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n and experimental analysis of an
RDX/Al/NC composite explosive prepared via an
electrostatic spraying method

Wei Ji, †*a Yilong Duan,†a Jun Dong,bc Lingxin Wang,a Xi Hec and Xiulong Lia

In order to explore the effect of aluminum (Al) on the performance of 1,3,5-trimethylene trinitramine (RDX),

the process of RDX/Al/NC composite explosives prepared via an electrostatic spraying method was

simulated using ANSYS software, and the simulation data such as the velocity profile and particle size

distribution were obtained. RDX/Al/NC composite explosives with different ratios were experimentally

prepared, and the morphology, structure, thermal properties, combustion properties and impact

sensitivity of the samples were measured. The simulated particle sizes of the RDX/Al/NC composite

explosives with 15%, 35% and 55% Al contents were concentrated at 1427 nm, 3250 nm and 5428 nm,

respectively. Experimental results showed that the experimentally prepared particles were slightly smaller

than their simulated counterparts, yet both datasets revealed the same trend. The physical

recombination of RDX, Al and NC was observed in composite explosives. Compared with the raw

material RDX, the activation energy of the RDX/Al/NC composite explosives decreased, the critical

temperature of thermal explosion increased, the impact sensitivity decreased, and the combustion

performance improved. The activation energies of the RDX/Al/NC composite explosives with 15%, 35%

and 55% Al contents reduced by 45 kJ mol−1, 48 kJ mol−1, and 67 kJ mol−1, respectively, and the critical

temperature of thermal explosion of the RDX/Al/NC composite explosives with 15%, 35% and 55% Al

contents improved by 9 K, 3 K and 4 K, respectively.
1 Introduction

RDX is widely used in mixed explosive charges and propellants
owing to its low cost, high energy density and excellent deto-
nation performance.1,2 Explosion velocity, explosion heat, and
metal acceleration capacity are important indicators for evalu-
ating the charge performance of RDX. In order to optimize
them, the most commonly used method is to optimize RDX-
based aluminized explosives.3,4 The addition of Al to RDX-
based explosives results in a signicant improvement in the
explosion temperature, explosion heat and other energy release
characteristics, which substantially improves the work capacity
and destructive effectiveness of the combatant charge. There-
fore, aluminized explosives have been widely used in various
munition systems, such as air-to-air and underwater
weapons.5–7

In recent years, many scholars have conducted extensive
research on aluminized explosives, which demonstrated the
hnology, Southwest University of Science
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synergistic effect of Al and explosives.8,9 On the one hand, Al has
a catalytic effect on the thermal decomposition of explosives.10

On the other hand, the pressure generated by the decomposi-
tion of explosives can signicantly enhance convection-
controlled ame propagation.11 Huang12 et al. studied the
effect of Al with different particle sizes on the thermal decom-
position of RDX. Their results show that 10.7 mm and 2.6 mm Al
have no signicant effect on the thermal decomposition
kinetics of RDX, but 40 nm Al actually reduces the activation
energy of RDX from 130 kJ mol−1 to 94 kJ mol−1. Zeng13 et al.
reported core–shell HMX@(Al@GAP) aluminized explosives,
which exhibit a longer combustion time and stronger ame
compared with physically mixed samples. Currently, the main
obstacle to the achievement of synergy between Al and explo-
sives is the assurance of uniformity during the molding process.

Electrostatic spraying technique is a spraying method used
to obtainmicrosphere samples withmore homogeneous mixing
of components as well as micro- and nanosized particle sizes
and is less prone to agglomeration; therefore, several theoretical
and experimental results based on this technique are avail-
able.14,15 A novel method for estimating droplet charge in
numerical simulations of conductively and inductively charged
sprays has been presented by Brentjes Antoni et al.16 Yu17 et al.
used the Lagrangian method to study the ow eld and depo-
sition characteristics of charged droplets in electrostatic
© 2025 The Author(s). Published by the Royal Society of Chemistry
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spraying and explored the inuence of particle velocity, spray
cone angles, deposition morphology and other parameters.
Chen18 et al. used COMSOL Multiphysics to establish a two-
dimensional simulation model that fully couples electro-
statics, laminar ow, and droplet atomization. The model
revealed the process of droplet fragmentation and motion
under the combined effects of electric eld, gravitational eld,
and airow. This model provides amore realistic representation
of the electrostatic spraying process.

