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In order to reduce the mechanical sensitivity of cyclotrimethylenetrinitramine (RDX) and improve its energy density, spherical
RDX/PMMA/NC composite particles were prepared by spray drying method, selecting polymethyl methacrylate (PMMA,
hydrocarbon binder) with excellent mechanical properties and nitrocellulose (NC, energy-containing binder) with higher
density as the desensitizing shell material, RDX as the core material. PMMA/NC composite particles of the same component
were prepared by a simple solvent evaporation method at the same time. Structural characterizations and thermal stability of
the composites were systematically studied by scanning electron microscopy (SEM), X-ray diﬀraction (XRD), and diﬀerential
scanning calorimeter (DSC), respectively. Moreover, the safety performance has been qualitatively tested and analyzed through
impact sensitivity and friction sensitivity. The results show that the addition of NC/PMMA binder would not change the
original crystal structure of RDX, and the RDX/NC/PMMA composites fabricated by spray drying presented spherical particles
with uniform distribution and smooth surface. The Tp0 of RDX/NC/PMMA composite particles increased from 220.3°C to
228.2°C, improving the thermal decomposition performance. The H50 rose from 29.32 cm to 84.3 cm, and the probability of
friction explosion decreased from 96% to 8%, signiﬁcantly enhancing the safety performance. In short, the RDX/NC/PMMA
composites prepared via the spray drying method and the improvement of their performance have positive signiﬁcance for the
development of explosives in pursuit of high energy and low sensitivity.

1. Introduction
In the past decade, the diversiﬁcation and reﬁnement of the
energy output structure of explosives, the composite, nanometer, and spheroidization of explosive reaction materials,
and the sensitization of explosive charges have become the
research focus [1–3]. The excellent properties of RDX such
as explosion heat, explosion volume, and explosion velocity
were widely utilized in modiﬁed double-click propellants

and propellants. However, the defects of industrial RDX
such as rough particle surface, many internal defects, and
poor safety, which had become the bottleneck of wider
application [4]. The composite energetic particles are prepared by technical means such as mechanical ball milling
compound [5], sol-gel method [6], vapor precipitation
method [7], and other technical methods to increase energy
density and reduce sensitivity. Due to the synergistic eﬀect
and the simultaneous toughening enhancement eﬀect [8],
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the comprehensive performance of the prepared composite
energetic particles has been improved to a certain extent.
Extraordinarily the composite modiﬁcation of organic polymer by explosive particles, the shock properties of the polymer can be integrated by the modiﬁed composite particles,
and enhance the reinforcing and toughening when the
explosive particles were exerted in the meantime.
At present, foreign research on inductive reduction
mechanisms and methods mainly focused on how to reduce
the generation of hotspots, reduce the temperature of hotspots, and prevent hotspots from spreading after they are
generated and causing explosions [9, 10]. The spheroidization of explosive particles can retard the formation of hot
spots after the explosive was subjected to external energy,
which was beneﬁcial to reduce the mechanical sensitivity of
the explosive and improve the charge performance at the
same time. In other words, since particles with irregular
shapes are characterized by uneven surfaces, which have a
host of edges and corners and have serious mutual friction
between particles, stress concentration is prone to occur
and hot spots are formed in rough areas. However, the
spherical composite explosive particles are characterized by
a relatively smooth surface and a dense interior. The friction
between and inside the particles is tiny, and hot spots are no
picnic to form. It is precisely because of advantages in large
numbers of spherical explosives that a growing number of
researchers are keen to study the sphericalization of composite explosives [11–13]. Among them, the spray-drying
method can be used to modify the surface of explosives,
which is an eﬀective means for large-scale preparation of
core-shell nanocomposite particles and has brilliant application prospects. Qiu et al. prepared spherical RDX particles
by spray drying, which had lower shock wave sensitivity
[14], it was reported that spray drying technology may be
suitable for the preparation of a wide range of insensitive
explosive compositions at the same time, and this was correctly veriﬁed in the later stage certainly. Ji et al. prepared
HMX/F2602 spherical nanoscale composite material by
spray drying method, whose thermal stability was signiﬁcantly improved, and its impact sensitivity was obviously
reduced because its H50 (features fall- high) value was
increased from 18.20 cm to 35.37 cm [15]. Bian et al.
reported a new method for recrystallization of CL-20 from
irregular bulk energetic materials EMs using a surfactantassisted self-assembly process to produce uniform spherical
micron-sized particles and prepared submicron spherical
CL-20 particles with good comprehensive performance and
stable crystal form [16]. Li et al. prepared submicron iron
tannate/nitramine explosive composite microspheres with
spherical particles and tremendous dispersibility by spray
drying, with a particle size of 500~1000 nm, and the activation energy of Ta-Fe/CL-20 composite microspheres was
reduced by 9.6 kJ•mol-1 compared with the raw material
CL-20, and its thermal decomposition catalytic eﬀect was
obvious. Since the hydrocarbon binder does not contain
energy, it has a certain insensitive eﬀect and has good thermal stability and blood return stability, so the composite
energetic microspheres with good morphology and low sensitivity can be prepared by spray drying technology; how-

