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Abstract: To meet the demand of high ignition energy in narrow space, a new energetic composite was prepared compounding high-energy Hexani-
tro-2,4,6,8,10,12-hexaazaisowurtzitane (HNIW) into macroporous polyacrylonitrile( PAN) fibrosa by electrostatic spinning( ES) method and self-
assembly method. The morphology, thermal property and combustion behavior of as-prepared composite were analyzed by SEM, FT-IR, thermal
analysis and combustion residues analysis. Results show that HNIW is uniformly distributed on the fibrosa; their compound is a physical process;
there is no chemical change. Compared with pure PAN fibrosa, the addition of HNIW enhances the combustion performance of fibrosa, and initial

exothermic temperature of HNIW shifts about 38 °C downwards because of the existence of fiber. The fiber and HNIW can completely react in a par-

ticular proportion.
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1 Introduction

With the development of insensitive ammunition, ignition
charges are required to have higher energy. Traditional char-
ges are faced with new challenges and explosives with high
energy density were hence introduced to the ignition system to
improve the energy outputm. Hexanitro-2,4,6,8,10, 12-
hexaazaisowurtzitane ( HNIW ) has been widely investigated
for its all respects especially explosion and combustion abilities
since it was synthesized”™’. Relative documents showed
HNIW would be a potential component of higher ignition

1

charge'’’. As a new generation explosive, HNIW has higher

" however,

energy density than other pyrotechnic charges'®”
its thermal sensitivity is lower than other pyrotechnic charges.
It is vital to improve the sensitivity of HNIW to heat to make it
a perfect ignition charge. One way to achieve this is to com-
bine HNIW with another material of more thermal sensitive,
such as polymer.

Electrostatic spinning ( ES) technique has become a ma-
ture technology for the preparation of micro/nano-scale fibers

in recent years. The fibers fabricated by ES have been widely
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used in tissue engineering ", battery' 7" | filter!"*".
electrostatic spinning process, an electrically conducting poly-
mer solution is charged when it flows through a fine nozzle
connected to high voltage. The electric field between the noz-
zle and the ground receptor exerts electrostatic forces to stretch

polymer solution into micro/nano-scale fibers'®’.

Fibrosa with
various pore structures and mechanical properties can be fabri-
cated by adjusting the high voltage, viscosity of precursor solu-

tion, the receptor, and so on'*"""

. After the solvent evapora-
tion, fibers remain on the receptor and form a macro porous
fibrosa. The diameter, morphology and porosity of fiber will

So it

be determined by different synthesized parameters'*~*’.

offers a new route to fabricate composite energetic materials.
Polyacrylonitrile(PAN) is one of the materials easy to be elec-
trospun, and carbon fibers prepared by PAN have good me-
chanical properties, therefore PAN has been widely used as

electrospinning precursor'**7*!

We can use the fibers pre-
pared by electrospinning as the matrix, then some high energy
density compounds were coated or deposited on the surface of
micor & nano-fibers. Besides, we noted that other researches
have completed the fabrication of thermite fibers by means of

=27 Previous researches focused on the ther-

electrospinning!
mite or nitrocellulose etc. Up to now, no published articles
discussed explosive-contained composite energetic fibers.
Consideration of electrostatic danger, the high voltage may
trigger explosive reaction during electrospinning. We first ob-
tained the fibrosa, followed by explosive implanted into the
porous mats, energetic composites were resulted. In this

work, PAN was chosen to be electrospun into fibrous mats as
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a matrix to strengthen the mechanical property and to improve

the thermal sensitivity of mixed ignition charge.
2 Experiment Section

2.1 Materials and Instruments

The polyacrylonitrile( PAN) , with average relative molec-
ular mass of 102700, was acquired from Scientific Polymer
USA ). N, N-dimethyl-
formamide( DMF) was produced by Sinopharm Chemcial Rea-

Product Company ( New York,

gent Co., Ltd. (Shanghai, China). Acetone was produced by
Beijing Reagent Company ( Beijing, China). PAN, DMF and
acetone were of analytical purity. HNIW (5-15 pum, 40% &
and 60% a crystal form) was produced by Qingyang Liaoning
Special Chemical Co., Ltd. (Liaoning, China) with chemical
purity, higher than 99% .

A model RCT basic magnetic heated stirrer was obtained
from IKA Company ( Germany). A model BGG high voltage
supply with +40 kV was supplied by Beijing Electro-mechani-
cal Research Institute Supesvoltage Technique Company ( Bei-
jing, China). A model LSP02-1B constant flow pump was
from Longer Precision Pump Co. ,Ltd(Baoding, China).