In this study, the electrostatic spraying process for the
preparation of RDX/Al/NC composite explosives was simulated
using ANSYS soware to simulate the electric eld distribution
of the electrostatic eld, the velocity and residence time of the
droplets in the electrostatic eld, and the particle size distri-
bution of the RDX/Al/NC composite explosives under the same
process conditions. On this basis, experiments were carried out
to prepare RDX/Al/NC composite explosives with different ratios
using an electrostatic spraying method, and the results were
compared with the simulation result to shed light on the design
of high-performance aluminized explosives.
2 Geometric and numerical model
design of electrostatic spray
2.1 Geometric modeling

The geometric model was established according to the entity of
the electrostatic spraying device. The model was a two-
dimensional plane model, which included 1 radiation source,
1 outlet, 1 axis, 1 wall, 1 region with positive electric potential,
and 1 region with negative electric potential. The model is
shown in Fig. 1.
2.2 Numerical modeling

Aer the geometric model was established, ANSYS soware was
used for numerical analysis. Before that, the principle of the
electrostatic spraying process was analyzed as a way to select
a suitable model for this process. The electrostatic spraying
device created an electrostatic eld, and the droplets in the
electrostatic eld were subjected to a variety of forces, including
electric eld force, surface tension, gravity, coulomb force, and
electrostatic repulsion between the droplets. When the resul-
tant force in a certain direction exceeded the surface tension,
the droplets ruptured. In this study, only two dominant forces
in the whole electric eld were considered: electric eld force
and surface tension. When a droplet moved in an electric eld,
there was an interaction between the droplet's inherent surface
Fig. 1 Two-dimensional geometric model of electrostatic spraying.

© 2025 The Author(s). Published by the Royal Society of Chemistry
tension and the electric eld force present in the electric eld.
When the electric eld force reached a certain strength, the
droplet began to break, and internal electrostatic repulsion
enhanced, resulting in further breakage, and nally, the droplet
completely broke. Currently, there are various models to
describe the droplet fragmentation process, such as the Kelvin–
Helmholtz (KH) model, the Rayleigh–Taylor droplet breakup
model, the Plateau–Rayleigh droplet breakup model, the gravi-
tational droplet breakup model, and the Taylor–Culick droplet
breakup model. Among these, the Rayleigh–Taylor model is
suitable for describing the above process. The Rayleigh model
assumes that the droplet is a uniformly charged conductive
sphere. Under the inuence of an electric eld, the charge
distribution on the droplet surface is uneven. According to this
model, when the electric eld strength exceeds the critical eld
strength of the droplet, the droplet ruptures. During the
breakup process, the internal charge of the droplet is affected by
the electric eld force, resulting in the deformation and
breakup of the droplet. The Rayleigh model can be described by
the following equations, which represent the conditions and
characteristics of droplet breakup.

Expression for the critical eld strength:19

Ec = 2s/Rr (1)

Expression for the minimum droplet radius required for the
breakup:19

Rmin = 2s/E (2)

Expression for the breakup time:19

t = 2hR/3s (3)

In the above equations, Ec is the critical eld strength, s is the
surface tension of the droplet, R is the droplet radius, r is the
density of the droplet material, E is the applied electric eld
strength, h is the viscosity of the droplet material, and t is the
breakup time.

The Rayleigh–Taylor model is based on the Rayleigh–Taylor
instability theory, which describes the instability phenomena
that occur at the interface between two uids of different
densities under the inuence of gravity or other external forces.
The Rayleigh–Taylor model employs fundamental equations to
describe the evolution of the uid interface and the process of
droplet breakup: the mass conservation equation, momentum
conservation equation, motion equation, surface tension
equation, and energy conservation equation.

