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Abstract Molecular dynamics simulations are per-
formed to investigate the thermochemical behavior
of aluminum-coated nickel particles in the size range of
4-13 nm, beyond which asymptotic behavior is
observed. The atomic interactions are captured using
an embedded atom model. Emphasis is placed on the
particle melting behavior, diffusion characteristics, and
inter-metallic reactions. Results are compared with the
corresponding properties of nickel-coated nano-alumi-
num particles. Melting of the shell, which is a hetero-
geneous process beginning at the outer surface of the
particle, is followed by diffusion of aluminum and
nickel atoms and inter-metallic reactions. The ensuing
chemical energy heats up the particle under adiabatic
conditions. The alloying reactions progressively trans-
form the core—shell structured particle into a homoge-
neous alloy. The melting temperature of the shell is
weakly dependent on the core size, but increases
significantly with increasing shell thickness, from
750 K at 1 nm to 1,000 K at 3 nm. The core melts at a
temperature comparable to the melting point of a
nascent particle, contrary to the phenomenon of
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superheating observed for nickel-coated aluminum
particles. The melting temperature of the core decreases
from 1,730 to 1,500 K, when its diameter decreases
from 10 to 7 nm. For smaller cores, the majority of
nickel atoms participate in reactions before melting. The
diffusion coefficient of nickel atoms in aluminum shell
exhibits a temperature dependence of the form D = D,
exp(—EA/RT), with an activation energy of 43.65 kJ/
mol and a pre-exponential factor of 1.77 x 10~ m?s.
The adiabatic reaction temperature, also a size-depen-
dent quantity, increases with increasing core diameter,
attains a maximum value of 2,050 K at 5 nm, and
decreases with further increase in the core diameter. The
calculated values agree reasonably with those obtained
via chemical equilibrium analysis. The burning time
exhibits strong dependence of particle core size and
shell thickness of the form 1, = a d 67', where the
exponents n and m are 1.70 and 1.38, respectively. The
finding further corroborates the fact that the reaction rate
is controlled by diffusion process.

Keywords Nano-nickel particle - Nano-
aluminum particle - Inter-metallic diffusion and
reaction - Metal particle thermodynamics

List of symbols

A Area

Al Aluminum

C, Specific heat

D  Diffusion coefficient
d Diameter
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Activation energy

Force

Enthalpy

Boltzmann constant

Mass

Thickness exponent, mass
Number of atoms

Diameter exponent

Nickel

Pressure

Generalized coordinate
Inertia factor

Gas constant

Position vector, radius
Thermostat degree of freedom
Temperature

Thickness

Potential energy

Volume, pair potential function

Greek

p  Electron density function
0s  Shell thickness

0, Thermal displacement

T, Burning time
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Subscripts

ad Adiabatic

c Core

cm Center of mass

f Formation

i Initial, interface, atom index variable
j Atom index variable

m Melting

p Particle

prod  Products
reac  Reactants

Introduction

Energetic materials composed of nickel and aluminum
have been employed in various propulsion and pyro-
technic applications (Andrzejak et al. 2007; Reeves
et al. 2010; Fischer and Grubelich 1996). They are
employed as localized heat sources for chemical and
bio neutralization, ultrafast fuses, and smart thermal

@ Springer

Table 1 Heat of reaction and adiabatic reaction temperature of
aluminum-based inter-metallic reactions (Morsi 2001;
Meschel and Kleppa 2001; Fischer and Grubelich 1998)

Reaction Heat of Reaction temperature,
reaction K (Tinitia = 298 K)
(kJ/mol)

3Ni + Al - NizAl —153.1 1,586

Ni + Al —» NiAl —118.4 1,911

2Ni + 3Al — NiyAl; —282.4 1,406

Ni + 3Al — NiAl; —150.7 1,127

Pt + Al — PtAl —200.4 3,073

Pd + Al — PdAl —183.8 2,653

Ti + 3Al — TiAl; —146.4 1,591

Fe + Al — FeAl —47.0 1,423

barriers (Zhao et al. 2006). Nickel-aluminum (Ni—Al)
system is ideal for situations in which liberation of
gas-phase products is not desired, since the reaction
yields only condensed-phase products. Table 1 shows
the heat of reaction and adiabatic reaction temperature
for some of the most energetic aluminum-based inter-
metallic reactions (Morsi 2001; Meschel and Kleppa
2001; Fischer and Grubelich 1998). The adiabatic
reaction temperature of Ni—Al reaction is as high as
1,911 K, greater than those of other reactions, with the
exception of Pd-Al and Pt—Al counterparts. These
demonstrate the high energy content of the Ni—Al
system.