Micromorphology was characterized by a Hitachi $4800
scanning electron microscope (Japan). Infrared spectra were
recorded in KBr discs on a Bruker VERTEX70 infrared spec-

trometer( Germany) in the range of 4000-400 cm ™.

Thermal
behavior was studied on a STA449F3 differential scanning cal-
orimeter( NET Co, Germany) at the rate of 5 °C - min™'. A
SIMD8 high-speed camera( Britain) was applied to record the

ignition process with the sampling frequency of 250 fps.

2.2 Preparation of Fibrosa

PAN (8 g) was dissolved in DMF (92 mL) under agita-
tion by magnetic heated stirrer at 60 °C for 6 h. The electro-
static spinning solution was loaded into a 20 mL syringe
capped with blunt tipped needle. The positive lead of a high
voltage supply was attached by an alligator clip to the blunt
tipped needle. A 25 kV accelerating voltage was used in the
electrostatic spinning process. A constantly-flow longer pump
was used to meter the delivery of the PAN solution to the elec-
tric field, the delivery rate was setto 4 mL - h™'. The distance
between needle and the receptor was 15 cm. After solvent

evaporation, pure PAN fibrosa was obtained.

2.3 Fabrication of Composites

Composites of HNIW and PAN fibrosa were fabricated by
dipping the PAN fibrosa into acetone solution of HNIW with
certain concentration. The content of HNIW in the composite
could be adjusted by changing the amount of HNIW in ace-

tone. After solvent was completely evaporated, composites
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dried in vacuum drying oven at 50 °C for 2 h were obtained.

2.4 Ignition Experiment

To judge the feasibility of composite as ignition charge,
an ignition experiment was designed. Test material was cut in-
to strips and then loosely filled into quartz tube to obtain
enough oxygen. After that, electric igniter device was con-
nected to the side of quartz tube with test materials to ensure
the ignition head was fully contacted with materials. Moreover,
to make sure the ignition head would not recoil the moment
materials ignited, it should be deep enough into the tube.
High-speed camera was employed to record and analyze the
combustion process. To make a comparison, both pure PAN

fibrosa and composite were ignited under the same condition.

3 Results and Discussions

3.1 Prediction of Optimal Proportion

The ingredient, proportion, thermodynamic state of ener-
getic composites will influence its combustion reaction. In or-
der to acquire the optimal proportion of the composites, it is
necessary to have a thorough understanding on the reaction
behavior of the composite with different proportions. There-
fore, we conducted a serial of calculations both on the heat of
formation and the adiabatic flame temperature ( AFT) of the
composites at different proportions according to principle of
minimum free energy. The calculated results are shown in
Fig. 1. It can be learnt that both AFT and the heat of formation
rise first and then fall with the mass ratio of PAN increasing.
One should be noted that at the mass ratio of 3 : 7, the heat of
formation reaches the highest point which nearly the same to
AFT, showing the advantage of that ratio over the rest. So we

obtain the better stoichiometry used in following experiments.
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Fig.1 Calculated heat of formation and adiabatic flame temperature
(AFT) of composite at different ratio of PAN/HNIW

3.2 Characterization of Morphology

To observe the microstructure of composites, the mor-
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phologies of fibrosa, composites and combustion residue of
PAN fibrosa and composite were investigated by scanning
electron microscope ( SEM). Their SEM images are shown in
Fig. 2.

d. combustion residue of composite

Fig.2 SEM images of samples

Fig. 2a displays the electrostatic spinning fibers randomly

distributed with smooth surface and an average diameter of
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500 nm. The pore space between fibers is big enough to con-
tain high mass loading. Fig.2b shows that HNIW particles uni-
formly adhere to the mat, which fully proves the feasibility of
compound explosive and fibrosa together. And the structure of
PAN fiber is very beneficial to be adhered by explosive.

PAN fibrosa and composite were separately ignited under
the same condition, and the combustion residues of them were
observed by SEM, as shown in Fig.2c and Fig.2d. During the
ignition experiment, just small part of PAN fibrosa were fired
due to no constant thermal source supplied. Fibers and car-
bides exist in the combustion residues according to Fig.2c, in
accord with the experiment. In contrast, the composite with
HNIW can be fully burnt. And compared with PAN fibrosa
(see Fig. 2c), there are more pores in combustion residue
(see Fig.2d) of composite. Porous parts are speculated to be
the combustion loss of HNIW.

