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Abstract. One of the models of detonation development in condensed explosives under shock
loading is the concept of “hot spots.” According to this model, the reaction initially starts at
various defects and inhomogeneities, where energy is localized during shock wave propagation.
In such a region the reaction may start and the heat flux sufficient for the ignition of the
adjacent layers of matter may be formed. If the reaction propagates fast enough, the merging
of the burning fronts from several hot spots may lead to detonation. So there is an interest
in determining the burning propagation rate from the hot spot in various conditions. In this
work we investigate the propagation of plane burning front from initially heated layer in PETN
single crystal using molecular dynamics method with the reactive force field (ReaxFF). The
burning rate depends on the direction in crystal. The kinetics of chemical transformations is
considered. The dependence of the burning front propagation rate along [100] direction on the
external pressure in the pressure range from normal to 30 GPa is calculated, it is shown that it
grows linearly in the considered range from 50 m/s to 320 m/s. The results are compared with
the data from experiments and quantum chemical calculations.

1. Introduction

The hot spot model of condensed explosive initiation assumes that initial heating and
initial chemical decomposition reactions occur in defect regions, like voids or plastic-explosive
boundaries, of the explosive structure. Estimations show that the heating due to shear
deformations in such regions may reach more than 1000 K in shock waves of about 1 GPa
intensity [1], forming the “hot spot”. Such temperatures may start the sequence of chemical
transformations, and the heat yield from these transformations can be high enough to give rise to
the decomposition of the adjacent layers of explosive material. Thus, the reaction may propagate
from the regions initially heated by a shock wave. If the hot spot concentration and the reaction
propagation rate are high enough, growing hot spots may lead to the formation of a detonation
front. The hot spot concentration for a particular explosive may be determined experimentally
by studying the microstructure of the material, but the evaluation of the reaction propagation
rate is more complicated. While there are novel experimental techniques that promise the precise
numerical data on reaction kinetics on picosecond time scales [2], the decomposition mechanisms
in various conditions are still in question. In the present work, we apply the molecular dynamics
(MD) method with the ReaxFF interatomic potential [3] to study the reaction propagation in
PETN and the kinetics of chemical events in a heated region.
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2. Simulation model

First part of the work is the calculation of the reaction propagation rate in PETN single crystal.
We consider a unidimensional propagation of the plane reaction front. To minimize size effects,
the simulation cell was made large along reaction propagation direction [100] (256 unit cells).
Along transversal directions the cell was 4 x 4 unit cells. One unit cell contains 58 atoms, so
the total number of atoms in these calculations was 237568. First, simulation cell was posed in
Nose-Hoover thermo- and barostat to obtain normal temperature and target pressure. Then we
chose a thin layer (about 5 unit cell wide) in the middle part of the cell and set the temperature
there about 2000 K. It is considered as a model of the formed hot spot. Its evolution is then
simulated in NVE ensemble.

For the second part of the work (kinetics of decomposition) we considered 4 x 4 x 4 unit cells
(3712 atoms) and 8 x 8 x 8 unit cells (29696 atoms) systems. Similarly, normal temperature and
pressure in the cell were first obtained with Nose-Hoover technique, then higher temperature
from 500 to 2100 K was set in the whole cell. After setting the high temperature MD simulations
were performed in NVE ensemble. So there was no energy leakage and temperature could grow
as a result of chemical reactions.

ReaxFF is a reactive interatomic potential. It is based on the concept of chemical bond
order between atoms, that depends on the instantaneous chemical environment of each atom.
Initially, bond orders are evaluated from the interatomic distances, then they are corrected to
give consistent valence values for each atom. On the basis of the information on bond orders,
energy and forces are calculated in the way similar to classic potentials for bonded systems:
potential energy is decomposed to several terms corresponding to bond lengths, angles, dihedrals
and so on. As total bond order for each atom may change during simulation, charges on atoms
do not remain constant and are equilibrated on each simulation step, too. There is screened
Coulomb term in potential energy to take charge interaction into account, and there is also the
LJ term to describe van der Waals interactions. ReaxFF is fitted to the energies of large number
of atomic configurations characteristic for a given class of materials. Here we use the ReaxFF
parametrization for PETN in the form used in the work [4]. Calculations were done in LAMMPS
molecular dynamics package [5] with USER-REAXC module [6] as a ReaxFF implementation.