Journal of Nanomaterials
ever, the density of the binder is little, and the energy
density of the system will be reduced by excessive addition.
Since the hydrocarbon binder does not contain energy and
has considerable passivation, good thermal stability, and
blood return stability, it is possible to prepare composite
energetic microspheres with good morphology and low sensitivity by spray drying technology. It is worth noting that
the density of the binder is little, and the energy density of
the system will be reduced by excessive addition. As
researchers explored the desensitization of energetic materials, they found that polymethyl methacrylate (PMMA) is
a thermoplastic polymer with excellent performance and
has good comprehensive mechanical properties, and nitrocellulose (NC) is characterized by good mechanical strength,
good toughness, fast drying speed, and good compatibility
with various plasticizers and adhesives. Notably, it is necessary to maintain a certain energy output by adding energetic
binders; however, the thermal stability, chemical stability,
and compatibility of energetic binders were lower than other
binders, so the combination of hydrocarbon binders and
energetic binders was of great signiﬁcance to the desensitization of energetic materials.
In our paper, we selected polymethyl methacrylate with
excellent mechanical properties and nitrocellulose with
higher density as the desensitizing shell materials, RDX as
the core material. RDX/PMMA/NC composite energetic
microspheres with uniform particle size distribution, excellent thermal performance, and low sensitivity were prepared
by spray drying technology. And the apparent activation
energy during the thermal decomposition reaction of the
energetic material was obtained through the DSC curves to
verify the thermal stability of the composite energetic microspheres. This report has positive signiﬁcance for the development of composite energetic materials with high energy
density and low sensitivity.

2. Experiment Parts
2.1. Reagents and Instruments. Field-emission scanning electron microscopy (FESEM) images were taken on a MIRA3
LMH SEM (Tescan) at a magniﬁcation of 10 k. X-ray diﬀraction (XRD) patterns were obtained using a DX-2700 (Dandong Haoyuan Corporation, Liaoning, China) X-ray
diﬀractometer with Cu-Kα (40 kV, 30 mA) radiation at λ =
1:5418 Å. All samples were scanned from 5° to 50° with steps
0.03 and 6 s counting time. Thermal analysis was performed
on a diﬀerential scanning calorimeter (DSC-131, France
Setaram Corporation, Shanghai, China) at heating rates of
5, 10, and 20°C/min. The impact sensitivity was tested with
a homebuilt type 12 drop hammer apparatus. The special
height (H50) represents the height from which 2:500 ±
0:002 kg drop-hammer will result in an explosive event in
50% of the trials. In each determination, 25 drop tests were
made to calculate the H50.
2.2. Preparation of RDX/NC/PMMA. The principle of preparing RDX/NC/PMMA composite particles by spray drying technology was that the RDX/NC/PMMA cosolution
was impacted by a high-speed ﬂowing inert gas (Nitrogen),
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Figure 1: Schematic diagram of the preparation process of RDX/NC/PMMA.

