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Abstract: A novel self-assembly approach was employed to produce micro-spherical composite en-
ergetic material (EM) comprising 2,4,6,8,10,12-Hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane/nitro-
cellulose (CL-20/NC) via the spray-drying method, with precise control over parameters such as
droplet diameter, ambient temperature, and nozzle injection rate. In this method, NC was utilized
as a coating for CL-20 to imbue it with distinct spatial characteristics, thereby mitigating its high
sensitivity. Scanning electron microscopy (SEM) and X-ray diffraction (XRD) analyses were con-
ducted to investigate the morphology of the CL-20/NC micro-spheres. Additionally, differential
scanning calorimetry (DSC) was employed to study the thermal decomposition kinetics of both CL-
20 and CL-20/NC. XRD findings revealed that the crystal structure of CL-20/NC micro-spheres pre-
pared using acetone as the solvent remained unchanged, albeit with noticeable attenuation in dif-
fraction peaks. DSC analysis indicated an increase of 4.87 K and 7.64 K in the thermal explosion
critical temperature (Tv) and peak temperature (Te) of CL-20, respectively. Furthermore, the appar-
ent activation energy was enhanced by 18.65 kJ-mol™, signifying improved thermal stability. SEM
analysis confirmed that the micro-spheres’ size ranged from 0.5 pm to 5 um, displaying a regular
spherical shape. Notably, the impact sensitivity (Hso) of CL-20/NC tripled compared to raw CL-20.

Keywords: energetic materials; CL-20; NC; spray-drying method; self-assembled; thermal sensitivity

1. Introduction

CL-20, characterized by its caged polycyclic nitramine structure, exhibits higher en-
ergy and density in comparison to other monocyclic nitramine explosives such as HMX
and RDX, rendering it the preferred material for high-energy explosives and propellants
[1]. Nonetheless, CL-20’s sensitivity is relatively elevated, thus posing a potential safety
hazard when directly applied to propellants [2]. To mitigate this concern, researchers
worldwide frequently employ polymers to coat CL-20 with the aim of reducing its sensi-
tivity [3-5]. Among these efforts, Luo et al. [6] synthesized polyurethane-based copoly-
mers for this purpose and observed a significant reduction in CL-20’s impact sensitivity
post-coating. Similarly, Wang et al. [7] developed estane/CL-20 and EPDM/CL-20 formu-
lations, which effectively decreased mechanical sensitivity and enhanced thermal stability
to a certain degree. Despite these advancements, it is noteworthy that the inert nature of
the coating materials in all aforementioned studies inevitably results in some energy loss
during the explosion process. Additionally, variations in coating materials may impact
the overall compatibility and potentially introduce storage and usage limitations for en-
ergetic materials. In recent years, the introduction of the Composite Modified Double Base
(CMDB) concept has offered a solution to the high sensitivity exhibited by certain ener-
getic materials (EMs) during the formation of composite materials [8]. Researchers have
explored utilizing components found in propellants as coating materials to apply a
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protective layer onto the surface of nitramine explosives [9]. For instance, Shi et al. [10]
employed a spray-drying technique to fabricate RDX/NC composite nitramine particles,
resulting in a notable reduction in the mechanical sensitivity of RDX while also enhancing
its thermal performance. Nitrocellulose (NC), being an energetic material itself, contrib-
utes energy to the composite and enhances its stability.

The spray-drying method presents an efficient and practical approach for the prepa-
ration of microscale, and even nanoscale, energetic materials featuring novel structures
and properties [11]. This method is executed within a designated spray-drying chamber.
Herein, the spray precursor liquid undergoes dispersion into atomized droplets via an
atomizing nozzle [12,13]. The rapid evaporation of the solvent occurs upon contact with
the heated airflow, yielding the prepared material retrieved through a cyclone separator.
In comparison to alternative forming techniques, the spray-drying method offers simplic-
ity, continuity in the process, and relatively low costs. Figure 1 illustrates the schematic
diagram of the B-290 mini spray dryer utilized in this study.
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Figure 1. Schematic diagram of the B-290 mini spray dryer.