During simulation, we periodically printed out atomic coordinates and bond orders between
each atom and its neighbors. We then determined bonded clusters and their positions in the
simulation cell at the considered timesteps.

3. Reaction propagation rate

The character of the reaction propagation from heated region depends on the energy barriers
and heat yields of the reactions, thermal conductivity of the material and its response to the
pressure applied. To determine the reaction propagation rate (RPR), we compared several
criteria based on the constant level of concentration of chemical species that take part in the
reactions as well as on constant temperature value. All the criteria gave very similar results.
There may be different mechanisms of the decomposition in different conditions, so we primarily
used PETN concentration instead of concentration of individual products to calculate RPR. We
divided simulation cell to 128 layers (each layer 2 unit cells wide) and considered that when
PETN concentration in a layer equals half of the initial one, it corresponds to the reaction front
position.

On figure 1 the PETN concentration in the middle part of the simulation cell is shown.
External pressure in this calculation is 10 GPa. Initially heated layer corresponds to x values
from 1200 to 1250 A. On the z axis there is the number of PETN molecules in each layer (64
at simulation start). Levels of constant PETN concentration are shown on x-t plane. We place
the reaction front in the coordinate where PETN concentration equals 32, i.e. half of the initial
one, at a particular time step. Values of RPR were checked for convergence with respect to
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the system size. Determined reaction front velocities were the same for systems of 256 and 64
unit cells along [100] direction. For each considered pressure the reaction propagation was a
stationary process with costant reaction front velocity. This velocity depends linearly on the
external pressure. The dependence is shown on figure 2 together with the experimental values
from [7, 8].
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Figure 1. PETN concentration in the middle 0.01 0.1 1 10

part of simulation cell as a function of time. Pressure, GPa

MD cell is binned in layers, z axis corresponds

to the number of PETN molecules per layer Figure 2. Dependence of the reaction
at a particular moment of time. Initially this propagation rate along [100] direction on
number is 64, then it decreases in the reaction external pressure.

region as a result of chemical transformations.
Lines on x-t surface denote concentration
isolevels.

We also performed one calculation of the RPR along [001] direction at 1 GPa, and the RPR
proved out to be about 2 times lower than along [100] direction. It may be related to geometric
parameters of PETN unit cell, that is shorter in [001] direction than in [100] one. A layer
normal to [001] contains more molecules and thus requires more energy for reactions to start
than the one normal to [100] that has the same thickness. There may also be differences in
thermal conductance along different axes. Finally, as PETN molecules have complex geometry,
their orientation with respect to the reaction front will affect rates of reactions. Additional
simulations are needed to see if the relation between RPR along different axes will remain under
high pressures.

The molecular dynamics results on the reaction propagation rate is of the same order with
diamond anvil cell experiments in the high pressure region. However, the experimental values
were sometimes several times higher than calculated ones. It may be partially explained by the
fact that there was a compressed disperse PETN in experiments that contained a lot of pores,
boundaries and other defects. Another feature of the MD model is that it does not explicitly
take into account electronic degrees of freedom, so there is no electron thermal conductivity that
might also facilitate reaction propagation at high pressures.

4. Kinetics of the decomposition in a heated region
PETN decomposition was studied previously by DFT [9, 10] and DFTB [11] approaches. In the
report of Wu et al. [11] a scheme of reactions was proposed leading to the formation of water
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as one of the final products of PETN transformation. We used bulk calculations for kinetics
studies to exclude heat fluxes. The succession of species formation in our ReaxFF calculations
was consistent with the scheme proposed by Wu et al. We then considered the dependence of
the transformation rate on the initial temperature in system. Main heating occurs with the
start of water formation, and before that stage the temperature remains effectively constant.
We can plot water formation time as a function of the initial temperature and evaluate the
effective activation energy for PETN decomposition. The dependencies of water concentration
on time for different initial temperatures are shown on figure 3. The curves are the same for
4 x4 x4 and 8 x 8 x 8 unit cells systems, so only the results for larger systems are shown.
Water concentration is given per one initial PETN molecule. The dependencies can be very
well fitted with logistic curves. Doing that, for each initial temperature we obtain the time 7
that corresponds to the formation of half the final HoO concentration and may be considered as
a characteristic water formation time. Plotting logarithm of this quantity versus 1/T, we can
obtain an effective activation barrier from the slope of the linear function approximating the
dependence (figure 4).
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Figure 3. Concentration of water
per PETN molecule for different initial
temperatures versus time.

