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This study investigates the effect of minor additions of Ni, NigSn or NisSnsy
nanoparticles on the microstructure and mechanical properties of Cu/solder/
Cu joints. The nanocomposite Sn-3.0Ag-0.5Cu (SAC305) solders with 0.5, 1.0
and 2.0 wt.% metallic nanoparticles were prepared through a paste mixing
method. The employed Ni and Ni-Sn nanoparticles were produced via a
chemical reduction method. The microstructure of as-solidified Cu/solder/Cu
joints was studied by x-ray diffraction and scanning electron microscopy. The
results showed that additions of Ni and Ni-Sn nanoparticles to the SAC305
solder paste lead initially to a decrease in the average thickness of the
intermetallic compound layer in the interface between solder and substrate,
while further additions up to 2.0 wt.% did not induce any significant changes.
In addition, shear strength and microhardness tests were performed to
investigate the relationship between microstructure and mechanical proper-
ties of the investigated solder joints. The results indicated an increase in both
of these properties which was most significant for the solder joints using
SAC305 with 0.5 wt.% Ni or Ni-Sn nanoparticles.
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INTRODUCTION

So far, the development of commercial solder
joints has focused on using lead-free Sn-based
solders reinforced with different kinds of nanopar-
ticles.'™ All these studies showed a profound
impact of various ceramic and metal nanoparticles
(NPs) on the microstructure and mechanical prop-
erties of Sn-Ag-Cu (SAC) solders and the corre-
sponding solder joints. For instance, Refs. 5 and 6
showed a reinforced microstructure with relatively

(Received April 28, 2017; accepted September 27, 2017,
published online October 16, 2017)

small intermetallic compound (IMC) grains homo-
geneously distributed in the Sn matrix. The notice-
able changes in the morphology and thickness of the
interfacial IMC layer between solder and substrate
for nanocomposite solder joints were shown in Refs.
7 and 8. Furthermore, the additions of NPs to the
SAC solders lead to an enhancement of the shear
strength, microhardness, wettability and of other
properties.® !

In all these studies, it was shown that the
additions of different kinds of NPs to the SAC
solders lead, in principle, to similar effects. How-
ever, the behavior of the employed ceramic nanoin-
clusions in the Sn-based matrix is fundamentally
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different from that of metallic NPs: metal NPs are
dissolved during the soldering process and act
through an alloying effect while ceramic NPs act
as nuclei for heterogeneous nucleation. The reduc-
tion of the average size of the IMC layer at the
interface solder/substrate using nanocomposite SAC
solders with ceramic nanoinclusions is explained by
the formation of a diffusion barrier layer between
the solder and the substrate to retard the rapid
interfacial reaction. A similar reduction of the IMC
layer, compared to unreinforced SAC solder joints,
has been described for nanocomposite SAC solders
with metallic NPs, such as Co, Ni, etc., where part of
the added metal is apparently dissolved in the
compound CugSnj.”!?

Several methods have been developed for the
introduction of NPs into the SAC solders. For
instance, a paste and flux mixing method was
applied to prepare solders in paste form or as
nanocomposite  flux-solder = mixture, respec-
tively.”®131% A conventional planar flow casting®'®
as well as a roll bonding method'® have been used to
fabricate nanocomposite solder ribbons. The mixing
methods are the most popular ones due to the
relatively simple experimental procedure; however,
during the reflow process the NPs tend to move with
the flux, and it is very difficult to estimate the
amount of nanoinclusions actually remaining in the
solder.

Among various types of nanoinclusions in the
SAC solders, Ni has attracted great interest due to
significant beneficial effects, such as improved
microhardness,® wettability’ and reliability of the
solder joints.'* For instance, the SAC solders and
solder joints with Ni as alloying element'”'® or as
addition in form of micro- or NPs were intensively
investigated in Refs. 6, 7, 14, and 19-21.

In this work, we report the changes of microstruc-
ture and mechanical properties (shear strength and
microhardness) of Cu/SAC305/Cu solder joints
caused by minor additions of Ni and intermetallic
NisSn and NizSns; NPs. The nanocomposite solders
with 0.5, 1.0 and 2.0 wt.% nanoinclusions were
prepared by the paste mixing method. The Ni and
Ni-Sn nanoinclusions modified the morphology of
the SAC305 solder joints and had a noticeable
influence on the average thickness of the inter-
metallic layer at the interface between solder and
substrate.

