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A B S T R A C T

The safety properties and desirable detonation performance of energetic materials (EMs) are mutually exclusive,
therefore, various strategies including the coating, doping, crystallization, and co-crystallization, are applied to
achieve high-energy insensitive explosives with well-balanced energy and safety level. Among these strategies,
the crystallization is the most commonly method owing to its low cost and facile process, through which the
tuning of the particle size and morphology, adjust sensitivity of EMs by tailoring the processes conditions. As the
control of the crystal particle size is difficult, the ultrasound and electrospray are introduced, and by use of the
spray drying or spray-assisted electrospray methods, the spherical RDX, HMX, and CL-20 crystals with less defects
is obtained. Moreover, the perfect spherical crystals are gained without agglomeration through employing
polymeric additives in the crystallization process. In general, the crystallization with spray drying, electrospray,
and ultrasound-assisted solvent/antisolvent are the optimal crystals preparation methods. The nano-crystals with
narrow particle size distribution are less sensitive to external stimuli than irregular microcrystals, and defects are
associated with hot spots, the safety and energy performance of EMs could be well balanced by crystallization.
1. Introduction

Energetic materials (EMs) are extensively used in civil and military
applications, and exists a high demand for their balance of the safety and
energy. However, the thermally stable and insensitive explosives usually
exhibit poor energy output.1 At present, the foremost objectives of
research in this area are the synthesis of new compounds with high en-
ergy content and acceptable safety level2 and improvement of the energy
and safety with the modification of the crystal morphologies of existing
explosives.

The preparation of new energetic compounds that exhibit well-
balanced safety and energy properties, so-called high-energy insensi-
tive explosives, is usually rather time-consuming.3,4 For example, the
tetranitrocubane (TNC), a promising high-energy insensitive explosive,
was hampered by the instability of the cage-like intermediates under the
reaction conditions of the synthetic route. 3,30-Diamino-4,40-azoxyfur-
azan (DAAF) with high thermal stability with an onset temperature of
248.8 �C, is extremely insensitive to external stimuli, exhibiting a friction
sensitivity of over 360 N and an impact sensitivity (H50) of more than
320 cm at a low density (1.745 g⋅cm�3), but DAAF cannot be produced on
a large scale, in spite the furazans are attractive explosives, and its
stacking by the planar geometry enables high densities and plane sliding,
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which in turn reduces the shear strain caused by impact or shock.5

Another example is high-performance derivatives of pentazole com-
pounds containing the N5

� unit but they are only stable under extreme
conditions.6 Obviously, it is challenging that the traditional EMs are
replaced by newly synthesized ones.

The crystal modification of EMs was realized by several means
including the coating, doping, co-crystallization and crystallization. The
coating of high-energy, sensitive explosives such as hexanitrohex-
aazaisowurtzitane (CL-20) with insensitive ones, for instance triamino-
trinitrobenzene (TATB), is vital to reduce the sensitivity of the former.7

Furthermore, coating of octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine
(HMX) with the biomaterial polydopamine (PDA) delivered
HMX@PDA with greatly reduced sensitivity.8 Regard as the doping
strategies, PDA, the graphene oxide and carbon nanomaterials such as
fullerenes, expanded graphite (EG), carbon nanotubes (CNTs), graphene,
and graphene oxide (GO)9 have been widely used to improve the safety of
energetic crystals. For example, we recently reported that the use of a
novel hybrid 2D nitrogen-rich and insensitive EM, TAGP, to dope 1,3,
5trinitro-1,3,5-triazinane (RDX)10 and HMX11 leads to materials with
improved energy content and reduced sensitivity. In particular, func-
tionalized carbon nanomaterials with high energy content have been
employed to balance the energy and safety of nanoexplosives by coating
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Fig. 1. (a), Electrospray crystallization process diagram.28 (b), Schematic rep-
resentation of the RESS setup.34
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or encapsulation.12 Furthermore, co-crystallization is known to balance
the sensitivity, thermal stability, and energy content of EMs.13 The coc-
rystal HMX/TATB has been designed to exhibit reduced sensitivity.14

However, the co-crystallization with insensitive compounds may reduce
the energy content to some extent. These methods may introduce some
other materials. In contrast, the crystallization is a physical technique to
purify energetic crystals and control their morphology and particle
sizes.15

Crystallization is widely used because it is cost-effective and does not
introduce other materials. Alternatively, high-performance insensitive
crystalline EMs are obtained upon purification to improve the crystal
morphology and reduce the particle size distribution. And the properties
of synthesized EMs could be suitably adjusted by using different crys-
tallization methods. The common crystallization techniques include
spray drying, ultrasound-assisted spray, electrospray, rapid expansion of
supercritical solutions, and solvent/anti-solvent methods. Typical EMs
with different mean particle diameters were obtained by tuning experi-
mental conditions such as temperature, type of solvent, and level of su-
persaturation.16 In addition, EMs with a narrow particle size distribution
was produced by special techniques such as supercritical fluids.17 Crys-
tallization enables the access to EMs crystals of refined particle size or
morphology and higher purity, including defect-freematerials.18 As such,
energetic crystal particulates with a variety of specific desired properties
can be fabricated.

Over the past decades, a large number of studies addressing EM
crystallization have been conducted. In this review, the common crys-
tallization methods are presented and discussed with a focus on
improving the crystal quality of energetic crystals including morphology
and particle size control. And the performances of EMs like sensitivity
and thermal stability could be enhanced. A comprehensive comparison of
the morphology, crystal structures, thermal stability, and sensitivity of
energetic crystals prepared by different crystallization methods was
drawn. As a general trend, the insensitive energetic crystals of higher
purity and containing fewer defects are obtained via crystallization,
which reduces the hot spots ultimately improving the safety.

2. Crystallization strategies for energetic compounds

Crystallization is a natural process through which materials solidify
from liquids or precipitate from liquid or gaseous solutions.19 This pro-
cess consists of the assembly of atoms or molecules in highly ordered
structures, termed crystals, and can be triggered by changes in the
physical or chemical environment, such as temperature or pH, respec-
tively. The crystallization process usually involves nucleation and crystal
growth.20 As for the EMs, the spray crystallization and sol-
vent/antisolvent crystallization are common strategies to improve the
energetic crystals quality. In this review, the effects of crystallization on
the crystal structure and performance of RDX, HMX, and CL-20, which
are selected as representative EMs, are discussed with a focus on the
influence of the crystallization parameters on the crystal defects, sensi-
tivity, and thermal stability.

2.1. Crystallization by spray

2.1.1. Basic mechanisms
Spray crystallization is a single-step method that produces various

mono- or multicomponent functional micro- and nanoparticles. The en-
ergetic crystals with uniform particle size and nearly spherical regular
particle shape could be obtained by this method.21 To avoid chemical
decomposition during the spray drying crystallization process, the
boiling temperature of the solvents should be as low as possible consid-
ering the sufficient solubility.22 Spray crystallization is highly suited for
the continuous production of dry crystals. There are three steps involved
in spray drying. Firstly, the liquid feed is atomized into small droplets.
Then, these spray droplets are mixed with the heated air flow to evap-
orate the solvent and the dried powder are left. The powder is collected in
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the last step. In this case, less dense samples with smaller average particle
sizes and narrower size distributions are obtained.

2.1.2. Crystallization by spray drying
The obtained crystals could be defect-free or with hollows upon

design, depending on the operating conditions. The latter case results
from solute precipitation on the surface of a droplet that is not over-
saturated in its center.23 It has been found that the spray pressure, tem-
perature, feeding rate and solution concentration have a significant effect
on the particle size. For instance, the large droplets with low concen-
tration would evaporate quickly without agglomeration to form nano-
particles.24 A typical EM application of spray drying crystallization is the
large-scale production of HMX25 with a mean particle size of 400 nm.

Although spray drying is a promising way to produce large scale EMs,
it suffers from inherent limitations. The major disadvantage is high
temperature to evaporate the solvent, difficulty controlling particle size
and particle size distribution. In order to solve these problems, other
techniques have been introduced like electrospray and Rapid Expansion
of Supercritical Solutions (RESS).

