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Abstract: We investigate and model the cook-off behavior of LX-17 to understand the response of explosive systems in abnormal thermal
environments. Decomposition has been explored via conventional ODTX (One-Dimensional Time-to-eXplosion), PODTX (ODTX with
pressure-measurement), TGA (Thermo-Gravimetric Analysis), and DSC (Differential Scanning Calorimetry) experiments under isothermal and
ramped temperature profiles. The data were used to fit reaction rate parameters for proposed schemes in an ALE3D computational model.
This model includes chemical reactions, thermo- and hydro-dynamics, and material properties, including thermal expansion, compressibility,
and strength. These parameterizations were carried out utilizing a Python evolutionary optimization method on LLNL’s high-performance
computing clusters. Additional experiments are being developed to further characterize and monitor decomposition intermediates to improve
the model. Once experimentally validated, this model will be scalable to several applications involving LX-17. Furthermore, the optimization
methodology developed herein should be applicable to other high explosive materials.
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1 Introduction

Understanding the thermal response of energetic
material is critical for response prediction and safe
handling during and after exposure to high
temperatures in accident scenarios. Formulations of
the high explosive (HE) 1,3,5-triamino-2,4,6-
trinitrobenzene (TATB), such as LX-17 (92.5% TATB,
7.5% Kel-F) and PBX-9502 (95% TATB, 5% Kel-F),
are currently employed in industrial and military
applications, due to their high thermal stability and low
shock sensitivity. However, much is still not
understood about the thermal decomposition pathways
of TATB, including conflicting conclusions as to the
effect of confinement' and whether the dominant
decomposition mechanism includes gas-phase
species.

Recent work by Hobbs and Kaneshige'
included the effect of the initial water content, which is
typically on the order of thousands of ppm, as

determined by Small, Glascoe, and Overturf.2
Including the water vapor-liquid equilibrium
significantly improves the accuracy of pressure
predictions during early decomposition, which is

particularly important in low-confinement systems.
Furthermore, several studies have shown that the
decomposition of TATB vyields a large quantity of
water; experimental®* and computational®® studies
indicate that the likely first step in decomposition is an
intramolecular condensation reaction to form the
benzo-monofurazan (MF), 5,7-dinitroisobenzofuran-
4.,6-diamine. TATB may also react to form the benzo-
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monofuroxan, 4,6-diamino-5,7-dinitrobenzo[c] [1,2,5]
oxadiazole 1-oxide. However, little is known about
what happens between these initial reactions and final
thermal runaway. Experiments have shown that these
intermediates can continue to dehydrate, and the
furoxan species can be significantly less stable.*”
Additionally, some reported gas products, such as
HCN, are highly hazardous and may require more
precautions for first responders.8

Previous experiments related to hazards
analysis have largely focused on thermal “cook-off”
behavior in experiments such as the One-Dimensional
Time to eXplosion (ODTX), which has recently been
augmented with pressure measurements (PODTX).®
Here, the “one-dimensional” refers to the use of a
sphere of explosive material, allowing spatial
considerations to largely be reduced to only a function
of radius. This setup, shown in Figure 1, has been
described elsewhere. In brief, a half-inch diameter
sphere of HE is either exposed to a step-change in
temperature by delivery to preheated anvils, which are
rapidly closed, or subjected to controlled temperature
ramps, sometimes with isothermal holds. This system
can also be used to thermally damage samples to
examine chemical and behavior changes without
continuing to thermal runaway to assess changes in
several safety metrics.'® Critically, some partially
decomposed samples have shown lower temperatures
of thermal runaway with larger exotherms.
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Figure 1. (P)ODTX experimental setup.®

