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Abstract

To improve the safety of cryclotrimethylenetrinitramine (RDX), a novel method for the improvement of nano-energetic
materials was reported in our research. Based on the mature microcapsule technology, nano-energetic materials are firstly
fabricated by using RDX as core material and poly methyl metharylate (PMMA) as shell material via an emulsion polym-
erization method. The RDX/PMMA nano-composites were characterized by scanning electron microscopy (SEM), Fourier-
transform infrared (FT-IR) spectra, X-ray diffraction (XRD), differential scanning calorimetry (DSC) and impact sensitivity
test, respectively. The SEM results indicated successful coating of the wall material PMMA on the surface of the core RDX,
and the resultant particles by emulsion polymerization were regular solid spherical particles with smooth surface and dense
coating layer, more importantly, it exhibits a very uniform particle size distribution with a narrower grain size. The XRD and
FT-IR analyses did not show any change in the crystal structure after coating, thus indicating that PMMA could not change
the crystal structure of RDX. Moreover, the characteristic height Hs, of RDX/PMMA microspheres increased from 24.3
to 39.7 cm, significantly improving the safety performance. According to the DSC analysis, the T, after core—shell coating
increased by about 2 °C, and the Ea increased by 19.07 kJ mol~!, revealing desirable thermal stability. It is obvious that the
emulsion polymerization method is an effective desensitization technique to prepare core—shell composite particles for RDX.

1 Introduction

Microcapsule technology sprouted in the 1930s and devel-
oped rapidly in the mid-1970s. Nowadays, it has been listed
internationally as a key high-tech in the twenty first cen-
tury [1]. As a mature particle coating technique, it is widely
used in pharmaceutical [2], food [3], paper [4], and textile
industries [5] recently. However, few works have been done
to explore its applications in the field of energetic materials
at home and abroad. In principle, the microencapsulation
method can be used for high-energy explosives as long as the
coated core material is compatible with the coating method.
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Among them, emulsion polymerization is one of the com-
monly used methods for microcapsule technology, and the
technique for producing polymer particles is generally based
on emulsion polymerization in an aqueous system [6, 7].
It is usually limited to the preparation of certain polymers
like poly methyl metharylate (PMMA), but not suitable for
all polymers. Emulsion polymerization requires a variety
of chemicals, such as monomers, initiators, emulsifiers and
stabilizers [8], which is why we rarely see microcapsule
technology applied to energetic materials. PMMA is an
non-toxic and environmentally friendly material with the
advantages of smooth surface, small specific gravity, high
strength, corrosion resistance and good insulation perfor-
mance [9]. And it exhibits a higher glass transition tempera-
ture and can be used to improve the mechanical strength of
the system. Owing to its excellent thermal stability, chemical
safety and aging resistance, PMMA is not only applicable
to pharmaceutical encapsulation, but also gradually develop
into medicine, food adhesives and other fields.

However, as a coating material, few studies have involved
the application of PMMA in energetic materials. In our
paper, taking MMA and RDX as the reactive monomer and
the core material respectively, PMMA/RDX nano-energetic
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composite particles were fabricated via in situ polymeriza-
tion under the action of initiator. And the results prove that
microcapsule technology can be successfully applied in the
field of energetic materials.

Nano-energetic composites can be prepared by various
approaches, including sol-gel method [10], solvent/non-
solvent method [11], spraying evaporation method [12], and
spray drying method [13]. Over the past few years, several
nano-energetic materials have been fabricated in different
ways. In 2012, Chen et al. [14] prepared SiO,/AP/RDX
nano-energetic composites, and found that the cryogen SiO,
can promote the decomposition of ammonium perchlorate
and enhance the interaction between AP and RDX. The same
year, Li et al. [15] prepared GAP/RDX composite energetic
materials by sol-gel method. And results showed that the
resultant GAP/RDX produced more energy during the explo-
sion and their impact sensitivity was lower than that of the
original RDX, however, the SEM analysis indicated that
the coated particles were irregular. In 2012, Qiu et al. [16]
evaluated the feasibility of single-step production for HMX
nanocrystals and characterized the shape, size, surface mor-
phology and internal structure of the as-prepared particles.
In 2017, Chongwei et al. [17] obtained nano-CL-20/HMX
cocrystal explosive by using spry drying technology, and the
impact sensitivity was significantly decreased.

