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The present paper describes the preparation, characterization, and stability of Pb-Sn multiphase
alloy nanoparticles embedded in Al matrix via mechanical alloying (MA). MA is a solid-state
processing route, which can produce nanocrystalline phases by severely deforming the materials
at high strain rate. Therefore, in order to understand the effect of the increasing interface as well
as defects on the phase transformation behavior of Pb-Sn nanoparticles, Pb-Sn multiphase
nanoparticles have been embedded in Al by MA. The nanoparticles have extensively been
characterized using X-ray diffraction and transmission electron microscope. The characteriza-
tion reveals the formation of biphasic as well as single-phase solid solution nanoparticles
embedded in the matrix. The detailed microstructural and differential scanning calorimetry
studies indicate that the formation of biphasic nanoparticles is due to size effect, mechanical
attrition, and ballistic diffusion of Pb and Sn nanoparticles embedded in Al grains. Thermal
characterization data reveal that the heating event consists of the melting peaks due to the
multiphase nanoparticles and the peak positions shift to lower temperature with the increase in
milling time. The role of interface structure is believed to play a prominent role in determining
the phase stability of the nanoparticle. The results are discussed in the light of the existing
literature.
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I. INTRODUCTION

THE phase transformation behavior of the embedded
alloy nanoparticles has widely been investigated in the
last two decades.[1–3] Proper understanding of the size
effect on the stability in terms of melting and solidifica-
tion behavior of these alloy nanoparticles is further
required to explore the potential applications of these
materials. Embedded alloy nanoparticles are considered
as a potential material for low-melting temperature
solders in printed circuit board (PCB), flip-chip packag-
ing technology, and self-lubricating bearings.[4] Addi-
tionally, they are considered as a model system to study
the phase transformation and alloying at nanoscale.
Thus, scientific understanding of the melting and solid-
ification phenomena needs to be understood to decipher
the mechanisms of the melting and solidification. Using
the advantages of miscibility gap in the ternary phase
diagram (Al-Pb-Sn, Al-Pb-In, Al-Bi-Sn, Al-Cd-Pb, Al-
In-Sn, Al-Bi-Sn, etc.), various types of multiphase nano-
alloy inclusions were prepared by rapid solidification
processing (RSP) as well as ion implantation routes.[5–13]

These studies conclusively reveal the role of the interface
between the phases of the nanoparticles and the matrix,

in governing the thermal stability and the phase trans-
formation of the nanoinclusions.[7] Earlier studies also
indicate that nanoinclusions prepared by RSP, especially
melt spinning, exhibit regular shapes and proper orien-
tation relationship (OR) with the matrix. Thus, the phase
transformation behavior can directly be correlated with
the interface structure. The interface structure can either
be altered by changing the matrix or by processing route.
As the matrix is found to play a vital role in governing
the thermal stability of the nanoinclusions, even change
of matrix can affect the phase transformation behavior of
the nano-alloy inclusions.[14,15] For a given matrix, the
processing route can also alter the interface structure and
thus phase transformation.
Mechanical alloying (MA) is one of the solid-state

processing routes involving severe plastic deformation,
and hence the formation of different interface structures
between the phases in alloy nanoparticles and the matrix
is expected.[14] Therefore, MA can effectively be used to
study the effect of increased interface on the phase
transformation of embedded alloy nanoparticles. It is to
be noted that several attempts have been made earlier to
understand the phase transformation behavior of
nanoinclusions of pure metals like Pb embedded in Al
matrix[16–18] and Bi in Ag matrix,[19] prepared using MA.
The studies have shown that interface structure plays an
important role in deciding the phase transformation of
the nanoinclusions. It has also been reported that the
nanoparticles exhibit depression in melting point as
compared to their bulk values in all the cases. Taking
into account the decades of research, it can be inferred
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that the interfaces have a strong influence on phase
transformation of embedded metal nanoparticles. How-
ever, to the best of the author’s knowledge, such kind of
study on multiphase alloy nanoparticles embedded in a
matrix, prepared using MA, has not been explored yet.
Therefore, the formation, structural, and thermal char-
acterization of nano-alloy inclusion is needed to be
carried out to understand the thermal behavior of the
single- or multiphase alloy nanoparticles embedded in a
matrix, prepared via MA.

In the present investigation, an attempt has been made
to prepare Pb-Sn multiphase alloy nanoparticles in Al
matrix by MA of the elemental powders. Al, Pb, and Sn
metals have been chosen due to the fact that Al, Pb and
Al, Sn have positive heat of mixing, and under equilib-
rium conditions, there is no solid solubility between Al
and Pb and very low (0.026 at.pct) solubility of Sn inAl at
room temperature. The obtained nanoparticle powders
after MA are characterized by X-ray diffraction (XRD),
scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM), and differential scanning
calorimetry (DSC). The results obtained are explained
using thermodynamics and kinetics of the non-equilib-
rium process. The formation, morphology, crystallogra-
phy, and thermal stability are discussed in detail.

