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In the present study, Sn-0.7Cu and Sn-3.5Ag lead-free solders used in the electronics packaging industry
were reinforced with different volume percentages of nano-size alumina and tin oxide particulates,
respectively, to synthesize two new sets of nanocomposites. These composites were developed using
microwave-assisted powder metallurgy route followed by extrusion. The effects of addition of particulates
on the physical, microstructural, and mechanical properties of the nanocomposites were investigated.
Mechanical properties (microhardness, 0.2% YS, and UTS) for both composite systems increase with the
presence of particulates. The best tensile strength was realized for composite solders reinforced with
1.5 vol.% alumina and 0.7 vol.% tin oxide particulates, which far exceeds the strength of eutectic Sn-Pb
solder. The morphology of pores was observed to be one of the most dominating factors affecting the
strength of materials.
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1. Introduction

For decades, tin-lead (Sn-Pb) solders have been widely
utilized in the electronics industry to attach components to
printed circuit boards due to their unique properties of low
melting point, wetting characteristics, and mechanical proper-
ties (Ref 1, 2). However, progressive technological demands in
the area of device packaging, environmental concerns, and
strict legislations on banning Pb-based solders have created a
drive to move beyond such conventional Pb-bearing solders.
Lead-free solder is an alternative to address the environmental
concerns (Ref 1, 2). Nevertheless, with the miniaturization of
integrated circuits, better performance from interconnection
joints is essential. A viable way to enhance the performance of a
solder is to intentionally incorporate a second phase (such as
nano-size reinforcement particulates) into a solder alloy, thus
forming a composite solder. The composite approach is
proposed as a potential mechanism to improve the service
performance of the solder joints. Sn-Cu and Sn-Ag solders are
commonly used lead-free solders (Ref 1-3) in place of Sn-Pb
solders and are thus selected for investigation in this study.

The processing technique of composite materials also plays
a crucial role in the end properties of the materials. The

processing routes to fabricate composite solder materials can be
broadly classified into the liquid metallurgy and powder
metallurgy (PM) routes. The latter is widely used to produce
high performance metallic materials for various applications as
it offers advantages such as (i) a more refined microstructure,
(ii) near-net shape, and (iii) greater utilization of materials. In
the PM method, sintering plays a crucial part in realizing the
end properties of the materials whereby densification and the
formation of bonds (to minimize the level of porosity) take
place (Ref 4). Sintering can be performed by the conventional
method of heating (such as resistance heating) (Ref 4, 5) or by
the more recently introduced sintering approach using micro-
waves (Ref 6, 7). The direction of resistance heating is from the
outside to the inside of the compacted powder preform, and this
often results in poor microstructural characteristics of the core
of the preform (Ref 5). To circumvent the issues faced by
conventional sintering using a resistance heating furnace, a
two-directional rapid microwave sintering approach was devel-
oped (Ref 8). This microwave sintering approach results in
more uniform heating and is also cost-effective and energy
efficient.

Recently, solid-state bonding techniques (such as thermal
compression and thermosonic and ultrasonic bonding) for
solder materials have been introduced (Ref 9-11). Since these
techniques do not involve the melting of solder materials
(unlike conventional reflow process), the concern of segrega-
tion of reinforcement particulates, which could restrict the
industrial use of composite solders, will no longer be an issue.
The properties of the solder materials fabricated by the PM
method can thus be retained when using these solid-state
bonding techniques.

The result of a literature search at the start of our research
work revealed that no research attempt was made to process
solder-related materials using the powder metallurgy technique,
particularly adopting energy efficient two-directional micro-
wave sintering process. Accordingly, in this study pure tin
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materials were first synthesized using the PM technique using
different sintering methodologies (i.e., with two-directional
microwave sintering and conventional sintering). The effects of
sintering method were investigated. Sn-0.7Cu- and Sn-3.5Ag-
based nanocomposites containing nano-size alumina and tin
oxide particulates, respectively, were subsequently synthesized
using the PM technique. The nanocomposites obtained were
characterized for their physical, microstructural, and mechan-
ical properties. Particular emphasis was placed to correlate the
effect of increasing volume percent of reinforcement particu-
lates with the physical, microstructural, and mechanical prop-
erties of the nanocomposites obtained.