Electrospray crystallization is a further advanced method to produce
nano- and submicron-sized energetic crystals with less aggregation26 and
controlled crystal morphology. However, the low efficiency of this
technique limits its use to gram-scale.27 In electrospray crystallization
(Fig. 1a), a mist of ultrafine solution droplets is generated. Subsequent
solvent evaporation leads to crystallization of submicron-sized crystals.28

For example, hollow spherical RDX crystals were obtained at relatively
small nozzle diameters and relatively low potential differences, whereas
larger nozzles and higher potential differences approaching a continuous
jet delivered products with larger average particle sizes. The RDX
nanoparticles (500 nm) with a narrow particle size distribution obtained
by this method29 are less sensitive due to fewer inclusions and crystal
defects.

The RESS process is commonly used in the food, cosmetics, and
pharmaceutical industries to produce fine powders30 in two steps. After
dissolution of the solid substance in a supercritical fluid (SCF), particle
formation occurs due to supersaturation.31 This technique also enables
fabrication of EM nanocrystals, as shown in Fig. 1b. Following dissolution



Fig. 2. Schematic of the ultrasound and spray-assisted solvent/antisolvent
crystallization.48
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of the EM in supercritical carbon dioxide, rapid expansion of the super-
critical solution in the precipitator causes a pressure and temperature
decrease that favors the formation of small crystals with a narrow particle
size distribution.32 Hence, this technique is well-suited for the production
of low-defect submicron-sized particles with a narrow size
distribution.33,34

Submicron-sized RDX particles with granular or spherical
morphology have been produced by the RESS method in small scale.35

The significant effect of the extraction temperature, extraction pressure,
and size of the nozzle orifice on the morphology and particle size of the
RDX crystals were studied using compressed liquid dimethyl ether (DME)
as a solvent. While higher extraction temperatures and smaller nozzle
sizes favor formation of smaller RDX particles, a higher extraction pres-
sure leads to larger particles. In average, the precipitated RDX particles
ranged from 0.36 to 2.48 μm. However, the enthalpy of the exothermic
decomposition of the obtained RDX increased considerably from 381.5 to
714.4 J⋅g�1. In a similar approach, supercritical dimethylformamide
(DMF) was used to dissolve raw RDX while CO2 was used as an anti-
solvent which allowed the preparation of a fine RDX powder by RESS in a
high-pressure crystallization vessel.36 However, the gravest disadvantage
of the RESS process is the high CO2 consumption. For example, the
highest RDX production capacity of approximately 5–6 g⋅h�1 was ach-
ieved at a CO2 flow rate of 35 kg⋅h�134 Thus, the large-scale production of
nano-EMs by this method is unattractive because of the high cost of CO2
and the potential risks posed by the high working pressure.

2.2. Crystallization by solvent/antisolvent

2.2.1. Basic principles
Crystallization by solvent/antisolvent is widely used in purifying

energetic crystals and improving the crystal quality of it because of low
cost, safety, and convenience.37 In this process, supersaturation is ach-
ieved by employing antisolvent which is usually added to a (concen-
trated) solution.38 The antisolvent and the solvent are typically
well-miscible, while the crystallizing product has a lower solubility in the
antisolvent.

2.2.2. Solvent/antisolvent technique
The lower sensitivity of explosives, such as HMX and RDX, obtained

by the solvent/antisolvent process is possibly due to the reduction in the
number of internal defects and impurities. Crystallization generates
nano-TATB crystals with less surface defects.39,40

However, the access to fine crystals with uniform morphology and
particle size is problematic for most EMs using solvent/antisolvent
method. The crystals produced by this method could be nonuniform
because the crystals morphology and particle size are highly influenced
by the experiment conditions like stirring rate, room temperature and
even the dropping speed of antisolvent. Thus, the properties of produced
crystals could be different in the different part of container. In addition, it
is extremely difficult to synthesis nanoparticles with a narrow size dis-
tribution. For this reason, a lot of technologies like spray and ultrasound
have been introduced to obtain uniformed crystals.

Ultrasound have a positive effect on the nucleation process as well as
control crystallization which gives rise to an acoustic cavitation in liquid
media and moreover influences the crystal nucleation and growth.41

Therefore, some EMs like fine CL-20 particles with desired morphology
could be produced using ultrasound-assisted precipitation method.42 The
CL-20 precipitates when the antisolvent is added in the presence of ul-
trasound which has greatly reduced the agglomeration of obtained CL-20.

The introduction of the spray technique to solvent/antisolvent crystal-
lization has facilitated the control over the crystal morphology, purity,
crystal imperfections and particle size to achieve the desired insensitivity
levels.43 Submicron-sized HMX samples with fewer crystal defects were
produced via the spraying technique in acetone with water as the anti-
solvent. In addition, the particle size and crystalmorphology of HMX can be
modulated by adding a surfactant. For example, addition of isopropyl
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alcohol to the antisolvent leads to a decrease in the droplet stabilitywhich is
accompanied by a decline in the particle size. Regarding safety and pro-
ductionaspects, the spherical shape is themost desirablemorphologyof EM
crystals. For instance, the approximately aggregate spherical particles
keto-RDX (2-oxo-1,3,5-trinitro-1,3,5-triazacyclohexane) could be made by
spraying crystallization method44 with a high density of 1.93 g⋅cm�345

In contrast to dropping techniques, the spray process not only at-
omizes the solution but also increases the mass and heat transfer rate of
the atomized droplet.46 Hence, the introduction of ultrasound and spray
techniques together to solvent/antisolvent EM crystallization processes
simplifies the control over the point of nucleation and number of
nuclei.47 Regarding 2,20,4,40,6,60-hexanitrostilbene (HNS), the shape
changed from long needle-like crystals to elongated rods and
polyhedral-shaped ones with negligible defects after crystallization by
the ultrasound and spray-assisted technique solvent/antisolvent method
(Fig. 2).48 In this process, HNS was dissolved in DMF and the solution was
forced through the inlets of the nozzle at the required high pressure and
flow rate, thereby forming a spray of fine droplets upon exiting the
nozzle. The resulting atomized solution underwent micromixing with the
antisolvent in a flask that was maintained at the required temperature
inside of an ultrasonication tub (45 kHz). Due to the high degree of su-
persaturation, micromixing in the flask led to a very rapid dispersion and
high nucleation rate, ultimately delivering fine HNS explosive crystals
with a narrow particle size distribution.
2.3. Other crystallization methods

2.3.1. Reaction crystallization
In reaction crystallization, the solute’s solubility is reduced through

the addition of a reactant to form a different substance or pH adjustment
to trigger pH-shift crystallization.49 In these processes, the formation of
the solid phase results from a chemical reaction between the components
originally present in the feed streams, for instance A (aq) þ B (aq)→AB
(s). The pH-shift crystallization usually exploits pH-dependent changes in
the chemical state or charge of ionic species. Well-known examples of
ions that exhibit pH-dependent states are carbonate and phosphate.
Typically, this method relies on acid–base reactions, very fast processes
that can be considerably exothermic, especially at high reactant con-
centrations. Therefore, reactive crystallization is mostly employed to
crystallize ionic crystals.

Fractional crystallization is a process in which successive crystalli-
zation steps are performed to increase the product’s purity and/or the
yield of the process in an industrial production setting.50 In this process,
the crystals formed in the first crystallization step are separated from the
mother liquor using a filter, centrifuge, or wash column, remolten, and
used as feed in the second crystallization step, which is conducted at a
higher temperature due to the higher purity of the feed.51



Table 1
Advantages and disadvantages of several crystallization methods.

