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Abstract

In this work, the lead-free composite solder was fabricated by mixing Ni element with Sn—0.7Cu-10Bi solder. The effect of
nickel (Ni) addition on the growth behavior of intermetallic compounds (IMCs) between Sn—0.7Cu—10Bi—xNi (x=0, 0.05,
0.10, 0.15 and 0.20, in wt%) solder and Cu substrate during the soldering process was studied. The microstructure and the
IMCs growth of the solder joints under thermal aging were systematically investigated. The results shown that the addi-
tion of Ni element has a slightly influence on melting point of the solder. Moreover, the addition of Ni element can change
Cu¢Sny shape from scalloped-like structure into flat-like one. Moreover, the results reveal that Ni can considerably inhibit
the growth and reduce the thickness of CusSns. The thickness of CugSns ranges from 3.07 to 8.42 um after aging process
The diffusion coefficient (D) is 1.80x 10~> um® h™! and growth rate (dH/dr) is 4.08 x 1077 um s~! of the Cu,Sny when the
Ni content come to 0.15 wt%. The (Cu,Ni)¢Sns phase formed in the IMCs layer when Ni was added to the solder, and it can
effectively hinder the diffusion of Cu atoms and depressed the growth rate of CuySns.

1 Introduction

The electronics packaging industry has moved toward min-
iaturization, densification, light weight and high speed,
especially in mobile phones, computers and other portable
devices [1, 2]. This can result in decreasing the reliability
and fatigue life of the solder joints and increasing the cur-
rent density of components [3, 4]. In the various lead-free
solder systems, including Sn—Ag—Cu, Sn—Cu and Sn—Zn
solders [5-9], the Sn—0.7Cu solder is widely used in elec-
tronic packaging because of its low cost, impurity sensitivity
and excellent comprehensive mechanical performance [10,
11], but it is limited in use to some extents due to its high
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melting point and poor wettability [7, 12, 13]. The melting
characteristic is the first and most important property for
the new solder alloys, and it determines whether the com-
posite solders can be used in electronic packaging [14]. It
is generally recognized that the melting point is close to the
melting temperature (183 °C) of the Sn—Pb eutectic point
[15]. Too high solder melting point will greatly impact the
service life and reliability of electron components, and result
in the increase of equipment cost. Zhang et al. found that the
addition of Bi could reduce the melting point and improve
the wettability of lead-free solder [16, 17], but a high Bi
content could lead to poor mechanical properties of solder
joints, especially brittle fracture because of inherent brittle
nature of Bi [18-21]. Other researchers reported that the
comprehensive mechanical properties of solder joints were
greatly improved by adding a certain amount of high-melting
metal elements such as titanium (Ti), nickel (Ni) and cobalt
(Co) to the lead-free solder. With the addition of Ni element,
the (Cu,Ni)¢Sns phase was formed at the solder joints, the
growth of CusSns was inhibited effectively, and the mechani-
cal properties of joints were improved [20, 22, 23].

It is well known that the interfacial reaction between Cu
substrate and solder plays a crucial role in the reliability
of solder joints in the service process, and intermetallic
compounds (IMCs) formed at the interface during solder-
ing [24]. CugSns and Cu;Sn as two most important IMCs
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extremely affected the mechanical properties of solder joints
because of the brittle nature of IMCs, and the thicker IMCs
will accelerate the brittle failure and reduce the service life
of solder joints [25]. During past decades, there were many
studies on the kinetics and interfacial reactions of CugSns
IMCs forming between Cu substrate and liquid solder. Li
et al. studied the interfacial reaction in the Cu/Sn/Cu sys-
tem, and reported that the interfacial microstructures and the
thickness of the CuySns layer as well as its growth driving
force [26, 27]. In a recent study, Liashenko et al. found the
proof of the sequence of CugSns on the interface between
liquid Sn—Cu solder and Cu substrate [28]. To date, how-
ever, there is no report on the growth rate of CuySn; layer in
the interface reaction and the reduction of melting point of
Sn—0.7Cu-X composite solder.

In this study, the Sn—0.7Cu solder was used as a matrix
to reduce the melting point by adding a certain amount of
Bi element. At the same time, different amount of Ni ele-
ment was added to improve the mechanical properties of the
composite solder. Both average thickness and growth rate of
Cu,Sn; are obtained by calculation, and the mechanism of
Ni element inhibiting the growth rate of CusSns is discussed
in this paper.