II. EXPERIMENTAL DETAILS

A. Sample Preparation

Commercially available pure powders (purity of 99.99
pct) of Pb, Sn, and Al with mean particle size of 45, 45,
and 35 lm, respectively, have been used for the prepa-
ration of the embedded alloy nanoparticles. It is to be
noted that Al and Pb have face-centered cubic crystal
structure (Fm3m) with lattice parameter a, 0.404 and
0.495 nm, respectively, whereas b-Sn has body-centered
tetragonal crystal structure (I41/amd), with lattice
parameters a = 0.583 nm and c = 0.318 nm.[20] For
preparation of alloy nanoparticles embedded in the Al
matrix; a unique strategy has been utilized. Initially, Al-
8.9 at.pct Pb and Al-25.4 at pct Sn alloys had been
prepared by milling powder mixture of Al and Pb as well
as Al and Sn for 20 hours. These two blends (Pb in Al
and Sn in Al) had been mixed in right proportion so that
powder composition became Al-18 at pct (Pb26 Sn74)
and subsequently ball milled for further 20 hours to
prepare Pb-Sn alloy embedded in Al matrix. The
samples were collected at an interval of 30 minutes
during milling for characterization. The experiments
were carried out with tungsten carbide balls in tungsten
carbide vials with a ball-to-powder ratio (BPR) of 10:1
and a milling speed of 200 rpm using Fritsch (Pul-
verisette) P5 planetary ball mill. The experiments had
been carried out in the presence of toluene to avoid
agglomeration and oxidation during milling.

B. Characterization

Phase identification of all the samples has been carried
out using Bruker D8 Focus X-ray diffractometer (XRD)

with Cu Ka radiation (k = 0.15402 nm) at a scan rate of
0.5 deg/min. The peak shift was corrected using Si
powder as an external standard. Microstructural and
compositional analysis has been carried out using
scanning electron microscope (SEM, Carl Zeiss EVO
50), attached with an energy-dispersive spectrophotome-
ter (EDS, INCAPENTA FET 93), operated at 20 kV.
Fine-scale microstructural characterization had been
carried out using transmission electron microscope
(TEM, Tecnai UTWIN 20) operated at 200 kV. The
melting and solidification behavior of the nanoparticles
was studied using differential scanning calorimeter
(TGA/DSC, Mettler Toledo DSC) employing heating
and cooling rate of 20 �C/min with Ar flow of 50 mL/
minutes. The lattice parameter has been calculated using
Cohen’s method, which is a least square method.[21] The
uncertainty in the lattice parameter measurements was
±0.0005 Å. Hall–Williamson method was employed to
find out the crystallite size and root mean square (rms)
strain.[22] The formula used is given by

b cos h ¼ kk
d
þ 4e sin h; ½1�

where b is the full width at half maxima, e is the rms
strain, K is a constant which value is assumed to be 0.9,
k is the wavelength of the X-ray (0.15402 nm), d is the
crystallite size, and h is the scattering angle. By plotting
b cos h Vs sin h, one can estimate the values of both e
and d.

III. RESULTS

A. X-ray Diffraction (XRD)

Figure 1 shows the XRD patterns of the ball milled
powders collected at different times. The diffraction
peaks in the XRD patterns (Figure 1(a)) can consis-
tently be indexed due to FCC Pb, BCT b-Sn, and FCC
Al. Peaks corresponding to impurities such as oxides,
nitrides, etc., could not be detected within the resolution
limit of the XRD detector. The magnified views of
(200)b-Sn, (101)b-Sn, and (111)Pb peaks are presented in
(Figure 1(b)) for more clarity on the peak positions as a
function of milling time. It is to be noted that the peak
positions of pure Sn and Pb particles embedded in Al
(0 hours milled) are represented by green and red dotted
lines, respectively. On careful observation, one can
clearly observe that the peak positions of Pb and Sn in
the XRD patterns of the powders ball milled for
5 minutes to 20 hours shift to higher angle (2h) as
compared to those of pure Sn and Pb particles embed-
ded in Al (0 hour milled). However, it is to be noted that
the extent of peak shifts differs as a function of milling
time. The shift in the individual peak positions can be
utilized to obtain change in the lattice parameters of Pb
and Sn as a function of milling time.
Figures 2(a) and (b) show the change in the lattice

parameter (represented as Da/a0 9 100 pct where as
Da = a � a0) as a function of milling time. It can be
noticed that the change in the lattice parameter for Pb
exhibits decreasing trend as compared to that of the

3366—VOLUME 46A, AUGUST 2015 METALLURGICAL AND MATERIALS TRANSACTIONS A



corresponding 0-hour ball milled powder. For b-Sn, one
needs to consider the changes in both a and c of the
body-centered tetragonal unit cell. Figure 2(b) shows
the changes of a and c (Da/a0 9 100 pct), (Dc/
c0 9 100 pct) as a function of milling time. The similar
trend of the lattice parameters with milling time has
been observed for Sn also.

