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Abstract

This paper deals with microstructures and propedfeSAC305 lead-free solder
reinforced with graphene nanosheets (GNS) decoratgd Ni nanoparticles
(Ni-GNS). These Ni-coated GNS nanosheets were sgizdd by am-situ chemical
reduction method. After morphological and chemidaracterization, Ni-GNS®vere
successfully integrated into SAC305 lead-free solaéoy with different weight
fractions (0, 0.05, 0.1 and 0.2wt %) through a pewmetallurgy route. The obtained
composite solders were then studied extensivelly vagard to their microstructures,
wettability, thermal, electrical and mechanicalgedies. After addition of Ni-GNSs,
cauliflower-like (Cu, Ni} Sny intermetallic compounds (IMCs) were formed at the
interface between composite solder joint and copéistrate. Additionally, blocky

Ni3zSn,-GNS hybrids were also observed homogenously diged in the composite
1
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solder matrices. Composite solder alloys incorpogat Ni-decorated GNSs
nanosheets showed slightly reduced electricaltresyscompared to the unreinforced
SAC305 solder alloy. With an increase in the amoointNi-GNS, the composite
solders showed an improvement in wettability withiasignificant change in their
melting temperature. Mechanical tests demonstrtéigdaddition of 0.2 wt% Ni-GNS
would result in 19.7% and 16.9% improvements inrotiardness and shear strength,
respectively, in comparison to the unreinforcedded. Finally, the added Ni-GNS
reinforcements in the solder matrix were assessid ®nergy-dispersive X-ray
spectroscopy, scanning electron microscopy and Rap@ctroscopy.

Key words. Ni-coated graphene oxide; Lead-free solder; Vditgz Melting

temperature; Mechanical properties; Raman spectrum

1. Introduction

Usage of lead in electronics packaging industryldesen largely limited because
it poses a threat to the environment as well aplp&ohealth. As a result, lead-free
solders have gained a rapid development opportuigce the alloy system of
eutectic SAC (Sn-Ag-Cu) has outstanding mechangta¢éngth, reliability and
solderability, it is widely acknowledged as the ematl with greatest potential among
those Pb-free solders [1]. Nevertheless, due toddgmand for high-performance
electronics and the recent miniaturization trenkde theed for new electronic
interconnecting material which has high robustraass stability is increasing a lot [2].
Hence, in order to fulfil the higher requiremengsulted from the current needs of
electronic industry; the properties of those emgstmaterials of Sn-Ag-Cu Pb-free
solders should be further improved.

In order to promote the performance of a traditiemdder alloy, it is potentially
feasible to prepare composite solder by introdudorgign reinforcements into the
matrix of the solder alloy. A lot of researcherydavidely investigated the influence

of different foreign reinforcements (such as carbased materials, ceramics and
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metals) on the microstructural evolution as wellreechanical and physical properties
of solders [3-7]. Due to special chemical and ptalsieatures, the carbon-based nano
material (e.g. grapheme and carbon Nanotube) hiracted enormous attention of
people as an outstanding reinforcement [8-14]. Aeslt, researches of different
fields tend to choose carbon-based nano matergl¢he reinforcement to form
composites [15-18]. Recently, researchers have raade of attempts to study the
influence brought by carbon-based nano materiatrporation on the properties of
solder alloy [19-21]. Kumar et al. reported thatraduction of Single-wall carbon
nanotube (SWCNT) improved mechanical and meltiraperty of SAC solders [19].
Hu et al. [20] prepared a Sn-Zn-Bi/GNS compositeeousing a mechanical mixing
approach. They reported that the microhardnessshedr strength of solder alloys
were considerably improved after GNS addition. didition, the growth rate of IMC
in Cu/ composite solder interface was decreaseceruading condition. Using a
powder-metallurgy processing route, a SAC305/ GNSnpmosite solder was
developed by Liu et al. [21]. This composite soldbowed an increase in ultimate
tensile strength (UTS) but a decrease in the aoeffi of thermal expansion (CTE).

