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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. YanhongMa andMs. 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

Haifa, Israel

Xiaolong Fu
2021 ICCN Co-chair

Alon Gany
Clive Woodley

Institute of Shock Physics
Imperial College

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

J. N. Liang and X. H. Yang

Abstract Graphite carbon nitride (g-C3N4), 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 rawmaterial. Afterwards, the
g-C3N4 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-C3N4 decorated with
1.0 wt% CDs achieved the highest hydrogen evolution rate (2878.2 μmol/h/g) under
visible light (λ > 420 nm), which was about 5 times higher than that of pristine
g-C3N4 (582.2 μmol/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-C3N4 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-
C3N4 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-
C3N4 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 beenwidely used inmany 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 H2 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-C3N4

composites were measured and evaluated under visible light irradiation. We found
that the hydrogen evolution capacity of CDs decorated g-C3N4 under visible light
(λ > 420 nm) has been significantly improved compared with the pristine g-C3N4

under the same condition (λ > 420 nm visible light). Among them, 1.0 wt% of CDs
can achieve the highest hydrogen evolution rate as high as 2878.2 μmol/h/g, about
5 times higher than pristine g-C3N4 (582.2 μmol/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 themixture was transferred into a 30mLPTFE 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-C3N4

CDs-doped g-C3N4 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 (mCDs: mg-C3N4=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−1.
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-
purposeX-rayDiffraction System (PhilipMPDdiffractometer)withCu-Kα radiation
(λ = 1.54 Å) at a setting of 40 kV and 40 mA. In the 2θ rang of 5°–90° at a scan
rate of 0.13° s−1 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 × 1 cm covered with the as-
prepared photocatalysts was used as the working electrode. 0.5 M of Na2SO4 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
0.01–105 Hz.

1.2.3 The Construction and Measurements of Photocatalytic
Hydrogen Evolution

Specifically, the photocatalytic hydrogen production equipment consists of twomain
parts. They are a vacuumsystemandameteorological chromatograph (GC7900,TCD
detector, 5A˚ molecular sieve column and Ar2 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; λ > 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-C3N4

The functional groups exited on the surface of CDs (such as –OH, –NH2, –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-C3N4 composites were synthesized in this work. The pristine g-C3N4 and
CDs-g-C3N4 composites were characterized by transmission electron microscopy
(TEM), respectively. Figure 1.1a shows the morphology of the as-prepared g-C3N4,
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-C3N4, but the distribution of the CDs is relatively uneven. The
CDs tend to be embedded in the larger mesopores of g-C3N4. The structure and the
composition of CDs-g-C3N4 was analyzed by XRD. As shown in Fig. 1.1c, the peak
at 13.0° is attributed to the (100) plane of g-C3N4, and the peak at 27.3° corresponds

Fig. 1.1 Morphology and composition of the as-prepared photocatalyst. a TEM image of pristine
g-C3N4; b, c Magnified TEM image of the CDs-g-C3N4 composites; d XRD patterns of pristine
g-C3N4 and CDs-g-C3N4 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
XRDpattern showed the same peakswhich 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-C3N4 composite material did not change
much compared with pristine g-C3N4 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-C3N4 was collected and compared in
Fig. 1.2. It can be found that the ability of g-C3N4 to absorb light changes after the

Fig. 1.2 Optical properties of the as-prepared photocatalyst. a UV-vis spectra of the pristine g-
C3N4 and CDs-g-C3N4 composites; b Tauc plot curve of the pristine g-C3N4 and CDs-g-C3N4
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-C3N4 provides a
greatly enhanced light-absorbing ability and 1.5 wt% CDs-g-C3N4 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-C3N4, while the light absorption ability of g-
C3N4 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 αhv2 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-C3N4 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-C3N4 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 nanocompositesweremeasured, respectively. The typical characteristic
of nitrogen adsorption anddesorption curve producedbymesoporous 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-C3N4 reached
to 82.8 m2/g, which was consistent with previous reports that g-C3N4 nanosheets
exhibit a higher specific surface area. As shown in Fig. 1.3, the specific surface
area of the CDs-g-C3N4 was improved to varying degrees. Specifically, 1.0 wt%
CDs-g-C3N4 has the largest specific surface area, reaching to 212.3 m2/g, which is
about 3 times that of g-C3N4. According to the pore size distribution diagram, the
pore size distribution of g-C3N4 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 dopedwith 2.0wt% carbon dots, themesopore 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.N2 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-C3N4nanoparticles

1.3.4 Photocatalytic Hydrogen Evolution Performance

In order to evaluate the behavior of the charge transfer (CDs-g-C3N4), 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-C3N4

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-
C3N4 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-C3N4 current was proved to
be the largest one, which was about 2 times higher than that of pristine g-C3N4.
On the other hand, the transient currents of both pristine g-C3N4 and CDs-g-C3N4

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-C3N4 and
CDs-g-C3N4 under visible light irradiation (λ > 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 μmol/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-C3N4 reached to the highest at 1.0 wt% CDs-g-C3N4. The volume
of hydrogen evolution reached 12.475 mmol/g within 4 h. Compared with pristine
g-C3N4, the 1.0 wt% CDs-g-C3N4 exhibited the highest hydrogen evolution rate
(2878.2 μmol/h/g), which is 5 times higher than that of g-C3N4 (582.2 μmol/h/g).
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Fig. 1.4 The charge transfer properties and hydrogen production performance of CDs-g-C3N4. a
electrochemical impedance spectra; b transient photocurrent response of the pristine g-C3N4 and
CDs-g-C3N4 nanoparticles; c, d the hydrogen production and hydrogen evolution rate of pristine
g-C3N4 and CDs-g-C3N4 nanoparticles under visible light (λ > 420 nm)

But keep increasing the CDs amount to 2.0wt%, 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-C3N4

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-C3N4 composites,
1.0 wt% CDs-g-C3N4 were found to have the best hydrogen evolution performance
(2878.2 μmol/h/g), which is about 5 times that of pristine g-C3N4 (582.2 μmol/h/g)
under visible light irradiation (λ > 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-C3N4 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)
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 themodified single base propellant increases after adding CNFs. Themechan-
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 a kind 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 cm3 with the ignition pressure of 10.98MPa. Thefilling 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 experimentwas carried outwith 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−1.

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 μm
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 50μm.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 μm.

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
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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# u1 0.0665 0.0610 0.0645 0.0671 203.04

n 1.0118 1.0306 1.0165 1.0098

2# u1 0.0809 0.0628 0.0869 0.0768 199.13

n 1.0024 1.0570 0.9905 1.0148

3# u1 0.0787 0.0673 0.0778 0.0756 193.10

n 1.0105 1.0446 1.0141 1.0199

4# u1 0.0675 0.0664 0.0854 0.0724 205.46

n 1.0180 1.0209 0.9685 1.0017

5# u1 0.0769 0.0589 0.0680 0.0719 203.37

n 0.9934 1.0509 1.0200 1.0092

Note u1 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 fromTable 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
pdpm MPa. Considering the whole pressure range (50 ~ pdpm 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

Sample CNFs content (%) f (kJ kg−1) a (L kg−1)

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

5# 0.8 986.38 0.75

Note f is the propellant force, a is the covolume

addition of a small amount of CNFs has little effect on the energy performance of
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) αk (kJ m−2) σm (MPa) δm (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 ± 3.58 80.52 ± 0.67

20 18.16 ± 2.86 97.67 ± 5.78 59.24 ± 2.41

50 25.78 ± 1.53 91.04 ± 1.61 40.93 ± 2.41

4# −40 9.30 ± 1.76 98.43 ± 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 57.21 ± 2.29

50 22.44 ± 2.66 87.00 ± 1.78 39.21 ± 1.58

Note αk is the impact strength, σm is the compressive strength, δm is the tensile strength
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18.18 kJ·m−2 to 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−1,
10 °C·min−1, 15 °C·min−1 and 20 °C·min−1 are shown in Table 2.5 and Fig. 2.4. As
can be seen fromTable 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 maximumwhen 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−1, 10 °C·min−1, 15 °C·min−1 and 20 °C·min−1, 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−1

Sample CNFs content (%) Tonset (°C) T exo (°C) �H (J g−1)

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 Tonset is the temperature of the exothermic peak, T exo is the temperature of the exothermic
peak, �H 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−1, 10 °C·min−1, 15 °C·min−1 and 20 °C·min−1, respectively

Table 2.6 Results of the temperature of the exothermic peak at the heating rate of 5 °C·min−1,
10 °C·min−1, 15 °C·min−1, 20 °C·min−1, respectively

Sample CNFs content (%) T exo (°C)

5 °C·min−1 10 °C·min−1 15 °C·min−1 20 °C·min−1

1# 0 195.61 202.19 207.20 210.53

2# 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

(
β

T2
p

)
= ln

AR

Ea
− Ea

RTp
(2.4.1)

A is the preexponential, s−1. R is the molar gas constant, 8.314 J·mol−1·K−1. β

is the heating rate, K·min−1. T p is the temperature of the exothermic peak, K. Ea is
the activation energy, kJ·mol−1.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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Table 2.7 Results of
activation energy of samples
with different CNFs contents

Sample CNFs content
(%)

Ea/kJ·mol−1

Ozawa equation Kissinger
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

5# 0.8 191.37 192.65

Note Ea is the activation energy

Kissinger equation, as shown in (2.4.2)

lgβ = lg

(
AEa

RG(a)

)
− 2.315− 0.4567

Ea

RT
(2.4.2)

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 byKissinger 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 energywas 175.82 kJ·mol−1 without CNFs,
and 192.01 kJ·mol−1 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 ~ pdpm 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
Characterization of CNTs/KNO3
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/KNO3 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/KNO3 was increased, and the decomposition temperature and
activation energy of CNTs/KNO3 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 act reliably in a timelymanner [2].Due to the characteristics ofmodernwarfare
with fast manoeuvring and long-range strikes [3], the overload resistance of ammuni-
tion has raised higher requirements, even up to 2.4× 105 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 energyoutput,which canno 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
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[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/KNO3 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, a compositematerialCNTs/KNO3 synthesizedbyneutralisationmethod
was presented and its raw material is shown in Table 3.1.

The process parameters of the CNTs/KNO3 composite materials was selected and
optimized by the orthogonal experiments. The factors of the orthogonal test were
designed, and the mass ratio of folded KNO3 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 × 37) was chosen and the levels of each
factor are shown in Table 3.2

Among them, the carbon nanotubeswere 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 L18 (2 × 37)

Leves Factors

A (g) B (%) C (m2 g−1) D (°C) E (h) F (r min−1) G (d min−1) H (min)

1 2:1 0 160–180 65 2.0 300 60 30

2 5:1 0.001 60–70 75 2.5 400 90 45

3 10:1 0.002 55–65 85 3.0 – 120 60

Table 3.3 Orthogonalization of results

Orthogonalization Factors

A B C D E F G H

Reaction
method

K 1 1.02 1.15 1.23 1.12 1.09 1.05 1.24 1.14

K 2 0.96 1.31 0.94 1.28 1.27 1.75 1.19 1.34

K 3 1.32 1.28 0.81 1.47 1.36 1.32 1.29

R j 0.36 0.16 0.42 0.35 0.27 0.30 0.13 1.20

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 j indicates the importance data of the influencing factor. The degree of influence of
each factor is 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 160–180m2/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 fromFig. 3.1, comparedwith the unloaded carbon nanotubes, thematerial
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, themain 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), (≈286.3 eV), (≈288.5 eV),
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(a) KNO3 (b) CNTs/KNO3 

Fig. 3.1 SEM of CNTs/KNO3 composite
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Fig. 3.2 XPS spectra of CNTs/KNO3 composites prepared by reaction method

(≈289.3 eV), and the spectral peak of o1s is at (≈532.0 eV). The XPS

results further confirm that KNO3 is attached to the surface of carbon nanotubes.
The thermal decomposition curves of the KNO3 and the CNTs/KNO3 composites

prepared by the reactionmethodsweremeasured separately and the results are shown
in Fig. 3.3.

As seen in Fig. 3.3, the thermal decomposition of pure KNO3 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 KNO3, and the exothermic peak is the decomposition peak of
KNO3 in themolten state, which corresponds to a peak top temperature of 429.26 °C.
The thermal decomposition process can be described as:

➀ Crystallographic transformation: K NO3(r hom bic) → K NO3(tr igonal);

➁ Melting: K NO3(s) → K NO3(l);

➂ Decomposition: 2K NO3(l) → 2K NO2(l) + O2.
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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
categories

Decomposition
peak temperature
(°C)

Kissinger methods Ozawa methods

Ea (kJ mol−1) lgA γ Ea (kJ mol−1) γ

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/KNO3 composites
were solved by theKissinger andOzawamethods (Table 3.4) on the basis ofDSC/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 KNO3 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
and HMX Based Explosives

Xiaoqiang 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 andCL-20 based explosive is 3.02 and 2.64GPa. The powerwork of the ignition
process is analyzed intensively to establish an ignition criterion, and the difference
of the two samples is quantized expressed as WHMX

WCL−20
= 1.145vCL−20Ds

vHMXDs
. The slab flyer

test was simulated by using the explicit software, and the results show that the value
of vCL−20Ds

vHMXDs
is 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 themacroscopic 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 ETPEwas selected and the compatibility of themwas sufficient
good. The mass ratio of main explosives and binder was 96:4.

The aqueous suspensionmethodwas 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 (F40× 30, ρ = 1.675 gcm−3) was used to produce
shockwaves and the waves were transmitted in organic glass. Themanganin 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−1 can
be attributed to the strong absorption of –N3 from the binder structure. The results
show that the ε-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:

p = 2.243 + 15.72exp

( −x

13.48

)
(4.1)

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
the organic glass gap and the
correspondingly pressure of
shock wave values of HMX
and CL-20 based explosives

Explosives Thickness (mm) Pressure (GPa)

HMX based 40.50 3.02

CL-20 based 49.51 2.64

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).

p2τ = C (4.2)

In which, C is constant and τ 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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W =
τ∫

v

pudτ = puτ = p2τ

ρmovDs

(4.3)

ρmovDs keeps as the same valueB for a certain explosive sample, and then Eq. (4.4)
is obtained.

W = C

B
= 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.

WHMX

WCL−20
= CHMXBCL−20

CCL−20BHMX
= ρCL−20

ρHMX

vCL−20Ds

vHMXDs

p2HMXτHMX

p2CL−20τCL−20
(4.5)

The distance of the shock wave in the organic glasses for HMX and CL-20 based

explosives is 40.50 and 49.51 cm, respectively. The value of τHMX
τCL−20

is 0.818, and p2HMX

p2CL−20

is 1.308 under the shock ignition condition. The ρCL−20

ρHMX
= 2.035

1.900 = 1.07 is assumed
and Eq. (4.6) can be given from Eq. (4.5).

WHMX

WCL−20
= 1.145

vCL−20Ds

vHMXDs
(4.6)

4. The simulation of the flyer velocity

The slab flyer test was simulated by using the explicit software FEA andAUTODYN,
the value of vHMXDs is from Ref. [1], and the value of vCL−20Ds 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 vHMXDs and vCL−20Ds are listed
in Table 4.2.

Table 4.2 The needed values of vHMXDs and vCL−20Ds

Sample Velocity km s−1

HMX based 3.59 3.66 3.76 3.88

CL-20 based 3.88 3.99 4.14 4.34
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One can see that the value of vCL−20Ds

vHMXDs
is between 1.08 and 1.12 with the different

experimental conditions for the flyer by the CL-20 or HMXbased explosive samples.
Then Eq. (4.6) can be expressed as Eq. (4.7) here.Whichmeans that the shock energy
for initiation of HMX-based explosive is 23–28% higher than that of CL-20 based
explosives.

1.23 ≤ WHMX

WCL−20
≤ 1.28 (4.7)

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 WHMX

WCL−20
= 1.145vCL−20Ds

vHMXDs
.

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
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 ε-CL-20 (hexanitro hexaazaisowurtzitane) crystal and ε-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−1 and
600–900 cm−1 corresponded to the main vibrational features of ε-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 (Lprob) of N–NO2 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 overallmechanical 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−3), energy, and excellent detonation properties (velocity detonation
is 9762 m s−1, 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 attractedmore andmore attention [22]. Zhang et al. [13] investigated the
phase transitions, thermal behavior, friction and impact sensitivity for ε-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 ε-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 ε-CL-20 to build the CL-20/graphene composites. By usingMDmethod
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 ε-CL-20 are obtained by X-ray diffraction. The
single cell parameters of ε-CL-20 are as follows: a = 8.852 Å, b = 12.556 Å, c =
13.386 Å, α = γ = 90°, β = 111.18°. To begin with, a 2 × 3 × 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 Å vacuum layer was put in the periodic cells
along the c direction. A new periodic 3D cell containing 72 ε-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 ×
3 × 3 supercell structures for ε-CL-20 and ε-CL-20(001)/graphene composites were
shown in Fig. 5.1.



40 L. Yang et al.

Fig. 5.1 Single molecular (a), single crystal (b), 2 × 3 × 3 supercell (c) of ε-CL-20 and ε-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
× 105 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 ε-CL-20 at frequency 1517 cm−1. Table
5.1 showed the theoretical simulation along with the experimental infrared frequen-
cies as reported in the literature [30] of ε-CL-20 and the vibrationalmode assignment.
The range 1450–1750 cm−1 corresponded to the NO2 stretching vibration and the
range 600–900 cm−1 corresponded tomost 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 ε-CL-20 appearing at 1517 cm−1,
that were consistent with ε-CL-20 published in the literatures [30, 37].

Fig. 5.2 Simulation
vibrational mode of ε-CL-20
at 1517 cm−1 (the arrow
indicates the vibration
intensity)
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Table 5.1 The theoretical
simulation and experimental
infrared [30] frequencies of
ε-CL-20

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

722 s, 734 s, 743 s 723 w, 738 w, 744
w

NO bend; NNO2
bend

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

836 vw, 858 vw,
891 w

820 w, 831 w,854
w,883 m

ONO bend; NO
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 1182 w, 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,
1536 m, 1545 m

1568 vs Ring str; NN str,
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−1 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, c 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 1550–1750 cm−1 frequencies,
which was attributed to the stretchingmodes of ring, NN bonds, NO bonds symmetry
and asymmetry.Bycomparing the totalDOSof different crystalline surface forCL-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 sp2 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-NO2

[34, 35]. Analysis of the N-NO2 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 (Lprob) 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 Å, 3.1–5.0 Å or above 5.0 Å 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 Å 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

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, c 010 crystalline surface, respectively

Table 5.2 Probable bond
length Lprob of different
crystalline surfaces of CL-20
and CL-20/graphene
composite

Lprob (Å) (0 0 1) (1 0 0) (0 1 0)

CL-20 1.39 1.39 1.39

CL-20/graphene 1.41 1.57 1.41
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graphene modified the distribution width for N-NO2 and slightly enhanced the prob-
ability for Lprob. Meanwhile, a peaks arised again in the 2.10–2.90 Å region, demon-
strated there was strong intramolecular interaction. In the region of above 3.5 Å, a
comparative high peak arised, predicted that some van derWaals 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 Lprob of N–NO2,
which was associated with the sensitivity of CL-20. The order of Lprob 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 (Ebinding) 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 (Einter), i.e. Ebinding = −Einter. The Einter is calculated from the total
energy of the blend and the energy of the individual components at equilibrium
condition. The Ebinding between CL-20 and graphene is calculated by the following
formula.

Ebinding = −Einter = −(
Etotal − ECL−20 − Egraphene

)
(5.1)

where Etotal is the total energy for the CL-20/graphene hybrid system. ECL-20 and
Egraphene are the total energy for CL-20 and graphene, respectively.

For comparison, the Etotal, ECL-20, Egraphene and Ebinding 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−1) 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

(0 0 1) 199,370.218 190,076.862 9609.182 315.826

(1 0 0) 203,473.862 194,241.571 9662.952 430.661

(0 1 0) 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.

σi = Cijεj (5.2)

where Cij (i,j = 1–6) is (6 × 6) a matrix of elastic coefficient. By considering the
strain energy, thematrix of elastic coefficient is symmetrical, that is, Cij =Cji. 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 Cij are independent of each to other. The isotropic
material has only two independent elastic coefficients, which are called Lame coef-
ficients (λ and μ). Using λ and μ, the tensile modulus E, shear modulus G, bulk
modulus K and Poisson’s ratio γ 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.

E = μ(3λ + 2μ)

λ + μ

K = λ + 2

3μ

G = μ

γ = λ

2(λ + μ)
(5.3)

Poisson’s ratio (γ) 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 − 2γ) = 2G(1 + γ) (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 (C12–C44), 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 (C12–
C44) 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 (C12–C44) value was 16.66.

Tensile modulus (E), bulk modulus (K), and shear modulus (G) are applied to
evaluate the capacity of amaterials towithstand elastic deformation. Toughness is the
deformation capacity of amaterials 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 toobtain optimal toughness. In summary, there are still somedifferences
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 (C12–C44) 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 ε-CL-20 and ε-CL-20/graphene composite were studied using molecular
dynamics simulation. The vibrationalmode, phonondensity of states, binding energy,
initiation bond length and elastic coefficient, isotropicmechanical 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−1 and 600–900 cm−1 corresponded to major vibra-
tional features for ε-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).

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

3. In comparison with pure CL-20, the elastic coefficient and elastic modulus of
CL-20/graphene composites with different crystalline surfaces decreased, and
theCauchy pressure (C12–C44) andK/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 ε-CL-20 crystal and ε-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
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 ofNMconfined 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 energeticmaterials 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 energeticmolecules 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 + 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 + 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 (r) =
∑

bonds

Kb(b − b0)
2 +

∑

angles

Kθ (θ − θ0)
2

+
∑

dihedras

Kφ(1 + cos(nφ − δ))

+
∑

improper

Kϕ(ϕ − ϕ0)
2 +

∑

Urey - Bradtey

KUB(r1,3 − r1,3;0)2

+
∑

nonbonded

εi j

[(
Rmin,i j

ri j

)12

− 2

(
Rmin,i j

ri j

)6
]

+ qiq j

4πDri j

where r represents the Cartesian coordinated of the system. b0, θ0, ϕ0, and r1,3;0 are
the bond, angle, improper, and Urey-Bradley equilibrium terms, respectively. n and
δ are the dihedral multiplicity and phase. Ks are the respective force constants. εij,
Rmin,ij, and rij are the Lennard-Jones well depth, the minimum interaction radius,
and the distance between atom i and j, respectively. qi and qj 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 r-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
derWaals 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 NMmolecules 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) SWNTs, double and triple

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

(n, n) r0 (nm) NC NNM N in

(5, 5) 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

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 SWNTs, r0 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 SWNTs 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 themolecular dipolemoments. The orientation angle θ between the dipolemoment
of NM and the axis of SWNTs is closely relevant to the ordered structure of confined

Fig. 6.2 Radial mass
density of NM in SWNTs. r
is the distance to the central
axis of SWNTs. r0 is the
radius of SWNTs
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NM. We investigated the distribution of cos θ and compared to that in bulk NM, and
found that the more concentrated the distribution, the more ordered the structure.

As displayed in Fig. 6.3, the distribution of cos θ is uniform in bulkNM, 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 θ 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 derWaals attraction betweenNMand SWNT
weakens, so that the orientations of NM dipole vectors become less ordered.

Fig. 6.3 The distribution of
the orientation of NM dipole.
θ is the orientation angle
between the dipole moment
of NM and the axis of
SWNTs
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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 Å ×
25 Å 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 kcal/mol/Å2.

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 Å), L2(5.9–9.8 Å),
L3(9.8–13.7Å) andL4(13.7–17.6Å), respectively. The density fromL1 to L4 regime
decreases. L1 owns the highest value of 3.0 g/cm3, almost 2.5 times of the density in
theNMbulk. It ismost likely that theNMis attracted by the van derWaals 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 –NO2 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
distributions of NM and
constituent groups. d is the
distance to the GRA surface.
Dashed line represents the
average density of NM in
bulk
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Fig. 6.6 The probability distribution of a cos θ 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 θ between NM dipole moment
and the normal axis of GRA surface has also been investigated (Fig. 6.6a). The
results show that cos θ exhibit single-peak distribution in L1 and L2, especially in
L1 where the probability of cos θ = 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 NMcan 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 Å × 25 Å 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 Å. The mass density profile (Fig. 6.7) shows that when d increases,
NM first arrange into single-layer structure on d = 7 Å, and evolve to double-layer
on d = 10 Å, finally form triple-layer structure on d = 14 Å. This is a relatively
dense accumulation where the interlayer distance of NM is about 3 Å, considering
the first neighbor shell of NM in bulk is about 6 Å, and the peak value of ρ/ρ0 curve
is about 5.

To understand the orientations of NM encapsulated in the GRA bilayer, the distri-
bution of cos θ is displayed in Fig. 6.8 where θ 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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Fig. 6.7 Mass density profile of NM in GRA bilayers of different width. ρ0 is the density of NM
in bulk

Fig. 6.8 Probability
distributions of cos θ in GRA
bilayers of different width

GRA bilayer, and the distribution depends strongly on the distance between GRA
bilayers. Notably, the peak height near cos θ = 0 shows a somewhat periodic feature
rather than decreasing monotonously as the bilayer distance increases. When d = 7,
10, and 14Å 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 Å, 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 Å, NMmolecules 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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Fig. 6.9 a–g Illustrations of structures of NM confined within GRA bilayers. Bilayers distance in
a-d is 7 Å, 9 Å, 10 Å, 14 Å, 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:

CH3NO2 → CH3ONO

CH3NO2 → CH2NOOH

CH3NO2 → ·CH3 + ·NO2

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 Å × 20 Å GRA surface and geometrically
optimized at ONIOM (B3LYP/6–31 + 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 TS1 and TS1@GRA, are calculated on B3LYP/6-31 + G** and ONIOM
(B3LYP/6-31 + 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 Å, similar to the results
of Nguyen et al. (1.9 Å for C-N and 2.0 Å for C-O) [40]. The C•••O distance of
TS1@GRA increases from 2.029 to 2.055 Å, and the imaginary frequency reduces
by 27.1 cm−1. The relative energy of TS1-NM is 270.7 kJ/mol, which is 13.4 kJ/mol
higher to the relative energy of TS1@GRA-NM@GRA (257.3 kJ/mol), indicating
that theNM-MNrearrangement reactionwould be easier onGRAsurface than in pure
NM. On the other hand, the energy of MN is 10.9 kJ/mol higher than NM, while the
energy ofMN@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 TS2 and TS2@GRA, are also calculated. Shown in Fig. 6.11, the structure
of TS2 and TS2@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 CH2NOOH@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−1) Relative energy
(kJ·mol−1)

Imaginary
frequency
(cm−1)

NM −245.02873 131.0 0.0 a

MN −245.02285 126.4 10.9 a

CH2NOOH −244.99423 126.4 85.8 a

(•CH3 + •NO2) – – 254.8 a

TS1 −244.92111 118.8 270.7 a −820.34

TS2 −244.92446 116.3 259.0 a −2111.78

NM@GRA −243.89364 4926.2 0.0 b

MN@GRA −243.88663 4921.6 13.8 b

CH2NOOH@GRA −243.87395 4923.7 49.4 b

(•CH3 +
•NO2)@GRA

– – 260.2 b

TS1@GRA −243.79102 4914.5 257.3 b −793.24

TS2@GRA −243.78779 4911.2 262.8 b −2136.62

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

Fig. 6.11 Optimized structures of the transition states and products in the hydrogen transfer
reactions for NM and NM@GRA
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Fig. 6.12 Potential energy
of NM and NM@GRA in the
C-N bond homolysis
reactions

N-O bond length increases by 0.022 Å and N–OH bond length decreases by 0.023 Å
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@GRAboth 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.Due to the activation energy changeofNMinitial reactions onGRAsurface,
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
(CH3NO2), was calculated by the equation:

EBD(CH3NO2) = E(·CH3) + E(·NO2) − E(CH3NO2)
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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(•CH3), E(•NO2), and E(CH3NO2) 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.

Fig. 6.14 BDE profile of a the linear dimer of NM as a function of rotation degree (ϕ) of the dipole
vectors. b Parallel NM dimer as a function of rotation degree (ψ) 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. Inmost cases, theNMmolecules 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 ofNMreaction
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
of CNTs@SiO2 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@SiO2 nano-composites were put forward
using polyvinyl pyrrolidone (PVP) as a surfactant. The morphology, microstructure
and chemical composition of CNTs@SiO2 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-SiO2 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@SiO2 was approxi-
mately two times larger than that of pristineCNTs,which canbepromising 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 uniquemechanical, electrical and thermal properties ofCNTs
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 bemixed 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-SiO2 possesses excellent properties such as high specific surface area, high
chemical activity and simple preparation process, and has wide application prospects
inmanyfields.Moreover, a large number of hydroxyl active groups exist on surface of
nano-SiO2, 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-SiO2 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-SiO2 (CNTs@SiO2) 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 (μm) Purity (wt%) Ash (wt%) Specific surface area (m2/g)

30–50 <10 >98% <1.5 >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@SiO2 Nano-composites

The modified sol–gel method was used in the preparation process of CNTs@SiO2

nano-composites. At first, 14ml ethyl silicate wasmixedwith 20ml 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@SiO2 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

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@SiO2

nano-composites in next step.

7.3.2 Characterization of Surface Morphology

The surface morphologies of pristine CNTs and CNTs@SiO2 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 SiO2 film was observed
around the surface of CNTs@SiO2. 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
SiO2 nanoparticles uniformly nucleated and grown on surface of CNTs, and no single
nucleated SiO2 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@SiO2 (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−1 and the stretching vibration peak of H–O-H
at 3440 cm−1 were very weak, which may be associated with the physically absorbed
H2O. It can be seen from the curve B that there were obvious absorption peaks at
1640 and 3440 cm−1, 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@SiO2 (c, d)

Fig. 7.4 FTIR spectra of
CNTs (a) and CNTs@SiO2
(b)
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water on the surface of CNTs@SiO2 nano-composites, which may be due to the
porous structure of CNTs@SiO2 composite particles, leading to the adsorption of
a lot of water molecules. The spectra of CNTs@SiO2 also exhibited characteristic
absorption peaks at 1080 and 798 cm−1 due to the stretching vibration modes of Si–
O–Si groups. Additionally, the emerging peaks at 954 and 470 cm−1 can be attributed
to Si–O–Si blending vibration in absorption spectra [12, 13]. From analysis above,
it can be identified that nano-SiO2 exists in the film structure of CNTs@SiO2.

The XRD patterns of CNTs@SiO2 composite particles was shown in Fig. 7.5.
It can be seen from Fig. 7.5a that CNTs@SiO2 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 2θ 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 SiO2 at other positions, indicating that SiO2 possessed amorphous structure.

Fig. 7.5 a XRD pattern of
CNTs@SiO2; b The fitting
results of characteristic peak
for CNTs@SiO2
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Amorphous SiO2 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@SiO2 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@SiO2 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@SiO2 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@SiO2 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
of pristine CNTs (a) and
CNTs@SiO2 (b)
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Table 7.2 Specific surface
and porosity of pristine CNTs
and CNTs@SiO2
nano-composites

Samples SSA (m2/g) Pore
volume (cc/g)

Pore size (nm)

CNTs 108.263 0.321 3.745

CNTs@SiO2 196.812 0.329 3.785

This can be considered as SiO2 coating on surface of CNTs, indicating approximate
mass fraction of SiO2 in composites.

The specific surface area (SSA) and porosity of the original CNTs and
CNTs@SiO2 were tested respectively, and the results were shown in Table 7.2. It
can be seen that the SSA of original CNTs and CNTs@SiO2 nano-composites are
108.263 and 196.812m2/g, respectively. After coated with SiO2 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@SiO2 nano-composites have larger SSA, and
the pore volume and pore size remain unchanged, indicating that the CNTs@SiO2

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-SiO2 sol from ethyl silicate is a complex hydrolysis
condensation process. The main reactions are as follows:

Si(OC2H5)4 + xH2O → Si(OH)x (OC2H5)4−x + xC2H5OH

≡ Si − OH + Si − OH ≡→≡ Si − O − Si ≡ +H2O

≡ Si − OH + Si − OC2H5 ≡→≡ Si − O − Si ≡ +C2H5OH

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
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effect, PVP can slow down the contact opportunities of different intermolecular
reactive groups, and control the deposition rate of SiO2 nano-particles on the surface
of CNTs, thus promoting the uniform growth of SiO2 on CNTs surface [18].

7.4 Conclusion

In this paper, CNTs@SiO2 nano-composites were prepared and characterized. The
dispersion test revealed that the nonionic surfactants, represented by PVP, showed
excellent dispersion effect on CNTs, whichmight be attributed to the steric hindrance
of the cyclic structure. On the premise that CNTs were not treated by strong acid
oxidation, SiO2 nanoparticles uniformly deposited on the surface of CNTs by the
sol-reflux method, forming CNTs@SiO2 nano-composites. Analysis showed that
the nano-SiO2 were amorphous, and the nano-SiO2 film greatly expanded surface
roughness of CNTs. The specific surface area of CNTs@SiO2 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@SiO2 nano-composites in energetic
materials.
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Chapter 8
Study on Mechanical Properties
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/cm3, 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 (MWCNTs). 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/cm3,
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)
�G 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
sphere, D/mm

The target plate material The target plate thickness,
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 formmechan-
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 titaniummatrix 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, c old welding
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temperature in the ball milling tank rises, carbon and titaniummay 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:

τOrowan = αMGb

π
√
1 − ϒ

· ln(
dp

b )

λ − dp
(8.1)

where, α 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 γ is

Fig. 8.2 The strengthening
status of the contents of
carbon nanomaterials to
different composites
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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 lc for load transfer
efficiency, lc can be represented by the Eq. (8.3):

lc = σy
Al

τ S
(8.2)

where, σy is the yield strength of graphene, A is the longitudinal cross-sectional
area of carbon nanomaterials, L is the radial length of carbon nanomaterials, τ 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, σc, can be expressed by Eq. (8.3) [55]:

σc = σyVG

(
1 − Aσy

2τ S

)
+ σm

(
1 − σyVG

)
(8.3)

where, Vg is the mass fraction of carbon nanotitanium matrix composites, and σm 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 rolledGr/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 inAutoDynwas used to simulate
the penetration performance of carbon nanotitaniummatrix compositeswith 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
sphere, D/mm

The target plate material The target plate thickness,
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 ρ/g/cm3 G C1/m/s S1

17.6 1.54 4.092e+3 1.237

CNTs-Ti ρ/g/cm3 G C1/m/s S1

4.51 1.23 5.02e+3 1.536

Cu ρ/g/cm3 BM/Kpa

8.96 1.29e+8

1006Steel ρ/g/cm3 G C1/m/s S1

7.896 2.17 4.569e+3 1.49

Ti–Al ρ/g/cm3 G C1/m/s S1

4.419 1.23 5.13e+3 1.028

Fig. 8.3 Discrete computing
domain

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 canwell 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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0us                       4us                       8us     

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

5mm                     10mm                       15mm 

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

CNTs-Ti 1006Steel

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

3mm                           5mm                      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-
forcedmetalmatrix 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
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.

K. Zhang · F. Jiang · X. Wang · X. Feng (B)
Xi’an Modern Chemistry Research Institute, Xi’an Zhangbadong Road 168, Xi’an 710065,
Shanxi, PR China
e-mail: bingqi204suo@163.com

K. Zhang
e-mail: zhangkun204@163.com

F. Jiang
e-mail: jiangfan9101@163.com

X. Wang
e-mail: wangxf_204@163.com

© China Ordnance Society 2022
A.Gany andX. Fu (eds.), 2021 InternationalConference onDevelopment andApplication
of Carbon Nanomaterials in Energetic Materials, Springer Proceedings in Physics 276,
https://doi.org/10.1007/978-981-19-1774-5_9

95

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-1774-5_9&domain=pdf
mailto:bingqi204suo@163.com
mailto:zhangkun204@163.com
mailto:jiangfan9101@163.com
mailto:wangxf_204@163.com
https://doi.org/10.1007/978-981-19-1774-5_9


96 K. Zhang et al.

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 [1–4]. 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 largeπ bond in themolecule
and a carboxyl group at the edge [5, 6]. 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 [7]. 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 energeticmaterial.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 [8–14].

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 [15]. In 2012, Fischer et al. [16] 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−3, the detonation velocity is 9699 m s−1, and the stan-
dard enthalpy of formation is 446.6 kJ mol−1. 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 [17, 18]. However,
Sinditskii [19] found that its heat of combustion is (2054 ± 6) kJ mol−1, and the
calculated generation of TKX-50 is only (111 ± 16) kJ mol−1, which is much lower
than the Fischer report. Xing and Yang [20, 21] 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−1, 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[22], HMX[23], CL-20[24] 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 [9, 25–27]. By loading GO with TKX-50/AP blends, it is expected
to improve the oxygen balance of TKX-50 and improve its reaction characteristics,



9 Preparation, Structure and Performance of TKX-50/AP/GO Composite 97

which has certain application value and theoretical significance. However, the prepa-
ration and performance study of theTKX-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 [28].

9.2 Experimental

9.2.1 Samples

TKX-50,white powder, particle size 200μm,AP,white powder, particle size 360μm,
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).

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-2400XRDanalyzer,
Rigaku Corporation.

9.2.3 Experimental Conditions

DSC experiment: Atmosphere is dynamic high-purity nitrogen, flow rate is
50 mL·min−1, pressure is 0.1 MPa, heating rate is 10 °C·min−1, sample mass is
1.0 mg, container is aluminum crucible.

Mechanical sensitivity: impact sensitivity, using GJB772A-97 method 601.1,
sample conditions are drop weight 10 kg, drop height 25 cm, and drug amount
50 mg; friction sensitivity, using GJB772A-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 theGO is an agglomerated layered structure. After loading,
the crystal morphology of AP and TKX-50 did not change, and GOwas 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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a. AP             b. TKX-50           c. GO        d. TKX-50/AP blends 

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

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−1 represents
the stretching vibration of the hydrogen–oxygen bond of the hydroxyl group on
NH3OH+. The absorption peaks at 3058, 1577, and 1526 cm−1 are the characteristic
absorption of aromatic groups, namely the tetrazole ring. The 814 cm−1 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−1, 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−1, which
represents the hydroxyl vibration in the molecule. It can be seen from the infrared
spectrumofGO loadedTKX-50,AP, andTKX-50/APblends that the infrared absorp-
tion peak positions of TKX-50 andAP 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 ofTKX-50 is reduced to different degrees,
and only 33.34° is partially enhanced, indicating that the interaction between GO and
TKX-50 is 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 ofGOon 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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a. AP, GO, AP/GO composite  b. TKX-50, GO, TKX-50/GO composite  

c. TKX-50, AP, GO, TKX-50/AP/GO composite 

Fig. 9.4 PXRD of AP, TKX-50, TKX-50/AP blends and after being loaded by GO

Fig. 9.5 DSC of TKX-50,
AP, TKX-50/GO, AP/GO
and TKX-50/AP/GO
composites
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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 [29], 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

TKX-50

AP

TKX-50/AP

TKX-50/GO

AP/GO

TKX-50/AP/GO
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Fig. 9.6 Mechanical sensitivity of AP, TKX-50, TKX-50/AP blends and after being loaded by GO



9 Preparation, Structure and Performance of TKX-50/AP/GO Composite 103

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 andAP, 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) 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. However, in the TKX-
50/AP/GO three-component system,GOonly 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
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 Aluminumwas 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 beenmade 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 l is 2 cm, h 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
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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:

εi = σi

E
− μ

E

(
σ j + σk

)

γi j = τi j

G

G = E

2(1 + μ)

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 themechanical 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:

σ = Eε, ε ≤ εs

σ = Eεs, ε > εs

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

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 calculationmodel. Thefirst 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 impulseswere loaded on the upper panel nodes as shown in the Fig. 10.7.

Fig. 10.4 Group 1
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Fig. 10.5 Group 2

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.
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Table 10.2 Parameter of AL-2024 [35]

Parameter AL-2024

Density kg/m3 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 s−1 11. 0

Table 10.3 .

Group Serial number Shape Duration/µs Peak of the
impulse/MPa

Specific impulse/PaS

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 2.4 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
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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 µs, 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 0.6MPa, 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, themax-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 µs. 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.

Fig. 10.8 Stress at panel-layer interface
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Fig. 10.9 Comparison of z-displacement–time (a) and stress-time (b) histories of the test points
(group 1)

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 µs, 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 µs.

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 µs,
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 µs, but with the time increase, the ladder impulses
have almost no effect on the displacement in 62–80 µs, 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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 (a) 20 us-35 us                       (b) 62 us-80 us 

Fig. 10.12 Comparison of z-displacement–time histories of the test points (group 3)

Fig. 10.13 Comparison of stress-time histories of the test points (group 3)

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
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 RHTmodel 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.
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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
comparedwith the experimental results. The propagation law of air shockwave 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.

A0.5 kg sphericalCOMPBwas used in the simulation. The concretewall and rock
use Lagrange element, the COMP B and air use Euler element. The fluid structure
coupling relationship between them was established.

(a1) Straight tunnel (b1)   L -shape tunnel (c1) T-shape tunnel

Fig. 11.1 Location of burst points in tunnels
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    (a1) Straight tunnel      (b1) L-shape tunnel   (c1) T-shape tunnel 

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 COMP B

JWL equation of state was selected for explosive

p = A

(
1− ω

R1V

)
e−R1V + B

(
1− ω

R2V

)
e−R2V + ω

V
E

where,A andBare the linear coefficient; R1, R2,ω are the non-linear coefficient;V =
Vi/V0, Vi is volume of detonation product, V0 is volume of unexploded explosive.
A, B, R1, R2,ω 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
rock

Parameter Concrete Rock

(a) P-alpha EOS

Initial density ρ0(g/cm3) 2.75 2.7

Pore density ρ1(g/cm3) 2.314 2.314

Initial pressure P1(KPa) 2.33 × 104 2.33 × 104

Compaction pressure P2(KPa) 6 × 106 6 × 106

Porosity index N 3 3

A1 (KPa) 3.53 × 107 4.54 × 107

A2 (KPa) 3.96 × 107 4.19 × 107

KPa) 9.04 × 106 4.20 × 106

B0 1.22 0.9

B1 1.22 0.9

T1 (KPa) 3.53 × 107 4.54 × 107

T2 (KPa) 0 0

(b) RHT Strength model

Shear modulus G (KPa) 1.67 × 107 1.67 × 107

Compressive strength fc (KPa) 3.5 × 104 4.8 × 104

Tension strength ft/ fc 0.1 0.1

Shear strength fs/ fc 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 f ric 1.6 1.6

Fracture strength exponent n f ric 0.61 0.61

Strain rate exponent α 0.032 0.02439

Tensile strain rate exponent β 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)ρE

where, k is the adiabatic coefficient of gas, ρ 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
parameters of explosive
materials

Parameter Value

Density ρ
(
g/cm3

)
1.717

Detonation velocity D (m/s) 7980

C-J explosion pressure P (Pa) 2.95 × 1010

Material constant A (Pa) 5.2423 × 1011

Material constant B (Pa) 7.678 × 109

Material constant R1 4.2

Material constant R2 1.1

Material constant ω 0.34

Initial internal energy E0(J/m3) 8.5 ×109

Table 11.3 Ideal gas model
parameters of air

Parameter Value

Density ρ(g/cm)3) 1.225 × 10–3

Internal energy (mJ/mm3) 2.068 × 105

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
1–4 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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(a) T = 0.1ms (d) T = 0.2ms

(b) T = 0.3ms (c) 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, themaximum 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 (c) 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 wasmainly concentrated in the corner. The damage
wasmainly concentrated in thewall outside the corner, where the tunnel structurewas
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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(a) Stress (b) Strain

(c) Displacement (d) Velocity

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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(a) Stress (b) Strain

(c) Displacement (d) Velocity

Fig. 11.6 Dynamic response observed at observation point 1 after the explosion of all burst points
in the straight tunnel
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(a) T = 0.1ms (d) T= 0.2ms 

(b) T = 0.3ms (c) T = 0.5ms

Fig. 11.7 Stress distributing graph after the explosion of burst point 3 in the L-shape tunnel



128 X. Liu et al.

(a) T = 0.1ms (d) T = 0.2ms

(b) T = 0.3ms (c) T = 0.5ms

Fig. 11.8 Rock damage distributing graph after the explosion of burst point 3 in the L-shape tunnel
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(c) (d)

(a) The stress-time curves observed at observation points 1-3 

(b) The stress-time curves observed at observation points 4-8 

(c) The strain-time curves observed at observation points 1-3 

(d) The strain-time curves observed at observation points 4-8 

(a) (b)

Fig. 11.9 Dynamic response observed at observation points 1–8 after the explosion of burst point
3 in the L-shape tunnel
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(e) (f)

(g) (h)

(e) The displacement curves observed at observation points 1-3  

(f) The displacement curves observed at observation points 4-8 

(g) The velocity-time curves observed at observation points 1-3  

(h) The velocity-time curves observed at observation points 4-8 

Fig. 11.9 (continued)
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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
observationpoint 3 decreased rapidly after reaching thehighest value (between20and
120MPa), then fluctuated about 1 ms between 0 and 30MPa, and finally the residual
stress stabilized between 10 and 30 MPa. After the stress observed at observation

(a) (b)

(c) (d)

(a) The stress-time curves observed at observation point 3

(b) The stress-time curves observed at observation point 8
(c) The strain-time curves observed at observation point 3
(d) The strain-time curves observed at observation point 8

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) (f)

(g) (h)

(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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(a) Maximum stress (b) Maximum strain

Fig. 11.11 Variation curve ofmaximum stress and strain of observation points 3 and 8with 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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(a) T = 0.1ms (d) T = 0.2ms

(a) T = 0.1ms (d) T = 0.2ms

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 28.51MPa 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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(a) T = 0.1ms (d) T = 0.2ms

(a) T = 0.1ms (d) T = 0.2ms

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,
therewas residual stress observed at observation points 1,whichwas 20–40MPa. The
maximum stress observed at observation point 5 increased from 23.6 to 80.6 MPa,
and themaximum 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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(a) (b)

(c) (d)

(a) The stress-time curves observed at observation points 1-4

(b) The stress-time curves observed at observation points 5-8

(c) The strain-time curves observed at observation points 1-4

(d) The strain-time curves observed at observation points 5-8

Fig. 11.14 Dynamic response observed at observation points 1–8 after the explosion of burst point
3 in the T-shape tunnel
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(e) (f)

(g) (h)

(e) The displacement curves observed at observation points 1-4

(f) The displacement curves observed at observation points 5-8

(g) The velocity-time curves observed at observation points 1-4

(h) The velocity-time curves observed at observation points 5-8

Fig. 11.14 (continued)
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(a) (b)

(c) (d)

(a) The stress-time curves observed at observation point 1

(b) The stress-time curves observed at observation point 5

(c) The strain-time curves observed at observation point 1

(d) The strain-time curves observed at observation point 5

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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(e) (f)

(g) (h)

(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 1

(h) The velocity-time curves observed at observation point 5

Fig. 11.15 (continued)
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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
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
volatilizationmethod, 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, theN2 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, –NO2, –ONO2 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
molecular mass

About 20,000

Melting temperature/°C 90–110 Nitrogen content/% 35

Glass transition
temperature/°C

−30 Density/(g/cm−3) 1.29

Thermal decomposition
temperature/°C

259.38 H50/cm 70

Tensile strength at room
temperature/MPa

5 Friction sensitivity 0

Elongation at room
temperature/%

400 Shore hardness 52

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 ofETPEs 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-suYin-guangChemicalGroupCo., Ltd.;
ETPEs based on BAMO/AMMO, with a number average molecular mass of 2× 104,
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 μm, 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



146 J. Dong et al.

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:

2Al + 1.5O2 → Al2O3 �Hf = −414 kJ/mol (12.1)

2Al + 3CO2 → Al2O3 + 3CO �Hf = −826 kJ/mol (12.2)

2Al + 3CO → Al2O3 + 3C �Hf = −1314 kJ/mol (12.3)

2Al + 3H2O → Al2O3 + 3H2 �Hf = −939 kJ/mol (12.4)

The ETPEs selected in this study have the characteristics of high nitrogen content.
The N element produces N2 during the detonation process. Under high temperature
and high pressure, aluminum powder and N2 can react to form aluminum nitride and
gives off a lot of heat.

2Al + N2 → 2AlN �Hf = −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
formulation

Explosive sample RDX, % Al powder
(FLQ-355A), %

Binder, %

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 explosionof 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: φ30 mm × 30 g compressed explosive column.
Distance measurement: 0.9 m, contrast distance is 2.90 m/ 3

√
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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Fig. 12.1 Layout of
under-water test

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
overpressure, MPa

Bubble cycle, ms

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 toGJB772A-1997 “Explosive TestMethod” 701.1
adiabatic method. At a vacuum of−0.094MPa, 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‰ 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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1-temperature controller, 2-platinum resistor, 3-thermometer, 4-submersible pump, 5-explosive sample, 6-device of explosive

heat, 7-calorimetric barrel, 8-oauterbarrel, 9-heating plate, 10-cooling pipe, 11-pump

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, Al2O3 (Al powder outer layer is Al2O3) 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
Al2O3 are calculated. The planewave cut-off energy used in the calculation is 520 eV,
and the standards for energy convergence and force convergence are 1 × 10–4 eV
and 1 × 10–3 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 Å 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 α-Al2O3 and RDX

The energies of the (111), (110), (101), (011), (100), (010), (001) crystal planes of
α-Al2O3 (space group: R-3C) have been calculated. All surfaces contain four layers
of Al2O3 atoms, for a total of 40 atoms. The 9 × 9 × 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 Al2O3

is a highly symmetrical crystal, the three crystal planes don’t have great different.
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Table 12.4 Energy calculation of different section of Al2O3

Crystal plane

Section
number

(110) (ev) (101) (ev) (011) (ev) (111) (ev) (100) (ev) (010) (ev) (001) (ev)

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 cuttingmethod of (110) crystal plane is
selected to study the stacking adsorption behavior of azidomethane. Because RDX is
a molecular crystal, it’s directly add a 20 Å vacuum layer to calculate. The Brillouin
zone calculation of the primitive cell adopts a 3 × 3 × 1 Monhkorst-Pack K-point
grid.

12.2.6.2 Azidomethane

The azidomethane molecules are placed in a super cell of 20 Å × 20 Å × 20 Å for
structural optimization, and theK-point grid is selected as 2× 2× 2. In the optimized
structure, the bond length of the N =N double bond is 1.213 Å, and the bond length
of the N–N single bond is 1.545 Å and 1.544 Å, which is the same as the standard N
= N bond length of 1.25 Å and N–N bond length of 1.45 Å 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 Al2O3+ 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 Al2O3 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×
3 × 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 Å. Place the
azidomethane flat on the (110) surface of α-Al2O3. The distance between the atoms
of the azidomethane and the α-Al2O3 surface atoms in the initial structure is between
1.2 and 1.8 Å, 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 α-Al2O3 atom becomes larger, reaching
more than 2.48 Å. The calculated total energy of α-Al2O3(110) surface after
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(a) Before optimization (b)After optimization

Fig. 12.3 Molecular structure of adsorption of azidomethane on Al2O3

adsorbing azidomethane molecule is: −1235.31 eV. The total energy of α-Al2O3

(110) surface and azidomethane are −1193.996 eV and −40.975 eV respectively.
So the total energy of α-Al2O3 (110) surface adsorbing azidomethane molecules is
lower than the separated two energy 0.339 eV (�E = −0.339 eV). It’s show that
α-Al2O3 can adsorb azidomethane molecules.

12.2.6.4 Calculation of RDX + Azidomethane Adsorption Energy

Considering the position of the azidomethanemolecule, 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 azidomethanemolecules 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 Å 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 Å, and the interaction between
azidomethane molecules is negligible.

Except the K point grid is set to 2 × 1 × 1, the other calculation parameters are
the same as Al2O3 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, reachingmore than 2.6 Å. 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: �E = 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
energy, MJ kg−1

Specific bubble
energy
MJ kg−1

Total energy
MJ kg−1

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
samples

Increase rate of specific
shock wave energy, %

Increase rate of
specific bubble
energy, %

Increase rate of total
energy, %

No. 1 sample
comparison

9.8 8.6 8.8

No. 2 sample
comparison

14 8.8 9.1

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 sumof 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 Eqs. (12.3) and (12.5), resulting in the increase of total
explosion energyof aluminized explosive.At the same time, the slowburning 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 N2. According
to the Eq. (12.5), N2 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 × 54% − 0.89 × 40%

− 1.7879 × 5% − 3.460 × 1% = −0.5966;

OB (EVA explosive) = −0.216 × 54% − 0.89 × 40% − 1.685

× 3% − 3.460 × 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 =
∑

mi Qoi = 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/cm3, and
the molding density of EVA explosives is 1.916 g/cm3.

B =
∑

mi Bi = 1.429;

Qv = Qo − B(ρT − ρ)

= 8.086−1.429 × (2.005−1.924) = 7.970 MJ kg−1;

The theoretical explosion of EVA explosives can be shown as:

Qo =
∑

mi Qoi = 8.031;
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Table 12.7 Explosion heat test results

Name Number Explosion heat
value, kJ kg−1

Name Number Explosion heat
value, kJ kg−1

increase rate
of explosion
heat value, %

ETPEs
explosive

1 7930.9 EVA
explosive

1 7621.1 4

2 7873.8 2 7619.8 3.3

B =
∑

mi Bi = 1.345;

Qv = Qo − B(ρT − ρ)

= 8.031−1.345 × (1.953−1.916) = 7.981 MJ kg−1;

Among them, Qo—theoretical density explosion heat; B—density correcting
coefficient of the mixed explosive detonation heat; Qv—detonation heat of mixed
explosive with density ρ.

It can be seen from theoretical calculations that although the density correction
coefficient of ETPEs 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 N2 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 increasedbynearly 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
correction method

K-point grid Calculation accuracy Energy (eV)

Al2O3 DFT-D3 9X9X1 Default precision −298.49886

Azide methane DFT-D3 2X2X2 −40.975415

RDX DFT-D3 3X3X1 −1043.3066

Al2O3 + azide
methane

DFT-D3 3X3X1 −1235.3102

RDX + azide
methane

DFT-D3 2X1X1 −2126.6427

Table 12.9 Corresponding
adsorption energy between
components

Structure Adsorption energy (eV)

Al2O3 + 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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1. Using ETPEs as a binder can significantly increase the explosive energy release
rate of aluminized explosives in underwater and closed environments.

2. 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.

3. 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
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 contentwas analyzedby energy spectrum, and the effect ofCu-Ccomposite
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 ε-CL-20 reached 2.04 g/cm3, The detonation velocity of ε-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 energeticmaterials [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 Fe2O3 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×.

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 2000× and 5000× 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 weremeasured 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

Table 13.1 Element content
of Cu-C complex

Element C Cu O

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

TheSEMimages ofCu-Ccomplex shown inFig. 13.2. It canbe seen fromFig. 13.2
that the nano-copper is spherical, and the particle size range is between50 and500nm.
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 5um, 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-20mixing 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, theDSC curves of pureCL-20 andCu-C complex/CL-20mixtures
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



166 W. Zhou et al.

a 2000X b 5000X

Fig. 13.7 SEM images of Cu-C complex/CL-20 (mass ratio 10:90)

Fig. 13.8 DSC curves of
different ratios of Cu-C
complexes/CL-20

240 260

0

20

40

60

80

100
   250.6

   250.6

   250.6

H
ea

t F
lo

w
 m

W
/m

g

t/

CL-20
 Cu-C:CL-20=1:99
 Cu-C:CL-20=5:95
 Cu-C:CL-20=10:90

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-20 is 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
different heating rates of
Cu-C complexes/CL-20
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Table 13.2 The activation energy of Cu-C complexes/CL-20

Heating rates (β,
°C/min)

Peak temperature (Tp,
K)

103/Tp ln(β/ Tp
2) Activation energy (Ea,

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-20with
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.

2. 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.

3. 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
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,
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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 nanostructuredmaterialwith hexagonal
shapes connected to eachother to form tube shapes, are themost prevalent novelmate-
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 [5, 6]. Interestingly, CNTs maintain a unique chemical network struc-
ture in the periodic table. Therefore, they are the only group which can be bonded
with each otherwith virtuous chemical stability by theπ-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 orMg) and oxidizers (e.g. CuOor Fe2O3). Figure 14.1 shows a
typical preparation process for nMIC.ThenMIC is an novel promising nano-EMtobe
themicro-igniter at both numerous civilian andmilitary applications, such as safe arm
and fire device used inmissiles, rockets, micropropulsion systems formicrosatellites,
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 Al/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 15V. To improve the surface compatibility between
paper electrode and nano-EMs,KimHo et al. [16] prepare a hybridMWCNTs-coated
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Fig. 14.2 TEM imageAl/Teflonwith 10% bymass 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 ofCNTs canbedesigned to be an

Fig. 14.3 Schematic of the fabrication process of hybrid MWCNTs-coated paper [16]



14 Progress on the Carbon Nanotubes Applied to Energetic Materials 175

igniter.When exposed to a camera flash, theCNTs 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 MWCNTs 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/KClO4 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 MWCNTs 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 Fe2O3 via a
sol–gel method, on the AP decomposition process by thermal analysis. Compared
with using nano-Fe2O3 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/Fe2O3 composite catalyst. The higher catalytic activity
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Table 14.1 Effect of CNTs on decomposition temperature for EMs

Catalyst CNTs@Fe2O3 [29] MWCNTs [30] SWCNTs [30] PbO·CuO/CNTs
[31]

Application AP AP AP RDX

Preparation
method

Sol–gel method Solvent-antisolvent
method

Solvent-antisolvent
method

microemulsion
method

Thermal
analysis
method

TG DSC DSC DSC

Degradation of
decomposition
temperature
(°C)

54.0 42.0 62.0 5.7

of CNTs/Fe2O3 composites than Fe2O3, because the aggregation of nano-Fe2O3 is
restrained by supported of CNTs. Mahmoud et al. [30] synthesis AP/CNTs 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 SWCNTs 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 N8@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
onhigh-temperature creep properties of 1,3,5-triamino-2,4,6-trinitrobenzene (TATB)
based PBX.Results show that, with only 0.25%mass ofMWCNTs, the creep lifetime
of the PBX is extended by over 33.3%and 750%under 6MPa and 7MPa 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)2 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(N3)2 by supported on CNTs, through firstly depositing of
nano-copper in CNTs by electrochemical deposition and then oxidization from Cu
to Cu(N3)2 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
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detection for nitramine explosive, such as RDX [52]. Stefanoet al. [53] decrease
surface roughness of CNTmodified GCE though acid functionalization CNTs by the
blend ofH2SO4andHNO3.Comparedwith pristineCNTs, 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. Sílvia et al. [54] report a modi-
fied method for a boron-doped electrode by using a thin film consist of MWCNTs
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 μmol
L−1 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 andMWCNTs 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 arewell dispersed on 3Dporous 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/MWCNTs 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 nanomaterials 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,
AI 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
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 asmetal 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 newgeneration of high-performance
burning rate catalysts.

Graphene has a regular two-dimensional surface structure, a huge theoretical
specific surface area (approximately 2630 m2 g−1) and good electronic conductivity,
aswell as excellent thermal conductivity and structural stability. It is not only a special
catalyst, but also an excellent catalyst carrier [3, 4]. Themetal and its compounds can
be loaded on the surface of graphene to form a supported nanocomposite catalyst. In
this way, themetal 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
carbonnanotube, and layered to forma three-dimensional graphite. Sographene is the
basic unit of other graphite materials. Graphene materials also have some excellent
properties ofmaterials 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 andmechanical properties. It is expected to bewidely
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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

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 carbonmaterials 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 AnAFM (Scanning TunnelingMicroscope) 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. c 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).

Carbonmaterials 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
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Symbol Serial number
Lead 
salt A

Copper 
salt B

Catalyst

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

beenmany 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, Fe2O3/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
Bi2O3/CNTs composite [15]
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Fig. 15.6 The effect of
carbon nanotubes content on
DSC curve of CL-20 [16]

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. Bi2O3/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 m2·g−1) 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 (TiO2) 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 TiO2/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 TiO2 / graphene
oxide composite catalyst prepared by Zhang et al. [23] is obviously better than that
of nano-TiO2. 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 phenolwas 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 Cu2O-PbO/graphene oxide in the double-
base propellant (GO1201)was studied byLi et al. [25]. The results show thatGO1201
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. Bi2O3/graphene oxide (Bi2O3/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 Bi2O3/GO composite catalyst on the combustion performance of
double-base propellantwas also studied. The results showed that Bi2O3 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 nm. Bi2O3/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, Bi2O3/GO, and PbO/GO, whose raw materials are
graphene oxide, copper nitrate, Bi2O3·5H2O, 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
Cu2O-PbO/GO, Cu2O-Bi2O3/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−1, an increase of 233% (Fig. 15.9).
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Fig. 15.9 TEM diagram of
Bi2O3/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 nanometal 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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Chapter 16
Mechanical, Thermal Properties
and Ablation Resistance of Unsaturated
Polyester Inhibitor by α-Type Zirconium
Phosphate and Multi-walled Carbon
Nanotubes

Lisheng Zhou, Guohui Chen, Yang Li, Aijuan Shi, Shuxin Wu, Jianxia Liu,
Xiao Xiao, and Shishan Yang

Abstract Unsaturated polyesters (UP) as solid propellant inhibitor have beenwidely
used in weapons and equipments, however, with the gradual improvement of solid
propellant properties, higher and higher performance requirements are put forward
for the inhibitors. In this paper, the mechanical and ablative properties of the UP
inhibitor were improved by adding multi-walled carbon nanotubes (MWCNTs) and
α-type zirconium phosphate (α-ZrP), the effect of the addition amount on the proper-
ties was also investigated. The results show that the addition of MWCNTs and α-ZrP
can increase the tensile strength of the UP inhibitor. When the addition of MWCNTs
and α-ZrP was 0.5 g and 3 g, respectively, the tensile strength of the inhibitor was
33.58 MPa, which increased by 55.7%. Meanwhile, the addition of MWCNTs and
α-ZrP can significantly improve the heat and ablation resistance of the UP inhibitors.
When the addition amount of MWCNTs and α-ZrP was 1 g and 3 g, the linear abla-
tion rate is 0.41 mm/s, with a reduction of 25.5%. Therefore, MWCNTs and α-ZrP
as reinforce and ablative resistant fillers show potential application prospect in solid
propellant inhibitor field.

16.1 Introduction

Unsaturated polyester (UP) is a kind of thermosetting resin synthesized by polycon-
densation between diacid (or anhydride) and dihydric alcohol, containing unsaturated
bonds and ester bonds. UP resins have advantages of strong mechanical properties,
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good transparency, cure at room temperature and low manufacturing cost. UP resin
has good adhesion performance with modified double-base propellant, so it has been
widely used as solid propellant inhibitors in the field of double-base propellant and
double-base propellant charges. At abroad, the Rattlesnake air-to-ground missile
R400 engine, Sidewinder IIIB air-to-air missile gas generator, Hult anti-tank missile
all used UP resin as propellant inhibitors [1]. UP as solid propellant inhibitor also has
some defects, such as poor toughness, low elongation at low temperature, and poor
ablation resistance.Yang et al. synthesized a series of polyurethane containing double
bond for the modification of UP inhibitor, the results indicating that polyurethane
can obviously increase the toughness of UP inhibitor [2]. In addition, with the devel-
opment of weapons and equipment towards high energy and long endurance, the
comprehensive performance of inhibitors faces higher technical requirements.

At present, adding flame retardant is the most common method to improve the
ablative resistance of the solid propellant inhibitor. Cyclotriphosphazene derivatives
have been widely studied and applied in the field of flame retardancy due to their
unique P and N structures and strong molecular designability, which can endow
polymers with good flame retardancy and ablative resistance [3–6]. Chen et al.
studied the influences of polyphosphazeneflame retardant, phexa-(4-hydroxymethyl-
phenoxy)-cyclotriphosphazene to the UP inhibitor, indicating that polyphosphazene
flame retardant can reduce the tensile strength and improve the ablative resistance
[7]. Pereira prepared flame retardant UP nanocomposites which containing layered
double hydroxides (LDH), and the fire reaction properties were evaluate by cone
calorimeter, indicating that flammability of UP decreased significantly [8]. Cyclot-
riphosphazene derivatives have been studied as flame retardants in a variety of poly-
mers, such as ABS resin [9], polyurethanes [10–13], epoxy resin [14–17], PET [18,
19], PC [20–22], etc., to improve their flame-retardant properties. Cao et al. [23] used
aldehyde/allyl-aryloxypolyphazene-based inhibition formulas as free loading solid
propellant inhibitor, the inhibitor showed excellent ablative resistance and thermal
stability. In recent years, more and more attention has been paid to improving the
flame retardancy of polymer matrix through the synergistic flame retardancy of func-
tional 2D nanosheets and traditional flame retardants, zirconium phosphate (ZrP)
has become a hot research topic in flame retardant industry due to its good thermal
stability and catalytic carbonization effect [16, 24]. Furthermore, carbon nanotubes
(CNTs) can not only be used as enhanced nanofillers [25], it also shows good effect
in the research of flame retardant modification of polymer [26].

In this article, UP inhibitors containing cyclotriphosphazene flame retardant,
hexa-(4-aldehyde-phenoxy)-cyclotriphosphazene (HAPCP),α-ZrP andmulti-walled
carbon nanotubes (MWCNTs)were prepared, and the thermal and ablation resistance
properties of UPR inhibitors were also characterized and analyzed. Furthermore,
we explored the effects of different content of α-ZrP and CNTs to the mechanical
properties of UP inhibitors.
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16.2 Experimental

16.2.1 Materials

The α-ZrP was purchased from Sunshine Technology Co. Ltd., China. The multi-
walled carbon nanotubes (MWCNTs, trade mark XFQ041, with a diameter of 10–
20 nm) was purchased from Nanjing XFNANO Materials Tech Co. Ltd., China.
Unsaturated polyester and cobalt naphthenate were purchased from Changzhou
Huake Polymer Co. Ltd., the cyclohexanone peroxide (HS-E1) was purchased from
Changzhou Tianma Group Co. Ltd. HAPCP was synthesized by Xi’an Modern
Chemistry Research Institute.

16.2.2 Preparation of UP Inhibitors

Different amount of UP, HAPCP, MWCNTs and α-ZrP were weighed and agitated
intensely. Then the mixture was mixed by three-roller grinder for three times to
obtain the pre-mixed slurry. The accelerator cobalt naphthenate and initiator HS-1
were added and mixed with the above pre-mixed slurry. The mixture was degassed
under vacuum at room temperature (RT) for 10 min, then poured into mold and cured
RT for 12 h. The formulations of UP inhibitors are summarized in Table 16.1.

Table 16.1 Formulations of UP inhibitors

Sample UP (g) HAPCP (g) MWCNTs (g) α-ZrP (g)

1 100 15 0 0

2 100 15 0 1

3 100 15 0 2

4 100 15 0 3

5 100 15 0.5 1

6 100 15 0.5 2

7 100 15 0.5 3

8 100 15 1 1

9 100 15 1 2

10 100 15 1 3
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16.2.3 Characterization

Fourier transform infrared (FTIR) spectra were performed on a PerkinElmer Instru-
ments SpectrumGXFTIR spectrometer in the wavenumber range of 400–4000 cm−1

using KBr sampling sheets. Thermogravimetric analysis (TG) measurements were
performed on the TA Q50 thermogravimetric analyzer under air atmosphere at a
heating rate of 20 °C·min−1 from room temperature to 800 °C. And all the samples
were measured in open Al2O3 crucibles. Scanning electron microscopy (SEM) were
performed on a Tescan (Vega 3 LMH) scanning electron microscope to charac-
terize the surface morphologies of the tested samples. Tensile strength analyses were
performed on a CMT 6503 tensile tester at an elongation rate of 10 mm min−1

according to the standard GJB 770B–2005. The linear ablation rate was measured
according to the GJB 323B–2018 standard using an oxygen-acetylene ablator.

16.3 Results and Discussion

16.3.1 Mechanical Properties of UP Inhibitors

Themechanical properties of curedUP inhibitor compositeswere evaluatedby tensile
property. Figure 16.1 shows the tensile strength and elongation at break of sample
1–10, and the relevant experimental data are summarized in Table 16.2. The tensile
strength and elongation at break of UP inhibitor 1 without MWCNTs and α-ZrP
are 21.56 MPa and 37.4%. According to the data in the table, the tensile strengths

Fig. 16.1 Tensile property curves of UP inhibitors
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Table 16.2 X Tensile
properties of UP inhibitors

Sample Tensile strength (MPa) Elongation at break (%)

1 21.56 37.4

2 25.43 33.1

3 25.92 29.3

4 26.98 27.6

5 29.59 30.3

6 31.42 27.5

7 33.57 25.1

8 27.31 25.4

9 28.15 22.9

10 29.07 21.8

of UP composites were improved with the addition of α-ZrP, and the elongation
decreases with the content increasing. Taking sample 2–4 as example, the tensile
strengths are increased by 17.9%, 20.2% and 25.1%, respectively, compared with
sample 1. This mainly because those α-ZrP nanoplatelets have rigid two-dimensional
structure, cooperated with MWCNTs can effectively strengthen the tensile strength
of the composites. When the addition of α-ZrP is the same, the tensile strength of the
UP composites firstly increases and then decreases with the increase of the content of
MWCNTs, while the elongation decreases with the content increasing. This may due
to the agglomeration phenomenon with the increase of the addition of MWCNTs,
which reduces the mechanical properties of the UP composites. In this research, UP
inhibitor composites have the best tensile properties when the addition of MWCNTs
is 0.5 g per 100 gUP resin, especially sample 7, the tensile strength and elongation are
33.57 MPa and 25.1%, respectively, the strengths is increased by 55.7%, indicating
that the UP inhibitor has excellent mechanical property.

16.3.2 Thermal Stability of UP Inhibitors

The effect of MWCNTs and α-ZrP on the thermal stabilities of UP inhibitors were
evaluated by TGA, and Fig. 16.2 shows the curves of the TGA and derivative ther-
mogravimetric analysis (DTG) of the MWCNTs, α-ZrP, sample 1, 2, 5 and 7.the
characteristic data of thermal degradation are summarized in Table 16.3. The data T 5,
T 10, T 50 mean temperatures at 5, 10 and 50%mass loss, respectively The MWCNTs
is a kind of carbon material with excellent heat resistance, the char yield at 800 °C is
up to 97.1%. α-ZrP shows twomain decompose stage, the first stage occurs from 60–
250 °C with the maximum decomposition temperature at 145 °C, which was due to
the pyrolysis of crystalline water, the second stage of thermal degradation is conden-
sation of P-OH in α-Zr (HPO4)2 to form ZrP2O7. The α-ZrP also has fairly high
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Fig. 16.2 TGA curves of MWCNTs, α-ZrP and UP inhibitors

Table 16.3 Thermal parameters of MWCNTs, α-ZrP and UP inhibitors

Sample T5 (°C) T10 (°C) T50 (°C) Char yields at 800 °C

MWCNTs – – – 97.1

α-ZrP 174 572 – 88.3

1 207 265 370 3.5

2 206 262 375 5.4

5 212 265 373 5.8

7 196 248 366 7.8

char residue at high temperature (88.3% at 800 °C) indicating excellent thermosta-
bility. The sample 1, 2, 5 and 7 have similar TGA curves, UP inhibitors decompose
in multistep thermal degradation, the two major weight loss thermal degradation
courses appear at 300–400 °C and 450–600 °C due to the decomposition of the
polymer matrix networks and further thermo-oxidative decomposition of formed
char, respectively. The char yields of UP inhibitors increase with the improvement of
the MWCNTs and α-ZrP. The increase in residual char suggests that the addition of
MWCNTs and α-ZrP improve the thermal oxidative resistance of the charred residue
and char formation of UP, which can inhibit the thermal decomposition rate of UP
composites. This mainly due to the synergistic effects of HAPCP, MWCNTs and
α-ZrP that make the obtained UP inhibitors with retardant efficiency.
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16.3.3 Ablation Resistance Properties of UP Inhibitors

Ablation resistance property is one of the key parameters of solid propellant inhibitor,
the linear ablation rates of the obtainedUP inhibitorsweremeasured using anoxygen-
acetylene ablator, and the results are shown in Fig. 16.3. As can be seen that the
addition of MWCNTs and α-ZrP can significantly improve the ablation resistance of
UP inhibitors. The linear ablation rate of sample 1 is 0.55 mm/s, indicating that this
sample has poor ablation resistance. The linear ablation rates ofUP inhibitor compos-
ites decrease with the additive amount of MWCNTs and α-ZrP. When the addition
of MWCNTs and α-ZrP were 1 g and 3 g, respectively, per 100 g UP resin, the abla-
tion rate is 0.41 mm/s, with a reduction of 25.5%. The HAPCP in the UP inhibitors
acts as intumescent flame retardant, during the composite combustion HAPCP was
decomposed to phosphazene free-radicals, these radicals can can inhibit the degra-
dation of matrix in the condensed phase and the combustion chain reaction in the
gas phase. MWCNTs and α-ZrP both have excellent thermostability and high char
yield at high temperature, and not flammable during inhibitor combustion. Further-
more, the presence of MWCNTs and α-ZrP nanoplatelet can enhance the strength
of the carbonization layer of UP inhibitors. So HAPCP, MWCNTs and α-ZrP have
synergistic flame retardant effect to UP resin that can improve ablation resistance of
UP inhibitors.

The char residues of the UP inhibitors sample 1 and 7 were collected after linear
ablation test, and the surface morphologies of these samples were measured by
SEM to investigate the influence of the morphology of the char layers to the ablation
resistance properties, the SEM images are shown in Fig. 16.4. It can be seen that both
the chars have a honeycomb structure, thismay due to the intumescent flame retardant
effect of cyclotriphosphazene derivative HAPCP. And the addition of MWCNTs and
α-ZrP can improve the char formation during combustion process, reinforce the
structural strength of the char layer, which is in accordance with TGA result. The

Fig. 16.3 The linear
ablation rates of UP
inhibitors



208 L. Zhou et al.

Fig. 16.4 SEM images of char morphology after linear ablation

expanded char is helpful to restrain the exchange of oxygen and heat inside and
outside the char, thus improving the ablation resistance.

16.4 Conclusion

In this article, a series of UP inhibitor composites containing HAPCP, MWCNTs
and α-ZrP were prepared and mechanical properties, thermal stabilities and abla-
tion resistance properties were measured. The addition of MWCNTs and α-ZrP can
improve the tensile strength of UP inhibitors as reinforce fillers but can decrease
the elongation. Sample 7 has the highest tensile strength of 33.57 MPa with 0.5 g
MWCNTs and 3 g α-ZrP per 100 g UP resin, which is increased by 55.7% compared
with Sample 1. According to the thermal stability results of UP inhibitors, the addi-
tion of MWCNTs and α-ZrP can improve the high temperature stability and char
yield, due to the excellent heat resistance of MWCNTs and α-ZrP. Finally, the abla-
tion resistance properties were evaluated using an oxygen-acetylene ablator. Because
the combination of intumescent flame retardant HAPCP, MWCNTs and α-ZrP has
synergistic flame retardant effect, the ablation resistance was improved as fillers
contents increasing. In conclusion, MWCNTs and α-ZrP as reinforce and ablative
resistant fillers show potential application prospect in solid propellant inhibitor field.
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Chapter 17
Simulation Study on Pressure Relief
of Cabin Door Under Explosive Load
in Cabin

Wenhui Zhao and Yuxin Sun

Abstract Anti-ship missiles can explode inside ships, so it is of great significance
to study the explosion protection inside ships. In this paper, ANSYS/LS-DYNA
numerical simulation software was used to simulate the explosion process of 350 kg
TNT inside the cabin with and without doors based on the fluid-structure coupling
algorithm.The calculation results show that by setting the door to open under a certain
impulse, it is beneficial to reduce the convergence pressure at the corner of the cabin
and the stress on the bulkhead, and at the same time, it can reduce the velocity and
displacement of the upper bulkhead. It plays a certain role in the protection of cabin
structure, and can provide ideas for improving the anti-explosion performance of
typical ships.

17.1 Introduction

With the rapid development of modern anti-ship weapons, ships are facing more and
more threats [1], and the protection methods tend to be diversified [2]. As a typical
representative of anti-ship weapons, semi-armor-piercing anti-ship missiles usually
adopt time-delay trigger fuses, which can penetrate into the hull and explode by the
impact kinetic energy of warheads [3–6]. According to Demar’s empirical formula
[7], taking the famous Harpoon (AGM-84A) [8] in the United States as an example,
when the missile warhead hits the side at a speed of 340 m/s, it needs 79.3 mm
thick steel armor to resist its kinetic energy piercing, which is unbearable for modern
surface ships. Therefore, it is the key to the anti-explosion structural design of ships
that the missile penetrates the outboard plate and explodes in the ship cabin.

Compared with the external explosion, due to the reflection of the cabin wall, the
explosion caused by internal explosion generally includes multiple pressure pulses,
the pressure waveform is more complex, and the damage effect is often stronger
[9–11]. Passive protection of explosive shock load is the last protection means of
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ship defense, and scholars at home and abroad have carried out a lot of experiments
and numerical simulation studies. Kong et al. [12] used Dytran software platform
to simulate the explosion inside the cabin, and put forward that the opening of the
bulkhead is beneficial to reduce the collection pressure at the corner of the cabin
and protect the cabin structure; Du et al. [13] used Dytran to simulate the damage of
ship’s side protection structure under the action of internal explosion, and analyzed
the propagation law of shock wave in the cabin; Hou [14] used Dytran software
to simulate the dynamic response and failure of ship structure under the action of
explosion load in cabin; Yan et al. [15] carried out numerical calculation research
on the response of multi-layer protective structure with liquid tank under internal
explosion; Zhang [16] used ANSYS/LS-DYNA software to analyze the influence of
stiffeners on the peak value of overpressure at the coupling surface between plate
frame and air, and the influence of the number, position and size of vent ports on
the structural response of cabin with vent ports. The cabin door is an indispensable
part of the ship cabin, which is in a closed state at ordinary times. When the cabin
is impacted by the explosion load, if the cabin door is set, it can be opened in time
by a certain impulse in a very short time after the explosion, so as to relieve the
pressure. It is of great research significance to discuss this problem. In this paper,
usingANSYS/LS-DYNAnumerical simulation software, based on ale fluid-structure
coupling algorithm, the explosion process of 350 kg TNT in cabin is simulated. By
comparing the pressure distribution and structural response of cabinwith andwithout
cabin doors, the pressure relief effect of cabin doors during internal explosion is
studied, and the influence of cabin doors pressure relief on reducing cabin damage
is analysed. The research results can provide ideas for improving the anti-explosion
performance of typical cabin.

17.2 Numerical Calculation Model

17.2.1 Structural Model

In this study, a cuboid cabin is selected, and the cabin size is set to be 20 m × 10 m
× 5 m, and the bulkhead of the cabin extended outward for 1 m, simulating other
connected cabins. The bulkhead thickness is 20 mm, and the cabin door is 1 m ×
2 m rectangular.

The bulkhead is modelled by shell element and Lagrange algorithm, and the grid
length is 0.1 m.

Considering the symmetry and reducing the calculation amount, the eighth model
of the cabin without doors and the fourth model of the cabin with doors are
established, as shown in Figs. 17.1 and 17.2 respectively.

TNT is located in the centre of the cabin, with a mass of 350 kg, a bottom diameter
of 35 cm and a height of 220 cm. TNT modelling adopts solid element and ale
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Fig. 17.1 Calculation model of cabin without cabin doors

Fig. 17.2 Calculation model
of cabin with cabin doors

algorithm, the grid size is 2.9 cm, and the quarter calculation model is shown in
Fig. 17.3.

Inside and outside the cabin, air is filled with solid element and ale algorithm, and
the air grid size is 4.4 cm.

The established one-eighth model without doors and one-fourth model with doors
are shown in Fig. 17.4.

The fluid–structure coupling is set between ale algorithm used in air and TNT and
Lagrange algorithm used in bulkhead. Symmetric constraint is set on the symmetry
plane, and non-reflective boundary is set on the boundary of air domain.

Fig. 17.3 Quarter model of
TNT
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Fig. 17.4 Model without
cabin doors and model with
cabin doors

17.2.2 Material Model

The bulkhead material is steel, and the MAT_JOHNSON_COOK material model
[17] and GRUNEISEN equation of state are adopted. The material parameters are
shown in Table 17.1.

Assuming that air is an ideal gas without viscosity, the expansion process of shock
wave is isentropic adiabatic process.MAT_NULLmaterial model is adopted, and the
state equation is LINEAR_POLYNOMIAL model. The linear polynomial equation
of state for air is:

p = c0 + c1μ + c2μ
2 + c3μ

3 + (
c4 + c5μ + c6u

2
)
e0

Among them, c0−c6 are constants related to gas properties; p is air pressure;μ is
relative density, μ = ρ

ρ0
− 1; Gas density ρ, initial density ρ0, initial internal energy

per unit volume e0; V0 is the initial relative volume. The air equation of state and
material parameters are shown in Table 17.2.

MAT_HIGH_EXPLOSIVE_BURN material model and JWL equation of state
[18] are selected for TNT.

The expression of state equation is:

p = A1

(
1− ω

R1V

)
e−R1V + B1

(
1− ω

R2V

)
e−R2V + ωE

V

Table 17.1 Material parameters of steel

ρ (g/cm3) Shear modulus
(GPa)

Young’s modulus
(GPa)

A B N C M

7.8 77 20.7 0.00792 0.0051 0.26 0.014 1.03

Table 17.2 Material parameters of air

c0 − c3 c4 c5 c6 V0 ρ0(g/cm3) e0(J)

0 0.4 0.4 0 1 0.001293 0.25



17 Simulation Study on Pressure Relief of Cabin … 215

Table 17.3 Material parameters of TNT explosive

ρ(g/cm3) v(m/s) Pcj (MPa) β

1.63 6930 18,503 0

Table 17.4 Material parameters of TNT explosive

A1 A2 R1 R2 ω E(MPa) V0

3.74 0.0323 4.15 0.95 0.3 7000 1.0

In which p is pressure; V is the relative volume; E is the internal energy per unit
volume of explosive; A1, A2, R1, R2 and ω are constants related to the properties
of explosives; ρ is the density of explosive material; V is detonation velocity; Pcj is
Chapman pressure; β is the combustionmark. The values of TNT explosive materials
and state equation parameters are shown in Table 17.3 and Table 17.4 [19].

