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a b s t r a c t

It is axiomatic that the burning time dependence on particle size follows an integer power law depen-
dence. However, a considerable body of experimental data show a power dependence less than unity.
In this paper, we focus on what might be responsible for the fractional power dependence observed
for the burning time for nanoparticles (e.g. Al and B). Specifically we employ reactive molecular dynamics
simulations of oxide-coated aluminum nanoparticles (Al-NPs). Since most nanomaterials experimentally
investigated are aggregates, we study the behavior of the simplest aggregate – a doublet of two spheres.
The thermo-mechanical response of an oxide coated Al-NP is found to be very different than its solid alu-
mina counterpart, and in particular we find that the penetration of the core aluminum cations into the
shell significantly softens it, resulting in sintering well below the melting point of pure alumina. For such
coated nanoparticles, we find a strong induced electric field exists at the core–shell interface. With heat-
ing, as the core melts, this electric field drives the core Al cations into the shell. The shell, now a sub-oxide
of aluminum, melts at a temperature that is lower than the melting point of aluminum oxide. Following
melting, the forces of surface tension drive two adjacent particles to fuse. The characteristic sintering time
(heating time + fusion time) is seen to be comparable to the characteristic reaction time, and thus it is quite
possible for nanoparticle aggregates to sinter into structures with larger length scales, before the bulk of the
combustion can take place. This calls into question what the appropriate ‘effective size’ of nanoparticle
aggregates is.

� 2013 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Aluminum nanoparticles (Al-NPs) are the subject of consider-
able research in energetic materials due to their high energy den-
sity, low cost, and high reactivity. Two particular applications
relevant are the addition of Al-NPs to high explosives to boost
the energy density, and the use of Al-NPs as a fuel in binary ther-
mite systems. In either case the use of nanometric scale particles
is primarily to increase reactivity by reducing the characteristic
mass transport length scales. In both applications, the particles
are subjected to very intense heating, a fact that complicates
experimental investigations. On exposure to air, aluminum parti-
cles form a native oxide (Al2O3) coating. This shell is typically uni-
form and amorphous, with a thickness of 2–5 nm [1]. While
micron-sized aluminum particles have been reported to have an
ignition temperature that is very close to the melting point of
the oxide shell (�2300 K), Al-NPs have experimentally been ob-
served to ignite closer to the melting temperature of Al (�930 K).
Thus understanding the interaction of the low melting aluminum

core with the high melting Al2O3 shell during rapid heating is crit-
ical in understanding the ignition mechanism of Al-NP’s. At present
there are two non-complementary explanations for the ignition
mechanism of Al-NPs subjected to rapid heating are:

a. Melt dispersion mechanism – under high heating rate, the
aluminum core melts and expands in volume, exerting high
stress on the solid shell. If high enough, the stress causes the
oxide shell to rupture, and tensile forces subsequently
unload the aluminum as small molten clusters at high veloc-
ities [2].

b. Diffusion mechanism – the shell undergoes some transition,
i.e. physical cracking or polymorphic phase transitions,
allowing aluminum to diffuse through the shell. The mass
transport is governed by an effective diffusion coefficient
of the aluminum through the permeable shell [3].

The exact physical mechanism for this ignition phenomenon is
currently unclear, and this is largely due to the lack of experimen-
tal techniques. This paper however will not deal directly deal with
this debate, but consider the rather curious behavior observed in
the scaling laws for burning, as particle size gets smaller.

