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Preface

I am hugely delighted and excited to be writing this preface to the Proceedings
Preface of the 2021 International Conference on Development and Application of
Carbon Nanomaterials in Energetic Materials (ICCN). This is the second ICCN and
is intended to be one in a long series of International Conference, taking place at
intervals of approximately 20 months. The 2021 ICCN is co-chaired by Prof. Alon
Gany and myself and supported by the China Ordnance Society and Xi’an Modern
Chemistry Research Institute.

Due to circumstances beyond our control, the ICCN was postponed from 18-21
August 2021 to 2022. We recognised it was important to many authors that their
papers were published in August, as originally scheduled. Therefore, with the kind
agreement of the publisher (Springer Proceedings in Physics), it might be publishing
the 2021 ICCN Proceedings in April 2022.

The ICCN provides a platform for the international experts and the participants
to discuss advanced carbon nanomaterials of energetic materials. Advanced carbon
nanomaterials are widely used in aviation, aerospace, energy, medical treatment, etc.
In energetic materials field, the advanced carbon nanomaterials are an important
matter to enhance performance and decrease sensitivity. This forum is mainly about
the new technology and development of advanced carbon nanomaterials in energetic
materials by international experts.

The main topics of ICCN Proceedings are about development trend of carbon
nanomaterials, the research on design technology of carbon nanomaterials, prepa-
ration and process of carbon nanomaterials, the research on properties of carbon
nanomaterials and application of carbon nanomaterials in energetic materials.

This is the first ICCN Proceedings to be published by Springer Proceedings in
Physics. The Proceedings were enabled by the good cooperation between the ICCN
and Defence Technology journal, which is sponsored by the China Ordnance Society
and published by KeAi Publishing Communications Ltd. I would like to thank the
China Ordnance Society, the Editors and the Editorial Office, Ms. Ying Li, Ms. Xin
Ma, Ms. Yanhong Ma and Ms. Liu Li, for their dedicated, hard and expeditious work
in producing this issue. I also thank the technical reviewers of the papers contained
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in these Proceedings and the sponsors of the ICCN who have helped to make the
ICCN possible.

I hope you will find these Proceedings stimulating and very interesting. ICCN
provides an opportunity to develop an understanding of the carbon nanomaterials
of energetic materials outside of the reader’s specialist area. I, therefore, highly
commend these Proceedings to you.

Xi’an, China Xiaolong Fu
2021 ICCN Co-chair

Haifa, Israel Alon Gany
Clive Woodley

Institute of Shock Physics

Imperial College

London, UK
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Chapter 1 )
Carbon Nanodots Doped Graphite ez
Carbon Nitride Towards Highly Efficient
Visible Light Driven-Photocatalytic

Hydrogen Evolution

J. N. Liang and X. H. Yang

Abstract Graphite carbon nitride (g-C3Ny), as one of the promising candidates for
photocatalytic hydrogen evolution, owns the advantages of visible light response,
good stability, and no harm to the environment. However, the photocatalytic water
splitting of g-C3N4 has been limited due to its slow photocarrier transfer rate
and insufficient light absorption. Herein, carbon dots (CDs) were prepared by a
hydrothermal method using ginkgo biloba leaves as the raw material. Afterwards, the
g-C3Ny4 nanosheets decorated with CDs were obtained by a thermal polymerization
method. CDs have unique way of light-induced charge transfer and special hetero-
geneous interface. The reservoir characteristics of the composite enable to greatly
reduce the recombination of photo-generated carriers and significantly improve the
hydrogen evolution efficiency. In this work, we found that g-C;N,4 decorated with
1.0 wt% CDs achieved the highest hydrogen evolution rate (2878.2 pmol/h/g) under
visible light (A > 420 nm), which was about 5 times higher than that of pristine
g-C3Ny (582.2 pwmol/h/g). Schematic illustration of the separation and transfer of
photo-generated charge carriers of CDs-g-C3N4 nanoparticles under visible light
irradiation.
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1.1 Introduction

Converting inexhaustible solar energy into clean hydrogen energy is considered as
one of the most important strategies to solve environmental pollution and energy
consumption problems [1-3]. In this scenario, exploring sustainable and efficient
photocatalysts have attracted tremendous attention of scientific researchers. As a
typical organic polymer semiconductor, widely studied g-C3Ny4 has a planar two-
dimensional layered structure similar to graphite, and the layers are connected
through van der Waals forces. Due to its visible light absorption, suitable band
gap, chemical stability, large specific surface area and low production cost, it is
considered to be one of the most promising photocatalyst for solar to hydrogen
conversion [4-6]. On the other hand, the photocatalytic performance of pristine g-
C3Ny is normally limited by its fast recombination of photo-generated holes and
electrons and low quantum efficiency. In order to overcome these issues and improve
the over photocatalytic water splitting performance, researchers have carried out a
series of exploration, including morphology control (nanosheets [7], nanotubes [8],
nanospheres [9], nanorods [10], etc.), atomic doping (such as gold [11], silver [12],
platinum [13], phosphorus [14], sulfur [15], etc.) and the construction of heterojunc-
tions (metal oxides [16, 17], sulfides [18, 19], organics [20, 21], etc.). Among the
modification strategies mentioned above, carbon dots (CDs) incorporation with g-
C3;N,4 was a competitive alternative due to the resulting unique light-induced charge
transfer and special coupling heterogeneous interface.

Compared with metal quantum dot materials, CDs have higher biocompatibility
and lower cytotoxicity, excellent optical properties, good water solubility, abun-
dant sources of raw material, and low preparation cost. Furthermore, they are less
harmful to the environment. So far, CDs have been widely used in many fields such as
bioimaging [22], drug delivery monitoring [23], chemical analysis [24], and energy
development [25]. Therefore, convenient, simple and efficient synthesis methods of
CDs could facilitate their transition from research laboratories to practical applica-
tions. In this work, we used autumn ginkgo leaves as raw materials and successfully
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prepared CDs by one-step hydrothermal method, which provides a green, efficient
and renewable way for mass production of high-quality CDs for versatile application
in various fields.

Herein, we successfully prepared the CDs decorated g-C3N4 by a thermal poly-
merization method to improve the visible light induced water splitting H, evolution.
The morphology and composition of the as-prepared composites were character-
ized by several analytical techniques, such as transmission electron microscopy
(TEM), X-ray diffraction (XRD), ultraviolet-visible absorption spectroscopy (UV
spectroscopy). The photo induced charge transfer was investigated by electrochem-
ical workstation facilitated with simulated sun light irritation electrochemical work-
station, etc. The photocatalytic water splitting performance of a set of CDs-g-C3Ny
composites were measured and evaluated under visible light irradiation. We found
that the hydrogen evolution capacity of CDs decorated g-C3;N4 under visible light
(N > 420 nm) has been significantly improved compared with the pristine g-C3Ny
under the same condition (A > 420 nm visible light). Among them, 1.0 wt% of CDs
can achieve the highest hydrogen evolution rate as high as 2878.2 wmol/h/g, about
5 times higher than pristine g-C3Ny (582.2 wmol/h/g).

1.2 Experimental Method

1.2.1 Synthesis of CDs-Doped g-C3N4 Nanosheets

1.2.1.1 Synthesis of CDs

The ginkgo leaves were collected and washed several times with deionized water
and then put in an oven to dry 5 g of ginkgo leaves were added into 15 mL deionized
water. Then the mixture was transferred into a 30 mL PTFE hydrothermal reactor and
held at 200 °C for 24 h. After naturally cooled to room temperature, the resultant is
suction filtered to obtain a brownish-yellow filtrate. The product CDs was collected
after rotary evaporation.

1.2.1.2 Synthesis of CDs-Doped g-C3Ny4

CDs-doped g-C3;Ny was synthesized by a typical thermal polymerization method.
10 g urea was dissolved in 10 mL deionized water. Then a certain quality of CDs was
added (mcps: mg.c3na=0, 0.5 wt%, 1.0 wt%, 1.5 wt% and 2.0 wt%) into the above
solution under stirring. The resultant was transferred into a covered alumina crucible,
and calcined in a muffle furnace at 550 °C for 3 h in air at a speed of 5 °Cmin~".
After naturally cooled to room temperature, the product was collected and ground
into powder. It can be observed that the colour of the product gradually darkens from

light yellow to brown.
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1.2.2 Characterization

Powder X-ray diffraction (XRD) studies were performed by Phillips X’ pert Multi-
purpose X-ray Diffraction System (Philip MPD diffractometer) with Cu-Ka radiation
(» = 1.54 A) at a setting of 40 kV and 40 mA. In the 26 rang of 5°-90° at a scan
rate of 0.13° s~! to observe the phase composition and purity of the synthesized
nanoparticles. The UV-vis diffuse reflectance spectroscopy (DRS) was carried out
on Shimazu UV-2600 spectrophotometer to test the optical properties. The photo-
electrochemical measurements were carried out with a CHI660E electrochemical
workstation (Shanghai, China) by a three-electrode method. An Ag/AgCl electrode
and a Pt wire electrode were employed as the reference electrode and counter elec-
trode, respectively. ITO glass with a fixed area of 3 x 1 cm covered with the as-
prepared photocatalysts was used as the working electrode. 0.5 M of Na, SOy solu-
tion was used as the electrolyte and the whole three-electrode system was placed in
a 100 ml Quartz electrolytic cell. A 300 W Xenon lamp (PLS-SXE300C) was used
as the light source to test the photocurrent measurements (it curves) at a bias poten-
tial of 0.5 V and the electrochemical impedance spectroscopy (EIS) with a range of
0.01-10° Hz.

1.2.3 The Construction and Measurements of Photocatalytic
Hydrogen Evolution

Specifically, the photocatalytic hydrogen production equipment consists of two main
parts. They are a vacuum system and a meteorological chromatograph (GC7900, TCD
detector, 5A° molecular sieve column and Ar, carrier), respectively. The photocat-
alytic reaction of the composite photocatalyst is carried out in an externally illumi-
nated photoreactor (Pyrex glass) connected to a closed circulation system. 20 mg of
photocatalyst was dispersed in 100 mL ultrapure water containing 10 vol% TEOA
sacrificial agent and 3 wt% Pt co-catalyst by a magnetic stirrer. Purge with argon
for half an hour before the reaction to remove residual air. In the experiment, the
circulating water pump controlled the temperature of the reactor to stabilize at 5 °C.
A 300 W Xe lamp (PLS-SXE300, Perfect Light) equipped with cut-off filters (AM
1.5G; \ > 420 nm) was used to irradiate for hydrogen production as the light source.
The product is sent to the gas chromatograph for production analysis.
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1.3 Results and Discussion

1.3.1 Morphology and Characterization of the Physical
Structure of the Pristine g-C3N4 and CDs Decorated
g-C3Ny4

The functional groups exited on the surface of CDs (such as -OH, -NH,, -COOH)
own excellent optical properties and high conductivity, which can provide a number
of active sites for the reaction of catalysts. Arising from these good properties, a set
of CDs-g-C3N,4 composites were synthesized in this work. The pristine g-C3N,4 and
CDs-g-C3N4 composites were characterized by transmission electron microscopy
(TEM), respectively. Figure 1.1a shows the morphology of the as-prepared g-C3Ny,
the layered nanosheet structure is consistent with the previous report. In Fig. 1.1b,
c, it is noted that the CDs particles (about 2-3 nm in diameter) were successfully
embedded in the g-C3Ny, but the distribution of the CDs is relatively uneven. The
CDs tend to be embedded in the larger mesopores of g-C3Ny4 The structure and the
composition of CDs-g-C3;Ny was analyzed by XRD. As shown in Fig. 1.1c, the peak
at 13.0° is attributed to the (100) plane of g-C3Ny, and the peak at 27.3° corresponds

Intansity(a.u.)

T T T T

20 40 60 80
20(degree)

Fig. 1.1 Morphology and composition of the as-prepared photocatalyst. a TEM image of pristine
g-C3Ny; b, ¢ Magnified TEM image of the CDs-g-C3N4 composites; d XRD patterns of pristine
g-C3Ny and CDs-g-C3Ny4 composites
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Scheme 1.1 Schematic illustration of the preparation of CDs and CDs-g-C3N4 nanoparticles

to the (002) crystal plane, which correspond to the repeating unit in-plane of tri-s-
triazine and the stacked sandwich of conjugated aromatic structure, respectively. The
XRD pattern showed the same peaks which confirmed that the intrinsic layer graphite
structure was retained. The CDs are in amorphous state, and there are miscellaneous
peaks nearby, which corresponds to the existence of chlorophyll and other biomass in
the ginkgo leaves. The XRD of the CDs-g-C3;N4 composite material did not change
much compared with pristine g-C3 Ny indicating that the interlayer spacing of the two
samples is the same due to the extremely small amount of CDs doping (Scheme 1.1).

1.3.2 The Optical Properties of the Pure g-C3N4
and Composite Catalyst

The UV-vis spectra of g-C3N4 and CDs-g-C3Ny4 was collected and compared in
Fig. 1.2. It can be found that the ability of g-C3N4 to absorb light changes after the

\ —g-C,N, b —-CN,
II — g-C,N,/CDs(0.5w1%) e 0O, N CDS(0.5w1 %)
~|! g N CDS(1.0W1%) ——g-CN,/CDs(1.0w%)
= e 2O NJCDs(1.5w1%) e g Cy N (15wt %)
= g ONJCDS2OW%) | | O N ICDs(2.0wt%)
8 Chs =
2 £
g )
t
=]
W
=
-«
1
.
: - = I
200 300 400 500 600 700 800 1.5 20 25 30 35 40 45 5.0
Wavelength(nm) hv(eV)

Fig. 1.2 Optical properties of the as-prepared photocatalyst. a UV-vis spectra of the pristine g-
C3Ny4 and CDs-g-C3Ny4 composites; b Tauc plot curve of the pristine g-C3N4 and CDs-g-C3Ny
composites
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CDs decoration. The UV spectrum of carbon dots has a strong absorption peak near
200 nm and a long tail in the ultraviolet (Fig. 1.2b). 1.0 wt% CDs-g-C3Ny4 provides a
greatly enhanced light-absorbing ability and 1.5 wt% CDs-g-C3Ny4 provides a strong
light-absorbing ability. The light absorption capacity of 0.5 wt% CDs-g-C3N4 was
almost the same as that of pristine g-C3Ny4, while the light absorption ability of g-
C3Ny doped with 2.0 wt% carbon dots is significantly reduced. At the same time,
the Tauc plot was used to estimate the band gap of the semiconductor (convert the
UV-vis spectrum to an ahv? vs hv curve, where a, h and v refer to the absorption
coefficient, Planck’s constant and the speed of light, respectively. Besides, r = 2
for direct band gap materials, r = 1/2 for indirect band gap materials). Figure 1.2b
shows a good linear fit with r = 2, the absorption edge of g-C3Ny is about 460 nm,
which corresponds to a band gap of 2.73 eV. It can be observed that the band gap of
CDs-g-C3Ny dots composites does not change significantly, which remains around
2.58 eV.

1.3.3 Specific Surface Area of the Pure g-C3N4
and CDs-g-C3N4 Nanoparticles

The surface area plays a crucial role in determining the efficiency of photocatalytic
reaction. Brunauer-Emmett-Teller (BET) surface area of the pristine g-C3N4 and
CDs-g-C3N4 nanocomposites were measured, respectively. The typical characteristic
of nitrogen adsorption and desorption curve produced by mesoporous solids is that the
adsorption and desorption curves of isotherms are inconsistent, and hysteresis loops
appear shown in Fig. 1.3a—c. The specific surface area of the pristine g-C3N,4 reached
to 82.8 m?/g, which was consistent with previous reports that g-C3N, nanosheets
exhibit a higher specific surface area. As shown in Fig. 1.3, the specific surface
area of the CDs-g-C3Ny was improved to varying degrees. Specifically, 1.0 wt%
CDs-g-C3Ny has the largest specific surface area, reaching to 212.3 m?/g, which is
about 3 times that of g-C3N4. According to the pore size distribution diagram, the
pore size distribution of g-C;Ny is relatively uniform, concentrates below 20 nm.
As the carbon content increased, the diameter of the mesopores gradually decreases.
When 1.0 wt% carbon dots are doped, the mesopore diameter is mainly concentrated
around 2.6 nm. As the carbon content continues to increase, the mesopore diameter
distribution increases. When doped with 2.0 wt% carbon dots, the mesopore diameter
is mainly concentrated in the part larger than 10 nm. The doping of CDs enables
to generate smaller mesopores, thereby increasing the specific surface area of the
composite and providing more reactive sites. However, when the amount of CDs
was excessive, the original pores of g-C3N4 would be fully covered, which may
reduce the amount of reactive sites. Therefore, it is very important to choose the suit
doping quantity of CDs for photocatalytic hydrogen evolution (Table 1.1).
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Fig. 1.3 BET analysis of CDs-g-C3N4.N; sorption isotherms and the corresponding pore distri-
bution plot of the pristine g-C3N4, 1.0 wt% CDs-g-C3N4 and 2.0 wt% CDs-g-C3Ngnanoparticles

1.3.4 Photocatalytic Hydrogen Evolution Performance

In order to evaluate the behavior of the charge transfer (CDs-g-C3Ny), electrochem-
ical impedance spectroscopy (EIS) and optical transient current tests were carried
out conducted beforehand. As shown in Fig. 1.4a, it can be inferred that the g-C3Ny
nanosheets has a large resistance, and the resistance had been reduced to some extent
after the decoration of CDs. Among the samples, the resistance of 1.0 wt% CDs-g-
C3Ny resistance is the smallest. However, the resistance of composite is still larger,
indicating that the transfer rate of photogenerated carriers in the catalyst is relatively
slow, and the CDs played a minor role in the transport process. In the corresponding
photocurrent test, the current value of 1.0 wt% CDs-g-C3Ny4 current was proved to
be the largest one, which was about 2 times higher than that of pristine g-C3Njy.
On the other hand, the transient currents of both pristine g-C3N4 and CDs-g-C3Ny
were smaller, indicating that the separation and transfer of photogenerated hole-
electron pairs carriers is not sufficient in this scenario (Fig. 1.4b). In the meanwhile,
we carried out the photocatalytic hydrogen evolution test for pristine g-C3;Ny and
CDs-g-C3Ny4 under visible light irradiation (A > 420 nm). As shown in Fig. 1.4c,
d, the hydrogen evolution volume and the hydrogen evolution rate wewe improved
obviously with the incorporation of CDs. The hydrogen evolution rate of pristine
g-C3N4 was maintained at 582.2 pmol/h/g, and the volume of hydrogen production
reached 2.985 mmol/g within 4 h. With the addition of CDs, the hydrogen evolution
rate of CDs-g-C3Ny reached to the highest at 1.0 wt% CDs-g-C3Ny4. The volume
of hydrogen evolution reached 12.475 mmol/g within 4 h. Compared with pristine
g2-C3Ny, the 1.0 wt% CDs-g-C3Ny exhibited the highest hydrogen evolution rate
(2878.2 pwmol/h/g), which is 5 times higher than that of g-C3Ny (582.2 wmol/h/g).
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Fig. 1.4 The charge transfer properties and hydrogen production performance of CDs-g-C3Ny. a
electrochemical impedance spectra; b transient photocurrent response of the pristine g-C3N4 and
CDs-g-C3N4 nanoparticles; ¢, d the hydrogen production and hydrogen evolution rate of pristine
g-C3Ny4 and CDs-g-C3Ny nanoparticles under visible light (A > 420 nm)

But keep increasing the CDs amount to 2.0 wt%, the hydrogen evolution rate dropped
greatly.

1.4 Conclusions

In this work, a facile synthetic strategy of preparing CDs-g-C3N4 nanosheets from
ginkgo biloba and urea was demonstrated by the combination of hydrothermal
method and thermal shrinkage method. Under the reported conditions, CDs-g-C3Ny
composite with CDs of about 2-3 nm were successfully obtained. The visible
light response was greatly enhanced by incorporating CDs with g-C3N4. Based
on the photocatalytic water splitting test of a series of CDs-g-C3Ny4 composites,
1.0 wt% CDs-g-C3N,4 were found to have the best hydrogen evolution performance
(2878.2 wmol/h/g), which is about 5 times that of pristine g-C3Ny4 (582.2 wmol/h/g)
under visible light irradiation (A > 420 nm). This is due to the special heterogeneous
interface formed by the introduction of CDs increases the specific surface area of
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g-C3Ny and provides more reactive sites for hydrogen production. The results of
this work may shed light on the multifunctional application of CDs in a greener and
environmentally friendly way, especially in energy conversion and environmental
remediation fields.
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Chapter 2 )
Effects of Carbon Nanofibers (CNFs) St
on Combustion and Mechanical

Properties of RDX-Based Modified

Single Base Propellant

Xiaoxiao Zhang, Xuekun Fan, You Fu, Bin Xu, and Xin Liao

Abstract To improve the properties of the modified single base propellant with
RDX, propellant samples with different mass fractions of carbon nanofibers (CNFs)
(0, 0.2, 0.4, 0.6, 0.8%) were prepared. The combustion performance of modified
single base propellant samples were studied by closed bomb test and the mechanical
properties were tested by universal material testing machine and beam impact testing
machine. In addition, the microstructure was observed by SEM. Results show that
agglomeration occurs when the CNFs content is greater than 0.2%. And the burning
rate of the modified single base propellant increases after adding CNFs. The mechan-
ical properties of single base propellant were improved after adding CNFs content
of 0.2%, in which the tensile strength increased by 63%, 11.25%, 18% at —40 °C,
20 °C and 50 °C, respectively. The addition of CNFs can improve the stability of
modified single base propellant.

2.1 Introduction

The single base propellant mainly consisting of nitrocellulose is widely used in
the barrel weapons [1]. The history of the single base propellant is so long that its
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manufacturing technology is mature. It also has excellent mechanical properties,
high combustion stability and low ablation. However, its energy is too low to meet
the requirement of modern army for the long range power of weapons. RDX is
a high energy density substance, which can effectively improve the energy of the
propellant [2]. Nevertheless, the addition of RDX has influence on the mechanical
properties, combustion properties and thermal decomposition properties of the single
base propellant, thus the ballistic and safety properties of the weapon will be affected
[3].

Carbon nanofibers (CNFs) are a kind of discontinuous graphite fibers, which are
obtained by cracking gas phase hydrocarbons [4]. Carbon nanofibers have many
advantages such as large aspect ratio, massive specific surface area and so on. And
CNFs also performance well at mechanical strength [5], thermal conductivity and
electrical conductivity [6]. CNFs now are widely used in composite materials, ener-
getic materials and other fields. For example, Daniel B. Nileson and Dean M. Lester
added carbon nanofibers of different mass fractions to a variety of energetic mate-
rials. It is found that the combustion performance of gun propellant and propel-
lant was improved [7]. Zhao Fengqi, Chen Pei and others adding carbon fibers into
RDX/AP/HTPB propellant as akind of burning rate regulator. As a result, the decom-
position peak temperature of AP decreases. The initial partial liberation heat of the
propellant increases. The peak of liberation heat and the burning rate is increased [8].
Hence CNFs has performed well in improving the properties of energetic materials,
but the current researches focus more on combustion performance. While after using
RDX to modify the single base propellant, the mechanical properties, combustion
properties and thermal decomposition properties of the propellant are affected to
some extent. In particular, mechanical properties of the single base propellant will
decline. Hence, in this study, different content of CNFs was added to the modi-
fied single base propellant to explore its influence on combustion properties and
mechanical properties.

2.2 Experimental

2.2.1 Meterials Preparation

The modified single base gun propellants were composed of Nitrocellulose (NC,
12.6 nitrogen percent) from Luzhou Northern Chemical Industry Co., Ltd. (Sichuan,
China), RDX from Gansu Yinguang Chemical Industry Co., Ltd. (Gansu, China),
2,4-dinitrotoluene(DNT) and diphenylamine (DPA) from Guoyao Group Chemical
Reagent Co., Ltd. (Shanghai, China).
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Table 2.1 Formula of modified single base gun propellant with different mass fraction of carbon
nanofibers (CNFs)

Sample w (%)
CNFs NC RDX DNT DPA
1* 0 81.0 10 8 1
2# 0.2 80.8 10 8 1
3# 0.4 80.6 10 8 1
4* 0.6 80.4 10 8 1
5# 0.8 80.2 10 8 1

2.2.2 Sample Preparation

Table 2.1 is the formulation of modified single base propellant with different content
of CNFs (Aladdin Chemical Reagent Co., Ltd., Shanghai, China). The formulation
of total solid mass is 350 g. And the plasticization was dissolved with acetone and
ethanol (the volume ratio is 1:1) equivalent to 51% of the total mass of the sample
solid. First, CNFs and a certain amount of acetone were mixed (The volume is
40 mL when the CNFs content is 0%. While for every 0.2% increase in CNFs
content, acetone volume increased by 5 mL). Second, adding a small amount of OP-
10 emulsifier (1/1000 of the volume of the solution) to increase decentralization with
magnetic stirring of 30 min and ultrasonic treatment of 30 min to disperse the CNFs.
Third, the nitrocellulose, DNT, DPA, RDX, ethanol and acetone were added to the
kneading machine to be knead for 30 min. And adding CNFs-acetone mixed solvent
to knead for 3 h. Then two different extrusion dies (dumbbell mould and single hole
mould) and hydraulic press were used to get the propellant samples. Finally, all the
samples put into fume hood to volatilize the solvent for 7 days, then were dried in
a wet oven at 40 °C for 3 days and drying oven at 45 °C for 3 days to remove the
solvent completely.

2.2.3 Combustion Performance

The closed bomb were tested at 20 °C. And the volume of the closed explosive is
104.97 cm?® with the ignition pressure of 10.98 MPa. The filling density is 0.12 g-cm ™3
and 0.20 g-cm 3, respectively. While the length of the samples are 40.00 mm.

2.2.4 Mechanical Properties

The impact strength, tensile strength and compression strength are tested according to
the GJB 770B-2005 gunpowder test method. The experimental temperature is 20 °C.
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The impact strength is tested by se2 simply supported beam pendulum impact tester
and the length of the samples are 60.00 mm. The tensile strength and compression
strength are tested by instron3367 universal material testing machine and the tensile
sample was dumbbell type with the length of 40.00 mm. The ratio of length to
diameter of the compression is 1:1.

2.2.5 Microstructure Test

The microstructure was tested by Quanta FEG 250 scanning electron microscope of
American FEI company.

2.2.6 DSC Test

The thermal decomposition performance experiment was carried out with differential
scanning calorimeter of HPDSC 827 produced by Mettler Toledo company. The
samples were tested from 50 to 350 °C with the weight of 1.10 &= 0.02 mg. And the

heating rate is 15 °C-min~!.

2.3 Results and Discussion

2.3.1 Microstructure

Figure 2.1a shows the SEM images of carbon nanofibers (CNFs). As you can see,
the diameter of the CNFs is at the nanometer level and the length is about 2 pm
with a phenomenon of mutual entanglement. Figure 2.1b is a cross-sectional view
of the single base propellant. It can be seen from the picture that the nitrocellulose is

Fig. 2.1 SEM images of carbon nano fibers, modified single base propellant tear and fracture
surfaces
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(a) 0.2% (b) 0.4% (c) 0.6% (d) 0.8%

Fig. 2.2 SEM images of modified single base propellants with different mass fraction of CNFs

fibrous and twining and the diameter is between 10 and 50 pwm. The nitrocellulose still
maintains the basic skeleton after a series of processes. Figure 2.1c is a longitudinal
fracture surface diagram of a single base propellant. It can be seen from the diagram
that the RDX is ellipsoid with a diameter between 2 and 30 pwm.

Figure 2.2 is the SEM images of modified single base propellant with different
content of CNFs. It can be seen from the images that when the CNFs content is less,
CNFs can be “inlaid” in nitrocellulose matrix. While agglomeration occurs when the
CNFs content continues to increase.

2.3.2 Combustion Performance

For the purpose of studying the effect of CNFs on the combustion performance of
modified single base propellant, the closed bomb was tested at 20 °C. The u-p curve
was gotten from the closed bomb test, in which u is the firing rate of the propellant
and p is the pressure measured by the closed bomb. It can be seen from the Fig. 2.3
that u-p curves were smooth, which shows that the stability of combustion is good.
The burning rate of the modified single base propellant with CNFs was higher than
that without CNFs, which is due to the good thermal conductivity of the CNFs in
the combustion process of modified single base propellant [9]. But the burning rate
decreases when the CNFs content is more than 0.2%. The reason is that excessive

Fig. 2.3 u-p curves of
modified single based gun
propellant with different
mass fraction of CNFs

ulcms'
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Table 2.2 Combustion performance parameters of modified single base propellant with different
content of CNFs

Sample Parameter P (MPa)
50-100 100-150 150-pdpm 50-pdpm Pdpm

1* uj 0.0665 0.0610 0.0645 0.0671 203.04
n 1.0118 1.0306 1.0165 1.0098

2# uj 0.0809 0.0628 0.0869 0.0768 199.13
n 1.0024 1.0570 0.9905 1.0148

3# uj 0.0787 0.0673 0.0778 0.0756 193.10
n 1.0105 1.0446 1.0141 1.0199

4# uj 0.0675 0.0664 0.0854 0.0724 205.46
n 1.0180 1.0209 0.9685 1.0017

s5# uj 0.0769 0.0589 0.0680 0.0719 203.37
n 0.9934 1.0509 1.0200 1.0092

Note uy is the burning rate coefficient, n is the burning rate pressure exponent, pdpm is the pressure
when dp/dt reaches its maximum value

CNFs can cause agglomeration [10], which cause that the contact area between the
CNFs and the propellant matrix does not increase linearly with the increase of CNFs
content. It can be confirmed from Fig. 2.2 that the agglomeration does exist.

Table 2.2 shows the combustion performance parameters of modified single base
propellant with different content of CNFs. As can be seen from Table 2.2, the burning
rate pressure exponent of the modified single base propellant with a CNFs content
of 0.8% is less than 1 when the pressure is from 50 to 100 MPa. While the rest of
the propellant are greater than 1. The burning rate pressure exponent of the modified
single base propellants are greater than 1 when the pressure is from 100 to 150 MPa.
The burning rate pressure exponent of the modified single base propellant with a
CNFs content of 0.2% and 0.6% is less than 1 when the pressure is from 150 MPa to
papm MPa. Considering the whole pressure range (50 ~ pgpm MPa), the burning rate
pressure exponent of the sample is more than 1.

2.3.3 Energy Performance

The energy characteristic parameters of propellant are the basic index of propellant
design and the important standard to evaluate the work ability of propellant. For the
purpose of investigating the effect of CNFs content on the energy performance of
the modified single base propellant, 15/1 single-hole tubular propellants were tested
with the closed bomb to obtain propellant force (f) and covolume (a). Table 2.3 is the
propellant force and covolume data of the samples. It can be seen from the table that
propellant force of the samples basically remain unchanged, which indicates that the
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Table 2.3 Energy properties

of modified single base

propellant

addition of a small amount of CNFs has little effect on the energy performance of

19
Sample | CNFscontent (%) |f (kJkg™") |a@Lkg™!)

1#* 0 997.31 0.78

2# 0.2 997.68 0.80

3# 0.4 980.76 0.76

4* 0.6 989.42 0.75

s5# 0.8 986.38 0.75

Note f is the propellant force, a is the covolume

the modified single base propellant.

2.3.4 Mechanical Properties

The mechanical properties of the modified single base propellant were tested at
different temperatures (—40, 20 and 50 °C). The results show in Table 2.4. As
can be seen from Table 2.4, the mechanical properties all show increase first and
then decrease as the CNFs content increases. The mechanical properties reach
the maximum value at 0.2%. And the impact strength of 2* increases 21% from

Table 2.4 Effects of CNFs on the mechanical properties of modified single base propellant

Sample T (°C) ai (kI m™2) om (MPa) $m (MPa)

1# —40 11.10 £ 2.47 102.72 £2.73 58.59 & 1.47
20 18.18 £ 2.70 91.56 +2.53 54.44 £ 1.78
50 27.05 & 2.73 87.55 & 3.09 39.28 & 2.53

2# —40 11.40 % 1.60 104.13 + 4.42 95.36 & 1.55
20 22.00 £ 2.35 99.01 + 4.73 60.55 & 1.68
50 28.92 £2.71 96.81 % 3.95 46.16 + 1.17

3# —40 10.00 £+ 2.09 99.39 4 3.58 80.52 &= 0.67
20 18.16 + 2.86 97.67 £ 5.78 59.24 4+ 2.41
50 2578 £ 1.53 91.04 + 1.61 40.93 +2.41

4# —40 930 & 1.76 98.43 4+ 3.04 74.50 + 2.43
20 18.06 &+ 1.94 94.59 £ 5.63 59.07 +2.73
50 22.69 +2.38 90.07 + 3.66 40.02 £ 2.89

5* —40 8.64 £ 1.71 97.78 + 4.87 64.84 + 1.28
20 12.78 £ 2.67 93.76 + 2.76 5721 £2.29
50 22.44 £2.66 87.00 + 1.78 39.21 + 1.58

Note ay is the impact strength, oy, is the compressive strength, &, is the tensile strength
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18.18 kJ-m~2 t0 22.00 kJ-m~2 at 20 °C. While at —40 °C and 50 °C, it only increased
by 3% and 7%, respectively. Compressive strength increased by 8% over 1% at 20 °C,
1.4% at —40 °C and 10.6% at 50 °C. The tensile strength increases by 11.2% at
20 °C, 63% at 40 °C and 18% at 50 °C, respectively.