In addition, the peaks of Pb, Sn, and Al show
substantial broadening as a function of milling time.
The peak broadening is more prominent in case of Pb
and Sn than Al. The peak broadening can be used to
estimate the crystallite size and the rms strain. These two
parameters have been calculated using Hall–Williamson
method[22] and plotted against milling time (Figures 3(a)
and (b)). The calculated crystallite size of Pb and Sn has

been found to be decreasing from 41 to 17 and 43 to
21 nm, respectively, as the milling time increases from 0
to 20 hours. The rms strain for both Pb and Sn shows an
increasing trend as a function of milling time, reaching
0.72 and 0.7 pct, respectively, at 20 hours of ball milling.

B. Microstructural Characterization of the Ball Milled
Powders

It has been reported[16,18,19] that ball milling of
powder involves repeated deformation, welding, frac-
ture, and re-welding of the powder constituents. There-
fore, to study the change in morphology of the powder
during ball milling, the microstructural characterization
has been carried out using SEM. Figures 4(a) through
(e) show the representative SEM micrographs obtained
from the powders ball milled for 0, 5, 10, 15, and
20 hours, respectively, in the back-scattered electron
imaging (BSE) mode to distinguish different phases
present in the microstructure.
Figure 4(a) shows the microstructure of the starting

powders consisting of blends of Al-8.9 at.pct Pb and
Al-25.4 at.pct Sn with irregular-shaped particles having
size ranging from 10 to 50 lm. The insets in (Fig-

Fig. 2—The variation in lattice parameters with milling time: (a) Pb
and (b) Sn.

Fig. 1—(a) XRD patterns of the powder samples of Al-18 at.pct
(Pb26 Sn74) milled for different time durations; (b) the magnified
views of (200) and (101) peaks of Sn and (111) peak of Pb.
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ure 4(a)) show the BSE images of the powder blends of
Al-Pb (left inset) and Al-Sn (right inset), showing
uniform distribution of Pb and Sn in Al matrix
(marked by arrows in the respective image). After
5 hours of milling (Figure 4(b)), the microstructure
reveals that the powder particles consist of agglomer-
ated lamellae of Al/Pb/Sn phases. The inset in (Fig-
ure 4(b)) shows one such lamella. Further increase in
milling time up to 15 hours causes the reduction in the
particle size. The representative BSE images of powder
samples obtained after 10 and 15 hours are shown in
(Figures 4(c) and (d)), respectively. The atomic number
contrast reveals the trapping of Pb and Sn particles
within Al layers [inset of Figures 4(c) and (d)]. The
particles are observed to be uniformly distributed in Al
layers. Figure 4(e) shows the BSE image of the 20-hour
milled powder. The uniform compositional contrast of
embedded particles suggests the formation of Pb-Sn
alloy (shown as right inset). The compositional analysis
using EDS (as shown in the left inset) shows the
presence of Al, Pb, and Sn distinctly. This indicates
that Pb and Sn are embedded in Al.

To elucidate the fine-scale microstructure, i.e., mor-
phology, size, and OR of the different phases present in
the milled powders, TEM investigations have been
carried out extensively. The detailed TEM analysis of
the powder has been presented in Figures 5 through 7.
Figure 5(a) is a high-angle annular dark-field

(HAADF) image obtained from 20-hour ball milled
powder sample. It is to be noted that HAADF provides
Z-contrast image. The inset of (Figure 5(a)) shows the
higher magnification image revealing nanoparticles with
typical two-phase contrast as well as single-phase
contrast as marked in the Figure. The corresponding
bright-field TEM micrograph is also shown in (Fig-
ure 5(b)). The micrograph reveals the presence of the
nanometer-sized particles embedded in the nanometer-
sized Al grains. The grain size measurements indicate
that the average grain size of Al is 50 ± 5 nm. The
nanoparticles of Pb-Sn are observed to be uniformly
distributed in the Al grains (inset in Figure 5(b)) with an
average grain size being 15 ± 5 nm. They do not show
any specific shape; rather they exhibit irregular mor-
phology. Figure 5(c) reveals the selected area diffraction
(SAD) pattern obtained from large number of Al grains
having embedded nanoparticles. The careful analysis of
diffraction rings reveals the presence of FCC Pb, BCT b-
Sn, and FCC Al phases. Thus, it confirms the embed-
ding of the nanoparticles in the Al grains. The detailed
microstructural analysis of the individual nanoparticles
clearly reveals the presence of two types of the embed-
ded nanoparticles; two phase and single phase. Fig-
ures 6(a) and (b) show a pair of bright- and dark-field
images of a single-phase nanoinclusion. The SAD
pattern obtained from this nanoinclusion [shown in
Figure 6(c)] indicates that it is due to Pb. The compo-
sitional analysis, carried out using EDS detector, reveals
the presence of Pb and Sn in the atomic ratio of 2.5:1.
Thus, it is a Pb-rich solid solution phase, (Pb). In
addition, it has also been observed that the nanoparti-
cles of (Pb) exhibit near-spherical morphology but fewer
in number as compared with the two-phase nanoparti-
cles. The two-phase nanoinclusions exhibit two type of
morphologies: irregular [shown in the inset of Fig-
ure 5(a)] and lamellar. Figure 7 shows an embedded
nanoparticle showing lamellar morphology, which is
typically observed in the melt-spun sample.[11,14,15,23]