so that a relatively large friction force was generated on the
liquid surface of the liquid droplet, the liquid droplet was
dispersed into a plurality of small liquid droplets, and the
small liquid droplets and nitrogen gas form a liquid ﬁlm.
Subsequently, the droplets expanded and ruptured, and the
particles were shaped when the solvent evaporates. The
operation ﬂow is shown in Figure 1.
(1) Preparation of precursor mixed solution. Dissolve 5 g
RDX and 0.2 g NC in 40 ml acetone solution, stir magnetically
at 65°C for 5 h, and wait until RDX and NC are completely dissolved to form a uniform RDX/NC precursor solution; (2) add
0.1 g PMMA to the precursor solution prepared of the ﬁrst step
and continue stirring until it was completely dissolved to form a
stabilized and transparent RDX/NC/PMMA solution; (3) a
drop of 3% polyvinyl alcohol (PVA) dispersant was dropped
into the solution, and the solution was shaken by ultrasound
at a frequency of 40 Hz for 30 min; (4) after the spray dryer
was ﬁlled with inert gas (nitrogen), adjust the temperature to
65°C. When the pump velocity reaches a certain value, the precursor mixed solution was pumped to the spray dryer, and
RDX/NC/PMMA composite particles were prepared after passing through the cyclone separator.
In order to contrast and analyze the morphology and
performance of RDX/NC/PMMA prepared by spray drying
method intuitively, the steps of preparing RDX/NC/PMMA
composite particles by plain solvent evaporation method are
as follows.
Drop a drop of 3% PVA dispersant into the
RDX/NC/PMMA solution, and the solution with ultrasonic
oscillation at a frequency of 40 Hz for 30 minutes, and stirred until the acetone in the solution was completely volatilized at 65°C. The preparation schematic diagram of the two
methods is shown in Figure 1. At the same time, the
RDX/NC/PMMA composite particles prepared by the spray
drying method were signed as sample 1, and the composite
particles prepared by the solvent volatilization method were
marked as sample 2.

3. Results and Discussion
3.1. Morphologies of Samples. The RDX raw materials, NC
raw materials, and RDX/NC/PMMA composite particles
were tested by SEM. The test results were as follows.
As can be seen from Figure 2, NC of raw material presented a coarse rope morphology (as shown in
Figure 2(a)), and the crystal surface of raw material RDX
demonstrated rough, uneven particle distribution and
irregular morphology (as shown in Figure 2(b)). Interestingly (as shown in Figure 2(c)), the RDX/NC/PMMA
composites fabricated by spray drying presented spherical
particles with uniform distribution and smooth surface. It
can be seen intuitively in the insertion diagram of
Figure 2(c) that RDX was tightly embedded in the
NC/PMMA hybrid system (marked by the red circle in
the ﬁgure), which manifested that the tension was reduced
by the dispersant PVA when the surface of acetone was
nucleated during the instant of spray drying. At the same
time, the wettability of RDX surface was improved eﬀectively, and the aﬃnity of RDX-NC-PMMA and RDXNC-PMMA was increased up to now. The Hamaker constant also became smaller, and the attraction energy
between particles decreased, thus, formed an eﬀective steric hindrance and heightened the dispersion between composite particles. More amusingly, due to the entanglement
of NC molecular chains, the above phenomenon did not
appear in composite particles prepared by solvent volatilization. It can be seen from Figure 2(d) that the particle
size of the composite particles prepared by the solvent volatilization method was smaller than raw material RDX, the
morphology was anomalous, and the entirety was in the
form of agglomerated particles. Obviously, it can be
observed that the prepared particles were piled up (the
part marked by the dashed circle in Figure 2(d)). This is
because the ﬂuidity of the solution gradually decreases
during the solvent volatilization. As the solvent slowly
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Figure 2: SEM image of the sample: (a) NC, (b) raw material RDX, (c) RDX/NC/PMMA-1, and (d) RDX/NC/PMMA-2.

evaporates, an increasing number of particles were precipitated, and eventually, a stacking structure was formed.
3.2. Crystal Structure Analysis. In order to study whether the
crystal structure of RDX was damaged during the spray drying process, X-ray diﬀraction analysis was carried out. X-ray
diﬀraction of RDX samples is displayed in Figure 3.
Application of the JADE software is shown in Figure 3.
The diﬀraction peak of RDX/NC/PMMA composite particle
could correspond to the main diﬀraction peak of raw material RDX, and the diﬀraction peak of NC and PMMA was
included by the diﬀraction peak of RDX/NC/PMMA. This
indicates that the crystal structure of RDX was not aﬀected
by the addition of NC and PMMA.
Interestingly, it can be observed that the diﬀraction peak
of 2 = 22:91, 25.38, and 32.32 in the X-ray diﬀraction diagram has increased in intensity and widens in diﬀraction
width by compared with the PDF card of RDX
(JCPDSNO.00-046-1606) (as shown by the enlarged XRD
diﬀraction peak inserted in Figure 3).This is because of the
selective preferential orientation of the RDX grain surface
growth in the spray drying process after PMMA and NC
were added [17]. The process of preparing RDX/NC/PMMA
by spray drying method mainly relies on the phase transition
(liquid→solid) of the binder PMMA and NC, as well as the
van der Waals force and hydrogen bond between RDX and
PMMA/NC to form a continuous and uniform coating process on the surface of RDX crystal, so the crystal structure
will not be destroyed. In addition, RDX underwent a recrystallization growth process during the spray drying process,
and the growth of RDX crystals is restricted by the addition

