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Abstract

To satisfy the energy and security requirements of the explosives, it is necessary to develop high-energetic low vulnerable
explosive. As the representatives of high-energetic explosives and low vulnerable explosives, hexanitrohexaazaisowurtzitane
(HNIW) and 3-nitro-1,2,4-triazole-5-one (NTO) are used to research high-energetic low vulnerable polymer-bonded
explosive (PBX) in this study. Based on the formulation of PAX-11 (94 mass% HNIW, 2.4 mass% CAB, 3.6 mass% BDNPA/
F), some HNIW is replaced by NTO to reduce the vulnerability of the PBX during this work. Solution—water suspension
method was used to prepare a series PBXs with different formulations. The explosion probability method, differential scanning
calorimeter and accelerating rate calorimeter are used to evaluate the hazards of different PBX molding powders. And the
thermal vulnerabilities, mechanical properties and energy levels of PBX columns are assessed by slow cook-off tests, tensile
strengthes and detonation velocities, respectively. Moreover, finite element numerical simulations are adopted to study the
transient temperature distributions, ignition time and ignition locations of the PBX columns during slow cook-off. The
investigated results show that when the mass fraction of HNIW and NTO is 50% and 44 %, respectively, the PBX passes the
slow cook-off test and the detonation velocity reaches 8685 m s~'. To balance the energy and vulnerability of the PBXs, we
obtain a high-energetic low vulnerable PBX formulation (50 mass% HNIW, 44 mass% NTO, 2.4 mass% CAB, 3.6 mass%
BDNPA/F, 0.5 mass% additional graphite) which can be used in the warhead of the high-explosive anti-tank cartridge.
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Introduction

With the development of the technology, the defense
capabilities of the military equipments are enhanced.
Therefore, current interest has been focused on the devel-
opment of high-energetic density materials (HEDMs)
destroy the military equipments with great defense capa-
bilities. Hexanitrohexaazaisowurtzitane (HNIW) possesses
high energy, great density, strong detonation pressure and
fast detonation velocity [1], which endows HNIW with
broaden application prospects in HEDM field. Based on
HNIW, many high-energetic explosives such as PAX-11,
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PAX-11(a), PAX-12 and PAX-29 have been prepared.
However, the requirements of vulnerabilities and high
energy are quite often contradictory to each other, resulting
in greater hazards in the process of preparation, trans-
portation and serving of the high-energetic explosives.
Whenever the munitions with high vulnerability are subject
to unplanned external stimuli, the munitions may detonate,
which will produce huge damages. Therefore, for today’s
munitions, hazardous assessment against unplanned exter-
nal mechanical and thermal stimuli have become an
essential part of munitions development. Modern muni-
tions are expected with the properties of low vulnerability
to against unplanned external stimuli. This kind of muni-
tions will flame or deflagrate rather than detonate when
they are subject to strong unplanned external stimuli, which
can minimize the probability of damage. Therefore, the
development of low vulnerable munitions is necessary.
One of the ideas for obtaining low vulnerable munitions is
to replace some high vulnerable explosives by a certain
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amount of low vulnerability explosives such as 3-nitro-
1,2,4-triazole-5-one (NTO) [2]. NTO, a highly potential
insensitive high-performance explosive, has been well
studied in many pressed and cast low vulnerable explosives
compositions [2, 3]. Therefore, the high-energetic low
vulnerable polymer-bonded explosive (PBX) could be
obtained by mixing high-energetic explosive HNIW and
low vulnerable explosive NTO together.

HNIW/NTO-based PBXs, which refer to a particle filled
composite materials consisting of 90-95% mass of HNIW/
NTO crystals held together by a small percentage polymer
binder of 5-10% mass [4], possess the performances of
HNIW and NTO. When the PBX suffers unplanned
external stimuli, NTO can absorb and disperse the energy
produced by the stimuli, which can decrease the formation
probability of the hot spot on HNIW and reduce the haz-
ardous risk. When the PBX is ignited by fuze, HNIW can
produce high detonation pressure and fast detonation
velocity which endows the PBX high damage efficiency.
However, with the increase in NTO mass fraction, the
vulnerability and energy of PBX are both decreased.
Therefore, a suitable ratio between HNIW and NTO should
be obtained to provide HNIW/NTO-based PBX with low
vulnerability and high energy.

In this study, on the basis of PAX-11 (94 mass% HNIW,
2.4 mass% CAB, 3.6 mass% BDNPA/F), a certain amount
of low vulnerable NTO is used as part replacements of some
HNIW to decrease the vulnerability of the PBX with high
energy during this work. A series of HNIW/NTO-based
PBXs with different formulations are prepared to screen
HNIW/NTO-based PBX formulation with high-energy low
vulnerability. The analyses of geographies, mechanical
sensitivities, thermal stabilities on the modeling powder and
the studies of detonation velocity, mechanical properties and
slow cook-off on PBXs columns are performed to evaluate
the energy and security levels. Finite element numerical
simulations, a good complementarity with experiment, are
adopted to study the transient temperature distributions,
ignition time and the ignition locations of the PBX columns
during slow cook-off. The detailed experimental steps can be
summarized in Fig. 1. Based on this study, we obtain a high-
energetic low vulnerable PBX formulation which can be
used in the warhead of the high-explosive anti-tank cartridge.