17.3 Research on Simulation Reliability

In order to verify the reliability of the established numerical calculation model [10,
20], the explosion model of 350 kg TNT in free air is established, and the size
parameters, discrete parameters and material parameters used are consistent with
those mentioned above. Set a series of Gaussian points at the horizontal position of
explosion centre, output the pressure history curve of Gaussian points, as shown in
Fig. 17.5, and compare the pressure extremumwith the results obtained by empirical
formulas in literature [21], as shown in Table 17.5.

Fig. 17.5 Pressure history
curve
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Table 17.5 Comparison between empirical formula and simulation results

X (m) R(m·kg−1/3) Calculation result of empirical
formula (MPa)

Simulation results (MPa) Error (%)

4.09 0.58 4.53 4.63 2.2

4.58 0.65 3.32 3.16 4.8

5.43 0.77 2.09 2.12 1.4

5.78 0.82 1.77 1.74 1.7

6.69 0.95 1.20 1.17 2.5

7.61 1.08 0.81 0.76 6.2

It can be seen that under different R, the simulation results are similar to those
calculated by empirical formula, and the error is small, so the numerical simulation
results are reasonable and reliable.

17.4 Numerical Calculation Results

Assume that the cabin door closer to the explosion centre is the cabin door A, and the
cabin door farther from the explosion centre is the cabin door B. Output the pressure
of each grid cell on the cabin door A, and carry out integral operation with respect
to time. Then sum the integrals, and the total impulse curve of the cabin door A is
shown in Fig. 17.6. It can be seen from Fig. 17.6 that when t = 1400 μs, cabin door
A starts to be impacted by detonation wave and its impulse starts to increase. When
t = 2380 μs, the total impulse of cabin door A starts to increase rapidly. When t =
3113 μs, the total impulse of cabin door A reaches 20,000 N s. It is considered that
cabin door A has been opened. After removing cabin door A, restart the calculation

Fig. 17.6 Impulse history of
cabin door A
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Fig. 17.7 Impulse history of
cabin door B

from t = 3113 μs. In the same way, the total impulse history curve of cabin door B
is output, as shown in Fig. 17.7. It can be seen from Fig. 17.7 that when t= 2085 μs,
the impulse of cabin door B starts to increase; when t = 3350 μs, the impulse of
cabin door B starts to increase rapidly; when t= 4004 μs, the total impulse of cabin
door B reaches 20000 N·s, so it is considered that cabin door B has been opened.
After removing cabin door B, restart the calculation from t = 4004 μs.

As shown in Fig. 17.8, the air pressure distribution diagram of the explosion
process under the working condition of the door is output. It can be seen that the
detonation wave spreads spherically. The detonation wave first reaches the upper
bulkhead, which is impacted and displaced. Then, due to the restriction of the bulk-
head, the propagation of detonation wave is blocked, and the pressure of the reflected
detonation wave is significantly higher than that of the previous shock wave, which
is about twice as high as that of the previous shock wave.

17.4.1 Stress on Cabin Bulkhead

As shown in Fig. 17.9 bulkhead element #1, #2 and #3 in the horizontal direction
directly above the explosion centre are respectively taken, and the upper bulkhead
centre element #4 is taken.

Output the stress of bulkhead element #1 under the working conditions with and
without cabin doors, as shown in Fig. 17.10. It can be found that in the initial stage of
explosion, the stress of the bulkhead under the two working conditions is consistent,
because the cabin doors A and B have not been destroyed: At t = 400 μs, the shock
wave begins to act on the bulkhead, and the stress on the bulkhead increases rapidly;
at t = 1400 μs, the stress on the bulkhead reaches the peak value of 902 MPa, and
with the shock wave bouncing away, the stress on the bulkhead decreases rapidly.
Under the working condition with cabin doors, with the failure of cabin doors A
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t=300μs t=400μs t=500μs

t=1000μs t=2000μs t=2100μs

Fig. 17.8 Pressure distribution in air domain during explosion

Fig. 17.9 Gauss point
setting of bulkhead unit
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Fig. 17.10 Stress of #1

and B one after another, the pressure relief makes the stress of bulkhead show a
downward trend as a whole. Due to the superposition of reflected waves, a higher
stress peak occurs again at t = 15,000 μs. Under the working condition of no cabin
door, because the cabin is always in a closed state, with the arrival of the shock wave
again, the bulkhead stress will not continue to drop, but will remain at a higher level.

The stress of bulkhead elements #2 and #3 with the same output and explosion
centre level is shown in Figs. 17.11 and 17.12 respectively. When t = 2500 μs,
the shock wave reaches the bulkhead #2, and the stress of #2 starts to increase,
and the stress change trend under the two working conditions is basically the same.
However, the stress value of #2 under the condition with cabin doors is smaller than
that without cabin doors, and the extreme stress value under the condition with cabin
doors is 754 MPa, which is 19% lower than the extreme stress value of 932 MPa

Fig. 17.11 Stress of #2
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Fig. 17.12 Stress of #3

under the condition without cabin doors. At t = 5200 μs, the shock wave reaches
the bulkhead #3, and the stress of #3 begins to increase. The stress extreme value
under the condition with cabin doors is 765 MPa, which is 14% lower than the stress
extreme value under the condition without cabin doors.

17.4.2 Bulkhead Displacement

When explosives explode in the cabin, the upper bulkhead is repeatedly acted by
shock waves, which will have a great impact on the mechanical equipment in the
upper cabin [11, 22]. Considering this influence, the velocity curve of the upper
bulkhead #1 element is output as shown in Fig. 17.13. The displacement curve is
obtained by integrating the velocity curve, as shown in Fig. 17.14. It can be found
that, because element #1 is far away from the pressure relief cabin doors, the speed
curves under the two working conditions are basically the same before t= 5000 μs;
with the doors A and B destroyed one after another, the speed of #1 fluctuated under
two working conditions, while the speed of #1 gradually increased with fluctuation
under the working condition without doors, and gradually stabilized with fluctuation
under the working condition with doors.

Output the velocity curve of bulkhead element #4 far from the explosion centre,
as shown in Fig. 17.15, and integrate to obtain the displacement curve, as shown in
Fig. 17.16. It can be found that the speed of #4 increases rapidly at t = 2800 μs and
increases to 10 m/s within 2600 μs. The speed rises again after keeping this speed
for a short time. After that, due to the restriction of the adjacent bulkhead, the speed
decreased; with the action of the subsequent shock wave, the velocity experienced a
process of rising-falling-rising sharply. For the working condition with doors, within
t < 7200 μs, the speed state of #4 is basically the same as that without doors, but
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Fig. 17.13 Velocity of #1

Fig. 17.14 Displacement of
#1

with the opening of doors, the cabin pressure gradually decreases, and the speed of
#4 starts to decrease after a slight increase, with the extreme value of 34.7 m/s, far
less than that of 47.9 m/s without doors.

17.4.3 Corner Pressure

The shock wave propagates from a larger space to a smaller space, and complex
interactions will occur in the propagation process, and the stroke convergence wave
is much stronger than the spherical wave in the free field, thus greatly enhancing
the impact load on the corner [23–25]. After the explosive charge explodes in the
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Fig. 17.15 Velocity of #4

Fig. 17.16 Displacement of
#4

centre of the cabin, it will form a shock wave and propagate around. When the shock
wave hits the ship structure, it will form a reflection on the surface of the structure.
The reflected wave interacts with the shock wave propagating in the corner, and
its intensity is much greater than that of the shock wave in the free field [26, 27].
Therefore, the corner becomes the fragile part of the cabin structure, and the pressure
at the corner determines the damage of the cabin structure to a certain extent [28, 29].
Output the pressure history curve of air element at the corner, as shown in Fig. 17.17.
It can be found that the corner pressure with cabin doors is significantly lower than
that without cabin doors, and the extreme pressure is 5.9 MPa, which is 3 MPa lower
than the extreme pressure of 8.9 MPa without cabin doors. With the passage of time,
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Fig. 17.17 Pressure of air
element at corner

the quasi-static pressure [30, 31] can approach to the corner more quickly, and the
quasi-static pressure is smaller.

17.5 Conclusion

The explosion of 350 kg TNT in the cabin was simulated by LS-DYNA. On the basis
of verifying the reliability of the simulation, the pressure relief effect of the cabin
door was mainly analysed, and the conclusions were as follows:

When the door is subjected to a total impulse of 20000 N s, it opens immediately,
compared with the door being always closed:

1. The stress variation trendof bulkhead is basically the same,whichhas noobvious
influence on the extreme value of bulkhead stress in height direction, but can
significantly reduce the subsequent stress in height direction. It can signifi-
cantly reduce the stress on the bulkhead in the horizontal direction, and the
extreme value of bulkhead stress decreases by 200 MPa in the width direction
and 135 MPa in the length direction.

2. The change of bulkhead velocity just above the initiation point is basically the
same, but it can stabilize more quickly. The velocity extremum of the upper
bulkhead far away from the explosion centre decreases significantly, and the
descending speed is faster.

3. It has a significant pressure relief effect, and the extreme value of air pressure at
the corner is reduced from 8.9 to 5.9 MPa, which has a certain protective effect
on the corner structure.
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Chapter 18
Catalytic Performances of rGO-MFe2O4
(M = Ni, Co and Zn) for Pyrolysis
of Ammonium Perchlorate

Xiaoting Hou, Ming Zhang, Fengqi Zhao, Hui Li, Yingying Zuo,
and Ruiqin Li

Abstract Pyrolysis property of ammonium perchlorate (AP) are significance to the
combustion properties of AP-based propellant. This study will seek to disclose the
effects of the graphene-ferrite nanocomplex (rGO-MFe2O4, M = Ni, Co and Zn),
fabricated via the facile one-pot solvothermal method, for AP pyrolysis. Among
them, the rGO-CoFe2O4 own outstanding catalytic property for AP pyrolysis, and the
high decomposition peak temperature (THDP) ofAP+ rGO-CoFe2O4 were decreased
by 57.4 °C compared with pristine AP. Results of this study are helpful to understand
the catalytic property and mechanism of rGO-MFe2O4 for AP pyrolysis.

18.1 Introduction

The properties of solid propellant is closely related to the combat effectiveness and
survivability of rocket and missile engines. As the energy source of solid propellant,
the oxidant used has an important impact on the combustion and energy performance
of propellant [1–3]. Ammonium perchlorate (AP) is widely used as oxidant in solid
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propellant because of its high oxygen content, good stability and low price [4–7].
In addition, the pyrolysis performance of AP has an important influence on the
combustion property of AP-based propellant.

Nano metal oxides has excellent effect on the pyrolysis of oxidant, which can
significant decrease the pyrolysis temperature and activation energy of oxidant [7–
9]. Among various metal oxides, iron oxides present outstanding activity for AP
pyrolysis [10–15]. The pyrolysis performance of AP, before and after mixed with
Fe2O3 were studied using DSC. The results showed the positive effect of Fe2O3 on
AP pyrolysis and AP based propellant combustion. Additionally, the bimetallic iron
oxides own the better activity on pyrolysis of AP owing to the synergistic interac-
tions of different metals [16]. Nevertheless, the large surface energy of nanoparti-
cles promote their agglomeration, which has an adverse impact on their catalytic
performance.

Dispersed on graphene surface can effectively inhibit the agglomeration of
nanoparticles, and the excellent inherent properties of graphene are beneficial for
pyrolysis of AP [7, 16–20]. The enhance catalytic properties of graphene-iron oxide
nanocomplex for AP decompostion has been confirmed [19]. However, the effects
of grpahene-ferrite nanocomplex on the deomposition of AP is rarely reported and
needs to be revealed. Therefore, this study will try to reveal the effect of rGO-
MFe2O4 manufactured by simple one pot solvothermal method for AP pyrolysis.
Based on this, the rGO-MFe2O4 with best activity for AP pyrolysis is illustrated, and
the mechanism is analyzed.

18.2 Experiment

18.2.1 Materials

The reagents for rGO-MFe2O4 preparation have analytical purity. Single layer
graphene oxide (GO) was purchased from Xianfeng nano-material technology Co.,
Ltd of Nanjing. Ferric nitrate nonahydrate (Fe(NO3)3·9H2O), cobalt nitrate hexahy-
drate (Co(NO3)2·6H2O) nickelnitrate hexahydrate (Ni(NO3)2·6H2O), zinc nitrate
hexahydrate (Zn(NO3)2·6H2O), and sodium hydroxide (NaOH) were provided by
Aladdin Inc. AP is obtained from Xi’an Modern Chemistry Research Institute.

18.2.2 Preparation of rGO-MFe2O4 (M = Ni, Co and Zn)

Ultrasonic dispersionofGO in ethanol solution (1mg·mL−1), and the ethanol solution
of Fe(NO3)3·9H2O (10mmol)was added.Then, a certain amount ofZn(NO3)2·6H2O,
Co(NO3)2·6H2O and Ni(NO3)2·6H2O were added in above solutions, respectively.
After that, the pH value of the solutions was regulated to 10 by NaOH aqueous
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solution. The reactants were reacted in 50 ml Teflon sealed autoclaveand at 180 °C
for 24 h. After cooling to room temperature, the rGO-MFe2O4 nanocomplex were
fabricated after washing, drying and grinding.

18.2.3 Characterization

The microstructure of the prepared rGO-MFe2O4 were characterized by Scan-
ning Electron Microscope (SEM, Quanta600). The structure of rGO-MFe2O4 was
studied using X-Ray Diffraction (XRD, EMPYREAN, PANayltical) equipment.
DSC (NETZSCH STA449F3) was used to study the catalytic properties of rGO-
MFe2O4 for AP pyrolysis with N2 atmosphere of 50 mL min−1. The mixture (1.0 ±
0.1 mg, the mass ratio of rGO-MFe2O4 to AP is 1:5) was placed in an Al2O3 crucible
and tested at 5, 10, 15 and 20 °C min−1 in 50–500 °C. The kinetic parameter were
obtained by Kissinger and Ozawa methods.

18.3 Result and Discussion

18.3.1 Composition and Morphology Analyses

The microstructure of rGO-MFe2O4 nanocomplex was disclosed by SEM and TEM
methods, and the imagines are shown in Fig. 18.1. Themaps show the uniformdisper-
sion of MFe2O4 on graphene surface, indicating the formation of rGO-MFe2O4

nanocomplex. In addition, the HRTEM images of rGO-CoFe2O4, rGO-NiFe2O4

and rGO-ZnFe2O4 (Fig. 1g–i) show that the inter planar distances of lattice fringes
are 0.248, 0.250 and 0.247 nm, respectively, which is related to the (311) plane of
MFe2O4.

The structure of the prepared rGO-MFe2O4 were studied using XRD, and the
results are shown in Fig. 18.2. The appearance of peaks of MFe2O4 in XRD curves
of rGO-MFe2O4, which confirmed the successful fabrication of rGO-MFe2O4 [16,
17].

18.3.2 Catalytic Performance Analysis

The pyrolysis property of AP, catalyzed by rGO-MFe2O4 (M = Ni, Co and Zn)
nanocomplex, were studied using DSC, and the data are shown in Fig. 18.3 and
Table 18.1. The synthesized rGO-MFe2O4 (M = Ni, Co and Zn) have a positive
effect on the pyrolysis of AP, and the effects are significantly different. The THDP of
AP are 366.6, 351.5 and 310.2 °C respectively, reduced by 37.7, 52.8 and 94.1 °C
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Fig. 18.1 SEM (a–c), TEM (d–f) and HRTEM (g–i) imagines of rGO-NiFe2O4 (a, d and g),
rGO-CoFe2O4 (b, e and h) and rGO-ZnFe2O4 (c, f and i) nanocomplex

Fig. 18.2 XRD results of
rGO-MFe2O4 nanocomplex
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Fig. 18.3 DSC results of AP at 10 °C·min−1

Table 18.1 Decomposition peak temperature of AP catalyzed by rGO-MFe2O4 (M = Ni, Co and
Zn) nanocomplex

Oxidant Catalysts TLDP (°C) THTHDP (°C)

AP / 296.3 404.3

rGO-CoFe2O4 281.0 310.2

rGO-ZnFe2O4 282.0 351.5

rGO-NiFe2O4 281.5 366.6

compared with AP (404.3 °C), after the adding of rGO-NiFe2O4, rGO-ZnFe2O4 and
rGO-CoFe2O4,. The outstanding property of rGO-CoFe2O4 is closely related to the
synergistic interaction of Co and Fe. In addition, the outstanding property of rGO is
also conductive to the pyrolysis of AP.

Additionally, the kinetic data of AP, catalyzed by preferred rGO-CoFe2O4, were
calculated usingKissinger andOzawamodels (Table 18.2). The parameters show that
the apparent activation energies (Ea) of AP decreases obviously after mixing with

Table 18.2 Kinetic data of AP obtained using Kissinger and Ozawa models

Catalyst TP (°C) Kissinger method Ozawa method

Ea (kJ mol−1) LgA (s−1) r Ea (kJ mol−1) r

/ TLTP 113.05 8.23 0.998 116.48 0.998

TFTP 162.25 10.33 0.996 163.04 0.997

rGO-CoFe2O4 TLTP / / / / /

TFTP 146.0 11.0 0.993 148.0 0.994
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rGO-CoFe2O4, which also illustrates the outstanding catalytic property of rGO-
CoFe2O4. The outstanding catalytic property of rGO-CoFe2O4 for AP pyrolysis
makes it a candidate catalyst for propellant containing AP.

18.3.3 Catalytic Mechanism Analysis

The pyrolysis procedure of AP includes the following steps: phase transition, low
temperature decomposition (LTD) and high temperature decomposition (HTD). In
the process of phase transformation, the crystal of AP changes from orthorhombic
to cubic. LTD procedure is a solid-gas multi-phase reaction process. HTD procedure
includes the reaction between HNO and NO, and formed N2O, O2, Cl2, H2O, NO
and other products. The previous research shows that the process of electron transfer
from ClO4

− to NH4
+ is the key step of LTD, and the step of electron transfer from

O2 to O2
− is the control step of HTD [20]. Compared with other nanocomplex,

the better property of rGO-CoFe2O4 is related to the positive effect of Fe and Co,
which is conducive to the electron transfer of LTD and HTD of AP. Additionally,
the outstanding thermal conductivity property of rGO help to promote the electron
transfer in the decomposition procedures of AP. At the same time, the huge surface
area of rGO also contributes to the adsorption and reaction of intermediate products.

18.4 Conclusions

The SEM. TEM and XRD results show the successfully fabrication of rGO-MFe2O4

nanocomplex, and the uniform dispersion of MFe2O4. In addition, the catalytic
properties of rGO-MFe2O4 nanocomplex for the AP pyrolysis were revealed using
DSC method. The rGO-CoFe2O4 owns the best performance, with the significantly
reduced TLDP and THDP. The TLDP and THDP of AP + rGO-CoFe2O4 are decreased by
15.3 °C and 94.1 °C respectively, compared with AP. The excellent catalytic prop-
erty of rGO-CoFe2O4 was also confirmed by kinetic parameters. The outstanding
catalytic property of rGO-CoFe2O4 for pyrolysis of AP are not only owing to the
synergistic effects of Fe and Co, but also to the excellent conductivity and surface
effect of rGO, which is benefit to the reactions of intermediate products and the key
steps of LTD and HTD of AP.
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Chapter 19
Numerical Study on Impact Resistance
Load of Explosion Testing Pool

Jian Guan, Muhua Feng, Chuiqi Zhong, and Yuxin Sun

Abstract Because the changing process of underwater explosions is more compli-
cated and more dangerous than explosions in the air, coupled with the rapid devel-
opment of underwater weapons damage capabilities, underwater explosion research
has attracted much attention. In order to study the shock wave propagation and wall
stress of the underwater explosion in the pool, this paper used numerical simula-
tion software to establish the calculation model of the explosion pool through the
mapping method, and compared with the empirical formula to verified the reliability
of the simulation. It was concluded that the explosion shock wave will be reflected in
multiple directions and multiple times in the pool. At the junction of each pool wall,
due to the stress concentration, the stress was obviously greater than the center area
of the pool wall; regardless of the stress concentration area, on the same horizontal
line, the closer the observation point is to the burst center, the greater the stress.
On the same vertical line, because of the unloading effect of the air–water interface
on the shock wave, and the shock wave propagates to the bottom of the pool and
continues to propagate to the side wall after reflection, the closer to the pool center
but the farther away from the bottom of the pool, the smaller the stress. This article
derived the law of underwater explosion shockwave propagation and the law of stress
change on the pool wall, which provided a reference for the engineering design of
related explosion pools.
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19.1 Introduction

In recent years, underwater explosion has attracted much attention because the
changing process of underwater explosion is more complex and more dangerous
than that of air explosion, coupled with the rapid development of underwater
weapon damage ability. Explosive testing pool, as a necessary platform for explosive
damage assessment, is also an important place for completing warhead fragmenta-
tion test, underwater explosion damage ability parameter measurement and damage
technology research [1–3]. Many scholars often conduct experimental research in
explosive tank when studying underwater explosion related issues.

Heaton [4] established different ellipsoid explosive models for underwater explo-
sion calculation, and studied the effects of non-spherical effect and energy radiation
loss on the destructive ability of bubbles in the process of bubble movement. Zhang
[5] obtained the empirical formula for the total longitudinal strength of hull girder
under the action of bubble pulse by using the potential flow theory and combining
the influence of bending moments such as wave, rock attack and bubble pulse in
the ship’s sailing process. Temkin [6] studied the propagation law of the pulsating
pressure of the bubbles generated by a small amount of explosive in water, and then
analysed the applicability of nonlinear acoustics and pointed out that many nonlinear
factors could be ignored in the study of underwater explosion. Taylor [7] studied the
generation and propagation process of EGWW generated by explosions in combina-
tion with his experiments in water explosion, analysed the applicable scope of linear
theory and nonlinear theory, and pointed out that the nonlinear theory should be used
in the analysis of shallow water explosion.

Lu et al. [8–12] studied the destruction of reinforced concrete by underwater
explosions, and presented the results of a comprehensive computational study of
the dynamic response of air-backed RC slabs exposed to UNDEX. Sun et al. [13]
obtained the approximate regression formula of the peak pressure of the TNT near-
field underwater explosion shock wave in the range of 6 times the charge radius and
the aluminized explosive in a certain distance range by fitting the simulation results.
Jiang et al. [16] obtained that the target bending angle sine is linear with the radial
distance, and the conclusion was well validated by experimental target bending angle
data. Rong et al. [20] discovered that the secondary reaction of aluminium powder
significantly affected the energy structure distribution of underwater explosions.

In addition, many scholars have studied the dynamic behaviour of underwater
explosion bubbles [22–35]. Gan used a simplified open floating slender structure to
investigate the dynamic behaviours of the warship [22, 23], and the deformation and
damagemechanisms of the simplified open floating slender structure subjected to the
underwater explosion are studied using the experiment and the Coupled Eulerian–
Lagrange (CEL) method. And the results indicated that the deformation and damage
of the simplified open floating slender structure were mainly induced by the bubble,
and the damage induced by the shock wave was not obvious. Chung et al. concluded
that the whipping phenomenon by underwater explosion was confirmed through
experiments and simulation. Through the experimental results and statistical analysis
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Table 19.1 TNT material parameters

Density (g cm−3) Detonation velocity (ms−1) A B R1 R2 W

1.63 6930 3.7e8 3.7e6 4.15 0.9 0.35

of bubble radius, expansion time, pulsation period and bubble boundary motion,
Wang et al. [32] clarified the dynamic process of bubble formation in near-water
explosions.

This paper studies the method of anti-impact loading of the pool, and analysed the
influence of different protection methods on the propagation process of explosion
shock wave in the pool, the equivalent stress curve of each observation point on the
pool wall, the displacement and acceleration of the pool wall, and finally obtained the
most suitable anti-impact load method in the research method, which has a certain
reference value for anti-impact and protection of the pool.

19.2 Numerical Calculation Model Settings

19.2.1 Material Model and Parameters

In this paper, AUTODYN (19.0) is used for numerical simulation. It is a commonly
used display finite element analysis software. The materials used in the one-
dimensional wedge calculation model include water and TNT. The material model
is shown below.

19.2.1.1 TNT Material Model

Explosives are described by JWL equation of state, and the equation of state is:

P = A

(
1 − W

R1v

)
e−R1v + B

(
1 − Wη

R2v

)
e−R2v + WE0

v
(19.1)

Among them, A, B, R1, R2, and W are the algebraic parameters of the equation
of state, e is the specific internal energy of the explosive, and v is the ratio of the
initial density of the explosive to the density after explosion expansion. The specific
parameters used are shown in Table 19.1.

19.2.1.2 Constitutive Model of Water

The polynomial equation of state of water varies according to the volume of water.
When water is compressed (µ > 0), its state equation is:
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Table 19.2 Material parameters of water

Density (g cm−3) A1 (kPa) A2 (kPa) A3 (kPa) B0 B1 T1 (kPa) T2 (kPa)

1 2.2e6 9.54e6 1.46e7 0.28 0.28 2.2e6 0

P = A1μ + A2μ
2 + A3μ

3 + (B0 + B1μ)ρwatere (19.2)

When water swells (µ < 0), its state equation is:

P = T1μ + T2μ + B0ρwatere (19.3)

When the water is in the normal state, that is (µ = 0), its state equation is:

P = B0ρwatere (19.4)

Among them, µ is the ratio of the density of water after deformation
(compression or expansion) to the initial density ρwater, A1 is the bulk modulus,
A2, A3, B0, B1, T1, T2 are the constant parameters of the material, the specific
parameters are shown in Table 19.2.

19.2.1.3 Riedel Hiermaier Thoma (RHT) Concrete Model

The concrete material adopts the RHT model, which includes five parts: failure
surface, elastic limit surface, strain hardening, residual failure surface and damage
model, which is especially suitable for studying high damage problems related to
underwater explosions. And because of the completeness of the model constitutive
equation in the material library, we only need to specify the density, shear modulus,
and compressive strength (Table 19.3).

19.2.1.4 Steel Plate Material Model

The steel material model used in this study is 4340 steel, which uses Johnson–Cook
(JC) constitutive model and Linear equation of state.

The JCmodel can effectively reflect themechanical behaviour of steel under high-
strength loads, and is suitable for studying the damage caused by the high-pressure
explosion shock wave produced by the underwater explosion in this paper. The yield
stress σy of the steel plate in the constitutive equation can be expressed as:

σy = [
A + B(εP)n

](
1 + C ln ε∗)[1 − (Th)

m
]

(19.5)

In the formula, εP is the equivalent plastic strain; ε∗ is the equivalent plastic strain
rate; A is the yield stress; B is the hardening constant; n is the hardening index; C
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Table 19.4 Steel material parameters

Density
(g cm−3)

Shear modulus
(kPa)

A (kPa) B (kPa) n C (kPa) m (kPa) Tm (K) K (kPa)

7.83 8.18e7 7.9e5 5.1e5 0.26 0.014 1.03 1.793e3 1.6e8

is the strain rate constant of the steel; m is the thermal softening index. Th is the
temperature ratio, which is determined by the following Formula (19.6) through the
room temperature Tt and the melting temperature Tm :

Th = (T − Tt )

(Tm − Tt )
(19.6)

The Linear state equation is as follows:

P = Kμ

μ = ρ

ρ0
− 1

}
(19.7)

Among them, K is the bulk modulus. In summary, some parameters of the steel
material model are shown in Table 19.4.

19.2.1.5 Equation of State for Air

The state equation of air is the following ideal state equation:

P = (γ − 1)ρair e0 (19.8)

Among them, P represents pressure, γ represents adiabatic index, and e0 is
specific internal energy. The specific parameters used are shown in Table 19.5.

19.2.2 Finite Element Model

Theoverall calculationmodel of the research object in this paper is shown inFig. 19.1,
where the size of the blue water area is 8000 mm × 4400 mm × 3900 mm, the air
thickness at the air–water interface is 100 mm, and the length and width dimensions
are the same as the water area. The centre of the spherical explosive is 1900mm from
the water surface and 2000 mm from the bottom of the pool. The steel pool wall is

Table 19.5 Material
parameters of air

γ ρair (g/cm3) e0 (µJ)

1.4 1.225 206,800
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(a) explosion testing pool (b) explosion testing pool as a whole

Fig. 19.1 Calculation model of square explosion pool

close to the water area, with a uniform thickness of 40 mm, and the outer size of the
concrete is 9000 mm× 5000 mm× 5000 mm. In this paper, the fluid–solid coupling
method is selected. The steel wall and rubber material of the pool are meshed by
Lagrange algorithm, and the rest are divided by Euler method.

This article is mainly to study the shock wave propagation in the explosion pool
and the anti-explosive impact ability of the protection method, the calculation adopts
a quarter model, as shown in Fig. 19.2. The grid size of the model is set to 20 mm.
For explosion-related calculations, the grid size is relatively large. Therefore, the
mapping method will be used to map the explosion shock wave to the explosion pool
calculation model later. A Void Euler domain with a size of 4500 mm × 2500 mm ×
5000 mm is established for a quarter model, and the corresponding models of water
and air are filled into the Euler domain. The steel plate and concrete are divided by
Lagrange grid, and the grid size is 20 mm. The explosive is spherical TNT explosive.
Due to the large water area and the comparative analysis of the protective effect in
this article, in order to make the protective effect obvious, the charge is set to 3 kg.

Fig. 19.2 The main view
and grid division of the
calculation model of the
explosion pool



242 J. Guan et al.

Because the bubble pulsation period is long, and this article mainly studies explo-
sion pressure wave related protection, in order to save calculation time, the numerical
simulation process of this article does not consider the effect of bubble pulsation in
the process of underwater explosion. In addition, an outflow boundary is added to
the Euler domain above the entire pool. The steel wall and the concrete share a joint
node, and the automatic fluid–solid coupling processing calculation is used between
the Euler domain and the LaGrange. At the same time, in order to reduce the reflec-
tion effect of the concrete boundary on the explosion shock wave, the transmission
boundary is set on the three outer surfaces of the concrete (right, back and bottom of
the figure).

19.3 Calculation Results and Analysis

19.3.1 Build the Mapping Model

In this paper, the one-dimensional explosion model is mapped to the three-
dimensional calculation model by using the REMAP technology commonly used
in Autodyn software to ensure the calculation efficiency and accuracy. Described
according to Zhao, when the depth of the explosive in underwater and charging ratio
of the radius of more than 10–20, and the depth of the explosive in underwater and
charging the radius ratio of more than 5 ~ 10, the quantity of explosive in underwater
explosion shock wave pressure peak value can be regarded as is not affected by the
outside world, including the air water interface, and other media such as reflection.
The ratio of charge position and charge radius discussed in this paper is greater than
the above value, so it can be regarded as free field underwater explosion in a short
time.

The wedge model of a 3 kg TNT underwater explosion is shown in Fig. 19.3.
Because the explosive initiation position is 2000 mm away from the air–water inter-
face, the water area in the wedge model is 2000 mm long, and the transmission
boundary is also added. The explosive radius is 76.02 mm.

When we perform underwater explosion related calculations, we usually use the
empirical formula of underwater explosion shock wave summarized by Cole [1], that
is, for spherical TNT charges, the shock wave pressure peak value is:

Fig. 19.3 One-dimensional model of 3 kg TNT underwater explosion
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Table 19.6 3 kg TNT underwater point initiation pressure peak

The peak pressure (MPa) Critical distance (mm)

700 800 900 1000 1100

Numerical simulation value 128.90 99.60 90.53 77.65 69.79

Empirical formula value 130.42 101.99 89.28 79.26 71.17

Error (%) 1.17 2.34 1.40 2.03 1.94

Pm = 44.1
(

3
√
W/R

)1.5; 6 ≤ R

R0
≤ 12 (19.9)

Pm = 52.4
(

3
√
W/R

)1.13; 12 ≤ R

R0
≤ 240 (19.10)

In the formula, Pm represents the peak pressure of the shock wave, and the unit
is MPa. W is the mass of the explosive in kg; R is the distance from the detonation
centre, unit is m; R0 is the initial radius of the charge, also in m.

In order to verify the accuracy of the 3 kg TNT underwater explosion shock
wave propagation simulation calculation, one Gauss point is set at an interval of
100 mm from 700 to 1100 mm from the explosion centre. As shown in Fig. 19.3,
since the explosion distance range is 700–1100 mm, the initial radius of the charge is
76.02mm, calculated according toFormulas (19.9) and (19.10), the simulation results
and empirical formula calculation results are shown inTable 19.6. The size of the error
can further illustrate the feasibility of the simulation method and parameters used.
And because this article is studying the explosion in a limited area, the calculation
distance of the shock wave in infinite waters cannot be too long, otherwise part of
the reflected wave generated by the shock wave at the air–water interface or the steel
wall will be missing. Therefore, when the wedge model is calculated to 0.5 ms, the
output file. The calculation model of the explosion pool is written, and the pressure
wave distribution at 0.5 ms is shown in Fig. 19.4. At this time, the shock wave is far
from reaching 2000 mm, and the impact on subsequent calculations is negligible.

At the same time, because the mapping has undergone a change from a small-
size grid to a large-size grid, in order to ensure the correctness of the shock wave
propagation after the mapping, a three-dimensional infinite water model as shown in
Fig. 19.5 is established, and the above one-dimensional data is mapped to the model,
The grid size is divided as 20 mm as the explosion pool, and the infinite water size
is 5000 mm × 5000 mm × 5000 mm according to the size of the explosion pool.
The model adds one observation point at 2000–4000 mm in the far field, and sets an
observation point every 500 mm, and compares the numerical calculation result at
the observation point with the result of the empirical formula.

The 3 kg TNT underwater explosion is mapped to the three-dimensional model
after 0.5 s. And the pressure curve at each observation point is shown in Fig. 19.6,
which shows that the change of shock wave conforms to the empirical law.

According to the empirical Formula (19.10), the empirical formula values at
each observation point under this working condition are respectively 36.21 MPa,



244 J. Guan et al.

Fig. 19.4 Pressure cloud diagram of 3 kg TNT underwater explosion at 0.5 ms time

Fig. 19.5 Three-dimensional model of 3 kg TNT explosion in infinite waters

28.14 MPa, 22.90 MPa, 19.24 MPa and 16.55 MPa. By comparing the empirical
calculated values with the simulation calculated values, it can be seen that the numer-
ical calculated values are slightly less than the calculated values of the empirical
formula. This may be due to the large size of the mapped grid. The error of No. 3
Gaussian point is relatively the largest, which may be caused by the fact that the
time interval of data recording is not precise enough, and the moment point of the
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Fig. 19.6 Shock wave
pressure variation curve at
each observation point

highest pressure is not captured exactly. However, in general, the numerical calcu-
lated values fitwellwith the empirical formula values, and the error has little influence
on subsequent studies.

19.3.2 Shock Wave Propagation Process and Pool Wall Stress
Analysis

Since this section uses the mapping data of blast shock wave after 0.5 ms, the time
mentioned below is added by default to 0.5 ms before the mapping, and the time
coordinates of all relevant curves are also starting from 0.5 ms.

On the basis of the model established in Sect. 19.3.1, the 3 kg TNT charge under-
water explosion trial calculation is carried out on the explosion pool model without
any protective structure. The purpose is to set the Gauss point according to the anal-
ysis of the water pressure propagation cloud image and the strain cloud image of
the pool wall. The water shock wave pressure cloud chart in the trial calculation
simulation is shown in Fig. 19.7. For the convenience of observation, the cloud chart
interval of 0.7 and 0.9 ms is 0 ~ 85 MPa, and the interval of the subsequent time is
0 ~ 50 MPa.

From the water pressure cloud diagram, it can be seen that the explosive from
the detonation to 0.9 ms is basically similar to an explosion in infinite water, and
the explosion shock wave propagates outward in a spherical shape. The shock wave
propagated to the air–water interface and the steel plate at the bottom of the pool in
about 1.1 ms. Because the density and speed of sound of the air medium are much
smaller than that of the water medium, the wave impedance of the air medium is
much smaller than that of the water medium. At this time, the reflected wave is
mainly generated in the opposite direction to the incident wave, and the value of
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(a) t=0.7ms (b) t=0.9ms (c) t=1.1ms

(d) t=1.3ms   (e) t=1.5ms (f) t=1.9ms

(g) t=2.5ms (h) t=2.7ms (i) t=3.1ms

Fig. 19.7 Explosion pressure cloud diagram in a 3 kg TNT explosion pool

the transmitted wave is very small. It can be observed from the figure that when
the shock wave propagates to the air–water interface, the reflection occurs and the
reflected wave is in the opposite direction. However, due to the pressure display
interval problem, the small transmitted wave cannot be observed from the cloud
image. At the interface at the bottom of the pool, the wave impedance of the water
medium is less than that of the steel medium, so the reflected wave direction is the
same as the incident wave. It can be seen that a red high-pressure area does appear at
the junction of the steel wall and the water, which continues to propagate downward.
It is a transmitted wave. In this case, the transmitted wave is larger than the incident
wave.
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The three high-voltage areas in Fig. 19.7d are also formed due to the above-
mentioned wave impedance difference. However, from the bottom of the pool, it can
still be found that there is a reflectedwave propagation trajectory that is opposite to the
incident wave. This is because underwater explosions are actually the superposition
of shock waves in multiple directions. Figure 19.7e–g are mainly the reflection of
shock waves propagating to the closer steel wall and the bottom of the pool and the
spherical propagation process to the far steel wall. And the shock waves on the left
and bottom of the figure meet to form a high pressure zone, and then continue to
propagate.

Figure 19.8 is the equivalent stress cloud diagram of the pool wall after the water
is hidden. The purpose is to observe the stress change of the steel wall within a short
time of explosive explosion. 1.1 ms after the explosive detonated, the bottom of the
pool closest to the explosive centre began to produce strain. As the explosion shock
wave spreads around in a spherical shape, the stress cloud image on the steel wall
also spreads outward in a circular shape, as shown in Fig. 19.8b, c. Figure 19.8d, e
show that the superposition of pressure waves at the corners of the two steel walls
causes the stress at the corner junction to be superimposed, resulting in a stress
concentration zone, as shown in the red area in Fig. 19.8e. The changes in the stress
cloud diagrams in Fig. 19.8f, g show that the reflection of shockwaves is also reflected
in the stress change trend of the steel wall. It can be seen from the last two figures
that the stress of the steel wall is reflected in the far wall in the later part of the time,
and the maximum stress is at the junction of the three steel plates, because stress
concentration will occur in these places. In addition, from Fig. 19.8e, h, it can be
found that the closer the steel wall is to the bottom of the pool, the greater the stress,
which is mainly caused by the unloading of the shock wave at the air–water interface
and the reflection of the shock wave at the bottom of the pool.

According to the above two sets of cloud images, the observation points set for
the research object in this paper are designed as shown in Fig. 19.9.

Among them, points 1–5 are the observation points where the water surface of the
pool wall moves with the movement of the steel wall, and point 1 is the observation
point at the cut-off. Points 1, 2, and 3 are on the same horizontal line as the centre of
the charge, with an interval of 1000 mm between them. Points 1, 4, and 5 are on the
same vertical line, and the interval is also 1000 mm. The first five Gauss points are
mainly used to analyse the impact of the explosion on several locations on the steel
wall of the pool within a period of time after the explosive charge, including points
3 and 5 where stress concentration will occur.

Points 6–8 are fixed observation points in the water area to analyse the difference
between the shock wave pressure time history curve in the pool and the infinite water
area. The three points are on the same horizontal line with the explosion centre, and
the distance from the explosion centre is 2000, 3000, and 4000 mm. Observation
points 9–12 also follow the steel wall, and the horizontal position and spacing are the
same as points 1–3. These 4 points are used to observe the impact of the explosion
on the nearby steel wall in a short time after the explosion, and the protection effect
of the protection method on the slightly closer explosion.
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(a) t=1.1ms            (b) t=1.3ms            (c) t=1.5ms

(d) t=1.7ms         (e) t=2.1ms      (f) t=2.5ms

(g) t=2.7ms            (h) t=3.1ms           (i) t=3.5ms

Fig. 19.8 Equivalent stress cloud diagram of the explosion pool wall in a 3 kg TNT pool

19.3.3 Analysis of Results at Each Observation Point

19.3.3.1 Comparison of Water Pressure Time History Curves

After adding observation points according to Fig. 19.9, calculate the explosion of
3 kg TNT in the center of the pool. First, use No. 6–8 to study the general law of
shock wave propagation in the pool. The time-pressure fitting curve corresponding
to each point is shown in Fig. 19.10a, and the pressure at each point when exploding
in infinite waters under the same conditions as in Sect. 19.3.2 compare the curves.
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Fig. 19.9 Gauss point setting of calculation model

(a) The explosion in the pool (b) the explosion in the infinite water

Fig. 19.10 Pressure time history curve at the observation point

Among them, the observation points 6, 7, and 8 in Fig. 19.10a correspond to the
observation points 1, 3, and 5 in Fig. 19.10b. Because the explosion shock wave will
produce multi-directional and multiple reflections when it propagates to the pool
wall, the pressure change curve of the shock wave in the later period of the situation
in Fig. 19.10a is intricate. But the same in the two situations is that the first wave
at about 3.5 Ms at 6–8 points also tends to 0, which is the same as Fig. 19.10b. In
addition, the time and size of the first arrival at the peak of No. 6 and No. 1, and No. 7
and No. 3 are almost the same. However, although observation points No. 8 and No.
5 reached the peak time at the same time, the pressure of observation point No. 8 was
significantly larger than that of point 5, and even exceeded the shock wave pressure
at point 7 where the burst distance was closer. It can be found from Fig. 19.7g that
it is because the reflected wave is generated at the No. 8 measuring point around
2.43 ms, and the shock wave is superimposed, making the peak size “abnormal”.
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19.3.3.2 Analysis of Equivalent Stress Curve at Each Point of the Pool
Wall

Figure 19.11 is the equivalent stress (MIS.STRESS) time history curve of each obser-
vation point on the steel wall far away from the explosion centre. Due to the stress
concentration at points 3 and 5, the peak stress is larger than other observation points.
In order to facilitate the observation of the individual fitting, the stress curve of the
measuring points 1–5 is also separately fitted below.

The arrival times of the first wave peaks at observation points 1, 2 and 4 are similar.
The stress at point 1 is the smallest because its peak arrival time is the earliest. The
impact of this instantaneous shock wave on the stress of the steel wall has not been
transmitted to 2 and 4, and when the shock wave propagates to points 2 and 4 over
time, a superimposed peak will be generated. This leads to higher stress peaks at
observation points 2 and 4 than at measuring point 1.

From the point of view of the maximum stress at each measuring point, point 4
> 1 > 2. This can be inferred that when explosives explode in a pool, the closer the
blast distance, the greater the peak stress of the steel wall on the same horizontal
line. In the vertical direction, because of the unloading of the shock wave by the air–
water interface and the reflection of the bottom of the pool, the stress peak at point
4, which is closer to the bottom of the pool but farther from the explosion centre, is
greater. The first wave crest at No. 5 observation point is slightly higher than No. 3
observation point (the highest wave crests at the two points are considered to be two,
and both have been marked in the figure), and the stress peak is much larger than No.
3. This is also because the No. 3 observation point is closer to the water surface, and
the shock wave propagates to the air–water interface to unload. At the same time, the
shock wave propagating to the bottom of the pool has a greater impact on measuring
point No. 5, which can also be seen from Figs. 19.9 and 19.10.

According to the preliminary analysis of the stress field on the side wall of the
pool in Sect. 19.2.2, the stress on the pool wall closer to the burst centre has reached
its peak 6 ms before. The equivalent stress time history curve at observation points

Fig. 19.11 Equivalent stress curve at observation points 1–5
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Fig. 19.12 Equivalent stress
curve of observation point
9–12

9–12 on the closer pool wall is shown in Fig. 19.12. It shows that, combined with the
stress cloud diagram of the steel wall at different times in Fig. 19.8, the time to reach
the first wave crest at each position is matched. It can also be found that the farther
the explosion distance, the greater the stress of the first wave crest (the second wave
crest of observation points 11 and 12 in the figure is regarded as the first wave crest,
which may be due to the large difference in the time of stress superposition. Crests).
This is because during the initial propagation of the shock wave, with the increase of
time, the later the arrival position is more affected by the stress superposition, which
makes the stress higher. The second marked peak is generated by the superposition
of the shock wave near the pool wall and the pool bottom and propagated to each
observation point, as shown in the last four pictures in Fig. 19.8. The second wave
crest is also the maximum stress at each point. The maximum stress at each point
is as follows: the closer the observation point is to the burst centre, the larger the
corresponding stress peak.

19.3.3.3 X-Direction Displacement and Acceleration Analysis of Pool
Wall

A Fig. 19.13 is a time history curve of the overall displacement and acceleration of
the pool wall farther from the explosion centre in the X direction. According to the
analysis of the shock wave propagation process in Sect. 19.2.2, the explosion shock
wave has been transmitted to the steel wall 2.5 ms before, which corresponds to the
time when the steel wall starts to produce large displacements.

During the entire explosion process, the maximum displacement of the far wall
in the X direction was 0.65 mm, and after 6.5 ms, it was basically maintained at
about 0.53 mm. The value of the highest peak acceleration and the corresponding
time are marked in the acceleration chart. The acceleration is the ratio of pressure to
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Fig. 19.13 X-direction displacement and acceleration time history curve of the farther pool wall

mass, so the larger the acceleration value, the greater the pressure on the steel wall
as a whole. It can be seen from this figure that the maximum forward acceleration
of the pool wall is 1.01e3 (ms−2), and the maximum reverse acceleration is 0.64e3
(ms−2). These parameters will be used as indicators for the impact load analysis of
the protective structure below to analyse and compare the protective capabilities of
each method.

19.4 Summary

In this article, a series of simulation studies of underwater explosions in a pool were
carried out, and the propagation process of underwater shock waves and the stress
on the pool wall were analysed. The main conclusions are as follows:

(1) The calculation model and related material parameters of the explosion pool
were introduced. The explosiveswere filled into themodel bymappingmethod,
and the correctness of the mapping method was verified by comparing the
pressure peak at each point after mapping with the empirical formula.

(2) Perform trial calculations on the pool explosion without protection, briefly
analysed the explosion shock wave propagation process in the pool and the
stress change process of the pool wall, and determined the key points that
need to be observed. At the same time, the difference between the shock wave
propagation process between the explosion in the pool and the explosion in
infinite water, the stress time history curve at each point of the steel wall, the
displacement and acceleration of the far steel wall in the X direction were
analysed at these observation points.

(3) It was concluded that the explosion shock wave will be reflected in multiple
directions and multiple times in the pool. At the junction of each pool wall,
due to the stress concentration, the stress was obviously greater than the centre
area of the pool wall; regardless of the stress concentration area, on the same
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horizontal line, the closer the observation point is to the burst centre, the greater
the stress. On the same vertical line, because of the unloading effect of the air–
water interface on the shockwave, and the shockwave propagates to the bottom
of the pool and continues to propagate to the sidewall after reflection, the closer
the burst centre but the farther away from the bottom of the pool, the greater the
stress. small. The maximum displacement in the X direction of the farther pool
wall was 0.65 mm, the maximum forward acceleration was 1.01e3 (ms−2), and
the maximum reverse acceleration was 0.64e3 (ms−2).
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Chapter 20
Mechanical Behavior of Cast
Plastic-Bonded Explosives

Hai Nan, Chunyan Chen, Yufan Bu, Yulei Niu, and Xuanjun Wang

Abstract Influential factors on the mechanical behavior of cast plastic-bonded
explosives (PBXs) were investigated through compression tests in this paper.
Different mechanical behaviors of PBXs were observed when PBXs were prepared
with different curing temperatures, different molecular weights and different
NCO/OH values of hydroxyl-terminated polybutadiene (HTPB). Based on stress–
strain curves of PBXs, mechanical behavior is divided into brittle fracture and ductile
fracture. The results show that PBX ranges from ductile fracture to brittle frac-
ture when the curing temperature increases from 50 to 100 °C, molecular weights
decrease from 4000 to 1500 and NCO/OH value increases from 0.8 to 1.4. Besides,
the microstructure of PBXs was characterized with scanning electron microscopy
(SEM), indicating that energetic particles were damaged by the brittle fracture.

20.1 Introduction

With the rapid development of energetic materials, cast plastic bonded explosives
(PBXs) have attracted tremendous attention because of their good dimensional and
thermal stability, and low vulnerability. But the sensitivity of PBX, in which micron-
sized explosive crystals are embedded in a polymer binder matrix, is enhanced due
to the cracks in the energetic crystals [1, 2], which may also generate “hot spots”
in PBX loads [3]. To avoid these cracks by enhancing the mechanical properties of
PBX, various methods have been developed, including introducing bonding agent to
PBX and adjusting the crosslinking network of the polymer matrix [4–7].

The cracks in the energetic crystals are related to not only the mechanical prop-
erty of PBX but also the mechanical behavior [8–10]. Palmer and Thompson [11,
12] demonstrated that through a quasi-static test, PBX was extensively deformed,
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and thus the distortion and damage of the energetic particles were avoided, and the
generation of PBX “hot spots” was restrained. Thus far, the changeable mechanical
behavior of thermosetting hydroxyl-terminated polybutadiene (HTPB)-based cast
PBX has been investigated. The results of quasi-static and dynamic compression
tests on PBX showed that the mechanical behavior of PBX is strongly influenced by
strain rate and temperature [13–16]. However, the factors that influence the mechan-
ical behavior of the thermosetting PBX have not been examined. Therefore, the
effects of curing temperature, molecular weights and NCO/OH value of HTPB on
the mechanical behavior of PBX were investigated in this paper. The findings are
significant for the mechanical behavior control and safety of PBX.

20.2 Experiment

20.2.1 Materials

HTPBwas utilized as the binder in PBX. The consideredmolecular weights of HTPB
were 1500, 2800, 3440, and 4000, and the corresponding hydroxyl values were 1.55,
0.78, 0.61, and 0.59 mmol g−1, respectively. Samples were obtained from Liming
Chemical Research Institute and were pre-degassed for 4 h at 80 °C. 2,4-toluene
diisocyanate (TDI) was purchased from Beijing Chemical Reagent Company and
used as the curing agent. TDI was pre-redistilled before use. Dioctyl adipate (DOA)
was employed as the plasticizer. Aluminum (Al) and 1,3,5-trinitroperhydro-1,3,5-
triazine (research department explosive (RDX)) were utilized as energetic particles.

20.2.2 Preparation of Elastomeric Films

HTPB and TDI were stirred for 10 min at 60 °C in a vertical kneading machine (2 L)
to generate a liquid–liquid mixture. Triphenyl bismuth (TPB, 0.01%) was then added
to the liquid–liquid mixture and stirred for 30 min at 60 °C to produce thermosetting
HTPB slurry. The slurry was then poured into a Teflon mold (12 mm × 10 mm ×
2mm) to fabricate elastomeric films. The filmswere cured at 60 °C until the hardness
stabilized. Finally, the films were removed from the Teflon mold.

20.2.3 Preparation of Cast PBX

HTPB andDOAwere stirred for 10min at 60 °C in a vertical kneadingmachine (2 L)
to generate a liquid–liquid mixture. Al and RDXwere then added to this mixture and
stirred for 1 h at 60 °C to produce a solid–liquid mixture. TPB and TDI were added
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Table 20.1 Composition of HTPB-based PBX

Sample Composition

PBX1(HTPB1500) RDX/Al/HTPB/DOA/TDI/TPB (64.00/20.00/6.99/8.00/1.01/0.01)

PBX2(HTPB2800) RDX/Al/HTPB/DOA/TDI/TPB (64.00/20.00/7.45/8.00/0.55/0.01)

PBX3(HTPB3440) RDX/Al/HTPB/DOA/TDI/TPB (64.00/20.00/7.56/8.00/0.44/0.01)

PBX4(HTPB4000) RDX/Al/HTPB/DOA/TDI/TPB (64.00/20.00/7.57/8.00/0.43/0.01)

to the solid–liquid mixture and stirred for 20 min at 60 °C to obtain the PBX slurry.
The PBX slurry was then poured into the mold (�20 mm × 20 mm) and cured at
60 °C until the elastic modulus of PBX was constant. The PBX was then removed
from the stainless steel mold. Table 20.1 shows the details of the formulation of the
HTPB-based PBX.

20.2.4 Characterization

The dumbbell-shaped elastomer underwent tensile tests with an Instron Universal
Testing Machine (Model 4505) at a crosshead speed of 500 mm/min. The tests
followed the GJB770B-2005 test method, and the final test values were derived from
an average of at least five specimens at 25 °C.

The compression tests on PBX followed the GJB 772A-97 test method under the
following conditions: a temperature of 25 °C and a crosshead speed of 10 mmmin−1.
The samples were cut in the dimensions of 20 mm × 20 mm × 3 mm.

The elastic modulus was calculated based on the compression stress–strain curves
when the strain was 0.3%, and the elastic modulus was calculated using Eq. 20.1 as
follows:

E = σ/ε (20.1)

where E is the elastic modulus, and σ and ε are stress and strain, respectively.
Crosslink densitywas calculated based on the swelling parameters of the networks

[16]. The elastomers that measured 7 mm × 7 mm × 3 mm were placed in toluene
for 48 h. They were then removed from the solvent and weighed after the solvent
was wiped from the elastomer surface. Subsequently, the solvent absorbed by the
elastomer was released by placing the swollen elastomer in a vacuum oven at 110 °C
for 3 h. The weight of the deflated elastomer was then determined. The volume
fraction of the elastomer in the swollen specimen (V 1) was calculated based on the
weights of the swollen and deflated specimens and the densities of the elastomers.
The crosslink density of the elastomer (Ve) was obtained from using Eq. 20.2:

Ve = −[
ln(1− V1) + V1 + χV 2

1

]
/Vs

(
V 1/3
1 − V1/2

)
(20.2)
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whereVs is themolar volume of the solvent andχ is the elastomer-solvent interaction
parameter.

The microstructure of the compressed PBX was examined through a scanning
electron microscope (SEM).

20.3 Results and Discussion

20.3.1 Mechanical Behavior of the Cast PBX

Figure 20.1 shows the results of compression tests, respectively. The failure mecha-
nismswere characterized by brittle and ductile fractures based on stress–strain curves
of PBXs. When the PBXs display a brittle fracture, stresses are often linearly related
to strain in the long term. Stress has a nonlinear relationship with strain only when
the load approaches maximum stress. In the event of sudden brittle fracture, stress
is rapidly maximized in mechanical tests. The stress in ductile fracture is linearly
related to strain in the short term and is nonlinearly associated with strain over the
long term. Following crack formation, strain increases and the crack can widen grad-
ually over a period of time. Severe deformation causes the PBX to resemble a “drum”.
Moreover, fractures are typically initiated at its center.

To further investigate the fracturemechanism of PBX, theRDX, post-loadedRDX
and microstructure of the post-compression PBX were characterized with SEM, as
indicated in Figs. 20.2a, b and 20.3, respectively. The crack can evidently be observed
on the post-loadedRDX.However, no crack arises in PBXswith ductile fractures, this
finding can be attributed to PBXs ductile deformation, which mainly originates from
binder strain after PBXs are loaded. The severe deformation of the binder effectively
protects the energetic particles from damage in the event of ductile fracture. On
the contrary, the brittle fracture with small deformation generates some cracks and
damages energetic particles because stress concentration appears on the hard RDX.

Fig. 20.1 Stress–strain
curves of PBX4 in
compression test
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a b

Fig. 20.2 SEM images of a RDX and b post-loaded RDX

ba

Fig. 20.3 a Brittle fracture and b ductile fracture of PBX

20.3.2 Effects of Curing Temperature on the Mechanical
Behavior of Cast PBX

Curing temperature affects the mechanical behavior of PBX since a low curing
temperature diminishes the elastic modulus and enhances compression strain.
Figure 20.4 and Table 20.3 respectively depicts the compression curves and corre-
sponding mechanical properties of PBX that were completely cured at different
temperatures. The binder cured at 50 °C displays a large elongation at break and a
low tensile strength, as shown in Table 20.2. The severe deformation in the binder
absorbs the compression energy and plugs the crack in the PBX cured at 50 °C,
which is in turn induced by compression stress. In the event of ductile fracture, the
crack gradually widens but mends quickly, generating a platform in the stress–strain
curve. The stress then increases with the strain, and the stress acting on the energetic
particles is broken down by the deformation of the binder.

As indicated in Fig. 20.4, the increase in curing temperature induces an increase
in the elastic modulus of PBXs and a decrease in its elongation at break. This result
is attributed to the high crosslinking density of the binder and the high curing stress
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Fig. 20.4 The compression curves of PBX cured at different curing temperatures

Table 20.2 Mechanical properties of the elastomer at different curing temperature

Curing
temperature (°C)

Tensile strength
(MPa)

Elongation at
break (%)

Crosslink density
(mol/m3)

Curing time (h)

50 1.01 181 80 144

60 1.17 128 85 123

70 1.19 112 97 90

80 1.23 101 102 75

100 1.26 95 107 50

Table 20.3 Crosslink density
of the HTPB with different
molecular weights

The binder Crosslink density of the polymer (mol/m3)

HTPB(1500) 112

HTPB(2800) 87

HTPB(3440) 81

HTPB(4000) 79

produced by increased curing velocity at high temperatures [17–19]. As a result,
PBX experiences some brittle fractures.

The PBX thus displays ductile and brittle fracture behavior when the curing
temperatures are 50 °C and 100 °C, respectively.

20.3.3 Effects of Molecular Weights on the Mechanical
Behavior of Cast PBX

The cast PBXs that contains HTPB with different molecular weights were cured at
60 °C until the elastic modulus stabilized. The mechanical behavior of the PBXs
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Fig. 20.5 Compression
curves of PBX that contains
HTPB at different molecular
weights
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was tested under a compression load, and the resultant test curves are presented in
Fig. 20.5. When the molecular weights of the binder are low, PBX displays brittle
fracture behavior and increased compression stress. The mechanical behavior of
PBX transitions from brittle to ductile fracture with the increase in HTPB molec-
ular weights, which is mainly attributed to the different crosslinking density, curing
velocity and stress. Table 20.3 reveals that low molecular weight HTPB displays
a high crosslinking density, moreover, excellent linear correlations are obtained
between crosslink density and mechanical properties. The high crosslink density
can increase stress and reduce elongation at break [7]. Meanwhile, curing velocity
and stress of low molecular weight HTPB are higher than those of high molecular
weight HTPB [18–20], which also renders the PBX brittle.

20.3.4 Effects of NCO/OH Value on the Mechanical
Behavior of Cast PBX

With NCO/OH value ranging from 0.8 to 1.4, the mechanical behaviors of PBX
change (Figs. 20.6 and 20.7). Compression strength increases and elongation at break

Fig. 20.6 The compression
stress–strain curves of PBX
including HTPB(1500) (R
represents the NCO/OH
value)
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Fig. 20.7 The compression
stress–strain curves of PBX
including HTPB(4000) (R
represents the NCO/OH
value)

0.00 0.05 0.10 0.15 0.20 0.25

0.0

0.2

0.4

0.6

0.8

St
re

ss
/M

pa

Strain

R=0.8

R=1.0

R=1.2

R=1.4

HTPB(4000)

decreases with NCO/OH value. When NCO/OH value is 1.4 and 0.8, PBX obviously
show brittle fractures and ductile fractures respectively. Effects of NCO/OH value
on mechanical behavior are attributed to crosslink density of the binder, because the
crosslink density of the polymer increases with NCO/OH value.

20.4 Conclusions

(1) The mechanical behavior of cast PBXs were investigated through compression
tests. PBXs displayed two types of rupture behavior, namely, brittle and ductile
fractures.

(2) The mechanical behavior of this cast PBX transitioned from ductile to brittle
fracture, when curing temperature increased from 50 to 100 °C or NCO/OH
value increased from 0.8 to 1.4. This result was attributed to the increase in
crosslinking densities of HTPB.

(3) The mechanical behavior of PBX transitioned from brittle to ductile fracture
as the molecular weights of HTPB increased from 1500 to 4000. This finding
was attributed to the varied sizes of curing networks that led to the decrease of
crosslinking densities and curing stresses.

(4) As observed in the SEM images of post-compression PBX, brittle fractures
damaged energetic particles.

Acknowledgements The test support and useful discussion from Ms. Yang H. and Mr. Yang J. G.
are greatly appreciated for our research.



20 Mechanical Behavior of Cast Plastic-Bonded Explosives 263

References

1. C.B. Skidmore, D.S. Phillips, B.W. Asay, D.J. Idar, D.S. Bolme, Microstructural effects in
PBX 9501 damaged by shear impact. Shock Compress. Condens. Matter 659–662 (1999)

2. V.D. Heijden, R.H.B. Bouma, Shock sensitivity of HMX/HTPB PBX’s: relation with HMX
crystal density, in 29th International Annual Conference of ICT, Karsruhe, FGR, 30 June–3
July1998, pp. 65-1–65-11

3. J.E. Field, N.K. Bourne, S.J.P. Palmer, S.M. Walley, J. Sharma, B.C. Beard, Hot spot ignition
mechanisms for explosives. Acc. Chem. Res. 489–496 (1992)

4. J.H. Liu, S.J. Liu, L.L. Chen, C.M. Lin, F.Y. Gong, F.D. Nie, Improving mechanical property of
HMX-basedPBXwith neutral polymer bonding agent, inProceedings of the 45nd International
Annual Conference of the Fraunhofer ICT, Karlsruhe, Germany, 24–27 June 2014, pp. 56/1–
56/8

5. F. Li, L. Ye, F. Nie, Y. Liu, Synthesis of boron containing coupling agents and its effect on
the interfacial bonding of fluoropolymer/TATB composite. J. Appl. Polym. Sci. 105, 777–782
(2007)

6. A. Balley, J.M. Bellerby, S.A. Kinloch, J. Shama, E.C. Baughan, M.M. Chaudhn, J.N. Sher-
wood, B.C. Beard, The identification of bonding agents for TATB/HTPB polymer bonded
explosives. Philos. Trans. R. Soc. Lond. Ser. A 339, 321–333 (1992)

7. J. Huang, L.N. Zhang, Effects of NCO/OH molar ratio on structure and properties of graft-
interpenetrating polymer networks from polyurethane and nitrolignin. Polymer 43, 2287–2294
(2002)

8. Z.B. Zhou, P.W. Chen, F.L. Huang, Compressional punch loading test of a polymer bonded
explosive simulant using digital image correlationmethod. J. Beijing Inst. Technol. 19, 390–394
(2010)

9. M. Li, J. Zhang, C.Y. Xiong, Damage and fracture prediction of plastic-bonded explosive by
digital image correlation processing. Opt. Lasers Eng. 43, 856–868 (2005)

10. P.W. Chen, H.M. Xie, F.L. Huang, T. Huang, Y.S. Ding, Deformation and failure of polymer
bonded explosives under diametric compression test. Polym. Test. 25, 333–341 (2006)

11. S.J.P. Palmer, J.E. Field, J.M. Huntley, Deformation, strengths and strains to failure of polymer
bonded explosives. Proc. R. Soc. 440, 399–419 (1993)

12. D.G. Thompson, D.J. Idar, G.T. Gray III, Quasi-static and dynamic mechanical properties of
new and virtually-aged PBX 9501 composites as a function of temperature and strain rate, in
Proceedings of the 12th International Detonation Symposium (The Office of Naval Research,
Arlington, VA, 2002), pp. 363–368

13. D.J. Idar, D.G. Thompson, G.T. Gray III, W.R. Blumenthal, C.M. Cady, P.D. Peterson, W.J.
Wright, B.J. Jacquez, Influence of polymer molecular weight, temperature, and strain rate on
the mechanical properties of PBX 9501. Shock Compress. Condens. Matter 821–824 (2001)

14. G.T. Gray III, D.J. Idar, W.R. Blumenthal, C.M. Cady, P.D. Peterson, High and low strain rate
compression properties of several energetic material composites as a function of strain rate
and temperature, in Proceedings of the 11th International Detonation Symposium, Snowmass
Village, CO (1998), pp. 76–83

15. W.R. Blumenthal, G.T. Gray III, D.J. Idar, M.D. Holmes, P.D. Scott, C.M. Cady, D.D. Cannon,
Influence of temperature and strain rate on the mechanical behavior of PBX 9502 and Kel-F
800TM, in AIP Conference Proceedings, Woodbury (New York, 2000), pp. 671–674

16. Y.C. Xiao, Y. Sun, Z.Q. Yang, L.C. Guo, Study of the dynamic mechanical behavior of PBX
by Eshelby theory. Acta Mech. 228, 1993–2003 (2017)

17. V. Sekkar, S. Gopalakrishnan, K.D. Ambika, Studies on allophanate–urethane networks based
on hydroxyl terminated polybutadiene: effect of isocyanate type on the network characteristics.
Eur. Polym. J. 39, 1281–1290 (2003)



264 H. Nan et al.

18. C.Y. Chen, X.F. Wang, L.L. Gao, Y.F. Zheng, Effect of HTPB with different molecular weights
on curing kinetics of HTPB/TDI system. Chin. J. Energetic Mater. 21, 771–776 (2013)

19. C.Y. Chen, X.F. Wang, H.T. Xu, X.J. Feng, L.L. Gao, H. Nan, Effects of temperature on curing
stresses of casting plastic bonded explosives. Chin. J. Energetic Mater. 22, 371–375 (2014)

20. X. Jin, K. Cai, W. Liu, Y.G. Dong, S.L. Hu, J.L. Yang, Effects of monomer content on internal
stresses during solidification process and properties of green bodies by gelcasting. J. Chin.
Ceram. Soc. 39, 794–798 (2011)



Chapter 21
An Optimized Preparation Study
for High Efficient Fullerene Acceptor
ICBA

Zhiyuan Cong, Dong Chen, Jianqun Liu, and Chao Gao

Abstract Indene-C60 bisadduct (ICBA) is a new fullerene electron acceptormaterial
with high-lying lowest unoccupied molecular orbital (LUMO) level and simple one-
pot preparation procedure. However, the yield and purity of the existing methods
are still low, and the reaction time is relatively long, which is not conducive to
reduce the cost. Here we systematically studied the preparation and purification of
ICBA. The orthogonal experiment with four factors and three levels was designed.
The optimized conditions were obtained as the reaction solvent, temperature, time
and C60-indene molar ratio were 1,2,4-trichlorobenzene, 210 °C, 1.5 h, and 1:40,
respectively. Three levels of purity products can be obtained by three times column
chromatography. The process stability was verified by gram scale-up reactions. The
electrochemical measurements show that the prepared ICBA achieves a high LUMO
level of−3.75 eV. The results indicated that the optimized preparationmethodwould
effectively reduce the cost and is expected to bewidely applied in optoelectronic field.

21.1 Introduction

Currently, the demand for renewable energy resources is increasingly urgent because
of the depletion of fossil energy. Solar energy has emerged as one of the most
promising clean alternative green energy. The carbon-based materials, such as
fullerenes, graphene, carbon nanotubes and their functionalized derivatives have
attracted significant interest for solar cells due to the unique optoelectronic, thermal,
mechanical properties and the abundant reserves in earth [1, 2]. Among these carbon
allotropes, fullerenes show n-type-like behavior, some fullerene derivatives, such as
[6,6]-phenyl-C-61-butyric acid methyl ester (PCBM) and [6,6]-phenyl-C-71-butyric
acidmethyl ester (PC70BM) (Fig. 21.1), possess good solubility, high electron affinity
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Fig. 21.1 The molecular
structure of PCBM and
PC70BM
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and mobility, hence play important roles of electron acceptor materials in organic
solar cells (OSCs) [3–6]. When blended with suitable polymer donors, the power
conversion efficiency (PCE) of these fullerene-based OSCs have reached 10 ~ 11%
[7, 8]. However, the weak absorption and the relative low lowest unoccupied molec-
ular orbital (LUMO) energy level (−3.91 eV) of PCBM/PC70BM limit the further
improvement of PCE. That is because the absorption in visible region of photovoltaic
materials determines the photocurrent, while the LUMO level of the acceptor affects
the open circuit voltage (Voc), which is proportional to the difference between the
LUMO of the acceptor and the highest occupied molecular orbital (HOMO) of the
donor [9].

To enhance the absorption and increase the LUMO energy level, some new
fullerene derivatives have been designed and synthesized [10–14], among which the
indene-C60 bisadduct (ICBA) is the most successful one [15, 16]. Li et al. obtained
ICBA easily through one-pot reaction from C60 and indene by Diels–Alder-[4+2]-
cycloaddition [17, 18]. Compared to PCBM, the better solubility in organic solvents,
stronger visible absorption, and higher LUMO energy level (−3.74 eV) of ICBA
are achieved simultaneously. As a result, compared to PCBM-based devices, the
ICBA-based devices with P3HT as donor, have showed a 45% improvement of Voc

and 40% improvement of PCE, respectively. After annealing treatment, the PCE
was further improved of 19%. Considering the simple preparation method and high
performances, ICBAhasmuch potential in the future commercialization of fullerene-
based OSCs. In addition, ICBA will also promote the development of all-carbon
flexible solar cells that combining different carbon allotropes [19, 20].

According to synthesis conditions reported by Li et al. [15], when 1,2,4-
trichlorobenzene was used as the solvent, and the molar ratio of C60 and indene
is 1:20, the reaction was carried out under reflux for 12 h. After several times
of purification by silica gel column chromatography with 10% toluene in hexane,
ICBA was obtained with a yield of 34% and the purity is 97%. However, when o-
dichlorobenzene was used as solvent, after 12 h reflux, ICBA only has a yield of
26%. The long reaction time and relatively low yield limit the application of this
new fullerene acceptor material. To solve these problems, in this work, the synthesis
and purification of ICBA were systematically studied and optimized. Firstly, ICBA
was prepared according to the literature so as to identify the samples and establish
an optimized purification standard. Then the effect of several important parameters
such as reaction temperature, reactants molar ratio, solvent, and reaction time were
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studied using an orthogonal experiment design methodology. Finally, according to
the optimized process, gram scale-up reaction was carried out and pure ICBA that
can be used in photovoltaic devices are obtained.

21.2 Materials and Measurements

Unless noted, all chemicals and reagents were used as receivedwithout further purifi-
cation. C60 (99.9%) was purchased from Yongxin Co. (China). Indene (99%) was
purchased from Beihe Co. (China). The o-dichlorobenzene, 1,2,4-trichlorobenzene,
and 1,2,4,5-tetrachlorobenzene (AR)were purchased fromGuangfuCo. (China). The
Toluene, methanol and n-hexane (AR)were purchased fromKelongCo. (China). The
Silica gel (200–300 mesh) was purchased from Haiyang Co. (China).

The high performance liquid chromatography were measured on a VarianPro
Star, with a chromatographic column of CosmosilBuckyprep 250 × 4.6 mm. The
mass spectra were measured on a Kratos PC Axima CFR plus MALDI-TOF Mass
spectrometer. The electrochemical cyclic voltammetrywas conducted on aCHI 660D
Electrochemical Workstation with glassy carbon, Pt wire, and Ag/Ag+ electrode
as working electrode, counter electrode, and reference electrode, respectively, in a
0.1 mol/L tetrabutylammonium hexafluorophosphate acetonitrile solution.

21.3 Results and Discussion

21.3.1 Sample Characterization and Analysis

In order to identify the ICBA from the reaction mixture, the literature procedures
with some modifications ware first used. The synthetic route of ICBA is shown in
Scheme 19.1. Under nitrogen atmosphere, C60 (0.14 g, 0.2mmol) and indene (0.46 g,
4mmol) were dissolved in 1,2,4-trichlorobenzene (10mL). The reactionmixturewas

+ C60 + C60

+ + Indene-C60 mutiadduct

ICMA ICBA

1,2,4-trichlorobenzene

reflux

1,2,4-trichlorobenzene

reflux

Scheme 19.1 The synthetic route of ICBA
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then heated to 210 °C and refluxed for 12 h. The reaction was monitored by thin layer
chromatography (TLC) with n-hexane as developer. At the end of the reaction, TLC
showed three spots. The pale spot with the highest retention factor value (Rf) is
the unreacted C60, since it has the same Rf as that of the control C60 sample. After
cooling down to room temperature, the solution was poured into 250 mL methanol.
The solid was collected by filtration and washed with methanol several times. The
crude productwas dried and analyzed byHPLC (VarianPro Star, CosmosilBuckyprep
250 × 4.6 mm) with a flow rate of 1 mL/min. The mobile phase consisted of 70%
tetrahydrofuran and 30% n-hexane. The crude product was divided into three main
peaks with retention times (tR) at 5.00–5.45 min (multiple peaks, 29.4%), 5.59–
5.93 min (multiple peaks, 55.5%) and 7.8 min (singlet, 10.8%), respectively.

The three peakswere assigned by the time-of-flight-mass spectrometry (TOF-MS)
(Fig. 21.2). The peaks at 5.00–5.45 min were indene-C60 mutiadduct (cald. mass:
1068, exp. mass: 1069.05 (M + H)). The peaks at 5.59–5.93 min were ICBA (cald.
mass: 952, exp. mass: 953.33 (M+H)). The peak at 7.8 min was ICMA (cald. mass:
836, exp. mass: 838.13 (M + H)). Moreover, there is a peak of only 0.29% content
located at 13.08 min, which is assigned as the unreacted C60 by compared with the
tR of control C60.

The crudeproductwas purifiedby three times of silica gel columnchromatography
to obtain ICBA with different purity levels (Table 21.1). Firstly, toluene/n-hexane
(volume ratio = 1:200) was used as eluent. There were four stripes in the process
of column chromatography. And the first outflow stripe was unreacted C60. The
second one is indene-C60 monoadduct (ICMA). The third one is ICBA, which is
the main product. And the fourth one is indene-C60 mutiadduct. In this step, the
ICBA was obtained with a yield of 40.60% and the purity is 96.66%. Secondly, the
ICBA obtained from the first step was further purified and the n-hexane was used as
eluent. It is interesting to find that the ICBA was further divided into six stripes in

Fig. 21.2 The TOF-MS of the products: a indene-C60 mutiadduct, b ICBA, c ICMA

Table 21.1 The purification
steps, yield and purity of
ICBA

Purification times Eluent Yield (%) Purity (%)

Step 1 toluene/n-hexane
(1:200)

40.60 96.66

Step 2 n-hexane 23.40 98.71

Step 3 n-hexane 19.20 99.63
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the process of column chromatography. And the middle four stripes are assigned to
the four isomers of ICBA because of the different addition sites of indene. After the
second purification, the ICBA was obtained with a yield of 23.40% and the purity is
98.71%. After repeating the elution of n-hexane to carry out the third purification by
column chromatography, the total yield was reduced to 19.20%, however, the purity
of ICBA increased as high as 99.63%.

21.3.2 Electrochemical Properties

To investigate themolecular energy levels of the ICBA prepared by us, cyclic voltam-
metry (CV) measurement was performed and shown in Fig. 21.3. The commercial
PCBM was also tested for comparison. The oxidation (Eox) and reduction (Ered)
potentials of ICBA and PCBMwere obtained. For calibration, the redox potential of
ferrocene/ferrocenium (Fc/Fc+) was measured. Then the HOMO and LUMO energy
levels were determined according to the following equations: HOMO = −e(Eox +
4.71) (eV) and LUMO = −e(Ered + 4.71) (eV), where the unit of potential is V
versus Ag/Ag+ [21]. The LUMO energy levels of ICBA and PCBMwere deduced as
−3.75 eV and−3.93 eV, respectively, which are basically consistent with the values
reported in the literature. Importantly, the LUMO of the prepared ICBA is 0.18 eV
higher than the commercial PCBM, which means our preparation and purification
methods are reasonable, and the obtained ICBA can be used to improve the Voc of
OSCs.
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21.3.3 Orthogonal Experiment

The reaction conditions, including the reaction temperature, reactants molar ratio,
solvent, and reaction time have important influence on the products of addition reac-
tion. In order to further improve the yield of ICBA and reduce the cost, the orthogonal
experiment was carried out. Different temperatures (180, 210, 245 °C), C60-indene
molar ratios (1:20, 1:30, 1:40), solvents (o-dichlorobenzene, 1,2,4-trichlorobenzene,
1,2,4,5-tetrachlorobenzene), and time (1.5, 3, 6 h) were used to design the orthog-
onal experiment with four factors and three levels. The experiment results and the
conversion rate of ICBA that deduced from HPLC are showed in Table 21.2.

In order to analyze the orthogonal experimental data and obtain the optimal exper-
imental conditions, the comprehensive average conversion rate (K) of the three levels
under each factor were calculated according to the equations: K= I/N, where I is the
sum of conversion rate of all levels under the same factor and N is the numbers of
levels. The calculated results are showed in Table 21.3. The R value in Table 21.3 is
the extreme difference of three K values under one factor, which is used to express
the influence weight of a certain factor on the results. It is clear that for the temper-
ature factor, the K value of the reaction is 54.37% at 180 °C, 60.67% at 210 °C and
32.81% at 245 °C. Therefore, the average conversion rate is the highest at 210 °C,
which is the best reaction temperature. For the molar ratio factor, the K value was
43.37%, 57.98%, and 60.88% when the molar ratio of C60 to indene was 1:20, 1:30,
and 1:40, respectively. Therefore, the average conversion rate is the highest at the
ratio of 1:40. Because 1:40 is an end point in the three groups, the increased ratio
of indene was further carried out. However, the results show that when the content
of indene is too high, the yield is not significantly improved, but the indene-C60

Table 21.2 The orthogonal experimental design of ICBA preparation

Experiment
group

Temperature
(°C)

Molar
ratio

Solvent Time
(h)

Conversion
rate (%)

1 180 1: 20 o-dichlorobenzene 1.5 37.04

2 180 1: 30 1,2,4-trichlorobenzene 3 49.12

3 180 1: 40 1,2,4,5-tetrachlorobenzene 6 58.11

4 210 1: 20 1,2,4-trichlorobenzene 6 60.26

5 210 1: 30 1,2,4,5-tetrachlorobenzene 1.5 60.15

6 210 (Actual:
180)a

1: 40 o-dichlorobenzene 3 62.93

7 245 1: 20 1,2,4,5-tetrachlorobenzene 3 32.81

8 245 (Actual:
180)a

1: 30 o-dichlorobenzene 6 64.67

9 245 (Actual:
210)a

1: 40 1,2,4-trichlorobenzene 1.5 61.60

aThe actual temperature is because of the limit of the related solvent boiling point
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Table 21.3 The K value calculation of ICBA orthogonal experiment

Number Temperature (°C) Molar ratio Solvent Time (h)

I 271.87 130.11 164.64 158.79

II 182.01 173.94 170.98 144.86

III 32.81 182.64 151.07 183.04

K1 54.37 43.37 54.88 52.93

K2 60.67 57.98 56.99 48.29

K3 32.81 60.88 50.36 61.01

R 27.86 17.51 6.63 12.72

mutiadduct is slightly increased, which also causes the waste of indene, Therefore,
1:40 is the best molar ratio of C60 to indene. For the solvent factor, the K values
of o-dichlorobenzene, 1,2,4-trichlorobenzene and 1,2,4,5-tetrachlorobenzene were
54.88%, 56.99% and 50.36%, respectively. Therefore, when 1,2,4-trichlorobenzene
was used as solvent, the average conversion rate was the highest, which was deter-
mined as the best solvent. For the time factor, the K value of 1.5 h reaction was
52.93%, 3 h was 48.29%, and 6 h was 61.01%.

Although the average conversion rate was the highest when the reaction time
was 6 h, it reached a very high conversion rate at 1.5 h, then decreased at 3 h, and
recovered at 6 h, which was slightly higher than that at 1.5 h. In order to refine the
trend of conversion with time, and to minimize the influence of sampling error on
the experimental data, the time condition experiment was further carried out. The
reaction lasted for 16 h under the optimized temperature, solvent and molar ratio.
The reaction was analyzed every 0.5 h at the beginning 2 h and then was analyzed
every hour until it was finish. The results are showed in Fig. 21.4. It can be seen that
the conversion rate of ICBA reaches the maximum in 1.5 h, reaching 58%. When
the reaction continues, the conversion rate of ICBA does not increase, but decreases
slightly at first, and then remains unchanged at about 55%. Considering the cost of
reaction time, 1.5 h is supposed to be the best reaction time.

Fig. 21.4 The conversion
rate of ICBA varied with
time
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Table 21.4 The yield and
purity of ICBA at the gram
scale-up reaction

Experiment Yield (%) Purity (%) Purification times

1 37.0 96.71 1

2 37.0 96.65 1

3 41.9 96.21 1

4 37.3 97.20 2

5 36.0 97.76 2

6 35.0 97.85 2

21.3.4 Gram Scale-Up Reaction

According to the optimized conditions determined by the orthogonal experiment and
time condition experiment, six parallel experimentswere carried outwith the reaction
quantity enlarged to gram level. C60 (1.44 g, 2 mmol), indene (9.28 g, 80 mmol)
and 100 mL of 1,2,4-trichlorobenzene were added into the reaction flask. Under the
protection of nitrogen, the reaction lasted for 1.5 h under reflux at 210 °C. After
cooling down, the solution was poured into 400 mL methanol to obtain the crude
product. Then the crude product was purified by silica gel column chromatography.
The mass ratio of silica gel to sample was 400:1. The eluent for the first purification
was n-hexane:toluene= 200:1. The eluent for the second purification was n-hexane.
The yield and purity of ICBA were summarized in Table 21.4.

21.4 Conclusions

In this paper, the preparation and purification process of high efficient fullerene
acceptor material ICBA were systematically optimized. According to the optimized
conditions, ICBA was prepared in gram scale with higher yield, higher purity and
shorter reaction time than the previous literature methods, which means lower cost
could be achieved. The stability of the process was verified by six parallel experi-
ments. The electrochemical results show that the prepared ICBA has higher LUMO
energy level than the commercialized PCBM, which is benefit to improve the Voc

of photovoltaic devices and is expected to be widely used in further organic and
all-carbon flexible solar cells.
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Chapter 22
Influence of Explosion Point’s Position
on the Propagation Law of Shock Wave
in Tunnel

Chuiqi Zhong and Yuxin Sun

Abstract In the design of tunnel structure, the damage caused by explosion should
be considered. AUTODYN19.0 2D is used for numerical simulation. This paper
studies the influence of explosion point’s position in long straight tunnel, L-shaped
tunnel and T-shaped tunnel on the formation and propagation of shock wave, and
summarizes its propagation attenuation law. The results show that the farther the
explosion point is from the axis, the longer the reflection and oscillation time of the
shock wave in the tunnel, and the longer the time and distance to form the plane
wave. In the L-shaped tunnel, when the shock wave propagates to the corner, it will
be reflected and superimposed. Part of the reflected wave will return to the original
tunnel, the other part will be transferred to the next tunnel, and the peak value of the
reflected wave will decrease after the corner. In the T-shaped tunnel, the reflection
and flow around the explosion shock wave will occur in the lower tunnel, the left
tunnel and the intersection.

