Size-Dependent Melting Behavior of Pb-17.5 At. Pct
Sb-Free Biphasic Alloy Nanoparticles
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The present investigation reports the size-dependent melting behavior of bi-phasic Pb-17.5 at.
pct Sb-free alloy nanoparticles, consisting of face-centered cubic (Pb) and rhombohedral (Sb)
phases. These free nanoparticles (devoid of matrix) were synthesized via the solvothermal route,
and subsequently different sizes were obtained by controlled heat treatment at 373 K under
protective Ar atmosphere for the various durations. DSC and in situ TEM studies were used to
probe the melting behavior. The experimental results reveal classical behavior, indicating the
normalized eutectic temperature was inversely proportional to the nanoparticle radius. The
in situ TEM investigation shows that melting initiates at the triple point among (Pb)/(Sb) and an
outer surface and subsequently the melt front propagates into (Pb) phase first and then into (Sb)
phase. Detailed thermodynamic modeling of the Pb-Sb system with size was carried out to
decipher the size-dependent melting behavior of the biphasic nanoparticles. The experimental
finding was corroborated with a theoretically predicted phase diagram as a function of size
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I. INTRODUCTION

IN the field of nanoscience and nanotechnology,
nanoalloys have been one of the most focused areas of
research worldwide for the last 2 decades, owing to their
extraordinary physical, chemical, mechanical and elec-
tronic properties compared with their bulk counterparts
as well as constituent metals.'! They have been exten-
sively explored for a variety of applications including
electronics, catalysis, sensors, optical markers, structural
components, magnetic data storage and biomedi-
cine.”* The novel and futuristic applications of the
nanoalloys necessitate intelligent manipulation of their
composition, shape and size during synthesis and
subsequent processes to obtain the best combination
of properties.”® Therefore, understanding the funda-
mental properties of the nanoalloys is of tremendous
importance to extend their application as a source of
new materials for nanotechnology. However, it has been
widely realized that the thermal stability of nanoalloys is
the most critical issue in the applications, affected by size
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and alloying at the nanoscale. The critical applications
in catalysis, electronic and magnetic data storage require
their stability against temperature fluctuation during
use. Thus, it is important to understand the fundamental
aspects controlling the thermal stability of nanoalloys,
which can be investigated by studying their melting
behavior. The melting behavior of nanoalloys can
provide in-depth understanding of the thermal stability,
alloying at the nanoscale and ability of these materials
to sustain a nanocrystalline nature at high temperature.

It is to be noted that nanoalloys can be either single or
multiphase. In the last 2 decades, extensive research has
been carried out on the melting behavior of single-phase
nanoalloys.” ' Although some studies have reported on
multiphase nanoalloys, most of these studies are focused
on nanoparticles embedded in a matrix. These studies
have categorically shown that the interface between the
nanoparticle and matrix plays a significant role in the
thermal stabilitﬁy and melting behavior of embedded
nanoalloys."> '® Therefore, the effect of the matrix on the
phase transformation behavior of the embedded system
cannot be decoupled, which in turn limits the possibility
to investigate the intrinsic melting behavior of the
nanoalloys.!"”! The aforementioned applications require
understanding of the intrinsic thermal stability of the
nanoalloys. Hence, to probe the size effect on the intrinsic
behavior, the alloy nanoparticles should have free sur-
faces, i.e., the surfaces need not be confined by matrix. Itis
important to note here that some studies on free sin-
gle-phase nanoalloys have been reported in the litera-
ture.[-10-18] However, limited investigations have been
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carried out on free multiphase nanoalloys. Since the
multiphase nanoalloys are distinctly different and rela-
tively complex compared to single-phase nanoalloys, the
investigation on the melting behavior of the multiphase
nanoalloys is expected to provide in-depth understanding
of the thermal stability and alloying behavior at the
nanoscale.

The thermal stability of the free multiphase nanoalloys
also requires detailed thermodynamic analyses of the
nano-sized systems. As the size of the nanoparticles
decreases, the surface as well as interfacial energy makes a
significant contribution to the total Gibbs free energy of
the nanoalloys. This will affect the thermal stability of the
nanoalloys. In general, the contribution of strain energy
in the total free energy needs to be used for embedded
nanoparticles."” ! However, the strain energy for free
nanoparticles can be ignored as they are not surrounded
by a matrix. Hence, it is important to expand the
thermodynamic description of the phases in the nanoal-
loys for understanding the melting behavior. Although
several attempts have been made to calculate the size-de-
pendent nanoalloy phase diagram,!''**7 very limited
experimental studies have been devoted to this because of
the difficulty of investigating phase stability as a function
of temperature, size and composition. To date, no
comparison with the predicted phase diagram has been
reported for multiphase nanoalloys.