Spray drying is a method employed to dry a liquid or slurry by dispersing it into a
hot gas. This process rapidly vaporizes the liquid, leaving behind a dry powder. Spray
drying is recognized as a versatile technique applicable to a diverse range of materials,
encompassing food, pharmaceuticals, and chemicals. Numerous studies have demon-
strated the synthesis of composite self-assembled energetic materials with unique spatial
characteristics through this method. The spray-drying process typically involves several
sequential steps: firstly, the liquid is pumped to an atomizer, where it is fragmented into
fine droplets. Subsequently, these droplets are introduced into a hot gas chamber. The
heat from the gas causes the liquid within the droplets to vaporize, ultimately resulting in
the deposition of dry powder particles at the chamber’s base, where they are collected.
Control over the spray-drying process can be achieved by adjusting various factors, in-
cluding droplet size, gas temperature, gas flow rate, and solvent concentration within the
mixture. This enables the production of energetic material powders tailored to the desired
particle size, shape, and dimensional structure. Spray-drying offers several advantages
over alternative drying methods: it is characterized by its rapidity, adaptability to a broad
spectrum of materials with suitable solvents, and its capacity for continuous production,
facilitating the rapid and efficient generation of large quantities of dry powder. This study
primarily investigates the influence of nozzle diameter and injection rate on the spray-
drying process.
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In this study, nitrocellulose (NC) is utilized as both a binder and a coating reinforce-
ment material for CL-20, with modification achieved through the spray-drying method.
The resulting coating structure exhibits a favorable degree of sphericity. Furthermore, the
thermal decomposition properties of the composites are analyzed. Lastly, the mechanism
underlying the thermal decomposition and desensitization is discussed.

2. Materials and Experiment
2.1. Material and Instruments

Material: CL-20 from Gansu Yinguang Chemical Co., Ltd. (Baiyin, China), Nitrocel-
lulose from Sichuan South Nitrocellulose Co., Ltd. (Chengdu, China). Acetone, ethyl ace-
tate, n-heptane, AR, from Tianjin Shentai Chemical Co., Ltd. (Tianjin, China).

Instruments: B-290 Mini Spray Dryer (Buchi Co., Ltd., Lugano, Switzerland). 54800
Cold Field Emission Scanning Electron Microscopy (Hitachi Co., Ltd., Tokyo, Japan), DX-
2700 X-ray diffractometer (Dandong Fangyuan Instruments Corporation, Dandong,
China), DSC 131 Heat Flow Differential Scanning Calorimeter France Setaram Instru-
ments Ltd., Caluire-et-Cuire, France). Spray refinement device made by the lab.

2.2. The Preparation Methodology

2.2.1. Preparation of Refined CL-20 via Jet Thinning Method
(“Solvent/Non-Solvent” Treatment)

CL-20 (20g) was gradually added to 80 mL of ethyl acetate at ambient temperature
and pressure, followed by filtration of insoluble materials and impurities subsequent to
ultrasonic stirring. Subsequently, 400 mL of n-heptane was measured in a non-solvent
container, and the CL-20 solution was transferred into a spray container. Using a spray-
drying machine, the CL-20 solution was atomized into droplets via a nozzle, which then
descended into the non-solvent n-heptane under gravity. Rapid crystallization of CL-20
particles occurred, resulting in the formation of a white suspension. This suspension was
subsequently filtered, washed, subjected to freeze-drying, ultimately yielding CL-20 fine
particles with a particle size ranging approximately from 1 to 3 pm.

2.2.2. Preparation of Ultra-Fine CL-20/NC Microsphere via Spray-Drying Method

At ambient temperature, the solution of refined CL-20, which was prepared earlier,
and nitrocellulose in a mass ratio of 95:5 is prepared using acetone as the solvent. Subse-
quently, ultrasonic oscillation is applied for 30 min to ensure complete dissolution and
thorough mixing of CL-20 and NC. Following this, the air flux of the spray dryer is ad-
justed to various injection rates to fully evacuate the air from the apparatus. The temper-
ature is controlled until reaching the default value, after which the precursor solution is
pumped into the nozzle. The collection of the product involves isolating the CL-20/NC
spherical composite particles from the cyclone separator and hot nitrogen. The prepara-
tion roadmap is presented below in Figure 2.
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Figure 2. The preparation roadmap of CL-20/NC.