Consolidated blends of aluminum and nickel pow-
ders are widely used in the combustion synthesis of
nickel aluminides (Ni,Al;_,), which are attractive
structural materials for a variety of engineering
systems (Morsi 2001). The reactant powders are
ignited at one end and a self-sustaining combustion
wave propagates through the packed mixture. The
profound interest in the combustion synthesis lies in
the simplicity and cost effectiveness of the process
(Aruna and Mukasyan 2008). The combustion pro-
ducts have relatively low impurity content, since the
flame vaporizes volatile contaminants (Li 2003). The
efficiency of the process can be further enhanced
by employing nano-sized particles (Hunt et al. 2004),
which have unusually favorable physicochemical
properties due to the presence of a large number of
atoms on the particle surface. The melting temperature
of a 2-nm aluminum particle is 473 K, which is lower
than the bulk value of 933 K by 460 K (Puri and Yang
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2007). The ignition temperatures and burning times of
nano-aluminum particles are also lower than those of
their micron-sized counterparts (Huang et al. 2009).
Micro-structural images of the powder blend indicate
that the nickel particles are embedded in a continuous
aluminum matrix or vice versa (Farber et al. 1998).
The geometry of such a system can, thus, be simplified
as a core—shell particle structure, where the shell
represents the surrounding matrix (Farber et al. 1998).
Furthermore, Ni/Al clad particles can be directly
employed to synthesis nickel aluminides (Thiers et al.
2002). Understanding their physicochemical charac-
teristics is, thus, of paramount importance to material
synthesis applications.

A common approach to synthesize Ni/Al core—shell
structured particles is the solution process (Foley et al.
2005). Nascent metal particles are slurried with
dimethyl ether (DME) solvent. In a separate flask, a
chemical complex of the coating metal is dissolved in
DME. The resulting solution is added to the stirred
metal slurry and allowed to react at room temperature
for 12 h. This process results in the formation of
uniform coating on the parent metal particle. Another
synthesis technique is the cyclic electroplating process
(Yih 2000). The particles are immersed in a metal ion
containing electrolyte, stirred, and allowed to sediment
loosely on the cathode plate. An electric potential is
applied across the anode and cathode plates to deposit
metallic ions in the electrolyte on the particle surface.

Molecular dynamics (MD) simulations of planar
Ni—Al systems have been recently performed (Baras
and Politano 2011; Politano et al. 2013). In our
previous work (Sundaram et al. 2013), the effects of
core size and shell thickness on the thermochemical
behavior of spherical nickel-coated nano-aluminum
particles were investigated. For aluminum-coated
nickel particles, such studies are yet to be performed.
Previous works (Henz et al. 2009; Levchenko et al.
2010) considered particles with equal numbers of
aluminum and nickel atoms. From a purely scientific
perspective, a comparative analysis of the physico-
chemical properties of these two different systems is
interesting and useful. The present investigation will
address these issues by means of MD simulations.
Emphasis is placed on the particle melting behavior,
diffusion processes, and inter-metallic reactions. The
core diameter covers a range of 2—10 nm, and four
different shell thicknesses of 0.5, 1.0, 2.0, and 3.0 nm
are chosen.

Theoretical framework

The basis of the present work is the general analysis
outlined in our previous work (Sundaram et al. 2013).
The atomic interactions are reproduced using an
embedded atom potential function with the parameters
developed by Papanicolaou et al. (2003). The potential
energy (U) can be expressed as

1/2
—Pap (%*1> ) —2qap <,"—;'*1>
U:E E Azﬁe ap _ E éa[le aff
i J J

i=1

(1)

where r;; represents the distance between atoms i and
j and N is the number of atoms. Table 2 lists the
parameters of the model. They were obtained by fitting
the potential function to the properties of aluminum,
nickel, and nickel-aluminum ordered alloys. For parti-
cles considered in the present work, phase-equilibrium
analysis suggests that the reaction products are B2-NiAl
and Al-rich species (e.g., NiAls). It is reassuring to note
that the potential function reproduces the properties of
these materials with reasonable accuracy.
Isobaric—isothermal (NPT) ensemble is used to study
melting and diffusion processes in the presence of external
heating at constant pressure conditions. The equations of
motion are given by (Andersen 1980; Nose 1984)

2
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N

where g; is the generalized coordinate, ¢; and g; denote
the first-order and second-order derivatives of g; with

Table 2 Parameters of the embedded atom potential function
(Papanicolaou et al. 2003)

Ni-Ni Al-Al Ni-Al
A (eV) 0.0741 0.0550 0.0949
£ (eV) 1.4175 0.9564 1.4677
p 13.8297 10.9011 10.9486
q 2.2448 1.5126 3.8507
7o (A) 2.4307 2.8310 27424
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respect to time, F; is the net force on atom i, M is the
fictitious mass for volume motion, m is the mass of the
atom, V is the volume, P is the pressure, T is the
temperature, Q is the thermal inertia factor, g is a
parameter, kg is the Boltzmann constant, and s is the
additional degree of freedom. Isochoric—isoenergetic
(NVE) ensemble is employed to investigate self-
heating of the particle due to inter-metallic reactions
under adiabatic conditions. For the NVE ensemble, the
equations of motion can be written as

oU
~ % (3)

