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§  Material	
  defects	
  and	
  heterogenei(es	
  such	
  as	
  disloca(ons,	
  grain	
  boundaries,	
  
entrained	
  gas,	
  and	
  porosity	
  play	
  key	
  roles	
  in	
  the	
  shock-­‐induced	
  ini(a(on	
  of	
  
detona(on	
  in	
  energe(c	
  materials.	
  	
  

§  Previously,	
  we	
  have	
  performed	
  reac(ve	
  NEMD	
  simula(ons	
  of	
  weak	
  shocks	
  
in	
  a	
  60	
  ×	
  40	
  ×	
  40	
  nm3	
  PETN	
  crystal	
  containing	
  a	
  20	
  nm	
  spherical	
  void	
  using	
  
LAMMPS/ReaxFF.	
  We	
  observed	
  hotspot	
  forma(on	
  and	
  an	
  exothermic	
  
reac(on	
  zone.	
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§  Forma.on	
  of	
  hotspot	
  observed,	
  but	
  is	
  it	
  growing?	
  Is	
  it	
  leading	
  to	
  detona.on?	
  

Introduc(on	
  

UP = 2 km/s 

T 

A. P. Thompson, T.-R. 
Shan, “Shock-induced 
hotspot formation and 
chemical reaction initiation 
in PETN containing a 
spherical void ”, Proc. 2013 
APS-SCCM 



Computa(onal	
  setup	
  

§  Reduce	
  void	
  dimension	
  from	
  3D	
  spherical	
  to	
  2D	
  cylindrical	
  
§  System	
  size	
  increased	
  to	
  0.3	
  ×	
  0.2	
  ×	
  0.0013	
  μm3	
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8.9 million atoms 

Objective: To observe hotspot growth and identify growth mechanism 
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  methods	
  

§  ReaxFF	
  
	
  	
  

§  NEMD	
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  velocity	
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  2	
  km/s	
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§  Shock-­‐front	
  absorbing	
  boundary	
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Atomistic Simulation of Orientation Dependence in Shock-Induced
Initiation of Pentaerythritol Tetranitrate
Tzu-Ray Shan,* Ryan R. Wixom, Ann E. Mattsson, and Aidan P. Thompson

Sandia National Laboratories, Albuquerque, New Mexico 87185, United States

ABSTRACT: The dependence of the reaction initiation
mechanism of pentaerythritol tetranitrate (PETN) on shock
orientation and shock strength is investigated with molecular
dynamics simulations using a reactive force field and the
multiscale shock technique. In the simulations, a single crystal
of PETN is shocked along the [110], [001], and [100]
orientations with shock velocities in the range 3−10 km/s.
Reactions occur with shock velocities of 6 km/s or stronger,
and reactions initiate through the dissociation of nitro and
nitrate groups from the PETN molecules. The most sensitive
orientation is [110], while [100] is the most insensitive. For
the [001] orientation, PETN decomposition via nitro group
dissociation is the dominant reaction initiation mechanism,
while for the [110] and [100] orientations the decomposition is via mixed nitro and nitrate group dissociation. For shock along
the [001] orientation, we find that CO−NO2 bonds initially acquire more kinetic energy, facilitating nitro dissociation. For the
other two orientations, C−ONO2 bonds acquire more kinetic energy, facilitating nitrate group dissociation.

1. INTRODUCTION
Understanding the physics and chemistry of detonation in
energetic materials, such as pentaerythritol tetranitrate
(PETN), is important not only in military applications but
also in civil engineering (mining and excavation) and in many
specialized applications such as emergency passenger restraint
systems and rocket propulsion. For many materials, the
detonation velocity and shockwave amplitude of an established
steady-state detonation front can be reliably estimated from
simple stoichiometric and thermochemical considerations. In
contrast, the processes by which detonation is initiated in the
unreacted material are complex and difficult to predict.
Sensitivity is a measure of how small a perturbation is required
to initiate detonation, and experimentally it has been observed
that for PETN sensitivity is dependent upon the crystallo-
graphic orientation of the shockwave propagation direction in
the energetic material.1