22.1 Introduction

In the world, many important military facilities are located in mountains or under-
ground. With the rapid development of society, the demand for underground traffic
in cities with high population density is increasing. Tunnel structure is an important
structure connecting these places with the outside world.With the rapid development
ofmodernweapons, the possibility of explosion in tunnels is increasing. The research
on the formation and propagation of explosion shock wave in tunnel is becoming
more and more important [1].

At present, researchers have carried out a lot of research on the propagation law of
explosion shock wave in tunnels. The main research methods are theory, experiment,
numerical simulation and the combination of various methods. AUTODYN 2D is
suitable for the study of explosion shock wave [2]. The research focuses on the

C. Zhong · Y. Sun (B)
National Key Laboratory of Transient Physics, Nanjing University of Science and Technology,
Nanjing 210094, Jiangsu, China
e-mail: yxsun01@163.com

© China Ordnance Society 2022
A.Gany andX. Fu (eds.), 2021 InternationalConference onDevelopment andApplication
of Carbon Nanomaterials in Energetic Materials, Springer Proceedings in Physics 276,
https://doi.org/10.1007/978-981-19-1774-5_22

275

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-1774-5_22&domain=pdf
mailto:yxsun01@163.com
https://doi.org/10.1007/978-981-19-1774-5_22


276 C. Zhong and Y. Sun

propagation law of explosion shockwave [3–10], the influencing factors of explosion
shock wave attenuation [11, 12], the similarity law of explosion shock wave [13] and
the reflection law of explosion shock wave [14, 15]. In the case of explosion inside
the tunnel, the explosion shock wave first propagates normally in the air, and then
the regular or irregular reflection may occur on the solid wall, and the corresponding
flow field distribution and evolution are different [16]. Before the shockwave reaches
the solid wall, the fitting formula of physical quantity based on the similarity law
and combined with numerical or experimental data is generally used to study the
parameters of explosion field [17–20]. The accuracy of this method depends on the
data size, the number of independent variables and the type of relationship. The
relationship usually has a certain scope of application and scenarios. In the aspect
of determining the flow field distribution of the reflected shock wave on the solid
wall, besides the fitting relation method, there is also the mirror method. In this
method, the solid wall is assumed to be a symmetrical plane, and a virtual explosion
symmetrical to the real explosion is established on the other side of the solid wall.
Then, the real and virtual explosion flow fields are determined according to the free
field parameters of one-dimensional spherical explosion, and then the two are linearly
or nonlinearly superimposed to obtain the flow field distribution after shock wave
reflection [21–27]. The imagemethod is easier to establish and use, can give a clearer
physical image, and is not limited to the specific explosion scene. In addition, based
on the image method, some researchers equivalent the reflection of explosion shock
wave on the solid wall to the interaction of real and virtual explosion flow field, and
established the theoretical calculation method of flow field behind the wave [16].

The experiments and numerical simulation of explosive explosion in tunnels are
mainly carried out in straight wall tunnels with equal cross-section [28–32]. For
specific cases, the research on the formation and propagation law of shock wave
of explosion at different positions of explosion points in tunnels under different
shapes is relatively scarce. Therefore, it is necessary to carry out the research on
the influence of explosion point position on the propagation law of explosion shock
wave in tunnels.

22.2 Simulation Model

22.2.1 Finite Element Model

In the numerical simulation, we choose AUTODYN19.0 2D for calculation, the
tunnel model is divided into three types: rectangular long straight tunnel, L-shaped
tunnel and T-shaped tunnel.

For the rectangular long straight tunnel, different explosion points are selected on
the cross section, and a total of three numerical simulation calculations are set up.
The specific calculation examples are shown in Table 22.1.
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Table 22.1 Calculation
condition

Examples Explosive weight (kg) Detonation

I1 0.5 (0, 0, 0)

I2 0.5 (0.1 m, 0, 0)

I3 0.5 (0.1 m, 0.1 m, 0)

The tunnel size is 0.6 m × 0.6 m × 1.3 m, two sides of the tunnel are opened,
and three different explosion points are set. The explosion points are located on the
same cross section, 1 m away from one end of the tunnel. The calculation model is
shown in Fig. 22.1, assuming that the wall of the tunnel does not absorb the energy
of the explosion shock wave through deformation, the wall of the tunnel is set as
rigid boundary condition, and the exit boundary condition is set at both ends of
the tunnel. The semi-infinite air field outside the opening at both ends is simulated.
The grid size of the tunnel is 0.01 m × 0.01 m × 0.01 m, a total of 5,324,800
units, is used to calculate the initial state explosion of explosives by mapping. At
the same time, in order to measure the pressure changes at different positions of the
cross-section, different observation points are set at each cross-section due to their
different symmetries. No. 1 is the center of the cross-section, and the other points
are separated by 0.1 m horizontally or vertically. As shown in Figs. 22.2 and 22.3.

Both sides of the L-shaped tunnel calculation model are openings with a cross-
sectional area of 0.6 m × 0.6 m. Assuming that the tunnel wall does not absorb the
energy of explosion shock wave through deformation, the rigid boundary condition
is set on the tunnel wall, and the outflow boundary condition is set on both ends of
the tunnel to simulate the semi-infinite air field outside the openings at both ends.

(a) Location distribution of explosion
points in cross section  

(b) Cross section meshing

Fig. 22.1 Computational model

Fig. 22.2 Axial observation position distribution
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(a) Example I1 (b) Example I2 (c) Example I3

Fig. 22.3 Setting of observation points at the cross section of each example

The tunnel grid size is 0.01 m × 0.01 m × 0.01 m, and the plane diagram of the
tunnel is shown in Fig. 22.4. Explosives are set at 8, 6, 4, 2 and 0 m away from the
center of the tunnel corner, and the explosion points are numbered as 1–5. L1–L5 is
used to distinguish the explosion points. The wall parallel to the tunnel is called the
front and rear wall.

The schematic diagram of T-shaped tunnel model is shown in Fig. 22.5, 9 explo-
sion points with an interval of 2 m are set, numbered as 1–9. Other parameters are
the same as those of the previous examples, and each example is distinguished by

Fig. 22.4 Plan sketch of L-shaped tunnel explosion point

Fig. 22.5 Plane diagram of
T-shaped tunnel
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T1–T9. For the convenience of description, the positions of No. 1–4 are called the
left tunnel, the right tunnel is called the opposite, the positions of No. 6–9 are called
the lower tunnel, and the walls parallel to the paper are called the front and rear walls.

22.2.2 Material Constitutive and Equation of State

JWL equation of state is selected for explosive:

p = A

(
1− ω

R1V

)
e−R1V + B

(
1− ω

R2V

)
e−R2V + ω

V
E (22.1)

where A and B are linear coefficients, R1, R2, ω are the non-linear coefficients, V =
Vi/V0 means the volume of detonation product divided by the volume of unexploded
explosive. A, B, R1, R2, ω are constants, which are obtained from experiments. The
parameters are shown in Table 22.2 [33].

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

P = (k − 1)ρE (22.2)

where k is the adiabatic coefficient of the gas, ρ is the density of air, E is the initial
internal energy of air [33]. The specific parameters are shown in Table 22.3.

Table 22.2 Materials of
explosives and parameters of
equation of state

Symbol Significance Numerical value

ρ Density (g/cm3) 1.717

D Detonation velocity (m/s) 7980

P C-J detonation pressure (Pa) 2.95× 1010

A Material constant (Pa) 5.2423× 1011

B Material constant (Pa) 7.678× 109

R1 Material constant 4.2

R2 Material constant 1.1

ω Material constant 0.34

E0 Initial specific internal energy
(J/m3)

8.5× 109
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Table 22.3 Parameters of air Symbol Meaning Numerical value

ρ Density (g/cm3) 1.225× 10−3

E Initial internal energy (mJ/mm3) 2.068× 105

k Isentropic adiabatic coefficient 1.4

22.3 Results Analysis

22.3.1 Propagation Law of Shock Wave at Different
Explosion Points in Rectangular Straight Tunnel

Figures 22.6, 22.7 and22.8 show the overpressure timehistory curves of the explosion
at each observation point at each position of the cross section in the tunnel. It can
be seen from the curve that in the early stage of the formation and propagation of
explosion shockwave in the tunnel, the peak value of overpressure at the cross section
of the same location is quite different, and the corresponding time of the peak value
of overpressure is also different. The reason is that in the early stage of explosion,
the shock wave reflected between the inner walls of the tunnel, and the regular plane

(a) L=1m (b) L=1.5m (c) L=2m

Fig. 22.6 Overpressure time history curve of each measuring point at cross section of (0, 0, 0)
explosion tunnel

(a) L=1m (b) L=1.5m (c) L=2m

Fig. 22.7 Overpressure time history curve of each measuring point at cross section of (100 mm,
0, 0) explosion tunnel
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(a) L=1m (b) L=1.5m (c) L=2m

Fig. 22.8 Overpressure time history curve of each measuring point at cross section of (100 mm,
100 mm, 0) explosion tunnel

wave was not formed in the tunnel. With the increase of propagation distance, the
shock wave gradually begins to transition to plane wave due to Mach reflection, so
the peak value of overpressure on each cross section is closer and closer. The trend of
overpressure time history curve tends to be the same, and there is a slight difference
in arrival time, which is because the regular plane wave has not yet formed, as shown
in Figs. 22.6c, 22.7c and 22.8c.

Therefore, in the early stage of the formation of explosion shock wave in the
tunnel, the pressure in the tunnel is irregular and complex, and the pressure time
history curve on the same cross section is also quite different. In practice, it is
difficult to completely count the parameters at each point on the cross section, a
series of observation points in the center of tunnel section are selected to study the
axial propagation law of shock wave.

Figure 22.9 shows the time history curve of overpressure at different distances
after explosion at different positions. It can be seen from the figure that when the
shock wave reaches the observation point after explosive explosion, the pressure
rises to the peak rapidly, then decreases gradually, and the rate of the drop decreases
gradually. Compared with different curves, the closer the observation point is to the
explosion point, the smaller the arrival time, the larger the overpressure peak value
and the faster the decline rate at the beginning of the curve. There are multiple peaks
in the curve, which is caused by the continuous reflection and propagation of shock
wave on the tunnel wall in the process of explosion. Compared with (a), (b) and (c),

(a) (0,0,0) (b) (100mm,0,0) (c) (100mm,100mm,0) 

Fig. 22.9 Time history curve of overpressure at different explosion positions
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Table 22.4 Peak attenuation data of overpressure

Distance between blasting
centers (m)

Peak overpressure (kPa)

Detonation 1 Detonation 2 Detonation 3

1 5237 3028.7 2454.8

1.5 2092.5 1639.9 1493.4

2 1273.5 1200.6 1526

2.5 1552.758 1234.318 876.734

3 822.801 932.068 1362.838

4 822.246 718.392 687.858

5 657.455 621.021 577.979

6.5 510.515 474.859 447.036

8 410.505 382.771 386.153

the overpressure time history curve of the shock wave formed by the explosion at
the center is more regular, only the second wave peak of the first three observation
points is higher. While the overpressure time history curve of (b) and (c) is more
complex, and the higher second wave peak appears in several observation points. It
indicates that the shock wave of the explosion at these two explosion points is in the
process of propagation, after the wave surface of the shock wave passes through the
observation point, the reflection of the subsequent shock wave on the tunnel wall
is still very complex. And it takes longer time and distance to form a more regular
plane wave.

The average value of overpressure peak value at each cross section of the same
blasting center distance is taken to represent the shockwave overpressure of the cross
section, and the attenuation data of shock wave overpressure peak value along the
tunnel axis in the tunnel can be obtained. The data are shown in Table 22.4.

Figure 22.10 shows the peak attenuation curve of shock wave overpressure based
on the results of different numerical calculation examples. It can be seen that in the
process of propagation along the tunnel axis, the peak overpressure of shock wave
gradually decreases with the increase of distance, and there is a great difference
between the peak overpressure of 0 ~ 4 m, and each curve of numerical calculation
fluctuates slightly. The reason is thatwhen the shockwave propagates in this distance,
the reflected waves reflected by the tunnel wall behind the shock wave surface are
superimposed, resulting in the overpressure peak value of the subsequent shock wave
being greater than that of the previous one. At the same time, in this distance, due to
a large number of reflection and oscillation, the energy loss of shock wave is faster,
and the peak value of overpressure decreases faster. With the increase of distance,
the shock wave gradually forms a more regular plane wave and propagates forward,
and the peak attenuation of overpressure slows down.

To sum up, the location of explosion point in cross section has a great influence on
the transformation of shock wave from spherical wave to plane wave in tunnel, and
the farther the explosion point deviates, the longer the distance and time to form plane
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Fig. 22.10 Attenuation curve of overpressure peak with distance

wave. When the plane wave front (0 ~ 4 m) is regular, the peak value of overpressure
at each observation point is different, and the distribution of overpressure is very
complex. In the distance of the tunnel (more than 4 m), a more regular plane wave
is formed.

22.3.2 Propagation Law of Explosion Shock Wave
at Different Positions in L-Shaped Tunnel

Table 22.5 shows the overpressure peak data of explosion shock wave produced by
explosion at different explosion points in L-shaped tunnel at different observation
points, and Fig. 22.11 is a curve synthesized from the data in Table 22.5. Unlike
the law that overpressure peak in long straight tunnel decays continuously with the
increase of distance, the overpressure peak of explosion shock wave in L-shaped
tunnel is not simply negatively correlated with distance, but its decay law is related
to the distance between explosives and tunnel corners. In L5, the explosives are
placed at the corner of the tunnel, and the overpressure peaks at 1, 1.5 and 2 m are
obviously smaller than those in other cases, but they are similar to those in other cases
when they spread to a long distance. In L1–L4, explosives have a certain distance
from the tunnel corner. After the explosion starts, before it reaches the tunnel corner,
the formation and propagation of shock wave is the same as that of a long straight
tunnel. When it reaches the tunnel corner, due to complex diffraction and reflection
phenomena, a high pressure zone will be formed in the tunnel mouth area, so the
peak overpressure at this time will be larger than that of a long straight tunnel. For
example, the overpressure at 2 m in L4 reaches 1590.8 kPa, and at 4 m in L3 reaches
1149 kPa. Then, part of the reflected wave returns along the original tunnel, and part
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Table 22.5 Peak pressure of L-shaped tunnel at various observation points under various working
conditions

Explosion center
distance of observation
point (m)

Peak pressure (kPa)

Rectangular straight
tunnel

L1 L2 L3 L4 L5

1 9219.3 9343.9 9395.3 9362.1 9355.5 4172.2

1.5 2195.9 2217.9 2218.9 2219 2132.9 1798.5

2 1357.8 1363.6 1362.3 1362.5 1489.5 1201.7

2.5 1552.8 1586.7 1556.5 1551 775.9 1313.6

3 823.3 767.5 745.7 744.4 646.5 863.1

4 822.4 752.0 737.0 1048.5 663.6 769.2

5 657.5 640.0 632.8 525.5 481.4 668.7

6 510.5 496.2 1003.1 499.0 413.6 573.6

8 410.5 815.5 369.1 355.7 348.3 410.1

Fig. 22.11 Comparison of
peak pressure attenuation
curves between straight
tunnel and L tunnel

of it continues to propagate forward in another tunnel. Due to the reflected energy
loss, the peak value of overpressure decreases after passing through the corner.When
it propagates to the other side of the tunnel and is 2 m away from the corner of the
tunnel, it decreases by 17.19% in L4, 17.52% in L3 and 8.09% in L2 compared with
the long straight tunnel.

Figure 22.12 shows the comparison between the overpressure time history curve
measured at the corner center and the overpressure time history curve at the same
distance from the straight tunnel. In the long straight tunnel, the overpressure fluctu-
ates greatly at the observation point close to the distance, and there are several peaks,
but the second and later peaks are smaller than the first wave, and show a gradual
downward trend. In the L-shaped tunnel, there are obviously two larger peaks in the
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(a) L4 (b) L3

(c) L2 (d) L1

Fig. 22.12 Comparison of pressure time history curves between straight tunnel and different
working conditions at the center of tunnel corner

corner overpressure curve. The arrival and peak of the first big peak in the L-shaped
tunnel are almost the same as those in the straight tunnel, and the second peak is
higher than the first peak. In L4, the first peak is 1389.2 kPa, the second peak is
1590.8 kPa, with an increase of 14.5%. In L4, the first peak is 834.6 kPa, the second
peak is 1149.8 kPa, with an increase of 37.8%. In L2, the peak value of one wave
peak is 593.4 kPa, and the second peak is 1104.4 kPa, with an increase of 86.1%. In
L1, the peak value of the first peak is 511.8 kPa, and the peak value of the second
peak is 916.8 kPa, with an increase of 79.1%. Due to complex propagation such as
diffraction and reflection, high overpressure will occur at the corner of the tunnel,
and when the first peak is small, its increase is larger.
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22.3.3 Propagation Law of Explosion Shock Wave
at Different Positions in T-Shaped Tunnel

It canbe seen from the analysis inSect. 22.3.2 that the propagation conditions of shock
waves formed at different explosion positions in L-shaped tunnels are different. For
quantitative comparative analysis, the overpressure peak values at different explo-
sion centers under various working conditions and the overpressure peak values of
straight tunnels, L-shaped tunnels and T-shaped tunnels under the same conditions
are counted in Table 22.6.

By analyzing the data in the table, compared with the long straight tunnel and the
L-shaped tunnel in the same situation, the peak value of the shock wave propagating

Table 22.6 Peak value of overpressure at each explosion center distance under each working
condition

Explosion
center
distance of
observation
point (m)

Peak overpressure (kPa)

Rectangular
straight
tunnel

L1 T1 L2 T2 L3 T3 L4 T4

(a)

1 9219.3 9343.9 9188.8 9395.3 9218.8 9362.1 9207.6 9355.5 9219.4

1.5 2195.9 2217.9 2189.6 2218.9 2191.9 2219.0 2191.5 2132.9 2111.6

2 1357.8 1363.6 1357.2 1362.3 1357.4 1362.5 1358.0 1489.5 1219.7

2.5 1552.8 1586.7 1551.7 1556.5 1553.0 1551.0 1554.2 775.9 702.24

3 823.3 767.5 822.8 745.7 823.0 744.4 823.0 646.5 594.3

4 822.4 752.0 822.0 737.0 822.2 1048.5 817.8 663.6 462.2

5 657.5 640.0 657.6 632.8 657.6 525.5 378.4 481.4 325.5

6 510.5 496.2 511.0 1003.1 526.7 499.0 314.6 413.6 297.3

8 410.5 815.5 435.7 369.1 268.3 355.7 251.4 348.3 248.0

Explosion
center
distance of
observation
point (m)

Peak overpressure (kPa)

T5 T6 T7 T8 T9

Right Lower
tunnel

Right Lower
tunnel

Right Lower
tunnel

Right Lower
tunnel

Right Lower
tunnel

(b)

1 4051.1 3115.5 9429.4 9146.2 9186 9185.3

1.5 1717.6 1369.1 2270.4 2203.1 2212.7 2205.0

2 913 781.5 1388.7 1361.1 1360.0 1360.9

2.5 1317.7 904.7 1226.9 613.9 1570.5 1549.8 1553.6

3 735.7 607.4 749.2 577.6 753.2 745.3 746.6

4 627 514.9 795.7 367.3 742.3 736.7 738.2

(continued)
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Table 22.6 (continued)

Explosion
center
distance of
observation
point (m)

Peak overpressure (kPa)

T5 T6 T7 T8 T9

Right Lower
tunnel

Right Lower
tunnel

Right Lower
tunnel

Right Lower
tunnel

Right Lower
tunnel

5 496.8 410.9 674.9 324.9 526.6 288.2 632.6 633.2

6 395.2 351.7 518.2 323.9 427.5 221.7 491.9 494.9

8 316.1 286.6 433.4 301.2 333.5 173.9 347.0 178.8 409.6

9 – – – – – – 319.9 151.4 309.7 137.6

10 – – – – – – 282.0 234.2 283.5 156.9

to the left and right tunnels is lower when the tunnel explodes in the T-shaped lower
part. The reason is that the shock wave is dispersed into two parts and there will be
multiple reflections and oscillations when propagating to the intersection. In the case
of explosion in the left part of T-shaped tunnel, when the shock wave propagates to
the right part and the lower part of the tunnel, their overpressure peaks are lower than
those in the long straight tunnel. And the overpressure in the right tunnel is higher
than that in the lower part, the overpressure of lower tunnel in T5 is 76.9% of the
right, T6 is 77.1%, T7 is 54.8%, T8 is 51.3% and T9 is 44.4%. Indicating that the
shock wave energy in the right tunnel is greater than that in the left tunnel.

To further analyze the situation at the intersection of tunnels, the overpressure time
history curve at this position under various working conditions is given, as shown in
Fig. 22.13.

From Fig. 22.13, we can see that in the case of explosion at the lower part of
the tunnel, there are two higher peaks in the overpressure time history curve at
the intersection of the tunnel. The reason is that when the shock wave propagates
to the upper wall, it will form a positive reflection wave. When the reflection wave
propagates here, it will form a second higher peak. In T4, the first peak is 1219.7 kPa,
and the second peak is 1113.0 kPa. The first peak is 817.7 kPa and the second peak is
521.0 kPa in T3. In T2, the first peak is 489.1 kPa and the second peak is 526.7 kPa.
The first peak is 410.3 kPa and the second peak is 435.7 kPa in T1.When the distance
is close, the first peak is larger than the second peak, and there are many fluctuations.
The second peak is larger than the first peak, and the curve fluctuation is small when
the distance is far. Compared with the lower tunnel, the curve of the left tunnel has
only one obvious peak, and the peak is the same as that of the lower tunnel. The first
attenuation is slightly slower than that of the lower tunnel, but since the lower tunnel
has the second peak, the curve of the left tunnel decays faster after that.

At the same time, to better understand the difference of explosion shock wave
propagation to the right and lower tunnel, the overpressure time history curve and
impulse time history curve of 1 and 3 m blasting center distance under T5 condition
and T6 condition are made, as shown in Figs. 22.14 and 22.15.
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Fig. 22.13 Overpressure time history curve of tunnel corner center under various working
conditions

(a) At T5 condition, the distance
between blasting centers is 1 m.

(b) At T6 condition, the distance
between blasting centers is 3 m. 

Fig. 22.14 Time history curve of shock wave overpressure
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(a) At T5 condition, the distance
between blasting centers is 1 m. 

(b) At T6 condition, the distance
between blasting centers is 3 m.

Fig. 22.15 Overpressure impulse curve

The overpressure time history curves at 1 m from the implosion center of the
right and lower tunnels in T5 condition are consistent. The peak pressure in the right
tunnel is higher, reaching 4051.1 kPa, and the peak pressure in the lower tunnel is
3115.5 kPa. However, the lower tunnel has a higher second wave peak, which is
caused by the reflected wave of the upper wall. The impulse curves are basically
overlapped and the difference is very small. In T6 condition, the peak value of
overpressure and overpressure impulse in the right tunnel are significantly larger
than those in the lower tunnel, which indicates that the energy of the shock wave
propagating into the lower tunnel is small. By observing the overpressure curve, it
is found that the oscillation of the shock wave is obvious in the new tunnel, and the
attenuation rate is roughly equal.

22.4 Conclusion

In this paper, the formation, propagation and attenuation of explosion shock wave in
rectangular long straight tunnel, L-shaped tunnel and T-shaped tunnel with different
explosion points are studied by numerical simulation. The following conclusions are
obtained:

(1) The location of explosion point in the cross section of tunnel entrance has
an important influence on the formation and propagation of shock wave. The
farther the explosion point is from the axis, the longer the duration of reflection
and oscillation in the tunnel, the longer the distance to form a regular plane
wave, and the longer the time required.

(2) In the L-shaped tunnel, the complex reflection phenomenon will occur when
the shock wave propagates to the corner of the tunnel. A high-pressure area is
formed at the corner of the tunnel. Part of the energy is reflected back to the
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original tunnel, and part of the energy is transferred to the next tunnel. The
peak pressure of the explosion shock wave formed at the L corner is lower
than that of the long straight tunnel in the near field, but its attenuation speed
is slower. When the distance is more than 4 m, the attenuation curve is similar
to that of the long straight tunnel.

(3) In the T-shaped tunnel, when the shock wave of the lower tunnel propagates
to the intersection position of the tunnel, it is mainly emitted on the upper
wall. One part of the shock wave propagates to the left and right tunnels, and
the other part is reflected to the original tunnel. With the increase of distance,
the less energy is reflected to the original tunnel. The oblique reflection and
diffraction of the shock wave in the left tunnel mainly occur at the intersection
of the tunnels, and most of the energy is transferred to the right tunnel, and a
small part of the energy is transferred to the lower tunnel. At the same distance,
the peak pressure of the shock wave in the lower tunnel is lower than that in
the left and right tunnels, but due to the reflection of the upper wall, there are
double peaks, and the impulse is almost the same as that in the left and right
tunnels.
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Chapter 23
Study on Preparation and Thermal
Decomposition Performance of Copper
Azide/Graphene Nanocomposite

Jianhua Chen, Lei Zhang, Feipeng Lu, Yanlan Wang, Rui Zhang,
Fang Zhang, and Ruishan Han

Abstract Carbon material has been designed as substrate to improve the sensitivity
characteristics of copper azide (Cu(N3)2), lots of research findings have supported
this strategy. However, the thermal decomposition mechanism of Cu(N3)2 nanocom-
posite has not yet been revealed. In thiswork, graphenewas used as a compositemate-
rial to prepare a Cu(N3)2/graphene composite primary explosive. Differential scan-
ning calorimeter (DSC) and thermogravimetric-infrared spectroscopy (TG-DSC-
FTIR) were used to analyse its thermal decomposition performance. The results
showed that the composite of graphene could delay the decomposition point of
Cu(N3)2 to 215.49 °C, indicating that the heat release of composite copper azide
was concentrated, and the thermal decomposition rate was accelerated. The thermal
decomposition reaction kinetic results indicated that the thermal decomposition of
Cu(N3)2/graphene accord with the Avrami–Erofeev equation (No. 11 Mechanism
Function), and its Apparent Activation Energy (Ea) was 113.42 kJ/mol, and the
exponential factor log A was 9.26 s−1.
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23.1 Introduction

With the accelerated development of micro-ignition chips, copper azide (Cu(N3)2),
a traditional green energetic material with low limit detonator charge and excellent
detonation performance [1–4], has shown enormous application in primary explo-
sives gradually [5–11]. However, Cu(N3)2 is intensely sensitive to electrostatic and
mechanical stimuli, resulting the safety hazards during the synthesis and assembly,
which limits the application of copper azide remarkably [12–18]. To overcome
these deficiencies, utilizing the outstanding thermal and electrical conductivity of
nanoscale carbon materials to fabricate novel composite structures of copper azide
has become the essential research strategy to improve its sensitivity. For example,
Metal–organic framework (MOF)-derive porous carbonmaterials are used to synthe-
size Cu(N3)2 [19, 20], carbon nanotubes are used to confine Cu(N3)2 [4, 17, 21–27],
and three-dimensional graphene can load Cu(N3) as a skeleton [28]. All of these
strategies can ameliorate the electrostatic sensitivity of Cu(N3)2 and improve its initi-
ation ability simultaneously. However, the effect of carbon materials on the thermal
decompositionmechanismofCu(N3)2 has not been reported yet,which is particularly
crucial for the safety and detonation performance of primary explosive.

Herein, a new Cu(N3)2/graphene composite primary explosive was designed,
and the thermal decomposition performance and thermal decomposition mechanism
of the composite initiator were tested and analyzed by DSC and TG-DSC-FTIR.
It was found that graphene participates in the thermal decomposition process of
Cu(N3)2. In addition, the reaction kinetic equation of Cu(N3)2/graphene was calcu-
lated by thermal decomposition kinetics, andbasedon the general integrationmethod,
the thermal decomposition of Cu(N3)2/graphene conformed to the Avrami–Erofeev
equation and belonged to the No. 11 Mechanism Function, which could be used for
in-depth study the detonation performance of Cu(N3)2.

23.2 Experiments

23.2.1 Instruments and Reagents

Instruments employed: OTF-1200X Tube Furnace (China), differential scan-
ning calorimetry (DSC, LINSEIS Chip-DSC, Germany), infrared spectrometry
(IR, Perkin Elmer Spectrum 3, USA), synchronous thermal analyzer (TG-DSC,
NETZSCH STA449F3, Germany).

Reagents used: copper sulfate pentahydrate, GO dispersion, sodium azide,
ascorbic acid, stearic acid, anhydrous ethanol, and, sodium hydroxide. All of the
solvents and chemicals were of analytical grade and purchased commercially, and
were used without further purification.
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Fig. 23.1 Schematic of formation of Cu(N3)2/graphene

23.2.2 Preparation of Copper Azide/Graphene
Nanocomposite

The preparation procedure of Cu(N3)2/graphenewas demonstrated in Fig. 23.1. First,
the 5 mL GO aqueous dispersion with a concentration of 2.5 mg/mL was added into
400 mL of deionized water, and sonicated for 20 min to ensure uniform dispersion of
GO in deionizedwater; then the 2mLCuSO4 andNaOHsolutionwith a concentration
of 1.5 mol/L and 5 mol/L were added to the mixed solution by mechanical stirring
respectively; after 10 min, 1 mL of ascorbic acid solution with a concentration of
1.2 mol/mL was added to the mixed solution with vigorous stirring, and the solid
particles were precipitated. then placed them in a tube furnace, and, heat-treated at
350 °C under Ar/H2 (95%/5%, v/v) for 3 h, the precursor of Cu/graphene for the
azide reaction can be obtained. At last, under the gas–solid in-situ condition, the
primary explosive of the Cu(N3)2/graphene would be prepared by azide reaction of
Cu/graphene precursors with hydrazoic acid gas for 16 h. Here, it should be noted
that azide acid is a highly toxic gas and should be handled carefully.

23.3 Results and Discussions

23.3.1 Thermal Analysis

The thermal decomposition performance of Cu(N3)2/graphene had been tested by
differential scanning calorimeter (DSC). The sample sizewas 0.2mg, the test temper-
aturewas 25~ 350 °C, and the nitrogen’s flow ratewas 50ml/min. ThemeasuredDSC
curve was shown in Fig. 23.1, where the arrow points to the exothermic direction.

It can be seen observably that the thermal decomposition peak of
Cu(N3)2/graphene composites is 215.49 °C (Fig. 23.2), which is significantly delayed
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Fig. 23.2 DSC pattern of
Cu(N3)2/graphene

compared to pure copper azide (207.5 °C). This may be mainly due to the close
combination between copper azide and graphene. During the thermal decomposition
of Cu(N3)2/graphene, the partial hot spots can be dispersed along the network-like
graphene structure transiently, which is not conducive to the formation of local hot
spots, resulting a delay in thermal decomposition temperature; in addition, Cu(N3)2
is very uniformly distributed on the graphene sheet, and the trigger hot spot can be
transferred inside Cu(N3)2 quickly, resulting in a faster thermal decomposition rate.

23.3.2 Analysis of Thermal Decomposition Product Gas

The TG-DSC-FTIR method might have been used to identify the thermal decompo-
sition product gas of Cu(N3)2/graphene in situ. In which, TG-DSCwas simulated the
thermal decomposition process of Cu(N3)2/graphene, and FTIR was used to identify
the composition information of the gas released during the weight loss process. The
test temperature is 25 ~ 345 °C; the heating rate is 10 K/min, and the stream rate of
high-purity nitrogen is 70 mL/min. The wave amount extent is 4000 ~ 450 cm−1.
Those results are exhibited in Fig. 23.3.

The spectrum illustrated that more gas products released during the thermal
decomposition of Cu(N3)2/graphenemainly include O–H and C–O groups. In which,
the wavenumber range of 4000 ~ 3400 and 1800 ~ 1257 cm−1 corresponds to the
O–H group, and the wavenumber range of 2406 ~ 2100 cm−1 corresponds to the C–O
group. The analysis shows that the gas products of Cu(N3)2/graphene decomposition
are mainly H2O (g) and CO2, except for N2. This result indicates that graphene is
involved in the thermal decomposition process of Cu(N3)2.
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Fig. 23.3 3D TG-DSC-FTIR spectrum of gas products of Cu(N3)2/graphene

23.3.3 Thermal Decomposition Kinetic Mechanism

DSC-TGwas accepted to test the thermal decomposition curve of Cu(N3)2/graphene
at different heating rates (Fig. 23.4). The test temperature range was 25 ~ 350 °C,
the heating rate is 5, 10, 15, 20 °C/min, the nitrogen stream rate was 50 mL/min, and
the mass of each sample was 0.2 mg.

Kissinger’s method as demonstrated in Eq. (23.1) [29] and Ozawa’s method [30]
in Eq. (23.2) were found to calculate the reaction kinetic parameters, and the KWO
conversion rate method was used to determine the temperature at different reaction
depths.

Kissinger’s method:

ln

(
βi

T 2
pi

)
= ln

Ak R

Ek
− Ek

RTpi
, i = 1, 2, 3, 4 (23.1)

Fig. 23.4 DSC and α-T curve at different heating rates
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Table 23.1 Kinetic parameters calculated by the thermal decomposition reaction of
Cu(N3)2/graphene

β (K/min) Ts (K) Tp (K) Te (K) Kissinger Ozawa

Ek (kJ/mol) Ak Rk Eo (kJ/mol) Ro

5.0 458.44 478.01 488.53 111.86 8.43 ×
109

0.9862 114.13 0.9886

10.0 462.66 488.64 503.17

15.0 477.47 493.12 504.61

20.0 481.91 501.71 521.37

Herein, Tp was the peak temperature, β i was heating rate, K/min; K; Ek was
apparent activation energy acquired by Kissinger’s method, kJ/mol; Ak was pre-
exponential factor; R was optimal gas permanent, 8.314 J/K mol.

Ozawa’s method:

lgβi = lg

(
AoEo

RF(α)

)
− 2.135− 0.4567

Eo

RTpi
, i = 1, 2, 3, 4 (23.2)

From Ozawa’s method, the apparent activation energy (Eo) could be obtained, in
which the F(α) was the integral over the mechanism function.

According to the DSC curve, the decomposition temperature T corresponding to
different reaction depths is obtained, and lg β and 1/T are linearly fitted according
to Eqs. (23.1) and (23.2). The apparent activation energy Eo would be acquired
starting with the incline of the straight line, and the intercept can be obtained refers
to pre-exponential constant A. The calculated characteristic parameters of thermal
decomposition are indicated in Table 23.1.

The calculated data that the activation energy values of the thermal decomposition
reaction of Cu(N3)2/graphene collected by the Kissinger and the Ozawa’s method
are relatively adjacent.

Based on the general integration method, linear regression analysis is performed
on the corresponding lg F(a) and 1/T of the thermal decomposition reaction
mechanism function. The fitting results show that the thermal decomposition of
Cu(N3)2/graphene belongs to the random nucleation and subsequent growth mech-
anism of n = 1/3, m = 3 in the reaction depth stage of 0.2 ~ 0.9, and the apparent
activation energy is 113.42 kJ mol−1, and the pre-exponential factor of log A is
9.26 s−1. The calculated reaction kinetic equation of Cu(N3)2/graphene is shown
below:

da

dt
= 3× 109.26 exp

(
−113.42

RT

)
(23.3)

The comparison shows that the thermal decomposition mechanism function of
Cu(N3)2/graphene conforms to the Avrami–Erofeev equation (No. 11 Mechanism
Function).
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23.4 Conclusion

In summary, Cu(N3)2/graphene demonstrated in this paper is a novel primary explo-
sive with outstanding detonation performance. We evaluated the thermal safety of
Cu(N3)2/graphene by its thermal decomposition behavior, and observed the thermal
decomposition reaction by DSC and TG-DSC-FTIR methods.

(1) The composite of graphene can delay the decomposition point of Cu(N3)2
to 215.49 °C, indicating that the heat release of composite copper azide was
concentrated, and the thermal decomposition rate was accelerated.

(2) Graphene was involved in the thermal decomposition process of Cu(N3)2.
(3) The thermal decomposition of Cu(N3)2/graphene presents one intensive

exothermic process. The apparent activation energy was 113.42 kJ/mol, and
the exponential factor log A was 9.26 s−1. The thermal decomposition mecha-
nism of Cu(N3)2/graphene conforms to the Avrami–Erofeev equation (No. 11
Mechanism Function).

The analytical and kinetic analysis results of the Cu(N3)2/graphene reaction
process in this study can not only provide references for in-depth study of Cu(N3)2
detonation, but also guide the design of composite primary explosives.
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Chapter 24
A New Type of Stabilizer
for Nitrocellulose: The Study
of the Synthesis, the Character
and the Stability of 1,2-bis(2-(2,6-
dimethoxyphenoxy)ethoxy)ethane

Bei Qu, Hao Chen, and Jizhen Li

Abstract Four new stabilizers which didn’t forming nitrosamine derivatives were
prepared and the reaction condition were optimized. It was suggested from the elec-
trostatic potentials that the electron-donating groups (–OCH3, –OCH2CH2O–) had
been observed one positive influence of the replacement of nitro group. And it was
proved from the compatibility and the stablity of STAB-1 that the compatibility of
STAB-1 with NC was good and the STAB-1 can stabilized NC for ten years on the
HFC study.

24.1 Introduction

Nitrocellulose (NC) which is the most common energetic binder in solid rocket
propellant, but it continuously slowly decomposes to release nitrous compounds
gas because there are many nitric acid ester groups in the structure, and the gases
increase the rate of the decomposition [1–3].Many research groups try to search some
materials to stabilized nitrate ester compound and to prevent autocatalysis of propel-
lant. The nitrous gases are trapped by the stabilizers and form stable compounds.
The common stabilizers were 4-nitro-N-phenylaniline, triphenylamine, Centralite I,
Centralite II and Akardite II [6–9]. The problem with the stabilizers is that they can
form nitrosamine derivatives on prolonged storage with NC and some of them are
known to be carcinogenic. Therefore, there is an urge to find alternative stabilizers
with the absence of an aromatic amine motif [10–13].

Substituted phenols are of wide interest in the organic chemistry [14–16].
Recently, various phenols with electron rich substituents were suggested as new
stabilizers and exhibited promising effect. However, the phenols stabilizers were less
stable than conventional stabilizers because of the sterically hindered with large alkyl
substituents [17, 18]. Although the alkyl substituents would render the aromatic ring
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Scheme 24.1 The structure of the new stabilizers

electron rich and prone to react with the electrophilic nitrous gases, the ring would
be less susceptible to substitution due to the sterically hindered of the large alkyl
substituents.

The aim of this work is to synthesize four new phenol stabilizers with
methoxy-substituents (the structures were listed in Scheme 24.1), which
named 1,2-bis(2-(2,6-dimethoxyphenoxy)ethoxy)ethane (STAB-1), 1,2-bis(2-(4-
methoxyphenoxy)ethoxy)ethane (STAB-2), 1,2-bis(2-(p-tolyloxy)ethoxy)ethane
(STAB-3) and 1,2-bis(2-(2,6-dimethylphenoxy)ethoxy)ethane (STAB-4). The NC
stabilizing properties of STAB-1 have been evaluated and compared with conven-
tional stabilizers.

24.2 Experimental

24.2.1 Materials and Methods

All rawmaterials were purchased from commercial sources and used without further
treatment. Melting points were measured in open capillaries with a Gallenkamp
MPD350.BM.2.5. 1H NMR spectra were recorded at 500 MHz (1H) and 125 MHz
(13C) in CDCl3 with a Varian Mercury 300. Infrared spectra were measured with
FTIR. Elemental analyse was performed on a Carlo Erba 1106 full-automatic trace
element analyzer. DSC measurement was carried out with a TA instrument DSC-
2910. The electrostatic potentials on isosurfaces were calculated by the PBE of
generalized gradient approximation (GGA) density functional with DNP basis set in
Dmol3code of Materials Studio 8.0.
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24.2.2 General Procedure for the Reaction

Themethod catalyzed byKOH [19, 20]: 2,6-dimethoxyphenol (15.42 g, 100mol) and
1, 2-bis(2-chloroethoxy)ethane (8.42 g, 45 mmol) was dissolved in water–ethanol
(1:1) 100 mL at room temperature. The potassium hydroxide (6.06 g, 108 mmol)
was added over a 5 min period. The reaction was stirred at reflux for 50 h. The
solids were filtered off and the solvent was evaporated. The remaining solid was
dissolved in dichloromethane (100 mL), and the organic layer was washed with
aqueous 1 N NaOH (50 mL) and brine (50 mL). The organic layer was dried with
MgSO4, filtered and evaporated to give the crude product (pale yellowviscous liquid).
Recrystallization of the crude product was performed by heating the product in
boiling Et2O and then slowly cooling it to 0 °C. The product was filtered dried to
afford 1,2-bis(2-(2,6-dimethoxyphenoxy)ethoxy)ethane as a white powder (17.3 g,
yield 91%). M.p. 59–60 °C; 1H NMR (500 MHz, CDCl3-d6): δ 6.96 (2H, t), 6.55
(4H, d), 4.14 (4H, t), 3.82 (12H, s), 3.74 (4H, t); 13C NMR (500 MHz, CDCl3-d6)
δ 153.7, 137.2, 123.7, 105.4, 72.2, 70.5, 56.1; IR(KBr) ν: 3448, 3027, 3097, 2940,
2890, 2865, 2839, 1607, 2190, 1803, 1567, 1499, 1478, 1444, 1373, 1294, 1255,
1135, 1105, 1047, 1021, 910, 847, 774, 733, 698, 615, 588 cm−l.

1,2-bis(2-(4-methoxyphenoxy)ethoxy)ethane (17.86 g, yield 98%): M.p. 67–68 °C,
1H NMR (CDCl3-d6): δ 6.85 (4H, t), 6.80 (4H, d), 4.07 (4H, t), 3.83 (4H, s), 3.75
(6H, t), 3.74 (4H, t); 13C NMR (CDCl3-d6) δ 153.96, 152.98, 115.69, 114.61, 70.87,
69.94, 68.15, 55.70; IR(KBr) ν: 3444, 3057, 3014, 2959, 2931, 2902, 2871, 2838,
2786, 2700, 2590, 2545, 2474, 2345, 2125, 2050, 1986, 1905, 1866, 1740, 1626,
1509, 1453, 1385, 1332, 1287, 1250, 1229, 1189, 1132, 1116, 1072, 1055, 1031,
948, 927, 883, 821, 731, 593, 522, 449, 423 cm−l.

1,2-bis(2-(p-tolyloxy)ethoxy)ethane (16.18 g, yield 98%): M.p. 66–67 °C, 1H NMR
(CDCl3-d6): δ 7.04 (4H, t), 6.79 (4H, d), 4.08 (4H, t), 3.83 (4H, s), 3.81 (4H, t),
2.27 (6H, t); 13C NMR (CDCl3-d6) δ 156.74, 130.05, 129.87, 114.61, 69.91, 67.34,
65.85, 20.48; IR(KBr) ν: 3444, 3100, 3063, 3022, 2928, 2923, 2897, 2859, 2733,
2681, 2590, 2545, 2483, 2358, 2129, 2067, 1993, 1877, 1766, 1612, 1585, 1510,
1488, 1454, 1412, 1374, 1321, 1298, 1248, 1181, 1138, 1112, 1070, 1041, 1013,
1000, 966, 928, 875, 853, 810, 740, 585, 560, 510 cm−l.

1,2-bis(2-(2,6-dimethylphenoxy)ethoxy)ethane (16.40g, yield 95%):M.p. 67–68 °C,
1H NMR (CDCl3-d6): δ 7.24 (4H, t), 6.92 (2H, d), 3.95 (4H, t), 3.86 (4H, s), 3.79
(4H, t), 2.82 (12H, t); 13C NMR (CDCl3-d6) δ 155.83, 130.95, 128.80, 123.82, 71.31,
67.44, 65.87, 16.28; IR(KBr) ν: 3450, 3017, 2942, 2914, 2880, 2750, 2729, 2393,
2239, 2100, 2007, 1957, 1939, 1867, 1797, 1676, 1638, 1591, 1556, 1478, 1433,
1378, 1358, 1348, 1288, 1258, 1242, 1235, 1198, 1162, 1123, 1090, 1061, 982, 973,
953, 914, 898, 845, 811, 775, 751, 670, 573, 544, 523, 479, 463 cm−l.

The method catalyzed by DCC [21]: 2,6-dimethoxyphenol (15.42 g, 100 mol) and
2,2′-(ethane-1,2-diylbis(oxy))bis(ethan-1-ol) (7.50 g, 50 mmol) was dissolved in
acetonitrile 100 mL at room temperature. The dicyclohexylcarbodiimide (DCC)
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(24.72 g, 120 mmol) was added over a 5 min period. The reaction was stirred at
reflux for 60 h. The solids were filtered off and the solvent was evaporated. The
remaining solid was dissolved in dichloromethane (100 mL), and the organic layer
was washed with aqueous 1 N NaOH (50 mL) and brine (50 mL). The organic layer
was dried withMgSO4, filtered and evaporated to give the crude product (pale yellow
viscous liquid). Recrystallization of the crude product was performed by heating the
product in boiling Et2O and then slowly cooling it to 0 °C. The product was filtered
dried and the yield was 80.5%.

24.2.3 Stability Testing

24.2.3.1 The Compatibility Test

The compatibility was test by the DSC [22]. The DSC of STAB-1 with different
energetic materials was undergone for the safety concern. DSC is a prevalent way in
compatible test. According toThermal Analyses for EnergeticMaterials, the compat-
ibility of energetic materials and the other compositions are estimated by the decom-
position peak temperature decrease (�T) of DSC curve of the energetic materials
and the mixed system. The mixed system is composed by the energetic materials and
the other compositions at the ratio of 1:1 by mass.

DSC measurements were carried out on a Model TA-910 USA instruments. The
operation condition was as follows: heating rates 10 K min−1; sample mass, 0.5 ~
1 mg; aluminium sample cell; atmosphere, static nitrogen with 0.1 MPa.

24.2.3.2 Microcalorimetry at 85 °C

The procedure is based on the standard STANAG 4582 (2004) [23]. Several 3 ml
glass vials were fully filled with NC. Heat flow measurements were conducted with
a Calorimeter 2277 TAM 150 for 160 h at 85 °C. Heat flow curves, the integrated
specific heat generation Q80h, as well as the maximum heat flow Pmax (after an induc-
tion period of 5 J/g) were obtained. All measurements were then evaluated according
to STANAG 4582. The limit value of Pmax is 310 μW/g for 85 °C and must not be
exceeded during the first 80 h of the measurement by using the activation energies
described in STANAG 4582. These time were recalculated to be an equivalent of
10 years at 25 °C.
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24.3 Results and Discussion

24.3.1 Influence of Reaction Conditions on the Etherification

The etherification of 2,6-dimethoxyphenol with 2,6-dimethoxyphenol

(24.1)

For the initial study, 2,6-dimethoxyphenol and 1,2-bis(2-chloroethoxy)ethane
were selected as the model substrates (Scheme 24.2) to optimize the reaction
conditions. It is pleasing that the etherification of 2,6-dimethoxyphenol with 1,2-
bis(2-chloroethoxy)ethane catalyzed by KOH in H2O-ethanol gave 1,2-bis(2-(2,6-
dimethoxyphenoxy)ethoxy)ethane (STAB-1) in 85.0 yield (Table 24.1, Run 1).
Several base were compared (Run 2–4). Substitution by NaOH led to a slightly lower
yield.However,whenK2CO3 orNaHCO3 was employed, the yieldwas decreased and
a considerable amount of side product as 2-(2-(2-(2-chloroethoxy)ethoxy)ethoxy)-
1,3-dimethoxybenzene was formed.

Subsequently, several solvents were evaluated [19] (Table 24.1). In contrast to the
traditional NaCO3 catalyzed the etherification of a ether and halidewhere acetonitrile
was the appropriate solvent, the employment of acetonitrile in the present reaction
led to a decrease of the yield. Meanwhile, DMF or DMSO gave the product with
lower yield, but the reaction temperature increased to 145 °C and the time decreased
to 40 h. THF were also tested, but lower yield were observed. The reaction in toluene
was not succeeded due to its lack of polarity.

The changes of yield of the etherification with time were shown in Fig. 24.1.
As illustrated, the yield of STAB-1 increased with prolonging the reaction time.

Table 24.1 Etherification of 2,6-dimethoxyphenolwith 2,6-dimethoxyphenol under various condi-
tions

Run Base Solvent Time (h) Yield (%)

1 KOH H2O-ethanol 60 85.0

2 NaOH H2O-ethanol 60 81.4

3 K2CO3 H2O-ethanol 60 36.5

4 NaHCO3 H2O-ethanol 60 20.8

5 KOH CH3CN 60 69.3

6 KOH DMF 40 80.3

7 KOH DMSO 40 78.1

8 KOH THF 60 55.7

9 KOH Toluene 60 /
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Fig. 24.1 Time-dependence curves for the etherification

However, after 60 h the yield changed slowly and became stagnated near 85%. And
from the results of HPLC, it was showed that the yield of side product was 60% at
20 h while that was only 3% at 60 h. As a result, in a 60 h reaction course, the 2,6-
dimethoxyphenol was condensed with 85% yield of STAB-1. The effect of temper-
ature was summarized in Fig. 24.2. Due to the solubility of 2,6-dimethoxyphenol in

Fig. 24.2 Temperature-dependence curves for the etherification
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solvent increase with the raise of the temperature, the yield first increased and then
stagnated near 85% when the temperature increased to the reflux temperature.

24.3.2 Production of STAB-1 and STAB-2 with Different
Methods

The preparation of STAB-1 and STAB-2 with KOH or DCC method

(24.2)

With optimized conditions in hand, 1,2-bis(2-(4-methoxyphenoxy)ethoxy)ethane
(STAB-2), 1,2-bis(2-(4-methyphenoxy)ethoxy)ethane (STAB-3) and 1,2-bis(2-(2,6-
dimethylphenoxy)ethoxy)ethane (STAB-4) were attempted to be synthesized, and
the results are shown in Table 24.2. STAB-2, STAB-3 and STAB-4 were produced in
98.4% yield, 98.8% yield, and 95.0% yield respectively, while the yield of them and
was higher than that of STAB-1 and the time was shorter due to the steric hindrance.
The new chlorine-free approach for the condensation of hydroxybenzene and alcohol
catalyzed by dicyclohexylcarbodiimide (DCC) was attempted. The yield of STAB-1
was 80.5% under the DCCmethod, while that of STAB-2, STAB-3 and STAB-4were
96.0%, 96.2% and 93.7%, respectively. Although the yield was little lower than the
KOH method, the advantage of the DCC method was that it did not need chlorine
reagent and base which can reduce the pollution.

Table 24.2 Production of
STAB with different method

Run R1, R2 Method Yield (%)

1 OCH3, H KOH 85.0

2 H, OCH3 KOH 98.4

3 H, CH3 KOH 98.8

4 CH3, H KOH 95.0

5 OCH3, H DCC 80.5

6 H, OCH3 DCC 96.0

7 H, CH3 DCC 96.2

4 CH3, H DCC 93.7
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24.3.3 The Stabilizing Property of STAB-1

To understand the stability of the new stabilizers on the energetic materials, the
electrostatic potentials on isosurfaces were calculated by the PBE of generalized
gradient approximation (GGA) density functional with DNP basis set in Dmol3code
of Materials Studio 8.0 (Fig. 24.2) [24]. For STAB-1 molecule, there are negative
potentials around the electron-rich oxygen atom as expected, which made negative
potentials were observed above benzene and strongly-positive potentials are located
around. The distributionwas propitious to the replacement of H on the benzene by the
nitro group which was released from the energetic materials. And from the structure
of STAB-1, it can be seen that the electron-donating group (–OCH3, –OCH2CH2O–)
had observed a positive influence of the replacement of nitro group. It is suggested
that STAB-1 can stabilize the energetic materials from the calculation. For STAB-4
molecule, the negative potentials observed above benzene were weaker than that of
STAB-1 because methoxy group was replaced by the he weaker electron-donating
group methyl group (Fig. 24.3).

For STAB-2 and STAB-3 molecule, the negative potentials observed above
benzene were weaker than that of STAB-1, and the reason was that only onemethoxy
group or methyl group was found. Although they made weaker positive potentials
around the benzene, the steric hindrance were also lower than STAB-1. And there
are two locations for the replacement of nitro group in STAB-2 and STAB-3, while
it was only one for STAB-1.

STAB-1 was selected as the model to evaluate the stabilizing property. The
compatibilities of STAB-1 and different energetic materials were examined by DSC,
and the results were shown in Fig. 24.4. It was obtained from the DSC of NC that a
peak located at 208.6 °C, which is the decomposition temperature. While STAB-1
was mixed with NC, a valley was appeared at 51.5 °C which was the melting point of
STAB-1, and the peak temperature remained almost in invariant (206.6 °C). It was
suggested from the almost unchanged decomposition temperature that STAB-1 was
compatible with NC [25]. Similar with NC, STAB-1 was compatible with NC-NG.

For FOX-7, the result was interesting. The DSC curve had a valley at 115.5 °C,
while two peak at 230.6 °C and 276.0 °C, respectively. As STAB-1 was mixed, the
valley became small and the first peak decreased sharply, while the second peak
decreased slowly. The temperature of the two peak was 233.6 °C and 273.1 °C,
respectively. It was suggested that STAB-1 can be compatible with FOX-7, and the
mixture can be used in short time. The compatibilities of STAB-1 and RDX was
examined. To our disappointment, STAB-1 can’t be compatible with these energetic
materials. The reason may be that STAB-1 could not be compatible with nitramine
(N–NO2) compounds. From the results, it can been seen STAB-1 can be used to
stabilize the kind of Nitrocellulose.

The initial stabilizing property of STAB-1 was evaluated from the heat flow
calorimetry measurements [26, 27]. STAB-1 was mixed with NC for the block test.
Centralite-II which was contrasted was also mixed with NC, and the results were
showed in Fig. 24.5. From the figure, it can be seen that the heat flow of STAB-1 was
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STAB-1                                           STAB-2                       

STAB-3                                      STAB-4

Fig. 24.3 The electrostatic potentials of STAB-1, STAB-2 and STAB-3

similar with Centralite-II. Below 30 °C, the heat flow of STAB-1 was higher than
Centralite-II, and the heat flow of STAB-1 became lower than that of Centralite-II
belong 40–60 °C. However, the heat flow of STAB-1 grew faster than Centralite-II
when temperature was higher than 60 °C.

To evaluate the stabilizing property, samples in total of stabilized NC were
prepared using STAB-1 and diphenylamine (DPA). A block test was performed
by the heat flow calorimetry measurements (Fig. 24.6), and the measurements were
performed at 85 °C for 181 h to ensure the stability of the NC for 10 years. And both
STAB-1 and DPA passed the test. For the results from Figs. 24.5 and 24.6, it was
proved that STAB-1 can stabilize NC.
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Run Energetic 

materials

The decomposition 

temperature  of 

energetic 

materials( )

The decomposition 

temperature of  

STAB-1 and 

energetic 

materials( )

ΔT The 

compatibility 

degree* 

1 NC 208.6 206.6 2 good

2 NC-NG 202.4 200.4 2 good

3 FOX-7 230.6, 276.0 233.6,273.1, 3,2.9 middle 

4 RDX 240.7 233.3 7.4 poor

* 0 ΔT 2 The system is compatible. (good)

2 ΔT 5 The compatibility is slightly sensitive, and the mixture can be used in short time.(middle)

5 ΔT 15 The compatibility is sensitive and not recommended in usage. (poor)

ΔT 15 the system is dangerous and forbidden to mix.

Fig. 24.4 The compatibilities of STAB-1 with different energetic materials

Fig. 24.5 The stabilizing propery of STAB-1

24.4 Conclusion

The new kind of stabilizers STAB-1 (1,2-bis(2-(2,6-
dimethoxyphenoxy)ethoxy)ethane), STAB-2 (1,2-bis(2-(4-
dimethoxyphenoxy)ethoxy)ethane), 1,2-bis(2-(p-tolyloxy)ethoxy)ethane (STAB-3)
and 1,2-bis(2-(2,6-dimethylphenoxy)ethoxy)ethane (STAB-4) were prepared with
the aim to obtain a nonvolatile stabilizer that cannot form N-nitroso compounds
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Fig. 24.6 HFC
measurement of NC and
STAB-1 at 85 °C

on prolonged contact with NC. The electrostatic potentials were calculated and the
compatibilities of STAB-1 with energetic materials were tested. The original stablity
of STAB-1 was evaluated and it can stabilized NC for ten years to the HFC study.
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Chapter 25
Study on Preparation, Application
and Modification of Flake Aluminium
Powder

Jie Liu, Deqi Wang, and Fengsheng Li

Abstract Aluminium (Al) powder is one of fuels for solid propellants. The specific
surface area of flake Al is larger than that of spherical Al powder and has higher
reactivity. So, the flake Al has been prepared, applicated and further modified. Flake
Al can improve thermal conductivity between components, improve mechanical
sensitivity and combustion performance of propellant. Besides, by using the reac-
tion of Al2O3 and TiC, the initial reaction temperature and energy release of thick
flake aluminum (5 µm Flake Al)/titanium carbide (TiC) composite micro-unit have
significant improvement.

25.1 Introduction

Aluminum powder (Al) is an important raw material in solid propellants [1–5]. As
fuel, Al is an important component of solid propellant [6–8], which shows significant
advantages, such as high combustion calorific value, low oxygen consumption and
high measured specific impulse etc. [9–11]. The ignition and combustion reactivity
of aluminum powder not only have a obviously impact on the combustion and energy
release of solid propellant, but also have an important impact on the energy release
efficiency [12–14]. In order to improve the safety of aluminum powder in the process
of production, storage, transportation and use, a dense high melting point (2054 °C)
alumina (Al2O3) film is usually formed on the surface of aluminum powder [15, 16].
However, this also makes the active aluminum inside the particle be hindered by the
surface alumina film in the practical application of aluminum powder in propellant,
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which is not conducive to the contact between active aluminumand oxidation compo-
nents. So, the ignition and combustion reaction activity of aluminumpowder has been
limited [15–18]. In addition, the combustion product Al2O3 will be wrapped on the
surface of active Al again, which further hinders the combustion reaction, resulting in
incomplete combustion of aluminum powder and reduced energy release efficiency.
Therefore, how to solve the contradiction between “safety” and “efficient applica-
tion”, design new principles and technical approaches, and realize the purpose of
effectively cracking Al2O3 film in the combustion process of aluminum powder to
improve the reactivity and energy release efficiency of Al are urgent problems to
be solved in the field of solid propellant. And it is also an important problem in the
research field of aluminum-containing mixed explosives.

Compared with spherical Al powder, flake Al powder has a larger specific surface
area, which means that the reactivity of flake Al will be higher than spherical Al. So,
the flakeAl has been prepared and applied in solid propellants [19, 20]. However, due
to the low content of active aluminum in the flake aluminum, the burning rate of flake
Al propellant is not significantly improved, so the flake aluminum has been further
modified. Inspired by the ceramic refining process [21–28], thick flake aluminum
(5µmFlake Al)/titanium carbide (TiC) composite micro-unit has been designed and
prepared by using the reaction of Al2O3 and TiC [29]. By embedding TiC into the
surface of 5 µm Flake Al, the purpose of improving the ignition and combustion
reactivity of Al has successfully achieved. The application of 5 µm Flake Al/TiC
composite micro-unit in solid propellants will be further explored in future work.

25.2 Experiment Section

In order to study the application and modification of flake aluminum powder in solid
propellants, flake Al, solid propellants consisting mainly of AP and Al and 5 µm
Flake Al/TiC composite micro-unit were prepared, respectively.

25.2.1 The Preparation of Flake Al

FlakeAlwere prepared by bidirectional rotationmill. The grinding time ofAl powder
was 2.5 h (flake Al-1) and 7 h (flake Al-2), respectively.

25.2.2 The Preparation of Solid Propellants

Solid propellants were prepared by screw extrusion technology. Table 25.1 was the
ingredient list of propellants within the tolerance range. Firstly, all the components
of propellants were precisely weighed on the basis of Table 25.1. Secondly, placing
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Table 25.1 Basic formulation of solid propellants

Components NC NG AP Al

Content, % 35.2 ± 2.0 25.2 ± 2.0 30.0 ± 2.0 5.0 ± 1.0

the weighed components of the propellant in a mixed solution of ethanol and acetone
(volume ratio is 1:1). Then, the mixture was stirred vigorously until uniformly
dispersed. Finally, the as-prepared mixture was calendered and molded, and then
propellant samples were successfully prepared [20].

25.2.3 The Preparation of 5 µm Flake Al/TiC Composite
Micro-Unit

5 µm Flake Al/TiC composite micro-unit was prepared by two-step ball milling.
Firstly, 5µmFlake Al was prepared by wet milling with planetary ball mill. Then the
5µmFlake Al/TiC composite micro-unit was prepared by dry ball milling with plan-
etary ballmill. Finally, the 5µmFlakeAl/TiC compositemicro-unit was successfully
prepared by two-step ball milling.

25.3 Results and Discussion

25.3.1 Morphology of Flake Al, 5 µm Flake Al and 5 µm
Flake Al/TiC

Themorphology of flakeAl, 5µmFlakeAl and 5µmFlakeAl/TiCwas characterized
by scanning electron microscope [20]. As shown in Fig. 25.1a and b, most of the
flake Al-1 (2.5 h) and flake Al-2 (7 h) were flake-like, and the thickness of flake Al-2
was more small than flake Al-1. With the increase in grinding time, the thickness
of flake Al powder gradually became smaller. As shown in Fig. 25.1c and d, the
porosity of Spherical Al propellant was larger than that of flake Al-2 propellant. As
shown in Fig. 25.1e and f 5µm Flake Al thickness was about 5µm. And 5µm Flake
Al/TiC composite micro-unit had a structure of TiC embedded into the surface of
5 µm Flake Al.
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Fig. 25.1 SEM morphologies of flake Al-1 (a), flake Al-2 (b), spherical Al propellant (c), flake
Al-2 propellant (d), 5 µm Flake Al (e) and 5 µm Flake Al/TiC composite micro-unit (f)

25.3.2 Application Performance of Flake Al-2 in Solid
Propellants

25.3.2.1 Reactivity and Thermal Property

Figure 25.2 represented TG-DTG curves of propellant samples at the heating rate of
20 °C/min [20]. As shown in Fig. 25.2, there were two stages of thermal decomposi-
tion of the propellants. In the rapid reaction stage, the DTG peak temperature of the
flake Al propellant is lowered by about 1.5 °C than that of Spherical Al propellant.
This shows that flake aluminum can improve the reactivity of propellant.

Fig. 25.2 TG-DTG curves for spherical Al propellant (a), flake Al propellant (b) at the heating
rate of 20 °C/min
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Fig. 25.3 DSC curves of spherical Al-AP-based CMDB propellant (a), Flake Al-2-AP-based
CMDB propellant (b) at different heating rates

The DSC curves of the two kinds of propellant samples at different heating rates
(5, 10, 15 and 20 °C/min) were shown in Fig. 25.3 [20]. The values of reaction peak
temperature for the flake Al CMDB propellant are all decreased compared to that of
spherical Al CMDB propellant. In general, as the specific surface area of Al powder
increase, flakeAl can absorbmore reactivemolecules onto their surface, and catalyze
their reactions, which lead to a lower decomposition temperature.

The kinetic parameters for pure AP and AP/Al mixtures decomposition can be
calculated according to Kissinger correlation Eq. (25.1) [30] and Arrhenius equation
Eq. (25.2) [31].

ln

(
β

T 2
p

)
= − Ea

RTp
+ ln

(
AR

Ea

)
(25.1)

k = A exp

(
− Ea

RTp

)
(25.2)

where β is the heating rate (K/min), Tp is the exothermic peak temperature in the
DSC curve (K), R is the ideal gas constant, 8.314 J/(mol·K), Ea is the activation
energy (J/mol), A is the frequency factor (/min), and k is the reaction rate constant
when the T is equal to Tp (/s).

The Ea and A, 1/min of the thermal decomposition of propellants are calculated
based on experimental data in Fig. 25.3 by using Eq. (25.1). The calculated results
of Ea and A were shown in Table 25.2.

Table 25.2 Kinetic
parameters for propellant
samples

Samples Ea , kJ/mol A, 1/min

Spherical Al propellant 161.5 2.043 × 1017

Flake Al propellant 162.6 2.861 × 1017
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Combined with Eq. (25.2), the Ea and A of the spherical Al propellant and Flake
Al-2-AP-based CMDB propellant were brought into the equation. The reaction rate
constants of spherical Al propellant and flake Al propellant can be determined as
k1 and k2, respectively. Let k1 = k2, bring in the value of Ea and A, determine the
thermal decomposition isokinetic temperature Tis of spherical Al propellant and flake
Al propellant is 392.9 K (119.7 °C). When the temperature is less than 119.7 °C,
the flake Al propellant has a small thermal decomposition reaction rate constant and
good thermal stability. That means flake Al-propellant is more stable and safe during
storage and transportation. When the temperature is less than 119.7 °C. The A of
the flake Al propellant is higher than that of the spherical Al It means that the flake
Al propellant has higher reaction rate in propellant combustion process. However,
due to the active aluminum content is reduced of flake aluminum, and the thermal
performance of the propellant is not greatly improved.

25.3.2.2 Sensitivity and Combustion Performances

Mechanical sensitivity results of propellant samples are given in Table 25.3. In fric-
tion sensitivity test, test pressure is 2.45 MPa. The value of P for flake Al propellant
is 88%, which was lower than that of spherical Al. In impact sensitivity tests, drop
hammer weight is 5 kg. The value of H50 for spherical Al propellant (9.3 cm) was
much lower than that of flake Al propellant (H50 = 26.7 cm). It is clear that compared
with spherical Al propellant, the friction and impact sensitivities for flake A propel-
lants are decreased by 12% and 187%, respectively. These results indicated that the
flake Al propellant was more insensitive to impact and friction stimuli.

The burning rates of propellant samples were shown in Table 25.3 [20]. The
burning rate of flake Al propellant was increased by 5.5% from 55.0 mm/s to
58.0 mm/s, compared with that of spherical Al propellant.

Compared with spherical Al, flake Al is relatively flexible and has a larger specific
surface area. Flake Al combined more closely with the components, and not easy
to produce strong friction with other components of propellants. So, it is hard to
form a heterogeneous bulge in the interior of the propellant. Therefore, flake A
propellant may get higher heat transfer rate than that of spherical Al propellant,
which is beneficial to reduce sensitivity and increase burning rate. However, the
improvement of thermal and combustion properties of sheet aluminum propellant

Table 25.3 Friction and
impact sensitivity of the
propellant samples

Samples Friction
sensitivity

Impact
sensitivity

Burning rate,
mm/s

P, % H50, cm

Spherical Al
propellant

100 9.3 55.0 ± 0.9

Flake Al
propellant

88 26.7 58.0 ± 0.6
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is slight. In order to give full play to the advantages of flake Al, flake Al has been
further modified.

25.3.3 Modification of Flake Al

The initial reaction temperature and energy release of 5 µm Flake Al/3%TiC, 5 µm
Flake Al/4%TiC, 5 µm Flake Al/5%TiC and 5 µm Flake Al/6%TiC were character-
ized by DSC [29]. It can be seen from Fig. 25.4 that during the reaction process of
5 µm Flake Al/TiC composite micro-unit, there were initial reaction of Al between
550 °C and 600 °C and combustion exothermic peak between 900 °C and 1100 °C.

Table 25.4 showed the initial reaction temperature of 5 µm Flake Al/TiC
composite micro-unit at 20°C/min and energy release at heating rate [29]. It can
be seen from Table 25.4 that initial reaction temperature of 5 µm Flake Al/5%TiC
composite micro-unit is minimum. And the energy release of 5 µm Flake Al/5%TiC
is the largest (21,419 J/g).

Fig. 25.4 DSC curves of samples at 5 °C/min (a), 10 °C/min (b), 15 °C/min (c), and 20 °C/min
(d), respectively
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Table 25.4 Initial reaction temperature at 20 °C/min and energy release at heating rate of samples

Sample Initial reaction
temperature at
20 °C/min (°C)

Energy release (J/g)

5 °C/min 10 °C/min 15 °C/min 20 °C/min

5 µm Flake Al/3%TiC 578.72 8142 8939 14,242 14,827

5 µm Flake Al/4%TiC 577.96 8428 9531 17,739 18,169

5 µm Flake Al/5%TiC 574.12 8763 9708 18,340 21,419

5 µm Flake Al/6%TiC 575.29 8375 9644 14,795 15,640

Compared with flake Al that there is no reaction and energy release in air under
1200 °C [29], 5 µm Flake Al/TiC composite micro-unit successfully improved the
reactivity of flake Al.

25.4 Conclusions

The Flake Al has been prepared, applicated and modified. The SEM observations
show that the flake Al propellant has lower porosity. That improves thermal conduc-
tivity between components, due to the increase in the specific surface area of flakeAl.
In addition, flake Al with a large specific surface area also improves the mechanical
sensitivity and combustion performances of propellant, respectively. This provides a
new path for improving security situation during the process of production, storage
and application of propellants.

Because of flake Al has slightly improved propellant performance, it is neces-
sary to modify flake Al. 5 µm Flake Al/TiC composite micro-unit was designed
and successfully prepared by two-step ball milling, which had the structure of TiC
embedded into 5 µm Flake Al. By using the reaction of Al2O3 and TiC, the initial
reaction temperature, combustion reactivity and the energy release of flake Al have
been improved.
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Chapter 26
Fabrication of HKUST-1 Based Ink
for Direct Writing of Precursors
of Primary Explosives

Caimin Yang, Yan Hu, Huipeng Zeng, Xuwen Liu, Yinghua Ye,
and Ruiqi Shen

Abstract As a direct-write molding technology based on the principle of layer-by-
layer accumulation, inkjet printing has shown application prospects in the field of
micro-sized energetic materials. Based on HKUST-1, the influence of three binders
of polyvinyl alcohol, ethylcellulose, and polyvinylidene fluoride on the printing char-
acteristics of precursor inks was explored. The binder system suitable for ink prepa-
ration was screened out, and the best printing parameters were determined. The
matching rule between the printing line width and the needle aperture was studied.
Moreover, the best ink formula and needle size which can achieve the target line
width were selected. The optimized ink was pyrolyzed at a high temperature under
an inert atmosphere to prepare a composite of nano-copper coated by porous carbon
and copper azide-porous carbon composite energetic materials was in-situ prepared
through a gas–solid azidation reaction. This work laid the foundation for the subse-
quent realization of micro-scale precision charges based on carbon-based copper
azide energetic materials.
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26.1 Introduction

The modern battlefield environment has an increasing demand for miniaturization,
intelligence, and integrated pyrotechnics. Traditional pyrotechnics cannot meet this
increasing demand. Therefore, the integration of micro-electromechanical systems
(MEMS) and pyrotechnics technology has become the development trend [1–3].
Obviously, traditional pyrotechnic agents are increasingly unable tomeet the demand
for sophisticated weapons. In order to meet the needs of the miniaturization of
pyrotechnics, researchers have turned their attention to copper azide. Compared
with traditional detonators such asmercury fulminate, lead azide, and lead styphnate,
copper azide is less toxic, less harmful to the environment, and has better detonating
properties [4, 5]. Although copper azide has a high energy density and excellent initi-
ation ability, it is difficult to be applied in practice due to its extremely sensitive to
electrostatic stimulation. Researchers havemademany attempts to improve the safety
during the preparation and use of copper azide, such as the use of liquid–solid azide
method to synthesize copper azide film [6] and embed copper azide in the graphene
framework [7–10] or carbon nanotubes [11–19]. Wang et al. [20–22] proposed a
method for preparing primary explosives using carbonized metal organic framework
(MOFs) as conductive porous carbon matrix and metal source. Carbonizing MOFs
to produce a carbon skeleton with a porous structure and good conductivity, and
evenly coating the primary explosive in such a carbon skeleton, can avoid charge
accumulation in time to reduce its electrostatic sensitivity and improve its safety.
Xu et al. [23] used low-cost cellulose derivatives as precursor materials to prepare
copper azide porous carbon framework (CA@PC) hybrids in relatively simple steps,
which reduced the sensitivity of copper azide.

In the micro-transducer, how to realize the micro-sized charge has always been a
hot spot in the researchfield ofMEMSpyrotechnics. The directwriting techniquewas
first proposed by Hull in 1986 [24]. Combining direct writing molding technology
with energetic material charge technology can realize some advanced functions and
effects that cannot be achieved by traditional charge technology [25–28]. Applying
inkjet printing to the charge of energetic materials can prevent researchers from
directly contacting high-sensitivity explosives. Therefore, it is a very safe method
of charging primary explosives. Since inkjet printing technology is compatible with
MEMS technology, its application in preparing themicro-nano structure of the initial
detonator of the detonation sequence can promote the rapid development of MEMS
pyrotechnics.

Shen et al. [29] proposed the design of energetic ink formulations, and studied
the characteristics of the ink formed by three energetic carriers (Nitrocotton (NC),
polyvinyl butyral (PVB), polyglycidyl azide (GAP)) and nano-thermite. Han et al.
[30] used CL-20 as the energetic component and nitrocellulose as the binder to
explore the density, stability and uniformity of inks with different solvent configura-
tions. Wang et al. [31] used PVDF and Viton as binders, mixed with nano-aluminum
powder to make a thermite-like ink, and made a film by direct writing technology. Li
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et al. [32, 33] prepared CL-20-based energetic ink and tested its printing performance
with a pneumatic micro pen direct writing platform.

Xing [34] explored the ink formula with light-curable resin and nitrocellulose
as the binder, and explored the influence of needle diameter on printing accuracy.
Yao et al. [35, 36] used nano-CL-20 as the energetic component and nitrocellulose
as the binder, and configured energetic ink. Ding [37] independently designed and
developed a pneumatic printing nozzle suitable for melt-molded energetic materials.
Liu et al. [38] used CL-20 as the energetic component to configure energetic ink,
using simulation and experiment to corroborate each other, and explored the influence
of needle diameter and direct writing pressure on the ink discharge rate of the needle.
While researchers in the field of energeticmaterials are conducting detailed studies on
energetic ink formulation design and printing parameters, more and more excellent
ink formulations and printing methods have been unearthed [39–43].

In this work, the optimal preparation process conditions of the copper-containing
MOFs material HKUST-1 were studied. Then, using copper-based MOFs as precur-
sors, the characteristics of inks prepared under three binder systems (water-polyvinyl
alcohol, isopropanol-ethyl cellulose and N,N-dimethylformamide-polyvinylidene
fluoride) were explored and get a better ink formula through comparison. The
matching rule between the printing line width of the ink and the needle aperture
was explored, and the best ink formula and needle that can achieve the target line
width were selected. The selected optimal ink was calcined at a high temperature
under an inert atmosphere to prepare a porous carbon-copper compositematerial, and
the copper azide energetic material was prepared in situ through a gas–solid phase
azidation reaction. This paper proposes a new type of energy-containing charge tech-
nology suitable for high-energy, high-safety and miniaturized pyrotechnics, which
is expected to meet the needs of miniaturization of weapon systems.

26.2 Materials and Methods

26.2.1 Materials

Copper acetate monohydrate (Cu(CH3OO)2·H2O) (J&K Scientific Co., Ltd,
98%), 1,3,5-Trimesic acid (C9H6O6) (J&K Scientific Co., Ltd, 99.5%), N,N-
Dimethylformamide (C3H7NO) (J&K Scientific Co., Ltd, 99%), Absolute ethanol
(C2H6O) (Aladdin Co., Ltd, 99%), Polyvinyl alcohol (Aladdin Co., Ltd, 99%),
Isopropanol (J&K Scientific Co., Ltd, 98%), Ethyl cellulose (J&K Scientific Co.,
Ltd, 99.5%), Polyvinylidene fluoride (–(C2H4O)n–) (J&K Scientific Co., Ltd, 99%),
Isopropanol (C3H8O) (Aladdin Co., Ltd, 99%), Ethyl cellulose (C23H24N6O4)
(Aladdin Co., Ltd, 99%), Polyvinylidene fluoride (–(C2H2F2)n–) (Xilong Chem-
ical Co., Ltd, 99.7%), sodium azide (AIKE Reagent Co., Ltd, 99%) were purchased
commercially and used as received.
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26.2.2 Preparation of HKUST-1

The metal cation (Cu2+) provided by the copper acetate solution was used as the
metal center and trimellitic acid was used as the organic ligand, and the coordination
polymer HKUST-1 was synthesized by the ultrasonic-assisted method [44]. 0.2995 g
(1.5 mmol) of copper acetate monohydrate was dissolved in 12 mL of water, and
18 mL of N,N-dimethylformamide (DMF) and 6 mL of absolute ethanol (EtOH)
were mixed uniformly. 0.3152 g (1.5 mmol) of 1,3,5-trimellitic acid was added to
the mixed solution of DMF and EtOH. When the copper acetate solution was mixed
with the trimesic acid solution, a blue precipitate was formed. The mixed solution
was sonicated at a constant temperature of 25 °C. After the sonication, it was poured
into a 50 mL centrifuge tube, and centrifuged at a centrifugal speed of 9000 r/min
for 10 min. After three centrifugation and washing, the blue solid precipitate was
transferred to a watch glass and dried in an oven under normal pressure and 130 °C
for 12 h to obtain dark blue HKUST-1 crystals.

26.2.3 Design of Ink Formula

Commonly used binders in ink formulations are: ethyl cellulose, polyvinylidene
fluoride, polyvinylpyrrolidone, polyvinyl alcohol, polyglycidyl azide, fluororubber
and gelatin. Taking into account the subsequent high-temperature carbonization, in-
situ azide and other processes, according to the solubility and viscosity of the binder,
three sets of solvent/binder systems were finally designed. The selected binders were
polyvinyl alcohol, ethyl cellulose and polyvinylidene fluoride, the solvent corre-
sponding to polyvinyl alcohol was pure water, the solvent corresponding to ethyl
cellulose was isopropanol, and the solvent corresponding to polyvinylidene fluoride
was N,N-dimethylformamide. The specific ink formula is shown in Table 26.1. In the
ink formulation, the composition of the binder system and the quality of the binder
are variables. The volume of the solvent is constant, 5 mL. The mass of the precursor
HKUST-1 is also constant at 0.4 g.

26.2.4 Printing Characteristics of Selected Inks

We explored thematching rule between the printing line width of the selected ink and
the aperture of the printing needle, and optimized the best ink formula and needle
size that can achieve the target line width. Due to the high viscosity of the ink, even
after stirring and ultrasound, there are still some tiny bubbles that cannot be removed.
When the needle diameter is small, the bubbles will block the needle and cause the
ink to fail to be successfully discharged.
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Table 26.1 Design of ink
formula

Number Solvent/binder Mass of the binder/g

1 (0) Pure water/polyvinyl
alcohol

0

1 (1) Pure water/polyvinyl
alcohol

0.1

1 (2) Pure water/polyvinyl
alcohol

0.2

1 (3) Pure water/polyvinyl
alcohol

0.3

1 (4) Pure water/polyvinyl
alcohol

0.4

2 (0) Isopropanol/ethyl
cellulose

0

2 (1) Isopropanol/ethyl
cellulose

0.1

2 (2) Isopropanol/ethyl
cellulose

0.2

2 (3) Isopropanol/ethyl
cellulose

0.3

2 (4) Isopropanol/ethyl
cellulose

0.4

3 (0) DMF/polyvinylidene
fluoride

0

3 (1) DMF/polyvinylidene
fluoride

0.1

3 (2) DMF/polyvinylidene
fluoride

0.2

3 (3) DMF/polyvinylidene
fluoride

0.3

3 (4) DMF/polyvinylidene
fluoride

0.4

3 (5) DMF/polyvinylidene
fluoride

0.5

In the beginning, we selected model 27G (inner diameter 0.2 mm, outer diameter
0.4 mm) as the direct writing needle with the smallest aperture. After printing many
times, we found that both inks could not be smoothly discharged. Aftermany times of
printing, it is finally determined to use the three needles ofmodel 20G (inner diameter
0.6 mm, outer diameter 0.9 mm), model 22G (inner diameter 0.4 mm, outer diameter
0.7 mm), and model 24G (inner diameter 0.27 mm, outer diameter 0.55 mm) to
explore the matching rule of ink line width and needle aperture. The inks used in the
experiment are inks 1 (4) and 2 (3). 1 (4) is the inkwith water/polyvinyl alcohol as the
binder system and the binder mass is 0.4 g, and 2 (3) is the ink with isopropanol/ethyl
cellulose as the binder system and themass of the binder is 0.3 g. The relevant printing
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parameters in the direct writing process are: medicine thread length is 30 mm; needle
length is 0.25 inches; needle height is 0.2 mm; X-axis movement speed is 2 mm/s,
T-axis movement distance is 0.3 mm, and speed is 0.02 mm/s.

26.2.5 Pyrolytic Carbonization at High Temperature
and Azide Reaction

The calcination temperature was 600 °C, the heating rate was 5 °C/min, and the
temperature was kept at 600 °C for 1 h. The sample was ground into powder and
placed in a porcelain ark, and the porcelain ark was pushed into the middle of the
vacuum tube furnace with crucible tongs. When the heating was started, argon gas
was introduced. After the temperature rose to the predetermined temperature, the
temperature was kept at 600 °C for 1 h, then the instrument was turned off, the flange
was unscrewed, and the porcelain ark was taken out after the temperature dropped
to a suitable temperature, and the porcelain ark was naturally cooled to get samples
at room temperature.

The process of azidation was to add 4 g of NaN3 to 100 mL of water to prepare
a NaN3 solution, pour the solution into an azide container, and then remove the air
in the container by blowing nitrogen. 4 g of concentrated nitric acid was weighed
and poured into 100 mL of water, and it was dropped into the azidation container,
and the azidation reaction proceeded for 36 h. After the experiment was over, the
remaining HN3 gas was discharged by introducing nitrogen gas and absorbed by
NaOH solution.

26.3 Results and Discussion

26.3.1 Characterization and Analysis of HKUST-1

TheX-ray electron diffraction (XRD) pattern of theHKUST-1 sample synthesized by
the ultrasonic-assisted method is shown in Fig. 26.1. It can be seen from Fig. 26.1b,
c and d that all the diffraction peaks in the XRD spectra of the samples prepared
by the ultrasonic-assisted method for 60 min, 45 min and 30 min respectively are
basically consistent with the diffraction peaks in the standard spectrum obtained by
simulation (Fig. 26.1a), andnoother obvious peaks appeared. Since the sample shown
in Fig. 26.1e was sonicated for only 15min, the reaction was not completely finished,
and its diffraction peaks roughlymatched the diffraction peaks of the standard spectra
obtained by simulation, but there were still several impurity peaks. The XRD test
results show that the sample synthesized by the ultrasonic-assisted method in this
experiment is the copper-containing MOFs material HKUST-1.

