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The use of nanoparticles to control grain size and mechanical properties of
solder alloys at high homologous temperature is explored. It is found that
silica nanoparticles in the 100 nm range coated with 2 nm to 3 nm of gold can
be dispersed within solders during the normal reflow soldering process, and
that these particles are effective in hardening the solder and restricting
dynamic grain growth during compression testing at low homologous tem-
perature. As the homologous temperature increases towards 0.75, the effects
of the nanoparticles on both mechanical properties and dynamical grain
growth reduce, and by homologous temperatures of 0.86 the effects have
completely disappeared. This behavior is explained by introducing the concept
of an effective volume fraction of pinning nanoparticles, and the practical
implications for using nanoparticles to control solder properties via Zener
pinning at high homologous temperatures are discussed.
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INTRODUCTION

As a response to environmental concerns, the
previous two decades have seen the gradual
replacement of traditional eutectic tin-lead solders
with ‘‘Pb-free’’ solders. During this transition, there
is also the opportunity to use advances in nano-
particle technology to make a major improvement in
joint reliability for harsh environments such as
high-temperature and high-impact-loading situa-
tions.1 Potential replacements for tin-lead include
Sn-Ag-Cu, Sn-Ag, Sn-Cu, Sn-Zn, Sn-Bi-Ag, and
Sn-In-Ag.2 While these alloys have proven suitable
for application temperatures up to 125�C, many
electronics applications in the aerospace, automo-
tive, and oil and gas drilling sectors require applica-
tion temperatures in excess of 150�C. Deformation in
these high-temperature environments due to creep is
the main problem with these alloys.3 Sn-3.8Ag-0.7Cu

(SAC) is generally the most recommended lead-free
soldering alloy for reflow soldering because of its low
melting point, mechanical strength, adequate wet-
ting properties, and good availability,2,4,5 and hence
this paper concentrates on nanoparticle additions to
the basic SAC alloy.

Metals and alloys can be strengthened by the
presence of fine second-phase particles, e.g., foreign
dispersoid particles. The particles also increase
fatigue resistance and creep strength by retarding
grain boundary sliding.1 The dispersed particles can
serve as obstacles to grain growth and coarsening of
the solder microstructure by exerting a pinning
force on migrating grain boundaries. While tradi-
tionally the dispersed particles are in the micron
size range, theoretically the maximum benefit is
obtained with the smallest particles. These should
also be uniformly sized and homogeneously dis-
tributed within the solder in order to impede grain
boundary sliding and dislocation movement.6–8

The mechanism of grain growth limitation by sec-
ond-phase particles is termed Zener pinning, and
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the original treatment predicts the relationship
between limiting grain size, R, particle size, r, and
the particle volume fraction, f,9 as

R ¼ a
r

f n
; (1)

where a and n are constants; in the original treat-
ment9 a = 4/3 and n = 1. Further theoretical devel-
opments have indicated a range of values for these
parameters,10 depending on volume fraction (e.g.,
n = 1/3 reported above f = 0.0111), particle size, and
anisotropy. Equation 1 indicates that, the smaller
the pinning particles, the smaller the equilibrium
grain size. Therefore, the use of inert particles in
the 100 nm range seems attractive, as these can be
chosen to remain stable at the application temper-
ature, are large compared with the grain boundary
thickness, while providing the greatest size reduc-
tion potential. It has been reported that the
strengthening action of reinforcement particles is
more obvious at lower test temperatures,12 while
Eq. 1 has no explicit temperature dependence. This
paper therefore explores in detail the temperature
dependence of the strengthening effect and how the
Zener pinning theory may be modified to account for
the temperature dependence. The nanoparticles
chosen for this study are initially composed of a
silica core and thin Au metallic shell to ensure sol-
der wettability.13,14 Silica was chosen as it is ther-
modynamically and chemically stable under the
experimental conditions.

EXPERIMENTAL PROCEDURES

Details of the production process for silica-Au
nanoshell formation are given elsewhere,13,14 and in
this paper we give just an overview. A method of
producing silica nanoparticles reported by Stober
et al.15 and then modified by Pham et al.16 was used
to produce the silica cores. Analysis by transmission
electron microscopy (TEM) indicated that the silica
nanoparticles were spherical in shape with average
diameter of approximately 100 nm. Poly(diallyl
dimethyl ammonium chloride) (PDADMAC) was
added to the suspended nanoparticles to provide
a monolayer, positively charged coating which
attracts the negatively charged gold particles which
are added at the next step.

Au nanoparticles approximately 2 nm to 3 nm in
diameter were prepared separately using the
method described by Duff et al.17 These were then
mixed with the silica particles, whence the electro-
static attraction between particles resulted in some
of the Au nanoparticles being deposited onto the
silica to act as nucleation sites before the final step
where formaldehyde was used as a reducing agent
to grow the final Au coating from a solution of
HAuCl4. The process is summarized in Fig. 1.

