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Abstract: In response to the problem of the high friction sensitivity of 3,4-bis(3-nitrofurazan-4-yl)
furoxan (DNTF) in solid propellants, the inherent component of solid propellants, nitrocellulose
(NC), was used to coat DNTF explosives via the water suspension method. The coated samples
were characterized by scanning electron microscopy (SEM) and friction sensitivity tests at a fixed 66°
swing angle, and molecular dynamics calculations were performed to study the friction sensitivity
and desensitization mechanism of NC-based DNTF coatings. The results show that NC, when used
as a coating layer, can form a white gel on the surface of DNTF crystals, which can effectively reduce
the friction sensitivity of DNTF. The coating effect becomes more obvious as the NC content increases.
When the NC content is 5%, the friction sensitivity decreases by 72%, and a prediction formula for
the exponential decay of DNTF friction sensitivity is obtained. MD calculation data show that NC
can weaken the stiffness, enhance the elastic-plastic properties, increase the ductility and toughness
of DNTF materials, and effectively improve the mechanical properties of DNTF. By combining
experiments and simulation calculations, while considering the compatibility of new components and
changes in propellant energy and other unpredictable new issues, NC can be referred to as a better
coating layer for DNTE, as it has a certain feasibility for improving the friction sensitivity of DNTF.

Keywords: coating; friction sensitivity; desensitization; molecular dynamics

1. Introduction

In recent years, high-energy-density materials have become a hot research topic among
scholars concerning energetic materials in order to optimize the energy characteristics of
propellant formulations and explosives. The new type of high-energy-density material
3,4-Bis (3-nitrofurazan-4-yl) furoxan (DNTF; Figure 1) has some comprehensive advantages,
such as an excellent detonation velocity, acceptable stability, and appropriate melting
point. Its comprehensive performance is superior to that of RDX and HMX and is close
to that of CL-20 [1,2]. DNTF has broad application prospects in explosives, propellants,
and propellants [3]. However, the high mechanical sensitivity and poor thermal stability
of DNTF itself hinder its application, making it more difficult to design and produce
application formulas [4].

Many scholars have conducted extensive research on reducing the mechanical sensitiv-
ity of explosives through coating. Nitrocellulose is a traditional high-energy binder with low
energy and tensile strength [5,6] that is widely used in propellants [7-9]. Tappan et al. [10]
introduced a method for uniformly coating CL-20 spherical nanoparticles with HDI
crosslinked NC. A solid loading of up to 90% was achieved by the sol-gel synthesis
frozen-gel method. Dong et al. [11] proposed a new method of coating ammonium nitrate
(AN) with NC, and the results showed a decrease in impact sensitivity. Liu et al. [12]
introduced a new spherical powder process method for NC-coated RDX. Shi et al. [13]
prepared RDX/NC ultrafine composite energetic microspheres by spray drying with NC
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as a binder. Shi et al. [14] prepared a new type of insensitive explosive by using RDX as
raw material and NC as binder, using the flash evaporation method. Zhang et al. [15]
successfully coated irregular HMX particles with energetic NC. In addition to using NC
to modify explosives, metal powder and ignition powder are also coated and modified
to obtain energetic materials with a better comprehensive performance. To protect the
activity of aluminum powder in solid propellants, Liu et al. [16] used NC to coat aluminum
powder and characterized its particle morphology, infrared absorption spectroscopy, laser
particle size analysis, and active aluminum content. Dai et al. [17] and Jiang et al. [18],
respectively, conducted NC coating modification research on ignition powder Al/Bi;O3
nanothermites and zirconium powder, using NC to improve energy output and electro-
static safety. Tisdale et al. [19] prepared ultrafine pentaerythritol tetranitrate (PETN) via the
spray-drying method, Xu Cong et al. [20] prepared HMX composite explosives with a 1%
magnesium sulfate heptahydrate microcapsule, and Song Y et al. [21] coated CL-20 with
polyquaternium-2 (M550) and graphene oxide (GO), and the friction sensitivity was signifi-
cantly reduced. Zhang et al. [22] conducted a detailed analysis of various factors affecting
mechanical sensitivity. Researchers at the San Diego National Laboratory [23] in the United
States developed a new type of friction sensitivity tester. The new friction sensitivity tester
designed by Chang et al. [24] uses 50% and 10% ignition points to characterize the friction
sensitivity of various explosives.

Figure 1. (a) The planar molecular structure of DNTE. (b) A ball-stick model of DNTF molecules.

In addition, domestic and foreign scholars have conducted some research on reducing
the mechanical sensitivity and thermal sensitivity of DNTF explosives. Song et al. [25] used
Am-GO as a coating to meet the mechanical sensitivity requirements of DNTF. Qin et al. [26]
proposed a method of encapsulating DNTF explosive crystals with energetic binder GAP
based on the water suspension method to improve their mechanical sensitivity and analyze
the desensitization mechanism. In addition to coating modification with binders, DNTF
and other explosives, such as DNAN, MTNP, DFTNAN, and TNBA, were optimized for
mechanical sensitivity, thermal performance improvement, and energy output character-
istics through the low eutectic method, respectively [27-30]. Previous research on the
NC coating of other substances or explosive particles has achieved good desensitization
effects, but different coating processes, experimental costs, and ease of operation have
also increased many uncertainties. In this study, the coating was used between the solid
propellant component binder and the oxidant explosive particles, thus avoiding the energy
loss and uncertainty caused by the introduction of new coating materials. At the same time,
the water suspension method for coating explosive particles is currently a traditional and
widely used method, which is safe, efficient, and cost-effective, and it has strong advantages
in the preparation process of molding powder.