In the present investigation, an attempt has been made
to understand the size-dependent melting behavior of the
biphasic Pb-Sb nanoalloys by combining an experimental
investigation with theoretical calculations. Pb-Sb was
chosen as a model system.”®! The equilibrium phase
diagram of the binary Pb-Sb alloy system exhibits a
eutectic reaction at 524.7 K for Pb-17.5 at. pct Sb [L —
(Pb) + (Sb)] with two terminal solid solutions: face
centered cubic (Pb) and rhombohedral (Sb). The maxi-
mum solubility of Sbin Pbis 5.8 at. pctand Pbin Sbis 1.9
at. pct at 524.7 K.®¥ In the present study, we successfully
synthesized free multiphase Pb-Sb alloy nanoparticles by
using a solvothermal route. The as-synthesized samples
were subsequently heat treated at 373 K for varying
durations (1, 2, 4, 8, 12, 16 and 30 hours) under Ar
atmosphere to prepare ranges of particle size. Further-
more, differential scanning calorimetry (DSC) and in situ
TEM were extensively utilized to determine the size-de-
pendent melting behavior of nanoparticles. Furthermore,
the equilibrium phase diagram of the Pb-Sb alloy system
was investigated at the nanoscale using detailed thermo-
dynamic calculations. The effect of nanoparticle size on
melting temperature was investigated. Based on the
experimental results and calculated data, efforts were
made to develop a quantitative relationship between the
melting temperatures of the alloy nanoparticles as a
function of particle size.

II. METHODS AND MATERIALS
A. Sample Preparation

Free alloy nanoparticles having a composition of
Pb-17.5 at. pct Sb were prepared via the solvothermal
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route using lead acetate (Pb (C,H30,),'3H,O) and
antimony chloride (SbCl3) as a precursor for Pb and
Sb, respectively. Sodium borohydride (NaBH4) and N,
N-dimethyl formamide (DMF) were utilized in the
reaction as reducing agent and solvent, respectively. In a
typical reaction, 1.65 mmol of Pb (C,H30,), 3H,O and
0.35 mmol of SbCl;y were dissolved in 80 ml of DMF
followed by the transfer of the mixture to a 100-ml
container (Teflon-lined). Following this, 0.23 g of
NaBH, was slowly added to the solution. Subsequently,
this filled reactant Teflon container was sealed in an
autoclave and kept inside an oven at 413 K for 8 hours.
The final product was collected after washing several
times using a mixture of high-purity isopropyl alcohol
and water. The as-synthesized sample was further
heat-treated at 373 K for varying times (1, 2, 4, 8, 12,
16 and 30 hours) under Ar atmosphere to obtain
different ranges of particle size. Notably, bulk Pb-17.5
at. pct Sb alloy was prepared in a vacuum induction
furnace.

B. Characterization

For assessing the finer microstructural information,
electron microscopic investigations were extensively
carried out in Tecnai G* UT 20 and TITAN (aberra-
tion-corrected TEM, The Netherlands) and FEI micro-
scope operated at 200 and 300 kV, respectively. The
composition and nature of each nanoparticle were
extensively analyzed using super EDS (energy dispersive
spectroscopy) and HAADF (high-angle annular dark
field) detectors attached to TITAN. The melting behav-
ior of alloy nanoparticles was probed using a differential
scanning calorimeter (DSC1, Mettler Toledo), employ-
ing the heating and cooling rate of 20 K/min with an
argon gas flow rate of 100 mL/min in the tempera-
ture range of 473-973 K. To observe the melting of the
individual alloy nanoparticles, in situ transmission
electron microscopic studies were performed using a
GATAN (Gatan Inc.) single-tilt heating holder on a
Titan (300KV) microscope. During in situ TEM studies,
a video sequence of the heating cycle was recorded and
analyzed to obtain the melting behavior of the nanopar-
ticles. The temperatures measured during the in situ
TEM studies were the output of the pre-calibrated
heating stage thermocouple. The calibration of the
thermocouple showed the accuracy of the temperature
measurement + 2 K. However, DSC provides better
accuracy of the melting temperature.

III. RESULTS
A. Size, Morphology and Compositional Analyses

Extensive microstructural investigations were carried
out to decipher the size, shape, nature and distribution
of alloy nanoparticles using TEM, HAADF and EDS.
Figures 1(a) through (d) shows the low magnification
bright-field TEM micrographs obtained from the
as-synthesized (0 hours) sample as well as the heat-
treated samples at 373 K for 8, 16 and 30 hours,
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respectively. Most of the nanoparticles were observed to
be uniform in size. Most exhibited two distinct con-
trasts, indicating the two-phase alloy nanoparticle,
along with some showing single-contrast nanoparticles.
The details concerning the average particle size of each
sample are listed in Table I. The average particle size
was observed to increase as a function of the heat
treatment time at 373 K.

