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Effect of Ni Layer Thickness and Soldering Time on
Intermetallic Compound Formation at the Interface
between Molten Sn-3.5Ag and Ni/Cu Substrate

INTRODUCTION

The lead-tin (Pb-Sn) solder alloy has been widely
used as interconnection materials in electronic pack-
aging due to low melting temperatures and good
wetting behavior on several substrates such as Cu,
Ag, Pd, and Au. However, due to environmental and
health concerns, alternative solder alloys are needed
to meet stringent environmental regulations, require-
ments for greater mechanical reliability, and higher
temperature service environments in automobiles
and in avionics systems.1–3 The tin-silver (Sn-Ag)
binary solder alloy is an attractive candidate sys-
tem.4,5 In addition, multicomponent alloys based on
this binary have been suggested to decrease the
melting temperature of eutectic Sn-Ag (221°C) for
lower temperature applications.6,7

The Ni coating is commonly used as a protective
layer on a Cu conductor in electronic devices and
circuit fabrications. It has interfaces with the Cu
substrate and with the solder. However, there is no
chemical reaction at the Cu interface and the IMC
phase is not expected to form at this interface because
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The binary eutectic Sn-3.5wt.%Ag alloy was soldered on the Ni/Cu plate at
250°C, the thickness of the Ni layer changing from 0 through 2 and 4 µm to
infinity, and soldering time changing from 30 to 120 s at intervals of 30 s. The
infinite thickness was equivalent to the bare Ni plate. The morphology, compo-
sition and phase identification of the intermetallic compound (IMC, hereafter)
formed at the interface were examined. Depending on the initial Ni thickness,
different IMC phases were observed at 30 s: Cu6Sn5 on bare Cu, metastable NiSn3
+ Ni3Sn4 on Ni(2 µm)/Cu, Ni3Sn4 on Ni(4 µm)/Cu, and Ni3Sn + Ni3Sn4 on bare Ni.
With increased soldering time, a Cu-Sn-based η-(Cu6Sn5)1-xNix phase formed
under the pre-formed Ni-Sn IMC layer both at 60 s in the Ni(2 µm)/Cu plate and
at 90 s in the Ni(4 µm)/Cu plate. The two-layer IMC pattern remained thereafter.
The wetting behavior of each joint was different and it may have resulted from
the type of IMC formed on each plate. The thickness of the protective Ni layer
over the Cu plate was found to be an important factor in determining the
interfacial reaction and the wetting behavior.
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the Cu-Ni binary system forms a complete solid solu-
tion. Thus, the existence of this interface is not detri-
mental to the solder joint reliability. In soldering, the
molten solder reacts with the Ni layer first. The
interfacial reaction is determined by the dissolution
rate of Ni and the kind of IMC that has formed at the
interface with the solder. The reaction of the solder on
the Ni layer will be different from that on the Cu plate
because its diffusivity is smaller than that of Cu.8,9

With the increased soldering time, all of the Ni layer
is supposed to be consumed and change into IMC and
this will be affected by the layer thickness.

In this study, the binary eutectic Sn-3.5Ag was
soldered on the Ni/Cu substrate with the Ni layer
thickness (in µm) changing from zero through 2 and 4
to infinity. The zero and infinite thicknesses are
equivalent to the pure Cu and Ni substrate, respec-
tively. Through the change in layer thickness and
soldering time, the interfacial reaction will be thor-
oughly investigated.

EXPERIMENTAL PROCEDURES

The solder alloy was prepared from pure metals
(purity higher than 99.9%). Samples were encapsu-
lated in quartz tubes under vacuum, melted, and held
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at 800°C for 30 min for mechanical mixing. As-cast
alloys were made by cooling each melt into water.
Then, they were cold-rolled into a 0.1 mm thick sheet
and punched to a disk-type specimen (3 mm in diam-
eter, 0.3 g).