Herein, we demonstrate a general and facile method for
improving nano-energetic materials via emulsion polymeri-
zation method. PMMA/RDX nano-energetic materials were
successfully prepared by emulsion polymerization in O/W
emulsion system, and the molecular structure of most mate-
rials is shown in Fig. 1. The application of microcapsule
technology in the field of energetic materials can not only
improve the stability while maintaining the explosive activ-
ity, but also provide strong technical support for the research
of ultrafine high explosives. Meanwhile, the oxidant sensi-
tivity of high explosives can be reduced, thereby improv-
ing the reliability. In addition, it provides high security and
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Fig. 1 Molecular structures of RDX, PMMA, PVA, MMA and AIBN

stability for weapon systems and has major political, military
and economic implications.

2 Experiment parts
2.1 Materials

RDX was provided by Gansu Yinguang Chemical Industry
Group Co., Ltd. Methyl methacrylate (MMA) was obtained
from Sinopharm Chemical Reagent Co., Ltd. Azobisisobu-
tyronitrile (AIBN) and polyvinyl alcohol (PVA) were
purchased from Tianjin guangfu Fine Chemical Industry
Research Institute. Tween-80 and ethanol were from Tianjin
Shen Tai Chemical Reagent Co., Ltd. Span-80 was obtained
from Tianjin Damao chemical reagent factory.

2.2 Preparation of RDX/PMMA by water suspension
coating technology

The preparation of RDX/PMMA by water suspension
method is as follows: first, 3 g refined RDX was added into
120 ml distilled water to form RDX-water suspension solu-
tion under stirring. Second, a certain amount of PMMA was
weighed and dissolved in ethyl acetate, formulating a solu-
tion with concentration.

Then, the as-prepared PMMA-ethyl acetate solution was
uniformly added dropwise to the RDX-water suspension
solution with Mgpx:Mpypyia Of 97:3, and the mixture was
stirred at a constant temperature for 2 h. At last, the solution
was let to filter, followed by drying, finally affording high
quality RDX/PMMA particles.

2.3 Synthesis of RDX/PMMA nano-energetic
composites by microcapsule technology

The preparation of RDX/PMMA by microcapsule technol-
ogy is as follows: first, prepare RDX emulsion. 3 g refined
RDX was added to 120 ml distilled water, and then the self-
made composite emulsifier was added dropwise. The mix-
ture was emulsified with a high-speed emulsifier at a rate of
7000 rad/min for 3 min, forming a uniformly dispersed O/W
emulsion system. Second, the initiator AIBN was added to
the above emulsion. After stirring evenly, the MMA was
added dropwise to the emulsion at a rate of 0.2 ml/min. Dur-
ing this process, the water temperature was slowly elevated
to 75 °C with a water bath and the speed was adjusted to
350 rad/min. Then, the solution was let to react for 6 h in
nitrogen atmosphere and then stand for 10 h in deionized
water. After filtration and drying with a freeze dryer for 7 h,
RDX/PMMA microcapsules were obtained. The schematic
diagram are displayed in Fig. 2.
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Fig.2 The schematic diagram of the formation of RDX/PMMA by
two methods

Figure 2 demonstrates the schematic of two methods for
preparing RDX/PMMA. And the formation mechanism of
the preparation of RDX/PMMA by microcapsule technology
is as follows: Uncoated RDX is uniformly dispersed and
MMA monomer is activated. with the addition of AIBN,
the addition of AIBN “activates” the MMA monomer; under
the catalysis, the MMA molecules are rapidly “identified”
cross-linked with the uniformly dispersed RDX crystals, and
then gradually deposited onto the surface of the RDX drop-
lets to form a uniform coating. As the MMA prepolymer is
continuously deposited and polymerized on the surface of
the RDX, the coating layer is gradually densified and the
coating is gradually completed, eventually forming RDX/
PMMA composite particles.

In order to compare the RDX/PMMA fabricated by the
two methods, we labeled the RDX/PMMA particles prepared
by water suspension as RDX/PMMA-O0.