Above all, when the content of CNFs is 0.2%, the mechanical properties of the
modified single base propellant reach the maximum value, in which the impact
strength, tensile strength and compressive strength are greatly improved at 20 °C,
the impact strength changes little at 50 and 40 °C. And the tensile strength is greatly
improved at —40 °C. The reason is that the CNFs and nitrocellulose matrix become
a more uniform mixture after mixing (Fig. 2.2). When the external stress propagates
in the propellant, the structure composed of nitrocellulose and CNFs can improve the
effect of stress transfer. So the nitrocellulose matrix were strengthened to enhance
the mechanical properties.

2.4 Thermal Decomposition Performance

The thermal decomposition performance at the heating rate of 5 °C-min~!,

10 °C-min~—!, 15 °C-min—! and 20 °C-min—! are shown in Table 2.5 and Fig. 2.4. As
can be seen from Table 2.5 and Fig. 2.4, the initial decomposition temperature and the
exothermic peak temperature are basically unchanged after adding CNFs. While the
exothermic heat increases first and then decreases with the increase of CNFs content
and reaches the maximum when the CNFs content is 0.2%. The main reasons caused
the decreasing trends are catalytic effect and high thermal conductivity of CNFs [7].

The activation energy of thermal decomposition kinetic parameters is obtained
by using the Kissinger Eq. (2.4.1) through DSC experiments at the heating rate of
5 °C-min~!, 10 °C-min~!, 15 °C-min~! and 20 °C-min~!, respectively. The results
of the temperature of the exothermic peak are shown in Table 2.6.

Table 2.5 Summarized results for DSC experiments of modified single base propellant with
different mass fraction of CNFs at 5 °C-min~!

Sample CNFs content (%) Tonset (°C) Texo (°C) AH (J g_l)
1# 0 187.80 195.61 1933.02
2# 0.2 187.40 195.89 2008.24
3# 0.4 187.65 195.84 1940.87
4# 0.6 187.99 195.29 1910.05
5# 0.8 188.23 195.09 1922.37

Note T onser 1s the temperature of the exothermic peak, Texo is the temperature of the exothermic
peak, AH is the enthalpy of decomposition
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Fig. 2.4 DSC images of modified single base propellant with different mass fraction of CNFs at
5°C-min~!, 10 °C-min—!, 15 °C-min~"! and 20 °C-min—!, respectively

Table 2.6 Results of the temperature of the exothermic peak at the heating rate of 5 °C-min~

10 °C-min~"!, 15 °C-min—!, 20 °C-min~!, respectively

1

s

Sample | CNFs content (%) | Texo (°C)
5°Cmin~! | 10°C:min~! |15°C:min~! |20 °C-min~!

1* 0 195.61 202.19 207.20 210.53

ot 0.2 195.89 201.99 206.90 210.12

3# 0.4 195.84 203.72 205.85 209.40

4# 0.6 195.29 201.43 205.33 208.44

5* 0.8 195.09 203.15 205.17 207.98
ln(%) =In AR _ E (2.4.1)

Tp E, RT,

A is the preexponential, s~!. R is the molar gas constant, 8.314 J-mol~'-K~'. B
is the heating rate, K-min~'. T}, is the temperature of the exothermic peak, K. Ea is
the activation energy, kJ-mol~'.The Ozawa equation is also a method of calculating
kinetic parameters that can be used to verify the accuracy of the data obtained by the
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Tal?le ,2'7 Results of Sample CNFs content E,/kJ-mol~!
ac‘tlvat.lon energy of samples (%) o i Kiosi
with different CNFs contents zawa equation 18Siger
equation
1# 0 177.34 174.29
2# 0.2 184.98 182.25
3* 0.4 187.39 187.09
4# 0.6 190.22 190.80
s5# 0.8 191.37 192.65
Note E, is the activation energy
Kissinger equation, as shown in (2.4.2)
1p = g o) — 2315 — 0.4567 242
gB—g<RG(a)>— 315 -0. RT (24.2)

In the formula, G(a) is the function of conversion rate. The activation energy data
obtained by Kissinger equation and Ozawa equation are shown in Table 2.7. It can be
seen from the table that the activation energy data obtained by Kissinger equation and
Ozawa equation are similar and can be considered to be accurate. After the addition of
CNFs, the activation energy of the modified single base propellant increase with the
increase of CNFs content. The activation energy was 175.82 kJ-mol~! without CNFs,
and 192.01 kJ-mol~! with 0.8% CNFs. It shows that the addition of CNFs improves
the stability of modified single base propellant. In conclusion, the addition of CNFs
has little effect on the decomposition peak temperature of nitrocellulose and RDX,
but it can improve the activation energy of propellant combustion process which
shows the improvement of the thermal stability of modified single base propellant.

2.5 Conclusion

The burning rate of the modified single base propellant is increased with the addition
of the CNFs. And the burning rate pressure exponent of the sample is greater than 1 in
the whole pressure range (50 ~ pgom MPa). The propellant force basically decreases
with the increase of CNFs content, but the variation range is little. The propellant
force is basically unchanged when the CNFs content is 0.2%. With the increase
of CNFs content, the mechanical properties of the modified single base propellant
samples increase first but then decrease, and reach the maximum value when the
CNFs content is 0.2%. The impact strength increases 21% at 20 °C and the tensile
strength increases 63% at —40 °C. And the addition of CNFs can improves the
stability of modified single base propellant.
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Chapter 3 ®)
Preparation and Performance e

Characterization of CNTs/KNO;
Composite Materials

Guanyi Wang, Zihao Wang, Siwei Zhang, and Qingzhong Cui

Abstract The presence of impurities such as amorphous carbon, carbon nanoparti-
cles and catalyst particles in the crude products of carbon nanotubes is not conducive
to the systematic study of the intrinsic physical and chemical properties of carbon
nanotubes, and the purification of CNTs is required necessarily. In this paper, the
CNTs/KNOj was purified by neutralisation method to increase their surface area for
effective loading, and fully characterized. The results indicated the fractal dimension
of the prepared CNTs/KNO; was increased, and the decomposition temperature and
activation energy of CNTs/KNO; was elevated effectively compared with unloaded
CNTs.

3.1 Introduction

The ignition transfer mechanism is the first element in the sequence of ammunition
fire and explosion transfer [1], which is directly related to the ability of the ammuni-
tion to actreliably in a timely manner [2]. Due to the characteristics of modern warfare
with fast manoeuvring and long-range strikes [3], the overload resistance of ammuni-
tion has raised higher requirements, even up to 2.4 x 10° g [4]. The traditional point-
transmission pyrotechnics have defects such as poor ignition safety/transmission
reliability at high loading densities [5], unstable combustion after long standing and
poorly adjustable energy output, which can no longer guarantee the role reliability and
use safety requirements of the munitions in complex environments [6]. The essence
of the defects of the traditional ignition technology is that the heat transfer process
is disturbed by the outside world and causes the energy release process to be shifted
[7]. By reducing the binding scale of each component of the agent and realizing the
nano-scale assembly of the agent components [8], the influence of the heat transfer
process on the performance can be effectively reduced and the controlled output
of energy can be further realized [9]. For solid oxidant/combustible agent systems

G. Wang - Z. Wang - S. Zhang - Q. Cui (X)

State Key Laboratory of Explosion Science and Technology, Beijing Institute of Technology,
Beijing 100081, China

e-mail: cqz1969 @bit.edu.cn

© China Ordnance Society 2022 25
A.Gany and X. Fu (eds.), 2021 International Conference on Development and Application

of Carbon Nanomaterials in Energetic Materials, Springer Proceedings in Physics 276,
https://doi.org/10.1007/978-981-19-1774-5_3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-1774-5_3&domain=pdf
mailto:cqz1969@bit.edu.cn
https://doi.org/10.1007/978-981-19-1774-5_3

26 G. Wang et al.

[10], carbon nanotubes are used as templates and artificial assembly techniques [11]
are employed to assemble nanoscale oxidant/combustible agent particles onto their
surfaces to achieve the ordered assembly of particle components [12].

The assembly of ordered nanostructured materials has been successfully applied
in the fields of synthetic polymers [13], encapsulated nanomaterials [14], and multi-
layer functional material films [15] through weak intermolecular interactions such
as electrostatic interactions [ 16], hydrogen bonding [17], coordination bonding [18],
and charge transfer, but basic and applied research work on ordered nanostructured
point-transmitting pyrotechnics is uncommon and needs to be broadened to explore
the scope [19]. In this paper, a CNTs/KNO; composite was prepared by the reaction
method approach and orthogonal experiments were applied to select and optimize
the process parameters [20].

3.2 Process Conditions for the Preparation of CNTs/KNO3
Composites Materials

In this paper, acomposite material CNTs/KNOj synthesized by neutralisation method
was presented and its raw material is shown in Table 3.1.

The process parameters of the CNTs/KNO; composite materials was selected and
optimized by the orthogonal experiments. The factors of the orthogonal test were
designed, and the mass ratio of folded KNO; to CNTs (A), mass of active agent
(B), specific surface area of CNTs (C), reaction temperature (D), reaction time (E),
stirring rate (F), titration rate of KOH (G), and addition time of KOH (H) were
selected. A mixed orthogonal table L18 (2 x 37) was chosen and the levels of each
factor are shown in Table 3.2

Among them, the carbon nanotubes were 100mesh sieve offsets with amass of 1 g.
The sonication dispersion time was 30 min, and the titration of potassium hydroxide
solution to neutral was started at a fixed titration rate after 30 min of stirring, and
then the titration was continued with heating and stirring for a specified time.

The amount of carbon nanotubes added in the test was 1 g, and the actual loading
(weight gain) of the composite was used as the evaluation index, and the results were
processed in Table 3.3.

Table 3.1 Raw materials and reagents

Number | Category | Specification Place of product

1 CNTs L-1020, L-2040, S-60100 | Shenzhen Nanoport Co.

3 KOH Analytically pure Beijing Yili Fine Chemical Co., Ltd.

4 HNO3 Analytically pure Beijing Yili Fine Chemical Co., Ltd.

5 SDBS Analytically pure Tianjin Yaohua Chemical Reagent Co.,
Ltd.
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Table 3.2 The orthogonal experimental factor level table for the preparation of CNTs/KNO3
composite materials by reaction method Lig (2 x 37)

Leves | Factors

A |B(%) |Cm?*g™") |DCC) |E(h) |Frmin~') |G (dmin~') |H (min)
21 |0 160-180 65 2.0 [300 60 30

2 5:1  0.001 |60-70 75 2.5 |400 90 45
10:1 [0.002 |55-65 85 30 |- 120 60

Table 3.3 Orthogonalization of results

Orthogonalization Factors
A B C D E F G H
Reaction | K 102|115 123 112 109 |1.05 |124 | 1.14
method x> 096 [131 094 [128 |127 [175 |119 134
X; 132 128 |081 147 |1.36 132 129
R; 036 |0.16 |042 |035 1027 |030 |03 120

In Table 3.2, K ;j indicates the j-th level orthogonalization treatment mean, the
term with the largest value indicates the factor with the greatest influence, and the
R; indicates the importance data of the influencing factor. The degree of influence of
each factoris C>A >D >F>E >H> B > G. It has been concluded that the optimal
optimization of experimental conditions of CNTs/KNO3; composite materials was
that the mass ratio of potassium nitrate to CNTs was 10:1, the amount of sodium
dodecylbenzene sulfonate was 0.001% of CNTs, the specific surface area of CNTs
was 160—180m?/g, the reaction temperature was 85 °C, the reaction time was 3.0 h
and the stirring speed was 300 r/min.

3.3 Characterization of Composite Material Properties

The structural and morphological properties of the CNTs/KNO3 were fully charac-
terized by SEM, XPS, and DSC/TG.

As seen from Fig. 3.1, compared with the unloaded carbon nanotubes, the material
prepared by the reaction method has a layer of covering on the surface and ends, and
the tube diameter ranges from 50 to 80 nm, and the loading effect of the reaction
method is more uniform.

As seen in the above Fig. 3.2, the main components of the carbon nanotube surface
coverings are K, N, and O. The spectral peak of C1s are between 285.0 and 289.5 eV,
and judging from the binding ability of the 1 s electrons and nuclei of C atoms, the
spectral peaks refer to the energy level spectrum of carbon in benzene and thick ring
carbon atoms (*285.0 eV-286.4 eV), —CH,0— (x286.3 eV), >C:O (~288.5¢eV),
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Fig. 3.2 XPS spectra of CNTs/KNO3 composites prepared by reaction method

i (~289.3 eV), and the spectral peak of ols is at (=532.0 eV). The XPS

results further confirm that KNOjs is attached to the surface of carbon nanotubes.

The thermal decomposition curves of the KNO3 and the CNTs/KNO3 composites
prepared by the reaction methods were measured separately and the results are shown
in Fig. 3.3.

As seen in Fig. 3.3, the thermal decomposition of pure KNO; consists of two
heat-absorbing peaks and one exothermic peak. The absorbing peak corresponds to
a peak top temperature of 133.17 and 331.09 °C. There is no loss of weight in the
TG-DSC recording graph, which can be judged as the crystalline transformation peak
and melting peak of KNOs3, and the exothermic peak is the decomposition peak of
KNOs; in the molten state, which corresponds to a peak top temperature of 429.26 °C.
The thermal decomposition process can be described as:

@ Crystallographic transformation: K N O3(r hom bic) — KN Os(trigonal);
@ Melting: KN O3(s) — KN O5(1);
® Decomposition: 2K NO3(l) — 2K N Oy (1) + O;.
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Fig. 3.3 TG-DSC curves of CNTs/KNO3 composites
Table 3.4 Calculation results of kinetic parameters of thermal decomposition
Material Decomposition Kissinger methods Ozawa methods
categories | peakemperare (g, (ot [1gA [y By tmol ) [y
KNO3 429.26 109.2 11.30 [0.992 |110.8 0.993
CNTs/KNO3 | 469.10 188.7 19.67 [0.994 |187.0 0.992

The decomposition activation energies of KNO3; and CNTs/KNOj3 composites
were solved by the Kissinger and Ozawa methods (Table 3.4) on the basis of DSC/TG,
respectively.

The results indicated that the addition of CNTs increased the decomposition peak
temperature and drove the thermal decomposition of KNO3 more difficult to occur.

3.4 Conclusion

In this paper, the functionalisation of carbon nanotubes, the preparation, charac-
terisation and thermal decomposition patterns of CNTs/KNO3 composites were
investigated and the following conclusions were obtained.

The state of existence of KNOj; crystals on CNTs as well as their content were
demonstrated by the characterisation of the elemental composition, functional group
structure and micro/nano scale surface interface of the composites using SEM, XPS
and TG-DSC. The analysis of the thermal decomposition process of the materials
showed that the thermal decomposition temperature and activation energy of the
composites were elevated.
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Chapter 4 ®
Research on the Shock Ignition of CL-20 <o
and HMX Based Explosives

Xiaogiang Diao, Xiaoling Xing, Shunnian Ma, Xinying Xue, and Yan Qi

Abstract The shock sensitivities of HMX and CL-20 based explosives were
obtained by shock initiation experiment, and the shock pressure of initiation were
calculated, respectively. The results show that the critical initiation pressure of HMX
based and CL-20 based explosive is 3.02 and 2.64GPa. The power work of the ignition
process is analyzed intensively to establish an ignition criterion, and the difference
of the two samples is quantized expressed as WC”M’;O = 1.145°8=2 The slab flyer
test was simulated by using the explicit software, and the results ‘show that the value

of VCL 20 js between 1.08 and 1.12 with the different experimental conditions for
the ﬂyer

4.1 Introduction

Semennov theory is a famous theory on the self-catalysis explosive reaction. Gener-
ally, one of the most important premises of the theory is that the temperature and the
substance are well-distributed in the whole system. Actually the produced heat of
the explosive sample is asymmetrical and the hot spot model is introduced to illus-
trate the initiation of the explosive samples under different conditions. The hot spot
theory can be accepted and applied to describe the initiation of different explosives.
Under shock conditions, the heat effect is reflected by the density of the explosive
samples, and the microscopic structure is also embodied in the macroscopic test data.
In this paper, the shock sensitivities of HMX and CL-20 based explosive samples
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were obtained by shock initiation experiment, and the shock pressure of initiation
were calculated, respectively. The critical initiation pressure of HMX based explo-
sive is much higher than CL-20 based explosives. The power work of the ignition
process is analyzed intensively to establish an ignition criterion, and the difference
of the two shock ignition processes is quantized expressed. The slab flyer test was
simulated by using the explicit software FEA and AUTODYN, the difference of the
shock energy for initiation of HMX-based and CL-20 based explosives was obtained
in the research.

4.2 Experiment

4.2.1 Sample Preparation

The original HMX and CL-20 particles were refining by mechanical milling and the
diameters of the particles between 85 and 95 um were selected by screening method.
The energetic binder ETPE was selected and the compatibility of them was sufficient
good. The mass ratio of main explosives and binder was 96:4.

The aqueous suspension method was employed to ensure the system uniformity of
the binder coated HMX or CL-20. The particles obtained were dried and the crystal
form of CL-20 was detected by FTIR. The particles were put into cylinder mould of
40 mm diameter and stressed under a pressure of 10 MPa.

4.3 The Experiments of Critical Initial Pressures for HMX
and CL-20 Based Explosives

The certain RDX based explosive (®40 x 30, p = 1.675 gcm ) was used to produce
shock waves and the waves were transmitted in organic glass. The manganin pressure
transducers were placed per 10 mm during the whole length of 55 mm. The pressure
of the shock waves was determined and the reduction regulation of its transition in
organic glass was obtained.

The critical initial pressures of shock experiments for HMX and CL-20 based
explosives were carried under the same conditions, respectively.

4.4 Results and Discussions

1. The FTIR spectrum of CL-20 raw material and CL-20explosive
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Fig. 4.1 The FTIR spectrum chart of CL-20 and CL-20 with binder

The crystal form was studied particularly after the whole dealing process. The spec-
trum was shown in Fig. 4.1. One can see that there is no phase transition takes place
and the crystal form was not change after the coating process. The 2100 cm™! can
be attributed to the strong absorption of —N3 from the binder structure. The results

show that the e-CL-20 phase was controlled well during the whole process.
2. The shock sensitivities of HMX and CL-20 based explosives

Generally, the shock sensitivity of explosives is measured by gap test method. The
thickness of the clap board when 50% explosive explodes is regarded as the expres-
sion of the shock sensitivity. The pressure decay process of shock waves in organic
glass was determined by the test point assemble per 10 mm during the whole length
of the gap was 55 mm. and the relationship of the initiation pressure and thickness
was shown in Fig. 4.2.

The decay tendency of shock waves pressure in dense medium can be expressed
by exponential equation. The relationship between the imitation pressure and gap
thickness of organic glass is fitted as Eq. 4.1:

X
— 2243 + 15.72exp( —— 4.1
P * eXp( 13.48) -1

where p is the pressure of shock waves in the organic glass, x is the thickness of the
organic glass gap.

The thickness of the organic glass gap and the correspondingly pressure of shock
wave values of different explosives are shown in Table 4.1.
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Fig. 4.2 The relationship between the imitation pressure and gap thickness of organic glass

Table 4'1. The thickness of Explosives Thickness (mm) Pressure (GPa)
the organic glass gap and the

correspondingly pressure of HMX based 40.50 3.02

shock wave values of HMX CL-20 based 4951 264

and CL-20 based explosives

The obtained pressure of shock wave values can be regard as the critical initiation
pressures of HMX and CL-20 based explosives. The different values represent the
shock sensitivity differences of different explosives. From Table 4.1, one can see that
the critical initiation pressure of HMX based explosive is much higher than CL-20
based explosives, which means that the shock sensitivity of HMX based explosive
is apparently lower than the other one.

3. The ignition criterion

The ignition process is not only determined by the ignition pressure, but also related
to the sustaining time of the pressure. This can be expressed by Eq. (4.2).

p’t=C 4.2)

In which, C is constant and t is the sustaining time of the pressure.

The physical signification of Eq. (4.2) is the absorbent energy of the certain
explosives for the ignition. The unit area power work to the ignition process is
expressed by Eq. (4.3), where u the velocity of the particle.
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1

(4.3)

T
W:/pudt:put:
Pmo VD,

v
PmoVp, keeps as the same value B for a certain explosive sample, and then Eq. (4.4)
is obtained.

W= 7= A 4.4)
From Eq. (4.4), one can see that the unit area power is constant under the same
sustaining time of the pressure for a certain explosive sample. This constant connects
to the response characteristics of the sample for the shock waves. The shock wave
with same intense for different explosive samples to the detonation, the time of
duration is very different. The shock wave intense here cannot be lower than the
critical pressure and the work can be employed as a criterion. The criterion work is
the expression of the absorbent or storage energy by the explosive sample under the
critical condition.
The value of B is constant as above mentioned for CL-20 or HMX based
explosives, then Eq. (4.5) is obtained.

2
Wivx  CamxBer-20  PeL—20 VeL—20ps  Prvix THMX

— _ 4.5)
> (4.
Wer20  Cer—20Bamx PHMX VHMXDs DPEr_20TCL—20

The distance of the shock wave in the organic glasses for HMX and CL-20 based
2
explosives is 40.50 and 49.51 cm, respectively. The value of -HX 5 (),818, and JHMx

TcL-20 CL-20
is 1.308 under the shock ignition condition. The % = % = 1.07 is assumed
and Eq. (4.6) can be given from Eq. (4.5).

W —20Ds
HMX 1.145VCL 20D:s (4.6)
WeL—20 VHMXDs

4. The simulation of the flyer velocity

The slab flyer test was simulated by using the explicit software FEA and AUTODYN,
the value of vgvxps i from Ref. [1], and the value of v _ogps is obtained with the
same software method to insure the same setting. The parameters needed in the
simulation of CL-20 is from Ref. [2]. The values of vymxps and ver_oops are listed
in Table 4.2.

Table 4.2 The needed values of vymxps and Ve —20Ds

Sample Velocity km s~
HMX based 3.59 3.66 3.76 3.88
CL-20 based 3.88 3.99 4.14 4.34




36 X. Diao et al.

One can see that the value of VC;M”;D* is between 1.08 and 1.12 with the different
experimental conditions for the flyer by the CL-20 or HMX based explosive samples.
Then Eq. (4.6) can be expressed as Eq. (4.7) here. Which means that the shock energy
for initiation of HMX-based explosive is 23—28% higher than that of CL-20 based
explosives.

Whmx

123 < <1.28 4.7

CL-20

4.5 Conclusion

1. The HMX and CL-20 based explosive samples are prepared for the shock
sensitivity research. The crystal of CL-20 does not change from the FTIR
determination.

2. The critical initiation pressure of HMX based explosive is much higher than
CL-20 based explosives. The power work of the ignition process is analyzed
intensively to establish an ignition criterion, and the difference of the two shock
ignition processes is quantized expressed as WC“LM’Z‘O = 1.1457c=20

3. The slab flyer test was simulated by using the explicit software and the results
show that the shock energy for initiation of HMX-based explosive is 23-28%
higher than that of CL-20 based explosives.
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Chapter 5 ®)
Molecular Dynamics Study oo
of the Structure and Properties
for CL-20/Graphene Composite

Lilong Yang, Tao Chen, Hengning Zhang, Hongtao Yang, and Wuxi Xie

Abstract Molecular dynamics was applied to study the famous high-energy density
compound e-CL-20 (hexanitro hexaazaisowurtzitane) crystal and e-CL-20/graphene
composite. Graphene was added into the three separate crystalline surfaces of CL-
20 to build the CL-20/graphene composite. The vibrational mode, phonon density
of states (DOS), binding energy, initiation bond length and elastic coefficient,
isotropic mechanical properties (Young’s modulus, bulk modulus, shear modulus,
Poisson’s ratio, Cauchy pressures and K/G) were studied for CL-20 crystals and
CL-20/graphene composite. It turned out that the region of 1450-1750 cm™! and
600-900 cm~! corresponded to the main vibrational features of e-CL-20. The ability
of graphene to decrease the DOS of CL-20 at different crystalline surfaces was
(100) > (001) ~ (010). The interaction between an individual crystalline surface of
CL-20 and graphene was different, and the binding energy of the three crystalline
surfaces was ordered as (100) > (001) > (010). A study on the initiation bond length
showed that the probable bond length (L) of N-NO, increased in different extent
and it was related to the sensitivity of the CL-20. By adding a little graphene, the
mechanical properties of CL-20 could be efficiently enhanced, and the (100) crys-
talline surface exhibited better overall mechanical properties than the other crystalline
surfaces. These findings have guided further studies on the application of CL-20 and
its composite.
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5.1 Introduction

Energy-rich materials are extensively applied in military and civilian areas,
including propellants, explosives and pyrotechnics, etc. [1-3]. The traditional
nitramines 1,3,5-trinitroperhydro-1,3,5-triazine (RDX) and octahydro-1,3,5,7-
tetranitro-1,3,5,7-tetrazocine (HMX) are popular as explosives. However, it is less
energetic and therefore unable to be extensively utilized in high-energy explo-
sives and long-range weapons. To pursue higher chemical energies, a lot of effort
has been devoted to design and synthesis of new energy-containing compounds
[4]. According to the study, new high-energy polycyclic nitramine, 2,4,6,8,10,12-
hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane (CL-20) has a high density (approxi-
mately 2.0 g cm™?), energy, and excellent detonation properties (velocity detonation
is 9762 m s~!, exceeding HMX by about 7%) [5-7]. Extensive research has been
conducted to improve the decomposition and combustion performance of energy-
containing composites, which include polymer bonded explosive [7] and propellant
[8, 9]. CL-20 has attracted interest as a prospective candidate to replace energy-
containing compounds like RDX, HMX and ammonium perchlorate (AP) used for
future missile and space missions in order to achieve environmentally friendliness,
high performances, high specific impulse (Isp) and low signature of propellant [10,
11]. However, due to many technical bottlenecks such as chemical compatibility,
thermal and mechanical stability, high sensitivity to impact, friction, shock wave,
thermal and electric spark, CL-20 is not yet a complete replacement for the commonly
used explosives in most cases [12—14]. The development of effective methods to
reduce CL-20 sensitivities is essential and has proven to be a challenging task.

In order to solve the problem of balancing high energy and low sensibility, some
strategies have been conducted to lower sensitivities of high energetic materials.
These approaches include modification of the particle surface by coating [15, 16],
preparation of microcapsules by in situ polymerization [17], and exploration of high-
energy cocrystals [18-20]. The coating method is the most effective way to reduce
the sensibility of energy-containing materials [21]. In particular, the use of nanosized
materials has attracted more and more attention [22]. Zhang et al. [ 13] investigated the
phase transitions, thermal behavior, friction and impact sensitivity for e-CL-20 coated
in desensitizers (paraffin wax, microcrystal wax, graphite, molybdenum disulfide,
tungsten disulfide, and graphite fluoride). It is shown as graphite lowered the phase
transition critical temperature. The molybdenum disulfide/paraffin wax composite
system decreased the friction and impact sensitivity for e-CL-20. Li et al. [23]
prepared nanocomposite with a lamellar arrangement structure using a simple and
rapid anti-solvent crystallization method, which consisted of nanosheets comprising
CL-20 and 1,3,5-triamino-2,4,6-trinitrobenzene (TATB), and further covered with
dendritic nano-scale TATB. Owing to the multiple desensitization effect of this
structure, the sensitivity of this nanocomposite is much lower and approximately
comparable to that of the insensitive explosive LLM-105.

Graphene has been investigated as a desensitizing component for energy-
containing materials because of its ultra-low mass density, excellent thermal and
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electrical conductivity, good lubricity and superior mechanical performance [24—
28]. Wang et al. [21] obtained a superior insensitive HMX/Viton/GO composite
applied to the booster explosives by water suspension method using graphene oxide
to decrease the sensitivity of the impact and shock wave. Li et al. [29] prepared an
outstanding antistatic graphene nanoplates/lead styphnate composite with resistance
to electrostatic spark sensitivity and static electricity accumulation for igniter appli-
cations using 2D graphene nanoplate (1 wt%) for minimizing the electrostatic hazard
of explosive.

It is well known, that the conventional approach to study the energetic mate-
rials is experimental research [30-32]. Force field methods, particularly molecular
dynamics, are currently an essential and excellent method for studying the structure
and properties of material. MD simulations have been extensively used in the study
of high-energy explosives and the results are well in accordance with experimental
findings [33-36]. In this paper, graphene was added into the three separate crystalline
surfaces for e-CL-20 to build the CL-20/graphene composites. By using MD method
the relationships among structure, energy, mechanical properties and sensitivity of
three separate crystalline surfaces for CL-20 and CL-20/graphene composite were
investigated. It is hoped that this study will contribute some basic data and direction
to the further application research of CL-20 and its composite.

5.2 Model and Method

5.2.1 Construction of Models

The crystallographic parameters of e-CL-20 are obtained by X-ray diffraction. The
single cell parameters of e-CL-20 are as follows: a = 8.852 A, b = 12.556 A, ¢ =
13.386 A, o = y = 90° B = 111.18°. To begin with, a 2 x 3 x 3 supercell was
built with Super cell using Material Studio software (MS) 8.0. The CL-20 crystals
were cleaved along the different crystalline surface (001), (010), (100) using the
cleave surface approach and then 10 A vacuum layer was put in the periodic cells
along the c direction. A new periodic 3D cell containing 72 e-CL-20 molecules
was constructed. Moreover, the model of single-layer graphene with 256 carbon
atoms was also constructed. A after CL-20/graphene composite systems was built
by adding graphene into the vacuum layer. The single molecular, single crystal, 2 x
3 x 3 supercell structures for e-CL-20 and ¢-CL-20(001)/graphene composites were
shown in Fig. 5.1.
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(c) (d)

Fig. 5.1 Single molecular (a), single crystal (b), 2 x 3 x 3 supercell (c¢) of e-CL-20 and e-CL-
20(001)/graphene composite (d). Color code: C, gray; O, red; N, blue; H, white

5.2.2 MD Simulation Method

Simulation has been carried out using Forcite module under COMPASS force field.
First step was geometry optimization of CL-20 and CL-20/graphene composite. The
quality of geometry optimization is “Fine”. Algorithm is “Smart”. The final structure
with minimum energy is obtained through geometry optimization with 10,000 steps.
The CL-20 structure was optimized and performed a vibrational analysis to obtain
the vibrational intensities of the IR spectral bands. Hessian was generated by single-
point energy calculation to visualize the normal vibrational modes. The Hessian
matrix is the second order derivative matrix of energy and is employed to determine
the normal mode of vibration. The next was executing dynamics of CL-20/graphene
composite to get the equilibrium conformations, MD simulation with 1000 ps was
performed under NPT ensemble, time step was 1 fs. The atom-based methods and
Ewald summation are employed for van der Waals and electrostatic interactions.
The Andersen thermostat temperature (298 K) and Berendsen barostat pressure (1.0
x 10° Pa) control algorithms were used throughout. The MD simulation system
is in equilibrium when the temperature fluctuates within 10 k or when the energy
fluctuates less near the average energy value. Finally, the effect of graphene on the
structure, energy and mechanical properties of different crystalline surfaces for CL-
20 was investigated. Phonon density of states simulation was conducted by Gulp
module under Dreiding force field. Optimized structure was analyzed to get the state
density of phonon.
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5.3 Results and Discussionn

5.3.1 Structure of CL-20 and CL-20/graphene Composite

5.3.1.1 Vibrational Modes

Vibrational spectra are generated due to atoms vibrating around their average posi-
tion. The frequency of the atomic vibrations depends on the environment in which
the atom is located and its elemental type. There are several different methods of
calculating vibrational spectra, which include molecular mechanics, semi-empirical
and ab initio quantum mechanics methods. The frequencies calculated using molec-
ular mechanics methods are highly related to the force field applied. The Forcite
module combined with the COMPASS forcefield gives a good prediction of the
vibrational frequencies because the force constants are well specified. Figure 5.2
showed the representative vibration mode of e-CL-20 at frequency 1517 cm™!. Table
5.1 showed the theoretical simulation along with the experimental infrared frequen-
cies as reported in the literature [30] of e-CL-20 and the vibrational mode assignment.
The range 1450-1750 cm™~! corresponded to the NO, stretching vibration and the
range 600-900 cm™! corresponded to most bending and deformation (NNO bending,
ring deformation, NO out of plane bending and ONO bending) vibration. Figure 5.2
displayed the major vibrational characteristics of e-CL-20 appearing at 1517 cm™!,
that were consistent with e-CL-20 published in the literatures [30, 37].

vibrational mode of e-CL-20
at 1517 cm™~! (the arrow
indicates the vibration
intensity)

Fig. 5.2 Simulation *&
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Table 5.1 The theoretical
simulation and experimental
infrared [30] frequencies of
e-CL-20

L. Yang et al.

Simulation (cm~1)

Literature (cm—1)

Vibrational mode

assignment
380 vw, 402 w 445 vw NNO bend
556 w 567 w NNO bend
576 w 590 w Ring def
708 s 705 vw NO bend

722s,734s,743 s

723 w, 738 w, 744
w

NO bend; NNO,
bend

776,781 w 750 w, 758 w ONO bend; NO
bend

836 vw, 858 vw, 820 w, 831 w,854 ONO bend; NO

891 w w,883 m bend

908 w, 983 w

912 w, 980 w

Ring str; NN str

1101 m, 1144 w

1124 w, 1136 w

Ring str

1169 m

1182w, 1191 w

CH bend; NO str
sym

1280 m, 1302 m,
1329 m, 1337 m

1285 vs, 1298 vs,
1329 vs, 1338 vs

CH bend; NO str
sym

1517 vs, 1525 s,

1568 vs

Ring str; NN str,

1536 m, 1545 m NO str sym
1706s, 1718 vs 1632 m NO str asym
2951 vw 3017 m CH str

vs very strong; s strong; m medium; w weak; vw very weak

5.3.1.2 Phonon Density of States

Atoms must be in constant motion due to the Heisenberg uncertainty principle,
which is achieved by vibrations. At low temperature, the vibration corresponds to
simple harmonic motion at the position of minimal energy, and with increasing
temperature, it becomes more and more inharmonic vibration. For molecules, it
will have 3 N-6 vibrational modes (or 3 N-5 for linear systems). With an infinite
perfect three-dimensional solid, it will have a correspondence of an unlimited number
of phonons. To characterize these phonons is done by calculating their values at
points in reciprocal space, normally in the first Brillouin zone. Phonon density of
states (DOS) of a solid, i.e., the number of frequency to frequency values, is a
continual function when integrated over the entire Brillouin zone [38]. Although the
complete integration of the Brillouin zone is not easy to achieve, this integration is
approximated through numerical integration. To execute these integrals, the GULP
module is applied. It is based on three known shrinking factors, n1, n2, and n3, each
reciprocal to the lattice vector. The phonon density of states of the different crystalline
surface for CL-20 crystal and CL-20/graphene composite was shown in Fig. 5.3. As
shown in Fig. 5.3, the 200-2000 cm~! range of frequencies contained the slow
collective modes of the structure, which corresponded to the largest fluctuations of
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Fig. 5.3 Phonon density of states of different crystalline surface for CL-20 and CL-20/graphene
composite. a 001, b 100, ¢ 010 crystalline surface, respectively

the system. The DOS of different crystalline surface for CL-20 and CL-20/graphene
composite showed a stronger peak within a range of 15501750 cm~' frequencies,
which was attributed to the stretching modes of ring, NN bonds, NO bonds symmetry
and asymmetry. By comparing the total DOS of different crystalline surface for CL-20
and CL-20/graphene composite, it was observed that as the DOS of CL-20/graphene
composite was lower than of CL-20, which can be attributed to the interaction or
combine between sp? bonding networks stretching of graphene and vibration modes
of CL-20. The intermolecular interaction between (100) crystalline surfaces of CL-
20 and graphene was strongest. This feature can be attributed to the van der Waal’s
forces and electrostatic interactions. The ability of graphene to decrease the DOS of
CL-20 at different crystalline surfaces was (100) > (001) ~ (010).

