on Sn-0.7 Cu-0.05 Ni Lead-Free Solder Alloy. In IOP Conference Series:
Materials Science and Engineering; IOP Publishing: Bristol, UK, 2017; p. 012012.

21. Kim, K.-S.; Yu, C.-H.; Yang, J.-M. Behavior of tin whisker formation and growth on lead-free solder finish. Thin Solid Films 2006,
504, 350–354. [CrossRef]

22. Diyatmika, W.; Chu, J.; Yen, Y. Effects of annealing on Sn whisker formation: Role of Cu alloy seed layer. In Proceedings of the
2013 8th International Microsystems, Packaging, Assembly and Circuits Technology Conference (IMPACT), Taipei, Taiwan, 22–25
October 2013; pp. 319–322.

23. Salleh, M.M.; McDonald, S.; Nogita, K. Effects of Ni and TiO2 additions in as-reflowed and annealed Sn0.7Cu solders on Cu
substrates. J. Mater. Process. Technol. 2017, 242, 235–245. [CrossRef]

24. Nogita, K.; Gourlay, C.; Nishimura, T. Cracking and phase stability in reaction layers between Sn-Cu-Ni solders and Cu substrates.
JOM 2009, 61, 45–51. [CrossRef]

25. Nogita, K.; Mu, D.; McDonald, S.; Read, J.; Wu, Y. Effect of Ni on phase stability and thermal expansion of Cu6−xNixSn5 (X = 0,
0.5, 1, 1.5 and 2). Intermetallics 2012, 26, 78–85. [CrossRef]

26. Nogita, K. Stabilisation of Cu6Sn5 by Ni in Sn-0.7 Cu-0.05 Ni lead-free solder alloys. Intermetallics 2010, 18, 145–149. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3390/ma14185134
http://doi.org/10.1016/j.tsf.2005.09.088
http://doi.org/10.1016/j.jmatprotec.2016.11.031
http://doi.org/10.1007/s11837-009-0087-6
http://doi.org/10.1016/j.intermet.2012.03.047
http://doi.org/10.1016/j.intermet.2009.07.005

	Introduction 
	Materials and Methods 
	Materials and Sample Preparation 
	Hot-Dip Soldering 
	Testing and Characterization 

	Results and Discussion 
	Conclusions 
	References