http://dx.doi.org/10.1016/j.combustflame.2013.10.017
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In studies on the combustion characteristic of boron nanoparti-
cles [4], the particle size dependence of burning time (tb) is found
to decrease as the particle size decreases into the nanometer range.
The burning times of larger particles, 30–100 lm [5,6], have long
been known to be consistent with the d2-law (diffusion-limited
burning). A transition from diffusion-controlled to a kinetically-
controlled is seen to occur at particle sizes of�10 lm. However be-
low �10 lm particles burning time which should be expected to
roughly scale as �d1 (kinetic limited regime) [7–9] actually are
seen to demonstrate dependencies less than unity; see Fig. 6 of
[10]. As has been pointed out [10], the exact exponent cannot be
determined due to uncertainty in the size distribution and particle
agglomeration. Nevertheless, given the significant deviations from
integer dependencies, it is also possible that other physical charac-
teristics are at play not captured in a shrinking–core model. The
size dependence further reduces to �d<0.5 for sub-micron particles,
see Fig. 17f [4]. Thus there is ‘‘apparently’’ only minimal gain in
reducing particle size in the sub-micron range/nanoscale. Nano-
Aluminum also exhibits a similar size independence in the nano-
scale regime with tb � d0.3 [11]. While more data is needed in the
small size regime, in general we can conceptually summarize the
experimental data in Fig. 1. This leaves open an explanation of this
behavior.

Much of what is known about how super-micron particles burn
is through direct imaging. But while burning can be directly im-
aged for large particles, nanoparticles pose a particularly challeng-
ing experimental problem. It is difficult to design experiments
mimicking both the rapid heating, speculated to be around
108 K/s [12], and observe the physical changes occurring. A few
experimental studies have recently emerged [3,13], to directly ob-
serve reaction on time scales relevant to combustion. In a recent
work [13], a mixture of Al-NPs/WO3 (fuel/oxidizer) was imaged
in a high resolution Scanning Electron Microscope (SEM). The
images before and after heating are shown in Fig. 2.

In the region of proximity of the fuel (Al) and oxidizer (WO3),
significant changes are seen (bulk of WO3 does not melt and re-
mains unchanged). It is argued that the Al and WO3 come into sur-
face contact and react at the interface. The heat generated melts
adjacent particles leading to sintering. Chung et al. [14] modeled
the oxidation enthalpy of Al-NPs as a function of the Al-NP size.
They found the reaction enthalpy of Al-NP (aggregated) ? bulk-
Al2O3 to increase with decreasing particle size. The increased en-
ergy released with decreasing primary size would lead to faster
sintering of the aggregates into bulk alumina. The results raise
strong questions about the ‘‘effective’’ particle size and how it
would impact reactivity, since large amounts of sintering serves
to completely change the size and morphology of the particles.
This is important since nanoparticles are mostly agglomerated.

One possible explanation then for the low size dependence of
burning times for nanoparticles, seen conceptually in Fig. 1, is that
nanoparticles, when heated, cease to exist as single primary parti-
cles, and instead sinter to form structures with characteristically
larger length scales. The goal of this work is to investigate the ther-
mal response of oxide coated aluminum nanoparticles using
molecular dynamics simulation to address the question of the like-
lihood of nanoaluminum sintering on a time scale commensurate
with the characteristic reaction time. The relevant question, appli-
cable for both Al-NPs in a high explosive and binary thermites, is
whether nanoparticles sinter into characteristically larger struc-
tures well before the bulk of reaction can take place? On the basis
of this work, the answer appears to be yes.

2. Simulation details

Molecular Dynamics (MD) methods are ideally suited to study
such a problem because of the small particle sizes being considered
and the lack of physical property data to implement a phenomeno-
logical model. We employed the ReaxFF (reactive) potential [15] to
describe the interactions between the atoms which has been
shown to accurately predict the dynamical and reactive processes
of aluminum/aluminum oxide systems [16]. In contrast to tradi-
tional empirical potentials, the reactive potentials have the advan-
tage of being able to simulate bond breaking, bond formation and
charge transfer, and thus off-stoichiometry cation–anion interac-
tions. The force field parameters for Al/Al2O3 system was devel-
oped and optimized using the results of first principles
calculations. The charges of Al and O in a-Al2O3 were found to be
in good agreement with Quantum Mechanical (QM) results. The
authors studied solid-Al/a-Al2O3 interface and found it to be sharp
with an equilibrium separation that agreed well with density func-
tional theory (DFT).