5.3.1.3 Initiation Bond Length

An initiating bond is a chemical bond with minimal energy in a high-energy mate-
rial. The initiating bonds are easily triggered by external influences and then explo-
sion occurs. Therefore, it is important to study the changes of the initiating bonds.
According to the study of CL-20, it was known that the initiating bond is N-NO,
[34, 35]. Analysis of the N-NO, change for CL-20 contributes in investigating the
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influence of graphene on the sensitivity for CL-20. The radial distribution function
g(r) is applied to weigh the possibility of another atom appearing at the distance
r to an assigned atom. The most probable bond length (L) and the interactions
between between the components are determined by radial distribution function. In
general, chemical bond interactions are the most powerful forces. Intermolecular
action consists of hydrogen bonds and van der Waals (vdW) forces, which in turn
include dipole-dipole, induction, and dispersion interaction forces. Hydrogen bond,
strong vdW, and weak vdW interaction forces correspond to the distance of 2.6—
3.1 A, 3.1-5.0 A or above 5.0 A between atoms, respectively [39]. From Fig. 5.4,
it was found that the most probability between N-N atom pair in CL-20 to simul-
taneously arised in the distance of 1.15-1.60 A and peak value in the g(r) curves
was high to 6-14, illustrated that the strong chemical bond interaction was formed,
and most probable bond length was determined in Table 5.2. The incorporation of

(b

= CL-20(001)
——  CL-20{001ygraphene

— CL-20{100)
6 Jl —— CL-20{100)/graphene
| 4

g(r)
g(r)

r (Angstroms)

| = CL-20(010)
ul | CL-2{010) graphene

g(r)

r (Angstroms)

Fig. 5.4 Radial distribution function between N-N atom pair on three different crystalline surfaces
of CL-20 and CL-20/graphene composite. a 001, b 100, ¢ 010 crystalline surface, respectively

Table 5.2 Probable bond

length Loy of different prob (A) 001) (100) 010)
crystalline surfaces of CL-20 CL-20 1.39 1.39 139
and CL-20/graphene CL-20/graphene a1 57 Ll

composite
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graphene modified the distribution width for N-NO, and slightly enhanced the prob-
ability for L;op. Meanwhile, a peaks arised again in the 2.10-2.90 A region, demcon—
strated there was strong intramolecular interaction. In the region of above 3.5 A, a
comparative high peak arised, predicted that some van der Waals interactions existed
between them. In all, the interactions between N—N atom pairs in CL-20 are mainly
intramolecular and chemical bonds. The study of the distribution for the initiation
bond length indicated that there was a different increase in the Lo of N-NO,,
which was associated with the sensitivity of CL-20. The order of Ly, was (100) >
(001) = (010), which indicated that the (100) crystalline surface of CL-20/graphene
composite owned higher sensitivity.

5.3.2 Binding Energy of CL-20 with Graphene

The equilibrium configuration of the model can be obtained by MD simulation. The
binding energy (Epinding) can be used to evaluate the compatibilities of two compo-
nents in a blends. It is determined in terms of the negative value of the intermolecular
interaction energy (Einger), 1.€. Ebpinding = — Einter- The Eigeer is calculated from the total
energy of the blend and the energy of the individual components at equilibrium
condition. The Epinging between CL-20 and graphene is calculated by the following
formula.

Ebinding = —Einter = _(Etotal - ECL—ZO - Egraphene) (51)

where Ey is the total energy for the CL-20/graphene hybrid system. Ecp o and
E graphene are the total energy for CL-20 and graphene, respectively.

For comparison, the Eiul, Ecr20, Egraphene and Ebinging Of different crystalline
surface were listed in Table 5.3. The results show that the binding energy of CL-20
(100) surface to graphene is stronger than that of (001) and (010) surfaces. That
is, when graphene is added to CL-20 crystals, graphene is inclined to concentrate
on the CL-20 (100) surface because of the higher intermolecular interaction. The
interaction between separate crystal surfaces for CL-20 and graphene is distinct, and
the binding energy order is (100) > (001) > (010).

Table 5.3 Binding energies (kcal mol~!) for CL-20/graphene with graphene on three separate
crystalline surfaces of CL-20 at 298 K

CL-20/graphene Etotal ECL-20 Egraphene Ebinding
0o 199,370.218 190,076.862 9609.182 315.826
(100) 203,473.862 194,241.571 9662.952 430.661
010 197,464.904 188,027.604 9679.403 242.103
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5.3.3 Mechanical Properties

The mechanical properties of explosive have an essential impact on the performance
of energetic materials in formation and safety in application. The relationship of
stress and strain for material abides by the universal Hooke’s law, and the equation
is as below.

o] = Cijé‘j (52)

where C;; (i,j = 1-6) is (6 x 6) a matrix of elastic coefficient. By considering the
strain energy, the matrix of elastic coefficient is symmetrical, that is, C;; = Cj;. Conse-
quently, it has 21 elastic coefficients to express the relationship between stress and
strain of anisotropic material. With regard to most commonly used anisotropic mate-
rial, the 21 elastic coefficients C;; are independent of each to other. The isotropic
material has only two independent elastic coefficients, which are called Lame coef-
ficients (\ and ). Using \ and W, the tensile modulus E, shear modulus G, bulk
modulus K and Poisson’s ratio y is calculated by the following Eq. (5.3) [40]. The
program supposes that the material is isotropic, and the computational isotropic
mechanical characteristics of material are obtained.

3N+2
g MOA 2L

At
K=x+ 2
= m
G=pu
A
y=5— (53)
200+ )

Poisson’s ratio (y) is often used to assess the plasticity of materials. There is the
relation between Poisson’s ratio and different moduli as below.

E = 3K(1 — 2y) = 2G(1 + y) (5.4)

Due to that matrix of elastic coefficients is symmetric, in Table 5.4 only were
listed partial coefficients of three separate crystalline surfaces for CL-20 and CL-
20/graphene composites. The differences in elastic coefficients of the separate crys-
talline surfaces for CL-20 and CL-20/graphene composite revealed that the analyzed
CL-20 crystals have anisotropic properties in a certain degree. From Table 5.4, it
could be seen that most of the elasticity coefficients of CL-20/graphene composite
were reduced in comparison with pure CL-20 crystal, indicated that the stresses
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required to produce the same strain are reduced, i.e., the elasticity of CL-20/graphene
composites was improved.

Cauchy pressure (C1,—Cy4), which is a measure of ductility and brittleness for
materials, with positive values indicating ductile and negative values indicating
brittle. The data of the Table 5.4 predicted that compared to pure CL-20, all (C,—
Cy4) values for CL-20/graphene composite with different crystalline surfaces were
increased with a different extent, and the percentage increase of ductility of the
different crystalline surfaces for CL-20 was (001) > (010) > (100). When graphene
was placed on the (010) crystalline surface for CL-20, the obtained CL-20/graphene
composite at 298 K had the best ductility, and the (C;,—Ca4) value was 16.66.

Tensile modulus (E), bulk modulus (K), and shear modulus (G) are applied to
evaluate the capacity of a materials to withstand elastic deformation. Toughness is the
deformation capacity of a materials after absorption of energy and is determined from
the ratio (K/G). The higher the K/G value, the stronger the toughness of the material.
It was thus clear in Table 5.4 that the E, K, and G moduli of different crystalline
surfaces for CL-20/graphene composite were reduced in comparison with pure CL-
20 crystal, predicted that the stiffness and brittleness of the system were decreased,
but the flexibility and plasticity were increased. Whereas the little increase of K for
(010) crystalline surfaces of CL-20/graphene composite predicted the decreasing
tendency of elasticity. According to the K/G values in Table 5.4, it is noticed that the
CL-20/graphene composite with graphene on a crystalline surface (100) for CL-20
was regarded to obtain optimal toughness. In summary, there are still some differences
in the ability of graphene to enhance the mechanical properties of CL-20 on different
crystalline surfaces, and the ranking is (100) > (001) > (010). The Poisson’s ratio of
different crystalline surface for CL-20 and CL-20/graphene composite ranged from
0.31 to 0.48, showed the better plasticity. The order of increase of Poisson’s ratio on
different crystalline surfaces was (100) > (010) > (001).

In comparison of pure CL-20, the elastic coefficient and elastic modulus of CL-
20/graphene composites with different crystalline surfaces in Table 5.4 decreased,
and the Cauchy pressure (C,—Cy44) and K/G increased, indicating that the addition
of graphene improved the elasticity, ductility and toughness of CL-20. Graphene on
the (100) crystalline surface of CL-20 has the greatest influence on the mechanical
properties of CL-20. This may be attributed to the flexibility and good ductility for
graphene. So, it covered the explosives excellently and acted as a shock and heat
absorption. Therefore, coating graphene on the surface of explosives is an effective
way to achieve higher stability of explosives.

5.4 Conclusion

In this paper, the structure, energetic and mechanical properties of different crystal
surfaces of e-CL-20 and e-CL-20/graphene composite were studied using molecular
dynamics simulation. The vibrational mode, phonon density of states, binding energy,
initiation bond length and elastic coefficient, isotropic mechanical properties (such as
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Young’s modulus, bulk modulus, shear modulus, Poisson’s ratio, Cauchy pressures
and K/G) for CL-20 crystals and CL-20/graphene composite were analyzed. The
conclusions were as shown below.

1.

The zones of 1450-1750 cm™! and 600-900 cm ™! corresponded to major vibra-
tional features for e-CL-20. In comparison with CL-20, the DOS of three sepa-
rate crystalline surfaces of CL-20/graphene composite decreased, which meant
that the stability of them became better when graphene was added into the crys-
talline surfaces of CL-20. The ability of graphene to decrease the DOS of CL-20
was (100) > (001) ~ (010).

In addition, adding graphene into the different crystalline surface of CL-20
changed the value of initiation bond length. Then the order of Lo, was (100) >
(001) = (010). This was consistent with the maximum binding energy between
graphene and (100) crystalline surface of CL-20.

In comparison with pure CL-20, the elastic coefficient and elastic modulus of
CL-20/graphene composites with different crystalline surfaces decreased, and
the Cauchy pressure (C;,—C44) and K/G increased, indicating that the addition of
graphene improved the elasticity, ductility, and toughness for CL-20. Graphene
showed the most effective improvement in the overall mechanical performance
of CL-20 when it is positioned on (100) crystalline surface of CL-20.

To summarize, MD simulation investigations of &-CL-20 crystal and &-CL-

20/graphene composites have provided valuable knowledge about their structural,
energetic and mechanical properties. Hopefully, this work is meaningful to further
research on the application of CL-20 and its composite.
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Chapter 6 ®)
Stabilization of Energetic Compounds oo
into the Nanoscale Carbon Materials:

Insights from Computational Simulations

Jiankang Li, Zhixiang Zhang, Yiding Ma, Dayong Li, and Yingzhe Liu

Abstract Carbon materials, such as carbon nanotube and graphene, are promising
candidates for the stabilization of energetic compounds by inducing certain arrange-
ments of energetic molecules through confinement. We studied the structure rear-
rangements of NM confined in single-walled carbon nanotube (SWNT) and graphene
(GRA), and its reaction activities. The investigations show that the NM tends to align
head-to-tail when confined. The structures depend on the radius of SWNTs and the
distance between GRA bilayers, and the energy surfaces of initial reaction of NM
alters when attached to GRA surface. Moreover, the binding energy of C-N bond
increases, suggesting better thermal stability when confined in SWNT.

6.1 Introduction

Developing new energetic materials has been a challenge because of the contradiction
between the performance of power and safety. Researchers have made great process
in discovering high-energy-density materials (HEDMs), for example, all-nitrogen
compounds [1], which are expected to be several times as powerful as the general
energetic materials. However, the stability of such HEDMs stands in the way of
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the fabrication, application, storage, and so on. Thus, it calls for effective ways to
promote the safety performances of new HEDMs.

The confinement of energetic molecules in carbon-based backbones is a promising
way for the stabilization of HEDMs. There is evidence that the carbon-based
confinements such as graphene (GRA) and carbon nanotubes (CNT) can alter
the chemical reactivity and dynamics of molecules [2—4]. Theoretical studies
have shown that the thermal stabilities of typical energetic molecules such
as HMX (octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine), FOX-7(1,1-diamino-
2,2-dinitroethylene), RDX(hexahydro-1,3,5-trinitro-striazine) are improved when
confined in CNT and double-layered GRA. For novel HEDMs such as polymeric
nitrogen, it is also proved that the stability is governed by the charge transfer between
polymeric nitrogen and carbon nanostructures when confined in a CNT or a graphene
matrix [5-8]. Furthermore, functionalized GRA sheets can enhance the thermal
decomposition of organic explosives [9]. As one of the simplest energetic molecules,
nitromethane (NM) has been intensively employed as a prototype system to study the
features in theory of structure [10-16], melting, crystallization [17, 18], and thermal
decomposition [9, 19-21]. Its thermal decomposition mechanism is rather complex
and the preference of the several elementary reactions are closely relevant to the envi-
ronmental conditions, which can be representative in the study on the stabilization
of energetic compounds into the nanoscale carbon materials. At nanoscale tubular
or planar confinements in CNT or GRA, the orientation and arrangement of NM
molecules are expected to be different from that in bulk, and quantum mechanics
study has shown that the thermal decomposition of NM is accelerated when confined
in (5,5) CNT [22]. In summary, the theoretical and computational research on NM in
confined environments will help us understand the structural rearrangement, reaction
activities, and the stabilization of nanostructured energetic materials.

6.2 Methods

6.2.1 Quantum Mechanics Calculation

For the reaction activity calculation of NM in confined system, the ONIOM method
[23] was employed, where the system is divided into two layers and energy is calcu-
lated separately. The inner layer including NM molecules is calculated with high-
precision density functional theory B3LYP/6-31 4+ G** [24, 25], and the outer layer
include GRA is calculated with UFF force field [26]. The vibrational frequency was
calculated at the ONIOM (B3LYP/6-31 4+ G**:UFF) level to find the most stable
geometry of ground state and to identify the transition state of reaction. The reac-
tion paths were double-checked using intrinsic reaction coordinate method [27]. The
electronic structure calculations were carried out with Gaussian09 series of programs
to quantify the interaction of molecules in the system [28].
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6.2.2 Molecular Dynamics Simulations

The CHARMM36 general force field [29] was employed to describe the NM
molecules. All the SWNT and GRA atoms were described by means of the sp2
aromatic carbon parameters of CHARMM27 force field [30] devoid of the net atomic
charge. The CHARMM potential energy functions used to calculate the potential
energy, V(r), is given by the following equation:

V() =Y Kyb—bo)’ + > Ke(6 — )

bonds angles

+ Y Ks(l+cos(ng — 8))
dihedras

+ > Kyp—9o)’+ > Kus(riz—rizo)’
improper Urey - Bradtey

+ Z £ij (Rmin,ij>12 _2<Rmin,ij>6 + qiq;
nonbonded Tij Tij am Drij

where r represents the Cartesian coordinated of the system. by, 8¢, ¢o, and r; 3,9 are
the bond, angle, improper, and Urey-Bradley equilibrium terms, respectively. n and
8 are the dihedral multiplicity and phase. K's are the respective force constants. &;j,
Ruinjj» and ry; are the Lennard-Jones well depth, the minimum interaction radius,
and the distance between atom i and j, respectively. g; and g;j are the partial atomic
charge of atom i and j that is obtained from the quantum mechanics calculations. D
is the dielectric constant.

All the MD simulations were performed using the program NAMD2.9 [31] in
the isobaric-isothermal ensemble with periodic boundary conditions applied in three
directions of Cartesian space. The temperature and the pressure were maintained at
300 K and 1 bar, respectively, employing Langevin dynamics and Langevin piston
pressure control [32]. The equations of motion were integrated using the multiple
time step Verlet -RESPA algorithm [33] with the time steps of 2 and 4 fs for short-
and long-range interactions, respectively. Covalent bonds involving hydrogen atoms
were constrained to their equilibrium lengths by means of the SHAKE/RATTLE
algorithms [34, 35]. A smoothed of 1.2 nm spherical cutoff was used to truncate van
der Waals interactions, and long-range electrostatic forces were evaluated employing
the particle mesh Ewald approach [36].
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6.3 Results

6.3.1 Structural Rearrangement

6.3.1.1 NM Confined in SWNT

To investigate the characteristics of NM confined in tubular cavities, undecorated
and ideal SWNTs of the armchair type with (n,n) indices (Table 6.1) were immersed
into NM solvents [37, 38]. Simulations show that NM molecules spontaneously enter
the nanotube and rearrange into ordered fashion, except the (5,5) SWNT, into which
the NMs need extra energy to encapsulate (Fig. 6.1). As the radius of the SWNTs
increase, NMs form linear structure in (6,6) and (7,7) SWNTSs, double and triple

Table 6.1 Parameters of NM-SWNT system for molecular dynamics simulation

(n, n) ro (nm) Nc NN Nin

5,95) 0.339 260 1135 0.00
(6, 6) 0.407 312 1121 3.86
7,7) 0.475 364 1111 5.43
(8,8) 0.542 416 1097 7.71
9,9) 0.610 468 1243 11.71
(10, 10) 0.678 520 1227 15.29
(11, 11) 0.746 572 1209 21.29
(12, 12) 0.814 624 1208 27.00
(13, 13) 0.881 676 1305 32.71
(14, 14) 0.949 728 1292 40.14
(15, 15) 1.017 780 1274 48.86
(16, 16) 1.085 832 1261 55.43

(5,5) (6,6) (7.7) (8,8) (9.9) (10,10)

' § o Lol That g
L iRl 2 % IZZZ

(11,11) (12,’12) (13,13) (14,14) (15,15) (16,16)

Fig. 6.1 Illustration of NM molecules confined in SWNTs, the color of atoms depends on the
distance to the central axis. r is the distance to the central axis of SWNTSs, rq is the radius of
SWNTs
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helix of NM arrangements are formed in (8,8) and (9,9) SWNTs. Furthermore, a
quadrangular structure is formed in the (10,10) SWNTs. For the (11,11) (12,12) and
(13,13) SWNTs, the NMs inside exhibit a two-layered structures: the outer layers
which contacts with the SWNT form pentagonal, hexagonal, and a blurry hepta helix
structures, respectively, and the inner ones form linear structure emerges. For larger
SWNTs, the two-layered structure of NM is maintained except that both the inner
and outer layers become less ordered when the radius of SWNT increase. It is evident
that the arrangement of NM is highly dependent on the SWNT radius, and we can
reasonably infer that there will be a critical radius in which the structure of confined
NM is almost the same as that in bulk.

In correspondence of the linear or layered distribution of NM in tubular confine-
ment, the radial mass densities of NM in SWNTSs shows accumulations in certain
regions (Fig. 6.2). For cavities from (6,6) to (10,10) the single-peak mass distribu-
tion shows the NM is displaced isometrically in the confined space. For cavities from
(11,11) to (16,16), the double-peak distributions are consistent with the two-layered
NM structure in SWNTs, the densities of inner layers decrease with the increasing
SWNT radius, while the densities of outer layers keep stable, which may be due to
the van der Waals attraction that drags outer NM to the nanotube wall. When the
SWNT is larger than (10,10), the NM attracted to the nanotube wall saturates and
the densities of the outer layer become constant.

Another obvious feature of NM confined in SWNTs is the preferred orientations
of the molecular dipole moments. The orientation angle 6 between the dipole moment
of NM and the axis of SWNTs is closely relevant to the ordered structure of confined

Fig. 6.2 Radial mass 200 . 40 - 12 .
density of NM in SWNTs. (2)(6.6) ) .7) ©(88)
is the distance to the central 100 1 20 1 6t 1
axis of SWNTSs. rq is the 8 . "
radius of SWNTs %_0 0.5 10 0.0 05 10 00 05 1.0
10 10 T 40 ;
(d) (9,9) (e) (10,10) f(11,11)
5 1 5¢ 20 1
g 00 05 10 00 05 10 00 05 10
E=) : 8 ; 8——
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NM. We investigated the distribution of cos 6 and compared to that in bulk NM, and
found that the more concentrated the distribution, the more ordered the structure.

Asdisplayed in Fig. 6.3, the distribution of cos 6 is uniform in bulk NM, indicative
of random distribution of the molecular dipole moments. In contrast, the tubular
confinement induced an oriented molecular dipole moment distribution of NM. For
(6,6), (10,10), (13,13) and (15,15) SWNTs, cos 8 distribution exhibits a single-
peak distribution at 1 or —1, suggesting that the NM dipole aligns in the direction
of the SWNT axis. For (8,8), (9,9), (11,11), (12,12) and (14,14) SWNTs, the curve
exhibits double peaks located at the value of both 1 and -1, indicative of two preferred
directions which are opposite and parallel to the SWNT axis. For larger SWNTs such
as (15,15) and (16,16), the percentage of the two peaks decrease, showing a less
ordered arrangement of NM molecules. Specially, for (7,7) SWNT, the distribution
concentrates around 0, suggesting that the dipole is arranged perpendicular to the
SWNT axis.

Figure 6.4 delineates the dipole orientation of NM in SWNTs. For (7,7) SWNT,
the dipole vectors displaces shoulder-to-shoulder along the tubular axis, which may
result from the compromise of the dipole—dipole interactions of NM to maximize
the number of NM in SWNT. For other SWNTs the dipoles align head-to-tail in the
nanotube, in some cases there are two opposite orientations of NM vectors, which
may be relevant with the initial orientation on the first NM entering the SWNTs.
From (13,13) to (16,16) SWNT, the van der Waals attraction between NM and SWNT
weakens, so that the orientations of NM dipole vectors become less ordered.

Fig. 6.3 The distribution of 04200 10 0.2 :
the orientation of NM dipole. " (a)bulk ’ (b) (6,6) ' ) (7.7)
0 is the orientation angle 0.2l 05 0.1
between the dipole moment
of NM and the axis of 0.0 0.0 0.0
SWNTSs -1 0 1 -1 0 1 -
0.6 r 0.4 ” 0.6 : Y
(d) (8.8) (e) (9.9) () (10,10)
é 0.3 0.2 {103 _
o o : d o, — : -
> 04 0 1904 0 1 904 0 1
€ 03 : 0.4 . 0.3 . .
@ 11,11 h) (12,12 i)(13,13) -
g 0.2 (@ ( ) iy (h)( ) 0.2 i ) !
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Fig. 6.4 Configurations of NM dipole vectors in SWNT confinements. The pink and blue vectors
represent the dipole vectors of different directions

6.3.1.2 NM Confined in Graphene

To study the structure rearrangement of NM on the planar surfaces, a 25 A x
25 A single-layer armchair graphene is immersed in the NM solven [39]. Carbon
atoms on GRA are restrained at initial positions by a weak harmonic potential of
1.0 keal/mol/A2.

Figure 6.5 shows the density distribution of NM along the normal axis of GRA
after thermal equilibrium. The distribution exhibits to 4 peaks when the distance
to the GRA surface increases, indicating that the NM rearranges into lamellar form
near the surface. The according regimes are labeled as L1(2.0-5.9 A), L2(5.9-9.8 /O\),
L3(9.8-13.7 A) and L4(13.7-17.6 A), respectively. The density from L1 to L4 regime
decreases. L1 owns the highest value of 3.0 g/cm?, almost 2.5 times of the density in
the NM bulk. Itis most likely that the NM is attracted by the van der Waals interactions
and concentrates around the GRA surface. When the distance to the GRA surface
increases, the attraction becomes weaker which results in the lower densities of L2,
L3, and L4. For L3 and L4, the density is close to that in bulk NM. Interestingly,
there are two peaks of -NO, group in L1 regime, suggesting two configurations of
NM. Here we label the configuration where H-C-N-O dihedral is 0°~15° to be the

Fig. 6.5 The density 3.0
distributions of NM and
constituent groups. d is the 25|
distance to the GRA surface.
Dashed line represents the 20k
average density of NM in =
bulk i
g 1.5+
o 10f
05

0.0
0
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Fig. 6.6 The probability distribution of a cos € and b amplitude of dipole moment of NM

staggered configuration and 15°-30° to be the eclipsed configuration. The probability
ratio of staggered and eclipsed NM in L1 to L4 regime is calculated and shown in
Fig. 6.6a. In L1 regime, the staggered configuration is 2 times of that of eclipsed
configuration, while in L2 to L4 regimes the probability of two configurations are
almost equal, indicating that the attraction between GRA surface and NM induces
the transformation from the eclipsed to the staggered configuration, which would
finally result in the reaction activity of NM, as discussed in the following section.

The high local density and preferred configuration of NM in L1 suggest that the
NM is likely to be oriented. The distribution of angle 6 between NM dipole moment
and the normal axis of GRA surface has also been investigated (Fig. 6.6a). The
results show that cos 6 exhibit single-peak distribution in L1 and L2, especially in
L1 where the probability of cos & = 0 dominates, indicating that NM tends to point
to the perpendicular direction of the normal axis of the GRA surface. In L3 and L4
NM distributes randomly. The amplitude of NM dipole, on the other hand, is not
influenced in the system (Fig. 6.6b), suggesting that the interactions between NM
and GRA are nonpolar thus it does not induce the change of NM dipole.

Since the NM can regularly rearrange on the surface of GRA, one could be curious
about characteristics of NM confined between GRA bilayer. We modeled parallel
sheets of GRA with edge length of 25 A x 25 A and immersed into NM solvents.
The influence of the distance d between the GRA sheets on the characteristics of
NM is studied.

Not surprisingly, NM can spontaneously enter the gap between GRA sheets when
d is larger than 7 A. The mass density profile (Fig. 6.7) shows that when d increases,
NM first arrange into single-layer structure on d = 7 A, and evolve to double-layer
ond =10 A, finally form triple-layer structure on d = 14 A. This is a relatively
dense accumulation where the interlayer distance of NM is about 3 A, considering
the first neighbor shell of NM in bulk is about 6 A, and the peak value of p/pg curve
is about 5.

To understand the orientations of NM encapsulated in the GRA bilayer, the distri-
bution of cos 6 is displayed in Fig. 6.8 where 0 is the angle between NM dipole
moment and the normal axis of GRA bilayer. NM dipole prefers to be parallel with
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GRA bilayer, and the distribution depends strongly on the distance between GRA
bilayers. Notably, the peak height near cos 6 = 0 shows a somewhat periodic feature
rather than decreasing monotonously as the bilayer distance increases. When d = 7,
10, and 14 A the peak height reaches an extreme value, where the single-, double- and
triple-layer structures are completely formed. Moreover, there is another preferred
orientation when d = 9 A, i.e., the dipole is perpendicular to the GRA bilayers.

Detailed pictures of the arrangement and dipole orientations of NM are displayed
in Fig. 6.9. The NM molecules form highly regular arrangements and the dipoles
tend to array head-to-tail parallel to GRA sheets. For d =9 A, NM molecules arrange
shoulder-to-shoulder and the dipole is perpendicular to the GRA sheets in certain
region. With the distance between GRA bilayers increases, the arrangement become
less ordered due to the weakened interaction between GRA and NM.
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oL

Fig. 6.9 a—g Illustrations of structures of NM confined within GRA bilayers. Bilayers distance in
a-dis7 A, 9 A, 10 A, 14 A, respectively. e-g Represents the three layers in d

6.3.2 Reaction Activity

The confinement of energetic molecules could remarkably influence the intra- and
intermolecular structures, thus it is expected such confinements could change thermal
stability, reaction activity, and so on. The initial reactions of NM mainly include the
nitromethane-methyl nitrite (NM-MN) rearrangement reaction, hydrogen transfer
reaction, and C-N bond homolysis reaction:

CH;NO, — CH;0NO
CH3N02 — CHzNOOH
CH3N02 ad 'CH3 + 'N02

As mentioned above, GRA surface could induce the transformation of NM from
the eclipsed to the staggered configuration, we thus studied the influence to NM
initial reactions when adsorbed on GRA surface using quantum chemistry methods.
Single NM molecule is adsorbed onto 20 A x 20 A GRA surface and geometrically
optimized at ONIOM (B3LYP/6-31 4+ G**:UFF) level. Structure of NM in vacuum
coincides with experimental results, proving the accuracy of the calculation method.
Quantum chemistry calculations also show that the optimal geometry of NM is the
staggered structure on GRA, which it can fully contact with GRA surface.
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Fig. 6.10 Optimized structures of the transition states and products in the NM-MN rearrangement
reactions for NM and NM@GRA

6.3.2.1 NM-MN Rearrangement Reaction

The transition state of NM and NM@GRA in NM-MN rearrangement reaction,
labeled as TS| and TS| @GRA, are calculated on B3LYP/6-31 + G** and ONIOM
(B3LYP/6-31 4+ G**:UFF) level, respectively. The structure of the transition states
are illustrated in Fig. 6.10, the energies and frequencies are shown in Table 6.2.

The bond length of C-N and C-O is 1.977 and 2.029 10\, similar to the results
of Nguyen et al. (1.9 A for C-N and 2.0 A for C-O) [40]. The CeeeO distance of
TS; @GRA increases from 2.029 to 2.055 A, and the imaginary frequency reduces
by 27.1 cm™!. The relative energy of TS;-NM is 270.7 kJ/mol, which is 13.4 kJ/mol
higher to the relative energy of TS| @ GRA-NM@GRA (257.3 kJ/mol), indicating
that the NM-MN rearrangement reaction would be easier on GRA surface than in pure
NM. On the other hand, the energy of MN is 10.9 kJ/mol higher than NM, while the
energy of MN@GRA is 13.8 kJ/mol higher than NM @GRA. The activation energies
of the positive and reverse reaction of NM-MN rearrangement reactions are similar,
indicating that the NM-MN rearrangement reaction is reversible.

6.3.2.2 Hydrogen Transfer Reaction

With the same level of basis, the hydrogen transfer reaction of NM and NM@GRA,
labeled as TS, and TS, @ GRA, are also calculated. Shown in Fig. 6.11, the structure
of TS, and TS, @GRA has no significant difference. In contrast, GRA has greater
influence on the product of the reaction CH2NOOH. In isolated CH2NOOH, the
hydrogen atom in adjacent of oxygen atom is not coplanar with other atoms, H-O-
N-C dihedral is 38.4°, while it is 178.4° in CH,NOOH@GRA. Furthermore, the
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Table 6.2 Energies and vibrational frequencies of NM and NM@GRA systems
Total energy (a.u) | ZPE (kJ mol~!) | Relative energy | Imaginary
(kJ-mol—1) frequency
(em™")
NM —245.02873 131.0 0.0%
MN —245.02285 126.4 109%
CH2NOOH —244.99423 126.4 85.8¢
(*CH3 + -NO2) - - 2548 %
TS, —244.92111 118.8 270.7 % —820.34
TS, —244.92446 116.3 259.02 —2111.78
NM@GRA —243.89364 4926.2 0.0°
MN@GRA —243.88663 4921.6 13.8°
CH2NOOH@GRA | —243.87395 4923.7 49.4°
(*CH3 + - - 260.2°
*NO2)@GRA
TS| @GRA —243.79102 4914.5 25730 —793.24
TS, @GRA —243.78779 4911.2 262.8° —2136.62

4 Relative to the NM calculated at the B3LYP/6-31 4+ G** level of theory
b Relative to the NM@GRA calculated at the ONIOM (B3LYP/6-31 4 G**:UFF) level of theory

CH,NOOH

CH,NOOH@GRA

CH,NOOH@GRA

Fig. 6.11 Optimized structures of the transition states and products in the hydrogen transfer
reactions for NM and NM@GRA



6 Stabilization of Energetic Compounds into the Nanoscale ... 65

Fig. 6.12 Potential energy 300 — "7y

of NM and NM@GRA in the B o
—O— NM@GRA [

C-N bond homolysis 250 e - EOOBR00B00EC

s 5.5
__}J{.