Experimental

Preparing of different PBXs

Solution—water suspension [5, 6] was used to prepare dif-
ferent HNIW/NTO-based modeling powders to study the

coating effects, mechanical sensitivities and thermal sta-
bilities. Based on the high-energetic explosive PAX-11
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(94 mass% HNIW, 2.4 mass% CAB, 3.6 mass% BDNPA/
F), several formulations were designed by replacing some
HNIW with a certain amount of low vulnerable NTO to
reduce the vulnerability of the PBX. The different formu-
lations (by mass) of PBXs are displayed in Table 1. To
further decrease the mechanical sensitivities and prevent
static electricity, 0.5 mass% graphite is added to the sur-
face of the PBXs. The modeling powders were further
pressed to PBXs columns by hydraulic press to investigate
the detonation velocities, mechanical properties and slow
cook-off. Besides, the addition of graphite was benefit for
the mold unloading after the press progress.

Geography studies of modeling powders

The coating effects and geographies of the binder system
on HNIW and NTO were characterized by a TESCN
MIRA3 XM SEM (Brno, Czech) instrument after gold
sputtering coating under a 107® Pa vacuum. The macro-
scopic and microcosmic geographies of different modeling
powders were obtained.

Mechanical sensitivity studies of modeling
powders

The mechanical sensitivities of different modeling powders
were measured after drying the samples for 6 h at 60 °C,
applying the China National Military Standard GIB-772A
[7]. During the tests, the ambient temperature was 21 °C
and relative humidity was 67%. The impact sensitives were
determined by fall hammer apparatus. The mass and ver-
tical height of the hammer were 5 kg and 25 cm, respec-
tively, and the samples mass was 30 + 0.5 mg. The
friction sensitivities were measured with the WM-1 pen-
dular friction sensitivity apparatus using 90 pivot angle and
50 £+ 0.5 mg of molding powders.

Thermal decomposition studies of modeling
powders

A NETZSCH differential scanning calorimeter (DSC) 200
F3 instrument was used to study the thermal decomposition
properties of different modeling powders at ambient pres-
sure with the aluminum crucible under dry, oxygen-free
nitrogen atmosphere. The mass of each sample was about
1 mg, and the heating rates were 0.5, 1, 1.5, 2 °C minfl,
respectively.

Adiabatic thermal stability studies of modeling
powders

A NETZSCH accelerating rate calorimeter (ARC) 254
instrument was adopted to determine the adiabatic thermal
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Fig. 1 Detailed experimental steps for obtaining HNIW/NTO-based high-energetic low vulnerable PBX

Table 1 Formulations (by

mass) of different PBXs HNIW/mass% NTO/mass% CAB/mass% BDNPA/F/mass% G/mass%
PBX-1 54 2.4 3.6 0.5
PBX-2 50 2.4 3.6 0.5
PBX-3 47 2.4 3.6 0.5

stabilities of different modeling powders [8, 9].
110 £+ 1 mg samples were placed in a spherical Hastelloy
C vessel with a volume of 10 mL and a mass of 21.5 g, and
the standard ‘heat-wait-search’ procedure was used for
these measurements with temperature increments of 5 °C.
At each step, the system was kept adiabatic for a ‘wait’
period until thermal transients disappeared and then placed
in ‘search’ mode, looking for an exotherm (self-heating
rate > 0.02 °C min~"). ARC experiments were started at
50 °C, and the apparatus would repeat the heat-wait-seek
model until the temperature reached 230 °C.

Detonation velocity studies of PBX columns

The detonation velocities of different PBXs were deter-
mined by applying the China National Military Standard
GJB-772A [7]. The different modeling powders were
pressed to three PBX columns with the diameter of 40 mm
and the height of 40 mm, respectively. Then, the explosive
columns were loaded (Fig. 2) to determine the detonation
velocities. Because of the ion conductivity of the detona-
tion wave front, the ionization pins and time measurement
could test the travel time of the detonation wave front in
the explosive column with a certain length. When the
manganese pressure gauge was pressed by the detonation
wave, its resistance increased with the increasing pressure.
During the test, the room temperature was 26 °C and rel-
ative humidity was 68%.

Mechanical property studies of PBX columns

The tensile strengths of the columns were analyzed using
Brazilian test [10—13] with an electromechanical universal
testing machine (CMT4502, MTS Systems (China) Co.,
Ltd., Shanghai, China). A quasi-static radial compression
load was imposed on the column with the loading rate of
0.5 mm min~' to generate an axial tensile stress in the
central area enough to damage the column. Then, the
tensile strength, o, could be calculated by the following
equation [14]:
2P

== (1

where P is the acting force, d is the diameter of column,
and £ is the thickness of the column.