2. Experimental Procedures

2.1 Materials

In this study, three different materials were used as matrix
material. They are (i) pure tin powder with �325 mesh size
(less than 44 lm) of 99.9% purity (supplied by NOAH
Technologies Corporation, Texas, USA), (ii) Sn-0.7Cu solder
powder with size range of 20 to 38 lm (supplied by Qualitek�,
USA), and (iii) Sn-3.5Ag powder with a size range of 25 to
45 lm (supplied by Qualitek�, USA). Two reinforcements
were used, namely, (i) SnO2 nanopowder with a size range of
60 to 80 nm (supplied by NanoAmor, USA) and (ii) Al2O3

nanopowder with average size of 50 nm (supplied by
Advanced Pinnacle Technologies, Singapore).

2.2 Processing of Monolithic Materials
and Nanocomposites

2.2.1 Pure Sn Materials. Preweighed pure Sn powder
was uniaxially compacted using a pressure of 510 MPa to
billets (40 mm height with 35 mm diameter). Compacted
billets were then sintered using rapid microwave-assisted
sintering technique to reach the temperature of 226 �C under
ambient condition in a 900 W, 2.45 GHz SHARP microwave
oven. SiC is used as the microwave susceptor material. SiC
powder (contained within a microwave-transparent ceramic
crucible) absorbs microwave energy readily at room tempera-
ture and is heated quickly, providing the radiant heat to heat the
billet externally while the compacted billet absorbs microwaves
and is heated from within. The set time only included heating
time, and there was no holding time to minimize or eliminate
bulk and/or localized melting of samples. This hybrid heating
method results in a more uniform temperature gradient within
the billet and circumvents the disadvantages of heating using
either conventional heating or microwaves alone. In order to
compare the results with that of radiant heat sintering, Sn billets
processed in an identical way were conventionally sintered at
156 �C (0.85Tm) for 2 h in a tube furnace under Argon
atmosphere. The sintered billets were hot extruded at 230 �C
into 7 mm diameter rods. The billets were first soaked at
230 �C for 5 min in a constant temperature furnace before
extrusion (Ref 12, 13).

2.2.2 Monolithic Sn-3.5Ag and Sn-3.5Ag/SnO2 Nano-
composites. Sn-3.5Ag powder and SnO2 nanopowder were
weighed and mixed homogeneously in a RETSCH PM-400
mechanical alloying machine using a speed of 200 rpm for 1 h.
No balls or process control agent was used during blending step.
The blended mixtures were compacted and then sintered using

microwave-assisted sintering technique to reach the temperature
of 221 �C. The sintered billets were subsequently hot extruded
at 221 �C to produce an extruded rod with a final diameter of
7 mm. The billets were also soaked at 221 �C for 5 min in a
constant temperature furnace before extrusion. Monolithic
Sn-3.5Ag billet was fabricated directly by compaction and
sintering, thereby omitting the mixing process (Ref 14).

2.2.3 Monolithic Sn-0.7Cu and Sn-0.7Cu/Al2O3 Nano-
composites. Sn-0.7Cu powder and Al2O3 nanopowder were
weighed and mixed in a V-blender. The blended mixtures were
compacted and then sintered using microwave-assisted sintering
technique to reach the temperature of 210 �C. The sintered
compacts were subsequently extruded at room temperature into
7 mm diameter rods. Monolithic Sn-0.7Cu samples were pro-
cessed using the same parameters (omitting the mixing process)
as the nanocomposites for comparison purposes (Ref 15, 16).

2.3 Characterization Studies

Density of polished extruded solder materials was deter-
mined using Archimedes� principle (Ref 17). Distilled water
was used as immersion fluid.

Microstructural analysis of the metallographically polished
samples of the solder materials was carried out using JEOL
JSM 5800 LV Scanning Electron Microscope (SEM) equipped
with Energy Dispersive Spectroscopy (EDS) and HITACHI
Field Emission Scanning Electron Microscopy (FE-SEM).
Image analysis using the Scion system was carried out to
quantify the microstructural features.

Microhardness measurements were performed on the
polished monolithic and nanocomposite samples using a
Matsuzawa MXT 50 automatic digital microhardness tester.
Microhardness tests were performed using a Vickers indenter in
accordance with the ASTM standard E384-99.

The tensile properties of the extruded samples were
determined in accordance with ASTM test method E8M-01.
The tensile tests were conducted on round tension test sam-
ples of diameter 5 mm and gauge length 25 mm, using an
automated servohydraulic testing machine (MTS 810) with a
crosshead speed set at 0.254 mm/min. Tests were performed at
ambient temperature. The 0.2% yield strength (0.2% YS),
ultimate tensile strength (UTS), and failure strain (FS) values of
the materials were determined by plotting the respective stress-
strain curves.