The equations of motion are numerically integrated
using a fifth-order predictor—corrector algorithm. The
time step is chosen as 1 fs in order to capture the
vibrational motion of the atoms accurately. Negligible
improvement in the model results is obtained when the
time step is reduced from 1 to 0.1 fs. The heating rate is
chosen as 10~2 K/fs based on the results of a paramet-
ric study conducted in our previous work (Sundaram
et al. 2013). Heating rates lower than 107> K/fs
increases the total computational time dramatically
with only little change in the model results.

mig; =

Results and discussion
Melting of nascent aluminum and nickel particles

The theoretical framework is first employed to analyze
melting of nascent aluminum and nickel particles.
Figure 1a shows the variation of potential energy with
temperature for a 9-nm aluminum particle consisting
of 23,328 atoms. A gradual deviation from the initial
linear trend at about 900 K marks the onset of surface
melting of the particle. The potential energy difference
can be calculated as follows:

AE(n) = E(n+ m) — E(n), 4)

where E is the potential energy and » is the integration
step number. The constant, m, is chosen so as to
determine the melting point within an accuracy of
425 K. The result is shown in Fig. 1b. The surface
melting begins at 900 K, as evidenced by an abrupt
increase in the potential energy difference. The peak
melting rate occurs at 1,075 K and phase transition is
complete at 1,200 K. It is important to recognize that
nano-particle melts over a range of temperatures, as

@ Springer

opposed to isothermal structural melting of surface-
free bulk materials. Note that the melting temperature
range increases with increasing heating rate (Sunda-
ram et al. 2013). Figure 2 shows the effect of particle
size on the melting temperature of aluminum and
nickel particles. The model predictions are compared
with the results of previous MD simulations (Puri and
Yang 2007; Sundaram et al. 2013; Qi et al. 2001) and
experiments (Eckert et al. 1993; Lai et al. 1998).
The size dependence of melting temperature of nano-
particles is well described by the Gibbs-Thompson
theory

2Tb0_ql
Tu(r) =T — | =21, 5
() =" <prsr> (5)

where T, is the melting temperature, Hy is the latent
heat of fusion, pj is the solid phase density, and r is the
particle radius. The subscript b refers to the bulk
material. The resulting values are also shown in the
figure. Note that more sophisticated models that
couple phase-field theory to material mechanics have
been developed recently (Levitas and Samani 2011).
The predicted melting temperatures are greater than
those obtained using the Cleri—Rosato potential func-
tion (Sundaram et al. 2013), but agree reasonably well
with the counterparts of the glue potential (Puri and
Yang 2007). In the experiments, particle melting was
studied using differential scanning calorimetry (DSC)
(Eckert et al. 1993) and thin-film DSC (Lai et al. 1998)
setups, with heating rates on the order of 1 and 10° K/s,
respectively. These are orders of magnitude lower than
the heating rate employed in the present MD simula-
tions. The melting point increases with increasing
heating rate (Lu and Ahrens 2003). Furthermore, the
experiments considered passivated particles, while the
present study deals with nascent particles. It is well
known that that passivated particles exhibit the
phenomenon of superheating (Mei and Lu 2007). For
homogeneous melting, the degree of superheating
increases with decreasing particle size (Mei and Lu
2007). It is, thus, not surprising that the predicted
melting points are greater than the experimental data,
especially for large particle sizes. Note that the
measured values of Eckert et al. (1993) and Lai et al.
(1998) are different. This may be attributed to the
differences in the heating rate and fabrication meth-
ods. Lai et al.’s particles were prepared using vapor-
phase condensation method, whereas Eckert et al.
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Fig. 1 a Variation of potential energy with temperature for a
9-nm aluminum particle consisting of 23,328 atoms, b potential
energy difference as a function of temperature showing the onset
and completion of particle melting

employed mechanical attrition technique. Figure 2b
shows the melting temperature of nickel particles
calculated by Qi et al. (2001) using the quantum
Sutton—Chen force field. They are significantly lower
than the values obtained in the present work. As can be
seen, the embedded atom model with the parameters
developed by Papanicolaou et al. (2003) offers
accurate predictions of the melting temperature of
aluminum and nickel particles.