The energetic binder NC was used as the coating material based on the water sus-
pension method to coat DNTF explosive grains to prepare molding powder grains in this
study. The morphology characteristics, thermal behavior, and friction sensitivity of the
test samples coated by NC were studied. The experimental phenomenon of the ignition
response in friction sensitivity testing was captured using a high-speed camera, and its
changing characteristics were analyzed. The molecular dynamics simulations were ap-
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water bath temperature 60 °C

DNTF explosive

suppression materials
water ——*«— wide mouth or conical bottle

suspension solution

plied to calculate and analyze the interface binding energy and macroscopic mechanical
properties of the molecular model for NC and DNTF composite system. Combining the
experimental and calculation results, the coating results of energetic polymer binder NC
on DNTF explosive grains were analyzed, thus providing certain experimental and the-
oretical support for the optimization of the friction sensitivity of DNTF. On the basis of
the friction sensitivity test results, a combination of high-speed photography results of
the friction ignition response, molecular dynamics calculation results, and microscopic
characterization results of the coating materials was used to analyze the friction-sensitivity
reduction mechanism of NC-coated DNTF explosive grains from macro, micro, and micro
perspectives.

2. Materials and Methods
2.1. Materials and Instruments

Materials: DNTF, purity greater than 99%, prepared by Xi’an Institute of Moderniza-
tion (Xi’an, China); NC, with a nitrogen content of 13%, China North Chemical Industry
Group Co., Ltd. (Beijing, China); and ethyl acetate, China National Pharmaceutical Group
Chemical Reagent Co., Ltd. (Beijing, China).

Instruments: PTY-A electronic analytical balance, purchased from Guangzhou Shangbo
Electronic Technology Co., Ltd. (Guangzhou, China); HH-S1 constant temperature water
bath pot, produced by Gongyi Yuhua Instrument Co., Ltd. (Zhengzhou, China); BGX-
70L electric constant temperature drying oven, produced by Suzhou Taiyoute Machinery
Manufacture Co., Ltd. (Suzhou, China); SEM-30 PLUS scanning electron microscope, Bei-
jing Tianyao Technology Co., Ltd. (Beijing, China); friction-sensitivity testing instrument
MGY-I, Shanxi Institute of Applied Physics and Chemistry (Xi’an, China); and high-speed
industrial camera, Shenzhen Huagu Power Technology Co., Ltd. (Shenzhen, China).

2.2. Preparation Experiment of NC-Coated DNTF

The coated samples were prepared with different NC contents according to the DNTF:
NC mass ratios of 99:1, 98:2, 97:3, 96:4, and 95:5, respectively. DNTF was mixed with water
in a ratio of 1:7 to prepare a water suspension and then stirred in a constant-temperature
water bath at 60 °C for 20 min. Then, the mixture of nitrocellulose and ethyl acetate
was added dropwise to the water suspension and stirred for 1 h, at a stirring rate of
300 rpm/min. After stirring, the sample was filtered through vacuum for 15 min and baked
in a water-bath oven at 50 °C for 2 h to obtain the sample product. The flowchart and
schematic diagram of the coating experiment are shown in Figure 2.
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Figure 2. (a) The flowchart of the coating experiment. (b) The schematic diagram of the principle of
the coating experiment.
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2.3. Performance Characterization

SEM: The NC-coated grain morphology of the test sample was measured using scan-
ning electron microscopy (SEM), and the comparative analysis was conducted on the
characterization morphology of NC-coated DNTF sample and DNTF raw grains. The test
samples of NC-coated DNTF explosive grains were all sprayed with gold and set to a
voltage of 15 kV.

Friction sensitivity: We referred to method 602.1 of GJ772A-97 and used the MGY-I
friction sensitivity instrument to test DNTF raw samples and NC-coated DNTF grains. The
test gauge pressure of the friction sensitivity instrument is 2.5 MPa, the swing angle of
pendulum is 66°, the dosage is 20 mg, and the friction sensitivity test results are expressed
as the explosion rate. Parameter settings for high-speed photography industrial camera:
The image resolution is 640 x 480, and the frame rate is 816 FPS. The schematic diagram of
the friction sensitivity experiment principles is shown in Figure 3.

‘w._ 8

Figure 3. Schematic diagram of friction sensitivity experiment principle: (1) pendulum support,
(2) top pillar, (3) sample, (4) punch, (5) guide sleeve, (6) upper sliding column, (7) strike rod, (8) pen-
dulum, and (9) high-speed camera.

DSC: The thermal behavior and decomposition process of the samples were measured
and analyzed using the HQC-1 differential thermal analyzer. DNTF and NC-coated DNTF
samples were subjected to DSC testing and analysis at a temperature-rise rate of 10 °C/min.
Temperature test range: 30-350 °C. Sample size: 3 + 0.1 mg. Sealed alumina crucible;
empty crucible as reference material.