3 Results and discussion
3.1 Characterization

Field-emission scanning electron microscopy (SEM) (Tes-
can MIRA3 LMH) was used to investigate the morphology,
size and micro-structure of capsules. The as-prepared RDX/
PMMA particles were dispersed on conductive carbon adhe-
sive tapes to attach to a SEM stub, and then gold-coated.
The crystal form of RDX/PMMA particles were detected by
X-ray powder diffraction. X-ray powder diffraction (XRD)
patterns were recorded on a Bruker D8 Advance diffrac-
tomerter with Cu Ko radiation. The infrared spectrum was
measured on a Nicolet 380 Fourier transform infrared (FT-
IR) spectrometer (KBr pellet, Thermo Fisher Scientific,

@ Springer

Fig.3 SEM images of RDX particles: al—c1 low magnification SEM
image and a2—c2 high magnification SEM image

Waltham, MA, USA). FT-IR transmission spectra were
generated using an FTIR spectrophotometer (Nicolet 6700,
Thermo Scientific). The thermal properties were character-
ized by a Setaran DSC-131 (Setaram, Hillsborough Town-
ship, NJ, USA). The conditions of DSC were as follows:
sample mass: 0.7 mg; heating rate: 5, 10, 20 K/min; nitrogen
atomosphere (flow rate: 20 ml/min). The impact sensitivity
test conditions are: drop weight, 5 kg; sample mass, 35 mg.
The impact sensitivity of each test sample was characterized
by the drop height of 50% explosion probability (Hs). In this
way, higher H, value represents reduced impact sensitivity.

3.2 SEM morphological analysis of different RDX
particles

The morphologies of the refined RDX (Fig. 3a), RDX/
PMMA-O (Fig. 3b) and RDX/PMMA (Fig. 3c) particles were
compared and analyzed by scanning electron microscopy.
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Figure 3 shows the SEM image of different RDX samples.
It can be seen from A1 to A2 that the refined RDX particles
have a smooth surface, but the crystal morphology is irregu-
lar and there is a phenomenon of particle concave; Interest-
ingly, the nano-energetic composite particles prepared via
emulsion polymerization are regular solid spherical particles
with smooth surface and uniform dispersion (B1 and B2).
And the coating is compact and there is no particle exposure.
One reason for this phenomenon is that during the process
of forming the emulsion, the vigorous mechanical agitation
causes the refined RDX particles to collide with each other
and form a uniform microcapsule core under the action of
the emulsifier. And in the process of fabricating microcap-
sules via emulsion polymerization, MMA is able to form
a uniform and dense wall on the surface of the uniformly
dispersed emulsion system under the action of the initia-
tor. More importantly, this is probably because the addi-
tion of the dispersant PVA decreases the surface tension of
the water, and improves the wettability, thus increasing the
affinity between RDX and PMMA. The Hamaker constant is
minished simultaneously, and the attractive energy between
particles is reduced, forming an effective steric hindrance.
Besides, the repulsive energy between the composite par-
ticles rises, which greatly enhances dispersibility between
the RDX/PMMA. While C1 and C2 shows that the RDX/
PMMA-O particles prepared by water suspension method
are large and mutually bonded to each other, revealing a
poor coating effect. The water suspension coating is a sim-
ple physical mixing process, and it is difficult to ensure that
the binder can be uniformly dispersed on the surface of the
RDX particles during the dropwise addition, which has been
confirmed in many literatures [18-20].

In order to observe the core—shell structure and particle
size of RDX/PMMA more intuitively, we performed SEM
tests (e.g., Fig. 4) and particle size distribution measure-
ments (as shown in Fig. 5) on the cross-sections and particle
surfaces of the resultant RDX/PMMA particles. As shown in
Figs. 4 and 5, we can clearly see that the surface distribution

Fig.4 SEM images of samples. a The cross section of RDX/PMMA.
b The surface of RDX/PMMA
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Fig.5 Particle size distribution curves of RDX/PMMA

of RDX/PMMA particles is very dense, and that the inside
of the particle is made up of a mixture of particles with a
size range of 350-2.5 nm. This can be attributed to the fact
that the content of MMA is only 3% during the fabrication of
the composite particles, and we believe that RDX accounts
for a large portion of these particles.