200+ F
150 | _
100 ‘(j

so—‘)}{
D..' i

15 20 25 30 35 40 45
C-N bond length (A)

reactions

Relative energy (kJ/mol)

N-O bond length increases by 0.022 A and N-OH bond length decreases by 0.023 A
induced by GRA.

6.3.2.3 C-N Bond Homolysis Reaction

The potential energy curves of NM and NM@GRA C-N bond homolysis reaction
are scanned under ONIOM(B3LYP/6-31 + G**:UFF) level, during which the NM
structure is optimized in the process. As displayed in Fig. 6.12, the energy of NM and
NM @GRA both increase with increasing C-N bond length, the energy barrier of C-N
bond homolysis reaction of NM and NM @GRA are 254.8 kJ/mol and 260.2 kJ/mol,
respectively, indicating a slight increase of C-N bond homolysis of NM on GRA.

6.3.2.4 Potential Energy Surface of NM Initial Reactions

The Potential energy surfaces of NM and NM @GRA initial reactions are shown in
Fig. 6.13. Dueto the activation energy change of NM initial reactions on GRA surface,
the sequence of the activation energy of NM@GRA is “NM-MN rearrangement <
C-N bond homolysis < hydrogen transfer reaction”, which is different than that of
NM “C-N bond homolysis < hydrogen transfer reaction < NM-MN rearrangement”.
Such activation energy change may be relative to the experimental data that GRA
enhances the NM combustion [41].

6.3.2.5 Thermal Stability in GRA Bilayers

The thermal stability of NM confined in GRA bilayers was evaluated by the bond
dissociation energy (BDE) in different structures of its dimer. The BDE, EBD
(CH3NO,), was calculated by the equation:

EBD(CH3NO,) = E(-CH3) + E(:NO,) — E(CH3NO,)
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Fig. 6.13 Potential energy surfaces in the initial reactions of NM (solid line) and NM@GRA
(dotted line). Relative energies are given in kJ/mol

where E(eCHj3), E(eNO,), and E(CH3NO,) stands for the electronic energies of
corresponding molecules or groups. The electronic energy was calculated at the
B3LYP/6-31G* level.

Shown in Fig. 6.14, for the linear dimer, the head-to-tail arrangement has
the highest BDE, while the head-to-head structure is the most activate structure
(Fig. 6.14a), for parallel NM dimer, the staggered arrangement has higher stability
than the eclipsed arrangement (Fig. 6.14b). As investigated in previous section, the
most stable arrangements and orientations in two typical structural motifs can be
induced by the confinement of GRA bilayer compared with the random displace-
ment in bulk NM. Therefore, it is reasonable to believe that the NM is more stable
in the confinement of GRA bilayer than in bulk.
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Fig. 6.14 BDE profile of a the linear dimer of NM as a function of rotation degree (¢) of the dipole
vectors. b Parallel NM dimer as a function of rotation degree () of eclipsed-staggered transform
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6.4 Conclusions

The structural rearrangement and the reaction activity of NM confine in carbon
nanotube and graphene surface are investigated using computational methods to
discover the influence of 1D and 2D confinement on characteristics of energetic
materials. Our study shows that NM can spontaneously diffuse into the carbon
nanotubes and graphene bilayers. In most cases, the NM molecules align head-to-tail,
forming linear structures in 1D confinement and planar structures in 2D confinement.
As the radius of tubular radius increases, the linear structures of NM tangles into
multiple helix, while multiple layered structures are formed when the distance of
planar confinement increases. In rare cases, NM molecules displace shoulder-to-
shoulder, most likely to maximize the number of NM molecules in the confinement,
due to the attraction between NM and carbon-based confinements.

Moreover, the structures in confinement are relevant to the changes of NM reaction
activity, since the staggered conformation and heat-to-tail arrangements of NM are
dominant when confined on GRA surface, leading to the increase of the C-N bond
dissociation energy, and the favor of NM initial reactions. Those changes in the NM
characteristics are likely to influence its thermo stability and the reaction rate of
combustion.

Further studies could focus on the dynamics of the spontaneous entering of
energetic molecules into confinement for effective self-assembly of energetic mate-
rials and confinement backbones, and/or on the decoration of carbon nanotubes and
graphene, to improve the comprehensive performance of the complex.
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Chapter 7 ®)
Preparation and Characterization ez
of CNTs@Si0, Nano-composites

Shaojie Li, Shenghao Meng, Shiguo Du, Zenghui Cui, and Yuling Zhang

Abstract To achieve expected dispersion of carbon nanotubes (CNTs) and improve
interfacial characteristics between CNTs and matrix in composites, a simple and
effective method for preparation of CNTs@SiO, nano-composites were put forward
using polyvinyl pyrrolidone (PVP) as a surfactant. The morphology, microstructure
and chemical composition of CNTs@SiO, nano-composites were characterized by
transmission electron microscopy (TEM), Fourier transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD), thermogravimetric analysis (TGA_DSC) and BET
test. It was found that amorphous nano-SiO, uniformly and densely grown on the
surface of CNTs, forming a rougher film, and the modification process didn’t destroy
the surface structure of CNTs. The specific surface area of CNTs@SiO, was approxi-
mately two times larger than that of pristine CNTs, which can be promising candidates
for application in nano-composite energetic materials.
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7.1 Introduction

Carbon nanotubes (CNTs) have aroused wide interests of researchers as excellent
nano-materials [1]. The unique mechanical, electrical and thermal properties of CNTs
render them attractive in nano-reinforcement, catalytic reactions, hydrogen storage
and other fields. In recent years, many studies have been reported about incorporating
CNTs into energetic materials to achieve the desired performances [2—4]. In terms of
the latest research results, to further improve combustion performance and mechan-
ical properties of energetic matrix, CNTs can be mixed with other energetic materials
to prepare nano-composite energetic materials. The introduction of CNTs can greatly
increase the contact area between energy-containing components and improve the
catalytic effect [5—7]. Especially, for composite solid propellants, the addition of
CNTs can significantly improve its mechanical properties. But like other nanomate-
rials, dispersion and interfacial bonding greatly limit excellent performance of CNTs
in composites [8, 9]. Therefore, it’s necessary to carry out related research on surface
modification of CNTs to expand application of CNTs in energetic materials.
Nano-SiO; possesses excellent properties such as high specific surface area, high
chemical activity and simple preparation process, and has wide application prospects
in many fields. Moreover, a large number of hydroxyl active groups exist on surface of
nano-Si0O,, which are beneficial for the combination with other materials to prepare
nanocomposites, such as polymers, ceramics and other materials. Researchers have
prepared high-energy explosive/silica composite system to reduce explosive sensi-
tivity and improve combustion performance by sol_gel method. Therefore, it can be
considered to explore surface modification of CNTs with nano-SiO; to improve their
surface chemical activity, maintain their nano-skeleton structure while increasing the
surface roughness, which is valuable and innovative research work to promote CNTs
dispersion and enhance interfacial adhesion between CNTs and energetic matrix.
In this paper, the CNTs coated by nano-SiO, (CNTs@SiO,) were successfully
prepared and characterized. Effects of different kinds of surfactants on CNTs disper-
sion were evaluated. Noticeably, the sol—gel method employed in this paper is simple
in operation and easy to control, and it is also the ideal method for preparing nano-
composite energetic materials at present, which provides possibility for the direct
preparation of nano-composite energetic materials from the modified CNTs in the
future. It also can be believed that the research is beneficial to improve dispersion
and interfacial microstructure between CNTs and energetic matrix, and provides an
alternative candidate for the application of CNTs in energetic composites.

7.2 Experiment

7.2.1 Materials

The physical properties of the used CNTs were presented in Table 7.1. The other
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Table 7.1 Properties of CNTs used in the experiment

Diameter (nm) | Length (wm) | Purity (wt%) | Ash (wt%) | Specific surface area (m2/g)
30-50 <10 >98% <L.5 >100

chemical reagents used in the preparation process include ethyl orthosilicate (TEOS),
anhydrous ethanol, concentrated hydrochloric acid, and deionized water. These are
all commercially available without further purification. The surfactants used for
dispersing CNTs include sodium dodecyl sulfate (SDS), sodium dodecyl benzene
sulfonate (SDBS), hexadecyl trimethyl ammonium bromide (CTAB), dodecyl
dimethyl betaine (BS-12), Triton X-100 (Triton), Tween 60 (Tween) and polyvinyl
pyrrolidone (PVP).

7.2.2 Preparation of Surfactant Treated CNTs Dispersion

All surfactants were first diluted in water followed by mild sonication with CNTs at
the weight ratio (dispersant: CNTs = 2:1) to achieve homogenized suspension. The
dispersion status was observed after one month. The plain CNTs water dispersion
without additive was also observed for contrast.

7.2.3 Preparation of CNTs@Si0O,; Nano-composites

The modified sol-gel method was used in the preparation process of CNTs@SiO,
nano-composites. At first, 14 ml ethyl silicate was mixed with 20 ml absolute ethanol,
and appropriate amount of nitric acid was added dropwise to the solution under
vigorous agitation. The solution was stirred for 2 h at about 60 °C to obtain liquid A.
Subsequently, 0.2 g CNTs, deionized water and PVP were added to a three-necked
flask, and mixed thoroughly, followed by 10 min sonication. Then solution A was
slowly added in the solution under stirring, and undergone reflux process for 50 min.
The upper liquid was separated by centrifugation, and washed several times with
anhydrous ethanol and deionized water in turn. After dried at constant 50 °C for 1 h
and calcined at 400 °C for 3 h, CNTs@SiO, nano-composites were obtained.

7.2.4 Characterization

The transmission electron microscope (TEM) micrographs were examined with FEI
TalosF200x. Fourier transform infrared (FTIR) spectra of samples was recorded
on the Bruker TENSOR II instrument. X-ray diffraction measurement (XRD) were
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carried out on the Bruker D8 Advance. Thermal gravimetric analysis was measured
with SDT Q600 thermal analyzer (TGA-DSC, TA Instrument) under air atmosphere
at the gas flow of 100 mL/min, and the heating rate was 10 °C/min. BET test (BET,
Quantachrome NOVA4000e) was carried out to study the specific surface area and
porosity of samples.

7.3 Results and Discussion

7.3.1 The Stability of CNTs Dispersion

The good dispersion of CNTs is the key to achieve its excellent performance. Typical
surfactants were selected to study dispersion effects on CNTs. To be specific, SDS
and SDBS are anionic surfactants, while CTAB is cationic surfactant, respectively.
Triton, Tween and PVP are used as non-ionic surfactants, with BS-12 used as zwit-
terionic surfactant. As shown in Fig. 7.1a, CNTs can be dispersed uniformly in
each tube and keep stable in a short time after ultrasonication. However, the disper-
sion of CNTs after one month was shown in Fig. 7.1b. CNTs without any additive
were difficult to disperse in water, and agglomerated at the bottom. Three kinds of
nonionic surfactants, i.e., Triton, Tween and PVP, make CNTs disperse uniformly in

Fig. 7.1 CNTs dispersion with various surfactants: a after immediate sonication; b standing for
one month
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Fig. 7.2 Molecular structure
of PVP
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water, which are ideal dispersants for CNTs. Both Triton and Tween contain cyclic
structures, which is similar to the graphite structure of CNTs. Especially for PVP
(Fig. 7.2), the long carbon chain tends to be tightly wound with the out walls of
CNTs, and the hydrophilic ring structure hinder the agglomeration of CNTs by the
steric hindrance, which might be responsible for the excellent dispersion effect [10,
11]. Therefore, PVP was used as the dispersant in the preparation of CNTs@SiO,
nano-composites in next step.

7.3.2 Characterization of Surface Morphology

The surface morphologies of pristine CNTs and CNTs@SiO, were observed by
TEM, as shown in Fig. 7.3. The pristine CNTs possess multilayer structure of tube
walls with a neat and smooth surface. The multilayer tube walls are regularly spaced,
and the space was about 0.4 nm. Compared to that, a thin SiO, film was observed
around the surface of CNTs@SiO,. The average thickness of the film was about
3-5 nm. The internal microstructure of CNTs after modification showed no obvious
changes, as the surface roughness was evidently improved. More importantly, the
Si0, nanoparticles uniformly nucleated and grown on surface of CNTs, and no single
nucleated SiO, aggregates were found. This indicates that the preparation conditions
used in the experiment is favorable and controllable, which is beneficial for the design
of nano-composites containing CNTs.

7.3.3 Chemical Composition Analysis

In order to investigate functional groups changes of samples surface, CNTs (a) and
CNTs@Si0; (b) composites were studied by FTIR, as shown in Fig. 7.4. The spectra
curve of CNTs (a) was smooth and there was no sharp absorption peak. The bending
vibration peak of H-O-H at 1640 cm~' and the stretching vibration peak of H-O-H
at 3440 cm~! were very weak, which may be associated with the physically absorbed
H,O. It can be seen from the curve B that there were obvious absorption peaks at
1640 and 3440 cm ™', indicating that there are a lot of hydroxyl groups and adsorbed
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Fig. 7.3 TEM micrographs of pristine CNTs (a, b) and CNTs@SiO, (c, d)

Fig. 7.4 FTIR spectra of
CNTs (a) and CNTs@SiO,
(b)

(a)

(b)

Transmittance (a.u.)

4000 3500 3000 2500 2000 1500 1000 500
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water on the surface of CNTs@Si0O, nano-composites, which may be due to the
porous structure of CNTs@SiO, composite particles, leading to the adsorption of
a lot of water molecules. The spectra of CNTs@SiO; also exhibited characteristic
absorption peaks at 1080 and 798 cm™! due to the stretching vibration modes of Si—
O-Si groups. Additionally, the emerging peaks at 954 and 470 cm~! can be attributed
to Si—O-Si blending vibration in absorption spectra [12, 13]. From analysis above,
it can be identified that nano-SiO, exists in the film structure of CNTs@SiO,.

The XRD patterns of CNTs@SiO, composite particles was shown in Fig. 7.5.
It can be seen from Fig. 7.5a that CNTs@SiO, showed characteristic diffraction
peaks at 26°, 43° and 54°, corresponding to (002), (100) and (004) reflections of the
hexagonal graphitic structure, respectively [14—16]. Furthermore, the peak separa-
tion and fitting result of 20 from 15° to 35° was presented in Fig. 7.5b. It can be found
that in there was a steamed bread peak appearing at about 22°, with no diffraction
peak of SiO; at other positions, indicating that SiO, possessed amorphous structure.

Fig. 7.5 a XRD pattern of
CNTs@SiO;; b The fitting
results of characteristic peak
for CNTs@SiO,

Intensity(a.u.)

1 L 1 L 1
20 40 60 80
20 (degree)
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Amorphous SiO, has the porous and loose characteristics, featuring strong adsorp-
tion capacity. These results indicate that the original crystal structure of CNTs was
maintained well instead of being destroyed after surface modification [17].

Figure 7.6 shows the TGA-DSC curves of original CNTs and CNTs@SiO; in
air flow. As shown in Fig. 7.6a, the CNTs mass didn’t change basically before
500 °C. At about 500 °C, the CNTs began to oxidize and the sample mass began to
decrease rapidly. The maximum exothermic peak appeared approximately at 613 °C,
and oxidation reaction completed at 650 °C. After that, the system mass remained
unchanged, with the mass of the remaining solid being about 2.1%. The thermal
analysis curve of CNTs@SiO; in Fig. 7.6b shows that there was obvious weight loss
about 1.9% at about 100 °C, which can be attributed to water evaporation absorbed
in CNTs@Si0; surface, and this was consistent with the previous FTIR results. The
significant weight loss corresponding to 500~650 °C was allotted to the oxidative
decomposition of CNTs in air, and the system mass didn’t change after that. The
oxidation temperature of CNTs in CNTs@SiO, nano-composites was basically the
same as that of the original CNTs in air, with 11.95% of the residual solid content.

Fig. 7.6 TGA-DSC curves = FIRT i)
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Table 7.2 Specific surface
and porosity of pristine CNTs
and CNTs@SiO,
nano-composites CNTs 108.263 0.321 3.745

CNTs@SiOy | 196.812 0.329 3.785

Samples SSA (mzlg) Pore Pore size (nm)
volume (cc/g)

This can be considered as SiO; coating on surface of CNTs, indicating approximate
mass fraction of SiO, in composites.

The specific surface area (SSA) and porosity of the original CNTs and
CNTs@Si0O, were tested respectively, and the results were shown in Table 7.2. It
can be seen that the SSA of original CNTs and CNTs@SiO, nano-composites are
108.263 and 196.812 m?/g, respectively. After coated with SiO, particles, the SSA of
CNTs was approximately two times larger than that of original CNTs, and the pore
volume and pore size remained basically unchanged. The SSA is one of the impor-
tant parameters of the doped particles, which determines the size of the contact area
between the doped particles and matrix. The larger the SSA is, the larger the contact
area between the doped particles and the matrix is, which is more beneficial for the
catalytic reaction. In addition, CNTs@SiO, nano-composites have larger SSA, and
the pore volume and pore size remain unchanged, indicating that the CNTs@SiO,
nano-composites have stronger adsorption capacity, which can be rather attractive in
the research of adsorption, catalysis and other aspects.

7.3.4 Mechanism Analysis

The preparation of nano-SiO;, sol from ethyl silicate is a complex hydrolysis
condensation process. The main reactions are as follows:

Si(OC,Hs)4 + xH,O — Si(OH), (OC,Hs)4_ + xC,HsOH
=Si—-OH+Si—OH=—-»=Si—0-Si=+H,0
=Si— OH+ Si — OC,Hs =—= Si — O — Si = +C,HsOH

The ratio of raw materials in the reaction exerts important influence on the reac-
tion process and the final products. Ethanol, the reaction solvent, is also one of the
reaction products. When the ethanol content is less, the concentration of the reaction
system is large, and the reaction is less full. When the ethanol content is more, the
reaction rate is mild, and it also hinders the hydrolysis reaction. Water is not only a
reactant of hydrolysis reaction but also a product of condensation reaction. When the
water quantity is less, the system concentration is large, leading to the insufficient
reaction. When water amount increases to a certain extent, it also acts as a solvent.
More importantly, inorganic acid plays an important role in promoting the formation
of Si—-OH and accelerating the reaction process. PVP, used as the dispersant, can
significantly improve the dispersibility of CNTs in water. Due to steric hindrance



78 S.Lietal.

effect, PVP can slow down the contact opportunities of different intermolecular
reactive groups, and control the deposition rate of SiO, nano-particles on the surface
of CNTs, thus promoting the uniform growth of SiO, on CNTs surface [18].

7.4 Conclusion

In this paper, CNTs@SiO, nano-composites were prepared and characterized. The
dispersion test revealed that the nonionic surfactants, represented by PVP, showed
excellent dispersion effect on CNTs, which might be attributed to the steric hindrance
of the cyclic structure. On the premise that CNTs were not treated by strong acid
oxidation, SiO; nanoparticles uniformly deposited on the surface of CNTs by the
sol-reflux method, forming CNTs@SiO, nano-composites. Analysis showed that
the nano-SiO, were amorphous, and the nano-SiO, film greatly expanded surface
roughness of CNTs. The specific surface area of CNTs@SiO, was about 2.18 times
higher than that of pristine CNTs, which will be conducive to the doping of CNTs
into other oxide matrices, thus forming composites with high bonding strength and
excellent comprehensive properties. More importantly, the modification process is
simple and practicable, without destroying the surface structure of CNTs. Further
study will focus on the application of CNTs@SiO, nano-composites in energetic
materials.
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Chapter 8 ®)
Study on Mechanical Properties ez
of Carbon Nano-titanium Composites

by Prefabricated Fragments

Ning Jiang, Wenbin Li, Weihang Li, and Dou Hong

Abstract Carbon Nanomaterials have excellent mechanical, thermal and electrical
properties, and their strength, modulus and thermal conductivity are much higher
than those of existing metal materials. It is one of the best choices for metal-matrix
composites. By adjusting the content and distribution of carbon nanomaterials rein-
forced with titanium alloy and titanium aluminum alloy, it is expected that the
mechanical strength, electrical conductivity and thermal conductivity of titanium
matrix will be greatly improved, and excellent integrated materials with structure
and function will be obtained. Based on this, using powder metallurgy are reviewed
in this paper the preparation of carbon nanotube reinforced titanium matrix compos-
ites research progress at home and abroad, this paper introduces the preparation of
nano carbon—titanium composites molding process, and finally through the simu-
lation analysis of prefabricated fragment on carbon mickey target wear properties of
composite materials, thus analysis summarized the titanium nanometer carbon—the
mechanical properties of composite materials, This study provides a basis for the
protection research of carbon—titanium nanocomposites in the future.
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8.1 Introduction

Titanium and its alloys have the advantages of light weight, high strength (density
4.5 g/cm?, strength up to more than 1 GP), good corrosion resistance and biocom-
patibility, etc., and have been widely used in functional structural components in
aerospace, automotive, medical and other fields [1-3]. Titanium matrixcomposites
(TMCs) with excellent properties such as high strength, heat resistance, corrosion
resistance and high specific modulus have rapidly entered people’s vision, and have
been widely used, with the proportion increasing year by year [4—6]. The forming
processes of titanium matrix composites include solid state method, liquid state
method and surface compound method [7]. Powder metallurgy (PM) is a technology
method to compound matrix and reinforcement in the form of solid powder to form
new materials, which is generally applicable to carbon nanomaterials and titanium
composites. Titanium matrix composites can be divided into in-situ and non-in-situ
autogenous titanium matrix composites according to their reinforcement forming
process [8—11]. Since the emergence of ultra-high strength carbon nanomaterials
represented by carbon nanotubes (CNTs) at the end of the twentieth century, the use
of CNTs to strengthen metal matrix composites has always been one of the research
hotspots of ultra-high strength composites [12—14]. CNTs are composed of carbon
atom faces with hexagonal “honeycomb” structure curled into cylindrical fibers, and
their length-diameter ratio can reach about 105. According to the number of layers of
carbon atom curled faces, CNTs can be divided into single-walled carbonnanotubes
(SWCNTs) and multi-walled carbonnanotubes (MWCNTSs). CNTs are characterized
by light weight and high strength, with a density slightly higher than that of water,
Young’s modulus up to about 1 tPa, yield strength up to about 110 GPa, and thermal
expansion coefficient almost zero [15-17]. Graphene (Graphene, GR) and CNTs
have the same elemental composition, which can be regarded as the “isomer” of
CNTs. Although the two have the same “honeycomb” lattice structure, GR is in the
form of non-closed curved lamellae. Studies have shown that CNTs can be dissoci-
ated along their height to obtain lamellar GR [18]. GR has ultra-high specific surface
area (about 2600 m2/g), as well as light weight, high strength (about 1.2-2 g/cm?,
yield strength about 130 GPa), ultra-high room temperature thermal conductivity
(3000-5000 W/(m K) and other properties [19-24]. Other carbon nanomaterials,
such as nano-diamonds (NDS) with diamond-shaped cube structure [25], also have
much higher strength and hardness than existing metals [26].

Although some studies have shown that the composite interface of titanium and
carbon nanomaterials is in a thermodynamic stable state at a certain temperature
[27], the chemical compatibility and wettability of metal materials and carbon nano-
materials are very poor [28, 29], and it is easy to react with many defects of carbon
nanomaterials to form TiCx [30-34]. It can be seen from Table 8.1 that the interface
reaction between carbon and titanium in a wide temperature range (373-1223 K)
AG is about —180 kJ/mol, indicating that the reaction can be spontaneous and has a
large reaction tendency [35, 36]. Moreover, the large difference in thermal expansion
coefficient between carbon nanomaterials and titanium and its alloys is likely to lead
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Table 8.1 Simulation conditions

No Fracture size of tungsten The target plate material The target plate thickness,
sphere, D/mm H/mm

S-1 3 CNTs-Ti 5

S-2 5 CNTs-Ti 10

S-3 8 CNTs-Ti 15

to thermodynamic mismatch at the composite interface, resulting in stress concentra-
tion, resulting in cracks or gaps in the interface [37], which leads to a serious decline
in the performance of carbon nanomaterials and titanium composites. Therefore, how
to control the interfacial reaction and form strong interfacial bonding becomes one
of the key factors to improve the properties of carbon nanomaterials and titanium
composites.

8.2 Preparation of Carbon Nanomaterial—Titanium
Composite Material

Metal matrix composites prepared by powder metallurgy have a long history and a
mature process [38], and the process mainly includes two parts: powder homoge-
nization and solid sintering forming. In the process of preparing carbon nanomate-
rials and titanium composites, powder homogenization is a process of pretreatment
powder, whose main purpose is to distribute carbon nanomaterials uniformly in the
titanium matrix powder. However, due to the strong van der Waals force (about —
100 eV) between CNTs and GR and other carbon nanomaterials [39], these carbon
nanomaterials are attracted to each other and tend to generate cluster aggregation
[40—44]. The agglomerated carbon nanomaterials cannot form a strong bond with
the matrix during the forming process, which will result in the uneven distribution of
carbon nanomaterials in the matrix, poor interfacial bonding force and the existence
of voids, which will seriously affect the properties of the composites. At present, the
commonly used pretreatment processes to solve the problem of powder dispersion
mainly include ultrasonic-assisted dispersion method, ball milling method, etc., but
these processes can only solve the dispersibility problem of carbon nanomaterials in
titanium matrix with low content (mass fraction less than 2%, not described below).
When the mass fraction of CNTs and GR exceeds 2%, the aggregation phenomenon
also appears in the microstructure of carbon nanomaterials and titanium composites
to varying degrees [45].

The density of titanium and its alloys differs greatly from that of carbon nanoma-
terials, and there is a strong van der Waals force interaction between CNTs and GR.
Ultrasonic auxiliary dispersion method can be a small amount of carbon nanotubes
reinforcing evenly dispersed in the alcohol and deionized water in the solution, stir-
ring and ultrasonic stirring technology can cooperate solution to evenly dispersed
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into the matrix powder carbon nano materials, but it is difficult to achieve high
quality score (0.5%) carbon nano materials evenly dispersed in titanium matrix
powder, In addition, due to van der Waals force, carbon nanomaterials may re-
aggregate in local areas during the desolution and drying process. For non-in-situ
self-generated CNTs and other nanomaterials with large aspect ratios or width-to-
thickness ratios, the materials themselves will entangle each other and form mechan-
ical interlocking agglomeration [46—48]. Ultrasound-assisted dispersion cannot be
uniformly dispersed in advance, and subsequent mixing processes cannot perfectly
solve the agglomeration problem. At present, high energyball milling (HEBM)
method is often used in powder metallurgy to solve the problem of poor dispersion
of carbon nanomaterials. The clusters between carbon nanomaterials are peeledby
the effects of high speed rotation of the ball mill, high speed impact between the
powder and the grinding ball, convection and impact between the powder, etc. The
ball milling energy can be improved by increasing the mass of the grinding ball and
the difference between the inner diameter of the grinding tank and the diameter of
the grinding ball, so as to peel off the agglomeration of carbon nanomaterials caused
by van der Waals force and solve the aggregation problem. However, carbon nano-
materials will be deformed or even broken in high-speed rotation and collision with
the grinding ball, leading to a large number of defects, as shown in Fig. 8.1. Due to
the high-speed impact of the grinding ball, CNTs and GR are likely to be broken,
as shown in Fig. 8.1a, b. A large number of defects such as unshaped carbon and
non-hexagonal carbon rings may occur at the end of the fracture. These defects have
strong chemical activity and are easy to react with titanium matrix or cold welding at
high temperature. Cold welding refers to the instantaneous impact of GR and other
carbon nanomaterials on Ti matrix by high-speed grinding ball, and the two achieve
atomic level bonding at the same time (as shown in Fig. 8.1c). In addition, another
problem in the high-energy ball milling process is heat accumulation, that is, the poor
heat dissipation in the ball milling process is easy to cause energy accumulation, the

Fig. 8.1 Schematic diagrams of the defects during ball milling: a deformed and broken CNTs, b
fractured graphene, ¢ old welding
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temperature in the ball milling tank rises, carbon and titanium may occur mechanical
alloying, in-situ formation of TiCx.

8.3 Properties of Carbon Nanomaterials and Titanium
Composites

8.3.1 Mechanical Property Analysis

Figure 8.2 shows the strengthening effect of carbon nanomaterials (CNTs, GR)
content on titanium matrix. It can be seen that carbon nanomaterials with mass
fraction less than 0.5% can greatly improve the yield strength of the composites, and
the processing technology after molding has a significant effect on the mechanical
properties of the composites. For example, Gr/Ti composites with 0.1% Gr content
were hot-rolled at 823 K (black box in Fig. 8.2) and 1223 K (light blue triangle in
Fig. 8.2) respectively after forming, and their yield strength increased by 57.12%
and 97.91%, respectively. Compared with the unmolded carbon nanomaterials and
titanium composites, their strength is also greatly improved [49-53]. In composite
materials, factors such as large modulus difference and strength difference between
matrix and reinforcement should be taken into account, so the formula is as follows:

aMGb  In(%)

T = .
Orowan 7_[ ,—1 —T - dp

where, o is the material dependent constant, M is the Taylor factor dependent on
the lattice type, Dp is the diameter of the nanometer reinforcing phase, and v is

(8.1)
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the Poisson’s ratio of the titanium matrix. Second, the high temperature processing
promotes the interface reaction, which makes the interface of TiC transition layer
widen, interface strength increase, and the efficiency of load transfer increase. For
CNTs and GR carbon nanomaterials with two-dimensional dimensions, the interfa-
cial strength is also related to the length of the carbon nanomaterials along the stress
direction [54]. When the length of carbon nanomaterials is small, the total area of
the interface is small, and the total strength of the interface is not enough to transfer
all the load on the matrix to the reinforcing body, so the interface fails first, and the
carbon nanomaterials are pullout state. When carbon nano material is longer than
the total area of the interface, the interface can make the base load intensity is passed
on to the enhancement of body, reinforced cause stress concentration, so the carbon
nanotubes reinforced body first, that there is a critical length Ic for load transfer
efficiency, Ic can be represented by the Eq. (8.3):

Al

= (8.2)

I =0y
where, oy is the yield strength of graphene, A is the longitudinal cross-sectional
area of carbon nanomaterials, L is the radial length of carbon nanomaterials, t is the
interfacial shear stress, and S is the effective interfacial area of composites. When
the average length of carbon nanomaterials is greater than LC, the load transfer
mechanism plays a dominant role. Combined with Eq. (8.1) and (8.2), it can be seen
that the approximate strength of composites, oc, can be expressed by Eq. (8.3) [55]:

oo = oV (1 A% + om(1 — 0y Vo) (8.3)
c —0yVG 278 m yvVG .

where, V, is the mass fraction of carbon nanotitanium matrix composites, and om is
the yield strength of matrix.

When the content of carbon nanomaterials is lower than 0.5%, the yield strength
of the material increases with the increase of the content of carbon nanomaterials, as
shown in Fig. 8.2. In the rolled Gr/Ti composites, when the content of graphene is low,
the contribution of texture strengthening, load transfer and fine grain strengthening to
the material strength has little difference, and the texture strengthening is dominant.
When the volume fraction of graphene exceeds 0. 05%, the texture strengthening
curve rises rapidly, followed by the load transfer curve, and the fine grain strength-
ening curve tends to be stable. This is because the volume fraction of graphene is too
low compared with the whole composite material, so the fine grain strengthening and
load transfer are not obvious. When the volume fraction of graphene exceeds 0. 11%),
the texture strengthening curve increases rapidly, and the slope of the load transfer
curve also increases, but the fine grain strengthening curve still tends to be stable.
At this point, the texture strengthening is dominant, so the subsequent processing
has a relative advantage in improving the material strength. In addition, the yield
strength of 0.05% Gr/Ti composite (red dots in Fig. 8.2) is higher than that of 0.05%
Gr/Ti composite, which indicates that the surface modification of graphene further
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improves the yield strength of the composite. At present, there are few reports on
surface modified carbon nanomateries-titanium composites. Here, this paper intends
to study the penetration of carbon nanomateries-titanium matrix composites through
prefabricated fragments.

8.3.2 The Simulation Analysis

8.3.2.1 Finite Element Model

For the purpose of engineering application and further study on the penetration
performance of carbon nanotitanium matrix composites with shaped prefabricated
fragments of different sizes, the Lagrange algorithm in AutoDyn was used to simulate
the penetration performance of carbon nanotitanium matrix composites with different
thickness and different target materials. The simulation conditions are shown in
Tables 8.1 and 8.2. Based on the simulation results, the relationship between prefab-
ricated fragments and mechanical properties of carbon nanomaterials was explored
under a series of different influencing factors and conditions, as shown in Table 8.3.