3. Result and Discussion
3.1. Morphology Analysis
3.1.1. SEM Analysis

Figure 3 displays images of CL-20 and CL-20/NC obtained via the spray-drying
method. Initially, the particle shape is predominantly spindle-pyramidal, with sizes rang-
ing from 10 to 50 um. Following the spray-drying process, the shape becomes more uni-
form, with most particles exhibiting diameters concentrated around 2.0 to 3.3 pm. Nota-
bly, some particles even reach smaller diameters, approximately 1 um, as illustrated in
Figure 3b. SEM analysis reveals that the prepared CL-20/NC microspheres exhibit
smoother surfaces, indicative of a favorable spheroidization effect.

Figure 3. Images of CL-20 and CL-20/NC obtained via the spray-drying method: (a) raw CL-20 (10
um); (b) CL-20/NC (8000 magnification); (c¢) CL-20/NC (16,000 magnification).

In Figure 3b, smaller spheres are observed surrounding the larger spheres. This phe-
nomenon can be attributed to the increased supersaturation concentration of the spray
precursor solution with rising temperature. The evaporation and crystallization of small
droplets atomized through the nozzle in an environment of high supersaturation concen-
tration affect the uniformity of the CL-20 crystal growth process, leading to uneven distri-
bution of fine CL-20 samples. Furthermore, the high temperature accelerates the evapora-
tion of atomized small droplets, causing some CL-20 crystals to dry more rapidly before
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they can fully grow, resulting in the formation of tiny particles with higher specific surface
area and energy. Additionally, the strong molecular forces facilitate particle aggregation,
leading to the formation of larger particles and reducing the specific surface area to main-
tain stability. To address this issue, reducing the inlet temperature of the liquid feeder of
the drying gas used in the spray dryer is proposed as a solution.

Figure 4c illustrates a densely coated layer on the surface of the spheres, indicating
effective coating of CL-20 by the NC binders. This observation is further supported by the
significant improvement in thermal stability, as indicated by the Hso values in Table 4.

Figure 4. Images of different particle diameters and morphologies with various injection rates and
nozzle diameters, respectively: (a). 420 L-h™', 2 mm; (b). 340 L-h™, 1.4 mm; (c). 378 L-h, 1.4 mm.

Three indicators can be used to assess the overall performance of the product: diam-
eter, coating condition, and morphology. Typically, particles with smaller diameters and
favorable morphology, such as hollow holes, exhibit superior performance. Moreover,
particles with continuous coating layers demonstrate improved insensitivity. The ideal
product, depicted in Figure 4a, features a desirable morphological shape, characterized
by both continuous coating layers and hollow holes.

3.1.2. Statistical Analysis

For this study, Class 5 RDX was selected as it represents the finest commercially avail-
able powder and serves as a benchmark for comparison with ultrafine spray-dried pow-
ders. Figure 4 illustrates the SEM comparison between Class 5 RDX and the final spray-
dried RDX samples, highlighting the significant changes in both size and surface appear-
ance resulting from the spray-drying process. Summary data and testing conditions are
presented in Table 1.

Table 1. Statistical data of the products.

Sample Nozzle Diameter/mm Injection Rate/L-h-! yo/um X/um A/um FWHM/um
ingredient 246+2.00 228+080 470+874 1.70+251
1 Ultrasonic nozzle 300 1.17+0.83 125+041 217+1.80 0.45+0.31
2 0.7 300 -0.78+£0.07 130+0.02 577+179 1.13+0.20
3 1.4 340 0.33+0.04 150+094 4.17+6.23 0.91+0.19
4 1.4 378 1.00+0.63 145+0.08 564+155 0.64+0.24
5 2.0 420 0.99+0.33 191+0.10 810x+1.72 1.48+0.46
6 2.0 450 229+1.18 247+072 4.18+224 1.45+0.34