The dark-field micrograph (Figure 7(b)) obtained with
(200)Sn reflection further confirms the formation of the
biphasic nanoparticles. In order to elucidate the nature
of interface between the phase and the matrix, compos-
ite SAD patterns obtained from the phase in the
nanoparticles along the matrix have been extensively
analyzed to get OR. The detailed diffraction pattern
analysis from large number of nanoparticles indicates
that there is no specific OR being observed among the
phases and the matrix. The result is in consistent with
the reported literature.[16] However, few biphasic
nanoparticles exhibit OR with the matrix. The compos-
ite SAD patterns obtained from different phases in
lamellar nanoparticle along matrix are shown in (Fig-
ures 7(c) and (d)). The patterns can be indexed using the
reflections of Al, Pb, and b-Sn. The careful analysis of
the SAD patterns indicates the possible OR.

Fig. 3—The variation in crystallite size and rms strain with milling
time: (a) Pb and (b) Sn.
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The OR is quite different from what has been observed
in the melt-spun samples as well as ion-implanted
specimen of Pb and Sn nanoparticles embedded in Al
matrix.[5–11] In fact, the observed OR is distinctly different
from that of the reported individual Pb and Sn nanopar-

ticles embedded in Al.[24–26] The detailed calculation of
interplanar spacings (dsp) of different planes
(dsp

Al(110) = 0.286 nm, dsp
Pb(111) = 0.283 nm, dsp

Sn(200) =
0.297 nm) indicates that d-spacings vary and therefore
the interfaces cannot be considered to be coherent. OR
does not involve the closed packed planes of Al and Sn,
and thus the interfaces between Pb and Al as well as Sn
and Al are not low-energy interfaces.
Thus, it is clear that MA leads to the formation of

distinctly different interface between the phases in the
nanoparticles and the matrix. Therefore, in general, it

Fig. 4—BSE images of Al-Pb-Sn milled samples for durations: (a) 0 h, (b) 5 h, (c) 10 h, (d) 15 h, and (e) 20 h. The arrows in the left inset of (a)
represent Pb particles, whereas in the right inset arrows represent Sn particles in Al grains. The arrows in the figures (b, c, d, e) represent Pb-Sn
particles in Al grains. The EDS pattern in the left inset of e shows the presence of Al, Pb, and Sn in the milled sample.
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can be considered not to be coherent or even semi-
coherent.

C. Thermal Characterization

To get further insight into the evolution of the
microstructure of Al-Pb-Sn MA powder samples during
ball milling and the thermal stability of the phases,
extensive thermal characterization has been carried out
using DSC in the temperature range of 303 K to 673 K
(30 �C to 400 �C) at a heating/cooling rate of 20 �C/
min. Figure 8 shows the thermograms corresponding to
the heating cycle of powders, milled for different
durations. The initial powder, a physical mixture of
Al-Pb and Al-Sn, reveals two endothermic peaks corre-
sponding to the melting temperature of the nanocrys-
talline Pb and Sn. The peak positions for Pb and Sn are
marked as 1 and 2, respectively, in the figure.
As the milling time increases, the peaks corresponding

to both Sn and Pb undergo shift. In case of Sn, the peak
shifts to lower temperature. The Pb peak also shifts to
lower temperatures up to 6 hours of milling. Beyond
6 hours, this peak is infinitesimally small to be detected.
The peak corresponding to Sn is observed to be broaden
with milling time. Most importantly, one can detect the
appearance of a new peak in the DSC thermograms of
powders ball milled for 1 hour and beyond. The
intensity of this peak increases with the progress of
milling. In fact, the prominent peak observed for 15-
hour ball milled powder can be related to the melting of
biphasic nanoparticles. This peak is marked as 3 on
Figure 8. The details of DSC results for the melting
events of the powder specimens are tabulated in Table I.
The results will be discussed later.
The cooling curves for Al-Pb-Sn powder samples ball

milled for different times are shown in Figure 9. They
reveal a number of diffuse and broad peaks. In fact, in
some cases we observe multiple peaks. Some of the
peaks are marked in the figure. This feature is distinctly
different from what has been observed for Al-Pb and Al-
Sn ball milled powders, in which the distinct solidifica-
tion peaks have been observed during cooling (supple-
mentary file). This kind of DSC thermogram clearly
indicates that the solidification takes place over a large
temperature range. In fact, the typical area under the
melting peaks (Figure 8) is much higher than the total
areas of the peaks in the cooling thermograms for a
specific specimen. This also confirms the solidification
indeed taking place over a large temperature range.
Generally, the nucleation of solid phase, i.e., solidifica-
tion, is very sensitive to the presence of nucleation site
and the type of impurity.[27] As MA is a severe plastic

