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ABSTRACT: Thermochemical behavior of nickel-coated aluminum
particles in the size range of 4−18 nm is studied using molecular
dynamics simulations. The analysis is carried out in isothermal−
isobaric and isochoric-isoenergetic ensembles using an embedded
atom method. Emphasis is placed on analyzing the melting points of
the core and shell, diffusion of atoms, and intermetallic reactions.
The aluminum core melts at a temperature greater than the melting
point of a nascent aluminum particle due to the cage-like mechanical
constraint imposed by the nickel shell. The melting point of the aluminum core increases from 775 to 1000 K when the core
diameter increases from 3 to 12 nm. The melting point of the core is not significantly affected by variations in the shell thickness
in the range of 1−3 nm, although the melting point of the shell increases with increasing thickness from a value as low as 1100 K
at 1 nm to 1580 K at 3 nm. Melting is followed by diffusion of atoms and energy release due to intermetallic reactions, which
result in ignition of the particle in vacuum. For a core diameter of 3 nm, the ignition temperature increases from 800 to 1600 K
when the shell thickness increases from 0.5 to 3.0 nm. The diffusion coefficient of aluminum atoms in the nickel shell exhibits an
exponential dependence on temperature, with activation energy of 34.7 kJ/mol. The adiabatic reaction temperature of the
particle increases from 1650 to 2338 K when the core diameter increases from 3 to 8 nm. The calculated values agree reasonably
well with those obtained via thermodynamic energy balance analysis.

I. INTRODUCTION

Aluminum particles are extensively used in many propulsion
and energy-conversion applications due to their favorable
energetic properties.1 They are covered by an amorphous oxide
layer, which is typically 0.5−4 nm thick.2 The specific thickness
of the oxide layer depends on the temperature of the particle
and the duration of exposure to the oxidizing environment.
When the particle is exposed to the oxidizing gas for a sufficient
period, the oxide layer thickness saturates at a value of 4 nm.3

The oxide layer protects the particle from further attack by the
oxidizer molecules. Aluminum particles with diameter greater
than 100 μm ignite only upon melting of the oxide layer at
2350 K.4 This results in a long ignition delay and a slow rate of
energy release. It is thus desirable to reduce the ignition
temperature of micrometer-sized aluminum particles.
The formation of the oxide layer on aluminum particles can

be significantly inhibited by applying transition metal coatings,
which have higher melting points than the aluminum.5 For
example, the bulk melting point of nickel is 1728 K. Foley et
al.5 synthesized nanoaluminum powders by thermal decom-
position of an alane-adduct solution in the presence of a
titanium catalyst under an inert atmosphere. The resulting
material was used to reduce complexes of gold, nickel,
palladium, and silver. The reduction process yielded nano-
aluminum particles coated with transition metals. Typically, an
oxide layer of the transition metal is formed, which can have
thickness on the order of few nanometers.5,6 Among all
transition metals considered in Foley et al.’s study, nickel
resulted in the highest active aluminum content. Encapsulation
of aluminum particles with a nickel shell results in lower

ignition temperatures due to intermetallic reactions between
aluminum and nickel atoms.7 For example, the ignition
temperature of a 2.38 mm aluminum particle in air decreases
from 2350 to 1313 K when the oxide layer is replaced with a
nickel coating. Temperature runaway is also observed in inert
environments.7 The substitution of a nickel coating for the
oxide coating increases the flame speed of an aluminum particle
dust in air by a factor of 1.5−4.8 Nickel-coated aluminum
particles can potentially be employed to manufacture nickel
aluminides (NixAl1−x), which are attractive for use in aircraft
turbines due to their good strength characteristics, excellent
corrosion and oxidation resistance, and high melting points.9 A
better understanding of its thermochemical behavior is thus
helpful for propulsion and material synthesis applications.
Nanosized particles have unusual energetic properties due to

their high percentage of surface atoms and the excess energy
associated with these atoms.10−12 As the particle size decreases
from 30 to 3 nm, the percentage of surface atoms increases
from 5 to 50%.13 The melting temperature of a nanoaluminum
particle increases from 473 K at 2 nm to a bulk value of 937 K
at ∼8 nm.14 The ignition temperature can be as low as 933 K,
possibly due to polymorphic phase transformations in the oxide
layer or melting of the aluminum core.2,15 The oxide layer,
however, occupies a significant portion of the particle mass on
nanoscales. For example, a 38 nm aluminum particle has ∼47.5
wt % oxide.16 For combustion applications, therefore, it is
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desirable to replace the oxide coating with such favorable
metallic coatings as nickel. Nickel atoms can participate in
oxidation and intermetallic reactions, thereby resulting in a
significant reduction in the ignition delay.
Molecular dynamics (MD) simulations can be used to