2.4. Molecular Dynamic Simulation

Referring to Reference [31], the Visualizer module in Materials Studio2019 software
was used to establish DNTF 4 x 3 x 3 supercell structures that were cut along the main
growth planes to construct vacuum-free crystal structures of DNTF (011), (101), and (002)
crystal planes. The amorphous structure of NC was constructed based on its lattice size,
and the Build Layers function was used to obtain their double-layer interface crystal model,
with a vacuum layer thickness set to 30. The model was established as shown in Figure 4,
where the number of AC box layers is applied to characterize the different contents of NC.



Coatings 2023, 13, 1721

50f18

A ’\\
SRR
%@H

ré

Supercell DNTF

Binder NC

DNTF(011) DNTF(IOI) DNTF(002)

5,(*

o P T T
S

- .. LN N XX
St By G i o ¥ mﬁmmﬂmm

¢ \
m
4}, v 'l@ c % g — ‘,,’.:’\_;‘,_*J_',_b/_‘
je. i m‘wmuw;mbz
/\:&3 #”'A L l;# W)

(Poce o
A ’M”g}”ﬁ’t"ﬁ"

ﬂ.a\.w.o -----

Build Crystal interface

l

Cleave Surface

Create Amorphous Cell Interface system

Figure 4. The process of establishing an interface molecular model.

The geometric structure of the established interface molecular model was optimized,
and an MD simulation was performed under an isothermal isobaric ensemble (NVT) based
on the optimized interface model. The simulation conditions are set as the steps below. The
temperature control method is Anderson, with a time step of 1.0 fs, and a total calculated
time of 200 ps. The first 100 ps time steps are employed for thermodynamic equilibrium,
and the last 100 ps time steps are applied for the statistical analysis. During the molecular
dynamic simulation process, the Van Der Waals force and the electrostatic interaction were
calculated through Atom-based and Ewald methods, respectively. The calculated results
were output once per 1000 steps, totaling 50 frames. When the fluctuation range of tem-
perature and energy of molecular model is <5%, the system reaches dynamic equilibrium.
By analyzing the molecular equilibrium structure, the binding energy and mechanical
performance parameters can be obtained between the NC and DNTF composites” system.

3. Results and Discussion
3.1. Electron Microscopy Morphology Characterization

SEM was applied to characterize the microstructure of DNTF explosive grains mixed
with low-melting-point explosive particles. The electron microscope photos of the morphol-
ogy characteristics of DNTF grains are shown in Figure 5a,b, respectively, whose photos
of DNTF grains were magnified by 500 and 1000 times. Overall, DNTF crystal particles
appear in a regular polyhedral shape. The surface of DNTF grains without coating material
is relatively smooth and clean, with slightly smaller grains attached to larger grain surface
and no other attachments.

Figure 6 shows the electron microscopy morphology of the coating grains with a
magnification of 1000 for 1% to 5% NC in subgraphs a—e.

It can be observed that, after being coated with NC, the surface roughness of DNTF
increases. NC adheres smaller grains of DNTF to the surface of larger grains, and after
being magnified, it can be seen that the surface of the raw DNTF grains is in an ivory
adhesive condition, with a thin layer of NC evenly covering the grain surface. As the
NC content increases, the ivory gel on the grain surface of the DNTF explosive becomes
more obvious. The coating effect becomes more significant. The coating integrity and the
thickness of the ivory gel layer on the crystal surface increase. The observed results of
NC-coated DNTF grains are consistent with the increase of different crystal planes under
the condition of MS vacuum, indicating that NC-coated DNTF crystals have an excellent
coating effect.
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COXEM
10.0[KV] SP=12.0 WD=9.3 x1.0k 10[um] 3/8/2023

(b)

Figure 5. The SEM morphology of DNTF raw grains: (a) 500 x and (b) 1000x.

COXEM
10.0[KV] SP=12.0 WD=9.4 x494 100[um] 3/8/2023

Figure 6. The morphology of coating samples (a) with 1% NC, (b) with 2% NC, (c) with 3% NC,
(d) with 4% NC, and (e) with 5% NC.

3.2. Friction Sensitivity Test and Friction Response Analysis
The friction sensitivity test results of DNTF and NC-coated DNTF explosive samples
are indicated in Table 1.

Table 1. Results of friction sensitivity tests.

Sample Friction Sensitivity

DNTF 100%
MDNTF:MNC =99:1 72%
MDNTF:MNC =99:2 52%
MDNTF:MNC =99:3 40%
MDNTF:MNC =99:4 32%
MDNTF:MNC =99:5 28%

The friction sensitivity data in Table 1 show that the friction sensitivity of DNTF
explosive crystals coated with NC decreases compared to pure DNTFE. When the NC content
increases, the friction sensitivity of the coating system gradually decreases exponentially, as
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shown in Figure 6. Based on the results of electron microscopy morphology characterization,
as the NC content increases, the ivory gel on the surface of DNTF explosive grains becomes
more obvious. The corresponding result is that the coating effect on DNTF crystals becomes
more significant. The coating integrity and the thickness of the ivory gel layer on the
crystal surface increase can reduce the heat energy generated by friction between DNTF
explosive grains and the contact surface. Therefore, the explosion rate of friction ignition
was decreased, and the safety performances of DNTF explosive were improved.