of PMMA and NC during the precipitation of RDX crystals.
By the Scherrer formula [18]:
Dhkl =

kλ
,
β cos θ

ð1Þ

where Dhkl is the grain diameter along the direction perpendicular to the crystal plane; k is the Scherrer constant
(usually 0.89); λ is the incident X-ray wavelength (wavelength is 1.5418 Å); θ is the Bragg diﬀraction angle (°);β is
the half-height width of the diﬀraction peak (rad).
Through calculation, it can be observed that the grain
size of RDX in the composite particles increases with the
addition of PMMA and NC, which was because the diﬀraction peak width was aﬀected by the accumulation and
growth of NC and PMMA on the RDX surface. The broadening of the diﬀraction peak width also illustrated the triumphant distribution of NC and PMMA on the surface of RDX.
3.3. Thermal Performance Analysis. The thermal performance of RDX samples was analyzed by DSC curves, the
activation energy and preexponential factors of diﬀerent
samples were calculated by linear ﬁtting, the thermal explosion critical temperature of diﬀerent RDX samples was calculated by formulas, and the DSC curves were shown in
Figure 4.
We can observe that there is no thermal event before the
RDX endothermic peak for both pure RDX and
PMMA/RDX/NC composites in Figure 4, and similar thermal decomposition behaviors have occurred in all three particles. The pure RDX curve shows an endothermic peak
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Figure 3: XRD pattern of the sample.

followed by an exothermic peak. The sharp endothermic
peak corresponds to the melting process at 202.9°C to
207.0°C. We found that the endothermic peaks all have a
slight right-shifting trend, which may be due to the
increased thermal stability of RDX under the protection of
the NC-PMMA shell. The shoulder peak appeared in the
DSC curves of RDX, and the size of the shoulder peak was
related to the heating feedback and the degree of
oxidation-reduction reaction during the thermal decomposition of RDX; interestingly, compared with RDX raw materials, we can evidently observe that the thermal
decomposition temperature of PMMA/RDX/NC-1 particles
with core-shell structure at a uniform heating rate of
5°C/min has been reduced. This is because the ﬂow temperature of the binder PMMA is about 160°C, and the ﬂow temperature of another binder NC became very active when it
exceeded 40°C. As the temperature rises, a large number of
free radicals in PMMA and NC were decomposed and produced in advance, which induced the premature thermal
decomposition of RDX. This situation is consistent with previous reports in the relevant literature [19].
The strange thing is that the thermal decomposition
temperature of PMMA/RDX/NC-2 particles decreased
smaller than that of PMMA/RDX/NC-1 with the same
binder composition. This is obviously because PMMA and
NC are not uniformly distributed on the surface of RDX,
and many bare RDX particles were induced by the premature decomposition of PMMA and NC.
According to the decomposition peak temperature of
diﬀerent samples at diﬀerent heating rates, the apparent activation energies Ea1 , Ea2 , and Ea3 of the explosive particles

were obtained by Kissinger formula (formula (2)), Ozawa
formula (formula (3)), and Starink formula (formula (4)),
respectively. The apparent activation energy (Ea1 ) was
obtained by the Kissinger formula method, and the peak
temperature Tp0 when the heating rate β approaches 0
was calculated by formula (5), which was brought into formula (6) to calculate the thermal explosion critical temperature Tb [20, 21]. The thermal decomposition kinetic
parameters of the samples are shown in Table 1.
β
T p2

ln

!


= ln


AR Ea
,
Ea RT p


AEa
E
− 2:315 − 0:4567 a ,
lg β = lg
RgðaÞ
RT


β
E
,
ln
= Cs − 1:0037
1:8
RT
T

ð2Þ



T pi = T p0 + bβi + cβi 2 + dβi 3 ,

ð3Þ
ð4Þ
ð5Þ

where T p is the decomposition peak temperature of the
explosive at the heating rate β, K; R is the gas constant,
8.314 J·mol-1·K-1; β is the heating rate, K·min-1; A is the front
factor, min-1 or s-1; Cs is a constant; kB is the Boltzmann
constant with a value of 1:3807 × 10−23 J/K; and h is a Planck
constant with a value of 6:625 × 10−34 J · s.
It can be seen from Table 1 that compared with the raw
material RDX, the activation energy of the RDX/NC/PMMA
composite particles prepared by the spray drying method
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Figure 4: DSC curves of RDX sample.
Table 1: Kinetics and thermal stabilities derived from DSC curves.
Samples
Raw RDX
RDX/PMMA-1
RDX/PMMA-2