The compression strengths of the columns were ana-
lyzed by an electromechanical universal testing machine
(CMT4502, MTS Systems (China) Co., Ltd., Shanghai,
China). A quasi-static axial compression load was imposed
on the column with the loading rate of 0.5 mm min~" until
it was damaged. Then, the compression strength, o, could
be calculated by the following equation:

4p
nd?

Ot

(2)

where P is the acting force and d is the diameter of column.

O, —
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Fig. 2 Measurement of detonation velocities
Slow cook-off test studies of PBX columns

Slow cook-off is a test designed to simulate the hazard of a
munition exposed to an engulfing liquid pool fire, such as
ordnance suspended on an aircraft during a fire. In this
study, a slow cook-off test setup was developed to study
the response of different PBXs to the slow cook-off con-
ditions. The experimental process of the slow cook-off test
is shown in Fig. 3. The modeling powders were pressed
into two columns with the diameter of 40 mm and the
height of 40 mm, respectively. Then, the explosive col-
umns were loaded in a slow cook-off bomb which consists
of a hollow cylinder shell, two endcaps with screw threads,
an electrical heat gun, a temperature control device and a
thermocouple. The inner diameter, length and wall thick-
ness of the cylinder bomb are 40 mm, 80 mm and

Fig. 3 Experimental process of the slow cook-off test
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2.7 £ 0.05 mm, respectively. The wall thickness of the
endcaps was 2.7 & 0.05 mm as well. Then, cook-off the
explosive columns with the heating rate of 1 °C min~'
until the PBXs were detonated or deflagrated.

Results and discussion
Geography analyses of modeling powders

The coating effects and geographies of modeling powders
have significant influence on the performances of PBXs. In
this study, the macroscopic and microcosmic geographies
of the modeling powders with different formulations are
analyzed by the SEM. As the difference between different
formulations has little influence on the macroscopic and

slow cook-off
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microcosmic geographies of molding powders, Fig. 4 only
depicts the SEM results of modeling powder of PBX-2.
Macroscopically, the particle size of modeling powders is
homogeneous, and each modeling powder presents spher-
ical shape. Microscopically, it can be deduced that the
modeling powders are prepared by sticking every e-HNIW
and NTO crystal together with the help of the binder, and
each explosive particle is wrapped well by the binder
without explosive crystal surfaces exposed. As all explo-
sive crystals are coated by the soft polymer binder, when
modeling powders suffer the external mechanical stimula-
tion, the binder can reduce the impact probability between
explosive crystals, thus reducing the sensitivities. Besides,
perfect coating effect is beneficial to the formability and
mechanical property which are important for the PBXs.

Mechanical sensitivity analyses of molding
powders

Hazards assessment against unplanned external mechanical
stimuli is an essential part of munitions development.
Mechanical sensitivity studies on modeling powders are
the main method to evaluate the hazards of explosives
against unplanned external mechanical stimuli. Explosives
may be stimulated by external impact and friction during
the production, transportation and application. Besides, if
the mechanical sensitivities are poor, the modeling pow-
ders may detonate when pressing them into PBX columns,
which brings tremendous security hazards. Therefore, it is
necessary to study the impact and friction sensitivities of
molding powders. The measured impact and friction sen-
sitivities of different molding powders are summarized in
Table 2.

Former practices have generally proved that the mod-
eling powders would not detonate in the pressing process
when the friction sensitivities are lower than 40%. As

Fig. 4 Macroscopic and
microcosmic geographies of
PBX-2

SEM MA‘G: 150 x
'WD: 20.59 mm Det: SE
Date(m/dly): 1018/17 KYSY-2017-50(51)4

SEMHV:35kV || |

shown in Table 2, the friction sensitivities of three PBXs
are all lower than 40%, which demonstrates that there is no
security risk for pressing the modeling powders to PBX
columns. Besides, it can be concluded from the measure-
ment results that the mechanical sensitivities of the three
modeling powders are sharply decreased compared with
pure e-HNIW, which illustrates that the security of these
PBXs is enhanced. Therefore, the addition of NTO can
decrease the hazards against unplanned external mechani-
cal stimuli.

DSC analyses of modeling powders

The handling, storage and safety before deployment of
explosives are key issues that confront the ammunition
industry [15]. Precautions have to be taken not to cause
premature detonations and fatal accidents by studying their
thermal behaviors. DSC is one of the most widely used
methods to research the thermal decomposition behaviors
of PBXGs. In this study, the DSC measurements of different
modeling powders are implemented with the mass of each
sample which is around 1 mg. The heating rates are 0.5, 1,
1.5 and 2 °C min_l, because the decomposition mecha-
nism is changed when the heating rate exceeds
2 °C min~'. The measured results of every modeling
powder under the heating rate of 1 °C min~' are summa-
rized in Fig. Sa.

