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ABSTRACT: Previous experimental results have shown that
carbon fibers (CF) can significantly promote the propagation of
aluminum-based nanothermites and propellants. To explore the
mechanism of this enhancement, the interaction of 4−6 nm Al/
Al2O3 core−shell nanoparticles with a carbon fiber surface at
1000−2500 K is investigated by reactive molecular dynamics. The
results show that regardless of the temperature, Al nanoparticles
adhere to the surface of the carbon fiber upon interception. At 1000
K, Al nanoparticles adhere through physisorption; however, with
increasing temperature, a transition to chemical bonding occurs,
marked by the formation of Al−C bonds and the enhanced binding
energy between the particle and the surface. The binding energy at
2500 K is 2 orders of magnitude higher than that at 1000 K. Larger Al particles are found to have a stronger binding energy at the
same temperature. The sintering of two Al nanoparticles on the surface of the carbon fiber is also examined. Al nanoparticles that are
bound to a carbon fiber surface have much lower sintering rates (i.e., the particle shrinkage ratio can be decreased by up to ∼90%,
and the particle surface loss ratio can be decreased by up to ∼50%). The discrepancy becomes notably more pronounced at elevated
temperatures, where the sintering of Al nanoparticles in the aerosol phase is very fast. The effect of CF addition is to trap burning
particles close to the burning surface for a longer time, thereby enhancing heat feedback. This simulation work provides an atomistic-
level explanation for our previous experimental works (ACS Appl. Mater. Interfaces 2021, 13, 30504−30511 and Chem. Eng. J. 2023,
460, 141653).

1. INTRODUCTION
Aluminum (Al) particles are a common ingredient in
explosives, propellants, and pyrotechnics for their high energy
density.1−5 Due to the higher specific surface area of nano vs
micron particles, Al nanoparticles usually show a lower ignition
temperature and a higher burn rate.6−8 However, Al nano-
particles also suffer from rapid sintering during or just prior to
combustion, which results in a significant particle size increase,
which degrades the kinetics and can result in significant two-
phase flow losses.9−11

One approach to potentially mitigate some of the sintering
effects is to decrease the characteristic time for other processes
to approach the time scale for sintering or alternatively slow
sintering down somehow. The addition of various carbona-
ceous materials has been shown to be a promising strategy for
enhancing the application of Al nanoparticles as well as Al
microparticles. Different types of carbonaceous material
addition have been studied to modify the ignition and
combustion characteristics of Al-based energetic materials,
such as carbon fibers,12,13 hollow carbon nanospheres,14

carbon black nanoparticles,15 graphene oxides,16,17 and carbon
nanotubes.18,19 For instance, Yang et al.14 examined the

influences of hollow carbon nanosphere addition on Al/Fe2O3
nanothermite and found that hollow carbon nanosphere
addition could increase both the burn rate and steady
combustion temperature, which they attributed to the gas-
generating characteristics of hollow carbon nanospheres. The
laser ignition threshold was also lowered due to the good laser
adsorption ability of carbon. Jiang et al.17 studied the addition
of graphene oxides in microsized Al particles and found that
the graphene oxides can enhance the combustion of Al
particles because graphene oxides catalyze the dissociation of
oxygen molecules and enhance the diffusion of free oxygen
atoms to Al. Sharma et al.18 reported that the activation energy
of the thermite reaction of Al/CuO was lowered by ∼23% by
the addition of cabon nanotubes based on its thermogravi-
metric analysis results. The tighter contacts between Al and
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CuO due to the presence of carbon nanotubes were concluded
as the main reason for such a decrease.

One approach that led to significant effects was the addition
of small amounts of carbon fibers.12,13 Wang et al.12 found that
only 2.5 wt % carbon fiber addition into the Al/CuO
nanothermite could increase the global burn rate of the
nanothermite by a factor of 2, and the flame temperature was
also increased by roughly 300 K. A similar behavior was also
reported in our previous research on an Al/AP/HTPB solid
propellant.13 The burn rate of the propellant was elevated by
∼25% after the doping of 2.5 wt % carbon fiber. Figure 1
shows the representative microscopic images of the burning of
the Al/CuO nanothermite with and without carbon fiber
addition as well as the schematic diagrams on how carbon
fibers affect the reaction fronts. The detailed description on
experimental methods can be found in our previous study.12