Figure 26.2 shows the scanning electron microscope (SEM) images of HKUST-
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Fig. 26.1 Standard spectra of copper-containing metal organic framework material HKUST-1
(obtained by simulation) and XRD spectra of synthetic samples. a Standard spectrum of HKUST-1
obtained by simulation; b XRD spectrum of the sample obtained by ultrasound for 60 min; c by
ultrasound for 45 min; d obtained by ultrasound for 30 min, e obtained by ultrasound for 15 min.

Fig. 26.2 SEM images of HKUST-1 material samples prepared under different ultrasonic time
conditions: a Ultrasound for 60 min; b ultrasound for 45 min; c ultrasound for 30 min; d ultrasound
for 15 min
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1 material samples prepared under the conditions of 15 min, 30 min, 45 min and
60 min ultrasonic time. Different from the typical octahedral crystals prepared by
the solvothermal method, the samples prepared by the ultrasonic-assisted method
are in block shape with uneven particle size, most of which are between 1 and 2 µm.
This may be due to the influence of ultrasound, which has changed the morphology
of the crystal.

In order to further understand the crystal quality and morphology of the prepared
materials, the prepared samples were characterized by high-resolution transmis-
sion electron microscopy. Figure 26.3 shows the HRTEM image of the prepared
HKUST-1 sample. It can be seen from the figure that the prepared HKUST-1 has
a smooth surface, no obvious defects, good crystallinity, and the entire particle is
of nanometer scale. The material exhibits good homogeneity, which proves that
the copper-containing metal organic framework material HKUST-1 prepared by the
ultrasonic-assisted synthesis method is relatively pure and does not have impurity
phases.

The material was also characterized by X-ray energy spectroscopy (EDS). This
characterization measured the specified element at a certain point on the sample,
and detected the three elements of C, Cu, and O in this point. Figure 26.4 shows
the peaks of these three elements. The relative contents of these three elements were
determined, and the mass fraction of C was 44.57%, the mass fraction of oxygen was
28.29%, and the mass fraction of Cu was 27.14%.

Fig. 26.3 HRTEM images of prepared HKUST-1
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Fig. 26.4 EDS spectrum of HKUST-1 synthesized by ultrasound-assisted method

Table 26.2 The quality of
products under different
ultrasound time

Number Ultrasound time/min Mass of products/g

1 15 0.3891

2 30 0.4890

3 45 0.4892

4 60 0.4896

The weights of HKUST-1 products obtained under different ultrasound time are
shown in Table 26.2. It can be seen from Table 26.2 that there is a large difference in
the weight of the product when the ultrasonic time is 15 min and 30 min, while the
weight of the product obtained at the ultrasonic time of 30min and 45min and 60min
is not much different. This shows that the reaction is basically completed when the
ultrasound time is 30 min, and subsequent increases in the ultrasound time have little
effect on the yield. Therefore, an optimal experimental condition for the synthesis of
HKUST-1 was obtained: the same molar mass of copper acetate monohydrate and
trimellitic acid were respectively prepared into solutions. Copper acetate monohy-
drate is dissolved in water to form a copper acetate aqueous solution; trimellitic acid
is dissolved in a DMF-anhydrous ethanol composite solvent to form a trimesic acid
composite solution. The volume ratio of the solvent is: DMF:EtOH:H2O = 3:1:2.
The two solutions were mixed uniformly and sonicated at a constant temperature of
25 °C for 30 min. Then the resulting solution was centrifuged, washed with water
and absolute ethanol, and centrifuged. Finally, it is dried at 130 °C for 12 h to obtain
HKUST-1 crystals.

26.3.2 Design of Ink Formula

The binder system of the first ink is water/polyvinyl alcohol. After the inks were
allowed to stand for 24 h, they were found to have formed a layer of precipitation on
the bottom of the beaker. In ink 1 (0) without the addition of a binder, delamination
was the most serious. The precipitation decreases with the increase in the amount of
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binder added. At 1 (3), there is only a small amount of precipitation at the bottom of
the beaker. Through the direct writing of the printing equipment, it was found that
the 1 (4) ink can discharge ink smoothly without clogging the needle, and the ink
curing time is moderate. Therefore, the formula numbered 1 (4) is used as the best
formula for water/polyvinyl alcohol binder system ink.

The binder system of the second set of inks is isopropanol/ethyl cellulose. When
the ink was allowed to stand for 24 h, a layer of precipitation was formed. But
compared with the ink configured with water/polyvinyl alcohol as the binder system,
the blue precipitation is much less. Because the ink numbered 2 (4) is relatively
viscous and extremely viscous, there are still more large bubbles in it after stirring
and ultrasonic, and the curing time is short during printing, which is easy to block
the needle, so we discarded it. No. 2 (3) ink has moderate viscosity and smooth
ink output. Although the curing time is shorter than that of the ink configured with
water-polyvinyl alcohol as the binder system, it will not block the needle. So we use
the No. 2 (3) formula as the best formula for the isopropyl alcohol/ethyl cellulose
binder system ink.

The binder system of the third ink is N,N-dimethylformamide/polyvinylidene
fluoride. The ink has more precipitation after being left standing, and it does
not decrease as the mass of the binder increases. It proves that the N,N-
dimethylformamide/polyvinylidene fluoride binder system is not suitable for the
ink formulation.

26.3.3 Analysis of Printing Characteristics

The XRD spectrum of the copper-containing precursor ink is shown in Fig. 26.4. It
can be seen from Fig. 26.5 that the XRD spectra of the ink lines printed by the two
inks roughly match the standard spectra of HKUST-1.

The SEM image of the ink line printed by the copper-containing precursor ink
is shown in Fig. 26.6. It can be seen that the ink line printed by water/polyvinyl
alcohol ink still maintains a loose and porous structure, while the ink line printed
by isopropanol/ethyl cellulose ink is relatively dense, with many fine particles
accumulated.

The water/polyvinyl alcohol ink line printed by a 20G needle is shown in
Fig. 26.7a. It can be seen from the figure that the lines are uniform and smooth, and
there are no bubbles. The line width is relatively uniform, and there is no obvious
phenomenon of first narrowing and then widening. The line width observed under
the microscope is uniform, and there is no big bend at the edge. The average line
width of the line printed by the 20G needle is 2.3648 mm.

The photo of the ink line printed by the 22G needle is shown in Fig. 26.7b. It
can be seen that the lines are smooth and there are no bubbles. The line width is
uniform, but the line is first narrow and then wide. The line width observed under the
microscope is not very uniform, and there are many bends on the edge. The average
line width of the line printed by the 22G needle is 2.1168 mm.
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Fig. 26.5 a Standard XRD spectrum of HKUST-1 obtained by simulation; b XRD spectrum of
water/polyvinyl alcohol ink (HKUST-1 ink1); c XRD spectrum of isopropanol/ethyl cellulose ink
(HKUST-1 ink2)

Fig. 26.6 SEM image of ink line: a Ink lines printed with water/polyvinyl alcohol ink; b ink lines
printed with isopropyl alcohol/ethyl cellulose ink

Fig. 26.7 The picture of the water/polyvinyl alcohol ink line printed with a, a 20G; b 22G; c 24G
needle under an optical microscope
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The photo of the thread printed by the 24G needle is shown in Fig. 26.7c. It can
be seen from the figure that the lines are smooth and there are no bubbles. The line
width is uniform, but some lines appear to be narrow and then wide. The shape
of the lines observed under the microscope is not uniform, the edges are relatively
irregular, meandering, and there are some tiny bubbles. The average line width of
the lines printed by a 24G needle is 2.0108 mm.

The picture of the isopropanol/ethyl cellulose ink line printed by a 20G needle
is shown in Fig. 26.8a. It can be seen that the lines are uniform and smooth, and
there are no bubbles. The line width is relatively uniform, and there is no obvious
phenomenon of first narrowing and then widening, but the two lines on the right are
obviously wider than the two on the left. Under the microscope, it was observed that
the lines with the smaller line width were more uniform, but the edges of the two
lines with the larger line width were not neat, and the average line width of the lines
was 1.8265 mm.

The photo of the ink line printed by the 22G needle is shown in Fig. 26.8b. It can
be seen from the figure that the lines are smooth and there are no bubbles. Although
due to the high viscosity of the ink, the ink is discharged slowly at the beginning,
but the line width is relatively uniform, and there is no obvious phenomenon of first
narrowing and then widening. The lines observed under the microscope are more
uniform and the edges are more neat. The average line width of the lines printed by
the 22G needle is 1.5600 mm.

Due to the high viscosity of the isopropanol/ethyl cellulose binder ink, there are
some very tiny bubbles in it, which cannot be removed even after a long time of
standing, stirring and ultrasound. When printing with a 24G needle, the tip of the
needle is always blocked by small bubbles, so it is impossible to obtain the line width
rule of the ink printed with the 24G needle through experiments.

Fig. 26.8 The picture of the isopropanol/ethyl cellulose ink line printed with a, a 20G; b 22G
needle under an optical microscope
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Fig. 26.9 SEM image of ink line after carbonization. a Water/polyvinyl alcohol; b
isopropanol/ethyl cellulose

Based on the above, the isopropyl alcohol/ethyl cellulose binder system is better
than the water/polyvinyl alcohol binder system. Its printing accuracy is high, the
curing time is short, and the printed line width is uniform and the edges are neat. In
addition, through experiments, it was found that the smaller the needle hole diameter,
the greater the influence of bubbleswhen the ink is discharged. The bubble generation
is not only related to ink viscosity, but also closely related to the process of adding
ink to the syringe and ejecting ink during printing. After printing a sample, it is
necessary to quickly print the next sample, which will help reduce bubbles in the
ink.

Figure 26.9 shows the SEM image of the ink line after carbonization, which is
quite different from the SEM image (Fig. 26.6) when it is not calcined. It can be
seen that the microstructures of the lines printed by the two inks are basically the
same after carbonization, and there are a large number of small particles accumulated
and the structure is loose. The particle size obtained after the two carbonization is
basically the same. In addition, the lines printed by water/polyvinyl alcohol binder
inks are quite different before and after carbonization. There are no lumpy particles
before carbonization.However, the lines printed by isopropanol/ethylcellulose binder
ink still basically retain the morphology before carbonization, and they are all large
pieces ofmassive particles aggregated. However, the difference in particle size before
and after carbonization is obvious.

26.3.4 Preliminary Characterization of Energetic Materials

Figure 26.10 shows the XRD spectra of the energetic material prepared after
carbonization and azide of ink lines printed by two inks. It can be seen from the
XRD spectrum that the products of the two inks after carbonization and azide are
the same, and they are all carbon-based copper azide energetic materials.

Figure 26.11 shows the infrared spectrum of the sample after azide. It can be
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Fig. 26.10 XRD spectra of the energetic material prepared after carbonization and azide of ink
lines printed by two inks: a Water/polyvinyl alcohol; b isopropanol/ethyl cellulose

Fig. 26.11 Infrared spectra
of energetic samples
obtained after carbonization
and azide of two inks: a
Water/polyvinyl alcohol ink
printing drug line; b
isopropanol/ethyl cellulose

seen from the figure that the infrared spectra of the two samples after azidation are
basically the same. The typical asymmetric vibration peaks of the azide-N3 peak are
shown at 2115 cm−1 and 2076 cm−1, and the typical symmetrical vibration peaks of
the azide-N3 peak are displayed at 1301 cm−1 and 1253 cm−1. In the Cu–N3 system,
the peaks at 572 cm−1 and 686 cm−1 can be attributed to the symmetric extension
of the Cu–N bond. It can be determined from infrared spectroscopy that the ink is
carbonized and azidized to produce a carbon-based energeticmaterial with uniformly
distributed copper azide.
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26.4 Conclusion

HKUST-1 was synthesized by ultrasonic-assisted method, and the optimal synthesis
conditions were explored. HKUST-1 was used as a copper-containing precursor, and
was separately configured with three kinds of binder systems: pure water/polyvinyl
alcohol, isopropanol/ethyl cellulose and N,N-dimethylformamide/polyvinylidene
fluoride. Into ink, and explored the best formula. After determining the best ink
formulation and printing parameters, three needles of 20G (inner diameter of
0.6mm), 22G (inner diameter of 0.4mm), and 24G (inner diameter of 0.27mm)were
used to explore the relationship between line width and aperture. The rule between
line width and needle aperture is as follows: (a) Water/polyvinyl alcohol binder
system: the average line width of the line printed by the 20G needle is 2.3648 mm,
the 22Gneedle is 2.1168mm, and the 24Gneedle is 2.0108mm. (b) Isopropanol/ethyl
cellulose binder system: for 20G needle is 1.8265 mm, for 22G needle is 1.5600 mm.
Experiments show that when the aperture of the needle increases, the line width of
the printed line increases significantly. The writing accuracy of isopropanol/ethyl
cellulose binder ink is higher than that of water/polyvinyl alcohol binder ink. After
getting the printed ink lines, they were carbonized and azidized. The infrared spec-
trum and XRD of the sample after the azide show that the carbon-based copper azide
energetic material was prepared by the copper-containing precursor ink.
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Chapter 27
Preparation and Properties
of Nitrocellulose/Viton Based Nano
Energetic by Direct Writing

Yuke Jiao, Shengnan Li, Shanjun Ding, Desheng Yang, Chaofei Bai,
Jiaran Liu, Yunjun Luo, and Guoping Li

Abstract Direct writing technology is a promising approach for the preparation
of reactive materials. The polymer binder provides a mechanically stable, process-
able and shapeable energetic structure for composites. Herein, Direct-writing ener-
getic inks consisting of nitrocellulose (NC) and VitonF2311 as well as nanothermite
were developed. Firstly, Fourier transform infrared spectroscopy (FT-IR) was used to
analyze the intermolecular hydrogen bonds in the hybrid polymers, and the stability
of the network structure was characterized by rheometer, and the mechanical prop-
erties of binders were also tested. The results show the best binder formulation is
20 wt% NC and 80 wt% F2311. The elongation at break of the binder is 600.94%,
and the elastic modulus is 8.29MPa. NC provides high tensile strength for the hybrid
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binder; F2311 provides high fracture tensile rate for the hybrid binder, and as a high-
energy initiator, pre-ignition reaction occurs when the temperature reaches 350 °C.
Then the as-prepared inks not only has excellent rheological properties so that it can
be loaded with 90 wt% nanothermite, but also possess a homodisperse for compo-
nents and good combustion performance. The average flame temperature is about
2400 K at atmospheric pressure.

27.1 Introduction

As the size of energetic components tends to be more and more miniaturized and
intelligent, the traditional energetic materials and charging technology cannot meet
some requirements [1–3]. Nanothermites are very promising reactive energetic mate-
rials with high energy density and high ignition sensitivity [4–6]. Compared with the
traditional charging methods, such as the casting and pressing of energetic materials,
the direct writing technology of solvent-based ink relies on its micro-nozzle and flex-
ible arm, which has great potential advantages for the micro-miniature applications
of energetic materials [7–10]. In the additive manufacturing of suspended energetic
ink for direct writing, the ink composed of particles, polymer binder and organic
solvent is extruded through a 3D printing nozzle and formed [11]. Direct ink writing
requires precise control of the energetic ink under flow conditions, and then solidifi-
cation of the deposited material to maintain its shape. The formulation of energetic
ink used in direct writing technology should meet several standards. Firstly, the ink
should have good stability and the solvent should not interact with other components.
Secondly, the prepared energetic ink should have suitable rheological properties and
can smoothly pass through the fine print nozzle under certain pressure. Finally, the
binder used in the ink should have good film-forming properties and mechanical
properties to ensure that the ink can be self-supporting even if there is a span gap
in the lower layer of the printed sample, and maintain its shape without cracks or
cavities. In 2018,Murray et al. [12] prepared Al/CuO nanothermite by direct writing.
Due to the increase of viscosity and severe particle agglomeration, the nanothermite
was limited to a low mass fraction of 8 wt%. Durban et al. [13] printed micron-sized
23 wt% Al and 13 wt% CuO particles in the hydrogel matrix, but the poor stability
caused by insufficient scalability or possible reactions between Al and water may
limit further development. Since the binder usually does not contain energy, it is better
to add the minimum amount of binder required to maintain the required mechan-
ical properties. The integration of nanoparticles into the polymer will significantly
increase the viscosity [14–18]. In order to ensure that the material can pass through
the nozzle of the 3D printer, the addition amount of nanoparticles must be limited.
Insufficient loading of nanothermite will make it difficult to obtain nanothermite-
based energetic materials with higher energy density. This requires the development
of new binders for direct writing of energetic materials to meet the requirements of
ink stability, printability and appropriate mechanical properties. In 2019, Wang et al.
[19] dissolved polyvinylidene fluoride (PVDF) and hydroxypropyl methyl cellulose
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(HPMC) in dimethylformamide (DMF) to obtain a homogeneous polymer mixture.
A printable energetic ink with a nano thermite loading particle content of up to 90%
has been developed.

In this article, we report a printable formulation loaded with 10 wt% polymer and
90 wt% nanothermite. NC and vitonF2311 provide mechanical action as a binder,
where NC as an energetic component to provide high tensile strength for hybrid
polymer, F2311 provides high fracture tensile rate, and as high energy initiator. The
influence of different binder formulations on the performance of the ink was also
studied. The ink has significant shear thinning so that it can load such high solid
particles and ensure it can be directly written successfully.

27.2 Materials and Methods

27.2.1 Materials and Chemicals

Nitrocellulose (NC), 11.71% nitrogen content. VitonF2311 was purchased from
Chenguang Chemical Research Institute (Mianyang, China). Acetone (C3H6O, AR)
was purchased from Beijing Tongguang Fine Chemical Company (Beijing, China).
Aluminum nanoparticles (Al NPs) have an average diameter of 100 nm with a ~2–
4 nm oxide shell, CuO have an average diameter of 50 nm were purchased from
Shanghai Maoguo Nano Technology Co., Ltd. (Shanghai, China).

27.2.2 Ink Preparation

According to the formula in Table 27.1, NC and F2311 were added to the acetone
and magnetically stirred for 3 h to obtain a clear solution. Then the Al and CuO NPs
(stoichiometric ratio 2.5) were added to the above polymer solution, mixed together,
and ultrasound for 1 h to form energetic ink.

Table 27.1 The formula with different polymer ratios

Sample No. NC (g) F2311 (g) Al (g) CuO (g) Aceton (ml)

1 0 1.5 4.86 8.64 15

2 0.3 1.2

3 0.6 0.9

4 0.9 0.6

5 1.2 0.3

6 1.5 0
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27.2.3 Rheological Characterization

The rheological properties of pure polymer solutions and high-particle inks were
tested using rotational RS (Thermo HAAKE, Germany) with a 20 mm diameter
steel plate. The shear rate-viscosity test was carried out in the shear rate range from
0.01 to 100 s−1 at room temperature. The storage modulus (G’) of the solution was
measured by applying a frequency (1.0–100.0 Hz) in the linear viscoelastic region
to evaluate the stability of the solution.

27.2.4 Printing of Inks

Printing was conducted with a Adventure 3D-printer (Adventure Technology) using
a 1.0 mm inner diameter nozzle. Use G-code code to write the printing path. The
printing path was 4 cm × 4 cm at a maximum write speed of 20 cm/min.

27.2.5 Polymer Samples Mechanical Properties

The AGS-J electronic universal testing machine (Shimadzu, Japan) was used to
test the mechanical properties of polymer materials. The test method refers to
GJB772A-1997, 417.1 tensile stress–strain curve electronic extensometer method,
prepared dumbbell-shaped splines, tested at room temperature, and the tensile rate
was 100 mm/s. The test was repeated three times to find the average value.

27.2.6 Characterization

The Fourier transform infrared spectroscopy (FT-IR) spectra of polymer solutions
were examined on a Nicolet 8700 FTIR (American Thermo Scientific Co., Ltd.)
instrument in the range of 4000–400 cm−1. Printing stick was observed by a Hitachi
SU8020 scanning electron microscope (SEM) coupled to an energy-dispersive
spectrometer (EDS). Thermal analysis of composite materials was detected by
Mettler-Toledo simultaneous thermog-ravimetry-differential scanning calorimeter
(TGA/DSC) at different 10°C/min heating rate under 40 ml/min Ar flow from 30 °C
to 750 °C.
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27.2.7 Combustion Measurement

Weigh 25 mg sample in a closed explosive device, use MDO3000 mixed domain
oscilloscope (Teck, USA) and CY-YD-205 piezoelectric sensor and YE5850 quasi-
static charge amplifier (Jiangsu United Energy Electronic Technology Co., Ltd.) to
obtain the pressure signal in the reaction process. The i-SPEED 726 high-speed
camera (iX Cameras, UK) was used to record the combustion process in air, with
a shutter speed of 5000 fps and a focal length of 50 mm. The flame temperature
is measured by a 50 mm METIS H3 high-speed infrared thermometer (Germany
Sancesium Company).

27.3 Results and Discussions

27.3.1 Determination of Polymer Formula for Energetic Ink

Figure 1a shows shear viscosity of F2311/NC inks with and without nano parti-
cles. Both pure polymer solutions and energetic inks exhibit significant shear thin-
ning characteristics. Although the addition of nanothermite greatly increases the

Fig. 27.1 a Apparent viscosity of polymer solutions and nanothermite ink as a function of shear
rate. b FTIR spectra of F2311, NC and F2311/NC hybrid polymers. c The peak fitting diagram
of the hydroxyl group of F2311/NC hybrid polymers. d G’–f rheological properties of polymer
solutions
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viscosity of the ink, it is similar to the viscosity of the polymer at high shear rate.
This feature is very suitable for direct writing inks, allowing materials with high
viscosity to pass through narrow nozzles [19]. FTIR analysis (Fig. 1b) provides an
explanation for the possible interaction between F2311 and NC. There are a large
number of –OH in NC molecular chains, which can form intramolecular hydrogen
bonds, intermolecular hydrogen bonds (–OH…O) between NC molecular chains,
and intermolecular hydrogen bonds (–OH…F) between NC and F2311 molecular
chains. The –OH stretching peak of intramolecular hydrogen bonds are in the range
of 3500–3300 cm−1, and the intermolecular hydrogen bonds are in the range of
3570–3450 cm−1. As shown in Fig. 1c, sample 2 has the largest amount of inter-
molecular hydrogen bonds.More intermolecular hydrogen bonds can provide amore
stable solution system. In addition, the presence of hydrogen bonds can also enhance
the interaction between nanoparticles [20]. The relationship between the storage
modulus (G’) of the F2311/NC solution and the oscillation frequency (f) is shown in
Fig. 1d. When the curve shows a plateau trend that is independent of the oscillation
frequency, it indicates that a stable gel network structure has been formed at this
time [21]. It can be seen from the results that the curves of solutions No. 1–6 have a
frequency-independent platform, and the platform height and length of sample 2 are
the best, indicating that the gel network structure of the solution is more stable.

The mechanical properties of energetic materials are crucial. Polymer binders
provide structural integrity and mechanical stability for energetic materials. The
mechanical properties of polymer samples 1 to 6 are shown in the Fig. 27.2. The
elongation at break of sample 2 is 600.94%, and the elastic modulus is 8.29 MPa,

Fig. 27.2 Mechanical properties of polymers with different formulations
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Fig. 27.3 SEM and EDS image of the cross-sectional composite rod loaded with 90 wt% Al/CuO

which is comparable to the binders commonly used in solid propellants [22, 23]. For
the subsequent results, the formula was fixed to 20 wt% NC and 80 wt% F2311.

27.3.2 Characterization of Nanothermite Composite
Materials

Figure 27.3 shows the SEM image of the single-layer Al/CuO nanothermites
composite material. The hybrid polymer is wrapped around the nanothermite to
provide a self-supporting structure for the composite material. 50 nm copper oxide
particles surround the edge of 100 nm aluminum particles. The EDS results show
that the components of the composite material obtained by direct writing are evenly
distributed, and the Al and CuO nanoparticles are tightly assembled.

27.3.3 Thermal Properties of Nanothermite Composite
Materials

In order to study the reactivity of the nanocomposite, TG-DSC thermal analysis of
nanocomposites was carried out, and the results are shown in Fig. 27.4. The thermal
decomposition process of nanocomposites has only a slight mass loss, which can
be divided into three stages. The first stage (100–200 °C)is mainly to remove small
molecules such as water and organic solvents adsorbed on the surface of the material
during the preparation and storage of nanocomposites; the second stage (170–235 °C)
is the thermal decomposition of 20 wt%. NC with very little heat; the third stage is
80 wt% F2311 when the temperature reaches 350 °C, a pre-ignition reaction occurs,
as shown in Eq. (27.1) [24–28], and a large amount of heat is released.
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Fig. 27.4 Thermal properties of nano-thermite composite materials

2Al + 3C2H2F2 → 2AlF3 + 6C + 3H2(g) (27.1)

The subsequent increase in quality is due to the inevitable presence of trace air
in the furnace chamber, which reacts with aluminum to produce aluminum nitride
or alumina at high temperatures. When the temperature is higher than 600 °C, the
nanocomposite undergos aluminothermic reaction and emits a lot of heat [29, 30].
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27.3.4 Combustion Performance of Nanothermite Composite
Materials

The ignition of energetic materials in a constant vessel can rapidly generate high
temperature and high pressure gas, which increases the internal pressure of the
system. Therefore, it is of great significance to study the pressure change during
combustion. The maximum pressure (Pmax) generated by combustion is used to
reflect the energy output efficiency of energetic materials, and the time required to
reach the maximum pressure (Rise time) is used to reflect the burning rate of mate-
rials, and the increase rate of pressure (dP/dt:Pressurization rate) is used to reflect
the reaction activity of materials [31]. The results of constant volume combustion
performance of nanocomposite energetic materials are shown in Fig. 27.5. It can be
seen from the diagram that the pressure increases rapidly to the maximum value of
0.32 MPa within 0.00928 s after ignition, and then decreases to close to the initial
position. The NC/F2311 composite nanothermite energetic materials have excel-
lent combustion performance. The increase of system pressure is mainly due to a
large amount of heat released by combustion in a closed environment, resulting in
a sharp increase in air temperature and gas expansion. The decrease of pressure is
mainly due to the depletion of material combustion, the reduction of energy release,
the condensation of gas phase products and the intensification of heat conversion
between combustion chamber gas and metal wall (Fig. 27.6).

The combustion process of nano-composite energetic materials at atmospheric
pressure was recorded by high speed photography, and the combustion temperature
of nano-composite energetic materials was tested. It can be seen from the figure

Fig. 27.5 P–t curve of of nanothermite composite materials
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Fig. 27.6 High-speed photography photos of nanothermite composite materials

that the flame of the printing rod is close to the burning surface, and the color is
yellow. The closer it is to the burning surface, the greater the flame brightness is.
There are still splashing bright white particles in the gas phase, which is due to the
gaseous substances generated in the combustion process of nano-compositematerials
will be fully burned into the gas phase, resulting in more aluminothermic reactions,
fluorination reactions and a large amount of heat. The flame temperature ≈ 2400 K
is obtained by a high-speed infrared thermometer.

27.4 Conclusion

(1) The best polymer formulation was determined based on the results of FT-
IR, rheology and mechanical properties. When the NC content is 20 wt%
and F2311 content is 80 wt%, the hybrid polymer has the largest number of
intermolecular hydrogen bonds and the gel network structure is more stable.
The elongation at break of the binder was 600.94%, and the elastic modulus is
8.29 MPa.

(2) The as-prepared energetic inks with 90 wt% nanothermite showed an excellent
shear thinning at high shear rate, and self-supporting ability.

(3) EDS results showed that the components of the nanocomposites were evenly
distributed, and the pre-combustion reaction occurred when the temperature
reached 350 °C. When the temperature was higher than 600 °C, the nanocom-
posite undergos aluminothermic reaction and a large amount of heat was
released.

(4) The results of constant volume combustion performance of nanocomposite
energetic materials show that the pressure rapidly increases to the maximum
value of 0.32 MPa within 0.00928 s after ignition. The average flame
temperature was about 2400 K at atmospheric pressure.
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Chapter 28
Oxidation Mechanism of Graphene
Coating on an Aluminum Slab

Xiaoya Chang and Dongping Chen

Abstract Surface engineering is a promising approach to enhance the combus-
tion performance of energetic materials. The carbon-based coating provides several
advantages in ignition temperature, processability and compatibility. This work
conducted the reactive molecular dynamic simulations on aluminium slabs with
graphene coating to elaborate the underlying oxidation mechanisms. The combus-
tion evolution of coated slabs is examined under the flow impact to capture the
anisotropic nature in explosion. From the analysis of stress distributions andmorpho-
logical evolutions, the deformation and disruption mechanisms of bilayer graphene
are discussed in detail. Successive surface collisions result in the preferable crack on
the lower graphene layer close to the aluminum substrate, rather than the upper layer.
Compared with alumina coating, the modified slab exhibits an enhanced heat release
due to the better mass diffusion. We further identify the bond populations and oxida-
tion products to elaborate the reaction mechanism and highlight the intense impulse
of modified slab. These numerical findings are expected to provide a theoretical
guidance for the design of next-generation energetic materials.

28.1 Introduction

Aluminum, with high specific energy density and earth abundance, is a promising
additive in energetic-conversion applications, including space propulsion, pyrotech-
nics and micro-electromechanical systems [1–5]. The combustion of aluminum-
based energetic materials is an exothermic process that generate heat, light and
thrust rapidly [6]. The presence of the oxide shell shrinks the content of active
aluminum and diminishes the energy output [7]. An aluminum particle with a diam-
eter of 50 nm has a shell thickness of 2 nm, which corresponds to ~30% of the total
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mass. Besides, the passivate alumina shell results in the incomplete combustion and
aggregation of aluminum particles, which increase two-phase loss and decrease the
specific impulse. For instance, every 10% unburned aluminum yields approximately
1% specific impulse loss [8]. To meet the demand of next-generation propellant and
explosive, a feasible strategy relies on the effective passivation materials to engi-
neering the surface functionalities. To date, two types of coating materials are often
considered, that is inorganic substances (Ni, B) and organic matters (Perflouroalkyl
carboxylic acids) [9]. The second type is preferred in practical considerations, which
shows a lower decomposition temperature, easier processability, better compatibility
[3, 9]. Many previous efforts have been dedicated to the surface engineering of
aluminum particles for the rational design of next-generation energetic materials.

Graphene, a two-dimensional sheet, has the potential for nano-coating applica-
tions [10]. It has multiple benefits for the practical storage of energetic materials,
including the reduced sensitivity, improved thermal stability as well as the enhanced
mechanical strength [3]. Hui et al. [11] reported the synergistic oxidation of graphene
on Cu by oxygen plasma. They found that the graphene coating acted as an oxygen
barrier for Cu initially, but enhance the oxidation process upon a higher plasma
dosage. Sabourin et al. [12] examined the combustion performance of monopropel-
lant nitromethane with graphene sheets. The addition of graphene sheets induces a
huge surge of burning rate (greater than 175%). Recently, graphene oxide (GO) and
graphene fluoride (GF) attract greater attention due to the abundance of oxygenated
surface functional groups [13]. The presence of surface functionalities acts as the
chemical active sites and provides catalytic behavior during combustion process.
Therefore, GO is considered as an effective additive to reduce the ignition energy
of energetic materials and initiate the disproportionation and oxidation reactions
[2, 14]. The generated heat and gaseous products are conducive to reduce aggrega-
tion and improve pressure gain. Thiruvengadathan et al. [15] measured a remark-
able enhancement in the energy release from 739 to 1421 J/g for the functionalized
graphene sheets (GO/Al/Bi2O3). Zhang and coworkers [16] found the decomposition
temperature of ammonium perchlorate (AP) decreases by 106 K by adding only 10
wt% of GO. Numerous experimental studies [6, 17–19] dedicated to investigate the
composite fabrication and observed a similar enhancement effect of graphene in
propellants, however, the physical and chemical insights of graphene on energetic
materials remain unknown at the current stage.

The computational methods inmolecular modelling provide an atomistic perspec-
tive to examine the oxidation process of energetic materials containing graphene
coating. Amiri et al. [20] conducted a reactive molecular dynamic simulation (RMD)
of Ni substrate against hyper-thermal oxygen. They demonstrated the limited coating
effect of pristine graphene in protecting Ni substrate; the graphene remained intact
under lower incident energy, but failed to provide efficient protection as the incident
energy increases. Besides, three oxidation stages were proposed: transformation of
graphene into graphene oxide, formation of NiO nuclei, and growth of NiO clusters.
Hong and his group [21] developed a reactive force field forAl/C to investigate carbon
coating and its effect on the aluminum nanoparticles (ANPs). The simulation results
indicated that the carbon-coated ANPs are less reactive at low temperatures. But the
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particles are very susceptible to oxidation when the coating layer was removed at
an elevated temperature. Jiang et al. [1] elaborated the synergistically chemical and
thermal coupling between GO and GF for enhancing aluminum combustion. This
study identified the generated reactive species (CFx and CFxOy) but do not shed the
light on the detailed reaction mechanism.

This work focus on the combustion enhancement of graphene coating on Al slabs
under the flow impact. The ReaxFF force field is employed to describe the interac-
tions between Al, C and O. The stress analysis and bond formations are considered to
examine the microstructure evolution and disruption mechanism. The heat and mass
transfer processes highlight the nature of combustion effect via surface engineering.
The results are expected to provide a theoretical guidance for graphene-related
energetic materials.

28.2 Numerical Settings

The RMD simulations are conducted to explore the effects of graphene on the oxida-
tion at the atomic level. This method introduces a bond-order formalism and polar-
izable charge description to model the interatomic interactions and describe the
chemical reactions. Detailed information about the reactive force field can refer to
the studies by van Duin and his co-workers [22, 23]. This work employs an Al/C/H/O
reactive force filed (ReaxFF) developed by Hong and van Duin [21], which has been
widely used in exploiting the combustion mechanism of aluminum [24–28].

Two slab configurations are constructed to highlight the passivation effect, that
is, with graphene and alpha-alumina (Fig. 28.1). The thickness of graphene coating
(δ) on the aluminum particle lies in the range of 0.5–1.2 nm [2]. Here, we select the
threshold value (0.5 nm), which corresponds to a bilayer graphene. The thickness
of aluminum substrates is 5 nm in z-directions. The stable slabs are obtained using
a canonical ensemble (NVT) in 300 K for 40 ps. The oxygen domain is relaxed
independently in an isothermal isobaric ensemble (NPT) for 40 ps. The temperature
and pressure are 2000 K and 10 MPa, respectively. Considering the possible flow

Fig. 28.1 Initial
configurations of aluminum
slabs with graphene and
alumina coatings
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effect in the propellant and explosion, 6000 oxygen molecules are added with a
translational velocity ranging in 1–4 km/s along z-direction. Subsequent oxidation
process is achieved in a microcanonical ensemble (NVE) for 200 ps. The atomic
motion equations are integrated by the Verlet-velocity algorithm with a time step of
0.25 fs. The free boundary condition is applied along z direction to exploit the coating
effect, while periodic boundary conditions are considered for both x and y directions
to mimic an infinite-large slab. Note that the oxygen propagation in z-direction (that
is, 266 nm) cost 60 ps for the case in 4 km/s. Therefore, the following results and
discussions focus on the initial simulation stage (<60 ps). All RMD simulations and
visualizations are conducted by LAMMPS [29] and OVITO [30], respectively. The
species identification was conducted from the bond information.

28.3 Results and Discussions

The oxygen flowpropagates toward the aluminum slab involving the intensive energy
transfer between gasmedium and slab surface. Themean kinetic energy of an oxygen
molecule in 1 and 4 km/s correspond to 17.7 and 75.1 kcal/mol, respectively. The
oxygen molecules collide on the slab successively and induce the structure pertur-
bation. Figure 28.2 exhibits the atomic stress of bilayer graphene coatings under
the flow impact in 1 km/s. The maximum stress value (130 GPa) corresponds to
the intrinsic strength of graphene. Successive surface collisions at the initial stage
(<3 ps) result in the local bending of upper layer and a minor crack on the second
layer (Fig. 28.2b) due to the extrusion effect of Al substrate. The stress in z-direction

Fig. 28.2 Atomic stress of graphene coating under the impact of oxygen flow in 1 km/s from side
and top views. The intrinsic strength of graphene is 130 GPa [31]
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Fig. 28.3 The evolution in
the bond populations for
Al2O3/Al and graphene/Al
composites. Positive and
negative values indicate the
increase and decrease in the
number of specific bonds,
respectively

(termed as Stressz) of atoms reach the breakage threshold. The crack propagates in the
bottom layer of graphene resulting in the breakage of a large number of C–C bonds.
Carbon fragments form in the subsequent process. They either diffuse downward
into the Al substrate forming the Al–C bonds, or eject upward interacting with the
upper graphene layer (Fig. 28.2d). In the further evolution, the surface layer cracks
and provides an access for the ejected carbon fragments to react with the gaseous
oxygen. The graphene coatings disrupt completely. Similar disruption processes are
observed for the case in 4 km/s, while the overall reactions are accelerated due to the
higher kinetic energy in the gaseous molecules.

The exact bond populations are summarized in Fig. 28.3. The number variations
of C–C, Al–Al, Al–C in 4 km/s is close to that in 1 km/s, which suggests the bilayer
graphene coating make similar contribution in two flow velocity cases. However, the
amount of Al–O and C–O in case of 4 km/s (555 and 1510) surpasses to that of 1 km/s
(227 and1336). It can be attributed to the superfluous oxygenflowsuffice to reactwith
ejected C radicals and diffuse into Al substrate. Thus, the entire oxidation processes
are further accelerated. Above stress distribution and bond populations highlight the
breakage of graphene and ejections of C radicals under the flow impact. By contrast,
the diffusionmechanism governs the oxidation process of Al slabs with natural oxide
layer. In case of 1 km/s, only 907 new-formed Al–O bonds are observed at 60 ps.
As the flow velocity further increases, the enhanced surface collisions promote the
diffusion of O atoms from oxygen shell toward Al substrate. The amount of Al–O
bond reaches to 9813 at 60 ps. The completely different bond populations for case
in 1 and 4 km/s suggest the crucial effect of flow impact. Figure 28.4 exhibits the
O2 adsorption number of slabs. Under the flow impact in 1 km/s, the Al slab adsorbs
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Fig. 28.4 Oxygen
adsorptions on the Al slab
with alumina and graphene
coatings in 1 and 4 km/s

merely 200 gas molecules. While for case in 4 km/s, the O2 adsorption undergoes a
minor increase at initial stage (<15 ps) and a rapid rise in later time.

The gaseous O2 molecules is rapidly consumed via both surface reaction of
Al atoms and gas-phase reactions with carbon fragments yielding CO or CO2

(Fig. 28.4). This explains the rapid rise of Al–O and C–O bonds in Fig. 28.3. In the
graphene/Al composite, the initial molecular collisions occur on the slab surface, and
no gas molecule is consumed in both two velocity cases. After the deformation and
breakage of graphene coating, the ejected carbon fragments react with surrounding
gas medium. Gas phase reactions dominate the entire oxidation process; more than
1595 and 2924 O2 molecules are consumed for case in 1 and 4 km/s, respectively.
By contrast, the Al2O3/Al composite exhibits a much slower consumption rate of
gaseous oxygen. This can be attributed to the lack of gaseous fragments as the gaseous
oxygen does not have enough kinetic energy to break the Al-Al bonds even traveling
at 4 km/s [25].

The flow impact also drives themotion of slab along z direction. (Fig. 28.5a). In the
case of graphene/Al in a flow of 4 km/s, its displacement reaches up to ~4 nm in 20 ps,
and the particle velocity corresponds to ~2 km/s. Figure 28.5b presents the temporal
and spatial distributions of slab temperature. The slab region is determined by the
atom number density (>30 nm−3). For the slab with graphene coatings, the surface
crack accompanies with C–C bond breaking, C–O bond formation and formations
of Al–O bond. These three processes contribute to a higher amount of heat release
in the reaction region [2] and generate an obvious temperature gradient along the
direction of flow propagation. The temperature discrepancy between the surface and
the bottom of slab arrives to 2722 and 2851 K at 25 ps for case in 1 km/s and
4 km/s, respectively. The thickness of slabs is reduced to 5.6 nm due to the apparent
surface dissociation. The generated impulse drives the slab to travel 42 nm within
the first 50 ps in a flow of 1 km/s. The displacement is enhanced up to 62 nm for
the case in 4 km/s. However, the oxidation in the case of alumina coating follows
a mild diffusion oxidation. Almost no temperature gradient is observed under the
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Fig. 28.5 a Temperature distributions of the Al slab for case with graphene coating in 4 km/s. b
Temporal and spatial distributions of slab temperature. Zslab refer to the displacement of slab in z
direction

flow impact in 1 km/s. Further increasing the flow velocity to 4 km/s, the intense
energy transfer induces an obvious temperature gradient. The slab displacement is
almost 20.8 nm. It is interesting to note that the displacement in the graphene/Al case
is much larger than that in the Al2O3/Al case. The key observation from Fig. 28.5
suggests that the surface modified Al slab yield an intense impulse and rapid heat
release.

The reaction front within the slab is a key characteristic feature to describe the
progress of Al oxidation, and it can be approximated via the atomic diffusion front.
Figure 28.6 illustrates the diffusion front of C (in graphene) and O atom (in O2)
for the slab with graphene, and the diffusion front of Al (in Al2O3), O (in Al2O3)
and O (in O2) atom for the slab with alumina. The diffusion front is determined
via the position of 30 atoms nearest to the bottom. For the slab with graphene, the
disrupted graphene layer yields a large number of carbon diffusion into Al substrate
and ejection toward gas medium (Fig. 28.2). In case of 1 km/s, the diffusion distance
for C atoms arrives to 2.5 nm at 60 ps. The positive values of O atoms indicate that the
oxygen do not participate into the oxidation process of Al slab, and the consumption
of oxygen is mainly attributed to the reactions with carbon fragments from graphene
(Fig. 28.4). As the flow velocity increases to 4 km/s, the intense energy transfer on
slab surface promotes the heat accumulation on the upper slab (Fig. 28.5), which
accelerate the diffusion of C atoms into slabs. The diffusion distance is enhanced as
~2.7 nm. Besides, the O atoms exhibit in a different manner; it diffuses into the Al
slab and the diffusion front is close to that of C atoms. This suggests that the oxygen
molecules participate in the oxidation ofAl slab yieldAl oxides. By contrast, themild
diffusion is observed for Al2O3/Al composite in 1 km/s. Increasing the flow velocity
to 4 km/s, the diffusion process is accelerated to an extent. Therefore, the enhanced
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Fig. 28.6 Atomic diffusions toward Al slabs along z direction. The Zdiff represent the relative
distance from the diffusion front to the bottom slab. Positive and negative values represent the
diffusion outward gaseous medium and inward slab, respectively

mass diffusion demonstrates the remarkable contribution of graphene coating on the
combustion enhancement.

The morphological evolutions, bond populations, and mass diffusion highlights
the disruption and ejection of graphene coatings, which induces the numerous gas-
phase reactions. Figure 28.7 presents the number of key intermediates in the oxida-
tion of composited Al slabs, including C, CO, CO2, O, Al, Al in case of graphene
(Fig. 28.7a) and O, Al, AlO in case of Al2O3 (Fig. 28.7b). In case of modified slabs,
the disrupted graphene yields numerous C radicals toward gaseous environment,
which triggers the gas-phase reactions with O2 via C + O2 CO + O. The amount of
CO exceeds to 1251 and 1395 the flow impact in 1 and 4 km/s. The intense flow also
promotes the dissociation of Al from composited slabs to gas medium. More than
2625 Al radicals are identified, which induce the formations of AlxOy and AlxCy

via Al + O AlO, AlO + O AlO2, Al + C AlC, 2Al + 2C Al2C2. However, for slab
with Al2O3 coating, there is no oxidation product or only minor amount of products
observed for case in 1 km/s and 4 km/s, respectively.
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Fig. 28.7 Oxidation products of graphene-Al (a) and Al2O3-Al slabs (b)

28.4 Conclusions

This study sheds light on the combustion characteristics of aluminium slabs with
multi-layer graphene coating. The stress distributions, bond populations, heat and
mass transfer are examined to elaborate the underlying oxidation mechanism of
modified slabs. Successive surface collisions result in the preferable crack on the
lower graphene layer nearing the aluminum substrate, rather than the upper layer.
Subsequent disruption of graphene promotes the diffusion of oxidizer inward the
slabs and ejection outward the gaseous medium. Compared with alumina coating,
an enhanced energy transfer process and numerous oxidation products are observed
for slabs with graphene coating. These numerical findings highlight the promising
effect of graphene coating on combustion enhancement, including more combustion
heat, higher impulse intensity and less ignition delay. Combining the present results,
we believe the strategy of using graphene and functionalized graphene to enhance
ignition and combustion can be applied to other fuels and energetic materials.
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Chapter 29
Exploring the Influence of Colloidal
Graphite on Granule Casting Modified
Double-Base Propellant Granules

Zhi Ren, Xiaojiang Li, Xi Zhang, Qiwen He, and Linsheng Xie

Abstract Two kinds of granules were coated and modified by colloidal graphite
through mechanical method. The microstructure of colloidal graphite was observed
by SEM and TEM as well as the granules and the modified granules. On the basis of
the characterizationof themicrostructure of granules, changes of theflowability of the
granules and themodified granules were tested via Carr indexmethod and PFT power
flow tester.At the same time, themechanical sensitivity, electrostatic spark sensitivity,
loading density, screen loading density of the four kinds of granules and the density
of the propellants manufactured by the granules were tested. The results indicated
that the microstructure of the colloidal graphite was irregular scaly which size was
about 5 μm. After the granules were coated and modified by colloidal graphite,
the mechanical sensitivity and electrostatic spark sensitivity was improved in some
extent, while the flowability was improved greatly, therefore the loading density and
screen loading density was increased, as a result, the density of the propellants were
increased as well and more closely to their theoretical density respectively.
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29.1 Introduction

Granule casting is the abbreviation for pelletized casting process [1]which also called
interstitial casting [2] or ball casting process. This process is mainly consisted of two
parts that is themanufacture of granules and casting-curing [3]. In themanufacture of
granulation process, the solid components and part of the plasticizers in the formula
were made into right circular cylinder granules which had a diameter and height of
about 1 mm [4]. In casting-curing process, the granules were filled in a mould or a
motor [5] and then the casting liquids mainly contained nitroglycerin were filled into
the gaps of the granules [6]. The granules were infiltrated and plasticized by casting
liquids in the curing process to form a macroscopic homogeneous propellant grain.
The key process of the granule casting was the manufacture of the granules. The
properties of the granules have a great influence on the properties of the propellants,
for example, the formulation of the granules determines the intrinsic properties of
the propellants. It affects the energy, combustion, mechanical properties and storage
aging performance of the propellants. Besides, the flowability and sensitivity prop-
erties of the granules also influence the process safety and the manufacture of the
propellant when the granules are loading into the moulds. If the flowability was poor,
the loading density would also decrease, as a result, it would have a negative effect
on the density of the propellant curing from the granules and casting liquids. If the
sensitivity was high, the risks in storage and in use would be increased. Therefore,
the increase of flowability of the granules could improve the loading density [7] so
that the density and the batch stability of the propellants would be improved as well.
On the other hand, decrease the sensitivity of the granules could improve the safety
on the manufacture of the propellants. Dong et al. [8] added 0.1~0.2% graphite into
double-base propellant, the electrostatic potential values of double-base propellant
after the drying process were reduced from 2000~2700 V to 600 V. Cai [9] replaced
the traditional graphite with carbon black to glaze the spherical granules and found it
could also eliminate the static electricity. Bao et al. [10] found that the addition of 5%
conductive graphite increases the electrical conductivity and thermal conductivity of
the electrically controlled solid propellant by 13.2 and 18.9%. Nevertheless, there
is no systematic report on improving the flowability, loading density and decreasing
the sensitivity of the granules. The methods of modifying the granules with graphite
and its effect on loading density had been reported [11] but the specific reasons and
the effect on the other properties had no analysis or report.

Two kinds of different double-base propellant granules were surface coating
modified by colloidal graphite in this study and then the microstructure, flowability,
mechanical sensitivity, electrostatic spark sensitivity and loading density were char-
acterized to provide references for increasing the loading density of the granules,
density of the propellants, decreasing the sensitivity of the granules and developing
the intrinsic safety of the manufacture and transportation process.
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Table 29.1 The basic formulation of the two kinds of propellants and granules

RDX-CMDB AP-CMDB

Granule Propellant Granule Propellant

Component

NC/% 28~35 20~25 28~35 20~25

NG/% 1~4 25~40 1~4 25~40

RDX/% 45~50 30~36
— —

AP/%
— —

45~50 30~36

Al/% 8~10 4~6 8~10 4~6

Ct./% 5~8 4~7 5~8 4~7

Combustion stabilizer/% 2~4 1~3 2~4 1~3

29.2 Experiment

29.2.1 Materials

RDX-CMDB granules, Xian Modern Chemistry Research Institute; AP-CMDB
granules, Xian Modern Chemistry Research Institute; Colloidal Graphite, Shanghai
HuiGang Graphite Limited Corporation.

29.2.2 Manufacture of Cast Double-Base Propellant
Granules

Two kinds of double-base propellant granules (RDX and AP) were manufactured
via granule casting process through catalyst pre-process, absorbing, calendering,
gelling, extruding and granulating procedures [12]. These two kinds of granules were
multicomponent formulas which were bonded by NC and NG adhesive systems. The
component of granules and propellants were given in Table 29.1.

29.2.3 Colloidal Graphite Modified the Granules

The two kinds of granules were respectively divided into two parts, one of the parts
were modified in the blender while the others were not. The modify steps were taken
as follow. First, 0.05% granule weights’ colloidal graphite was dispersed in alcohol
and then the suspension was put into the blender together with granules and some
wooden balls. Secondly, the blender was turned on and rotated for 30 min in order
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to uniformly distribute colloidal graphite onto the surface of the granules and then
the blender was turned off and the wooden balls were removed. Thirdly, the granules
were put into a water bath oven to remove the residual alcohol. Lastly, the granules
were screened in a copper griddle which mesh number was 60 to remove the residual
colloidal graphite. The materials on the copper griddle were kept for the subsequent
experiments and tests.

29.2.4 Modified Double-Base Propellant Manufactured
by Granules

The four kinds of granules prepared above were respectively filled in the same type
mould and then four NG casting liquids were prepared at the same time. The NG
casting liquids were cast in the moulds via vacuum casting process and then cured in
awater bath oven. After a certain curing time, propellant grains were formed and then
could be demoulded from the moulds. The specific components of the propellants
were listed in Table 29.1.

29.2.5 Analysis and Characterization

SEM: type Quanta 600 FEG, US FEI company.
TEM: Talos F200i, US Thermo Fisher Scientific company, resolution 0.24 nm.
Laser particle size: Type 2000 Mastersizer Laser particle tester, Injector:

Hydro2000MS(A) type, measuring range: 20 nm~2000 m, UKMalvern Instruments
company.

Power flow test: Type PFT power flow tester, US Brookfield company, the
flowability parameters of granules were tested by the ASTM D 6128–2016 [13]
method.

Mechanical Sensitivity test: The impact sensitivity was tested by GJB772A-1997
[14] method 601.2, the mass of drop hammer is 2 kg, the mass of sample is 30 mg,
the results is expressed as characteristic drop height H50. The friction sensitivity
was tested by GJB772A-1997 method 602.1, the mass of pendulum hammer is 2 kg,
the pendulum angle is 66°, the mass of sample is 20 mg, the results is expressed as
explosion probability.

Electrostatic spark sensitivity test: The electrostatic spark sensitivity was tested
by GJB5891.27–2006 part 27 [15], the mass of sample is 20 mg~30 mg, and the
electrostatic spark sensitivity was the mean value of the 50% ignition energy or 50%
ignition voltage of the sample.

Loading density test: The loading density of the granules was tested byGJB770B-
2005 [16] method 402.1, every sample was tested three times to calculate the average
results.
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Propellant density test: Type XS204 density balance, Switzerland Mettler-Toledo
group. The density of the propellants were tested by GJB770B-2005 method 401.1,
the test temperature was 20 °C, every sample was tested three times to calculate the
average results.

29.3 Results and Discussion

29.3.1 Analysis and Characterization of the Microstructure
of Colloidal Graphite

Themicrostructure of colloidal graphite used in these experiments was characterized
by SEM and TEM which were shown in Figs. 29.1 and 29.2. Then the EDS in SEM
were used to analysis the elements in the colloidal graphite and the results were
demonstrated in Fig. 29.4 and Table 29.2. In order to determine the size and size
distribution of the colloidal graphite powers, laser particle size analyzer was used to
test the particle size and the results was shown in Fig. 29.3.

According to themolecular orbital theory, the sp2 hybrid orbital in the carbon atom
of graphite is formed by the combination of a 2 s orbital with a 2px and a 2py orbital.
The sp2 hybrid orbitals of the adjacent carbon atoms are combined via covalent bond
to form a localized σ bond and then form a regular hexagonal plane network structure.
Every carbon atom has a free electron in the 2px orbital, this electron could freely
move on the hybrid orbitals in the network structure similar to the metallic bonds
which are called delocalized π bond or extended π bond. Therefore, the molecular
structure of graphite is C–C bond which is composed of localized σ bond formed by
sp2 hybrid orbital with delocalized π bond and the length of the bond is 0.142 nm.
The connection between the layers is bonded by the π electron clouds so that the
binding force (Van der Waals force) is weak and the distance between the adjacent
layers is 0.335~0.337 nm. Hence, the layers in graphite are easy to separate and slide
[17, 18].

It could be seen from Fig. 29.1 that colloidal graphite was irregular lamellar which
were accumulated together in some extent. As can be seen in Fig. 29.1c and d, the size
of the single graphite sheet was about 4~6 μm and the thickness was about 50 nm.
According to the adjacent layer distance of graphite, it could be speculated that the
layer number of a graphite sheet was about 150. As a result, the specific surface area
of colloidal graphite is large and the adsorption sites are sufficient enough to absorb
on the surface of the materials that are modified by it.

It could be seen from Fig. 29.2a and b that the size of a single graphite sheet
was 5 μm which was consistent with the results observed in SEM. The brightness
of the graphite sheet was in consistent which demonstrated that the thickness of the
graphite sheet was unequal. The thicker areas of the graphite sheet were hard to
penetrate for the electrons so that these areas were dark. On the contrary, the thin
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Fig. 29.1 The SEM pictures of colloidal graphite

areas of the graphite sheet were easy to penetrate for the electrons so that these areas
were bright.

Figure 29.2c and d showed that the crystal cells arranged closely in a line and
in order which illustrated that this colloidal graphite was hexagonal graphite in
hexagonal system [19] and easy to slide between the layers.

As shown in Fig. 29.3, the D50 size of the colloidal graphite was 4.788 μmwhich
was coincidence with the results in SEM and TEM.Additionally, the size distribution
of the colloidal graphite powers was relatively narrow, that is 80% of the particle
size were among 2.268~9.259 μm. The comparatively concentrated particle size
distribution was favorable for the modification of the propellant granules.

The EDS element analyses of colloidal graphite are exhibited in Fig. 29.4 and
Table 29.2. As shown, the majority component of colloidal graphite was carbon
that the proportion was 94.57% by weight. Besides, there was a small amount of
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Fig. 29.2 The TEM pictures of colloidal graphite

Table 29.2 Component of
two kinds of granules and
propellants

Element Weight percentage/% Atomic percentage/%

C K 94.57 95.87

O K 5.43 4.13

total 100.00 100.00

oxygen that the content was 5.43% by weight. It can be inferred from the results that
the colloidal graphite contains carbonyl group, hydroxyl group, adsorption water
or other polar oxygen-containing functional groups. This is because there are two
defects in the graphite lattice. One is in the edge of the regular hexagon mesh,
the carbon atoms may bind with hydrogen atom, oxygen atom, hydroxyl group or
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Fig. 29.3 The particle distribution of colloidal graphite

other polar functional groups. The higher graphitization degree leads to the lesser
heteroatoms on the edge of the hexagon mesh. The other defect is the vacancy defect
that appeared when the C–C bonds were broken. The carbon atoms in the vacancy
defect areas were more active than the ones arranged in order. The polar functional
groups could form intermolecular hydrogen bonds or Van der Waals force with
the hydroxyl groups, nitrate groups, nitramine groups or other functional groups in
nitrocellulose or hexogen or other molecules on the surface of the granules. So the
defects in colloidal graphite can enhance the adsorption effect on granule surface.

29.3.2 Contrast of the Microstructure of the Granules
and the Granules Coated and Modified by Colloidal
Graphite

The SEM photos of RDX-CMDB and AP-CMDB granules and the granules coated
modified by colloidal graphite were taken and the results were shown in Figs. 29.5,
29.6, 29.7 and 29.8.

As can be seen in Fig. 29.5a and b, the surface of the RDX-CMDB granules are
rough and exist undulating folds, wrinkles and a small amount of irregular parti-
cles which may be the hexogen particles in the granules that changed its spherical
appearance in the calendering, gelling and other granulation processes. While the
folds andwrinkleswere probably formed after the extruding processwhen the solvent
molecules were migrated from the inside to the surface of the granules.

Figure 29.6a and b show that the scaly colloidal graphite sheets could be seen in
the surface of the granules and the original undulating folds, wrinkles could hardly
be seen yet. While in the low magnification photos Fig. 29.6c and d, it can also be
seen that the graphite sheets accumulated on the surface of the granules and several
free graphite sheets which are not connected with the other graphite sheets. From
these phenomena, it can be inferred that the surfaces of the granules were almost
completely coated by colloidal graphite.
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Fig. 29.4 The EDS element analysis of colloidal graphite

Figure 29.7 demonstrates the SEM pictures of the AP-CMDB granules that do
not modify by colloidal graphite. As can be seen in Fig. 29.7a and b, the surfaces of
the granules are relatively dense. But there are several chapped microcracks that may
be formed in the process of extruding when the solvents were driven out from the
inside of the granules. Besides, the nitrocellulose molecules were orientated by the
mechanical force in the extruding process, therefore the granules were shrunken and
the chapped microcracks emerged after the solvents were driven out of the granules.
On the other hand, Fig. 29.7c and d shows the undulating folds, wrinkles on the
surface of the granules were orientated in some extent and the orientation direction
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Fig. 29.5 The SEM pictures of the RDX-CMDB granules

was the axial of it, that was the direction of extruding which demonstrated the above
analyses.

Figure 29.8 was the SEM photos of the AP-CMDB granules coated modified by
colloidal graphite. It can be seen in Fig. 29.8a and b that the scaly colloidal graphite
sheets were completely coated on the surface of the granules and the original dense
with several chapped microcracks surface shown in Fig. 29.7 could hardly be seen
yet. Similar to the phenomena in Fig. 29.6a and b, several free scaly graphites could
be seen in Fig. 29.8a and b which demonstrated that the coating efficient is relatively
high. Besides, contrast Fig. 29.7c and d with Fig. 29.8c and d it can be seen that, the
orientedwrinkleswere disappeared after coatedmodified that illustrated the colloidal
graphite sheets were basically covered on the surface of the granules.
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Fig. 29.6 The SEM pictures of the RDX-CMDB granules coated by colloidal graphite

29.3.3 Influence on the Sensitivity, Flowability and Loading
Properties of the Granules Modified by Colloidal
Graphite

Themechanical sensitivity of the twokinds of the granules before and aftermodifying
by colloidal graphite was tested and the results were shown in Table 29.3. It can be
seen in Table 29.3 that the impact sensitivity of RDX-CMDB granules was lower
than AP-CMDB granules. The characteristic drop height was 1.97 times of AP-
CMDB granules. On the contrary, the friction sensitivity of RDX-CMDB granules
was higher than AP-CMDB granules which were 1.89 times of it. To sum up, the
mechanical sensitivity of the two kinds of granules were decreased in some extent
after modifying by colloidal graphite and RDX-CMDB granules decreased a lot
more. The characteristic drop height of impact sensitivity of RDX-CMDB granules
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Fig. 29.7 The SEM pictures of the AP-CMDB granules

was increased from 23.2 to 28.4 cm which increased 22.4% and friction sensitivity
reduced from 68 to 36% which decreased 47%. In addition, the characteristic drop
height of impact sensitivity of AP-CMDB granules was increased from 11.8 cm to
14.5 cm which increased 22.9% and friction sensitivity reduced from 36 to 28%
which decreased 22.2%. It can be inferred from the results that colloidal graphite
could effectively decrease the external mechanical sensitivity of the two kinds of
granules. One of the reasons was the RDX or AP particles exposed on the surface of
the granules were covered by colloidal graphite which could be seen in Figs. 29.5 and
29.6 compared with Figs. 29.7 and 29.8 so that the external mechanical stimulations
was buffered by graphite in some extent. Furthermore, part of the mechanical energy
was absorbed by the sliding of graphite layers for the interaction was relatively low.
As a result, the mechanical energy was attenuated partly when it act on the RDX
or AP particles. So graphite coating modification could decrease the mechanical
sensitivity of granules. The second reason was the edges and bulges on the surface
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Fig. 29.8 The SEM pictures of the AP-CMDB granules coated by colloidal graphite

Table 29.3 The mechanical sensitivity of the four solid propellant granules

Samples Impact sensitivity (characteristic
drop height H50)/cm

Friction sensitivity/%

RDX-CMDB granules 23.2 68

RDX-CMDB granules modified by
colloidal graphite

28.4 36

AP-CMDB granules 11.8 36

AP-CMDB granules modified by
colloidal graphite

14.5 28
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of the granules were smoothed in a certain extent. According to the hot spot theory
[20], the protruding part of the solid rubbed each other when the surfaces contacted
and the mechanical energy was converted to heat energy and then accumulated in
these spots which led to high temperatures [21] in these contact spots that result in
the combustion or detonation of the propellants. While after coating modification,
the edges and bulges on the surface of the granules were smoothed or covered, so hot
spots were hard to form. Moreover, the thermal conductive property of granules was
increased by graphite; as a result, the heat energy was relatively quickly lost through
heat conduction so it is difficult to reach the combustion or detonation temperature
of the propellants.

The electrostatic spark sensitivity of the four sampleswere tested byGJB5891.27–
2006part 27 at 25 °Cand50%relative humidity and the resultswere themeanvalue of
the 50% ignition energy or 50% ignition voltage of the samplewhich demonstrated in
Table 29.4. The 50% ignition energy of the RDX-CMDB granules that didn’t modify
by colloidal graphite was 0.328 J while the AP-CMDB granules that didn’t modify
by colloidal graphite was 0.231 J. The electrostatic spark sensitivity of RDX-CMDB
granules was 42% lower in contrast with AP-CMDB granules that demonstrated
granules contained APwere more sensitive to electrostatic spark.While after coating
modified by colloidal graphite the two kinds of granules were non ignition in these
tests which illustrated that the coating modification could remarkably improve the
electrostatic spark sensitivity. The reasons may be the electrical conductivity of
the granules were increased due to the graphite on its surface which turned them
into conductors or semiconductors, and part of the static electricity was easily to
conduct so the electrostatic energywas difficult to accumulate. Thus, the electrostatic
spark sensitivity was reduced. In addition, the lamellar materials formed by colloidal
graphite on the surface of the granules played a physical isolation role and reduce the
stimulation degree of external electrostatic spark, so the electrostatic spark sensitivity
was greatly reduced [22].

On the basis of the above experiments, the flowability parameters of the four solid
granules were tested via Carr index method [23, 24] and PFT tester. Carr index was
the method that tests the angle of repose [25–27], angle of spatula, compressibility,
and uniformity of particles [28]. Then find the corresponding index in the table [29]
and accord to the weight of 0.25 to sum up the numbers to calculate the Carr index.
The Carr index results were shown in Table 29.5 and the flow function curves tested

Table 29.4 The electrostatic spark sensitivity of the four solid propellant granules

Samples 50% ignition voltage/kV 50% ignition energy/J

RDX-CMDB granules 8.1 0.328

RDX-CMDB granules modified by colloidal
graphite

Non ignition Non-ignition

AP-CMDB granules 6.8 0.231

AP-CMDB granules modified by colloidal
graphite

Non ignition Non-ignition
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Fig. 29.9 The flow function curves of the RDX-CMDB, AP-CMDB granules and the granules
coated by colloidal graphite and power flowability standard curves

by PFT tester were shown in Fig. 29.9.
It can be seen in Table 29.5 that the Carr index of RDX-CMDB granules was

increase from 89 to 94 after modifying by graphite and AP-CMDB granules was
increase from 88 to 95.5. The flowability of these two kinds of granules was all
improved in some extent.

Flow index of particle materials is expressed as ff = σ 1/σ c = major principal
consolidating stress/unconfined failure strength. The higher the flow index, the better
the flowability of a particle material. Relationship between powder fluidity and flow
index was shown in Table 29.6 and Fig. 29.9 [30].

It can be seen from Fig. 29.9 that the flow functions of the four kinds of granules
were all below the ff = 4 curve when the unconfined failure strength was under about
20 kPa which demonstrate that the flowability of these granules was good. While
the σ 1 of RDX-CMDB granule was sharp increased when σ c was above 20 kPa,
the flow functions of it were between ff = 2 and ff = 4 so the types of flow was

Table 29.6 Relationship
between powder fluidity and
flow index

Flowing index Standard grade of flowing

ff < 1 None flowing

1 ≤ ff < 2 Very cohesive

2 ≤ ff < 4 Cohesive

4 ≤ ff < 10 Easy flowing

10 ≤ ff Free flowing
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cohesive. Whereas after coating modified by graphite, the flow function of RDX-
CMDB granules was always under the ff = 10 curve which demonstrate that it was
the type of free flowing. The flow function ofAP-CMDBgranulewas always between
the curve of ff= 4 and ff= 10 demonstrate that it was the type of easy flowing.While
after coating modified by graphite, the flow function of it was below the ff= 10 curve
when σ c was less than about 11 kPa and it belonged to free flowing. While σ c was
more than about 11 kPa, the flow function was always between the curve of ff = 4
and ff = 10 demonstrate that it was the type of easy flowing. Besides, it can be seen
directly from Fig. 29.9 that the flowability of RDX-CMDB and AP-CMDB granules
were all improved and the former hadmore improvement. The results were consistent
with the decrease of friction sensitivity of RDX-CMDB granules. The reason may
be granules become relatively insensitive when the flowability was improved a lot.

Table 29.7was the loading density and screen loading density of the four granules.
It can be seen in Table 29.7 that the loading density of RDX-CMDB granules was
increased from 1.013 to 1.095 g cm−3 which increased about 8.1%. And the loading
density of AP-CMDB granules was increased from 1.052 to 1.107 g cm−3 which
increased about 5.0%. Then the four granules were filled into the standard measuring
cylinder through vibration sieve to test its screen loading density and the results were
listed in Table 29.7. The results demonstrated that the screen loading density of RDX-
CMDB granules was increased from 1.137 to 1.215 g cm−3 which increased about
6.9% and the screen loading density of AP-CMDB granules was increased from
1.181 to 1.227 g cm−3 which increased about 3.9%. To sum up, the loading density
and screen loading density of the granules was increased after modifying by graphite
and as a result, propellant density could also be increased as shown in Table 29.8.

Table 29.7 The loading density and screen loading density of the four solid propellant granules

Samples Loading density/g cm−3 Screen loading density/g cm−3

RDX-CMDB granules 1.013 1.137

RDX-CMDB granules modified by
colloidal graphite

1.095 1.215

AP-CMDB granules 1.052 1.181

AP-CMDB granules modified by
colloidal graphite

1.107 1.227

Table 29.8 The theoretical density and measured density of the four solid propellants

Samples Theoretical density /g cm−3 Measured density /g cm−3

RDX-CMDB propellant 1.830 1.701

Colloidal graphite coated
RDX-CMDB propellant

1.830 1.738

AP-CMDB propellant 1.875 1.735

Colloidal graphite coated
AP-CMDB propellant

1.875 1.761
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29.3.4 The Theoretical Density and the Measured Density
of the Propellants Manufactured by the Granules

According to the formulation in Table 29.1, the theoretical density of the four solid
propellants was calculated via formula (29.1) [31].

1/ρp = W1/ρ1 + W2/ρ2 + . . . + Wn/ρn (29.1)

In formula (29.1), ρp is the theoretical density of the propellants, ρ1 is the density
of component 1,W1 is the mass fraction of component 1, ρ2 is the density of compo-
nent 2 and W2 is the mass fraction of component 2 and so on until ρn and Wn. The
calculation results were shown in Table 29.8.

The four kinds of granules were manufactured into four propellants through
granule casting process and the density was tested by GJB770B-2005 method. The
results in Table 29.8 demonstrated that the density of RDX-CMDB propellant was
increased from 1.701 to 1.738 g cm−3 which increased about 2.2% after coating
modified by graphite and the measured density had reached 95% of its theoretical
density. While the density of AP-CMDB propellant was increased from 1.735 to
1.761 g cm−3 which increased about 1.5% after coating modified by graphite and
the measured density had reached 94% of its theoretical density.

29.4 Conclusion

(1) The microstructure of the colloidal graphite was irregular scaly which size was
about 5 μm and thick was about 50 nm.

(2) After the granules were coated and modified by colloidal graphite, the impact
sensitivity and friction sensitivity were improved in some extent, and the
electrostatic spark sensitivity was improved greatly, the test results were all
non-ignition.

(3) After the granules were coated and modified by colloidal graphite, the flowa-
bility was improved. The types of flow of RDX-CMDB granules was always
free flowing. The types of flow of AP-CMDB granules changed from easy
flowing to free flowingwhen themajor principal consolidating stresswas lower
than about 11 kPa, on the contrary, while the major principal consolidating
stress was higher than about 11 kPa, the types of flow was both easy flowing
and the flowability curves were closed so the flowability was not improved
significantly.

(4) After the granules were coated and modified by colloidal graphite, the loading
density was increased as well as the screen loading density, hence the density
of the propellants manufactured by the granules were in increased as well and
more closely to their theoretical density respectively.
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Chapter 30
Preparation of Short Rod Shape
CuOX/GO Nanocomposites and Their
Catalysis on AP

Shengnan Li, Ziteng Niu, Yuke Jiao, Shanjun Ding, Desheng Yang,
Chaofei Bai, Jiaran Liu, Yunjun Luo, and Guoping Li

Abstract Nano-copper oxide (CuO) is a commonly used ammonium perchlorate
(AP) catalyst, but the nano-CuO particle have obvious reunion phenomenon, which
hinders the effective contact area of CuO and AP, and makes the catalytic effects
is not ideal. To improve the catalytic effect of nano-CuO, CuO/GO nanocomposites
were prepared under different conditions with graphene oxide (GO) as the carrier.
Transmission electronmirror (TEM), scanning electronmirror (SEM), X-ray diffrac-
tion (XRD) were used to characterize the structure and TG-DSC was used to study
the effect on the thermal decomposition performance of AP. The best result show that
nanocomposite reduced the peak temperature of AP to 329.6 °C by 77.7 °C, while
the release heat increased from 826.2 J/g of pure AP to 2019.2 J/g by 1193 J/g.

30.1 Introduction

Ammonium perchlorate (AP) is widely used in rocket propellants and is the main
component of solid propellants. The thermal decomposition characteristics of AP
are closely related to the combustion performance of the solid propellan. The high
exothermic temperature of AP leads to unconcentrated heat release, the addition of
excellent catalyst is the main method to improve the combustion efficiency of solid
propellant. Therefore, it is significant to develop AP catalysts. Cu, copper oxide and
its derivatives are widely used in the catalytic work of AP. Vanessa Molina et al.
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compound [trans-Cu(-OH)(-dmpz)]6 and AP, reduced the decomposition tempera-
ture to 372.5 °C, increased the heat release by 576J/g. Graphene is a new 2Dmaterial
wih high specific surface area. CuO and other nano particle can be evenly distributed
on the matrix of GO, hindering the reunion of particle, increasing the contact area of
CuOwith AP, and exerting better catalytic performance.Wang Xuebao al studied the
thermal decomposition of graphene-catalyzed AP. A thermal decomposition temper-
ature of AP was 66.9 °C earlier after mixing graphene with AP compared with pure
AP.

In this study, CuO/GO nanocomposites were prepared with graphene oxide (GO),
and ethylene glycol as the solvent. Characterized by transmission electron mirror
(TEM), scanning electronmirror (SEM) andX-ray diffraction (XRD), and studied the
influence on the thermal decomposition properties ofAP and the catalyticmechanism
of nanocomposites on AP and the nanoparticle formation process.

30.2 Experimental Section

30.2.1 Materials

Graphene oxide (>95%, 5–10 μm) was purchased from Suzhou Hengqi Graphene
Technology Co. Ltd. Deionized water was prepared in laboratory. Copper nitrate
trihydrate, urea, ethylene glycol were obtained from Beijing Chemical Plant. AP
was ourchased from Dalian North Potassium Chlorate Co. LTD.

30.2.2 Synthesis of Nanocomposites

Add 0.1125gGO to 15 ml ethylene glycol, sonicated to uniform dispersion; dissolve
6 mmol of copper nitrate trihydrate in 20 ml ethylene glycol, add 10 ml of GO
dispersion to the solution and stirred until evenly mixed; 16 mmol of urea dissolved
in 10 ml ethylene glycol is slowly added to the solution and stirred for 30 min; the
mixture is transferred to a stainless steel autoclave and reacted at 180 °C for 4 h. The
precipitates were washed three times with deionized water and ethanol (centrifuged
for 10 min at 7000 r), and finally, the powder was frozen at −80 °C for 5 hours
to obtain the primary product of the nanocomposite. The products were calcined in
500 °C of air and argon environment for 2 h, respectively. Take a certain amount
of dried AP in the mortar, add the dried CuO/GO nanocomposite (the mass ratio of
CuO/GO nanocomposite to AP is 5:95), and continue to mix it evenly, namely the
CuO/AP/GO nanocomposite particles.
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30.3 Results and Discussion

TheXRDprofile of the nanocomposites, with ethylene glycol as the solvent, is shown
in the Fig. 30.1. For the nanocomposites before calcination, at 2θ = 36.7°, 42.6°,
61.9°, 74.0° the peaks correspond to (1 1 1), (2 0 0), (2 2 0), (3 1 1) crystal faces
of Cu2O, corresponding with standard card PDF#74–1230; at 2θ = 43.5°, 50.6°,
74.3°, 89.9° the peaks correspond to (1 1 1), (2 0 0), (2 2 0), (3 1 1) crystal faces of
Cu, corresponding with standard card PDF#85–1326, means that the nanomaterials
prepared is a mixture of Cu2O and Cu. For nanocomposites calcined in an air envi-
ronment, at 2θ = 32.6°, 38.7°, 38.9°, 46.3°, 48.8°, 51.4°, 53.6°, 58.5°, 61.6°, 66.0°,
66.3°, 68.0°, 72.5°, 75.2°, 82.4° the peaks correspond to (1 1 0), (1 1 1), (2 0 0), (1
1 -2), (2 0 -2), (1 1 2), (0 2 0), (2 0 2), (1 1 -3), (3 1 -1), (3 1 0), (1 1 3), (3 1 1), (2 2
-2), (3 1 -3) crystal faces of CuO, corresponding with standard card PDF#48–1548,
without other impurities appears, indicating that the prepared products are relatively
pure nanoscale CuO. For nanocomposites calcined in Ar, at 2θ= 43.5°, 50.6°, 74.3°,
89.9° the peaks correspond to (1 1 1), (2 0 0), (2 2 0), (3 1 1) crystal faces of Cu,
corresponding with standard card PDF#85–1326, without other impurities appears,
indicating that the prepared products are relatively pure nanoscale Cu.

Micromorphology analysis of composite nanomaterials, before calcination (a),
after calcination in air (b), after calcination in argon gas (c), as shown in the Fig. 30.2.
Before calcination (a), after calcination in air (b), and after calcination (c) in argon,
short rod shape nanocomposites were obtained. After calcination, the dispersion
of nanoparticles increases significantly. When calcination in air, the N elements
contained in the product are oxidized and escape in the form of nitrogen oxide, so the
product is granular on the GO surface.When calcination in argon, CuO is reduced by
C toCuandgenerates gas,making the nanoparticles on anuneven surface.At the same
time, many folds can be observed on the GO sheet, which is because the GO surface
contains large oxygen-containing functional groups, such as carboxyl and hydroxyl

Fig. 30.1 The XRD
diffraction image of the
nanocomposites
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Fig. 30.2 The SEM and EDS images of the nanocomposites

groups. The presence of these folds provides more attachment sites for the nanoparti-
cles and effectively avoids the reunion of the nanoparticles, making the CuO/GO and
Cu/GO nanocomposites show better dispersion. EDS maps are of nanocomposites
before calcination and in air, respectively. It can be seen that the surface elements of
nanocomposites before and after calcination are mainly composed of C, Cu and O,
indicating that nanoparoparticles are indeed successfully loaded on GO. But there is
still reunification between CuO nanoparticles, forming leaf-like crystals. Although
no obvious GO layer was observed in the TEMmap of CuO/GO nanocomposite after
calcination in air, C elements in the EDS map showed that the morphology of GO
changed during calcination at high temperature, evenly dispersed in small particles
in the sample, which increased the steric hindrace during crystal growth and reduced
the particle size of nano-CuO particles (Fig. 30.2).

The DSC curve of AP shows that AP has a distinct heat absorption peak at
244.3 °C, due to the conversion of AP from oblique to cubic crystal lines for heat
absorption. There is a small exothermal peak at 303.8 °C, corresponding to the first
weightlessness phase present in the TG curve as well as the first downward peak
in the DTG curve, in which AP has a partial decomposition as the low temperature
decomposition phase of AP. A second obvious antipyretic peak appears at 408.0 °C,
corresponding to the second weightlessness phase appearing in the TG curve and the
second downward peak in the DTG curve, at which the AP is completely decom-
posed and is the main decomposition process of the AP thermal decomposition.
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Fig. 30.3 The TG curves, DTG curves, and DSC curves of the nanocomposites and AP

A large amount of NH3 and HClO4 adsorbed on the surface of AP separate, and
the de-attached HClO4 decompose, producing O2, O2

−, ClO4, ClO, H2O and other
substances. These decomposition products undergo drastic redox reactions with NH3

and release a large amount of heat while generating N2O, NO2, and NO, which is
the high-temperature decomposition stage of AP (Table 30.1).

As can be seen from the above figure, all three nanocomposites show downward
heat absorption peaks around 245 °C, indicating that they have basically no effect
on the crystal-type conversion process of AP. AP will undergo low temperature
decomposition and high temperature decomposition reactions around 304 °C and

Table 30.1 DSC parameters of AP in the presence of different nanocomposites

Sample Low temperature
decomposition
peak (°C)

High temperature
decomposition
peak (°C)

Total heat
discharge (J/g)

AP 303.8 407.3 826.2

CuO/GO+AP(un-calcined) 298.2 340.5 1840.4

CuO/GO+AP(Air) 292.4 343.2 1224.3

Cu/GO+AP(Ar) 293.7 329.6 2019.2
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Fig. 30.4 Schematic diagram of the catalytic AP thermal decomposition in nanocomposites

408 °C, but the nanocomposite and AP compound will only have one decomposi-
tion peak, and the decomposition peak moves toward the low temperature direction,
which shows that these three nanocomposites have a positive catalytic effect on the
decomposition of AP, making the low temperature decomposition reaction and the
high temperature decomposition reaction proceed simultaneously. Among them, the
Cu/GO nanocomposite made after calcination with ethylene glycol as a solvent in
the argon environment reduced the thermal decomposition peak of AP from 407.3 °C
to 329.6 °C, by 77.7 °C, total heat release from 826.2 J/g to 2019.2 J/g by 1193 J/g,
and the maximum increase in total heat release (Fig. 30.3).

The rate of AP decomposition depends on the rate of electron transfer and O2

conversion to O2
−. The transition metal oxide CuO belongs to a P-type semicon-

ductor whose 3d orbital electrons are unfilled with positively charged holes in the
valence band. When AP decomposes, large amounts of electrons and anions can be
accepted by CuO, increasing the thermal decomposition rate of AP (Fig. 30.4). In
summary, the elemental composition, micromorphology and specific surface area
of the material were characterized using XRD, TEM and SEM, and the catalytic
effect of nanocomposites on the thermal decomposition process of AP was investi-
gated using TG/DSC. The results show that, the Cu/GO nanocomposites are able to
promote the thermal decomposition process of AP, reducing the high-temperature
decomposition peak of AP from 407.3 °C to 329.6 °C, decreasing by 77.7 °C, and
increasing the total heat release from 826.2 J/g to 2019.2 J/g by 1193 J/g.

30.4 Conclusion

In summary, The elemental composition, micromorphology and specific surface area
of the material were characterized using XRD, TEM and SEM, and the catalytic
effect of nanocomposites on the thermal decomposition process of AP was investi-
gated using TG/DSC. The results show that, the Cu/GO nanocomposites are able to
promote the thermal decomposition process of AP, reducing the high-temperature
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decomposition peak of AP from 407.3 °C to 329.6 °C, decreasing by 77.7 °C, and
increasing the total heat release from 826.2 J/g to 2019.2 J/g by 1193 J/g.
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Chapter 31
Effect of Impact Fracture of RDX-Based
High-Energy Gun Propellant
on the Combustion Properties

Jing Zhou, Ding Wei, and Da Li

Abstract To study the influence of impact fracture on the combustion properties
of gun propellants, a series of impact tests were carried out on RDX-based high-
energy gun propellants by a dropping hammer impact device. Also the combustion
performance of impact damagedgunpropellant sampleswere studied by closed bomb
test on the samples before and after impact. The results indicate that the pressure
index and the burning rate coefficient of each sample change regularly with the
increase of crushing degree. The pressure indexes decrease from 1.044 of pristine
samples to 0.865 and 0.400, respectively. The burning rate coefficients increase from
0.099 cm s−1 MPa−n to 0.228 cm s−1 MPa−n and 3.319 cm s−1 MPa−n, respectively. In
addition, theRDX-based high-energy gun propellants gradually change fromobvious
progressive surface combustion to complete degressive surface combustion. The
study also reveals that the initial phase of combustion for fracturedgunpropellants has
been boosted up, while the latter phase of combustion has been weakened reversely.
With increasing the fracture degree of samples, the possibility of a sharp increase
in the initial pressure and burning rate increases, which is detrimental to the stable
combustion of gun propellants.