EXPERIMENTAL PROCEDURES

The Sn-3.0Ag-0.5Cu (SAC305) solder paste pro-
vided by Kester (USA) and home-made nanopow-
ders of Ni, NizgSn and N3Sn,; were mixed together in
a mortar within a glovebox for at least 30 min to
form nanocomposite solders at a nominal percent-
age of 0.5, 1.0 and 2.0 wt.% (related to the mass of
the solder in the paste). It was found that 30 min
should be enough to achieve a homogeneous distri-
bution of NPs in the solder paste.®’
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The Ni and Ni-Sn NPs were produced via a
chemical reduction method employing hydrazine
hydrate (NoH4H,O0; Sigma-Aldrich) and
polyvinylpyrrolidone (PVP; Alfa-Aesar) as reducing
and surfactant agents, respectively. Nickel chloride
(NiCly; Loba-Chemie, Austria) and tin(IT)-2-ethyl-
hexanoate (C;gH3004Sn; Alfa-Aesar) were dissolved
in diethylene glycol (DEG; Alfa-Aesar) as the metal
precursors. The average size of the produced Ni and
Ni-Sn NPs was about 100 nm (Fig. 1). The experi-
mental procedure was described in detail
elsewhere.??

The solder joints were produced using 3-mm-thick
Cu disks with diameters of 10 mm and 15 mm as
substrates. Before laying down the nanocomposite
solder paste, the Cu plates were ground and pol-
ished with 1-um and 0.3-um Al,O3 powders, cleaned
with ethanol and immerged into a 10 vol.% sulfuric
acid solution (10 vol.% HsSO4 + 90 vol.% CoH;0H)
for 2 min to remove the oxide layer on the surface.
The Cu/solder/Cu holders were placed into an
electric resistance furnace, and the joints were
prepared in air atmosphere by heating at 523 K
for 300 s (Fig. 2). After the reflow, the solder joints
were cleaned to remove any flux residue.

One part of the reflowed samples was cross-
sectioned and polished with 1-yum and 0.3-ym
Al;O3 powders for microstructure analysis. The
microstructure of the joints was studied by scanning
electron microscopy (SEM; JEOL JSM 6610 and
JEOL JSM-7600F equipped with an energy disper-
sive x-ray (EDX) analyzer [Oxford Instruments (OI),
X-max 50 mm?]. For surface observation, the
COMPO and the SEI mode were used. The average
thickness of the IMC layer at the interface between
the solder and the substrate was calculated using
the Digimizer software, freely available in the
Internet.?® The following equation was used to
calculate the average thickness, x:

x=S/L (1)

where L is the length, and S is the integral contour
area of the intermetallic layer at the interface.

Another part of the produced samples was used
for measurements of mechanical properties. The
shear strength studies were performed by the push-
off method (Zwick/Roell Z 100), employing a shear-
ing speed of 1 x 103 m min . The microhardness
was measured using a Microhardness Tester (FM-
100, Future-Tech Corp.). The square-based pyrami-
dal diamond was pressed using a force of 0.05 N for
a loading time of 10 s; at least eight areas across
each joint were tested in our measurements to
obtain an average value.

RESULTS AND DISCUSSION
Microstructure Analysis

The effect of the addition of the metallic NPs on
the growth of IMC particles in the bulk solder and
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Fig. 1. SEM micrographs of Ni (a), Ni3Sn (b) and Ni3zSn, (c) nanoparticles.
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Fig. 2. Reflow temperature profile of solder/Cu joint.

at the interface of solder/Cu was investigated based
on SEM of the prepared solder joints. It could be
shown that the initial addition of pure Ni lead to a
reinforcement of the microstructure of the bulk
solder, i.e. the IMC grains were much smaller in the
reinforced solder matrix as compared to the unre-
inforced sample (Figs. 3a and b). The same tendency
was determined for solder joints with 1.0 and
2.0 wt.% Ni (Figs. 3c and d).

Furthermore, the addition of Ni NPs to the
SAC305 solder joints lead to changes in the mor-
phology of the interfacial IMC layer from the scallop
type layer, typical for SAC solder joints (Fig. 3a), to
a more planar-type shape (Figs. 3b—d). Similar
changes were indicated for solder joints with nano
Nis3Sny and nano NigSn additions. The same effect,
i.e. a transformation of the IMC layer to a more
planar shape with additions of nano Ni, was already
observed in Refs. 7 and 14.