However, the added reinforcements, especially nettable ones (usually
including ceramics and carbon-based materialsptiea found to be expelled from a
molten solder during a reflow process [22]. To sotkiis problem and improve the
retained ratio of the added reinforcement in tHeesomatrix, researchers attempted
to form a “bridge” between the reinforcement anddeo matrix. Some metal
nanoparticles (such as Au and Ni) are regardedesd fbridge materials” since they
are apt to react with Sn-based solder alloys tmftMCs during a soldering process.
Silica nanoparticles with an Au layer were synthediby Mokhtari et al. [23]; they
reported that this core-shell structural reinforeatncould be wetted by molten solder.
Yang et al. [24-25] studied the effect of carbonatabes with Ni coating (Ni-CNTSs)
on mechanical properties and microstructures ofiesoblloys. Their experimental
results indicated that addition of Ni-CNTs conttidai to improvement of
performance of solder alloys.

To date, however, there were no reports on thetaffeNi-modified graphene on
3
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performance of lead-free solder alloys. In thigdgtun view of exceptional physical
and chemical characteristics of graphene, muleédlayraphene nanosheets were thus
chosen as the basic reinforcement that also sexsedcarrier for Ni plating. Ni was
chosen as the “bridge material” since it could fdiMCs by reacting with molten
Sn-based solders during soldering process. Iniaddit is also widely reported that
an appropriate addition of Ni had a positive effeat microstructure and service
performance of solder alloys [26-27].

To understand the effect of Ni-GNS composite reitément on performance of
the SAC305 solder alloy, an attempt was made tthegize Ni-GNS reinforcement
as well as fabricating SAC305/Ni-GNS nano-compositéders. Further, both the
microstructures and physical and mechanical pragsedf these composite solders
were studied in detail. The existence of the dapéadorcement particles in the solder

matrix was also confirmed in this work.

2. Materials and experimental procedures

2.1 Materials

96.5Sn—-3Ag—-0.5Cu (wt. %) alloy powder with avergugaticle diameter of
35um, were purchased from Beijing Compo (China). Thaltirlayer graphene
nanosheets provided by JCNANO Materials Tech (Qhimigh size of 3-14m and

thickness of 5-10 nm, were used as the carrieNfqiating.

2.2 Electroless Ni plating

In this study, the synthesis of Ni-GNS processudel three steps: (1) ultrasonic
dispersion, (2) sensitization and activation, aBpdlectroless Ni plating. All these
three steps are shown in a schematic diagram id.Fig

In order to improve the dispersion of GNS nanosheethemical reagents, the
as-purchased GNS nanosheets were first ultrasbnitisbersed in ethanol solution

(step 1). After that, the nanosheets were furtbaesisized and activated subsequently



112 in SnC} (10g/L) and PdGI(0.5g/L) solutions (step 2). In the Ni-plating pess (step
113 3), NiSQ, was used as a source of Nivhile NoH4-H-O was a reducing agent. After
114  Ni plating, the Ni-coated GNSs were filtered in entifugal filter and dried in a
115  vacuum furnace at 50°C for 24 h. The componentleplating solution are listed in
116 Tablel together with experimental conditions. Maiplgy characterization of
117  Ni-coated graphene nanosheets was performed WRB-8EM (Sirion 200) system

118  together with an Energy Disperse Spectroscopy (EDS)
119 2.3 Synthesis of nanocomposite solders

120 In order to prepare composite solders, SAC305 Eb-Bolder powders were
121 mixed homogeneously with Ni-GNS nanosheets whiacke ltafferent weight fractions
122 (0%, 0.05%, 0.10% and 0.20%) in a planetary ball for 20 hours at speed of
123 180r/min. Specifically, to avoid impurities (espabi, other metal elements)
124  introduced from milling jar or milling balls, theuger-hard zirconia milling jar and
125 balls were employed as the milling media. Then, bHadl-milled mixture was
126  uniaxially compacted into solder billets beforetsred in a vacuum atmosphere.
127  Finally, those solder billets which had been sedewere rolled into the solder foils,
128  the thickness of which was 2@f. For the convenience of mechanical, wettability
129  and microstructural analysis, these solder foilsewfarther formed into solder balls
130  (80Qum in diameter) in a reflow oven. Additionally, ths-rolled solder foils and the

131  as-sintered solder billets were subjected to etattand thermal testing.
132 2.4 Characterization methods for composite solder

133 For microstructural observation, solder balls wérstly mounted in epoxy

134  before grinding and polishing. The metallographiching reagent is constituted by
135  the mixture of ethanol and hydrochloric acid (99d@. % ethanol and 0.5 vol. %
136  hydrochloric acid). The newly formed IMCs at théenface (or in the solder matrices)
137  were observed using an environmental scanningrefechicroscope (ESEM Quanta

138 200).