Thermochemical behavior of aluminum-coated
nickel particles

The thermochemical behavior of aluminum-coated
nickel particles is investigated for different core
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Fig. 2 Effect of particle size on the melting temperature of
aluminum and nickel particles

diameters and shell thicknesses. Emphasis is placed
on the particle melting behavior, diffusion character-
istics, and inter-metallic reactions. The particle is
generated by inserting the nickel core into a spherical
cavity created in the aluminum particle. Figure 3
shows a snapshot of the particle cross-section. The
particle is equilibrated at a temperature of 300 K. It is
then heated at a constant rate of 0.01 K/fs. Figure 4
shows the temporal variation of the core radius and
potential energies of the core and shell during
equilibration simulation. After an initial transient
phase, the parameters attain their respective equilib-
rium value. Table 3 shows the core diameter (d..), shell
thickness (J,), total number of atoms (/N), and number
of nickel atoms (Ny;) of the particles chosen in the
present study. The core diameter covers the range of
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Fig. 3 Snapshot of a dissected aluminum-coated nickel particle
(dy, = d. + 26)

2—-10 nm and four different shell thicknesses of 0.5,
1.0, 2.0, and 3.0 nm are considered. Figure 5 shows
the key physicochemical processes during heating of
aluminum-coated nickel particles. The time period of
concern can be divided into four stages based on phase
transitions and inter-metallic reactions. In the first
stage, the particle is heated to the melting point of the
aluminum shell. Solid-state diffusion is predominant
in this stage. Melting of the aluminum shell, which
marks the onset of the second stage, facilitates the
dissolution of nickel atoms. In the third stage,
diffusion of aluminum and nickel atoms becomes
more prominent. It transforms the core—shell particle
into a homogeneous alloy. The ensuing exothermic
inter-metallic reactions significantly heats up the
particle. In the following sections, the aforementioned
physicochemical processes are discussed in detail.

Melting of shell

The bulk melting temperature of aluminum shell is
933 K, which is significantly lower than that of nickel
core (1,728 K). For aluminum-coated nickel particles,
the shell thus melts before the core. In the present
study, the melting point is determined based on the
variation of the potential energy with temperature.
This is shown in Fig. 6. The onset of melting is
characterized by a gradual deviation of the potential

@ Springer
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Fig. 4 Variation of potential energy and core radius with time
during particle equilibration at a temperature of 300 K

energy from the linear trend. For a particle with a core
diameter of 3 nm and shell thickness of 2 nm, the
melting temperature is predicted to be 930 K. Note
that the ensuing decrease in the potential energy can be
attributed to nickel-aluminum reactions.

It is important to understand the mechanism of
melting of the shell. This can be accomplished by
monitoring the radial variation of a suitable structural
or thermodynamic parameter. Figure 7 shows the
snapshots of the dissected particle colored by thermal
displacement of the shell atoms. The atomic thermal
displacement is given by

5t,i = (ri - "0,1‘)2, (6)

where r denotes the position vector. The subscripts
i and O refer to atom / and the initial state, respectively.
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Table 3 Configuration of aluminum-coated nickel particles

Core Shell Total Number
diameter thickness number of nickel
(d.), nm (0), nm of atoms (N) atoms (Nnj)
2 1.0 2,321 342
2 2.0 7,430 342

3 0.5 1,919 874

3 1.0 3,715 874

3 2.0 10,252 874

3 3.0 21,954 874

5 0.5 9,642 6,379

5 1.0 13,973 6,379

5 2.0 27,099 6,379

7 1.0 27,832 15,499

7 2.0 47,082 15,499

7 3.0 74,675 15,499
10 1.0 79,233 53,754

Stage — II (shell melting and
dissolution of core atoms)

Stage — III (diffusion and inter-metallic
reactions)

Stage — IV (heating of alloyed particle)

Fig. 5 Key physicochemical processes during heating of nano-
sized aluminum-coated nickel particles
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Fig. 6 Potential energy of the shell as a function of temperature
for a particle with core diameter of 3 nm and shell thickness of
2 nm

The thermal displacement is a measure of lattice
disorder induced by thermal motion. It is expected to
increase abruptly during melting. The snapshots
indicate that the shell melting is a heterogeneous
process in which the nucleation of the liquid phase
begins at the outer surface of the particle. The melting
front propagates toward the core—shell interface with
increasing temperature.

Particle core diameter and shell thickness are the
two important parameters that affect the melting point
of the shell. Figure 8 shows the variation of the
melting temperature of the shell with the core diameter
for a shell thickness of 2 nm. The core size exerts a
weak effect on the melting temperature of the shell in
the size range of 2—7 nm. Figure 9 shows the effect of
shell thickness on the melting temperature of the shell
for a core diameter of 7 nm. It increases with
increasing shell thickness, from 750 K at 1 nm to
1,000 K at 3 nm. A qualitatively similar trend was
observed for other values of core diameters considered
in the present study. A thicker shell typically melts at a
higher temperature, since the percentage of surface
atoms in the shell decreases with increasing shell
thickness. Note that the melting point is weakly
dependent on the shell thickness, when the latter
exceeds 2 nm. In order to understand the observed
trends, it is imperative to explore the dependencies of
the surface-area-to-volume ratio (SVR) of the shell on
core diameter and shell thickness.