According to the mass conservation equation:20

vr/vt + V$(rv) = 0, (4)

where r is uid density, v is the velocity vector of the uid.
In the Rayleigh–Taylor model, the mass of the droplets does

not change during the droplet crushing process. Therefore, the
mass conservation equation can be reduced to as follows:

V$v = 0. (5)
RSC Adv., 2025, 15, 9216–9224 | 9217
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Fig. 2 Schematic of RDX/Al/NC composite explosive preparation via
electrostatic spraying.

Table 2 Mass ratio and number of three types of composite explosives

Samples m (RDX)/% m (Al)/% m (NC)/%

A 80 15 5
B 60 35 5
C 40 55 5
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According to the momentum conservation equation:20

r(vv/vt + v$Vv) = −Vp + V$s + rg, (6)

where V is the gradient operator, p is the pressure of the uid, s
is the viscous stress tensor of the uid, g is the gravitational
acceleration vector.

According to the surface tension equation,

DP = g(1/R1 + 1/R2), (7)

where g is interfacial coefficient tension, DP is the pressure
difference at the liquid interface, and R1 and R2-the radii of the
principal curvature at the liquid interface.

In the interfacial tension equation, the Young–Laplace
equation is oen used to describe the effect of surface tension
on droplets or bubbles.

According to the conservation of energy equation,

v(rE)/vt + V$(rEu) = V$(kVT) + V$q + V$(su), (8)

where E is the total energy per unit mass, u is the velocity vector
of the uid, k is thermal conductivity, and q is the volume
source item.

Aer analyzing the above equations, the experimental
parameters required to simulate the process were obtained
through measurement or experimentation, as shown in Table 1.
3 Experimental work
3.1 Materials

RDX and NC were obtained from Luzhou North Chemical
Industries Co., Ltd, China. Al was provided by Liao Ning Qing
An Chemical Co., Ltd, China. Acetone (99.5%) was purchased
from Chengdu Kelong Chemical Co., Ltd, China.
3.2 Preparation of samples

A schematic of the fabrication of the RDX/Al/NC composite
explosive through electrostatic spraying is displayed in Fig. 2.
For the fabrication process, certain amounts of RDX and NC
were dissolved in 4mL of acetone to form a clear solution. Then,
a specic amount of Al was added to the above NC/RDX solution
in an appropriate ratio (as shown in Table 2). The mixture was
Table 1 Electrostatic spraying related parameter settings

Parameter/unit Symbol Value

Cabin temperature/°C T 18
Humidity/% u 48
Free space permittivity 30 8 × 10−12

Aperture/G d 25
Inlet speed/ml min−1 V 0.02
Positive voltage/kV U− 10
Negative voltage/kV U+ −10
Distance/mm L 25
High/mm H 25

9218 | RSC Adv., 2025, 15, 9216–9224
ultrasonically mixed for 60 min to allow the nanoparticles to
disperse homogeneously. This was followed by an additional
24 h of magnetic stirring at room temperature. Finally, the
precursor solution was loaded into a syringe and secured for
electrostatic spraying. In the electrostatic spraying process, 10
kV potential was attached to the needle using a high-voltage–
power supply. The ow was set at 0.06 mL min−1. The
composite materials were collected on an aluminum foil situ-
ated at 10 cm from the needle.
3.3 Characterization

The morphology of the RDX/Al/NC composite explosives was
characterized using scanning electron microscopy (SEM, Hita-
chi regulus 8100). The particle size of the RDX/Al/NC composite
explosives was measured through a laser particle size analyzer
(Mastersizer 3000). Fourier transform infrared spectroscopy
(FTIR, Nicholson Tenser 27) and X-ray diffractometry (XRD, DX-
2700) were used to further characterize the composition of the
samples. Thermogravimetry-differential scanning calorimetry
(TG-DSC, Netzsch STA 449F5) was used to evaluate the thermal
properties of the samples, conducted from 50 °C to 500 °C with
a nitrogen atmosphere of 60 mLmin−1 at a heating rate of 5, 10,
15 and 20 K min−1, respectively. The combustion performances
were investigated by employing open combustion behavior
tests, and about 30 mg of the sample was placed in an inverted
cylindrical crucible and ignited with a nichrome wire (0.25 mm
in diameter). The loaded wire was connected with a direct
current power supply operated at 5.0 A. The combustion process
was recorded using a high-speed camera (PHANTOM v 12.0
UX50) with a sampling rate of 2000 frames per second to further
estimate the ignition delay time and burning time. An impact
sensitivity meter (WL-1) was used to test the characteristic drop
height of the samples. The weight of the drop hammer was 2.5
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The particle size distribution of RDX/Al/NC composite explosives.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ar
ch