In view of this fact, we performed elemental
mapping of the IMCs in the bulk solder and at the
interface layer of the investigated solder joints.
Similar to our previous studies dealing with
nanocomposite SAC solder joints with metal and
ceramic nanoadditions,>? a CugSns/CusSn double
layer was observed at the solder/Cu interface. It was
found that Ni atoms were incorporated into the
CugSnj crystals, both in the bulk solder and in the
interfacial layer, while no regions with either pure

Ni or Ni-Sn IMCs could be seen in the joints. As an
example, Fig. 4 presents the cross-sectional
microstructure of solder/Cu solder joints without
(a) and with 1.0 wt.% Ni (b), NizSn (c) and NisSny
(d) nanoinclusions, respectively. This phenomenon
can be explained by the assumption that Ni and Ni-
Sn particles were completely dissolved during the
ramp and the reflow and (Ni,Cu)gSn; crystals were
formed during cooling. At the same time, no traces
of Ni were found in the CusSn and AgsSn phases. A
very similar observation was made in previous
studies dealin% with nanocomposite SAC solders
with nano Ni.’ It should also be noted that the
relatively small light spheres in the presented
micrographs (Fig. 3 and 4) correspond to AgsSn
grains homogeneously distributed in the bulk solder
and dispersed on the surface of the interfacial IMC
layer.

An EDX analysis of the (Cu,Ni)gSns IMC, both in
the bulk solder and in the interface layers, was
performed for all investigated solder joints (see
Table I), and this showed clearly that Ni atoms
replace Cu in CugSns according to its typical
concentrations in the solder. The outer IMC layers
at the interface solder/Cu and the IMCs in the
solder matrix contained about 2 at.% Ni while the
concentration of Ni in the IMC in the bulk solder
near the interfacial layer reached about 17 at.%.
These data are in agreement with results from
Ref. 24 where a possible dissolution of 21.4 at.% Ni
in CugSns was shown. The higher amount of Ni in
(Cu,Ni)gSnj grains located in the solder matrix close
to the interface compared to its concentration in the
interfacial IMC layer was explained in Ref. 6.

It should also be noted that the amount of
dissolved Ni in (Cu,Ni)¢Sns grains, both in the
solder matrix and at the interface, was smaller
when Ni-Sn intermetallic NPs were added to the
SAC solder than for pure Ni NPs (Table I). Fur-
thermore, according to the elemental mapping of
solder/Cu joints with NizgSn and NizSny nanoinclu-
sions, there are some areas in the interfacial IMC
layer, which did not contain Ni at all. This obser-
vation is rather difficult to explain; however, it is
clear that the total amount of Ni is less in the Ni-Sn
NPs than in the pure Ni NPs. In addition, it is to be
expected that the dissolution of the Ni-Sn NPs is
slower due to the tin oxide/hydroxide shell that is to
be expected on their surface.
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Fig. 4. SEM micrographs of as-solidified SAC305 (a) and SAC305 solder joints with 1.0 wt.% Ni (b), NizSn (c) and NizSn, (d).

Figure 5 shows the average thickness of the
interfacial (Cu,Ni)gSns + CuszSn layer between sol-
der and Cu substrate. Initial additions of nanoin-
clusions lead to a decrease of the average thickness

while the most significant drop was obtained for the
SAC305 solder joints with additions of 0.5 wt.%
nano Ni. Further additions of nano NizgSn up to
2.0 wt.% lead to an insignificant increase of the
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Table I. EDX analysis of (Cu,Ni)¢Sn; grains in the bulk solder and in the interface layer

Solder alloy Location of (Cu,Ni)gSn;

SAC305 + Ni
(0.5, 1.0 and 2.0 wt.%)

Outer interfacial layer
Solder matrix

SAC305 + NizSn
(0.5, 1.0 and 2.0 wt.%)

Outer interfacial layer
Solder matrix

SAC305 + Ni3Sn2
(0.5, 1.0 and 2.0 wt.%)

Outer interfacial layer

Solder matrix

Grains close to interfacial layer

Grains close to interfacial layer

Grains close to interfacial layer

Cu (in at.%) Sn (in at.%) Ni (in at.%)

54.9-57.2 41.3-43.9 1.1-1.7
37.7-40.2 44.9-54.0 5.0-17.4
55.1-56.4 42.6-42.1 1.1-2.4
55.9-57.4 42.6-44.1 -

53.4-58.7 39.8-45.4 0.8-2.2
41.2-56.8 41.9-52.0 1.3-6.8
55.8-56.9 41.9-42.3 1.1-1.9
57.6-57.7 42.3-42.4 -