@ Springer
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Fig. 7 Snapshots of the particle colored by thermal displace-
ment of aluminum atoms
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Fig. 8 Effect of core diameter on the melting temperature of
the shell for particles with a shell thickness of 2 nm

3
SVRcore = ;a (7)

3R?

SVRgpent = R

(8)
where 7 is the core radius and R is the particle radius.
The results are shown in Fig. 10. An asymptotic
behavior is observed when the characteristic dimen-
sion attains a critical value. The critical values of core
radius and shell thickness are 4 and 2 nm, respec-
tively. Furthermore, the surface-area-to-volume ratio
of the core increases by an order of magnitude, when
the core diameter decreases from 10 to 1 nm. For a
spherical shell, it increases only by a factor of two.
These clearly explain the weak dependence of the shell
melting point on core size and asymptotic melting
behavior for shell thickness exceeding 2 nm. Devia-
tion of the melting temperature of the shell from its
bulk value is negligible for shell thickness greater than
3 nm.

Diffusion process
Melting of the shell is followed by outward diffusion

of nickel atoms. In order to study the diffusion of
nickel atoms, the core radius is calculated as follows:

5 Nni

Fe = NG lz:l: (ri — rcm)z, 9)




J Nanopart Res (2014) 16:2392

Page 9 of 16 2392

1100

d,=7nm

S
3
3

900

Melting Temperature, K

800

700 n n n n 1 n n n n 1 n n n n 1 n n n n
1.0 1.5 2.0 2.5 3.0

Shell Thickness, nm

Fig. 9 Effect of shell thickness on the melting temperature of
shell for particles with a core diameter of 7 nm

where 7., is the position vector of the center of mass.
Figure 11a shows the variation of the core radius with
temperature for particles with a core diameter of 3 nm
and two different shell thicknesses of 1 and 2 nm. The
core radius increases sharply upon melting of the shell,
which implies that the diffusion of nickel atoms is a
consequence of shell melting phenomenon. Diffusion
and ensuing inter-metallic reactions are naturally
promoted for thinner shells, since the melting temper-
ature of the shell decreases with decreasing shell
thickness. Figure 11b shows the trends for particles
with core diameters in the range of 3—7 nm and shell
thickness of 2 nm. The core size exerts only a weak
effect on the diffusion process, since the melting
temperature of the shell is not a strong function of the
core diameter.

The inward diffusion of aluminum atoms is another
phenomenon of interest. To facilitate analysis of this
phenomenon, the particle is divided into eight spher-
ical layers of thickness 0.5 nm, as shown in Fig. 12.
Figure 13 shows the numbers of nickel and aluminum
atoms in each layer as a function of temperature for a
particle with a core diameter of 5 nm and shell
thickness of 1 nm. Layers 1-5 refer to the nickel core
and 6-8 the aluminum shell, respectively. The atom
distributions change negligibly over the temperature
range of 300-800 K. At 1,200 K, nickel atoms
beneath the interface diffuse into the shell, and vice
versa for aluminum atoms. The diffusion process is
thus bidirectional in aluminum-coated nickel particles.
Note that the nickel and aluminum atoms are
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Fig. 10 Variations of surface-area-to-volume ratio (SVR) of
the core and shell with a core radius and shell thickness for a
core diameter of 7 nm; b core radius for a shell thickness of
2 nm

distributed almost uniformly in the particle, and a
homogeneous Ni—Al alloy is formed at 2,000 K.

The diffusion coefficient of nickel atoms in the
aluminum shell is an important property, especially
from the standpoint of development of macro-scale
models for ignition and combustion. Figure 14 shows
the effect of temperature on the diffusion coefficient of
nickel atoms for core diameters in the range of 2—7 nm
and three different shell thicknesses of 0.5, 1.0, and
2.0 nm. The diffusion coefficient decreases with
increasing core diameter, from 1.0 Azlps at 2 nm to
0.33 Az/ps at 7 nm for a temperature of 1,600 K. The
predictions are comparable to the estimates of Du et al.
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Fig. 11 Core radius as a function of temperature for particles
with a core diameter of 3 nm and shell thicknesses of 1 and
2 nm; b shell thickness of 2 nm and core diameters of 3, 5, and
7 nm

(2003), which in turn is benchmarked against exper-
imental data at macro scales (Ejima et al. 1980;
Praizey et al. 2000). The diffusion coefficient exhibits
a temperature dependence of the form