However, the advantages offered by ReaxFF, also result in at
least an order of magnitude more expensive than traditional MD
simulations in addition to a significantly larger memory require-
ment. The ReaxFF potential has been integrated into the large scale
parallel MD software Lammps [17] which has been used for the
present study. The MD simulations were carried out on the TACC
Ranger system as part of the TeraGrid network, using 8–128 pro-
cessor cores. The equations of motion were integrated using the
Verlet algorithm employing a time-step of 1 fs. Temperature was
controlled by rescaling the velocities to the desired temperature
at every time-step if the difference between the target and desired
temperature exceeded 10 K.

Here we studied two different particle sizes (8 and 16 nm in
diameter) – the smaller 8 nm particle consists of an �5 nm diam-
eter aluminum core coated with an �1.5 nm oxide shell. A pure
Al particle was first created from an fcc crystal by considering only
the atoms within a 2.5 nm radius. It was subsequently equilibrated
at 300 K. Following equilibration, the Al particle was coated with a
crystalline Al2O3 shell. The coated particle was then heated to
500 K and the temperature maintained at 500 K for equilibration.
A true equilibrium was, however, never reached – due to a (very)
slow continuous diffusion of core Al atoms into the shell resulting
in a continually decreasing potential energy profile. The diffusion
being slow at 500 K, a configuration obtained after 1 ns of equili-
brations was taken as the (pseudo) equilibrated structure. For com-
parison purposes a pure oxide particle of diameter 8 nm was built
as well. The larger, 16 nm, particle, built similarly, consists of an
�12 nm core aluminum coated with an �2 nm oxide shell (a total
of �200,000 atoms).

Three simulations were carried out using each of these parti-
cles. The system consisted of a particle and its translated image
placed adjacent to each other, with the minimum distance

Fig. 1. Conceptual figure showing experimentally determined diameter depen-
dence on burning time.
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between the surfaces being �2–3 Å. This system was then enclosed
in a box and heated rapidly at the rate of 1013–1014 K/s: from 500 K
to 2000 K. Obviously this heating rate is considerably faster than
that experienced in a real combustion event. We are however con-
strained by the total time, of the order of nanoseconds, that can be
realistically simulated in a molecular dynamics simulation. Using a
parametric study, Puri et al. [18] found that a heating rate in the
range 1013–1014 K/s is sufficient to equilibrate particles as well as
to resolve calculated thermodynamic and structural properties.
The final temperature was intentionally kept below the bulk melt-
ing point of alumina (�2400 K). Subsequently, the system temper-
ature was held at 2000 K.

3. Results and discussion

To evaluate the sintering and combustion times we begin by
simulating the sintering of oxide coated aluminum. Two small
(8 nm) coated particles, equilibrated at 500 K, are placed adjacent
to each other and heated rapidly at the rate of 1014 K/s (total time
of 15 ps). The temperature is then held at 2000 K for another 1 ns.
To compute the timescale for sintering, the normalized moment of
inertia (MOI) is tracked throughout the simulation. The normalized
MOI converges to unity when the two particles have fused com-
pletely to form a sphere. Figure 3 plots the normalized MOI along
with cross-sectional views of six temporal snapshots of the simu-
lation. Snapshots at 0 and 15 ps are for the configurations before
and after heating. Heating causes the particles to undergo a volu-
metric expansion with melting of the core aluminum. Since the
coefficient of thermal expansion of aluminum is considerably
greater than that of alumina (linear coefficient of aluminum being
approximately four times that of alumina), one would expect the
core pressure to increase significantly, possibly leading to ruptur-
ing of the shell. However no mechanical failure was observed.

The core Al atoms, were instead seen to diffuse into the oxide shell
with the shell becoming richer in aluminum. The shell Al and O
atoms on the other hand diffused inwards leading to a more homo-
geneous overall composition than the original core–shell structure.