52.1-58.9 40.0-46.8 0.1-1.4
44.4-59.0 40.5-50.6 0.5-4.0
55.3-56.4 42-43.1 0.2-1.6
54.2-56.9 43.1-45.8 -
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Fig. 5. The average thickness of the (Cu,Ni)sSns + CusSn interface
layer.
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average thickness while the concentration depen-
dence of the average thickness of the
(Cu,Ni)gSns + CuzSn IMC layer at the solder/Cu
interface shows a plateau for SAC305 solder joints
with 0.5-2.0 wt.% nano NizSns. In contrast, the
addition of 1.0 wt.% Ni to the SAC305 solder did not
affect the average thickness of the interface IMCs
layer while a further decrease was indicated for
SAC305 solder joints with 2.0 wt.% Ni NPs. It
should also be noted that a gradual transformation
of the morphology of the interfacial layer from the
typical scallop to a more planar type was indicated
for the SAC305 solder joints with further additions
of both Ni and Ni-Sn NPs. At the same time, the
thickness of the thin CusSn layer in the interface
zone was about 0.3 mm for all investigated solder
joints. The present results are in a good agreement
with literature data on the average thickness of the
interfacial IMC layer for SAC305 + 0.5 wt.% nano
Ni/Cu (2.42 um; Ref. 6), but in some disagreement
with literature data on SAC305 + 2.0 wt.% nano Ni/
Cu (3.9 um; Ref. 14). However, it should be pointed
out that the solders for the joints investigated in
Ref. 14 were prepared by the flux mixing method

where Ni NPs were concentrated in the flux
between SAC solder ball and Cu substrate.

Based on the observations presented above,
adding Ni in nanosized form to the SAC solders
has several advantages compared to the addition of
Ni in bulk form:

e Nanoadditions lead to a transition of the mor-
phology of the interfacial IMC layer from a
scallop to a more planar type, which should
improve the joint strength, while needle-like
microstructures were observed in SAC solder
joints with bulk Ni additions which might dete-
riorate the mechanical properties;' "%

e In contrast to the bulk, nanoinclusions did not
lead to the formation of large amounts of
(Cu,Ni)gSnj grains near the solder/Cu interface
as well as to a growth of the average thickness of
the interfacial IMC layer.'®

Mechanical Properties

The shear strength of the SAC solder joints with Ni
and Ni-Sn nanoinclusions is presented in Fig. 6. A
significant increase of the shear strength by initial
additions of NPs to the SAC305 solder was found for
all employed NPs while further additions did not
show any considerable improvement of this mechan-
ical property. It should be noted that the growth of
brittle IMC layers at the interface solder/substrate
affects the reliability of the solder joint consider-
ably, in particular the shear strength. Therefore,
the observed changes in the morphology and thick-
ness of the interfacial layer should be directly
connected with changes of the shear strength. In
the present case, it was established that a notice-
able decrease in the average thickness lead to an
increase in the shear strength from 30 MPa up to
47 MPa.

The postulated reinforcement of the microstruc-
ture in the bulk solder should lead to an enhance-
ment of the microhardness due to the pinning effect.
The finely distributed small-sized particles (in the
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Fig. 6. The shear strength of the nanocomposite SAC305 solder
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Fig. 7. The Vickers hardness of the nanocomposite SAC305 solder
joints as a function of the amount of Ni and Ni-Sn nanoinclusions.

present case, AgsSn and CugSns/(Cu,Ni)gSns)
improve the solder deformation resistance. Accord-
ing to the results presented in Fig. 7, the major
effect of the addition of NPs was obtained for
0.5 wt.% of nanoinclusions. Further additions up
to 2.0 wt.% improved the microhardness of the bulk
SAC305 solder, however, less significantly com-
pared to the initial addition. Such a significant
increase in the microhardness for SAC305 solder
(about 11%) with the addition of 0.5 wt.% nano Ni
was also indicated by Gain and Chan.®

Finally, it should also be noted that we cannot
estimate the exact amount of nano Ni which
remained in the solder joints after the reflow
process. The chemical analysis of the reinforced
SAC solders with Ni NPs performed by Tay et al.”
determined, for example, that for the addition of
2.0 wt.% NPs, only 0.29 wt.% Ni were left in the
solder after the reflow.
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CONCLUSIONS

Based on the present results, a complete dissolu-
tion of the employed nanoinclusions into the
SAC305 solder during the reflow process is sug-
gested. The major effects on the microstructure and
mechanical properties of the SAC305 solder joints
were caused by the initial additions of Ni, NizSn and
NisSny NPs (0.5 wt.%), while a further increase of
the amount of nanoinclusions up to 2.0 wt.% did not
lead to any significant further improvements. The
average thickness of the interfacial IMC layer
decreases significantly by the addition of nano Ni
compared to the Ni-Sn nanoadditions. In contrast,
the effect of the Ni, NizSn and NizSny, nanoadditions
on the shear strength and the microhardness of the
SAC305 solder joint is more or less the same.
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