3. Results

3.1 Density Measurement

The results of density measurement of the respective
extruded solder samples are shown in Table 1. The results
revealed that microwave-sintered pure Sn samples had higher
density than those conventionally sintered. The density of
Sn-0.7Cu nanocomposites decreased with increasing presence
of Al2O3 particulates. In the case of Sn-3.5Ag-based samples,
the density values are statistically the same, except with the
addition of 1.0 vol.% of SnO2 particulates.

3.2 Microstructure Characterization

Microstructural studies were conducted on the extruded
samples to investigate: (i) the distribution of nano-size
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reinforcements, (ii) the presence and distribution of interme-
tallic compounds (IMCs), (iii) the presence and morphology of
pores, and (iv) the interface characteristics between solder and
reinforcement. Microwave-sintered pure Sn samples showed
lower porosity level and pores aspect ratio, as compared with
those conventionally sintered (see Table 2). In the case of
Sn-0.7Cu-based nanocomposites, porosity level and pores
aspect ratio were observed to increase with increasing amount
of Al2O3 particulates. However, in the case of Sn-3.5Ag-based
nanocomposites, porosity level was observed to be statistically

unchanged with increasing amount of SnO2 particulates.
Furthermore, when the amount of SnO2 was increased from
0.7 to 1 vol.%, a significant increase in pores aspect ratio was
observed (see Table 2). Representative micrographs showing
the pores morphology of monolithic Sn-3.5Ag and Sn-3.5Ag/
SnO2 nancomposites are shown in Fig. 1.

For Sn-0.7Cu/Al2O3 and Sn-3.5Ag/SnO2 nanocomposites,
the investigation conducted using FE-SEM revealed the

Table 1 Results of density and porosity

Materials
Amount of

reinforcement, vol.% Density, g/cm3

Sn-MW … 7.252± 0.031
Sn-CS … 7.230± 0.007
Sn-0.7Cu … 7.269± 0.014
Sn-0.7Cu/0.5%Al2O3 0.5 7.234± 0.023
Sn-0.7Cu/1.5%Al2O3 1.5 7.126± 0.066
Sn-3.5Ag … 7.316± 0.006
Sn-3.5Ag/0.7%SnO2 0.7 7.312± 0.009
Sn-3.5Ag/1.0%SnO2 1.0 7.286± 0.009

MW: microwave-assisted sintering; CS: conventional sintering

Table 2 Results of porosity level and pores aspect ratio

Materials Porosity, %
Pores aspect
ratio (a)

Sn-MW 0.6± 0.4 (b) 1.5± 0.5
Sn-CS 0.9± 0.1 (b) 3.4± 1.3
Sn-0.7Cu 0.51 (b) 1.3
Sn-0.7Cu/0.5%Al2O3 0.77 (b) 1.6
Sn-0.7Cu/1.5%Al2O3 1.80 (b) 1.9
Sn-3.5Ag 0.6± 0.05 (c) 1.3± 0.24
Sn-3.5Ag/0.7%SnO2 0.6± 0.20 (c) 1.6± 0.32
Sn-3.5Ag/1.0%SnO2 0.9± 0.12 (c) 2.7± 0.34

(a) At least 50 pores were quantified in each case
(b) Porosity level was calculated by comparing the experimental and
theoretical densities
(c) Scion Image software was used to determine the porosity level

Fig. 1 Representative FE-SEM micrographs showing pores morphology of: (a) Sn-3.5Ag, (b) Sn-3.5Ag/0.7% SnO2, and (c) Sn-3.5Ag/
1.0%SnO2
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presence and a fairly uniform distribution of reinforcement
particulates (see Fig. 2). Good interfacial integrity was also
observed between the solder matrix and reinforcement (see
Fig. 2). There was no void between the reinforcement and
solder matrix. For monolithic Sn-0.7Cu and Sn-0.7Cu/Al2O3

composites, intermetallic compounds were also uniformly
distributed in the solder matrix. The EDS analysis (see
Fig. 3) revealed the presence of Sn and Cu phases and the
intermetallic compound was identified to be the Cu6Sn5 phase.
Similarly, for monolithic Sn-3.5Ag and Sn-3.5Ag/SnO2

composites, intermetallic compounds were uniformly distrib-
uted in the solder matrix. The EDS analysis (see Fig. 3)
revealed the presence of Sn and Ag phases and the intermetallic
compound was identified to be the Ag3Sn phase.