provide insight into the melting and ignition characteristics of
nanoscale materials. Puri and Yang14 performed MD
simulations to analyze the effect of particle size on melting of
nascent aluminum particles. The thermomechanical behavior of
oxide-coated aluminum particles has also been analyzed.17 MD
simulations on nickel-coated aluminum particles have thus far,
however, been limited. Most efforts were made to study the
possibility of fragmentation of the shell caused by core melting
at a fixed core/particle size,18,19 with little attention paid to
diffusion and intermetallic reactions.19,20 Systematic studies of
the effect of particle size on the physiochemical processes after
melting of the core are yet to be performed. In the present
study, the thermochemical behavior of nickel-coated aluminum
particles is investigated via MD simulations over a wide range of
temperatures to characterize melting, diffusion, and interme-
tallic reactions. The core diameter of the particles of interest is
in the range of 3−12 nm, and shell thicknesses of 0.5, 1, 2, and
3 nm are considered. Special attention is paid to quantify the
effects of the core diameter and shell thickness on relevant
physiochemical phenomena.

II. THEORETICAL AND COMPUTATIONAL
FRAMEWORK

In the present study, both isobaric−isothermal (NPT) and
isochoric-isoenergetic (NVE) ensembles are employed. NPT
ensemble is used to study the thermochemical behavior of the
particle in the presence of external heating at a constant
pressure condition, while NVE ensemble is used to investigate
self-heating of the particle due to intermetallic reactions under
adiabatic conditions. In NPT ensemble, a system of N atoms is
coupled to an external source by introducing additional
variables into the Lagrangian. Assuming that atoms behave as
classical point-like masses, the Lagrangian, L, is expressed as
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where M is a constant fictitious mass associated with the
volume of the system, m is the mass of the atom, qi is the
generalized coordinate, V is the volume, treated as a dynamic
variable, P is the pressure, U is the potential energy, T is the
temperature, Q is the inertia factor, g is a parameter, kB is the
Boltzmann constant, and s is the degree of freedom of the
thermostat. In this method, volume is treated as a dynamic
variable21 and the parameter s controls heat exchange between
the system and the reservoir.22 Substituting the Lagrangian in
the Euler−Lagrange equation,23 the equations of motion take
the form
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where qi̇ and q ̈i denote the first-order and second-order
derivatives of qi with respect to time and Fi is the net force on
atom i. In the NVE ensemble, the Lagrangian is the difference
between the kinetic and potential energies of the set of atoms.
The resulting equation of motion is given by

̈ = − ∂
∂

m q
U
qi i

i (3)

The above system of equations is numerically integrated
using a fifth-order predictor−corrector algorithm. The time
step is chosen as 1 fs because the time scale of vibration of
atoms is on the same order. Negligible improvement in the
model results is obtained when the time step is reduced from 1
to 0.1 fs. The heating rate is another important adjustable
parameter. Shibuta and Suzuki24 analyzed the effect of the
cooling rate on the solidification of metal nanoparticles using
MD simulations. The solidification temperature decreased with
increasing cooling rate. In the present work, a parametric study
was conducted to determine the optimum value of the heating
rate in the range 10−3 to 10−1 K/fs. The result is shown in
Figure 1. The time step places restriction on the minimum

value of the heating rate. The analysis reveals that a heating rate
lower than 10−2 K/fs increases the total computational time
dramatically with only little change in the model results, while a
higher value leads to substantially different results. As a result, a
heating rate of 10−2 K/fs is adopted in the present study.
To calculate macroscopic properties of the system from the

positions and momenta of all atoms, an ensemble average is
required.23 The pressure is calculated using the virial equation
of state as a function of temperature and forces experienced by
all of the atoms.25
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where ri is the position vector of atom i. The melting point of
the system is identified based on the variations in the potential
energy, Lindemann index, thermal displacement, and transla-