Soldering was performed in the molten state at
250°C for 30 s, 60 s, 90 s, and 120 s using rosin mildly
activated (RMA) flux to observe the growth behavior
of IMCs. The oxygen free high conductivity Cu plates
(0.5 mm) and Ni plates (0.5 mm) were polished with
1 µm diamond, then cleaned with acetone and alcohol.
The Ni layer was electroplated on the Cu plate and the
plating was performed in a nickel sulfate solution
(Degussa Corporation) at 65°C with a current density
of 50 mA/cm2. The layer thickness was calculated as
2 µm and 4µm according to the Faraday equation.10

The interface was examined by the scanning elec-
tron microscopy (SEM) operated at 20 kV. In order to

Fig. 1. Back-scattered SEM micrographs showing the interface of the
Sn-3.5Ag/Cu plate when soldered for (a) 30 s; (b) 60 s; (c) 90 s; and
(d) 120 s.

Fig. 2. Back-scattered SEM micrographs showing the interface of the
Sn3.5Ag/Ni(2 µm)/Cu plate when soldered for (a) 30 s; (b) 60 s; (c) 90
s; and (d) 120 s.

Fig. 3. Back-scattered SEM micrographs showing the interface of the
Sn3.5Ag/Ni(4 µm)/Cu plate when soldered for (a) 30 s; (b) 60 s; (c) 90
s; and (d) 120 s.

observe clearly the morphology of IMC at the inter-
face, the solder matrix was etched by the use of
5%HNO3-3%HCl-92%CH3OH solution for several sec-
onds. The composition of IMC was measured by the
energy-dispersive x-ray (EDX) analyses. The spatial
resolution was 1 µm diameter area about the target
point and compositions were determined by an aver-
age of ten center point measurements. Its distribu-
tion through the joint was examined using the line
scanning EDX analyses. The phases at the interface
were identified by the x-ray diffraction (XRD) analy-
ses. The specimens for XRD were prepared by me-
chanically removing the solder and etching away the
remaining solder part with HCl solution for 30 s.
Wetting tests were performed on a hot plate in air.
The height of the spherical cap and wetting angle
were directly measured from scanning electron mi-
crographs (SEM) of the solder joints.

Fig. 4. Back-scattered SEM micrographs showing the interface of
the Sn-3.5Ag/Ni when soldered for (a) 30 s; (b) 60 s; (c) 90 s; and
(d) 120 s.
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RESULTS

The interface morphology of the Sn-3.5Ag alloy on
the Cu plate, soldered at 250°C for 30 s through 120
s, is shown in Fig. 1a–d. Figure 2a–d represents the
Ni(2 µm)/Cu plate under the same condition. In the
latter case, the liquid solder reacts with the Ni layer
and forms a first IMC probably composed of tin and
nickel. Then, as the Ni layer is consumed by the
interfacial reaction with the solder, the active Sn
atoms in the liquid solder diffuse through the pre-
formed Ni-Sn IMC layer and react with the Cu ele-
ments thereby forming a second scallop-type IMC
composed mostly of copper and tin. It occurred at
60 s as marked by arrows in Fig. 2b.

The second IMC was observed at 90 s on the
Ni(4 µm)/Cu plate as indicated in Fig. 3a–d. As the
nickel layer was thicker than the previous case of Ni(2
µm)/Cu plate, it took longer for the tin to reach and
react with the Cu substrate. The interfacial reaction
for the bare Ni plate is represented in Fig. 4a–d. The
second IMC did not exist because there was no copper
in this bare Ni case.

To know the compositions of IMCs formed at the
interface, the ten-average compositions of interfacial
phases formed between the solder and the substrate
were measured and recorded in Table I. They are
regarded as approximate values because of the inher-
ent measurement error range. For IMC on the bare
Cu plate, the composition of Cu increases rapidly with
increased soldering time and that of Sn decreases.
Initially at 30 s, the tin content in the solder must
have been included in the measurement because of
the similar beam size (1 µm) of EDX relative to the
thickness of the interface. For the Ni/Cu plate, irre-
spective of thickness, the interfacial region divides
into two layers, Ni-Sn IMC at the top and Cu-Sn IMC
underneath. The two-layer pattern occurred at 60s
for the Ni(2 µm)/Cu plate and at 90 s for the Ni(4 µm)/
Cu plate, which is consistent with observations of
Figs. 2 and 3.