It is evident from Figure 5a that the microsphere-like composite energetic material
(EM) can only be synthesized using an ultrasonic nozzle. This observation suggests that
the nozzle diameter does not exhibit a significant correlation with the fineness of the final
product. Additionally, it is observed that both the average diameter and standard devia-
tion increase with the nozzle diameter. Specifically, for the ultrasonic nozzle, the average
diameter measures 1.25 um, with all other results exceeding this value.
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Figure 5. Statistical data and morphology of the products: (a—c) the SEM comparison of the initial RDX particles with the products No. 1 and 2, No. 3 and 4, and
No. 5 and 6, respectively.
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Another crucial factor influencing the overall morphology integrity is the micro-sur-
face texture, primarily attributed to the injection rate of the raw material. The coverage ratio
when nitrocellulose (NC) coats the CL-20 particles significantly impacts the final combus-
tion, with the formation of hollow holes enhancing the combustion rate of the composite
energetic material (EM). Figure 4 illustrates how the surface morphology varies with differ-
ent injection rates, ranging from 340 L-h" to 420 L-h". It is evident from the experiment that
the optimal injection rate is 378 L-h™, as depicted in Figure 4c. This rate facilitates the gener-
ation of hollow holes while ensuring nearly full coverage of the surface.

This phenomenon likely occurs because, as the gas flow rate decreases after the ma-
terial liquid is mixed with the gas, the friction of the droplets ejected from the nozzle de-
creases, leading to an increase in droplet diameter. Conversely, an increase in gas flux
provides greater energy, resulting in smaller droplet diameters. The combined effect of
these factors suggests that if the gas flow rate is too high, the residence time of the droplets
in the drying cylinder will be shortened, diminishing the drying effect and increasing the
diameter of the atomized droplets. Therefore, when acetone and ethyl acetate are used as
solvents, the optimal intake flow rate is determined to be 378 L-h-1.

3.2. XRD Analysis

The XRD analysis of raw CL-20 and CL-20/NC is depicted in Figure 6, revealing that
CL-20 crystallizes in the e-type structure. Notably, the diffraction peaks’ positions of raw
CL-20/NC closely align with those of CL-20, suggesting that neither the spray-drying
method nor the presence of NC as an adhesive alters CL-20’s crystal structure. However,
the intensity values differ between the two materials at equivalent diffraction angles. Fur-
thermore, the diffraction peaks of CL-20/NC appear broader compared to those of raw
CL-20, as determined by the Scherrer equation [14] (1).

0.89A
" PB-cos®
in which D is the size of crystal CL-20, A is the wavelength of the incident X-ray, and [ is
the FWHM value.

The gradual weakening or disappearance of diffraction peaks as particle granularity
decreases is a well-known phenomenon. For instance, characteristic peaks of CL-20, typi-
cally observed at 12.6°, 13.8°, and 25.8° according to the literature [15], closely align with
the data presented in Table 2. Notably, the full width at half maximum (FWHM) values of
CL-20/NC are higher than those of CL-20, with some even approximately tripling. While
the peak intensity of CL-20/NC at 12.5° surpasses that of CL-20, the overall trend indicates
a weakening of diffraction peaks. This weakening can be attributed to the amorphous na-
ture of nitrocellulose, as its coating on CL-20 attenuates the intensity of diffraction peaks.
Furthermore, the coating process, which involves a phase change of the adhesive from
liquid to solid, accompanied by Van der Waals forces and hydrogen bonding, facilitates
the formation of a continuous, uniform coating of polymeric binder on the surface of ex-
plosive crystals, thus preserving their crystal form. Consequently, the final product re-
mains in the e-form crystal structure.

M

Table 2. Comparison of CL-20/NC and CL-20's characteristic peak data of DSC.

Sample Peak Value/a.u. 20/° FWHM/°
Peak #1 #2 #3 #1 #2 #3 #1 #2 #3
raw CL-20 3346 1053 1575 1253 1379 2575 0.1376 0.1318 0.2201
CL-20/NC 3596 302 1246 13.63 1555 24.13 0.2262 0.5298 0.3404
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Figure 6. X-ray diffraction of raw CL-20 and CL-20/NC.

3.3. DSC Analysis

The thermal decomposition characteristics of raw CL-20 and CL-20/NC samples, each
weighing 0.5 mg, were analyzed using the DSC method under N2 atmosphere.