It can be concluded from Fig. 5a that the orders of initial
decomposition temperatures (7,) and the peak temperature (7},)
of PBX-I, PBX-2 and PBX-3 are TO(PBX-I) > TO(PBX-Z)
> To(PB)(—a) and Tp(PBX-l) < Tp(PBX-Z) < Tp(PBX-3)’ respectively.
PBX-1 possesses much shorter decomposition time than that of
PBX-3, which means that NTO can expand the decomposition
time range. Besides, the exothermic heat of the thermal
decomposition is decreased with the increase in NTO mass
fraction, demonstrating that the increasing NTO content has

SEM HV: 3.5 kV |

WD: 20.45 mm Det: SE 100 pm
Date(m/dly): 10/18/17  KYSY-2017-50(51)-9

MIRA3 TESCAN| SEM MAG: 500 x MIRA3 TESCAN|

Performance in nanospace Performance in nanospace
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Table 2 Measured impact and friction sensitivities of different
molding powders

Impact sensitivity/% Friction sensitivity/%

e-HNIW 100 100
PBX-1 8 4
PBX-2 16 20
PBX-3 28 16

negative influence on the detonation heat of PBXs. Therefore,
the exothermic rate is decreased with the increasing NTO
content, which most likely can be attributed to the expanded
decomposition time ranges and the decreasing exothermic heat.
The lower exothermic rate is benefit for the security.

The DSC measurements of different PBXs with the
heating rate of 0.5, 1, 1.5 and 2 °C min~! were performed
to study the thermal decomposition kinetics. The measured
results of PBX-2 are summarized in Fig. 5b. Based on the
measurement results, the thermal decomposition kinetics
are calculated by Kissinger and Ozawa methods [16, 17].
The calculated results of kinetic parameters are shown in
Table 3.

The calculated thermo-kinetic parameters illustrate that
with the increase in NTO, the activation energies are
increased, which demonstrates that the thermal stabilities
are enhanced. Therefore, the increasing NTO content is
beneficial to decrease thermal hazards of PBXs against
unplanned external thermal stimuli; meanwhile, the deto-
nation heat is decreased as well.
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ARC analyses of modeling powders

In real situations, energetic materials may suffer the adia-
batic decomposition: ammunition with big size and low
heat conductivity, energetic materials heated up by forced
heating and showing a temperature increase in their center
by heat accumulation (as in slow cook-off). From this point
of view, the determination of self-heating has the intention
to assess the hazards against thermal explosions. ARC can
determine the self-heating of samples in an adiabatic
environment. In this way, the decomposition process is
controlled by sample rather than forced from an outside
temperature program, which is similar with the real adia-
batic decomposition. The ARC measurements were
implemented to research the adiabatic thermal decompo-
sition of different PBXs. In comparison with DSC, ARC
determines the self-heating decomposition of the sample in
an adiabatic environment with large sample amounts. The
ARC determination results of different PBXs are summa-
rized in Fig. 6a, and the variation of temperature (7),
pressure (P), temperature change rate (d7/df) and pressure
change rate (dP/df) with time (#) during the adiabatic
decomposition process of PBX-2 is depicted in Fig. 6b.
Figure 6a illustrates that the initial adiabatic decompo-
sition temperatures of PBX-1, PBX-2 and PBX-3 are
170.88 °C, 165.77 °C and 160.92 °C, respectively, which
demonstrates that with the increase in NTO mass fraction,
the initial adiabatic decomposition temperatures are
decreased. In addition, the maximum adiabatic decompo-
sition pressures of PBX-1, PBX-2 and PBX-3 are
1396.62 kPa, 1334.18 kPa and 1246.84 kPa, respectively,
which illustrates that the increasing NTO content decreases
the detonation pressure. The pressures begin to decrease
after they reach the maximum, in that the gas produced by

215.08 °C
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Fig. 5 a DSC measured results of different modeling powders under the heating rate of 1 °C min™"; b the DSC measured results of PBX-2 under

the heating rate of 0.5, 1, 1.5 and 2 °C min~", respectively

@ Springer



Preparation and performances characterization of HNIW/NTO-based high-energetic low vulnerable... 3595

Table 3 Calculated thermo-kinetic parameters of different modeling
powders

Sample Kissinger Ozawa

E/kJ mol™!  A/s7! R? E/k mol™! R?
PBX-1 178.676 1.155 x 10"® 0991 177.714 0.991
PBX-2 179.424 1.269 x 10'® 0991 178.435 0.992
PBX-3 180.164 1.390 x 10'® 0.991 179.158 0.991

the detonation of PBXs may react with each other. More-
over, when the temperatures and pressures of PBX-1, PBX-
2 and PBX-3 reach (190.73 °C, 585.99 kPa), (192.91 °C,
621.64 kPa) and (198.97 °C, 638.63 kPa), respectively, the
thermal decompositions are aggravated to thermal explo-
sions due to the thermal accumulation. The pressures of the
turn points increase with the increasing NTO content,
which is benefit for PBX to pass the slow cook-off test, in
that the pressure slowly increase before thermal explosions
and the produced gas will attack the weakness location of
the slow cook-off bomb. When the explosives are explo-
ded, a large amount of gas is produced, resulting in that the
pressure is sharply increased and the gas will attack
everywhere of the slow cook-off bomb. Therefore, the
higher the pressure produced before thermal explosions,
the safer the munition is.