Method Advantages Disadvantages

Spray crystallization
Solvent evaporative
crystallization

Efficiency, low cost, narrow
particle size distribution

Agglomeration, high
temperature, large
particle size distribution

Spray crystallization Low cost, suitable for large
scale production

High temperature, high
solvent consumption

Melting spray
crystallization

Low cost, suitable for large
scale production

Restricted to low-melting
crystals

Ultrasound spray
crystallization

Suitable for large scale
production, narrow particle
size distribution, uniform
crystal morphology

Risk of increase in crystal
defects by the required
external mechanical
force

Electrospray
crystallization

Less agglomeration, narrow
particle size distribution,
uniform crystal
morphology

High cost, limited to
gram-scale

Crystallization by Rapid
Expansion of
Supercritical Solutions
(RESS)

Less agglomeration, narrow
particle size distribution,
accurate particle size and
morphology control

High antisolvent
consumption, high cost,
operationally complex

Solvent/antisolvent crystallization (SA)
Solvent/antisolvent
crystallization (SA)

Low cost, suitable for large
scale production

Limited control over
crystal shape and size,
high solvent
consumption

Ultrasound-assisted
solvent/antisolvent
crystallization (UASA)

Less agglomeration, narrow
particle size distribution,
uniform crystal
morphology

High solvent
consumption

Spray-assisted solvent/
antisolvent
crystallization (SASA)

Less agglomeration, narrow
particle size distribution,
uniform crystal
morphology

High solvent
consumption

Ultrasound- and spray-
assisted solvent/
antisolvent
crystallization
(USASA)

Less agglomeration, narrow
particle size distribution,
uniform crystal
morphology

High solvent
consumption

Other methods
Sol–gel crystallization uniform crystal

morphology,
straightforward particle
size and morphology
control

High cost

Green mechanical
demulsification
crystallization

Environmentally friendly,
suitable for large scale
production

Difficult crystal
morphology control
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In principle, fractional crystallization encompasses crystallization
from both solution and melt, whereas in practice it is more commonly
used for the latter. In turn, the fractional melt crystallization method is an
attractive alternative to distillation for the separation of organic mix-
tures.52 Although distillation is by far the most frequently employed
separation process in the chemical industry, it has distinct disadvantages
such as thermal degradation of the product, high energy consumption,
and poor performance in the case of azeotropes. Regarding explosives,
control of the morphology is predominantly achieved by the evaporative
and precipitation-crystallization methods.2.3.2 Sol-gel crystallization.

In the sol-gel method, the reactants initially form nanosized primary
particles, which are suspended in a solution termed sol. As these particles
continue to cross-link, the solution viscosity increases until a three-
dimensional solid network is produced. The unreacted liquid that re-
mains in the network pores is termed gel.53 The sol–gel technique is used
for the preparation of EMs (explosives, propellants, and pyrotechnics)
with improved homogeneity. For example, RDX crystals with few defects
randomly dispersed in a silica aerogel54 were obtained by solution crys-
tallization, inwhich the energeticmaterial crystallizedwithin the pores of
a sol–gel-derived solid. To this end, the solvent used to dissolve the ex-
plosives is compatible with the reactants and allows control over the
density of the resulting gel. Subsequently, gel mending enables the uni-
form loading of the explosive powder in the gel. This process results in a
significant improvement in the material’s safety performance (impact
sensitivity and thermal stability). In addition, the sol–gelmethod is used to
synchronize the coagulation process and the crystallization of explosives
in the sol, thus delivering ultrafine small explosive particles in-situ.55

Moreover, nano-RDX/RFfilms prepared by thismethod feature adjustable
RDX content and energy output characteristics. Therefore, thesematerials
are potentially useful in the development of microminiature pyrotechnic
products. Additionally, sol–gel crystallization was used to synthesize a
porous monolithic metal–organic framework (MOF),56 with an at least
130% greater hardness than that of its conventional MOF counterparts.

2.3.2. Green mechanical demulsification crystallization
The majority of the discussed crystallization methods require large

amounts of solvent, which is environmentally harmful. In contrast, green
mechanical demulsification crystallization is among the eco-friendly
methods to prepare EMs crystals with regular morphology, smooth sur-
face, and narrow particle size distribution. For example, fine RDX crystals
with few defects were obtained by mechanical demulsification of a well-
mixed RDX, purified water, and composite emulsifier mixture.57 Further,
the H50 of RDX improved from 24.34 to 45.78 cm upon mechanical
demulsification, whereas this value increased to 33.21 cmwhen RDXwas
subjected to the solvent/antisolvent technique.

2.3.3. Comments and summary
Nearly all crystallization methods lead to the improvement of crystal

quality such as the reduction in the internal crystal defects, crystal sur-
face defects and particle size distribution. While the solvent/antisolvent
technique is among the most cost-effective, single-step methods that
deliver defect-free crystals. Its major disadvantage is the high solvent
consumption and the broad particle size distributions. Further, the
crystal quality is influenced by parameters such as temperature, con-
centration, solvent, and string speed.

The strengths and drawbacks of various crystallization methods are
presented in Table 1. However, inherent drawbacks of these techniques
include limited choice of solvents, hazards associated with friction and
impact, undesired polymorph transformation, difficult control over the
particle size, and upscaling restrictions, among others.

The solvent/antisolvent technique, particularly for fine HMX, was
reviewed in detail due to its high relevance for in-house developmental
activities. A limitation of the mentioned above methods for nano- or
microexplosive production is severe agglomeration.58 Much research has
addressed this issue by examining surfactant additives, ultrasound
technology, and supercritical fluid drying. In this context, ultrasound-
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and spray-assisted solvent/antisolvent crystallization presents a solution
to this problem. Finally, the recently popularized RESS method features
straightforward particle size and size distribution control, but has limited
applicability in industrial manufacturing and safety processing.

3. Strategies for energetic crystal quality improvement

The crystal quality of energetic materials such as particle size, crystal
surface morphology and crystal internal defects are important factors
affecting the safety performance, mechanical properties and processing
performance of explosives.59,60 Most importantly, crystal quality can be
improved through crystallization process. The crystal quality is not only
influenced by its own crystal defects and particle size distribution, but
also by crystallization methods and external crystallization parameters
such as solvent, antisolvent, and temperature.61–63 High-quality ener-
getic crystals with significantly improved overall performance can be
obtained through different crystallization methods.

3.1. Crystal morphology control

The crystal morphology is influenced by the internal crystal defects
like voids, bubbles, cracks, impurities and surface defects such as sharp



X.-X. Zhang et al. Energetic Materials Frontiers 1 (2020) 141–156
features. Crystallization is a common strategy to reduce the crystal de-
fects.64 However, the results could be different using different crystalli-
zation methods. As shown in Fig. 3, the raw RDX (Fig. 6a),36 HMX
(Fig. 6b),65 and CL-20 (Fig. 6c)66 samples feature irregularly shaped
crystals with rough surface. As explosives with more crystal defects are
more sensitive than those with fewer defects, the aim of crystallization
engineering is to produce EM crystals with fewer inner voids or defects,
smooth surface, and a regular block or spherical shape. Several attempts
had been made to improve the crystals’ quality.

Conventional nitramine explosives with large crystal defects or void
morphology fail to satisfy the requirements for military development
because they are important hot spot triggers.67 The sensitivity can be
decreased by avoiding hot spot generation and propagation such as
reducing crystal defects, producing of spherical crystals, or decreasing in
the particle size.68 Fig. 6 shows that crystallized explosives have fewer
crystal defects.

The crystals obtained by solvent/antisolvent method (dropping sol-
vent to antisolvent or dropping antisolvent to solvent) are easily aggre-
gate. However, drop-to-drop (DTD) mixing of the solvent and antisolvent
yielded SM-sized particles continuously in flow.69 As shown in Fig. 3b,
well-dispersed nearly spherical RDX crystals obtained via drop-to-drop
solvent/antisolvent crystallization have smooth surfaces and few crys-
tal defects. On the other hand, a novel spray drying assisted self-assembly
(SDAS) technology is also a promising method to produce defect free
nano explosives. For instance, the r-RDX crystals (Fig. 3c) with fewer
defects and a smooth surface at a narrow particle size distribution could
be obtained by this method.37 During this crystallization process, PVA
plays an important role in discharging acetone out of the drying chamber.
For one thing, it could effectively limit the growth of the crystal planes of
RDX crystals, and for another, it could actively prevent agglomeration
during nucleation of RDX crystals. In addition, introducing self-assembly
technology to spray drying may lead to improvement in sensitivity and
thermal stability. As for the r-RDX, theH50 has risen from 25.6 to 48.3 cm
and the friction sensitivity has decreased from 92 to 62%.