The remaining snapshots show that after the inter-diffusion of
core Al into the shell, fusion between particles begins and contin-
ues. The sintering time, time to heat the particles, plus the time to
fuse completely, can be read off directly from the normalized MOI
curve to be �0.7 ns. The important point here is that the 2 coated
Al-NPs, heated to 2000 K, sinter completely despite that fact that
the final temperature is held some �400 K below the melting tem-
perature of alumina. However, at the onset of sintering (�100 ps) it
would be incorrect to consider the shell as alumina. The shell is
clearly a sub-oxide of aluminum and is expected to have very dif-
ferent thermo-mechanical properties. In other words, very rapidly
the shell is no longer alumina, and any phenomenological based
model that uses the properties of alumina, even if there were in
principle applicable to these length scales, would be in significant
error.

To demonstrate this point more rigorously, an identical temper-
ature-ramp simulation was conducted with two 8 nm oxide (alu-
mina) particles. Figure 4 shows that even though the particles
show thermal expansion effects, and form a covalent bridge, no
significant neck growth can be observed. This would seem to con-
firm that core–shell aluminum–alumina particles would sinter
well below the bulk melting point of alumina, due to the internal
core-to-shell diffusion of aluminum ions.

To study the structural differences between the pure oxide, and
the coated particles, the Al–O atom radial distribution function,
g(r), was computed. g(r) gives the local atomic arrangement and
is a tool to distinguish between solids and liquids. While crystalline
solids are characterized by a repeating sequence of sharp peaks
(indicating long-range order) separated by distances between

Fig. 2. SEM images of Al-NPs/WO3 (a) before and (b) after heating to 1473 K at �106 K/s. (c) and (d) panels are the respective backscattered electron (BSE) images: the bright
particles are W/WO3, the darker particles are Al/Al2O3. Figure taken from [13].
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neighbors, g(r) for liquids has few peaks at short distances and no
long range order. The radial distribution functions for the coated
and oxide particles at 200 ps are plotted in Fig. 5. The sharp peak
and practically no long-range order in the case of the oxide particle
indicate that the oxide particle is an amorphous solid. The Al–O ra-
dial distribution function for the coated particle, on the other hand,
exhibits the shape typically found for liquids – diffused peak (with
fewer nearest neighbors) and no long-range order – indicating that
the shell has melted and is in the liquid state. Thus, while the oxide
particles remain solid at 2000 K, the coated particle is in a molten
or near molten state, such that the forces of surface tension can
drive the fusion.

To explore the sintering behavior in more detail a third sinter-
ing simulation was carried out with two larger (16 nm) coated par-
ticles placed adjacent to each other and heated at the rate of
1013 K/s (over a period of 150 ps) – an order of magnitude slower

than the case with smaller particles. In the following, struc-
tural changes due to heating and its effects on the induced
electric field/mass transfer are probed for this larger (16 nm)
particle followed by a comparison of sintering and reaction
timescales.

3.1. Radial atomic density

Figure 6 shows the radial density at different times, indicating
were each atom type is as a function of time. Radial density [19]
was calculated by considering concentric spherical shells centered
at the center-of-mass of the particle. The density at a distance r
from the center-of-mass was then computed as the total mass in-
side the shell at distance r divided by the shell volume. Averaging
over snapshots over 40 ps of simulation time resulted in the
density plots.

Fig. 3. Sintering of two 8 nm aluminum particles with oxide shell – (a) initial configuration and (b) system at the end of rapid heating. Panels (c)–(f) represent subsequent
configurations when the temperature is held at 2000 K. Colors: blue and red represent the shell (oxide) atoms whereas yellow and green represent the core (aluminum)
atoms. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Simulation of a system consisting of two alumina particles. i.e. no sintering in the case of alumina. Temperature ramp is identical to the case depicted in Fig. 3.