The algorithm is used to simulate the interaction between the target material
and the prefabricated fragments. The mesh size is 2 mm. The rigid model of the
prefabricated fragments is adopted, which ignores the deformation and mass loss of
the fragments under the penetration of the target material. Table 8.3 lists the main
simulation parameters. The discrete computing domain is shown in Fig. 8.3 (taking
s-1 as an example).

Table 8.2 Additional simulation conditions

No. Fracture size of tungsten The target plate material The target plate thickness,
sphere, D/mm H/mm
S-4 3 Cu 5
S-5 5 Cu 10
S-6 8 Cu 15
S-7 3 1006Steel 5
S-8 5 1006Steel 10
S-9 8 1006Steel 15
S-10 3 Ti-Al 5
S-11 5 Ti-Al 10
S-12 8 Ti-Al 15
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Table 8.3 Numerical simulation parameters

Material Simulation parameters
Tungsten ball plglem? G Cl/m/s S1
17.6 1.54 4.092e+3 1.237
CNTs-Ti plglcm3 G Cl/m/s S1
4.51 1.23 5.02e+3 1.536
Cu plglem? BM/Kpa
8.96 1.29e+8
1006Steel plglem? G Cl/m/s S1
7.896 2.17 4.569e+3 1.49
Ti-Al plglcm3 G Cl/m/s S1
4419 1.23 5.13e+3 1.028

Fig. 8.3 Discrete computing
domain
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8.3.2.2 The Simulation Results

In this study, considering the symmetry of the simulation model, a two-dimensional
symmetric model was adopted. Figure 8.4 is the target penetration process diagram
of the tungsten spherical fragment on carbon nanotitanium matrix composites under
the condition of S-3. The simulation can well predict the process of fragments passing
through the target, so as to explore the mechanical properties of carbon nanotitanium
matrix composites.

The simulation results of the downpassing target limit speed are shown in Table
8.4. Figure 8.5 shows the limit penetration velocity of the fragment under the condi-
tion of S1-3 penetrating the target; Fig. 8.6 shows the limit penetration velocity
of the 5 mm tungsten spherical fragment against 10 mm target of different mate-
rials; Fig. 8.7 shows the limit penetration velocity of the tungsten spherical fragment
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L. L.

12us 16us 20us

Fig. 8.4 Diagram of the penetration process of prefabricated fragments to carbon nanotitanium
matrix composites under S-3 condition

Table 8.4 Statistics of the ultimate velocity of target penetration

Target/mm Fragment/mm

3 5 8 3 5 8
1006 Steel Cu
5 1275 663 421 1223 573 375
10 2586 1376 723 2251 1273 641
15 4735 2064 1168 4166 1976 1074
CNTs-Ti Ti-Al
5 1375 821 567 1435 924 617
10 2636 1468 873 2675 1534 1042
15 4872 2163 1275 5075 2311 1367

Smm 10mm 15mm

Fig. 8.5 Limit fragment penetration velocity under target penetration condition of S1-3
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Ti-Al

..

CNTs-Ti 1006Steel

Fig. 8.6 Limit penetration velocity of 5 mm tungsten ball fragments against 10 mm targets of
different materials

L. ..

Smm 8mm

Fig. 8.7 Limit penetration velocities of tungsten ball fragments at different sizes against Ti—Al
10 mm targets

against Ti-Al10mm target of different sizes.

According to the statistical analysis in Table 8.4, under the condition of the
same fragment size, CNTS-Ti material has higher strength than commonly used
Cu and 1006Steel, but lower strength than carbon nano-Ti—Al material. The kinetic
energy consumed by penetrating CNTS-Ti with the same thickness is equivalent
to that consumed by penetrating 1006Steel at about 1.523 times, and equivalent to
that consumed by penetrating 1006 Steel at about 1.876 times. The kinetic energy
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consumed by penetrating the same thickness of carbon nano-Ti—Al material is equiv-
alent to about 1.785 times of the kinetic energy consumed by penetrating 1006 Steel
and 2.23 times of the kinetic energy consumed by penetrating 1006 Steel. The kinetic
energy consumed by penetrating the same thickness of carbon nano-Ti—Al material
is about 1.18 times that of penetrating carbon nano-titanium and materials. This
provides a foundation for the subsequent study of mechanical properties of carbon
nanomaterials.

8.4 Conclusion

At present, the research work of carbon nanomaterials and titanium composites is
not perfect, and a complete system has not been formed, and a lot of research work is
still needed to enrich and support to promote its development and industrial applica-
tion. How to extend the strengthening effect of carbon nanomaterials in pure titanium
matrix to other high strength titanium alloy systems, and then study the strengthening
effect of carbon nanomaterials in titanium alloy matrix composites is also a direc-
tion that needs to be developed. Based on the research of carbon nanomaterials rein-
forced metal matrix composites in recent years, the influence of carbon nanomaterials
and titanium composites on the material mechanical properties under prefabricated
fragments was studied by simulation. The research results are as follows.

1. Under the condition of the same fragment size, CNTS-Ti material has higher
strength than commonly used Cu and 1006Steel, but lower strength than carbon
nano-Ti—Al material.

2. The kinetic energy consumed by penetrating CNTS-Ti with the same thickness
is equivalent to that consumed by penetrating 1006 Steel at about 1.523 times,
and equivalent to that consumed by penetrating 1006 Steel at about 1.876 times

3. The kinetic energy consumed through the same thickness of carbon nano-Ti—
Al material is equivalent to about 1.785 times of the kinetic energy consumed
through 1006Steel, which is equivalent to about 2.23 times of the kinetic energy
consumed through 1006Steel.

4. The kinetic energy consumed by penetrating the same thickness of carbon nano
Ti—Al material is about 1.18 times that of penetrating carbon nano titanium and
materials.
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Chapter 9 ®)
Preparation, Structure and Performance | oo

of TKX-50/AP/GO Composite

Kun Zhang, Fan Jiang, Xiaofeng Wang, and Xiaojun Feng

Abstract Graphene oxide (GO) is a commonly used energetic additive in explo-
sive and propellants systems. In order to study the effect of GO on the perfor-
mance of TKX-50/AP blends, TKX-50/GO, AP/GO, TKX-50/AP/GO composites
were prepared by solvent method. Then the structure was characterized by scan-
ning electron microscope (SEM), fourier infrared technology (FT-IR), powder X-ray
(XRD). Differential scanning calorimetry (DSC) was used to compare and study the
thermal performance changes of TKX-50, AP and the two after being loaded by
GO. Finally, the mechanical sensitivity of them was tested by the national military
standard method. The results show that GO can be better loaded on the surface of
TKX-50 and AP, and there is no chemical change during the loading process, only
the combination of physical adsorption force. DSC shows that in the two-component
system, GO can reduce the thermal decomposition peak temperature of TKX-50 and
AP by 8.86°C and 40.16°C; but in the TKX-50/AP/GO three-component system, GO
only significantly reduces the thermal decomposition peak temperature of TKX-50,
and hardly changes the decomposition temperature of AP. In addition, after loading
GO, the impact and friction sensitivity of TKX-50 and AP have been significantly
reduced, and the safety has been improved.
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9.1 Introduction

Lightweight carbon materials such as carbon black, fullerenes, carbon nanotubes,
and graphene have certain application value in explosives. Among them, graphene
is a two-dimensional material with a six-element honeycomb structure composed of
carbon atoms, which can be used as the basic unit of carbon materials '™, Graphene
oxide (GO) is obtained by oxidation of graphene in concentrated acid by a strong
oxidant. It has a two-dimensional planar structure with a large m bond in the molecule
and a carboxyl group at the edge > 61. GO only has the thickness of one atomic layer,
but the width can reach tens of microns, which makes it have a large specific surface
area 1. GO has the characteristics of high energy and thermal instability. It is prone
to exothermic disproportionation reaction under mild heating conditions. A certain
amount of chemical energy can be released during the decomposition reaction, which
can be regarded as a potential energetic material. Moreover, the unique structure gives
GO excellent physical and chemical properties (excellent electrical conductivity,
thermal conductivity, mechanical properties and huge theoretical specific surface
area), making it a better application advantage in the field of energetic materials than
other materials (-1,

Nitrogen-rich energetic compounds, not only have high energy density, good
safety, but also are environmentally friendly. It is a new type of energetic material
integrating high energy, safety and greenness ['3). In 2012, Fischer et al. ['®! designed
and synthesized a new type of nitrogen-rich energetic ion salt, 5,5’-bitetrazole-1,1’-
dioxodihydroxy (TKX-50), which belongs to this material. The theoretical density
of TKX-50 is 1.918 g cm™>, the detonation velocity is 9699 m s~!, and the stan-
dard enthalpy of formation is 446.6 kJ mol~!. Calculations show that its energy is
equivalent to CL-20, and the production and preparation process is simpler, and the
gas production is large. Therefore, TKX-50 is an energetic ionic salt compound with
high energy, insensitivity and excellent comprehensive performance ['- 181 However,
Sinditskii "”! found that its heat of combustion is (2054 £ 6) kJ mol~!, and the
calculated generation of TKX-50 is only (111 & 16) kJ mol~!, which is much lower
than the Fischer report. Xing and Yang !?% 2! measured the explosion heat value of
TKX-50 by experiments to be only 4650, the explosion pressure is 26.4 GPa, and
the working power is 1.377 kJ g~!, which is significantly lower than the calculated
energy value. Therefore, TKX-50 is a serious negative oxygen energetic material
(oxygen balance is —27.1%), and it is necessary to explore the effect of oxidants
on its performance. Ammonium perchlorate (AP) is a commonly used oxidant with
a high positive oxygen balance value and is often used to adjust negative oxygen
energetic materials (such as RDX??!, HMX!?31, CL-2014 etc.). In addition, studies
have found that GO can significantly reduce the high and low temperature decompo-
sition peak temperatures of AP, and even make the low temperature decomposition
heat peak disappear ** 2-271, By loading GO with TKX-50/AP blends, it is expected
to improve the oxygen balance of TKX-50 and improve its reaction characteristics,
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which has certain application value and theoretical significance. However, the prepa-
ration and performance study of the TKX-50/AP/GO three-component composite has
not been reported yet.

For this reason, in this paper, TKX-50/GO, AP/GO, TKX-50/AP/GO compos-
ites were prepared separately by using a solvent method. Then the structure was
characterized by scanning electron microscope (SEM), Fourier infrared technology
(FT-IR), powder X-ray (XRD). Differential scanning calorimetry (DSC) was used
to compare and study the thermal performance changes of TKX-50, AP and the two
after being loaded by GO. Finally, the impact sensitivity of them was tested by the
national military standard method 1?81,

9.2 Experimental
9.2.1 Samples

TKX-50, white powder, particle size 200 um, AP, white powder, particle size 360 pm,
all made by Xi’an Modern Chemistry Research Institute. GO, gray black powder,
produced by Suzhou Tanfeng Technology Co., Ltd. TKX-50/GO, AP/GO, TKX-
50/AP/GO composites: Weigh a certain amount of GO, TKX-50, AP, add it to the
ethyl acetate solution, stir, filter, and dry to obtain the product. Among them, the
component systems in the TKX-50/GO and AP/GO composites are 80% and 20%;
the component systems in the TKX-50/AP/GO composites are 40, 40, and 20%
(Fig. 9.1).

o N
NH;OH ||
N-...H__N

COOLL COOH

a. TKX-50 b. GO

Fig. 9.1 Molecular structure of TKX-50 and GO
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9.2.2 Instrument

DSC, NETZSCH DSC 204 HP; FT-IR, NEXUS 870 Fourier Transform Infrared
Spectrometer, Thermo-Fisher Company, USA; PXRD, D/MAX-2400 XRD analyzer,
Rigaku Corporation.

9.2.3 Experimental Conditions

DSC experiment: Atmosphere is dynamic high-purity nitrogen, flow rate is
50 mL-min~!, pressure is 0.1 MPa, heating rate is 10 °C-min~!, sample mass is
1.0 mg, container is aluminum crucible.

Mechanical sensitivity: impact sensitivity, using GIJB772A-97 method 601.1,
sample conditions are drop weight 10 kg, drop height 25 cm, and drug amount
50 mg; friction sensitivity, using GIB772A-97 method 602.1, sample conditions are
drop gauge pressure 3.92 MPa, pendulum The angle is 90°, and the dose is 20 mg
[28]

9.3 Results and Discussion

9.3.1 Structural Analysis

9.3.1.1 SEM Analysis

SEM pictures can intuitively compare the changes in the crystal morphology of
energetic materials before and after processing, and can see the physical state and
diffusion distance of the composite material. Figure 9.2 is the SEM images of AP,
TKX-50, TKX-50/AP blends raw materials and after being loaded by GO. It can be
seen from the Fig. 9.2 that the AP crystal is elliptical, TKX-50 is nearly hexahedron,
the surface is smooth, and the GO is an agglomerated layered structure. After loading,
the crystal morphology of AP and TKX-50 did not change, and GO was adsorbed on
the crystal surface, indicating that AP, TKX-50 and GO may have a powerful effect,
thereby stabilizing the structure.

9.3.1.2 FT-IR Analysis

The stretching and bending motion of the molecular characteristic group bond can
reflect the structure of the molecule. Observing the changes of infrared absorption
peaks by FT-IR can indirectly prove whether the molecules undergo chemical reac-
tions to generate new substances after they are combined or assembled. As the Fig. 9.3
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e. AP/GO f. TKX-50/GO g. TKX-50/AP/GO composite
Fig. 9.2 SEM of AP, TKX-50, TKX-50/AP blends and after being loaded by GO
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Fig. 9.3 IR of AP, TKX-50, TKX-50/AP blends and after being loaded by GO
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show, the typical infrared absorption peaks of TKX-50 are: 3422 cm~! represents
the stretching vibration of the hydrogen—oxygen bond of the hydroxyl group on
NH3OH*. The absorption peaks at 3058, 1577, and 1526 cm™! are the characteristic
absorption of aromatic groups, namely the tetrazole ring. The 814 cm™' character-
istic absorption is caused by the stretching vibration of the nitrogen—oxygen bond on
the tetrazole ring. The typical absorption peak of AP is 624 cm~!, which is caused
by the stretching vibration between the chlorine and oxygen of perchlorate. Because
the main component of GO is carbon and the molecular edge is carboxyl, it is highly
hydrophilic, so there is only a relatively broad absorption peak at 3466 cm~', which
represents the hydroxyl vibration in the molecule. It can be seen from the infrared
spectrum of GO loaded TKX-50, AP, and TKX-50/AP blends that the infrared absorp-
tion peak positions of TKX-50 and AP have not almost changed, and only some of the
absorption peaks have weakened. It shows that no chemical reaction occurs during
the loading process of GO, TKX-50 and AP, and the molecules are combined by
physical adsorption.

9.3.1.3 PXRD Analysis

Powder X-ray can directly prove whether the crystal form of the raw material has
changed, and can also indirectly reflect the combining state and coating method of
the composite. Figure 9.4 is the PXRD of AP, TKX-50, TKX-50/AP blends and after
being loaded by GO. It can be seen from Fig. 9.4 that the diffraction peak positions of
the crystals hardly changed after loading, indicating that the GO loading adsorption
of AP and TKX-50 powder has no effect on the crystal form, and the adsorption
process is a physical interaction process, and it does not occur chemical reaction.
In addition, the peak intensities of AP 15.24°, 19.13°, 23.70°, 27.61°, 29.98° are
significantly weaker. This is because GO loads a certain crystal plane of AP and
weakens the diffraction peak intensity of this crystal plane to varying degrees. The
intensity of the diffraction peaks at 22.81°, 34.95°, etc. hardly changed, indicating
that it is difficult for GO to adsorb and coat some crystal faces of AP. The diffraction
peak intensity of almost every crystal plane of TKX-50 is reduced to different degrees,
and only 33.34° is partially enhanced, indicating that the interaction between GO and
TKX-50is relatively strong, and the loading rate is high. It can be seen from Fig. 9.4c
that GO has little effect on the diffraction peak intensity of the TKX-50/AP blends.
It may be that the TKX-50 peak intensity is too high to cause this phenomenon.

9.3.2 Thermal Analysis

In order to study the effect of GO on the thermal decomposition performance of TKX-
50, AP, TKX-50/AP blends, the thermal decomposition behavior of TKX-50/GO,
AP/GO, and TKX-50/AP/GO composites is tested by DSC. As the Fig. 9.5 show,
TKX-50 has two continuous exothermic decomposition peaks, which are 242.98°C
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and 283.14 °C respectively. The first exothermic peak has a sharp peak shape, indi-
cating that TKX-50 exothermic violently and decomposes faster in the initial stage.
After GO was loaded on the surface of TKX-50, the first decomposition peak of
TKX-50 decreased by 8.86 °C, which almost coincided with the thermal decompo-
sition peak of GO [?°!, and the second decomposition peak decreased by 7.52 °C.
AP crystal has a melting endothermic peak at 244.14 °C. At this time, AP undergoes
crystal transformation, and then there are two high-temperature exothermic decom-
position peaks at 301.78 and 358.63 °C. After GO is loaded with AP, the endothermic
peak of AP hardly changes, but the initial exothermic peak temperature is reduced
by 40.16 °C, and the thermal decomposition is greatly advanced. After GO is loaded
with the TKX-50/AP blends, the decomposition peak temperature of TKX-50 is
further reduced compared with the peak temperature of TKX-50/GO complex, but
the melting endothermic peak and exothermic decomposition peak of AP are almost
unchanged. This may be because the carboxyl group at the edge of the GO molecule
is more likely to form intermolecular hydrogen bonds with the TKX-50 molecule,
and AP, as a small molecule compound, is difficult to compound with GO in the
three-component system where TKX-50 exists.

9.3.3 Mechanical Sensitivity Analysis

Mechanical sensitivity is often used to characterize the safety of energetic materials,
which is essential for the production, use, and transportation of energetic materials.
Figure 9.6 is the mechanical sensitivity of AP, TKX-50, TKX-50/AP blends and

28 [ ]impact sensitivity
TKX-50/APIGO 20 [ ]friction sensitivity

| e8

AP/GO

TKX-50/GO 4
12

TKX-50/AP

AP

8
TKX-50
1—| 16

0 20 40 60 80 100

mechanical sensitivity / %

Fig. 9.6 Mechanical sensitivity of AP, TKX-50, TKX-50/AP blends and after being loaded by GO
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after being loaded by GO. As the Fig. 9.6 show, the impact sensitivity of TKX-
50, AP, TKX-50/AP blends, TKX-50/GO, AP/GO, TKX-50/AP/GO are 8, 80, 44,
4, 68, 28%, friction sensitivity is 16, 36, 32, 12, 24, 20%. By comparison, it is
found that after GO is loaded with elementary materials, it can effectively reduce the
mechanical sensitivity and improve the safety of TKX-50 and AP. This is because
GO has a layered structure, which can act as a buffer when impacted or rubbed,
thereby reducing the formation of local hot spots.

9.4 Conclusion

(1) TKX-50/GO, AP/GO, and TKX-50/AP/GO composites were prepared by
solvent method. GO can be better loaded on the surface of TKX-50 and AP, and
there is no chemical change during the loading process, only by the combina-
tion of physical adsorption force. Moreover, the interaction between TKX-50
and GO is relatively strong.

(2) Inthe two-component system, GO can reduce the thermal decomposition peak
temperature of TKX-50 and AP by 8.86°C and 40.16°C. However, in the TKX-
50/AP/GO three-component system, GO only significantly reduces the thermal
decomposition peak temperature of TKX-50, and almost does not change the
decomposition temperature of AP.

(3) The impact sensitivity of TKX-50 and AP are 8% and 80%, and the friction
sensitivity is 16% and 36% respectively. After loading GO, the impact and
friction sensitivity of TKX-50 and AP are significantly reduced, and the safety
is improved.
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Chapter 10 ®)
Mechanical Response of Aramid e
Honeycomb Sandwich Panels Under

Different Impulses

Tian Jin, Yayun Zhao, and Yuxin Sun

Abstract New materials and structures research are important for modern engi-
neering technology. In order to study for the mechanics response of aramid fiber
and honeycomb sandwich panel under impulses, honeycomb sandwich plate with
aramid as sandwich layer was established, and Aluminum was used for the upper and
bottom panels, the mechanical response of Aramid honeycomb sandwich panels was
discussed under impulse loads of different length, size and shape. The results show
that the stress extremum appears earlier and larger with the increase of impulse peak
under the rectangular impulses with the same specific impulse, the maximum stress
increases with the increase of specific impulse, but the growth rate decreases. More-
over, both displacement and stress are bigger under rectangular impulse compare
with triangle and ladder impulses. In general, the results are able to reveal the law of
Aramid honeycomb sandwich panels under short pulse load, and can be referred to
future study on Aramid honeycomb panels.

10.1 Introduction

Aramid is a kind of new material, which has the advantages of light weight, low
density, high specific strength, high specific stiffness, excellent impact resistance and
seismic performance, good heat insulation and sound insulation performance [1-3],
and has important application value [4, 5]. Its excellent material mechanics perfor-
mance has been widely used in composite materials [6—8], sandwich structure panel
[9, 10] and other aspects. A large number of tests and simulation studies have been
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conducted. Sandwich layer structure is a kind of mechanical structure with excellent
mechanical properties, which is also widely developed and applied in various fields
[11-13]. A large number of experimental studies have been made on the failure mode
of metal honeycomb structure [14], anti-explosion performance [15-19], compres-
sion response under impact load [20-23], deformation energy absorption ability
under impact/explosion load [24, 25], etc. In recent years, more and more studies
have been conducted on the use of aramid fiber as honeycomb material. As a mature
method of impact dynamics, numerical simulation has also been studied extensively
[26, 27]. A large number of experiments [28] and simulation [30] studies have been
carried out, and some applications have been obtained [30, 31]. Numerical simula-
tion, as a mature research method of impact dynamics, has also carried out a lot of
research [32]. The main geometric size of honeycomb plate has a great influence on
honeycomb deformation.

In previous studies, aramid fiber was mainly used as the panel [33] and other
composite materials or metals were used as the sandwich layer, and the response of
materials or structures was studied, while the influence of impulses on honeycomb
sandwich panels was ignored. In this paper, the mechanical response law of the
honeycomb sandwich plate under impulses was studied by using different impulses
with the aramid fiber as the sandwich layer and aluminum alloy as the panel.

10.2 Calculation

10.2.1 Calculation Model

The model was established in ANASYS/LS-DYNA19.0 according to the model in
Fig. 10.1. The model included upper face plane, bottom face plane and honeycomb
core. The core was made up of cells (Fig. 10.2), which [ is 2 cm, A is 12 cm and d
0.02 cm, the total length of the core is 48 cm and width 48.5 cm. The calculation
model was established by three-dimensional Lagrange element (Fig. 10.3).

Fig. 10.1 Diagram of
sandwich panel

Top face plane ~p

Honeycomb
sandwich layer

—

Bottom face plane
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Fig. 10.2 Cell diagram

Fig. 10.3 Calculation model

10.2.2 Material Model

The linear elastic model was selected for the top and bottom face panels, the equation
of the model is:

o K

&; :E_E(Uj+ak)
_ b

Yij = G
_ E
C2(1 4 p)

where E is the elastic modulus, is Poisson’s ratio, and G is the shear elastic modulus.

Some scholars [12, 13, 17, 18] found that accurate results could be obtained by
using the isotropic ideal elastoplastic constitutive to describe the mechanical behavior
of the matrix material. In this paper, the plastic follow-up hardening constitutive was
used to describes the honeycomb sandwich layer, and the equation is:

o=Ee e <g

o=Eg, e >¢g

The main material parameters are shown in Table 10.1.
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Table 10.1 Parameter of Aramid [34]

T. Jin et al.

Materials Aramid
Density kg/m3 570
Elasticity modulus GPa 0.8395
Poisson ratio 0.4
Yield stress GPa 0.0465

10.2.3 Impulses

Three groups of different loads were used to simulate impact or explosion loads
loading on the node of calculation model. The first group is three rectangular impulses
with the same load concentration, different loading duration and peak value, as shown
in Fig. 10.4. The second group is four rectangular impulses with the same loading
time but different loading peaks, as shown in Fig. 10.5. The third group is impulses
with the same load concentration, loading duration but different load shapes which
including rectangles, triangles, ladders, as shown in Fig. 10.6 (Tables 10.2 and 10.3).

10.3 Numerical Results

The uniform impulses were loaded on the upper panel nodes as shown in the Fig. 10.7.

P/MPa

1.0~

0.8 —1
—_—2
3

0.6

0.4

0.2

0.0 T T T

0.0 0.5 1.0 2l
time/us

Fig. 10.4 Group 1
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Fig. 10.6 Group 3

The location of data points was shown in the Fig. 10.7, Select reference points in the
model and analyze the time history curve, two reference locations were selected, one
at the panel-layer interface, and the other at about one third of the sandwich layer.
The units are g-cm-us.



110 T. Jin et al.
Table 10.2 Parameter of AL-2024 [35]
Parameter AL-2024
Density kg/m? 2785
Shear modulus GPa 27.6
Poisson ratio 0.31[36]
Yield stress GPa 0.265
Hardening constant GPa 0.426
Hardening exponent 0.34
Strain rate 0.015
Temp softening exponent K 1.0
Melting temp K 775
Reference strain rate 57! 11.0
Table 10.3 .
Group | Serial number | Shape Duration/ps | Peak of the Specific impulse/PaS
impulse/MPa
1 1 Rectangular | 1.2 0.6 0.72
2 Rectangular | 0.8 0.9 0.72
3 Rectangular | 2.4 0.3 0.72
2 1 Rectangular | 1.2 0.6 0.72
2 Rectangular | 1.2 1.2 1.44
3 Rectangular | 1.2 1.8 2.16
4 Rectangular | 1.2 24 2.88
3 Rectangular Rectangular | 1.2 0.6 0.72
Triangle-1 Triangle 1.2 1.2 0.72
Triangle-2 Triangle 1.2 1.2 0.72
Triangle-3 Triangle 1.2 1.2 0.72
Ladder-1 Ladder 1.2 0.9 0.72
Ladder-2 Ladder 1.2 0.9 0.72
Ladder-3 Ladder 1.2 0.9 0.72

Fig. 10.7 The impulse is

loaded on the top face panel

and two reference data points

djta oints

CEEEEREEREEERERRERERERERRERRERRERRRRRRR A0
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10.3.1 Impulses with Different Duration

To investigate the effect of impulse peak on the structure of aramid honeycomb
sandwich panel under the same specific impulse, rectangular impulses were used for
calculation in this section. The duration of the impulses is 0.8, 1.2 and 2.4 ps, the
peak impulse is 0.9, 0.6, 0.3 MPa and the specific impulses are 0.72 PaS, as shown
in Fig. 10.4.

First, the nodes displacement of the joints in the sandwich layer near the top
face panel was analyzed, as shown in Fig. 10.8. In general, the maximum node
displacement increases with the increase of pulse peak value. However, it can be
seen that the stress fluctuates slightly in the local range, Because of the thin plate, the
stress waves was transmitted and reflected several times at the panel-layer interface
in extreme time.

Under the same specific impulses size, the node displacement almost the same
when the peak of the impulse is smaller than 0.6 MPa, and the displacement increases
significantly when the specific impulse is greater than 0.9 MPa (Fig. 10.9a) with the
increase of the impulse peak, the max-z-stress appeared earlier and larger (Fig. 10.9b).

Rectangular impulse was loaded on the aramid honeycomb sandwich panel in
Fig. 10.10. It can be seen that after 80 s, plastic deformation was formed in sand-
wich laminate attach to the top face panel. The stress wave was passed all observed
positions before 50 pws. The displacement and stress were shown in Fig. 10.10.

Stress at panel-layer interface is affected by the reflection of the stress wave, it is
too complicated to analysis, this location will not be discussed in the rest.

1
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-0.00020 —

Z-stress, (node 219300)

-0.00025
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-0.00086 +—7—+—7———F——————————————

Fig. 10.8 Stress at panel-layer interface



112

o

.00 4

S

.02

H

S

.06 4

S

.08 4

z-displacement (node213078)

S

.10 4

S

.12

T. Jin et al.

—a—1
—A— 3| —o— 2|
3

!
f

Z-stress, (219110)

A
0.00000 4
-0.00005 4
-0.00010 4
-0.00015 4
z -0.00020 4
-0.00025 4

-0.00030 4

o4

Fig. 10.9 Comparison of z-displacement—time (a) and stress-time (b) histories of the test points

(group 1)

(2)

g -2498e-01

1.0008-03 1.000e-03 _
9.0330-03 iy
-1.907e-02 Ous ::M~
<2.990e-02 ¥ -1
=3.913e-02 B207e-04 ]
-4.91Te-02 7833004 |
a0z | 7.4000-04 _|
6920002 _ :m‘-
7927002 _ -
892002 _ 10us §.1000-04
992902 _ 5087004
100401 5233004
1184801 _| 4.800e-04
1204001 4367004
-1,308¢-01 _| !

1498001 _|
1508001 _|
-1.600e-01 _|
1798801 _|
-1.808e-01 _
1997001 _
2.007e01 _
2A9Te01 _
2200801 _
2.3988-01 _

-2.5000-01 |
-2.600e-01
-2.790e-01
+2.900e-01
+3.000e-01

L YOS T N O Y D W Y T Y O Y N Y Y

(®)

Fig. 10.10 Z-displacement (a) and z-stress (b) under rectangular impulse

10.3.2 Impulses with Different Specific Impulse

Rectangular impulses are also used for calculation, differently, the duration of the
impulses is the same as 1.2 s, the peak impulses are 0.6, 0.9, 1.2, 1.8 MPa and the
specific impulses are 0.72 PaS, as shown in Fig. 10.11. Uniform loads with specific
impulse of 0.72, 1.44, 2.16 and 2.88 PaS were applied on the nodes of the upper

panel for a time of 1.2 ws.

According to the relationship between energy and impulse, pulse is positively
correlated with energy to the quadratic power, in the known conditions, pulse peak
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Fig. 10.11 Comparison of z-displacement—time (a) and stress-time (b) histories of the test points
(group 2)

for linear increase, the node z-displacement are positively correlated with the pulse
amplitude was shown in Fig. 10.11a. But it also can be seen that when ¢t = 30 s,
the displacement is not a linear relationship with the impulses peak, but increment
decreases with the increase of impulses peak, it conforms to the impulse-energy
relationship.

The law of stress is similar to displacement. Moreover, when the specific impulse
increases from 0.72 to 1.44 PaS, the extreme stress doubles. However, when the
specific impulse continues to increase, the extreme stress almost stops increasing,
and when the specific impulse reaches 2.88 PaS, the stress at the observation point
almost never decreases after reaching the extreme value (Fig. 10.11b), because when
the specific impulse reaches a certain value, the observation point reaches the yield
limit and enters the yield stage, and its stress—strain situation no longer satisfies
Hooke’s law.

As can be seen from Fig. 10.12a, among the seven pulse loads of different shape,
the displacement is the largest under rectangular impulse. Other impulses have no
significant difference in 20-35 s, but with the time increase, the ladder impulses
have almost no effect on the displacement in 62-80 ws, and it is the same as the
triangular impulse with the same ascending and descending slope. However, under
the triangular impulses, the displacement is smaller when the ascending slope is
bigger (Fig. 10.12b).

Figure 10.13a shows that the overall trend of stress variation of Aramid honey-
comb panels under different pulses is consistent. When the Aramid honeycomb
sandwich panels are subjected to rectangular impulses, the max-stress is the largest
and the first to reach the extremum. In both triangle and ladder impulses, the max-
stress is larger when the ascending slope is greater than descending slope, but the
max-stress of triangle appears last (Fig. 10.13b).
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10.4 Conclusion

In this paper, the mechanical response of Aramid honeycomb sandwich panel under
different conditions which include different length, size and shape is classified and
discussed. It can be concluded that:

Under the condition of the same specific impulses, the displacement and stress
extremum under rectangular impulse are the largest.

The displacement and stress were more affected by impulse peak compared with
the specific impulse, when the rectangular pulse is applied. Even, the growth rate of
displacement and stress decreases gradually with the specific impulse increases.

Under the same specific impulse, changing the initial slope of ladder impulse has
almost no effect on the reference point displacement and stress, while changing the
initial slope of triangular impulse has a great effect, larger initial slope causes larger
stress extremum and smaller displacement, but the range of variation is smaller than
rectangular impulse.
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Chapter 11 ®)
Numerical Simulation Analysis Gzt
of Dynamic Response and Damage Effect

of Tunnel Under Internal Explosion

Xiang Liu, Yuxin Sun, and Rongjun Guo

Abstract An investigation on dynamic response of explosion shock wave in
different tunnel structure was carried out in this paper. Straight tunnel, L-shaped
tunnel and T-shaped tunnel were selected as the research objects. And simulations
were conducted with 2-D fluid—structure coupled model using the AUTODYN 19.0
software. Here, the RHT model was adopted to describe the mechanical behaviour of
concrete and rock, and JWL equation of state was selected for explosive. Combined
with the simulation results, the propagation law of shock wave in different tunnels
was analysed, and the vulnerable points in the tunnel under the action of explo-
sion shock wave were found. The results show that the damage of tunnel caused by
explosion load was mainly concentrated in a very short time after explosion. And the
dynamic response has the characteristics of fast response, large load and short dura-
tion. The explosion shock wave caused great damage to the tunnel structure which
was close to the burst point. At the same time, the concentrated load was generated
in the corner of the tunnel, which became a vulnerable structure.