Figure 1. Variation of potential energy of 7 nm (10976 atoms)
aluminum particle with temperature at different heating rates.
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tional-order parameter. The Lindemann index, δ, is a measure
of the root-mean-square fluctuations of the interatomic distance
and is given by26
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It is expected to increase abruptly during melting. The
translational-order parameter, λ, is expressed as27
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where k is an arbitrary vector of the lattice and L is the side
length of the simulation domain. In solids, atoms simply
translate about their lattice positions, and hence there is a
perfect order in the crystal. Such order, however, disappears in
a liquid state, and the corresponding translational-order
parameter is reduced by an order of magnitude. The thermal
displacement is defined as

δ = −r r( )i i it, 0,
2

(7)

where the subscripts i and 0 refer to atom i and the initial state,
respectively. Upon melting, the aluminum atoms diffuse into
the nickel shell. The onset of diffusion is marked by the sudden
increase in the core radius, rc
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where rcm is the position vector of the center of mass.

III. POTENTIAL FUNCTION

To close the formulation, the potential energy of the system of
atoms needs to be specified. For metals, the majority of the
potential functions are based on the embedded atom method.28

In this method, the energy needed to embed an atom in the
electron gas is included to capture the physics of metallic
bonding. One such potential function, which is formulated by
Cleri and Rosato,29 has been fitted to the structural and
thermodynamic properties of bulk aluminum and nickel. It
takes the following form:
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where V is the pair-potential function and ρ is the electron
density function. The first term describes the electrostatic
interactions between the atoms, while the second term
accounts for the energy needed to embed an atom in the
electron gas. The pair-potential and electron density functions
are expressed as
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The parameters in the potential function are given in Table
1.30,31 Previous studies (see refs 1−7 in the Supporting

Information) indicate that the potential function can predict
the structure, phase stability, and thermodynamic properties of
Ni−Al alloys (especially, B2-NiAl and Ni3Al) with reasonable
accuracy. Furthermore, considerable success has been achieved
in simulations of thermal behaviors of aluminum particles
coated with Ni and Ni3Al using this potential function (see refs
8 and 9 in the Supporting Information). As a result, it is
employed in the present study.

IV. PURE ALUMINUM AND NICKEL
The theoretical framework is employed to calculate the
structural and thermodynamic properties of aluminum and
nickel. An FCC lattice is adopted to calculate the initial position
vectors for a known number of atoms. For bulk materials, a
periodic boundary condition is enforced in all three spatial
directions. A free-surface boundary condition is, however,
prescribed for nanoparticles. The crystal is allowed to
equilibrate at 300 K prior to the heating simulation.

A. Bulk Materials. The properties of surface-free bulk
systems of aluminum and nickel are first treated. The lattice
constant and cohesive energy are calculated by equilibrating the
crystal in an NVE ensemble. To determine the melting point
and latent heat of melting, the crystal is heated externally in an
NPT ensemble. Table 2 shows calculated values of the cohesive

energy, lattice constant, and latent heat of melting and
compares them with experimental data. The discrepancy is
<2%, demonstrating the accuracy of the potential function.
Figure 2 shows the melting of 4000-atom bulk aluminum in
vacuum. Melting is observed at 1060 K, at which point sharp
variations occur in the translational-order parameter and
Lindemann index. Such a trend is characteristic of the structural
melting phenomenon, which is observed for surface-free
materials.35 Note that the fluctuations that are typically

Table 1. Parameters for Potential Function30,31

Ni−Ni Al−Al Ni−Al

A (eV) 0.0376 0.1221 0.0597
ξ (eV) 1.0700 1.3160 1.2898
p 16.9990 8.6120 15.714
q 1.1890 2.5160 1.1550
r0 (Å) 2.4910 2.8637 2.5001

Table 2. Cohesive Energy, Lattice Constant, and Latent Heat
of Melting of Bulk Materials

aluminum nickel

model experiment32−34 model experiment32−34

Ec (eV/atom) −3.337 −3.340 −4.437 −4.435
a (Å) 4.048 4.050 3.491 3.520
ΔHm (kJ/mol) 10.610 10.470 17.360 17.160
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observed in MD simulations decrease with increasing number
of atoms. The system is superheated above the experimental
melting point of bulk material by 127 K, which can be
attributed to the absence of a nucleation site for melting. The
structural melting point is typically greater than the
thermodynamic counterpart by 20%.35,36 The resulting
asymptotic value of the melting temperature of aluminum
particles is 883 K, which differs from the experimental value by
∼5%. A similar pattern is observed for bulk nickel, as shown in
Figure 2. It melts at 1950 K, which is higher than the
thermodynamic melting point by 222 K. The asymptotic
heterogeneous melting point of 1625 K is 6% lower than the
experimental value.
B. Nascent Nanoparticles. The melting of nanoscale