Although Al particles are initially nanosized, they undergo a
transition to microsized particles near the reaction front, owing
to rapid sintering. Nevertheless, it is clear that after doping
with carbon fibers, the sizes of Al particles are smaller and
some of them were intercepted by the carbon fibers that
protrude from the reaction front. Correspondingly, two
explanations can be proposed for the enhancement caused
by the carbon fiber addition. First is that since the Al particles
are intercepted by the carbon fibers, they could provide
stronger heat feedback to the unburned zone than the free-
flowing particles. Second is that the presence of carbon fibers
retard Al particle sintering, thus increasing their oxidation rate.

In this work, we employ reactive molecular dynamics (MD)
simulations to provide atomic insights into the interaction
between Al nanoparticles and the surface of carbon fibers. Both
the sticking behavior of Al nanoparticles on carbon fibers and
the sintering process of Al nanoparticles with/without carbon
fibers are investigated in detail to verify the two explanations in
our previous studies as introduced above.

2. MD METHODOLOGY
2.1. Reactive Force Field. Reactive force field (ReaxFF),

developed by van Duin and his coworkers,20 is employed in
this work. ReaxFF offers a more realistic simulation of covalent
bond formation and breaking while still being computationally
tractable.21−28 The potential energy Ep of ReaxFF can be
described by eq 1.

= + + + + + +

+

E E E E E E E E

E

p bond over under lp val tors vdW

coul (1)

in which the first six items are bond-order-dependent energy
items: bond energy, overcoordination energy, under-coordina-
tion energy, long pair energy, valence angle energy, and torsion
angle energy, respectively; the last two items are bond-order-
independent items: van der Waals energy and Coulomb
energy, respectively.20

The Al/C/H/O force field used in this study was taken from
Hong et al.,29 which was optimized against quantum
mechanics data as well as experimental data,29 and has been
employed by others for the simulation of Al nanoparticles in
many scenarios similar to this work, such as the carbon coating
on Al nanoparticles,29 the combustion of Al nanoaggregates in
high-speed flows,10 the interaction between graphene oxides
and Al nanoparticles,17 and the combustion of Al/n-butanol
nanofluid.30

2.2. Simulation Details. Al nanoparticles with oxide shells
are built in this work by cutting Al and Al2O3 spheres from
ideal aluminum and α-alumina lattices, respectively, and
annealing. Then, an Al core and an Al2O3 shell are cut from
the annealed spheres and combined into an Al-core−Al2O3-
shell nanoparticle. A few aluminum or oxygen atoms are
randomly removed during the construction to make sure the
molar ratio of aluminum to oxygen in the oxide shell is nearly
2:3 (0.688, 0.691, and 0.668 for the three particles built in the
next paragraph). Then, the Al-core−Al2O3-shell nanoparticle is
relaxed to 400 K.

Figure 1. Representative microscopic images of the burning Al/CuO nanothermite without (a) and with (b) carbon fibers and the corresponding
schematic diagram of the reaction fronts without (c) and with (d) carbon fibers.
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Three Al/Al2O3 core−shell nanoparticles are built, with
similar internal structures and thicknesses of the oxide shell but
with different particle sizes. In order to show the core−shell
structure concisely, slices are cut from the relaxed particles
with a thickness of 4 Å, and the positions of all atoms in the
slice are shown in Figure 2. The thickness of the slice is in the z
direction, and the positions of atoms are projected onto the
X−Y plane. The diameters of the entire particle and the Al core
are also shown in Figure 2. The diameter of a particle is
calculated as the diameter of the smallest sphere that can
contain 95% of all atoms. The diameter of the Al core is
calculated as the diameter of the largest sphere that can contain
only 5% oxygen atoms. The oxide shell thickness of the three
particles is ∼0.7 nm. The diameters of three particles are 4.0,
5.2, and 6.0 nm, respectively. For simplicity, they are named 4,
5, and 6 nm Al nanoparticles hereafter. The numbers of atoms
in these three particles are 2759, 5629, and 8838, respectively.
2759:5629:8838 is very close to 43:53:63 because the particle
shape is very close to a sphere.