According to ICTAC, 4 different heat rate DSC tests were performed to analyze the
thermal decomposition characteristics of CL-20 and CL-20/NC. Figure 7a and Figure 7b
display the DSC curves of CL-20 and CL-20/NC, respectively. Heating rates () of 5
K'min™, 10 K‘min™, and 15 K-min-! were employed for raw CL-20, whereas for CL-20/NC,
heating rates of 5 K-min, 10 K-min, and 20 K-min~! were used. The decomposition peak
temperatures of CL-20/NC were recorded as 238.78 °C, 246.32 °C, 256.61 °C, and 254.04 °C
at heating rates of 5 °C-min-?, 10 °C-min-1, 15 °C-:min-!, and 20 °C-min-!, respectively. These
temperatures are lower compared to the decomposition peak temperatures of raw CL-20,
which were measured at 242.61 °C, 250.45 °C, 252.03 °C, and 259.14 °C, representing a
difference of 3.83 °C, 4.13 °C, 4.58 °C, and 5.10 °C, respectively.

The thermal decomposition kinetic parameters of the raw material and CL-20/NC
were calculated using Kissinger’s equation [16] (1) and the thermal explosion critical tem-
perature equation [17] (2), based on the data obtained from the DSC test. The results are
presented in Table 2.
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Figure 7. DSC of raw (a) CL-20 and (b) CL-20/NC.
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in which, i is the heating rate, K-min, Tji is the decomposition peak temperature, K. A is
the pre-exponential factor, min™. R = 8.314 J-mol*-K~', the molar gas constant. E is the
apparent activation energy, J-mol™. Te is the peak temperature when the heating rate is
zero, K. Ty is the critical temperature of the thermal explosion, K.

Substitute the value of E and T. obtained by Equation (3) previously into Zhang-Hu-
Xie-Li’s Critical Temperature of Thermal Explosion [18] (4). The T» of CL-20 and CL-20/NC
can be obtained as shown in Table 3. The fitting curves of CL-20 and CL-20/NC obtained
by Kissinger’s method are shown in Figure 8, which indicates well fit of the model.

Table 3. Thermal parameters of raw CL-20 and CL-20/NC.

Sample 'E/kJ-mol- 2A 3T./K +Tu/K
raw CL-20 173.25 1.37 x 1017 523.60 526.72
CL-20/NC 192.01 1.60 x 10 528.44 534.53

1 E is apparent activation energy, J-mol; 2A is pre-exponential factor, min'; 3 T. is peak temper-
ature when heating rate is zero, K; 4 T» is critical temperature of thermal explosion, K.

The apparent activation energy of CL-20/NC is 192.01 k]J-mol~, which is 18.76 k]J-mol-!
more compared to raw CL-20. Ts and T. also increased by 4.84 K and 7.81 K, respectively.
This is maybe because the particle size of refined CL-20 becomes smaller and the specific
surface area increases, which enhances the heat transfer performance and accelerates the
decomposition and detonation of the explosive.
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-# raw CL-20
-9.6 =~ Curve fitting 96
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—=— Curve fittin
-98- . 98 9
— -10 ~. — =104
a S ‘a
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0.00188 0.0019 0.00192 0.00194 0.00188 0.0019 0.00192 0.00194 0.00196
117 17T
(a) (b)

Figure 8. Fitting curves of (a) CL-20 and (b) CL-20/NC obtained by Kissinger’s method.

3.4. Impact Sensitivity Study and Detonation Performance

According to the GJB-772A-1997 standard method 601.2 [19], the test was conducted
using a Model 12 Drop Weight Tester. The testing conditions are listed below (two re-
peated experiments were performed): sample mass: 35 + 1 mg, ambient temperature: 10
°C to 35 °C, dropper weight: 5 + 0.002 kg, relative humidity < 80%. The test results are
presented in Table 4. The impact sensitivity (Hso) height of CL-20/NC is 32 cm higher than
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that of raw CL-20, representing a 213.33% increase compared to raw CL-20. For compari-
son, the Hso and VoD of HMX are 11 cm and 9100 m-s™!, which CL-20/NC is identical to
HMX.

Table 4. Results of impact sensitivity for raw CL-20 and CL-20/NC.

Sample Drop Height (Hso)/cm VoD/m-s!
raw CL-20 15 9200
CL-20/NC 47.0 9180

HMX 11 9100

Detonation velocity (VoD) serves as an index parameter for explosive output energy
[20]. It was observed that the VoD of CL-20/NC can reach 9180 m-s™, nearly equivalent to
that of the current military standard explosive octogen (HMX). In conclusion, the CL-
20/NC microspheres prepared by the spray-drying method exhibit not only insensitivity
to impact but also high detonation performance.

