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a b s t r a c t

Cyclotrimethylenetrinitramine (RDX)-based nanocomposite microparticles were produced by a simple,
yet novel spray drying method. The microparticles were characterized by scanning electron microscopy
(SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD) and high performance liquid
chromatography (HPLC), which shows that they consist of small RDX crystals (∼0.1–1 �m) uniformly and
eywords:
DX
anocomposite microparticles

discretely dispersed in a binder. The microparticles were subsequently pressed to produce dense ener-
getic materials which exhibited a markedly lower shock sensitivity. The low sensitivity was attributed
to small crystal size as well as small void size (∼250 nm). The method developed in this work may be
suitable for the preparation of a wide range of insensitive explosive compositions.
pray drying
xplosives
nsensitive munitions

. Introduction

Unintentional detonation of munitions from accidents and
symmetric threats must be prevented to eliminate the loss of
nnocent lives and infrastructure in modern conflicts. In order to
roduce safe munitions capable of surviving unwanted mechanical
timuli such as shocks from explosions and impacts by projec-
iles, the initiation sensitivity of explosives has to be significantly
educed. As most explosives currently in use are heterogeneous and
re typically comprised of a solid secondary high explosive (HE) for-
ulated with a polymeric binder, the sensitivity can be reduced by

mploying HEs that are chemically stable and require very strong
echanical stimuli for initiation. For example, many explosive for-
ulations based on the explosive triaminotrinitrobenzene (TATB)

ave a remarkably low sensitivity [1]. However, the application of
ATB is limited due to high cost and relatively weak power in com-
arison to more powerful, but sensitive nitramine explosives such
s cyclotrimethylenetrinitramine (RDX), which is one of the most
idely used HEs. Therefore, there are a lot of research activities tar-

eting to reduce the sensitivity of explosives using powerful and
sually also sensitive HEs.
It is generally understood that with heterogeneous explosives,
efects such as large voids (i.e., pores) facilitate initiation by pro-
oting energy localization upon mechanical stimuli, giving rise

o the formation of hot-spots [2–6]. Hot-spots of critical size and
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temperature can ignite the explosive and consequently lead to det-
onation [7]. Numerous mechanisms have been proposed to explain
the formation and role of hot-spots. These include: adiabatic com-
pression of inter- and intra-crystalline voids [2,8–10], shear band
formation within the slip planes [11], and dislocation pile-up col-
lapse [6,12]. Elimination of porosity can substantially desensitize
an explosive by inhibiting these mechanisms, however, doing so
will often be detrimental to performance. Another approach would
be to reduce the mean void size, which should also result in a higher
threshold for critical hot-spot formation [7].

A straightforward way for reducing the mean void size is by
reducing the crystal size of the HE. Prior studies have demon-
strated the effectiveness of this approach in lowering the shock
initiation sensitivity of crystalline explosives including hexanitros-
tilbene (HNS) [13] and RDX [14]. Several techniques have been
successfully developed for the production of submicron crystals of
RDX. Stepanov et al. developed a process based on rapid expansion
of supercritical solutions (RESS) [15]. Patel developed a technique
based on bead milling [16]. Several drawbacks of these techniques
are high cost as well as the requirement for additional processing
steps in order to produce realistic explosive formulations. In par-
ticular, the need to formulate very small HE crystals into molding
powders, which is typically done by slurry coating [17,18], poses
added processing complexity and difficulty. Submicron crystals

have a higher tendency to form agglomerates, which can lead to
poor binder distribution. In addition, handling of unbound small
particles poses a health threat, and thus requires additional means
of limiting operator exposure [19,20]. Therefore, processing meth-
ods that involve the production of submicron HE crystals and
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ubsequent formulation of the HE crystals are expected to be cost-
rohibitive for most applications.

In this work, we report a novel spray drying-based method
o create nanocomposite microparticles that consist of small RDX
rystals uniformly and discretely dispersed in a polymeric binder.
key attribute of this method is the co-precipitation of the HE and

he binder during spray drying such that the crystallization of the
mall RDX crystals and formulation are achieved simultaneously in
single step operation. We demonstrate that nanostructured RDX-
ased compositions can lead to substantial improvements in regard
o sensitivity, thus, enabling development of explosives which can

eet both safety and performance requirements.

. Experiments

.1. Materials

RDX crystals used in the work include purified RDX crystals,
hich contains ∼5 wt.% of HMX obtained by recrystallization from

cetone of class 5 RDX from BAE Systems and 4-�m fluid energy
illed (FEM) RDX crystals from BAE Systems with ∼11 wt.% of HMX.

he binders used in this work include polyvinyl acetate (PVAc) from
igma–Aldrich, with a density of 1.19 g/cm3 and a molecular weight
f ∼113,000 and a vinyl resin VMCC from Dow, with a density of
.34 g/cm3 and a molecular weight of ∼19,000. VMCC is a carboxy-
unctional terpolymer comprised of vinyl chloride, vinyl acetate
nd maleic acid. Reagent grade acetone from Sigma–Aldrich was
sed as solvent in preparation of feed solution for spray drying.