3.3 Mechanical Behavior

The mechanical behavior of the extruded samples was
assessed in terms of their microhardness and tensile properties
(see Table 3).

For Sn-0.7Cu/Al2O3 and Sn-3.5Ag/SnO2 samples, micro-
hardness values increased marginally with increasing amount of
respective reinforcement particulates.

Tensile tests at ambient temperature revealed better combi-
nation of tensile properties (30% higher YS, 26% higher UTS,
and 12% higher FS) for microwave-sintered pure Sn samples
than those conventionally sintered. For Sn-0.7Cu/Al2O3 com-
posites, a significant improvement in 0.2% YS (up to �135%)
and UTS (up to �135%) was observed with increasing vol.% of
nano-size Al2O3 particulates. However, FS showed a decreas-
ing trend with increasing amount of reinforcement.

For Sn-3.5Ag/SnO2 composites, tensile results revealed
that strength improvement of Sn-3.5Ag matrix can be realized
when the amount of SnO2 increased to 0.7 vol.%. Sn-3.5Ag/
0.7%SnO2 samples showed 18 and 31% higher 0.2% YS and
UTS, respectively, over monolithic samples. The increase is
more significant (�98% higher YS and �118% higher UTS)
when compared with the Sn-3.5Ag value provided by Quali-
tek� (see Table 3). It was also noted that though FS decreased
with increasing amount of SnO2 particulates, the FS values of
the nanocomposites were still better, if not comparable with the
FS value provided by Qualitek�.

4. Discussion

4.1 Pure Sn Materials

Significant energy savings can be achieved using micro-
wave heating as microwave energy is transferred directly to
the solder material, in contrast to conventional heating
whereby energy is expended in heating the resistive coils,
surrounding atmosphere, and the inner walls of the tube
furnace. The two-directional microwave sintering approach
used in this study results in a significant energy savings of
more than 90% when compared with the conventional
sintering approach (Ref 18). This will definitely be econom-
ically viable for industries and environmentally friendly in
terms of lower CO2 emission.

Better densification obtained in microwave-sintered pure Sn
samples can be attributed to the higher sintering temperature
which resulted in faster migration of atoms in accordance with
the fundamental principles of diffusion (Ref 4, 5, 19). This is
despite the fact that no holding time was given during the
microwave sintering in this study. Moreover, higher aspect ratio
of the pores in the case of conventionally sintered samples
suggested that intermediate stage of sintering was achieved
even when the holding duration was 2 h. In the case of
microwave sintered samples, the absence of lenticular pores
indicated that a rapid sintering duration (�7 min) in micro-
waves can bring the sintering into its final stage (Ref 4).

In this study, it was observed that the morphology of pores
played a dominating role in influencing the tensile properties of
the materials. The lower strength values in conventionally
sintered samples could be due to the pore morphology, where the
sharp edge pores present act as stress concentration sites, leading
to premature failure. This observation is consistent with the
findings of other investigators working on Al- and Mg-based
materials (Ref 7, 8) who similarly reported that pore morphology
was more instrumental in enhancing tensile strength. More
detailed explanation of this study is presented in Ref 12 and 13.

4.2 Sn-3.5Ag/SnO2 and Sn-0.7Cu/Al2O3 Nanocomposites

Microstructural studies revealed fairly uniform distribu-
tion of SnO2 and Al2O3 reinforcement particulates in their

Fig. 2 Representative FE-SEM micrographs showing the presence of nano-size: (a) Al2O3 particulates in Sn-0.7Cu/Al2O3 composite solder and
(b) SnO2 particulates in Sn-3.5Ag/SnO2 composite solder
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respective solder matrices. Theoretically, when secondary
process with a large enough deformation is introduced,
homogenous distribution of reinforcement can be achieved
regardless of the size difference between matrix powder and
reinforcement particulates (Ref 20). Hence, the reasonably
uniform distribution of reinforcement particulates observed in
this study confirms the efficiency of blending and extrusion
parameters used. It may be noted that one of the essential factor
for the extent of strengthening that can be realized in composite
materials is the uniform distribution of reinforcement particu-
lates in the matrix (Ref 21-24).