particles is examined over a size range of 1.5−12 nm. Figure 3
shows the variation with temperature of the potential energy
and Lindemann index of a 7 nm aluminum particle consisting
of 10 976 atoms. Melting occurs at 810 K. For a particle, the
surface acts as a nucleation site for phase transition and the
melting front propagates to the interior regions of the core.

Hence, the phase change is manifested by a gradual increase in
the properties, as opposed to the abrupt changes found in a
bulk material. A similar trend is observed for the nickel particle,
except that melting takes place at a higher temperature of 1540
K. Figure 4 shows the effect of particle size on the melting of
aluminum and nickel on nanoscales. It also shows comparison
with the results of previous MD simulations,14,37 experi-
ments,38,39 and theoretical studies.40,41 The theoretical curve in
ref 40. corresponds to the case in which only the Ginzburg−
Landau (GL) equation is employed. For nanosized particles,
surface premelting phenomenon is observed. Because the
percentage of surface atoms increases with decreasing particle
size, a larger particle melts at a higher temperature. Note that
the dependence of the melting point on particle size becomes
much weaker for diameters greater than 5 nm. Eckert et al.38

synthesized nanocrystalline aluminum powders by mechanical
attrition in argon, hydrogen, and oxygen atmospheres. A similar
reduction was observed in the melting point with decreasing
grain size. It is rather surprising that the predicted values exhibit
excellent agreement with experimental data because the model

Figure 2. Translational order parameter (λ) and Lindemann index (δ) as a function of temperature showing the melting of bulk aluminum and
nickel in vacuum.

Figure 3. Potential energy and Lindemann index (δ) as a function of temperature showing the melting of 10 976-atom aluminum (7 nm) and nickel
(6 nm) particles in vacuum.

Figure 4. Effect of particle size on melting of aluminum and nickel particles.
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underpredicts the bulk melting point by 5%. This may be
attributed to the fact that the heating rates in the simulations
are orders of magnitude higher than those employed in the
experiments.42 Furthermore, the theoretical and experimental
melting points increase more gradually than those in MD
simulations. This is completely justified because the percentage
of surface atoms in the particle follows a similar trend. Qi et
al.37 calculated the melting points of nickel particles as a
function of particle size using the quantum-corrected Sutton−
Chen potential. As can be seen, the Cleri−Rosato potential
function offers more accurate values of the melting point of
nickel particles.

V. NICKEL-COATED ALUMINUM PARTICLES
The theoretical model is also employed to analyze the
thermochemical behavior of nickel-coated aluminum particles.
Figure 5 shows the initial structure of nickel-coated aluminum

particle with a core diameter of 12 nm and shell thickness of 1
nm. A spherical nickel particle of known dimension is first
generated. A spherical void is then created in the interior of the
nickel particle to accommodate the aluminum core. The
resulting particle is equilibrated at 300 K prior to the heating
simulation. Table 3 shows the values of the core diameter (dc),

shell thickness (δs), total number of atoms (N), and number of
aluminum atoms (NAl). The core diameter varies in the range
of 3−12 nm, and three different shell thickness of 0.5, 1, 2, and
3 nm are considered. The aluminum atomic fraction increases
with increasing core size and decreasing shell thickness.

A. Baseline Simulation. To facilitate detailed discussion on
the thermochemical behavior of nickel-coated aluminum
particles, we first consider a particle with a core diameter of
12 nm and shell thickness of 1 nm. Figure 6 shows the variation

of the Lindemann index and potential energy of the core with
temperature. Melting of the core is characterized by the change
in the parameters, beginning at 1000 K. The predicted melting
point is higher than that of a nascent particle, which is ∼880 K.
It is, however, lower than the structural melting point of bulk
aluminum, 1060 K. The latter represents the upper limit for the
core melting point because it is the temperature at which the
crystal undergoes catastrophic mechanical failure. The melting
point elevation for a coated nanoparticle has been observed in
previous experimental36,43−46 and theoretical47,48 studies. The
enhanced thermal stability of an encapsulated core is attributed
to the epitaxial core−shell interface or to the pressure buildup.
The former is present in the particles considered in the present
study, as seen in Figure 5. In an uncoated particle, the surface
atoms, which have higher energy than the atoms in the interior
region, can vibrate easily. For a coated particle, the shell
restricts the vibration of the interfacial core atoms, which have
lower energy than those in the interior region. As a result, a
significant increase in the melting point is observed.
Figure 7 shows the snapshots of the particle at 300 and 1100