 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
0/

28
/2

02
5 

11
:0

5:
05

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
kg, the sample size was 35 mg, and the test was repeated for 25
cycles.
4 Results and discussion
4.1 Simulation results

The results of the electrostatic spraying preparation of three
different ratios of RDX/Al/NC composite explosives were simu-
lated using ANSYS soware as follows. The simulation results of
the particle size distribution, velocity prole and residence time
distribution are given in Fig. 3–5, respectively.

As shown in Fig. 3, the simulated particle size of sample A
ranged from 600 to 2200 nm, with the highest proportion
(17.11% of the total) observed at 1427 nm. Furthermore, parti-
cles smaller than 1427 nm constituted a larger proportion
compared with those larger than 1427 nm, indicating effective
droplet fragmentation and yielding smaller particle sizes in the
composite explosive. For sample B, the simulated particle sizes
spanned 1500–5000 nm, peaking at 3250 nm (24.36% of the
total). Notably, the distribution curve of sample B closely
approximated a normal distribution, aligning with the experi-
mental results. In contrast, sample C exhibited simulated
particle sizes within 4000–8000 nm, with the highest frequency
(22.78% of the total) at 5428 nm. In summary, sample C
demonstrated the largest simulated particle size, followed by
sample B, while sample A achieved the smallest particle size
distribution.

As shown in Fig. 4 and 5, within the electrostatic eld, the
droplet velocities of sample A predominantly ranged from 60 to
200 m s−1, with the highest proportion (21.28% of the total)
observed at 111 m s−1. The residence time of sample A droplets
in the electrostatic eld spanned 6 × 10−4–2 × 10−3 s, peaking
Fig. 4 The velocity profile of RDX/Al/NC composite explosives.

© 2025 The Author(s). Published by the Royal Society of Chemistry
at 1.25 × 10−3 s (20.41% of the total). Notably, the velocity
distribution of sample A exhibited an inverse correlation with
its residence time distribution: lower velocities corresponded to
longer residence times, demonstrating strong data consistency
and reliability. Within the electrostatic eld, the droplet veloc-
ities of sample B ranged from 70 to 105 m s−1, with the highest
proportion (22% of the total) observed at 88 m s−1. The resi-
dence time of sample B droplets in the electrostatic eld peaked
at 1.25 × 10−4 s, accounting for 20.41% of the total population.
Notably, the Gaussian tting curve of sample B closely approx-
imated a normal distribution, indicating strong alignment with
real-world experimental processes. For sample C, droplets with
a velocity of 95 m s−1 and a residence time of 1.25 × 10−4 s were
predominantly observed.
4.2 Analysis of experimental results

4.2.1 Morphology and chemical composition. The SEM
images and particle size distribution of RDX/Al/NC composite
explosives with different ratios is shown in Fig. 6. Sample B and
sample C prepared via the electrostatic spraying method
demonstrated hollow microsphere-like structures, and sample
A remained in granular form. Each component of the composite
explosives was tightly combined, and the lamentary NC bers
on the surface of the microspheres were tightly connected with
the explosives to form a mesh structure. Sample A exhibited the
smallest particle size among the three samples, ranging from
0.5 to 1.2 mm with an average of 0.78 mm, while sample C
demonstrated the largest particle size (1–4 mm) and an average
of 1.92 mm. Sample B exhibited an intermediate average particle
size of 1.26 mm. The experimentally prepared RDX/Al/NC
composite explosive particles were slightly smaller than their
simulated counterparts, yet both datasets revealed the same
RSC Adv., 2025, 15, 9216–9224 | 9219
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Fig. 5 The residence time distribution of RDX/Al/NC composite explosives.
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trend: a higher Al content in the composite explosive correlated
with larger particle sizes. This phenomenon was attributed to
the enhanced structural support provided by Al aggregation
during the formation of the composite explosives.