As the focus of experiments thus far has
largely been on end-point data, we recently proposed
a more reduced form of the reaction network,!
excluding the -furoxan species and later dehydration
intermediates, which may not be along pathways
necessary to reach final decomposition products. Our
proposed reaction scheme is shown in Scheme 1,
wherein TATB dehydrates intramolecularly, the mono-
intermediate (MF) decompose inter-molecularly into
gas and solid products, and the gas products further
autocatalyze decomposition of TATB. The reaction
stoichiometry was determined based upon assuming
two dehydration steps and 21 wt% solid residue, as
seen in thermo-gravimetric analysis (TGA). Our
approach differs from previous modeling efforts in a
few key respects. Firstly, our model uses only
elementary reactions, excluding any elements lacking
physical interpretation, such as Prout-Tompkins
reactions'?'3 or fitting parameters.! Additionally, solid
explosives differ from many traditional kinetic systems
due to the large effect of spatially varying factors. Thus,
experiments were simulated using ALE3D,' which
includes chemical reactions, thermo- and hydro-
dynamics, and material properties (see Supplemental
Information), including thermal expansion,
compressibility, and strength. Furthermore, the hydro-
code enables the gas products to be modeled as a
gas-phase concentration utilizing appropriate material
properties, expansion, and compressibility dependent
upon local conditions, rather than as a mixed phase
species. In addition, we attempt to remedy a previous
lack of kinetic model parameter error analysis in the
TATB-based explosive literature.

HZO’ H2Og
TATB; —— 3 MF, + H,0,
2MF — "2 2Pr0dg + 2H,0, + gcamorph

TATB; + Prod; ——2— 2Prod, + 2H,0, + 4.5C

amorph

Scheme 1. TATB decomposition scheme.!!

The end time in these experiments is
determined when the pressure inside the anvils passes
the holding pressure, typically 1500 or 2000 bar,
depending on the exact experimental apparatus used.

Propellants,
Explosives,
Pyrotechnics

LLNL-JRNL-804045

This event can occur by either explosion or by
pressure burst — insufficient self-heating to produce
thermal runaway. As shown in Figure 2, these
experiments were modeled as a quarter circle of HE
with axial and radial symmetry with a surrounding 1.5”
radius shell of aluminum or stainless steel. For ODTX
simulations, the aluminum shell was preheated to the
appropriate temperature, allowing the adjacent surface
of the HE to experience a rapid temperature change in
the first fraction of a second of the calculation. For
PODTX simulations, the temperature of the outer
surface of a stainless-steel shell was ramped at the
corresponding experimental rate. Ramp rates were
tested from 0.1 to 10 °C/min. While at lower ramp rates,
the experiment is predicted to be mostly isothermal, at
higher ramp rates, significant thermal gradients are
expected to exist, including between the inner and
outer surface of the anvil, necessitating modeling of
the full thickness.

Apply T BC

e
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Figure 2. ALE3D (P)ODTX material diagram.

In addition to (P)ODTX"® Time-To-eXplosion or
pressure Burst (TTXB), (TGA), and differential
scanning calorimetry (DSC) experiments were also
simulated using ALE3D and compared to experimental
results to fit kinetic parameters. Reaction rates for
each of the three decomposition reactions, j, in

Scheme 1,
“(z-1)
R \T T, (1)

where the activation energy, Ea, and the natural log of
the orthogonalized pre-exponential factor, ko, using
ideal gas constant R and a reference temperature, Ty,
of 588 K, were varied using the Python'® SciPy'’
differential evolution algorithm.’® The method was
modified to update only after completing a generation
rather than as each calculation finished to allow for
parallelization and flexibility in use of computational
resources.
The objective function

Elﬁrm? (hi (tm" if :l]z (1)
i=1 ,n"ltexp i

was minimized, where tsim; and tex; are the simulated
and experimental times, respectively, for the it
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experiment. (P)ODTX calculations were stopped when
the simulation time step dropped below 1 ys, indicating
thermal runaway due to constraints on reaction extent
change per integration step. This time was used as fsim,
unless the pressure at the boundary between the HE
and anvils had already exceeded the holding pressure
of 1500 or 2000 bar (see Sl), in which case the time
that pressure was reached was used. As TGA and
DSC experiments were conducted on small samples of
less than 10 mg in a pinhole pan, a different simulation
was used to model these experiments, consisting of
small zone of HE material sitting on an alumina block
to simulate the temperature gradient in the alumina
sample pan. A larger sample volume was simulated to
approximate gas loss into the pan headspace. For
TGA, the times at 0.5, 5, and 50% mass loss were
compared. For DSC, the full-width half max of the
exothermic peak was compared.

