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Abstract

The thermal decomposition characteristics of polymer-bonded
explosive (PBX) including powdered metal fuel and inorganic
oxidizer are analyzed and the relevant chemical kinetics are
extracted. The goal is to propose the methodology for
simulating the slow and fast cook-off phenomenon. Differential
scanning calorimetry (DSC) is performed to define the
decomposition characteristics while isoconversional technique
is used to construct the relevant reaction model. In particular, to
establish the order in which RDX and AP play in reacting
sequence, Scanning Electron Microscope and Energy
Dispersive Spectroscopy (SEM-EDS) are used to confirm the
kinetic model proposed. The slow and fast cook-off simulation
is performed, and the relevant runaway characteristics are
validated against the experimental measurements.

1 Introduction

All papers Polymer-bonded explosive (PBX) is produced by
mixing additives according to various operating purposes based
on oxidizing agents such as cyclotetramethylene-tetranitramine
(HMX) or cyclotrimethylene-trinitramine (RDX). Usually,
when metal fuels are added, effectively total heat of reaction
increases together with its impulse amount [1]. In addition,
adding more oxidizer such ammonium perchlorate (AP) to
PBX may significantly enhance the intended after burning
characteristics. Such multifunctional aspect of metalized
explosives is typically observed when the shock-induced
detonation occurs and subsequent burning of metal powders
takes place. However, when thermally heated, these types of
explosives are subject to thermal decomposition that develops
into a thermal runaway or so called thermal cook off. Therefore,
a lot of studies recently aims to understand the thermally
induced reaction characteristics of PBX composed of metallic
powders and additional oxidizer such as AP, and to construct
the appropriate chemical kinetic models for simulating both
slow and fast cook-off experiments for model validation.

In this study, we designed three types of samples that are
pristine (no metal) PBX (95% HMX with a binder), metallized
HMX (66% HMX and 25% Al with binder), and metallized
RDX with extra oxidizer (20% RDX, 25% Al, and 43% AP).
The kinetics of three PBXs is extracted using DSC. In
particular, the third sample has been looked at microscopically
via SEM and EDS to identify the complex or multiple reaction
sequence due to the addition of AP. Here, SEM is used to
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identify the overall shape of the sample, and EDS is utilized for
the composition analysis [2]. The cook off simulations in both
low heating and fast heating rates are conducted by using the
obtained chemical kinetics. Also, the corresponding cook-off
experimental measurements were made available for validating
the numerical prediction of time and temperature at which
thermal runaway occurred.

2 DSC experiment

2.1 Experimental method

DSC experiments are carried out with a Mettler Toledo DSC 3
instrument utilizing the HP reusable sealed crucible 30 pL for
first and second samples and standard 40 pL sealed aluminum
pans for third sample. The experiments are conducted with a
purge flow of nitrogen maintained at 80 mL min’'. The sealed
pans allow observation of the decomposition process without
detrimental effect of energetic material evaporation. For all
DSC signals, positive going feature corresponds to exothermic
process. The PBX samples are tested under non-isothermal
experimental conditions without self-heating phenomenon [3].

2.1 Experimental result

The activation energy and pre-exponential factor varying with
A are shown in Fig. 1. This implies that the extracted kinetics
describes the complete process of the chemical reaction
through a set of Arrhenius parameters obtained at an
instantaneous state of the reaction progress. The heat of
reaction for each samples are shown in Table. 1.
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Figure 1: Activation energy and pre-exponential factor
parametrized by the progress of reaction A. (Clockwise from
top left, PBX #1, #2, AP of #3 and RDX of #3)



Sample#1 Sample#2 Sample #3
Heat of 95%HMX 66%HMX 25% RDX 30% AP
reaction
(/g 1940.32 1279.56 | 380.54 | 1270.5

Table 1: Heat of reactions for tested PBX samples. Al reacts at
above 2000 °C and thus heat of reaction values do not include
contribution from Al in each sample.

3 SEM-EDS result

In the current study, we assumed that the RDX first start the
decomposition/exothermic  reaction and then the AP
sequentially initiates the decomposition/exothermic reaction in
the process of establishing the kinetics of PBX #3 in Section 2.
To confirm the validity of these assumptions, verification
experiments are performed using DSC and SEM-EDS. The
experimental method is as follows. First, as shown in Fig. 2, the
DSC experiment is carried out at 15 °C/min heating rate for
PBX #3. And it set the A, B and C points according to
temperature range. Point A represents the raw material state of
PBX #3 and point B represents the point just after the RDX
decomposition/exothermic reaction of PBX #3 is terminated
and the decomposition/exothermic reaction of AP begins. Point
C indicates the region at which the decomposition/exothermic
reaction of the AP is terminated. The PBX #3 sample is
recovered by reopening the DSC crucible after the DSC
experiment is completed at each point of A, B, and C.
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Figure 2: Sample extraction point for A, B and C from DSC at
heating rate of 15 °C/min