In the same with crystallized RDX (Fig. 3b), the obtained HMX crys-
tals by DTD method (Fig. 3e) have defect free spherical surface while the
crystallized HMX crystals using RESS method are prismatic shape with
smooth surface and obvious edges.68 Among recently used explosives,
Fig. 3. SEM images of different EMs. (a) Raw RDX,36 (b) RDX and (e) HMX after solv
after the RESS process,68 (g) raw CL-20,66(h) CL-20 after USEA,70 (i) CL-20 after ult
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CL-20 has the largest detonation velocity. However, its high sensitivity to
impact, friction, shock wave, and electrostatic spark stimuli strongly limit
its application range in weapons. The spherical r-CL-20 crystals (Fig. 3h)
obtained via the ultrasonic spray-assisted electrostatic adsorption (USEA)
method have fewer defects.70 Furthermore, crystallized CL-20 (Fig. 3i)
features polyhedral and nearly spherical crystals with negligible defects
or cracks.65 Thus, reducing crystal defects is a promising strategy toward
sensitivity reduction while maintaining the energy performance. Overall,
the crystallization methods like solvent/antisolvent or spray drying
method could reduce the crystal defects to some extent, introducing some
external force like ultrasound or adding some surfactant could largely
avoid aggregation and producing crystals with smooth surface.71

Except for the crystallization strategies we mentioned above have
different influence of crystal properties, the experiment conditions such
as solvent, temperature, agitating speed, and degree of supersaturation
also affect the morphology and crystal structure.72 Take 3,5dinitropyra-
zine-2,6-diamine-1-oxide (LLM-105) as an example, LLM-105 forms
rough surface when it is crystallized form ethyl acetate (Fig. 4a) while
smooth and X-shaped crystals are crystallized from water (Fig. 4e).
Furthermore, rod-shaped crystals are obtained by crystallization from
nitromethane (Fig. 4f). Preparing the spherical crystals of organic
explosive molecules is a promising strategy to reduce the crystal defects.
However, it is quite difficult to crystallize EMs crystals which contain
strong intra- and intermolecular hydrogen bonds, such as LLM-105,
spherical LLM-105 crystals are obtained by advanced strategies in
which polymeric additives prompted modification of the crystal habit.46

In the absence of PVP as a polymeric additive, crystallization delivers
X-shaped LLM-105 crystals with considerable amount of defects
(Fig. 4a).47 PVP leads to a significant reduction in the aspect ratio, thus
forming crystalline LLM-105 nanofibers. Therefore, smooth, defect-free,
spherical LLM-105 crystals are obtained with an average particle size
of 78.0 μm and a narrow size distribution (Fig. 4d).

The crystal growth could be altered by crystallization process. Den-
dritic RDX potentially exhibits particular properties and likely represents
a new modification of single composite explosives.75 The in-situ obser-
vation technique was used to study the mechanism of crystal growth.
Following addition of surfactant 1631 to a RDX solution in cyclohexa-
none (CHN), in-situ imaging of the dendritic crystal growth is presented
ent/antisolvent crystallization,69 (c) RDX after SDAS,37(d) raw HMX,65 (f) HMX
rasound- and spray-assisted crystallization.65



Fig. 4. SEM images of LLM-105 crystallized using: (a) ethyl acetate,73 (b) diluted PVP in ethyl acetate,73 (c) and (d) concentrated PVP in ethyl acetate,73 (e) water,74

and (f) nitromethane74 as the antisolvent.
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in Fig. 5. Images a–e show the nucleation and early stages of the growth
process of typical boundary dendrites, revealing that the crystal grows
along the negative concentration gradient. Fig. 5f–j display the progress
of the growth process, in which the preferential growth of the ‘‘fold’’
occurred nearly vertical to the solution boundary layer.

The crystal morphology also can be altered by crystallization, as
shown in Fig. 6a, HMX crystals precipitated from DMSO and GBL have a
truncated octahedron shape. In contrast, crystals obtained from DMF
have a hexagonal plate shape, whereas those prepared from acetonitrile
(ACN) and CHN are truncated octahedron and the plate form of the
truncated octahedron shape, respectively. To investigate the influence of
crystallization on HMX crystal forms, the HMX with different morphol-
ogies were conducted by FTIR (Fig. 6b). The absence of peaks between
700 and 740 cm�1 in the spectrum of β-HMX76 confirmed that raw HMX
and HMX precipitated from DMSO and GBL have the same phase. In
contrast, the peaks at 713 and 739 cm�1 observed for crystals obtained
from DMF are characteristic of δ-HMX. Furthermore, the γ-phase was
identified for the HMX particles precipitated from ACN and CHN by the
peaks at 709 and 732 cm�1. It was reported that the low-density γ-HMX
Fig. 5. 75 Typical growth process of RDX dendrite at the solution film b
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could also transform into β-HMX upon precipitation during the sol-
vent/antisolvent process.77

`As the same with HMX, the crystal forms of RDX and CL-20 were
affected by crystallization process.78 The different crystal forms of RDX,
HMX, and CL-20 are shown in Fig. 7. Regarding RDX, the thermodynami-
cally stable α-phase is formed directly during crystallization. As for CL-20,
the α-form is a hydrate at ambient conditions, whereas the ξ-form only
exists at high pressures.79 The ε-CL-20 has the highest density (2.04
g⋅cm�3) and a detonation velocity of 9660 m⋅s�180,81 Therefore, the main
purpose of CL-20 crystal engineering of is to produce the ε-form while
avoiding crystal transformation to other forms,82 which occurs at low
temperatures, including room temperature.83 Moreover, the morphology
of CL-20 transforms from needle-to diamond-shaped crystals in solution,
which indicates thepolymorphic transformation fromthe β-to the ε-form.84

3.2. Crystal particle size modulation

The particle size and particle size distribution play a decisive role
in the EM performance. A reduction of the particle size of
oundary of the cyclohexanone solution with surfactant 1631 added.



Fig. 6. (a), Crystal structures of HMX particles crystallized from various solvents by the GAS process65; (b), FTIR spectra of (a) raw HMX and HMX crystallized via the
GAS process from (b) DMSO, (c) DMF, (d) ACN, (e) CHN, and (f) GBL.65

Fig. 7. SEM images and Raman spectra of RDX, HMX and CL-20 polymorphs
with different crystal forms.78
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conventional EMs to micro- or nanometer scale is associated with
higher burning and decomposition rates and lower impact sensi-
tivity.85 The larger surface area of nanoexplosives leads to an
improved heat transfer ability, which in turn reduces their sensitivity
to the formation of hot spots due to impact or friction. In particular,
the friction sensitivity of RDX decreases linearly as the particle size
drops from 154 to 10 μm.86 Additionally, the sensitivity of nitramine
explosives, including HMX, is directly affected by its particle size and
distribution.87 In this section, we present numerous methods used to
produce fine EM powders.
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The particle size of EMs also is effect by the crystallization process.
Raw RDX crystals (Fig. 8a) have irregular shapes and their particle size
distribution is wide. As shown in Fig. 8, RDX crystals with less crystal
defects and desirable particle size were prepared by the RESSmethod and
by ultrasound spray crystallization. For example, RESS using DMF and
CO2 as the antisolvent delivered small and irregularly shaped RDX
crystals (Fig. 8b)30 with much lower density (1.5 g⋅cm�3) and the particle
size is in the broad range of 1–20 μm. Taking CO2 as an antisolvent, the
crystallized RDX crystals (Fig. 8d) by RESS method are spherical with a
particle size of 110 nm.88 Furthermore, the ultrasound spray method is a
further promising strategy to produce spherical EMs crystals. It was re-
ported that the increase in the solution concentration led to formation of
large spherical RDX crystals.89 In contrast, the particle size of micro-
crystalline RDX (Fig. 8c) obtained at 0.5 wt% RDX solution in acetone
was 0.8 μm, whereas larger crystals (2.6 μm)were formed from a 4.0 wt%
RDX solution in acetone.