To prepare solder paste without nanoparticles,
88.5% solder powder (SAC387; average particle
diameter 30 lm) and 11.5% flux (LF318) were
mixed mechanically for 10 min to produce a homo-
geneous solder paste. A small amount of solder
paste was placed on a glass microscope slide, which

Fig. 1. Summary of silica-core Au-shell nanoshell production process. All scale bars are 50 nm.
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was then placed inside a benchtop oven (MRO 160).
The paste was preheated for 150 s at 140�C and
soldered (‘‘reflowed’’) for 60 s at 260�C. This pro-
duces a small solder lump of approximately 0.2 g.
The solder lumps were dropped to the bottom of a
test tube with 4.8 mm diameter and 50 mm length.
Some flux was placed at the bottom of the test tube
to aid reflow. The test tube was placed in a brick,
and the brick was placed inside a furnace (Lenton
Thermal Design), heated for 30 min at 300�C, then
cooled down to room temperature. Once the solder
cooled down, the test tube was broken to produce
solder rods. These dimensions conform to the
‘‘short’’ length-to-diameter ratio of 1.5 per the ASTM
E9-89A specification in order to minimize the like-
lihood of buckling under the compressive load and
ensure homogeneous deformation.

To prepare solder paste with nanoparticles, the
nanoparticles were suspended in a solvent compat-
ible with the flux and mixed with the flux, after
which the steps to form the solder rods were iden-
tical to those for the solder paste without nanopar-
ticles. Figure 2 shows an image of solder powders
mixed directly with the nanoparticles (without flux),
while Fig. 3 shows an image of silica nanoparticles
embedded in the solder after the reflow process.

While the nominal volume composition of nano-
particles in the final solder is f = 0.02, the actual
composition is significantly lower as some nano-
particles never come into contact with the solder
particles and are expelled with the flux during
reflow. By calculating the nanoparticle area fraction
of images such as Fig. 3, the true value of f was
estimated to be 0.001 (i.e., 0.1 vol.%).

Mechanical compression tests were carried out at
temperatures of 25�C, 50�C, 100�C, and 150�C at
strain rate of 0.001/s. The specimens were com-
pressed by using an Instron-4208 universal testing

machine, equipped with electrical resistance fur-
nace, which could maintain temperature variation
of ±2�C. Each specimen was kept for 10 min at the
desired temperature to be homogenized. Mica sheet
lubricant was used to minimize the interference of
friction in results. Stress–strain data were recorded.

After testing, the compressed cylinder-shaped
samples were sectioned vertically. One of the halves
was polished by mechanical polishing (graded sili-
con carbide cloths followed by 2-lm and 0.25-lm
suspended diamond solutions) to prepare a
smooth surface for microstructure examination. An
argon ion beam cross-section polisher (CSP, JEOL
SM-09010) was used to etch the surface for ideal
contrast between the grains. Each sample was
bombarded at normal incidence by an Ar ion beam
for 3 min to 10 min at accelerating voltage of 5 kV.
Details of this use of etching by CSP have been
given elsewhere.18 ZEISS Axio Lab. A1 optical
microscopy and FEI Quanta FEG SEM equipped
with energy-dispersive x-ray spectroscopy (EDX)
were used for examination of the microstructure, to
identify and distinguish the silica nanoparticles
from the solder matrix.

RESULTS AND DISCUSSION

Figure 4 shows the results of the hot compression
tests at 25�C, 50�C, 100�C, and 150�C. There is a
clear difference between the SAC and the nano-
enhanced SAC solder at 25�C (homologous temper-
ature 0.6). However, the SAC and nano-enhanced
SAC at 150�C show minimal differences in
mechanical behavior. Thus, as the homologous
temperature approaches 0.86, the efficiency of the
nanoparticles in restricting dislocation movement
and grain boundary sliding decreases.

The results of the mechanical tests were backed
up by measurements of grain size. Figure 5 shows

Fig. 2. Nanoparticles deposited on solder particle; the inset shows
the solder particle with nanoparticles deposited on it.

Fig. 3. Cross-section showing silica nanoparticles embedded within
solder after solder reflow.
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the microstructure of SAC and nano-enhanced SAC
samples compressed at 25�C and 150�C. It can be
seen that nanoparticles inhibit dynamic grain
growth at 25�C, effectively. However, at 150�C, the
difference between the SAC and nano-enhanced
SAC microstructures is negligible. Figure 6 shows
the grain diameters after the compression tests at
different temperatures. A clear trend is observed
whereby, as the temperature increases, the differ-
ences between the SAC and nano-enhanced SAC
grain sizes decrease and, by 150�C, are equal within
the limits of experimental error. In both materials,
the grain diameter increases up to 100�C due to
dynamic grain growth during compression,19

resulting from failure of the pinning particles
(Cu6Sn5 and Ag3Sn intermetallic particles in the
SAC case, and below 150�C, the silica nanoparticles
in the nanoparticle-enhanced SAC case) to resist
grain boundary movement due to the applied com-
pressive stress.