During the exothermal decomposition, the sample also
heats up the measuring cell itself. This means that com-
pared with a measurement without measuring cell, the self-
heat rate is decreased by the measuring cell. So, it is nec-
essary to correct the tested parameters to obtain the adia-
batic decomposition parameters of the sample such as the
adiabatic temperature rise, temperature rise rate and the
time to maximum temperature rise rate. The above

a b
(a) ( )1400 .
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©
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° S 800
5 800 - o 1
[} =]
8 3 600 4
& 600 - g
400 400 +
200 200
T T T T T T T
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corrections could be processed using the thermal inertia
factor (@), which is defined as follows [18-20]:
VeV

3
meC. (3)

d=1+

where myy, ms, C and Cg are the measuring cell mass,
sample mass, specific heat of measuring cell and specific
heat of sample, respectively.

The corrected equations for some decomposition
parameters are listed as follows [21, 22]:

ATy = PATy 4)
Trs = ®ATu + To (5)
Bos = PPy (6)
Brns = P (7)

where AT,q, and AT,y are the corrected and measured
adiabatic temperature rise, respectively. Ty is the corrected
final decomposition temperature. T is the measured initial
decomposition temperature. o and fy are the corrected
and measured initial temperature rise rate, respectively.
Pms and P, are the corrected and measured maximum
temperature rise rate, respectively. The measured and
corrected results are listed in Table 4.

Moreover, based on the ARC measurement results, the
activation energies (E,), pre-exponential factors (A) and
mechanism functions of the adiabatic decomposition pro-
cess of different modeling powders are calculated by the
mechanism functions method [18, 23]. It can be seen from
Fig. 6 that the decomposition of each modeling powder can
be divided into two steps: slow thermal decomposition step
and fast thermal explosion step. In this study, the E,, A and
mechanism functions of slow thermal decomposition step
of each PBX are calculated. The 16 kinetic models and
calculation results are depicted in Table 5.
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Fig. 6 a Measurement results of different modeling powders by ARC; b the variation of P, T, dP and dT versus ¢ during the adiabatic

decomposition process of PBX-2
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The calculation results show that the adiabatic decom-
position mechanism functions of PBX-1, PBX-2 and PBX-
3 are (1 — «)>. The obtained E,, A and mechanism func-
tions can be used to simulate the transient temperature
distributions, ignition time and ignition locations of the
PBX columns during slow cook-off. The E, order of each
PBX is Ea(PBX-l) > Ea(PBX—Z) > Ea(PBX»S)- HOWCVer, hlgher
E, does not mean higher thermal security. In order to judge
the thermal securities of PBXs, SADT (self-accelerating
decomposition temperature) is introduced.

SADT is defined as the lowest ambient air temperature
at which a self-reactive substance or an organic peroxide of
specified stability undergoes an exothermic reaction in a
specified commercial package in a period of 7 days or less
[24, 25]. SADT provides a good guide for evaluating the
thermal hazards during the storing and transporting of
hazardous materials [26, 27]. SADT of different modeling
powders is calculated by the following equations [28, 29]:

MC,
_ 8
=35 (8)
R(Txg +273.15)%
SADT = Tag — (Tiw + ) )

E,

where 7 is the time constant. M is the mass of packaged
PBXs. C, is the specific heat capacity of PBXs. U is the
heat transfer coefficient of the package. S is the contact
area of the system and environment. No return temperature,
Tnr, is the temperature of a chemical substance above
which the heat generated by a reaction exceeds the heat
removal. When the temperature of a chemical system is
above the Tng, a thermal runaway reaction cannot be
prevented from going to completion. Tyg can be obtained
from the curve of the temperature at the time to maximum
rate (Tyr) versus temperature by t; E, is the activation
energy, and R is the gas constant.

In this study, 50 kg of different modeling powders is
supposed to be stored in the wooden cylinder with the
height of 60 cm, the diameter of 30 cm and U of
5W m~2°C! [26]. As shown in Fig. 7, Tyg of different

modeling powders is obtained, respectively. Subsequently,
the SADTs are calculated, and the results are listed in
Table 6.