Fig. 5—(a) HAADF image confirms the presence of Pb-Sn particles
in Al grains. High-magnification inset shows the presence of biphasic
and single-phase nanoparticles; (b) TEM bright-filed image showing
the homogeneous distribution of second-phase particles in Al matrix
with the inset showing the nanoparticles in Al matrix; (c) The se-
lected area diffraction pattern collected from sample showing the
presence of polycrystalline Al, Pb, and Sn phases in the sample.

b
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deformation processing technique, there can exist a
number of possible nucleation sites due to various
defects generated in solid matrix surrounding the
nanoparticles by MA. In addition, the impurities com-
ing from the milling media, balls, and vials will also be
present. The presence of large number of nucleation sites
will catalyze the nucleation of solid during solidification,
resulting in the solidification of molten nanoparticles in
large temperature range depending on the catalytic
efficiency.

IV. DISCUSSION

A. Formation of Alloy Nanoparticles

In the present investigation, single-phase as well as
two-phase Pb-Sn nanoparticles have systematically been
embedded in Al matrix by milling the mixture of Al-8.9
at.pct Pb and Al-25.4 at.pct Sn blends in a high-energy
ball mill for 20 hours. The XRD, DSC, and TEM
analyses on starting powder blends of Al-8.9 at.pct Pb
and Al-25.4 at.pct Sn show that Pb and Sn nanoparticles
are embedded in Al matrix after 20 hours of ball milling
(supplementary file). Further ball milling of these blends
leads to extensive refinement of the microstructure. This
has been reflected by extensive broadening of XRD
peaks of the Al, Pb, and Sn with milling time. As shown
in (Figures 3(a) and (b)), the average crystallite sizes of
Pb and Sn can be reduced to 17 and 21 nm, respectively,
from about 45 lm. The Al grains also undergo extensive
refinement during ball milling. Thus, this allows forming
nanocomposite consisting of nanocrystalline Pb or Sn
embedded in the nanocrystalline Al grains. This requires
explanation, because of the fact that the formation of
critical-sized individual nanoparticles is prerequisite for
alloy formation. The refinement of grains of ductile
metals by means of plastic deformation (ball milling) has
attracted extensive attention in the past decades. The
structural refinement covers many length scales, from
micrometer to ultrafine to even nano range. According
to Fecht,[28] grain refinement by MA can occur in three
stages. In the first stage, severe plastic deformation is
applied to the powder, leading to the formation of shear
bands due to repeated and localized deformation. The
shear bands, having a high density of dislocation
networks, lead to an increase in the plastic strain. The
next stage generally involves the formation of sub-grains
separated by low-angle grain boundaries due to the
arrangement of dislocations in comparatively low-en-
ergy configurations. This happens mainly due to the
process of annihilation and recombination of the dislo-
cations.[29] In the last stage, the repeated deformation
causes the formation of additional shear bands with
further reduction of the sub-grains and reorientation of

Fig. 6—(a) Bright-field TEM image with a single-phase nanoparticle
of (Pb) inside the Al grains; (b) dark-field image obtained by (200)Pb;
and (c) SAD pattern obtained from the particle indicating the (Pb)
phase.

b
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the small-angle grain boundaries. Therefore, the gener-
ation, accumulation, and annihilation of dislocations
are bare necessities of the grain refinement. In ball
milling process, it would be possible to achieve a
minimum grain size for the ductile materials due to
balance of formation and arrangement of the defects.
Thus, the minimum grain size attainable during mechan-
ical milling is decided by the balance between defect
generation by plastic deformation and recovery by
thermal process. The most comprehensive model for
describing the minimum crystallite size obtained during
ball milling is due to Mohamed.[29] The minimum grain
size is given by

dmin

b
¼ A exp

�bQ
4RT

� �� �
DpoGb

2

tokT

� 	0:25
c
Gb


 �0:5 G

H

� �1:25

;

½2�

where dmin is the minimum crystallite/grain size, Dpo is
the diffusion coefficient for pipe diffusion, G is the shear
modulus, b is the magnitude of Burgers vector, to is the
Poisson’s ratio, H is the hardness, k is the Boltzmann
constant, Q is the activation energy for thermal recov-
ery, c is the stacking fault energy, R is the universal gas
constant, b is the constant, and T is the absolute
temperature. Except T, other parameters are system
dependent. It is important to know the temperature of
milled powder during milling to calculate dmin for
individual constituents of the powder.
The ball milling has been carried out at room

temperature (RT). During milling, it is likely that
temperature would increase due to high-energy impact
of the ball. It has been shown by Miller et al.[30] that the
local temperature can substantially be increased during
milling. In the present case, the temperature of the

Fig. 7—(a) Bright-field TEM image showing a typical two-phase nanoparticle consisting of Pb and Sn phases; (b) corresponding dark-filed image
obtained using (200)Sn; and composite SAD patterns collected by (c) including Pb and Al and (d) Sn and Al matrix.
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powder could not be experimentally determined during
the course of ball milling; however, it is possible to
estimate theoretically. Schwarz and Koch[31] have ana-
lyzed the temperature rise resulting from the localized
shear of the powder entrapped between the balls during
milling. The following expression provides the temper-
ature rise (DT):