As shown in Fig. 8e, raw HMX is polyhedral with a broad particle size
distribution ranging from 50 to 150 μm. After crystallization by ultra-
sound and spray-assisted method, nano-HMX has a narrow particle size
distribution of 40–130 nm and an average diameter of 81.4 nm (Fig. 8f).
However, aggregation occurred due to the high surface energy. HMX
crystals obtained by the RESS method (Fig. 8g) are smooth and 19.9 μm
large in average. While in the liquid, nano-HMX is well dispersed.
However, drying from different solvents leads to much larger particles
with broader size distributions. Thus, the aggregation of nanoexplosives
remains an issue that should be addressed. Ultrasound can provide the
phase isolation of microdroplet reactors.91 Fine non-aggregated
micro-HMX crystals with a mean particle size of approximately 4 μm
(Fig. 8h) were successfully produced by ultrasound-assisted spray crys-
tallization.92 The morphology of the ultrafine HMX crystals is mostly
ellipsoidal with narrow particle distribution.

The production of nanoparticles with narrow size distribution is un-
realistic by the solvent/antisolvent crystallization process because crys-
tals formed from concentrated solutions tend to grow during particle
processing. Hence, crystals with a wider particle size range are obtained
rather than nano- or micro-sized particles. The mean particle size of CL-
20 was largely reduced by several crystallization techniques. At the same
time, the crystal form (α- and ε-CL-20) could be controlled by the con-
ditions of the pressurized nozzle-based solvent/antisolvent crystalliza-
tion.66 The obtained α-CL-20 (Fig. 8j) features polyhedral and nearly
spherical geometry with an average particle size of 3.64 μm. By tuning
crystallization conditions such as solvent, antisolvent, stirring speed,
pressure, and temperature, ε-CL-20 (Fig. 8k) was produced with an
average particle size of 2.27 μm. Importantly, these are nearly round with
few surface defects. Thus, the material is more insensitive to external
stimuli. Using the USEA method, fine spherical CL-20 crystals with soft
agglomeration were obtained (Fig. 8i)70 in a narrow size distribution



Fig. 8. SEM images of (a) raw RDX,36 (b,d) RDX after crystallization by the RESS method,36,88 (c) RDX after ultrasound spray crystallization,89 (e) raw HMX,90 (f)
crystallized HMX by ultrasound and spray-assisted crystallization method90, (g) crystallized HMX by RESS method,65 (h) crystallized HMX by ultrasound spray
method,81 (i) raw CL-20,70 (j,k) crystallized CL-10 by ultrasound and spray-assisted method66 and (e) crystallized CL-20 by USEA method.70

X.-X. Zhang et al. Energetic Materials Frontiers 1 (2020) 141–156
with an average particle size of approximately 270 nm. In contrast to the
preparation of nano-CL-20 by the drowning-out crystallization tech-
nique, the USEA method allowed crystallization without antisolvents.
Thus, nano-CL-20 was continuously obtained. Furthermore, this tech-
nique is suitable for the large-scale preparation of other nanoexplosives.

Crystallization parameters such as the solvent and drying conditions
play an important role in the shape, particle size, and particle size dis-
tribution of crystalline HMX.93 As shown in Fig. 9a, industrial HMX
consists of angularly polyhedral, heterogeneous particles with average
size of 120.36 μm and a wide size distribution. Crystallization using a
bi-directional rotation mill led to a sharp decrease in the HMX particle
size, which was strongly dependent on the employed solvent. The use of
ethyl acetate in the milling process led to an average particle size of 1.9
μm, whereas the diameter of the particles ranged from 1 to 5 μm (Fig. 9b).
Fig. 9. The SEM images93 of raw HMX(a) and crystallized HMX under different con
vacuum drying at 70 �C, g; supercritical drying, h and freeze drying, j).
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Furthermore, the use of ethanol delivered particles of under 3 μmwith an
average size of 1.66 μm (Fig. 9c). In addition, HMX powders obtained
using isopropyl alcohol and water had an average particle size of 1.46
and 1.42 μm, respectively (Fig. 9d and e), whereas drying in the miscible
liquid led to an average particle size of 1.18 μmwith all particles below 2
μm (Fig. 9f). Moreover, the drying method influenced the morphology
and particle size of the obtained HMX. When the liquid is removed by
evaporation (Fig. 9g), an average particle size of 1.49 μm with a broad
size distribution of up to 10 μm was observed. In this case, the nano-
particles tend to agglomerate and grow, thereby overcoming the huge
specific surface energy. As the extent of agglomeration is greater for poor
dispersions, supercritical and free drying methods are employed to pro-
duce nano-HMX with narrow particle size distribution in the range of
200–300 and 100–200 nm, respectively.
ditions (ethyl acetate, b; isopropanol, c; alcohol, d; water, e; miscible liquid, f;
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4. Performances of the high quality energetic crystals

4.1. Sensitivity performance of crystallized crystals

In recent years, much research was conducted to reduce the sensi-
tivity and improve the thermal stability of EMs.94,95 In this context, it has
been reported that the sensitivity of EMs could be reduced through the
decrease in the crystal defects and particle size by several crystallization
method.96 Smaller crystals that contain less inclusions and defects are of
a higher crystal quality.97,98 Thus, the application of nano- or
micrometer-sized EM crystals with a considerably lower defect content
has the potential to further decrease the sensitiveness of the explosives.
Recent advances in this area are summarized in Tables 2 and 3 and
Fig. 10.

As shown in Fig. 10a, the impact sensitivity of RDX could be reduced
by crystallization and the different crystallization methods have different
influences on its impact sensitivity. For instance, the impact energies of
crystallized RDX by spray drying (r-RDX), spray assisted solvent/anti-
solvent (micro-K6), electrospray (αe-RDX) are 17.1 J, 12.3 J and 10 J,
respectively. It can be find in Fig. 10a that coating is a promising strategy
to reduce the sensitivity as the e-RDX obtained with an Estane coating has
the highest impact energy at 37.6 J. Crystallized RDX from the RDX/
Estane solution leads to particles coated with the binder, which prevents
friction between the explosive particles and acts as a shock absorber or
diverter under mechanical stimuli, thereby reducing the probability of
hot spot formation However, the introduction of Estane can reduce the
energy content of RDX.

The spray-assisted solvent/antisolvent method is an effective, contin-
uous, and safe procedure for the preparation of ultrafine nano-K-6 crys-
tals.44 The impact sensitivity values of micro- and nano-K-6 are 25 and 30
cm, respectively, indicating that small RDX particles are less sensitive than
larger ones. Further, the αe- and αp-RDX samples were obtained by elec-
trospray and plasma-assisted crystallization, respectively.104 It can be
found that the friction sensitivity is reduced largely even surpassed the
range of friction sensitivity machine (>360 N) both by electrospray and
Table 2
Performance of explosives.