Furthermore, we measured the composition of the
individual phases in the biphasic and single-phase
particles. The average composition of each phase is
reported in Table II. For determination of the exact
composition at the interface, the interface needs to be
oriented edge on. For free nanoparticles, it is extremely
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difficult to orient the interface edge on as the nanopar-
ticles move during tilting inside a TEM column. To
further ascertain the biphasic nature of alloy nanopar-
ticles, a high-resolution TEM (HRTEM) image of a
representative nanoparticle, having two-phase contrasts,
was captured and is shown in Figure 2(b). Two distinct
lattice fringes were observed. The estimated interplanar
spacing was 0.285 nm and 0.310 nm. These can be
indexed corresponding to (111) and (101) of Pb and Sb,
respectively, implying each nanoparticle is biphasic. The
orientation relationship between (Pb) and (Sb) was
found to be (111)(Pb) H (10T2)(Sb) and [10T](Pb) H
[1210](sw). Figure 2a shows the corresponding low-mag-
nification TEM image in which the single- and
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Fig. 1—Bright-field TEM image of Pb-17.5 at. pct Sb after heating at 100 °C under Ar atmosphere for (a) 0 h (as-synthesized), (b) 8 h, (¢) 16 h
and (d) 30 h. Lower inset of each figure shows the particle size distribution histogram.
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Table I. Comparison of DSC Data of All Alloy Nanoparticles of Pb-17.5 At. Pct Sb and Counter Bulk Data Along with the
Corresponding Particle Size

Heating Cycle (K)

Sample Condition of Pb-17.5 At. Pct Sb Onset Temp. Peak Temp. End Set Temp. Particle Size (nm)
373K @ 0h 483.86 501.18 516.94 13+£3
373K@ 1h 494.94 509.44 523.96 18 +2
373K @2h 496.52 511.46 526.74 23 £ 2
373K @ 4h 503.88 515.46 529.74 30+ 2
373K @ 8 h 509.55 517.6 536.59 43 +£3
373K @ 12 h 513.69 522.36 536.4 55+ 4
373K @ 16 h 515.05 521.89 536.5 70 + 4
373K @ 30 h 515.57 522.43 537.42 80 £ 3

As cast 525.5 531.5 553.6 bulk

Table II.

Composition of Individual Phases Measured Using EDS Attached to TEM

Nanoparticle, Single/Biphasic

Composition (Pb) in Atomic Percent

Composition (Sb) in Atomic Percent

Single Pb = 98.74
Sb =1.26

Biphasic Pb = 79.44
Sb =20.56

(Sb) was not obtained in the synthesis

Pb = 20.97
Sb = 79.03

Pb0.285nm

@) S

Fig. 2—(a) Bright-field TEM micrograph of Pb-Sb alloy having
single-phase nanoparticles (red arrow) of Pb-rich nanoparticles along
with two-phase alloy nanoparticles (blue arrows). (b)) HRTEM image
of two-phase alloy nanoparticles and (c¢) schematic illustration of an
individual biphasic free nanoparticle with cuboctahedral shape
(Color figure online).

double-contrast alloy nanoparticles are marked by red
and blue arrows, respectively, for more clarity. In fact,
the detailed microstructural investigation clearly indi-
cates that biphasic nanoparticles consist of two types of
morphologies: cap on body and lamellar. The formation
of these two morphologies was dependent on the
available volume fraction of the starting precursors
(Pb and Sb atoms) during the formation of alloy
nanoparticles.” However, the population of sin-
gle-phase alloy nanoparticles was low. The formation
of two-phase alloy nanoparticles of Pb-Sb was further
confirmed by detailed analysis using HAADF and EDS.
Two distinct contrasts in the HAADF image
(Figure 3(a)) and an indication of the predominant
presence of Pb and Sb in the EDS elemental mapping
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(Figure 3(b)) and the EDS spectrum (Figure 3(c)) fur-
ther confirmed the formation of two-phase Pb-Sb alloy
nanoparticles. The details on the synthesis and structure
of alloy nanoparticles are reported elsewhere.!*”!