Ep
D—Doexp<—ﬁ>, (10)
where E, is the activation energy and D, is the pre-
exponential factor. The curve-fit indicates a value of
43.65 kJ/mol for the activation energy and
1.77 x 107" m%s for the pre-exponential factor in
the temperature range of 1,000-2,000 K. It is impor-
tant to note that the diffusion coefficients of aluminum
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Fig. 12 Schematic of a dissected aluminum-coated nickel
particle divided into eight spherical layers of thickness
0 =0.5nm

atoms are nearly equal to those of nickel atoms. For
example, at a particle size of 7 nm, the diffusion
coefficient of aluminum atoms increases from 0.5 to
1.67 Azlps, when the temperature increases from
1,000 to 2,000 K. For temperatures lower than
700 K, the diffusion coefficients are in the range of
103 t0 1072 A2/ps, significantly lower than the liquid-
phase counterparts.

Melting of core

It was difficult to clearly ascertain the melting
temperature of the core, especially for smaller core
sizes. The alloying reactions, which transform the
nickel core into an alloyed particle, compete with the
core melting process. Figure 15 shows the potential
energy of the nickel core as a function of temperature
for a particle with core diameter of 10 nm and shell
thickness of 1 nm. The core begins to melt at a
temperature of 1,730 K, which is nearly the bulk
melting point of nickel. The melting temperature of
the core decreases with decreasing core diameter, from
1,730 K at 10 nm to 1,500 K at 7 nm. For smaller
cores, majority of the nickel atoms participate in
alloying reactions before melting. Note that the
predicted core melting behavior differs from that
observed for nickel-coated aluminum particles. The
solid nickel shell exerted a cage-like effect on the
aluminum core. As a result, the melting temperature of
the core was greater than that of a nascent aluminum
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Fig. 13 Number of nickel and aluminum atoms in different
spherical shells as a function of temperature for a core diameter
of 5 nm and shell thickness of 1 nm

particle (Sundaram et al. 2013). For aluminum-coated
nickel particles, no such phenomenon is observed,
since the shell melts before the core. The core melts at
a temperature comparable to its counterpart of a
nascent nickel particle.

Inter-metallic reactions

The diffusion of nickel and aluminum atoms results in
exothermic nickel-aluminum reactions, which signif-
icantly heats up the particle under adiabatic condi-
tions. Figure 16 shows the variation of the potential
energy as a function of temperature for a particle with
a core diameter of 3 nm and shell thickness of 2 nm.
The potential energy increases, attains a plateau and
then again increases. The trend is characteristic of the
core—shell particle structure, and is not observed for
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Fig. 14 Diffusion coefficient of nickel atoms in aluminum shell
as a function of temperature for core diameters in the range of
2-7 nm and three different shell thicknesses of 0.5, 1.0, and
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Fig. 15 Potential energy of the core as a function of
temperature for a particle with core diameter of 10 nm and
shell thickness of 1 nm

nascent metal particles. 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 at which the energy supply is counterbal-
anced by the chemical energy release due to inter-
metallic reactions. The ensuing increase in the
potential energy suggests the formation of a homoge-
neous nickel-aluminum alloy.
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Fig. 16 Variation of potential energy with temperature for a
particle with core diameter of 3 nm and shell thickness of 2 nm

Isochoric—-isoenergetic MD simulations are per-
formed to study inter-metallic reactions, which
enables the particle to self-heat under adiabatic
conditions. The calculated adiabatic reaction temper-
ature is compared with the value obtained from
thermodynamic energy balance analysis. Figure 17
shows the Ni—Al phase-equilibrium diagram (Massal-
ski 1992). The product of nickel-aluminum reactions
depends on the particle composition (Ni:Al atomic
ratio) and temperature. In the present case, the inter-
metallic reaction can be expressed as

10.72A1 4+ Ni — NiAl; + 7.72Al. (11)
The thermodynamic energy balance is given by
Hreac(Ti) = Hprod(Tad)7 (12)

where H ., is the enthalpy of the reactants at an initial
temperature, T;, and Hp.q are the enthalpy of the
products at the adiabatic reaction temperature, T,q.
The initial temperature is taken as 1,050 K.

The enthalpy of the reactants takes the form

Hyeae = 10.72H% 4+ HLOOK 1 10.72H,, 4. (13)

The enthalpy of melting of aluminum is taken as
10.71 kJ/mol. The resulting reactant enthalpy is
327.8 kJ/mol. The total enthalpy of the products is
expressed as

LA

- 7 H’??N%ﬁh
+ (Cpiar, +7.72Cp A1) (Taa — 298)

+ Hunial, + 7.72H a1, (14)

