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Abstract The inherent high sensitivity and
polymorphs phase transition of 1,3,5-trinitrop-
erhydro-1,3,5-triazine ~ (RDX), 1,3,5,7-tetranitro-
1,3,5,7-tetrazocane (HMX) and 2.4,6,8,10,12-hex-
anitro-2,4,6,8,10,12-hexaazaisowurtzitane ~ (CL-20)
have impeded their extensive practical applications
in propellants. Recently, cellulose nanofibers (CNFs)
have attracted an intense attention due to its biode-
gradable, outstanding mechanical properties, and
tunable surface physicochemical, thereby possessing
promising application in energetic materials. How-
ever, the poor hydrophobicity and dispersion of CNFs
easily agglomerate to units, which may encoun-
ter low-utilization of CNFs. Inspired by the strong
chemical adhesion properties of mussels, a facile and
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noncovalent in-situ polymerization of dopamine was
introduced to modify CNFs through a simple immer-
sion method. Then, utilizing the as-prepared CNFs@
PDA (polydopamine) to modify the energetic crys-
tals via a brief and safe water suspension method.
The in-depth characterizations of the obtained ener-
getic crystal @(CNFs@PDA) composites demon-
strate that CNFs were coated with a dense coating
PDA, wherein CNFs@PDA deposit uniformly on the
surfaces of energetic crystals, and the dispersibility
of CNFs was improved remarkably. In addition, the
thermal stability was obviously improved, whose
phase transition temperature of HMX and CL-20 in
the increased p— 06 and € —y from 184.1 to 206.9 °C
and from 162.7 to 182.2 °C, respectively. The sensi-
tivity of composites was also significantly decreased
compared with original energetic crystals. Hence, this
construction strategy of energetic crystal@(CNFs@
PDA) composites provides a promising method for
the modification of energetic crystals and application
potential propellants.

Keywords Energetic crystal - CNFs@PDA - Core—
shell structure - Stability - Sensitivity

Introduction

In the domain of energetic materials (EMs), the

high-energy and insensitive EMs plays as an impor-
tant direction needing to be developed (Xie et al.
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2018). Therein, nitramine explosive crystals like
hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX),
1,3,5,7-tetranitro-1,3,5,7-tetrazocane (HMX), and
2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazai-
sowurtzitane (CL-20) usually act as the mainly solid
components to enhance the energy performance of
propellants (Chen et al. 2021a). Whereas, high-energy
explosives usually feature high mechanical sensitivi-
ties (e.g., impact and friction), thus causing acciden-
tal combustion or explosion and significant economic
losses, even resulting in casualties during their pro-
cess of development, production, storage, transporta-
tion and application when encounter external energy
stimulation (Chen et al. 2021b). Additionally, the
polymorphic phase transition of HMX («, f, vy, 6) and
CL-20 (a, B, v, O, €) may occur once encountering
external stimuli, and lead to non-negligible restric-
tion and potential dangers,which is another issue need
to be addressed (Cady et al. 1963; Shen et al. 2014).
Moreover, the introduction of a mass of high-energy
solid fillers may also weaken the mechanical proper-
ties of propellants (Shen et al. 2019, 2020; Wang et al.
2020b). Therefore, addressing the balance between
the high-energy and high-safety of EMs remains a
highly challenging task that is what the world scien-
tist common research.