The FT-IR spectra of the raw materials RDX, Al, NC and RDX/
Al/NC composite explosives are shown in Fig. 7. In the infrared
spectrum of RDX, the absorption peak at 3074 cm−1 is the
absorption peak of the C–H group, the absorption peaks at
1591 cm−1 and 1269 cm−1 are the antisymmetric stretching
peak and symmetric stretching peak of –NO2, respectively, and
the characteristic peak of –NO2 is at 1390 cm−1. In the NC
infrared spectrum the asymmetric stretching vibration peak,
symmetric stretching vibration peak and –CONO2 deformation
vibration peak of the –ONO2 group are located at 1651 cm−1,
1278 cm−1 and 829 cm−1, respectively. From their comparison,
the absorption peak of the RDX/Al/NC composite explosives
remained unchanged, and no new absorption peak was gener-
ated, indicating that the combination of RDX, Al and NC, was
a physical recombination and did not undergo a chemical
reaction.

The XRD spectra of the rawmaterials RDX, Al and RDX/Al/NC
composite explosives are shown in Fig. 8. Fig. 8 shows that the
diffraction peaks of Al are located at 38.56°, 44.80°, 65.14°, and
78.28°, which correspond to the (111), (200), (220), and (311)
Fig. 6 SEM images and particle size distribution of RDX/Al/NC composi

9220 | RSC Adv., 2025, 15, 9216–9224
crystal planes of the face-centered cubic (fcc) structure,
respectively. In the composite explosive, the diffraction peaks of
Al match those of the Al raw material, but with weaker diffrac-
tion peak intensities, which can be attributed to the lower
content of Al in the composite. Compared with the standard
reference card, the raw RDX was identied as a-RDX. The
diffraction peaks of RDX in samples A, B, and C show no
changes compared with those of the raw RDX, indicating that
the crystal phase of RDX remains unchanged during the elec-
trostatic spray process.

4.2.2 Thermal decomposition performance. The TG curves
of the RDX/Al/NC composite explosives with different ratios at
a heating rate of 10 K min−1 are shown in Fig. 9. Under a heat-
ing rate of 10 K min−1, the thermal degradation process of the
RDX/Al/NC composite explosive exhibited a single-stage weight
loss within the temperature range of 180–260 °C, with the
maximum weight loss rate occurring near 240 °C. Sample A
showed the largest weight loss, which was 97.5%, followed by
sample B with a weight loss of approximately 93.8%, while
sample C exhibited the smallest weight loss, which was 80.2%.
It can be found that the lower the RDX content and the higher
the Al content, the smaller the weight loss of the composite
explosives. This is because, as the main energetic component,
RDX undergoes a violent weight loss within its thermal
te explosives with different ratios.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 FT-IR spectra of the raw materials RDX, Al, NC and RDX/Al/NC
composite explosives.

Fig. 8 XRD patterns of the raw materials RDX, Al and RDX/Al/NC
composite explosives.

Fig. 9 TG curves of RDX/Al/NC composite explosives at a heating rate
of 10 K min−1.
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decomposition temperature range, generating gaseous prod-
ucts. As a metallic fuel, Al undergoes an oxidation reaction at
high temperatures, producing stable Al2O3 residues. As the RDX
proportion decreases and the Al content increases, the total
amount of decomposable energetic substances decreases, and
the proportion of residual solid-phase products increases,
resulting in a decrease in the weight loss.