3.3 FT-IRAnalysis

Infrared spectroscopy is one of the important characteriza-
tion methods for analysis of organic functional groups. Infrared
spectra of samples are shown in Fig.3. Analyses of main ab-
1

sorption peaks for PAN indicate that peak at 2924 cm ~
tributed to stretching of —CH,.

is at-
Peak near 2245 cm™' corre-
sponds to stretching of C=N. Isolated C = C stretching peak
at 1634 cm™' is at the end of the copolymer. Small peak near
1457 cm™ is attributed to bending stretching of —CH,. Infra-
red spectrum of HNIW shows that peak at 3035 cm™ is attrib-
uted to the stretching of C—H. Peaks at 1605 cm™ and
1280 cm™" correspond to symmetric and antisymmetric stretc-

' is attributa-

hing of —NO, , respectively. Peak near 1045 cm~
ble to C—C vibration. Basically, main peaks of the composite
are the simple superposition of peaks of PAN and HNIW with-
out new functional groups, proving there is no chemical reac-
tion during the composite process. Infrared spectrum of com-
bustion residues is basically a horizontal straight line without
absorption peaks, indicating that the composite is completely
burnt, no functional groups exist, revealing that the addition

of HNIW makes the combustion of PAN be more complete.
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Fig.3 FT-IR spectra of four samples
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3.4 Thermal Behavior

DSC/TG analysis is mainly used to analyze the reaction of
energetic system under heat stimulus, and it is usually used to
study the thermal decomposition of explosive. To know the
thermal decomposition interaction between PAN fibrosa and
HNIW, differential scanning calorimetry was used to analyze
the thermal decomposition behaviors of PAN fibrosa, HNIW
and their composite. Results are shown in Fig. 4. In the ther-
mal decomposition process, the starting point of decomposition
for HNIW is 221.9 °C (see Fig.4b), while that for composite and
PAN is 204.7 °C(see Fig.4c) and 270 °C(see Fig.4a), respec-
tively. According to the above results, we can speculate that

PAN makes the initial exothermic temperature of HNIW shifts
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Fig.4 DSC and TG curves of samples
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about 38 °C downwards. Besides, PAN enhances the exother-
mic quantity of HNIW, making the exothermic peak of HNIW
shifts 19 °C downwards. The thermogravimetric analysis results
reveal that the exothermic rate of composite is highest of all,
which proves that the composite is more sensitive than HNIW.
Based on the above analyses, the interaction process between
PAN and HNIW includes three steps: first, reaching its de-
composition point of HNIW and releasing heat, then, reac-
hing its decomposition point of PAN by absorbing the decom-
position heat of HNIW, finally, occurring the further thermal
decomposition of HNIW by absorbing the exothermic quantity
of PAN. In conclusion, the thermal decomposition of compos-
ite is the result of interaction of HNIW and PAN.

3.5 Combustion Properties

Fig.5 shows the ignition and combustion process of PAN
fibosa recorded by a high-speed camera. The highest tempera-
ture of ignition head is about 300 °C, but only few fibers con-
tacted with ignition head are fired. Besides, fibosa flame is
disappeared with ignition head dying out, indicating electro-
static spinning fibers can not burn constantly. Fig.6 shows the
combustion process of composite recorded by a high-speed
camera. According to combustion behavior, the whole
process can be divided into four stages. First, composite con-
tacted with ignition head is ignited by the combustion heat of
ignition head (see Fig.6a). According to the record by cam-
era, there is obvious flame which becomes lighter and longer.
Second, the ignited part starts its long combustion process
which moves to the near part (see Fig. 6b). Material of this
part can be totally burnt due to enough oxygen and heat sup-
ply. Then, due to the consumption of combustible and oxygen
in the former stage, the combustion of this stage becomes
weak and the flame becomes shorter and dimmer ( see
Fig.6¢c). The final combustion process is for the part inside the
tube. Combustion of this stage is incomplete with no flame but

tan smoke, due to lack of oxygen.

4 Conclusions
(1) Composite of PAN fibrosa and HNIW was successful-

ly fabricated through the combination of electrostatic spinning
method and self-assembly method. HNIW can physically im-
bed in PAN fibrosa and the composite showed a good uniform-
ity, with no new organic groups appeared after imbed
process.

(2) The addition of HNIW to PAN fibrosa efficiently in-
creases combustion ability of PAN which can not burn con-
stantly itself. The composite burnt process can be divided into
four stages and it burnt more thoroughly than PAN itself under
the same condition.

(3) The thermal decomposition of composite is a result of
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a. 108 ms b. 140 ms
Fig.5 Ignition of PAN fibrosa

d. 316 ms

a. 160 ms b. 1520 ms
Fig.6 Ignition of PAN/HNIW composite

interaction of HNIW and PAN. DSC/TG demonstrated that
composites had a higher thermal sensitivity than HNIW itself,
which meets the demand of high ignition energy in narrow
space. PAN makes the initial exothermic temperature of
HNIW shifts about 38 °C downwards. This new composite

have the potential application on ignition devices.
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