H, prod —
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Fig. 17 Ni-Al phase diagram (&: NiAls, 6: NiyAls, B: NiAl, 6:
NisAls, and o: NisAl) (Massalski 1992)

where A is the interfacial area, V is the core volume,
and 7; is the thickness of the interfacial zone. The
interfacial core atoms participate in reactions prior to
melting of the shell, thereby decreasing the particle
energy content. The fraction of unreacted core volume
depends on the interfacial area-to-volume ratio and
thickness of the interfacial reaction zone. The latter is
approximated to be 0.7 A (Henz et al. 2009).The
specific heat, enthalpy of melting, and heat of
formation of NiAl; are taken as 115 J/mol™X, 38 kJ/
mol, and —150.6 kJ/mol, respectively (Morsi 2001).
The reaction temperature calculated by equating (13)
and (14) is 1,420 K. In other words, the particle is self-
heated from 1,050 to 1,420 K due to the heat release
from inter-metallic reactions. A more accurate result
can be obtained by considering the size dependence of
the heat of reaction, specific heat, and heat of fusion.
Figure 18 shows the variation of the particle temper-
ature with time under adiabatic conditions obtained
using isochoric—isoenergetic MD simulations. The
initial position and velocities of atoms are those
obtained from the isobaric heating simulation at
1,050 K. The particle is heated from 1,050 to
1,540 K over a time period of 100 ps. Reasonably
good agreement with the result of thermodynamic
analysis is obtained. It is 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 with only
modest accuracy, and ab initio methods should be
applied.
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Fig. 18 Temporal variation of particle temperature under
adiabatic condition for a core diameter of 3 nm and shell
thickness of 2 nm; isochoric—isoenergetic MD simulations

It is useful to understand the effects of core
diameter and shell thickness on the adiabatic reaction
temperature of aluminum-coated nickel particles.
Figure 19a shows the effect of shell thickness on the
adiabatic reaction temperature for particles with a core
diameter of 3 nm. The reaction temperature decreases
from 1,850 to 1,350 K, when the shell thickness
increases from 0.5 to 3.0 nm. This can be attributed to
the changes in the composition of the reaction product.
For a shell thickness of 0.5 nm, the alloying reaction
takes the form

0.55A1 + 0.45Ni — Nig4sAlp ss. (15)

As a result, all the atoms in the particles participate
in the alloying reactions to form nickel-aluminum
alloy. For thicker shells, the reaction can be expressed
as

XAl + Ni — NiAl; + (x — 3)AL (16)

The product thus contains unreacted aluminum
atoms and aluminum-rich nickel-aluminum alloy.
Satisfactory agreement with the results of thermody-
namic analysis is obtained. Figure 19b shows the
variation of the adiabatic reaction temperature with
core diameter for particles with a shell thickness of
1 nm. It increases with increasing core diameter,
attains a maximum value of ~2,050 K at 5 nm, and
decreases with further increase in the core diameter.
Chemical equilibrium analysis is performed to calcu-
late the reaction temperatures of separated and core—
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Fig. 19 Adiabatic reaction temperature of particles as a
function of a shell thickness for a core diameter of 3 nm;
b core diameter for a shell thickness of 1 nm

shell particles. For separated particles, there is no
energy loss due to interfacial pre-mixing process and
the reaction temperatures are thus substantially greater
than those obtained via MD simulations. Note that the
reaction temperature is maximum when the particle
composition favors the formation of the B2-NiAl,
which has the highest heat of formation on a per mol-
atom basis. Furthermore, the core size must be large
enough to minimize the loss of energy content due to
the interfacial pre-mixing process. Henz et al. con-
ducted MD simulations and calculated the reaction
temperatures of aluminum-coated nickel particles
with equal number of aluminum and nickel atoms.
The particle size range of concern was 3-9 nm. The
reaction temperature increased with increasing core
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size, from 1,350 K at 3 nm to 1,525 K at 9 nm. This
was attributed to the fact that the energy loss due to the
interfacial pre-mixing process is greater for smaller
particles. The reaction temperatures of Henz et al. are
lower than those obtained in the present study. One
possible reason is that a different potential function
(Finnis—Sinclair potential) was employed to capture
the interactions between atoms. Furthermore, the
initial temperature was taken as 600 K, which is
lower than those used in this study (800—1,000 K).

Particle burning time is another important property
of concern. Figure 20 shows the effects of core
diameter and shell thickness on the burning time of
aluminum-coated nickel particles. The burning time
exhibits core size dependence of the form

T = ad”, (17)

where d. is the core diameter in nm, a is the pre-power
factor, and n is the diameter exponent. For a shell
thickness of 1 nm, n and a are calculated to be 1.70
and 4.97, respectively. The strong dependence of the
burning time on particle size indicates the prevalence
of diffusion-controlled conditions. The predicted
diameter exponent is lower than the value of 2.5
obtained by Henz et al. The effect of shell thickness on
the burning time is characterized by the following
equation:

T, = boy, (18)

where 0y is the shell thickness in nm, b is the pre-power
factor, and m is the thickness exponent. For a core
diameter of 3 nm, m and b are equal to 1.38 and 42.13,
respectively. It is apparent that the core diameter and
shell thickness dictate the physicochemical properties
of aluminum-coated nickel particles. The calculated
reaction time is in the range of 10-250 ps, while Henz
et al. predicted significantly longer burning times
(100-1,200 ps). Note that both the initial and final
temperatures in Henz et al.’s study are lower than
those in the present work. The diffusion coefficient
decreases markedly with decreasing temperature,
thereby resulting in longer burning times.