Over the past decades, numerous strategies have
been implemented to realize this balance, such as the
superfine smash technology, surface coating method
(Shu et al. 2015; Yuan and Xiao-Qing 2011), recrys-
tallization (Chauhan et al. 2021; Guillevic et al. 2020;
Liu et al. 2019), co-crystallization (Sinditskii et al.
2020; Song et al. 2018; Zhang et al. 2018), and so
forth. Among these mentioned methods or technolo-
gies, the surface coating method has been proved to
be the best and the most widely used ones, attributing
to their safer and cost-effective operations with well-
controlled procedures, that endow products with tun-
able performances (Huang et al. 2021). Up till now,
surface coating method has been manifested to be
an effective way to enhance the thermal stability and
improve the safety performance of EMs with insensi-
tive materials modifying the surface of energetic crys-
tal (Doukkali et al. 2017). More important, choosing
suitable insensitive agents is also another essential
factor to satisfy the comprehensive performances of
Ems (Yang et al. 2015). Hence, the development of
novel insensitive, high-strengthen and high-energy
EMs could be obtained through coating material
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innovation (Lin et al. 2018). In previous work, carbon
materials(Wang et al. 2018; Ye et al. 2018), organic
synthetic material (Jia et al. 2019, 2018; Wang et al.
2016; Yang et al. 2015; Zhang et al. 2019a, 2019b),
biological materials (Chen et al. 2021c; Gong et al.
2017; Lin et al. 2019), Inorganic metals or their
oxides and so forth (Aduev et al. 2021; Mao et al.
2018; Zeng et al. 2021; Zhou et al. 2019) were uti-
lized to modify the surface of energetic crystals and
obtained typical core—shell structure energetic com-
posites with improved thermal stability and insensi-
tivity. Recently, the emerging naturally derived cellu-
lose nanofibers (CNFs) have absorbed an increasing
attention on account of their biodegradable, high
strength, high surface area, and tunable surface
chemistry (De France et al. 2021). Therefore, CNFs
could act as functional reinforce materials, particu-
larly the high strength and tunable surface chemistry,
to provide application potential to the improvement
mechanical performance of EMs (Zhang et al. 2016).
Nevertheless, the inherent strong hydrophilicity and
water absorption properties of CNFs may result in
poor dispersion and easily agglomerate to units with
low-utilization in the actual applications (Wang et al.
2020a). Hence, improving the dispersibility of CNFs
and impeding the agglomeration phenomenon of
CNFs are of immense significance to widen the actual
application in many kinds of fields (Huang et al.
2020).

Inspired by the adhesive nature structure of cat-
echol and amines in mussel-adhesive proteins,
polydopamine (PDA) (molecular structure shown
in Fig. 1) has attracted great research interests and
became a unique “bio-glue” since its strong and
universal adhesion ability (He et al. 2017; Lin et al.
2018). The use of dopamine solutions as dip-coat-
ing through the oxidation-polymerization of mono-
mers has provided a sample and versatile method
for modifying surfaces of solid materials, and led
to the development of bio-inspired PDA for the suc-
cessful modification of various substrates, including
metals, metals with native oxide surface, semicon-
ductors, ceramics, carbon materials, and synthetic
polymers (Lee et al. 2007; Maerten et al. 2015). In
addition, the PDA-mediated chemistry also provides
a general method for the fabrication of numerous
multifunctional substrates with specific properties
(Dreyer et al. 2013; Liu et al. 2014).
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Fig. 1 The preparation process of CNFs@PDA coated nitramine explosive composites (a) and the coating process of CNFs@PDA
(b)

Herein, in order to reduce the sensitivity of nit- through an in-situ polymerization of dopamine to
ramine explosive crystal as well as maintaining improve the dispersibility and interfacial interaction
favorable thermal stability, mussel-inspired by the of CNFs. After then, the as-prepared CNFs@PDA
strong adhesion ability of PDA, this study intends is utilized to modify the surface of energetic crys-
to firstly prepare CNFs@PDA composite materials tal via a facile ultrasonic method and a simple water
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suspension method, respectively. The characteriza-
tions of SEM, XRD, FT-IR, Raman are employed to
study the stability of structure for samples, while the
TG-DSC analysis is constructed to probe the ther-
mal stability and decomposition behavior of sam-
ples. Finally, to investigate the safety performance of
samples, the impact, friction and electrostatic spark
sensitivity of sample are carried out. Meanwhile, the
desensitization mechanism of energetic crystals mod-
ified by CNFs@PDA is discussed.

Experimental section
Materials

RDX (purity 99%), HMX (purity 97%), and CL-20
(purity 99%) were provided by Liaoning Qing
yang Chemical Co., Ltd.; The concentration 5
wt% of CNFs is supplied by Beijing Institute of
Technology (BIT). Dopamine hydrochloride and
(hydroxymethyl)-aminomethane (Tris) were provided
by Sigma-Aldrich and used as received. The deion-
ized water is home-made.