B. Melting Behavior

1. Differential scanning calorimetric (DSC) study

To investigate the size-dependent melting temperature
of bi-phasic alloy nanoparticles, thermal characteriza-
tion of all the samples was carried out using DSC.
Figures 4(a) and (b) shows the DSC thermograms
collected from the as-synthesized sample and samples
after heat treatment at 373 K for 4, 8, 12, 16 and 30
hours, respectively. The heating cycle of as-synthesized
powder (373 K at 0 h) in Figure 4a shows two
endothermic peaks with an onset melting temperature
of 483.86 + 2 K and 580 K, respectively. The equilib-
rium melting temperatures of pure Pb and Sb (shown by
the blue dotted line in Figure 4(a) and eutectic Pb-Sb
alloy) are 600.5 K, 903.63 K and 525.5 K, respec-
tively.”®! Therefore, the sharp and symmetrical melting
temperature at 483.86 + 2 K can be attributed to the
eutectic temperature of the Pb-Sb alloy. A depression of
~41 K compared with the corresponding bulk alloy
(525.5 K) can be clearly observed. The second small
peak with an onset temperature at 580 K corresponds to
Pb-rich solid solution, (Pb) phase, which was observed
in the TEM image (Figure 2(a) with red arrow).
Similarly, the DSC thermograms of the heat-treated
samples were also obtained and are shown in
Figure 4(b). Detailed DSC results of all the nanoalloys
along with the bulk sample are listed in Table 1. One can
observe that the melting temperature of eutectic
nanoparticles increases as the time of heat treatment
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Fig. 3—(a) HAADF image, (b) EDS elemental maps (corresponding to different elements, Pb and Sb) of alloy nanoparticle revealing alloy
phases and (¢) EDS spectrum from a nanoparticle. Cu peaks are due to the 400-mesh Cu grid used to mount the sample.

increases (or the particle size increases). However, a
depression in the melting temperature is observed in
each case compared with the bulk alloy. The depression
in the melting temperature can be understood by
considering the high surface energy to the total energy,
because it is likely that melting starts at the surface of
the nanoparticles. As the particle size is reduced to the
nanoscale, a large fraction of atoms will be occupying
the surface, and these surface atoms tend to be unsat-
urated, resulting in large energy associated with this
surface.

2. In situ heating study

To observe the melting of such biphasic alloy
nanoparticles, in situ electron microscopy studies were
performed. Notably, the melting experiment was per-
formed by recording a series of bright-field micrographs
while heating the sample at a rate of 5 K/min. A

METALLURGICAL AND MATERIALS TRANSACTIONS A

Chromel-Alumel thermocouple was attached to the
heating specimen stage to record the temperature and
is calibrated in such a way that the temperature should
not vary by > 2 K. The nanoparticles were in contact
with the amorphous carbon thin film on a copper grid
while performing the in situ TEM investigation.
Notably, Pb and Sb exhibit no solubility with carbon.
Therefore, it can safely be assumed that each nanopar-
ticle is present independently on the carbon thin film as
it does not allow any diffusion through the film while
performing the in situ experiment. Hence, it was
anticipated that it would not affect the thermal equilib-
rium of the nanoparticles. Figures 5(a) through (n)
shows the melting sequence of the ~ 40-nm biphasic
nanoparticle. Initially, as the particle was heated up to
507 K, no substantial change in the shape of the
nanoparticle was observed. The relative area fractions
and facets of both the phases undergo changes during
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Fig. 4—DSC thermograms of (a) as-synthesized Pb-17.5 at. pct Sb
alloy nanoparticles and (b) samples heat treated at 100 °C for
different times.

heating up to 507 K. As soon as the temperature reaches
512 K, a sudden change in the shape at the triple point
[interface between (Pb)/(Sb) and the outer surface]
appeared, indicating the initiation of melting. The onset
melting temperature of ~ 40 nm biphasic particles of
Pb-Sb (512 K) is 13.5 K lower than the equilibrium
eutectic temperature (525.5 K), which is substantially
lower than the DSC data (see Table I). This is primarily
due to the difference in sensitivity of the DSC and
Chromel-Alumel thermocouple attached to the heating
stage used to carry out the in situ TEM study. As the
temperature was increased, the melt front spread along
the surface boundary of the (Pb) phase of the nanopar-
ticle rather than spreading toward the interface between
(Pb) and (Sb). As the temperature was raised further, the
(Pb) phase was completely melted at 523 K, and
subsequently the melt front spread towards (Sb) and
the whole particle abruptly became molten at 548 K.
For more clarity, the stages of the phase transformation
(melting phenomena) are schematically demonstrated in
Figure 6(a) through (j). The video of the heating
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sequence is provided in Supplementary Information
(Supplementary Video S1).

1IV. DISCUSSION
A. Thermodynamic Model

The experimental results clearly reveal that bi-phasic
(Pb)-(Sb) free alloy nanoparticles undergo classical
melting, i.e., melt nucleates at the triple point ((Pb)/
(Sb)/surface). Subsequently, the melt front rapidly
propagates into one of the phases (Pb). This is followed
by propagation of the melt front into (Sb) and the whole
particle melt at 548 K. The DSC data indicate a
substantial depression (41 K) of melting temperature,
and the melting temperature is observed to be inversely
proportional to the size of the nanoparticles. These
observations need explanation. In the following section,
we attempt to explain the results using a thermodynamic
approach by estimating the size-dependent phase dia-
gram of the Pb-Sb system.*"

The phase diagram has been used for decades as a
conventional tool to determine the thermal stability of
the phases.’'! Obviously, the phase stabilities of a
nanoscaled alloy system are different from the micron-
scale system because of the large surface area-to-volume
ratio offered by nanosize particles. A few attempts
were previously made to predict the phase equilibria
of a homogeneous alloy system, Au-Si,”¥! Au-pt,*”
Bi-Sn,?%3? 1n-Sn***4 and Pb-Sn!'**>3% embedded in a
matrix as a function of nanoparticle size. However, the
phase stabilities of the multi-phase system at the
nanoscale are more complex as it possesses an extra
internal interphase interface with significant capillary
energy, which is composition and temperature depen-
dent."” As the particle size reduces, the excess free
energy increases rapidly and consequently capillary
effects affect the thermodynamic equilibrium more
significantly.