SEM-EDS experiments are performed to analyze the
composition of A, B and C samples. SEM images of A, B and
C samples are shown in Fig. 3 and EDS composition analysis
results are shown in Table 2. The EDS analysis is performed for
the entire area shown in Fig. 3. Before looking at the results of
the EDS, chemical formula of RDX and AP are C3HsN¢Os and
NH4ClO4, respectively. First, in order to investigate the reaction
of RDX by EDS analysis, a comparison of the composition
between the sample A and the sample B, it can be identified by
comparing the composition of the carbon which is not
contained in the AP. And to investigate the reaction of AP, it
can be confirmed by comparing the composition of chlorine
between sample B and C, which is not included in RDX and
binder components. Binder used in PBX #3 is HTPB and DOA
which composed of Carbon, Hydrogen, and Oxygen.

Figure 3: SEM images of samples A, B, and C

From the EDS results of sample C, it is clear that the reaction
of RDX and AP is completed at sample C, so that the
composition of the background carbon by the binder is
confirmed as ~31%. Based on this, the composition of the
sample A and the sample B is compared. The carbon
composition of sample B is 31.07%, which is consistent with
the carbon composition of the binder. The carbon composition
of sample A which RDX is contained is 37.36%. From this, it
can be confirmed that the carbon contained in RDX has
disappeared by the decomposition reaction of RDX. For
comparison of sample B and sample C, it can be observed that
the composition of chlorine and nitrogen, which are not
contained in binder but contained only in AP, are remarkably
decreased or very small fraction is measured. From these
results, we can confirm that RDX is decomposed in A to B
process and AP is decomposed in B to C process.

SEM images of Fig. 3 show this chemical reaction process
visually. A comparison of the SEM images of samples A and B
reveals that the polygon-shaped RDX crystal disintegrates and
disappears and the PBX is punctured. Comparing the SEM
images of samples B and C, we can see that the crystals of the
AP disappear and only the binder and aluminum particles
remain entangled.

Weight %
A B C
C 37.36 31.07 31.23
17.85 14.28 3.02
(0] 24.41 26.10 2.61
Al 10.29 15.04 62.94
Cl 10.09 13.51 0.2

Table 2: EDS analysis for composition of sample A, B and C

4 Two types of thermal cook-off tests: slow
and fast

4.1 Slow cook-off

To show validity and applicability of the extracted kinetics, we
conduct the simulation of the slow cook-off test. And actual
slow cook off test also have been conducted. The governing
equations are as follows:
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p , C and k are density, specific heat and thermal
conductivity respectively for PBXs. Values for PBXs are
summarized in table 3. Equation (1) is the energy conservation.
To describe the heating process, heat conduction is included in



two-dimensional spatial domain. In this experiment, the
energetic materials do not ‘flow’ during the constant heating
process. Thus mass and momentum are unchanged. The kinetic
parameters shown in Fig. 1 is used in solving the reaction
progress in Eq. (2). The second-order central difference is used
for the spatial discretization, and a third-order Runge-Kutta
method is used for time integration.

PBX #1 PBX #2 PBX #3
p (kg/m?) 1820 1900 1820
C (J/kgK) 1180.4 1096.3 1079.8
k (W/mK) 0.385 0.997 0.201

Table 3: Density, specific heat and thermal conductivity for
PBXs

The slow cook-off test is a standardized experiment for

monitoring the violence of reaction of insensitive munitions [4].

The obtained measurements from the test are the time and
temperature until the thermal runaway and the classification of
the reaction being mild as deflagration to as severe as
detonation.

The material of casing is a steel with its density of 7870 kg/m’.
Its thermal conductivity is 49.56 W/m'K and the specific heat is
47498 J/kg'K. The material properties of steel are referred
from [5]. The inside of cylindrical case is filled with the PBX.
The temperature of the charge is measured at the center. The
thickness of the case is 0.4 cm. The width and length of the
charge are 4.5 cm and 20.0 cm, respectively. The initial
temperature of PBX is 30.8 °C and then it is heated to 108 °C
within 1 hour. The heater temperature is maintained at 108 °C
for 7 hours to allow temperature to equilibrate before the final
runaway is allowed to occur. Then the heating rate of
3.3 °C/hour is used until explosion is witnessed.

The corresponding explosion time and temperature are
summarized in Table 4. For PBX #1, the values reported in the
literature for LX-10 explosives of the same composition with
95% HMX are used for this comparison [6]. A very good
agreement between the experiment and simulation is observed.