Sample preparation

The preparation scheme of energetic composites is
displayed in Fig. 1. The process of coating is per-
formed typically as follows:

Firstly, the raw CNF suspension with concentra-
tion of about 5 wt% was diluted by 30 mL tris-solu-
tion into concentration of about 1.00 wt% with con-
stant magnetic stirring (600 rpm-min~!) to obtain
homogeneously CNF suspension solutions for 15 min
and ultrasonic for 20 min. Then, the 150 mg DA was
added into above mentioned CNF suspension with
constant magnetic stirring about 6 h and 20 ultrasonic
for 20 min. Then, the energetic crystal RDX, HMX
and CL-20 was added into the CNFs@PDA solu-
tion for 6 h, 12 h and 24 h. After then, the obtained
solutions were separated by centrifugation and rinsed
with large quantity of deionized water several times
to remove excessive PDA. At last, the filtered prod-
ucts were dried in vacuo at 50 °C for 24 h. To further
investigate the addition of CNFs@PDA content on
the performance of energetic crystals, the two times
and three times of CNFs@PDA content were pre-
pared and used to modify the energetic crystals as the
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above-mentioned process. These as-prepared samples
were labelled as RDX@(CNFs@PDA)-6 h, RDX@
(CNFs@PDA)-12 h, RDX@(CNFs@PDA)-24 h,
RDX@(CNFs@PDA),.,-12 h, and RDX@(CNFs@
PDA),.5-12 h, the same to that of HMX and CL-20.

Characterization

The morphological observation of these obtained
samples was conducted by a field-emission scanning
electron microscope (FESEM, FEI400, Hitachi Co.,
Ltd. Japan). The structure was detected by X-ray dif-
fraction (XRD) analysis (Bruker D8 Advance, Ger-
many), and the diffractometer uses Cu Ko radiation
under the conditions of 40 kV and 40 mA, while the
scanning range for 20 is from 5 to 60°at the rate of
0.03°/0.1 s. Fourier transform infrared (FT-IR) spec-
troscopy (Nicolet iS10, Thermo Scientific, USA) was
performed to analyze the organofunctional groups of
the composites. To further investigate the structure
and distribution of these samples and the disordering
degree, Raman microscopy analysis using a confocal
Raman spectrometer (Renishaw inVia-2JGY39) and
groups mapping analysis were also conducted under
the condition of 532 nm excitation. Notably, to pre-
vent the decomposition or ablation phenomenon of
the EMs due to the strong laser exposure, the laser
beam was set on the as-prepared sample surface with
a 50 x objective for an exposure time of 5 s, at a low
laser power of 10% in each time. Thermal decompo-
sition properties were analyzed by differential scan-
ning calorimetry (DSC, TA Instruments SDT 600).
The samples were heated at range temperature of 100
to 350 °C with heating rates of 10 °C-min~', under
a nitrogen (N,) atmosphere at about 40 mL-min~!
flow rate. In addition, Thermogravimetry (TG, STA
8000 instruments) has also been carried out to probe
the thermal property of composites at heating rete
of 10 °C-min~! from 100 to 400 °C with N, about
20 mL-min~!. The mass of the tested samples of
about 1.5 mg was added to an Al,Oj; crucible.

For the sensitivity test of samples, the impact
sensitivity was carried out by the principle of
GJB772A-97 with a fall hammer of OZM research
BAM Fall hammer device, and 25 samples with
mass of 50+1 mg were tested by drop weight
about 5 kg, room temperature of 19 °C, and rela-
tive humidity of 16%. The special height (Hs,)
representing the drop height of 50% explosion
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probability to illustrate the results. The physical
pictures of BAM Fall hammer device and the sche-
matic of the impact sensitivity assembly are dis-
played in Figure S1 and Figure S2.

In terms of the friction sensitivity, which was
tested by using MGY-1 friction instruments based
on the rule of GJB 602.1. During each determina-
tion, 25 samples were tested and the explosion prob-
ability (P, %) was obtained. The physical picture of
the instrument and the simple diagram illustration
was shown in Figure S3.

The electrostatic spark sensitivity was meas-
ured by utilizing an instrument of OZM research
Xspark10 tester. The samples were placed between
two electrodes discharge with 0.25 mm and initiated
by a set voltage. The electrostatic spark energy (Es5;)
was calculated according to equation:

Esy= %CUZ
where the C is capacitance and U is voltage. The Ej,
was adjusted by set the value of C and U.

The physical photos of electrostatic discharge sen-
sitivity test device and the scheme of the static spark
gap assembly were presented in Figure S4 and Figure
Ss.