To predict the size-dependent phase diagram in the
present investi%ation, the method formulated by Weiss-
muller er al.®” was adopted. However, the theoretical
approach by Weissmuller er al.’” cannot be directly
applied to a real system because of consideration of the
following assumptions: (1) the binary system considered,
consisting of the A and B components with equal
melting temperature; (2) the composition lying at 50 at.
pct B; (3) no solid solubility; (4) the alloy nanoparticles
are assumed to be spherical; (5) all the interface energies
and molar volumes of all the phases are set as equal.
However, in the present study, Pb-Sb is a binary system
having a eutectic composition of Pb-17.5 at. pct Sb. Pb
and Sb have different melting temperatures, and the
maximum solubility of Sb in Pb is 5.8 at. pct and Pb in
Sb is 1.9 at. pct at eutectic temperature. They exhibit
different temperature-dependent molar volumes and
surface energies. Hence, some of these assumptions
considered in the model are not valid for the present
system. Therefore, for evaluating the size-dependent
nanoscale phase diagram, modification of the
above-mentioned theoretical approach was made.
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Fig. 5—A series of TEM micrographs showing melting within a Pb-Sb nanoparticle during the in situ heating experiment.

Weissmuller er al®” utilized the free energy per
nanosize particle given below

G(T,n,x) = nGm(T,x) +>_ 0j(x, T)A(T,n,x) 1]

where G(T,n,x) represents the Gibbs free energy per
particle in single-phase state (solid or liquid) at tem-
perature T with a fixed amount of matter (n = n* +
nP) per particle, G™ denotes the molar free energy, A,
is the interfacial area of the particle, and o; is interfa-
cial energy. In the present case, each particle comprises
two coexisting phases as shown in Figure 1. For the
bulk system, the total Gibbs free energy (G*'%) of two
coexisting phases at arbitrary composition can be
expressed as

METALLURGICAL AND MATERIALS TRANSACTIONS A

G (T, n, x) :%Gu (1 —%)G’” 2]

To perform the calculation, let us use the symbols «
and f for (Pb) and (Sb) phase, respectively. % represents
the phase fraction of o, which can be calculated using
the lever rule.

In the present case, the particles are nanosized, and
each particle comprises two distinct phases. Therefore,
the interfacial energy between them can no longer be
neglected. The creation of additional interfaces within
the particle can alter the equilibrium conditions. Thus,
the total free energy is no longer a linear function of the
phase fraction. For the nanoscale system, Eq. [2] is
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Fig. 6—(a to j) Schematic illustration of the melting process of multiphase Pb-Sb free alloy nanoparticles.

Table III. Thermodynamic and Physical Properties Used in the Calculation of Surface Energies of Pb-Sb Binary Alloy Systems

Variables

Function References

Surface Energy (J/m?) ok, = 0.4975 — 1.096  10~*T 44
a%b =0.5396 — 1.096 % 10*4(T —600.46) calculated

ok, = 0.4190 — 0.561  10~*T 44
0¥ = 0.460375 — 0.561 % 10*4(T —903.63) calculated

Molar Volume (m*/mol) L =19.42 % 1079{1 4 0.000124(T — 600.46)} 45
V5, = 1.87072 % 107°{1 + 0.000124(T — 600.46)} calculated

L =1.88 % 107{1 +0.00013(T — 903.8)} 45
V3, = 1.81906 % 1073{1 4 0.00013(T — 903.8)} calculated

modified by adding the total surface free energy (c4)
term. Thus, the total Gibbs free energy of a nanoparticle
consisting of two phases can be calculated by:

G T n, x) = Ty <1 - n_) G’
n n

+ Zo-j(x,T)Aj(T7n7x) [3]
J
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For biphasic alloy nanoparticles, four possible states
exist and the four corresponding free energy functions
are: Gtotal,aﬁ’ Gtotal,al,Gtotal,ﬂland Gto'sal,lwhel.e o, ﬂ and L
represent the solid phases and liquid phase, respectively.
These four free energies were calculated as a function of
the phase fraction at each temperature. To determine