The increase in average microhardness due to the presence
of nano-size reinforcement particulates can be attributed
primarily to: (i) the presence of harder reinforcement particu-
lates and (ii) higher constraint to the localized matrix defor-
mation during indentation as a result of the presence of
reinforcement particulates. The presence of stronger and stiffer
particulates assist in obstructing localized plastic deformation
of the solder matrix during microhardness indentation. Fur-
thermore, the large difference in CTE between solder alloy
matrix and reinforcement particulates leads to higher disloca-
tion density in the matrix and this resulted in the hardening of

Fig. 3 Representative FE-SEM micrographs showing the presence of intermetallic compounds in the solder matrix and EDS analysis showing
the presence of phases in: (a) monolithic Sn-3.5Ag and Sn-3.5Ag/SnO2 composite solder and (b) monolithic Sn-0.7Cu and Sn-0.7Cu/Al2O3

composite solder

Journal of Materials Engineering and Performance Volume 19(3) April 2010—339



the matrix. The results obtained in this study are consistent with
the observations made in earlier studies (Ref 25).

The improvement in nanocomposite strength over their
monolithic counterparts can be attributed to: (i) Orowan
strengthening mechanism due to the presence of nano-size
reinforcement particulates in the solder matrix (Ref 26-29),
(ii) increase in dislocation density due to coefficient of ther-
mal expansion (CTE) mismatch between solder alloy matrices
and their respective reinforcement particulates (Ref 30, 31),
(iii) elastic modulus mismatch between matrix and reinforce-
ment (Ref 32), (iv) effective load transfer due to the presence of
reinforcements and good interfacial bonding between the
matrix and reinforcement (Ref 33), and (v) the presence of
more near-equiaxed pores in the material.

However, it was noted that there is a decline in material
strength (Sn-3.5Ag/1.0%SnO2) when the amount of SnO2

increased from 0.7 to 1.0 vol.%. This can be due to the higher
porosity level (�0.9%) as well as higher pores aspect ratio
(�2.7) (see Table 2). The higher pores aspect ratio in
Sn-3.5Ag/1.0%SnO2 signified the presence of sharp edge pores
in the microstructure (see Fig. 1c) which justified the lower
tensile properties in this material. Porosity serves as a crack
initiation site and its adverse effects on the material strength has
been established convincingly for both monolithic and compo-
site materials (Ref 34, 35). It has also been reported by others that
a threshold exists whereby incorporation of too much reinforce-
ment could lead to detrimental effect on the material properties
(Ref 35, 36). In comparison with the widely used Sn-37Pb solder
(see Table 3), the nanocomposites synthesized in this study
exhibited an overall improvement in 0.2% YS and UTS.

The failure strain of all nanocomposite samples exhibited a
decreasing trend with increasing amount of reinforcement
particulates (see Table 3). This can be attributed to: (i) the
corresponding increasing porosity level (see Table 2) and (ii) the
presence of harder reinforcing phase, which serves as crack
nucleation sites, leading to a decrease in FS under tensile loading
conditions (Ref 24, 37, 38). More discussion on Sn-3.5Ag/SnO2

and Sn-0.7Cu/Al2O3 nanocomposites is detailed in Ref 14-16.

5. Conclusions

(1) Powder metallurgy route coupled with sintering and
extrusion was used to successfully synthesize monolithic

(Sn, Sn-3.5Ag, and Sn-0.7Cu) and nanocomposite
(Sn-3.5Ag/SnO2 and Sn-0.7Cu/Al2O3) solder materials.

(2) Microwave-sintered pure Sn samples exhibited superior
microstructural features (in terms of lower porosity level
and near-equiaxed pores aspect ratio) and better mechan-
ical properties (in terms of higher 0.2% YS, UTS, and
FS) when compared to conventionally sintered samples.

(3) Microstructural characterization of the nanocomposite
samples (Sn-3.5Ag/SnO2 and Sn-0.7Cu/Al2O3) revealed
that intermetallic compounds and nano-size reinforce-
ment particulates were uniformly dispersed throughout
the respective matrices.

(4) The best overall combination of mechanical properties
was achieved in Sn-3.5Ag reinforced with 0.7 vol.%
SnO2 particulates and Sn-0.7Cu reinforced with 1.5 vol.%
Al2O3 particulates.

(5) The morphology of pores was observed to be one of the
most dominating factors affecting the strength of the
materials.
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