Results and discussion
Morphologies
The morphologies of raw RDX, HMX, CL-20 and

CNFs@PDA coated energetic composites were
obtained by SEM, as displayed in Fig. 2. As shown,

Fig. 2 The SEM images of RDX (a), HMX (b), CL-20 (c) and theirs corresponding CNFs@PDA coated energetic composites at dif-

ferent coating time (6 h, 12 h, 24 h)
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the pristine crystals of RDX, HMX and CL-20 pre-
sented a smooth surface with morphologies of ellip-
soidal surface, sharp-edge angle polyhedral and
the average diameter was about 20 pm, 90 pm and
50 pm, respectively. After coated by CNFs@PDA,
the surface morphology of energetic crystals was
becoming relatively rougher because of the depos-
ited polymeric CNFs@PDA composite fibers. This
phenomenon exerted increase trend for the roughness
on the surface of energetic crystal with the increase
coating time from 6 to 24 h. That was to say, when
the coating time of CNFs@PDA was short, that could
not form a compact coating layer on the surface of
energetic crystals. According to Fig. 2e—h, it can be
noticed that the composites CNFs@PDA fibers was
dispersed uniformly on the surface of HMX crystal.
From Fig. 2i-1, it was found that deposited content of
CNFs@PDA on surface of CL-20 crystal was gradu-
ally increasing following the increase coating time.
As a consequence, the energetic crystal coated par-
tially by CNFs@PDA fibers exhibited a coating struc-
ture and formed reasonably uniformly covering on the
surface of crystals. In our previous study, it has dem-
onstrated that a proper content of CNFs could deposit
uniformly on the surface of energetic crystals, while
slightly agglomeration occur when the addition con-
tent of CNFs was large. Therefore, in this work, it can
be inferred that the dispersity of modified CNFs@
PDA composites was further improved. The main rea-
son could not only attribute to the similar core—shell
structure of energetic composites where the crystal
could provide enough attachment point for CNFs@
PDA, but also result from the enhanced interaction
between CNFs and energetic crystal due to the exist-
ence of PDA coating layer.

Composition and structure

To study the crystal structures stability of as-prepared
energetic crystal composits modified by CNFs@PDA
samples, XRD analysis was carried out as shown
in Fig. 3a—c. As displayed, the characteristic dif-
fraction maximums of RDX, HMX and CL-20 are
indexed with JCPDS card no. 46-RDX: 1606, HMX:
45-1539, and CL-20: 50-2045, respectively. In terms
of the CNFs@PDA coated energetic composites, the
representative diffraction peaks of energetic crys-
tals like RDX, HMX and CL-20 were maintained
well without damaging, revealing that the inherent
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structure of crystal has not been changed during the
preparation process. However, it was found that the
intensity of several diffraction peaks for the CNFs@
PDA coated samples was varied compared to that of
raw energetic crystals. For example, compared with
raw RDX, RDX@(CNFs@PDA),;-12 h decreased
intensity at 26 of 20.19°, 26.75°, 29.20°, and 32.13°,
while that of RDX@(CNFs@PDA)-12 h increases in
17.58°, 25.18° and 29.12°; comparing to HMX, it can
be found that the intensity of all diffraction peaks for
HMX@(CNFs@PDA),.;-24 h was decreased dramat-
ically; the similar variation of peak intensity could be
noticed in CL-20@(CNFs@PDA),.,-12 h, while that
of CL-20@(CNFs@PDA)-24 h increases in 12.58°,
12.81°, 13.83°, and 15.45°. In theory, the inherent
orientation distribution characteristic of energetic
crystals can generate various crystal surface signals
during XRD analysis. Thus, these variations of peak
intensity mentioned above could be attributed to the
preferential orientation of crystals, which is extraor-
dinarily widespread in the subject of crystallogra-
phy. Particularly for polycrystalline energetic crystals
HMX (e.g., o, B, ¥, and o) and CL-20 (e.g., a, B, v, O,
and €). After coated by CNFs@PDA, the preferential
orientation of energetic crystals may probably result
in the different intensity changes of diffraction peaks.
Satisfactorily, as indicated, the optimized structure of
pf-HMX and e-CL-20 was maintained favorably dur-
ing the preparation process.