Figure 7 shows a schematic image of grain
boundary movement during hot compression test-
ing. Bate19 has performed two-dimensional (2D)
numerical simulations of dynamical grain boundary
movement during compression of a Zener-pinned
structure, and notes that the resulting microstruc-
ture is weakly dependent on strain rate while the
grain growth significantly reduces the aspect ratio
increase that would otherwise be expected as the
grains are deformed in the uniaxial flow field. While
providing the mechanism for grain growth, this
model has not been extended to three dimensions
(3D) and does not account for the temperature-
dependent effects seen in the current work.

On general grounds, it is expected that the grain
boundary velocity, vgb, will be given by an expres-
sion of the form20

vgb ¼ l rd � rzð Þ; (2)

where l is the grain boundary mobility, rd is the
driving stress, and rz is the pinning stress, given by9

rz ¼
3f c
4r

; (3)

where c is the grain boundary energy per unit area.
In the nanoparticle-enhanced SAC case, the pinning
stress is larger than in the SAC case, resulting in
slower boundary movement. Figure 8 shows a
comparison between grain sizes in solders that have
undergone compression testing and those that have
not, at room temperature. Movement of grain
boundaries has led to significant grain growth in the
case of the SAC solder, but in the case of the
nanoparticle-reinforced system grain growth is
negligible.

As the temperature increases, l is expected to
increase; however, it appears that the additional
pinning stress due to the nanoparticles also
decreases, resulting in convergence in microstruc-
ture in the two cases. This can be explained if it is
assumed that, due to the small size of the nanopar-
ticles compared with the pinning structures in SAC,
grain boundary movements governed by thermal
fluctuations are sufficient to unpin the boundaries
from the nanoparticles. Thus at any given point in
time, the number of nanoparticles participating in
pinning grain boundaries is reduced to feff:

feff ¼ f 1� exp
�Q

RT

� �� �
; (4)

where Q is an activation energy, R is the molar gas
constant, and T is absolute temperature. The factor
[1 � exp(�Q/RT)] represents the probability that a

Fig. 4. Stress–strain curves in hot compression tests at 25�C, 50�C, 100�C, and 150�C at strain rate of 0.001/s.
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nanoparticle retains connection with its contacting
grain boundary despite thermal fluctuations. This
interpretation is supported by considering Fig. 8a, c,
which shows very little effect of the nanoparticles
on microstructure prior to the compression tests.
Because of the slow cooling rate due to the sample

preparation method, grain boundary movement
takes place at high homologous temperature and the
initial microstructures are identical. Only when
grain boundaries are forced to move due to the
applied stress at low homologous temperatures do
the effects of the nanoparticles become apparent.

Fig. 5. Microstructure of samples after hot compression: (a) SAC compressed at 25�C, (b) nano-enhanced SAC compressed at 25�C, (c) SAC
compressed at 150�C, and (d) nano-enhanced SAC compressed at 150�C.

Fig. 6. Grain diameters of SAC and nano-enhanced SAC compressed at 25�C and 150�C.
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From a practical perspective, this limits the use of
spherical nanoparticles for strengthening materials
at high homologous temperatures. Note, however,
that the same arguments would not apply to carbon
nanotubes or other extended structures where small
thermal fluctuations in the location of the grain
boundary would not necessarily result in unpinning.

To analyze grain boundary fluctuations at the
atomic level, providing the justification for Eq. 4,
the vacancy mechanism of grain boundary move-
ment needs to be considered. In the analysis, it is
assumed that there is low correlation between suc-
cessive atomic jumps, as is appropriate for a face-
centered cubic (fcc) metal,21 resulting in a random
walk. Atoms jump over the energy barrier, Q, with
an attempt frequency, m (approximated by the Debye
frequency for Sn; see Ref. 22 for other estimates),
and with the probability of a successful jump given
by Boltzmann statistics. Hence, the number of
completed jumps, N, in time tc is given by

N ¼ mtc exp
�Q

RT

� �
: (5)

Each jump will result in displacement of the grain
boundary of ±k, where k is the lattice spacing. In a
random walk, the root-mean-square displacement
from the origin is equal to the step size multiplied by
the square root of the number of steps, so that the
average grain boundary displacement, d, over this
time period due to thermal fluctuations is given by kffiffiffiffiffi