DT ¼ F

2

Dt
koCpPq

� �1=2

; ½3�

where F is the dissipated energy flux = rÆV, r is the
normal stress caused by head-on collision, V is the rel-
ative velocity of ball before impact, Dt is the stress
state life time, q is the powder density, ko is the ther-
mal conductivity, and Cp is the heat capacity of the
powder. By assumption, the normal stress is the maxi-
mum compressive stress generated by a head-on colli-
sion of the two balls of diameter d,

r ¼ rc ¼ 0:616PE2 2

d

� �2=3

; ½4�

where P is the load and E is the elastic modulus of the
balls. Using the numerical values provided in Table -

II[31–34] DT = 475 K (202 �C). Thus, the temperature of
the powder is calculated by T = RT+DT = 27+
202 = 229 �C (502 K). Using T = 502 K (229 �C), the
calculated values of dmin of Al, Pb, and Sn are 12, 16,
and 19 nm, respectively. Thus, the calculated values of
the grain size of different phases are close to the
experimentally measured average grain sizes. Thus, 40
(20 hours of initial powder milling to form Al-Pb and
Al-Sn, 20-hour milling of blends of Al-Pb and Al-Sn)
hours of ball milling is sufficient to obtain minimum
grain/crystallite size.
It is to be noted here that the generation of critical-

sized pure nanoparticles is the prerequisite for the
formation of embedded alloy nanoparticles.[35,36] As the
achieved size of the nanoparticles matches with the
theoretical calculations, the formation of alloy nanopar-
ticles will now be discussed in the context of ballistic
diffusion of Pb and Sn within the grain of Al and size
effect. It is a well-known fact that Pb does not have any
solid solubility in Al, whereas Sn has limited solid
solubility in Al (0.026 at.pct 625 �C) under equilibrium
conditions.[37] Since MA is a non-equilibrium process, it
is likely that solid solubilities of Pb and Sn in Al would
increase substantially during MA. It has already been
reported that Al and Pb have been found to form

Fig. 8—DSC traces during heating of Al-Pb-Sn powders ball milled
for different time durations.

Table I. DSC Data of Al-Pb-Sn Milled Samples for Different Time Durations

Milling Time (h) 3rd Peak Temperature [K (�C)] 2nd Peak Temperature [K (�C)] 1st Peak Temperature [K (�C)]

0 NP 505.7 (232.7) 600.3 (327.3)
1 463.6 (190.6) 504.2 (231.2) 599.2 (326.2)
2 463.3 (190.3) 504.0 (231.0) 598.7 (325.7)
3 463.1 (190.1) 501.4 (228.4) 598.7 (325.7)
4 460.0 (190.0) 500.8 (227.8) 598.3 (325.3)
5 462.4 (189.4) 498.6 (225.6) 598.2 (325.2)
6 459.5 (186.5) 497.2 (224.2) NP
7 459.1 (186.1) 496.5 (223.5) NP
8 459.0 (186.0) 502.8 (229.8) NP
9 459.5 (186.5) 501.4 (228.4) NP
10 456.0 (183.0) 492.0 (219.0) NP
15 452.5 (179.5) 491.9 (218.9) NP
20 452.4 (179.4) 491.7 (218.7) NP

The melting points of different phases mentioned in table (*NP not present).

Fig. 9—DSC traces during cooling of Al-Pb-Sn powders ball milled
for different time durations.
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supersaturated Al(Pb) solid solution during high-energy
mechanical milling even though they have positive heat of
mixing.[38–40] In addition, it has also been reported that
the sizes of the embedded Pb nanoparticles in Al[41] and
embedded Bi nanoparticles in Al-Cu-Fe,[42] which are
well-known immiscible systems, have also been found to
be increased during fretting wear test. These are reported
to be due to pipe diffusion, i.e., particles are intercon-
nected by dislocations and they can have diffusion
through dislocations.[41] These experimental evidences
clearly indicate that during mechanical working or
friction, mutual solid solubility of immiscible system

can be increased substantially. The mechanisms respon-
sible for the increase of solid solubility in immiscible
system have been proposed to be consisting of two
factors: (a) atomic mixing due to continuous shearing of
atomic planes during milling-induced plastic deforma-
tion, i.e., ballistic diffusion, and (b) interdiffusion of the
constituent elements that can increase substantially when
the size of particle becomes lesser than a critical size.[43]

Thus, the solubility of Pb and Sn in Al is expected to be
increased substantially during MA due to the combined
effect of defect-induced diffusion (ballistic diffusion) and
size effect. Once Pb and Sn come in contact with each

Table II. Values of Different Parameters Used in the Calculation of Temperature Rise as Well as the Minimum Particle Size

Obtained During Ball Milling

Thermal conductivity, KAl 237 w/m K[24]