Based on the friction sensitivity data in Table 1, the Origin2022 software was applied
to perform a scatter plot and fit the friction sensitivity prediction formula with changes in
NC content, as shown below in Figure 7. The fitted exponential equation is as follows:

P = 97.83¢ 0286

where P is the probability of explosion, %; and x is the NC content and <5, %.

110

B Scatter data of friction sensitivity

100 = ExpDec Fit of friction sensitivity

90 |-

80 |-

70 +

60

40 |

explosion probability of DNTF / %)

30

20 1 L 1 L I . 1 L 1 . 1
0 1 2 3 4 5

NC content / %

Figure 7. Scatter plot and fitting curve of friction sensitivity data for NC-coated DNTF.

Similar to many explosive performance studies, the explosion probability method was
used to test and calculate the friction sensitivity. In addition, based on the friction sensitivity
data, a prediction formula for the degree of friction sensitivity as the NC content changed
was fitted, and an industrial high-speed photography camera was used to record the
ignition and explosion phenomena of DNTF explosive particles and coated samples under
friction to better analyze the desensitization mechanism of NC on DNTF explosive particles.

The friction sensitivity data of DNTF explosives and their coated samples were ob-
tained through friction sensitivity testing experiments. At the same time, based on the
experimental method in Figure 3, high-speed photography industrial cameras were used
to capture the ignition and explosion phenomenon of the samples under friction. During
the experimental testing process, the image resolution parameters of the high-speed pho-
tography industrial camera were 648 x 480, and the frame rate was 816 FPS. Therefore,
the time interval between two high-speed photography images is about 1.23 ms, and the
shooting time of each image can be determined by counting the image intervals. Figure 8
shows high-speed photographic images of pure DNTF grains igniting and exploding under
friction experimental conditions. When t = 0 ms, the hitting rod precisely contacts the
upper sliding column at this moment. When t = 1.23 ms, pure DNTF explosive grains
have ignited and exhibit explosion luminescence phenomenon under the frictional force
generated by the impact of the rod on the sliding column. When t = 2.46 ms, the explosion
sound and flame phenomenon disappear, and the smoke of the explosion product appears
and spreads everywhere.
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(b) ()

Figure 8. Photography of ignition and explosion of pure DNTF grains under friction: (a) t = 0 ms,
(b) t=1.23 ms, and (c) t = 2.46 ms.

From Figure 8b, it can be seen that the pure DNTF explosive grain ignites and explodes
under friction at the left end between the sliding columns. That is to say, when the sliding
friction effect is just generated on the upper sliding column, the pure DNTF explosive grain
immediately ignites, resulting in explosion and firelight. The phenomenon of ignition and
explosion occurring at the initial stage of sliding friction indicates that pure DNTF explosive
grains have high friction sensitivity, high energy release efficiency, and high danger. At
the experimental site, it was found that the sample had a loud explosion sound under the
action of friction, and there was a visible flame phenomenon in the explosion chamber,
which is basically consistent with the analysis of the experimental phenomenon taken by
high-speed photography in Figure 6. This indicates that the phenomenon of high-speed
photography is in good agreement with the phenomenon that occurs after friction ignition
of the experimental site sample, and the analysis conclusion is also scientifically reliable.

Figure 9 shows a series of high-speed captured images of pure DNTF explosive grains
ignited and weakly exploded under friction. Figure 9a—c are three consecutive images taken
during the initial ignition of DNTF grains. There is obvious smoke in the photos, indicating
that the primary ignition of explosive grains occurred and that they began to decompose.
Figure 9d—f show the product and residual sample flying in a relatively enclosed space
after the hitting rod rebounds and leaves the upper sliding column, accompanied by smoke.
After conducting the analysis, we noted that the phenomenon of the weak explosion of pure
DNTF explosive grains in Figure 9 is consistent with the fact that the explosive sample in
the experimental site produced a crisp explosion sound. These explanations are reasonable
for the analysis process and results of ignition, decomposition, and weak explosion of the
sample in Figure 9.

Based on the water suspension method, a feasibility study was conducted on the
desensitization of DNTF explosive grains coated with energetic binder NC. The friction
sensitivity experimental data in Table 1 show that this desensitization method is feasible.
NC is an energetic polymer material that can also reduce the energy loss of the explosive
composite system caused by the increase of the coating material. Meanwhile, although the
friction sensitivity test results of the samples coated with DNTF in NC in Table 1 gradually
decrease with the increase of NC content, there is still a certain probability of explosion.
Therefore, the sample coated with DNTF by NC will also undergo ignition, decomposition,
and explosion under the action of friction, only reducing the probability of explosion in
a statistical sense. Thus, Figure 10 shows high-speed photography images of the ignition
and explosion of the coating material sample with a content of 3% NC under friction. From
Figure 10b, it can be seen that the flame phenomenon occurs at the right end between
the sliding columns during the ignition explosion of the 3% NC coating material sample.
This indicates that the ignition and explosion phenomena of the sample after friction are
somewhat delayed. This ignition phenomenon is exactly opposite to the ignition explosion
of the pure DNTF grain sample in Figure 8b at the left end between the sliding columns.
The subtle difference in ignition and explosion time indicates that the ignition response
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time of DNTF explosive grains coated with NC is delayed under the action of friction. This
indirectly confirms that NC, as a coating desensitizing material, plays a role in delaying or
reducing the friction sensitivity of DNTF explosives.