Fig. 10 shows the DSC and tting curves of the RDX/Al/NC
composite explosive at different heating rates. From Fig. 10 it
can be seen that the thermal decomposition of composite
explosives is divided into two stages. The rst stage occurred at
© 2025 The Author(s). Published by the Royal Society of Chemistry
around 205 °C, when RDX underwent a molten phase transi-
tion. It can be observed that different heating rates and the Al
content had little effect on the melting peak of RDX. At different
heating rates, the second stage occurred from 220 °C to 260 °C,
and there existed a violent exothermic peak, which is the
exothermic peak of thermal decomposition of RDX. Overall,
under different heating rates, sample A exhibited the highest
thermal decomposition peak temperature, while sample C
shows the lowest. Within a certain range, as the Al content
increased, the thermal decomposition peak temperature of the
composite explosive decreased. Firstly, with the reduction in the
RDX proportion, the proportion of high-energy substances in
the system signicantly decreased, leading to a lower overall
energy required for thermal decomposition and a shi in the
peak temperature toward lower temperatures. Additionally, Al
could react with oxidative gases, such as NO2 generated during
RDX decomposition, forming Al2O3 and releasing heat. This
reaction further promoted the premature decomposition of
RDX.21,22 Furthermore, the increase in Al content enhanced the
thermal conductivity of the system, accelerating heat transfer
within the composite. This allows localized temperatures to
rapidly reach the RDX decomposition threshold thereby
reducing the apparent decomposition temperature.

In addition, it can be found from Fig. 10 that the peak and
peak height of the DSC curve had a certain regularity at different
heating rates. The peak temperature gradually increased with
an increase in heating rate, and the peak width gradually
widened with an increase in the heating rate. According to the
exothermic peak temperature data given in the diagram, the
thermal decomposition kinetic parameters of different samples
were calculated according to the formulae (9)–(11).23 The kinetic
parameters for thermal decomposition of different samples are
tabulated in Table 3.

ln

�
b

Tp
2

�
¼ ln

�
AR

Ea

�
� Ea

RTp

; (9)

Tp = Tp0 + bb + cb2, (10)

Tb ¼
Ea �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ea

2 � 4REaTp0

q
2R

(11)

In the above equations, b is the heating rate (K min−1), Tp is the
maximum exothermic peak temperature (K), A is the pre-
exponential factor (s−1), R = 8.314 J (mol K−1)−1 is the gas
constant, Ea is the activation energy (K min−1), Tp0 is the
decomposition peak temperature (K) when the heating rate
approaches 0, and Tb is the critical temperature of thermal
explosion (K).

As can be seen from Table 3, compared with the rawmaterial
RDX, the activation energies of samples A, B, and C were
reduced by 45 kJ mol−1, 48 kJ mol−1, and 67 kJ mol−1, respec-
tively. This indicates that the addition of Al reduced the
apparent activation energy of explosives and promoted the
decomposition reaction rate of explosives, proving that Al had
an obvious catalytic effect on the thermal decomposition of
explosives. Compared with the raw material RDX, the thermal
RSC Adv., 2025, 15, 9216–9224 | 9221
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Fig. 10 DSC and fitting curves of sample A (a), sample B (b) and sample C (c) at different heating rates.

Table 3 Thermal decomposition kinetic performance parameters of
RDX and RDX/Al/NC composite explosives

Sample A/s−1 Ea/kJ mol−1 Tp0/K Tb/K

Raw RDX 1.2 × 1013 172 486 498
A 3.4 × 108 127 495 512
B 1.6 × 108 124 489 506
C 1.9 × 106 105 490 511
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explosion critical temperatures of the RDX/Al/NC composite
explosives improved to a certain extent, among which the
samples A, B and C improved more obviously by 9 K, 3 K and 4
9222 | RSC Adv., 2025, 15, 9216–9224
K, respectively, and the thermal stability at high temperature
signicantly improved.