FT-IR spectroscopy was performed to study
the organic functional groups of pristine energetic
crystals and CNFs@PDA coated sample, as dis-
played in Fig. 3d—f. As can be seen, the absorption
features of CNFs@PDA coated samples were not
changed on the whole compared to that of pristine
energetic crystals. However, a distinct phenome-
non could be noticed that the spectral peaks locat-
ing at 3337 cm™!' were attributed to the —OH in
CNFs@PDA, which became more evidently with
the increase coating time and addition content of
CNFs@PDA. With regard to other character absorp-
tion peaks marked in Fig. 3d—f), taking CL-20 and
its corresponding composites as an example, the
absorption peaks around 3044 cm™!, 3017 cm™!
were resulted from the —CH, stretching vibration
absorption peaks in cage or ring structure of CL-20
molecular; the bands at 1563 cm~! and 1613 cm™!
indicated the (symmetry and asymmetry) stretch-
ing vibration absorption peak of —NO,. Besides,
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Fig. 3 The XRD patters (a—c) and FT-IR spectra (d—f) of RDX, HMX, CL-20 and their corresponding composites

it should be noted that the intensity of absorption trend with the increase coating time and addition
peak of CNFs@PDA samples was reduced slightly content of CNFs@PDA, Therefore, these structural
on the whole, as compared to that of pristine ener- features confirmed the successfully wrapping of

getic crystal, and exerted a gradually decreased three energetic crystal by CNFs@PDA fibers.
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Raman spectroscopy was another nondestruc-
tive, effective and fast characterization technique to
detect both inorganic and organic materials, which
provides a complementary function with FT-IR spec-
troscopy. Herein, it was performed for further dem-
onstrating the successful modification of three ener-
getic crystals. Raman spectroscopy features of RDX,
HMX, CL-20 and CNFs@PDA coated samples were
shown in Fig. 4a—c. As displayed, the bands located
at the range of 100-736 cm~!, 748-1054 cm™!,
11481169 cm™! were correspond to the ring or cage
stretching, (symmetry and asymmetry) stretching
vibration absorption peak of -NO, (-N-N), and the
—CH, stretching vibration absorption peaks in cage
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Fig. 4 The Raman spectra of RDX (a), HMX (b), CL-20 (c)
and theirs corresponding composites, and the mapping images
of 3D distribution of RDX@(CNFs@PDA) (d), HMX@
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or ring structure of energetic crystals, respectively.
Similar with FT-IR spectroscopy, the absorption peak
intensity of Raman spectroscopy for CNFs@PDA
coated products displayed a decreased trend with the
increase coating time and addition content of CNFs@
PDA. Moreover, after coated by CNFs@PDA, the
Raman spectroscopy curves exhibited a certain of
fluorescence, which was specifically expressed as the
increasing gradient of curves. This result also dem-
onstrated the successfully coating of three energetic
crystal by CNFs@PDA.

To further study the composition and dispersity of
the composites, the three-dimension (3D) of Raman
mapping and the signal to baseline mapping images

(CNFs@PDA) (e) CL-20@(CNFs@PDA) (f) and their corre-
sponding signal baseline of groups (d;-d,), (e;-e4) and (f}-f,),
respectively
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are shown in Fig. 4d—f. It can be found that the com-
positions of composites were mainly divided into four
groups. Taking HMX@(CNFs@PDA)-24 h as an
example, s the ring motion range of HMX (gray part)
(Fig. 4el), the ring vibrations stretching of HMX
crystal molecule belongs to green part (Fig. 4e2), the
anti-symmetric vibrations stretching of -NO, groups,
which corresponded to red part (Fig. 4e3); while the
—CH, vibrations was ascribed to blue part (Fig. 4e4).
Thus, the above results of vibrational signal mapping
images demonstrate the stable molecular structure of
composites, and the 3D of distributions and signal to
baseline mapping images also manifest a favorable
dispersibility of the composites.