The applications of the Ems are in munitions that are chemically stable enough to
withstand various stimuli during storage and transportation and can still explode as in-
tended to defeat their targets. The use of insensitive energetic materials significantly im-
proves the protection of modern nuclear warheads and increases the survivability of con-
ventional munitions in a hustle environment.

4. Mechanism of the Desensitization of the Obtained Composites

In 1952, Bowden et al. [21] systematically elaborated on the concept of “hot spots”
while investigating heterogeneous energetic materials: defects such as impurities, voids,
and grain boundaries can result in non-uniform internal density within energetic materi-
als. Upon impact, a shock wave propagates through these areas of uneven density, gener-
ating localized high-temperature zones known as “hot spots”. Additionally, they experi-
mentally determined that the size of hot spot formation ranges from 0.1 to 10 um, with a
brief duration of 105 to 10-3 s [22].

The spray-drying method contributes to the improved performance of CL-20/NC
compared to raw CL-20 in several ways: The spray-drying method can produce sub-mi-
cron composite particles with a spherical shape, and the size and shape of the particles
can significantly influence the combustion and detonation properties of the explosive. It
is believed that NC forms hydrogen bonds with CL-20. This results in increased affinity
and reduced appearance of hot spots in CL-20/NC composites, which can reduce the im-
pact and friction sensitivities of CL-20 and thus, lower the decomposition peak tempera-
ture of CL-20. This means that the explosive can release more energy per unit mass, mak-
ing it more efficient.

Under external loading, energetic materials undergo stress dissipation and relaxation
of defect structures, leading to localized concentration of heat and the formation of na-
noscale hot spots. As defects evolve and chemical reactions occur, these hot spots gradu-
ally expand into micron-scale regions. Once the hot spot reaches critical conditions, spon-
taneous growth and expansion occur, ultimately triggering macroscopic ignition and det-
onation.

In this experiment, CL-20/NC demonstrated superior performance over CL-20 due to
several factors. Firstly, the raw material CL-20 possesses relatively large particle size and
uneven distribution, with irregular edges on the surface. Upon impact, these raw crystals
undergo friction, promoting stress concentration and facilitating the formation and ex-
pansion of hot spots. In contrast, the ultra-fine CL-20 particles obtained through spray
recrystallization exhibit a smooth, spherical surface, uniform particle size, and increased
specific surface area. Consequently, when subjected to mechanical impact, the impact en-
ergy is efficiently and evenly distributed among each CL-20 crystal particle [11], reducing
the likelihood of hot spot formation. Even if hot spots do occur, they are more prone to
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dissipate or fail to reach critical conditions. Consequently, CL-20/NC composites demon-
strate enhanced resistance to macroscopic impacts.

5. Conclusions and Expectations

Microspherical CL-20/NC composites were successfully prepared using the spray-
drying method, resulting in microspheres ranging in size from 0.5 um to 5 um with a
regular spherical shape, as confirmed by SEM analysis. XRD analysis was employed to
compare the crystal structures. Additionally, the thermal decomposition kinetic parame-
ters and characteristics of the ultrafine CL-20/NC were analyzed using DSC, revealing an
enhancement in apparent activation energy by 18.65 kJ-mol-'. The CL-20/NC composite
demonstrates significant improvements in impact stability and thermal stability, with its
impact sensitivity (Hso) tripling compared to raw CL-20. In conclusion, CL-20/NC offers
several advantages and lays the groundwork for the preparation of subsequent CL-20-
based composite explosives.

Researchers are actively involved in customizing CL-20-based materials to suit spe-
cific applications, spanning from military munitions and rocket propellants to diverse in-
dustrial uses. This tailored approach is vital to ensure that the material fulfills the distinct
requirements of each application. Furthermore, significant emphasis is placed on devel-
oping CL-20-based materials with long-term stability to mitigate the risk of degradation
over time, which is crucial for effective stockpile management. As with any advancing
technology, there is an anticipation of cost reduction as production methods improve and
become more efficient, thereby expanding the potential applications for cost-effective CL-
20-based materials.
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