11.1 Introduction

Tunnel is an engineering building buried in the ground, which is a form of human
using underground space. In wartime, it can play the functions of civil air defense
evacuation, transportation reserve materials, personnel emergency shelter and so
on. With the development of weapons and guidance technology in modern war, the
possibility of explosion in tunnel is increasing. When the explosion occurs in the
tunnel structure, the explosion load has a direct or indirect impact on the tunnel’s
wall and the surrounding rock outside the tunnel. Therefore, it is very important to
analyze the dynamic response and damage effect of the tunnel structure under the
load of explosion in the tunnel, which is the basis of the anti-explosion performance
evaluation and protection design of the tunnel structure.

X. Liu - Y. Sun (X) - R. Guo

National Key Laboratory of Transient Physics, Nanjing University of Science and Technology,
Jiangsu 210094, China

e-mail: yxsun01 @ 163.com

© China Ordnance Society 2022 117
A.Gany and X. Fu (eds.), 2021 International Conference on Development and Application

of Carbon Nanomaterials in Energetic Materials, Springer Proceedings in Physics 276,
https://doi.org/10.1007/978-981-19-1774-5_11


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-1774-5_11&domain=pdf
mailto:yxsun01@163.com
https://doi.org/10.1007/978-981-19-1774-5_11

118 X. Liu et al.

There is a significant difference between the propagation of explosion shock wave
in closed space and that in open three-dimensional space. Due to the tunnel structure
is not easy to build and the cost is huge, the methods of model test and numerical
simulation are generally used. Benselama [1] and Uystpruyst [2] pointed out that
there are two modes of propagation of explosion shock wave in the roadway: one
is free propagation in three-dimensional space near the burst point, and the other is
quasi one-dimensional propagation far away from the burst point. The relationship
between the two modes of transfer position, explosive quantity and geometry of the
propagation space was proposed by numerical calculation; Alex and Michael [3]
studied the propagation behavior of explosion shock waves in underground mines
through a series of experiments in experimental mines. A simple proportional rela-
tionship between peak overpressure and explosive quantity and propagation space
was established. Kezhi and Xiumin [4] used the three-dimensional numerical simu-
lation program to calculate the chemical explosion flow field in the long tunnel, and
compared with the experimental results. The propagation law of air shock wave along
tunnel direction was concluded; Pang et al. [5] established a formula to predict the air
shock wave of high explosive explosion in tunnel through experiments; Xinjian et al.
[6] mapped the velocity model of shock wave propagating along a straight tunnel
with equal cross section under the condition of internal explosion at the entrance of
the tunnel through experiments.

For the current research of explosion in tunnel, the focus is mainly on the propaga-
tion law of explosion shock wave, which was quite complete. However, these studies
generally regard the tunnel as a non-deformable structure, ignoring the dynamic
response and damage of tunnel structure under the action of shock wave.

Therefore, this paper intends to carry out numerical simulation for three typical
tunnel structures to analyze the dynamic response and damage effect of tunnel
structure under the load of internal explosion.

11.2 Numerical Simulation Model

11.2.1 AUTODYN Software

In order to solve highly nonlinear dynamic problems, such as solid, liquid, gas and
their interactions, century dynamics Inc. has developed a nonlinear dynamic anal-
ysis software AUTODYN. The company first launched a two-dimensional version
of autodyn-2D in 1986 and a three-dimensional software autodyn-3D in 1991. In
January 2005, AUTODYN software was acquired by ANSYS company and has been
integrated into ANSYS co-simulation platform. In the past few decades, autodyn-
2D/3D software has been continuously developed, with increasingly perfect func-
tions and more convenient application. Since its development, the software has been
committed to the research and development of the military industry, and has become
one of the most famous numerical simulation software in the field of explosive
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mechanics and high-speed collision in the world. It integrates a variety of processing
technologies of finite difference, computational fluid dynamics and fluid coding,
and can be widely used in various complex engineering problems, such as large
strain and large deformation, Nonlinear dynamics, explosion penetration, collision
and fluid solid coupling shorten the development cycle of many products. There are
many material constitutive models and equations of state, which are convenient for
their application in various aspects. AUTODYN version 19.0 was used in this paper.

11.2.2 Research Objects

This paper discussed three kinds of tunnel structure. Straight tunnel, L-shaped tunnel
and T-shaped tunnel were selected to establish two-dimensional simulation model
for numerical simulation. The concrete wall thickness of three kinds of tunnel is
0.02 m, and the thickness of surrounding rock outside the tunnel is 0.5 m. Among
them, the straight tunnel’s burst points are distributed in the vertical direction; the
L-shaped tunnel’s burst points are distributed along the diagonal of the corner; the
T-shaped tunnel burst points are also distributed in the vertical direction. The tunnel
structure, location of burst points and observation points are shown in Figs. 11.1 and
11.2.

A 0.5 kg spherical COMP B was used in the simulation. The concrete wall and rock
use Lagrange element, the COMP B and air use Euler element. The fluid structure
coupling relationship between them was established.

Concrete mat

Spata it hanaad

(al) Straight tunnel (bl) L -shape tunnel (c1) T-shape tunnel

Fig. 11.1 Location of burst points in tunnels
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Fig. 11.2 Location of observation point in tunnels

11.2.3 Material Model

11.2.3.1 Concrete and Rock

Rock and concrete are both brittle materials, which have similar grain boundaries,
holes, cracks and other defects of different sizes. Both of them have the character-
istics of strain hardening, damage softening and strain rate effect, which provides
the feasibility for us to use the constitutive relationship of concrete to describe the
mechanical behavior of rock like brittle materials under dynamic and static loads.
RHT concrete constitutive model has been widely used in the numerical simulation
and analysis of explosion, impact, penetration and other problems, and achieved
relatively satisfactory results.

The P-alpha EOS and RHT strength parameters of concrete and rock are mainly
referred to [3, 4], and the main parameters are shown in Table 11.1.

11.2.3.2 COMPB

JWL equation of state was selected for explosive

p= A(l — i_>eR‘V + B<1 - i_>eR2V + gE
RV RV Vv

where, A and B are the linear coefficient; R}, R», w are the non-linear coefficient; V =
Vi/ Vo, V; is volume of detonation product, Vj is volume of unexploded explosive.
A, B, R}, R,, w are constants, which are obtained from experiments. The parameters
are shown in Table 11.2.
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Table 11.1 RHT model

parameters of concrete and Parameter Concrete Rock

rock (a) P-alpha EOS
Initial density po(g/cm?) 2.75 2.7
Pore density p|(g/cm?) 2.314 2.314
Initial pressure P;(KPa) 2.33 x 10* [2.33 x 10*
Compaction pressure P>(KPa) 6 x 10° 6 x 10°
Porosity index N 3 3
Ay (KPa) 3.53 x 107 |4.54 x 107
Ay (KPa) 3.96 x 107 [4.19 x 107
KPa) 9.04 x 106 |4.20 x 10°
By 1.22 0.9
B 1.22 0.9
T1 (KPa) 3.53 x 107 |4.54 x 107
T> (KPa) 0 0
(b) RHT Strength model
Shear modulus G (KPa) 1.67 x 107 | 1.67 x 107
Compressive strength f,. (KPa) 3.5 x 10* 4.8 x 10*
Tension strength f;/f. 0.1 0.1
Shear strength f; /. 0.18 0.18
Intact failure surface constant A 1.6 1.6
Intact failure surface exponent N | 0.61 0.61
Tens./Comp. Meridian ratio Q 0.7 0.6805
Brittle to Ductile Transition BQ 0.0105 0.0105
Hardening slope 2.0 0.5
Elastic strength/ft 0.7 0.7
Elastic strength/fc 0.53 0.53
Fracture strength constant B 7. 1.6 1.6
Fracture strength exponent n 7. | 0.61 0.61
Strain rate exponent o 0.032 0.02439
Tensile strain rate exponent 8 0.036 0.02941

11.2.3.3 Air

The material model of air is assumed to be an ideal gas, and the relationship between
pressure P and energy E can be determined by the following formula:

P =(k—1)pE

where, k is the adiabatic coefficient of gas, p is the density of air, E is the initial
internal energy of air. The specific parameters are shown in Table 11.3.
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Table 11.2 JWL model
. Parameter Value
parameters of explosive
materials Density p(g/cm?) 1.717
Detonation velocity D (m/s) 7980
C-J explosion pressure P (Pa) 2.95 x 1010
Material constant A (Pa) 5.2423 x 10!
Material constant B (Pa) 7.678 x 10°
Material constant R 4.2
Material constant R; 1.1
Material constant w 0.34
Initial internal energy Eo(J/m>) 8.5 x10°
Table 11.3 Idgal gas model Parameter Value
parameters of air
Density p(g/cm)?) 1.225 x 1073
Internal energy (mJ/mm?) 2.068 x 10°
Isentropic adiabatic coefficient 1.4

11.3 Calculation Results and Analysis

11.3.1 Straight Tunnel

Figures 11.3 and 11.4 show the stress distributing graph and crack propagation
process of tunnel structure under the action of explosion in straight tunnel. A strong
shock wave was formed after the explosion, and the tunnel structure near the burst
point was the first to be impacted and deformed. When T = 0.3 ms, stress concentra-
tion occurred, and some materials of tunnel structure enter the plastic stage. When
the stress intensity was higher than the material strength, the material damage forms
cracks, and the cracks were mainly concentrated near the burst point. The crack
propagation at T = 5 ms was almost the same as that at T = 0.5 ms, which indicated
that the material was damaged mainly in the short time at the beginning of explosion.

Figure 11.5 shows the dynamic response observed at observation points 1-4 after
the explosion at burst point 1 in the straight tunnel. Observation points 1-4 are 0.3 m
away from the explosion point in the Y direction, and 0, 0.3, 0.6 and 0.9 m away
from the burst point in the X direction. The maximum stress of Observation points
14 were 80.44, 37.23, 17.51 and 14.24 MPa. The maximum strain of Observation
points 1-4 were 0.029, 0.013, 0.0075 and 0.0067. In the X direction, the closer the
wall structure is to the burst point, the greater the maximum stress and strain was
observed. The displacement and the maximum acceleration had similar law.

Figure 11.6 is the dynamic response curve observed at observation points 1 after
the explosion of different burst points. In Fig. 11.6a, the stress at burst point 5
decreased rapidly to 0 MPa after reached the maximum value of about 350 MPa.
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(@) T=0.1ms (d) T=0.2ms

(b) T=0.3ms (¢) T=0.5ms

Fig. 11.3 Stress distributing graph after the explosion of burst point 3 in the straight tunnel

Which was a clear manifestation of that the structure had failed, and the failed
structure couldn’t bear any tensile stress anymore. In Fig. 11.6b, the maximum strains
under the load of exploration which happened at burst points 1-5 were 0.028, 0.039,
0.047, 0.084 and 0.217. The closer the burst point was to the tunnel wall, the greater
the maximum strain of tunnel wall structure. The stress, displacement and maximum
acceleration have similar law.

In Fig. 11.6d, the response times observed at observation point 1 were 0.05, 0.03,
0.02, 0.01 and 0.003 ms. The speed increased rapidly to tens or hundreds of meters
per second, and decreased to about 0 ms at 0.3 ms. The dynamic response is very
fast, reaching microsecond level, and the response duration is very short, less than
0.3 ms.

The damage of explosion load to tunnel was mainly concentrated in a very short
time after explosion, which has the characteristics of fast response, large load and
short duration.
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(a) T=v0.1ms (d) T=0.2ms

(b) T=0.3ms (¢) T=0.5ms

Fig. 11.4 Rock damage distributing graph after the explosion of burst point 3 in the straight tunnel

11.3.2 L-shaped Tunnel

Figures 11.7 and 11.8 show the stress distributing graph and crack propagation
process of rock structure under the load of explosion of burst point 3 in L-shaped
tunnel. The stress of the structure was mainly concentrated in the corner. The damage
was mainly concentrated in the wall outside the corner, where the tunnel structure was
most vulnerable to damage. When T = 0.5 ms and T = 5 ms, the damage degree of
the structure was almost the same, which also shows that the damage of the structure
was concentrated in 0.5 ms after the explosion, and the time was very short.

Figure 11.9 shows the dynamic response observed at observation points 1-8 after
the explosion of burst point 3 in the L-shape tunnel. Observation point 3 was located
at the corner of the inner wall, and the maximum stress observed at observation
point 3 was 32.31 MPa. During the subsequent structural deformation, there was a
residual stress of about 15 MPa. The maximum stress observed at observation points
1 and 2 were 12.77 MPa and 18.47 MPa, and there were multiple peaks gradually
decreasing. When the explosive exploded at the corner of the L-shaped tunnel, the
inner corner was impacted by the incident wave and the wave reflected from the outer
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Fig. 11.5 Dynamic response observed at observation points 1—4 after the explosion of burst point
1 in the straight tunnel

corner to the inner side, and then the shock wave continued to reflect and oscillate
in the tunnel.

On the outside of L-shaped tunnel, the maximum stress observed at observation
points 4-8 were 17.00, 16.47, 38.57, 72.17 and 91.95 MPa. The closer to the corner,
the greater the maximum stress. The maximum strain, displacement and maximum
velocity have similar rules. The maximum strain observed at observation point 8 was
0.68, and that at observation point 4—7 were between 0.006 and 0.025, which was
far less than that observed at observation point 8. The position of observation point
8 was the most concentrated stress and the most serious damage position.
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(b) T=0.3ms (¢) T=0.5ms

Fig. 11.7 Stress distributing graph after the explosion of burst point 3 in the L-shape tunnel
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Fig. 11.8 Rock damage distributing graph after the explosion of burst point 3 in the L-shape tunnel
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Figure 11.10 shows the dynamic response observed at observation points 3 and
8 after the explosion of all burst points in the L-shape tunnel. With the change of
burst point 1 to 5, the distance of explosion center to observation point also changed.
The maximum stress, strain, displacement and acceleration were negative correlated
with the distance from the explosion center. In Fig. 11.10a, the stress observed at
observation point 3 decreased rapidly after reaching the highest value (between 20 and
120 MPa), then fluctuated about 1 ms between 0 and 30 MPa, and finally the residual
stress stabilized between 10 and 30 MPa. After the stress observed at observation
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Fig. 11.10 Dynamic response observed at observation points 3 and 8 after the explosion of all burst
points in the L-shape tunnel
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(e) The displacement curves observed at observation point 3
(f) The displacement curves observed at observation point 8
(g) The velocity-time curves observed at observation point 3

(h) The velocity-time curves observed at observation point 8

Fig. 11.10 (continued)

point 8 reached the highest value (70-330 MPa), it rapidly decreased to 0 MPa in
about 0.4 ms, then fluctuated slightly in the stage of 0.4—1.2 ms, and finally returned
to 0 MPa. This was because the material had failed and could not longer bear tensile
stress. The duration of dynamic response was about 1.2 ms, mainly concentrated in
the first 0.4 ms.

Figure 11.11 shows the variation curve of maximum stress and strain observed
at observation points 3 and 8. In Fig. 11.11a, the stress change trend observed at
observation points 3 was similar with observation points 8. With the increasing of
the distance between the burst centers, the maximum stress decreased and the change
was gradually gentle, but the maximum value observed at observation point 3 was
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Fig. 11.11 Variation curve of maximum stress and strain of observation points 3 and 8 with distance
between burst points

lower than that at observation point 8. The strain value observed at observation point
8 was large (between 0.256 and 1.81), while the strain observed at observation point
3 was small (between 0.01 and 0.05), and the change was not obvious. Under the
load of internal explosion in L-shaped tunnel, the corner position of the outer tunnel
was the most stress concentrated position, which was more vulnerable to damage
than the inner corner position.

11.3.3 T-shaped Tunnel

Figures 11.12 and 11.13 are the stress distributing graph and crack propagation
process of rock structure under the explosion in T-shaped tunnel. After the explo-
sion, the shock wave propagated to the upper wall and corners of the tunnel. The
stress was concentrated on the upper wall of T-shaped tunnel. There was also stress
concentration on the left and right corners, but it was relatively small. The damage
of the structure was mainly in the upper wall. Compared with the straight tunnel, the
damage of upper wall in T-shaped tunnel was smaller because the T-shaped tunnel
has more bifurcation, which made the explosive energy spread out from the tunnel
rapidly.

Figure 11.14 shows the dynamic response observed at all observation points after
the explosion of burst point 3 in the L-shape tunnel. On the upper wall of the tunnel,
the maximum stress observed at observation points 1-4 were 82.24, 38.88, 16.67
and 14.50 MPa, and the residual stresses were about 23, 17, 6.5 and 4.5 MPa. The
maximum stress and residual stress were negatively correlated with the distance
from the observation point to the burst point. The maximum strain, displacement
and velocity were also the same rule. The response time was about 2 ms.
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Fig. 11.12 Stress distributing graph after the explosion of burst point 3 in the T-shape tunnel

At the lower side of the right corner, the stress observed at observation point 5
rised rapidly to the maximum value of 28.51 MPa after the explosion, then decreased
rapidly to 0 MPa, then rised to 28.5 MPa, and then decreased slowly to the residual
stress of 16.9 MPa.

The stress curves observed at observation point 6 and 8 were almost the same.
After the stress reaches the maximum value of 17.81 and 19.86 MPa, it fluctuated
continuously and the peak value decreased gradually. The reason was that the shock
wave reflected repeatedly between the inner walls of the tunnel.

The peak value observed at observation points 7 and 9 were about 10 MPa, which
decreased slowly and fluctuated continuously. In the lower right side of the tunnel
wall, the farther away from the burst point, the smaller the maximum stress, strain,
displacement and velocity. And the residual stress was mainly concentrated in the
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Fig. 11.13 Rock damage distributing graph after the explosion of burst point 3 in the T-shape tunnel

corner of the tunnel. Compared with the straight tunnel and L-shape tunnel, the
dynamic response time was longer which reached 2-3 ms.

Figure 11.15 shows the dynamic response observed at observation points 1 and 5 at
different burst points. At explosion point 1, the maximum stress reached 354.5 MPa,
and then gradually decreased to 0 MPa, which indicated that the element had failed
and could no longer bear tensile stress or shear stress. For other explosion points,
there was residual stress observed at observation points 1, which was 20—40 MPa. The
maximum stress observed at observation point 5 increased from 23.6 to 80.6 MPa,
and the maximum strain, displacement and acceleration also increased gradually. The
center of the upper wall and the left and right corners were vulnerable points, and
the load was positively correlated with the distance between the explosion centers.
Compared with the straight tunnel and L-shaped tunnel, the response time is longer,
reaching 2-3 ms.
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Fig. 11.14 Dynamic response observed at observation points 1-8 after the explosion of burst point
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Fig. 11.15 Dynamic response observed at observation points 1 and 5 after the explosion of all burst
points in the T-shape tunnel
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11.4 Conclusion

In this paper, the physical model of the explosion structure in the tunnel was estab-
lished, the suitable material constitutive model and parameters were selected. The
dynamic response of the tunnel structure with different shapes under the explosion
load was numerically simulated, and the failure forms of tunnel and rock structure
were analyzed.

The stress of concrete tunnel and rock increases rapidly under explosion load.
Concrete and rock materials will have elastic strain and plastic strain. When the
stress exceeds the maximum tensile stress that the material can bear, the material
will fail. After failure, the material can no longer bear tensile stress or shear stress,
forming cracks. With the propagation of stress, the cracks gradually expand, and the
main generation and propagation time of cracks is 0-0.5 ms.

The damage of explosion load to tunnel is mainly concentrated in a very short
time after explosion, which has the characteristics of fast response (0.003—0.05 ms,
reaching microsecond level), large load (from tens to hundreds MPa), short duration
(0.3-3 ms).

Based on the 5 kg spherical COMP B used in this paper, when the distance
between the burst point and the wall is less than 0.1 m, the wall structure will fail
completely; In the L-shaped tunnel, stress concentration occurs at the outer corner of
the structure, and the structure with a distance of 0.3 m also fails completely; On the
contrary, in the inner corner, there is no complete failure of the material. The center
of the upper wall and the left and right corners of the T-shaped tunnel are the most
concentrated parts to bear the explosion load, and the center of the upper wall is the
most vulnerable part.
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Chapter 12 )
Research on the Energy Output e
Characteristics of Underwater Explosion

of Aluminized Explosive with ETPEs

as Binder

Jun Dong, Wei-li Wang, Xiaofeng Wang, Yuan-jing Wang, Teng-yue Zhang,
Tian-le Yao, Mao-hua Du, Bo Tan, and Hong-tao Xu

Abstract In order to study the effect of azide energetic thermoplastic elastomers
(ETPEs) on the detonation performance of aluminized explosive, two kinds of
aluminized explosive formulations were design with comprise ETPEs and inert
polymer (EVA) as binders. The explosive sample were prepared by chemical solvent
volatilization method, and the underwater explosion energy and detonation heat value
of two kinds of explosives were compared and tested. The results show that the deto-
nation energy of aluminized explosive with ETPEs as binder is significantly higher
than that with inert polymer. The total energy of underwater explosion is increased
by 8.8-9.1%, and the detonation heat value is increased by 3.3—4%. It is found that
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although the energy density of ETPEs itself is not high, and the amount of ETPEs
added in the explosive formula in this study is very small, the N2 and other substances
release heat in the detonation process, which improves the complete response rate
of aluminum powder in the detonation process. It plays the role of similar catalyst,
and improves the explosion energy of aluminum explosives.

12.1 Introduction

Energetic Thermoplastic Elastomers (ETPEs) is a kind of polymer with the charac-
teristics of thermoplastic elastomers. It contains a large amount of energetic groups
such as —-N3, -NO,, -ONO; and has the characteristics of good mechanical proper-
ties, excellent processing performance and high energy density. Therefore, ETPEs is
used to replace inert binder components in propellant and explosive formulations to
increase energy [1—17]. The molecular weight and structure of ETPEs are designed
according to the requirements of the explosive formulation on the mechanical prop-
erties of the binder. “A” is used to represent the energy group, which is amorphous
asymmetrical substituted segments at room temperature. “B” is used to represent
the energy group, which is solid symmetric substituted segments at temperatures
below the melting point. Normal structures of ETPEs have (AB) n block copoly-
mers and ABA or BAB triblock copolymers in which soft and hard segments are
alternately connected. From the aspect of function, the A block imparts toughness
to ETPEs, and the B block imparts strength to ETPEs, so that ETPEs contain energy
and good mechanical properties. Through studying the surface and interface proper-
ties and mechanical sensitivity between ETPEs and RDX and Al powder, it is found
that the ETPEs are easier to be wetted on the surface of RDX than that Al powder.
Therefore, from the perspective of coating kinetics, ETPEs is easier to coat on the
surface of RDX particles in the RDX-Al explosive system and reduce the mechanical
sensitivity of explosives [18]. In addition, besides satisfying the preparation perfor-
mance of explosives as a binder component, using a large number of energetic groups
carried by ETPEs to improve the detonation energy and effect of explosives is always
concerned [19-24] by many researchers. The reaction of aluminum powder needs
a certain amount of energy induction, which lags behind the C-J detonation reac-
tion in time. Therefore, it is generally believed that the secondary oxidation reaction
of aluminum powder occurs after the C-J detonation reaction and releases a lot of
heat. Many foreign researchers use ETPEs in the formulations of aluminized explo-
sives such as CPX450, CPX458, CPX459 [25] to increase the detonation energy of
explosives. Anderson et al. [26] found that energetic binders can improve the oxygen
balance of typical aluminized explosives, greatly increase the reactivity of aluminum
powder in the detonation process, and improve the completeness of the reaction of
aluminum powder in the detonation process, thus improving detonation performance
and mechanical power of explosives.

In view of the fact that energetic binder can improve the reaction completeness of
aluminum powder in the detonation process, the thermobaric aluminized explosive
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Table 12.1 Properties of ETPE based on BAMO/AMMO [28]

Name Property Name Property

Solubility Acetone, ethyl acetate | Number average relative | About 20,000
molecular mass

Melting temperature/°C | 90-110 Nitrogen content/% 35

Glass transition -30 Density/(g/cm™3) 1.29

temperature/°C

Thermal decomposition | 259.38 H50/cm 70

temperature/°C

Tensile strength at room | 5 Friction sensitivity 0

temperature/MPa

Elongation at room 400 Shore hardness 52

temperature/%

with high content of aluminum powder is used as the research object in this paper.
Azide energetic thermoplastic elastomers (ETPEs) with energetic materials such as
RDX and HMX are used to replace the original inert binder [27]. In order to support
the application of ETPEs in high explosive formulation in the future, the improvement
effect of ETPEs on detonation performance of aluminized explosives is studied.

12.2 Experiment and Calculation

12.2.1 Experimental Materials

Cyclotrimethylenetrinitramine (RDX), Gan-su Yin-guang Chemical Group Co., Ltd.;
ETPEs based on BAMO/AMMO, with a number average molecular mass of 2 x 10%,
Xi’an Modern Chemistry Research Institute; Ethylene and Vinyl acetate copolymer
(EVA), number average molecular weight 3500-4500, China Petrochemical Corpo-
ration; Spherical aluminum powder, particle size range of 4.5-5.5 wm, Anshan Iron
and Steel Group Co., Ltd. Except for ETPEs which is synthesized in the laboratory,
the others are all industrial products (Table 12.1).

12.2.2 Explosive Formula Design

Generally, the content of aluminum powder in aluminized explosives does not exceed
20%. This is because aluminum powder reacts with explosive gas products after
detonation on the C-J surface and needs to maintain a certain chemical balance with
the explosive. For the thermobaric explosive, the content of aluminum powder in its
formula is higher than that of ordinary aluminized explosive. The design concept is
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to use excess aluminum powder to react with oxygen in the air around the target.
So as to improve the effect temperature and pressure on the target. Generally, the
energy release of aluminized explosive in the detonation process is divided into two
stages [29]. The first stage of detonation energy release process, and the second
stage of afterburning energy release process. Since the micron-Al powder used does
not participate in the detonation C-J surface reaction. It reacts with the detonation
product in the second stage [30], and the main reaction formula is:

2A1+1.50, — ALO; AH; = —414 kJ/mol (12.1)
2A143CO, — ALO; +3CO AH; = —826 kJ/mol (12.2)
2A143CO — ALO; +3C AH; = —1314 kJ/mol (12.3)
2A1+3H,0 — ALO3; +3H, AH; = —939 kJ/mol (12.4)

The ETPEs selected in this study have the characteristics of high nitrogen content.
The N element produces N, during the detonation process. Under high temperature
and high pressure, aluminum powder and N, can react to form aluminum nitride and
gives off a lot of heat.

2A1+N; — 2AIN AH; = —335 kJ/mol (12.5)

Therefore, in this paper, two explosive formulations with 40% aluminum powder
content are designed. The ETPEs and inert polymers (EVA) are used as binders to
compare detonation performance. Through underwater explosion energy and deto-
nation heat tests, the effect of adding ETPEs on the detonation energy of aluminized
explosive is studied. In order to facilitate the analysis and comparison, the ETPEs
explosives means the explosive samples with ETPEs as the binder. The same to the
EVA explosives (Table 12.2).

Table 12.2 Explosive

. Jati Explosive sample | RDX, % | Al powder Binder, %
ormulation (FLQ-355A), %
ETPEs explosives | 55 40 5 (ETPE)
EVA explosives 55 40 5 (EVA)
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12.2.3 Explosive Sample Preparation

The direct granulation process is adopted. First, add the weighed explosive sample
into the kneader and pour a small amount of ethyl acetate solvent to infiltrate the
explosive particles. Then add the ethyl acetate-containing binder solution and stir
and knead it for 10 min. At this time stop kneading and open the machine. Add
aluminum powder and a small amount of ethyl acetate solvent. Continue kneading
for 30 min, discharge the materials. It is sieved (8—10 mesh) and granulated by
manually which the materials in a semi-dry state. The powder is dried in an oven and
can be compressed for use.

12.2.4 Underwater Explosion Energy Test

The method of underwater explosion can not only measure the energy of explosives,
but also analyze and research the energy distribution relationship of explosives. That
is the energy output structure of the explosive. It has the characteristics of good
repeatability of measurement results, rigorous theoretical basis of test methods, and
advanced test design. Therefore, the underwater explosion of explosives has gradually
become a test method for assessing the mechanical power of explosives. The test
conditions of the underwater explosion are as follows:

Explosion pool: diameter 3.2 m, water depth 2.4 m, the pool wall and bottom are
welded with steel plates to ensure the rigidity.

Sample entry water depth: 1.6 m, It is in two-thirds of the total water depth, which
can offset the influence from the water surface and pool bottom.

Test sample: $30 mm x 30 g compressed explosive column.

Distance measurement: 0.9 m, contrast distance is 2.90 m//kg.

Sensor: PCB138A tourmaline underwater shock wave sensor, measuring range
0-69 MPa.

Number of sensors: two, one on each side of the sample.

Sensor water penetration depth: 1.6 m, the same as the depth of the explosive
sample.

Atmospheric pressure during the test: 670 mmHg.

The test layout is shown in Fig. 12.1. The ETPEs explosives and EVA explosives
were suspended into the water with ropes, and detonated by a detonator. The sensors
placed were used to test the shock wave overpressure and bubble period of the
explosives in the water. The results are shown in Table 12.3.
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Table 12.3 The underwater shock wave overpressure and bubble period test of explosives ETPEs
and EVA

Name Test sample number | Quality, kg | Shock wave Bubble cycle, ms
overpressure, MPa
ETPEs explosives | 1 0.03 14.35 124.5
2 0.03 15.613 124.3
EVA explosives 1 0.03 12.915 120.4
2 0.03 13.098 120.5

12.2.5 Explosion Energy Test

Explosion heat is tested according to GJIB772A-1997 “Explosive Test Method” 701.1
adiabatic method. At a vacuum of —0.094 MPa, an experimental sample with a mass
of 25 g and a diameter of 25 mm is detonated in a 5.8 L explosive heat bomb. 16.5 L
of distilled water is used as the temperature measurement medium. The precision
thermometer tracks and measures the water temperature in real time with 1%o accu-
racy, and calculates the explosion heat value per unit mass of the measured sample
according to the heat capacity value and temperature rise value of the explosion heat
bomb system.

The structure of the detonation calorimeter test device is shown in Fig. 12.2. Two
samples of each explosive are tested and the results are analyzed.
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Fig. 12.2 Device diagram of explosive heat calorimeter

12.2.6 Calculation of Adsorption Energy of Main
Components of ETPEs Explosives

In order to study the binding state of the main components in ETPEs explosives from
the molecular level combined the plane wave. Basis set, VASP software is used to
optimize RDX, Al,O3 (Al powder outer layer is Al;O3) and ETPEs (azidomethane
was used as a simplified substitute) stable configuration. Moreover, the adsorption
configuration and adsorption energy of azide methane on the surface of RDX and
Al,Os3 are calculated. The plane wave cut-off energy used in the calculation is 520 eV,
and the standards for energy convergence and force convergence are 1 x 10 eV
and 1 x 107> eV respectively. The exchange correlation function between electrons
and electrons is calculated using the PBE functional under the generalized gradient
approximation (GGA), and the van der Waals force is corrected by the DFT-D3
method. When calculating the surface, a 20 A vacuum layer in the normal direction
of the surface is added to avoid the interaction between the surfaces. The results are
shown below.

12.2.6.1 Surface Construction of c-Al;O3 and RDX

The energies of the (111), (110), (101), (011), (100), (010), (001) crystal planes of
a-Al,O3 (space group: R-3C) have been calculated. All surfaces contain four layers
of Al,O3 atoms, for a total of 40 atoms. The 9 x 9 x 1 Monhkorst-Pack K-point
grid is used to simulate the Brillouin zone. The calculated faces are summarized in
Table 12.4.

Through calculation, it can be known that the three crystal planes (110), (101) and
(011) have the lowest energy, which is about—293.38 eV. Considering that Al,O3
is a highly symmetrical crystal, the three crystal planes don’t have great different.



150 J. Dong et al.

Table 12.4 Energy calculation of different section of Al,O3

Crystal plane

Section | (110) (ev) | (101) (ev) |(O11) (ev) |(111) (ev) | (100) (ev) | (010) (ev) |(001) (ev)
number

1 —283.383 | —293.383 | —283.383 | —293.1 —289.003 | —286.312 | —286.308
2 —278.868 | —278.888 | —278.887 | —283.327 | —289.003 | —292.09 | —286.308
3 —286.582 | —286.582 | —286.589 | —283.658 | —289.003 | —286.097 | —286.097
4 —286.651 | —286.6511 | —286.655 | —293.09 | —289.003 | —289.015 | —289.003
5 —278.319 | —278.319 | —278.319 | —283.3 —289.003 | —289.415 | —289.003
6 —293.383 | —283.383 | —293.392 | —293.1 —289.003 | —286.308 | —286.307

Therefore, the optimization result of the sixth cutting method of (110) crystal plane is
selected to study the stacking adsorption behavior of azidomethane. Because RDX is
amolecular crystal, it’s directly add a 20 A vacuum layer to calculate. The Brillouin
zone calculation of the primitive cell adopts a 3 x 3 x 1 Monhkorst-Pack K-point
grid.