Samples Fabrication methods Impact sensitivity/J

Raw RDX – 9.0
r-RDX Spray drying 17.1
e1-RDX Spray drying 25.1
e-RDX Spray drying 37.6
N-RDX Milling, vacuum drying 14.3
G-RDX Milling, slurry drying 11.3
Nano-K-6 SASA 14.7
Micro-K-6 SASA 12.3
αe-RDX Electrospray 10
αp-RDX Plasma-made 5
RDX-1 SDAS method with 3% PVA 11.8
RDX-2 Spring drying with 3% PVA 8.2
Raw HMX – 5
γs-HMX (spherical) Electrospray 10
γd-HMX (donut) Electrospray 30
HMX Solvent/antisolvent –

nano-HMX USASA 11.6
O-HMX wet milling 11.9
F-HMX wet milling 15.4
s-HMX wet milling 26.5
n-HMX Solvent/antisolvent 8.4
p-HMX riddling 22.3
HMX-1 SA 25.6
HMX-2 SA 8.5
HMX-3 SA 7.5
HMX-1 SDAS method with 3% PVA 10.9
HMX-2 Spring drying with 3% PVA 8.0

Note: The friction sensitivity for the explosives was tested 80 � 1� with 2.45 MPa; th
method; SASA, spray assistant solvent/antisolvent method; USASA, ultrasound and
antisolvent method.
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plasma-assisted crystallization. However, the impact sensitivity of αe- and
αp-RDX are not declined much and the impact sensitivity of RDX obtained
via plasma-assisted crystallization is the same as that of the conventional
RDX. Compared with raw RDX, crystallized RDX consists of smaller,
smoother particles with less crystal defects and narrow particle size dis-
tribution. These properties prevent the formation of hot spots under me-
chanical stimuli, leading to a reduced sensitivity. Overall, the spray
crystallization or spray assisted solvent/antisolvent crystallization are
more suitable for RDX crystals to reduce the impact sensitivity.

The sensitivity of HMX could also be reduced by crystallization and
the impact sensitivity varies with the crystallization methods and crys-
tallization conditions. The crystal morphology and particle size of crys-
tallized EMs crystals by some crystallization methods could be different,
it will have an influence on the sensitivity. For example, the micrometer-
sized spherical γs-HMX crystals produced by electrospray require an
impact energy of 10 J for ignition, whereas 30 J are required to ignite by
toroidal γd-HMX, in contrast to the 5 J impact sensitivity of conventional
β-HMX.104 Moreover, the HMX-1, HMX-2 and HMX-3 are obtained via
solvent/antisolvent method with the particle size of 380–580 nm, 1–10
μm and 10–15 μm, respectively. However, the impact sensitivity of
HMX-1, HMX-2 and HMX-3 are 25.6, 8.5 and 7.5 J, respectively. In
contrast, the friction sensitivity is independent from the particle size. The
main cause of hot spot formation during impact is the adiabatic
compression of the cavities in the explosive. Upon friction, the hot spots
of explosives mainly result from friction, viscous, or plastic flow. Hence,
crystals featuring smooth surfaces are less sensitive to friction stimuli.
Micro- and nano-HMX were obtained by the ball milling method and
subsequently dried by ordinary (O-HMX) and freeze drying (F-HMX),
respectively.86 As the latter consists of smaller crystals with less defects,
it is less sensitive to impact and shock stimuli.

It was found that the sensitivity of HMX crystals is highly influenced
by the particle size and morphology. Spherical s-HMX is the stable
sample with an impact sensitivity of 26.5 J. In contrast, the facile for-
mation of hot spots on the surface of needle-shaped n-HMX is reflected in
its sensitivity to external stimuli (8.4 J impact sensitivity). In addition,
Friction sensitivity Particle sizes Density/g⋅cm�3 Refs

144 N/84% 50–100 μm 1.804 99

– 1–3 μm –
99

– 1–3 μm –
99

– 1–3 μm –
99

58.0% 63.7 nm –
100

78.0% – –
100

– 60 nm –
44

– – –
44

>360 N 200–600 nm 1.819 101

>360 N 400–900 nm 1.780 101

62% – –
102

74% – –
102

252 N/86% 150 μm 1.895 103

>360 N 200–500 nm 1.837 101

>360 N 1 μm 1.896 101

– – 1.895 16

– 81.4 nm –
93

72% 1.2 μm –
86

58% 160 nm –
86

80% 600 nm –
104

82% 3.0 μm –
104

32% 3.3 μm –
104

36% 380–580 nm –
105

86% 1–10 μm –
105

28% 10–15 μm –
105

62% – –
102

76% – –
102

e friction sensitivity was carried out at 90 �C, 3.92 MPa; SA, solvent/antisolvent
spray-assisted solvent/antisolvent method; UASA, ultrasound assisted solvent/



Table 3
Performance of explosives.

Samples Fabrication methods Impact sensitivity/J Friction sensitivity Particle sizes Density/g⋅cm�3 Refs

Raw CL-20 – 3.2 82.7 N/100% 99.5 μm 2.03 9

CL-20-1 SASA 5.5 – 15 μm –
47

CL-20-2 SASA 6.3 – 4 μm –
47

CL-20-3 SASA 7.8 – 1 μm –
47

CL-20-4 SASA 10.8 – 95 nm –
47

Ultrafine CL-20 SASA 2.2 116 N 2.31 μm –
66

s-CL-20 SA 4.7 – 14 μm –
42

u-CL-20 USASA 8.6 – 6 μm –
42

us-CL-20 USASA 9.3 – 470 nm –
106

RS-CL-20 SA 8.3 71.5 μm 2.04 107

CL-20-1 SDAS method with 3% PVA 7.6 80% –
102

CL-20-2 Spring drying with 3% PVA 5.5 92% –
102

LLM-105 – 16.7 – 32.6 μm –
108

Nano-LLM-105 Spray drying 19.0 – 150 nm –
108

LLM-105-1 self-assembly 24.5 – 20 μm –
108

LLM-105-2 SA 21.5 – 39.4 μm –
109

LLM-105-3 UASA 16.2 – 5.8 μm –
109

LLM-105-4 SA 20.3 – 24.3 μm –
109

LLM-105-5 SA 13.6 – 54.9 μm –
109

LLM-105-6 UASA 17.9 – 11.1 μm –
109

LLM-105-7 SA 27.0 – 27.2 μm –
109

Note: The friction sensitivity for the explosives was tested 80 � 1� with 2.45 MPa; the friction sensitivity was carried out at 90 �C, 3.92 MPa; SA, solvent/antisolvent
method; SASA, spray assistant solvent/antisolvent method; USASA, ultrasound and spray-assisted solvent/antisolvent method; UASA, ultrasound assisted solvent/
antisolvent method.

Fig. 10. The impact sensitivity of raw and crystallized RDX, HMX, CL-20 and LLM-105.
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the electrospray method is best suited for HMX, as it delivers the insen-
sitive γd-HMX.

Compared with raw CL-20, the average particle size, particle size
distribution and crystal defects of obtained CL-20 were reduced. The rate
of internal porosity of RS-CL-20 significantly decreased from 0.539 to
0.098% upon crystallization with an impact initiation energy of 8.3 J. A
comparison of the impact sensitivity of different CL-20 samples, provided
in Fig. 10c, reveals that the introduction of ultrasound or spray tech-
nology to the solvent/antisolvent process produced the less sensitive
materials us- and s-CL-20 and that the least sensitive sample was nano-
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sized CL-20-4. The spray assistant solvent/antisolvent method and ul-
trasound (CL-20-4) and spray-assisted solvent/antisolvent method (us-
CL-20) are the most suitable methods to produce insensitive CL-20
because the impact sensitivity of them are 10.8 and 9.3 J, respectively.
Furthermore, the impact sensitivity decreased with the decrease in the
particle size from micro-to nanometer. The impact sensitivities of HMX
samples with average particle size of 15 μm, 4 μm, 1 μm, and 95 nm,
prepared by solvent/antisolvent crystallization, are 5.5, 6.3, 7.3, and
10.8 J, respectively. Although nano-HMX tended to agglomerate due to
the small diameter and high surface energy.
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On the other hand, the sensitivity of EMs could also be increased by
crystallization. As for LLM-105, the impact sensitivity of LLM-105-3
crystallized via ultrasound assisted solvent/antisolvent method (16.2 J)
is higher than raw LLM-105 (16.7 J). The obtained LLM-105 under ul-
trasound has smaller particle size but with lager particle size distribution
and uneven crystal morphology, which resulting in increased impact
sensitivity. As the same with RDX, HMX and CL-20, the crystallization
methods and conditions also affect the sensitivity of LLM-105. The
impact sensitivity of nano-LLM-105 which is produced by spray drying is
reduced slightly (19.0 J) while the insensitive LLM-105 with the impact
sensitivity of 24.5 J could be obtained via self-assembled method.
Moreover, the crystallization conditions like solvent and the way of
dropping antisolvent have influence on sensitivity. Taking nitric acid as
solvent and deionized water as antisolvent, the impact sensitivity of LLM-
105-5 obtained by adding the antisolvent to solvent is just 13.6 J while
the impact sensitivity of LLM-105-7 produced by adding the solvent to
antisolvent is 27.0 J.