P. Chakraborty, M.R. Zachariah / Combustion and Flame 161 (2014) 1408–1416 1411
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Initially at 500 K, (a) the particle exhibits a core–shell structure
defined by a clear interface at �60 Å. The core Al had a density of
2.7 g/cc, consistent with the bulk density of solid Al. The shell,
however, expanded in volume to a density of 3.1 g/cc from the pre-
scribed initial density of 4.0 g/cc. It is interesting to note some dif-
fusion of core Al atoms into the shell. As mentioned earlier, this
diffusion is an ongoing process, much slower at lower temperature
and speeding up with the melting of the Al core. As a result of heat-
ing and (b) the core melts, as is evidenced by a reduced density
(2.0 g/cc). With the core Al becoming more mobile, significantly
more core Al atoms diffuse into the shell – panels (b) and (c) –
along with diffusion of shell atoms (both Al and O) inwards. The
shell can no longer be considered to be pure alumina. Instead the
shell becomes aluminum rich forming a sub-oxide. As the temper-
ature is held constant at 2000 K, the pure aluminum core shrinks
along with an inwards expansion of the increasingly aluminum-
rich shell. Finally, a near homogeneous distribution of species in
the particle is obtained – panel (d).

3.2. Induced electric field driving transport

In a recent work on core–shell particles [20], the radial diffusiv-
ity of the core Al atoms was computed at different temperatures
and compared with the overall diffusivity. It was found that an ‘in-
duced electric field’ (rather than Fickian diffusion) drives the diffu-
sion of core Al into the shell. The idea that oxidation growth occurs
through the ‘migration of charged species’ was first proposed by
Carl Wagner in 1933 [21]. In 1948, the Cabrera-Mott model [22]
was developed that described the growth of thin oxide films on
metal crystals driven by an induced electric field that causes metal
ions to migrate to the surface. More recently a modified form of the
Cabrera-Mott model was applied to nanometer-sized particles
[23]. The induced electric field was found to be much stronger in
such small particles compared to a flat surface, thereby increasing
the oxidation rate significantly. Dreizin et al. [24] further modified
this model to account for volume changes in the shrinking core and
expanding shell.

Figure 7 plots the radial charge density before and after heating.
The plots are obtained by averaging over 40 ps of simulation time.
The positively charged core, coupled with a negatively charged
shell (in the initial configuration, both the core and shell were
charge neutral) results in an electric field induced in the particle,
most prominently at the core–shell interface.

The electric field at each ion of the particle was then computed
directly using Coulomb’s law by summing over contributions from
all neighboring atoms at a distance greater than 0.15 nm – to
exclude the effect of the covalently bonded ions (the nearest

neighbor peak in the radial distribution function for the covalently
bonded shell atoms occurred at 0.15 nm). Figure 8 shows the radial
component of the electric field (along with the density profile for
comparison) in the particle at various times. A positive value indi-
cates a radially outwards electric field. Thus the core Al atoms in
the interfacial region are under a radially outward electric field.
Figure 8a shows the electric field profile for the particle at 500 K
– before heating. This electric field at the interface accounts for
the slow continuous diffusion of core Al atoms into the shell de-
spite the fact the core has not melted and is not under enhanced
pressure. Figure 8b represents the field at 2000 K, at the end of
heating. With time, the electric field moves inwards along with
the core–shell interface and dissipates, Fig. 8c and d. Also note that
the electric field changes sign across the thickness of the shell re-
gion. This is clearly visualized by plotting the electrical force on
the O atoms. Similar to the electric field calculations, the electrical
force on O atoms was computed using Coulomb’s Law by summing
over contributions from all neighboring atoms excluding the
bonded atoms. Figure 9 shows the direction of the electrical force
on the oxygen atoms. As indicated by the changing sign of the elec-
trical field, the O atoms closer to the interface experience an in-
ward electrical force while the O atoms near the particle surface
experience an outward electrical force. This is a probable explana-
tion for the initial expansion of the shell during equilibration of the
particle at 500 K.

3.3. Mass transport within a particle

Henz et al. [20] showed that at 2000 K, almost all (>99%) of the
core Al atom flux is due to the induced electric field, with the
remainder due to concentration and pressure gradients. They esti-
mated the flux of the core Al atoms using the Nernst-Planck equa-
tion [25] to be �31 mol

cm2 s. In this work, we compute the flux directly.
The flux at time ti across a sphere of radius r, centered at the center
of mass of the particle, is calculated as

Jðr; tiÞ ¼
Nðti�1Þ � NðtiÞ
4pr2ðti � ti�1Þ

ð1Þ

where N(t) is the number of atoms, of a particular species, inside a
sphere of radius r at time t. By construction, a positive value of the
flux indicates an outward motion of atoms. Averaging over a period
of 40 ps, the flux of core Al and shell O ions, for different times is
plotted in Fig. 10. During the period of heating (0–150 ps), the flux
of core Al atoms at the interface increases from a nearly zero net
flux to a value of �38 mol

cm2 s. This value is consistent with the previ-
ously estimated value.