31.1 Introduction

In the development process of weapon systems with high-pressure and high-loading
density charge, many countries have experienced breech blow accidents, which has
aroused widespread concern. Military powerful nations like the USA and Germany
have carried out a lot of researches on launch safeties, mechanical properties and
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breakage laws of gun propellants. Currently, It is generally accepted that the mech-
anism of breech blow caused by gun propellant charge is “impact, squeeze-crush-
increase surface area-increase burning rate-increase the pressure in the chamber” [1–
5]. Recently, domestic researchers have also begun to study the influence of impact
fracture on the combustion properties of gun propellants. For example, Zhang and
co-workers [6] used a 100 mm gas gun to study the extrusion and impact crushing
of propellants over heated, measured the combustion performance of the crushed
propellants, and finally obtained the increase of maximum burning vivacity and
maximum burning rate coefficient of different propellants at different impact veloc-
ities. Xu et al. [7] applied the propellant bed squeeze crushing physical simulation
device and closed bomb to study the combustion laws of broken propellants.

In this paper, low temperature (−40 °C) impact tests of RDX-based high-energy
gun propellants [8, 9] at different impact heights were carried out by a droping
hammer impact device. The influence of impact fragmentation on combustion perfor-
mance of high-energy gun propellants were investigated through the closed bomb
combustion tests on the gun propellants before and after impact. This study simu-
lated the dynamic force of gun propellants in the chamber to further research their
combustion performance. Above research achievements will provide guidance for
the application of new generation gun propellant in high bore pressure weapons,
avoiding the occurrence of bore explosion accidents [10].

31.2 Experiment

31.2.1 Experimental Sample

The gun propellant used in the experiment is a 19-hole RDX-based high-energy gun
propellant. The main components of the formula are 40% NC, 30% plasticizer and
25% RDX. The high energy gun propellant has high energy characteristics, and its
gunpowder power is about 1225 J/g.

31.2.2 Dropping Hammer Impact Test

Three groups of samples were prepared before the experiment. Each group consisted
of 7 gun propellant grains with a weight of about 20 g. Among them, one group was
used as reference sample, while the other two as test samples. The end faces of the
test samples were worn down to smooth with good perpendicularity. Then the test
samples were put into the impact tooling and kept at −40 °C for more than 2 h.

The impact test was carried out at the height of 17.5 cm and 55 cm with a 5 kg
drop hammer. Each sample was impacted once. The samples impacted at the same
height were collected as the test samples of the closed bomb.
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31.2.3 Closed Bomb Experiment

The reference sample and the impacted sampleswere tested in closed bombaccording
to theGJB770A-97703method. The chamber volumewas 100 cm3, the filling density
was 0.2 g/cm3, and the ignition pressure was 10 MPa.

31.3 Results and Discussion

31.3.1 The Impact Damage and Fragmentation Degree
of the Samples

The impact damage of the reference sample and the impacted samples by the drop
hammer is shown in Fig. 31.1. As seen in Fig. 31.1b, the sample impacted at 17.5 cm
(designated as impacted samples 1#) shows signs of whitening, indicating that there
are internal microcracks. There are obvious cracks in some gun propellant grains, and
one of the grains has broken angle. Figure 31.1c shows the sample impacted at 55 cm
(designated as impacted samples 2#). It is seen that the damage of the sample is more
serious than impacted samples 1#. The original shape of the gun propellant grain in
impacted samples 2# can hardly be seen, and a lot of fragments are produced. This
result demonstrates that the higher the impact height is, the more serious damage
of the gun propellant is. The typical P–t curves are shown in Fig. 31.2. They are
processed to obtain the L-B curves, as shown in Fig. 31.3.

The fragmentation degree [11] (PSD) of gun propellant is calculated by the change
of relative initial burning surface before and after impact. It is used to characterize
the impact damage of gun propellant. The formula for calculation is as follows:

（ ）a Reference sample （ ）b Impacted sample 1# （ ）c Impacted sample 2#

Fig. 31.1 Photographs for drop hammer impact fracture of the high-energy gun propellants
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Fig. 31.2 P–t curves of the
impacted and reference
samples
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Fig. 31.3 L-B curves of the
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(31.1)

In the above equation: ω and ω0 are the charge weight of the gun propellant
samples and the reference sample in the closed bomb experiment, where ω ≈ ω0; S0
and L0 are the initial combustion area and initial dynamic activity of the impacted
sample in the closed bomb experiment, respectively; S00 and L

0
0 are the initial combus-

tion area and initial dynamic activity of the reference sample in the closed bomb
experiment, respectively.

The fragmentation degrees (PSD) of gun propellants with different impact heights
are obtained according to Eq. (31.1), as shown in Table 31.1.
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Table 31.1 The PSD for different experimental gun propellant samples

Sample Impacted
height/cm

PSD

The first
group

The second
group

The third
group

The average
value

Reference
sample

0 1 1 1 1

Impacted
sample 1#

17.5 1.12 1.26 1.20 1.19

Impacted
sample 2#

55 2.83 3.04 2.89 2.92

31.3.2 Effect of Fragmentation Degree on the Combustion
Properties

The burning rate pressure index n reflects the sensitivity of gun propellant burning
rate to pressure change. The burning rate of gun propellant follows the exponential
burning rate law, u = u1Pn. The burning rate pressure index of gun propellant can be
obtained by evaluating the logarithm of u ~ P datas collected from the combustion
of gun propellants with different fragmentation degrees, that is, the slope of lnu ~
lnP curve. The lnu ~ lnP curves of burning rates for different gun propellant samples
are shown in Fig. 31.4. Obviously, the pressure index of the reference samples is
slightly higher than that of the impacted samples 1#, while the pressure index of the
impacted samples 2# is significantly lower than the other two sample groups.

Table 31.2 shows the results of burning rate pressure index in the conventional test
of closed bomb. The starting point in the table is lagging behind the neighbour point
of � = 0.15, which is about 50 MPa. The pressure corresponding to the maximum
value of dP/dt is taken as the end pressure of combustion, which is recorded as Pdpm.
During the combustion of propellant, the burning rate is controlled by two factors:

Figure 31.4. lnu-lnP curves
of impacted and reference
samples
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Table 31.2 Experimental results of gun propellants by closed bomb tests

Sample PSD Characteristic
quantity

P/MPa Pdpm/MPa Pm/MPa

50~100 100~150 150~Pdpm 50~Pdpm

Reference
samples

1 Burning rate
coefficient

0.108 0.121 0.542 0.099 189.44 250.05

Pressure
index

1.020 1.006 0.710 1.044

Impacted
amples 1#

1.19 Burning rate
coefficient

0.173 0.264 0.494 0.228 188.21 252.32

Pressure
index

0.928 0.838 0.708 0.865

Impacted
samples
2#

2.32 Burning rate
coefficient

1.910 5.093 / 3.319 134.80 253.05

Pressure
index

0.532 0.306 / 0.400

Notes Pdpm is the pressure corresponding to the maximum value of dP/dt; The unit of the combustion
rate coefficient is cm s−1 MPa−n; Pm is the maximum pressure of combustion; The fitting degrees of
pressure index of different pressure sections are greater than 0.99

chemical factor and pressure. The synergistic effect of the two factors may make the
burning rate fast or slow in different pressure ranges. Consequently, different pressure
sections are selected to investigate the changes of burning rate pressure index and
burning rate coefficient when the test results are analyzed. In this research, three
pressure sections of 50~100 MPa, 100~150 MPa and 150~Pdpm MPa are selected
for analysis [12, 13]. It can be seen from Table 31.2 that the PSD has significant
effect on both the pressure index and the burning rate coefficient of the sample. In
the range of 50~PdpmMPa, with the increase of pressure, the burning rate coefficient
of each sample increases, while the pressure index decreases; With the increase of
fragmentation degree, both of the burning rate coefficient and pressure index change
regularly. The pressure index decreased from 1.044 of pristine samples to 0.865
and 0.400, respectively. The combustion rate coefficient increased from 0.099 to
0.228 cm s−1 MPa−n and 3.319 cm·s−1·MPa−n

, respectively. Moreover, the pressure
at the end of combustion also decreases gradually, and the maximum pressure has
no significant change.

The change rule of burning rate vary with pressure is the main characteristic
quantity to characterize the combustion performance of gun propellants. Figure 31.5
shows the u-p curves of different samples. The analysis of burning rate and pres-
sure relation shows that the initial burning rate of gun propellant increases with the
increase of fragmentation degree. In the low pressure region (before about 100MPa),
the higher the impact height is, themore seriously the sample is broken and the higher
the burning rate is. The burning rate of the impacted sample 1# is slightly higher than
that of the reference sample, but the burning rate of the impacted sample 2# is vastly
increased. This is because the structure of the reference sample is relatively compact
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Fig. 31.5 u-P curves of the
impacted and the reference
samples
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at the initial stage of combustion, which restricts the flame propagation after igni-
tion. Then the burning area is small, so the burning rate is slow. However, due to the
serious fragmentation, the structure of the impacted sample 2# is dispersive. As a
result, the flame spreads very fast after ignition, the initial burning surface is large,
and the burning rate is very fast.

The combustion property of the impacted sample 1# is between that of the refer-
ence sample and the impacted sample 2#. Reversely, after the pressure of about
170 MPa, the situation is opposite to that in the low-pressure section. As the frag-
mentation degree of the gun propellant increases, its burning rate will decrease. This
is due to the burning surface of the seriously fractured sample 2# decreases during the
progress of combustion, while the reference samples are intact 19 hole gun propel-
lants, which remains progressive burning before the splitting of the gun propellant
type. Therefore, the burning rate of the reference samples is higher than that of the
impacted sample in the later stage of the combustion.

Figure 31.6 shows the Γ -Ψ curves of the experimental samples, where Γ is the
gas generation intensity and Ψ is the percentage of gunpowder burned.

It can be seen from the figure that the initial combustion intensity of the reference
sample and the impacted sample 1# is low. The value for the impacted sample 1#
is slightly higher than that of the reference sample. While the combustion intensity
of the starting section of the impacted sample 2# has a sudden increase. In addition,
the Γ -Ψ curves show that the linear function characteristics of the reference sample
curve are better than those of the impacted sample 1# and 2#. The result indicates
the reference sample has obvious progressive combustion performance [14], while
the impacted sample 1#

shows approximately a neutral burning and the impacted sample 2# is completely
degressive burning.

The gas released in the initial stage of combustion increases as the degressive
combustion performance increases, which causes the pressure in the chamber to rise
rapidly. This is extremely detrimental to the safety of the launch.
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Fig. 31.6 Γ -Ψ curves of the
impacted and the reference
samples
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Based on the above results, it is concluded that the combustion performance of
the sample changes greatly after being impacted by dropping hammer at different
heights. This ismainly related to the fragmentation degree of the gun propellant.With
the increase of fragmentation degree, the initial combustion area of gun propellant
increases, the combustion rate increases, while the final combustion rate decreases.
At the same time, as the particle fragmentationwill cause the geometry damage of the
gun propellant, which could make the combustion characteristics of the gun propel-
lant change from its progressive combustion to degressive combustion. However,
the progressive combustion has always been the basic goal of the gun propellant in
its application. Overall, the fragmentation of the gun propellant makes the initial
combustion rate of gun propellant increase, the gas generation rate increase, and
the possibility of a sharp increase in bore pressure increase. These can easily lead
to abnormal chamber pressure and is detrimental to the safety of launching. There-
fore, it is very important to improve the anti impact damage performance of the gun
propellant and prevent the gun propellant from breaking in the gun bore.

31.4 Conclusion

The effect of impact damage on the combustion performance of the RDX-based
high-energy gun propellant was studied by dropping hammer impact and closed
bomb experiments. The results show that:

(1) As the fragmentation degree of gun propellant increases, the burning rate coef-
ficient and pressure index change regularly. The pressure indexes decrease from
1.044 to 0.865 and 0.400, respectively. The burning rate coefficients increase
from 0.099 to 0.228 cm s−1 MPa−n and 3.319 cm·s−1·MPa−n, respectively.
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(2) With the increase of fragmentation degree, the RDX-based high-energy gun
propellants gradually change from obvious progressive surface combustion to
complete degressive surface combustion.

(3) After impact, the initial combustion ofRDX-based high-energy gunpropellants
has been boosted up, while the final combustion rate decreases. In addition, the
possibility of a sharp increase in the initial pressure and burning rate increases
with the increase of the fragmentation degree, which is detrimental to the stable
combustion of gun propellants.
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Chapter 32
Effect of Nano-LLM-105
on the Performance of Modified Double
Base Propellant

Chao Zhang, Liang Ma, Cun-quan Wang, Yi-wen Hu, Jun-bo Chen,
and Li-bo Yang

Abstract The effect of the particle size of LLM-105 on the combustion perfor-
mance, mechanical sensitivity, mechanical properties and shock wave sensitivity
of the Modified Double Base Propellant, The results showed that the LLM-105 in
the formulation increased, the burning rate of the propellant under different pres-
sures decreased significantly. When the mass fraction of LLM-105 in the formula
is increased from 0 to 25%, the burning rate at 10 MPa decreases by 53.3%; The
burning rate reduction effect of coarse-grained LLM-105 is better than that of fine-
grained; Substitutingmicron LLM-105 for the nanometer, the propellant burning rate
is reduced by 1.5 mm/s at 10 MPa. Nano-level LLM-105 increases the characteristic
drop height H50 of the propellant from 21.3 to 36.4 mm, the friction sensitivity is
reduced from 17 to 6%, the tensile strength of the propellant at 20 °C increased by
61%, the tensile strength of the propellant at − 40 °C increased by 33%, the tensile
strength of the propellant at 50 °C increased by 37%, the shock wave sensitivity of
the propellant is reduced by 35.8%.

32.1 Introduction

Modified double-base propellant (CMDB) has the characteristics of high energy
and low characteristic signal, which can simultaneously improve the stealth effect
and penetration capability of missiles, and is widely used in engines of various
weapon systems [1–3]. Traditional CMDB propellants containing high-sensitivity
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RDX/HMX and other nitramine explosives are prone to combustion and explosion
accidents under accidental collision or impact. Therefore, current airborne and ship-
borne high-value weapon platforms urgently need hight-security newCMDBpropel-
lant. 2,6-diamino-3,5-dinitro pyrazine-1-oxide (2,6-diamino-3,5-dinitro pyrazine-1-
oxide, ANPZO for short, code name LLM-105) is the lawrence of the United States
a new elemental explosive with excellent energy and safety performance synthesized
by Livermore National Laboratory. Its energy is 20% higher than TATB and 81% of
HMX. It is due to the existence of π conjugate system in the molecule and the strong
intra-molecular hydrogen bondingmakes LLM-105 insensitive to heat, shock waves,
sparks and frictional impact [4–7]. In recent years, a large numbers have done a lot
of research on the performance and application of LLM-105 [6, 8–28]. After the size
of the material particles is refined, because the particles are in the microscopic and
macroscopic transition regions, the particles exhibit special physical and chemical
properties under the action of surface effects, quantum size effects and other char-
acteristics [29]. In addition to retaining the excellent properties of ordinary particles
such as high melting point and excellent thermal stability, the fine particle LLM-105
also has the characteristics of more complete explosion energy release, faster detona-
tion wave propagation, and more stability. The fine particle LLM-105 is added to the
propulsion the formulation of the propellant will definitely affect the performance
of the propellant.

In this experiment, the influence of the particle size ofLLM-105on the combustion
performance and safety performance of CMDB propellant was studied, in order
to provide a reference for the extensive and in-depth research, popularization and
application of the new insensitive explosive.

32.2 Experiment

32.2.1 Materials

LLM-105, purity, 99%, coarse particle weight average average particle size d50 is
10.0μm(Type 1), as shown inFig. 32.1, fine particleweight average particle diameter
d50 is 200 nm (Type 2), as shown in Fig. 32.2; 3# Nitrocellulose (NC, 12.0%N);Nitro-
glycerin (NG); 2 intermediate setting agent (C2); catalysts, petrolatum (V, medical),
auxiliary plasticizers and other functional additives are all industrial products.

32.2.2 Preparation of Test Samples

The formula of the smokeless CMDB propellant containing LLM-105 is shown in
Table 32.1, and the catalyst adopts the internal addition method.
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Fig. 32.1 SEM photo of
Type 1

Fig. 32.2 SEM photo of
Type 2

The test samples were prepared by the processes of absorption, flooding, ripening,
calendering and plasticizing, and compression and stretching.
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Table 32.1 Formulation of propellant

Number NC+NG V C2 LLM-105 Auxiliary plasticizers Other

L1 78 1.0 1.5 0 6 3.5

L2 78 1.0 1.5 5(d50: 200 nm) 6 3.5

L3 78 1.0 1.5 10(d50: 200 nm) 6 3.5

L4 68 1.0 1.5 20(d50: 200 nm) 6 3.5

L5 63 1.0 1.5 25(d50: 200 nm) 6 3.5

L6 63 1.0 1.5 25(d50: 10.0um) 6 3.5

32.2.3 Burning Rate Test

The burning rate pressure index n is calculated according to the Vieille relation r =
aPn using the least square method, where r is the burning rate, P is the pressure, and
a is a constant.

32.2.4 Friction Sensitivity Measurement

The friction sensitivity is tested by the test method specified in GJB772A-1997
Method 602.1, the temperature is 15~35 °C, the sample amount is (0.020 ± 0.001)
g, the gauge pressure is (2.45 ± 0.05) MPa, swing angle 66° ± 0.5°. The friction
sensitivity is expressed as the explosion percentage P.

32.2.5 Determination of Impact Sensitivity

The impact sensitivity is tested using the test method specified in GJB772A-1997
Method 601.1, the temperature is 15~35 °C, the sample amount is (0.03± 0.001) g,
and the hammer weight is (2000± 2) g. The impact sensitivity is represented by the
characteristic drop value H50 of 50% explosion rate.

32.2.6 Static Mechanical Tensile Test

Static mechanical tensile test: carried out in the INSTRON 4505 material testing
machine, the test temperature is−40 °C, and the tensile speed is 100 mm/min. The
test method refers to method 413.1 in GJB770B-2005.
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Fig. 32.3 Gap test set up

1-detonator; 2-maispring detonator, 3-the gap,

 4-tube of sample, 5-sample, 6-witness plate 

32.2.7 Shock Wave Sensitivity Test

In this study, the shock wave sensitivity test adopts the diaphragm test method. The
partition thickness adopts themedian approachmethod, that is, the intermediate value
of the explosion and non-explosive partition thickness is taken, and the process is
repeated until the difference between the explosion and the non-explosive partition
is 1 mm, and the intermediate value at this time is taken as the shock wave sensitivity
of the tested sample. If there is a round hole in the witness plate with the size of the
sample tube in a test, the result is judged as “explosion”, otherwise it is judged as
“not exploding”.

The schematic diagram of the separator test device is shown in Fig. 32.3. The
donor drug column, separator, and sample tube are coaxial. The sample tube adopts
precision drawn tube 45-ϕ48 mm × ϕ36 mm, length 140.0 mm, donor grain is cast
Pentry explosive (TNT:PETN = 1:1), specification: ϕ50 mm × 50 mm; density is
1.58 g/mm3, Use the 8th industrial electric detonator to detonate, the partition is
made of polymethacrylic acid (plexi glass), the specification: ϕ50.0 mm× 0.19 mm,
the verification plate is the No. 45 steel plate of 150.0 mm× 150.0 mm× 10.0 mm.

32.3 Results and Discussion

32.3.1 The Influence of LLM-105 Content and Particle Size
on Propellant Combustion Performance

Figure 32.4 shows the effect of different LLM-105 content and particle size on the
combustion performance of the propellant.

It can be seen fromFig. 32.4 that as the content of LLM-105 increases, the burning
rate of the propellant at different pressures is significantly reduced. When the mass
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Fig. 32.4 Test results of
combustion performance of
propellant with different
LLM-105 content and
particle size

fraction of LLM-105 increases from 0 to 25%, the burning rate at 10 MPa decreases
from 11.33 to 5.29 mm/s, while the pressure index increased with the increase of
LLM-105 content.When theLLM-105 fraction increased from0 to 20%, the pressure
index under 6 MPa~18 MPa increased from 0.43 to 0.55.

LLM-105 can greatly reduce the burning rate of modified double-base propellant.
Analysis believes that one of the reasons is that the oxygen balance coefficients of
LLM-105 and NG are different. The oxygen balance coefficients of the two are −
0.37 and 0.44, respectively. After replacing NC\NG with LLM-105, its low oxygen
balance inhibits the thermal decomposition of the propellant, and the composition
of NO2 in the dark area of the propellant is reduced and converted to NO When the
heat is low, the propellant combustion surface temperature ts decreases, resulting in
a decrease in the burning rate of the propellant.

In addition, literature [8] believes that LLM-105 is accompanied by endothermic
sublimation behavior while thermally decomposing, which affects the heating of
the condensed phase. In the condensed phase, LLM-105 cannot contribute heat to
the rapid decomposition of the propellant. LLM-105 is in the gas phase. The heat
of decomposition in the medium has a limited effect on the combustion surface
temperature Ts through thermal feedback, resulting in a decrease in the burning rate
of the smokeless modified double-base propellant containing LLM-105.

Comparing the experimental results of L5 and L6, it can be seen that the speed
reduction effect of coarse particles of LLM-105 on the smokeless modified double-
base propellant is better than that of fine particles. The burning rate of the smokeless
modified double-base propellant containing coarse particles of LLM-105 in different
pressure ranges is lower than that of the fine particles, and is reduced by 1.5 mm/s
at 10 MPa.

The coarse particles of LLM-105 reduce the burning rate of the propellant. The
analysis suggests that this may be due to the thermal conductivity of the coarse
particles of LLM-105 and the difference in thermal conductivity of the finer particles
[30]. The decomposition reaction rate is reduced. At the same time, due to the small
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specific surface area of the coarse particles of LLM-105, the reaction rate constant
and the ratio sox/so of the area of the oxidant on the combustion surface to the area
of the propellant combustion surface during the thermal decomposition process are
reduced, therebymaking the propulsion the burning rate of the agent decreases. It can
be seen that the burning rate of the modified double-base propellant can be adjusted
by adjusting the particle size of LLM-105.

32.3.2 The Influence of LLM-105 Particle Size
on the Mechanical Sensitivity of Propellant

The mechanical sensitivity test results of the modified double-base propellant
containing the same amount of coarse and fine particle size LLM-105 are shown
in Figs. 32.5 and 32.6.

Comparing the experimental results of the formulations L5 and L6 in Figs. 32.5
and 32.6, it can be seen that the fine particle LLM-105 has a better effect on the
propellant sensation reduction. The characteristic drop height H50 is increased from
21.3 to 36.4 cm, the friction sensitivity changes even more, and the explosion proba-
bility is reduced from 17 to 6%. It can be seen that the particle size of the high energy

Fig. 32.5 Impact sensitivity

Fig. 32.6 Friction
sensitivity
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density material is also the main factor affecting the sensitivity of the propellant, and
the sensitivity of fine particles is better than that of large particles.

The mechanical sensitivity of LLM-105 propellants containing fine particles has
been reduced. This is due to the higher surface energy and better thermal conductivity
and dispersibility of LLM-105 fine particles [31], and it is not easy to form hot
spots. In addition, analysis believes that it may be due to the lack of edges and
corners of the fine particles of LLM-105, the smaller the aspect ratio and the denser
accumulation in the propellant, reducing the inter-particle void ratio, improving the
normal rheology of the material, and reducing the amount of material in the sample.
Air impurities reduce the probability of hot spots generated by air impurities in the
process of impacting adiabatic compression, thereby playing a better role in reducing
inductance.

32.3.3 The Effect of LLM-105 Particle Size
on the Mechanical Properties of Propellants

The tensile strength of the modified double-base propellant containing the same
amount of coarse and fine-grained LLM-105 at 20, 50 °C and−40 °C was measured.
The test results are shown in Table 32.2.

From the data in Table 32.2, it can be seen that the particle size of LLM-105
is reduced, the mechanical properties are improved, the tensile strength at 20 °C
is increased by 61.0%, the low temperature tensile strength is increased by 33%,
and the high temperature tensile strength is increased by 37%. This is because the
larger the particle size of LLM-105, the smaller the specific surface area. When
the two interfaces are in contact, too large a particle size will reduce the contact
surface area, which will reduce the bonding force and bond strength accordingly.
Small; As the particle size of LLM-105 decreases, the specific surface area is larger,
and the contact surface with the adhesive increases, so the contact is better, and the
mechanical properties of pushing you are better.

Table 32.2 Influence on the mechanical properties of CMDB propellant containing LLM-105

Temperature/°C σm/MPa εm/%

L5 L6 L5 L6

50 1.92 1.37 33.1 37.2

20 9.84 6.15 13.8 20.3

−40 39.7 30.1 3.6 4.91
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Fig. 32.7 Shock wave
sensitivity

32.3.4 The Impact of LLM-105 Particle Size on Shock Wave
Sensitivity

The shock wave sensitivity test results of the modified double-base propellant
containing the same amount of coarse and fine-grained LLM-105 are shown in
Fig. 32.7.

Comparing the thickness of the L-5 and L-6 separators in Fig. 32.7, it can be seen
that the particle size of LLM-105 has a significant effect on the shockwave sensitivity.
When the particle size of LLM-105 is reduced to nanometer level, the shock wave
sensitivity of LLM-105 propellant containing the same amount of nanometer level
is 35.8% lower than that of ordinary LLM-105 propellant.

The initiation of explosives is currently generally accepted as the “hot spot”
initiation mechanism. For propellant shock wave sensitivity, the hot spot formation
mechanism is cavity collapse. The accumulation of solid particles in the propellant
matrix must have a large number of pores. When subjected to strong shock wave
pressure from the outside, the pores in the propellant undergo strong compression
and undergo plastic deformation and then collapse. The gas undergoes adiabatic
compression, causing the local temperature in the propellant to rise sharply to form
a hot spot. In general, as the size of solid particles and holes in the propellant matrix
increase, the probability of hot-spot will also increases, leading to the high sensi-
tivity of propellant. When the particle size of LLM-105 is as small as nanometers,
the surface of LLM-105 particles becomes regular, the surface energy increases, the
contact surface between the particles increases, and the thermal conductivity of the
particles increases, which is not conducive to the accumulation of heat inside the
propellant and the growth of hot spots. At the same time, nano-LLM-105 can also
improve the compactness of the propellant, making the pores inside the propellant
smaller and smaller. When subjected to shock waves, the propellant is not prone to
plastic deformation, that is, it is not prone to adiabatic compression. Therefore, the
sensitivity of shock wave of propellant contains nano-LLM-105 is greatly reduced.
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32.4 Conclusion

(1) The particle size of LLM-105 is also the main factor affecting the burning
rate of CMDB propellant. When the particle size of LLM-105 reaches the
nanometer level, the burning rate of CMDB propellant under 10 MPa can be
increased by 1.5 mm/s.

(2) The nano-level LLM-105 has a better effect on the propellant inductance reduc-
tion, the characteristic drop height H50 is increased from 21.3 to 36.4 cm, and
the explosion probability of friction sensitivity is reduced from 17 to 6%.

(3) The particle size of LLM-105 is reduced, the mechanical properties are
improved, the tensile strength at 20 °C is increased by 61.0%, the low temper-
ature tensile strength is increased by 33%, and the high temperature tensile
strength is increased by 37%.

(4) The shockwave sensitivity of LLM-105 propellant containing the same amount
of nanometer grade is 35.8% lower than that of ordinary LLM-105 propellant.
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Chapter 33
Study of Three-Dimensional Porous
Graphene Oxide Aerogel for Catalyzing
the Thermal Decomposition
of Ammonium Perchlorate

Dongqi Liu, Hongbing Lei, Qiang Li, Haibo Ke, Fuyao Chen, Yubing Hu,
Guangpu Zhang, Lei Xiao, Gazi Hao, and Wei Jiang

Abstract In this work, a three-dimensional porous graphene oxide aerogel (GA)
was prepared using a hydrothermal method and vacuum freeze-drying process. The
prepared GA and raw material graphene oxide (GO) were characterized by powder
X-ray diffraction (XRD), scanning electron microscopy (SEM), and Fourier trans-
form infrared spectroscopy (FT-IR). The results show that GA is fluffy and porous
and can be adsorbed on the surface of ammonium perchlorate(AP) after being mixed
with AP. The formation process of GA in the entire process is discussed in detail.
In addition, the catalytic performance of porous GA on AP was studied. Thermo-
gravimetry (TG)/differential scanning calorimetry (DSC) research results show that
after GA and AP are mixed, the high-temperature exothermic peak is advanced
from 441 to 345 °C , and the heat released �H is increased from 205 to 720 J/g.
Three-dimensional porous GA is hoped to be a promising catalyst for AP thermal
decomposition.

33.1 Introduction

Ammonium perchlorate (AP) is widely used in composite propellants as the most
important oxidizer since its thermal decomposition of AP is directly related to the
combustion characteristics of the composite propellants [1–5]. Therefore, reducing
the pyrolysis temperature of AP and increasing the heat release of AP can effectively
shorten the ignition delay time and increase the combustion rate of the propellants
[6–10]. Incomplete pyrolysis of AP not only wastes AP material [11, 12], but also
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significantly reduces the combustion rate of the propellants [13], which has an impact
on practical applications [14]. Therefore, it is very important to study the thermal
decomposition of AP [15–18].

At present, there are numerous studies on AP catalysts, including metal elements,
metal oxides [19, 20], composite metal oxides [21, 22], organic catalysts [23] and
carbon-based materials [24, 25], etc. Among these catalysts, carbon-based materials
are a kind of potential catalysts and carriers that are widely used in the field of
catalyzing AP due to their good electrical conductivity and excellent surface adsorp-
tion performance [26–28]. Common carbon-basedmaterials include graphite, carbon
nanotubes, graphene oxide (GO), graphene and fullerene.

Graphite can be obtained from nature at a very low cost. Graphite is a conductive
layermaterial and an interesting catalyst. Its conductivity is frequently used to prepare
electrodes for photovoltaic cells [29]. At the same time, it has many conjugated sites
and adsorption properties, allowing it to be used as a carrier in the field of chemical
catalysis [30]. At present, in the field of catalytic AP, graphite is frequently doped
with metals to accelerate the thermal decomposition process of AP [31]. Carbon
nanotubes are one-dimensional ribbons with a variety of surface groups, such as
carboxyl groups [32]. After encapsulating AP, the composite particles of AP and
carbon nanotubes havemore catalytic sites and accelerate the thermal decomposition
of AP [33]. GO is widely used in emerging carbon-based materials [34, 35]. It has
more oxygen-containing functional groups on the surface and higher activity [36]. It
releases a certain amount of energy during the thermal decomposition process. It is
frequently used in combining metal carriers and AP to improve catalytic efficiency
[37–39].

In addition to the aforementioned carbon materials, GO aerogels (GAs) are
currently emerging carbon-based materials. Due to their high elasticity, strong
adsorption, porous structure and high specific surface area, they are typically used in
electrochemistry and wave absorption fields [40–42]. GAs are also used to enhance
the performance of energetic materials due to their porous structure and high specific
surface area when combined with catalysts [43]. At present, a GA is combined
with energetic materials to improve its detonation performance [44]. There are few
reports on a GA catalysing AP. Therefore, in this study, three-dimensional (3D)
porous GA were prepared by hydrothermal method and vacuum cold-drying tech-
nology, and their catalytic properties for AP thermal decomposition were studied
by thermogravimetry/differential scanning calorimetry (TG-DSC). It was found that
the obtained GA show good catalytic performance for AP thermal decomposition
and have a good application prospect for further application in AP and AP-based
propellants.

33.2 Experimental

All reagents used in the experiment were from commercial sources of analytical
grade and used without further purification. NH4ClO4 were purchased from Dalian
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NorthPotassiumChlorateCo., Ltd.GOwasobtained fromSuzhouTanfengGraphene
TechnologyCo., Ltd.Analytical reagent-grade ethyl acetatewas provided byNanjing
Chemical Reagent Co., Ltd.

33.2.1 Preparation of Three-Dimensional Porous GA

The preparation process of 3D porous GA is as follows:
In this experiment, 3D porous GA is obtained from a suspension of GO using

vacuum freeze-drying technology. In the preparation process, weigh 6 mg of GO
and add 30 ml of deionized water to it. The GO is dispersed in deionised water using
ultrasound to a concentration of 2.0 mg/ml, and then, the mixture is poured into a
Teflon-lined stainless steel autoclave vessel (standard:100 ml). In the autoclave, the
mixture is heated in an oven to 180 °C and reacts for 24 h before being removed from
the autoclave to cool, yielding graphene aerogel, which is then placed in a vacuum
freeze-drying machine and freeze-dried for 24 h to form 3D fluffy porous GA.

33.2.2 Preparation of GA/AP Composite Materials

The preparation process of a GA/AP composite materials is as follows:
Weigh 2.5 mg of 3D GA, the final product of the previous experiment, and at the

same time weigh 47.5 mg of AP and add it to a mortar to keep the GA content at
5wt%, and add a small amount of ethyl acetate to grind to make it well mixed. The
mixture was placed in a 60 °C drying oven and dried for 12 h to obtain the final
GA/AP composite.

33.2.3 Preparation of GO/AP Composite

The preparation process of GO/AP composite is as follows:
Weigh 2.5 mg of graphene oxide and, at the same time, weigh 47.5 mg of AP

and add it to the mortar to keep the GO content at 5 wt%, which is the same as the
percentage content of the above GA in AP. Add a small amount of ethyl acetate and
grind it to make it evenly mixed. The mixture was placed in a 60 °C drying oven for
12 h to obtain the final GO/AP composite.
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33.2.4 Measurements

Powder X-ray diffraction (XRD) was performed using Rigaku smartlab9 with
Rigaku’s original CBO cross optical system (rated voltage 40 kV, rated current
150 mA). The samples were analyzed using a Fourier transform spectroscopy (FT-
IR) (Fourier transform infrared FT-IR ftir model Thermo Fisher IS5) in the range
of 4000–500 cm−1. Using high-resolution thermal field emission scanning electron
microscopy (SEM) (FEI Quanta 400 FEG, USA) to observe GO, GA and their mixed
state with AP. The thermal analysis experiment was conducted using METTLER
TOLEDO TGA/DSC3+; the N2 flow rate was 50 ml/min; the selected heating rate
was 5, 10, 15 and 20 °C /min and the programme was heated from 35 to 535 °C.

33.3 Results and Discussion

33.3.1 Characterization of GO and GA

XRD is used to study the purity and phase structure of the prepared samples. In
this experiment, the typical XRD comparison chart of GO and GA is shown in
Fig. 33.1. The peak with the highest GO diffraction intensity corresponds to 2θ = 8°.
After being prepared into GA, the original GO sheet structure was broken, and the
diffraction peak of natural graphite at 2θ≈23°(002) was enhanced, forming a broad
diffraction peak, and the interlayer spacing was about 0.399 nm (according to the
Bragg equation, 2dsinθ = λ, λ = 0.154 nm).

SEM reveals the status ofGOandGA.A typical scan SEM image of the suspended
flake GO and GA after cold curing in the observation result is shown in Fig. 33.2.
The SEM image in Fig. 33.2a shows scattered pieces of GO raw materials, with
an average lateral size of approximately 15 microns. The SEM image in Fig. 33.2b

Fig. 33.1 XRD patterns of
GO and GA



33 Study of Three-Dimensional Porous Graphene Oxide Aerogel … 419

Fig. 33.2 SEM observation images of GO and GA

Fig. 33.3 FT-IR spectra of
GO and GA

shows a network structure with 3D macropores, with pores ranging in sizes from a
few hundred nanometres to a dozen micrometres, which is a fluffy porous structure.

In addition, FT-IRwas used to study the structure and functional groups of the GO
andGA. The results are shown in Fig. 33.3. According to Fig. 33.3, the infrared ofGO
shows that the C–O–C stretching vibration corresponds to 1086 cm−1, the C–OH in-
plane stretchingvibration of the hydroxyl group corresponds to 1267 cm−1, theCO–H
in-plane stretching vibration corresponds to 1642 cm−1, the C = O tensile vibration
of the carboxyl group corresponds to 1742 cm−1 and the hydroxyl stretching motion
of adsorbed water around 3400 cm−1 is not considered as a factor. The infrared of the
GA shows that the tensile vibration of epoxy group C–O corresponds to 1101 cm−1

and the C = O tensile vibration of the carboxyl group corresponds to 1602 cm−1.
There is a slight change in the peak position, and the original double peaks are
combined into one. The infrared spectrum of the GA is similar to that of the GO to
some extent, and the in-plane stretching vibration peak of the GA has disappeared,
which proves that the original layered structure of the GO has changed and the
preparation was successful.
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Fig. 33.4 SEM images of AP (a), AP + 5-wt% GO (b) and AP + 5-wt% GA (c)

33.3.2 Characterization of AP+GO, AP+GA

SEM revealed the apparent state of AP particles and the mixed state of GO/AP and
GA/AP mixtures, as shown in Fig. 33.4a, b, and c. In Fig. 33.4a, the particle size of
AP particles is between 50 and 200 μm. In Fig. 33.4b, GO sheets are deposited on
the surface of AP to form a uniform mixture. In Fig. 33.4c, a porous cold-set GA is
attached to the surface of AP particles, forming a stable and uniform compound.

33.3.3 Catalytic Activity of GA and GO

As the most important component of the composite solid propellants, the catalysis
of GA on the thermal decomposition of AP was studied in this experiment as a
reference for its performance in the composite propellants. In the catalyst and control
experiments, the GA content in the prepared composite, i.e. AP = 5:95, GA =
5 wt%, GO and GA as a control experiment, the content in the mixture is the same,
which is 5 wt%. Comparing the two prepared mixtures with pure AP through TG
and DSC as shown in Fig. 33.5a and b, the heating rate is 15 °C /min. The thermal
decomposition of pureAPhas three peaks, one endothermic peak and two exothermic
peaks, including a low-temperature exothermic peak(LTD) and a high-temperature
exothermic peak(HTD). The figure shows that pure AP has an endothermic peak
at 244 °C, which is caused by the crystallographic transformation of AP from an
orthogonal structure to a cubic structure, commonly known as crystal orientation
transformation. Pure AP has an LTD at approximately 310 °C. This is due to the
existence of defects on the surface of the AP crystal, such as the unsaturation of
the force field such as cracks, and these points are the potential activation sites
for the decomposition of AP solids. In the first stage, the crystal itself has a large
internal stress. The accumulation of reaction products aggravates the development of
defects and cracks, increases the internal stress, and promotes the cracking of large
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Fig. 33.5 TG (a) DSC (b) comparison chart of pure AP, GO-AP and GA-AP

crystals to generate smaller crystals, which react on the newly formed larger surface
area. According to the electron transfer theory, in the ammonium and hypochlorite
radicals generated by the preliminary decomposition of AP, electrons flow from the
hypochlorite to ammonium to generate NH3 and HClO4. The process is as follows
[22–24]:

NH4ClO4 ⇔ NH+
4 + ClO−

4 ⇔ NH3(a) + HClO4(a) ⇔ NH3(g) + HClO4(g)

In this experiment, there may be low crystal surface defects when the AP low-
temperature exotherm is performed locally and the crystal surface is complete,
obscuring the low-temperature exotherm, so the LTD changes weakly at approxi-
mately 330 °C. When the AP heating temperature reaches 441 °C, the intermediate
product is further and completely decomposed. The reaction process is that O2 gener-
ated by the decomposition of HClO4 becomes O2

2- through electron transfer, O2
2−

andNH3 generate nitrogen oxides and anHTDappears. The specific process is shown
in Fig. 33.6.

Graphene is a conductive material. Due to the oxidation process, the conjugated
structure of GO is severely damaged, so it has poor conductivity and only a catalytic
effect. The catalytic effect of GO on AP is not obvious. The HTD has advanced
from 441 to 405 °C, and the LTD is more obvious than in pure AP. The catalytic
effect of GO on AP is not obvious, HTD has advanced from 441 to 405 °C and LTD
is more obvious than in pure AP. A GA is densely porous and highly adsorbable,
and its electron transfer is faster than that of the GO lamellar structure. At the same
time, it can adsorb NH3 during AP decomposition, thereby accelerating the forward
progress of the reaction. The thermal decomposition rate of AP accelerates, and
the low- and high-temperature decomposition peaks merge into a new HTD, which
advances from 441 to 345 °C, and the heat release increases from 205 to 720 J/g, that
has an obvious catalytic effect. Therefore, taking the heating rate of 15°C/min as an
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Fig. 33.6 Schematic diagram of thermal catalytic enhancement of GA for AP

example, the high-temperature decomposition peak of GO–AP was advanced from
441 to 404 °C, but the heat release was reduced from 205 to 85 J/g, and the catalytic
effect of GO–AP was far less than that of the GA. Detailed data are shown in Table
33.1.

The thermodynamic parameters of the AP sample and its composite sample are
further calculated, and the TG/DSC curves of the pure AP and its composite sample
at different heating rates are shown in Fig. 33.7.

Using Kissinger’s method, plot 1000/T p and ln(β/T p
2) as the abscissa and

ordinate, respectively, to obtain the dynamic parameters of AP and different AP
complexes. The ln(β/T p

2)–1000/T p graphs of AP and different AP complexes are
shown in Fig. 33.8.

The linear fitting formula of ln(β/T p
2)–1000/T p ofAP and differentAP complexes

is shown in Table 33.2.
Kissinger method [44]

ln

[
β

T 2
p

]
= ln

[
AR

EK

]
− EK

RTp

The pre-referential factor A can be calculated using the intercept, or it can be
directly calculated using the following formula. The difference between the two is
small, and the intercept is used in this study. T p is the temperature at the pyrolysis
peak.

A = βEaexp(−Ea/RTp)/(RT
2
p )

Arrhenius equation:

k = A exp(−Ea/RTp)

Substituting the obtained Ea, A and T p into the Arrhenius equation, the reaction
rate constant k(T p) corresponding to T p can be obtained. Furthermore, the thermody-
namic parameters corresponding to T p, Gibbs free energy �G�=, activation enthalpy
�H �= and activation entropy �S �= can be calculated using the following formulas:
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(e) TG curve of GA–AP    (f) DSC curve of GA–AP 

TG curve of pure AP    (b) DSC curve of pure AP 

(c) TG curve of GO–AP    (d) DSC curve of GO–AP 

Fig. 33.7 TG (a) and DSC (b) chart of pure AP and its composite sample
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Fig. 33.8
ln(β/Tp

2)–1000/Tp graphs
of AP and different AP
complexes

Table 33.2 The linear fitting
formula of
ln(β/Tp

2)–1000/Tp of AP and
different AP complexes

Sample Linear fitting formula R2

AP −17.24426x+13.71733 0.99327

GO-AP −15.2266x+11.99242 0.91255

GA-AP −17.42241x+18.00485 0.95833

k = A exp(−�Ea

RT
) = ν exp(−�G �=

RT
) = kBTp

h
exp(−�G �=

RT
) (33.1)

�H �= = Ea−RTp (33.2)

�G �= = �H �=−Tp�S �= (33.3)

Substituting (2) and (3) into (1), the expression of �S �= can be obtained:

�S �= = R
(
ln A− ln

[
kBTp/h

])
In (33.1)–(33.3), υ represents the vibration frequency in s−1; kB represents Boltz-

mann’s constant, 1.3806 × 10−23 J/K, and h represents Planck’s constant, 6.6262 ×
10−34 J s. The unit of Gibbs free energy�G�= and activation enthalpy�H �= is kJ/mol,
and the unit of activation entropy �S �= is J/(mol K). The results are shown in Table
33.3.

Table 33.3 shows that after AP is mixed with GA, Gibbs free energy�G�= shows a
weakening trend. AP–GA is weaker than pure AP by >20 kJ/mol, indicating that the
thermal decomposition reaction of AP and GA is simpler to perform. The reaction
rate constant of AP–GA is greater than that of pure AP and GO–AP, and the rate of
the thermal decomposition reaction is faster, so the catalytic effect of GA is better.
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Table 33.3 Thermal decomposition thermodynamic/kinetic parameters of different samples

Sample Ea kJ/mol lnA s−1 k(Tp) s−1 �S �= KJ/(mol K) �H �= KJ/(mol K) �G�= KJ/(mol K)

AP 143.4 16.6 5.67 ×
10−4

−114.1 137.5 186.3

GO–AP 126.6 14.7 4.26 ×
10−4

−167.8 121.0 178.2

GA–AP 144.8 20.9 9.11 ×
10−4

−27.6 139.7 158.7

33.4 Conclusion

In summary, 3DporousGAwith excellent catalytic properties have been successfully
facilely obtained from GO suspension through a fast and effective hydrothermal
method and vacuum cold-drying technology. GAwith porous structure ranging from
hundreds of nanometers to more than ten micrometers is attached on AP that can
increases the specific surface area, accelerates the electron transfer, and improves
the absorption of ammonia during the thermal decomposition of the AP to reduce
the Gibbs free energy in the reaction process and increase the reaction rate in order
to achieve the purpose of accelerating the thermal decomposition process of AP and
increasing the thermal decomposition amount of AP. This work use TG and DSC and
corresponding calculations show that the prepared GA has a better catalytic effect
on AP than the raw material GO, and GA will have a good application prospect in
composite propellants.
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Chapter 34
Review of Graphene-Based Energetic
Compounds

Yonghu Zhu, Xiaolong Fu, Jiaxin Su, Yan Hu, and Lizhi Wu

Abstract This paper systematically introduces the latest research progress of
graphene-based energetic compounds in recent years from three aspects: the prepa-
ration method of graphene-based energetic compounds, the desensitization effect
and the catalytic effect of graphene-based materials on energetic materials. The
preparation methods of graphene-based energetic compounds can be divided into
physical combination and chemical bonding. The insensitive agent composed of
graphene-based materials can reduce the mechanical sensitivity of energetic mate-
rials. Catalysts composed of graphene-based materials can significantly improve the
combustion performance of energetic materials. Graphene-based composite ener-
getic materials possess excellent combustion thermochemical properties. Finally,
the key research directions and research prospects of graphene-based energetic
compounds in the future are proposed.
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34.1 Introduction

Since it was prepared by Andre and Konstantin in 2004, graphene has been favored
by researchers at home and abroad [1]. Graphene is a two-dimensional carbon nano-
material composed of a single layer of carbon atoms with sp2 hybrid orbitals and
a hexagonal honeycombed lattice structure. It is considered to be the basic unit of
carbon nanotubes, fullerenes and graphite [2]. The unique structure makes graphene
possess a series of excellent characteristics: the thickness of single-layer graphene
is only 0.34 nm, which is considered to be the thinnest two-dimensional material
in the world. At room temperature, the thermal conductivity of graphene can reach
5300 W m−1 k−1 [3]. In theory, the specific surface area of single-layer graphene
can reach 2630 m2 g−1 [4]. Moreover, its fracture strength can reach 12 5GPa and
Young modulus can reach 1.0 TPa [5]. These excellent properties enable graphene to
be used as an excellent additive or additive carrier to promote physical and chemical
properties of energetic materials [6–8].

However, pure graphene is a non-energetic component, and if pure graphene is
directly introduced into energetic materials, it will inevitably lead to a decrease in the
energy of the entire system [9]. Therefore, researchers often perform functional treat-
ment on graphene, and the treated graphene-basedmaterials (such as GO, NGO, etc.)
will undergo disproportionation reaction and release energy. Therefore, graphene-
based materials are considered a potential energetic material which can be used to
improve the whole system performance without reducing total energy output level
at the same time.

This article mainly introduces the graphene-based energetic compounds prepa-
ration method, the desensitization effect of graphene-based materials on energetic
materials, and the catalytic effect of graphene-basedmaterials on energeticmaterials.
The current problems and future development trends of graphene-based materials in
the application of energetic compounds are also discussed.

34.2 Preparation Method of Graphene-Based Composite
Energetic Materials

At present, there are various preparation methods of graphene-based materials, and
different uses have different requirements for graphene. According to whether the
graphene-based material and the energetic material form a bond, it can be divided
into two types: physical combination and chemical bonding.
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34.2.1 Physical Combination

The physical combination method is relatively simple. The graphene-based material
and the energetic material are combined in an appropriate ratio by stirring, ultrasonic
mixing, and other methods. In this paper, the physical combination methods are
as follows: mechanical mixing method, ball milling method, spray drying method,
self-assembly method, sol–gel method, solvent- non-solvent method and ultrasonic
dispersion method.

34.2.1.1 Mechanical Mixing Method

Mechanical mixing method is the most primitive and simplest preparation method of
graphene-based composites. This method directly mixes graphene-based materials
with other energetic materials by simple stirring. Guan et al. [10] directly mixed the
developed NGO with AP with an average particle size of 100 microns in a certain
proportion to study the catalytic effect of NGO on the thermal decomposition of
AP. Similarly, Zhang et al. [11] prepared n-GO/HMX and rGO/HMX composites by
grinding nitrogen-mixed graphene oxide (N-GO) and rGO with HMX in a certain
proportion, and studied the thermal decomposition performance of the composite
energetic system. In order to study the catalytic effect of graphene on the thermal
decomposition of AP, Wang et al. [12] mechanically mixed graphene and AP in a
certain ratio, and analyzed its catalytic effect by means of thermal analysis.

This method does not require high equipment and is easy to operate, but the
prepared product has no regular morphology, and the uniformity and controllability
of the sample is relatively poor [13]. Therefore, thismethod can be used appropriately
when the overall performance of the composite material is not high.

34.2.1.2 Ball Milling Method

In the ball milling method, hard balls in the ball mill are used to strongly impact
and friction graphene-based materials and energetic materials. In this process, the
two materials are crushed into nanoparticles and doped with each other to form a
composite energetic system. Figure 34.1 shows the grinding and mixing process of
materials and the mechanochemical effect in the ball milling process [14]. Guo et al.
[15] developed LLM-105/GO composite energetic material by ball milling method,
and proved that the thermal stability of the composite material was better than that of
pure submicron LLM-105, and the apparent activation energy of thermal decomposi-
tion increased by 89.98 kJ /mol. Ye et al. [16] developed CL-20/GO nanocomposites
by ball milling method, as shown in Fig. 34.2. And they proposed that the formation
of CL-20/GO composites during ball milling could be divided into two processes:
the peeling of graphite material and the refinement of CL-20, and the formation of
sandwich composites.
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Fig. 34.1 Schematic diagram of mechanochemical effects in the ball milling process

Fig. 34.2 Schematic diagram of the formation of CL-20/GO composite material

The particle size of composites prepared by this method is generally about 7–
8 microns. However, the energetic material may generate local hot spots during the
ball milling process, and the energetic material may also undergo crystalline changes
and other reactions under the influence of high temperature and high pressure, so the
safety performance needs to be improved.
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34.2.1.3 Spray Drying Method

The spray drying method is to fully contact the atomized thinner composed of
graphene-based material and energetic material with hot air, so that the moisture
in the thinner is quickly vaporized to obtain the energetic material coated with the
graphene-based materials. Wang et al. [17] prepared TKX-50/GO composite ener-
getic materials with GO content of 1%, 3%, and 5% by liquid nitrogen freeze spray
drying, and revealed the catalytic mechanism of GO on TKX-50materials. The study
found that GO was adsorbed on the surface of TKX-50, and with the increase of GO
content, the three-dimensional structure of the composite material gradually became
blurred, and the microstructure changed significantly. The X-ray diffraction results
show that the increase of GO has no effect on the crystal form of TKX, but it can
significantly promote the thermal decomposition of TKX-50.

This method can adjust the surface tension and viscosity of the liquid to adjust the
morphology of the composite material. Because of its easy operation and continuous
production, it has the ability of batch industrial production.

34.2.1.4 Self-Assembly Method

The self-assembly method is a way to combine different materials by using the mate-
rial itself or external forces. In general, the self-assembly process is accomplished
by adjusting the interaction force between particles by adjusting the surrounding
environment of nanoparticles. Figure 34.3 [18] shows the GO/Fe2O3 nanocomposite
prepared by Lan Yuanfei using self-assembly. Similarly, Li et al. [19] used electro-
static self-assemblymethod to uniformly load nano-scale CuO andAl particles on the
GOsheet to formanAl-CuO/GOcomposite energeticmaterial. Figure 34.4 shows the
AP/Nal /PTFEcomposite developedbyYangYulin’s researchgroupby self-assembly

Fig. 34.3 Schematic diagram of electrostatic self-assembly of GO and Fe2O3 nanoparticles
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Fig. 34.4 The preparation process of Ap/nAl /PTFE composites

Fig. 34.5 Carbon nanotubes guide the self-assembly process of Al and Fe2O3

method. The compositematerial can significantly reduce the decomposition tempera-
ture ofAP and enhance its thermal decomposition performance [20]. Zhang et al. [21]
also prepared an Al/Fe2O3/multi-wall carbon nanotube composite energetic material
through electrostatic self-assembly technology. The specific preparation process is
shown in Fig. 34.5. The results show that the electrostatic self-assembly method can
effectively improve the combination strength of Al and Fe2O3, the comprehensive
performance of the composite material can be improved, and the heat release of the
system can reach 2400 J/g. Similarly, Thiruvengadathan [22] also used self-assembly
to prepare graphene-based composite energetic materials, as shown in Fig. 34.6.

This method can control the morphological characteristics of composite mate-
rials, and the prepared samples have high thermodynamic properties, so they also
have potential application prospects, but the three-dimensional ordered metal oxide
particles are required, which greatly increases costs and limits the applications.

34.2.1.5 Sol–gel Method

The sol–gel method uses inorganic substances or metal alkoxides as precursors,
mixes these raw materials uniformly in the liquid phase, and then adds some ener-
getic materials. At this time, the entire system undergoes a series of hydrolysis and
condensation reactions under the combined action of the catalyst and the gelling
agent to form a stable transparent sol, and then the sol is dried to form a gel with a
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Fig. 34.6 Schematic
diagram of the self-assembly
of aluminum and Bi2O3
nanoparticles on
functionalized graphene
sheets (FGS)

Fig. 34.7 Schematic
diagram of the preparation of
GA/RDX nanocomposites

certain spatial structure. The energetic material precipitates in the gel skeleton, so
this method can greatly reduce the sensitivity of the energetic material. Wang et al.
[12, 23] used the sol–gel method to prepare AP/GA nanocomposites to optimize the
thermal decomposition properties of AP. Firstly, graphite oxide was dispersed by
ultrasonic, and ascorbic acid was added to make graphene hydrogel, and then AP
was added to form AP/GA nanocomposite material. SEM showed that AP particles
were all condensed on the graphene skeleton.

Lan et al. [24, 25] prepared GA/RDX and Gr/Fe2O3 nanocomposite energetic
materials by sol–gel method respectively, and their synthetic routes are shown in
Figs. 34.7 and 34.8, respectively. Lan et al. [26] prepared GA/AN hydrogel by sol–
gel method, and then dried it in supercritical CO2 to obtain GA/AN nano-energetic
composite material. The mass fraction of AN in the composite material can reach
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Fig. 34.8 Schematic
diagram of the preparation of
Gr/Fe2O3 nanocomposite

92.71%, the average diameter of the particles can reach 71 nm. SEM shows that AN
is filled in the voids of the graphene framework, and the thermal decomposition peak
of the composite material is reduced by 33.68 °C, and the heat release is increased
by 532.78 J/g.

The preparation process of the sol–gel method is relatively simple, and it can
obtain a compositematerialwith highdispersibility. Theparticle size of the composite
material can be controlledwithin 100 nm, and it is expected to achieve precise control
of the load and the morphology of the composite material. However, the price of
the precursor is relatively high, and it is difficult to realize large-scale industrial
production.

34.2.1.6 Solvent-Non-Solvent Method

Solvent-non-solvent method is a method of making ultrafine powder based on the
principle of crystallography. It needs to dissolve graphene-based materials and ener-
getic materials in the same composite solvent, and then slowly drip into the non-
solvent to precipitate the solute. And finally liquid–solid separation can be done.
Finally, the solid is separated to obtain the composite material. Li et al. [27] used
solvent-non-solvent method to prepare HMX/GO composites, they first dissolved
HMX in N, N-dimethylformamide (DMF) at 40 °C, and then added 2%GO. The GO
is completely dispersed in the DMF solution of HMX by ultrasound, and then the
mixed solution is injected into dichloromethane. Finally, the HMX/GO composite
material is obtained through suction filtration, washing and drying. The specific steps
are shown in Fig. 34.9.

Yuan et al. [28] used solvent-nonsolvent method to prepare NGO/NC composite
energeticmaterials with anNGO content of 0.5–1.5% in order to improve the thermal
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Fig. 34.9 The production scheme of HMX/GO composite material

decomposition performance of NC. The results showed that the entire system still
exhibits a highly porous three-dimensional network structure. Li et al. [29] used
solvent-non-solvent method, neutralization method and recrystallization methods to
develop KNO3/GO composite energetic materials. The electron microscope photo is
shown in Fig. 34.10, and the results show that the solvent-non-solvent method can
make GO loads more KNO3.

Li et al. [30] expected to develop high explosive based solid propellant, so as to
greatly improve the performance of solid propellant. The rGO/CL-20 fiber propellant
was prepared by solvent-non-solvent method and dimension-limited hydrothermal
technology, as shown in Fig. 34.11. It can be clearly seen in Fig. 34.12 that CL-20
can be stably embedded in the network structure of rGO.

In order to improve the stability of high-energy combustion agent AlH3 in propel-
lant, Li et al. [31] used a solvent-non-solvent method to coat the surface of α-AlH3

with GO, and then added the coated α-AlH3 into the propellant in a certain propor-
tion. Through the impact sensitivity test of propellant slurry, they found that the GO
coated α-AlH3 can effectively reduce the impact sensitivity of propellant.

Fig. 34.10 FESEM diagram of KNO3/GO composite prepared by a solvent-non-solvent method,
b neutralization method and c recrystallization method
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Fig. 34.11 Process of dimensional-limited hydrothermal preparation

Fig. 34.12 FESEM diagram of rGO /CL-20 fiber

The solvent-nonsolvent method can control the size and shape of the particles
by controlling the precipitation rate of the crystals. The disadvantage is that the
solvent molecules may enter the crystal lattice and combine with the precursors of
the eutectic substance, thereby affecting the purity of the final product. It is also
possible to form some thermodynamically difficult to detect and separate eutectic
compounds, which hinders the preparation of eutectic compounds from solution and
limits the application of this method in energetic materials.

34.2.1.7 Ultrasonic Dispersion Method

The ultrasonic dispersion method uses high-power ultrasonic waves to disperse
graphene-based materials and energetic materials in a solvent, and then recrystalliza-
tion or drying is used to obtain a composite energetic system. He et al. [32] coated the
surface of RDX crystal with graphene-based energetic coordination polymer using
ultrasonic dispersion. First disperse 200mg of graphene oxide into 200ml of distilled
water. Then, keeping the temperature of the dispersion at 70 °C, add 50ml of a mixed
aqueous solution consisting of 40mg of 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide and 30 mg of N-hydroxy-succinimide to make the entire system evenly mixed.
After that, a complex precipitate is initially formed, and the specific preparation
process is shown in Fig. 34.13.

Dey et al. [33] prepared the Gr-Fe2O3 composite energetic material (GINC) by
microwave radiation ultrasonic treatment in order to evenly distribute Fe2O3 particles



34 Review of Graphene-Based Energetic Compounds 439

Fig. 34.13 Preparation of RDX crystal coated with GO doped tri-aminoguanidine (TAG-M)
transition metal complex

Fig. 34.14 Synthetic schematic diagram of Gr/TiO2

on the graphene sheet. The specific process is to disperse 50 mg of graphene in pure
ethanol under the action of ultrasound, drop into nano-Fe2O3 for forty minutes after
dispersion and continue ultrasonic dispersion for two hours, then dry and microwave
treatment to obtain the Gr/Fe2O3 composite material. Figure 34.14 is a schematic
diagram of Dey using the same method to synthesize Gr/TiO2 [34].

Relatively speaking, the ultrasonic dispersion method has a simple operation
process, low production cost, and has the ability to transform from a laboratory
to an industrialized production.

34.2.2 Chemical Bonding

The physical combination mainly relies on the electrostatic adsorption or van der
Waals force between the graphene-based materials and the energetic materials. So
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the stability of the combination is limited, while the chemical bonding directly forms
a chemical bond between the graphene-based material and the energetic material, so
the combination is relatively stronger. Many domestic universities and research insti-
tutions have done a lot of work in this field. Zhang et al. [35] fromNorthwestern Poly-
technical University developed a graphene-based energetic 5,5’-bistetrazole coordi-
nation polymers by solvothermal method, and the preparation process is shown in
Fig. 34.15. In addition, Wang Jingjing of Northwest University [36] grafted MgWO4

andGO together by in-situ growthmethod. The specific preparation process is shown
in Fig. 34.16. In order to verify that the chemically bonded composite material is

Fig. 34.15 Preparation process of graphene-based energetic 5,5’-bistetrazole coordination poly-
mers

Fig. 34.16 MgWO4/GO composite preparation process
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more stable, they disperse the MgWO4/GO composite material obtained by the self-
assembly method and the in-situ growth method under ultrasonic conditions for 6 h.
Finally, it is found that the composite material prepared by the self-assembly method
has a delamination phenomenon,while the compositematerial prepared by the in-situ
growth method still shows a uniform clear liquid. This indicates that the composite
materials connected by chemical bonds are more stable.

In general, physical combination is the most commonly used composite method
in graphene-based composite energetic materials, which can improve the catalytic
decomposition performance of the system to a certain range. However, in the
composite materials developed by the physical combination method, the combi-
nation strength between the graphene-based material and the energetic compound is
poor, so it is easy to separate when subjected to external stimulation, which limits
the catalytic performance of the entire energetic system. The chemical bonding can
firmly graft the energetic material and the graphene-based material together, which
can greatly improve the stability and catalytic decomposition characteristics of the
composite material, but the operation is relatively more complicated and it is easy to
introduce impurities (Table 34.1).

34.3 Graphene-Based Materials’ Desensitization Effect
on Energetic Materials

Energetic materials are widely used in military and civilian fields, mainly including
propellants, explosives and pyrotechnics. However, due to poor thermal and or
mechanical stability, these compounds are rarely useddirectly.At present, researchers
have done a lot of work to reduce the sensitivity of these energetic materials. In addi-
tion to controlling the crystal morphology and particle size of the energetic materials,
dopingwith insensitive components has become an importantmethod [37]. Although
adding some inert materials (such as stearic acid, graphite and some polymers, etc.)
can reduce the mechanical sensitivity of high-energy materials, it also reduces the
total energy output of high-energy materials. Modern warfare requires ammunition
to have a low mechanical sensitivity on the basis of ensuring high power. Graphene-
based materials (such as GO and NGO), while reducing the mechanical sensitivity of
energetic materials, will also produce disproportionation reaction to release energy,
which is considered as a potential energetic material. Therefore, graphene-based
materials are expected to be an excellent additive for energetic materials, which can
reduce the sensitivity of energetic materials whilemaintaining the total energy output
level.
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34.3.1 The Desensitization Effect of Graphene-Based
Materials on AP/HMX/CL-20

Based on the desensitization effect of graphene-based materials on energetic mate-
rials, a large number of scholars have been researching the work in this field. Zhou
et al. [38] replaced the aluminum powder in HTPBwith equal mass Al/Gr (graphene-
coated aluminum powder) and found that the Al/Gr had a certain inhibitory effect
on the thermal decomposition of AP, which significantly changed the decomposition
peak of AP. The decomposition peak at low and high temperatures was delayed by
7 °C and 22 °C, respectively. By testing the burning rate of the propellant, it was
found that replacing Al powder with Al/Gr compound could reduce the burning rate
of the propellant, this is a direct sign that the decomposition of the oxidant AP is
inhibited.

For HMX, different graphene-based materials also differ greatly in reducing the
mechanical sensitivity of HMX. Li et al. [29] prepared HMX/GO composites and
found that 2% GO can reduce the impact sensitivity of pure HMX from 100 to 10%,
and the friction sensitivity from 100 to 32%. Another study found that the effect of
reducing the sensitivity of NGO, graphite or rGO alone has greater limitations, but
the combination of rGO and graphite can achieve the ideal effect. Coating HMX
with 1% rGO and 1% graphite at the same time can reduce the collision and friction
ignition probability of the entire system by 92% and 100%, respectively [39].

Similarly, graphene-based materials can also reduce the sensitivity of CL-20.
GO can effectively reduce the impact sensitivity of CL-20. The characteristic drop
height (H50) of CL-20 is about 17.3 cm, while the characteristic drop height of
composite materials containing 5% GO has increased to more than 150 cm [40].
Jin [41] used the recrystallization method to compound 2% of Gr, rGO and NGO
with CL-20 respectively. After analysis, it was found that rGO had the most obvious
desensitization effect on CL-20, and the critical drop height H50 was increased from
25.1 cm to 32.5 cm, the friction sensitivity is reduced from 100 to 72%.

In addition, graphene-based materials can be formed into a three-dimensional
frame structure, and CL-20 doping into graphene foam (GF) made of graphene can
effectively improve the stability of CL-20 [42], as shown in Fig. 34.17. And found
that 2% ofGF can increase the impact, friction and electrostatic spark critical ignition
value of the composite by 2.5 J, 144 N and 0.59 J, respectively. Figure 34.18 shows
the histogram of sensitivity comparison of CL-20/GF, CL-20, HMX and RDX.

34.3.2 The Desensitization Effect of Graphene-Based
Materials on Materials Such as Explosives
and Ignition Powders

Lead styphnate is one of the most commonly used detonating drugs. However, the
sensitivity is too high, which largely limits its wider range of use. Therefore, Li
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Fig. 34.17 Schematic diagram of the production of CL-20/GF

Fig. 34.18 Sensitivity comparison of CL-20/GF, CL-20, HMX and RDX

[43] introduced nano-graphene sheets into lead styphnate and developed graphene-
modified lead styphnate composites (GLS). Figure 34.19 is the preparation process
of composite materials. He found that graphene sheets can significantly reduce the
sensitivity of lead styphnate, and as the graphene content increases within the range
of 1.0%, the thermal decomposition peak also increases from 302.4 to 308.1 °C. This
shows that the addition of graphene can improve the stability of lead styphnate and
reduce the heat sensitivity of lead styphnate.

In addition, rGOandCNTs also have a significant desensitization effect on ignition
powder, 5% rGO can increase the H50 value of the B/KNO3 ignition powder system
from 42.3 to 59.0 cm, its critical ignition voltage increases from 5 to 25 kV [44], 9%
of CNTs can increase the characteristic drop height of the B/KNO3 ignition powder
system by 50% [45], as shown in Fig. 34.20.
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Fig. 34.19 Preparation process of GLS

Fig. 34.20 Change of
feature drop height after
adding CNTs

In addition, Li [46] developed Cu(N3)2/rGO composite material, andmeasured by
an electrostatic sensitivity tester, the 50% electrostatic ignition energy of the sample
containing 15% rGO is 0.92 mJ, while the 50% electrostatic ignition energy of the
sample containing 25%rGO increased to 1.43 mJ. This shows that rGO can improve
the stability of the system, and as the amount of rGO increases, the electrostatic
sensitivity of the system is further improved.

Graphene-basedmaterials mainly improve the thermal stability of energetic mate-
rials in two aspects. On the one hand, their good thermal conductivity and electrical
conductivity can quickly transfer energy introduced from the outside world to avoid
hot spots. On the other hand, GO can induce crystallization, reduce defects in the
crystal, and essentially reduce the possibility of hot spots. Besides, graphene oxide
belongs to a layered structure, and the force between the layers is relatively weak.
When receiving external stimuli, it is easy to slide and has a certain buffering effect,
thus increasing the stability of the system (Table 34.2).
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34.4 The Catalytic Effect of Graphene-Based Materials
on Energetic Materials

For graphene-based materials, it can be used as an effective catalyst or catalyst
carrier [42]. Its excellent electrical and thermal conductivity can increase the reaction
heat and electron transfer in the process of chemical reaction. Moreover, the large
specific surface area can provide numerous adsorption sites for the catalyst to avoid
agglomeration in the reaction process [47].

34.4.1 The Catalytic Effect of Graphene-Based Materials
on AP

AP is currently the most commonly used component in solid propellants. It provides
the oxygen required for self-sustained combustion of the propellant (themass fraction
of oxygen can reach 0.545), so it is often used as an oxidant in solid propellants [47].
The thermal decomposition of AP greatly affects the performance of the propellant.
Lowering the pyrolysis temperature of AP can shorten the ignition delay time of
the propellant and significantly increase its burning rate [48, 49]. According to the
reference [50], for pure AP, there are three peaks on the DSC curve. The endothermic
peak near 245.0 °C is the crystal form transition of AP, at this time AP transforms
from orthorhombic crystal form to square crystal form. The exothermic peak near
297.0 °C is the low temperature decomposition peak of AP. The exothermic peak
near 406.2 °C is the high temperature decomposition peak of AP, in which the high
temperature decomposition peak is themain decomposition stage ofAP, duringwhich
AP is completely decomposed. In the process of low-temperature decomposition, the
decomposition product NH3 will be adsorbed on the surface of AP in a large amount,
thereby inhibiting the further decomposition ofAP, as the temperature increases,NH3

desorbs on the surface of AP and undergoes a violent oxidation–reduction reaction
with the oxides decomposed by HClO4, releasing a large amount of heat to form a
pyrolysis peak [51].

Guan et al. [10] analyzed NGO/AP composites containing 5% NGO, and found
that the low-temperature decomposition peak of the system was advanced by 21 °C,
and the low-temperature decomposition activation energy was also reduced by
13.2 kJ/mol, and through the constant volume combustion test, it is found that the
addition of NGO can increase the reaction heat of AP/AL system by 13%, which
greatly improves the violent reaction of the system. In addition, 2% GO can reduce
the decomposition temperature of AP by 32 °C. At 80 atm, replacing AP in HTPB
solid propellant with GO/AP composite material containing 2%GO can increase the
burning rate of propellant by 15% [52].

Graphene itself is also a kind of fuel, which can also increase the heat release to
a certain extent. The high temperature decomposition peak of AP/Gr nanocompos-
ites prepared by Wang et al. [12] is 83.7 °C lower than that of pure AP, and the total
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apparent decomposition heat is increased by 1489 J/g. In addition, they also prepared
AP/Gr composites by natural drying method, freeze-drying method and supercrit-
ical CO2 drying method, respectively. The results show that the apparent heat of
decomposition of the composites can be increased slightly by the three methods.
The graphene-based energetic 5,5’-bistetrazole coordination polymers prepared by
Zhang et al. [35] can also reduce the high temperature decomposition peak of AP by
93 °C and increase the heat release of the system by 969 J/g. The energetic catalyst
can increase the heat release of the system mainly by increasing the conversion rate
of NH3 and H2O in the AP pyrolysis stage. In addition, there are many oxygen-
containing functional groups such as carboxyl and hydroxyl groups on the surface
of GO. Researchers can graft energetic functional groups on the oxygen-containing
functional groups to improve the performance of GO [53].

The above research shows that Gr has an obvious promotion effect on the high
temperature decomposition process of AP, and functionalized graphene oxide can
enhance its catalytic effect. This is because the energetic functional group grafted
on the GO molecule has a certain synergistic effect with GO. On the one hand,
the nitrogen dioxide produced by the cracking of the oxygen-containing functional
groups on the surface of the functionalized graphene oxide sheet will promote the
oxidation reaction of the decomposition product NH3 in the initial stage of AP. On
the other hand, the oxygen-containing functional groups on the surface of the func-
tionalized graphene oxide sheet will generate rGO during thermal decomposition.
NO2 and rGO have a synergistic effect to promote the thermal decomposition of AP.
Figure 34.21 [9] shows the preparation process of functionalized graphene.

34.4.2 The Catalytic Effect of Graphene Metal or Metal
Oxide Composite Materials on AP

Related studies have shown that composite materials composed of graphene-based
materials and metal/metal oxides can significantly improve the thermal decomposi-
tion performance of AP [54]. Figure 34.22 [55] shows that when Gr is combined with
the catalyst Mn3O4, the thermal decomposition temperature of AP can be reduced
by 141.9 °C, which obviously catalyzes the thermal decomposition of AP.

Fe2O3, as a commonly used metal oxide, is often used as a catalyst and added
to various reactions. The composite of Fe2O3 and Gr can effectively catalyze the
thermal decomposition of AP.

Yuan andLan et al. [24, 56] both studied the catalytic effect of Fe2O3/Gr composite
catalyst on AP. The experiment showed that 1% Fe2O3/Gr can increase the heat
release of AP by 416 J/g, 2% Fe2O3/Gr can reduce the high temperature decompo-
sition peak of AP by 65 °C, and the heat release will increase with the increase of
the amount of Gr/Fe2O3. Adding 9% Gr/Fe2O3 can increase the heat release of the
system by 1043 J/g. Figure 34.23 is a schematic diagram of the mechanism of the
Fe2O3/Gr composite catalyzing the thermal decomposition of AP. Figure 34.24 is
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Fig. 34.21 Preparation process of NGO (a) and aminated graphene (b)

Fig. 34.22 The effect of different catalysts on the thermal decomposition temperature of AP

a schematic diagram of the second step thermal decomposition of AP catalyzed by
GO/Fe2O3.

Dey et al. [33, 34] prepared Gr/Fe2O3 (GINC) and Gr/TiO2 (GTNC) composite
energetic catalysts by evenly distributing Fe2O3 particles and TiO2 particles on the
graphene sheet, and adding it to AP found that, 5% GINC can increase the burning
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Fig. 34.23 Schematic diagram of the thermal decomposition of AP catalyzed by Fe2O3/Gr
composite

Fig. 34.24 Schematic diagram of the second step thermal decomposition mechanism of
GO/Fe2O3/AP nano composites

rate of AP-based composites by 52%, 5% GTNC can reduce the decomposition
temperature of AP from 412.9 °C to 372.5 °C, and �H increases from 2053 J/g
to 850 J/g. Figures 34.25 and 34.26 are schematic diagrams of the decomposition
mechanism of AP-based compounds after adding GINC and GTNC, respectively.

Zu et al. [57] prepared a MgFe2O4 nanocomposite coated with GO and mixed it
with AP at a mass ratio of 1:4. Through thermal analysis, it is found that the high
temperature exothermic peak of the system is reduced by 95.05 °C, the decomposition
heat of the system is increased by 876.4 J/g, and the apparent activation energy of the
system is reduced by 21.8 kJ/mol. They analyzed the catalytic mechanism and found

Fig. 34.25 Schematic diagram of the thermal decomposition of AP catalyzed by GINC
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Fig. 34.26 Schematic diagram of GTNC catalyzed AP thermal decomposition

that the role of GO is to reduce the decomposition temperature of AP by increasing
the rate of electron transfer in AP from ClO4− to NH4+. Figure 34.27 shows the
catalytic mechanism of GO-coated MgFe2O4 composites.

In summary, graphene-based materials have an obvious catalytic effect on the
thermal decomposition of AP. Graphene can increase the apparent heat of decom-
position of AP mainly in two ways. On the one hand, graphene acts as a catalyst
in the middle, on the other hand, the decomposition products of AP and graphene
undergo a combustion reaction to release heat (this also causes the NH3 adsorbed
on AP during the reaction to be resolved in advance and reduces the pyrolysis peak
of AP.). In addition, the catalyst composed of graphene-based materials and metal
oxides can further amplify the catalytic effect of metal oxides. This is due to the huge
specific surface area of graphene-based materials that can effectively disperse metal
oxides, allowing them to exert the maximum catalytic effect.

Fig. 34.27 Schematic diagram of the thermocatalytic activity mechanism of GO-coated MgFe2O4
composite
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34.4.3 The Catalysis of Graphene-Based Materials on RDX,
HMX and CL-20

Besides AP, researchers have also analyzed the catalytic effects of graphene-based
materials on RDX, HMX and CL-20. Relevant research results show that graphene-
based materials can significantly catalyze the thermal decomposition of RDX, HMX
and CL-20, and greatly increase the heat release of these materials. The graphene-
based energetic 5,5’-bistetrazole coordination polymers catalyst developed by Zhang
et al. [35] can reduce the endothermic peak of RDX crystal form transformation by
39.54 J/g and increase the heat release by 998.0 J/g. The catalytic mechanism is
mainly reflected in three aspects. First, the catalyst will decompose catalytic nano-
metal oxides during the reaction. In addition, a large amount of carbon elements
formed during the reaction of graphene oxide will also play a role of auxiliary catal-
ysis. Thirdly, the catalyst contains a large number of high-nitrogen ligands, which
will also release a large amount of energy during the reaction process to further
catalyze the progress of the reaction. The GA/RDX nanocomposite energetic mate-
rial prepared by Lan et al. [24] can reduce the decomposition peak temperature of
RDX by 7.6 °C, and as the amount of GA increases, the decomposition temperature
will decrease. This shows that GA can promote the RDX dissociation heat process,
which is beneficial to increase the burning rate. In addition, graphene-based mate-
rials have a similar catalytic effect on HMX. The introduction of N-GO and rGO into
HMX can reduce the apparent activation energy by 30.26 kJ/mol and 5.47 kJ/mol,
respectively. And the exothermic decomposition peaks were advanced by 1.2 °C
and 0.68 °C, respectively [11]. In addition to increasing the apparent heat release,
graphene-based materials can also increase the light sensitivity of explosives. After
GO is introduced into CL-20, a 50 W laser can ignite the composite energetic mate-
rial and generate dazzling light [58] (As shown in Fig. 34.28). This indicates that the
addition of GO can catalyze the thermal decomposition of CL-20 and increase the
light absorption of the material.

In addition, in order to make up for the lack of self-sustaining combustion of
CL-20, Li [30] prepared rGO/CL-20 self-supporting fibrous solid propellant, and
used electric soldering iron and a camera to study the combustion performance of

(a)t=0s (b)t=1s (c)t=6s

Fig. 34.28 Laser ignition of CL-20/GO
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Fig. 34.29 Self-sustained combustion of composite fiber propellant

composite fibers (As shown in Fig. 34.29). It was found that it can maintain self-
sustained combustion, and the burning rate can reach 20.66 mm/s. On the one hand,
this is because the addition of rGO can improve the heat transfer performance of
CL-20, on the other hand, rGO will also burn and release heat. The synergy of the
two is the key to achieving self-sustained combustion of composite fiber propellant.

Graphene-based materials mainly improve the catalytic effect through the
following ways. Firstly, graphene-based materials have excellent thermal conduc-
tivity and can enhance heat conduction. Secondly, graphene-based materials have
a high specific surface area that can absorb many reducing gas phase products and
prevent the overflow of reducing gases, so as to ensure that they are fully react in
the condensed phase. Thirdly, due to the presence of the graphene-based materials
skeleton, themass transfer distance between the reactantswill be greatly shortened. In
addition, GO also has good light sensitivity, it can quickly convert the light irradiated
on the surface of the sample into heat.

34.4.4 The Catalytic Effect of Graphene-Based Materials
on Materials Such as Primary Explosives

For primary explosives, graphene-based materials also have excellent performance.
The composite of graphene and lead styphnate (as shown in Fig. 34.30) can increase
the outgassing of the system.At 100 °C, pure lead styphnate can only release 0.4mL/g
in 24 h, while GLS containing 2.0% Gr can be decomposed 1.125 mL/g of gas [43].
This shows that graphene can catalyze the thermal decomposition reaction of lead
styphnate to some extent.

Yuan et al. [28] synthesized NGO/NC composite materials containing 0.5%,
0.75%, 1.0%, 1.25%, and 1.5% NGO by the solvent-non-solvent method. When
the amount is 1%, NGO has the best catalytic effect on NC, and the apparent decom-
position heat can reach 2132 J/g, which is 1739 J/g more than pure NC, and with
the addition of NGO from 0.5 to 1%, the apparent heat of decomposition of the
composite energetic material also increases. However, when NGO exceeds 1.0%,
the apparent decomposition heat of energetic materials decreases with the increase
of NGO. The analysis suggests that this may be because the O-NO2 bond energy in
NC is relatively weak. When the NC initially decomposes, the O-NO2 bond breaks
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Fig. 34.30 Samples of graphene modified lead styphnate composites with different contents

to generate NO2. The initial decomposition product further decomposes to form
CH2O, and then CH2O reacts with NO2 in turn. In this step of the reaction, the
amount of NO2 produced in the early stage is insufficient, and the addition of NGO
can supplement NO2. However, with the increase of NGOs, there are fewer NCs, and
the NO2 provided by thermal decomposition of NGOs is far less than that provided
by NCs. Therefore, there is not enough NO2 and CH2O to react, so the apparent
decomposition heat of the reaction is reduced.

In addition, graphene-based materials can also increase the burning rate of the
unit propellant. Sabourin et al. [59] added functionalized graphene (FGS) to the
nitromethane propellant. They found that adding low concentrations of FGS can
more than double the linear combustion rate of nitromethane.When the concentration
is as low as 0.075wt%, the linear combustion rate is increased by 47%, and the
maximum combustion rate is increased by 175%. Figure 34.31 shows the combustion
of nitromethane with FGS.

The above studies show that graphene-basedmaterials have a good catalytic effect
on energetic materials. On the one hand, the good thermal conductivity of graphene

Fig. 34.31 Combustion of nitromethane containing 0.3 wt% FGS
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and its derivatives can ensure the stability of combustion during the reaction of high-
energy materials. On the other hand, the coating effect of graphene can prevent the
leakage of reducing gases, which can ensure that the reactants can fully react in
the condensed phase. And graphene and its derivatives can enhance the transfer of
electrons in the reaction, thereby accelerating the reaction process (Table 34.3).

34.5 Summary and Outlook

This paper mainly summarizes the preparation methods of graphene-based energetic
compounds and the desensitization and catalytic effect of graphene-based mate-
rials on energetic materials. Graphene-based materials have broken through people’s
cognitionof conventional nanomaterials.Graphene-basedmaterials have adual effect
on energetic materials. It can not only obtain more stable composite energetic mate-
rials, but also catalyze the thermal decomposition process of energetic materials.
Therefore, graphene-based materials have huge application prospects in the field of
energetic materials. However, there are still some limitations. The following aspects
can be the focus of future research:

(1) The preparation method of graphene-based energetic material has a huge influ-
ence on the results. The physical combination method is relatively simple, but
the stability of the system is poor, and the improvement of thermal decom-
position performance is limited. For chemical bonding, although more stable
energetic materials can be obtained, it also increases the probability of intro-
ducing impurities. Therefore, a simple preparation method which can not only
obtain stable energetic system but also avoid the introduction of impurities is
urgently needed.

(2) When graphene-based materials are combined with metal materials (such
as Fe, Fe2O3, TiO2, etc.), it has an excellent effect on the catalytic thermal
decomposition of energetic materials. This is because the metal materials and
graphene-basedmaterials form a synergistic effect, showing the catalytic effect
of multiple catalysts at the same time. Therefore, graphene/metal composite
catalysts should be further studied to further improve the performance of
energetic materials.