4.2. Thermal stability performance of crystallized crystals

High-quality energetic crystals, which feature a compact internal
structure and few impurities or defects and are obtained by crystalliza-
tion, can exhibit higher thermal stability. The thermal stability is highly
influenced by crystals properties which properties could be altered by
several crystallization methods. The thermal properties of several ex-
plosives obtained by crystallization are summarized in Tables 4 and 5.

The DSC curves of raw and crystallized nitramine explosives are
shown in Fig. 11. The thermal stability of EMs is affected by the crystal
properties such as crystal defects, particle size and purity. The thermal
stability could be altered by different crystallization methods because
these crystal properties could be changed by crystallization.

In general, the temperature of the endothermic peak of crystallized
nitramine explosives is higher than that of raw explosives, indicating that
its thermal stability improves upon crystallization. As shown in Fig. 11a,
the endothermic peak of r-RDX obtained by spray drying and nano-RDX
obtained by solvent/antisolvent crystallization are 205.6 �C and 205.5 �C
while that of raw RDX is just 202.9 �C. Take HMX as an example, ac-
cording to the literature, the endothermic peak of raw HMX (278.6 �C) is
followed by a sharp exothermic one (284.7 �C, Fig. 11b),103 which
indicate the melting and thermal decomposition of the material,
respectively. Upon crystallization, the endothermic peak is absent in all
curves except for the a- and L-HMX ones (Fig. 11). Additionally, the
improvement of the thermal decomposition behavior is indicated by the
decrease in the lgA of the sample from 40.1 to 35.7 (Table 3).107 The
endothermic peak of CL-20 could also be reduced by crystallization
which means that the some of crystallized CL-20 have higher thermal
stability. As shown in Fig. 11d, heating of raw CL-20 to 160 �C triggers a
solid-solid phase transition from the ϵ-to the γ-form with subsequent
thermal decomposition of the latter (exothermic peak at 244.7 �C).112

However, the endothermic peak of crystallized CL-20 via ultrasound and
spray-assisted solvent/antisolvent method, solvent/antisolvent and spray
drying method has disappeared.

On the other hand, the exothermic peaks of crystallized nitramine
explosives are lower compared to raw materials except for us-CL-20
produced by ultrasound and spray-assisted solvent/antisolvent method.
As shown in Table 3, the particle sizes of RDX, HMX and CL-20 have
reduced after crystallization. In general, the decrease in the explosive’s
particle size is accompanied by the increase in the specific surface area
and number of atoms on the surface. Therefore, nano-explosives exhibit
larger heating surfaces and higher reaction activity. Hence, nanoparticles
tend to decompose at lower temperature than larger ones.

To further explore the mechanism of decomposition, the thermal
decomposition kinetic parameters of nitramine explosives are calculated
using the Kissinger or Starink methods. The activation energy (Ea) of
nitramine explosives decreased after crystallization. The activation en-
ergy of r-RDX obtained by spray drying is lower than that of raw RDX
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because of its smaller particle size, which facilitates heat dissipation.
However, the accompanying increase in the r-RDX specific surface area
leads to an apparent decrease in the activation energy. In addition, the
activation energies of e� and e1-RDX are lower than that of r-RDX
because their explosive formulas contain Estane. The Ea values also are
affected by crystallization methods. As for HMX, the Ea values of raw, s-
HMX (wet milling), n-HMX (solvent/antisolvent), and p-HMX (ridding)
are 304.3, 263.3, 241.2, and 238.2 kJ⋅mol�1, respectively.100 The
morphology of s-, n-, and p-crystals is spherical, polyhedral, and
needle-shaped, respectively. Hence, the Ea of the samples depend on the
crystallization methods because the crystal morphology could be
changed by crystallization. Further, the Ea values of nano- and a-HMX
calculated by Kissinger method indicate that the former is more prone to
thermal decomposition than micro-HMX.109 However, the decomposi-
tion temperature and Ea of L-HMX prepared by RESS method are
remarkably higher than those of the other samples.108

The r-RDX obtained by spray drying method has highest thermal
stability among the crystallized RDX samples while n-HMX obtained by
solvent/antisolvent method is the most stable crystallized HMX sample.
The obtained CL-20 samples via ultrasound and spray-assisted solvent/
antisolvent method, solvent/antisolvent and spray drying method have
higher thermal stability. Thus, the solvent/antisolvent method, spray
drying method are suitable to produce nitramine explosives with high
thermal stability.

The thermal stability of other energetic compounds like HNS, dihy-
droxylammonium 5,50-bistetrazole-1,10-diolate (TKX-50) and LLM-105
also are affected by the crystal defects, particle size and impurity and
these crystal properties could be changed by crystallization. Thus, the
crystallization methods have influence on the thermal stability.119 It
shows that the temperature of exothermic peaks declines with the
decrease in the particle size which is the same with nitramine explosives.
For instance, the DSC curve of raw HNS (Fig. 12a) features a melt
endothermic peak at 321.0 �C and an exothermic peak at 348.9 �C cor-
responding to thermal decomposition. In comparison, the endothermic
and exothermic peaks of UF-HNS, UF-HNS-US, and UF-HNS-BM shifted
to lower temperatures with the particle size of 800 nm, 470 nm and 311
nm, respectively.120 Similarly, the exothermic peak of nano-HNS ob-
tained by spray assistant solvent/antisolvent method has decreased by
1.1 �C compared to micro-HNS produced by solvent/antisolvent method,
which is attributed to the smallest particle size and narrow size distri-
bution. These properties result in a higher rate of energy transfer, causing
the crystals to melt and decompose at lower temperatures.

The relationship between the material’s properties (crystal structure
and defects) and its thermal stability was studied using high-quality LLM-
105-H, acid-treated LLM-105-HA, smooth spherical LLM-105-SS, and
rough spherical LLM-105-SR crystals obtained by SA crystallization.115

As shown in Fig. 12c, samples LLM-105-H and LLM-105-HA are thermally
more stable than raw LLM-105. Moreover, the exothermic peaks of
LLM-105-H and LLM-105-SS are located at slightly higher temperatures
than those of LLM-105-HA and LLM-105-SR, respectively. Thus, the
smoother surface of crystallized LLM-105 is associated with a higher
thermal stability. However, the crystals with a smooth surface interact
less strongly with the polymer binder, resulting in poor moldability and
safety performance.

The thermal stability also can be affected by the crystallization con-
ditions like the solvent and antisolvent. Various LLM-105 samples (a-to i-
LLM-105, Table 3) were obtained by solvent/antisolvent method using
water, methanol, acetic acid, nitromethane, ethyl acetate, ethanol,
methylene chloride, o-dichlorobenzene, and toluene as the antisolvent,
respectively.73 The study revealed that the crystal habits significantly
affect the thermal properties. As shown in Fig. 12, the first stage of the
exothermic decomposition process occurs within a broad temperature
range (252.1–325.0 �C) whereas the second occurs within a narrow range
(325.0–366.7 �C). As clearly displayed, the first exothermic peak of the
crystallized LLM-105 samples strongly depends on their crystal habits,
with the lowest and highest values corresponding to the X-shaped crystals



Table 4
The thermal performances of explosives.