METALLURGICAL AND MATERIALS TRANSACTIONS A



the free energies, the molar free energies (G™) of mixing
of FCC (Pb) and rhombohedral (Sb) were estimated by
using the thermodynamic functions provided in
Table TV.1*7

Furthermore, in Eq. [3], the second term can be
expanded:

Zaj(x, T)A;(T,n,x) = A*c* + APoP 4+ 4P/ [4]
J

Here, A”andAPrepresent the surface area of « and f
phases, respectively, and A% indicates the interface-in-
terphase area, while ¢*, ¢ represents the correspond-
ing specific surface energies of the «, f phases and
o/Pis the specific interfacial energy between o and f
phases. Each function of Eq. [4] was evaluated by
adopting the following approximation: (1) the surface
and interface area can be estimated by using the in situ
TEM images (as shown in Figure 5) of Pb-Sb binary
alloy nanoparticles. Surface areas are predicted as a
function of temperature (T) assuming a constant eutec-
tic composition (x.) of the system. It is clearly evident
from the TEM images that the morphology of the
nanoparticle is cap-on-body geometry. The surface
area can be deduced by knowing the actual shape of
the nanoparticle. Here, the majority of particles shapes
were cuboctahedral (in Figure 5). The absolute surface
area (A) of a cuboctahedral shape with an edge length
of [ is given by 4 = [6+2/1/3] . The diameter of the
enclosed sphere can be employed as a measure of
nanoparticle size. The diameter is given by Dy =
1.1201% In the calculation, the particle shape is consid-
ered to be a cuboctahedron. The in situ TEM images
clearly reveal that as the temperature increases, the
particle shape starts to change. At high temperature,
the shape changes from a cuboctahedron to being
nearly spherical. However, the difference in the surface
area between the spherical and cuboctahedron shape is
approximately 5.7 pct. It was also found that the sur-
face areas of the nanoparticle in different shapes were
different even at the identical volume.[*" (2) The inter-
face area (4*#) can be assumed to be flat and defined
by the length measurement from the TEM images. (3)
o*, o’ and ¢*/ also strongly depend on the composi-
tion of the phases. The change of surface and interfa-
cial energies due to compositional change will be
significant and needs to be considered. For eutectic
Pb-Sb, ¢*/F has been reported to be 0.141 J/m? at
room temperature in the literature."*? For calculation,
this value was presumed to be constant for all temper-
atures. Furthermore, to evaluate the nanophase dia-
gram, an estimation of surface energies(c*, o) as a
function of the composition of both phases is required.
When the nanoparticles comprise the interface among
the phases, the mole fraction and composition of the
leading phases depend on the average composition of
the nanoparticles. The composition and mole fraction
together determine the total surface energies.”® Since
the surface makes an important contribution to the
total Gibbs free energy of the particles, nanoparticles
with different average compositions will lead to distinct
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surface energies and consequently different solubility
ranges compared with the bulk system. Therefore, the
surface energies of o, f for the 17.5 at. pct Pb-Sb alloy,
¢* and of were calculated using modified Butler’s
equations for binary alloys.** This equation expresses
the surface energy in terms of equilibrium between the
chemical potentials of the bulk components and their
surface at different compositions. Butler’s equation is
given below:

n RT10 1 — x3,
g =0 —_— e\ ——
Pb APb g b

1 —xg,
1
+A—Pb [AGi’b(Tv xf)b) - AG?’b(Z xlﬁb)] [5a]
RT 1 — x5
=64 +—1lo Pb
A ge<1 —x]b)b)

1
+ e [AGS (T, x%,) — AGS (T, x%)]. [5b]

whereR is the universal gas constant (8.31 Jmol 'K "),
and T is the temperature. ap, and g p, are the interfacial
energies, and App, and Ay, are the molar surface areas of
pure Pb and Sb, respectively. xB, and x3, are the mole
fractions of component Pb at bulk and the surface,
respectively. AGS, (T,xB,) and AG,(T,x},) are the
partial excess Gibbs free energy of Pb for the bulk and
surface, respectively. Similarly, the parameter for Sb can
also be defined. Using the above-described Eq. [5a], the
temperature- and composition-dependent surface ener-
gies (¢* and ¢f) can be calculated. The physical
properties used in the calculation are summarized in
Table I11.4**! Details of the calculation are discussed in
the Appendix. Employing all the relevant and estimated
data in Egs. [5a] and [5b], the composition-dependent
surface energies of Pb-Sb are estimated for temperatures
ranging from 300 K to 1000 K. Figure 7(a) shows the
plot of the surface energy of Pb-rich solid solution (Pb)
with respect to the mole fraction of Sb at different
temperatures whereas that of the Sb-rich solid solution
is presented in Figure 7(b). One can clearly see that
there is a small deviation at temperatures around 300 K
and 400 K due to the limited solubility in the conven-
tional Pb-Sb phase diagram at low temperature. The
surface energy of the alloy deviated positively for
a-phase and negatively for f-phase from the value
predicted by the concentrated weight average at all the
temperatures investigated.