(a) (b) (c)

(d) (e) ()
Figure 9. Photography of ignition and smoke emission of pure DNTF grains under friction: (a) t = 0 ms,
(b)t=1.23ms, (c) t =2.46 ms, (d) t =9.84 ms, (e) t = 13.53 ms, and (f) t = 17.22 ms.

.
(@) (b)

Figure 10. Photography of ignition and explosion of NC-coated DNTF grains with 3% NC content
under friction: (a) t = 0 ms, (b) t = 1.23 ms, and (c) t = 2.46 ms.

(c)

The aforementioned experimental data indicated that the explosion rate of the DNTF
explosive samples coated with NC decreases with the increase of NC content under the
action of friction. At the same time, even if it was judged that the explosive sample coated
with NC is explosion, the experimental phenomenon was mainly caused by the ignition
decomposition of the sample, as shown in Figure 11, and accompanied by smoke, while
the ignition explosion phenomenon shown in Figure 10b was relatively rare.
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(b) (o)

Figure 11. Photography of ignition and smoke emission of NC-coated DNTF grains with 3% NC
content under friction: (a) t =0 ms, (b) t =1.23 ms, and (c) t = 2.46 ms.

Figure 11 shows that the coated DNTF explosive sample with a 3% NC content
underwent ignition and decomposition reactions under the experimental conditions in
this study, resulting in a significant amount of smoke and the effect of flying out of the
explosion chamber. This is the same as the smoke phenomenon observed during the
friction sensitivity testing experiment, but different from the weak explosion phenomenon
in the pure DNTF explosive sample in Figure 9, which leads to the scattering of products
and sample residues. This also indicates that NC as a coating material can weaken the
intensity of ignition response of DNTF explosives under the same friction sensitivity
experimental conditions.

3.3. DSC Analysis

The DSC curves of pure DNTF explosives and coated samples are shown in Figure 12. Ac-
cording to the DSC curve, the thermal decomposition process of pure DNTF is mainly divided
into two stages, including an endothermic melting stage and an exothermic decomposition
stage. The endothermic peak is 113.7 °C, and the exothermic peak is 279.9 °C.

7
—— DNTF

1% NC

i 277.6°C
3% NC
e 271.8°C
5% NC

5k

A _115.4°C 272.5°C

112.3°C 270.2°

Heat Flow/mW ——» exo

3
8 71.8°C

ol \F 8°C

| \FTC 279.9°C

0 111.8°C
E S
© 1 L 1 ll.3'70(:I L 1 L 1 L 1 L

50 100 150 200 250 300 350

Temperature/°C
Figure 12. DSC curves of DNTF and coated samples.

When the NC content is between 1% and 4%, the endothermic peak corresponding
to the melting process of DNTF decreases slightly. The melting process of DNTF in the
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NC-coated sample is reduced, the exothermic decomposition is promoted, and the peak
decomposition temperature is lower than that of pure DNTF explosives. The DSC curve
shows that the NC/DNTF sample begins to undergo exothermic decomposition at about
200 °C. As the NC content increases, the temperature required for exothermic decompo-
sition to occur decreases. When the NC content is 4% and 5%, there are two obvious
heating cycles and two exothermic peaks. The 5% NC content makes the endothermic peak
temperature of the coated sample higher than that of pure DNTEF, and the decomposition
peak temperature of the 5% NC/DNTF sample is higher than that of the other four contents.
It is speculated that this may be influenced by the NC content.

3.4. Theoretical Calculation of Binding Energy

The last equilibrium structure calculation based on the NVT ensemble MD simulation
can obtain the binding energy (Ep;nq) of different crystal planes between the binder NC
and DNTF; this calculation is commonly applied to measure the strength of the interaction
forces between different components in the composite material system. The larger the value
of binding energy, the more precise the binding between each component in the composite
system. The stronger the interaction force, the higher the thermodynamic stability of
the composite explosive system, and the more stable the formed coating structure. The
calculation formula is as shown in Equation (1) [32]:

Ebinding = —Einter = —(Etotal — EDNTF — ENC) 1

In the equation, Ejnter is the interaction energy between two components; E; ) is the
total energy of the composite explosive system in equilibrium; Epnrr is the single point
energy of the crystal surface of DNTF explosive after the adhesive was removed; and
En is the single point energy of the adhesive after excluding the DNTF crystal surface,
all in Kcal/mol. The binding energies of different crystal planes of NC and DNTF were
calculated on the basis of Equation (1), and the results are all listed in Table 2.

Table 2. Calculation results of the interface model binding energy.