Samples Fabrication method Ea/kJ⋅mol�1 lgA/s�1 TP1/�C TP2/�C Particle size Reference

Raw RDX – 201.3 20.4 202.9 244.3 50–100 μm 9

r-RDX Spray drying 205.2 21.3 205.6 242.5 1–3 μm 99

e1-RDX Spray drying 170.8 17.7 202.6 240.4 1–3 μm 99

e-RDX Spray drying 190.5 19.1 205.0 241.6 1–3 μm 99

Nano-K-6 SASA – – – 187.0 60 nm 44

Micro-K-6 SASA – – – 195.0 –
44

Nano-RDX SA – – 205.5 230.7 –
105

Raw-HMX – 425.9 40.1 278.6 284.7 85.9 μm 103

Nano-HMX USASA 375.4 35.7 – 279.1 81.4 nm 93

s-HMX wet milling 263.3 – – 285.1 600 nm 104

n-HMX SA 238.2 – – 284.0 3.0 μm 104

p-HMX riddling 241.2 – – 283.4 3.3 μm 104

L-HMX RESS 429.4 – 552.9 557.8 76.7 μm 65

a-HMX SA 401.6 – 279.1 282.6 5–40 μm 110

Raw CL-20 – 173.1 17.1 171.0 244.7 40 μm 70

Micro-CL-20 Wet milling – – 156.0 235.5 500 nm 70

Nano-CL-20 Wet milling – – 151.4 232.9 260 nm 70

Ultrafine CL-20 SASA – – 180.0 233.8 –
66

us-CL-20 USASA 173.2 17.2 – 247.3 470 nm 96

ε-CL-20 SA 198.7 18.2 – 245.2 –
111

s-CL-20 Spray drying 186.4 37.9 – 240.7 –
112

Raw HNS – – – 321.0 343.5 90 μm 113

UF-HNS SA – – 319.3 341.3 800 nm 113

UF-HNS-US Ultrasound – – 319.4 340.9 470 nm 113

UF-HNS-BM Wet milling – – 319.0 334.4 311 nm 113

m-HNS SA – – 319.8 349.9 50 μm 114

n-HNS SASA 208.9 – 321.8 348.8 120 nm 114

Note: Ea, activation energy; Tp1, endothermic peak; Tp2, exothermal peak; SA, solvent/antisolvent method; SASA, spray assistant solvent/antisolvent method; USASA,
ultrasound and spray-assisted solvent/antisolvent method; UASA, ultrasound assisted solvent/antisolvent method.

Table 5
The thermal performances of explosives.

Samples Fabrication method Ea/kJ⋅mol�1 lgA/s�1 TP1/�C TP2/�C Particle size Reference

Raw LLM-105 – – – – 357.3 83.4 μm 115

LLM-105-H SA – – – 359.5 74.7 μm 115

LLM-105-HA SA – – – 358.8 71.4 μm 115

LLM-105-SS SA – – – 356.9 55.8 μm 115

LLM-105-SR SA – – – 356.3 58.7 μm 115

a-LLM-105 SA – – – 347.9 –
74

b-LLM-105 SA – – – 355.2 –
74

c-LLM-105 SA – – – 351.0 –
74

d-LLM-105 SA – – – 356.3 –
74

e-LLM-105 SA – – – 353.8 –
74

f-LLM-105 SA – – – 351.8 –
74

g-LLM-105 SA – – – 346.3 –
74

h-LLM-105 SA – – – 357.2 –
74

i-LLM-105 SA – – – 357.0 –
74

Raw-TKX-50 – – – – 240.1 –
116

DMA-BTO SA – – 185.6 258.3 –
116

2EDA-BTO SA – – – 261.6 –
116

NHA-BTO SA – – 77.8 211.7 –
116

TKX-50-1 SA – – – 245.7 –
117

TKX-50-1 SA – – – 244.3 –
118

Note: Ea, activation energy; Tp1, endothermic peak; Tp2, exothermal peak; SA, solvent/antisolvent method; SASA, spray assistant solvent/antisolvent method; USASA,
ultrasound and spray-assisted solvent/antisolvent method; UASA, ultrasound assisted solvent/antisolvent method.
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obtained from water (a-LLM-105, 270.0 �C) and the long needle-like
crystals obtained from ethyl acetate (e-LLM-105, 309.8 �C), respectively.
Regarding the second exothermic decomposition stage, the highest
values correspond to the dendritic crystals h- and i-LLM-105 (357.0 �C and
357.2 �C, respectively). In addition, the short and flat rod-like g-LLM-105
crystals exhibit the lowest exothermic peak value at 346.3 �C.

Although the crystal quality was generally improved by crystalliza-
tion, some explosives reacted with solvents. TKX-50 is stable in several
solvents, including dimethyl sulfoxide (DMSO), water, and ethyl acetate,
but reacts with DMF in a wide temperature range (25–150 �C) to form
dimethylammonium 5,50-bistetrazole-1-hydroxy-10-oxygen (DMA-BTO),
dimethylamine 5,50-bistetrazole-1,10-diolate (2DMA-BTO), and dia-
mmonium 5,50-bistetrazole-1,10-diolate (ABTOX).118 The presence of
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internal solvent can reduce the thermal stability and detonation perfor-
mance. Therefore, the appropriate choice of solvent and antisolvent is
crucial. The DSC curve of raw TKX-50 exhibits two exothermic peaks
with the main exothermic decomposition at 240.3 �C (Fig. 12b). The
thermal stability of DMA-BTO and that of NHA-BTO are lower than that
of raw TKX-50, as indicated by the endothermic peaks at 185.6 �C
(DMA-BTO) and at 77.8 and 136.2 �C (NHA-BTO, not displayed). Addi-
tionally, the detonation pressure and velocity of TKX-50 and derivatives
were calculated using EXPLO5 and the values of the derivatives are lower
than those of the parent sample raw TKX-50. In contrast, the TKX-50-1
and TKX-50-2 crystallized by solvent/antisolvent using water as solvent
have higher thermal stability with the exothermic peaks at 245.7 �C and
244.3 �C, respectively.



Fig. 11. DSC curves of raw and crystallized RDX, HMX and CL-20 (10 �C⋅min-1 heating rate).

Fig. 12. DSC curves of raw and crystallized (a) HNS and (b) TKX-50 and its derivatives (10 �C⋅min-1 heating rate).
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5. Concluding remarks

Crystallization is a promising strategy to balance the energy and
safety of energetic crystals, by which the morphology and crystal struc-
ture can be adjusted through tuning the crystallization conditions. In
particular, crystallization generally leads to a significant decrease in the
crystal defects, which is reflected in the diminished probability of hot
spot formation under external stimuli. Additionally, the thermal stability
can be enhanced and the sensitivity decreased by this approach, as
crystallized EMs generally feature smaller particle sizes and fewer in-
clusions and defects.

In general, energetic crystals with smaller particle sizes, fewer crystal
defects, smoother surfaces, and narrower particle size distribution are less
sensitive to external stimuli. The nano- and micro-sized energetic crystals
were obtained by evaporation or precipitation crystallization methods.
Among these, the solvent/antisolvent crystallization is the most cost-
effective and commonly used one. However, it is less suited for the pro-
duction of nano-sized energetic crystals with narrower particle size dis-
tribution. Thus, ultrasound- and spray-assisted techniques were introduced
153
to solvent/antisolvent process. These techniques were also combined with
other modification methods, enabling the fabrication of hybrid energetic
crystals with superior structures and multi-functional properties. For
example, the SDAS method is the most suitable strategy to produce high-
quality RDX crystals, while defect-free spherical CL-20 crystals were ob-
tained by the electrospray or ultrasound spray crystallization processes. In
addition, the use of surfactant additives is a promising approach to prevent
aggregation and access spherical crystals with a smooth surface.

As the crystallization techniques summarized herein reduce the
sensitivity of distinct energetic crystals to different extents, the selection
of the ideal method depends on the desired performance and available
resources. Moreover, nanocrystals are less sensitive to external stimuli
than the corresponding microcrystals. Overall, crystals prepared by the
spray drying method exhibit high thermal stability and impact or friction
energy for ignition. The HMX sample obtained by the electrospray
crystallization method is the least insensitive to impact stimuli with an
ignition energy of 37.6 J.
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