To simulate the carbon fiber, a total of four layers of
graphene is employed, following previous studies.31,32 Similar
to the construction of Al nanoparticles, four layers of graphene
are cut from ideal graphite, ensuring the sizes of layers align
with those of the simulation box. Then, the graphene layers are
annealed and relaxed to 400 K, with the layer at the bottom
being frozen to maintain surface stability.23,33−35

To simulate the binary collision between an Al nanoparticle
and the surface of the carbon fiber, a simulation box with a size
of 100 × 100 × 150 Å is used. The four layers of graphene,
used as the analogue of the carbon fiber surface, are placed at
the bottom of the simulation box. Periodic boundary
conditions are applied in x, y, and z directions. The Al
nanoparticle is placed above the carbon fiber surface with a

separation distance of roughly 0.8 nm. The initial downward
velocity of the Al nanoparticle is 15 m/s. The initial velocity
setting does not have a significant influence on the conclusions,
as explained by Figure S1 in the Supporting Information. The
simulation is conducted in the NVT ensemble using a Nose−
Hoover thermostat36 with a damping parameter set as 100
times the time step. The total simulation time is 50 ps,
including a 10 ps ramp stage that elevates the temperature
from 400 K to 1000/1500/2000/2500 K and a 40 ps constant-
temperature stage that is fixed at 1000/1500/2000/2500 K.
The temperature fluctuation is negligible, and a representative
temperature profile during the simulation is given in the
Supporting Information.

To simulate the coagulation and sintering of two Al
nanoparticles on the surface of carbon fiber, a simulation box
with a size of 120 × 100 × 150 Å is created. The separation
distance of the two particles is roughly 1 nm, and the other
configuration settings are the same as the binary collision
simulations. Each Al nanoparticle has an initial downward
velocity of 10 m/s and an initial horizontal velocity of 10 m/s
toward the other particle. The simulation without carbon fiber
is conducted in the same manner, except that the carbon fiber
surface at the bottom of the box and the initial downward
velocity of the particle are omitted. The simulation is also
conducted in an NVT ensemble, and the total simulation time
is 30 ps, including a 10 ps ramp stage and a 20 ps constant-
temperature stage, utilizing identical settings to the binary
collision simulation introduced in the previous paragraph.

All MD simulations in this work are performed in large-scale
atomic/molecular massively parallel simulator (LAMMPS).37

The time step for all cases is 0.2 fs. The calculation of particle
surface area in Section 3.2 is performed in OVITO software.38

Figure 2. Slices were obtained from Al nanoparticles with different particle diameters. The locations of Al and O atoms are shown in green and
dark blue symbols, respectively. The diameters of the particle and the Al core are shown in blue solid and dashed lines, respectively.
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3. RESULTS AND DISCUSSION
3.1. Sticking of Al Nanoparticles on the Surface of

Carbon Fibers. In our experiment (Figure 1), Al particles are
ejected from a burning surface and are seen to impact carbon
fibers, where they stay for an extended period of time and burn
(>10 ms). A similar process is simulated. Figure 3 shows
snapshots of a typical case, the binary collision between a 4 nm
Al nanoparticle and the surface of the carbon fiber at 2000 K.
Graphene layers at the bottom of the simulation box are
somewhat wave-like due to the thermal expansion. Initially, the
Al nanoparticle is far from the carbon fiber surface such that
the interaction energy can be neglected. Upon collision, the
particle is captured and the particle interacting surface flattens.
The position of the captured particle on carbon fiber surface
remains nearly constant from t = 20 ps to t = 50 ps, suggesting
a stable sticking state, which aligns with experimental
observations.12,13

To make a detailed analysis of the collision process, we first
compare the binary collision results at different temperatures
(1000−2500 K), for 4 nm Al nanoparticle. Figure 4(a)

presents the evolution of the location of the center of mass
(COM) of the Al nanoparticle (the distance between the
COM and the bottom of the simulation box) and the
interaction energy between the particle and the surface. The
location of COM of the Al nanoparticle decreases as the
particle approaches the surface and is almost steady after 30 ps.
The steady-state locations of the COMs of four simulations at
different temperatures are very similar (3.3 nm away from the
bottom of the simulation box) and very close to the sum of the
radius of the Al nanoparticle (roughly 2 nm) and the thickness
of the carbon fiber surface (roughly 1.1 nm), neglecting
thermal expansion. It indicates that the Al nanoparticle does
not sink into the carbon fiber surface, which is shown in Figure
3 as well. The interaction energy is calculated by eq 2

=E E E Einteraction p,total p,particle p,surface (2)

in which Einteraction, the interaction energy, can be obtained
from the total potential energy of the particle and surface
Ep,total, the potential energy of particle Ep,particle, and the
potential energy of surface Ep,surface. The interaction energy
values are negative, as shown in Figure 4(a), indicating that Al
nanoparticles are bound on the carbon fiber surface; thus, the
interaction energy will be referred to as the binding energy
hereafter.