Compound System Eiota/(kcal-mol—1) Eexplosive/ (kcal - mol—1) Epinder/(kcal-mol—1) Epinding/(kcal-mol~1)
E —6011.8 —13,019.3 908.4 —6099.1
vdw —1608.1 —1880.9 118.3 —391.1
NC/DNTE Electrostatic —4418.9 —5739.4 1276.6 —2597.1
(011) E —3989.7 —13,019.3 1780.6 —7249
vdw —1533.5 —1880.9 220.4 —567.8
Electrostatic —3271.6 —5739.4 2559.9 —5027.7
E —-1971.8 —6318.6 690.0 —3656.8
vdw —683.2 —800.9 98.6 —216.3
NC/DNTE Electrostatic —1700.9 —2822.3 1108.3 —2229.7
(101) E 225.2 —6318.6 1355.8 —5188
vdw —537.3 —800.9 172.5 —436.1
Electrostatic —481.4 —2822.3 2225.1 —4566
E —593.3 —4113.6 774.6 —2745.7
vdw —419.6 —337.8 89.6 —-7.8
NC/DNTF Electrostatic —782.9 —1723.0 1165.9 —2106
(002) E 1523.3 —4113.6 1489.2 —4147.7
vdw —384.4 —337.8 133.4 —86.8
Electrostatic 351.0 —1723.0 2342.2 —4416.2

Table 2 shows the binding energy calculations for three interface systems with different
binder contents. It can be seen that the nonbonding energy in the binding energy includes
two parts of the forces: vdw (van der Waals force) and electrostatic (electrostatic interaction).
The contribution of electrostatic interaction energy to binding energy in the interface
systems of NC/DNTF (011), NC/DNTF (101), and NC/DNTF (002) is 42.3%, 60.9%, and
76.7%, respectively. With the increase in the binder content, the contribution of electrostatic
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interaction energy to binding energy becomes more obvious, illustrating that the interaction
between the NC molecular structure and DNTF crystal plane is mainly the adsorption
effect of electrostatic force. The binding energy values of the NC/DNTF interface system
are in the order of (011) > (101) > (002). As the binder content increases, the binding
energy values increase, and the binding energy values of the three NC/DNTF interface
systems are greater than those of the DNTF system by 1452.3 kcal mol !, indicating that
the interface between the binder and the explosive can exist steadily. The binding energy
between NC/DNTF (011) interface is the highest, displaying that the interaction strength of
NC/DNTEF (011) is significantly higher than that between NC/DNTF (101) and NC/DNTF
(002), indicating better compatibility and stronger binding between NC and DNTF (011).
The calculation results of NC/DNTF binding energy indicate that the larger the binding
energy value between the DNTF crystal interface and the adhesive NC, the stronger their
bonding, and the smaller the interfacial slip, which can reduce the heat energy generated
by friction between the DNTF crystal and the contact area of sliding column. Therefore, the
explosion rate of friction ignition response will be significantly reduced. The calculated
values of the binding energy of NC/DNTF composite system match the test results well.
Therefore, the friction sensitivity values of the NC/DNTF coating gradually decrease with
the increase of NC content, which better reflects the internal factors that affect the friction
sensitivity of DNTF as a coating layer. In addition, as mentioned in Reference [33], the
numerical value of Gibbs free energy can characterize the thermal stability and toughness of
the composite system. The smaller the value of Gibbs free energy, the smaller the influence
of temperature on the composite system and, thus, the less likely it is to form hot spots,
making it beneficial for reducing the sensitivity of NC and DNTF systems.

3.5. Mechanical Performance Calculation

According to Hooke’s law and the stiffness matrix of the composite materials, the
mechanical properties can be obtained through theoretical calculations, e.g., the stress—
strain of the system (o-¢). The relationship satisfies the generalized Hooke’s law [34,35]:

0 = Gy ()

Among them, oj is the stress tensor, GPa; g is the strain tensor, %; G (i,j=1-6)isa
stiffness matrix of elastic constants, representing the stress—strain relationship. The larger value
of Cj;, the greater the stress that needs to be borne when producing the same strain. When the
material is taken for an isotropic material, the stiffness matrix of the stress-strain performance
can be expressed by the Lamé coefficients A and 1, as shown in Equation (3) [36,37]:

A A
+2p A

A A+2p
0 0 ®)
0 0

0 0

O OF © O O
OF © O O O
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The static mechanical performance analysis on the NVT ensemble under equilibrium
state was performed, and the elastic coefficients (C;) and effective isotropic moduli of
different crystal interface models were obtained for NC and DNTFE, including the Young’s
modulus (E), shear modulus (G), bulk modulus (K), K/G value, and Cauchy pressure
(Cqp2 — Cyq4). According to the correlation system between the moduli of isotropic materials,
the Latin American coefficient is used, A and p, represented as follows [38,39]:

B u(?;?\:ju) @
Kz?\—i—gp (5)
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According to Equation (8), the Poisson’s ratio of the NC/DNTF composite system can
be calculated (v). The calculation results of various moduli are illustrated in Table 3.

E =2G(1 +v) = 3K(1 —2v) ®)

Table 3. Mechanical performance parameters of interface system.