(3) Different contents of graphene-based materials have different catalytic effects
on energetic materials. A trace amount of NGO can increase the decomposition
heat of NC, but when the content exceeds 1%, the decomposition heat of NC
gradually decreases [28]. Moreover, different graphene-based materials have
different catalytic effects on the same energetic materials. Therefore, it is of
great significance to find out the optimal ratio of graphene-based materials and
energetic materials.
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Chapter 35
A New Insight of Carbon Blacks
and Burning Catalysts in Composite
Modified Double Base Propellant

Xi Zhang, Xiaojiang Li, Zhi Ren, Jing Chen, Meng Liu, and Xiong-Gang Wu

Abstract The synergistic effect between carbon blacks and burning catalysts (CuO
and PbO) in composite modified double base (CMDB) propellant is detailed studied
in this work. It was found that CuO is much easier to adsorb on carbon blacks
compared with PbO. On the contrary, PbO is prone to adsorb on nitrocellulose.
The addition of carbon blacks makes CuO and PbO lie in the “right place” where
they have a higher catalytic capability, leading to better combustion properties.
Besides, four kinds of carbon blacks were detailed characterized from their aggrega-
tion states to chemical structures and combustion properties of CMDB propellants
with these carbon blakcs were systematically studied. It was found that carbon blacks
with smaller aggregations and lower disorder degrees lead to a stronger synergistic
effect between carbon blacks and burning catalysts. At last, CMDB propellants with
controlled combustion properties were obtained by adjusting the kinds and contents
of carbon blacks used in them.
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35.1 Introduction

Composite modified double base (CMDB) propellants are important power sources
for missiles and space vehicles [1–3]. There are several physical chemical proper-
ties for CMDB propellants to control according to the using requirements, such as
mechanical properties, safety properties, energy properties and combustion proper-
ties, Pradhan, Kalal and Li et al. [2, 4–6]. Among these commanding properties,
combustion properties, including burning rate and pressure exponent, are of great
importance for ballistic performances of missile motors [7–9]. Generally speaking,
researchers aim to obtainCMDBpropellantswith high burning rates and lowpressure
exponents [10–12].

Most CMDBpropellants contain large amounts of hexahydro-1,3,5-trinitro-1,3,5-
triazine (RDX) in formulations to promote their energy properties [2, 13]. However,
CMDB propellants with such formulations suffer from the problem of relatively
low burning rates and high pressure exponents [13–15]. Adding carbon blacks into
CMDB propellants is an effective way to address this issue [16, 17]. For example,
Preckel et al. have reported the addition of carbon blacks can improve the burning
rate sharply and reduce the pressure exponent, leading to the plateau burning of
propellants [16]. Same results were also reported by Pande and Hewkin, which
further confirm the carbon black is beneficial for the combustion properties of CMDB
propellants [18, 19]. Apart from that, it was found other kinds of carbon materials
can also improve burning rates while reduce pressure exponents of CMDB propel-
lants [17]. Ren and co-workers prepared carbon nanotube composite catalysts and
studied their catalytic capabilities on thermal decomposition of RDX [20]. C60 and
fullerene were used as additives in CMDB propellants to achieve plateau combus-
tions by Zhao’s group [17, 21]. Moreover, graphene can also enhance the catalytic
activity of burning catalysts [22, 23]. Although the benefits of using carbon mate-
rials in propellants have been widely reported, there still lack of systematic studies
for the influences of carbon blacks on combustion properties of CMDB propellants.
For example, there are many different kinds of carbon blacks, which have different
aggregation states and chemical structures [24]. But few literature reports the effects
of the kinds of carbon blacks on the combustion properties of CMDB propellants.

Commonly, burning catalysts of CMDB propellants are composed of copper (Cu)
and lead (Pb) complexes [20, 25, 26]. Researchers believe the addition of carbon
blacks can form Cu–Pb–C composite catalysts, leading to the synergistic effect
between carbon blacks and burning catalysts [20, 26]. Several theories were devel-
oped to explain the mechanisms of such synergistic effect. For example, Denisyuk
et al. think that the carbon black will prevent the aggregation of CuO and PbO
during the combustion process, making the burning catalysts near the combustion
surface [27, 28]. Powling and co-workers consider the carbon black can accelerate
the reduction of NO during the combustion process because the burning catalysts
were activated by the carbon black [19]. However, these theories were based on
macroscopic experimental results, such as images of combustion surface, changes of
burning rates and pressure exponents, et al. A deep understanding is still needed for
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the synergistic effects between carbon blacks and burning catalysts frommicroscopic
insights.

In thiswork,we systematically studied the influences of carbon blacks on combus-
tion properties of CMDB propellants. First, the synergistic effect between carbon
blacks and burning catalysts was detailed analyzed. Distributions of burning cata-
lysts (CuO and PbO) in CMDB propellants were characterized. It was found CuO is
more likely to adsorb on carbon blacks compared with PbO. On the other hand, PbO
is much easier to adsorb on nitrocellulose compared with CuO. Such hypothesis was
confirmed by the calculation of adsorption energies between CuO, PbO and carbon
blacks, nitrocellulose, respectively. We suspect such non-uniform distributions of
CuO and PbO in CMDB propellants maybe the reason for the synergistic effect
between carbon blacks and burning catalysts. After that, we detailed investigated the
factors of carbon black which influence the combustion properties, such as the kinds,
contents and grinding time of carbon blacks used in CMDB propellants and CMDB
propellants with controlled combustion properties were obtained.

35.2 Experiments

35.2.1 Materials

Four different kinds of carbon blacks (CB1, CB2, CB3 and CB4) were purchased
from Shanghai Jiaohua chemical industry Co. Ltd., China. All the carbon blacks
were chemical pure (CP). The detailed parameters of carbon blacks are listed in Table
35.1. Copper oxide (CuO, CP) and lead oxide (PbO, CP) were bought from Shanxi
Boao chemical industry CO. Ltd., China. Nitrocellulose (NC) and nitroglycerine
(NG) were provided by Yibin North Chuan’an Chemical Industry Co. Ltd., China.
RDXwas provided by Liaoning Qingyang Special Chemicals Co. Ltd., China. Other
reagents, such as acetone (Analytical Pure, AP), ethanol (AP) and additives, were
all bought from Sinopharm Group Co. Ltd., China. All the chemicals were used as
received without further purification.

Table 35.1 The parameters
of carbon blacks

Carbon black Reflectivity
(%)

Volatile matter
(%)

Ash content
(%)

CB1 14 14.9 0.14

CB2 12 13.0 0.10

CB3 13 15.1 0.09

CB4 15 13.3 0.16
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35.2.2 Preparation of Samples

Carbon blacks and burning catalysts (CuO and PbO) were ground with desired time
(0, 5, 10, 20, 30 min) with an industrial colloid mill to prepare composite burning
catalysts.

35.2.3 Characterization of Carbon Blacks and Burning
Catalysts

Surface morphologies of carbon blacks were characterized by a scanning electron
microscopy (SEM, FEI, Quanta 600, America). Each sample was sputtering with
platinum for 60 s by an ion sputtering instrument before characterized in the SEM.
A transmission electron microscope (TEM, Thermo Fisher, Talos F200i, America)
was used to observe the aggregation states of carbon blacks. The TEMwas equipped
with an energy dispersive spectrometer (EDS, Bruker, Quantax, German) and used
for the elemental analysis of samples. A raman spectroscopy (Renishaw, inVia, UK)
was used to characterize the chemical structures of carbon blacks. The raman spectra
were excited by a laser source with the wave number of 785 nm and the power output
was limited to less than 250 mW for the duration of the tests. At least 3 points were
used for one sample in the raman test to make the results reliable. The intervals
among each points are more than 300 µm.

35.2.4 Fabrication of the CMDB Propellants

TheCMDBpropellant with a desired formulationwas fabricated by a granule casting
method. In details, the granule castingmethod canbedivided into twomainprocesses:
the pelletized process and casting process. Most energetic materials were added
into the granules in the pelletized process and well defined small granules were
prepared. After that, the granules were used for casting process to fabricate the
CMDB propellant. The as prepared CMDB propellant was then treated with a certain
temperature for post reaction.

35.2.5 Burning Rate Tests

The burning rates were measured by a strand burner method with the pressure ranged
from 6 to 22 MPa and at room temperature. The burning rate can be calculated by
Eq. 35.1, where u, b, P and n are burning rate, empirical constant, pressure and
pressure exponent.
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u = b× Pn (35.1)

Taking the logarithm of both sides of Eq. 35.1, we can obtain Eq. 35.2. Thus the
pressure exponent can be considered as the slope of the logarithm of pressure.

logu = n × logP + logb (35.2)

35.2.6 Calculation of Adsorption Energies

The adsorption energies between carbon black, nitrocellulose and burning catalysts
were calculated by Materials Studio (V8.0). Models constructed for each chemicals
were firstly optimized to eliminate the unreasonable conformations. Then they were
used in adsorption simulations to obtain the energy changes during the adsorption
processes.

35.3 Results and Discussion

35.3.1 The Synergistic Effect Between Carbon Blacks
and Burning Catalysts

It has been reported that carbon blacks, combined with CuO and PbO, exhibit signif-
icant synergistic effects on the combustion properties of CMDB propellants [16–
18]. Therefore, we measured the burning rates and pressure exponents of CMDB
propellants with CuO, PbO and composite catalysts (CuO-CB1, PbO-CB1 and CuO-
PbO-CB1) as burning catalysts, respectively. The contents of these catalysts in the
formulations of CMDB propellants are listed in Table 35.2.

As shown in Fig. 35.1a, 1# propellant shows burning rates from7.24 to 18.66mm/s

Table 35.2 The contents of
CuO, PbO and CB1 in CMDB
propellants

Propellant
number

CuO content
(%)

PbO content
(%)

CB1 content
(%)

1# 0.0 0.0 0.0

2# 0.9 0.0 0.0

3# 0.0 2.7 0.0

4# 0.9 0.0 0.9

5# 0.0 2.7 0.9

6# 0.9 2.7 0.9
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Fig. 35.1 a Burning rates and b pressure exponents of CMDB propellants with different kinds of
burning catalysts

in the pressure range of 6–22 MPa. It should be noticed that there is no burning cata-
lyst in 1# propellant. In 2# and 3# propellants, CuO and PbO were added as burning
catalysts individually. However, the combustion properites, including burning rates
and pressure exponents, exhibit no obvious difference between these two (2#, 3#)
propellants and 1# propellant. Similar results also appeared for the 4# and 5# propel-
lants, which used CuO-CB1 and PbO-CB1 as composite burning catalysts. On the
contrary, 6# propellant exhibits much higher burning rates compared with 1#–5# in
the pressure range of 6–22 MPa. As for pressure exponents, 6# propellant shows
pressure exponents smaller than 0.2 in the pressure range of 15–22 MPa, which is
to say the plateau burning phenomenon occurs in the high pressure region. For the
meanwhile, other propellants (1#–5#) all show pressure exponents higher than 0.55
(Fig. 1b). All these results indicate that only the composite catalyst of CuO-PbO-
CB1 can effectively increase the burning rates and reduce the pressure exponents
of CMBD propellants, leading to the plateau burning phenomenon at high pressure
range.

TEM-EDS was used to characterize element compositions of the CuO-PbO-CB1

composite catalyst. The grinding time is 20 min and the molar ratio of CuO:PbO
used for grinding is 1:1.08 for CuO-PbO-CB1 composite catalyst samples. Three
individual CuO-PbO-CB1 composite catalyst samples were used for the characteri-
zations to make the results convinced. As shown in Fig. 2a–c, the composite catalyst
exhibits a particle size ranged of 300–500 nm while CuO and PbO adsorb on CB1

(gray regionwasCB1 and light part was CuO and PbO in TEM images). Interestingly,
it seems that there are much more CuO than PbO on the CB1 substrate according to
Fig. 2d–f. The elemental compositions of the composite catalyst were further calcu-
lated by the TEM-EDS results. Table 35.3 demonstrates the content of Cu ranges
from 81 to 87% in the composite catalyst, while it only ranges from 13 to 19% for Pb
in the composite catalyst. Such results are very different to the element compositions
used for preparing samples, which have the molar ratio of 1:1.08 for Cu:Pb. This
amazing phenomenon indicates there are much more CuO adsorb on carbon blacks
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Fig. 35.2 a–c TEM images and d–f TEM-EDS analysis of CuO-PbO-CB1 composite catalyst

Table 35.3 Pb, Cu contents (molar ratio) of CuO-PbO-CB1 composite catalyst analyzed by TEM-
EDS

Sample number Sample-1 Sample-2 Sample-3 Average

Cu content (%) 83.91 81.61 86.50 84.01

Pb content (%) 16.09 18.39 13.50 15.99

rather than PbO, which may lead to a non-uniform distribution of burning catalysts
in CMDB propellants.

We suspect the non-uniformdistributionof burning catalysts inCMDBpropellants
may be the reason for the synergistic effect between carbon blacks and burning
catalysts. Therefore, detailed studies were done for a deep understanding for the
distribution of burning catalysts in CMDB propellants. First, adsorption energies
between carbon black and CuO, PbO were calculated by Materials Studio (V8.0).
The carbon black was considered as the combination of several micro crystals of
graphite cells in the simulation. As shown in the left red region of Fig. 35.3, the
adsorption energy between CuO and carbon black is −13 kcal/mol, while it is as
high as 1378 kcal/mol for PbO and carbon black. In other words, CuO is prone to
adsorb on carbon black since the adsorption energy is below 0. On the contrary, it
is very difficult for PbO to adsorb on carbon black because the adsorption energy
is much higher than 0. Such results fit well with the elemental analysis mentioned
above, which indicate there are much more CuO adsorb on carbon black compared
with PbO.
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Fig. 35.3 Adsorption energies between CuO, PbO and carbon black, NC, respectively

Then there comes out another problem, where does the PbO come to? Notice that
NC is acted as the bone in CMDB propellants, we suppose the burning catalysts,
such as CuO and PbO, will also adsorb on NC. Thus, adsorption energies between
NC and burning catalysts were calculated. In this part, 24 repeat units were used for
one NC polymer chain to simplify the calculation. The right red region of Fig. 35.3
presents the adsorption energies, which are −22, −124 kcal/mol for NC and CuO,
NC and PbO, respectively. It can be found PbO is easier to adsorb on NC than
CuO since its adsorption energy is much lower. These calculation results imply CuO
has the trend to adsorb on carbon blacks while PbO prefers to adsorb on NC in
CMDB propellants. According to the elemental analysis and calculated adsorption
energies, we can conclude the burning catalysts are non-uniformly distributed in
CMDBpropellants, for which CuOmainly adsorbs on carbon blacks and PbOmainly
adsorbs on NC. Amazingly, it has been reported CuO has high catalytic activity
for the decomposition of small moleculars and PbO has high catalytic activity for
the decomposition of nitrogen ester [29–31]. Thus, we can conclude the addition of
carbon black leads the burning catalysts (CuO and PbO) to adsorb on different places
in CMDB propellants. Such a non-uniform distribution of burning catalysts makes
them exhibit a better catalyst activity at correct places, resulting to the improved
burning rates of CMDB propellants. Moreover, increased catalyst capability makes
the burning rates reach to a maximum value at a much lower pressure compared with
the CMDB propellants without the addition of carbon blacks. Therefore, the plateau
burning phenomenon occurs at the high pressure region.
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35.3.2 Influences of Carbon Blacks on Combustion
Properties

We further investigated the influences of carbon blacks on combustion properties of
CMDB propellants. At first, four different kinds of carbon blacks were ground with
CuO and PbO to prepare composite catalysts. These carbon blacks were signed as
CB1, CB2, CB3 and CB4, respectively. Figure 35.4 demonstrates different kinds of
carbon blacks will lead to different combustion properties of CMDB propellants.
CMDB propellant with CB1 shows the highest burning rates compared with other
carbon blacks (Fig. 4a) in the pressure region of 6–22 MPa. On the other hand,
CMDB propellants with CB2 and CB3 have lower pressure exponents than CMDB
propellants with CB1 and CB4 in low pressure region (6–13 MPa). Nevertheless,
CMDB propellant with CB1 exhibits the lowest exponents (less than 0.2) in the
pressure region of 15–22 MPa (Fig. 4b). Thus, we can conclude CB1 is the most
suitable carbon black since CMDB propellant with CB1 has the highest burning rate
and shows a burning plateau in the high pressure region.

Although these four kinds of carbon blacks have different effects on combustion
properties, their physical parameters (reflectivity, volatile and ash content) are nearly
the same (Table 35.1 in experimental section). Thus, it is necessary to characterize
the morphologies and chemical structures of these carbon blacks to determine the
reason for their different effects on combustion properties. All these carbon blacks are
aggregations of small particles with a radius of 10–50 nm (Figure S1 in supporting
information). However, the aggregation states are very different. As presented in
Fig. 35.5, aggregations of CB1 are around 100 nm in size, which are 400–600 nm
for CB2, CB3 and CB4, respectively. Interestingly, the burning rates obey the order
of CMDB propellants with CB1 > CB2 > CB3 > CB4. It seems carbon blacks
with smaller aggregations can improve burning rates more effectively. As mentioned
above, the addition of carbon blacks will make the CuO and PbO adsorb on different
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Fig. 35.4 a Burning rates and b pressure exponents of CMDB propellants with different kinds of
carbon blacks in composite burning catalysts. (Contents of carbon black, CuO and PbO are 0.9, 0.9
and 2.7%, respectively.)
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Fig. 35.5 TEM images of a CB1, b CB2, c CB3 and d CB4 after grinding for 20 min

places of CMDB propellants, leading to a non-uniform distribution of burning cata-
lysts. Smaller aggregations of carbon blacks have higher specific surface areas, which
are beneficial to the non-uniform distribution of burning catalysts. Thus they exhibit
a stronger synergistic effect.

It should be noted the aggregations of CB2, CB3 and CB4 have similar sizes as
shown in Fig. 35.5, but their influences on combustion properties are quite different
either. Therefore, chemical structures of carbon blacks were also characterized by a
raman spectroscopy to further illustrate the differences among these carbon blacks.
Figure 35.6 presents the raman spectra of these carbon blacks. D-band and G-band
appeared at 1340 and 1580 cm−1 in these spectra, which represented for the defects
and regularities of graphite cells. As widely known, carbon black are composed of
micro crystals of graphite cells [24], thus ratios of D-band to G-band can reflect
disorder degrees of carbon blacks. The ratios are 0.93, 0.94, 1.05 and 1.25 for CB1,
CB2, CB3 and CB4, respectively (table S1 in supporting information). Compared
CB2, CB3 and CB4, the sizes of their aggregations are nearly the same but their
disorder degrees are very different. According to Figs. 35.4 and 35.6, it is obvious
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Fig. 35.6 Raman spectra for
CB1, CB2, CB3 and CB4,
respectively

higher disorder degrees of carbon blacks will cause lower burning rates and higher
pressure exponents. Van der Waals force is the main interaction for the adsorption
process of burning catalysts on carbon blacks and nitrocellulose. Increased regularity
of carbon blacks leads to increased Van de Waals force for the adsorption process.
Therefore, carbon blacks with higher regularities have stronger adsorption capabili-
ties, benefiting to the non-uniform distribution of burning catalysts and resulting in
better combustion properties of CMDB propellants.

Moreover, both the optimum contents and grinding time of carbon blacks were
determined to obtain CMDB propellants with desired combustion properties. In this
part, CB1 was used as the model since CMDB propellants with CB1 exhibit the best
combustion properties. Figure 7a demonstrates the burning rates increase with the
increasing of CB1 content used in CMDB propellants. The burning rates are up to
30 mm/s at the pressure region of 16–22 MPa when the CB1 content is higher than
0.9%.On the other hand, pressure exponents decreasewhen theCB1 content increases
at the pressure region of 15–22 MPa, and the plateau burning phenomenon occurs
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Fig. 35.7 a Burning rates and b pressure exponents of CMDB propellants with different contents
of CB1 (Contents of CuO and PbO are 0.9 and 2.7%, respectively)
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Fig. 35.8 a Burning rates and b pressure exponents of CMDB propellants with CB1 in composite
burning catalysts for different grinding times (Contents of CB1, CuO and PbO are 0.9, 0.9 and
2.7%, respectively)

when CB1 content is above 0.9% (Fig. 7b). However, the combustion properties show
slight changes when the CB1 content is higher than 0.9%.

Grinding timeof carbonblacks is another keyparameterwhich influences combus-
tion properties of CMDB propellants. The aggregations of carbon blacks exhibit a
very big sizewithout grinding before use (Figure S1 in supporting information),while
the sizes of aggregations become 100–600 nm after grinding for 20 min (Fig. 35.5).
As a consequence, the burning rates of CMDB propellants increase along with the
grinding time (Fig. 8a). At the same time, pressure exponents decrease with the
increasing of grinding time (Fig. 8b). As mentioned above, a smaller size of carbon
black aggregations is beneficial for the non-uniform distribution of CuO and PbO in
CMDB propellants, leading to better combustion properties. However, the burning
rates and pressure exponents are nearly the same when grinding time is higher than
20 min, which can be ascribed to the size of carbon black aggregations cannot be
further reduced by longing the grinding time.

35.4 Conclusion

The synergistic effect between carbon blacks and burning catalysts is detailed studied
in this work. The burning rates can be greatly improved and a burning plateau occurs
at the high pressure region (15–22MPa) by adding carbon blacks into CMDBpropel-
lants. Then mechanisms of such synergistic effect were studied by both elemental
analysis andmolecular simulations.We found the addition of carbon blackswillmake
CuO and PbO adsorb on different places of CMDB propellants, making them exhibit
better catalyst capabilities at correct places. Furthermore, the factors of carbon blacks
were investigated to obtain CMDB propellants with desired combustion properties.
In detail, we analyzed the aggregation state, regularity, content and grinding time
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of carbon blacks used in CMDB propellants to find their influences on combustion
properties.
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Chapter 36
Novel Pyrazol-Functional Covalent
Organic Framework for Noble-Metal
Nanoparticles Immobilization

Feipeng Lu, Shenghua Li, Jianhua Chen, Aifeng He, and Yin Wang

Abstract The immobilization and uniform dispersion of Noble Metal Nanopar-
ticles (NMNPs) show great significance in many fields (e.g. catalysis, photoelec-
tric etc.) to enhance its performance and reusability. Covalent organic frameworks
(COFs), which are born with many advantages (stability, in built functional ligands,
regular channels, etc.), are potential substrates for the synthesis of fine and high
dispersed NMNPs. In this work, we propose the pyrazol-functional COFs strategy
for the immobilization and uniform dispersion of NMNPs. Various M@COF-DAI
(M= Pd, Ir, Pt) complexes are obtained with fine (1.74, 1.99 and 2.25 nm), uniform
dispersed, and high metal content (20.47, 17.18, 29.46%) NMNPs. These NMNPs
show high catalytic activity, excellent stability, and reusability in the p-nitrophenol
reduction reaction. This results are superior to those NMNPs immobilized by other
materials (e.g. graphene, MOFs, un-functionalized COFs), provide a high efficient
immobilization strategy of NMNPs.
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36.1 Introduction

Noble Metal Nanoparticles (NMNPs) (Pd, Pt, Au, etc.) show excellent catalytic
activity own to its excellent specific surface area and atom utilization, Tsunoyama
et al. [1] NMNPs have been widely used in many reactions (e.g. reduction, C-H
activation, hydrogenation, coupling, and dehalogenation reactions) [2, 3]. During
the storage and use process of NMNPs, the NMNPs’ aggregation or shape change
can easily occur due to its high surface energy, yet its activity can be seriously
weakened. Maintain the activity of NMNPs remains a significant challenge in the
synthesis, storage, and use process of NMNPs.

Porous materials [4], such as porous organic cage [5], carbon nitride [6], cova-
lent organic frameworks (COFs) [7], porous organic polymers (POPs) [8], covalent
triazine frameworks (CTFs) [9], metal organic framework (MOFs) [10], and so on
[11, 12], have been employed as substrates in pursuing for stable and fine NMNPs.
Among them, COFs, one class of crystalline carbon based porous materials, have
gained rapid progress ever since the first report by Yaghi’s group in 2005 [13, 14].
Its features of framework structure, covalent linkage, and functional ligands make it
various specialities materials and promising applications in various scenarios (e.g.
gas storage and separation, energy conversion and storage, optoelectronic, and catal-
ysis materials) have been ingeniously reported [15]. In this regard, COFs could be
promising substrates for the growth and immobilization of NMNPs, for reasons that:
(1) the in-built covalent bond within COFs give it inherent stability as substrate, (2)
the functional ligands within COFs provide nucleus for the growth of NMNPs, (3)
the regular channels within COFs can provide restriction for the growth of NMNPs.
So far, many COFs have been investigated for the application of NMNPs immobi-
lization. Among these reported COFs-support NMNPs, large and low metal content
NMNPs (Pd nanoparticles size distribution around 10 nm, Pd content range from 6.4
to 10.2%, Wang’s and Banerjee’s groups have reported Au nanoparticles size distri-
bution around 5 nm, Pd content range from 2.2%) in 2011 and 2014 respectively [7a–
c], with COFs synthesized with un-functional benzene and 1,3,5-triformylbenzene
(TFB)/1,3,5-triformylphloroglucinol (TFP). Meanwhile, with thioether functional
COF as substrate, fine Pd nanoparticles (size distribution around 1.8 nm, Pd content
26.3%) is obtained by Zhang’s group [7e]. This indicate that the effective functional
group can be vital factors for the immobilization of NMNPs.

Basing on the target-oriented strategy, suitable selection of COF ligands can get
double achievements with half works. Inspired by the growth mechanism of MOFs,
coordination bonds between theN/O atoms in COFs and transitionmetal atoms could
be an effective method for the immobilization of metal atoms, [10] and thus boost the
growth of NMNPs with the immobilized metal atoms as nucleus. Thus, we present
a pyrazol-functional COFs (COF-DAI) strategy for the immobilization and uniform
dispersion of NMNPs. 4,7-Diamino-1H-indazole (DAI) can be ideal ligand for the
construction of COF-DAI, for its pyrazol-function can provide effective N coordi-
nation atoms for the nucleation of NMNPs; 1,3,5-triformylbenzene (TFB), 1,3,5-
triformylphloroglucinol (TFP), and 1,3,5-tris(p-formylphenyl)-benzene (TFBB) are
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Scheme 1 The synthesis strategy of COF-DAI immobilized NMNPs

employed as joints to construct COF-DAI with various channel width. Ideally, only
three stages are needed for the assembly of fine and uniform dispersed NMNPs on
COF-DAI (M@COF-DAI), as shown in Scheme 1.

36.2 Results and Discussion

Initially, various COF-DAI (named as COF-DAI-TFB, COF-DAI-TFP, and COF-
DAI-TFBB) were synthesized with solvent thermal method, details shown in experi-
mental section. The chemical composition of theCOF-DAIwas characterized via 13C
cross-polarization/magic-angle spinning (CP/MAS) solid-state NMR and Fourier
transform infrared (FT-IR) method. In the 13C CP/MASNMR spectra, the 13C chem-
ical shifts range from 183.5 to 107 ppm (COF-DAI-TFP) and 158.5 to 116.3 ppm
(COF-DAI-TFB and COF-DAI-TFBB), the detailed assignments were depicted in
Fig. 1a–c. As shown in the FT-IR spectra (Fig. 1d–f), peaks in 1582 and 1258 cm−1

stand for the C=C and C–N bonds, which indicated the formation of sole ketone form
linkage in COF-DAI-TFP, the ketone form C=O peak was merged within the C=C
stretching peak as a shoulder (1635 cm−1), due to the peak broadening in the extended
structure [16]; 1658 cm−1 (C=C) in COF-DAI-TFB and COF-DAI-TFBB indicated
the completed condensation reaction. These observations can be strong evidence
for the covalently linkage between these building units, and ultimately built up the
polymeric macromolecules via imine bonds.

The crystalline character of the COF-DAI was revealed by powder X-ray diffrac-
tion (PXRD) and deduced via Theoretical simulation method (Fig. 2a–c). The
PXRD spectra reveal main peaks at 4.55° and 27.2° for COF-DAI-TFP, 5° and 9°
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Fig. 36.1 The 13C CP/MAS NMR and FT-IR spectra of COF-DAI

Fig. 36.2 The PXRD and optimize spectra of COF-DAI

for COF-DAI-TFB, 2.75° and 5.5° for COF-DAI-TFBB, respectively. Meanwhile,
the stacking of two-dimensional (2D) hexagonal layers into slipped AA and stag-
gered AB stacking COFs models were anticipated with Materials Studio v6.0.0 [17],
force-field calculation was employed to optimize the bond length and angels in the



36 Novel Pyrazol-Functional Covalent Organic Framework … 485

constructed structure. Thus, these COFs’ slipped AA stacking models were proved
with RWP value 24, 22.9, and 5.9%, further confirmed the formation of slipped AA
stacking of COF-DAI (Fig. 36.2).

COF-DAI’s Morphology were investigated by high-resolution transmission elec-
tron microscopy (HR-TEM) and scanning electron microscope (SEM). Thin trans-
parent sheets stacked into rod-like structure, small crystalline grains stacked into
spheroidal structure, and small highly crystalline grains stacked into nanotube struc-
ture were observed in these SEM and HR-TEM. The porous character of COF-
DAI was identified by Brunauer–Emmett–Teller (BET) surface area analysis (on the
basics of nitrogen sorption isotherms at 77 K). The BET surface area of COF-DAI-
TFB, COF-DAI-TFP, and COF-DAI-TFBB were evaluated to be 417.4, 136, and
214.1 m2/g, respectively. Their thermogravimetry analysis were employed to inves-
tigate COF-DAI-TFP’s thermostability, the obtained results reveal the good thermos
stability up to 275, 200, and 300 °C with less than 13.8% weight loss.

Basing on these novel COFs, Pd NMNPs was obtained. The parameters such as
morphology, size, metal content, and their interactions with substrates, may affect
their catalytic properties significantly [2, 18].XRD,FT-IR,XPS,SEM,EDSMapping
Scan, HR-TEM, selected area electron diffraction (SAED), and inductively coupled
plasma-mass spectrometry (ICP-MS) characterization of Pd@COF-DAI-TFP were
conducted. The SEM images and FT-IR spectra of Pd@COF-DAI-TFP reveal that
the rod-like morphology and the chemical environment of COF-DAI-TFP were kept
after the introduction of Pd NMNPs [7c]. Meanwhile, Pd NMNPs on COF-DAI-TFP
were confirmed by HR-TEM. HR-TEM images shown that the average size of Pd
nanoparticles were 1.74 nm with narrow size distribution and high metal content
20.47% observed in Pd@COF-DAI-TFP sample (Fig. 3a–c). Any unsupported Pd
NMNPs couldn’t be observed in the HR-TEM image, which indicated that the Pd
NMNPs were fully cladded by the COF-DAI-TFP cavities, that caused their lattice
fringes couldn’t be clearly measured. Pd NMNPs on the surface of COF-DAI-TFP
shown interplanar spacing of 0.23 nm, this could be corresponded to the (111) facet
of face-centred cubic (fcc) Pd NMNPs [7e]. The EDS mapping images of C, N, O,
and Pd, as well as theHAADF-STEM further conformed the excellent disparity of Pd
NMNPs on COF-DAI-TFP without any agglomeration (Fig. 3d–h). The SAED and
XRD patterns of Pd@COF-DAI-TFP shown the crystalline character of Pd NMNPs
on COF-DAI-TFP.Meanwhile, Pd NMNPs on COF-DAI-TFB and COF-DAI-TFBB
were also conducted, fine and high dispersed Pd NMNPs were obtained on COF-
DAI (Fig. 36.4). These results demonstrated the NMNPs immobilization general
applicability of pyrazol-functional COFs (COF-DAI series).

To evaluate the importance of the pyrazol-functional group, the comparison of
Pd@COF-DAI-TFP with Pd@COF-DAB-TFB (DAB: 1,4-diaminobenzene, TFB:
1,3,5-triformylbenzene) and Pd@COF-DAB-TFP were conducted (Table 36.1). As
the Pd@COF-DAB-TFB and Pd@COF-DAB-TFP had been reported byWang’s and
Banerjee’s groupwith similarmethod [7a–c]. TheTEMimages shown thePdNMNPs
size of Pd@COF-DAB-TFB and Pd@COF-DAB-TFP ranged around 10 nm, their
Pd content were 7.1% and 10.2% (Table 36.1), more importantly, most of these
Pd NMNPs can be observed on the surface of COFs. The Pd NMNPs characters
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Fig. 36.3 Characterization of Pd@COF-DAI-TFP: a low and b–c high magnification TEM image
of Pd@COF-DAI-TFP, inset is the size distribution of Pd NMNPs; d–g energy dispersive spectro-
scope (EDS)Mapping Scan of composition element, C, N,O and Pd;h high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) image; i Pd 3d region in the X-ray
photoelectron spectroscopy (XPS) spectra of Pd@COF-DAI-TFP

Fig. 36.4 TEM images of Pd NMNPs on COF-DAI-TFB and COF-DAI-TFBB

of Pd@COF-DAI-TFP shown better performance than that of Pd@COF-DAB-TFB
and Pd@COF-DAB-TFP (1.57 VS 10 nm, Pd-ICP data VS 7.1 and 10.2%).

The interactions between NMNPs and COF-DAI-TFP were fully characterized
by XPS measurement. From the XPS spectra of Pd 3d region (Fig. 3i), two sets of
doublets of Pdwere observed, which corresponded to its high energy band (3d5/2) and
low energy band (3d3/2). The binding energy peaks 341.0 eV (3d3/2) and 335.9 eV
(3d5/2) of Pd were assigned to Pd0 species, while the binding energy peaks 343.2
(3d3/2) and 338.1 eV (3d5/2) of Pd corresponded to Pd2+ species. The Pd2+ species
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Table 36.1 Summary of the
typical performances of
NMNPs immobilized by
various COFs

Materials Metal Size (nm) Metal content (%)

COF-DAB-TFB Pd 10 7.1

COF-102 Pd 2.4 ± 0.5 30

COF-DAB-TFP Pd 10 6.4–10.2

COF-DAB-TFP Au 5 2.2

COF-DETH-TFPT Pt 10

COF-Thio-TFP Pd, Pt Pd: 1.8,
Pt: 1.7

Pd: 26.3
Pt: 34.3

COF-DAI-TFP Pd, Ir, Pt Pd: 1.57,
Ir: 1.7,
Pt: 2.18

Pd: 20.47
Ir: 17.18
Pt: 29.46

might be caused by the re-oxidation process of Pd0 in air [7e, 20], The XPS results
of Pd0 3d region in Pd@COF-DAI-TFP shown higher value than that of the standard
XPS values of Pd0 3d region (3d3/2: 340.36 eV, 3d5/2: 335.1 eV), that might be
caused by the interactions between Pd NMNPs and the COF-DAI-TFP. Meanwhile,
the bonding energy of N 1 s in Pd@COF-DAI-TFP shown the higher value than that
of COF-DAI-TFP. These changes could be caused by the interactions between Pd
NMNPs and COF-DAI-TFP. These results demonstrated that the pyrazol-functional
group played key role for the high efficient immobilization and uniform dispersion
of NMNPs.

Devoting to the synthesis of ultrafine and highly dispersed NMNPs, its catalytic
activity was fatal parameter for its further application, its catalytic activity was
tested with the metal-catalysed hydrogenation reduction reaction. p-Nitrophenol
was selected as the reactant for the reduction reaction, for reasons that: (1) p-
nitrophenol was pollutant, and its reduction product was key raw material for chem-
ical industry; (2) the metal-catalysed reduction reaction of p-nitrophenol had been
verified as amodel reaction to evaluate the catalytic activity ofNMNPs; (3) the reduc-
tion reaction of p-nitrophenol could be easily monitored by UV–Vis spectroscopy
(the absorption peak at 400 nm was the characteristic peak of p-nitrophenol and
NaBH4 mixed aqueous solution); (4) the Pd@COF-DAI-TFP could be dispersed
into aqueous and organic solutions via slight ultrasonic treatment, which indicated
its feasibility as heterogeneous catalyst [20]. The reduction reaction of p-nitrophenol
with the catalysis of Pd@COF-DAI-TFP was conducted with the following process:
Aqueous suspension of Pd@COF-DAI-TFP (0.5 mg/mL, 30 µL) was poured into
the aqueous solution (water, 1 mL; p-nitrophenol, 1 mM, 0.3 mL; NaBH4, 0.5 M,
1 mL). The reduction reaction accelerated upon the addition of Pd@COF-DAI-TFP
aqueous suspension. As shown in Fig. 5a, the 400 nm peak decline and the 300 nm
new peak appearance indicated the reduction of p-nitrophenol and the produce of
p-aminophenol, respectively [7c, 21]. The reduction reaction was almost finished
within 0.7 min, and it was completely finished within 3 min (Fig. 5a). Two control
experiments (reduction without additives and with COF-DAI-TFP) were performed
(Fig. 5b). Without any additives, only 20% p-aminophenol was reduced in 20 min;
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Fig. 36.5 a Time-depend UV–Vis spectroscopy of the reduction of p-nitrophenol with the catalyse
of Pd@COF-DAI-TFP; b reduction of p-nitrophenol in various conditions; c recycling test of the
reduction of p-nitrophenol with the catalyse of dated Pd@COF-DAI-TFP

with the additive of COF-DAI-TFP, only 10% p-aminophenol was reduced in 20min.
That might be caused by the adsorption of p-aminophenol by COF-DAI-TFP, the
reduction rate was reduced by the separation of p-aminophenol and the reductive
agent. Once the addition of Pd@COF-DAI-TFP, the hydrogen adsorption by Pd
NMNPs on COF-DAI-TFP [21], as well as the p-aminophenol adsorption by COF-
DAI-TFP enhanced the reduction rate greatly. Stability and reusability were impor-
tant parameters for heterogeneous catalyst. Dated Pd@COF-DAI-TFP (after exposed
to air for 50 days) catalytic p-nitrophenol reduction and its HR-TEM measurement
were conducted. The HR-TEM images shown the highly dispersed Pd NMNPs on
COF-DAI-TFP, only a few of large NMNPs observed. With the catalysis of dated
Pd@COF-DAI-TFP, 90% of the reduction reaction complete within 5 min (Fig. 5c),
demonstrated the high catalytic activity of dated Pd@COF-DAI-TFP and the excel-
lent stability of Pd@COF-DAI-TFP. The catalytic activity of dated Pd@COF-DAI-
TFP shown a little lower than that of fresh Pd@COF-DAI-TFP, that could be caused
by the aggregation of small amount Pd NMNPs after exposed to air for 50 days.
Dated Pd@COF-DAI-TFP’s cyclic catalysis experiment were conducted, the reduc-
tion rate remained nearly unchanged after 5 reduction cycles, the conversion rate
of p-aminophenol remains 90% at the 5st reduction cycle (Fig. 5c). These results
illustrated the excellent catalytic activity and stability of Pd@COF-DAI-TFP, which
further demonstrated COF-DAI series were promising substrate for NMNPs.

36.3 Conclusion

In conclusion, a series of novel pyrazol-functionalCOFs (COF-DAI-TFB,COF-DAI-
TFP, and COF-DAI-TFBB) were designed and employed as substrate for NMNPs.
The fine (average size 1.74 nm), highly dispersed, and high metal content (20.47%)
Pd NMNPs on COF-DAI-TFP was reached and fully characterized. Meanwhile, Pd
NMNPs on COF-DAI-TFB and COF-DAI-TFBB shown fine and highly dispersed
characteristics. Fine Ir and Pt NMNPs (average size, Ir: 1.99, Pt: 2.25 nm) were also
obtained on COF-DAI-TFP. Moreover, the catalytic activity of Pd@COF-DAI-TFP
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was testedwith the reduction reaction of p-nitrophenol, which identified the excellent
activity, stability, and reusability of NMNPs on COF-DAI-TFP. Compared with un-
functionalCOFs,COF-DAI series shownsuperior performance in thefieldofNMNPs
immobilization. These results not only demonstrated the key role of pyrazol-function
inCOFs for the immobilization and uniformdispersion ofNMNPs, but also proved its
general applicability. This work emphasized the availability of the pyrazol-functional
COFs in the field of NMNPs immobilization, further investigations on these COF
materials can be conducted for various potential applications.

36.4 Experimental Section

Synthesis of COF-DAI-TFB:

TFB (13.2 mg, 0.08 mmol), 4,7-diamine-1H-indazole (DAI) (18.1 mg, 0.12 mmol),
o-dichlorobenzene (1.3 mL), and methanol (0.7 mL) were added into pyrex tube
(5 mL). Ultrasonic treatment (10 min) was used to obtain a homogeneous mixture.
Acetic acid aqueous solution (0.2 mL, 3 M) was added to the reaction. The tube was
experienced 3 freeze–pump–thaw cycles to emptied the inner air and sealed off. The
sealed tube was heated to 100 °C and kept undisturbed for 72 h. Brown powder was
collected by centrifuge, washed with DMF (10 mL) and ethanol (10 mL) for 4 times,
respectively. COF-DAI-TFP (yield 87%) was obtained after dried for 24 h (90 °C
under vacuum).

Synthesis of COF-DAI-TFP:

TFP (17.4 mg, 0.08 mmol), 4,7-diamine-1H-indazole (DAI) (18.1 mg, 0.12 mmol),
o-dichlorobenzene (1.3 mL), and methanol (0.7 mL) were added into pyrex tube
(5 mL). Ultrasonic treatment (10 min) was used to obtain a homogeneous mixture.
Acetic acid aqueous solution (0.2 mL, 6 M) was added to the reaction. The tube was
experienced 3 freeze–pump–thaw cycles to emptied the inner air and sealed off. The
sealed tube was heated to 100 °C and kept undisturbed for 72 h. Dark-red powder
was collected by centrifuge, washed with DMF (10 mL) and ethanol (10 mL) for
4 times, respectively. COF-DAI-TFP (yield 89%) was obtained after dried for 24 h
(90 °C under vacuum).

Synthesis of COF-DAI-TFBB:

TFBB (22.3 mg, 0.07 mmol), 4,7-diamine-1H-indazole (DAI) (15.5 mg,
0.105 mmol), o-dichlorobenzene (0.5 mL), and methanol (1.5 mL) were added into
pyrex tube (5 mL). Ultrasonic treatment (10 min) was used to obtain a homogeneous
mixture. Acetic acid aqueous solution (0.2 mL, 12M) was added to the reaction. The
tube was experienced 3 freeze–pump–thaw cycles to emptied the inner air and sealed
off. The sealed tube was heated to 100 °C and kept for 96 h. Light-brown powder
was collected by centrifuge, washed with DMF (10 mL) and ethanol (10 mL) for 4
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times, respectively. COF-DAI-TFBB (yield 76%) was obtained after dried for 24 h
(90 °C under vacuum).

Synthesis of M@COF:

K2PdCl6 was dissolved inwater (3mL),COF-DAI (10mg)was dispersed into ethanol
(5mL),mixingK2PdCl6 aqueous solutionwithCOF-DAI inmethanol suspension, all
solvent was evaporated (under vacuum and stirring) to deposited the metal precursor
onto COF-DAI. K2PdCl6@COF-DAI was re-dispersed in ethanol (10 mL), NaBH4

(2mmol)was added to the ethanol suspension and reduction for 15 h.NMNPs@COF-
DAI was obtain by centrifugation, washed with ethanol/water mixed solution (V: V
1: 1, 10 mL) and ethanol (6 mL) for 8 times, respectively. NMNPs@COF-DAI were
dried for 12 h (under vacuum at room temperature).

Reduction of p-aminophenol with the catalysis of M@COF-DAI:

M@COF-DAI-TFPwas dispersed into aqueous solution easily via slightly ultrasonic
treatment. The M@COF-DAI-TFP aqueous suspension (0.5 mg mL-1, 30 µL) was
added to the mixture of water (1 mL), p-nitrophenol (1 mM, 0.3 mL), and NaBH4

(0.5 M, 1 mL) aqueous solution for catalysis.

Cyclic catalysis experiment was conducted with the following method. Kept the
amount of Pd@COF-DAI (0.5 mg mL−1, 30 µL), NaBH4 (0.5 M, 1 mL), and water
(1 mL). Additional p-nitrophenol (1 mM; 0.3 mL for 1st, 0.345 mL for 2st, 0.397 mL
for 3st, 0.456mL for 4st, 0.525mL for 5st) was added to the cuvette upon the previous
reduction completed. Meanwhile, the reduction process was monitored by UV–Vis
spectroscopy to evaluate the catalysis performance of M@COF-DAI-TFP.
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Chapter 37
Density Functional Theory Study
on Mechanism of Enhanced Catalytic
Decomposition of Nitromethane
on Hydroxylated Graphdiyne

Chi Zhang, Xiurong Yang, Jianyou Zeng, Yinghui Ren, Zhaoqi Guo,
and Haixia Ma

Abstract As a new carbon material, graphdiyne (GDY) has special sp, sp2

hybridized orbitals, which may be a good candidate of combustion catalyst for ener-
getic materials (EMs). The catalytic effect of GDY and hydroxyl group pre-absorbed
GDY (OH-GDY) on the decomposition of nitromethane (NM)was investigated using
Density functional theory (DFT). The transition states of the initial decomposition
reactions of NM on these two surfaces and the corresponding activation energy as
well as the heats of reaction were studied. The results show that NM mostly adsorbs
on pristine GDY surface via weak dispersion forces.While, NM and the intermediate
products can react with O-GDY or OH-GDY by the exchange of protons or oxygen
atoms. Different pathways of NM reacting with GDY, O-GDY and OH-GDY to form
CH2OH were investigated and the rate determining step was found with the energy
barrier of 16.127 kcal/mol. The reaction mechanism of this step is elucidated to be
that the proton of OH-GDY transfers from hydroxyl to the oxygen atom of NM to
form an intermediate of CH3NOOH+. The theoretical calculation provides the mech-
anism of NM reacting with GDY and OH-GDY and proves that the functionalized
GDY can enhance the performance of NM-based propulsion systems.
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37.1 Introduction

Nitromethane (NM) is considered as a promising candidate of environmentally
friendly fuels for future high-speed propulsion systems because of its high energy
density, short ignition times, low toxicity and low costs [1–5]. However, the pure NM
usually cannot satisfy the requirement for propulsion with high energy release, high
detonation velocity and high detonation velocity. So that additive is a possibly effec-
tive way to improve the performance of NM. The additives such as Ni, Al powder,
amorphous silicon oxide and functionalized graphene sheets were proved to be an
effective catalyst for the burning of neat NM by previous research [6–8], especially
the functionalized graphene sheets can greatly enhance the burning rate evenwith low
concentrations. However, the mechanism of the EMs catalyzed by additives usually
cannot be studied using existing experimental techniques, because the intermediates
always exist shortly, which cannot be easily to be captured or detected by equipment.
Furthermore, the ignition and combustion processes of NM are complex although
the structure of it is simple. Thus, theoretical calculation provides us a good method
to study the decomposition paths of NM on additives. Asatryan and co-worker [9]
found that the decomposition reaction of NM begins with unimolecular dissociation,
the scission of C–N bond which generate methyl and nitrogen dioxide is an event
with large activation barrier of 60 kcal/mol. The pristine graphene was fond to have
little catalytic effect on NM molecule [10]. While Liu et al. [11] concluded that the
decomposition of NM on functionalized graphene sheets begins with proton transfer
and the intermediates such as CH2NO2

−, CH3NO, or CH3NO2H+ quickly undergo
additional reactions.

Carbon has many different types of allotropes including fullerenes [12, 13], nitro-
cellulose [14], carbon nanotubes [15, 16] and graphene [17–19] because it possesses
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different hybridized states such as sp, sp2, sp3 and different bonding states. More-
over, the element carbon is able to bond with other species to make every allotrope
generate many derivatives. Although there are many allotropes, scientists are still
interested in novel carbon allotropes with new bonding characteristics and unique
properties Such as 2D graphdiyne (GDY). GDY has attracted extensive attention by
its unique structure and properties since Li et al. [20] successfully synthesized the
large-areaGDYfilm. The large triangular ringwith 18C atoms,which is composed of
benzene ring and C≡C bonds, makes GDY possess rich carbon chemical bonds, high
conjugation, uniform dispersion of channel configuration and controllable electronic
structure. Now, GDY shows good application prospect in photocatalysis [21], spin-
tronics [22], transistors [23], metal-free catalysis [24–26] and lithium ion battey [27].
Our previous work proved that GDY can promote the cleavage of C–N bond, thus the
thermal decomposition of RDX was enhanced [28]. Zhang et al. [29] confirmed that
the formation of hydroxylated graphdiyne (OH-GDY) is energetically more favor-
able than that of pristine GDY. Therefore, we take the density functional theory
(DFT) investigation on the decomposition behavior of NM on functionalized GDY
and pristine GDY to find out the potential application of GDY on energetic materials.
Similar with graphene, NM interacts weakly with pristine GDY, mostly physisorp-
tion on GDY surface via dispersion forces. Thus, we focus on the initial portions of
the reaction graph describing NM decomposition mechanism on OH-GDY, to seek
out the potential application of GDY.

37.2 Computational Method and Models

The DFT calculations were performed using the nonlocal generalized gradient
approximation (GGA) function by employing the Perdew-Burke-Ernzerhof (PBE)
[30] correlation function inDmol3 package [31] ofMaterials Studio program (Version
8.0). Van derWaals correctionwas proposed byGrimme (i.e., DFT-D2method). Bril-
louin zone sampling was calculated using a Monkhorst–Pack grid with respect to
the symmetry of system and the electronic occupancies were determined according
to a Methfessel–Paxton scheme with an energy smearing of 0.005 Ha (1 Ha =
627.51 kcal/mol), the meshes were set to k-points 3 × 3 × 1 for GDY. The conver-
gence criteria for geometry optimization was set to the tolerance for the energy,
maximum force, maximum displacement and SCF on all atoms of 1.0 × 10–1 Ha,
0.002 Ha/Å, 0.005 Å and 1.0 × 10–6 Ha, respectively. The double numerical plus
polarization (DNP) was used to get more accurate results.

The complete LST/QST approach (liner/quadratic synchronous transit) was
employed to search transition state (TS) structure and to calculate the activation
energy (Ea) of the redox reaction of NM and its decomposition products. The value
of Ea was calculated as follows:

Ea = ETS − EIS
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Fig. 37.1 Geometric structures of a pristine GDY, b O-GDY, c OH-GDY, the gray, red, and white
balls represent C, O and H atoms, respectively

where ETS and EIS are the “total energy” of the TS and the initial states (IS), respec-
tively. The frequency calculation and nudged elastic band (NEB) tools were used to
confirm the minimum energy pathway (MEP).

The pristine and functionalized GDY structures used in this work were show
in Fig. 37.1, the primitive cell of pristine GDY containing 18 carbon atoms. The
optimized cell parameter of graphdiyne is 9.463 Å, the mean C–C bond length
in hexagon is 1.428 Å, the Csp2–Csp, Csp–Csp and Csp≡Csp bond lengths in the
diacetylenic links are 1.400, 1.342 and 1.232Å, respectively. These values are in good
agreement with the research previously [32, 33], which implies that the constructed
model is reasonable and the computational approach is appropriate. The pre-adsorbed
O atoms are expected to emerge with the proton transfer reaction on OH-GDY. In
order to simplify the calculation, the reactions between NM and O atom adsorbed
on the OH-GDY surface were calculated on the isolated O-GDY surface.

37.3 Results and Discussion

37.3.1 The First Step of Decomposition Reaction of NM

On the basis of the structures of NMmolecule, the pristine and functionalized GDY,
five possible reaction pathways of CH3NO2 were studied. The structures of the IS,
TS and FS which along the minimum energy path (MEP) of the five reactions were
shown in Fig. 37.2, and energy barriers (Ea) and reaction heats (Er) of elementary
steps are detailed listed in Table 37.1. It can be seen from the energy profile that all
possible reactions in the first step were endothermal. In four pathways, the reaction
had no transition state that the total energy of all structures in the path coordinate of
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Fig. 37.2 The energy profile of the first step of decomposition reaction path of NM on GDY. The
structure of the IS, TS and FS which along minimum energy path (MEP) are shown in the same
color with the corresponding reaction of NM. The grey, blue, red, and white balls indicate C, N, O
and H atoms. The symbol * indicate the species bonding to C1 site of GDY

Table 37.1 The activation
energy (Ea) and heat of
reaction (Er) of the first step
of decomposition reaction
path of NM on GDY

Reactions Ea Er

OH* + CH3NO2 → O* + CH3NOOH+ – 16.127

* + CH3NO2 → CH3* + NO2 64.994 20.436

O* + CH3NO2 → OH* + CH2NO2
− – 25.796

* + CH3NO2 → O* + CH3NO 51.477 38.904

OH* + CH3NO2 → H2O + CH2NO2
− – 51.616

* + CH3NO2 → H* + CH2NO2
− – 57.578

The symbol * indicate the species bonding to C1 site of GDY (Unit
in kcal/mol)

TS searchwere higher than that of ISwhile lower than that of FS,which indicated that
the reverse reaction may be a spontaneous process. Thus, no barriers were reported
for these pathways in Table 37.1. The most feasible reaction pathway in the first
step was NM molecule interacting with OH-GDY and the H atom transferred from
hydroxyl group to oxygen atom of NM, which was an endothermal reaction without
activation energy barrier. The initial state and final state configurations of the proton
transfer are shown in Fig. 37.2 (pink box). When NM is adsorbed on OH-GDY
surface, the NMmolecule adsorbed on the 18C-ring and formed hydrogen bond with
H atom of OH group, the distance between H of hydroxyl and O of NM is 1.702 Å
and the O–H bond length is 1.011 Å, longer than 0.977 Å when no adsorbate on the
surface. In the final state of this reaction, the CH3NOOH+ species still adsorbed on
the 18C-hexagon, the O–H bond length in CH3NOOH+ is 0.998 Å and the hydrogen
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bond length is 1.548 Å, the corresponding C–O bond length decreases from 1.362
to 1.293 Å with the proton gradually transferring from OH-GDY to O atom of NM,
and N–O bond extends from 1.268 to 1.362 Å. In consideration of the relatively
lower energy barrier of this pathway, the product CH3NOOH+ was selected to be the
reactant in the next step.

The other three non-barrier pathways as shown in Fig. 37.2 (black, red and blue
boxes) were proton transferring processes, too, with the proton transferring from the
methyl group of NM to the catalyst substrates. On the surfaces of GDY or O-GDY,
the protons bond with carbon atom or oxygen atom, respectively.While on OH-GDY
surface, the proton interacted with hydroxyl group to form H2O molecule. It can be
seen that the functionalized GDY exhibited higher activity than pristine GDY in
the reaction pathways. The hydroxyl group exhibited more significant catalysis than
pre-adsorbed oxygen atom, when it acted as proton donor. The product CH2NO2

− of
these pathways could easily capture H atom from hydroxyl group and spontaneously
form the intermediate product CH2NOOH.

The energy barrier of C–N bond broken (green box in Fig. 37.2) was as high
as 64.994 kcal/mol which is slightly higher than that in gas phase without catalyst,
indicates that the pristine GDY has no catalysis, but with negative catalytic effect for
this pathway. The reaction of the N–O bond broken of NM was shown in Fig. 37.2
(navy box) and has a high energy barrier of 51.477 kcal/mol. In the FS structure of
this pathway, the dissociated oxygen atom interacted with C atom to form a C–O
bond with the GDY.

37.3.2 The Second Step of Decomposition Reaction of NM

Since the reaction to produce CH3NOOH+ species has the lowest energy barrier,
seven possible reaction pathways starting with CH3NOOH+ were studied in this
step, the corresponding reaction equations, energy barriers and reaction heats were
list in Table 37.2. The IS, TS, and FS structures of these seven reactions were shown

Table 37.2 The activation energy (Ea) and heat of reaction (Er) of the second step of decomposition
reaction path of NM on GDY

Reactions Ea Er

OH* + CH3NOOH+ → H2O + CH2NOOH 31.395 −14.075

O* + CH3NOOH+ → OH* + CH2NOOH 7.732 −7.104

OH* + CH3NOOH+ → O* + CH4 + HNO2 34.719 −6.162

OH* + CH3NOOH+ → O* + H2O + CH3NO 8.033 −5.634

* + CH3NOOH+ → CH3* + HNO2 41.147 −1.683

* + CH3NOOH+ → OH* + CH3NO 23.381 6.897

* + CH3NOOH+ → H* + CH2NOOH 22.039 14.644

The symbol * indicate the species bonding to C1 site of GDY (Unit in kcal/mol)
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Fig. 37.3 The energy profile of the second step of decomposition reaction path of NM on GDY.
The structure of the IS, TS and FS which along minimum energy path (MEP) are shown in the same
color with the corresponding reaction of NM. The grey, blue, red, and white balls indicate C, N, O
and H atoms. The symbol * indicate the species bonding to C1 site of GDY

in Fig. 37.3. The minimum energy barrier pathway in this step was shown in red
box of Fig. 37.3, which formed CH2NOOH species and the activation energy barrier
and reaction heat were 7.732 and−7.104 kcal/mol, respectively. When CH3NOOH+

adsorbed on the O-GDY, the whole species was perpendicular to the surface. The
O atom adsorbed on the central site of the 18C-ring and the distance was 1.030 Å.
The three H atoms of methyl were not in the plane defined by C–N–O atoms. In the
transition state of this pathway, a H atom transferred toward the pre-adsorbed oxygen
atom and bond with it, which made the methyl also move toward the O atom and
caused the whole CH3NOOH+ slightly tilted to the surface. The C–H bond length
elongated from 1.100 to 1.308 Å, and the forming O–H bond length was 1.294 Å.
In the final state, the H atom continued to move toward O atom, which leads to
the completely breaking of C–H bond, then, the hydroxyl group adsorbing on GDY
surface with O–H bond length 0.979 Å formed. As the methylene moved back, the
CH2NOOH intermediate adsorbed on the central site of the 18C-ring via vertical
orientation. The bond length of C–N changes from 1.457 to 1.306 Å, indicating
that the C–N bond may change from single bond to double bond. And all atoms of
the CH2NOOH species move into a same plane except H atom of hydroxyl group.
Because of the lowest activation energy barrier in this pathway, the CH2NOOH
intermediate was selected as one initial structure of the next step.

There were two other pathways also generated the intermediate CH2NOOH as
shown in Fig. 37.3 (blue and black boxes), which the reactant CH3NOOH+ interacted
with OH-GDY and pristine GDY, respectively. The energy barriers of the methyl
dehydrogenation reaction of CH3NOOH+ species were significantly lower than NM,
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indicating that CH3NOOH+ has a higher reactivity. The energy barrier of the methyl
dehydrogenation reaction on OH-GDY was higher the that on pristine GDY, but the
reaction on OH-GDY was exothermic which is contrary to the endothermic reaction
on pristine GDY.

Another intermediate product CH3NOwas also selected as one initial structure of
the next step, because the energy barrier of the pathway was 8.033 kcal/mol which is
slightly higher than the lowest activation energy barrier. The structure of initial state
of this reaction pathwaywas shown inFig. 37.3 (green box). TheCH3NOOH+ species
adsorbed on the OH-GDY via parallel orientation. The O–H bonds of CH3NOOH+

species and hydroxyl group which adsorbed on GDY were parallel to each other. In
the transition state of this pathway, the distance between the two hydroxyl groups
decreases and the N–OH bond length increases from 1.409 to 1.896 Å. The C–O
bond of the OH group adsorbed on GDY rotated and the H atom moves toward
the O atom of CH3NOOH+ species and formed O–H bond with a bond length of
1.336 Å. In the final state, the N–O bond and O–H bond completely broke and
generated H2O molecule and CH3NO species. The C–N bond length increased from
1.455 to 1.492 Å. The reaction heat of this pathway was -5.634 kcal/mol. When the
CH3NOOH+ species interacted with pristine GDY, it also could generate CH3NO via
N–OH bond broken directly then the dissociated OH group adsorbed on GDY, but
the process changed into an endothermic reaction and the energy barrier increased
remarkably.

The pathways involved C–N bond broken also have been studied, as shown in
Fig. 37.3 (violet and navy boxes). The energy barriers of these pathways were higher
than all other pathways in this step. However, comparing with the process of C–
N bond broken of NM molecule in the first step, the barrier decreased evidently,
indicating that the hydrogenation of nitro group activated all bonds of NMmolecule.
In the TS of the two processes, the four atoms of methyl moved into a same plane.
For the reaction on OH-GDY, the C atom of methyl was attacked from the back of
N–C bond to form methane and nitrite acid. While on pristine GDY, the products
were nitrite acid and methyl group because of the absence of hydroxyl group.

37.3.3 The Third Step of Decomposition Reaction of NM

Because two intermediate products generated in the second step were selected as
the reactants of the third step, this step can be divided into two main pathways that
denoted by third step A (started with CH2NOOH species) and third step B (started
with CH3NO species). The structures of IS, TS and FS along the pathways were
shown in Figs. 37.4 and 37.5, and the corresponding activation energies and reaction
heats of those reactions were listed in Tables 37.3 and 37.4, respectively.

For the third step A, the minimum energy barrier pathway (red box in Fig. 37.4)
was the dehydroxylation reaction of the CH2NOOH on OH-GDY, the energy barrier
and reaction heat of this pathway were 11.937 and 7.409 kcal/mol, respectively.
The process was same as the reaction pathway of OH* + CH3NOOH+ → O* +
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Fig. 37.4 The energy profile of the third step A of decomposition reaction path of NM on GDY.
The structure of the IS, TS and FS which along minimum energy path (MEP) are shown in the same
color with the corresponding reaction of NM. The grey, blue, red, and white balls indicate C, N, O
and H atoms. The symbol * indicate the species bonding to C1 site of GDY

Fig. 37.5 The energy profile of the third step B of decomposition reaction path of NM on GDY.
The structure of the IS, TS and FS which along minimum energy path (MEP) are shown in the same
color with the corresponding reaction of NM. The grey, blue, red, and white balls indicate C, N, O
and H atoms. The symbol * indicate the species bonding to C1 site of GDY

H2O + CH3NO. There was another pathway generated the CH2NO species as shown
in black box of Fig. 37.4. The N–O bond of CH2NOOH cleaved, followed by the
dissociated OH group which will later interact with C atom to adsorbed on pris-
tine GDY. The energy barrier of this pathway increased to 29.116 kcal/mol and the
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Table 37.3 The activation energy (Ea) and heat of reaction (Er) of the third stepAof decomposition
reaction path of NM on GDY

Reactions Ea Er

O* + CH2NOOH → CH2O + HNO2 24.501 −19.728

OH* + CH2NOOH → O* + H2O + CH2NO 11.937 7.409

* + CH2NOOH → CH2* + HNO2 107.254 8.853

* + CH2NOOH → OH* + CH2NO 29.116 23.441

O* + CH2NOOH → OH* + CHNOOH− – 35.110

* + CH2NOOH → H* + CHNOOH− – 63.130

The symbol * indicate the species bonding to C1 site of GDY (Unit in kcal/mol)

Table 37.4 The activation
energy (Ea) and heat of
reaction (Er) of the third step
B of decomposition reaction
path of NM on GDY

Reactions Ea Er

O* + CH3NO → OH* + CH2NO 6.980 −9.135

* + CH3NO → CH3* + NO 46.878 2.059

OH* + CH3NO → O* + CH4 + NO 35.108 5.103

OH* + CH3NO → O* + CH3NOH – 10.510

* + CH3NO → H* + CH2NO 25.446 20.736

* + CH3NO → O* + CH3N – 57.002

The symbol * indicate the species bonding to C1 site of GDY (Unit
in kcal/mol)

reaction has a heat requirement of 23.441 kcal/mol. We also studied the methylene
dehydrogenation of CH2NOOH as shown in dark yellow box of Fig. 37.4, but the
process was difficult to proceed since it needs to overcome an energy barrier of
35.110 kcal/mol. Two pathways involving the break of C–N bond were shown in
Fig. 37.4 (blue and pink boxes). One is directly break on pristine GDY and the other
is break by the attacking of the oxygen atom on O-GDY. The directly break of C–N
bond has a very high energy barrier of 107.254 kcal/mol with the heat requirement of
8.853 kcal/mol. And the dissociated methylene adsorbed on the bridge site between
the C1-C2 of diacetylenic link, and the generated nitrous acid adsorbed on the center
of the 18C-ring via Van der Waals force. On O-GDY, the C atom of CH2NOOH
interacted with the pre-adsorbed oxygen atom to form a formaldehyde molecule and
nitrous acid with the physisorption interaction with GDY.

For the third step B, the pathway that the methyl of CH3NO dehydrogenated on
O-GDY, as shown in red box of Fig. 37.5, has the lowest activation energy barrier
of 6.980 kcal/mol, and a heat release of 19.728 kcal/mol. In the transition state of
this pathway, as the whole CH3NO species moved from the center site of 18C-ring
to the pre-adsorbed oxygen atom, a C–H bond of methyl elongated from 1.098 to
1.375 Å and the H atom bonded with the pre-adsorbed oxygen atom with a bond
length of 1.214 Å. In the final states, with the twirl of CH2NO species, the C–H bond
broke completely, thus a hydrogen bond formed between O atom of CH2NO species



37 Density Functional Theory Study on Mechanism of Enhanced … 505

and the new formed OH group. The similar reaction process also happened in the
pathway that the methyl of CH3NO dehydrogenated on pristine GDY (black box of
Fig. 37.5), but it was an endothermic reaction and the energy barrier increased to
25.446 kcal/mol.

The pathway that N–O bond was broke followed by the dissociated oxygen atom
which was adsorbed on GDY (dark yellow box of Fig. 37.5) was an endothermic
reaction without energy barrier. And the heat requirement was 57.002 kcal/mol.
There was another pathway also an endothermic reaction without energy barrier,
which the proton transferred from OH-GDY to the O atom of CH3NO species with a
heat requirement of 10.510 kcal/mol. There were two pathways involved C–N bond
broken in third step B as the second step, just the product HNO2 change to NO.
The reaction processes in the pathways were also same as that of the corresponding
pathways in the second step, but the energy barrier increased.

It is reported that the most probable product CH2NO generated both from the
third step A and B was considered to be a very reactive intermediate product [11].
The CH2NO species can easily interact with O to form an unstable species CH2ONO
whichwould decompose intoCH2O andNO. So that the process that CH2NO interact
with O and generated CH2O was studied and shown in Fig. 37.6. The energy barrier
and reaction heat were 9.493 and −16.355 kcal/mol, respectively. In the transition
state, the C–N bond of CH2NO rotated and the C atom bonded with the O atom of
O-GDY. In the final state, the C–N bond and C–O bond broke to generate CH2O and
NO molecules which were adsorbed on GDY surface via Van der Waals force. The
relatively low energy barrier of this reaction on functionalized GDY agreed with the
literature that CH2NO was a very reactive intermediate product.

Fig. 37.6 The structure of the IS, TS and FS which along minimum energy path (MEP) in the
process that CH2NO interact with O and generated CH2O. The grey, blue, red, and white balls
indicate C, N, O and H atoms
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37.3.4 Mechanism Analysis

The formation of intermediates and products, the depletion of reactant during the
reaction routes can be utilized to illustrate by analysis the reaction pathways. Because
the intermediate CH3NOOH was further decomposed to CH2NOOH or CH3NO
along two different reaction routes, the two reaction routes were summarized. NM
→ CH3NOOH → CH2NOOH → CH2NO → CH2O and NM → CH3NOOH →
CH3NO→CH2NO→CH2Owere denoted by routeAand routeB, respectively.And
the corresponding energy barrierswere 16.127→ 7.732→ 11.937→ 9.493 kcal/mol
and 16.127 → 8.033 → 6.980 → 9.493 kcal/mol, respectively. In both routes, the
rate-determining step was the first step that the proton transferred from OH-GDY to
NM. Because the relatively higher energy barrier of the third step in route A, route B
is considered the more preferable pathway. The spread of the intermediate products
on the functionalized GDY which was not discussed in this work may also affect the
reaction routes.

37.4 Conclusions

In this work, the reaction mechanism of NM on the GDY were identified in detailed
through DFT calculation. Comparing with pure GDY, the O- and OH-GDY usually
tend to promote the reactions of NM to the paths with low activation energy and
large heat release. It was found that the reactions on pristine GDY had higher energy
barriers than that on functionalized GDY in each step. Theminimum energy pathway
of the decomposition ofNM to formingCH2Owas found and determined by studying
the possible intermediates step by step, whichwas started with NMmolecule through
the path NM → CH3NOOH+ → CH3NO → CH2NO → CH2O. The first process
which the proton transferred fromOH-GDY to NM to generate the activation species
CH3NOOH+ was the rate-determining step. Thus, the functionalized GDY can be a
good catalysis for improving the reaction rate and efficiency of NM.
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Chapter 38
Determination of Chlorobenzene
in Graphene by Gas Chromatography
Mass Spectrometry

Yi Lu, Guojian Guo, Xinran You, Lijun Wu, Qining Xun, and Xia Liu

Abstract The content of chlorobenzene in graphene was determined by gas chro-
matography mass spectrometry. The four methods of solvent soaking method,
Soxhlet extraction method, ultrasonic method, ultrasonic solvent soaking method
and the extraction effect of the extraction parameters on the content of chloroben-
zene in graphene were investigated respectively. The results show that the ratio of
solvent to graphene is 30:1. The method of immersing in solvent for 1 h after ultra-
sonic for 8 min can achieve the maximum extraction of graphene chlorobenzene by
repeating twice. The influence of the type of chromatographic column, the tempera-
ture of the column oven and the split ratio on the test results were investigated. The
results showed that the best effect is when the column oven temperature is 100 °C
and the split ratio is 10:1. The spiked recovery rate of the method is between 93.4
and 107.3%, the repeatability is 5.6%, the stability is 9.3%, the method detection
limit is 0.00048%, and the sample detection limit is 0.015%. It can be used for trace
chlorine in graphene. Accurate determination of benzene.
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38.1 Introduction

Graphene is a nanomaterial composed of a single atomic layer of carbon. It has excel-
lent thermal, electrical, andmechanical properties. It has been successfully applied to
energetic materials such as propellants, explosives, and energetic ionic liquids, real-
izing energetic materials. The combustion performance, mechanical performance,
and mechanical sensitivity performance of the gas are improved [1–4].

The liquid phase separation method is one of the important methods that can
prepare graphene in batches. The basic principle is to soak the graphene in chloroben-
zene and use the method of ultrasonic vibration to use the intermolecular force of
chlorobenzene to be close to the intermolecular force of graphene. The characteris-
tics of the intermolecular intercalation under the action of ultrasonic external force,
so as to achieve the preparation of graphene. The advantage of this method is that
the quality of graphene is significantly higher than that of the mechanical exfoliation
method. The disadvantage is that chlorobenzene will remain in the graphene to a
certain extent, which will significantly affect the performance of graphene energetic
materials, such as reducing the combustion performance and deterioration of ener-
getic materials. Mechanical sensitivity of energetic materials, etc. Therefore, it is of
great significance to accurately determine the content of chlorobenzene in graphene
[5–8].

Gas chromatographymass spectrometry has the advantages of low detection limit,
high accuracy, and good repeatability. It has been successfully applied to the deter-
mination of chlorobenzene content in plastic [9], leather [10], surface water [11], and
air [12]. In this paper, this technique is applied to the determination of chloroben-
zene content in graphene. The digestion method, ICP test conditions, detection limit,
repeatability and recovery rate of standard addition were investigated respectively.

38.2 Experiment

38.2.1 Materials

(1) Acetone: chromatographically pure, with a purity of not less than 99.9%.
(2) Chlorobenzene: The purity is not less than 99%.
(3) Standard stock solution (1%):Weigh 1 g (accurate to 0.1mg) of chlorobenzene,

add it to 99 g of acetone (accurate to 0.1 mg), shake and mix well, and store at
4 °C.

(4) Standard working solution: Dilute the standard stock solution with acetone to
obtain a series of standard working solutions with concentrations of 0.01, 0.02,
0.03, 0.05 and 0.1%.

(5) Water: Three times distilled water.
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38.2.2 Instruments and Consumables

(1) Gas chromatography mass spectrometer: with EI source.
(2) Electronic balance: Sensitivity 0.1 mg.
(3) Ultrasonic machine: The volume is greater than 100 ml.
(4) Disposable filter membrane: 0.45 µm.
(5) Disposable needle tube: the volume is greater than 5 ml.
(6) Conical flask with stopper: 50 ml, glass material.
(7) Pipette gun: qualified after verification.
(8) Chromatography sample bottle: 2 ml, glass material.

38.2.3 Instrument Working Conditions

(a) Chromatographic column: Polar column DB-WAX, 30 m × 0.320 mm ×
0.25 µm.

(b) Column temperature: the initial temperature is 50 °C, keep for 10 min, and
increase the temperature to 100 °C at 10 °C/min, keep 10 mim.

(c) Temperature of the injection port: 280 °C.
(d) Chromatography-mass spectrometry interface temperature: 280 °C.
(e) Ion source temperature: 230 °C.
(f) MS quadrupole temperature: 150 °C.
(g) Solvent delay: 4 min.
(h) Carrier gas: high-purity helium gas with a flow rate of 1.0 mL/min.
(i) Ionization method: EI.
(j) Injection volume: 1.0 µL.
(k) Split ratio: 10:1.

38.2.4 Principle of the Method

The graphene sample is immersed in acetone, and the chlorobenzene in the graphene
is fully transferred to the acetone by ultrasonic at a specific temperature and a specific
time. The graphene in the extract is filtered out with a filter membrane, and then the
external standard method is used. The gas chromatography-mass spectrometer is
used for the determination.
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Table 38.1 Extraction effect of chlorobenzene with different soaking time

Extraction time (h) 6 12 24 36 48 60

Measured value of chlorobenzene (%) 0.094 0.128 0.155 0.173 0.206 0.208

38.3 Results and Discussion

38.3.1 Sample Preparation Method

The extraction effect of chlorobenzene in graphene by four methods: solvent immer-
sion method, Soxhlet extraction method, ultrasonic method, and ultrasonic solvent
immersion method were investigated respectively.

38.3.1.1 Solvent Immersion Method

The solvent soaking method is the simplest method to extract organic impurities. It
is to directly soak graphene in a solvent in an Erlenmeyer flask with a stopper to
achieve the extraction of chlorobenzene from the graphene. The main parameter to
be investigated is the extraction time.

Therefore, we have investigated the extraction effect of different soaking times. It
needs to be explained that the graphene soaked in acetone will gradually deposit after
standing for a period of time, and the extraction efficiency will decrease. Therefore,
we manually shake the plug cone once every 4 h. Bottle to re-disperse the graphene
into the acetone solvent to improve the extraction efficiency. Another issue that needs
attention is the temperature. The higher the temperature, the higher the extraction
efficiency. However, because acetone is a volatile solvent, the temperature should not
be too high. Also, because the solvent immersion method usually takes a long time,
higher temperature will bring about volatilization. The loss will be very obvious.
We have determined through experiments that the temperature cannot be higher than
35 °C, and the volatilization will be very obvious if it is higher than 35 °C for a long
time, so the extraction temperature is set at 35 °C.

After determining the extraction temperature, we specifically investigated the
extraction effect of 6, 12, 18, 24, 48, and 60 h soaking time. See Table 38.1. It can
be seen that as the soaking time increases, the extraction effect gradually improves.
It remained basically unchanged around 48 h. It can be seen that the extraction of
chlorobenzene in graphene can be achieved by the soakingmethod, but the efficiency
is very low, requiring 48 h.

38.3.1.2 Soxhlet Extraction Method

Because the extraction time of the solvent soaking method is too long, we consider
trying to adopt the accelerated extractionmethod, the first thing that comes to mind is
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the Soxhlet extractionmethod. Soxhlet extraction, also known as sand extraction, is a
methodof extracting compounds fromsolidmaterials. TheSoxhlet extractionmethod
uses the principle of solvent reflux and siphon to achieve continuous extraction of
the required components in the solid mixture. When the liquid level of the solvent
under reflux in the extraction cylinder exceeds the siphon of the Soxhlet extractor,
the solvent in the extraction cylinder flows back into the round-bottomed flask, that
is, siphon occurs. When the temperature rises and the reflux starts again, the solid
matter can be extracted by the pure hot solvent before each siphon. The repeated use
of the solvent shortens the extraction time, so the extraction efficiency is significantly
improved.

For this study, we found through experiments that due to the low density of
graphene, graphene cannot stay in the extractor during Soxhlet extraction, but will
flow or siphon along with the solvent, and even partially agglomerate to block the
siphon. The result is that the effect of solvent concentration and purification is not
much better than that of solvent direct immersion method, which does not achieve
the expected effect.

38.3.1.3 Ultrasound Method

Through further research, we found that the solvent itself has a good dissolving effect
on the target organic impurities, and the main thing that affects the purification effect
is the agglomeration of graphene, so we tried to use ultrasound for extraction.

For the ultrasonic extractionmethod, the ultrasonic time is a key parameter. Gener-
ally, the longer the ultrasonic time, the better the extraction effect, but the ultrasonic
time is not as long as possible. For this project, the extraction efficiency and safety
should also be considered. In terms of safety, themain consideration is that acetone is
a volatile solvent. The temperature of acetone will rise rapidly during the ultrasonic
process,whichwill significantly accelerate the volatilization of acetone.Although the
target chlorobenzene is not as volatile as acetone, it has been dissolved in acetone.
Among them, the volatilization of acetone causes the loss of chlorobenzene to a
certain extent, resulting in low test results, so a reasonable ultrasonic time needs to
be determined.

This project investigated the extraction effects of 4, 6, 8, 10, 12, and 14 min
respectively. The results are shown in Table 38.2, which can be seen:

(1) The effect of ultrasonic extraction is significantly better than that of direct
solvent soaking. The content of chlorobenzene reached 0.122% in only 10 min

Table 38.2 Extraction effect of different extraction time

Extraction time (min) 4 6 8 10 12 14

Measured value of chlorobenzene (%) 0.036 0.073 0.098 0.122 0.134 0.145

Quality loss (%) 0.2 0.6 1.2 3.6 8.3 15.8
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of ultrasonic, which is close to the effect of direct solvent soaking for 12 h of
0.128%.

(2) As the ultrasound time increases, the content of chlorobenzene gradually
increases, but at the same time the overall mass loss also shows an accelerated
upward trend, reaching 3.6% at 10 min and 15.8% at 14 min. The results show
that although the effect of extracting chlorobenzene only by ultrasonic method
is very efficient, it is difficult to solve the problem of volatilization loss, and
the effect is not ideal.

38.3.1.4 Ultrasonic Solvent Immersion

Since ultrasound can speed up the extraction effect, and it is difficult to solve the
problem of volatilization loss, the ultrasound method can be combined with the
solvent immersion method. From the above research, it is found that the mass loss
at 8 min of ultrasound is 1.2%, which is still within an acceptable range., Then we
consider first sonicating for 8 min, then solvent soaking, and then sonicating for
8 min then solvent soaking, how to repeatedly determine an optimal time.

According to the above conditions, we conducted experiments. The results are
shown in Table 38.3. It can be seen that the extraction efficiency of solvent soaking
after ultrasonic is significantly improved than that of direct soaking, indicating that
ultrasonic can accelerate the precipitation of chlorobenzene. On the other hand, the
chlorobenzene concentration reached themaximum value of 0.261% after sonicating
for 8 min and then immersing in the solvent for 1 h. Repeating this process did not
further increase the concentration of chlorobenzene. The best extraction effect has
been achieved.

On the other hand, because graphene samples are usually expensive, the amount
of graphene is usually not too much, and the amount of corresponding solvent must
be appropriate. On the one hand, the amount of solvent should not be too low. If it
is too low, there may be the problem of saturation of the above-mentioned organic
impurities, so that all the organic impurities in the graphene cannot be extracted. On
the other hand, the amount of solvent should not be too large. If it is too large, it
will greatly dilute the concentration of organic impurities, which is not conducive
to subsequent instrument measurement. Even if the solvent can be concentrated by
heating and volatilization, it will inevitably cause the loss of organic impurities by

Table 38.3 Extraction effect after different extraction treatments in sequence

Extraction time Ultrasound
for 8 min

Soak for
1 h

Ultrasound
for 8 min

Soak for
1 h

Ultrasound
for 8 min

Soak for
1 h

Measured value
of
chlorobenzene
(%)

0.096 0.114 0.246 0.261 0.262 0.262
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Table 38.4 The extraction effect of different solvent/graphene dosage ratios

Solvent/graphene 10:1 20:1 30:1 40:1

Extraction Very viscous, unable to
filter out the extract

Viscous, difficult to filter
out the extract

0.258% 0.264%

volatilization. Wait for a series of questions. Therefore, it is necessary to determine
a reasonable solvent/graphene dosage ratio through experimental research.

The extraction effects of solvent/graphene dosage ratios of 10:1, 20:1, 30:1, and
40:1 were investigated respectively, as shown in Table 38.4. It can be seen from
the table that when the solvent/graphene dosage ratio is 10:1 and 20:1, the system is
viscous and it is impossible or difficult to filter out the extract. From the ratio of 30:1,
an ideal extract can beobtained. 30:1 and40:1 extracts have little difference in specific
test results. Taking into account the convenience of operation and the detection limit
of samples with lower chlorobenzene content, the optimal solvent/graphene dosage
is set at It’s 30:1.

In summary, the solvent/graphene dosage ratio is 30:1. The method of using
ultrasonic for 8 min and then solvent soaking for 1 h, repeated twice can achieve the
maximumextraction of graphene chlorobenzene, while taking into account the detec-
tion limit of subsequent tests. The method only needs 2 h and 16min to complete, the
effect is better than the 48 h of the direct solvent soaking method, and the extraction
effect is significant.

38.3.2 Determination of Chlorobenzene

In this study, a gas chromatograph was used to determine the organic impurities
in graphene, and a mass spectrometer and library were used to achieve qualitative
analysis of organic impurities in graphene, and then an external standard method was
used to achieve accurate quantification of impurities. The key parameters that need
to be optimized include column type, oven temperature, and split ratio.