139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

Differential scanning calorimeter (DSC) was empbbye determine the melting
points of plain and composite solders. The soldis fvhose weight ranges from 5mg
to 10mg are used as specimens for DSC testingh&agng rate during the test was
10C/min, and the highest heating temperature reachpetb 250C. A four-point
probe system was employed to measure the electasadtivity of different solders.
The as-sintered solder billets with dimension o&28 x 10mm were used as samples
in electrical resistivity test. The dimension ofrgde was much larger than probe
spacing; in this way, testing precision can be gnimed. In accordance with previous
researches, the testing current was set withinrdhge of 100mA-1A. In order to
measure the wettability of solders, the contactiethgtween copper substrate and
solder was tested. For wettability analysis, solusdls were placed on a polished Cu
plate with no-wash flux and heated to a temperatti@50C. After solidification, the
contact angles were measured by a camera in thaat@ngle tester. For each solder,
five specimens were tested, so that the relialilitthe data could be ensured.

The micro-hardness of solder alloys was testedguaiVvickers hardness tester
(MXT-CXT) at room temperature. The applied testiogd was 100g while the dwell
time was 20s. Thirty samples were tested for eatlfes system with the maximum
and the minimum values were discarded. The abov&tiomed solder balls (with a
diameter of 800m) were also used for shear test. These soldes, lvaih help of a
reflow oven, were welded onto an experimental ehifn copper soldering pads (the
diameter of which was 6@@n). The ball shear test was performed on a push-pul
tester (DAGE 4000-plus, Nordson Co. Ltd., U.S.)eHmear height was pth while
the shear speed was|2b/s. After shear test, the fractography of samplese also
studied using the ESEM (Quanta200) system. Additlgn by using Raman
spectrometer (RAMAN), EDS and FE-SEM, the sheartineed surface of solder
balls were also studied, so as to verify the ertsteof the Ni-GNS in the solder

matrices.
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3. Resaults and discussion

3.1 Characterization of Ni-GNSs

As shown in Fig 2a, folds and wrinkles were obsérea the surface of initial
multi-layer GNSs, which are characteristic featuséshin 2-D graphene [28]. After
Ni plating, the surface of graphene nanosheets [sge2b) exhibited a grainy
morphology. From the magnified images (Figs. 2c dhdit can be seen that Ni
nanoparticles with an average diametre of 100 nne waccessfully deposited on the
surface of GNSs. Results of EDS indicated weigittions of C and Ni in the chosen
location (marked in Fig, 2d) - 6.03% and 78.88%pextively. This result helped to
confirm the existence of Ni nanoparticles on theSGdirface; the elements N and O

appeared in the EDS spectrum might be caused lwuedseagents and oxidation.

3.2 Microstructural characterization

From microstructures of both plain and compositlless under as-soldered
condition (Fig. 3), it can be easily found thatrthare considerable differences in the
morphology of IMCs formed at the solder/Cu inteefan different solders. For the
plain SAC solder sample, the short-rod likes®® IMCs can be observed at the
interface, produced by the Sn-Cu reaction during gbldering process. However,
morphologies of IMCs at composite solders/Cu iategt were altered after the
doping of Ni-GNS. As can be seen in Figs. 3b-d, photogy of these IMCs
manifested a transformation, from the short-roe li& a cauliflower-like. The EDS
spectrum of a chosen interfacial location (showRig 3d) indicated that these newly
formed IMCs consisted of Sn, Ni and Cu. In additibrvas also found that thickness
of IMCs formed at the interfaces was also changedrder to measure it, an image
software (Image J) was employed, and the obtaiesults are presented in Table 2. It
can be seen that the thickness magnitude of IMGspsaportional to the amount of
Ni-GNS added. For instance, thickness of IMCs i@ domposite solder reinforced
0.2Ni-GNS achieved 5.93+0.68), in contrast to 4.25+0.42n in the plain SAC
solder. It has reported that the apparent actima¢ioergy of (Cu,NgSns was 34.6
kJ/mol, which is much lower than that of §&Sms (58.6 kJ/mol)29]. Moreover, it was