3.3 FT-IR and XRD analyses of different RDX
particles

XRD and FT-IR analyses were adopted to investigate the
crystal structure of the refined RDX, RDX/PMMA-0 and
RDX/PMMA particles. And the results are as follows.
Figure 6 shows that the diffraction peaks of refined RDX
(PDF Card 00-046-1606) and the as-prepared RDX/PMMA
particles can correspond to those of the raw RDX, indicat-
ing that the crystal form of RDX does not change during the
coating process. That is, the mechanical properties of the
entire coating system are stabilized by changing the energy
effect of the solid-liquid interface. The formation of PMMA
binder under the physical action of van der Waals force
between PMMA and RDX molecules will only aggravate
the X-ray dispersion of XRD (the diffraction peak is broad-
ened), but it will not damage the crystal structure of RDX.
However, the intensity of the diffraction peak of the coated
particles has weakened at the crystal plane 20 of 13.1° (1,
1,1),17.87° (2,0, 0), 29.33° (1, 3, 2), especially the diffrac-
tion peaks of the coated RDX/PMMA-0 and RDX/PMMA
microcapsules become visibly broadened. This can be attrib-
uted to the “isotropic” physical properties [21] of the amor-
phous PMMA, resulting in an irregular arrangement for the
resultant PBX particles in spatial distribution. Such periodic
arrangement weakens the diffraction intensity of RDX. On
the other hand, the stress effect makes the broadening of
the peak obvious, and the addition of PMMA affects the
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Fig.7 FT-IR spectra of PMMA and RDX particles

lattice parameters of the RDX crystal (in some regions the
lattice parameters are large, while in other regions the lat-
tice parameters are small), resulting in the broadening of the
diffraction peak of the composite particles in the figure [22].

FT-IR analyses were employed to identify the molecu-
lar structure of the samples. It can be seen from the infra-
red spectrum of RDX in Fig. 7 that there is -CH, stretch-
ing vibration absorption peak at 1400 cm™!, 1450 cm™!,
2950 cm~! and 3100 cm™', and —NO, stretching vibration
absorption appear near 1550 cm™! and 1600 cm™!. As can
be seen, there is a distinct wide stretching vibration peak
at 3500 cm™! of FT-IR in Fig. 7. In fact, this peak does
not exist in the infrared spectrum of PMMA. We think this

@ Springer

peak should be a water peak (it is likely to come from KBr
without drying). Moreover, it can be seen from the infra-
red spectrum of PMMA that there is C=O stretching vibra-
tion absorption peak at 1750 cm™!, and -C=C- stretching
vibration absorption appear at 2860 cm™!. Interestingly,
the characteristic absorption bands of RDX/PMMA-0 and
RDX/PMMA contain the characteristic bands of RDX and
PMMA, which means that PMMA is successfully coated on
the RDX surface, corresponding to the XRD results.

3.4 DSC analysis of different RDX particles

DSC analysis was conducted to study the thermal proper-
ties of the refined RDX, RDX/PMMA-0 and RDX/PMMA.
Their activation energies were calculated and the changes
in thermal properties before and after refinement were ana-
lyzed. The results are displayed in Fig. 8. As shown in Fig. 8,
for different heating rates, the refined RDX and the result-
ant nano-energetic materials have increased decomposition
temperatures with the increase of heating rate. At the same
heating rate, the peak temperature 7, of the refined RDX,
RDX/PMMA-0 and RDX/PMMA particles changes slightly,
indicating that PMMA has little effect on the decomposition
temperature of RDX.

According to the DSC test data of RDX at the three heat-
ing rates, the decomposition kinetic parameters of RDX can
be calculated by the Kissinger formula (1), Rogers formula
(2) and Arrhenius formula (3) [23-26].

1nﬂ — (AR _ L 1)
T2 E, RT,,

pi

Tp,- = Tpo + bp; + cp; 2)
E — \/E? — 4RET
T, = 7 3)

2R

where E, is the apparent activation energy, A is the fre-
quency factor, T is the absolute temperature, £ is the heating
rate, R is the gas constant, T, is the peak temperature, and k
is the decomposition rate constant at T.