K. Melting causes a significant change in the crystal structure of
the core. At 300 K, a well-defined structural order is present,
but no such order is observed at 1100 K. The crystal structure
of the shell is negligibly affected. Figure 8 shows the variation of
the core radius with temperature. The sudden increase in the
core radius at ∼1000 K may be attributed to the volume
dilation of the core associated with melting. Note that the
aluminum core dissolves nickel atoms at the interface. The
aluminum atoms continue to diffuse into the shell, which causes
the core radius to increase monotonically. Figure 9 shows the
diffusion processes occurring in the particle over the temper-
ature range of interest (300−2400 K). Aluminum atoms diffuse
into the shell and nickel atoms diffuse into the core, resulting in
the formation of a homogeneous alloyed particle. The diffusion
processes prevail upon melting due to the higher mobility of
the melted atoms. Note that complete homogenization is not
observed at 2400 K, suggesting that higher temperatures are
required for complete mixing of the core and shell atoms.
Figure 10 shows the variation of the average potential energy of
the particle with temperature. The potential energy rises, attains
a plateau, and then decreases. This trend is a characteristic of
the core−shell particle structure and is not observed for nascent

Figure 5. Initial crystal structure of nickel-coated aluminum particle
(dp = dc + 2δs).

Table 3. Configuration of Nickel-Coated Nanoaluminum
Particles

dc, nm δs, nm N NAl XAl

3 0.5 2909 874 0.30
3 1.0 7187 874 0.12
3 2.0 17 440 874 0.05
3 3.0 37 065 874 0.02
5 1.0 15 496 4081 0.26
6 1.0 20 914 6380 0.30
6 0.5 12 760 6380 0.50
8 1.0 39 435 15 504 0.39
12 1.0 103 737 53 752 0.52
12 2.0 169 899 53 752 0.31
12 3.0 254 614 53 752 0.21

Figure 6. Lindemann index, δAl, and potential energy of the aluminum
core as a function of temperature for a 14 nm particle with a 1 nm
thick nickel shell.
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particles. The result suggests the formation of low-energy
species from the following exothermic intermetallic reaction:

+ →Ni Al NiAl (11)

The heat of formation of NiAl is 62 kJ/mol at room
temperature.49 The initial rise in the potential energy is caused
by the transfer of energy from the heat reservoir to the particle.
The plateau represents the stage in which this energy supply is
counterbalanced by the formation of the low-energy species,
NiAl. The subsequent decrease indicates the preponderance of
the intermetallic reactions.
Note that the interfacial aluminum atoms mix with nickel

atoms even at room temperature. If the particle is heated
externally to a temperature at which the reactions begin to
occur rapidly, it can ignite, provided that the rate of chemical
heat generation is greater than that of heat loss to the ambient
environment. An energy balance is performed to estimate the
equilibrium temperature of the particle upon completion of the
intermetallic reactions under adiabatic conditions. The result is
compared with the value obtained from the MD simulation.
The thermodynamic energy balance takes the form

=H T H T( ) ( )reac i prod ad (12)

where Hreac is the enthalpy of the reactants calculated at an
initial temperature, Ti, and Hprod is the enthalpy of the products
evaluated at the adiabatic reaction temperature, Tad. The initial
temperature is taken as 1250 K, which corresponds to the point

at which the potential energy begins to decrease. The enthalpy
of the reactants, Hreac, is given by

= + +H H H Hreac Al
1250K

Ni
1250K

m,Al (13)

The enthalpies of Al and Ni are calculated as 22.85 and 24.82
kJ/mol, respectively, and that of the melting of aluminum is
taken as 10.71 kJ/mol. The enthalpy of the products is
expressed as

= − + − +⎜ ⎟⎛
⎝

⎞
⎠H

t A
V

H C T H1 ( 298)i
pprod f,NiAl

298K
,NiAl ad m,NiAl

(14)

where A is the interfacial area, V is the core volume, and ti the
thickness of the interfacial zone. The interfacial core atoms
participate in alloying reactions prior to melting of the core,
thereby resulting in a decrease in the energy content of the
particle. The fraction of the core volume that has already

Figure 7. Snapshot of the particle before (300 K) and after (1100 K)
core melting.