38.3.2.1 Column

To obtain a good spectrum for a gas chromatograph, the choice of a chromatographic
column is the first problem that needs to be solved. The choice of chromatographic
column can generally be selected according to the principle of “similar compatibil-
ity”. That is, it is selected according to the principle that the polarity of the separated
components is similar to that of the stationary liquid. Since the types of organic impu-
rities in graphene are unknown in this project, three columns of non-polar column,
weakly polar column, and polar column were investigated respectively. The test
results are shown in Table 38.5, from which the test results of the three chromato-
graphic columns can be seen The difference is not large, but because the peak shape
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Table 38.5 Test results of chromatographic columns with different polarities

Column polarity Non-polar column Weak polarity column Polar column

Measured value of chlorobenzene
(%)

0.259 0.258 0.261

of the non-polar column is not sharp (Fig. 38.1), it is not as sharp as the peaks of the
weakly polar column (Fig. 38.2) and the polar column (Fig. 38.3), resulting in less

Fig. 38.1 Non-polar gas chromatography-mass spectrogram

Fig. 38.2 Gas chromatography-mass spectrogram of weak polarity column

Fig. 38.3 Polar column gas chromatography-mass spectrogram
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Table 38.6 The influence of different oven temperature on the test effect

Oven temperature (°C) 50 75 100 125

Test effect No peak No peak Sharp peak Sharp peak

repeatable results. Sexual column and weakly polar column. Therefore, this project
does not use a non-polar column, and can choose a polar column or a weakly polar
column.

38.3.2.2 Oven Temperature

Oven temperature is an important operating parameter, which directly affects sepa-
ration efficiency and analysis speed. The selection of column temperature needs to
consider the boiling point range of the mixture, the ratio of the stationary liquid and
the sensitivity of the identifier. Increasing the column temperature can shorten the
analysis time, and lowering the column temperature can increase the selectivity of
the chromatographic column, which is beneficial to the separation of components
and the improvement of the stability of the chromatographic column. Generally, a
column temperature equal to or higher than the average boiling point of the sample
is more appropriate. Even if the most difficult to separate components have the best
possible degree of separation, the lower temperature should be used as much as
possible, but the retention time is suitable and not Smearing is in degrees.

In this project, the test results of the oven temperature of 50, 75, 100 and 125 °C
were investigated respectively. See Table 38.6. It can be seen from the table that there
is no peak of chlorobenzene at 75 °C, and at 100 °C and above. The peaks can appear
at times and are sharp, so the oven temperature is set at 100 °C.

38.3.2.3 Split Ratio

The split ratio is one of the important reasons for chromatographic separation. Gener-
ally speaking, the larger the split ratio, the sharper the peak shape and the better the
quantitative repeatability. However, the larger the split ratio, the lower the signal
intensity, so a reasonable split ratio needs to be determined.

In this study, the test results of split ratios of 1:1, 5:1, 10:1, 20:1, and 30:1 were
investigated respectively, as shown in Table 38.7. It can be seen that the peak of
the spectrum is sharp when the split ratio reaches 10:1. Therefore, the split ratio is
determined to be 10:1.

Table 38.7 The impact of different split ratios on the test results

Split ratio 1:1 5:1 10:1 20:1 50:1

Test effect Not sharp Not sharp Sharp Sharp Sharp
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Table 38.8 Standard addition recovery rate of gas chromatography mass spectrometry

Standard addition rate 50% plus standard 100% plus standard 50% plus standard

Measured value of chlorobenzene
(%)

93.4 107.3 95.8

Table 38.9 Repeatability results of chlorobenzene content in graphene determined by gas
chromatography

Measured value of chlorobenzene RSD

0.253% 0.274% 0.259% 0.235% 5.6%

0.269% 0.271% 0.246% –

Table 38.10 Stability results of chlorobenzene content in graphene determined by gas chromatog-
raphy

Measured value of chlorobenzene RSD

0.258% 0.253% 0.295% 0.315% 9.3%

0.286% 0.325% 0.286% –

38.3.2.4 Standard Recovery Rate

The recovery rate of standard addition by gas chromatography is shown in Table
38.8. It can be seen that the recovery rate of standard addition is 93.4–107.3%.

38.3.2.5 Repeatability Experiment

The same experimenter continuously measured the same sample 7 times in the same
day. The calculated repeatability is shown in Table 38.9. From the table, it can be
seen that the repeatability is 5.6%.

38.3.2.6 Stability Experiment

Test 7 times at different time (interval of 1 day). The calculated stability is shown in
Table 38.10. From the table, it can be seen that the stability is 9.3%.

38.3.2.7 Detection Limit

Prepare 0.01% chlorobenzene in acetone, measure 11 times, calculate the detection
limit with 3 times the standard deviation, see Table 38.11.
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Table 38.11 Determination results of detection limit of gas chromatography mass spectrometry

Measured value SD Detection Limit
(3SD)

0.0104% 0.0102% 0.0100% 0.0102% 0.0099% 0.0100% 0.00016% 0.00048%

0.0100% 0.0100% 0.0103% 0.0100% 0.0102% –

Because the extraction ratio of the graphene sample with acetone is 30:1, the
detection limit of the chlorobenzene content in graphene is 0.00048% × 30 =
0.015%.

38.4 Conclusion

The determination of chlorobenzene content in graphene samples was achieved by
using gas chromatography mass spectrometry. It is determined that the ultrasonic
solvent soaking method is used to achieve sufficient extraction of chlorobenzene in
graphene. The detection limit of the method was determined, and the reliability of
the method was verified by adding standard recovery experiment and repeatability
experiment. The repeatability RSD of the content of chlorobenzene in the measured
graphene sample is 5.6%, and the recovery rate of standard addition is between 93.4
and 107.3%. This method is convenient and fast, with low detection limit and high
data reliability.
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Chapter 39
Simulation of Impact Initiation
of Explosives Based on a Meshless
Method

Zhiming Guo, Xianzhen Jia, and Zesheng Liu

Abstract In this paper, the conservative reproducing kernel smoothed particle
hydrodynamic (CRKSPH)method is used to simulate the impact initiation process of
ANFO and predict the propagation of shock waves arising from the detonation inside
the shell and the resultant shell deformation. In calculations, the use of CRKSPH
is found to effectively improve calculation accuracy. The explosive reaction and
product expansion process are characterized by the JWL++ equation of state (EOS).
The calculation results reproduce the impact ignition process by fragments, explosive
detonation process, shell deformation response, and explosive reaction distribution.
This study quantitatively analyzes the physical value of three measure points and
finds the evolution rule, which is of certain guiding significance for the research on
ammunition safety. In addition, this study shows that CRKSPH is practically valuable
in calculating the impact initiation of explosives.

39.1 Introduction

In recent years, the impact resistance of ammunition and explosives has attracted
increasing attention. The research on impact initiation by fragments is of guiding
significance for the studies on ammunition safety in the combat environment on the
one hand; on the other hand, it also provides engineering guidance and technical
standards for the safe transportation and storage of ammunition. At present, one
relatively mature view on the mechanism of impact initiation of explosives is the
hotspot initiation theory. The theory states that when an explosive is subjected to
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impact, the impact wave reflects and undergoes adiabatic compression in the cavities,
gaps, and locations of impurities or density discontinuities inside the explosive,
leading to the rise of local temperature and thus producing hotspots that ignite the
surface of the explosive particles surrounding them, resulting in a stable detonation.

Up to date, extensive research has been made on impact initiation of shelled
charges by fragments. Dai et al. [1] calculated the theoretical and simulation speed
thresholds of five types of fragments impacting TNT charges with the LS-DYNA
software and fitted the theoretical head shape coefficient of fragment simulating
projectiles (FSP). Zhang et al. [2] simulated the penetration process of impinged
cylindrical shell by EFP with the LS-DYNA software and identified the change rule
of its impact initiation capacity with different strike angles.

Zhao et al. [3] studied the protection of explosives by composite shells against the
impact of fragments and explored their pressure peak and energy change. Chen et al.
[4] studied the damage effect of near-field strong impact waves on covered TNT and
investigated its impact initiation process through experiments and the LS-DYNA3D
software. They worked out the critical thickness of the covered plate for detonating
TNT during contact explosion, and the gap distance of covered TNT’s sympathetic
detonation during non-contact explosion. Many scholars at home and abroad have
conducted research on the impact initiation of explosives, and a series of semi-
empirical denotation initiation criteria based on approximate calculation have been
drawn. Walke and Wasley [5] proposed the critical energy criterion for impact initi-
ation, namely, the one-dimensional short pulse initiation criterion of heterogeneous
explosives.

Smoothed particle hydrodynamics (SPH) is a completely meshfree Lagrangian
numerical method that discretizes the integral or partial differential equations
governing medium movements based on particle approximation and expresses the
values of continuous field variables by convolving the nature of discrete particles
(e.g., mass, momentum and energy) and the interpolation kernel (usually denoted
by W). SPH is characterized by evident material interfaces. In addition to the ability
to accurately describe material interfaces in Laplace calculations, SPH retains the
advantages of meshless methods, suitable for addressing various issues concerning
large deformation and moving boundaries of fluids, such as material damage and
fracture, explosive detonation, and impact penetration [6–9]. SPH was first proposed
by Lucy [10] and Gingold [11] in 1977 and applied to astrophysics at the beginning.
Afterwards, Swegle et al. [12] applied it to simulate explosions, and Liu used it to
simulate the detonation process of shaped charges for the first time.

Although SPHhas been successfully applied inmanyfields, it has some prominent
drawbacks. The most serious is the lack of zeroth-order consistency, also known as
“E0errors” [13, 14].Another commondrawback lies in the artificial viscosity formula
required to accurately capture the shock front. The standard viscosity calculation
formula proposed by Monaghan and Gingold [15] has excessive damping, leading
to that the results obtained are seriously distorted. Despite various revision methods
having been developed, viscosity calculation is still a problem to be addressed.

A meaningful attempt to solve the zeroth-order accuracy problem is the repro-
ducing kernel (RK) method [9, 16]. The RK method improves the interpolation
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kernel of SPH by adding degrees of freedom, realizing the accurate reproduction of
any order polynomials. In this way, SPH’s E0 errors can be completely eliminated.
Nonetheless, the method results in the asymmetry of kernels in the particles. This
paper utilizes conservative reproducing kernel smoothed particle hydrodynamics
(CRKSPH) [16] with an RK, and re-derives the momentum conservation equation
based on RK interpolation. CRKSPH can accurately maintain linear conservation
of momentum to achieve a certain accuracy, effectively eliminating E0 errors and
avoiding the excessive use of artificial viscosity.

Hence, this paper numerically simulates the impact initiation process of explosives
using meshless CRKSPH and the JWL++ EOS [17] and explores the interaction
mechanism in the denotation process.

39.2 Theory of Computation

While retaining many advantages of traditional SPH, CRKSPH improves its disad-
vantages, especially unduly high artificial viscosity and E0 errors. To be specific,
compared to traditional SPH, CRKSPH has three major changes: (a) the use of a
linear RK function, (b) the use of a conservative governing equation, and (c) complete
constitutive model.

39.2.1 Linear RK Function

In order to address the problem that SPH cannot reconstruct the polynomial of the
required order, some correction terms are added to the kernel function for the interpo-
lation of traditional SPH, in an effort to accurately reproduce constants and linear or
higher order terms. This interpolation method is called reproducing kernel method
(RPKM), and the reproducing kernel formula can be extended to any order. The
RK interpolation formula and the gradient of the variable field are expressed as
Eqs. (39.1) and (39.2), respectively:

〈
F

(
xα
i

)〉 =
∑

j

Vj FjW
R
i j (39.1)

〈
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xα
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)〉 =
∑

Vj Fj∂γ W
R
i j (39.2)

CRKSPH replaces the classic SPH kernel (Wij → WR
ij ) with the enhanced RK

kernel, enabling it to accurately reproduce any linear field and avoiding the E0 errors
in the interpolation of classic SPH.
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39.2.2 Conservative Governing Equations

Regarding RK interpolation and gradient, CRKSPH employs some derivative
methods in the MLSPH structure to establish governing equations in conservation
form. Suppose that the interpolation uses the universal kernel function ψ(x), where
the conserved density U and flux F are defined as:
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By interpolation function and volume integral:
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the kinetic momentum and energy equation can be obtained:

mi
Dvα

i

Dt
= 1

2

∑

j

σ
αβ

i + σ
αβ

j

(
Vi∂βψ j − Vj∂βψi

)

mi
Dui
Dt

+ miv
∂
i

Dvα
i

Dt
= 1

2

∑

j

(
σ

αβ

i v
β

i + σ
αβ

i v
β

j

)(
Vi∂α� j − Vj∂αψi

)

⇒ mi
Dui
Dt

= 1

2

∑

j

σ
αβ

j

[
v

β

j − v
β

i

](
Vi∂αψ j − Vj∂αψi

)

(39.5)

where the force pairs are anti-symmetric. Therefore, themomentum equation derived
in this way, coupled with the form of RK, can ensure the precise linear conservation
of momentum.

39.2.3 Complete Constitutive Model

39.2.3.1 Metal Constitutive Model

For metal materials, the most commonly used constitutive relationship to simulate
high-strain-rate flow under transient load is the Johnson–Cook constitutive model:

σy = (
A + Bε pn

)(
1 + Clnε̇∗)(1 − T ∗m)
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Table 39.1 Johnson–Cook model parameters for aluminum

A(MPa) B(MPa) C n m Troom(K) Tmelt (K)

175 380 0.0015 0.34 1.0 273 775

Table 39.2 Parameter values of the Tillotson EOS for aluminum

A(GPa) B(GPa) a b α β e0
KJ · g−1 es

KJ · g−1 e
′
/KJ · g−1

75.20 65.00 0.50 1.63 5.00 5.00 5.00 3.00 15.00

T ∗ = T − Troom
Tmelt − Troom

where ε pn is the effective plastic strain, ε̇∗ is the strain rate, T is the temperature, and
A, B, C, n and m are experimental parameters. The metal material used in this paper
is aluminum, and the specific parameter values are shown in Table 39.1.

With regard to the EOS for metals, Tillotson’s EOS is utilized, by which
the dynamic behavior of metal materials including phase transition under high-
temperature, high-pressure, and high-strain-rate conditions can be accurately
described. The pressure expressions of the four phase regions are as below:

p1 =
(
a + b

ω0

)
ηρ0e + Aμ + Bμ2

p2 =
(
a + b

ω0

)
ηρ0e + Aμ

p3 = p2 + (p4 − p2)(e − es)(
e′
s − es

)

p4 = aηρ0e +
(
bηρ0e

ω0
+ Aμeβx

)
e−ax2

η = ρ

ρ0
, μ = η − 1, ω0 = 1 + e

e0η2

where a, b, A, B, α, β, e0, es, and e
′
s are material parameters (to be obtained from

experiments), and p1 ∼ p4 correspond to the pressures of the four phase regions.
The specific parameter values are shown in Table 39.2.

39.2.3.2 Explosive EOS

JWL++ , an ANFO EOS developed by Souers et al. [17], is associated with the
ignition and growth model, but it has a simpler form and fewer fitted constants. The
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Table 39.3 Parameter values of ANFO EOS

Material G b ρ0/ (Kg m−1) E0 (J) Ultimate pressure
(MPa)

Volume-fraction
limit

ANFO 3.5083e−7 1.3 1160 5.558e6 200 0.01

rate equation is as follows:

d f

dt
= G(1 − F)Pb (39.6)

where F is the degree of reaction in the unit, P is the pressure, and G and b are fitted
constants. In addition, there are other forms of JWL++models. The parameter values
are shown in Table 39.3.

39.3 Calculation Model and Simulation Results

39.3.1 Calculation Model

Considering symmetry and calculation efficiency, the 3D model is simplified as a
2D plane, and the particle model established is shown in Fig. 39.1. The fragment on
the left side has a 3 mm diameter; the shell on the right side has an inner diameter
of 12 mm and a thickness of 2 mm.; and the diameter of the charge is 12 mm. The
model consists of 25,400 particles, and the velocity of the fragment is 500 m/s.

Fragment 

Charge

Shell

Measure 

point 1 

Measure 

point 2

Measure 

point 3 

Fig. 39.1 Particle computational model
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39.3.2 Simulation Results

Simulation calculation is carried out based onworking conditions using the simplified
model, and the pressure nephograms at different times during the impact detonation
process can be obtained, as shown in Table 39.4. The nephogram at each time point
shown in the figure is the effect of the particle dispersion result interpolated on the
grid.

As illustrated by the pressure nephograms at each time point in Table 39.3, the
explosive is ignited under the impact of about 3 us (ANFO ignition pressure is
200 MPa), after which the pressure surges and rapidly propagates to the inside and
boundary of the explosive. The pressure wave is reflected to form a tensile wave after
reaching the inner edge of the shell for the first time, and then the formed tensile
wave re-propagates to the inside of the explosive. As a result, the incident waves and
reflected waves in all directions are superimposed inside the explosive to formMach
waves with higher pressure, for example, the pressure distributions at 10 us and 14 us
in Table 39.4. After that, after multiple reflections and superpositions inside the shell,
the shock wave, coupled with detonation products, causes the shell to expand and
undergo plastic deformation. Meanwhile, the reaction degree of the explosive also
rapidly advances from left to right over time, and the reaction is basically completed
at about 14 us, with the reaction degree at each point close to 1 (Table 39.5).

Figure 39.2 presents the pressure change curves at the three measure points in the
model with time. From the curve in Fig. 2a (measure point 1), it can be seen that the
explosive is detonated by impact at about 2 us, and thereafter, the pressure increases

Table 39.4 Pressure evolution process of the explosive

t=8us

t=10us t=14us

t=1us t=3us t=6us
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Table 39.5 Reaction fraction evolution process of the explosive

t=1us t=3us t=6us

t=8us t=10us

t=14us

to a certain extent with time until 10 us. When the shock wave propagates to the
rightmost end of the explosive for the first time, the pressure value is the first peak
in the curve shown in Fig. 2c (measure point 3). Then, the pressure is reflected by
the shell to form a transmitted wave, which is the second peak in the curve shown
in Fig. 2c (measure point 3). After that, the transmitted wave continues to propagate
towards the left, and the peak of the curve shown inFig. 2b corresponds to the pressure
value when the transmitted wave passes. When the wave reaches the leftmost end, it
transforms into a larger pressure wave at measure point 1, corresponding to the peak
of the curve in Fig. 2a.

The time history curve of the reaction degree at the explosive center (measure
point 2) is shown in Fig. 39.3. As illustrated, the ignition reaction starts at the center
of the explosive at about 5 us, followed by the rapid increase of the reaction degree.
The degree of reaction reaches the maximum at about 14 us, and the reaction is
completed at about 17 us.

39.4 Conclusion

By simulating the impact initiation process of ANFO, this paper draws the following
conclusions:

(1) Regardless of the specific chemical constituents ofANFO,CRKSPHcombined
with JWL++ EOS allows us to reproduce the impact initiation process of the
explosive and obtain quantitative calculation results.
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(a) Measure point 1 Pressure-time curve        (b) Measure point 2 Pressure-time curve 

 (c) Measure point 3 Pressure-time curve 

Fig. 39.2 Pressure–time curves of the three measure points

(2) Meshless CRKSPH can effectively simulate explosive denotation, product
flow, and large plastic deformation of metal shells.

(3) CRKSPH combined with an appropriate explosive EOS and particle-to-grid
interpolation can accurately capture the propagation process of pressure waves
in an explosive after it is initiated by impact. The exploration of the propagation
process canguide the structural and safety designof explosives and ammunition
and thus improve their safety.
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Fig. 39.3 Time history curve of reaction degree at the center of the explosive (measure point 2)
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Chapter 40
Study on Low Vulnerability of RDX-Al
Based Cast Explosives

Jun Zhang, Sihua Zhu, Ying Shi, Jinpin Wang, Qingpo Wu, Wei-li Wang,
and Yucun Liu

Abstract In order to assess the low vulnerability of RDX-based aluminum-
containing cast explosives, relevant test methods based on Compilation of Appli-
cable Test Methods for Formula Evaluation of Military Mixed Explosives. Four
standard tests of 7.62 mm bullet impact, 12.7 mm bullet impact, slow cook-off tests
and fast cook-off tests were carried out. According to the test standard, the vulnera-
bility of the agent is comprehensively evaluated from the aspects of sample residual
state, projectile damage state, witness plate damage state, shock wave over pressure
and response grade. Findings demonstrate that RDX-based aluminum-containing
cast explosives are insensitive to bullet impact and burning stimuli, and there is no
response to the impact of the 7.62 mm bullet. Furthermore, the other three tests
manifest an insensitive explosive with high safety, combustion reaction and good
low vulnerability.
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40.1 Introduction

With the advancement of modern warfare to be high, refined and sophisticated,
the comprehensive performance of weapons and ammunition is more and more
demanding. The war environment is deteriorating day by day, and the ammunition
may be attacked by the enemy before it is put into use, resulting in casualties and
equipment damage, thus putting us in a passive state [1–3]. Therefore, it is partic-
ularly significant to improve the survivability of weapons and ammunition in the
battlefield environment, and the application of low vulnerability can greatly improve
its security. In order to improve the survivability of weapons and ammunition and
reduce the explosion accidents caused by accidental stimulation (shooting, burning,
fragment impact, martyrdom explosion, jet impact), countries throughout the world
assess the safety of their weapons and ammunition, low vulnerability explosives
committed to meet the requirements of the use of weapons and ammunition [4, 5].
In 2011, the United States revised the standard MIL-STD-2015C on the basis of the
original military standard MIL-STD-2015D for insensitive ammunition, and defined
the evaluation test items, test methods and corresponding qualification criteria. At
the same time, NATO has also developed evaluation criteria for insensitive muni-
tions (SYANAG4107) [6, 7]. Relevant domestic research institutions and universities
have also carried out research work on low vulnerable explosives. Guan et al. [8]
replaced part of RDX with nitroguanidine or NTO. The impact sensitivity decreased
obviously, and the reaction level of shooting and Susan experiment grade was low;
Yun et al. [9] studied the effect of FOX-7 on the safety performance of the formula.
The results examined that the friction sensitivity decreased, and the electrostatic
spark sensitivity decreased obviously, while the slow cook-off tests and fast cook-off
tests response times were increased by 58 and 18.5%, respectively. Cao et al. [10]
prepared the pouring explosive GOL-42 with solid content (90%HMX/Al = 75/15),
fast burning, slow burning, bullet impact test, and the corresponding degree is low
reaction grade combustion reaction; Referring to American MIL-STD-2015C, Gao
et al. [11] studied the vulnerability characteristics of PMX-1 explosive under the
conditions of 12.7 mm bullet impact, slow cook-off tests and fast cook-off tests. The
test results showed that the explosive has combustion reaction in the three tests.

This research refers to the relevant test standards and requirements of GJB772A-
1997 Explosive Test methods 603.1 7.62 mm Rifle Method andCompilation of Appli-
cable Test Methods for Military Mixed Explosive Formula Evaluation. Low vulner-
ability tests such as 7.62 mm bullet impact, 12.7 mm armor-piercing incendiary
impact, slow cook-off tests and fast cook-off tests are carried out on RDX-based cast
aluminum-containing explosives, so as to lay a solid foundation for the formulation
design and vulnerability study of cast PBX explosives.



40 Study on Low Vulnerability of RDX-Al Based Cast Explosives 535

40.2 Test

40.2.1 Sample Preparation

The formula and preparation technology of pouring PBX explosive proceeds with
RDX as the main explosive, Al powder as high energy additive and HTPB/IPDI as
binder system. The sample was prepared according to the procedures of rawmaterial
pretreatment, slurry premixing, slurry kneading, slurry pouring, sample curing and
demolding.

(a) 7.62 mm bullet impact test sample:

Use special tooling to prepare test sample, bare grain size F60 mm × 60 mm;

(b) 12.7 mm armor-piercing incendiary bullet impact test sample:

The slurry was poured into the simulated shell, and the end cover was closed after
solidification. The inner diameter of the shell was F50 mm × 75 mm, the thickness
of the shell was 2 mm, and the shell and end cover were made of 45# steel;

(c) Slow/fast cook-off tests sample:

The slurry was poured into the simulated shell, and the end cover was closed after
solidification. The inner diameter of the shell was F60 mm × 240 mm, the shell
thickness was 2 mm, and the shell and end cover materials were made of 45# steel.

40.2.2 Test Conditions

40.2.2.1 7.62 mm Bullet Impact Test

The 7.62 mm bullet impact test was carried out according to the 603.1 7.62 mm Rifle
Method of GJB772A-1997 Explosive Test Method. The grain was placed on a fixed
frame at the 25 mm from the muzzle of the gun, and the bullet was shot radially
along the column. The test number was 10, and the number of the test was numbered
with a marker. The response degree was comprehensively judged by observing the
test phenomenon and recovering the wreckage. The state of the test grain is shown
in Fig. 40.1.

40.2.2.2 12.7 mm Bullet Impact Test

According to Compilation of Applicable Test Methods for Military Mixed Explosive
Formulation Evaluation Method 704.1 “Explosive 12.7 mm Bullet Impact Test”, the
12.7 mm bullet impact test was carried out on the grain. The grain was placed away
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Fig. 40.1 Diagram of
sample

(a) Diagram of sample (b) Diagram of bullet speed test              (c) Diagram of test site layout

Fig. 40.2 a Diagram of sample. b Diagram of bullet speed test. c Diagram of test site layout

from the muzzle 25 mm, the bullet velocity was 850 ± 40 m/s, and the bullet was
fired along the column radially. The test number was 5 rounds. The response degree
was comprehensively judged by observing the test phenomenon, recovering sample
wreckage and shock wave over pressure.

The sample placement state, bullet velocity test and test site layout diagram are
shown in Fig. 2a–c

40.2.2.3 Slow Cook-Off Tests

“Slowcook-off tests of Explosives”, that is, the slowcook-off tests of the shelled grain
was carried out according to Compilation of Test Methods for Formula Evaluation
of Military Mixed Explosives, Method 701.1.

The test conditions are as follows, the test condition is that the E-type thermo-
couple fixed on the outer wall of the shell body is heated by the thermal control
system; the heating rate is 1 °C/min; the burning body is heated until the response
or the temperature reaches 400 °C; four A3 steel witness plates are erected around;
the size is 500 mm × 500 mm; the thickness is 6 mm. The slow burning characteris-
tics are evaluated according to the response temperature and the deformation of the
grilled shell. The on-site layout diagram is shown in Fig. 3a.
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Fig. 40.3 Diagram of slow
burning sample

40.2.2.4 Fast Cook-Off Tests

“Fast cook-off tests of Explosives”, that is, the rapid burning test of the shelled grain
was carried out according to theCompilation of TestMethods for Formula Evaluation
of Military Mixed Explosives, Method 702.1.

The test projectile is installed in the rapid cook-off tests device, and four ther-
mocouple sensors are installed around the test projectile. The flame temperature is
more than 800 °C and continue more than 6 min. The cook-off tests characteristics
are evaluated according to the severity of the reaction of the test projectile. The
schematic diagram of the on-site layout is shown in Fig. 40.4.

Fig. 40.4 Diagram of fast cook-off sample
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Fig. 40.5 Response status
of 7.62 mm bullet impact test

40.3 Test Results and Analysis

40.3.1 Bullet Impact Test

40.3.1.1 7.62 mm Bullet Impact Test

Ten effective radial bullet impact tests were carried out on the sample grain with
7.62 mm bullets. The test results are shown in Fig. 40.5. The bullet passes through
the grain radially, and the grain is intact without any reaction. According to the test
standard, the response level of 7.62 mm bullet impact test is “unreacted”.

40.3.1.2 12.7 mm Bullet Impact Test

The impact test of five effective radial bullets was carried out with 12.7 mm armor-
piercing incendiary. The test results are shown in Table 40.1. It can be seen fromTable
40.1 that the bullet velocity meets the requirement of 850± 20m/s. The overpressure
sensor of shock wave does not measure the overpressure value. The response grade

Table 40.1 The results of 12.7 mm bullet impact test

Number Firing speed
m/s

Overpressure
�Pi (MPa)

Reaction rate Test results

1 2 3 4

1 836 Without
overpressure

√
Unburned

2 834 Without
overpressure

√
Unburned and
Unexploded

3 838 Without
overpressure

√
Unburned

4 836 Without
overpressure

√
Unburned

5 839 Without
overpressure

√
Unburned and
Unexploded
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Fig. 40.6 Response status of 12.7 mm bullet impact test

of 3 rounds of 5 rounds test is grade 2, that is, combustion reaction. Additionally, the
reaction grade of 2 rounds is grade 1, that is, unburned and unexploded.

The test and the debris after combustion are shown in Fig. 40.6. The bullet passes
through the test along the radial direction, and the sample shell is broken through.
Meanwhile, the test grain burns, and the combustion flame can be seen obviously.
The front cover of the shell maintains the overall condition, and the rear cover is
shot off by the bullet. The side wall of the shell is intact, and there is no rupture or
fragmentation. After the residual combustion in the shell, the appearance and shape
of the grain remains the same as that of the charge. According to the test standard,
the response level of 12.7 mm bullet impact test is “combustion” response. 7.62 mm
bullet impact test did not produce any reaction. Comparedwith 12.7mmbullet impact
test, 3 rounds were burning and 2 rounds were unexploded. The main reason was
that 12.7 mm bullet was armor-piercing incendiary. The kinetic energy produced by
bullet impact caused the combustion reaction of grain. In fact, the main reason was
that the incendiary effect of combustion bomb caused the possibility of combustion
of test grain.

40.3.2 Slow Burning Test

Figure 40.7 shows the state of the sample after the slow baking test, it can be seen that
the heating sleeve remains intact, the front and rear two witness plates are washed

Fig. 40.7 Response status of slow cook-off
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down by the end cover, the left and right two remain upright, and there are no obvious
fragment impact marks and deformation on the witness board. The two end covers
of the roasted bomb body are washed away by the burning gas products of the grain,
which is darker than the debris after the 12.7 mm bullet hits and burns. The slow
heating process shows that the grain decomposes first, and with the gradual increase
of temperature, the heat released by the decomposition cannot be released, and it is
isolated from the external air, and the combustion is not sufficient.

According to the test standard, it is judged that the result of slow roasting test is
“combustion”.

40.3.3 Fast Cook-Off Tests

Figure 40.8 shows the state after rapid cook-off tests. Figure 8a shows four tempera-
ture sensors to measure the combustion temperature and duration. It can be seen that
the temperature rises to more than 800 °C in 120 s, and the highest temperature is
891 °C.Meanwhile, the duration is more than 120 s (6min). The burning temperature
meets the test standard, and the temperature decreases with fuel consumption.

As can be seen in Fig. 8b, the whole test projectile is completely wrapped in
flame. The temperature around the test projectile tested by four sensors is higher
than 800 °C and the duration is longer than 6 min.

Figure 8c shows the state of the test projectile after the completion of the test. It
can be seen from the figure that one end cover of the projectile is washed away. If
there is deformation, there are no explosion marks and deformation on the witness
plate, and the reaction of the grain is mild and intact, which is basically consistent
with the color of the 12.7 mm bullet impact test grain reaction.

The analysis examines that after the fast cook-off tests fuel is ignited, the temper-
ature rises rapidly to more than 500 °C within 60 s, and the combustion reaction
occurs, and the gas products produced make the pressure in the projectile body rise
rapidly to the restraint strength of the projectile body and make one end cover flush

Fig. 40.8 Response status of fast cook-off
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away. It reacts with oxygen in the air, resulting in the full combustion of the grain,
so the color of the grain is lighter and lighter after combustion. The witness board is
kept intact and there is no fragment impact trace. According to the test standard, the
result of rapid burning test is “combustion”.

40.3.4 Analysis of Low Vulnerability Test

The vulnerability of ammunition is related to the safety of its whole life cycle,
especially in the harsh battlefield environment, and its charge, that is, explosive
sensitivity is an important index to measure the performance of explosives. The
initiation mechanism of the explosive can be explained by the “hot spot” theory.
There are two mechanical actions of impact and friction when the 7.62 mm bullet
passes through the bare charge at a certain speed, and the test results show that there
is no reaction. Combined with the composition of the grain formula (13%HTPB/TDI
binder system) and scanning electron microscope photos, it can be seen from Fig. 9a
before slurry curing that the HTPB/TDI bonding system has good adhesion. The
explosive particles and Al powder particles are uniformly coated on the surface of
the binder system because of its strong wetting ability. When the bullet hits the grain,
the particles are wrapped by binder, which can cause overall plastic deformation,
disperse the local stress concentration in time, reduce the mechanical force between
the bullet and explosive particles, and it is not easy to form hot spots.

The initiation mechanism of 12.7 mm armor-piercing incendiary and slow/fast
cook-off tests can be explained by the thermal initiation mechanism of explosive.
The essence of the process of armor-piercing incendiary and cook-off tests is that the
explosive decomposes and burns under the action of heat, releasing a large amount
of heat. When the heat dissipation is less than the reaction heat, the reaction is
accelerated gradually, which leads to deflagration or explosion of the explosive.
The existence of binder has a direct influence on various sensitivities of explosives.
When heated externally, HTPB/TDI binder system decomposes before explosives to
produce gas to crack the end cover of the test shell, and the gas released from the

Fig. 40.9 The SEM of
slurry solidification before



542 J. Zhang et al.

reaction of explosives is released to the surrounding environment, thus taking away
a large amount of heat, and the binder decomposes and absorbs heat, which slows
down the reaction grade of explosives, so the grain only has combustion reaction.

40.4 Conclusion

The main results are as follows:

(1) The results of 7.62 mm bullet impact test show that the cast mixed explosive
of HTPB/TDI bonding system does not react under the action of impact and
friction. 12.7 mm armor-piercing combustion bomb penetrates 5 test samples,
of which 3 have combustion reaction and 2 are unburned and unexploded.
The main reason is that the combustion bomb produces heat source to make it
react, and the reaction grades of the two bullet impact tests meet the standard
requirements of low vulnerability.

(2) The results of slow burning test and fast burning test show that the aluminum-
containing cast explosive based on RDX can burn slowly under the action of
external heat accumulation, and can maintain the complete shape of the grain.

(3) Based on the test results of bullet impact and baking test, the low vulnera-
bility analysis of 7.62 mm bullet impact is carried out. The main effect of
grain response is “hot spot” initiation mechanism, while that of 12.7 mm
armor-piercing incendiary bomb and roasting test grain is thermal initiation
mechanism.

Based on the above test results, the typical aluminum-containing explosive is
insensitive to external stimuli and meets the requirements of low vulnerability.
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Chapter 41
Study on the Construction and Basic
Application of Fluorinated Graphene
Modified Magnesium Borohydride

Fang DU, Yanwei Wang, Huisi Wang, Danchun Huang, Yanqing Ding,
Hong Chen, Lei Li, Bowen Tao, and Jian Gu

Abstract Chemical rocket propulsion can be benefited by using hydrogen-storage
materials that are able to store high volumes of hydrogen at ambient conditions
which can be released during combustion. Mg(BH4)2 draws great attention from
researchers all over the world due to its high hydrogen content of 14.9 wt.% and the
high calorific value element ofMg andB in nature.Mg(BH4)2 has good compatibility
withHMX,Cl-20,HTPB, but it has poor compatibilitywithGAPandAP. Fluorinated
graphene@-Mg(BH4)2 nanocomposite has been designed and preparedwith graphite
oxide (GO). The compatibility, safety and technological properties of the coating
materials and the main components of the GAP-based propellant were studied. The
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results show that the performance of the NEPE propellant is stable after adding the
coated Mg(BH4)2.

41.1 Introduction

Chemical rocket propulsion can be benefited by using hydrogen-storage mate-
rials that are able to store high volumes of hydrogen at ambient conditions which
can be released during combustion. Particularly, metal hydrides, metal complex
hydrides, metal amides/imides and ammonia borane can promote the decomposition
of components of propellants, improve combustion properties and enhance energy
performances.

The application of hydrogen-storage materials as additives to improving energy
performance is a research topic of current interest because they provide higher
burning rates and greater impulse, as well as lower average molecular weight. In
recent years, a series of important research has been taken. For example, as a combus-
tion agent, AlH3 has been applied in high-energy propellant. MgH2 and hydrogen-
storage alloys are also expected to improve specific impulse when they are used in
propellants because of their high combustion heat and lowmolecular weight gaseous
product H2O generated from combustion of the released H2. Compared with AlH3,
materials, which have a higher number of hydrogen content per molecule, likeMgH2

and hydrogen-storage alloys, metal hydrides, metal complex hydrides are promising
candidates as additives in high-energy solid propellant.Magnesiumboron,Mg(BH4)2
is a potential hydrogen storage material with high hydrogen capacity of 14.9 wt%
which is twice that of MgH2(7.6 wt%) and 1.5 times that of AlH3(10.1 wt%). It may
a good candidates for space propulsion [1].

Actual application of hydrides in chemical rocket propulsion represents a chal-
lenge since safety performance and stability concerns are not completely resolved
and shelf-life of final energetic products is still unsolved. Although thermal decom-
position temperature of several hydrides is more than 100 °C, most of them have
a very limited compatibility with space propulsion component (oxidizer and binder
ingredients) [2].Also, the phenomenon of dehydrogenation can occurs during storage
[3, 4].The density of Mg(BH4)2 is 0.78 g/cm3. Mg(BH4)2 and has a hexagonal struc-
ture with lattice parameters a = 10.047 Å, c = 36.34 Å and V = 3176 Å [9] and
is a single phase. Its decomposition temperature is more than 300 °C [5]. There are
a lot of reports on synthesis and theoretical performance of Mg(BH4)2 [7–11]. It is
expected to increase the burning rate, decrease the agglomerates using Mg(BH4)2 as
solid propellants component.UsingMg(BH4)2 to substitute ofmetal fuel, gravimetric
specific impulsewill be increased because of the heat of combustion of Mg(BH4)2
[12].

Graphene is regarded as a very promisingmaterial for various applications in a vast
range of nanotechnologies [13–15]. Graphene oxide, which has similar advantages of
graphene, such as large specific surface area, good conductivity, excellent chemical
stability etc. The surface of graphene oxide has a lot of active group (–OH, –COOH,
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epoxy etc.). Functionalized graphene can be synthesised from graphene oxide based
on demand. The fluorinated graphene (FGS) is a derivative of graphene oxide, which
is with excellent properties of high thermal stability, good lubricating performance
and stable chemistry. Meanwhile, it is a two-dimensional material, which inherits
the advantages of ultralight density and superlarge specific surface of graphene, so
it has a broad application prospect.

In this paper, the Mg(BH4)2 was coated with FGS by means of liquid self-
assembly process. Mg(BH4)2 samples before and after treated were characterized
through hydrogen content (H%) analysis, FTIR, DSC-TG and SEM, etc. At the
same time, the effects of Mg(BH4)2 and FGS@Mg(BH4)2 on the mechanical sensi-
tivity of a novel high-energy solid propellant were also investigated. The results
demonstrate that there is only a little FGS on the surface of Mg(BH4)2, which won’t
affect the effective H% and release efficiency of hydrogen. FGS@ Mg(BH4)2 also
reduces the mechanical sensitivity of solid propellant containing Mg(BH4)2, which
will remarkably promote the application of Mg(BH4)2 in the novel high-energy solid
propellant.

41.2 Experimental

41.2.1 Materials and Methods

The fluorinated graphene (Fig. 41.1) was first prepared by direct hydrothermal
method with the available and inexpensive rawmaterials. TheMg(BH4)2 was coated
with FGS by means of liquid self-assembly process (Fig. 41.2). The total process
was divided into three parts. Firstly, FGS was dispersed in polar solvent. Secondly,
Mg(BH4)2 was stirred and suspended by the solvent in the boiling flask-3-neck.
Finally, FGS dispersion was dropped into the boiling flask-3-neck.

Fig. 41.1 Structure of
fluorinated graphene



548 F. DU et al.

Fig. 41.2 Schematic phase of liquid self-assembly process

41.2.2 Characterizations

Fourier transform infrared absorption spectroscopy (FTIR, Bruker Tensor 27)
was used to carrie out phase structure identification of Mg(BH4)2 and FGS
@ Mg(BH4)2.The thermal analysis experiments were conducted using a High-
temperature Thermogravimetry Differential Scanning Calorimeter. We applied a
heating rate of 10 °C/min and flow rate of 50 mL/min of N2. Apex II X-ray diffrac-
tometer (XRD)was used to performe the crystallographic structure ofMg(BH4)2 and
FGS@Mg(BH4)2. The morphology was observed by Scanning electron microscopy
(SEM).TecnaiG20S-Twin systemoperatingwas used to record transmission electron
microscope (TEM) images.

41.3 Results and Discussions

41.3.1 Infrared Spectroscopy

FTIR spectra were taken from the products. Figure 41.3 shows the FTIR spectra
of Mg(BH4)2 and FGS@ Mg(BH4)2 prepared by the way mentioned above. In the
spectra, typical features of the [BH4] group can be observed, i.e. in the regions
between 2150 and 2400 cm−1 and 1100 and 1300 cm−1 was the stretching and
deformation of B–H bonds, respectively. At 2383, 2293, and 2226 cm−1 are the B–
H1 absorption band. Aplit into two contributions at 1126 and 1263 cm−1 are bending
vibration of B–H2. H bridge or H interaction between the complex anion and the
metal was observed around 2380 cm−1.

41.3.2 XRD Patterns

The XRD pattern of Mg(BH4)2 and FGS@ Mg(BH4)2 was showed in Fig. 41.4.
One diffraction peak at 2θ = 15° corresponding demonstrates that the fluorinated

graphene has been successfully coated Mg(BH4)2.
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Fig. 41.3 FTIR spectra of Mg(BH4)2and FGS@ Mg(BH4)2

Fig. 41.4 XRD spectrum of
Mg(BH4)2 and FGS@
Mg(BH4)2

41.3.3 Elemental Analysis

In order to compare hydrogen before with after coating, the elemental analysis was
taken. Figure 41.5 shows the H% of Mg(BH4)2 and FGS@ Mg(BH4)2.

The results demonstrate that there is only a little FGS in the complex of
FGS@Mg(BH4)2, which won’t affect the effective H% and release efficiency of
hydrogen.
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Fig. 41.5 H% of Mg(BH4)2
and FGS@ Mg(BH4)2

41.3.4 SEM and TEM Images

Figure 6a, b are respectively the SEM image of Mg(BH4)2 FGS@Mg(BH4)2.There
is no obvious difference in the SEM image of Mg(BH4)2 and FGS@Mg(BH4)2.
Meanwhile, as illustrated in Fig. 6c, d, FGS layers were showed in the TEM image,
and the FGS layers are at nano-scale.

41.3.5 Compatibility of FGS@ Mg(BH4)2 with the Main
Components of Solid Propellant

In order to apply new energetic material to composite solid propellant, physical
mixture and DSC method were used to estimate the compatibility with compo-
nents of propellant formula. The pure substance and the mixture all be tested by
DSC. Comparing the values of �TP as described in Eq. (41.1) can evaluate the
compatibility. In Table 41.1, the evaluated standard of compatibility for explosive
and contracted materials are outlined. The DSC curves of GAP/NG/BTTN, AP and
Mg(BH4)2, FGS@ Mg(BH4)2 mixture systems in respective traces are displayed in
Figs. 41.3–41.5.

�Tp = TP1 − TP2 (41.1)

where Tp1 is the peak temperatures of pure substance (in °C),Tp2 is the peak
temperatures of mixtures (in °C).

As shown in Table 41.1, Mg(BH4)2 is compatible with both HMX and Cl-20.
Mg(BH4)2 is absolutely hazardous to AP. These composition cannot be used in the



41 Study on the Construction and Basic Application of Fluorinated … 551

(a) SEM of Mg(BH4)2 (b) SEM oF FGS@Mg(BH4)2 

(c) TEM of FGS@Mg(BH4)2 (b) TEM of FGS@Mg(BH4)2

Fig. 41.6 SEM and TEM images of Mg(BH4)2 and FGS@Mg(BH4)2

Table 41.1 Compatibility of samples

System Peak temperature �Tp (°C) Rating

Single system Mixture system Tp1 (°C) Tp2 (°C)

HMX Mg(BH4)2/HMX 282.2 282.6 −0.4 Yes

Cl-20 Mg(BH4)2/Cl-20 242.9 245.6 −2.7 Yes

AP Mg(BH4)2/AP 307.7,440.2 287.5,422.5 20.2,17.7 No

HTPB Mg(BH4)2/HTPB 370.7 368.4 2.3 Yes

GAP/NG/BTTN Mg(BH4)2/GAP/NE 195.2,245.4 195.0 0.2 Yes

same system solid propellant and the decomposition of AP will be accelerated via
the catalysis of Mg(BH4)2.

As displayed in Fig. 41.7, AP melted at approximate 242.7 °C and then decom-
posed at low temperature of 307.7 °C and high temperature of 440.2 °C. For the
mixture of Mg(BH4)2 and AP, the decomposition temperature of the mixture system
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Fig. 41.7 DSC curves of
Mg(BH4)2, Mg(BH4)2/AP
and FGS@ Mg(BH4)2/AP

(a) Mg(BH4)2 .

(b) Mg(BH4)2/AP and AP
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Fig. 41.8 DSC curves of Mg(BH4)2 with bonding agent

is lower than AP. The difference between maximum decomposition temperature
of AP and Mg(BH4)2/AP is more than 3 °C, the mixture Mg(BH4)2/AP system is
therefore considered incompatibility. For the mixture of FGS@Mg(BH4)2/AP, the
decomposition temperature is higher than pure AP system. However the difference
between maximum decomposition temperature of FGS@Mg(BH4)2/AP and AP is
just 1.7 and 1.2 °C. It can be inferred that the FGS@Mg(BH4)2/AP system is of good
thermal stability.

Figure 41.8 shows that the maximum decomposition of GAP/NG/BTTN
is observed at 195.2 °C, respectively. The decomposition peak of
Mg(BH4)2/GAP/NG/BTTN shift to lower temperature obviously, which is
195.0 °C. The difference between maximum decomposition temperature
of Mg(BH4)2/GAP/NG/BTTN and GAP/NG/BTTN is less than 3 °C. The
Mg(BH4)2/GAP/NG/BTTN systems are therefore considered compatible. However,
Fig. 41.9 shows that the mixture of Mg(BH4)2/GAP/NG/BTTN is placed at air
atmosphere, after a period of time, a lot of bubbles are generated. The mixture of
Mg(BH4)2/GAP/NG/BTTN and FGS@Mg(BH4)2/GAP/NG/BTTN are contrasted
at the same time. As shown in the Fig. 41.10, when stored 0 day at air atmo-
sphere, there is no gas both in the mixture of Mg(BH4)2/GAP/NG/BTTN and
FGS@Mg(BH4)2/GAP/NG/BTTN. But when stored 7 days at air atmosphere, the
mixture of Mg(BH4)2/GAP/NG/BTTN has a lot of bubbles, while the mixture of
FGS@Mg(BH4)2/GAP/NG/BTTN almost has none bubble. It can be inferred that
the FGS@Mg(BH4)2/GAP/NG/BTTN system is of good thermal stability.
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Fig. 41.9 Mixture Mg(BH4)2 and GAP/NG/BTTN

(a) 0 day 

(b) 7 day 

Fig. 41.10 Mixture Mg(BH4)2, FGS@ Mg(BH4)2 and GAP/NG/BTTN

41.3.6 Safety Performance Evaluation

The safety of GAP-based solid propellant is performed on both Mg(BH4)2 and
FGS@Mg(BH4)2. Friction sensitivity, impact sensitivity and electrostatic spark with
different composition were tested (Table 41.2).

Themechanical sensitivities (impact (IS) and friction (FS) and electrostatic spark)
of these energetic polymerswere determined by the traditional BAMmethod.As seen
from Table 41.2, The friction sensitivity, impact sensitivity and electrostatic spark
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Table 41.2 The friction sensitivity, impact sensitivity and electrostatic spark of Mg(BH4)2 and
GAP-based solid propellant before and after coating

Samples Friction
sensitivity
(%)

Impact
sensitivity
I50 J)

Electrostatic
spark E50
(mJ)

Rating

Mg(BH4)2 0 > 49 327.5 Yes

FGS@Mg(BH4)2 0 > 49 347.5 Yes

GAP/NG/BTTN/Mg(BH4)2 0 3.33 101.6 No

GAP/NG/BTTN/Mg(BH4)2/AP 100 2.20 128.2 No

GAP/NG/BTTN/Mg(BH4)2/AP/HMX 100 4.79 49.78 No

GAP/NG/BTTN/Mg(BH4)2/CL-20/HMX 100 2.03 43.22 No

GAP/ NG/BTTN/FGS@ Mg(BH4)2 0 35.6 48.59 Yes

GAP/ NG/BTTN/Al(Q1)/FGS@
Mg(BH4)2

16 25.8 70.32 Yes

GAP/NG/BTTN/Al(Q1)/FGS@
Mg(BH4)2/AP

20 20.2 103.2 Yes

GAP/NG/BTTN/Al(Q1)/FGS@
Mg(BH4)2/HMX/AP

28 18.6 41.08 Yes

GAP/NG/BTTN/Al(Q1)/FGS@
Mg(BH4)2/CL-20/AP

32 16.6 39.82 Yes

of Mg(BH4)2 and FGS@Mg(BH4)2 both performed good. However, the mixture
of Mg(BH4)2 and GAP-based solid composition propellant showed relatively low
impact sensitivity and high friction sensitivity. Especially the impact sensitivity of
GAP/NG/BTTN/Mg(BH4)2 fell within the range of 2.03–4.79 J. The friction sensi-
tivity of GAP/NG/BTTN/Mg(BH4)2/AP showed high to 100%. After Mg(BH4)2
replaced by FGS@Mg(BH4)2, the impact sensitivity of themixture all showed higher
than 16 J. And the friction sensitivity of the mixture all showed lower than 32%.

41.4 Conclusions

• Mg(BH4)2 was coated with FGS by means of liquid self-assembly process.
Mg(BH4)2 samples before and after treated were characterized through hydrogen
content (H%) analysis, FTIR, DSC-TG and SEM, etc.

• Mg(BH4)2 is compatible with HMX, Cl-20 and HTPB. Mg(BH4)2 is absolutely
hazardous to AP and GAP/NG/BTTN. After coating with FGS, FGS@Mg(BH4)2
can be compatible with AP and GAP/NG/BTTN.

• The effects of Mg(BH4)2 and FGS@Mg(BH4)2 on the mechanical sensitivity of
a novel high-energy solid propellant were also investigated. The results demon-
strate that there is only a little FGS on the surface of Mg(BH4)2, which won’t
affect the effective H% and release efficiency of hydrogen. FGS@ Mg(BH4)2
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also reduces the mechanical sensitivity of solid propellant containing Mg(BH4)2,
which will remarkably promote the application of AlH3 in the novel high-energy
solid propellant.
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Chapter 42
Synthesis of Co-ordination Energetic
Graphene Oxide and Thermal
Decomposition for the Combustion
of Ammonium Perchlorate

Haibo Ke, Zhe Zhang, Wang Wang, Yu Cheng, Qiangqiang Lu, Dongqi Liu,
Lei Xiao, Fengqi Zhao, Wei Jiang, and Gazi Hao

Abstract In this study, a new co-ordination energetic graphene oxide (CEGO)
based on Cu2+ as the co-ordination centre was synthesised using 4-amino-1,2,4-
triazole as the energetic ligand. X-ray diffractometry, scanning electron microscopy,
Fourier transform infrared spectroscopy and X-ray photoelectron spectroscopy
results showed that CEGO was successfully synthesised. Then, the catalytic effect
of CEGO on the thermal decomposition of ammonium perchlorate (AP) was inves-
tigated using differential scanning calorimetric techniques and thermogravimetric
analysis. The results revealed that the decomposition peak temperature andGibbs free
energy of the CEGO/AP composite decreased by 88.4 °C and 13.7 kJ/mol compared
with pure AP, respectively. At this time, compared with pure AP (132.9 J/g) and other
AP composites, the heat release of the CEGO/AP composite increased to 1580.6 J/g,
which was the highest. Overall, as an energetic combustion catalyst, CEGO has a
significant catalytic effect on AP and can be incorporated into AP-based propellants.
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42.1 Introduction

Ammonium perchlorate (AP), a widely used oxidant, plays a crucial role in solid
propellant systems. To some extent, the combustion performance of AP affects the
energy output of the overall propellant system; thus, considerable efforts have been
made to improve the combustion performance of AP [1–3].Moreover, it was reported
that adding a combustion catalyst to an AP system can significantly accelerate the
thermal decomposition process of theAP, thereby improving the overall performance
of the AP-based propellant such as ballistic performance, combustion performance
and energy level [4]. Therefore, it is pertinent to incorporate combustion catalysts
into AP.

Initially, common materials used for combustion catalysts include nano-metals
and their oxides (such as Fe2O3), composite metal complexes (such as CuCr2O4) and
composite combustion catalysts [such as CuO/graphene oxide (GO)] [5–9]. Metal
oxides are traditional combustion catalysts and have good performance. For example,
Zhang et al. [10] controlled the compounding time to study the best catalytic effect
of nano-CuCr2O4 on an ultrafine AP. When the milling time was in the range of 6–
12 h, nano-CuCr2O4 was most evenly dispersed on the ultrafine AP. At this time, the
decomposition temperature and Gibbs free energy of the nano-CuCr2O4/ultrafine
AP composite were the lowest, which decreased by 78.1 °C and 25.16 kJ/mol,
respectively. In addition, Alizadeh-Gheshlaghi et al. [11] synthesised CuCo2O4 via
the sol–gel method, which could advance the peak temperature of AP decomposi-
tion from 443.6 to 340.8 °C and had good catalytic activity for AP. However, the
catalytic performance of these inert combustion catalysts encounters bottlenecks in
the catalytic process, which cannot meet the future development requirements of
high-energy AP-based propellants.

With the development of science and technology, GO, as a two-dimensional
carbon material, has attracted extensive research attention due to its large specific
surface area, excellent electrical and thermal conductivity as well as unique band
structure [12–15]. It was found that when nano-metal oxides were loaded on GO
sheets because GO could accelerate electron transfer during the decomposition of
AP, synergistic catalysis with nano-metal oxides could significantly improve the
catalytic thermal decomposition rate of AP. For example, Li et al. [16] successfully
loaded Mn3O4 onto graphene (GR) sheets via the solvothermal method to form a
Mn3O4/GR nano-composite. The results showed that the nano-composite had a good
catalytic effect on AP; it could reduce the high-temperature decomposition peak
temperature of AP by 141.9 °C. Zhu et al. [17] used the in situ deposition method to
load CuO nano-particles onto GO sheets to form a CuO/GO nano-composite. It was
found that the high-temperature decomposition peak temperature of AP advanced
from 414 to 315 °C with the addition of 2-wt% CuO/GO nano-composites, and the
catalytic effect was better than that of a single-component CuO (334 °C). Although
the GO composite catalyst significantly increases the thermal decomposition rate of
AP, the catalyst itself is not an energetic component; therefore, energy is wasted in
the process of catalysing AP and propellants.
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Recently, the energisation of GO has become a hot topic because there are
numerous oxygen-containing groups on the surface of GO sheets, such as –COOH,
–OH and C–O–C, which broadens the idea of functional modification of GO, such as
modifying energetic components on the surface ofGO through acylation or esterifica-
tion reactions [18–20]. Thus, the energy level and catalytic activity can be improved.
For example, Zhang et al. [21] prepared a monolayer nanoscale GO (NGO) with
the nitro group via the nitrification of GO with mixed sulphur and nitrate acid. It
was found that when 10-wt% NGO was added, the high-temperature decomposi-
tion peak temperature advanced by 106 °C and the apparent decomposition heat of
AP increased from 875 to 3236 J/g, indicating that NGO had a significant catalytic
effect on AP and considerably improved the apparent decomposition heat of AP.
Therefore, GO can be energised and used as an energetic combustion catalyst for an
AP-based propellant system, which solves the problem of energy reduction due to
the introduction of an inert combustion catalyst to a certain extent.

However, the covalent modification of GO still has some drawbacks. Because
the activity of oxygen-containing groups on the surface of GO is not high, organic
reagents are often added to activate the functional modification of GO, which makes
the experimental process and subsequent separation and purification more compli-
cated [22–24]. By contrast, the co-ordination modification on the GO matrix has
become a popular idea [25]. For example, Cohen et al. [26] synthesised two ener-
getic complexes based on GO using 5,5′-azo-1,2,3,4-tetrazole and 4,4′-azo-1,2,4-
triazole as ligands and Cu2+ as the co-ordination centre. The energetic complexes
had low sensitivity, high thermal stability and the same detonation performance as
hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX). Moreover, Zhang et al. [27] prepared
several novel GO-based bis-tetrazole energetic co-ordination polymers (ECPs) via
the solvothermalmethod. TheseECPs as energetic catalysts had a significant catalytic
effect on the thermal decomposition of AP and RDX. The heat releases of AP and
RDX catalysed by GR-templated bis-tetrazoles were 2757.0 and 2898.0 J/g, respec-
tively, which improved more than 50% compared with pure AP and RDX. The
endothermic peak of AP corresponding to the crystal transformation also reduced to
23.2 kJ/mol. The successful preparation of such energetic co-ordination compounds
confirmed the feasibility of the idea of co-ordination modification of GO.

In this study, a novel Cu2+ co-ordination energetic GO (CEGO), which comprised
GO, 4-amino-1,2,4-triazole (ATA) and Cu2+, was synthesised through co-ordination
bonds of which ATA is the energetic ligand. As a high azole compound, ATA has
excellent energy performance and high enthalpy of formation and is eco-friendly
with low impact sensitivity [28–30]. Moreover, nitrogen atoms in its ring have lone
pair electrons and abundant co-ordination sites, which are easy to co-ordinate with
transition metals. In addition, GO has excellent electron transport performance. Cu2+

with good catalytic activity is used as the co-ordination centre to bond the former
two substances through co-ordination bonds to achieve a synergistic catalytic effect.
Further, the structure ofCEGO is characterised in detail, and its catalytic performance
for AP is studied as a combustion catalyst.
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42.2 Experimental

All reagents were of analytical grade, except AP, and they were directly used
without further purification. AP was of industrial grade and was purchased from
Dalian Perchloric Acid Ammonium Factory. GO was purchased from Suzhou
Tanfeng Graphene Technology Co., Ltd. 4-amino-1,2,4-triazol, CuO and Cu(NO3)2
were purchased from Shanghai Macklin Biochemical Co., Ltd. Ethyl acetate was
purchased from Nanjing Chemical Reagent Co., Ltd.

42.2.1 Synthesis of CEGO

In this subsection, we present the details of the synthesis of CEGO. First, GO was
added to deionised water and ultrasonically dispersed at 20 °C for 30 min to obtain
a dispersed GO solution (50 mL, 1.0 mg/mL). Then, 282 mg (1.5 mmol) Cu(NO3)2
was weighed and dissolved in 20 mL deionised water. After ultrasonic dispersion for
30 min, it was slowly added to GO dispersion, heated and stirred at 60 °C for 12 h
to obtain a black–green mixed solution. Afterwards, it was ultrasonically separated
into the ATA solution (10 mL, 16.8 mg/mL), added to the mixed system, stirred
and heated at 60 °C for 12 h. Finally, it was centrifuged for washing and vacuum
freeze-dried for 24 h to obtain CEGO.

42.2.2 Synthesis of CEGO/AP and Other AP Composites

The CEGO/AP composite was synthesised by simple mechanical grinding methods.
The details are as follows. First, CEGO and pure AP were mixed at a mass ratio
of 5:95 to obtain a mixture of 40 mg and placed in a mortar, and ethyl acetate
(1 mL) was added. To avoid changing the particle size of the mixture as much
as possible, the grinding strength was controlled, which meant gently grinding for
30 min until everything was properly mixed. Finally, the mixture was dried for
20 min in a 60 °C oven. A CEGO/AP composite with 5-wt% CEGO was obtained
after complete drying.

Further, other AP composites were synthesised with the same mass ratio; the
synthesised composites include ATA/AP, CuO/AP and GO/AP.

42.2.3 Measurements

Powder X-ray diffractometry (XRD) was performed with a Rigaku smartlab9 instru-
ment at voltage and current of 40 kV and 150 mA, respectively. Fourier transform
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infrared (FT-IR) spectroscopy of the samples was performed (Nicolet iS5) in the
range of 400–4000 cm−1. The morphology of ATA was examined using a stereo-
scopic microscope (Leica M165), and those of GO and CEGO were examined
using a high-resolution thermal field scanning electron microscope (Quanta 400
FEG) equipped with an energy dispersion X-ray spectrometer (EDS); corresponding
chemical compositions were determined using the EDS. X-ray photoelectron spec-
troscopy (XPS) measurements were performed using an ESCALAB 250Xi spec-
trometer equipped with a pass energy of 30 eV with a power of 100 W (10 kV and
10 mA) and a monochromatised Al·Kα X-ray source. In addition, scanning electron
microscopy (SEM) was performed.

The thermal analysis experiment was performed using METTLER TOLEDO
TGA/DSC3+; the N2 flow rate was 50 ml/min, the selected heating rate was 5,
10, 15 and 20 °C/min, and the system was heated from 35 to 520 °C. The kinetic
parameters for the exothermic decomposition of pure AP and AP composites were
obtained using the Kissinger method [31].

42.3 Results and Discussion

In this study, CEGO was synthesised in two steps. First, Cu2+ was connected by
co-ordination bonds to oxygen atoms in the GO sheets, which were mainly provided
by oxygen-containing groups (–COOH, –OH). Further, nitrogen atoms in ATA co-
ordinated with Cu2+ to yield CEGO. The corresponding synthesis process of CEGO
is illustrated in Fig. 42.1.

Fig. 42.1 Synthesis process of co-ordination energetic graphene oxide (CEGO)
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42.3.1 XRD and FT-IR Analyses

The structural information of ATA, GO and CEGO was analysed using XRD and
FT-IR.

Figure 42.2 depicts the XRD patterns of ATA, GO and CEGO. The peak with the
highest GO diffraction intensity corresponds to 2θ = 8.9°, which is quite similar to
CEGO (2θ = 10.0°), indicating that the co-ordination modification process slightly
affected the structure of GO. Moreover, the XRD pattern of CEGO displays a broad
diffraction peak near 2θ = 24.6°, possibly attributed to the co-ordination of ATA on
CEGO sheets, which is consistent with the regional concentration of ATA diffraction
peaks.However, the characteristic peaks ofCu2+ were not found in theXRDspectrum
of CEGO, which was probably because the content of Cu2+ was too small to reach
the detection range.

To verify the successful functionalisation of GO, FT-IR spectroscopy of GO and
CEGO were performed (Fig. 42.3). Compared with GO, the characteristic peaks of

Fig. 42.2 XRD patterns of
4-amino-1,2,4-triazole
(ATA), graphene oxide (GO)
and CEGO

Fig. 42.3 FT-IR spectra of
GO and CEGO
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CEGO at 1735 and 1224 cm−1, corresponding to the characteristic peaks of C=O and
C–OH, respectively, disappeared. The carbonyl group (C=O) belongs to the carboxyl
group in the GO surface functional group, and C–OH belongs to the hydroxyl group.
Cu2+ formed co-ordination bonds with hydroxyl and carboxyl groups, which led to
the disappearance of the two characteristic peaks. The characteristic peak of CEGO
at 1624 and 1077 cm−1 are attributed to the stretching vibration peak of the C=C
and C–O bonds, respectively. In addition, CEGO had a new characteristic peak at
1403 cm−1, corresponding to the –NH bond, which came from ATA. Finally, the FT-
IR results showed that Cu2+ and ATA were connected to GO through co-ordination
bonds, and CEGO was successfully synthesised.

42.3.2 SEM and EDS Analyses

The morphology of ATA measured using a stereoscopic microscope is depicted in
Fig. 4a. As shown in Fig. 4a, ATA was white transparent crystal particles. Owing
to its high hygroscopicity, the crystal particles quickly bonded into clusters in the
air. Figure 4b–h shows SEM images and EDS surface elemental analyses of GO and
CEGO. The stacked GO sheets had several wrinkles (Fig. 4b), which was mainly due
to the varying degrees of oxidation on the surface of the sheets. The CEGO sheets
(Fig. 4c) exhibited a rough bulky surface, probably due to the complexation with
Cu2+ and co-ordination with the ligands. CEGO was tested using EDS to obtain the
distribution of the C, N, O and Cu elements (Fig. 4d–h). Among them, the O element
belonged to the GO surface oxidation functional group. Further, the EDS surface
elemental analyses confirmed the presence of Cu and N atoms, indicating that the
GO bonded with Cu, which in turn co-ordinated with the ATA ligands.

42.3.3 XPS Analysis

To further verify the chemical-binding relationship between GO and Cu2+ and the
energetic ligand (ATA),XPSwas employed. In the survey spectra (Fig. 5a), compared
with GO, there is an obvious N 1 s peak, and new peaks of Cu 2p1/2 and Cu 2p3/2
appeared in the CEGO spectrum. In Fig. 5b, the peak-fitting spectra of C 1 s of
GO clearly indicate a considerable degree of oxidation, showing different oxygen-
containing functional groups. CEGO showed new peaks in C 1 s curves (Fig. 5c),
attributable to the formation of co-ordination bonds between Cu2+ and oxygen-
containing groups on the GO sheets; C–O–Cu bonds (287.5 eV) were obtained,
and the C 1 s peak at 285.8 eV (C–N) originated from further co-ordination of ATA
with Cu2+. The corresponding co-ordination effect was more obvious in the peak-
fitting spectra of N 1 s of CEGO (Fig. 5d), including the N 1 s peaks at 399.9 eV
(=N–) and 400.7 eV (NH, –N–N–). In addition, the positively charged N+ at 402.1 eV
was formed due to the successful co-ordination with the Cu2+, and a trace amount
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Fig. 42.4 The morphology of a ATA; SEM of b GO and c CEGO; d–h EDS of CEGO
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Fig. 42.5 XPS spectra of a the survey spectra of GO and CEGO; b the peak-fitting spectra of C
1 s of GO; c–e the peak-fitting spectra of C 1 s, N 1 s and Cu 2p of CEGO

of NO3
− was observed (406.4 eV). The XPS of Cu 2p (Fig. 5e) was divided into

two peaks of 731.7 and 734.5 eV, belonging to the Cu 2p1/2 and Cu 2p3/2 spin–orbit
peaks of Cu2+, respectively, which could be assigned to the corresponding Cu–O and
Cu–N bonds, respectively.

42.3.4 Catalytic Performance of CEGO/AP and Other AP
Composites

Figure 42.6 shows the DSC curves of ATA, GO and CEGO at a heating rate of
10 °C/min. The CEGO was reported to mainly decompose with a peak tempera-
ture of 402.3 °C, accompanied by a small amount of decomposition at 198.1 °C,
which was close to the temperature decomposition peak of GO (204.2 °C), corre-
sponding to the decomposition and shedding of oxygen-containing groups on the
GO sheets. In addition, there was an endothermic peak of the energetic complex
(ATA) at 86.7 °C, which was inferred to the crystal transformation takes place at this
stage. With the increase of temperature, the ATA decomposed and exothermed, and
the corresponding peak temperature was 295.4 °C at this time, which was 106.9 °C
lower than the temperature decomposition peak of CEGO, indicating that the thermal
stability of CEGO was significantly increased after the formation of ATA and GO
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Fig. 42.6 DSC curves of
ATA, GO and CEGO at a
heating rate of 10 °C/min

complex. Moreover, compared with GO (988.6 J/g), CEGO had a fairly high heat
release (3167.2 J/g).

Table 42.1 shows the thermal decomposition performance data of pure AP and
AP composites. The differential scanning calorimetric (DSC) and thermogravimetric
(TG) curves of pureAP andAP composites at a heating rate of 10 °C/min are depicted
in Fig. 42.7. From Fig. 7a, compared with pure AP’s two distinct periods of weight-
lessness, AP composites tended to fuse during the two weightlessness stages; the
CEGO/AP showed only one weightlessness stage. The corresponding effect could
also be seen in the DSC curve (Fig. 7b), the low-temperature decomposition peak of
CEGO/AP disappeared, the high-temperature decomposition peak temperature, TH,
advanced from 419.2 to 330.8 °C and the heat release was the highest (1580.6 J/g),
whereas the heat release for pure AP was only 132.9 J/g. Moreover, from the TG
curves and Table 42.1, the initial decomposition temperature of CuO/AP was signifi-
cantly earlier than that of otherAPcomposites, the low- and high-temperature decom-
position peak temperature, TL and TH, respectively, of the corresponding DSC curve
advanced by 31.1 °C and 83.9 °C respectively, but the heat release (1101.8 J/g) was
lower than that of CEGO/AP. By contrast, the catalytic effect of GO on AP was not
obvious, theTH moved forward by only 21.7 °C (Fig. 7b), whichmight be because the
oxygen-containing groups on GO reduced the conductivity between the lamellar and

Table 42.1 Thermal decomposition performance data of pure AP and AP composites

Sample T e (°C) T c (°C) Tm (°C) TL (°C) TH (°C) Q (J/g)

AP 276.8 417.6 406.6 297.9 419.2 132.9

CuO/AP 255.9 343.4 333.4 266.8 335.3 1101.8

ATA/AP 272.4 380.8 319.7 – 320.9 1042.0

GO/AP 264.5 396.8 389.1 289.6 397.5 352.1

CEGO/AP 258.1 339.8 330.8 – 330.8 1580.6

Note T e is the initial decomposition temperature; T c is the terminal decomposition temperature;
Tm is the maximum weight loss temperature; TL is the low-temperature decomposition peak
temperature; TH is the high-temperature decomposition peak temperature; Q is the heat release
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(a) TG (b) DSC

Fig. 42.7 TG (a) and DSC (b) curves of pure AP and AP composites at a heating rate of 10 °C/min

then affected the electron transport, thereby adversely affecting the catalytic effect
of AP. In addition, the temperature decomposition peak of ATA/AP was 320.9 °C,
whichwas slightly earlier than that of CEGO/AP, but the heat release (1042.0 J/g)was
significantly lower than that of CEGO/AP, meant that the catalytic effect of ATA on
AP was mainly due to energy content and preferential thermal decomposition, while
CEGOwas an excellent candidate combustion catalyst that could actually accelerate
the thermal decomposition of AP.

To further study the pyrolysis of pure AP and AP composites, the thermal decom-
position kinetic parameters were calculated. The DSC curves of pure AP and AP
composites at different heating rates are shown in Fig. 42.8.

According to the TH at different heating rates (Fig. 42.9), the figures were plotted
with 1000/T p and ln(β/T2 P) as the abscissa and ordinate, respectively, by linear
fitting, and the corresponding ln(β/T2 P)∼1000/T p diagram of pure AP and AP
composites are shown in Fig. 42.9.

The Kissinger method was employed to calculate the thermal decomposition
kinetic parameters of the pure AP and AP composites; the corresponding equation
of this method can be expressed as follows:

ln

(
β

T2
p

)
= − Ea

RTp
+ ln

(
AR

Ea

)
(42.1)

where β denotes the heating rate (K/min), Ea denotes the activation energy (kJ/mol),
A denotes the pre-exponential factor (min−1), and R represents themolar gas constant
(8.314 Jmol−1 K−1). Further,Ea andA of pureAP andAPcomposites can be obtained
according to the linear fitting equations in Fig. 42.9; the results are summarised in
Table 42.2.

Tp0 = Tpi − aβi − bβ2i − cβ3i (42.2)
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Fig. 42.8 DSC curves of pure AP and AP composites at different heating rates

�S �= = R

[
ln A − ln

kBTp0

h

]
(42.3)

�H�= = Ea − RTp0 (42.4)
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Fig. 42.9 The ln(β/T2
P)∼1000/Tp diagram of pure
AP and AP composites

Table 42.2 Kinetics, thermodynamics and thermal stability parameters of pure AP and AP
composites

Sample Tp0 (°C) lnA Ea (kJ/mol) �S �= (J mol−1 K−1) �H �= (kJ/mol) �G�= (kJ/mol)

AP 316.0 15.8 97.9 −153.6 93.0 183.5

CuO/AP 300.6 18.5 99.5 −130.7 94.7 169.7

ATA/AP 280.8 21.3 110.2 −106.9 105.6 164.8

GO/AP 359.1 28.8 164.9 −45.9 159.7 188.7

CEGO/AP 301.7 35.4 180.2 9.7 175.4 169.8

�G�= = �H�= − Tp0�S �= (42.5)

whereT pi represents the decomposition peak temperature at a specific heating rateβ i,
T p0 (K) is the corresponding decomposition peak temperature is when β approaches
0, kB represents the Boltzmann constant (1.381 × 10−23 J/K), and h denotes the
Planck constant (6.626× 10−34 J s);�S �=,�H �= and�G�= are the activation entropy,
enthalpy and Gibbs free energy, respectively.

To obtain�S �=,�H �= and�G�= of the decomposition reaction of pure AP and AP
composites, the peak temperature (T p0) should be calculated using Eq. (42.2). Then,
Eqs. (42.3)–(42.5) can be used to calculate the relevant parameters in Table 42.2.

The�G�= of CEGO/AP was 169.8 kJ/mol, which was 13.7 kJ/mol lower than that
of pure AP, and the corresponding T p0 significantly advanced. It is indicated that
CEGO has a significant catalytic effect on pure AP. Moreover, compared with pure
AP and other AP composites, the �S �= of CEGO/AP was the largest and positive,
indicating that the confusion degree of CEGO/APwas high, whichmeant that CEGO
could facilitate the thermal decomposition reaction of AP.
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42.4 Conclusion

In summary, using the co-ordination modification method, a new energetic combus-
tion catalyst CEGO was successfully synthesised. Then, DSC and TG were used
to study the catalytic performance of CEGO/AP and other AP composites, and the
corresponding kinetic and thermodynamic parameters were analysed. The results
showed that CEGO had a significant catalytic effect on the thermal decomposition
of AP, and the heat release of AP considerably increased after adding 5-wt% CEGO.
Overall, these results show that the synthesis of CEGOby co-ordinationmodification
paves a pathway for developing energetic combustion catalysts.
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Chapter 43
Research Progress on the Application
of Fluorinated Graphene in Energetic
Materials

Saiqin Meng, Xiaolong Fu, Liping Jiang, La Shi, and Jiangning Wang

Abstract Fluorinated graphene has many special properties as a derivative of
graphene containing fluorine atom. In recent years, it has attracted the extensive
attention of energetic materials researchers. In this paper, the preparation of fluori-
nated graphene, the application of fluorinated graphene in energetic materials, the
theoretical calculation of fluorinated graphene-based energetic composite and the
influence of fluorinated graphene on the performance of energetic materials are re-
viewed. In addition, the problems and future development of graphene fluoride in
energetic materials are discussed.

43.1 Introduction

High-tech weapons and equipment systems require propellants to have higher energy
levels in modern warfare. Aluminum (Al) has low toxicity and high specific energy
density [1]. Boron (B) has high volumetric and gravimetric energy densities [2].
Therefore, nano-Al powders and nano-B powders are usually used as additives
to improve the energy level of solid propellants [3, 4]. However, Al-powders are
prone to agglomerate and the surface oxide layer of B-powders will reduces the
combustion efficiency during their combustion process [5–9]. The additives, such as
fluoropolymers [10–17], metals [18, 19], can enhance their combustion performance.
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Graphene oxide (GO) and fluorinated graphene (GF or FG) are two typical deriva-
tives of graphene. Graphene oxide and its derivatives have made great progress in
reducing the sensitivity of energetic materials [20, 21] and promoting the thermal
decomposition of energetic materials [22, 23]. Fluorinated graphene exhibits many
exceptional properties, such as adjustable magnetic properties [24], tunable bandgap
[25], peculiar surface properties [26]. In recent years, as a fluorine-containing
substance, the strong thermal stability of fluorinated graphene [27] and the highly
active fluorine-containing groups produced by thermal decomposition have attracted
the interest of scholars in the field of energetic materials (EM). They have conducted
some studies on the applications about the fluorinated graphene in energeticmaterials
and have achieved some progress.

In this paper, we summarized the recent research progress of fluorinated graphene
in energetic materials. The preparation of fluorinated graphene, the application of
fluorinated graphene in energetic materials, the theoretical calculation of fluorinated
graphene-based energetic composites and the characteristics of fluorinated graphene
in energetic materials were reviewed.

43.2 Preparation of Fluorinated Graphene for Energetic
Materials

Since FG was first prepared in 2010 [28, 29], currently, there are many methods
for preparing FG with the development of science and technology, such as, solvent-
assisted sonochemical exfoliation of fluorinated graphite [30, 31], mechanochemical
fluorination [32, 33], direct gas fluorination [34, 35], solvent fluorination [36, 37]
and plasma fluorination [38, 39]. Among them, the FG which was prepared by direct
gas fluorination, solvent fluorination and plasma fluorination had the advantages of
good uniformity and controllable fluorine content. These determined that it could be
used in the research of energetic materials.

43.2.1 Direct Gas Fluorination

Wang et al. [40] used F2/N2 mixed gas to fluorinate honeycombed graphene oxide
(GO) which was dispersed in ethanol, through controlling the content of F2, they
obtained some FG samples with different fluorination degrees at 180 °C. Figure 43.1
shows the fluorination process. GO has significant advantages as raw material for
preparing fluorinated graphene, the oxygen-containing groups separated from GO
advanced the distribution and proliferation of F2 during the preparation process,
which led to better uniformity of fluoridation. After the characterizations of XPS,
AFM and TEM, the uniformity of fluorination was proved better.
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Fig. 43.1 Photographs of the fluorinated (right) and nonfluorinated GO (left), the inset was the
ethanol dispersion of FGO with different fluorine content. Reprinted with permission from Ref.
[40]. Copyright 2013 American Chemical Society

Robinson et al. [41] used xenon difluoride (XeF2) gas to fluorinate graphene,
graphene sheets were fixed on the copper or SiO2/Si substrates for preparing FG
films. When the copper substrate was used, they found the product with a fluorine
content of 25% (C4F) can only be fluorinated on the side that touches F2. When the
SiO2/Si substrate was used, they found the product with a fluorine content of 100%
(C1F1) can be completely fluorinated. The reason for those phenomena is that the
etching effect of XeF2 gas on copper substrate is poor but on SiO2/Si substrate is
effective. Figure 43.2 is the XPS analysis of fluorine functionalization during XeF2
exposure. According to Fig. 43.2, the graphene on the SiO2/Si substrate has a higher
fluorination rate, which is caused by the difference in the substrates.

Fig. 43.2 The fluorine
fraction and silicon fraction
for different samples. (inset)
Cartoon showing the etching
process on the SiO2/Si
substrates. Reprinted with
permission from Ref. [41].
Copyright 2010 American
Chemical Society
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43.2.2 Solvent Fluorination

Wang et al. [42] synthesized fluorinate graphene sheets (FGS) used based the
hydrothermal reaction between GO and HF, the degree of fluoridation can be readily
controlled by changing the reaction temperature, reaction times and the dosage ofHF,
which is an simple and effective synthesis method. Figure 43.3 is the HRTEM and
AFM images of the FGS. From Fig. 43.3b, c, FGS shows irregular atomic arrange-
ment, which is led by the change in thickness, density or composition. According to
Fig. 43.3e, f FGS shows a typical two-dimensional structure.

Zhao et al. [43] used diethylaminosulfur trifluoride (DAST) to preparate FG with
GO as starting material at room temperature, difference organic solvents, such as
dichloromethane, THF, pyridine, 1,2-dichloroethane and o-dichlorobenzene, were
used to control the structure and fluorination rate of fluorinated graphene. Figure 43.4
is the image for the synthesis of FG by the reaction between GO and DAST. From
Fig. 43.4, most oxidizing group were replaced by fluorine atom after DAST fluori-
nation. Through the elemental analysis, FGDCB shown the highest fluorination rate
(23.1%) and FGNone shown the lowest fluorination rate (3.6%). The process was
a cost-effective, large-scale preparation route, which avoided the hazardous issues
caused by high temperature and F2 gas.

Fig. 43.3 a TEM and b HRTEM images of the synthesized FGS. c Magnified image of the red
section in Fig. 43.3b. d Selected area electron diffraction pattern of FGS sample. e–f The AFM
image and thickness of FGS. Reprinted from Ref. [42]. Copyright 2012 with permission from
Elsevier
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Fig. 43.4 The synthesis process of fluorinated graphene through the reaction of GO and DAST at
room temperature. Reprinted from Ref. [43]. Copyright 2013 with permission from Royal Society
of Chemistry

43.2.3 Plasma Fluorination

Jan et al. [44] presented a secure, clean and simple method for widely fluorinating by
laser-ablation-assisted decomposition of gaseous SF6 molecules. Figure 43.5 shows
the image of fluorination route by laser ablation in the SF6 atmosphere. Through the
XPS and Raman spectroscopy analysis, they found that the fluorination content was
positively correlated with the laser pulse numbers, the fluorination content increased
with the increase of laser pulse numbers before the laser pulses reached the saturation
value.

Tahara et al. [45] developed a highly controllable fluorination route by the fluo-
rine radicals in Ar/F2 plasma. The degree of fluorination was controlled by changing
the reaction time. Spatially homogeneous fluorination was showed through the
Raman mapping. Figure 43.6 is the image of reactive ion etching (RIE) system
for fluorinating.

Fig. 43.5 Image of fluorination route by laser ablation in the SF6 atmosphere. Reprinted from Ref.
[44]. Copyright 2019 with permission from Elsevier
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Fig. 43.6 The image of
reactive ion etching (RIE)
system for fluorinating.
Reprinted from Ref. [45],
with the permission of AIP
Publishing

43.3 Application of Fluorinated-Graphene in Energetic
Materials

43.3.1 Preparation of Aluminum/Fluorinated-Graphene
Based Energetic Materials

Aluminum (Al) powder tended to form relatively large agglomerations during the
combustion process, the introduction of fluoropolymers (polytetrafluoroethylene,
perfluoropolyether and polyvinylidene fluoride) can inhibit the agglomeration. In
recent years, as a fluorine-containing oxidizer, fluorinated graphene and graphite
fluoride were used to prepare of Al/fluorinated-graphene composites for studying
the effect on the combustion of aluminum powder.

Wang et al. [46] prepared nano-Al/CF (graphite fluoride) composites from nano
aluminum and graphite fluoride in ethyl acetate with magnetic stirring, the compos-
ites sample were obtained after drying in the vacuum. Figure 43.7 is the FE-SEM
surface appearance of the sample. Figure 43.7b shows the rough surface appearance
about the composites, which is caused by the adhesion of nano-Al particles to the
surface of CF. The layered structure of nano-Al/CF particles can be clearly observed
from Fig. 43.7c, d. These indicate that the adhesion of nano-Al to the surface of
CF can improve promote interfacial contact and mass transmission. EDS mapping
(Fig. 43.7e, f) further illustrate the uniformity of and nano-Al/CF. The uniformity
may give rise to high combustion performance.

Jiang et al. [47] prepared Al/GO (graphene oxide)/GF (fluorinated graphene)
composite by a mechanical mixing method. Figure 43.8 shows the preparation
process of Al/GO/GF composite. In this process, sonication plays an important role.
Wang et al. [48] also used the sonication process to prepare a series of nano-thermite
composites (FGO/Al, FGO/Al/Bi2O3 et al.).