Modules/GPa  NC/DNTF (011) NC/DNTF (101) NC/DNTF (002) DNTF
Cn 0.5030 0.7275 0.3631 12.8557
Cx 1.8968 1.0453 1.8536 10.6884
Css —0.4392 0.7669 0.5203 9.1765
Cu ~0.3052 0.5386 0.2328 2.1781
Css —0.0539 0.7014 0.3603 2.0604
Ces —0.3401 0.5203 —0.2340 8.0035
Ci 0.6586 0.8909 0.5465 3.2970
Cis —0.1685 0.2640 —0.2296 1.1050
Cos 0.9194 0.1659 1.3602 3.2776

E 0.8917 1.3836 0.3410 10.4586

r 0.4138 0.1789 0.4245 0.1531

K 1.2751 0.7182 0.7526 5.0247

G 0.2331 0.5868 0.1197 4.5350
K/G 5.4702 1.2239 6.2874 1.1080
N 0.3834 0.1789 0.4244 0.1531
C1o-Cua 0.9638 0.3523 0.3137 1.1189

The plasticity and fracture properties of composite materials are closely connected to
modulus. The modulus parameter of mechanical properties is an indicator for evaluating
the rigidity of materials and a measure of the degree of resistance to elastic deformation.
The Young’s modulus (E), bulk modulus (K), and shear modulus (G) can all be applied to
measure the rigidity of a composite material. The Young’s modulus is a sign of material
rigidity, and the higher its value, the less likely it is to undergo deformation. The bulk
modulus can also be applied to represent the fracture strength of materials. The larger
the value of bulk modulus, the greater the energy required for material fracture; that is to
say, the fracture force of the material will correspondingly increase. The shear modulus is
related to the hardness, representing the ability to prevent plastic deformation of materials.
The higher the value of the shear modulus, the higher the hardness and yield strength of
the composite material.

The ratio of the bulk modulus to shear modulus (K/G) is employed to measure the
composite system’s toughness, which is the property of the material absorbing energy
because of plastic deformation. The higher the value of the bulk modulus to shear modulus
(K/G), the better the toughness of the composite system. The K/G value can also be
applied to evaluate the ductility of materials. The higher the value of the K/G, the better
the ductility of the composite material. The Cauchy pressure (Cip — Ca4) can also be used
to assess the ductility of the composite system and reflect the degree of brittleness of
the composite material. The Cauchy pressure is negative, and the composite material
represents brittleness. The smaller the negative value of the Cauchy pressure, the stronger
the brittleness of the composite material. On the contrary, when the Cauchy pressure
becomes positive, it means that the material has good ductility and exhibits excellent
toughness. Poisson’s ratio (v) denotes the ratio of transverse and longitudinal strains as a
result of load. The parameters of mechanical performance for the different crystal interface
systems of adhesive NC/DNTF and pure DNTF are illustrated in Table 3.
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Referring to the various parameters of the DNTF crystal, it can be found that the
energetic binder NC effectively improves the modulus of isotropic material of DNTF
crystal. Compared to the modulus of pure DNTF crystals, the tensile modulus (E), bulk
modulus (K), and shear modulus (G) of NC/DNTF (011), NC/DNTF (101), and NC/DNTF
(002) composite systems decrease, indicating a decrease in the hardness, yield strength,
and fracture strength of NC/DNTF composite material; a decrease in the rigidity; an
increase in the elastoplasticity; and an increase in the Poisson’s ratio [37]. The K/G, v,
and v values of NC/DNTF (011) surface system, NC/DNTF (101) surface system, and
NC/DNTF (002) surface system are all higher than those of pure DNTF crystals, and
the C1p — Cy4 values of the three composite systems are all positive. Therefore, it can be
inferred that the binder NC can optimize the ductility of DNTF and make DNTF have
good toughness. Based on the above analysis, it can be concluded that NC as the coating
material of DNTF can obviously optimize the mechanical properties of DNTE, especially the
increase of elastoplastic performance of the material system, which can effectively reduce
the friction ignition caused by interface friction of DNTE. This indicates that the friction
sensitivity of NC/DNTF coating gradually decreases with the increase in NC content,
mainly because NC as the coating layer significantly raises the elastoplastic mechanical
properties of DNTE. Therefore, the calculation results of molecular dynamics for assessing
the mechanical properties of the NC/DNTF composite material well reflect the essential
reason for the significant decrease in the friction sensitivity of the NC/DNTF coating at the
macro level. The modulus parameters of the NC/DNTF composite system contained with
a double-layer adhesive are illustrated in Table 4.

Table 4. Parameters of mechanical property between NC/DNTF interfaces.

Modules/GPa ~ NC/DNT (011)  NC/DNT (101)  NC/DNT (002) DNTF
E 0.5641 0.9435 0.6997 10.4586

r 0.1972 0.3353 0.3158 0.1531

K 0.3105 0.9548 0.6330 5.0247

G 0.2356 0.3533 0.2659 45350

K/G 1.3179 2.7025 2.3806 1.1080

N 0.1972 0.3353 0.3157 0.1531
C10~Cua 0.2964 0.3090 0.3534 1.1189

When the adhesive is set to two layers, the E, K, G, and C1, — Cy4 values of the interface
crystals of NC/DNTF (101) and NC/DNTF (002) are larger than those of the NC/DNTF
(011) composite material. As the content of the binder NC increases, the mechanical
properties of the composite material tend to stabilize. As the first long surface of the crystal,
the mechanical modulus of the corresponding interface system on the DNTF (011) surface is
smaller than that on the corresponding interface systems on the DNTF (101) and NC/DNTF
(002) surfaces, thus proving to be a good way of increasing the mechanical properties of
DNTF [37].