2 Experimental

The Sn—0.7Cu-10Bi—xNi (SCB—xNi, x=0, 0.05, 0.10, 0.15
and 0.20, in wt%) alloy was prepared in a nominal composi-
tion, and particles of Sn, Bi, Cu and Ni had a high purity of
99.99%. The master alloy was melted in a vacuum furnace
under the high purity argon (Ar) atmosphere. In order to get
a homogeneous solder composition the alloy was re-melted
four times and then cast into a rod-like model; and the speci-
mens were cut at a diameter of 5 mm and a thickness of
2 mm from the alloy rod. The substrates in this study were
commercial copper strips at a dimension of 25X 25 X2 mm,
and the surface of the Cu substrate was ground down with
grit sizes of 400, 600, 1500 and 2000 SiC papers, and cooled
in flowing water, then washed with deionized water, cleaned
with alcohol and dried at ambient temperature. The speci-
mens were soldered at 230 °C for 250 s, then the solder
joints were subjected to the aging at 70 °C for 200 h (h).
For micrographic observations, the sample cross-section was
cut perpendicular to the Cu substrate and solder interface
of the solder joints. The specimens were ground down with
220, 400, 600, 800, 1000, 1200, 1500 and 2000-grit SiC
papers, cooled with flowing water, and polished with 0.3 pm
and 0.05 um suspensions of Al,O5. In order to remove the
residue Al,O; on the surface before etching, the sample was
placed in an ultrasonic cleaner with deionized water and
methanol, and etched with 4 vol% nitric acid (HNO;) and
96 vol% alcohol. The IMCs microstructures morphology of

the joints was observed using the scanning electron micro-
scope (SEM) equipped with an energy dispersive X-ray
spectrometer (EDS). The melting behaviors of SCB—xNi sol-
der alloys were tested via differential scanning calorimetry
(DSC). Finally, the IMCs (Cu4Sns) thickness was measured
by the Image J software.

3 Results and discussion
3.1 Melting point and microstructure of solder

Figure 1 shows the DSC curves of SCB—xNi solder alloys.
The solidus temperature of solder alloys changes slightly
with the addition of Ni element. The results show that the
new SCB—xNi composite solder has an ideal melting point,
and the added Ni exerts a less effect on the melting point of
solder. The EDS results of SCB—0.15Ni composite solder
analyzed using mapping scanning model are given in Fig. 2.
The EDS results reveal that the Sn, Cu, Bi and Ni elements
are homogeneously distributed in the solder.

3.2 Microstructure after soldering

In order to distinguish the effect of Ni element on micro-
structure morphology of interfacial intermetallic compounds
(IMCs) between Cu substrate and solder in the aging pro-
cess, the cross-sectional SEM images of interfacial IMCs
were obtained in this study. Figure 3a—e shows the growth
of CuySns in elongated scallop-like IMCs layer after the
soldering process. It can be found that almost all scalloped-
morphology IMCs are converted to continuous planar-like
IMCs after addition of Ni, and the IMCs is short and rod-
like when the Ni content is up to 0.20 wt%. The fluctuation
of CugSns layer is not uniform with scallop-like thickness
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Fig.1 DSC curves of SCB—xNi solders (x=0, 0.05, 0.10, 0.15 and
0.20, in wt%)
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Fig.2 EDS of elemental mapping for the constituent element: a Sn, b
Bi, ¢ Cuand d Ni

for non-composite solder/Cu interface. When the Ni content
reaches 0.05-0.15 wt%, the CugSn; layer is relatively flat
and the scallop-like texture is more refined, presenting a
thinner and continuous plane shape of CusSns layer. The
thickness of CugSns layer continuously increases with the
Ni content increasing, and there are small fluctuations near
the solder side of CugSns. It can be clearly seen that the
IMC:s layer of joints mainly consists of CugSns phase, and
the similar results are also founded in the other experiments
[29]. Table 1 shows the thickness and other parameters of
Cu,Sn; phase between solder and Cu substrate with different
Ni content. It is clearly shown that for the addition of 0, 0.05,
0.10, 0.15 and 0.20 wt% Ni element into non-composite SCB
solder, the thickness of CugSns phase (H,) between solder
and Cu substrate in solder joint is 5.40, 4.65, 4.58, 2.47 and
3.53 um, respectively. This demonstrates that the Ni can
effectively hinder the growth of the CusSns phase. However,
when the content of Ni element exceeds 0.15 wt%, the result
shows a slightly increase in the thickness of CusSns phase,
which still is thinner than that of non-composite solder joint.