Using the collision frequency for oxygen molecules in the gas
phase, we estimate the flux of oxygen molecules hitting the parti-
cle surface to be � 1 mol

cm2 s. Thus the outward flux of aluminum though
the shell is considerably faster than the reaction rate with the surface.
As a result the surface will become Al rich and some evaporation will
take place. In a prior work [26], we have found some conditions
experimentally, in which an Al-NP oxidation results in a hollow
product particle consistent with the above analysis. During the
period when the temperature is held constant the peak of the flux
plot shifts inwards as the core shrinks and finally reaches nearly
zero net flux – consistent with the electric field results discussed
earlier. The important point here is that a strong electric field is in-
duced at the core–shell interface due to the positively charged core
and the negatively charged shell. This electric field, in turn, causes
migration of ions finally forming a homogeneous sub-oxide of Al.
The idea that the flux of the ions is governed by the induced elec-
tric field is also strongly supported by the transport of oxygen an-
ions. Comparing the region between 8 and 10 nm at 150 ps, we see
an outward flux of oxygen anions, which is consistent with an

Fig. 5. Al–O atomic radial distribution functions for oxide coated nanoaluminum
and aluminum oxide particles at 200 ps.

1412 P. Chakraborty, M.R. Zachariah / Combustion and Flame 161 (2014) 1408–1416



Author's personal copy

inward electric field. Subsequently, with the core–shell interface
moving inwards, at 700 ps, a radially outward electric field in the
region 2–5 nm drives the oxygen anions inwards. The induced
electric field thus drives the original core–shell particle towards
a more uniform particle through migration of ions in the particle.

The formation of hollow particles was also seen in this work as a
transient state as a gap between the core and the shell regions of
the particle and can be attributed to the higher outward diffusion
of Al ions compared to the inward diffusion of the shell ions. For
example, at 300 ps, in the region between radii 4 nm and 5 nm,

the outward flux of �27 mol
cm2 s of core Al cations is almost double

that of the inward flux �14 mol
cm2 s of the shell O anions. This differ-

ence in fluxes leads to a transient hollow structure, prominently
visible in 11. The ‘gap’ between the core and the shell vanishes
with transition towards the more homogeneous particle.

3.4. Characteristic times: sintering Vs reaction

The snapshots of the sintering simulation of the larger 16 nm
particles are presented in Fig. 11. In these simulations, the final

Fig. 6. Radial density plots at different times, shows movement of Al and O ions.

Fig. 7. Charge density in the left particle in aggregate before and after heating. For comparison, the density plot is also included.

P. Chakraborty, M.R. Zachariah / Combustion and Flame 161 (2014) 1408–1416 1413
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temperature was fixed at 2000 K. Similar behavior (inter-diffusion
followed by fusion) is expected as long the final temperature is
greater than the melting point of the aluminum (core). As dis-
cussed earlier, the particle size dependence of burning time for

Al and B particles was seen to decrease with diminishing particle
size into the nanometer range (Fig. 1). The diffusion and kinetic
limited burning theories generally apply to single particles or drop-
lets. Nanoparticles, on the other hand typically exist as aggregates
(for commercially available nanoparticles, the specified size is the
average of the primary sizes in the aggregates). The important
question here is what is the characteristic time scale for sintering
relative to reaction. The sintering timescale is important since this
would determine the effective particle size undergoing combus-
tion. If the timescale for sintering is faster or at least comparable
to the reaction timescale (combustion of the bulk of the nanopar-
ticles), the burning time would then correspond to that of particles
with larger characteristic length scales.