3.6. Analysis on Desensitization Mechanism of Friction Sensitivity of NC-coated DNTF

NC itself is one of the important energetic binders in the formulation design of ex-
plosives, and there is no need to choose new materials as the coating of DNTF crystals to
avoid other new problems involving things such as compatibility, energy reduction, and
unpredictability. The practical preparation process also shows that the molding powder
granules prepared by DNTF explosive and NC through the water suspension method have
a solid and high-density layer with similar spherical characteristics. The practical photos of
pure DNTF explosive and NC-coated DNTF explosive materials are shown in Figure 13.
Among them, the particle size range of pure DNTF explosives in Figure 13a is mainly
between 100 and 300 pm, and the color is light yellow. The particle size of the NC-coated
DNTF material sample in Figure 13b is mainly around 1 mm. Figure 14 shows photos of
two typical coated particles under a microscope.
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Figure 13. The practical photos of pure DNTF and NC-coated samples. (a) DNTF raw material and
(b) NC-coated DNTF sample.
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Figure 14. Microscopic photos of NC-coated DNTF samples. (a) NC-coated DNTF particle samplel.
(b) NC-coated DNTF particle sample 2.

It can be seen from Figure 14 that the particle size of the coated sample in Figure 14a is
about 1.147 mm, while in Figure 14b, the particle size of the coated sample is about 1.45 mm,
and each coated sample contains multiple DNTF explosive grains. The electron microscope
scanning photos in Figure 6 indicate that a single grain surface of DNTF is coated with an
NC layer of milky-white coating material. However, it can also be seen from Figure 14 that
the finished product of the NC-coated DNTF material sample prepared in the laboratory is
actually composed of multiple DNTF explosive grains containing NC-coating layers. The
coated sample is wrapped and adhered together in a water-suspended turbulent liquid
through an NC binder. This wrapping effect can enhance the sense-reducing effect of DNTF.

The quasi-static normal compression process of molding powder granules exhibits
three stages: elastic deformation, elastoplastic deformation, and failure collapse [40]. When
subjected to frictional force, the molding powder granules formed by the energetic coat-
ing NC with elastic characteristics and DNTF explosive crystals first absorb most of the
external stimulation energy, prolonging the elastic deformation process of DNTF explosive
crystals. Secondly, the good bonding performance of the interface between NC and DNTF
crystals will effectively prevent the interface slip between NC and DNTF crystals, making
the molding powder granules less prone to cracking and energy dissipation during the
elastoplastic deformation process, effectively suppressing the generation of hot spots, and
reducing the probability of ignition and explosion. Finally, the approximately spherical
NC-coated DNTF explosive molding powder granules have no edges and a large specific
surface area, which dissipates heat quickly when friction with a rigid interface makes it
harder to generate local high temperatures to form hot spots. Therefore, the energetic
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binder NC-coated DNTF explosive crystal, which is widely used in the field of explosives,
is an optimal method for reducing sensitivity. There are certain limitations in the actual
coating preparation. The particle size of DNTF crystals is small, and due to the good
adsorption of the energetic binder NC, the samples prepared in the laboratory are actually
composed of many smaller DNTF grains coated with NC which are difficult to form into
spherical powders.

4. Conclusions

(1) The surface of pure DNTF is relatively smooth and flat, and the surface of DNTF
coated with NC has a layer of white gel. With the increase in NC content, the white
gel becomes more obvious, and the coverage and thickness of the coating increase,
indicating that NC has a good coating effect on DNTF crystals.

(2) NC can significantly reduce the sensitivity of DNTE, and with the growth of the NC
content, the friction sensitivity of the NC/DNTF explosive material exponentially
decreases. This desensitization mechanism is that, as the NC content of the coating
layer increases, NC-coated DNTF grains can effectively absorb energy, reduce fric-
tional tearing between interfaces, and play a buffering role when subjected to external
mechanical stimulus for optimizing the safety performance of DNTF explosives.

(3) Thebinding energy of the NC/DNTF (011) system is higher than that of the NC/DNTF
(101) and NC/DNTF (002) systems, revealing that NC has better compatibility with
DNTF (011) and binds more firmly and stably. With the rise in NC content, the
binding energy value of the composite material increases, and this is consistent with
the numerical value of single-layer NC binding energy. The large binding energy
of the NC/DNTF interface is one of the primary internal reasons for the significant
decrease in its explosion rate of friction sensitivity.

(4) The molecular dynamics calculation results indicate that the binder NC apparently
updates the isotropic material modulus of DNTF explosive materials, reducing their
rigidity and enhancing their flexibility. DNTF has good ductility and toughness,
making it beneficial for reducing the sliding friction heat generated between DNTF
and the contact interface. Therefore, the explosion rate of the friction sensitivity test
will be significantly lower.

In summary, NC can serve as a good energetic coating layer for DNTF to prepare
molding powder granules. The experimental results and theoretical simulation calculations
also indicate that NC has a significant and feasible reduction effect on the friction sensitivity
of DNTE.
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