12.2.6.2 Azidomethane

The azidomethane molecules are placed in a super cell of 20 A x 20 A x 20 A for
structural optimization, and the K-point grid is selected as 2 x 2 x 2. In the optimized
structure, the bond length of the N =N double bond is 1.213 A, and the bond length
of the N-N single bond is 1.545 A and 1.544 A, which is the same as the standard N
= N bond length of 1.25 A and N-N bond length of 1.45 A quite. Considering the
influence of the C-H group on the other side of the azidomethane N atom, the result
is reliable. The calculated total energy of the methane azido molecule is —40.975 eV.

12.2.6.3 Calculation of the Adsorption Energy of Al,O3+ Azidomethane

In order to choose a highly symmetrical placement position for the azidomethane
molecules and avoid the interaction between the azidomethane molecules in adja-
cent periods, the Al,O3 optimization results are expanded (2 times in the X and Y
directions), and then for adsorption with azidomethane, the K-point grid is set to 3 x
3 x 1. At this time, the surface system contains 167 atoms, and the distance between
the azidomethane molecules in the two different periods is more than 8 A. Place the
azidomethane flat on the (110) surface of a-Al,O5. The distance between the atoms
of the azidomethane and the a-Al,O3 surface atoms in the initial structure is between
1.2 and 1.8 A, the details are shown in Fig. 12.3a.

The optimized structure is shown in Fig. 12.3b. It can be seen that the distance
between the azidomethane molecule and the a-Al,O3 atom becomes larger, reaching
more than 2.48 A. The calculated total energy of a-Al,O3(110) surface after
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(a) Before optimization (b)After optimization

Fig. 12.3 Molecular structure of adsorption of azidomethane on Al,O3

adsorbing azidomethane molecule is: —1235.31 eV. The total energy of a-Al,O3
(110) surface and azidomethane are —1193.996 eV and —40.975 eV respectively.
So the total energy of a-Al,O3 (110) surface adsorbing azidomethane molecules is
lower than the separated two energy 0.339 eV (AE = —0.339 eV). It’s show that
a-Al, O3 can adsorb azidomethane molecules.

12.2.6.4 Calculation of RDX + Azidomethane Adsorption Energy

Considering the position of the azidomethane molecule, the RDX crystal is expanded
along the Y axis once, which means that the double cell is used for adsorption
calculation. It’s make the place of azidomethane molecules close to the oxygen atoms
on the surface of the RDX from the side. As shown in Fig. 12.4a, the distance between
azidomethane and RDX is 1.4-2.6 A in the initial structure. In this way of placement,
the surface system contains 343 atoms in total. The intermolecular distance between
azidomethane in two adjacent supercells is over 9 A, and the interaction between
azidomethane molecules is negligible.

Except the K point grid is set to 2 x 1 x 1, the other calculation parameters are
the same as Al,O; adsorbing azidomethane molecules. The optimized structure is
shown in Fig. 12.4b. It can be seen that the distance between the azidomethane and
the RDX atom becomes larger, reaching more than 2.6 A. The calculated energy after
adsorption of azidomethane molecules on the RDX surface is: —2126.643. But the
energy of RDX and azidomethane molecules are —2086.613 eV and —40.975 eV
respectively. The calculated adsorption energy is: AE = 0.945 eV, the adsorption
energy is positive, indicating that RDX cannot adsorb azidomethane molecules.
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(a) Before optimization (b) After optimization

Fig. 12.4 Molecular structure of azidomethane adsorbed by RDX
12.3 Results and Discussion

12.3.1 Result and Analysis of Underwater Explosion Test
of Two Explosives

The environmental media of an explosion in water or in air is different, so there is a
difference between the two situation. Even if the water medium can be considered
incompressible because of its special properties, the compressibility of water cannot
be ignored under the high pressure of the detonation product. Underwater explosions
mainly use the generated and bubble pulsation to cause damage to the target. In this
study, an underwater shock wave sensor is used to measure the pressure-time curve
of the ETPEs explosive sample and the comparative EVA explosive sample in water.
The rising front time, peak pressure, and bubble pulsation period of the shock wave
are read through the special software. Calculate the underwater specific impulse
energy (shock wave energy per unit mass explosive), specific bubble energy (bubble
energy per unit mass explosive) and total energy are compared and analyzed. The
comparative results of underwater explosion energy are shown in Table 12.5.

Table 12.5 Underwater explosion energy of explosives ETPEs and EVA

Name Sample No. | Specific shock wave | Specific bubble | Total energy
energy, MJ kg~! energy MJ kg™!
MJ kg~!
ETPEs explosives | 1 1.112 5.583 6.695
2 1.185 5.551 6.736
EVA explosives 1 1.003 5.103 6.106
2

1.019 5.102 6.121
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Table 12.6 Comparison of underwater explosion energy of two kinds of explosives

Two explosive Increase rate of specific | Increase rate of Increase rate of total
samples shock wave energy, % specific bubble energy, %
energy, %
No. 1 sample 9.8 8.6 8.8
comparison
No. 2 sample 14 8.8 9.1
comparison

Through comparison, it is found that the specific shock wave energy and specific
bubble energy of ETPEs explosives are significantly higher than those of EVA explo-
sives, and the total energy increase rate of the sum of the two is significantly increased.
The results of the increase rate are shown in Table 12.6.

It can be seen from the test and comparison results that after replacing the inert
binder (EVA) in the typical aluminized explosive formulations with ETPEs in this
study, the specific shock wave energy of the explosive under water explosion is
increased by 9.8—-14%, and the specific bubble energy is increased by 8.6-8.8%,
the total energy increased by 8.8-9.1%. Therefor the improvement effect of energy
increase is remarkable. According to the application research of ETPEs in propellants
[27], the thermal decomposition of azide group on the ETPEs is independent and it
is prior to that of main chain, which can not only increase the energy of the formula,
but also play a role in accelerating the decomposition of propellant. In addition,
Zhou et al. [31] used a single factor test to compare the underwater explosion of the
8701 explosive with the RDX/Al aluminized explosive. Through a large number of
experiments, it is proved that aluminum powder reacts with RDX explosion product
gas according to the reaction Egs. (12.3) and (12.5), resulting in the increase of total
explosion energy of aluminized explosive. At the same time, the slow burning reaction
of aluminum powder has different effects on the overpressure and pressure decay
time constant of underwater explosion shock wave. Therefore, we speculate that the
addition of ETPEs to the aluminized explosive will lead to a complete detonation
reaction similar to the catalytic reaction of underwater explosion. After detonation
of C-J surface, ETPEs decomposes and releases a large amount of N,. According
to the Eq. (12.5), N, reacts exothermically with Al powder. At the same time, the
reaction completion rate of aluminum powder in aluminized explosive is increased,
so the energy release rate of aluminized explosive is increased. As far as the energy
contribution rate of ETPEs component to explosive formula is concerned, due to its
low energy density and small mass proportion in the explosive formula in this study,
the energy released by pure ETPEs component will not be more obvious than EVA.
In order to further confirm the above analysis results, this study has calculated and
measured the detonation heat values of the two explosives.
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12.3.2 Test and Analysis of Explosive Thermal Performance
of Two Explosives

12.3.2.1 Theoretical Calculation

The ETPEs used in this study is formed by cross-linking polymerization of
prepolymer, TDI, and BDL. The molar ratio of the three substances is 1:3:2. There-
fore, according to the explosive oxygen balance and oxygen coefficient formula, the
oxygen balance of ETPEs is —1.7879, and the oxygen coefficient is 0.0635. Based
on this, the oxygen balance of the designed ETPEs and EVA explosive samples is
calculated.

OB (ETPEs explosive) = —0.216 x 54% — 0.89 x 40%
— 1.7879 x 5% — 3.460 x 1% = —0.5966;

OB (EVA explosive) = —0.216 x 54% — 0.89 x 40% — 1.685
x 3% — 3.460 x 3% = —0.627 :

From the perspective of oxygen balance, improving oxygen balance is beneficial
to increase the explosive heat value of explosives. On this basis, the theoretical
detonation calorific value of explosives containing ETPEs and corresponding EVA
explosives are calculated.

Referring to the Q(ETPEs) = 1.0097 [11] given in, the calculation results are as
follows:

Qo =Y m; Qo =8.086;

Due to the lack of the density correction factor of ETPEs, the correction coefficient
of polyurethane with similar molecular weight and structure to ETPEs is temporarily
taken as B = 1.680. The molding density of ETPEs explosives is 1.924 g/cm?, and
the molding density of EVA explosives is 1.916 g/cm®.

B = Zm,-B,- = 1.429;

QU = Qo - B(:OT - :0)

= 8.086—1.429 x (2.005—1.924) = 7.970 MI kg™ ";

The theoretical explosion of EVA explosives can be shown as:

Qo= m; Qo =8.031;
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Table 12.7 Explosion heat test results

Name Number | Explosion heat | Name Number | Explosion heat | increase rate
value, kJ kg~! value, kJ kg~! | of explosion
heat value, %
ETPEs 1 7930.9 EVA 1 7621.1 4
explosive | 5 7873.8 explosive |5 7619.8 33

B = Zm,-Bi = 1.345;
0, =0, — B(pr — p)

=8.031-1.345 x (1.953—1.916) = 7.981 MJ kg ';

Among them, Q,—theoretical density explosion heat; B—density correcting
coefficient of the mixed explosive detonation heat; Q,—detonation heat of mixed
explosive with density p.

It can be seen from theoretical calculations that although the density correction
coefficient of ETPE:s is lacking and polyurethane is selected instead, the calculated
theoretical detonation heat value of ETPEs explosives is still low, which is basi-
cally the same after comparison with the calculated detonation heat value of EVA
explosives.

12.3.2.2 Experiment Results

In order to further verify the calculation results, the actual detonation heat values of
the two explosives are measured by adiabatic method. The results are shown in Table
12.7.

It can be seen from the test results of the explosion heat of the two explosives
that the explosion heat value of the ETPEs explosive is significantly higher than
that of the EVA explosive, and it is closer to the theoretically calculated explosion
heat value. This is because in the actual vacuum and oxygen-free test environment,
the excessive aluminum powder reacts with the N, liberated by ETPEs to generate
aluminum nitride and emit a lot of heat at the same time, which makes a certain
contribution to improving the explosive heat value of the explosive. Although the
content of ETPEs in the explosive formulation is only 5%, compared with the inert
binder, the explosive heat value of the tested explosives is also increased by nearly 5%,
which is consistent with the energy increase trend of ETPEs explosives in underwater
explosions. Therefore, it can be inferred that if ETPEs are used in the formulation
of cast PBX thermobaric explosive (the binder content of this type of explosive is
generally more than 10%), as the proportion of ETPEs in the explosive formulation
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Table 12.8 Calculation parameter setting and corresponding energy of each component

Structure Van der Waals force | K-point grid | Calculation accuracy | Energy (eV)
correction method
AL O3 DFT-D3 9X9X1 Default precision —298.49886
Azide methane | DFT-D3 2X2X2 —40.975415
RDX DFT-D3 3X3X1 —1043.3066
AlLO3 + azide | DFT-D3 3X3X1 —1235.3102
methane
RDX + azide DFT-D3 2X1X1 —2126.6427
methane

Table 12.9 Corresponding

Struct Adsorpti A%
adsorption energy between rueture sorption energy (V)
components Al,O3 + azide methane —0.339345

RDX + azide methane 0.945915

increases, this will be significantly improve the energy release rate of this kind of
explosive in closed environment.

12.3.3 Analysis of Adsorption Energy Among the ETPEs
Explosive Components

By calculating the adsorption energy of the main components of ETPEs explo-
sives, the individual components and the corresponding energy between the two
components can be obtained, which are shown in the k.

According to the calculation results in Table 12.8, the corresponding adsorption
energy between the binder with azide structure and the aluminum powder and RDX
can be obtained, and the results are shown in Table 12.9.

It can be seen from the adsorption energy results that in the explosive system of
RDX and aluminum powder, the azide binder is more likely to coat the surface of the
aluminum powder, making the decomposition products of ETPEs easily react with
the aluminum powder during the explosive detonation reaction, This improving the
maximum energy output of explosives.

12.4 Conclusion

By comparing and testing the explosion energy and heat value of two explosive
samples in underwater, it is found that:
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Using ETPE:s as a binder can significantly increase the explosive energy release
rate of aluminized explosives in underwater and closed environments.
Although ETPEs have no advantages in energy density compared to RDX and
other energetic materials, ETPEs as a binder component in explosives, can
not only meet the requirements of explosive mechanical properties, but also
improve the explosive energy output characteristics of aluminized explosives,
and improve the explosion energy and heat value of aluminized explosives in
underwater and confined spaces.

ETPEs as a new type of energetic binder, have great application prospects
in aluminized explosives, especially in cast PBX aluminized explosives with
higher binder content.
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Chapter 13
Effect of Nano-copper-Ultrafine Carbon oo

Composite on Thermal Decomposition
of CL-20

Wen-jing Zhou, Juan Zhao, Yan-li Ning, Min Xu, Yi-ju Zhu,
and Min-chang Wang

Abstract Ultrathin carbon loaded With nano-copper (Cu-C composite) was mixed
With Hexanitrohexaazazo wurtane (CL-20); Scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) were used to observe the dispersion
of nano-copper in ultra-thin carbon and the composite on the surface of CL-20. The
elemental content was analyzed by energy spectrum, and the effect of Cu-C composite
on the thermal decomposition of CL-20 at different mixing ratios was analyzed by
differential scanning calorimetry (DSC). The results show that the nano-copper is
uniformly loaded on the ultrafine carbon and dispersed on the surface of CL-20.
DSC results showed that the decomposition peak temperature of CL-20 decreased
from 250.6 to 240.5 °C and the activation energy decreased from 222.4 from to
212.4 kJ/mol, indicating that the Cu-C composite had a certain catalytic effect on
the thermal decomposition of CL-20.

13.1 Introduction

CL-20 is one of the high energy elemental explosives, which can meet the require-
ments of high energy in the military field and has broad application prospects [1, 2].
The density of e-CL-20 reached 2.04 g/cm?, The detonation velocity of e-CL-20 is
up to 9.5 km/s, and the detonation pressure is 42—43 GPa, both higher than HMX.
Carbon materials are widely used in energetic materials, Graphite is used to improve
the gloss of propellant and the dullness of mixed explosive [3], Carbon black used
in propellants can improve the combustion performance. Nano-metal powder as a
catalyst added to energetic materials has an obvious catalytic effect on the thermal
decomposition of energetic materials [5, 6]. Nano-copper as a catalyst, has the advan-
tages of low price and low toxicity. The application of copper for catalytic reaction
is a very hot research field [7-9]. However, nano-copper is easy to agglomerate, the
advantage of large specific surface area can’t be effectively played.
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At present, the focus of research is to deposit metal catalysts on carbon materials
such as graphene, which can not only ensure that the metal catalyst does not agglom-
erate, but also improve the performance of energetic materials by using the addition
of carbon materials. Zhang et al. [10] have reported the effect of PbSNO,@rGO
nanocomposite on the thermal decomposition of CL-20, and found that the thermal
decomposition of PbSnO3@rGOxCL-20 had a good catalytic effect, which reduced
the thermal decomposition temperature of CL-20 by 1.32 °C. Wang et al. [11] have
reported the influence of nano-PbZrO on the thermal decomposition of AP, RDX and
HMX, and the results showed that the addition of PbZrO3 effectively reduced the
activation energy of AP, RDX and HMX decomposition. Li et al. [12] have reported
the preparation of graphene nanoparticle composites and the thermal decomposition
of AP by graphene nanoparticle composites, and the results showed that Ni-graphene
nanocomposites exhibited high catalytic activity, the temperature corresponding to
the maximum decomposition rate of AP was reduced by 97.3 °C. Xie et al. [13]
have reported the catalytic thermal decomposition of RDX-CMDB propellant was
studied by TG-DSC-IR-MS. the ternary composite burning rate catalysts (lead 2,4
dihydroxybenzoate, copper p-aminobenzoate and blackening) had obvious catalytic
effect on the thermal decomposition of RDX-CMDB propellant. Liu et al. [14] have
reported Synthesis of a chabazite-supported copper catalyst with full mesopores
for selective catalytic reduction of nitrogen oxides at low temperature. Zhang et al.
[15] have reported the morphology-dependent catalytic activity of Fe203 and its
graphene-based nanocomposites on the thermal decomposition of AP.

In this work, the nano-copper loaded on the ultrafine carbon material was used as
the catalyst to avoid the agglomeration of nano-copper. After the Cu-C composite
was mixed with CL-20, the dispersion of nano-copper in the ultrafine carbon and
the complex on the surface of CL-20 was observed by SEM and TEM. The element
content was analyzed by energy spectrum. The influence of Cu-C composite on the
thermal decomposition of CL-20 was studied by DSC, and the changes of the kinetic
parameters of CL-20 were calculated, which provided a reference for exploring the
application of CL-20 in composite solid propellants.

13.2 Experimental

13.2.1 Materials and Instruments

Cu-C composite; Quanta600F Scanning Electron Microscope (SEM); Talos 200i
Transmission Electron Microscope (TEM); XFlash 6/60 T EDS; DSC 204 HP
Differential Scanning Calorimeter.
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13.2.2 Cu-C Complex Mixed with CL-20

Cu-C complex and CL-20 (mass ratio 1:99, 5:95, 10:90) were respectively weighed
and placed in a plastic centrifugal tube. Three mixtures of Cu-C complex/CL-20 in
different proportions were obtained through vibration mixing.

13.2.3 Test Methods

13.2.3.1 Element Content of Cu-C Complex and Dispersion
Characterization of Nano-copper on Ultrafine Carbon

The Cu-C complex was pasted on the sample table, and the working distance of the
SEM was adjusted to 10 mm. The acceleration voltage was 20 kV, and the element
content of Cu-C composite was analyzed by EDS. The particle size range of nano-
copper and the dispersion of nano-copper on ultrafine carbon were observed under
SEM at 20,000 x.

The Cu-C complex was dispersed in ethanol and dropped on the special copper
net. After drying, the dispersion of nano-copper on ultrafine carbon was observed by
using TEM and energy spectrum Mapping.

13.2.3.2 Uniformity Characterization of Cu-C Complex CL-20 Mixture

The mixture of Cu-C complex/CL-20 was pasted on the sample table, the surface
was spray gold and the mixing uniformity of Cu-C complex/CI-20 was observed
under 2000x and 5000x by SEM.

13.2.3.3 Influence of Cu-C Complex Content on Thermal
Decomposition of CL-20

DSC was used to analyze the change of thermal decomposition curve of CL-20 after
adding different proportion of Cu-C complex and the thermal decomposition of Cu-C
complex and CL-20 mixture at different heating rates.
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13.3 Results and Discussion

13.3.1 Characterization of Cu-C Complex and CL-20

13.3.1.1 Element Content of Cu-C Complex

The element content of Cu-C complex were measured by EDS. The results are shown
in Fig. 13.1 and Table 13.1.

The binding energies of K-layer electrons and L-layer electrons of copper are
8.041 keV and 0.929 keV respectively. It can be seen from Fig. 13.1 that both K-
layer electrons and L-layer electrons of copper are excited. By analysis of the peak
area corresponding to the binding energy, the percentage of copper was calculated
to be 58.7%.

As can be seen from the results in Table 13.1. The copper content of Cu-C complex
is higher than carbon content, which also contains a small amount of oxygen. The
possible source of oxygen is the adsorption of carbon and the oxidation of copper
surface.

Fig. 13.1 EDS diagram of
Cu-C complex
25

{a]
B Cufal
1.0
05
{JD”I_&L JM_ ......
2 4 6 E 10 12 14
Energy [keV]
Table 13.1 Element content Element C Cu ©

of Cu-C complex

Mass percentage (%) 36.2 58.7 5.1
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13.3.1.2 Dispersion Characterization of Nano-copper on Ultrafine
Carbon

The particle size range of nano-copper and the dispersion of nano-copper on ultrafine
carbon were observed by SEM and TEM. The results are shown in Figs. 13.2, 13.3
and 13.4.

Fig. 13.2 SEM images of
Cu-C complex

Fig. 13.3 TEM images of
Cu-C complex
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Fig. 13.4 Mapping images
of Cu-C complex

EH O

206
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The SEM images of Cu-C complex shown in Fig. 13.2. It can be seen from Fig. 13.2
that the nano-copper is spherical, and the particle size range is between 50 and 500 nm.
The nano-copper was uniformly dispersed in the ultra-thin carbon. The TEM images
of Cu-C complex shown in Fig. 13.3. It can be seen from Fig. 13.3 that the size of
ultra-thin carbon is between 3 and Sum, and the nano-copper is mixed between the
carbon film layers. The element mapping of Cu-C complex shown in Fig. 13.4, where
the blue is the distribution of carbon element, the red is the distribution of copper
element, and the green is the distribution of oxygen element. As can be seen from
the Mapping, carbon element and oxygen element are evenly distributed in the ultra
thin carbon. There on accumulation of oxygen was observed in the copper particle
concentration area, indicating that oxygen in element analysis comes from carbon
adsorption.

13.3.1.3 Uniformity Characterization of Cu-C Complex/CL-20

The uniformity of Cu-C composite/CL-20 mixing was observed by SEM, The results
are shown in Figs. 13.5, 13.6 and 13.7.

The large particle in Fig. 13.5a is CL-20. The adsorption of Cu-C complex in the
local area of CL-20 shown in Fig. 13.5b. It can be seen that Cu-C complex is adsorbed
on the surface of CL-20, and the Cu-C complex is relatively uniformly dispersed on
the surface of CI-20 particles. By comparing with Figs. 13.5a, 13.6a and 13.7a, it
can be seen that the amount of Cu-C complex adsorbed on the surface of CL-20 also
shows an increasing trend with the increase of adding proportion.
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a  2000X b 10000X

Fig. 13.5 SEM images of Cu-C complex/CL-20 (mass ratio 1:99)

a  2000X b 10000X

Fig. 13.6 SEM images of Cu-C complex/CL-20 (mass ratio 5:95)

13.3.2 Effect of Cu-C Complex Content on Thermal
Decomposition of CL-20

In order to study the influence of the content of Cu-C complex on the thermal decom-
position of CL-20, the DSC curves of pure CL-20 and Cu-C complex/CL-20 mixtures
with different proportions were obtained by using the heating rate of 10 °C/min, as
shown in Fig. 13.8.

As can be seen from the Fig. 13.8, the thermal decomposition peak temperature
of CL-20 without adding Cu-C complex is 250.6 °C. When the mass ratio of Cu-C
complex to CL-20 was 1:99, the thermal decomposition peak temperature decreased
8.2 °C, and there was a shoulder peak near the thermal decomposition peak position
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a2000X b 5000X

Fig. 13.7 SEM images of Cu-C complex/CL-20 (mass ratio 10:90)
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of pure CL-20. It may be due to the low addition amount of Cu-C complex that
the catalytic sites in the Cu-C complex have been completely consumed before the
complete catalytic decomposition of CL-20. When the mass ratio of Cu-C composite
to CL-201is 5:95, the thermal decomposition peak temperature is decreased by 9.5 °C.
The shoulder peak near the thermal decomposition peak of pure CL-20 is signifi-
cantly reduced. When the mass ratio of Cu-C complex to CL-20 was 10:90, the peak
temperature of thermal decomposition decreased by 10.1 °C, and the shoulder peak
disappeared completely, indicating that CL-20 was completely catalyzed by Cu-C
complex.
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Fig. 13.9 DSC curves of
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Table 13.2 The activation energy of Cu-C complexes/CL-20

Heating rates (B, | Peak temperature (T, 103/T p |In(B/ sz ) | Activation energy (E,,
°C/min) K) KJ/mol)

5 512.1 1.95 —10.86 212.4

10 513.7 1.94 —10.18

20 523.7 1.91 —9.53

13.3.3 Kinetics of Thermal Decomposition of Cu-C
Composite/CL-20

To study the thermal decomposition characteristics of Cu-C complex and CL-20 with
a mass ratio of 10:90 at the heating rate of 5, 10 and 20 °C/min. the curve of DSC is
shown in Fig. 13.9. According to the decomposition peak temperatures at different
heating rates, the Kissinger equation was used to calculate the apparent activation
energy of Cu-C complex/CL-20 mixture. The results are shown in Table 13.2

As can be seen from the data in Table 13.2, the apparent activation energy of
Cu-C complex/CL-20 mixture is 212.4 kJ /mol, which is compared with the reported
apparent activation energy of pure CL-20 of 222.4 K/mol. The addition of Cu-C
complex reduced the apparent activation energy of CL-20 by 10.0 kJ/mol, indicating

that the Cu-C complex played a positive catalytic role in the thermal decomposition
of CL-20.

13.4 Conclusions

1. The nano-copper is spherical, and the particle size range is between 50 and
500 nm. The nano-copper is uniformly dispersed on the ultra fine carbon. After
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mixing with CL-20, Cu-C complex uniformly adsorbed on the surface of CL-20
particles.

The thermal decomposition peak temperature of CL-20 without adding Cu-
C complex is 250.6 °C. With the addition of different proportions of Cu-C
complex, the thermal decomposition temperature of the composite decreased
significantly. With the increase of the addition amount, the reduction range of
the decomposition peak temperature increased. When the mass ratio of Cu-C
complex to CL-20 was 10:90, the shoulder peak disappeared completely to the
thermal decomposition peak of pure CL-20 disappeared, indicating that CL-20
was completely catalyzed by Cu-C complex.

The apparent activation energy of CL-20 decreased from 222.4 to 212.4 kJ/mol
with the addition of Cu-C complex, which further indicated that Cu-C complex
played a positive catalytic role in the thermal decomposition of CL-20.
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Chapter 14 )
Progress on the Carbon Nanotubes e
Applied to Energetic Materials

Xinyao Nie, Junli Kong, Zhenghong Wang, and Haijun Xi

Abstract Recent years, carbon nanotubes (CTNs) have been widely applied to
energetic material (EM) fields including micro-igniter system, combustion catalyst,
carrier of nitrogen-rich EMs, mechanical properties modifier, desensitization agent,
Detector for waste explosives. As for micro-igniter system, the CNTs can improve
the ignition performance as improvement on dispersion or electric conductivity for
micro-igniter. Meanwhile, the excellent electric and thermal conductivity of CNTs
also denotes that the CNTs can be used in combustion catalyst, desensitization agent,
detector for waste explosives. Besides, the CNTs possess special surface properties
and nanoscale effect, which means that it also can be used as a modifier to improve
mechanical properties for composite EMs and a carrier of nitrogen-rich EMs after
its functionalized by some groups. This paper reviews progress of CNTs applied in
above applications.

14.1 Introduction

Energetic materials (EMs) are the material with stored abundant chemical energy
which can be released in a fast way, such as explosives, pyrotechnics and propel-
lants. The beginning history of EMs is the invention of gunpower in ancient China.
The gunpower, widely used as firearm propellant and pyrotechnic composition, is
a mixture of sulfur, charcoal, potassium nitrate. Facing to the fast development of
technologies, the gunpower is no longer widely in use and replaced by advanced
energetic materials and systems in both civil and military fields [1]. In past decades,

X. Nie (X)) - J. Kong - Z. Wang - H. Xi
Liaoning Qingyang Chemical Industry Corporation, Liaoyang, Liaoning, China
e-mail: Xinynie@ 126.com

Z. Wang
e-mail: 13804190737@139.com

H. Xi
e-mail: 13634990056 @ 139.com

© China Ordnance Society 2022 171
A.Gany and X. Fu (eds.), 2021 International Conference on Development and Application

of Carbon Nanomaterials in Energetic Materials, Springer Proceedings in Physics 276,
https://doi.org/10.1007/978-981-19-1774-5_14


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-1774-5_14&domain=pdf
mailto:xinynie@126.com
mailto:13804190737@139.com
mailto:13634990056@139.com
https://doi.org/10.1007/978-981-19-1774-5_14

172 X. Nie et al.

a safer energetic material with better performance, which means that high ener-
getic, insensitive, functional nontoxic and environment friendly, is a desired material
for researchers to pursue [2-4]. To satisfy requirement of EMs performance, the
functional additives is always hot issue in EMs fields.

Recent years, carbon nanotubes (CNTs), a nanostructured material with hexagonal
shapes connected to each other to form tube shapes, are the most prevalent novel mate-
rial concerned by researchers as its unique performance including electrical thermal
chemical, mechanical properties and nanoscale effects [5, 6]. CNTs were proposed
as a potential additive to influence the thermal, electrical or surface properties of
EMs, which could be attributed to their extraordinary importance regarding their
exceptional characteristics since their emergence in 1991 [6, 7]. CNTs, possessing
a high aspect ratio, can deliver electrical conductivity under relatively lower reac-
tion kinetics, mechanisms and catalysis concentrations [8]. For that reason, the high
conductivity of CNTs could be considered as the function of metallic species that
apply to field emission area [9]. Besides, CNTs possess high performance on thermal
conductive and unique mechanical properties including strength, elasticity, stiffness,
and toughness [35, 6]. Interestingly, CN'Ts maintain a unique chemical network struc-
ture in the periodic table. Therefore, they are the only group which can be bonded
with each other with virtuous chemical stability by the wt-electron delocalization [10].
Furthermore, CNTs is their excellent lattice structure with the lack of defects that
allowed CNTs to be unique materials in a wide range of applications, such electrical
or thermal conductivity, energy storage, modifier, fibers, and catalyst [11]. Nowadays,
CNTs have been proved that it also can be applied to the EMs field including combus-
tion catalyst, igniter, carrier of EMs, modifier of physical properties, desensitization
agent and detector of explosives.

According to the characteristics of CNTs, applications of CNTs in EMs filed are
concluded in this paper, such as micro-igniter system, combustion catalyst, carrier
of nitrogen-rich EMs. mechanical modifier, desensitization agent and detector for
waste explosives. Furthermore, recent related progress is also reviewed.

14.2 Micro-igniter System

Recently, there has been renewed interest in nanoscale metastable intermolecular
composites (nMIC) which is a type of nano-multilayer films prepared by both nano-
sized fuels (e.g., Al, Si or Mg) and oxidizers (e.g. CuO or Fe,03). Figure 14.1 shows a
typical preparation process for nMIC. The nMIC is an novel promising nano-EM to be
the micro-igniter at both numerous civilian and military applications, such as safe arm
and fire device used in missiles, rockets, micropropulsion systems for microsatellites,
triggering the inflation of airbags and so on, as its excellent performance on both
high reaction heat and flexible size [12].

However, the application of nMIC is limited by the instability caused by the
agglomeration and oxidation of nano-size metal fuels. The CNTs have been proven
by many researches that is an effective addition to overcome drawbacks of nMIC.
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Fig. 14.1 A typical preparation process for MIC

Jeong et al. [13] report that engineering morphologies of AI/CNTs by a mechanical
pulverization can enhance exothermic performance compared with pure Al as the
result of improvement on thermal conductivity that is caused by a homodisperse
of CNTs into Al agglomeration. The micro-interface properties can be modified to
affect ignition performance by dispersion of CNTs. However, a relative poor compat-
ibility of CNTs in EMs may result in special contribution on shorten ignition delay.
Kappagantula et al. [14] investigate the effect of CNTs on the ignition performance
of aluminum-teflon based energetic materials. Results show that the impact ignition
delay time can be shorten by the inclusion of CNTs into Aluminum-Teflon based
energetic materials as the result of the promoting hot spot formation spurred by fric-
tion and sheer interaction between CNTs (possessing high Young’s modulus) and
surrounding particles, as seen in Fig. 14.2. Furthermore, the excellent performance
on thermal conductivity and dispersion for Aluminum-Teflon composites by addi-
tion of CNTs, provides possibilities to enhance heat transfer properties of composite
nano-EMs.

Electro-ignition is a crucial method for micro-igniter. Electric conductivity of
composites can be raised by assembling CNTs on nano-EMs. Guo et al. [12] prepare
the KNO3@CNTs by embedding the KNO3 into CNTs and then integrating the
KNO3@CNTs with a micro-igniter by electrophoretic deposition of KNO3@CNTs
on a Cu thin-film microbridge. Results demonstrate that, compared micro-igniter
only coated by KNO3, the explosion voltage decrease from 86.70 to 51.52 V by
deposition of KNO3@CNTs on micro-igniter. In order to get a compact, flexible,
and versatile micro-igniter, the multiwalled carbon nanotubes (MWCNTs)-coated
paper integrating with nano-EMs is an effective method. Kim et al. [15] report a
micro-igniter manufactured by coating an nano-EMs (Al/CuO nanoparticles) layer
on the surface of the MWCNTs-coated paper electrode and the micro-igniter can be
ignition at the applied voltages of 15 V. To improve the surface compatibility between
paper electrode and nano-EMs, Kim Ho et al. [ 16] prepare a hybrid MWCNTs-coated
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Fig. 14.2 TEM image Al/Teflon with 10% by mass CNTs (a), graphene (b), and amorphous carbon
nanospheres (c) [14]

paper by using nitrocellulose (NC) as coating agent and then manufacturing the
hybrid micro-igniter through integrating the hybrid paper with dropping an energetic
that colloid consist of NC and Al/CuO nanoparticles, as seen in Fig. 14.3. Results
suggest that the hybrid micro-igniter can be ignited under applied voltages below
10 V and it can successfully apply to launching a smart rocket.