Relative Velocity, Vr 2.5 m/s[30]

Tungsten carbide balls density, qb 11320[34]

Specific heat, Cp Al 900 J/Kg K[29]

Diameter of WC balls, d 0.01 m
Longitudinal wave velocity of WC balls, Vs 6220 m/s[31]

Density, qAl, qPb, qSn 2710, 11,320, 7290 kg/m3[32]

Boltzmann constant, k 0.0083144 kJ/mol K
Gas constant, R 0.0083 kJ/mol K
Temperature 475 K (202 �C)
Shear modulus (G) Al, Pb, Sn 26 GPa [26], 6 Gpa [26], 18 GPa [31]

Burger vector (b) Al, Pb, Sn 0.2863, 3500 nm [26], 0.3172 nm [31]

Poison ratio (m0) Al, Pb, Sn 0.345, 0.44 [26], 0.37 [31]

Vickers Hardness (Hv) Al, Pb, Sn 0.167, 0.088, 0.088 GPa [31]

b 0.04 [26]

Stacking fault energy (c) Al, Pb, Sn 200 mJ/m2 [26], 25 mJ/m2 [32], 3 mJ/m2 [32]

Self diffusion coefficients (Dp0) Al, Pb, Sn 0.176, 0.995, 12.8 cm2/s [33]

Fig. 10—Schematic diagrams showing the mechanism of the formation of single-phase and biphasic alloy nanoparticles of Pb-Sn in Al during
mechanical alloying. (a) and (b) represent Pb and Sn nanoparticles embedded in Al, respectively; (c) mixture of Al-Pb and Al-Sn blends; (d), (e),
and (f) representing the formation of alloy nanoparticles in Al matrix.
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other within nanocrystalline grains of Al, they can either
form (Sn) or (Pb) nanoparticles or two-phase nanopar-
ticles depending on the relative availability of the alloying
elements due to size effect and ballistic diffusion as well as
rise in temperature during MA.

The ballistic diffusion coefficient (Db) for both Pb and
Sn nanocrystals can be estimated using a model due to
Bellon and Averback.[44] It is given by

Db ¼ C
2
P2; ½5�

where C ¼ cSn
N and P2 = a2 for Pb and P2 = a2+ c2 for

Sn, where a and c are lattice parameters. cSn is known as
shear rate, and N is the number of unit cells of Pb or Sn
present in a typical powder particle. For a powder size of
1 lm, N = 104. It is extremely difficult to estimate cSn
from ball mill parameters. As pointed out by Bellon and
Averback,[36] cSn ranges from 1 to 105 s�1. Using an
average value of cSn = 103 s�1 and N = 104 and lattice
parameters of Pb and Sn, one can obtain ballistic
diffusivities as DPb

b = 4.08 9 10�20 m2/s and
DSn

b = 7.35 9 10�20 m2/s.
Figure 10 schematically shows the process of solid-

state diffusion leading to the formation of such alloy
nanoparticles. During the MA process, the reduced
crystallites of Pb and Sn come in contact with Al grain
boundaries by mechanical attrition. The rise in temper-
ature during MA will provide driving force for diffusion
of the Pb and Sn grains into Al grain. The atoms of Pb
and Sn from nanoparticles embedded in Al grains can
diffuse and react to form the biphasic nanoparticle,
provided that the alloy composition falls within the
coupled zone of Pb. The width of the coupled zone in Pb-
Sn system has been well established.[45–47] Xie et al.
calculated the wide composition range (43 to 78 wt pct
Sn) in which coupled zone can exist in Pb-Sn alloy.[48]

One can even make an effort to calculate the time
required for diffusion only. Let us assume that Pb and Sn
nanoparticles are in the same Al-grains. The average
grain size of Al is 15 nm. The time required for Pb atoms
to move to Sn sitting on opposite grain boundary in an
Al grain or vice versa can calculated using the diffusivity
of Pb in Al or Sn in Al. The diffusivity of Pb in Al is
reported to be (DPb) 1.54 9 10�16 m2/s[29] whereas that of
Sn in Al[49] is (DSn) 17.1 9 10�16 m2/s. Thus, time
required for Pb atoms to move to Sn atoms is estimated
to be t = 0.36 seconds. Similarly, the time required for
Sn atoms to move to Pb atom is t = 0.13 seconds.
Therefore, the formation of biphasic nanoparticles can
also be justified by diffusional arguments.