The results indicate that within a wide range (1000−2500
K), all Al nanoparticles ejected from a combusting surface, if
impacted, would be captured by the carbon fiber surface (i.e.,
no rebound) no matter what the temperature is, which aligns
with the experimental observation in Figure 1. When the
temperature is low (1000 K), the Al nanoparticle is
physisorbed on the carbon fiber, as there is no evidence of
the formation of a significant amount of Al−C covalent bonds,
as shown in Figure 4(b). The binding energy (Figure 4(a)) is
asymptotic to a constant value (∼ −700 kcal/mol) after ∼25
ps, when the Al nanoparticle is stable on the surface. Using the
Hamaker constant of alumina from ref 39. (Aalumina = ∼1.5 ×
10−19 J) and graphene from ref 40. (Agraphene = ∼4.7 × 10−19 J),
the interaction Hamaker constant A can be calculated by eq
341 to evaluate an empirical estimate for the binding energy
from eq 4.

= = ×A A A 2.6 10 Jalumina graphene
19

(3)

= =E Ad
z

N
12

31kcal/molint,hamaker A (4)

Figure 3. Snapshots of the collision between a 4 nm Al nanoparticle and the surface of the carbon fiber at 2000 K. Aluminum atoms are shown in
green, and carbon atoms are shown in blue. For simplicity, oxygen atoms are not shown.

Figure 4. (a) Temporal evolution of the distance between the COM
of the Al nanoparticle and the bottom of the simulation box (red) and
the interaction energy between the Al nanoparticle and the carbon
fiber surface (blue) at different temperatures. (b) Temporal evolution
of the number of Al−C bonds (brown) at different temperatures.
Dotted, dashed, solid, and dashdot lines represent the results at 1000,
1500, 2000, and 2500 K, respectively.
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where d and z are the diameter of the particle and the
separation distance between the particle and the surface,
respectively, and NA is the Avogadro constant. The z value (0.4
nm) is taken from ref 42, representing the typical separation
distance for a smooth surface. Compared to the rigid model
proposed by Hamaker,43 it is unsurprising that the binding
energy calculated by ReaxFF is higher by an order of
magnitude. This discrepancy can largely be attributed to the
capability of reactive MD to simulate the deformation of both
the Al nanoparticle and the carbon fiber surface, allowing the
reconstruction of a more stable configuration, a phenomenon
also documented in ref 25. Although there is no chemical bond
formation, the physical binding energy is strong enough to
capture the ejected Al nanoparticle and prevent rebound.

When the temperature is increased to 1500 K, Al−C bonds
form, and the binding energy between Al nanoparticles and the
carbon fiber is enhanced significantly. Further increasing
temperature results in more Al−C bonds and correspondingly
stronger binding energy, making the Al nanoparticle firmly
anchored onto the carbon fiber surface. At 2500 K, the binding
energy between the particle and the surface is already more
than 20 000 kcal/mol, as shown in Figure 4(a), not only
preventing the dissociation but also inhibiting the movement
of the particle on the surface, the significance of which will be
discussed in Section 3.2.

The influence of the particle size on the sticking is also
investigated, as illustrated in Figure 5. The simulation

temperature, corresponding roughly to the flame temperature,
is 2000 K. As expected, the steady-state locations of COMs of
three Al nanoparticles are different since their diameters are
different. We can also note that the binding energy increases
with particle size. As depicted in Figure 3, Al nanoparticles
exhibit slight deformation. Larger particles would have a bigger
contact area with the carbon fiber surface, providing more sites
for the formation of Al−C bonds to enhance the binding
energy.