Thermal analysis

Thermal stability is generally assumed to be a signifi-
cant performance for EMs. Herein, the DSC curves
of RDX, HMX and CL-20, and theirs corresponding
CNFs@PDA coated samples were performed at heat-
ing rate of 10 °C-min~"! in range of 100-350 °C, as
shown in Fig. 5a. The corresponding thermal param-
eters was summarized in Table S1. As displayed, the
exothermic peak temperature of RDX was gradually
improved with the increase of coating time from 6 to
24 h, and transferred to a high temperature from 241.5
to 250.3 °C. It was worth noting that the increased of
addition content for CNFs@PDA in composites sys-
tem seemed to not further improve the exothermic
peak temperature, while became decreasing with the
increased addition content. For example, the exother-
mic peak temperature of RDX(CNFs@PDA),.; was
decreased to 245.1 °C. As for the endothermic peak
temperature, it was just improved slightly, which
seemed to be not influenced by the coating layer of
CNFs@PDA. The similar variation phenomenon of
exothermic and endothermic peak temperature could
be found for HMX and its corresponding CNFs@
PDA coated samples. However, the endothermic peak
temperature of HMX(CNFs@PDA),; (205.1 °C)
was also much larger than that of HMX (184.1 °C),
which indicated that the polymorph stability of
HMX(CNFs@PDA) composites was improved.
With regard to CL-20, the exothermic and endother-
mic peak temperature of CL-20(CNFs@PDA) com-
posite exerted an increased trend with the increased
coating time and addition content of CNFs@PDA.
Therein, the exothermic peak temperature was

increased from 239.1 to 246.7 °C, while the endo-
thermic peak temperature was increased from 162.7
to 182.2 °C. On another hand, the heat release of
composites decreased due to the addition of inert
materials. For instance, the value of heat release for
RDX, HMX and CL-20 was 1418 J.g=!, 1643 J.g7!,
and 1966 J-g~!, while that of RDX(CNFs@PDA), ,,
HMX(CNFs@PDA),.; and CL-20X(CNFs@PDA), ;
was 746.8 J-g7!, 868.4 J.g=! and 970 J.g7!, respec-
tively. Therefore, the mentioned above results demon-
strated that a proper coating time and suitable addi-
tion content of CNFs@PDA can remarkably improve
the polymorph stability of HMX and CL-20 and the
thermal decomposition stability of three nitramine
explosives.

TG analysis was further conducted to study the
thermal decomposition weigh loss process of RDX,
HMX and CL-20, and theirs corresponding CNFs@
PDA coated samples, as shown in Fig. 5b. The cor-
responding thermal parameters were displayed in
Table S2. It can be found that that the step of lose
weight was gradually divided into two steps with
the increasing coating time and addition content of
CNFs@PDA. Taking RDX(CNFs@PDA),.; as an
example, the first step of weight loss could attrib-
ute to the decomposition of RDX crystals, while the
second one should ascribe to the decomposition of
CNFs@PDA. This similar phenomenon could also
be noticed in HMX, CL-20 and their corresponding
composites, especially for HMX(CNFs@PDA), ;
and RDX(CNFs@PDA),.,. Therein, the RDX, HMX
and CL-20 stated to decompose early from about
225 °C, 278 °C and 240 °C, respectively, while that
of CNFs@PDA became decompose at approximately
350 °C. The above-mentioned results manifested that
multistep weight loss behavior was more evidently
with the increase addition of CNFs@PDA, whereas
the mass of composites was seemly to be increased
compared with other samples. The main reason could
be ascribed to the exist of large content of CNFs@
PDA particle in composites, whose decomposition
behavior was not entirely and remain in reaction prod-
ucts. Therefore, based on the mentioned above results
of DSC, TG analysis, it can be obtained that these
nitramine explosive crystals modified by CNFs@
PDA revealed different thermal decomposition per-
formance, including the improved thermal stability,
polymorph stability, step-by-step of decomposition
weight lost behavior. Besides, it also demonstrated
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that energetic crystals modified with a proper content
of CNFs@PDA composites is necessary and need to
be controlled.

Sensitivity performance

In Fig. 6, the sensitivity tests including impact, fric-
tion and electrostatic spark were performed to evalu-
ate the safety performance RDX, HMX and CL-20,
and theirs corresponding CNFs@PDA coated

samples. As displayed, after coated by CNFs@PDA,
the obtained composites presented much lower sen-
sitivity compared with neat energetic crystals. It was
found that the sensitivity exerted decreased trend
with the increase coating time and addition content
of CNFs@PDA. For instance, in Fig. 6a, the value of
Hs, for RDX was 31.1 cm, after coated by CNFs@
PDA with coating time about 6 h, 12 h and 24 h,
that of Hs, was increased to 34.5 cm, 38.8 cm, and
41.6 cm. In addition, with the increase addition of

| jo 100
|(a 90 -
504
| 80
404 0]
60 -
£
o X
~ 304 2 504
I% Q

30

N A

O P

Fig. 6 The impact, friction and electrostatic spark sensitivity of pristine RDX (a), HMX (b) and CL-20 (c), and theirs corresponding