B. Stability of Nanoparticles

We shall finally discuss the stability of Pb-Sn alloy
nanoparticles embedded in the Al matrix processed by
MA with the help of DSC studies during heating. It is to
be noted that the melting of the nanoparticles (free and
embedded) has extensively been researched upon over the
last few decades.[1–3] It is well known that the melting of
the nanoparticles is size dependent.[50] The free nanopar-
ticles reveal the lowering of the melting temperature,

while embedded ones exhibit superheating as compared
to the equilibrium melting temperature.[1–3] Generally,
the nature of interface is thought to play a key role in
determining the melting behavior.[2] This behavior can
also be related to the shape of the nanoparticles, the
epitaxy between the nanoparticle and the matrix, and the
associated pressure effect by the matrix in the embedded
nanoparticles.[51] In the present case of pure Pb or Sn
nanoparticles embedded in Al matrix, the melting point
depression has been observed (supplementary file). It is to
be noted that similar trend has been found in the reported
literature.[16] This depression in the melting temperature
can be explained with the help of classical thermody-
namical approach. The ratio of the melting temperature
of an embedded nanoparticle of radius r to the bulk
melting temperature is given by[2]

TmðrÞ
T0

¼ 1� 3

rLmqs
csm�clm

qs
ql

� �2=3
" #

þ DE
Lm

; ½6�

where qs and ql are the densities of solid and liquid
nanoparticles, respectively, Lm is the latent heat, csm
and clm are the interfacial energies of solid particle/ma-
trix and liquid particle/matrix interfaces, respectively,
DE is the change in the strain energy, and r is the ra-
dius of the nanoparticle. The contribution of DE mainly
originates from differential thermal expansion of the
matrix and particle on melting. According to the equa-
tion, superheating or depression of melting temperature
will depend on the relative values of csm and clm pro-
vided qs ¼ ql In case csm<clm; the melting will be pro-
moted and consequently the lowering of melting
temperature. As the melting begins, solid particle/matrix
interface will be replaced by a solid/liquid interface for
the nanoparticle and a liquid/matrix interface for the
matrix. Therefore, the melting of the nanoparticle will
be governed by excess free energy given by

Dc ¼ csm � csl þ clmð Þ; ½7�

where csl is the solid-to-liquid interfacial energy of the
nanoparticle, clm is the liquid—matrix interfacial energy,
and csm is the interfacial energy between the solid
particle and the matrix. Thus, a depression of melting
temperature will occur if hcsmi(csl+ clm). In case of pure
Pb and Sn nanoparticles embedded in Al matrix, the
lack of any specific OR between the nanoparticle and
the matrix indicates non-coherent nature of the inter-
face. Thus, the melting temperature of Pb and Sn
embedded nanoparticles has been found to be depressed.
Similarly, in case of the Pb-Sn alloy nanoparticles in Al,
no specific OR has been observed, indicating that the
interface between the nanoparticle and the matrix is
incoherent. However, it is difficult to conclusively say
whether the alloy nanoparticles exhibit superheating or
depression of the melting temperature. This is because
the melting temperature of a solid solution phase will
strongly depend on the local composition.
The detailed analysis of the DSC data as presented in

Figure 8 as well as Table I reveals that both the first and
second peak temperatures shift to lower temperature,
indicating a trend that can be treated as depression in
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the melting temperature. As indicated earlier in the
Section IV–A, the ball milling leads to the formation of
alloy nanoparticle of (Pb) or (Sn) depending on the
available alloying element as well as Pb-Sn within the Al
grains. Melting peak corresponding to the alloy particle
is observable after 1 hour of ball milling. This melting
peak becomes more clear with the increase in milling
time and prominently observed after 15 hours of ball
milling, indicating that, with the increase in the milling
time, more particles of biphasic alloy nanoparticles form
Pb-Sn with composition lying in coupled zone.

For Pb-Sn alloy (single as well as biphasic) nanopar-
ticles, the solidification is found to be diffused. DSC
traces consist of multiple peaks. Similar trend has been
observed for Pb-Sn alloy nanoparticles in Al or qua-
sicrystalline matrices.[6,23] This may be related to the
presence of large number of different nucleation sites
present in the sample. As both the (Pb) and (Sn) do not
bear any specific OR with Al matrix, the different
nanoparticles solidify at different levels of undercooling.
In other words, the matrix phase can trigger solidifica-
tion differently depending on the OR (existing or non-
existing). This aspect will be investigated later in a
detailed manner and will be communicated separately.

V. CONCLUSIONS

The present investigation conclusively reveals the
possibility of producing biphasic as well as single-phase
Pb-Sn alloy nanoparticles embedded in Al matrix via
MA.

1. The TEM microstructures reveal the formation of
biphasic particles of Pb-Sn alloy as well as single
solid solution phase of (Pb).

2. Formation of alloy particles is caused by size effect,
mechanical attrition, ballistic diffusion of Pb and
Sn particles in Al matrix, and temperature rise of
powder during ball milling.

3. Thermal characterization results show the trend of
depression in melting point of Pb and Sn phases
and formation of biphasic alloy particle with the in-
crease in milling time.

4. Solidification is observed to be diffused, indicating
the presence of large number of nucleation sites
triggering solidification.

In a nutshell, the present study shows, for the first
time, the formation and stability of multiphase alloy
nanoparticles embedded in Al matrix using MA.

ELECTRONIC SUPPLEMENTARY MATERIAL

The online version of this article (doi:10.1007/
s11661-015-2983-4) contains supplementary material,
which is available to authorized users.
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