N
p

, i.e.,

d ¼ k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mtc exp

�Q

RT

� �s
; (6)

where k is the lattice spacing. We now need to
establish the relevant timescale, tc. For pinning
to be effective, the relevant timescale is the time
required for a grain boundary to sweep over the
particle diameter due to the applied stress. If, dur-
ing this timescale, thermal fluctuations do not cause
the grain boundary to move beyond the particle,
then the particle will exert a pinning stress on the
boundary. If on the other hand, thermal fluctuations
are larger than the particle diameter, the particle
will contribute negligible pinning stress to the
boundary. For intermediate values of d, we assume
a linear relationship between the fraction of parti-
cles that exert a pinning stress and d, such that feff

is equal to f when d = 0 and feff is equal to 0 when d
is equal to the particle diameter, 2r. Thus, Eq. 4 can
now be refined, by taking d/2r as the measure of the
fraction of particles which have become thermally
unpinned, giving

feff ¼ f 1� d=2r½ � ¼ f 1� k
2r

ffiffiffiffiffiffi
mtc

p
exp

�Q

2RT

� �� �
: (7)

To estimate tc, we need to establish the grain
boundary displacement due to the applied stress.
The order of magnitude of grain boundary dis-
placement over the timescale of the compression
tests is given by the increase in grain size relative to

Hot 
Temperature 

Chamber

Compression

Grains

New Grain 
Boundary

Grain Boundary 
Movement

Nanoparticle

Old Grain 
Boundary

Fig. 7. Schematic of nanocomposite solder after reflow and during hot compression test, assuming effective pinning.
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the grain size in the original microstructure. From
Fig. 8c, d we see that, with nanoparticles present at
room temperature, the compression test does not
lead to an increase in grain size. Therefore, from
Fig. 6, the original grain size can be taken as 4 lm.
After the compression tests, and with no nanopar-
ticles present, Fig. 6 indicates that the average final
grain size is 12 lm (averaged over all tempera-
tures). Thus, it is estimated that the grain bound-
aries have moved a distance of approximately 8 lm
over the lifetime of the compression tests (500 s).
Hence the grain boundary velocity relative to the
particles can be estimated as V = 8 9 10�6/
500 = 1.6 9 10�8 m/s, giving

tc ¼
2r

V
� 6 s: (8)

Using 298.15 K for T, 8.31 J/mol K for R, 72 kJ/mol
for Q (based on reported values of creep activation
energy in solders23), 5.4 9 1012 Hz for m, 50 nm for
r, and 5.82 9 10�10 m for k,24 d is estimated as

2 nm, and so even at room temperature some
unpinning of grain boundaries is expected. At
100�C, d increases to 30 nm, which is still smaller
than the particle size, indicating that the grain
boundaries are not completely unpinned. At 150�C,
d increases to 119 nm, which is much larger than
the particle diameter, indicating complete unpin-
ning of the grain boundaries. These results are
shown in Fig. 9. From Eqs. 7 and 8, it is seen that
the movement of grain boundaries relative to the
particle size, d/r, will scale as 1=

ffiffiffi
r
p

. Furthermore,
substituting Eqs. 7 and 8 into Eq. 3 and maximizing
the pinning stress as a function of r, we obtain

ropt ¼
9

8

mk2

V
exp

�Q

RT

� �
; (9)

where ropt is the particle radius which maximizes
the pinning stress. At temperature of 150�C, the
optimum particle radius is seen to be 137 nm,
compared with the 50 nm particle radius used in the
current experiments.

Fig. 8. SAC solder before (a) and after (b) compression test; nano-enhanced SAC before (c) and after (d) compression test.

Disabling of Nanoparticle Effects at Increased Temperature in Nanocomposite Solders 1913



CONCLUSIONS

The results show that gold coating allowed
nanoparticles to be captured within the solder dur-
ing the solder reflow process. The nanoparticles had
a negligible effect on the microstructures formed at
high homologous temperatures, such as during slow
cooling. However, these nanoparticles had a signif-
icant effect in restricting grain boundary movement
and dynamic grain growth during compression at
low homologous temperatures, hence providing a
hardening effect on the solders. At higher homolo-
gous temperatures, the pinning effects of the
nanoparticles decrease rapidly due to thermal fluc-
tuations in the position of the grain boundary which
result in a decrease in the effective numbers of
particles pinning the grain boundaries. Analysis of
thermally activated grain boundary movement
indicated that the fluctuations of the grain bound-
ary at temperatures below 100�C are less than the
particle diameter, resulting in effective pinning.
However, at 150�C, the displacement of grain
boundaries becomes larger than the particle diam-
eter, resulting in unpinning of the grain boundaries.
Larger particles should result in reduced thermal
unpinning, and the optimum particle diameter for
150�C is predicted to be 274 nm.
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