Let us now focus our attention on the calculation of
the size-dependent nanoalloy phase diagram. With the
knowledge of interface and surface energies, free
energies of all the possible states (GO®*,
Glotalal goulpl and Gotlly of the alloy were evaluated
and computed. The absolute minimum of the Gibbs free
energy at a given value of temperature and composition
for different particle sizes (r = radius) is obtained from
the tangent to curve construction rule. The calculations
carried out for r = 80, 60, 45 and 30 nm are shown. The
results are shown in Figure 8, in which the phase
diagrams of the bulk Pb-Sb system and nanoparticles
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Fig. 7—(a) Calculated interface energy of Pb-rich solid solution
phase (Pb) and (b) calculated interface energy of Sb-rich solid
solution phase (Sb) at different temperatures.

having a particle radius of 45 and 30 nm nanoparticle
size are shown. Figure 8 demonstrates that the shift of
temperature and composition occur as the particle size
reduces from bulk to 30 nm.

As mentioned previously, several attempts were made
to understand the size-dependent melting temperature of
the nanoparticle.”*?*?%! Similarly, an effort was made in
the present investigation to determine a quantitative
relationship between the melting temperature of the
alloy nanoparticle and particle size. Figure 9 shows the
comparison between the experimentally obtained results
and theoretical calculated results for the size-dependent
melting temperature as a function of nanoparticle size
(r). The experimental data (red bulleted points) were
obtained from DSC analyses of all the samples. The
eutectic temperature of the bulk alloy (blue dotted line)
is also shown in Figure 9.
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In this plot, the experimental results bear closer
resemblances to the theoretically calculated ones pre-
dicted using a nanophase diagram. However, a small
discrepancy between the experimental and theoretical
result was observed. This may be because the following
assumptions were not met during the theoretical calcu-
lation. The curved interfaces of the phases were not
considered. The surface and interfacial segregation was
considered insignificant with respect to the volume of
the system. The relative stability of the phase configu-
ration with respect to the other (i.e., core shell config-
uration vis-a-vis the cap-on-body configuration) was not
compared. In addition, the complexities of the real
system (interaction of neighboring nanoparticles, which
is not considered in these models) were not considered.
Even non-availability of all the necessary parameters
such as the exact interfacial energy can lead to deviation.
The interfacial energy between o and f§ phase and ¢*/# of
the eutectic system also plays a role in the lowering of
the melting temperature as a function of size. In general,
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the interface energies are larger in magnitude than the
surface energies because of the capillary effect present at
the interface between the coexisting phases, which
further leads to a larger contribution of the surface to
the total Gibbs free energy.*” Recently, it has also been
reported that the size-dependent melting temperature of
eutectic alloy nanoparticles decreases more rapidly with
decreasing particle size compared with the constituent
pure system or single-phase nanoparticles of similar
size.***7] As the particle size decreases from bulk to the
nanoscale, the relative contribution of the interfacial
energy between two phases reaches a higher value
because of their extremely large surface area-to-volume
ratio. As a consequence, the Gibbs free energy of the
single-phase alloy nanoparticle will be lower than the
Gibbs free energy of the two-phase alloy nanoparticles.
Thus, the accurate determination of the interfacial
energy between o and f phase is also one of the most
important parameters for the prediction of the melting
temperature.

V. CONCLUSIONS

In the present investigation, we have synthesized
Pb-17.5 at. pct Sb multiphase free alloy nanoparticles by
the solvothermal route. Furthermore, the as-synthesized
sample was heat-treated at 373 K for different times to
obtain different ranges of particle size. Size-dependent
melting behavior of the alloy nanoparticle has been
systematically studied by combining the experimental and
theoretical models. The significant observations obtained
in the present study can be summarized as follows:

i.  DSC has been extensively utilized to determine the
melting temperature of the Pb-17.5 at. pct Sb alloy
nanoparticles. The melting temperature has been
observed to be size dependent. Smaller alloy
nanoparticles exhibit more depression in melting
temperature than larger nanoparticles.

ii. In situ TEM heating clearly reveals depression of
the melting temperature of the bi-phasic nanopar-
ticles. The melting was initiated at the outer surfaces
of the biphasic particles and spread first along (Pb)
having relatively lower melting temperature. The
(Sb) phase subsequently melts.

iii. A size-dependent phase diagram was obtained using
theoretical modeling. Subsequently, experimentally
observed size-dependent melting behavior of alloy
nanoparticles was compared with the theoretical
calculation. A reasonably close match between the
theory and experimental result was observed.
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APPENDIX

Details of Thermodynamics Calculations

The objective of the appendix is to describe the details
and procedure for obtaining the nanophase diagram
using a thermodynamic database of molar volume and
surface tensions of the respective pure metals. The
method is adapted from the model developed by
Weissmuller er al.’”