The calculated SADT of PBX-3 (179.53 °C) is the
highest, meaning that the thermal stability of PBX-3 is the
best and the thermal hazard is the lowest. Former study
[23] has reported that the SADTs of pure HNIW- and
HNIW-based PBX (94 mass% HNIW, 2.5 mass% CAB,
2.5 mass% BDNPA/F, 1 mass% desensitizer) are around
142 °C and 157 °C, respectively. The SADTs obtained
from this study are much higher than that of the reported,
which illustrates that the addition of NTO can enhance the
thermal securities and decrease the thermal hazards.
Therefore, the increasing NTO content can decrease the
hazards against unplanned external thermal stimuli, while
the detonation pressure is decreased as well.

Detonation velocity analyses of PBX columns

Detonation velocity is a key property to evaluate the energy
of the explosives. Generally, the energetic materials with
higher detonation velocity have high energy. In order to
evaluate the energy of the prepared PBXs, the modeling
powders are pressed into PBXs columns, and then, the
detonation velocities are determined. The average densities
of explosive columns, calculated theory maximum deto-
nation velocities (Dtyp) and measured average detonation
velocities (D) are shown in Table 7.

As the explosive columns are pressed at room temper-
ature rather than high temperature, the pressed densities are
about 96.5% of the theory densities. The relative low
densities result in the measured detonation velocities being
lower than the theory maximum detonation velocities.
Besides, the increasing NTO mass fraction decreases the
detonation velocities of PBXs. The detonation velocities
are still greater than 8500 m s_l, when the mass fraction of
NTO is less than 47%. On the basis of the service condi-
tions, we can adjust the PBX formulation to satisfy the

Table 4 Measured and

Parameters Measured results Corrected results
corrected thermal
decomposition parameters of PBX-1 PBX-2 PBX-3 PBX-1 PBX-2 PBX-3
different modeling powders
(0 0.958 0.937 0.929 - - -
(] - - - 87.59 88.33 89.08
Ty °C 170.88 165.77 160.92 - - -
Ty °C 201.83 204.13 211.06 2881.79 3554.11 4627.39
AT,/ °C 30.95 38.36 50.14 2710.91 3388.34 4466.47
Bo/ °C min~" 0.0262 0.0247 0.027 2.29 2.18 241
B/ °C min~! 166.00 154.93 129.06 14539.25 13683.86 11495.94

“C, is the specific heat capacity of PBXs
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Fig. 7 Curves of Tr versus temperature for different PBXs

Table 6 Tng and SADT of

different CAB/A3 binder Samples Tw/ °C  SADT/ °C

systems PBX-1 17731 17051
PBX-2 18144  173.90
PBX-3 188.07 179.53

security and energy demands. Therefore, the addition of
NTO can decrease the detonation velocity of PBXs.

Mechanical property analyses of PBX columns

During the storage, transportation and application, PBXs
with deficient mechanical properties might cause damages
in the explosives, which can furthermore decrease the
safety and detonation performance of the PBXs [28]. The
damages in explosives can become the source of ‘hot
spots,” which might lead to ignitions under external acci-
dental stimulation [29]. In addition, damages might affect
the spread of detonation wave that decreases the power of
the explosives. Therefore, the mechanical properties are
important for the PBXs. In this study, the modeling pow-
ders are pressed into PBX columns with the diameter and
height of 20 mm and 20 mm to measure the tensile

Table 7 Average density of explosive columns, calculated theory
maximum detonation velocities (Dyp) and measured detonation
velocities (D,)

Samples Density/g cm™? Diyp/m s ! D./m s7!
PBX-1 1.854 8779.19 8685
PBX-2 1.858 8740.66 8617
PBX-3 1.852 8711.84 8558

“The detonation velocities are calculated by Urazer method [30, 31]

@ Springer

strength and compressive strength. The measured results
are displayed in Table 8.

As shown in Table 8, the tensile strengths of the PBX
columns are slightly increased, and the compression
strengths are greater than 14.32 MPa. It is deduced that the
binding energy between NTO crystal surface and binder
system might be higher than that between HNIW crystal
surface and binder system. In general, the mechanical
properties almost remain constant with the changing NTO
content, which demonstrates that the mechanical properties
mainly depend on the binder system [30, 32]. Therefore,
the addition of NTO has little influence on the mechanical
properties of PBXs.

Slow cook-off test analyses of PBX columns

Hazards assessment against unplanned external thermal
stimuli is another essential part of munitions development.
Slow cook-off studies on PBX columns are one of the main
methods to evaluate the hazards of explosives against
unplanned external thermal stimuli. Due to security
requirements, low vulnerable munitions design against
thermal stimuli like slow or fast cook-off has become a
significant requirement for today’s munitions [33]. In order
to achieve low vulnerable munitions characteristics, the
response of energetic material should immune to heating
stimuli. Thermal initiation theory describes the ignition of
detonation due to thermal effects from surrounding con-
ditions and the heat generated inside the energetic material.
Slow cook-off is an involuntary self-ignition phenomenon
of an explosive in a cartridge often encountered in multiple
sequential firings [34]. Slow cook-off can accurately
evaluate thermal hazards of munitions. In this study, an
efficient device has been used to study the slow cook-off of
different PBX columns. The measurement results are
summarized in Fig. 8.