Reaction times are strongly dependent on the particular com-
bustion system and configuration. Using a combustion cell, the
pressure rise time for Al based thermites was seen to be of the or-
der of 10 ls [27]. Al nanoparticle combustion behind reflected
shock waves in a shock tube at elevated pressures and tempera-
tures yielded a reaction time of 50–500 ls [28]. For the purpose
of comparison, we take 10 ls as the characteristic reaction time-
scale as the most conservative case.

The sintering time, is a sum of two components – time to heat
the particles from the ambient temperature to the final tempera-
ture, and the fusion time. Since the coated particles are in the li-
quid state, the fusion takes place through viscous flow and the
characteristic fusion time can be computed using Frenkel law
[29] as

Fig. 8. Radial component of the induced electric field (volt/Angstrom) acting on the particle. With time, the peak of the electric field moves inwards and dissipates.

Fig. 9. Electrical force on O atoms in the shell at 500 K. O atoms closer to the core
experience an inward electric force, while O atoms near the surface experience an
outward electric force.

1414 P. Chakraborty, M.R. Zachariah / Combustion and Flame 161 (2014) 1408–1416
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sF ¼
gdp

r
ð2Þ

where g is the temperature-dependent viscosity, dp is the particle
diameter and r is the surface tension. If surface tension at these
length scales can be assumed to be size-independent, the ratio of
the fusion times of two different sized particles would be equal to
the ratio of their diameters. Since our calculations show that two
8 nm particles completely fuse in �0.7 ns, we can, by scaling argu-
ments, estimate the fusion time for two 50 nm particles to be �5 ns.
Real aggregates have more than two primary particles, which can be
accounted for by using Hawa & Zachariah’s [30] power law
modification to Frenkel’s law. For N primaries of equivalent size in
an aggregate of fractal dimension Df, the fusion time is given by

s ¼ gdp

r
ðN � 1Þ0:68Df ð3Þ

Transmission Electron Microscope (TEM) images show that the
fractal dimension of vapor grown aggregates is typically �1.8. So
even for an aggregate consisting of 100 nanoparticles with average
primary size of 50 nm, the total fusion time, calculated using

Eq. (3), would be�50 ns. In our simulations, for computational effi-
ciency, the heating rate was considered to be much larger than the
speculated rate of 108 K/s. According to the experimental heating
rate, the time to heat the particles from 500 K to 2000 K would
be�15 ls This heating time, being several orders of magnitude lar-
ger than the fusion time, is thus the effective sintering time.

Thus the sintering time is competitive with the reaction time.
i.e. Al-NPs should sinter into larger structures before a significant
amount of combustion can take place. Depending on the number
of primaries in an aggregate, the equivalent sphere may not be
nano-sized and as such, there may not be an advantage in using
(aggregated) nanoparticles under some critical size as energetic
materials, since the main advantage of the nanoparticles, the high
surface area to volume ratio, is negated.

4. Conclusion

Reactive Molecular Dynamics simulations were carried out to
study if the lower power dependence on particle size for burning
nanoscale materials, was caused by particle sintering. Rapid
heating of aluminum core/oxide shell particles found that as the

Fig. 10. Flux across the oxide coated Al particle – of (a) core Al and (b) shell O – at various times. A positive flux is radially outward.

Fig. 11. Sintering simulation snapshots of the 16 nm oxide coated Al particles.

P. Chakraborty, M.R. Zachariah / Combustion and Flame 161 (2014) 1408–1416 1415
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core melts, the core Al atoms diffuse radically outward into the
oxide shell, driven by an induced built-in electric field.

With the diffusion of core Al cations into the shell, the shell,
which is now a sub-oxide of aluminum, melts at temperatures con-
siderably lower than the melting point of the oxide. Forces of sur-
face tension then drive fusion of two such liquid particles. As a
result, for aggregates of nanoparticles, sintering into larger struc-
tures can occur on the same time scale as combustion. This quali-
tatively may explain why the burning times do not get significantly
shorter for very small particles.
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