3.2. Coagulation and the Sintering Process of Al
Nanoparticles on the Surface of Carbon Fibers. As
discussed in the introduction, sintering is a significant process
in nanoparticles and is thought to retard burning kinetics.44

Figure 6 illustrates snapshots (projected onto the X−Z plane)
of two Al nanoparticles and a carbon fiber surface at 1000 K.
At such a low temperature, the two Al nanoparticles are only
slightly sintered after coagulation due to the presence of the
solid Al2O3 shell. On the other hand, particles physisorbed
onto the carbon fiber show lower mobility and slower sintering
kinetics. To quantitively describe the degree of sintering, we
examine the evolution of the dimensionless distance d/d0 and
the dimensionless surface area S/S0, where d and S are the real-
time distance between the COMs and the real-time surface
area of the two Al nanoparticles. d0 and S0 are initial values of
the particle diameter and the particle surface area. In order to
make a comparison, the distance dunsintered and surface Sunsintered,
assuming no sintering, are also calculated by eq 5 and 6.
Thermal expansion is taken into account as

= +d
d

T1unsintered

0 (5)

= +S
S

T(1 )unsintered

0

2

(6)

in which α is the linear thermal expansion coefficient of the
Al2O3 shell and ΔT is the temperature difference (K). The α
value (12.66 × 10−6 K−1) is taken from ref 45. Thermal
expansion of the particle surface before sintering can be well
predicted by α, as depicted in the overlapping calculated and
simulated surface evolution profiles during the ramping stage
in Figures 7 and 9.

Figure 7 depicts the evolution of d/d0, S/S0, dunsintered/d0, and
Sunsintered/S0 of two Al nanoparticles at 1000 K. In the free
coagulation (aerosol) simulation, two particles collide with
each other at ∼8 ps (the intersection of d/d0-curve and
dunsintered/d0-curve). After the collision, two particles move
closer and lead to a decrease in d/d0 and S/S0. In the
simulation with the carbon fiber, they collide at ∼15 ps; i.e.,
later than the free coagulation case. However, for both cases,
d/d0 and S/S0 are almost unchanged after 20 ps, forming a “flat
stage”. Since the temperature is not very high, the sintering is
not significant. The contours of the two particles remain
distinctly observable, as shown in Figure 6. The sintered
particle surface area is still nearly 90% of the unsintered
particle surface area.

Figure 8 illustrates what occurs at 2000 K. Unlike the
simulation at 1000 K, sintering is much more significant for the
particles in the aerosol phase (left part of Figure 8), as sintering
kinetics of nanoparticles is highly dependent on temperature.46

The outlines of the two Al nanoparticles become indistinct and
blurred. In contrast, particles on fibers show significantly less
sintering. This is because the formation of Al−C bonds at this
temperature appears to significantly retard the ability of the
dimerized particle to move.

Figure 9 shows the evolution of d/d0, S/S0, dunsintered/d0, and
Sunsintered/S0 for two Al nanoparticles at 2000 K. It can be found
that the inhibition on particle sintering by the carbon fiber
surface is very obvious at such a high temperature. With the
carbon fiber, the surface area loss is decreased by a factor of
∼2. It can also be noted that d/d0 has a slight decreasing
tendency even at the “flat stage” for free coagulation

Figure 5. (a) Temporal evolution of the distance between the COM
of the Al nanoparticle and the bottom of the simulation box (red) and
the interaction energy between the Al nanoparticle and the carbon
fiber surface (blue) for different particle sizes. (b) Temporal evolution
of the number of Al−C bonds (brown) for different particle sizes.
Solid, loosely dashed, and densely dashed lines represent the results
for 4, 5, and 6 nm particles, respectively.
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simulation, which cannot be observed at 1000 K and can be
attributed to the thermal driven diffusion of Al atoms inside
the sintered particles, as shown in Figures 6 and 8.

Temporal evolution of d/d0, S/S0, dunsintered/d0, and
Sunsintered/S0 during the coagulation and sintering processes at
1500 and 2500 K can be found in the Supporting Information.

In summary, the interception of aluminum particles by a
carbon fiber significantly inhibits sintering, particularly at

higher temperatures where the sintering in the aerosol phase is
very severe. To quantitatively show this tendency, the
shrinkage ratio and the surface loss ratio for two Al
nanoparticles at 1000, 1500, 2000, and 2500 K with and
without the carbon fiber are estimated based on eqs 7 and 8,
and the results are presented in Figure 10.