Figure 4. Dependence of water formation
time on the inverse initial temperature.

The dependencies on figure 3 correspond to the process that looks like relatively long induction
time with slow product accumulation, followed by fast self-accelerating stage of complete
transformation to final products. As this second stage is faster, we describe the process with
only one parameter 7 that is essentially the mentioned induction time. As product formation
is not a first-order reaction with constant rate for each initial temperature, we do not calculate
real activation energy of a particular chemical process using figure 4, but rather the effective
activation energy of the transformation as a whole. It describes change of induction time instead
of reaction rate constant, and reflects changes caused by all factors including temperature growth
during reaction and possible catalytic effect of initial products that stay in the system. The slope
of the linear approximation in figure 4 is 5.8, so the effective activation energy for water formation
in PETN decomposition reaction chain appears to be 48 kJ/mole. It is not directly connected to
any of intramolecular bond energies and is significantly lower than the energy of weakest bond
O—NOs, in isolated PETN molecule, that equals 150-180 kJ/mole [10, 12]. That weakest bond
energy value was also reproduced in our ReaxFF calculation for one PETN molecule. Difference
between any of bond energies and the calculated effective activation energy is natural as the
latter describes none of elementary acts but the process going under varying temperature and
chemical composition).
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Conclusions

We determined the reaction propagation rate in PETN single crystal using molecular dynamics
with ReaxFF interatomic potential. The RPR along [100] direction grows linearly with external
pressure from 50 to 320 m/s in pressure range from 3 to 30 GPa. These values are in
good agreement with known experimental data. We also considered the kinetics of thermal
decomposition in uniformly heated bulk PETN in NVE ensemble. The process goes in two
stages. The first one is slow product formation during relatively long induction time 7, that
is succeeded by the second stage of fast self-accelerating reaction. Dependence of 7 on initial
temperature in the system is Arrhenius-like with the effective activation energy of 48 kJ/mole,
with 7 values in range of 10719-107! s for initial temperatures from 800 to 2000 K.

Acknowledgments
Calculations were performed on clusters of VNIIA and VNIIEF. The work was done with
financial support from RFBR grant 12-02-13511-ofi-m-ra.

References
[1] Kanel G I, Razorenov S V and Fortov V E 2004 Shock-Wave Phenomena and the Properties of Condensed
Matter (New York: Springer)
[2] Dang N C, Bolme C A, Moore D S and McGrane S D 2012 J. Phys. Chem. A 116 10301-9
[3] van Duin A C T, Dasgupta S, Lorant F and Goddard III W A 2001 J. Phys. Chem. A 105 9396-409
[4] Budzien J, Thompson A P and Zybin S V 2009 J. Phys. Chem. B 113 13142-51
[5] Plimpton S 1995 J. Comput. Phys. 117 1-19
[6] Aktulga H, Fogarty J, Pandit S and Grama A 2012 Parallel Comput. 38 245-59
[7] Andreev K K 1966 Thermal Decomposition and Burning of Ezplosives (in russian) (Moscow: Nauka)
[8] Foltz M F 1993 Pressure dependence on the reaction propagation rate of petn at high pressure Lawrence
Livermore National Laboratory Tech. rep. UCRL-JC-111316
[9] Wu C J, Ree F H and Yoo C S 2004 Propell. Ezplos. Pyrot. 29 296-303
[10] Landerville A C, Oleynik I I and White C T 2009 J. Phys. Chem. A 113 12094-104
[11] Wu C J, Manaa M R and Fried L E 2006 A molecular dynamics study of chemical reactions of solid
pentaerythritol tetranitrate at extreme conditions Lawrence Livermore National Laboratory Tech. rep.
UCRL-TR-221762
[12] Tsyshevsky R V, Sharia O and Kuklja M M 2013 J. Phys. Chem. C 117 18144-53