.2. Preparation of nanocomposite microparticles

RDX-based nanocomposite microparticles with PVAc or VMCC
inders were prepared by spray drying. Both RDX and binder were
issolved into acetone at room temperature with concentrations of
wt.% and 1 wt.%, respectively. The solution was spray-dried to pro-
uce microparticles using a Buchi 190 spray dryer. The spray dryer
as equipped with an ultrasonic nozzle (Model 8700-60, Sono-Tek)

perated at 60 kHz and 1.2 W. The flow rate of the feed solution was
ml/min. The inlet drying gas (N2) temperature was kept at 55 ◦C.

As a reference, 4-�m FEM RDX crystals were formulated with
MCC by conventional slurry coating. This was accomplished by
rst suspending RDX crystals in de-ionized water with a solid load-

ng of 10 wt.% and dissolving VMCC in acetone. Then VMCC solution
as added into the RDX suspension slowly under vigorous mixing.

he dissolved binder precipitated upon addition to the aqueous
lurry, coating the dispersed RDX crystals.

.3. Characterization

The nanocomposite microparticles were examined by field-
mission scanning electron microscopy (SEM, LEO DSM 982, LEO
lectron Microscopy) and transmission electron microscopy (TEM,
M20, Philips). Structural characterization was performed by pow-
er X-ray diffraction (XRD, Rigaku ultima IV XRD system with Cu K�
adiation at � = 1.5418 Å). Chemical compositions were determined
sing high performance liquid chromatography (HPLC, Waters
odel 2695). Some RDX/PVAc specimens were suspended in a RDX

aturated ethanol solution to selectively dissolve the PVAc binder
rior to imaging. A focused ion beam (FIB)-SEM (NEON® 60, Carl
eiss) system was employed in preparing and examining the cross-
ection of a pressed sample.
.4. Shock sensitivity test

The shock sensitivity was evaluated by using the small-scale gap
est (SSGT) according to MIL-STD-1751A, Method 1042 [21]. This is
standard test used to determine the shock pressure required in
aterials 185 (2011) 489–493

order to achieve a 50% probability of detonation. Before the shock
sensitivity test, samples were pressed into brass cylinders (5.08 mm
ID, 25.4 mm OD, 38.1 mm long) at 220 MPa. The samples with VMCC
as binder were pressed at room temperature, while those with PVAc
as binder were pressed at 55 ◦C to achieve comparable percentage
of theoretical maximum density (TMD), defined as:

�M

�HECHE + �BinderCBinder
× 100

where �M is the measured density of the pressed samples; �HE

and �Binder are the theoretical densities of HE and binder, respec-
tively; and CHE and CBinder are the weight fractions of HE and binder,
respectively.

3. Results and discussion

3.1. Structural characterization

SEM image of nanocomposite microparticles consisting of RDX
and PVAc is shown in Fig. 1a. It can be seen that most of the
spray-dried RDX/PVAc microparticles formed shells and collapsed
during drying. Collapsed shells have been commonly observed dur-
ing spray drying of other materials upon fast solvent evaporation
[20,22,23]. The average microparticle diameter was about 15 �m
with most particles in the range of 5–30 �m. The surface morphol-
ogy of the microparticles is shown in Fig. 1b.

The XRD pattern of the RDX/PVAc microparticles is shown in
Fig. 1c. All the diffraction peaks were indexed to RDX, indicat-
ing that the RDX phase was crystalline and PVAc was amorphous.
The chemical composition of the microparticles was determined
to be 83% HE and 17% PVAc by HPLC. The measured composition
was identical to the composition of HE and PVAc in the precur-
sor solution, suggesting the composition of the nanocomposite
microparticles could be precisely controlled.

The TEM image of the RDX/PVAc microparticles in Fig. 1d shows
that the majority of RDX crystals were in the size range of about
100–200 nm at the surface region of the microparticles. This is con-
sistent with the size of the small surface features observed by SEM
analysis: (1) on the surface of the as-sprayed microparticles (Fig. 1b)
and (2) after PVAc was selectively removed by dissolution in a
RDX-saturated ethanol solution (Fig. 2a). An SEM image of a frac-
tured microparticle revealing the crystals in the interior is shown in
Fig. 2b. This specimen was also subjected to the selective removal
of PVAc prior to SEM characterization. It can be seen that the RDX
crystals near the core of the microparticle were considerably larger
than those at the surface with some crystals having dimensions of
∼1 �m. The SEM, XRD, TEM, and HPLC characterization data sug-
gest that we obtained nanocomposite microparticles in which small
RDX crystals, in the range of around one hundred nanometers to one
micrometer, were uniformly and discretely dispersed in the PVAc
binder.

Fig. 3 shows the SEM images of RDX/VMCC microparticles pre-
pared by spray drying. The size of the RDX/VMCC microparticles is
comparable to RDX/PVAc microparticles. The surface is rougher but
most of the features are below 1 �m, consistent with the observa-
tions of RDX/PVAc microparticles. This implies that other binders
can be employed in the production of RDX-based composites by
spray drying.