Figure 8. Core radius as a function of temperature for 14 nm particle
with a 1 nm thick Ni shell.

Figure 9. Snapshots of 14 nm particle showing melting and diffusion
processes.

Figure 10. Average potential energy of the particle as a function of
temperature for core diameter of 12 nm and shell thickness of 1 nm.
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reacted depends on the interfacial area-to-core volume ratio and
the thickness of the interfacial zone. The latter is approximated
to be 0.7 Å.19 The specific heat and enthalpy of melting of NiAl
are taken as 55 J/mol-K and 63 kJ/mol, respectively.50 The
equilibrium temperature calculated using eqs 13 and 14 is 2388
K. In other words, the particle is self-heated from 1250 to 2388
K due to the heat release from intermetallic reactions.
Figure 11 shows the variation of the temperature of the

particle with time under adiabatic conditions calculated using

MD simulations. The initial position and velocities of atoms are
those obtained from the heating simulation in an NPT
ensemble at 1250 K. The particle is heated from 1250 to
∼2300 K due to exothermic intermetallic reactions of
aluminum and nickel atoms over a period of 100 ps. One of
the reasons for the discrepancy is that equilibrium is not
attained within a time period of ∼100 ps. After a time period of
50 ps, the temperature increases very slowly. The particle
snapshots obtained in NPT simulations also support this
argument. It is also important to note that the atomic species
are no longer expected to interact with a ground electronic
configuration but with an excited one at higher temperatures.
Therefore, classical many-body potentials reproduce interaction
forces only with modest accuracy, and ab initio methods should
be applied. Note that the particle temperature increases by
∼1000 K over a time period of ∼100 ps. The resulting intrinsic
heating rate is ∼1013 K/s, which is equivalent to particle
ignition.
B. Effect of Core Size. The effect of core size is studied in

the diameter range of 3−12 nm with a fixed shell thickness of 1
nm. Figure 12 shows the variation of the melting point of the
core with the core diameter. It increases from 775 to 1000 K
when the core diameter increases from 3 to 12 nm. Such a

trend has also been observed in a previous study.17 In all of the
cases, the presence of the nickel shell increases the melting
point of the core. Figure 13 shows the snapshots of an 8 nm

particle colored by thermal displacement at different temper-
atures. As can be seen, the nucleation of the liquid phase begins
at the core−shell interface, and the melting front propagates to
the interior region of the core. The fact that heterogeneous
nucleation at the interface dominates melting of superheated
nanoparticles has been observed previously in MD simu-
lations.47

Figure 14 shows the variation of the core radius with
temperature for different core sizes. For a 3 nm core, the
diffusion rate of aluminum atoms increases suddenly at 1350 K,
a phenomenon that is not related to the melting of the core.
The nickel shell melts at 1325 K (see Section V.C), which is
lower than the bulk melting point of nickel, 1728 K. Unlike a
particle, a shell can begin to melt both at the surface and at the
core−shell interface. The nickel shell with a molten aluminum
cluster is less stable than a pure nickel particle of the same
size.36 For larger core diameters, the aluminum atoms begin to
diffuse outward at slightly lower temperatures. Figure 15 shows
the variation of the average potential energy of the particle with
temperature. The magnitude by which the potential energy
decreases is proportional to the core size. In other words, the
smaller the core, the lower the chemical heat release due to the

Figure 11. Temporal evolution of the particle temperature for core
diameter of 12 and 1 nm thick shell.

Figure 12. Effect of core diameter on the melting point of the core for
a shell thickness of 1 nm.