It is important to identify key results of the present
study and discuss their general significance. For core—
shell structured particles with a low melting point
shell, the time period of concern can be divided into
four stages. In the first stage, the particle is heated to
the melting temperature of the shell. Diffusion of
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Fig. 20 Effects of core diameter and shell thickness on burning
time of aluminum-coated nickel particles

atoms and inter-metallic reactions are not significant
in this stage. The solid-phase diffusion coefficients are
in the order of 107> to 1072 Az/ps, significantly lower
than the liquid-phase counterparts (0.1-1 Az/ps).
Melting of the shell, which marks the onset of the
second stage, facilitates the diffusion of core and shell
atoms. The diffusion process is accompanied by
exothermic inter-metallic reactions which ignite the
particle under adiabatic conditions. As a result, the
particle ignition temperature is equal to the melting
temperature of the shell, a size-dependent quantity.
The melting temperature of the shell is weakly
dependent on the core diameter, but decreases signif-
icantly with decreasing shell thickness. The diffusion
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process and inter-metallic reactions are thus promoted
for particles with thinner shells. Deviation of the shell
melting point from its bulk value is negligible for shell
thickness >3 nm. Shell melting is a heterogeneous
process in which the nucleation of the liquid phase
begins at the outer surface of the particle. In the third
stage, diffusion becomes more prominent and trans-
forms the core—shell particle into a homogeneous
alloy. The process is bidirectional, and the diffusion
coefficients of core and shell atoms are nearly equal.
For particles with a low melting point shell, the
phenomenon of superheating of the core is not
observed. The core melts at temperatures comparable
to those of nascent particles. For smaller particles,
alloying reactions compete with the melting process,
and core melting is not clearly observable. The
reaction temperature of a core—shell particle is a
function of the core diameter and shell thickness. It
becomes higher when the particle composition favors
the formation of the product that has the highest heat
of formation on a per mol-atom basis. Furthermore,
the core must be large enough to minimize the loss of
energy content due to the interfacial pre-mixing
process. The particle burning time exhibits strong
dependence of particle core size and shell thickness of
the form 1, = a d; J;', with the exponents n and
m being 1.70 and 1.38, respectively. The finding
further corroborates the fact that the reaction rate of a
core—shell particle is controlled by diffusion process.

Conclusions

Molecular dynamics simulations were performed to
investigate the thermochemical behavior of alumi-
num-coated nickel particles in the size range of
4-13 nm, beyond which asymptotic behavior was
observed. The atomic interactions were captured using
an embedded atom model. Emphasis was placed on
the particle melting behavior, diffusion characteris-
tics, and inter-metallic reactions. Results were com-
pared with the corresponding properties of nickel-
coated nano-aluminum particles. Melting of the shell,
which is a heterogeneous process beginning at the
outer surface of the particle, was followed by diffusion
of aluminum and nickel atoms and inter-metallic
reactions. The ensuing chemical energy release sig-
nificantly heated up the particle. The alloying
reactions progressively transformed the core—shell

structured particle into a homogeneous alloy. The
melting temperature of the shell was weakly dependent
on the core size, but increased significantly with
increasing shell thickness, from 750 K at 1 nm to
1,000 K at 3 nm. The core melting behavior was in
stark contrast to that observed for nickel-coated alumi-
num particles. The nickel core melted at a temperature
comparable to the melting point of a nascent nickel
particle, since the shell melted before the core. The
melting point of the core decreased from 1,730 to
1,500 K, when its diameter decreased from 10 to 7 nm.
For smaller cores, majority of nickel atoms diffused and
reacted before melting occurs. The diffusion coefficient
of nickel atoms in liquid aluminum shell exhibited a
temperature dependence of the form D = D, exp
(—EA/RT), with an activation energy of 43.65 kJ/mol
and pre-exponential factor of 1.77 x 10~7 m?%s. The
adiabatic reaction temperature increased with increas-
ing core diameter, attained a maximum value of
~2,050 K at 5 nm, and decreased with further increase
in the core diameter. The calculated values agreed
reasonably well with those obtained via thermodynamic
energy balance analysis. The burning time exhibited
strong dependence of particle core size and shell
thickness of the form t, = a d¢ J;', with the exponents
n and m being 1.70 and 1.38, respectively.
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