7
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reported that the diffusion coefficients of Cu atoand Ni atoms in liquid Sn were
1.8x10-4 cri's and 2.3x10-4 cffs, respectively [30]. These findings indicate that
(Cu,Ni)%sSns can easier be formed compared tos®&y. Essentially speaking, the
formation of interfacial IMC mainly controlled byifflision mechanism. In the
present study, it is believed that a part of Ni omarticles depositing on GNSs
nanosheets arrived at the solder/Cu interfacejrigad the formation of (Cu,Nipns
IMC. Therefore, the variations of IMCs in morphojognd thickness might be
attributed to the diffusion of Ni that introducedrin the added Ni-GNS.

In addition to the microstructural variation at theolder/Cu interface,
microstructures in the composite solder matrix agbibited some differences. By
comparing the microstructural images shown in Bgtwo main features can be
easily observed in the composite solder matrix—s®akgSn IMCs and the newly
formed blocky IMCs. A change in the grain size @jz8n IMCs was also measured
with the software and the results are presentéhiie 2. Apparently, the grain size
of AgsSn exhibited an increasing trend, from 1.22+Qr84n the plain SAC solder to
2.35+£0.44um in the 0.2Ni-GNS composite solder. The variatiorthe grain size of
AgsSn IMCs might be a result of the change in unddimegaduring solidification,
caused by the doping of Ni-GNSs.

Newly formed blocky IMCs in the composite soldertrxawere also studied.
These IMCs shaped as spheres or short rods (Fd) 8fre formed in the matrix
after addition of Ni-GNSs. In particular, with amcrease in the amount of Ni-GNSs
added (from O to 0.2 wt. %), these IMCs demondirae increase both in their
guantity and volume. In order to further understémal distribution and components
of these IMCs in the solder matrix, a represen¢éat@EM image of the
SAC/0.2Ni-GNS solder alloy with corresponding ED®&lgsis is presented in Fig. 4.
From the SEM image it can be found that these IM&sps (mentioned above) with a
dark colour (their average size was 5.32xjifBR were relatively uniformly
distributed in the solder matrix. The EDS spectmawvealed that the weight fraction
of Ni, Cu and Sn in the chosen position were 2.62%75% and 50.9% respectively,
this result helped to prove that the IMCs wereh® (Cu, Ni}Sn; phase. A similar
IMC phase was reported by Yang et al. [25] whendywhg the properties of
SAC/CNT-Ni composite solder.

Moreover, it is also worth noting that appearanéeCoatoms in the EDS

spectrum (Fig. 4b), which can be seen as an evtddehGNS reinforcements. Hence,
8
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there is a reason to believe that the depositedadbparticles were not completely
broken away from GNS surfaces during the soldepiragess. As depicted in Fig. 5,
Ni nanoparticles tend to act as a “bridge” linkiGINSs and the solder matrix by
forming Ni-containing IMCs. This process would eually improve the retained
ratio of GNSs in the solder joint. The influence d#posited Ni nanoparticles on
IMCs composition and the retained ratio of nanoshée the solder alloy will be

further studied in our future research.

3.3 DSC test results

Fig. 6 illustrates the DSC results of both the mplablder and the composite
solders incorporated with Ni-GNS reinforcementsislevident that all endothermic
peaks were appeared within the range of 210.26 220.12C. This result indicates
that the melting point of the solder alloy can Iyatoe influenced when the weight
fraction of Ni-GNS is relatively small. In additipnt can also be known from
Lindermann criterion that a material’s melting gois one of its inherent features,
which is determined by inter-atomic distance and thtomic mean-square
displacements [31]. In this study, however, theabe¢ the inter-atomic distance and
the atomic mean-square displacements of soldey abold hardly be changed by
adding a small quantity of Ni-GNS reinforcementshefiefore, the appropriate
addition of Ni-GNS will not limit the applicabilityof the SAC305/ Ni-GNS soler

alloy by affecting its melting point significantly.