Figure 13. Particle snapshots showing thermal displacement of core
atoms at different temperatures for 8 nm particle with 1 nm shell.
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intermetallic reactions. The temperature at which the core
radius begins to increase suddenly may be identified as the
ignition temperature. The calculated values are in the range of
1240−1350 K, which are near the melting point of the shell.
Simulations in NVE ensembles are performed to calculate

the equilibrium temperature of the particle upon completion of
the intermetallic reactions for different core sizes. Figure 16

shows the effect of core diameter on the adiabatic reaction
temperature of the particle. At a fixed shell thickness, the
reaction temperature decreases with decreasing core size. For
smaller cores, the temperature increase due to the intermetallic
reactions is relatively low. (For example, see Supporting
Information, Figure S1.) To understand the relevant phys-
iochemical phenomena, we also perform a companion
thermodynamic analysis, and the result is included in the
Figure.
Figure 17 shows the equilibrium phase diagram for the Ni−

Al system. The particle composition determines the inter-

metallic compounds that are formed. For a 3 nm core, the
aluminum atomic fraction is 0.12 (nickel-rich). The resulting
product is a mixture of Ni3Al and Ni. For this case, the chemical
reaction can be expressed as

+ → +7.2Ni Al Ni Al 4.2Ni3 (15)

In the present analysis, the specific heat, enthalpy of fusion,
and heat of formation of Ni3Al are taken to be 130 J/mol-K, 50
kJ/mol, and −164 kJ/mol, respectively.52 The results support
the fact that the adiabatic reaction temperature decreases with
decreasing core size. This can be attributed to the following
reasons. First, residual Ni atoms remain in the products, which
do not participate in the reactions. Second, although the
interfacial zone thickness is held constant, the fraction of
interfacial core atoms increases with decreasing particle size. As
a result, a greater percentage of core atoms have already reacted
for a smaller core. Such an effect was also observed for
aluminum-coated nickel particles.19 For the aluminum-rich
particle, intermetallic compounds such as NiAl3 are formed.
The situation is typically encountered for aluminum-coated
nickel particles. The ensuing thermal behavior is expected to be
different.

C. Effect of Shell Thickness. The effect of shell thickness
is examined in the range of 0.5−3.0 nm. Figure 18 shows the

melting point of the aluminum core as a function of shell
thickness. The core melting point is not significantly affected by
variations in the shell thickness in the size range of concern.
(For an illustration, see the Supporting Information, Figure
S2.) Calculations indicate that the core is under compression
(positive pressure on the order of 1000 MPa) and the shell is
under tension. A similar trend was also obtained for
homogeneously heated oxide-coated aluminum particles.53

Figure 14. Normalized core radius as a function temperature for shell
thickness of 1 nm.

Figure 15. Effect of core diameter on the potential energy for a shell
thickness of 1 nm.

Figure 16. Effect of core diameter on adiabatic reaction temperature
for 1 nm thick shell.

Figure 17. Ni−Al phase diagram (ε: NiAl3, δ: Ni2Al3, β: NiAl, θ:
Ni5Al3, and α: Ni3Al).

51

Figure 18. Effect of shell thickness on the melting temperature of the
12 nm core.
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Levitas54 proposed a melt-dispersion mechanism, which is valid
at very high heating rates (>106 K/s). According to this theory,
the shell is ruptured by the tensile stress exerted by the core
and the molten aluminum clusters are dispersed in the
surrounding environment. In the present study, melt dispersion
is not observed, thereby suggesting that the stresses are relaxed.
One possible mechanism for such a phenomenon is the
diffusion of aluminum atoms. Previous studies55,56 indicate that
the independence of melting temperature with shell thickness
results from stress relaxation. It is thus not surprising that the
melt-dispersion mechanism is not observed for nickel-coated
aluminum particles. Figure 19 shows the core radius as a

function of temperature for a core diameter of 3 nm and shell
thickness of 0.5, 1, 2, and 3 nm. Diffusion is facilitated for
thinner shells. For a 0.5 nm shell, the core radius increases
significantly upon melting of the core at 800 K. The core atoms,
however, begin to diffuse out only at 1400, 1500, and 1600 K
for shell thickness of 1, 2, and 3 nm, respectively. For a core
diameter of 3 nm, the results suggest that the ignition
temperature increases from 800 to 1600 K when the shell
thickness increases from 0.5 to 3.0 nm. Figure 20 shows the
effect of shell thickness on the melting point of the shell for
core diameters of 3 and 12 nm. The shell melting point
increases from a value as low as 1100 to 1580 K, when the
thickness increases from 1 to 3 nm. In all cases, the melting
point of the shell is lower than that corresponding bulk value of
1728 K. (For illustration, see the Supporting Information,
Figure S3.) It is obvious that shell melting plays an important
role in dictating the diffusion and ignition in nickel-coated
aluminum particles.
The case of a particle covered by a very thin shell is of