=
d d

d
Shrinkageratio unsintered,final final

unsintered,final (7)

=
S S

S
Surfacelossratio unsintered,final final

unsintered,final (8)

in which dfinal, dunsintered, final, Sfinal, and Sunsintered, final are the
respective values of d, dunsintered, S, and Sunsintered at the end of
simulation, where they are already steady and can hardly
further change with time.

In general, higher temperatures promote Al nanoparticle
sintering; however, the particles residing on a carbon fiber
show a much slower sintering rate. This tendency is also
supported by the microscopic images of the reaction fronts of
Al/CuO nanothermite doping with the carbon fiber (Figure 1),
and it should be clear that reduced sintering would be very
beneficial to the oxidation of Al nanoparticles, leading to
enhanced flame propagation.12

4. CONCLUSIONS
Previous experimental observations have shown that the
addition of the carbon fiber can significantly promote the
propagation of the aluminum-based nanothermite and the
propellant. In the present work, the reasons for the
enhancement of carbon fiber addition on the propagation of
aluminum-based nanoenergetics are explored at the molecular

Figure 6. Snapshots of two 4 nm Al nanoparticles in the aerosol phase and on a carbon fiber surface undergoing coagulation and/or sintering at
1000 K. Carbon atoms are shown in blue. Aluminum atoms from two different particles are distinguished by dark and light green. For simplicity,
oxygen atoms are not shown.

Figure 7. Temporal evolution of d/d0 (red solid line), S/S0 (blue solid
line), dunsintered/d0 (red dashed line), and Sunsintered/S0 (blue dashed
line) for two 4 nm Al nanoparticles during their coagulation at 1000 K
with (a) and without (b) the carbon fiber.
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level. Reactive molecular dynamics simulation is employed to
study the interaction between an Al nanoparticle (that would
be emanated from a burning solid composite) and the surface
of the carbon fiber used as a dopant. The Al/Al2O3 core−shell
nanoparticle used in this work varies from 4 to 6 nm, and the
temperature varies from 1000 to 2500 K. The main
conclusions can be summarized as

(1) The collision between the Al nanoparticle and the
carbon fiber surface results in the sticking of the particle
to the surface. No rebound is observed, which is
consistent with the experimental imaging results. When
the temperature is low (1000 K), the Al nanoparticle is
physisorbed to the carbon fiber. Increasing temperature
shows a transition to chemical adsorption between the
particle and the carbon surface via the formation of Al−
C bonds, which significantly increases the binding
energy between the Al nanoparticle and the carbon
fiber surface, allowing the Al nanoparticle to have a
stable residence near the reaction front.

(2) Larger particles have larger binding energy due to the
larger contact area with the surface and consequent
more Al−C bonds.

(3) Sintering between two Al nanoparticles is very temper-
ature sensitive: accelerating at higher temperatures.
However, particles attached to the carbon fiber have
much lower sintering rates as the strong binding
between the particle and the surface restricts the
movement of particles. The shrinkage ratio of two Al
nanoparticles decreases from ∼0.56 to ∼0.05 with the
carbon fiber, and the surface loss ratio decreases from
∼0.2 to ∼0.1 at 2500 K.

The capture of particles by the carbon fiber extends the
residence time of particles near the reaction front and therefore
enhances heat feedback to the unburned zone. The inhibition
of particle sintering reduces surface loss and, therefore,
promotes Al nanoparticle oxidation. These microscopic results
are in qualitative agreement with our previous experimental
observations and provide a molecular basis for our previous
explanations.

Figure 8. Snapshots of two 4 nm Al nanoparticles in the aerosol phase and on a carbon fiber surface, undergoing coagulation and/or sintering at
2000 K. Carbon atoms are shown in blue. Aluminum atoms from two different particles are distinguished by dark and light green. For simplicity,
oxygen atoms are not shown.

Figure 9. Temporal evolution of d/d0 (red solid line), S/S0 (blue solid
line), dunsintered/d0 (red dashed line), and Sunsintered/S0 (blue dashed
line) of two 4 nm Al nanoparticles during their coagulation at 2000 K
with (a) and without (b) the carbon fiber.
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