To identify the phase of IMC and also observe the
effect of the thickness of Ni layer, the XRD analysis
was performed. Figure 5 represents typical XRD
patterns of the interface soldered at 250°C for 30 s.
Excluding the solder element of Sn and the substrate
elements of Cu and Ni which are also detected, only
the η-Cu6Sn5 IMC was observed on the bare Cu plate.
It was reported that the η-Cu6Sn5 phase formed at the
interface between the Sn-3.5Ag solder and the Cu

plate in the liquid state soldering.1,11–13 The ε-Cu3Sn
phase was observed below the η-Cu6Sn5 phase only at
the solid state aging of elevated temperatures and
prolonged time.1,11,12 On the Ni(2 µm)/Cu plate, meta-
stable NiSn3 and stable Ni3Sn4 phases were detected
while only Ni3Sn4 was observed on the Ni(4 µm)/Cu
plate. The NiSn3 is regarded as metastable.14 On the
Ni plate, two different phases of Ni3Sn4 and Ni3Sn
were identified. For the bare Ni plate, another Ni3Sn2
phase was detected at 60 s by XRD in addition to
Ni3Sn4 and Ni3Sn that were already present early at
30 s. This additional IMC did not disappear until

Table I. Composition (at.%) Change at the Interface Layer in Sn-3.5Ag
Solder Joint with Soldering Time and Substrates.

Substrate 30 s 60 s 90 s 120 s

Cu plate 86Sn14Cu 58Sn42Cu 56Sn44Cu 52Sn48Cu
Ni(2 µm)/Cu plate 61Sn21Nil8Cu 65Sn25Ni10Cu 67Sn23Ni10Cu 64Sn25Ni11Cu

47Sn8Ni45Cu 43Snl5Ni42Cu 42Sn11Ni47Cu
Ni(4 µm)/Cu plate 46Sn42Ni12Cu 44Sn40Ni16Cu 61Sn31Ni8Cu 52Sn33Ni15Cu

41Sn10Ni49Cu 41Sn8Ni51Cu
Ni plate 14Sn86Ni 22Sn78Ni 22Sn78Ni 21Sn79Ni

Fig. 5. XRD patterns of the interface in the solder/substrate joints after
soldering at 250°C for 30 s: (a) Sn-3.5Ag/Cu plate; (b) Sn-3.5Ag/Ni(2
µm)/Cu plate; (c) Sn3.5Ag/Ni(4 µm)/Cu plate; and (d) Sn-3.5Ag/Ni
plate.
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Fig. 6. Line-scanned SEM images of the interface in the Sn-3.5Ag/Ni(2
µm)/Cu joints when soldered for (a) 30 s; (b) 60 s; (c) 90 s; and (d) 120 s.

soldered for 120 s, thereby the IMC phases being a mix-
ture of Ni3Sn4, Ni3Sn2, and Ni3Sn from 60 s until 120 s.

The Ni-Sn layer seems to be monolithic in terms of
morphology but it is composed of two or three differ-
ent phases as confirmed by XRD. To check out in
detail the compositions of IMCs formed at the inter-
face, the interface was scanned. Figure 6a–d shows
the line-scanned profile of each element of Sn, Ni, and
Cu near the substrate interface in the Sn-Ag/Ni
(2 µm)/Cu plate with increased soldering time while
the Sn-Ag/Ni(4 µm)/Cu plate is shown in Fig. 7a–d.
However, this analysis was not able to differentiate
successfully the phases of the Ni-Sn IMC. In the case

of the Ni(4 µm)/Cu plate at 30 s and 60 s, there is only
one IMC layer of Ni3Sn4 between the solder and the Cu
plate. After 90 s, the η-(Cu6Sn5)1-xNix IMC is observ-
able below the Ni-Sn IMC layer by compositions and
morphology as seen in Figs. 3c,d and 7c,d.

Depending on the thickness of Ni layer and solder-
ing time, different interfacial reactions occurred and
different IMC phases formed. To relate interfacial
phenomena with wetting behaviors, the wetting angle
was measured with soldering time. According to Fig.
8, the wetting angle on the bare Cu plate decreases at
a fast rate while it does at a slow rate on the bare Ni
plate. An abrupt change in the wetting angle is
noticeable between 30 s and 60 s for the Ni(2 µm)/Cu
plate and between 60 s and 90 s for the Ni(4 µm)/Cu
plate. It coincides with a formation of the two-layer
IMC pattern for both plates.