2 Results and Discussion

Simulations were run for a range of kinetic parameters
to match experimental results for (P)ODTX, TGA, and
DSC of wet-aminated LX-17-1 at several ranges of
theoretical maximum density (TMD). Joint confidence
intervals on ko and Ex for the first and third
decomposition reactions indicated that these
parameters were far more well determined than those
for the decomposition of the MF intermediate, which
only needed to react faster than a certain threshold
rate. Thus, for the purposes of simulating end-point
data, this intermediate reaction can be assumed to be
rapid relative to the other steps and the first step can
be modeled as going straight to the products, as is
shown in Scheme 2 with parameters given in Table 1.
The primary exotherm activation energy of 189.4
kJ/mol is within the range of previously determined
values of 162 kd/mol from Belmas et al'® to 251
kJ/mol from Bailey?® and Rogers.?' Additionally, while
the product gas has been observed to contain several
species,® the reaction rates in ALE3D utilize mass
rather than mole concentrations, meaning specific
product molecular weights and compositions did not
have to be assumed.
H,0, H20g4
TATB, —— > MF, + H,0,
2MF, —F8SL - 2Prod, + 2H,0; + 9Camoren

TATB; + Prodg ——3— 2Prod, + 2H,0, + 4.5C

amorph

Scheme 2. Revised TATB decomposition scheme.

Table 1. Model parameters and 95% joint confidence
intervals for Eq. 1 reaction rates shown in Scheme 2.

Parameter | Value | Units | Error
In ko1 -11.06 s 0.24
Epq 78.1 kd/mol | 12.2
In ko3 8.71 | cm¥gss | 0.22
Eas 189.4 | kJ/mol | 21.0

Resulting TTXB simulation and experimental
results are shown in Figure 3. LX-17 end times used
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for fitting are compared in Figure 3a-b, including insets
showing example temperature gradients within the HE
at the end of the simulation, demonstrating the
importance of radial effects of coupled chemistry and
heat transfer. These insets show that at the higher
temperatures, the outer layer of HE reacts rapidly
before heat can conduct into the center. At lower
temperatures, heat fully conducts into the HE, and
thermal runaway occurs at the center when reaction
heat production outpaces conduction. At lower
temperatures still, thermal runaway may not occur,
since the reaction may not reach this threshold. Figure
3c shows PBX-9502 and pressed coarse TATB results,
which were not used for fitting.
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Figure 3. Experiment (symbols) and model (lines)
explosion/burst time for a) LX-17 ODTX: 98-100%
TMD (x; solid), 94-97% TMD (+; long dashed), 92-93%
TMD (A; short dashed), and 85-89% TMD (o; dotted);
b) LX-17 PODTX results: 98% TMD (x; solid) and 86%
TMD (o; dotted); c) PBX-9502 ODTX results: 98-100%
TMD (x; solid) and 85-89% TMD (o; dotted) and
coarse TATB ODTX results: 98-100% TMD (0;
dashed).

The figure shows that both experimental and
model results show a trend of increasing TTXB as
TMD decreases. This feature is due to the use of the
gas-phase product autocatalysis. Additionally, this gas-
solid reaction would account for experimentally
observed lower TTXB in ultrafine TATB as compared
to coarse TATB of the same density (see
Supplemental Information) due to increased specific
surface area.??

One type of physics that is not fully
implemented at present in the model is gas flow
through the porous HE material and into any
surrounding headspace due to concentration and
pressure gradients. During heating, the HE can
expand into available volume. The ODTX anvils were
designed with 0.25-inch diameter inner cavities, which
have only a few percent free volume at the edges due
to the space between the sphere and the sealing
gasket on the anvil surfaces. The PODTX anvils were
designed with slightly larger 0.265-inch inner cavities,
to allow for some HE expansion without plugging the
pressure transducer channel. A thin metal sleeve is
used in the lower half to provide better heat transfer
between anvil and HE, but the upper half is left open,
leaving approximately 10% additional free volume.
Spheres of HE that have been heated in the PODTX
setup show that they typically expand into this space
(see Supplemental Information). Thus, for simulations,
it is assumed that this extra air is uniformly mixed
throughout the HE material. This assumption may not
be accurate for short experiments performed at high
temperatures or heating rates, which would explain the
model discrepancies around 350 °C in Figure 3a-b.