3.4 Resistivity of plain SAC and reinforced solders

The results of the electrical-resistivity measureteefor SAC solders with
various concentrations of Ni-GNS reinforcement@esented in Fig. 7. The test data
of show a slight decrease in electrical resistiwgith an increasing amount of
Ni-GNSs. According to previous studies, volume fiat, shape, size, and type of
reinforcements are main factors that largely deisenthe electrical resistivity of a
composite material [32-35]. According to the rulegsed by Matthiessen [36], the

total electrical resistivity of a material consadtthree parts, including deformation

9
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resistivity, thermal resistivity and impurity resisty. Through influencing the lattice
scattering and impurity scattering, these threesypf resistivities would disturb the
normal motions of electrons so as to affect thetetal resistivity of a material.
However, compared with monolithic solder alloyse tklectrical resistivity of a
composite solder alloy is mainly determined by imiguresistivity. Specifically, the
reinforcements in composite conductive systemshofterk as the centers for electron
scattering. Accordingly, the electrical resistivity the composite system would be
significantly influenced when the volume fractioivreinforcements is relatively high.
In this study, there was little difference betwesectrical resistivities of the
plain solder and the Ni-GNS-reinforced compositeles. This phenomenon can be
interpreted based on the effect of reinforcemegigstrical resistivity and the amount
of Ni-GNSs added. On the one hand, the electresiktivities of Ni (~ 6.84Q-cm)
and GNSs (~1@Q-cm) are both much smaller than that of the SAGe0(12.9
uQ-cm). Thus, addition of Ni-GNSs helped to lowerctaieal resistivity of the
composite solder. On the other hand, as mentiobedea the volume fraction of
reinforcement also has a considerable effect astiasy of composites. However, in
this study, relatively small amounts of Ni-GNSs dises reinforcement could hardly

affect significantly the resistivity of the studiedlder systems.

3.5 Wettability measurement

The wettablity of a solder alloy is a critical pesty that used to evaluate the
bonding quality between solder and substrate. Gégiem the process of soldering,
solder alloy which has smaller contact angle onstifestrate also provide much more
dependable interconnection [37]. As shown in Figtl® measured contact angle
decreased with addition of Ni-GNS (from 37.5° fbe tplain SAC solder to 32.6° for
the SAC with 0.2 wt. % Ni-GNSs). These test resultficate that introduction of
Ni-GNS reinforcement improved wettability of thengposite solders. This may be
attributed to the fact that added Ni-GNS nanoplegi@accumulated at the interface

between the molten solder and the flux during gsolde thereby lowering the
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interfacial surface energy. This process decretsemterfacial tension between the

flux and the solder, resulting in formation of aadl@r contact angle.

3.6 Mechanical properties: Microhardness and Shear strength

Since micro-hardness is closely related to thesamnaor wearing resistence of
solder alloys, micro-hardness is usually regardedrse main item to evaluate the
mechanical performance of solder alloys. Generdlgtors which determine the
microhardness of solder alloys mainly include nstmactures, dislocation motion,
chemical composition and processing temperaturg. [B8§).9 shows the average
microhardness for the 0.05, 0.1 and 0.2 wt% SACGGNIS composite solder alloys
and the plain SAC samples. It is evident that themosite solder alloy display an
increase in the microhardness values with incrgasieight fraction of Ni-GNS.
Compared with the plain SAC solder (12.2HV), theerage microhardness of
composite solder alloy increased up to 19.7% (reeich4.6HV) with 0.2 wt. %
Ni-GNS addition. Herein, the classical dispersianersggthening theory can be
employed to give explanation for the improvemeninicro-hardness [39]. Based on
the theory, the added foreign particles are likelgaffect the deformation behaviours
of solder alloys by impeding dislocation motionsl gnain-boundary sliding, which in
turn increase the microhardness [40]. Such a phenomis widely known gginning
effect, which could explain the strengthing mechanisneafiposite materials. In the
present study, the reinforcing Ni-GNSs in a corelistorm (the core is GNS while
the outer shell is newly formed (Ni, G&)y% IMCs), were found uniformly dispersed
in the solder matrix (see Fig. 4a). This uniforrdigtributed composite reinforcement
can serve as enhancing phases, inhibiting effdgtmechanical deformation.