Figure 8 shows that the cylinder shell of slow cook-off
bomb is destroyed into fragments and no explosives left
after the test of PBX-1, which illustrates that PBX-1 is
detonated during the slow cook-off process. Therefore,
PBX-1 does not pass the slow cook-off test and its thermal

Table 8 Measured tensile strength (g,) and compression strength (a.)

Samples Density/(g-cm™>) g/MPa a./MPa

PBX-1 1.856 2.282 > 14.32%
PBX-2 1.853 2.286 > 14.32
PBX-3 1.855 2.294 > 14.32

“The upper limit of the electromechanical universal testing machine
was 4500 N, and the corresponding compression strength was
14.32 MPa
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hazard properties are high. The endcaps of slow cook-off
bombs are broken, while the cylinder shells are not
deformed and many explosives are rushed out of the
bombs, which demonstrates that PBX-2 and PBX-3 are
flamed or deflagrated during the slow cook-off process.
Therefore, PBX-2 and PBX-3 pass the slow cook-off test
and their thermal hazard properties are low. The response
temperatures of PBX-1, PBX-2 and PBX-3 are 218 °C,
198 °C and 191 °C, respectively, which demonstrates that
higher response temperatures do not mean lower thermal
hazards.

ARC measured results show that the decompositions of
explosives can be divided into slow thermal decomposition
step and thermal explosion step. Therefore, if an explosive
can pass the slow cook-off test, the gas produced by the
slow thermal decomposition step can burst the endcaps
(weakest part) of the bomb and through the explosives out
of the bomb to an open and low temperature environment.
Otherwise, the explosives will detonate, resulting in the
sharply increase in the pressure to destroy the bomb shell.
ARC measured results also show that the slow thermal
decompositions of PBXs will aggravate to thermal explo-
sions due to thermal accumulation, when the temperatures
and pressures of PBX-1, PBX-2 and PBX-3 reach to
(190.73 °C, 585.99 kPa), (192.91 °C, 621.64 kPa) and
(198.97 °C, 638.63 kPa), respectively. The pressure of
PBX-1 (585.99 kPa) of the turn point is lower than that of
PBX-2 (621.64 kPa) and PBX-3 (638.63 kPa), resulting in
that the PBX-1 fails to burst the endcaps of the bomb
before the detonation temperature. This phenomenon
demonstrates that the maximum pressure of the slow cook-
off bomb endcaps we used in this study can bear corre-
sponding to the ARC pressure of 621.64 kPa. Therefore,
based on the turn point pressure of decomposition—explo-
sions transition, we can judge if a formulation can pass the
slow cook-off test under the same test conditions.

Fig. 8 Slow cook-off results of PBX-1, PBX-2 and PBX-3

Numerical simulation on the cook-off

One of the major problems resulting from an overheated
explosion of a munition is the cook-off (self-ignition)
phenomenon. Slow cook-off test can examine the vulner-
ability of an explosive, but it can hardly determine the
transient temperature distribution ignition time and ignition
location in the munitions which is significant for studying
vulnerability. Finite element numerical simulation method
is able to compensate for the shortcomings of experiment.
Numerical simulation enables the designers to have an idea
of when and where the energetic material ignites under
certain adverse surrounding conditions [33]. In this study,
based on the experiment results, ANSYS 15.0 academic
finite element solver is used to simulate the temperature
distribution, ignition time and ignition location of different
PBX columns. The three-dimensional model of the system
(PBX columns, endcaps and cylinder shell) and the created
mesh are shown in Fig. 9.

Before starting the numerical analyses, all the boundary
conditions are put into ANSYS program by user-defined
function (UDF) according to experimental conditions.
During the slow cook-off process, the PBX columns not
only heat up by the external forced heating which has been
defined in the boundary conditions of the UDF but also
self-heat by the explosives released heat. As the slow cook-
off can be regarded as an adiabatic decomposition process,
the E,, A and mechanism functions obtained by ARC
analysis can be applied to describe the decomposition of
PBX columns. Based on the PBX columns properties (re-
leased heat Q, E,, A and mechanism functions of adiabatic
decomposition), the cell zone conditions of PBX columns
are put into ANSYS program by UDF. According to these
conditions, ANSYS solves the problem using the proper
time steps.

Taking PBX-1 as an example, Fig. 10 displays the
evolution of transient temperature distribution from room
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Fig. 9 3-D model of system and the created mesh

temperature to ignition temperature in the section plane
along symmetry axis during slow cook-off.