Figure 4 shows experimental and modeled
pressure of LX-17 at 1 °C/min heating rate for 98%
and 86% TMD. While the TTXB is very similar for each
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plot, differences in pressure generation are visible. The
effect of the water vapor-liquid equilibrium is prevalent
from around its boiling point until diminishing in the last
hour of experiment as additional product gases are
formed. The lower density HE shows a monotonic
increase, while the higher density appears noisier. It is
likely that the lower density allows more gas
permeation throughout the sample, while the higher
density material keeps gas generation more local until
pressure generation surpasses the solid strength,
which decreases significantly with temperature,
especially as the Kel-F binder melts. Thus, Figure 4b
may be less representative of the true pressure
experienced by the sample.
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Figure 4. LX-17 PODTX pressure at 1 °C/min ramp.
Three experimental repeats (gray solid lines), model
with water (red dashed), and model without water (blue
dotted) for a) 98% TMD; b) 86% TMD

Lastly, comparison of the 1 °C/min
simultaneous TGA and DSC measurements and
simulations are shown in Figure 5a-b, indicating the
points used for data fitting. The early evaporation of
the initial 0.15 wt% water is evident in the mass loss
curve. The model also appears to capture the final rate
of product catalysis and heat generation. However, in
the middle temperature range, some mass loss in the
experiment is not visible in the model. This
discrepancy may be due to sublimation, which is not in
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the model, as the (P)ODTX system is sealed and little
sublimation is expected to occur; however, it may also
be due to intermediate reactions that were not included
in the reaction scheme. Both mechanisms would
account for the endotherm in the DSC data, but
determining which is occurring would require
composition analysis of the solids or evolved gases,
development of which is ongoing.232* Thus, for
purposes of comparison, the DSC data was shifted to
remove the endotherm. The experimental heat-flow
also shows a sharp thermal-runaway peak, which was
not captured in the model. This indicates that there are
likely multiple heating mechanisms, and that the most
rapid exothermal behavior may require additional
model detail.

With the high level of confinement used in the
(P)ODTX systems, the early gas formation does not
appear to have a significant impact on TTXB. However,
in lower confinement systems, this may not be the
case, as pressure burst is more likely to occur in the
absence of thermal runaway and effects like the
evaporation of water, which can easily contribute
several tens of bar, become more important.
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Figure 5. Results for TATB a) TGA experiment (black
solid line) and model (red dashed line); b) DSC
experiment (dotted blue Iline), experiment after
endotherm subtraction (solid black line), and model
(red dashed line); c) modeled concentrations for TATB
(black solid line), product (red long-dashed line),
amorphous carbon (green short-dashed line), water
(blue dotted line), and steam (orange dash-dot line).
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3 Conclusion and Future Outlook

LX-17 cook-off was modeled with ALE3D and
compared to several experiments. This model captures
a significant portion of the behavior of the experiments
with only four fitted parameters. Time-to-explosion was
well predicted under isothermal and ramped heating
conditions. However, intermediate and individual
product species were not modeled, and understanding
their concentration evolution would be critical to
predicting sensitization behavior and handling
concerns.

Experiments are currently under development
to better answer questions related to the reaction
network through intermediate species. This ongoing
work aims to measure chemical composition of
reaction products in both solid and gas phases during
experiments, as well as analysis of solid residue in
aged and spent materials. Where possible, online
analysis via infrared spectroscopy should be used to
determine key intermediates and to track the time
evolution of their concentrations isothermally at
multiple temperatures and at different ramp rates.
Ideally, these experiments should look both directly at
the headspace in the pressure vessel and at the solid,
possibly through an integrated attenuated total
reflectance lens.

Offline analysis with mass spectrometry is less
ideal, as time-dependent data cannot be generated
easily with a single experiment. However, the
additional ability to determine chemical species makes
this technique highly valuable, especially when used to
relate back to the IR experiments to pinpoint the actual
species that contain the moieties present. These
results should significantly inform model development
and allow intermediate reactions to be better defined
and parameterized with confidence, which has largely
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not been possible relying solely on time-to-explosion
endpoint data.
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