In addition to the micro-hardness test, ball shtsst is another common
approach to evaluate the reliability of a soldentjoln this study, ball shear test was
also carried out to measure the shear strengthotf plain and composite solder
joints. Fig.10 shows the average shear strengthtlaadstandard deviations of the

Ni-GNS doping composite solder alloys and the pISIAC samples. It can be
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observed that the average shear strength of SAGN\&-composite solder joints was
obviously higher than that of the plain SAC solgents. In particular, the average
shear strength of the 0.2 wt% Ni-GNS incorporatiagnposite solder joint reached
58.4MPa, compared with 48.8MPa of plain SAC soiderts. The enhancement in
shear strength can also be attributed to the néwiyed (Ni, CujSrs IMC and the

uniformly distributed Ni-GNS in the composite saldmatrix. In addition, it is

expected that the excellent intrinsic mechanicegngjith of GNS nanosheets also

made a considerable contribution to the improvenreshear strength.

3.7 Fracture analysis

After the ball shear test, the shear-fracturedas@$ were further observed using
an ESEM system to understand the failure behawibs®lder joints. Fig.11a-d show
the morphologies of the fractured surfaces of Iptsim and composite solder joints. It
can be observed that the plain SAC solder joing.(Aia) presents a brittle fracture
pattern with a relatively smooth surface. In costira ductile fracture pattern with
more dimples and more rough morphology was obtaorethe fractured surface of
composite solder joints. Specifically, the rougtmesfractured surface increases with
the addition amount of Ni-GNS nanosheets increales. transformation in fracture
mode may directly benefit from the homogeneoustyritiuted Ni-GNS nanosheets in

the solder matrix.

3.8 \erification of Ni-GNSs reinforcement in composite solder

Verification of existence, actual position and &uherisation of structural
attributes of reinforcements in the solder matrg the main focus of research into
composite solders. As the most effective tool tarahbterize the carbon-based
materials, Raman spectroscopy was employed to ifgeamd validate the doped
Ni-GNSs in the composite solder. It was reportedvipusly [41-42] that shear
fractures often occur at the interface betweerrnmegallic phase and Sn-rich phase in

Sn-based solder matrix. In addition, according tpre@vious study concerning the
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location of the reinforcement added in the sold@trm, reinforcements are more
likely aggregated at IMC surface or phase intesdd&]. Hence, the added Ni-GNSs
could possibly be found at shear-fracture areasthis study, the shear-fractured
surfaces of solder joints were observed so as tiyvihe existence of the added
Ni-GNSs. A typical SEM image taken from a fractateface (Fig. 12a) demonstrates
that there are some sheet-like substances embedtesisolder matrix.

According to the EDS spectrum (Fig. 12b), carbod mickel atoms were present
in the chosen position, with weight ratios of 8.74%d 1.18%, respectively. To
identify these sheet-like substances, Raman secipy was employed to further
analyse the area of aggregation of these sheasplttained Raman spectrum is
shown in Fig. 13. In this spectrum three peaksnatable: 1363 cffh 1586 crit and
2720 cnt', characteristic to GNS [44]. Thus, the Raman spettogether with the
results of the SEM and EDS analyses confirmed ttesegmce of the Ni-GNSs
reinforcements in the matrices of the compositeexsl In addition, the element
contents of C and Ni shown in Fig. 12b are hightypsistent with the EDS result
provided in Fig. 4b. This finding could strongly roaborates the view that the
deposited Ni nanoparticles were transformed intip QuxSrs and finally stay at the

surface, or in the vicinity, of GNS sheets.
4. Conclusions

GNS nanosheets decorated with Ni nanoparticlesGN&) were prepared with
the chemical reduction method, which were subsdatjuadded as reinforcement to
SAC305 through a powder metallurgy route to forrmposite solders. On the basis
of characterization of Ni-GNSs and analyses ofrtierostructures as well as physical
and mechanical properties of the synthesized conepssiders, the primary results of
this study can be summarized as follows:

1) Ni nanoparticles with diameter of approximately 1@ were successfully

deposited on the surface of graphene nanosheetgssto obtain the

composite reinforcement— Ni-GNSs.
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2) With addition of Ni-GNSs in the solder matrix, mbgtogy of IMCs at the
solder/Cu interface was changed from short-rod likecauliflower-like;
thickness of this interfacial IMCs was proportiot@the amount of Ni-GNSs
added, which could be explained by diffusion of Mi.addition, uniformly
dispersed blocky (Ni, C¢drs as well as the coarse #&n IMCs were
observed in the solder matrix after addition of®NSs.