The EDS analyses in spots A and B in Fig. 3i are shown
in Fig. 4. Results show that in spot A, the atomic percentage
of Ni is 2.97% inside the CuSns layer. In spot B, the atomic
percentage of Ni is 4.62% on the surface of Cu4Sns layer.
The results reveal the existence of CugSns and (Cu,Ni)Sn;
phases in IMCs layer. This coincides with the conclusion in
the other literature [13, 25]. The proportion of Ni interface
is higher than that of Cu4Sns, indicating that Ni may exist
in the form of (Cu,Ni)Sns phase [30, 31]. The formation
of the Cu¢Sns phase is related to Cu atoms concentration in

@ Springer

Fig.3 SEM micrographs of cross-sectional view of SCB—xNi (x=0,
0.05, 0.10, 0.15 and 0.20, in wt%) solder joints aging for 0 h: a x=0,
b x=0.05, ¢ x=0.10, d x=0.15 and e x=0.20; and aging for 200 h at
70 °C: fx=0, gx=0.05,hx=0.10,i x=0.15 and j x=0.20

the interface of CugSns/solder, and the CuSng phase grow-
ing into the solder matrix by the consumption of Sn and Cu
atoms. The diffusion equilibrium of Cu and Sn atoms will be
broken due to the addition of Ni, which can cause the varia-
tion and the formation of the new morphology of interfacial
Cu,Sns [20]. When Ni was added to solder as a second phase
particle, the solder/Cu interface energy increased in the sol-
dering liquid phase reaction, which inhibited the nucleation
and growth process of CugSns. And the (Cu,Ni)¢Sn; layer in
the composite solder joints presented a continuous morphol-
ogy after soldering process, then the atoms diffusion from
the solder to IMCs/solder interface was suppressed. As a
result, the growth of IMCs layer declined. The stripe-shape
CueSn; layer is formed in the composite solder because
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Table 1 Thickness and other

Alloy T,(°C) T,(°C) AT(C) H,(um) H,(um) D @m?’h™") dH/dt(@ums™)
parameters of CugSns phase of i
SCBi-aNi (x=0, 0.05, 0.10, SCB 189.93 21407 24.14 5.40 8.42 456x1072  6.72x1077
0.15 and 0.20, in wt%) SCB-0.05Ni 19126 21562 2436 4.65 5.80 6.61x107°  536x1077
SCB-0.10Ni  191.85  216.50  24.65 4.58 5.48 4.05x1073  5.03x1077
SCB-0.15Ni  191.43 21562  24.19 2.47 3.07 1.80x107°  4.08x1077
SCB-0.20Ni 19126 21570 24.44 3.53 470 6.84x1073  539x1077
Fig.4 EDS results for the cps/eV
selected area marked in Fig. 3i a 25 a
and b, respectively
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the Ni distribution in the Cu/solder interface leads to dif-
ferent diffusion paths of Cu atoms. On the other hand, the
(Cu,Ni)eSns forms in the bulk solder and participates at the
interface during solidification. With the addition of Ni, the
Cu,Sn; phase became more thermodynamically stable, and
the (Cu,Ni)¢Sns is also more structurally stable than CugSn;
[5, 32]. The diffusion driving force of Cu atoms through
(Cu,Ni)¢Sns phase is greater than that of CusSns, and this
driving force can inhibit the diffusion of Cu atoms from the
Cu substrate to the solder [33, 34]. Thus, the concentration
of Cu atoms can be decreased and the growth of CugSns is
inhibited, so that the planar shape of CusSns comes into
being and its thickness is reduced.