The molar free energy, G™, of a regular solution is
commonly derived as:

G"(x,T) = xp,Gpp + (1 — xpp) Gsp
+ RT(xpplnxpy, + (1 — xpp)In(1 — xpp))
+ G.\'S

mix

[A1]

where x indicates the mole fractions of components
and °Gpp and °Gy, are the standard Gibbs free energies
of the pure components Pb and Sb, respectively. T is
the temperature, R is the universal gas constant, and
Gy is the excess Gibbs free energy of mixing, which
is extended by the Redlich-Kister formalism™*® as:

G = xpp(1 — Xpp) Z Qy(2x —1)" [A2]
9

where Qy is a non-ideal interaction parameter. ¢ is the
order of expansion where for regular solution phases
¥ = 0 and ¢ = 1 for non-regular solution phases.
Thermodynamic functions used during calculation are
tabulated in Table I'V.

To evaluate the surface energies of solid phases (¢*
and ¢®) by using Butler’s equation, the molar surface
area, surface energy and partial excess free energy of the
pure component Pb or Sb need to be determined first.
Therefore, the molar surface area can be calculated by

1
using the following equation, A; = 1.091]\ﬁA(V,»)%, where
Na and V; are Avogadro’s number and the molar
volume of component i. The molar volumel is esti-
mated by:

V = xppVpp + (1 — xpp) Vip [A3]

Vpy and Vgpare the molar volumes of the pure compo-
nents of Pb and Sb. The values of the molar volume
of pure Pb and Sb in liquid state from the reported lit-
erature were used.*>*! For evaluating the molar vol-
ume of pure components Pb and Sb in solid state, the
following equation was used:
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where o, is the thermal expansion coefficient, which is a
ratio of the change in volume of solid while melting,

Venp— Vs L
—_ "xmp X,m.p S
Oy = where, V5, o and Vi, . are the molar

volumes of pure liquid and solid x (Pb or Sb) at melting
temperature.

Furthermore, the surface energy values of pure Pb
and Sb in liquid state were obtained directly from the
literature.[** Some of the reported references showed the
surface energy value of the pure solid at the melting
point is observed to be 25 pct larger than surface energy
of the pure liquid.**>® Therefore, Eq. (A5) was used to
approximate the surface energy of the pure solid
component:

8 L 80’)%
o, = 1'250-)6.,"1.[1 + W (T — Tx,m.p) x =Pb or Sb
[AS5]
where a?;‘m‘ is the surface energy of pure liquid x (Pb or

Sb) at its equilibrium melting point Ty ,,, .

All the reported and calculated temperature-depen-
dent surface energies and molar volumes of the pure
components (Pb, Sb) in the solid as well as liquid state
are summarized in Table III.

The partial excess Gibbs free energy of components
Pb and Sb in the bulk can be evaluated by Reference 49:

d(G
AGpy = G = (1= xeo) 4G [A6a]
. dx B
d(Gy,
AGY, = G + xpy 4(Ci) [A6b]
: dx A

For obtaining the partial excess Gibbs free energy of
components Pb and Sb in the surface, Speiser, Yeum’s
model has been used. According to Yeum’s model.'->

AG}y, = Q"™ AGY, [A7a]

AG, = Q" AGY, [ATb]

Qix = 0.85; liquid alloy and Q"x = (.84; solid alloy

Q"M represents the ratio of the coordination number
in the surface to that in the bulk."*")

The surface energies of solid phases (6% and ¢”) can be
calculated by setting all the values in Butler’s Eqgs. [A6a]
and [A6b] computed by solving Egs. [A3] through [A7a].
The equations are simultaneous equations with two

. Surface
unknowns: xp,°g,~ andy, ;. Furthermore, these equa-

tions can be solved for those unknowns numerically.
The four possible states and corresponding free
energy functions are given byGWwl«f Gloalal  Growlfl
and G These four free energies were calculated as a
function of the phase fraction at each temperature. Let
us assume p; and p», the terminal mole fraction of the
Pb- and Sb-rich phases, respectively. Here, p; and p,
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correspond to the intercepts of a common tangent with
the free energy curve. To approximate the two minima
of the Gibbs free energy curves, the following coupled
equations are utilized:

thotal (x) thotal (X)
= A pe
dx - dx =p» [Asa]
thotal X ) )
dx( ) *(Pl _pz) _ Gtotal(pl) _ Gtotdl(pz) [Agb]
X=p1

p1 and p, are solved for ranges of temperature and
plotted on a phase diagram as shown in Figure 8.

ELECTRONIC SUPPLEMENTARY MATERIAL

The online version of this article (https://doi.org/10.
1007/s11661-019-05275-0)  contains  supplementary
material, which is available to authorized users.
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