As seen in Fig. 10a, the temperature distribution in the
section plane shows that at the beginning of the slow cook-
off, the temperature of the PBX columns close to the
endcaps is lowest due to the low thermal conductivity of
PBX columns. Then, the temperature of two endcaps is
lowest due to convection between endcaps and air. At low
temperature (< 170 °C), the maximum temperature occurs
at the surface of the slow cook-off bomb, in that few PBXs
are decomposed resulting in few heats accumulation. When
the temperature is higher than 170 °C (Fig. 10b), due to the
decomposition of PBX, the maximum temperature occurs
at PBX columns. With the heat accumulation and heat
conduction, the maximum temperature occurs around the
center (Fig. 10c), which leads to the start of ignition. The

experiment response time #,, simulated ignition time f;g,,
simulated ignition temperature Tig,, the experiment surface
temperature Tgyires and simulated Tgypign surface tem-
perature outside the steel cook-off bomb at the response/
ignition time of different PBX columns obtained from the
simulation for the slow cook-off test are summarized in
Table 9.

The study results illustrate that the simulated #,, and
Tourr-ign of PBX-1 show good agreements with the experi-
ment tes and Ty rres, Which testifies the accuracy of sim-
ulation method. Therefore, the UDF we programmed is
accurate and changing the Q, E,, A and mechanism func-
tions it can be used to simulate the slow cook-off of other
system. However, the simulated £, and Tgyrfign of PBX-2
and PBX-3 show relatively great deviations with the
experimental results, in that before ignition, the produced
gases break the endcaps of the slow cook-off bomb and
through the PBX columns out of the bomb, resulting in that
during experiment process, the determination is interrupted
at the response temperature which is lower than ignition
temperature. Therefore, the ignition situations can be
obtained by simulation, which is a good complementation
for the experiment.

Table 9 tres, Tourfress tigns Tsurt-ign and Tig, of different PBX columns

PBX-1 PBX-2 PBX-3
Experiment tres/S 8940 8340 8280
Tsurtores! °C 174 164 163
Simulation tign/S 8784 8917 9128
Tsurt-ign/ °C 171.65 173.89 175.47
Tign/ °C 209.91 212.20 216.66

(@) (b) (c)
3.09e + 02 4.44¢ + 02 4.61e +02
3.09e + 02 4.43e + 02 4.58¢ + 02
3.09 + 02 4.40e + 02 4.54e + 02
3.08e + 02 4.39¢ + 02 4516 +02
3.08¢ + 02 4376402 4496 + 02
3.08e + 02 4.36e + 02 4.47e + 02
3.08e + 02 4.35e + 02 4.45e + 02
3.07e + 02 4.33e + 02 4.42e + 02
3.07e + 02 4.32¢ + 02 4.40e + 02
3.07e + 02 4.31e + 02 4.38¢e + 02
. 3.07e + 02 4.29¢ + 02 . 4.35¢ + 02
3.06e + 02 4.28¢ + 02 4.33¢ + 02
3.06e + 02 4.27e + 02 4.31e + 02
3.06e + 02 4.25e + 02 4.29e + 02
3.05e + 02 4246 + 02 4.266 + 02
3.056 + 02 4230 + 02— 4246 + 02
3.05e + 02 4.21e + 02 4.22e + 02
3.05e + 02 4.20e + 02 4.19e + 02
3.04e + 02 4.19e + 02 4.17e + 02
3.04e + 02 4.18e + 02 4.15e + 02

Fig. 10 Evolution of transient temperature distribution of PBX-3 during slow cook-off
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Conclusions

HNIW/NTO-based PBXs with different formulations were
prepared in this study. The geographies, mechanical sen-
sitivities, thermal decompositions, detonation velocities,
mechanical properties and slow cook-off tests were stud-
ied. The main conclusions can be summarized as follows:

(1) The addition of NTO will not significantly decrease
the energy of the PBXs. Although the detonation
velocities, detonation heats and detonation pressures
of the PBXs are decreased with the increase in NTO,
the measured detonation velocities are still greater
than 8550 m s~' even when the mass fraction of
NTO is less than 47%.

(2) The addition of NTO will slightly affect the
mechanical properties of the PBXs. With the
increase in NTO, the tensile strengths of the PBX
columns are slightly increased and the compression
strengths are greater than 14.32 MPa. Besides, the
mechanical properties mainly depend on the binder
system and irrelevant to the NTO content.

(3) The addition of NTO will obviously increase the
thermal securities and decrease the hazards of the
PBXs. With the increase in NTO, the thermal
hazards properties are decreased. The PBXs can
pass the slow cook-off test when the mass fraction of
NTO is more than 44%. The good complementarity
between experiments and numerical simulations
enables the designers to understand when and where
the energetic material ignites under certain adverse
surrounding conditions.

Above all, a HNIW/NTO-based high-energetic low
vulnerable PBX formulation (50 mass% HNIW, 44 mass%
NTO, 2.4 mass% CAB, 3.6 mass% BDNPA/F, 0.5 mass%
graphite) is obtained. Owing to the properties of high
energy and low vulnerability, it can be used in the warhead
of the high-explosive anti-tank cartridge.
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