3.3 Effect of Ni on the growth rate of CusSn;

Figure 3 shows the comparison of the IMCs morphology of
SCB-xNi (x=0, 0.05, 0.10, 0.15 and 0.20, in wt%) composite
solder aging for 0 and 200 h. This indicates that the thickness
of Cu4Sn; increases with extension of the aging time. The
growth of CugSns phase can be controlled by inter-diffusion
mechanism, and the thickness of the CusSny layer can be
expressed as [31]:

X, =X, + VDt (1)
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where X, is the initial thickness of Cu4Sns, X, is the thick-
ness of CusSns at aging time ¢ and D is diffusion coefficient
(um? h™!). Besides, the difference in the shape of CusSns
is related to flux, and the scallop-shape is controlled by the
ripening flux (J/,), while the faceted-shape is mainly caused
by the interfacial reaction flux (J,). The interfacial reaction
flux (J,) and the ripening flux (/) can be obtained below
[35], respectively.

;- 2DMyC, L

V" "LRTp "2 &
_ PN, AV(1) 1

27 22MN,() " P 3

where M is the mole (volume) of Cu4Sns, R is the gas
constant, 7 is the absolute temperature, y is the interfacial
energy between solder and CugSn; of per unit, p is the den-
sity of pure Cu, r is the radius of CugSns, N, (7) is the total
number of CugSns grain on the interface of Cu/solder, and
v(t) is the consumption rate of Cu substrate.

During aging, the thickness of CuySn; increases in a poly-
nomial trend with addition of Ni at the different amount,
as shown in Table 1. Without Ni added into SCB solder,
the thickness of CuySns increases significantly by 55.93%.
However, after adding 0.05, 0.10, 0.15 and 0.20 wt% of
Ni in the SCB solder, the solder plane increases only by
24.73%, 19.65%, 24.29% and 33.14% respectively. These
results can be explained by the (Cu,Ni)¢Sns inhibiting the
Cu4Sn; growth in the aging process. During this growth, the
primary thermodynamic resistance to the CugSng growth is
the increasing interfacial energy between solder and CugSns.
The growth rate of CusSns phase during aging can be written
as follows [36]:

C,—C,
a_ P(E2H) ¢ popar @
dt H(\/SH/Z(S-FI) C2_C1 KT?|ox

where D is the diffusion coefficient of Cu atoms in CugSns
phase, H is the average thickness of the CusSns phase, C is
the dissolved Cu concentration, and C,, C;, C, and C; are
the concentrations of the liquid solder near the IMCs inter-
face, CugSns/solder interface, solid CugSns phase and Cu
substrate, respectively. Table 1 shows the calculated results
of the growth rate of CuySn; phase during aging for 200 h.
Specially, the CuySns growth rates of SCB, SCB-0.05Ni,
SCB-0.10Ni, SCB-0.15Ni and SCB-0.20Ni solder joints
are 6.72x 1077, 5.36x 1077, 5.03x 1077, 4.08x 10~" and
5.39% 1077 um s~!, respectively. It is seen that the growth
rate of Cu,Sns decreases with Ni added, and the higher
growth rate is observed in the case of non-composite solder
joints. Moreover, the growth rate of composite solder joints

@ Springer

in 0.15 wt% Ni decreases by 39.3% compared with that of
SCB solder joint. This trend can be ascribed to the decreas-
ing growth rate of CusSns with addition of Ni. The addition
of Ni element” can suppress the diffusion of Cu atoms from
Cu substrate to the solder, and reduce the concentration of
Cu atoms at the interface of CugSns/solder. Therefore, this
inhibits the growth rate of CugSns. Obviously, the calculated
results are consistent with the experimental results, indicat-
ing that the addition of Ni can inhibit the growth rate of the
CugSns.

4 Conclusions

In summary, the effect of Ni element on CusSns growth in
Sn—0.7Cu-10Bi-x wt% Ni solder joints in isothermal aging
process has been studied in this study. When the content
of Ni is up to 0.15 wt%, the Cu4Sny layer presents a lower
growth rate (dH/dt) of 4.08x 107" um s~!, a smallest dif-
fusion coefficient (D) of 1.80x 10~ um? h™! and a thinner
thickness (H,) of 3.07 um under isothermal aging for 200 h.
In addition, a new phase (Cu,Ni)¢Sns forms in the IMCs
layer when Ni is added to the solder. (Cu,Ni)4Sn; can effec-
tively prevent the diffusion from Cu substrate to solder and
reduce CugSny interface concentration of Cu atoms. Thus,
the growth rate of CusSns phase is reduced and the thickness
of IMC:s layer is restricted.
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