Except improvement on ignition performance by increasing electric conductivity
of nano-EMs igniter, utilizing photo-initiation effect of CNTs can be designed to be an
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Fig. 14.3 Schematic of the fabrication process of hybrid MWCNTs-coated paper [16]
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igniter. When exposed to a camera flash, the CNTs can be ignited as its photo-acoustic
effects that the CNTs absorbs light emitted and transfer the energy into vibrational
energy resulting in heating of the nanotube lattice [17]. Furthermore, single-walled
carbon nanotubes (SWCNTs) are more easily to ignite than MWCNTSs due to its
lower thermal conductivity that result in a better thermal accumulation under the
photo-ignition process [18]. Xu et al. [19] investigate the photo-responsive behavior
of Zr/KCl104 composites in the presence or absence of CNTs. It is shown that under
the same flash power density, the oxidation degree of Zr increases by increasing
the addition of CNTs into Zr/KClO4 composites. Besides, sever combustion can be
observed by a camera at the moment of flash. However, the light energy of a flash is
not easily focused on a targeted area, which causes limiting its use for igniting nEMs
under close contact [20-22]. Kim Ji et al. [22] investigate the effect of MWCNTSs on
the combustion and explosion characteristics of lower-power laser irradiation-ignited
Al/CuO nanoparticles. Results denote that the threshold power and delay time of
nano-Al/CuO ignition are reduced to ~40% and ~50% respectively by inclusion of
10 wt% MWCNTs. In addition, pressurization rate, flame propagation speed, and
pressure wave speed of nEMs are significantly enhanced as the result of the heat
energy from nEMs combustion transferred by MWCNTs. Yu et al. [23] prepare CL-
20/MWCNTs composites by the ultrasound inhalation method. Experimental results
mean that the laser ignition function of energetic composites can be achieved by the
incorporation of MWCNTs into CL-20.

Overall, the application of CNTs in nEMs fields provides possibility to manufac-
ture functional mircro-ignition system.

14.3 Combustion Catalyst

The incorporation of combustion catalyst into EMs is the most important method to
improve combustion performance including increasing the burning rate, decreasing
burning rate dependence on pressure and initial temperature [24]. Many researches
have proven ability of forming carbon frame can enhance the catalytic activity of
combustion, therefore the carbon black is always used as catalyst components [25—
27]. The activity of combustion catalyst can be enhanced by changing the catalyst
size from millimeter scale to nano scale [28]. In addition, incorporation of CNTs
into composite combustion catalyst can improve the dispersity as the result of special
surface properties of CNTs [29]. Recently, CNTs have aroused interests for many
researchers working in combustion catalyst of EMs.

One of the most important evaluation of combustion catalyst performance is
its effects on thermal decomposition behaviors of EMs. Liu et al. [29] investigate
the influence of the composite combustion catalyst, CNTs supported Fe,O5 via a
sol_gel method, on the AP decomposition process by thermal analysis. Compared
with using nano-Fe, O3 as combustion catalyst, the temperature of the exothermic
peak corresponding to AP decomposition is reduced from 383.4 to 329.4 °C due
to the inclusion of CNTs/Fe,O3; composite catalyst. The higher catalytic activity
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Table 14.1 Effect of CNTs on decomposition temperature for EMs
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Catalyst CNTs@Fe;03 [29] | MWCNTs [30] SWCNTs [30] PbO-CuO/CNTs
[31]

Application AP AP AP RDX

Preparation Sol-gel method Solvent-antisolvent | Solvent-antisolvent | microemulsion

method method method method

Thermal TG DSC DSC DSC

analysis

method

Degradation of | 54.0 42.0 62.0 5.7

decomposition

temperature

(O

of CNTs/Fe,O3 composites than Fe,O3, because the aggregation of nano-Fe,0; is
restrained by supported of CNTs. Mahmoud et al. [30] synthesis AP/CNTSs nano-
composites by the solvent-antisolvent method. The needed activation energy of
thermal decomposition reduces 42 °C and 62 °C respectively by incorporation of
MWCNTs and SWCNTSs into AP in comparison to that of pure AP particles. Ren
et al. [31] prepare a nano-composites (PbO-CuO/CNTs) by microemulsion method.
Compared with mixture of carbon black, copper and lead as traditional combustion
catalyst for solid propellant, the nano-composites decrease thermal decomposition
temperature of trinitroperhydro-1,3,5-triazine (RDX) from 232.6 to 226.9 °C, which
means the nano-composites consist of PbO-CuO/CNTs significantly accelerate the
decomposition of RDX. Above results are concluded in Table 14.1.

Furthermore, some works also demonstrate the improvement on combustion
performance of EMs by addition of CNTs. Denisyuk et al. [32] study the effect of
CNTs on combustion performance of double base propellant. The result shows that,
the CNTs as a catalyst component accelerate the combustion to a higher extent than
the carbon black due to a higher density of carbon frame formed during the combus-
tion process, as shown in Fig. 14.4. Zhang et al. [33] the investigate relationship
between CNTs contents and combustion performance of composite modified double
base propellant. The report denotes that, the combustion performance of propellant
raised by CNTs, the burning rate increases while the burning-rate pressure exponent
decreases, with the increase of CNTs concentration. A recent conclusion proposed
by Denisyuk [34] shows that the improvement mechanism on catalytic combustion,
a carbon frame on the burning surface promoted by CNTs, can be applicable to
any individual explosives and propellant compositions which depends heat of redox
reactions.
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Fig. 14.4 Combustion surface of CNTs (a) and carbon black (b) as catalyst for double base
propellant [32]

14.4 Carrier of Nitrogen-Rich EMs

Since the discovery of CNTs, the ability of CNTs as storage carrier is attracted much
interest because the CNTs possesses unique structure and potential applications [35,
36]. The CNTs also is regarded as the carrier of loading nitrogen-rich materials with
high energy density. The complex nano-materials formed by CNTs and nitrogen-rich
materials is a promising nano-EMs. Yu et al. [37] perform synthesis of nitrogen-
doped CNTs with chemical vapor deposition method by pyrolysizing melamine as
the precursor in an atmospheric pressure. Then chemical stability of 3,3’-azo-bis(6-
amino-1,2,4,5-tetrazine) (DAATO) existing inside nitrogen-doped CNTs is demon-
strated by density functional theory calculation, as shown in Fig. 14.5. Hakima et al.

Fig. 14.5 The structure
geometric of DAATO@
nitrogen-doped CNT [37]
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Fig. 14.6 Electronic density
of the N§@CNT(5,5) system
[39]

[38] demonstrate existing a type of stable structure, as seen in Fig. 14.6, polymeric
nitrogen chain N8 confined inside CNTs, by molecular dynamics calculations. Wu
et al. [39] report a synthesis of MWCNT* N8~ by using cyclic voltammetry at
ambient conditions. The temperature programmed desorption data denotes that the
prepared N8- is thermal stable to 400 °C, which means its potential applicating to
EM fields.

14.5 Mechanical Properties Modifier

The CNTs has been applied to mechanical properties modification of polymer
composites and polymer modified asphalt for many years, because its unique charac-
teristics such as high flexibility, extremely high tensile moduli and strengths [40, 41].
Therefore, some methods of polymer composites modification are also appropriate
for composite EMs prepared with polymer as binder, including solid propellant and
polymer bonded explosives (PBX). Lin et al. [42] investigate the effect of MWCNTs
on high-temperature creep properties of 1,3,5-triamino-2,4,6-trinitrobenzene (TATB)
based PBX. Results show that, with only 0.25% mass of MWCNTs, the creep lifetime
of the PBX is extended by over 33.3% and 750% under 6 MPa and 7 MPa respectively.
Wang et al. [43] use MWCNTs and carboxy-functionalized MWCNTs (COOH-
MWCNTs) as filler to improve the mechanical properties of glycidyl azide polymer
(GAP) and propargyl-terminated polyether (PTMP) for potential solid propellant
application. Preparation process can be seen in Fig. 14.7. Results show that the
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Fig. 14.7 Preparation process of GAP/PTMP composites [43]

mechanical properties of energetic polymer composites are enhanced by incorpora-
tion of MWCNTs or COOH-MWCNTs as a reason of the modification on interfacial
adhesion and load transfer from polymer phase to nanofillers. Besides, the research
reported by Zhang [33] demonstrates that the CNTs can be simultaneously used
as both combustion catalysts and mechanical properties modifier in preparation of
composite modified double base propellant.

14.6 Desensitization Agent

The excellent performance on electric and thermal conductivity of CNTs can be
applied to desensitization of EMs including decreasing the electrostatic sensitivity
and improving the thermal shock resistance. Rubtsov et al. [ 7] report that electrostatic
sensitivity of explosives including trinitrotoluene (TNT), pentaerythritol tetranitrate
(PETN), benzotrifuroxan (BTF), can be significantly decreased by incorporation
of CNTs to improve the electric conductivity. To overcome the drawback of high
electrostatic sensitivity of Cu(N3), as micro-initiators, Liu et al. [44] improve the
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Fig. 14.8 The thermal conductive network schematic of hybrid carbon nanomaterials [45]

electric conductivity of Cu(Nj3), by supported on CNTs, through firstly depositing of
nano-copper in CNTs by electrochemical deposition and then oxidization from Cu
to Cu(N3), by gaseous hydrogen azide. He et al. [45] investigate the enhancement of
thermal conductivity for highly explosive-filled polymer composites thorough hybrid
carbon nanomaterials. The thermal conductive network schematic of hybrid carbon
nanomaterials can be shown Fig. 14.8. Results indicate that the thermal conduc-
tivity can be effectively improved by pure CNTs or graphene nanoplatelets (GNPs).
Besides, a type of hybrid carbon nanomaterial prepared by bridging interactions
between CNTs or GNPs has a greater thermal conductivity than pure CNTs or GNPs,
which denotes a better improvement on shock resistance of PBX.

14.7 Detector for Waste Explosives

The pollution for waste explosive, such as TNT, RDX, 1,3,5,7-tetranitro-1,3,5,7-
tetrazocane (HMX) and so on, has been attracted great attention during past decades,
because of their frequent uses in terrorist and war activities. The production, storage
and testing of explosives pose threat to public security of the whole world [46, 47].
Based on the crisis on both ground water and soil pollution with nitroaromatic and
nitramine explosive compounds around the world, a compact and low-cost detection
method for explosives is needed. Compared with gas and high-performance liquid
chromatography, Raman spectroscopy, immunoassay techniques, electrochemical
detection has many advantages on explosive detection including portability, rapid
detection, low cost, potential for real-time field test and so on [48]. Some applica-
tions of CNTs or functionalized CNTs has been demonstrate that it can be used in
improving selectivity of electrode for electro-chemically detection explosive because
of its fast charge transfer capability [10, 49, 50].

The method that films cover prepared by evaporation solution of suspension is
the most common path using CNTs to modify electrode surface. Zhang et al. [51]
report that the sensitivity and rate of glass carbon electrode (GCE) for detection of
nitroaromatic compound, such 1,3,5-trinitrobenze (TNB), 2,4-dinitrotoluene (DNT)
and TNT, is improved as the result of modifying electrode surface by evaporating
CNTs suspension. Besides, the GCE modified by CNTs can also be applied to the



14 Progress on the Carbon Nanotubes Applied to Energetic Materials 181

detection for nitramine explosive, such as RDX [52]. Stefanoet al. [53] decrease
surface roughness of CNT modified GCE though acid functionalization CNTs by the
blend of H2SO4 and HNO3. Compared with pristine CNTs, the acid functionalization
CNTs shows an improvement on detectability for TNT.

To further improve detectability, composite materials containing CNTs are
attracted a lot of interest in modifying electrode. Silvia et al. [54] report a modi-
fied method for a boron-doped electrode by using a thin film consist of MWCNTSs
and reduce graphene oxide (rGO). The synergistic properties of both carbon nano-
materials in the thin film modified surface result in a detection limit of 0.019 pmol
L~! within a wide linear range for TNT, which denotes a superior performance in
comparison with other electrochemical sensors produced with carbon nanomate-
rials. Ding et al. [55] prepare composite modified GEC, using rGO and MWCNTs as
modifiers, by one-step electro-chemical deposition method. The composite modi-
fied GEC shows good electrocatalytic activity enhanced the electrocatalysis for
2,4-dinitroanisole because of the high specific surface area, porous structure, high
conductivity. Zeng et al. [56] construct a complex 3D skeleton electrode printed by
fabrication of nanocomposites consist of Pd nanoflowers, GO and CNTs, as seen in
Fig. 14.9. Results show that the complex electrode possesses high selectivity and
detection sensitivity for many nitroaromatic explosives because its unique structure
that formed Pd nanoflowers are well dispersed on 3D porous carrier which is prepared
by embedded CNTs to GO.

Molecularly imprinted polymer (MIP) is a kind of bionic polymer which includes
recognition sites or cavities compatible with molecule in size and functionalities.
The sites, holding recognition sites for explosives, are created by a printing process.
Qu et al. [57] firstly synthesis MIP using arylamide as functional monomers and
ethylene glycol dimethacrylate as cross-linkers and then construct MIP/MWCNTs
modified electrode, as seen in Fig. 14.10. Results indicated that the MIP/MWCNT

Fig. 14.9 SEM image of 3D skeleton constructed by GO and CNTs (a) and TEM image of 3D
carbon skeleton fabricated by Pd nanoflowers (b)
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Fig. 14.10 Construction of MIP/MWCNTSs modified electrode

modified electrode presented high sensitivity, good stability and improved selec-
tivity for the electrochemical reduction of 1,3-dinitrobenzene. Besides, reports show
that the MIP/CNTs modified electrode can also be used to improve selectivity and
effectivity for detection of nitrocellulose, RDX and so on [58, 59].

14.8 Conclusions and Future Directions

As summarized in this paper, CNTs are widely applied to many EM fields as its
unique properties. The CNTs can be used as combustion catalyst, special carrier,
mechanical properties modifier, desensitization agent. Furthermore, the micro-effect
of CNTs provides possibility that is used in micro-ignitor and portable detector for
explosives.

However, many works only concentrate on effect of CNTs on application perfor-
mance, related mechanisms and quantitative structure-function relationships are still
unclear. Therefore, related mechanism should be studied to construct the quantita-
tive structure-function relationships of CNTs applied to energetic materials in future
work for supporting high performance or functional application.

Firstly, advanced quantitative characterization methods for morphology and
chemical properties for nano materials should be studied to improve the precision and
scientificity for supporting researches on CNTs or its nanocomposites. Furthermore,
micro-interface properties are crucial to develop preparation process for composites
by addition of CNTs, such as study on surface modification and interface properties
CNTs, effect of CNTs on rheological properties of polymer EMs system. Finally, for
construction the quantitative structure-function relationships, effect of size, shape
and dispersion of CNTs on thermal and electric conductivity in the application of
nEMs composites is needed to raise attention. Besides, because of the high diffi-
culty and huge challenge on the preparation of nano-size materials and its compos-
ites, researches on advanced preparation process, such as additive manufacturing,
Al assisted manufacturing and so on, should also be attracted for supporting high
effective manufacture.
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Chapter 15 )
Research Progress of Nano-combustion e
Catalyst Based on Graphene Loading
Technology and Its Application

Dayong Li, Yuling Shao, Zhenyu Qi, Minghao Zhang, Min Xia,
and Xiaozhi Zhang

Abstract Graphene has regular two-dimensional surface structure, large theoretical
specific surface area (about 2630 m2~g‘1), good electronic conductivity, excellent
thermal conductivity and structural stability. It is not only a special catalyst, but also
an excellent catalyst carrier. Therefore, graphene has attracted much attention in the
field of catalyst since its discovery. In this paper, the application and research of
graphene in the field of nano combustion catalyst and propulsion technology are
briefly reviewed, so as to further explore the nano combustion catalyst based on
graphene.

15.1 Introduction

In order to meet the development needs of modern “contactless” war mode, “long-
range strike” whose key technologies are high-performance rocket engines and
propellants in rocket and missile propulsion systems has become the main means
of current war. Because the combustion performance and fuel speed of solid propel-
lant directly affect the ballistic performance, flight speed and operating stability of
rocket engines, it is very important to regulate the combustion performance of propel-
lant. At present, the use of combustion speed catalyst has become one of the most
effective methods to regulate the combustion performance of propellant. It is char-
acterized by the fact that only a small amount of catalyst can be added to effectively
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change the fuel speed and pressure index of the propellant. After a long period of
research, many kinds of fuel speed catalysts have been developed such as metal oxide
catalysts, inorganic salt catalysts, organic salt catalysts, organic complex catalysts,
ferrocene-based catalysts, energetic catalysts, and so on. It contains unit catalysts
and multiple composite catalysts [1].

The existing solid propellant combustion catalysts are mainly metals, metal
oxides, metal composite oxides, metal organic compounds, energetic compounds,
nano-catalysts and new carbon materials [2]. However, with the continuous devel-
opment of missile technology, the currently used combustion catalysts can no longer
meet the requirements for the development of new high-performance solid propellant
formulations. Therefore, it is urgent to develop a new generation of high-performance
burning rate catalysts.

Graphene has a regular two-dimensional surface structure, a huge theoretical
specific surface area (approximately 2630 m? g~!) and good electronic conductivity,
as well as excellent thermal conductivity and structural stability. Itis not only a special
catalyst, but also an excellent catalyst carrier [3, 4]. The metal and its compounds can
be loaded on the surface of graphene to form a supported nanocomposite catalyst. In
this way, the metal and its compounds are highly dispersed on the surface of graphene
in the form of nanoparticles. At this time, the catalytic performance of metals and
their compounds can be significantly improved and can be “complementary” with the
catalytic performance of graphene, resulting in a strong “synergistic effect”. Those
catalytic effects will be better than pure nano-metal oxide catalysts. Graphene-based
composite catalyst is a new type of high-efficiency burning rate catalyst with broad
application prospects.

15.2 Overview of Graphene

In 2004, graphene came out and became the newest carbon material in the world.
Scientists from the Department of Physics and Astronomy of the University of
Manchester, Professor Andre Geim and Researcher Konstantin Novoselov, used tape
adhesion and peeling method to prepare graphene for the first time [5]. Graphene
is another major discovery after carbon nanotubes and fullerene spheres. Professor
Andre Geim and Researcher Konstantin Novoselov won the 2010 Nobel Prize in
Physics for this (Fig. 15.1).

Graphene is a two-dimensional hexagonal honeycomb structure composed of a
single layer of carbon atoms. Pure graphene is a crystal only one atom thick. It can
be wrapped to form a zero-dimensional fullerene, rolled to form a one-dimensional
carbon nanotube, and layered to form a three-dimensional graphite. So graphene is the
basic unit of other graphite materials. Graphene materials also have some excellent
properties of materials such as graphite and carbon nanotubes. It not only has the char-
acteristics of ultra-thin, ultra-sturdy and ultra-strong electrical conductivity, but also
has excellent electrical, thermal and mechanical properties. It is expected to be widely
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Fig. 15.1 The lattice
structure (a) and band
structure (b) of graphene. [6]
Reprinted of b with
permission from Ref. [7].
Copyright (2010) American
Chemical Society
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used in the fields of high-performance nano-electronic devices, composite mate-
rials, field emission materials, catalysis, gas sensors and energy storage. Therefore,
graphene has very broad application prospects and has received extensive attention
from scientists all over the world (Fig. 15.2).

There are not many preparation methods for graphene. So far, we still lack a
fundamental breakthrough about the preparation of graphene. At present, in order to
systematically study the physical and chemical properties and possible applications
of this new type of material, people are studying the preparation methods of single-
layer graphene, especially the ways to prepare a large number of graphene with
stable structures. The existing preparation methods of graphene sheets are mainly as
follows: mechanical exfoliation method, epitaxial growth method, chemical vapor
deposition method, graphite oxide reduction method and so on [9]. At present, the
effective means to characterize graphene mainly include: atomic force microscope,
optical microscope, scanning tunneling microscope (STM), Raman spectroscopy,
etc. [10]. Since the thickness of single-layer graphene is only 0.335 nm, it can
only be clearly observed in atomic force microscopy (AFM) and scanning tunneling
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Fig. 15.2 Mother of all graphitic forms. Graphene is a 2D building material for carbon materials
of all other dimensionalities. It can be wrapped up into 0D buckyballs, rolle into 1D nanotubes or
stacked into 3D graphite [8]

microscopy (STM), which are the most direct and effective means to characterize
graphene materials (Fig. 15.3).

15.3 Research Progress of Graphene in Nano Combustion
Catalysts

15.3.1 Application of Carbon Materials in Nano Combustion
Catalysts

Carbon materials are widely used in the combustion catalysts of double-base propel-
lants, because carbon materials play a very important role in the combustion catalysis
process of double-base propellants. People mixed carbon black with lead compounds
and copper compounds to develop “lead-carbon” binary composite combustion cata-
lysts and “lead-copper-carbon” ternary composite combustion catalysts, etc. The
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Fig. 15.3 Graphite oxide and graphene oxide. a An AFM (Scanning Tunneling Microscope) image
of exfoliated graphene oxide sheets; the sheets are ~1 nm thick. The horizontal lines indicate the
sections corresponding (in order from top to bottom) to the traces shown on the right. b Photograph
of folded graphene oxide paper. ¢ A scanning electron microscope image of the cross-section of the
graphene oxide paper, showing layered structure [11]

catalytic performance of the various components of the composite catalyst can be
“complementary” to produce a “synergistic effect”, and its catalytic effect is signif-
icantly improved. The three-way composite catalyst composed of lead compound,
copper compound and carbon black has become the most widely used catalyst in the
current double-base propellant. At the same time, the “lead-carbon” catalysis theory
and the “lead-copper-carbon” catalysis theory [12] of double-base propellants have
also been developed (Fig. 15.4).

Carbon materials have always received extensive attention in heterogeneous catal-
ysis. Graphite, carbon black, activated carbon, carbon nanotubes, carbon nanofibers,
etc. are widely used as catalyst carriers. At the same time, it has been found that
the structure of the carbon carrier has a strong influence on the performance of
the supported catalyst. In the field of combustion catalysts, scientific and techno-
logical workers [13, 14] also use graphite, carbon black, activated carbon, etc. as
catalyst carriers, and support catalytically active metals or metal oxides to prepare
carbon-based composite combustion catalysts. The research results show that the
catalytic performance of the carbon-based supported composite combustion catalyst
has been significantly improved, and its catalytic performance is better than that of the
composite catalyst formed by mixing metal oxides and carbon black. With the emer-
gence and development of nanotechnology, countries all over the world attach great
importance to nano-combustion catalysts, especially the advent of new nano-carbon
materials-carbon nanotubes (CNTs), which has attracted more attention. There have



192 D. Lietal.

28 - o
926 = o
26 & &> o
24
24 ©
20 °
w
£ 181
£
= 16 -
14 1 Catalyst
Lead Copper
129 Symbol Serial number saltA saltB CB,;
n10-0 0 0 0
10 m10-107 2 0 0
] ° m10-108 0 0.5 0
8 % n10-109 0 0 0.75
ml0-111 2 0.5 0
67 o omlo-112 2 0.5 0.75
1 1 1 1 1 1 1 1 1 1

4 6 8 10 12 14 16 18 20 22 24
P(Mpa)

Fig. 15.4 Effect of single, double and three component catalysts on pressure exponent (n) of
RDX-CMDB propellant [12]

been many new results about using carbon nanotubes as the catalyst carrier to prepare
metal or metal oxide-loaded nanocomposite combustion catalysts (Fig. 15.5).
CNTs was added to Hexanitrohexaazaisowurtzitane (CL-20) by Yu et al. [16].
With the increase of CNTs addition, the initial decomposition temperature, decom-
position peak temperature and heat release of CL-20 gradually decreased. The
effects of CNTs, Fe,O3/CNTs and Fe-Cu/CNTs on the combustion performance
and thermal decomposition of ammonium dinitramide (ADN) was studied by Li
et al. [17] and found that these three catalysts can increase the combustion rate
of ADN and reduce the pressure index, and the catalytic effect of CNTs is the most

Fig. 15.5 TEM images of
Bi20O3/CNTs composite [15]
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obvious. PbO/CuO/CNTs was synthesized by Ren et al. [18] through the microemul-
sion method. The new nano-catalyst can significantly accelerate the decomposi-
tion of RDX and reduce the decomposition temperature by 14.1 °C. Bi,O3/CNTs
was prepared by Hong et al. [15] through liquid-phase chemical deposition. The
composite has good combustion catalytic performance. By using this burning rate
catalyst, the propellant burning rate can be increased by 74.7% at 4 MPa, and the
propellant pressure index can be reduced from 0.7834 to 0.4307 at 16-22 MPa
(Fig. 15.6).

Our research group [19, 20] has conducted related research and found that
composite combustion catalysts prepared by using carbon nanotubes as carriers and
supporting metals such as lead, copper, bismuth or metal oxides, whose catalysis is
far superior to composite catalysts formed by mixing nano-metal oxides and carbon
black, have a high catalytic effect on the combustion of double-base propellants.

15.3.2 Nano Combustion Catalyst Supported by Graphene
and Its Application

On one hand, graphene has regular two-dimensional surface structure, and larger
theoretical specific surface area (about 2630 m?-g~') and better electron and hole
transfer ability compared with carbon nanotubes. On the other hand, it also has
some excellent properties of materials such as graphite and carbon nanotubes [8].
So it will be better than carbon nanotubes as a catalyst carrier or cocatalyst. In
graphene-supported catalysts, metals or metal oxides are highly dispersed on the
surface of graphene in the form of nanoparticles. Graphene is used as a template
for supporting the catalyst, which can prevent the mutual agglomeration of metal
or metal oxide nanoparticles on the surface of the graphene. Such properties are
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conducive to giving full play to the catalytic activity of the nano-catalyst. Moreover,
the good electronic conductivity of graphene can promote the electronic mobility
of the supported catalyst and improve the redox reaction ability to the catalyzed
substrate. Therefore, graphene will play a very good catalytic role in the propellant
combustion catalysis process (Fig. 15.7).

At present, the excellent performance of catalysts supported by graphene has
been confirmed in the literature: The composite photocatalytic materials of titanium
dioxide (TiO,) and graphene were prepared by Zhang et al. [21] through sol-gel
method and using titanate four butyl ester and graphene as starting materials. It
was found that the photocatalytic water splitting rate of TiO,/graphene composite
photocatalyst was much higher than that of commercial P25 under the same condi-
tions, and the activity of photocatalytic water splitting increased nearly two times.
Graphene oxide (go) was synthesized by Wen et al. [22] by Hummers method in
liquid phase, and then graphene supported palladium (PD) catalyst was prepared
by one-step chemical reduction. Compared with traditional Pd/Vulcan XC-72, the
catalytic activity of Pd/graphene catalyst for ethanol electro oxidation in alkaline
medium has been greatly improved. The degradation efficiency of TiO, / graphene
oxide composite catalyst prepared by Zhang et al. [23] is obviously better than that
of nano-TiO;. The electrocatalytic performance and stability of Pt/graphene catalyst
prepared by Gao et al. [13] are better than those of Pt/ultrafine graphite powder. A
series of vanadium oxide/graphene (VOx/G) composite catalysts were synthesized
by Dong et al. [24] by hydrazine hydrate reduction method. The structures of the
catalysts were characterized by XRD, Raman and SEM. The performance of VOx/G
catalysts for hydroxylation of benzene to phenol was investigated. The results showed
that the vanadium active species were highly dispersed on the surface of layers of
graphene support in the VOx/G catalyst prepared under suitable conditions, and the
catalyst showed good catalytic activity (Fig. 15.8).

In the application of combustion catalysts, graphene is not only a special combus-
tion catalyst, but also an excellent catalyst carrier. For example, graphene plays a
dual role of catalyst and carrier in the composite combustion catalyst system of metal
or metal compound and graphene. In view of the high catalytic effect of the carbon
nanotube-supported metal or metal oxide composite combustion catalyst, it can be
expected that the catalytic performance of the graphene-supported metal or metal
oxide composite combustion catalyst will be more excellent. At present, graphene

Fig. 15.7 Chemical structure of graphite oxide. For clarity, minorfunctional groups, carboxylic
groups and carbonyl groups have been omitted at the edges [11]
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Fig. 15.8 Chemical synthesis route of Pd/graphene catalysts [22]

has been applied to solid propellants as combustion catalysts by relevant researchers:
The combustion catalytic performance of Cu, O-PbO/graphene oxide in the double-
base propellant (GO1201) was studied by Li et al. [25]. The results show that GO1201
propellant has a significant overburning rate phenomenon in the low pressure range,
and the “Mesa effect” appears in the high pressure range. It is an efficient double-
base combustion catalyst. Bi;O3/graphene oxide (Bi;O3/GO) composite catalyst was
prepared by Tan et al. [26]. They used scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM) and X-ray powder diffraction (XRD) to char-
acterize the particle morphology, particle size and phase structure of the product,
and The effect of Bi;O3/GO composite catalyst on the combustion performance of
double-base propellant was also studied. The results showed that Bi O3 in the product
was uniformly supported on the surface of graphene oxide in the form of spherical
particles, with an average particle size of about 40 ;. Bi;O3/GO composite catalyst
can significantly improve the combustion performance of the propellant, increase
the burning rate of the propellant by 139% (4 MPa), and reduce the pressure index
(14-20 MPa) from 0.650 to 0.253, which is a 61.0% decrease. Three graphene oxide
composites including CuO/GO, Bi,03/GO, and PbO/GO, whose raw materials are
graphene oxide, copper nitrate, Bi;O3-5H,0, and lead nitrate, were prepared by An
et al. [27, 28] from 204 Institute by liquid-phase chemical deposition. They studied
these three graphene oxide composites excellent catalytic effect on the combustion of
double-base propellant and RDX-CMDB propellant, which can all greatly increase
the burning rate of the propellant and significantly reduce the pressure index. Among
them, PbO/GO has the best catalytic performance. In addition, they further prepared
Cu,O0-PbO/GO, Cu,0-Bi,03/GO composite catalysts, and found that this type of
catalyst can make RDX-CMDB propellant exhibit significant overspeed combus-
tion. At a pressure of 2 MPa, the burning rate of the catalyst-containing propellant
increased from 3.09 to 10.20 mm-s~!, an increase of 233% (Fig. 15.9).
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Fig. 15.9 TEM diagram of
Biy03/GO composites [26]

The research on graphene-supported metal or metal oxide composite combustion
catalysts is still in the initial stage. However, according to a small amount of current
literature reports, the composite catalyst formed by the combination of graphene
and metal or metal compound has excellent catalytic performance. It is better than a
single type catalyst such as nano metal powder or metal oxide powder, and it is also
better than a carbon material type combustion catalyst composed of metal or metal
compound and graphite, carbon black, activated carbon, etc., which is widely used
in propellants. Therefore, graphene presents a broad application prospect in solid
propellant combustion catalysts (Fig. 15.10).

15.4 Outlook

Preliminary studies on graphene oxide supported composite catalysts, fullerene
carboxylate lead copper salt catalysts, and metal-embedded carbon nanofiber
composite catalysts have shown their excellent catalysis and good application
prospects [29-31]. These carbon nanocomposite combustion catalysts are expected
to have higher catalytic effects. The advantages of this type of catalyst are as follows:

1. Reducing pollution. Graphene oxide is composed of carbon elements which
will not produce toxic and harmful gases after burning. Therefore, graphene
oxide can be used not only as an environmentally friendly catalyst or catalytic
promoter, but also as an environmentally friendly catalyst carrier for preparing
a pollution-free, safe, and low-smoke composite burning rate catalyst.

2. Replacing carbon black. In order to improve the catalytic performance, it is
necessary to add carbon black as a promoter when using lead compound and
copper compound catalysts in the double-base propellant. Among the graphene
oxide supported composite catalysts, graphene oxide can replace carbon black
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Fig. 15.10 Burning rate curve of double base propellant [26]

as a promoter. Since graphene oxide can be composited with metals or metal
oxides on the nanometer scale, which has huge contact area, it can produce a
stronger “synergistic effect” to strength its catalytic effect.

3. Dispersing nanoparticles. Graphene oxide is an ideal carrier due to its huge
specific surface area. The nanoparticles formed from the introduction of the
metal compound catalyst are highly dispersed on the surface of graphene oxide
or in the cavity. Due to the limitation of the carrier, the nano metal particles on the
surface of the graphene oxide will not agglomerate even during the combustion
of the propellant. In this way, the advantages of the huge specific surface area of
the nano catalyst can be exerted and a higher catalytic effect can be produced.

4. It can be prepared as a multi-composite catalyst. A variety of metal
compounds can be used to composite the surface of graphene oxide. Because
multiple catalysts have “synergies”, which will be even more pronounced at the
nanoscale, the catalytic effect of multi-composite catalyst is obviously better
than that of unit catalyst. According to this principle, some metal compounds
with good catalytic properties and low toxicity, such as radon, iron, copper, rare
earth compounds and energy-containing compounds, can be used to load the
surface of graphene oxide to form carbon nanocomposite combustion catalysts.
During preparation, catalytic properties can be regulated by combining different
metal compounds and changing the proportions of each component. Based on
this, an efficient combustion catalyst can be developed.

5. Reducing the dosage of metal compounds. The use of graphene oxide
composite catalysts can reduce the use of metal compounds, thereby reducing
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environmental pollution and reducing smoke from the presence of metal oxide
particles.

The further research and application of carbon nanocomposite combustion cata-
lysts will open a new door in the field of combustion catalysts, and the closely related
propulsion technology will also usher in further innovations.
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