DISCUSSION

The two-layer pattern such as the Ni-Sn IMC at top
and Cu-Sn IMC underneath the Ni-Sn IMC was also
observed when the solder paste of the same composi-
tion as in this work reacted with the Ni(2 µm)/Cu(2
µm) base.15 What has been additionally observed in
this study is that the nature of the Ni-Sn IMC is
complicated. In the Ni-Sn binary system, there exist
three stable intermediate phases, Ni3Sn, Ni3Sn2, and
Ni3Sn4. All the three phases were detected though at
different soldering conditions. The metastable NiSn3
was observed, too. The type of IMC phases formed at
the interface followed the Ni-rich trend with the
increased Ni layer thickness at least in the early
soldering stage: NiSn3 + Ni3Sn4 at 2 µm, Ni3Sn4 at 4
µm, and Ni3Sn4 + Ni3Sn at infinity.

It has been reported that the apparently most
stable Ni3Sn4 phase formed on the Sn-rich solder/Ni
joint under various conditions.16–20 A recent study by
Bader et al.21 found that both Ni3Sn4 and Ni3Sn2

Fig. 8. Change of wetting angle with soldering time.

Fig. 7. Line-scanned SEM images of the interface in the Sn-3.5Ag/Ni(4
µm)/Cu joints when soldered for (a) 30 s; (b) 60 s; (c) 90 s; and (d) 120 s.
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formed at 300°C, however, the nucleation of the Ni3Sn4
phase was faster and its layer was much thicker. This
may be the reason why Ni3Sn2 formed only after 60 s
for the bare Ni plate in this work. Even if the meta-
stable NiSn3 phase was found in Sn and 63Sn-37Pb
plating over Ni,16 its presence was rarely reported.
Nonetheless, previous studies are generally consis-
tent with the current observation. The type of IMC
phase first formed at the interface was predicted
through thermodynamic calculations and success-
fully compared with experimental observations by
Lee et al.22 who used the driving force concept. When
this approach was applied to the current ternary
system of Sn-Ag-Ni using thermodynamic descrip-
tions assessed by Ghosh,23 the IMC phase with the
largest driving force as well as the largest enthalpy of
formation is calculated as not Ni3Sn4 but Ni3Sn2. As
suggested by Chen et al.,20 the difficulty of the forma-
tion of Ni3Sn and Ni3Sn2 may be due to their nucle-
ation difficulty and instability resulting from their
mass transport properties.

The dissolution rate of Cu in the tin matrix is much
faster than that of Ni at the soldering temperature of
250°C.8,9,24 The fast dissolution rate of the substrate
element into the solder enables the wetting angle of
the solder onto the substrate to change fast.25,26 This
is the reason why the wetting angle of the Sn-3.5Ag
solder on the bare Cu plate decreased fast while the
wetting angle of the same solder on the bare Ni plate
decreased relatively slowly with respect to time. An
abrupt change in the wetting angle that was observed
between 30 s and 60 s for the Ni(2 µm)/Cu plate and
between 60 s and 90 s for the Ni(4 µm)/Cu plate
matched with the appearance of the η-(Cu6Sn5)1-xNix
IMC phase under the Ni-Sn IMC layer for both plates.
Kim27 suggested that the wetting procedures were
controlled by the surface energy balance among sol-
der, substrate metal and interfacial IMC phase as
well as the change in their Gibbs energy during
soldering. The change of the interfacial IMCs brought
an abrupt change in the wetting balance and the
resultant change of the wetting angle as indicated in
this study.

SUMMARY

As the thickness of the Ni layer over the Cu sub-
strate increased, Ni-Sn-based and more Ni-rich IMC
phases were found. The layer remained as a planar
type though slightly rough and its growth was slow.
With increased soldering time, the η-(Cu6Sn5)1-xNix

IMC formed as a scallop type below the pre-formed
Ni-Sn IMC. The change of wetting angle was ex-
plained by different dissolution rates of Cu and Ni and
the emergence of the Cu-Sn IMC layer below the
Ni-Sn IMC layer.
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