4.2.3 Combustion performance. The combustion experi-
ment for raw material RDX was carried out. The raw material
RDX was heated using a resistance tungsten wire. RDX did not
burn and was only accompanied by a large amount of white
smoke. This is because of the high ignition point of RDX, and it
is difficult to ignite it under open conditions using a resistance
wire. The combustion test was performed on each sample, and
the combustion process is shown in Fig. 11. As shown in
Fig. 11a, under the heating of the resistance wire, sample A
could be easily ignited compared with the raw material RDX,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Combustion process diagram of RDX/Al/NC composite explosives with different ratios.
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and the combustion duration was about 725 ms, and the
combustion speed was 0.041 g s−1. The ame produced by the
combustion of sample A was bright, relatively smooth, and in
the form of a spindle shape with a large lower and small upper
part and accompanied by a small amount of sparks, which
suggests that the incorporation of nano-Al can improve the
combustion performance of RDX. This is due to the small
particle size and large specic surface area of nano-Al, with the
small size and surface boundary effects. There are many surface
active points, greatly increasing the exothermic heat and gas of
the composite explosives. From Fig. 10b and c, it can be seen
that the combustion process of sample B and sample C was
similar to that of sample A. However, compared with sample A,
the ames produced by the combustion of sample B and sample
C were larger and higher, among which the combustion of
sample C produced the highest maximum ames and generated
the most sparks. The combustion speeds of sample B and
sample C are 0.025 g s−1 and 0.035 g s−1, respectively. It can be
seen that Al signicantly improved the combustion perfor-
mance of RDX, and the combustion performance of the
composite explosives enhanced with an increase in the
aluminum content.

4.2.4 Impact sensitivity. The impact sensitivity test results
of raw RDX and each sample are as follows (Table 4). The results
show that the characteristic drop height of each sample was
greater than that of the rawmaterial RDX, the impact sensitivity
of the composite explosive was signicantly reduced, and the
safety improved. The reasons for the decrease in sensitivity are
outlined below. Firstly, the RDX/Al/NC composite explosives
prepared via the electrostatic spraying method have smooth
surfaces and small particle sizes. Moreover, the crystal defects
of the sample were reduced, resulting in a lower probability of
Table 4 Characteristics fall heights of the different samples

Samples Characteristic drop height/cm

Raw RDX 36
A 48
B 62
C >75

© 2025 The Author(s). Published by the Royal Society of Chemistry
hot spot formation when subjected to impact and other effects.
Secondly, NC acted as a binder and formed a network structure
with explosives, which exhibited a certain shock mitigation
effect. Moreover, the addition of nano-Al increased the contact
point with the drop hammer surface, dispersed the force, and
the energy could not be concentrated effectively, which reduced
the probability of hot spot generation to a certain extent.
Furthermore, the addition of Al powder led to the enhancement
of the thermal conductivity of the explosive, which is not
conducive to the formation of hot spots.24
5 Conclusions

The electrostatic spraying process of three types of RDX/Al/NC
composite explosives with different mass ratios was simulated
using ANSYS soware, and the simulation data of the composite
explosives were obtained. Three types of RDX/Al/NC composite
explosives were successfully prepared via the electrostatic
spraying method through experiments.

The simulated particle sizes of RDX/Al/NC composite
explosives with 15%, 35% and 55% Al contents were concen-
trated at 1427 nm, 3250 nm and 5428 nm, respectively. The
experimental average diameters of the RDX/Al/NC composite
explosives with 15%, 35%, and 55% Al contents were 780 nm,
1260 nm and 1920 nm, respectively. The composite explosives
with 35% and 55% Al contents were hollow microsphere-like
structures, and the composite explosives with a 15% Al
content remained in granular form. The experimentally
prepared RDX/Al/NC composite explosive particles were slightly
smaller than their simulated counterparts, yet both datasets
revealed the same trend: higher Al content in the composite
explosive correlated with larger particle sizes.

Compared with the activation energy of the raw material
RDX, the activation energies of the composite explosives were
reduced, and the thermal explosion critical temperatures were
increased. The activation energies of RDX/Al/NC composite
explosives with 15%, 35% and 55% Al contents were reduced by
45 kJ mol−1, 48 kJ mol−1, and 67 kJ mol−1, respectively, and the
critical temperature of thermal explosion of the RDX/Al/NC
composite explosives with 15%, 35% and 55% Al contents
were improved by 9 K, 3 K and 4 K, respectively.
RSC Adv., 2025, 15, 9216–9224 | 9223
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Compared with the raw material RDX, the impact sensitivity
decreased and the combustion performance of RDX/Al/NC
composite explosives improved. The RDX/Al/NC composite
explosives with a 55% Al content showed the most signicant
increase in impact sensibility.
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