It can be seen from Table 1 that compared with the raw
RDX, both E, and T, of RDX/PMMA energetic compos-
ites prepared by water suspension coating and microcapsule
technology are all increased, and the pre-exponential factors
also have a corresponding increase. Specifically, the E, of
RDX/PMMA increased by 19.07 kJ mol~! compared with
that of the raw RDX, and increased by 9.94 kJ mol~' com-
pared with that of the RDX/PMMA-0. In the meantime, 7,
of RDX/PMMA energetic particles is also increased. These
indicate that the RDX/PMMA nano-energetic composites as
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PMMA-0; ¢ RDX/PMMA

prepared by microcapsule technology exhibit better thermal
stability. It can be explained in two aspects. On one hand,
PMMA is uniformly distributed on the surface of RDX par-
ticles via emulsion polymerization, which affects the “local

Table 1 Thermal decomposition kinetic parameters of different RDX
samples

Samples Ea (kI mol™") log(AxS™) T,(°C) T, (°C)
Raw RDX 154.78 15.54 22326  220.58
RDX/PMMA-0 163.91 16.49 223.48 220.95
RDX/PMMA  173.85 17.53 22539 22296

chemistry” effect during the thermal decomposition of RDX,
thereby weakening the potential active site reaction center on
the surface of RDX crystal. That is, the addition of PMMA
causes the decomposition temperature of RDX to be delayed,
which effectively decreases the thermal decomposition rate.
On the other hand, the particle size of RDX/PMMA particles
are significantly smaller than that of RDX/PMMA-0 parti-
cles. Therefore, for the same quality of RDX/PMMA parti-
cles, the former has a large specific surface area, resulting in
a decrease in the adsorption capacity between the particles
and an increase in the activation energy of the particles.

3.5 Analysis of the impact sensitivity

Impact sensitivity was also a key parameter to evaluate the
safety performance of energetic materials. The impact sen-
sitivities of the refined RDX, RDX/PMMA-0 and RDX/
PMMA particles are separately tested according to GJB 722
A-1997 method 610. 302 tool. The impact sensitivity test
results are listed in Table 2.

From Table 2, compared with raw RDX, the Hs, of RDX/
PMMA particles prepared by the two methods increased by
8.6 and 15.4 cm respectively, and the impact sensitivity
decreased, thus improving the safety performance. This can
be attributed to the hotspot theory [27-29]. On one hand,
PMMAA is successfully coated on the surface of RDX, which
produced a certain buffering effect when impacted by a drop
hammer, effectively slowing the formation of hot spots. On
the other hand, the uniform small particle size distribu-
tion between the particles increases the gap between them.
For the same quality of RDX, the increased force area will
reduce the stress concentration between the particles, effi-
ciently preventing the formation of the local hotspots. Since
the particle size distribution of the RDX/PMMA particles

Table 2 Impact sensitivity of different RDX samples

Samples Component (%) Hs, (em™h) Standard
deviation
(s)

Raw RDX 100 24.3 0.263

RDX/PMMA-0 97/3 329 0.381

RDX/PMMA 97/3 39.7 0.462
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fabricated via microcapsule technology is more uniform, the
effect of slowing down the formation of hot spots is more
desirable. It can be concluded that a positive desensitization
effect has been achieved after core—shell coating.

4 Conclusions

Herein, the mature microcapsule technology has been ingen-
iously applied to a new field-energetic materials. The RDX/
PMMA nano-energetic composites were fabricated via
emulsion polymerization, and their morphology and prop-
erty were compared with those of RDX/PMMA particles
prepared by water suspension coating. The following conclu-
sions are drawn through comparative analysis. (1) In terms
of morphology. The morphology of RDX/PMMA particles
is much better than that of RDX/PMMA-0 particles. The
former were solid spherical particles with smooth surface,
dense coating and no particle exposure; while the latter
exhibited a large coating defect, the particle morphology
was irregular and mutually bonded with obvious angularity,
showing poor coating effect. (2) In terms of performance.
The RDX/PMMA particles are superior to RDX/PMMA-0
particles in both thermal and safety properties. The DSC
results show that compared with the raw RDX, the E, of
RDX/PMMA nano-energetic particles prepared by the two
methods increased from 154.78 to 163.91 kJ mol~! and
173.85 kJ mol~! respectively, and T, increased from 223.26
to 223.48 °C and 225.39 °C respectively. The impact sen-
sitivity test indicates that the characteristic height Hs, of
the RDX/PMMA particles fabricated by the two methods
increased from 24.3 to 32.9 cm and 39.7 cm, respectively,
and the latter showed more favorable safety performance.
Therefore, a positive desensitization effect has been achieved
after core—shell coating. It is foreseeable that microcapsule
technology must have promising applications in the field of
energetic materials in the future.
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