Figure 43.9 shows theSEMimageofAl/GO/GFcomposite, according toFig. 43.9,
the composite is mainly composed by Al particles with the adhesion of GO and GF
on its surface. Figure 43.9 illustrated that the uniformity of the composite.
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Fig. 43.7 a SEM image of graphite fluoride. b SEM image of nano-Al/CF. c, dHigh-magnification
FE-SEM images of nano-Al/CF. e, f EDSmapping ofAl, F andC elements of nano-Al/CF.Reprinted
from Ref. [46]. Copyright 2021 with permission from Elsevier

Fig. 43.8 The preparation process of Al/GO/GF composite
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Fig. 43.9 SEM images of
Al/GO/GF composite.
Reprinted with permission
from Ref. [47]. Copyright
2020 American Chemical
Society

Fig. 43.10 TEM
micrographs of nano-Al/FG.
Reprinted from Ref. [49].
Copyright 2021 with
permission from Elsevier

Zhu et al. [49] used nano-Al powders, FG (fluorinated graphene) powders, AP
powders and cyclohexane solvent to prepare the compositeswith different FG content
by a magnetic stirrer, an ultrasonic disperser and a vacuum dryer. Figure 43.10 is the
TEM image of nano-Al/FG. Figure 43.10 shows the interfacial contact between FG
boundary layer and nano-Al. Considering the structure, there is no agglomeration
in this composite. At the same time, the decomposition products of FG will make
the Al2O3 shell on the surface of nano-Al disappear during the combustion of the
composite, which will enhance the combustion efficiency.

43.3.2 Preparation of Boron/FG Based Energetic Materials

Theoxide shell on the surface of boron limited the aerospace applications of boron (B)
[50]. The additives (metals, fluorine-containing oxidizers) can enhance the ignition
and combustion properties of boron. Moreover, in 1996, an increase in the pres-
sure exponent and burning rate was observed for boron-based fuel-rich propellants
containing fluorinated graphite [51].

Wang et al. [52] used acoustic resonance and solvent evaporation methods to
prepare fluorinated graphene coated boron composites, boron powder was added
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into GF/ethyl-acetate uniform dispersion liquid for ultrasonic treatment and acoustic
resonance, when the solvent was removing from the solid precipitate, GF will form
a coating layer on the surface of B due to the physical interaction. Figure 43.11
and Fig. 43.12 are the SEM image and EDS image of GF coated B composites, in
Fig. 43.11, the B surface of coated with GF has rougher appearance, which indicated
that GF is perfectly attached to the surface of B. Figure 43.12 further illustrates B
has been completely and homogeneously coated by GF.

Jiang et al. [53] used a LabRAM II mixer and polypropylene containers to mix the
Bparticleswith theGO (graphene oxide) andGtF (fluorinated graphite). Figure 43.13
is the SEM and EDS images of samples. They show the uniform structure of these

Fig. 43.11 SEM photographs of B coated with GF. Reprinted from Ref. [52]

Fig. 43.12 EDS images of GF coated B composites. Reprinted from Ref. [52]
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Fig. 43.13 SEM and EDS images of composites. a B/GO. b B/GtF. c B/GO/GtF. Reprinted from
Ref. [53]. Copyright 2021 with permission from Elsevier

composites. Specially, according to Fig. 43.13d, the F element is near the O element,
it indicates a good compatibility between graphene oxide and fluorinated graphite.

43.4 Theoretical Calculation About
the Fluorinated-Graphene-Based Energetic Materials

Theoretical calculations, such as quantitative calculations andmolecular force fields,
have great significance for the application of energetic materials. At present, some
theoretical calculation results on fluorinated-graphene-based energetic materials
have guiding value for practical applications.

Jiang et al. [47] conducted reactive molecular dynamics (RMD) simulations for
these composites: Al/GO,Al/GF, andAl/GO/GF. Figure 43.14 shows theRMDsimu-
lation results. Firstly, from Fig. 43.14a–c, the Al/GF/GO appeared greater uniformity
than Al/GO and Al/GF at 150 ps, which indicated that Al/GO/GF will decompose
more completely than others. Secondly, the number of C-C bond breaks can reveal
the rate of decomposition, from Fig. 43.14d, the number of in Al/GO/GF (1818 at
150 ps) is higher than the average value in Al/GO and Al/GF (1426 at 150 ps), which
implied that more GO and GF will decompose in Al/GO/GF. Thirdly, according to
Fig. 43.14e, the Al/GF shown a higher degree of diffusion and Al oxidation than
the Al/GO, it implied that the decomposition species from GF facilitated Al oxida-
tion/fluorination. Finally, it can be seen from Fig. 43.14f that the relative potential
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Fig. 43.14 RMD simulation results about Al/GO, Al/GF, and Al/GO/GF composites with O2 at
2500 K at t = 0 and 150 ps (gray, Al atoms; green, C atoms; red, O atoms; blue, F atoms; yellow,
H atoms). a Al/GO composites with GO:O2 = 1:1. b Al/GF composites with GF:O2 = 1:1. c
Al/GO/GF composites with GO/GF:O2 = 1:1. d The number of the C-C bonds versus time. e The
number of the Al-O bonds versus time. f The relative potential energy versus time (lower relative
potential energy means more heat release). Reprinted with permission from Ref. [47]. Copyright
2020 American Chemical Society

energy of Al/GO/GF decreased the fastest and the energy release was the largest,
it indicated that Al/GO/GF reacts more quickly and exudes more heat. The RMD
simulations results shown that the GO and GF can effectively improve the combus-
tion properties of Al particles, Al/GO/GF composites exhibited higher energetic
performance.

Tang et al. [54] used quantitative calculation to explore the adsorption mech-
anism of CL-20 on fluorinated graphene with different C/F ratio, Fig. 43.15 is
the photos about the electron density difference between CL-20 and fluorinated
graphene. According to Fig. 43.15a, four oxygen atoms in CL-20 receive electrons
from graphene, while the nitrogen-containing region lose electrons. According to
Fig. 43.15b–g, the lower the degree of fluorination, the smaller influence on the elec-
tron transfer between CL-20 and fluorinated graphene. On the contrary, the larger the
degree of fluorination, the greater influence on the electron transfer between CL-20
and fluorinated graphene. Therefore, a larger degree of fluorination will lead to lower
binding energy between CL-20 and fluorinated graphene.
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Fig. 43.15 Isosurface images of the electron density difference for CL-20 adsorbed on graphene
with different degrees of fluorination of a 0%, b 0.9%, c 3.6%, d 7.1%, e 14.3%, f 28.6% and
g 57.1%. Yellow: Electrons accumulation. Blue: electrons depletion. Reprinted from Ref. [54].
Copyright 2021 with permission from Elsevier

43.5 Characteristics of Fluorinated Graphene in Energetic
Materials

43.5.1 Influence of Fluorinated-Graphene
on the Decomposition of Energetic Materials

Zhu et al. [49] presented the TG-DTG and DSC results for different Al/AP-FG
samples with different FG content. From the results of TG-DTG, FG will reduce
the two heat release peak temperatures, which indicates that the existence of FG can
influence the decomposition of AP and even change the decomposition process of
AP [55, 56] into one stage. In addition, higher fluoridation degree can enhance the
reactivity of AP. Figure 43.16 is the DSC images, according to Fig. 43.16, higher
fluorination degree leads to the increase of melting peak temperature about AP, the
exothermic peak and exothermic heat of the composites will also decrease when the
fluorinated graphene is introduced. It indicates that he existence of FG may promote
the decomposition of AP. Through TG-DTG and DSC analysis, it is proved that the
fluorinated graphene significantly promoted the thermal decomposition of AP.

Wang et al. [52] study the thermal reaction of boron coated with fluorinated
graphene, the TG-DSC curves are used to studied the decomposition. Fluorinated
graphene can reduce the temperature of exothermic peak comparing with KNO3/B.
In addition, the reaction heat decreases at first and then increases with the fluorinated
graphene content, it shows an overall increasing trend. These results reveal that
fluorinated graphene can promote combustion of boron.

Wang et al. [48] studied the influence of FGO on the thermal decomposition
about Al-contained composites. Figure 43.17 is the DSC results. Compared to the
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Fig. 43.16 DSC curves of the composites at the heating rate of 20 °Cmin−1. a FG sample. bAl/AP
sample. c Al/AP-FG10 sample. d Al/AP-FG15 sample. e Al/AP-FG20 sample. Reprinted from Ref.
[49]. Copyright 2021 with permission from Elsevier

Fig. 43.17 DSC images of different composites. a GO/Al-GR and FGO-I/Al-GR. b FGO-
I/Al/Bi2O3, GO/Al/Bi2O3 and Al/BiO3. Reprinted from Ref. [48]. Copyright 2021 with permission
from Elsevier
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GO/Al-GR (GR stands for graphene-rich) in Fig. 43.17a, the exothermic peak of
FGO-I/Al-GR is located between 610 and 660 °C, which indicates that Al2O3 film is
weakened by the fluorine-containing groups, it will cause a better Al diffusion before
the melting of Al. From Fig. 43.17b, in terms of FGO-I/Al/Bi2O3, the melting of Al
was not observed, because Al was consumed completely before the melting of Al.
The reason is the reaction of the fluorine-containing groups and Al2O3 film, then Al
particles react earliest with Bi2O3 nanoparticles. Moreover, FGO-I/Al/Bi2O3 shows
the highest energy release, which is 60% higher than Al/Bi2O3 and 33% higher than
GO/Al/Bi2O3. This study shows that the presence of FG can not only promote the
reaction of Al through etching the Al2O3 shell, but also further increase the energy
level of the composite.

43.5.2 Influence of Fluorinated-Graphene on the Ignition
of Energetic Materials

Wang et al. [52] studied the influence of nano-Al or GF on the ignition proper-
ties of boron powder, the ignition delay time of different composites are shown in
Fig. 43.18. In terms of nano-Al coated KNO3/B, the higher the nano-Al content is,
the shorter the ignition delay time is. It is caused by the higher reactivity and better
flammability of nano-Al. However, in terms of KNO3/B coated with GF, the higher
the fluorinated graphene content is, the longer the ignition delay time is, which is
related to the endothermic effect during decomposition of fluorinated graphene. This
research shows that the existence of fluorinated graphene will increase the ignition
delay time of boron-based composites.

Tang et al. [54] researched the laser-induced ignition of CL-20 covered by fluori-
nated graphenewith different fluorination degrees. The images of combustionprocess
about different fluorinated graphene are shown in Fig. 43.19, it shows that the lower
the degree of fluorination, the shorter the ignition delay time (the shortest is 60 ms),
which is mainly due to the high heat release of fluorinated graphene under laser

Fig. 43.18 Ignition delay
time of different composites.
Reprinted from Ref. [52]
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Fig. 43.19 Laser induced ignition images for CL-20 under series fluorinated graphene with
different fluorination degrees. a Graphene, b FG-1, c FG-2, d FG-3 and e FG-4. Reprinted from
Ref. [54]. Copyright 2021 with permission from Elsevier

irradiation. In addition, the calculation and simulation results also show that fluo-
rinated graphene with a lower fluorination degree will have a better laser-induced
ignition performance. This study demonstrates the potential of fluorinated graphene
for laser-induced ignition.

43.5.3 Influence of Fluorinated-Graphene
on the Combustion of Energetic Materials

Jiang et al. [47] studied the burning process of Al-based composites by the Xe flash
lamp ignition. Figure 43.20 shows the high-speed video snapshots. First, Al/GF
composite was not ignited but others all were ignited, it reveals that graphene oxide
is more suitable for the optical initiation than fluorinated graphene (graphene oxide
is black, fluorinated graphene is transparent), the reason is that graphene oxide can
absorbmore energy from the flash lamp. Secondly,Al/GO/GF shows themost intense
burning, it reveals the synergistic effect of GO and GF, and also shows that GF has a
stronger effect on promoting the of combustionAl/GO. This study shows that GO/GF
can greatly promote the combustion of Al particles, Fig. 43.21 shows the synergistic
reaction mechanism of GO and GF during the combustion process. Moreover, this
study also showsGF ismore superior than polytetrafluoroethylene (PTFE) to promote
the combustion of Al particles.
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Fig. 43.20 Combustion performance of Al with different additives. a Snapshots of the burning of
Al/GO (80/20 wt%), Al/GF (80/20 wt%), Al/GO/GF (80/10/10 wt%), Al/GO/GtF (80/10/10 wt%),
and Al/GO/PTFE (80/10/10 wt%) composites at 40 ms. b Traces of the time-resolved pressure
release evolution. c Summary of the peak values of pressure release and optical emission of different
Al composites (exceptAl/GF). Reprintedwith permission fromRef. [47]. Copyright 2020American
Chemical Society

Fig. 43.21 Synergistic reaction mechanism of GO and GF during the combustion of Al with GO
and GF and its effects for enhancing the energetic performance of Al. Reprinted with permission
from Ref. [47]. Copyright 2020 American Chemical Society
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Fig. 43.22 a Different burning stages for different composites (t is the combustion duration, t′ is
themaximumflame duration, t′′ is the stable burning time.). bThe emission spectra of themaximum
combustion intensity. Reprinted from Ref. [49]. Copyright 2021 with permission from Elsevier

Zhu et al. [49] characterized the combustion properties of Al/AP-FG composites
with different FG contents. Figure 43.22a is the burning times of these composites at
three stages. Through the analysis of different combustion stages, it is found that the
higher the content of, the greater the combustion intensity and energy release rate.
Figure 43.22b is the emission spectra of the maximum combustion intensity, it shows
that fluorinated graphene can greatly promote the combustion of Al/AP. However,
fluorinated graphene content is not the higher the better, there is a most suitable
proportion-15%. These results show that the introduction of fluorinated graphene
can promote the energy release and combustion of Al.

Wang et al. [52] gave the combustionmechanism of KNO3/B coated with nano-Al
orfluorinatedgraphene througha series of characterization (ignitiondelay time, flame
structure). They show different reaction mechanism. Figure 43.23 is the reaction
mechanism of KNO3/B coated with nano-Al or GF. According to Fig. 43.23a, nano-
Al would be reacted with oxygen (or oxidizer) during ignition and it will generate
lots of heat, which will induce the ignition of boron. According to Fig. 43.23b, some
fluorine-containing groups produced from the thermal decomposition of fluorinated

Fig. 43.23 The combustion mechanism of KNO3/B coated with nano-Al or GF. Reprinted from
Ref. [52]
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graphene will destroy the oxide shell at low temperature and the subsequent pores
will further eliminate the oxide shell. This study not only give two different pathways
for promoting the combustion of boron powder, but also reveal the mechanism of
fluorinated graphene promoting the combustion of boron powder.

43.6 Conclusions

In this paper, the research progress of fluorinated graphene in energetic materials is
reviewed. It is proved that fluorinated graphene has a great prospect in the field of
energetic materials. However, the applications of fluorinated graphene in energetic
materials still have the following problems:

1. The structure of fluorinated graphene has a great influence on its nature. The
preparation of high-quality fluorinated graphene, especially the precise control
of fluorinated graphene structure for energetic materials, which needs to be
deeply studied.

2. Although the fluorinated graphene-based energetic materials exhibit excel-
lent combustion properties, the nature of the interaction between fluorinated
graphene and the matrix (covalent or non-covalent, electrostatic or dispersion)
in composites is still unclear.

3. At present, the researches of fluorinated graphene-based energetic materials
mainly focus on Al, B composites, and the composites of the third-generation
energetic materials (such as RDX, HMX, CL-20) need to be further studied.

In conclusion, deep analysis about the effect of the fluorinated graphene on the
thermal decomposition and combustion properties of energetic materials is helpful
to realize the wide application of fluorinated graphene in energetic materials and
even solid propellants, it is of great practical significance to study the preparation
method, theoretical calculation, thermal decomposition mechanism and combustion
performance of fluorinated-graphene-based energetic composites.
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Chapter 44
Molecular Dynamics Study on Aging
Mechanism of HTPB Propellants

Xitong Zhao, Xiaolong Fu, Zhengming Gao, Liping Jiang, Jizhen Li,
and Xuezhong Fan

Abstract In order to research the aging mechanism of HTPB propellants, molec-
ular dynamics (MD) simulation method was used to study the aging mechanism
of HTPB propellants after aging reaction. The changes of mechanical properties,
binding energy, cohesive energy density and other properties of solid propellants
were predicted when HMXwas decomposed and HTPBwas decomposed and oxida-
tive cross-linked. So the aging mechanism of HTPB propellants can be speculated.
The results show that during the long-term storage of propellant, HMX molecules
will decompose and release gases. The retention of gases will greatly accelerate
the aging of the propellant. However, in short-term storage, because HMX decom-
position amount is less at room temperature, the effect on the performance is not
obvious, so the decomposition of HTPB molecules is the main factor affecting the
aging of propellant in short-term storage. The research content has certain guiding
significance for the long-term storage of solid propellants.
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44.1 Introduction

Solid propellant is mainly composed of energetic binder, high-energy oxidant, ener-
getic plasticizer, metal particles and some other additives [1]. Hydroxy-terminated
polybutadiene (HTPB) composite solid propellant, also known as HTPB propel-
lant, has excellent mechanical properties, high burning rate adjustability and low
cost. It is widely used in solid rocket motors [2]. However, in the long-term storage
process, due to the influence of environmental temperature and humidity, as well
as the instability of HTPB propellant’s own components, its internal structure will
change, resulting in changes in mechanical properties and binding energy, that is,
aging phenomenon, so that it cannot meet the needs of practical use, thus losing
its value. Therefore, the research on the aging properties of HTPB propellant has
important guiding significance for the long-term storage of solid propellant.

At present, researchers generally combine experiments and test instruments to
study the factors, aging mechanism and aging characteristics of propellant aging.
Zhang and coworkers [3] studied themechanical properties of nitrate ester plasticized
polyether (NEPE) propellant under different aging degrees. The results show that the
decomposition of solid oxidant and the volatilization of plasticizer will destroy the
adhesion between solid particles and adhesive, resulting in the decline of mechanical
properties. Ding [4] found that the accelerated aging of HTPB propellant at alter-
nating temperature has a high correlation with natural storage. The high temperature
accelerated aging experiments show that the higher the storage temperature of solid
propellant, the more serious the performance change, that is, the greater the aging
rate. During the temperature cycle, the oxidant 1,3,5,7-tetranitro-1,3,5,7-tetrazocane
(HMX) and adhesive HTPB in the propellant will undergo thermal decomposition
[5], and the autocatalytic effect of HMX will promote the thermal decomposition,
resulting in the acceleration of heat release [6]. Therefore, this paper will analyze and
study the effect of thermal decomposition of HMX and HTPB on the aging reaction
of HTPB propellant.

In the actual environment, HMX and HTPB will not undergo thermal decom-
position. Only in the environment of high-temperature storage, HMX will undergo
slow decomposition and HTPB will undergo degradation and chain breaking reac-
tion. However, the storage experiment at room temperature requires decades of time,
which cannot meet the needs of rapid evaluation. Therefore, researchers need to
adopt accelerated aging method. The more commonly used life prediction method
is high-temperature accelerated aging method to obtain the aging critical life. The
estimated life can be calculated by using the time-temperature superposition prin-
ciple and Arrhenius equation [7]. In this way, the experimental data equivalent to
the long-time low-temperature condition can be measured under the condition of
short-time high-temperature.

At the same time, a large number of experimental tests will cause a great waste
of manpower and material resources. In recent years, people gradually began to use
computer simulation method to study the micro mechanism of propellant, combine
macro reactionwithmicro phenomenon, improve the research efficiency, and provide
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prediction and theoretical guidance for the study of aging mechanism of propellants
[8, 9]. With the successful application of modern Monte Carlo method in computer
simulation, researchers simulated the elastic collision of hard sphere model on this
basis, and developed the molecular dynamics method [10–12].

Based on the above analysis, this paper calculates and analyzes the mechanical
properties, binding energy and cohesive energy density of HTPB propellant by using
the method of molecular dynamics simulation and Materials Studio 8.0 software,
and predicts the performance changes of HTPB propellant in the process of high
temperature accelerated aging, when HMX decomposition, HTPB molecule degra-
dation, chain breaking and oxidative crosslinking reaction occur. Thus, the aging
mechanism of HTPB propellant is inferred.

44.2 Method

44.2.1 Structure of HTPB Propellant Molecular Model

HTPB molecule chain was constructed by MS 8.0 software. The repeating unit was
composed of trans-butadiene, cis-butadiene and 1,2-butadiene. The component ratio
was 3:1:1, and the single chain molecular weight of HTPB was 1650. The molecular
model is shown in Fig. 44.1a. The molecular models of dioctyl sebacate (DOS)
and HMX were obtained by querying the Cambridge crystal database (CCDC), as
shown in Fig. 44.1b, c. The Geometry Optimization function is used to minimize the
energy ofHTPB,DOS andHMXmolecule respectively.When the energy reaches the
minimum, theAmorphous Cell Toolsmodule is used tomix three differentmolecules

Fig. 44.1 Molecular model of a HTPB; b DOS; c HMX; d HTPB propellant
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and nano aluminum to build a mixed molecular model. As shown in Fig. 44.1d,
the mixture structure includes 2 HTPB molecular chains, 4 DOS molecules, 77
HMX molecules and 1 nano aluminum metal ball model. The content ratio of each
component is HTPB: DOS: Al: HMX = 10:5:15:70.

44.2.2 Molecular Dynamics Simulation

After the construction of mixture cell, due to the different arrangement of molecular
chains in the cell and the steric effect, there are many different conformations of
molecular chains, the internal force of the system is strong and the potential energy
of the system does not reach the minimum. Therefore, before molecular dynamics
calculation, the structure of the mixed model should be optimized first. Generally,
it needs to go through two processes: energy minimization and molecular dynamics
optimization, so as to obtain a stable structure with energy minimization.

Firstly, we used the Geometry Optimization function in Forcite module and the
Smart Minimization method to optimize the structure. Then, the system was opti-
mized by molecular dynamics way, the dynamics function in Forcite module was
selected, the force field was COMPASS [13–15], the Coulomb action and van der
Waals force were calculated by Ewald method, and the molecular dynamics was
optimized under NPT ensemble, in which the initial temperature was set to 70 °C,
the pressure was 0.001 GPa, the temperature control method was Nose, and the pres-
sure regulation method was Parrinello, simulate 100 ps in steps of 0.5 fs. When the
temperature variation deviation is less than 10 K and the energy curve is constant or
fluctuates slightly up and down along the constant value, it indicates that the struc-
tural system meets the balance of temperature and energy at the same time and the
structure is stable. After that, further performance calculation and simulation can be
carried out.

The mechanical properties, binding energy, cohesive energy density and radial
distribution function were calculated byMS 8.0 software. The bond energy of HTPB
and HMX were calculated by Gaussian 09 [16] software.

44.3 Result and Discussion

44.3.1 Chain Breaking of HTPB During Propellant Aging

Due to the low hydroxyl content in HTPB, its main chain structure is comparable
to that of polybutadiene. The results show that the cracking mechanism of HTPB
is similar to that of polybutadiene [8]. When chain breaking occurs, the C-C bond
between two secondary carbons is easier to break [17], as shown in Fig. 44.2a.
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Fig. 44.2 a Chain breaking mechanism of HTPB [17]; b Chemical bond number of HTPB main
chain

Table 44.1 Bond energy in
HTPB molecular

Bond Bond energy
(kJ mol−1)

Bond Bond energy
(kJ mol−1)

1 410.65 8 396.12

2 399.53 9 187.08

3 202.18 10 258.44

4 398.51 11 271.43

5 398.39 12 389.62

6 202.50 13 403.13

7 398.81

The energy of C-C bonds in HTPBmain chain is analyzed. The structural diagram
and chemical bond number of repeating unit are shown in Fig. 44.2b. The calculation
results are shown in Table 44.1. It can be seen that bond 3, bond 6 and bond 9 have
lower bond energy, which is easy to break in the reaction, which is similar to the
literature.

According to this chain breaking mechanism, the long-chain HTPB molecule is
decomposed into shorter polymer chains, the phenomenon of polymer chain breaking
into 2 segments, 4 segments and 8 segments in the aging process is simulated, and
then the aging mechanism is judged by calculating the changes of its mechanical
properties and binding energy. The aging temperature is 70 °C [18].

44.3.1.1 Mechanical Properties Analysis

Mechanical properties are important properties related to the preparation, processing,
production and use of solid propellant. Based on the principle of static analysis, MS
programcanobtain the atomic internal stress tensor after calculatingmultiple uniaxial



600 X. Zhao et al.

Fig. 44.3 Mechanical modulus curves of solid propellants when HTPB decompose: a Young’s
modulus; b Bulk modulus and shear modulus

tension and pure shear, and obtain the elastic coefficientmatrix by using the numerical
method to obtain the first-order partial derivative of the corresponding stress and
strain. Further, other effective isotropic mechanical properties can be obtained, such
as shear modulus, bulk modulus and lame constant [19].

The mechanical properties of the mixed molecular model were simulated by
Forcite module. The initial model and the mechanical properties of mixed molecules
when HTPB molecules are degraded and broken at 70 °C are obtained, as shown in
Fig. 44.3.

It can be concluded from the information in the figures that when the HTPB
polymer chain in the mixed system breaks into two segments, the mechanical prop-
erties of the propellant decrease, which is in line with the change characteristics
of the mechanical properties of the propellant during aging. This is because the
short polymer chain cannot play the original adhesion, which makes the connection
betweenmolecules less stable than that of the long chain, resulting in the deterioration
of the mechanical properties of the mixed system.When HTPBmolecules break into
smaller molecular chains, the mechanical properties do not further decrease, which
may be because the smaller molecular chains have smaller energy, which makes
the overall energy of the mixed molecules lower and more stable in the macro. On
the whole, the fracture of HTPB molecular chain will have a certain impact on the
mechanical properties of propellant. Therefore, it can be preliminarily speculated
that the decomposition of HTPB molecules into smaller molecular chains will cause
propellant aging, which is also consistent with the literature research results.

44.3.1.2 Binding Energy Analysis

Binding energy is a physical quantity that describes the stability of mixed molecules
from the perspective of thermodynamics. MS can calculate the bond energy and non-
bond energy of each molecule to obtain the total energy of the molecule. Then the
binding energy of mixed molecules can be obtained from the total energy of these
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Fig. 44.4 Binding energy
curve of solid propellants
when HTPB decompose

molecules. The calculation formula of binding energy is as follows:

Ebinding = −Einter = −(EAB − EA − EB)

where EAB is the total energy of mixture A and B, EA and EB are the energy of A
and B respectively.

When HTPB molecule decompose, the calculation results of binding energy are
shown in Fig. 44.4.

According to the information in the figure, the change of binding energy is consis-
tent with the mechanical properties. When HTPB molecule breaks, the average
binding energy in the system will decrease.

44.3.1.3 Cohesive Energy Density Analysis

Cohesive energy density (CED) is a physical quantity to evaluate the magnitude of
intermolecular force, which mainly reflects the interaction between groups. In MS
software, Forcite module can be directly used to simulate the cohesive energy density
of molecules. When HTPB molecule decompose, the calculation results of cohesive
energy density are shown in Fig. 44.5.

It can be seen that the variation of cohesive energy density is consistent with the
mechanical properties and binding energy calculated before. In the process of HTPB
molecular decompose, the change of cohesion energy density is obvious, resulting
in the change of intermolecular interaction.

Combinedwith the above analysis results, inHTPB solid propellant, the decompo-
sition of binderHTPB into shortermolecular chainswill cause the agingof propellant.
This effect is very obvious in the short-term storage of propellant.
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Fig. 44.5 CED curves of
solid propellants when
HTPB decompose

44.3.1.4 Oxidative Crosslinking of HTPB Molecules

The researchers found that oxidation reaction may occur in the aging process of
HTPB propellant, and the oxidation reaction mainly occurs at the C = C double
bond in HTPB binder molecules [8]. When the C = C double bond in the propellant
is oxidized by the oxidizing substances in the system, the reactions include the
cyclization of C = C double bond and the oxidative crosslinking reaction between
C = C double bonds. The oxidative crosslinking reaction is shown in Fig. 44.6a.

Therefore, the mixed molecular model of oxidative crosslinking reaction of two
HTPB polymer chains can be constructed by MS software, and the mechanical
properties, binding energy and cohesive energy density of the mixed system can
be calculated. The schematic diagram of the model is shown in Fig. 44.6b. The data
comparison between it and the initial structure is shown in Table 44.2.

According to the data in the table, compared with the initial structure, themechan-
ical modulus of mixed molecules with oxidative crosslinking structure between
HTPB has decreased, but the change range is small. The binding energy and cohe-
sive energy density increased, and the change was not violent. It can be concluded
that in solid propellant, the oxidative crosslinking reaction of adhesive HTPB will
have a certain impact on the mechanical properties of the material and reduce its
elastic modulus. From the perspective of thermodynamics, the binding energy of
the system increases after oxidative crosslinking. Therefore, oxidative crosslinking
reaction will affect the aging reaction of propellant to a certain extent, but it is not
the main influencing factor.
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Fig. 44.6 Mechanism [8] and molecular model of HTPB oxidation linking reaction

Table 44.2 Comparison of
properties between structures
before and after reaction

Initial structure Oxidative crosslink

Young modulus
(GPa)

8.1122 7.3303

Bulk modulus
(GPa)

8.1148 7.9564

Shear modulus
(GPa)

2.8321 2.6705

Binding energy
(kJ mol−1)

179.62 197.24

CED (J cm−3) 128.3 126.9

44.3.2 Decomposition of HMX During Propellant Aging

There are many experimental reports on the thermal decomposition mechanism of
HMX at atmospheric pressure. The results generally believe that the N-N bond
breaking, HONO dissociation, C-N bond breaking and main ring decomposition are
the main reaction paths in the process of gas-phase HMX molecular decomposition.
N-N bond breaking to generate NO2 plays a major role in the initial decomposi-
tion of single molecules, while the dissociation of HONO and the breaking of C-N
bond are more likely to occur in the decomposition of condensed HMX [20]. In
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Fig. 44.7 Bond number in
HMX molecular

Table 44.3 Bond energy in
HMX molecular

Bond Bond energy (kJ mol−1)

1 500.9270215

2 162.859765

3 236.132219

the decomposition process, the intermediate products mainly include H2CO, N2O,
HONO, HCN, etc. with the progress of the reaction, these intermediate products are
further decomposed into final products such as N2, H2O, CO and CO2 [21].

The molecular structure and chemical bond number of HMX are shown in
Fig. 44.7, and the calculation results of bond energy are shown inTable 44.3. From the
calculation results of bond energy, it can be concluded that the bond energy between
N-N bond and C-N bond is relatively low and easy to break, which is consistent with
the conclusion of literature research.

We can adjust the molecular composition of the initial mixed molecular model,
decompose different numbers of HMXmolecules into corresponding gas molecules,
and judge the aging mechanism by calculating the changes of their mechanical
properties and binding energy.

44.3.2.1 Mechanical Properties Analysis

The mechanical properties of the mixed molecular model were simulated by Forcite
module. The mechanical properties after HMX decomposition at 70 °C are obtained,
as shown in Fig. 44.9.

It can be concluded from the figure that when HMX decompose during aging, the
mechanical properties of propellant will be affected. When HMX decompose into
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Fig. 44.9 Bulk modulus and
shear modulus curves of
solid propellants when HMX
decompose

corresponding gases, the bulk modulus and shear modulus both decrease with the
HMX decomposition. This shows that in solid propellant, when HMX decomposed
into gas, the stiffness and hardness of the material are reduced, it is easier to deform
and the mechanical properties become worse under the action of external force. This
is consistent with the characteristics of propellant aging.

When the solid propellant contains gases, these gas molecules will have a certain
impact on the internal structure of thematerial system,whichwill change themechan-
ical properties of the propellant. In order to eliminate the influence of gas on the
mechanical properties, themodelwithout gaswas simulated.That is,HMXmolecules
are directly deleted from the system, and the resulting mechanical property changes
are shown in Fig. 44.10.

Compared with the data in Fig. 44.9, after removing the gas in the system, the
mechanical properties of the propellant system do not change significantly with the
decomposition ofHMX.AfterHMXdecompose, themechanical properties decrease,

Fig. 44.10 Bulk modulus
and shear modulus curves of
solid propellants when HMX
decompose (without gas)



606 X. Zhao et al.

but the decrease range is not as larger as that in Fig. 44.9. On the whole, the fitted
curve is close to a group of straight lines parallel to the x axis. Therefore, it can be
inferred that in the aging process of solid propellant,HMXwill decompose into corre-
sponding gas molecules over time due to the instability. The change of propellant
composition will reduce the mechanical properties of the material, but more impor-
tantly, the residue of these gas molecules in the propellant will seriously affect the
mechanical properties of the material. Its stiffness and hardness are greatly reduced.
These changes are consistent with the characteristics of propellant aging.

Therefore, it can be concluded that the decomposition of HMX in the system, the
formation of corresponding gas molecules and retention in the propellant system is
one of the reasons for the aging reaction of HTPB solid propellant.

44.3.2.2 Binding Energy Analysis

The binding energy of the system can be obtained by molecular dynamics simulation
using Forcite module. However, in the process of HMX decomposition, the total
molecular number of the mixed system will also change, so E

′
binding is introduced,

which is defined as:

E ′
binding = Ebinding/n

where n is the number of HMX in the model, and E ′
binding can be defined as the

average binding energy of each HMX molecule [22]. As shown in Fig. 44.11.
It can be concluded that during the aging process of propellant, the average binding

energyof the system increaseswith the decomposition ofHMX.From themicro sight,
with the decomposition of HMX, the overall energy Etotal of the system and the total
energy EHMX of HMX molecules are increasing, and the increment of EHMX is

Fig. 44.11 Binding energy
curves of solid propellants
when HMX decompose
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greater than Etotal , resulting in the increase of overall binding energy. When the gas
in the system is no longer retained in the material, the average binding energy also
increases, but its increase is significantly lower than that in the presence of gas, which
indicates that the gas retention in the material will reduce the overall energy of the
system.

44.3.2.3 Cohesive Energy Density Analysis

In order to supplement the effect of HMX decomposition on the aging performance
of solid propellant, the cohesive energy density of each mixed system with different
HMXcontent can be simulated and calculated, and the results are shown inFig. 44.12.

It can be concluded that in the mixed system, with the decomposition of HMX
into gas, the cohesive energy density of the mixed system gradually decreases, which
means that the mechanical strength and heat resistance of the mixed system are
reduced, and the intermolecular interaction is weakened. When the gas in the system
increases, the cohesive energy density increases. This result is consistent with the
previous calculation results of mechanical properties and binding energy.

Comparing the HMX decomposition data in the propellant with the HTPB degra-
dation chain breaking data, it can be found that the properties of the propellant change
more violently under the HMX decomposition, which means that the decomposition
of HMX has a more obvious impact on the aging properties of the propellant than
the HTPB degradation chain breaking. However, considering that HMX decomposes
very slowly at room temperature and has a very limited impact on the aging of propel-
lant in actual storage, the fracture of HTPB molecular chain is still the main factor
affecting the aging of propellant.

Fig. 44.12 CED curve of
solid propellants when HMX
decompose
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44.4 Conclusion

The aging performance is one of the important properties of solid propellant. The
study of aging mechanism has important guiding significance for the long-term
storage and safety of propellant. According to the aging mechanism of solid propel-
lant, the properties of HTPB propellant under different aging mechanisms are simu-
lated by molecular dynamics simulation under the condition of high temperature
accelerated aging. The main conclusions are as follows:

1. When the adhesive HTPB molecule in the mixed system breaks into a shorter
chain, the mechanical properties of the mixed system also become lower. This is
becausewhen theHTPBmolecular chain breaks into shorter one, the adhesion is
restrained. Therefore, the mechanical properties becomeworse, that is, it causes
the aging of the propellant.

2. When the HTPB molecules in the system undergo oxidative crosslinking reac-
tion, the mechanical properties of the propellant decrease significantly, and the
binding energy and cohesive energy density decrease at the same time.

3. When HMX in the mixed system decompose into gas, the change of propellant
composition will reduce the mechanical properties of the material. More impor-
tantly, the retention of these gas molecules in the propellant will seriously affect
the mechanical properties of the material, and its stiffness and hardness will be
greatly reduced, resulting in the aging of the propellant.

In conclusion, considering the influence of calculation error, it can be inferred
that HMX molecules decompose slowly and release gases when heated during the
long-term storage of propellant, and the retention of these gases in the system will
accelerate the aging of propellant. However, in short-term storage,HMXdecomposes
slowly at room temperature andhas less decomposition amount,whichhas noobvious
impact on the performance of the system. Therefore, the degradation and chain
breaking of HTPB molecules is the main factor affecting the aging of propellant
during the short-term storage.
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Chapter 45
Research Progress on Long Storage
Performance of NEPE Propellant

La Shi, Xiaolong Fu, Saiqin Meng, and Jiangning Wang

Abstract The long storage performance of NEPE propellant is an important prop-
erty concerned by propellant researchers. With the change of long storage time, the
fluctuation of propellant performance is an important problem restricting the applica-
tion of NEPE propellant in military equipment. In this paper, the research progress of
long storage performance of NEPE propellant in recent years is reviewed, including
aging mechanism, aging performance research methods and life prediction. The
results show that the aging reactions of NEPE propellant are mainly divided into
nitrate decomposition, binder degradation and post curing reaction. Researchers used
computational simulation, spectral method, mechanical method, thermal analysis
method, chromatography and othermethods to evaluate the long storage performance
of NEPE, and based on the above methods to predict the life of NEPE propellant. It
is generally considered that the service life of NEPE propellant is about 13–16 years.

45.1 Introduction

Nitrate Ester Plasticized Polyether (NEPE) propellant is plasticized with nitrate
ester to make the propellant obtain higher energy, while retaining the high elastic
three-dimensional network and giving the propellant excellent mechanical proper-
ties. Combining the advantages of the traditional double base propellant, modified
double base propellant and composite propellant forms a new type of propellant.
NEPE propellant has become the main research subject at home and abroad [1–4].

NEPEpropellantswill age in the complex storage and use environments, including
the degradation of polyethylene glycol (PEG) binding agent, the decomposition,
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diffusion and migration of nitrate esters, the post-curing, and so on. The physical
properties, mechanical properties, internal ballistic properties and interface bonding
properties of NEPE propellants have undergone significant changes, which seriously
affect the use of propellants in the weapons and equipment. For example, the heat
released by the thermal decomposition of nitrate esters cannot be quickly dissipated
in the propellant grains, and the heat accumulation will cause the temperature of
the propellant to rise, which may cause the propellant to ignite spontaneously. The
N–O on the nitrate group –ONO– breaks, which causes partial energy loss of the
propellant. The thermal decomposition process of the propellant is accompanied by
the release of gas. When the generation rate is greater than the outward diffusion
rate, the gas accumulation will occur, which may rupture the grain. The migration
of the energetic plasticizer will make the propellant to lose the structural integrity,
and the interface to take off the stick. The oxidative chain scission of the binders will
reduce the relative molecular weight of the binders and the viscosity of the binders,
which will directly change the aging performance of NEPE propellant. Stored in a
humid environment, the oxidant will absorb moisture and dissolve on the surface,
making the filler and the binders interface separating, and the mechanical properties
of the propellant will deteriorate rapidly [5]. Traditional experimental methods and
phenomenon analysis methods have been relatively mature in the research and appli-
cation of solid propellant performance. Theoretical calculations, numerical simula-
tions, and simulation models [6–9] can accurately and truly reflect the performance
changes of NEPE propellants during long-term storage. This paper classifies and
summarizes the current researches on the long-term storage performance of NEPE
propellants from the aspects of aging mechanism, aging evaluation methods and
life prediction. Finally, the future development and challenges of NEPE propellant
long-term storage performance research are analyzed.

45.2 Aging Mechanism

The complexity of the composition of NEPE propellants makes its aging research
different from double base propellants and composite propellants. The maximum
tensile strength, maximum elongation, stabilizer content, mixed nitrate content,
weight loss rate and other parameters are all regular, which can be used as a
test indicator for propellant storage. The phase separation between the binder and
the plasticizer in NEPE propellant, the aging of the microstructure of the binder
mainly lead to the decrease of mechanical properties [10, 11]. PEG will crys-
tallize after low temperature treatment at −20 °C. At the same time, the degree
of phase separation increases with the increase of low temperature storage time,
the low temperature mechanical properties decrease and the maximum elongation
increases steadily [12]. Chain extenders can change the network structure of NEPE
propellants, thereby significantly improving the mechanical properties, increasing
elongation and decreasing tensile strength [13]. Ammonium perchlorate (AP) will
have a strong catalytic effect on the thermal decomposition of the NEPE system,
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increase the rate of thermal decomposition, and shorten the time of thermal decom-
position [14]. According to the aging mechanism and macro-mechanical properties
of NEPE propellant microphase structure, the aging is divided into three stages:
nitrate decomposition, binder degradation and post-curing [15, 16].

45.2.1 Nitrate Decomposition Mechanism

One of the reasons for the aging of NEPE propellant is the thermal decomposition of
nitrate ester O–NO2 bond breakage. NOx ismainly produced by the decomposition of
nitrate ester, which can be used as the characteristic gas of aging. The decomposition
of nitrate esters will produce H2O and NOx free radicals, and the free radicals will
counteract the decomposition of nitrate esters. The addition of stabilizers consumes
NOx and can delay the degradation of the propellant. The remaining hydrocarbon
structure will also undergo thermal decomposition, producing aldehydes and other
combustible components that can be oxidized by NO2 gas.

The decomposition of nitrate esters is as follows:

RONO2 → RO. + .NO2 (45.1)

RONO2 + RO(NO2) → N2, NxO, H2O, H2,CO2,CO,C2H2O4, .NO, .NO2

(45.2)

NO + O2 → 2NO2 (45.3)

NO2 + NO + H2O → 2HNO2 (45.4)

NO2 + H2O → 2HNO3 + NO (45.5)

During the decomposition of nitrate esters, heat is released to increase the tempera-
ture of the propellant.Gas is generated to expand the grain, and the viscosity decreases
to change the mechanical properties. Highly active HNOx is an end product, which
will directly lead to the degradation of the binder chain in the interface area. In
the experiment, the decomposition temperature of the nitrate ester is higher than the
actual use temperature of the propellant, and the NOx produced by the decomposition
will accelerate the degradation of the polyether.
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45.2.2 Binder Degradation Mechanism

H2O is themain factor in the decomposition of the binder polyurethane, leading to the
breaking of the binder polymer chain and the destruction of the basic structure of the
propellant. When the decomposition reaction of the propellant cannot be inhibited
by the stabilizer, the decomposition reaction will continue to decompose until the
polymer chains of the binder network structure are completely destroyed and the
propellant changes from a softened state to a pulp-like state. The polyurethane binder
of NEPE propellant contains ether groups and urethane groups, which decompose
as follows:

RNHCOOR′ + H2O
H+ or OH−−→ RNH2 + R′OH + CO2 ↑ (45.6)

RNHCONHR′ + H2O
H+ or OH−−→ RNH2 + R′OH + CO2 ↑ (45.7)

RCOOR′ H+ or OH−−→ RCOOH + R′OH (45.8)

The ether bond of themain chain of tetrahydrofuran epoxypropane copolymer and
the carbamate group formed after curing is the lowest link in bond energy. Under
the action of the hydrolysate of AP and the low-temperature decomposition product
HClO4, the main chain ether bond –C–O–C– generates acid Chain scission is the
main degradation reaction of this type of polyurethane propellant.

{HOCH2CH2[OCH2C2H5] n [OCH2CH2CH2CH2]m}OH

+ RNCO → RNHCOOR′ (45.9)

In the laser scattering molecular weight spectrum of the degradation product of
polyurethane, PEG/multi-functional isocyanate (N-100) binders, the product at the
initial stage of the reaction is similar to the PEG molecular mass peak. This proves
that the degradation of the binders first occurs in the carbamate structure [17].

In the binder degradation stage, the polyurethane hard molecular chain in NEPE
propellant is easy to degrade and break, which is irreversible chemical aging. From
the point of view of polymer chain statistics, when the propellant is in a rubbery
state, the polymer chain of NEPE propellant can remain unchanged in the uniaxial
tensile experiment. Thermodynamically, the ideal tensile strength is:

σb = 3αkT ε (45.10)

σb is the tensile strength; α is the number of standard cross-linked network chains
per unit volume of the propellant, that is, the cross-linked network concentration; k
is Boltzmann’s constant; T is the actual temperature; ε is the elongation.
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When the degree of microphase separation of the polyurethane hard molecular
chain increases, the cross-linked network system increases and the tensile strength
increases. At this time, the tensile strength can reflect the concentration of the hard
molecular chain. Then, the soft polyurethane molecular chain begins to degrade, the
microphase separation is intensified, and the hard molecular chain concentration and
tensile strength continue to increase. As the stabilizer content decreases, the nitrate
is quickly decomposed. The hard molecular chain is easy to be oxidized and decom-
posed, its concentration decreases, and the tensile strength appears a second peak.
When the stabilizer content is reduced to the point that NOx cannot be completely
consumed and absorbed, the NOx concentration increases, the thermal degradation
and oxidative degradation of the molecular chain intensify, and the macroscopic
tensile strength drops rapidly. Under the action of constant strain, the polymer chain
unfolds from the collapsed state, the chain is oriented and rearranged, and the molec-
ular chain tends to be oriented in the direction of the force, which increases the elon-
gation of the propellant to a certain extent. In the later stage of aging, the influence of
binder aging and interface dehumidification between binder and other fillers is grad-
ually significant. With the occurrence of dehumidification, the physical or chemical
adsorption force between the dispersed phase and the continuous phase decreases.
And the stress transfer of the entire system Is weakened, so the maximum elongation
of the propellant is reduced.

45.2.3 Post Curing Mechanism

Post-curing reaction refers to a curing reaction that has not been completed in the
normal curing cycle, but continues to proceed slowly during storage. The decompo-
sition products of nitrate esters, hydroxyl-terminated prepolymers and isocyanates
form cross-linked hard molecular chains. And the post-curing reaction is:

RNCO + R′OH → RNHCOOR′ (45.11)

As the concentration of hard molecular chains increases, the tensile strength also
increases. At the same time, carbamate and carboxyl groups restrict the rotation of
the main chain, leading to a decrease in the macroscopic elongation. At the end of
the isocyanate reaction in NEPE, the ultimate tensile strength reaches its maximum.
Nitrate esters are difficult to decompose at ambient temperature. The post-curing of
NEPE propellant only occurs at higher temperatures, and the post-curing time can
be ignored in life prediction.

In the polyether polyurethane binders, there are active hydrogen in the carba-
mate. Under catalyzed conditions, it can further react with isocyanate to form allo-
phanate. When 1,3,5-tri (2-ethylazolidine-1) benzenoic acid adducts cure carboxy-
terminated polybutadiene, they will rearrange during storage to produce oxazoline,
which continue reacting with the carboxyl group. When the epoxy compound is
the curing agent, the curing agent will undergo a homopolymerization reaction.
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The cross-linking reaction between isocyanate and multi-functional active hydrogen
components increases the cross-link density of the propellant, increases the tensile
strength and elastic modulus, and decreases the elongation.

In the observation of phenomena and experimental methods, it is impossible to
intuitively quantify the periodic cycles of NEPE propellant aging performance in
long-term storage, nor to understand the mechanism behind complex reactions. It
is necessary to introduce more advanced instruments, theoretical calculations and
computer simulations.

45.3 Aging Assessment Method

The aging of NEPE propellant is caused by a variety of reasons, and it also needs
to be characterized by a variety of detection methods. The selected experimental
conditions (such as sample preparation, moisture content, loading density, tightness,
test temperature, contact area, etc.) will not be fully standardized and will vary from
test to test, so the criteria for determining failure are also diverse. It is necessary to
decide which test condition can best simulate natural aging according to the situation
[18–20].

45.3.1 Calculation Simulation Method

Hou [21] established a meso-particle filling model of NEPE propellant with Abaqus
finite element software. He found that AP particles, Al particles and matrix interface
dewetting and matrix cracking together led to propellant cracking. Shee [22] used
quantum chemistry to derive themolecular electrostatic potential (MESP) that shows
the possible positions of the plasticizer and binders interaction. The estimated Vmin

value and their size provide clues for understanding their interaction. There are
good correlations between the relative tendency of the interaction energy between
the plasticizer and the binders, and the tendency of the corresponding plasticizer to
reduce the viscosity of the binders (Fig. 45.1).

Zhang [23] used molecular dynamics (MD) simulation methods to study the
adsorption behavior of neutral polymer bonding agent (NPBA) in NEPE propel-
lant, and observed that there was a strong van der Waals force between NPBA and
RDX (hexogen), and the High binding energy. The compatibility of NPBA and
nitrate plasticizers decreases with the decrease of temperature. At the same time,
NPBA can penetrate nitrate plasticizers and adsorb on the surface of RDX to form a
dense protective layer, which can prevent nitrate plasticizers damaging the bonding
interface. Han [24] used MD method to simulate the bonding unit with cohesive
constitutive of particle-matrix bonding. Based on the Kooke-Jeeves inversion opti-
mization algorithm, theNEPEmatrix-particle interface bonding energywas obtained
as 63.375 J/m2 through inversion. Comparing the calculated results of themodel with
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Fig. 45.1 MESP and total Vmin values of the corresponding samples at B3LYP/6-311g (D, P)
theoretical level of PNG dimer and energetic plasticizer. The yellow dots indicate the position of
the Vmin dots in each sample (red is the electron-rich region, blue is the positive region)

the actual experimental results as shown in Fig. 45.2. It can be found that the simula-
tion curve is more consistent with the experimental results, indicating that the model
can be adaptedwhen considering the impact of theNEPE propellant’smeso-structure
changes on the mechanical properties under external load conditions.

Wang [25] established a MD model for the cooling phase separation of NPBA in
an inert solvent, and applied it to the phase separation of a nitrate ester plasticizing
solution system improve the composition of the terpolymer during the cooling phase
separation process. Zhang [26] used computational programming methods to estab-
lish a polyurethane acrylate (PUA) molecular-scale UV curing crosslinking model,

Fig. 45.2 The simulation
results are compared with the
actual results
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and used MD to calculate its mechanical properties, thermal transfer behavior, solu-
bility parameters, radial distribution function, and diffusion coefficient. It is proved
that PUA liner has a higher crosslink density, which can effectively prevent the
migration of plasticizer.

Li [27] used the dissipative particle dynamics mesoscale simulation method and
the new two-sphere shell method to quantitatively characterize the phase separation.
She proposed that the phase separation behavior ofmesoscale interactionwould occur
in a macromolecular binder and small molecular plasticizer. The phase separation
process of polymer binder and small molecule plasticizer in NEPE propellant is
simulated. The method was shown in Fig. 45.3. Two virtual spherical shells or torus:
inner ring a and outer ring b. The size and position of the two spherical shells can
be changed as required. The simulation is mainly used to track the number changes
of blue ion during the phase separation process. Because the chains are entangled
with each other, when the phases are separated, the chains will gather in the center
of the system, and free particles will accumulate near the wall of the box. At this
time, the number of blue particles in the inner spherical shell decreases, while the
blue particles in the outer spherical shell b will increase.

Obviously, temperature affects the movement of particles, and the interaction
between the binder and the plasticizer is an important factor in the phase separation
behavior. As the temperature decreases, the phase separation occurs later and later,
but the degree of phase separation gradually increases. Within a certain range, the
longer the polymer chain in the simulation system, the earlier the phase separation
between polymer and small molecules. But the increase in polymer chain length
reduces the degree of phase separation.

Fig. 45.3 Planar diagram of
two spherical shells used in
particle calculations
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Sui [28] is based on the assumption that the thickness of the shell is constant, the
insulating lining is elastic, the branches of the shell can be ignored, the air in the pores
of the particles is only used for heat conduction, and the convection can be ignored.
A finite element model with symmetrical boundary conditions is established. And
the stress response of the drug pellets aged for 20 days at 65 °C, the critical zone
is the end of the drug pellets and the inner pore surface. From the point of view of
the maximum Von Mises stress, the internal control surface stress is lower than the
stress at the end of the grain, so the critical area is the end of the grain. Due to the
deformation of the grain, the stress value of the inner hole surface and the end of the
grain is relatively high. Due to the different thermal expansion characteristics of the
material, the maximum equivalent stress appears on the surface between the grain
and the insulatingmaterial. The comparison between the stress limit of the propellant
and the maximum equivalent stress in the grain shows that both have a downward
trend with the increase of time. After a certain period of time, the latter’s decline
speed increases, resulting in the maximum peak value higher than the grain fracture
frequency band. When the relaxation modulus of the propelling column grain drops
to 0.7 MPa, the structural integrity will fail.

45.3.2 Spectroscopy

Pang analyzed themicrostructure ofNEPEpropellant throughMicro-CT, and studied
the chemical composition and distribution of the interface by SEM-EDS, Micro-
FTIR, and XPS. He noticed that the curing reaction of the interfacial propellant
competes with the cross-reaction of the propellant and the liner. In relation to
this, PEG and N-100 are cured to produce C–O–bonded and nitrogen oxide active
molecules of carbamate that affect the aging reaction. Liu [29] used 1H quantitative
nuclear magnetic resonance method to simultaneously determine the mass ratio and
moisture content of the mixture of 1,2,4-butanetriol trinitrate (BTTN) and NG, and
verified its accuracy by HPLC. Wu [30] used XPS to analyze the chemical composi-
tion and distribution of theNEPEpropellant lining interface. He obtained the changes
of the main components at various positions before and after aging, and the changes
in the binding energy of elements during the interface aging process. He found that
the reduction of hydroxyl, nitrogen atom active groups and nitro groups are the
main failure reason. Yan [31] performed Fourier infrared spectroscopy qualitative
characterization on the accelerated aging NEPE propellant after the tensile strength
inflection point appeared, as shown in Fig. 45.4. He obtained the fitting equation
between the wavenumber of O–NO2 the absorption peak 769 cm−1, asymmetric
stretching vibration 1639 cm−1 and the tensile strength.

Rm = 925.207x + 0.3446 (45.12)
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Fig. 45.4 Ir spectra of
accelerated aging NEPE
propellant at 75°C

where Rm is the tensile strength of the propellant, and x is the sum of the second
derivative values of the propellant’s infrared spectrum at 769 and 1639 cm−1.

Gui [32] used in-situ diffuse reflectance FT-IR spectroscopy to study the content
distribution and curing of chemical groups process dynamics at the interface ofNEPE
based hydroxy-terminated polybutadiene (HTPB) propellant lining microdomains.
During the curing process, the content of –NCO groups hardly increased in the lining
area facing the interface, it rose rapidly through the interface layer, and then stabilized
in the propellant layer area. But the content of –NH groups went from the lining to the
propellant layer gradually increase. In the microscopic area between the liner and the
propellant, –C=Odecreases rapidly through the interface, and then the propellant area
increases slightly. In the early stage of curing, the migration of nitrate ester occurred
at the interface between NEPE propellant and liner. In the micro area of the bonding
interface, –O–NO2 decreased from the propellant layer to the liner. As shown in
Fig. 45.5, the curing kinetics study shows that the secondary reaction model can
describe the curing reaction of the bonding interface in the early stage of the curing
process. At the same curing temperature, the interface micrometer area lining (point
L), the middle point (point l) and the apparent curing reaction rate constant (k) of

Fig. 45.5 α/(1 − α) as a
function of curing time
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the propellant layer (point P) is kL > kl > kP. According to the Arrhenius equation, the
apparent activation energies are 39.96, 81.49 and 62.51 kJ·mol−1, respectively.

α
1−α

= kC0t , Where α is the degree of curing, t is a certain moment, and k is the
rate reaction constant.

Amir [33] used laser-induced breakdown spectroscopy to analyze the thermal
aging of composite propellants, and introduced principal component analysis to
distinguish different sample spectra.He proved that as the aging time and temperature
increase, the chemical structure changes. Zhao [34] observed that the gas phase prod-
ucts of thermal decomposition of NEPE propellant include CO2, CO, N2O, HNCO,
NO, CH2O, NO2, HONO, HCN, ethers, evaporated NG and HMX through infrared
spectroscopy. Farley [35, 36] used 532 and 785 nm wavelength Raman spectroscopy
to analyze the N-methylp-nitroaniline (MNA) in NEPE propellant aging samples.
The computer reduced the fluorescence several times, improved the signal-to-noise
ratio of the chemical peak specific to the stabilizer compound and calibrated the data.
At last, detect MNA content as low as 0.2% in a few seconds.

45.3.3 Mechanics

Chi [37] analysed the statistical distribution characteristics of the mechanical proper-
ties of NEPE propellant during the aging process and the change law of the statistical
parameters during the accelerated aging process. He found that the uniaxial tensile
test values under the same aging state showed a normal distribution. In the different
stage, themechanical performance parameters have nothing to dowith the aging time
and temperature, and are normally distributed. Han [38] used the equivalent rela-
tionship between time, temperature and damage to predict the long-term relaxation
behavior ofNEPEpropellant based on the uniaxial tensile experiment and cumulative
damage model calculation of NEPE propellant. Zhang conducted high-temperature
accelerated aging experiments on NEPE propellant, studied the relationship between
the mechanical properties of the propellant and chemical stability, and summarized
this relationship as a “two-stage”.When the nitrate ester decomposition product NOx

consumes the stabilizer, the mechanical properties of the propellant do not change
significantly. When the nitrate ester decomposition product reacts to the decom-
position of the nitrate ester, the gel content and crosslink density of the polyether
system suddenly drop, resulting in The mechanical properties also decline rapidly.
Shen [39] used a universal material testing machine to test the mechanical properties
of NEPE propellant at different strain rates and temperatures. She concluded that
the tensile stress has a linear relationship with the logarithmic strain rate, and the
temperature is inversely related to the change of the constant elongation stress and
modulus. Wang [40] noticed in the stress relaxation test of NEPE propellant that the
test temperature change is inversely related to the change of relaxation modulus. The
initial strain increases and the relaxation modulus also increases, and the effect of the
loading rate is negligible. Yan used the second-order Gaussian and logarithmic fitting
method to establish the correlation model on the basis of uniaxial tensile experiment
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Fig. 45.6 Gaussian fitting
curves of tensile strength and
aging time at different
temperatures

on the aged NEPE propellant. It contained the tensile model during the aging process
with the appearance time of the strength inflection point and aging temperature. He
was aware that the tensile strength of NEPE propellant fluctuates firstly and then
decreases rapidly during the aging process, as shown in Fig. 45.6.

The functional relationship between the inflection point appearance time and the
aging temperature is:

lg2(t) = −0.217T + 18.397 (45.13)

Liang [41] analyzed NEPE’s mechanical properties, weight loss, adhesion
network structure fracture and storage stability to study the laws of accelerated aging.
It is obvious that the maximum tensile strength σm shows a good change rule with
the increase of storage time. strength is mainly failure in NEPE propellant [42]. With
the extension of storage time, the weight loss rate gradually increases, and there is
also a strong regularity. The nitrate plasticizer of NEPE propellant undergoes thermal
decomposition, and the product will cause the decomposition of the bonded network
structure and chain scission, leading to basic structural damage. The thermal decom-
position of the propellant is dependent on the heating rate. Sui [28] accelerated the
aging of NEPE propellant samples at 65 °C, 70 °C and 75 °C respectively, measured
the dynamicmechanical properties of NEPE propellant by dynamicmechanical anal-
ysis method, and the strength of the sample by uniaxial tensile test. It is evident that
both the relaxation modulus and the strength limit are reduced, and the influence of
the change of the relaxation modulus on the completion of the structure is further
analyzed.

Gao [43] determined the dynamic mechanical parameters of NEPE propellant
samples by a dynamic thermomechanical analyzer, used the principle of frequency-
temperature equivalence to translate the frequency spectrum obtained by scanning
the frequency at different temperatures, and obtained the rule of the displacement
factor changing with the test temperature. In the dynamic mechanical temperature
spectrum, the loss modulus of NEPE propellant has only one glass transition peak in
the low temperature section.And the polymer chain segment changes from thawing to
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Fig. 45.7 DMA diagram of NEPE at 20 °C

free movement, with overcoming a large friction force, which leads to a large energy
loss.When it reaches themaximumvalue at the glass transition temperature, the glass
transition temperature moves to the high temperature direction with the increase of
the test frequency. After translation, the dynamic storage modulus, loss modulus and
themaster curve of loss factor ofNEPEpropellant are shown inFig. 45.7 at a reference
temperature of 20 °C. It can be known that NEPE propellant has glassy state, glass
transition zone and rubbery state from low frequency to high frequency. At lower
frequencies, the relaxation characteristics are fully displayed and appear as rubbery.
At high frequencies, the relaxation characteristics are not easy to observe, showing In
the glass state.When the relaxation time is consistentwith the observedworld, the loss
modulus reaches its peak. In the temperature spectrum and frequency spectrum, the
storagemodulus, lossmodulus and loss factor of high frequency and low temperature
section, low frequency and high temperature section are basically equal. When the
temperature decreases and the frequency increases, the NEPE propellant exhibits the
same mechanics performance.

Xu [44] modified the integral constitutive on the basis the NEPE propellant relax-
ation test and uniaxial constant velocity tensile test. And he established the accurate
prediction of model of the peak stress point in the stress-strain with damage of the
non-linear viscosity and elastic constitutive under the Weibull distribution function.
Li [45] studied and analyze the mechanical properties and damage process of NEPE
propellants under different limiting pressure conditions by a newly designed pres-
sure limiting test machine. And he noticed that the mechanical properties of the
propellant materials increase with the increase of different limiting pressures. The
maximum tension and the strain rate under various restricted conditions are in a linear
logarithmic relationship. The restricted pressure has no obvious effect on the initial
elastic modulus. When the mechanical properties of NEPE propellant are changed,
the limiting pressure will delay the occurrence and development of damage under
tensile load. Based on viscoelastic theory and continuous damage theory, a nonlinear
constitutive model of NEPE propellant mechanical response considering the effects
of strain rate and confining pressure was established [46].
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Nonlinear viscoelastic constitutive model:

σ = (1 − D(P, ε̇))

t∫

0

E(t − τ)
∂ε

∂τ
dt (45.14)

Among them, D(P, ε̇) is the damage variable, σ is the experimental pressure, ε
is the tensile stress, E(t) is the relaxation modulus, τ is the integral variable, and t
is the time.

By comparing the experimental data fitting curve and the prediction model fitting
curve, as shown in Fig. 45.8, the relevant parameter expression is obtained as:

k =
[
0.0585 exp

(
− P

0420
+ 0.00392

)] ·
log ε + 0.547

0.585 + P
+ 0.524 (45.15)

εc = − 0.172

0.736 + P
+ 0.432 (45.16)

m =
(

− 0.044

0.475 + P
− 0.033

) ·
log ε +0.465 exp

(
− P

0.593

)
+ 1.062 (45.17)

The confining pressure and strain rate have a significant effect on the mechanical
response of NEPE propellants. With the increase of confining pressure (from 0 to
5.4 MPa), the maximum tensile stress and ultimate stress gradually become larger.
Under the coupling action, the maximum tensile stress and ultimate stress are 2.03
times and 2.19 times that of 0MPa and 0.00333 s−1, respectively. The initial modulus
of elasticity increases slightly with the increase of confining pressure. Therefore,
when analyzing the integrity of rocket solid propellant particles, it is necessary to
consider the influence of ignition pressurization on the mechanical properties of the
grain structure. Under the action of confining pressure, compared with the room

Fig. 45.8 Experimental
damage evolution curves and
fitting curves were obtained
under different confining
pressures
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pressure, the dehumidification speed is reduced and the dehumidification process is
prolonged. The critical strain ε increases with the increase of confining pressure. And
the mechanism of the effect of confining pressure on the propellant is to inhibit the
internal damage of the propellant Initiation and evolution.

Han conducted stress relaxation tests and uniaxial tensile tests on NEPE propel-
lants at different temperatures and different strain levels. He combined viscoelastic
dehumidification criteria, and quantified the microstructure changes and intro-
duced them into the macro viscoelastic constitutive relationship. Then a nonlinear
viscoelastic constitutive model of the effect of micro-particle dehumidification on
NEPE propellant was established.

σi j (t) =
t∫

0

3K (ξ(t) − ζ )
dεkk

dζ
dζ (45.18)

Si j (t) =
t∫

0

2G(ξ(t) − ζ )
dei j (ζ )

dζ
dζ (45.19)

where σi j (t) and Si j (t) are the function of strain tensor decomposition into volume
deformation and isobaric distortion with respect to time, ei j is the viscous deviated
strain corresponding to the k-th Prony series, and G and K are glassy shear and Bulk
modulus.

45.3.4 Thermal Analysis

Zhao [47] studied polyethylene glycol, nitroglycerin, BTTN, stabilizer C2 and the
thermal decomposition mechanism of curing agent in NEPE propellant with a rapid
thermal cracking in-situ reaction cell/RSFI-IR. The interaction of components would
delay the volatilization and decomposition temperature of nitrate esters, and the
decomposition temperature of polyether and stabilizer would advance. The thermal
decomposition ofNEPE propellant can be divided into three stages. Partial volatiliza-
tion and initial decomposition, the consumption of stabilizer, the interaction between
decomposition products and components, promote the decomposition to accelerate to
explosion, and the free radicals generated by the participating substances and decom-
position are further decomposed. Researching the thermal decomposition process of
NEPE propellant, it is recognized that the decomposition process basically decom-
poses according to the characteristics of each component. The mutual influence of
each component makes the heat transfer and the diffusion of decomposition products
hindered. The stabilizer absorbs the NOx produced by the initial decomposition, and
slows down the self-decomposition of the components. Catalysis eventually increases
the decomposition temperature. NG, Oktogen (HMX) and RDX are partially gasified
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in the thermal decomposition process, and decomposition reaction occurs after most
of the ammonium nitrate liquid is liquefied. The content of NO2, N2O and HCN gas
is relatively large, indicating that the reduction process of N atom plays a major role
in the combustion of NEPE propellant.

Pang [48] studied the thermal decomposition behavior and non-isothermal decom-
position kinetics of nitrate plasticized polyether NEPE propellant containing ammo-
nium dinitramide (ADN) at 0.1 MPa with DSC, TG, and DTG. At the heating rate of
0.1MPa and 2.5Kmin−1, there are 4 exothermic peaks on theDTGcurve, 4mass loss
stages on the TG curve. Nitrate ester evaporates and decomposes in the first stage.
ADN decomposes in the second stage. Nitrocellulose and RDX are decomposed in
the third stage.AndAP is decomposed in the fourth stage. In order to study the thermal
decomposition mechanism of the main exothermic reaction stage (main exothermic
peak) of the propellant under working pressure and obtain the relevant kinetic param-
eters (apparent activation energy, refers to the former constant) and the most likely
kineticmodel function.Mathematical methods were used to process TG-DTG curves
under different heating rates, and Ordinary-integral, Mac Callum-Tanner, Šatava-
Šesták, Agrawal, Kissinger, Flyn-Wall-Ozawa and other kinetic analysis methods
and correction equations were used to modified. Finally, the differential form kinetic
model function, apparent activation energy, and exponential constant of the NEPE
propellant and the main decomposition reaction of AND were as followings:

G(α) = [− ln(1 − α)]
2
3 (45.20)

f (α) = 3

2
(1 − α)[− ln(1 − α)]

2
3 (45.21)

Ea = 143.27 kJ mol−1, A = 1012.77 s−1.
The main exothermic decomposition reaction kinetic equation is:

dα

dt
= 1012.77

(
3

2

)
(1 − α)[− ln(1 − α)]

1
3 exp

(−1.723 × 104/T
)

(45.22)

(where α is the conversion degree of the reaction sample, G(α) is the integral model
function, f (α) is the differential function model, and T is the temperature at time t)
The reaction mechanism of this process can be classified as a chemical reaction.

Sun [49] studied the thermal behavior of NEPE propellant before and after 5 years
of natural storage by TG-DSC-MS-FTIR, as shown in Figs. 45.9 and 45.10. The
sample has undergone five reaction steps. The breaking of the O–NO2 bond, the
crystal transformation of HMX and the thermal decomposition of plasticizer, HMX
and AP, the decomposition process and temperature range of each step remain the
same, but the nitrate ester decomposes and evaporates excessively during the later
storage period. The figure shows the TG-DSC chart before and after NEPE storage.
It can be seen that the aging is divided into five steps. The first step is the evaporation
of nitrate. The second step is the β → δ crystal form transformation of HMX. The
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Fig. 45.9 TG-DSC curve of
NEPE before storage

Fig. 45.10 TG-DSC curve
of NEPE after storage

third step is the decomposition of nitrate, due to the increase in particle size after
sweating and recrystallization of nitrate, which makes it easier to decompose at high
temperature. The fourth step is the main decomposition process, which is related to
the content of HMX. The necessary endothermic peak and a major exothermic peak.
The last step is the decomposition of AP, and the corresponding exothermic peak
appears.

The Kissinger, Flynn-Wall-Ozawa, Ordinary integral, Šatava-Šesták, Agrawa
methods and correction formulas are used with DSC-TG curves of different heating
rates. For nitrate andHMXdecomposition processes, n= 2 and n= 3 of theAvramic-
Erofeev equation (G(α) = [− ln(1 − α)]2,G(α) = [− ln(1 − α)]3) are used respec-
tively. It is consistent with the calculations of Kissinger andOzawa better. The kinetic
reaction equation before and after storage of nitrate ester is obtained:

dα

dt
= 1014.7

(
1

2

)
(1 − α)[− ln(1 − α)]−1exp

(−1.931 × 104/T
)

(45.23)
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dα

dt
= 1020.1

(
1

2

)
(1 − α)[− ln(1 − α)]−1exp

(−2.514 × 104/T
)

(45.24)

Kinetic reaction equation before and after HMX storage:

dα

dt
= 1014.5

(
1

3

)
(1 − α)[− ln(1 − α)]−2exp

(−2.222 × 104/T
)

(45.25)

dα

dt
= 1017.0

(
1

3

)
(1 − α)[− ln(1 − α)]−2exp

(−2.369 × 104/T
)

(45.26)

NEPEpropellantwill produce gas, crystallization anddeliquescent during storage,
resulting in pores and coarse crystals. Storage cannot change the temperature zone of
each process, but it can change certain thermal characteristics. Due to the increase of
nitrate particles, its activation energy increases and tends to react in the decomposition
stage. The 5 s explosion temperature test results in a lower explosion temperature,
indicating a decrease in thermal safety. The calculation of the critical temperature of
thermal explosion indicates that the decomposition enthalpy of nitrate is increased,
and may lead to heat accumulation. Therefore, the evolution of nitrate esters during
storage is the main reason for the aging of NEPE propellants.

Milekhin [50] studied the plasticizer (nitro ether mixture, NG, the evaporation
of diethylene glycol dinitrate and triethylene glycol dinitrate) by dynamic thermo-
gravimetry and differential scanning calorimetry. Kissinger, Ozava-Flinn-Wall and
Akahira-Sunose methods were used to obtain a series of VT (T ) and α(T ) curve to
determine kinetic parameters.

The regression equation of the evaporation rate recorded in the experiment is as
follows:

VT = 100
(
m0 − m f

)
mb

0

× Z exp

(
− E

RT

)
×

[
1 + Zb−1(n − 1)φ(x)

n

1 − n

]

(45.27)

Among them, Z , E , and n are the pre-factors, the activation energy and the reaction
order can be obtained by fitting the TGA data curve with Origin, m0 and m are the
initial weight of the sample and the weight at a certain moment, respectively, and
m f is after removing the plasticizer The weight of the residue, x = − E

RT , T is the
reaction temperature, and b is the heating rate (Table 45.1).


Hv = E − 0.75RT (45.28)


Hv = E + 0.5RT (45.29)
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Table 45.1 Activation energy and heat of evaporation of plasticizer

Calculation methods of the value E E (kJ mol−1) 
Hv (kJ mol−1)


Hv = E − 0.75RT 
Hv = E + 0.5RT

Ozava-Flinn-Wall 90.20 ± 2.79 88.3 ± 2.8 91.4 ± 2.8

Akahira-Sunose 88.81 ± 2.94 87.0 ± 3.0 901 ± 3.0

Regression 90.80 ± 2.79 88.9 ± 2.8 92.0 ± 2.8

Kissinger 86.36 ± 4.50 84.5 ± 4.5 87.6 ± 4.5

Meaning 89.40 ± 2.8 87.5 ± 2.8 90.6 ± 2.8

The results show that the values of E and 
Hv are actually the same in the
early stage of evaporation. At 298.15 K, 
Hv = 89 ± 4 kJ mol−1, which is in good
agreement with the literature data on the heat of evaporation of pure nitroglycerin.

45.3.5 Chromatography

Huang [51] analyzed the main migration components of the NEPE propellant insu-
lation layer and lining bonding interface by high performance liquid chromatog-
raphy (HPLC) and gas chromatography (GC). He found that nitroglycerin (NG) can
migrate to the lining and insulation layer. Diisooctyl diacid (DOS) only migrates to
the insulating layer and not to the propellant.

Huang [52] determined the migration components of NEPE propellant by HPLC
as a basis, and then calculated the apparent activation energy of themigration compo-
nents with Arrhenius to explain the migration behavior. Wu [53] chose acetonitrile
and water as mobile phases, and a UV detector with a wavelength of 200 nm to
establish a method for simultaneous determination of the stabilizers MNA and 2-
nitrodiphenylamine in NEPE propellant (2-NDPA) content of HPLC. In order to
explore the aging mechanism, Wu [54] obtained propellant samples with different
aging time periods through 70°C aging storage experiment every 7 days, measured
the relative content of MNA, NG and BTTN as characteristic parameters of chem-
ical stability, and studied the stability and correlation with binder network structure.
Gel fraction and cross-linking density are detected as characteristic parameters of
the binder network structure characteristics. The results show that the MNA content
decreases slowly from 0 to 35 days, with a quadratic function relationship with time,
and rapidly decreases from 36 to 77 days. The content of NG and BTTN decreases in
a cubic function relationship with time. When aging to 56 days, NOx intensifies the
autocatalytic decomposition of nitrate esters, and the chemical stability of the propel-
lant deteriorates. As time goes by, the gel fraction and crosslink density first increase
then decrease. After 67 days and 63 days, the decrease rate of gel fraction crosslink
density increased respectively. Structural performance aging lags behind chemical
stability aging. Network structure parameters decrease logarithmically with MNA
content. Nitrate content and gel fraction has a quadratic function relationship and a
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cubic function relationship with the crosslink density. In the heat aging process, there
are two competing reactions at the same time, one is the post-curing reaction, and
the other is the decomposition reaction of the polymer system. In the early stage of
aging, the post-curing reaction rate is much greater than the decomposition rate, so
the polymer structural parameters get larger. Then the post-curing reaction gradually
weakens until it is completely cured. But the network structure is not destroyed by
the NOx free radicals generated by the decomposition of nitrate at that time, because
NOx ismainly absorbed byMNA. In the later stage of the reaction, the decomposition
rate of NOx catalyzed is accelerated by nitrate. The degradation rate of nitrate ester
is accelerated, and the increase of NOx also accelerates the breakage, decomposition
and decomposition of the polyether polyurethane molecular chain.

By measuring the characteristic gases (NO2, NO, CO, and HCl) in the high-
temperature accelerated aging experiment, the initial aging stage of NEPE propellant
is mainly the volatilization and decomposition of plasticizers, the absorption of NOx

by stabilizers. The additional strain and the decomposition of various components are
themain reasons for the changes in gas product content [55].Mcdonald [36]measured
the stabilizer and of dimethyl sulfoxide nitroso/nitro derivatives of NEPE propellant
with polyethylene adipate (PGA) and PGA as binders by HPLC and GC. And the
resistance of these substances as a function of mass fraction was evaluated. Pang
[56] measured the NG, BTTN, cure catalyst triphenylbismuth, and amine stabilizer
of NEPE propellant in acetone soaking solution with HPLC, and compared with the
standard curve. It can easily and quickly detect the migration of NEPE propellant
bonding system components. Yin [57] studied the effect of nitrate migration in NEPE
propellant on the bonding performance through high temperature accelerated aging
experiments. And she found that the greater the polarity of the lining binders, the
more nitrate migration to the lining structure. Gao [58] proposed a new parameter
“surface area diffusivity”, based on the migration of different solvents to simple
polymers. The migration of propellant and liner components at the interface of the
insulating layer was measured. The specific surface area diffusivity had nothing to
do with the shape of the material.

45.4 Life Prediction

The long storage life of NEPE propellant directly determines whether the propel-
lant can be used safely. Therefore, it is very important to find a suitable method to
accurately predict the life of NEPE propellant.

Xiong [59] found the characterization of the aging characteristics of the propel-
lant through the high-temperature accelerated aging test and mechanical property
experiment of NEPE propellant, as shown in Fig. 45.11. According to the bimodal
characteristics of NEPE, the relationship is established between aging degree and
temperature, which combined with kinetics and statistical viewpoints. And the life
prediction equation based is established to predict the life of NEPE propellant on
Berthlot equation.
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Fig. 45.11 Tensile strength curve of propellant accelerated aging at high temperature

τβ∫

τmax

1

f (α)
dα =

τβ∫

τmax

kdα = k
(
τβ − τmax

) = kτ2 (45.30)

G(α) = kτ2 (45.31)

ln k = b + aT (45.32)

ln τ2 = lnG(α) − b − aT (45.33)

ln τ2 = C1 + C2T (45.34)

where G(α) is the reaction rate, a is the reaction concentration, f (α) is the
concentration function, and k is the reaction rate constant, C1 = lnG(α) − b,
C2 = −a.

For example, at 65 °C, the first peak (the peak after curing) is the first center
point of the fitting function, and the second peak (the microphase aging peak) is
the second center point of the fitting function. The peaks are located at 40.5 days
and 123.96 days, respectively. Therefore, the life of NEPE propellant after aging is
τ2 = 123.96 − 40.5 = 83.46 days at 65 °C.

ln τ2 = 43.87396 − 0.11651 × T (45.35)

τ25◦C = 9288 days = 25.5 years (45.36)
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T is the aging temperature, τ2 is the life.
Kong [60] conducted a 10-day high temperature accelerated aging experiment

on NEPE propellant samples with 10% constant compressive strain, including CO,
NO and HCl gas content detection experiments, and uniaxial tensile experiments on
aging samples. He proposed a non-destructive testing life prediction model based on
changes in gas content with gray based on data Correlation analysis and singularity
correlation analysis, traditional Arrhenius and improved Arrhenius life prediction
model.

P = P0 exp(−Kt) (45.37)

K = A exp

(
− E

RT

)
(45.38)

Improved model:

K = ATm exp

(
− E

RT

)
(45.39)

P = P0 exp

[
−

(
ATm exp

(
− E

RT

))
t

]
(45.40)

t = exp

(
− ln A + E

RT
− m ln T

)
ln

P0
P

(45.41)

Then, four traditional and improved life predictionmodels arewritten, whichwere
based on the average mass release of σm and CO respectively, and the experimental
data are processed as shown in Table 45.2.

Wang [61] accelerated the aging of NEPE propellant at high temperature at 65 °C,
70 °C, 75 °C and 80 °C, then carried out the strength limit test through uniaxial tensile
test. He established the microphase structure and macro-mechanical properties of
NEPE propellant between the statistical model and got the improved service life
prediction equation based on Berthelot equation.

ln τ2 = C1 + C2T,C1 = lnG(α) − b,C2 = −a

Table 45.2 Estimated storage life (years) of NEPE propellant

Model 25°C 35°C 45°C 55°C 65°C

I 16.09 5.78 2.21 0.90 0.38

II 14.30 3.40 0.88 0.25 0.07

III 15.17 5.16 1.88 0.73 0.30

IV 13.80 3.85 1.16 0.37 0.13
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Fig. 45.12 σb as a function
of aging temperature (80 °C)

where α increases from the initial αu to the maximum αmax is the post-curing stage
τ1, from αmax to the second peak αβ is the microphase aging stage τ2, and from αβ

to αmin in the chemical aging stage is τ3.
As shown in Fig. 45.12, it is easy to find that the first peak is at 1.96 days and the

second peak is at 17.49 days. It’s at 80 °C:

τ2 = 17.49 − 1.96 = 15.53 days (45.42)

The equation can be obtained by fitting:

C1 = 43.87396 (45.43)

C2 = −0.11651 (45.44)

lnτ2 = 43.87396 − 0.11651 × T (45.45)

τ25 ◦C = 9288 days = 25.5 years (45.46)

Zhang [62] used aDMA to determine the dynamicmechanical properties ofNEPE
propellant at different temperatures and different aging times. The aging rate was
defined by the extreme value of the α relaxation peak of the loss tangent tan δ and
the change rate of the vertical displacement factor of the master curve. The inflection
point of the aging rate curve is regarded as the critical point of life prediction.

The rate equation is:

μ = d
(−α

y
T

)
dt

(45.47)
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Fig. 45.13 Lnτ2 as a
function of aging
temperature

The Berthelot equation is T = a+b.lgti . After linear regression, the old life equa-
tions based on the extreme value of the α relaxation peak and the high temperature
master curve can be obtained as:

T = 103.19 − 20.979 lg ti (45.48)

T = 103.78 − 21.224 lg ti (45.49)

It can be obtained that the lifetimes at room temperature of 25 °C are 14.6 years
and 14.1 years, respectively.

Using the point-slopemethod, as shown in Fig. 45.13, the life expectancy equation
is:

ln
τ2

τ1
= Ea

R

(
1

T2
− 1

T1

)
(45.50)

where τ is the aging life, Ea can be obtained by fitting the master curve of the rela-
tionship between log E ′ and frequency based on the time–temperature equivalence
principle. The 25 °C lifespans are 19.1 years, 18.1 years, 15.3 years, and 14.5 years
at 55 °C, 65 °C, 75 °C and 85 °C, respectively.

45.5 Conclusion

Through the analysis of the research progress of NEPE propellant aging in recent
years, the following conclusions and prospects are drawn.
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1. The aging chemical reaction mechanism of NEPE propellant is complicated.
It is necessary to reveal the changes in the microstructure of the propellant
during long-term storage, establish the relationship between the microstruc-
ture and the macro performance, and explore the correlation between different
aging performance parameters, multi-scale andmulti-factor to explain the aging
phenomenon.

2. Develop analytical instruments for the aging research of solid propellants, and
develop fast, non-destructive and accurate technologies for detecting the aging
performance of NEPE propellants.

3. On the basis of a sufficient understanding of the aging mechanism and aging
performance, construct a suitable aging model to predict the storage life of
NEPE propellant, combining experimental verification, theoretical calculation
and model prediction.
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