interest because a previous study indicates the possibility of

ignition near room temperature.20 Furthermore, it is possible to
create a particle with a reasonably large core size and a thin
shell that features an equal number of Al and Ni atoms. As a
consequence, the energetics of intermetallic reactions are easily
tractable. In the present study, a 7 nm particle with a 0.5 nm
shell is considered. The information about the diffusion
coefficient of aluminum atoms in a nickel shell is useful,
especially from the standpoint of the development of
macroscale ignition and combustion models. Figure 21 shows

the effect of temperature on the diffusion coefficient of
aluminum atoms in a nickel shell. The diffusion process is
very slow at temperatures lower than the melting point of the
core. A sudden increase in the diffusion coefficient takes place
after melting of the core. It exhibits a temperature dependence
of the form

= −⎜ ⎟⎛
⎝

⎞
⎠D D

E
RT

exp0
A

(16)

where EA is the activation energy and D0 is the pre-exponential
factor. The curve-fit indicates a value of 34.7 kJ/mol for the
activation energy and 8.19 × 10−8 m2/s for the pre-exponential
factor. Figure 22 shows the temporal evolution of the particle
under adiabatic condition. The temperature increases suddenly
upon melting of the core. The intermetallic reactions result in
particle heating from 300 to 1420 K. The results substantiate
the fact that an aluminum particle coated by a thin nickel shell
can be pyrophoric even in an inert environment.

■ CONCLUSIONS
The thermochemical behavior of nickel-coated aluminum
particles in the size range of 4−18 nm was studied using MD
simulations. The analysis was carried out in isothermal−isobaric

Figure 19. Variation of the core radius with temperature for a core
diameter of 3 nm and shell thickness in the range of 0.5−3 nm.

Figure 20. Effect of shell thickness on the melting temperature of the nickel shell for core diameters of 3 and 12 nm.

Figure 21. Diffusion coefficient of aluminum in nickel for a 7 nm
particle with a 0.5 nm shell.
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and isochoric-isoenergetic ensembles using an embedded atom
method. Emphasis was placed on analyzing the melting points
of the core and shell, diffusion of atoms, and intermetallic
reactions. The aluminum core melted at a temperature greater
than the melting point of a nascent aluminum particle due to
the cage-like mechanical constraint imposed by the nickel shell.
The melting point of the aluminum core increased from 775 K
at 3 nm to 1000 K at 12 nm. It was not significantly affected by
the variations in the shell thickness in the range of 1−3 nm.
The melting point of the shell increased with increasing
thickness from a value as low as 1100 K at 1 nm to 1580 K at 3
nm. Melting was followed by diffusion of atoms and energy
release due to intermetallic reactions, which resulted in self-
heating of the particle. The diffusion coefficient of aluminum
atoms in the nickel shell had an exponential dependence on
temperature, with an activation energy of 34.7 kJ/mol. The
adiabatic reaction temperature of the particle increased from
1650 to 2338 K when the core diameter increased from 3 to 8
nm. The calculated values exhibited reasonably good agreement
with predictions from a thermodynamic energy balance
analysis. The results demonstrated that nickel-coated aluminum
particles can ignite even in inert environments (or in the
absence of an oxidizing gas). Future work will focus on the
energetics of aluminum-coated nickel particles and the
comparison with the results of nickel-coated aluminum particles
obtained from the present study.
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■ NOMENCLATURE

a lattice constant
A interfacial area
Al aluminum
Cp specific heat
d diameter
Ec cohesive energy
F force
H enthalpy
K kinetic energy
k lattice vector
kB Boltzmann constant
L Lagrangian, box length
m, M mass
N number of atoms
Ni nickel
P pressure
q scaled coordinates
Q inertia factor
r position vector, radius
rij interatomic distance
s thermostat degree of freedom
T temperature
t time, thickness
U potential energy
V volume, pair potential function

Greek
ρ electron density function
δ Lindemann index
δs shell thickness
δt thermal displacement
λ translational order parameter

Subscripts
ad adiabatic
c core
cm center-of-mass
f formation, fusion
i initial, interface
i atom index variable
j atom index variable
m melting
p particle
prod products
reac reactants
t time
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