(CNFs@PDA) coated composites
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CNFs@PDA content, that of Hs, for RDX@(CNFs@
PDA),., and RDX@(CNFs@PDA),; was further
increased to 43.8 cm and 45.5 cm. The similar vari-
ation regular for sensitivity could be found in HMX
and CL-20, and theirs corresponding CNFs@PDA
coated samples as well. It indicated that the formation
of CNFs@PDA shell layer could effectively desensi-
tize these energetic crystals and grants the composites
with favorable insensitivity character. Besides, both of
the coating time and the addition content of CNFs@
PDA has influence on the sensitivity behavior.

To further analysis the desensitization mechanism
of the CNFs@PDA coated samples, Fig. 7 proposal
the probable mechanism of reduction sensitivity. In
general, the generation of hot spots is the dominating
cause controlling the explosion of explosive crystals,
and it occurs when going through these processes
of production, growth and diffusion, once suffering
from some extrinsic stimulation. Herein, in this study,

——— - ———

——

CNFs@PDA
e
> 7z
|Energetic crystals@ o~
1(CNFs@PDA) B
Energetié crystals

the results of sensitivity variations demonstrated
that the CNFs@PDA coating layer could effectively
improve the insensitivity of energetic crystals, which
can be explained from the following aspects. Firstly,
when the CNFs@PDA particles were coated on the
edges or corners of HMX and CL-20 crystals, the
hot spots could be reduced through covering the mar-
gins and nooks of HMX and CL-20 after coated by
CNFs@PDA, as shown in Fig. 7a. That was to say,
the CNFs@PDA coating layer played a function
role of lubrication. On another hand, the quite thick
shell layer of deposited CNFs@PDA on the surface
of crystals could hinder the diffusion of exoteric
stimuli. Secondly, the various morphology of ener-
getic crystals also form different thickness of PDA
shell layer, leading to partial stimulation touching the
core after experiencing the buffer layer of CNFs@
PDA. While CNFs act as a buffer system to isolate
the potential hot spots and prevent its incorporation

—— o — o — o —

Fig. 7 The proposal mechanism of CNFs@PDA coating and desensitization for energetic crystals
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and fast development. For example, the homogene-
ous distribution of CNFs@PDA on the surface of
RDX was able to reduce the generation possibility
of hot spots. Finally, the existence of CNFs@PDA
could decrease the squeeze, cut, or rub among crys-
tals to weaken the generation possibility of hot spots.
Moreover, the formation of hydrogen bond between
crystals and CNFs@PDA could absorb the energy
of exoteric stimuli and release them, as displayed in
Fig. 7b. Thus, the form of CNFs@PDA layer can be
regarded as a safe cushion to liberate extrinsic stimuli
and act as the earliest assailed to disperse the exterior
stimulation from the surroundings, thereby tremen-
dously lowering the possibility of hot spot production
and decreasing the sensitivity of CNFs@PDA coated
energetic crystals.

Conclusion

In summary, this study constructed a series of
CNFs@PDA coated energetic composites via a sim-
ple and safe in-suit self-polymerization method and
water suspension method. The obtained composites
exerted stable structure and composition without
crystal transfer for HMX and CL-20. It was found
that the CNFs@PDA coating layer was deposit uni-
formly on the surface of energetic crystals. The ther-
mal stability was improved remarkably with a proper
coating time and addition of CNFs@PDA content.
The exist of CNFs@PDA coating layer granted the
composites with different process of weight loss com-
pared with neat crystals. Meanwhile, the sensitivity of
the obtained samples exerted a decreasing trend with
the increased coating time and addition content of
CNFs@PDA, and a probable desensitization mecha-
nism of coating shell lubrication release energy was
proposal. Hence, this fabrication strategy and proper-
ties of energetic crystal@(CNFs@PDA) composites
may offer a promising application of CNFs and PDA
in high-strength and high-strength propellants.
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