4.2 Fast cook-off

4.2.1 Numerical set up

The calculation and experiment results are compared using the
kinetics with feasibility at low heating rates. The governing
equations used in fast cook off simulation are as follows:

For explosives
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The kinetics used in the simulation are the same as the slow
cook off. In this simulation, level set method and ghost fluid
method are used to accurately calculate the behavior of
explosives and steel [7]. The governing equations are solved by
third-order Runge-Kutta and third-order ENO (essentially non-
oscillatory) method with respect to the temporal and spatial
discretization respectively. In addition, the time step of
hydrocode is determined as

dt = CFL number * dx / (max | sound speed + local velocity |)(5)

to accurately calculate the governing equations, and the order
of time step is approximately 10-®. However, the required
calculation time is about 2 minutes based on the experimental
results. Thus, at the initial stage of the reaction, the mass and
momentum equations are not taken into account but only the
energy and species equations are calculated to prevent a lot of
computation time. That is why since in the fast cook off
situation it reacts thinly on the surface of the explosives, so the
effects of pressure and heat generated in the initial stage of the
reaction have little impact. At this time, time step is 0.001
seconds. After reaction progress variable is more than 0.1 for
PBX # 2, and RDX is all reacted for PBX # 3, thermal runaway
occurs. Since then, all governing equations are calculated.

4.2.2 Constitutive relation

Mie-Gruneisen EOS was used for unreacted explosives and
gamma-law EOS was used for reaction explosives.
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Johnson-Cook strength model is applied to steel container
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PBX #1 [19] PBX #2 PBX #3
Explosion time Explosion Explosion time Explosion Explosion time Explosion

(h) temperature (°C) (h) temperature (°C) (h) temperature (°C)
Experiment ~26.02 ~173.0 28.98 185.4 21.56 169.4
Simulation 26.88 179.4 29.22 189.0 21.60 164.87

Table 4: Comparison of explosion time and temperature between experiment and simulation




Fast cook off test proceeded according to the procedure of
STANAG 4240 [9]. The size of hearth is 1.3m * 0.6m * 0.2m
which is sufficient to make the test material engulfed in the
fuel-rich flame. The length of explosives is 0.2m and diameter
is 0.45m. The density of container is 8000 kg/m?. Its thermal
conductivity is 18.8 W/m'K and the specific heat is 510 J/kg'K
[10]. The thickness of casing is 4mm. The computation domain
was set based on the actual used test body that is two-
dimensional cylinder.

Since the heat penetrated from the flame must be considered in
the casing, the following heat transfer is considered at the
outermost part. The convective heat flux ¢, from the flame

and the flame to surface radiant flux are defined by

Geon = M(T e =T) )
Qs = 60(Th,, = T*) (10)
where Tﬂame is flame temperature which is obtained as 900°C

on average through the experiment, & is the Stefan-
Boltzmann constant, convective heat transfer coefficient, 4 is
15 W/m?>K and surface emissivity, & is 0.7 [11].

4.2.3 Result

Experiments were conducted twice for only PBX #2 and #3.
The reaction progress variable and temperature histories of
PBX #2, #3 are plotted in Fig. 4, 5 respectively. The kinetics
extracted from DSC for PBX #2 and #3 are found to be
appropriate for predicting the explosion times that are 90, 114
seconds in PBX #2, #3 respectively. And explosion temperature
is not compared between simulation and experiment since
experimental data does not exist.

In setting the kinetics of PBX #3, RDX and AP are set
separately. In slow cook off simulation, it was not possible to
verify that the kinetics considered to AP are properly extracted
by causing explosion as RDX react. While energetic material
reacts inside in that circumstance, it reacts thinly on the surface
of the explosives under fast cook off condition. And heat of
reaction of RDX has much lower than one of AP as shown in
the table 2. That is why thermal runaway does not occur only
by the reaction of RDX. When AP reacts with relatively high
heat of reaction, thermal runaway occurs and reaction occurs
violently even though reaction occurs only on the surface.
Therefore, it was confirmed that the proposed method of setting
the kinetics of PBX #3 was appropriate and this kinetics should
be used to accurately predict the explosion time in actual
experiments.
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Figure 4: Reaction progress(left) and temperature(right)
histories of PBX #2
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Figure 5: Reaction progress(left) and temperature(right)
histories of PBX #3

5 Conclusions

In the current study, when unknown PBX is given, a method for
simulating the explosion phenomenon by thermal heating is
proposed using kinetics extracted from small amount of PBX
sample. The PBXs under study are three types: conventional
PBX with HMX of 95%, PBX composed of HMX with 25% of
aluminum for afterburning process. Finally, a PBX composed
of multi-oxidizer of RDX and AP with aluminum. We have
proposed a new methodology to determine the chemical
reaction scheme and determine the kinetics for the PBX
composed of multi-oxidizer which conventional Friedman
analysis cannot be applied. SEM-EDS analysis is additionally
performed to verify the assumptions of the chemical reaction
model. And the validity of the assumptions is confirmed. We
simulate the slow and fast cook off test using extracted kinetics
and confirm the validity of the extracted kinetics compared
with the experimental results.
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