We propose the following mechanism for the formation of
the RDX-based nanocomposite microparticles during spray dry-
ing. Due to rapid evaporation, the aerosolized solution becomes

highly supersaturated with the dissolved species at the droplet
liquid–vapor interface [20,24,25]. It appears that precipitation of
RDX and binder occurs nearly simultaneously, as evidenced by the
uniform distribution of the precipitated RDX and binder phases. As
evaporation proceeds, a shell structure forms, which slows down
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ig. 1. (a) SEM image showing size and shape variations of spray-dried RDX/PVAc m
RD pattern with all peaks indexed to RDX; (d) TEM image of RDX crystals in the su

he evaporation rate of acetone. As the evaporation rate decreases
o does the supersaturation level during precipitation, resulting in
he formation of larger nuclei of RDX with longer crystal growth
ime. The progressively slower evaporation rate may consequently
e responsible for the RDX crystal size gradient observed along the
adius of the microparticles as shown in Fig. 2b.
.2. Voids in pressed formulation

The void size in a pressed pellet of RDX/PVAc nanocomposite
icroparticles was characterized by SEM as shown in Fig. 4. The

ig. 2. RDX crystals observed on (a) the surface and (b) in the interior section of a microp
articles; (b) SEM images of the surface of a RDX/PVAc composite microparticle; (c)
region of a broken microparticle.

pellet was prepared using the same procedure of sample pressing as
for the shock sensitivity test and it has a 91.9% of TMD. Large voids,
which are beyond a few micrometers and commonly observed in
traditional explosives [26], were not observed in both as-fractured
cross section of the sample (Fig. 4a) and the cross-section surface
prepared by FIB milling (Fig. 4b). Only small voids with an average

size of about 250 nm were present (Fig. 4b).

The characterization of the void size clearly demonstrates that
despite the high porosity (∼8.1%) in the pressed formulation, the
mean void size is very small, illustrating the effectiveness of our
approach in eliminating large voids in explosive compositions. The

article after PVAc was selectively dissolved by RDX saturated ethanol solution.
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Fig. 3. Low (a) and high (b) magnification SEM images of RDX/VMCC obtained by spray drying.

Fig. 4. SEM images of the cross-sections of a pressed sample prepared by (a) fracturing and (b) FIB milling.

Table 1
Shock sensitivity test data.

Composition Shock sensitivity (GPa) Density (g/cm3) % TMD Binder (wt.%) HMX (wt.%)

1.58
1.62
1.64

s
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RDX/PVAc (spray dried) 4.0
RDX/VMCC (spray dried) 3.3
4-�m RDX/VMCC (slurry coated) 2.5

mall void size is likely due to the small RDX crystal size and uni-
orm mixing of RDX and PVAc in the spray dried nanocomposite

icroparticles, and is expected to mitigate hot-spot formation and
nhance shock sensitivity.

.3. Shock sensitivity analysis and broader impact

Shock sensitivity data obtained from the SSGT test along with
he corresponding density and composition is summarized in
able 1. With binder PVAc content of 17 wt.% and HMX impurity
t ∼4 wt.%, RDX/PVAc nanocomposite has a measured shock sensi-
ivity of 4.0 GPa. High binder content and low HMX impurity may
ontribute to this low shock sensitivity. However, this extreme
ow shock sensitivity was regarded as being mainly enabled by
he unique nanostructure of the spray dried microparticle, includ-
ng small RDX crystal size and uniform mixing of RDX crystals
ith binder. This is illustrated by directly comparing spray dried
DX/VMCC microparticles to the slurry coated RDX/VMCC, which
ad similar pressed density and same binder and HMX content. The
pray dried RDX/VMCC microparticles have a significantly reduced
hock sensitivity of 3.3 GPa, comparing to a shock sensitivity of
91.9 17 4
92.5 17 9
93.7 17 9

2.5 GPa from slurry coated 4-�m FEM RDX crystals using VMCC as
binder. The comparison confirms the effectiveness of the spray dry-
ing method and is consistent with prior observations that lowering
HE crystal size, and therefore lowering the void size, can desen-
sitize explosive materials to mechanical stimuli by mitigating the
formation of critical hot-spots [7,13].

The manufacturing potential of this spray drying approach
appears to be tremendous since spraying drying is a well-
established, cost-effective method for producing large quantities
of ceramic, drug, and food microparticles [22,27–30]. Furthermore,
the simplicity of our “all-liquid” precursor makes the spray dry-
ing process easy and straightforward without concerns associated
with handling of small crystals. More fundamentally, the results
from this investigation provide an important insight as to how a
new class of explosive materials could be designed and produced
for insensitive munitions applications.
4. Conclusions

We have produced RDX-based nanocomposite microparticles
using a novel, one-step spray drying-based approach. Characteriza-
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ion revealed that the microparticles consist of small RDX crystals
niformly and discretely dispersed in the polymeric binder. We
ttribute this desired structure of the microparticles to the near-
imultaneous and rapid precipitation of RDX and binder during
pray drying. The novel RDX-based composite exhibited consider-
bly low shock sensitivity, mostly enabled by the small RDX crystal
ize as well as small void size. The novel method developed in this
ork may be suitable for the preparation of a wide range of insen-

itive explosive compositions, helping bridge the gap between low
ensitivity and high performance.
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