3) Only insignificant decline in electrical resistiyibf Ni-GNS doped composite
solders was found related to lower resistivity efaNd GNS. There was also
a negligible change in the melting point in Ni-GK&naforced solders, since
nanosheets were added in relatively small amottidgiever, the change in
contact angle indicated that addition of nanoplsienhanced wettability of
the solder.

4) The improvements in both the microhardness anglikar strength due to the
addition of the Ni-decorated graphene nanosheets wieserved which can
be directly attributed to the uniform dispersiontbé (Ni, CujSrsin the
solder matrix.

5) The added Ni-decorated graphene nanosheets wengl fon the fracture
surfaces after mechanical testing. The resultsimddawith EDS and Raman

spectroscopy confirmed the existence of Ni-GNS&énsolder matrix.
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Table 1 The components of plating solution and experimental condition

Bath composition

Plating condition

NiSO, 7H,0
NoH4H,O
Sodium tartrate
Sodium citrate
(NH4)2SOs
NH3-H,0

25 g/L
30 g/L
10 g/lL
30 g/L
50 g/L
5%

pH

Temperature (T)
Ultrasonic power
Time

GNS powder

10
90°C
90 W
30 min
0.5¢g/L




Table 2 Average thickness of IMCs at interfaces and avegagia size of AgSn

Sample Addition (wt. %) Average thickness of IM@n() Average size of Agn m)
SAC Nil 4.25+0.72 1.22+0.34
1 0.05 4.59+0.65 1.39+0.47
2 0.1 5.24+0.48 1.68+0.53

3 0.2 5.93+0.63 2.35+0.46
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Fig. 1 Schematic of preparation of Ni-decorated nanosheets
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Fig. 2 (a) Intinal GNSs, (b) as-prepared Ni-GNSs, (c) magnified micrographs of Area
A; (d) magnified micrographs of AreaB; (e) EDS pattern of chosen location
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Fig. 3 Microstructures near interfaces of Cu substrate with SAC (a),
SAC/0.05Ni-GNS (b), SAC/0.1Ni-GNS (c) and SAC/0.2Ni-GNS (d) solders
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Fig. 4 (a) Representative image of distribution of (Cu, Ni)sgSns in SAC/0.2Ni-GNS
solder matrix; (b) corresponding EDS spectrum in chosen location
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Fig. 5 Supposed forms of Ni-GNS in solder matrix before (a) and after (b)
soldering
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Fig. 7 Effect of volume fraction of Ni-GNSs on electrical resistivity of SAC solders
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Fig.8 Effect of volume fraction of Ni-GNSs on contact angles of SAC alloys
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Fig. 9 Effect of volume fraction of Ni-GNSs on microhardness of nanocomposite
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Fig.11 SEM of fracture surfaces of SAC solder joints with different fractions of

(d) 0.2

(0 0.3;

0; (b) 0.05;

%): ()

GNS reinforcement (in wt

Ni

11



b Sn Element | Weight % | Atomic %
( ) CK 8.74 27.88
N K 0.24 0.66
0K 18.91 45.27
: S : Spectrum 4 Ni K 1.18 0.77
i A2 & CuK 8.81 5.31
Ni-GNS nanoshéets * AgK 2.21 0.78
. : Sn SnK 59.90 19.33
Total 100
Cu
Ag Ni
Ni Cu
T M T : I_-A' s Al
2 3 4 5 6 7 8 9
| — lum Full scale 1880 cts Cursor. 9.453 (45cts) keV

Fig.12 (a) Typical SEM image of Ni-GNS agglomeration located at bottom of dimple
after shear test, (b) corresponding EDS spectrafor selected areamarked in (a)
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Highlights

1. Ni-coated graphene (Ni-GNS) composite reinforcement was prepared by electroless plating
method.

2. Ni-GNS/SAC305 composite solders were further prepared through powder metallurgic
route.

3. Microstructures, solderability and mechanical properties of this newly made composite
solder were extensively studied.

4. The existence and distribution of the added reinforcement were confirmed.