Ea1

Ea2

Ea3

Kinetics
Ea

InA

R

Thermal stabilities
T p0 /° C

184.7
178.2
161.0

193.3
186.8
169.6

185.6
179.0
161.8

187.9
181.3
164.1

35.93
33.99
30.02

0.98
0.99
0.97

220.3
228.2
214.1

and the solvent volatilization method have been reduced
from 187.9 kJ/mol to 181.3 kJ/mol and 164.1 kJ/mol. All in
all, the addition of PMMA/NC reduced the thermal stability
of RDX/NC/PMMA composite particles. It may be because
that the PMMA/NC binder was distributed uniformly on
the surface of the RDX through the suspension emulsion ball
method, which aﬀected the “local chemical” eﬀect of the
RDX during the thermal decomposition process, thereby

weakening the potential active sites on the RDX surface the
reaction center, especially when the thermal decomposition
temperature was increased to 200°C, NC could conduct the
greatly violent thermal decomposition in a relatively short
time, which ultimately reduced its thermal stability; amusingly, the thermal stability of RDX/NC/PMMA composite
particles prepared by spray drying method was better than
that of the same component composite particles prepared
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by solvent evaporation method. In particular, compared
with the raw material RDX, the T p0 of RDX/NC/PMMA-1
increased from 220.3°C to 228.2°C. Obviously, this is aﬀected
by the morphology and compactness of RDX/NC/PMMA
particles.

and a smaller particle size distribution, which increased the
gap between the particles and the force area of the RDX particles of the same mass, so that the particles the stress concentration phenomenon was reduced, thereby eﬀectively
preventing the generation of local hot spots [22, 23].

3.4. Impact Sensitivity and Friction Sensitivity Analysis.
Impact sensitivity and friction sensitivity were also pivotal
parameters to evaluate the safety performance of energetic
materials. In our paper, the impact sensitivity and friction
sensitivity of the raw materials RDX, RDX/NC/PMMA-1,
and RDX/NC/PMMA-2 samples were tested, and results
were presented in Figure 5, which can be observed that the
impact sensitivity and friction sensitivity of the composite
particles after PMMA/NC coating have been obviously
decreased, and the safety performance has been signiﬁcantly
improved. This is because the protruding points on the crystal surface of each elementary explosive were reduced by the
addition of PMMA/NC, and the friction coeﬃcient was
reduced when the explosive was subjected to local collision
or friction, so that the number of hot spots was reduced.
Interestingly, compared with the raw material RDX, the
composite particles with the same content of PMMA/NC
binder content prepared by spray drying had a tremendous
sensitivity reduction eﬀect. The H50 of RDX/NC/PMMA-1
and RDX/NC/PMMA-2 composite energetic microspheres
increased from 29.32 cm to 84.3 cm and 50.5 cm, respectively, and the probability of friction explosion decreased
from 96% to 8% and 40%, respectively, the safety performance was signiﬁcantly improved, and the inductive eﬀect
is very sensational. Obviously, the safety performance of
RDX/NC/PMMA-1 and RDX/NC/PMMA-2 was very varied
when used the same component adhesive. This was because
the RDX/NC/PMMA composite particles prepared by the
spray drying method have a relatively uniform distribution

4. Conclusion
Spherical RDX/PMMA/NC composite particles exhibiting
obvious spherical eﬀect, uniform particle size distribution,
excellent thermal performance, and low sensitivity were prepared via spray drying method, taking PMMA (hydrocarbon
binder) with excellent mechanical properties and NC (energetic binder) with higher density as the desensitizing wall
material, RDX as the core. The T p0 of RDX/NC/PMMA
composite particles was increased from 220.3°C to 228.2°C,
signiﬁcantly enhancing the thermal stability. H50 increased
from 29.32 cm to 84.3 cm, and the probability of friction
explosion decreased from 96% to 8%, which improved the
safety performance. The report of RDX/NC/PMMA composite particles prepared by spray drying method has broken
the key technical bottleneck that the shell material is easy to
separate phases in explosive desensitization coating and
improved the technical problems of low coating degree and
exposure of explosive particles in desensitization research.
Furthermore, the fabrication of RDX/NC/PMMA composite
particles expands the application of polymer technology and
brings a new way to better solve the contradiction between
energy and safety in nitramine explosives simultaneously.

Data Availability
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included within the article.
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