Shock initiation sensitivity of PETN crystals along different
orientations has been related to the degree of steric hindrance
occurring in the slip systems stimulated by uniaxial
compression.1−3 For sensitive orientations such as [110] and
[001], the stimulated slip systems are strongly hindered. Layers
of molecules in adjacent planes interpenetrate each other,
preventing them from easily sliding past each other. This steric
hindrance allows shear stresses to become quite large before
plastic yielding occurs, resulting in a proportionately large
amount of work energy that is rapidly deposited in localized
regions when yielding finally occurs. These regions experience a
large increase in local temperature that allows initiation to
occur. In contrast, the slip systems stimulated by uniaxial
compression in insensitive orientations such as [100] and [101]

do not exhibit steric hindrance. Adjacent layers of molecules do
not interpenetrate and the slip systems cannot sustain large
shear stresses. As a result, far less plastic work is deposited, and
the temperature rise due to plastic deformation is less.
Compression shear MD simulations of PETN crystals along

the [110] and [001] orientations support the experimental
notion that orientation-dependent shock sensitivity is con-
trolled by steric hindrance in slip planes.4 Large-scale
nonequilibrium molecular dynamics (NEMD) simulations
with the ReaxFF reactive force field showed effects of
endothermic and exothermic reactions on PETN shock
velocity.5

Several studies have used ab initio quantum electronic
structure methods to understand the reaction initiation
mechanism of PETN. A quantum mechanical molecular
dynamics study using a semiempirical method under the
Hartree−Fock formalism of collisions of two PETN molecules
along the [110], [001], and [100] orientations indicated that
the dissociation of the nitro bond (CO−NO2) is the primary
initiation reaction, independent of collision orientation.6 A
combined experimental and computational work utilizing time-
resolved emission spectroscopy and a post-Hartree−Fock
method on PETN crystals shocked along [110] and [100]
orientations proposed a four-step chemical initiation mecha-
nism.7 In that work, PETN molecule dissociation during shock
initiation was proposed to start with splitting of the nitrate bond
(C−ONO2) yielding a carbocation and a nitrate ion (NO3

−).
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in Fig. 1.16 By moving a rigid piston !piston-1" at constant
velocity up, a shock wave is generated that moves with ve-
locity us through the target material #see Fig. 1!a"$. On the
opposite end of the simulation cell is a second rigid piston
!piston-2", contiguous with the target and assigned zero ve-
locity. When the shock wave reaches piston-2 #Fig. 1!b"$, it
is instantaneously assigned the same constant velocity as
piston-1 !up" #see Fig. 1!c"$. From that point onward, the
simulation is microcanonical and maintains the initial Hugo-
niot state associated with the passage of the shock front.
Chemical reactions or other dynamical processes can be fol-
lowed until they reach equilibrium. These processes can re-
sult in significant changes in temperature, pressure, and com-
position in the confined region.

A critical issue is exactly when and how to apply the
velocity up to the second piston. Although various criteria
can be imagined, the initial transfer of internal energy is a
reasonable one for defining the instant of shock wave pas-
sage across a given dividing surface in configuration space
since shock wave propagation is essentially energy transfer
from the moving piston to lattice degrees of freedom in the
target material. We show in Fig. 2 how we use the internal
energy to determine the time at which the second piston be-
gins to move. In this case, the piston velocity up=3.0 km /s
is below the threshold for shock-induced chemistry in meth-
ane. The simulation cell is arbitrarily divided into 80 bins,
each one unit cell wide; these bins deform affinely as the
shock wave compresses the sample. Figure 2!a" contains the
internal energy profile in the material along the shock direc-
tion at t=5.45 ps, which is just before the internal energy of
the bin immediately adjacent to piston-2 begins to rise rap-
idly #denoted as bin 80, corresponding to zero displacement
along the abscissa in Fig. 2!a"; the internal energy of this bin
is denoted as !80 in Fig. 2!b"$. The internal energy profile of
the shocked material in Fig. 2!a" is fitted to a straight line,
which is extrapolated to predict the internal energy !80 at the
moment when the shock front just reaches its outer edge
!that is, the contiguous boundary with the second piston".
Monitoring the internal energy !80 as the trajectory contin-
ues, we find that the extrapolated value is achieved at t
=5.57 ps #see Fig. 2!b"$; the dashed horizontal line in Fig.
2!b" shows the extrapolated value for the internal energy
corresponding to the moment when the shock wave reaches
piston-2. It is at this time that the second piston begins to
move with the same fixed velocity up as the first one.

There is a significant disparity in the time scales for shock
wave traversal of the sample in most NEMD simulations and
subsequent establishment of chemical or thermo-mechanical
equilibrium. In the simplest sense, the maximum time acces-
sible to the former is the shock transit time across the
sample, tmax= lsample /us. However, this only applies to mate-
rial in the immediate vicinity of the first piston; material on
the free boundary is under compression for essentially zero
time. !The time required for a backscattered wave to re-
traverse the compressed system sets the true upper limit on
the time that any region in such a simulation can be sustained
in the shocked state." The proposed absorbing boundary con-
dition described here minimizes in a practical way the effects
of wave reflection from a free surface, effectively providing
a near-perfect impedance match17 between the target material
and the two pistons, and thus, allows simulation of the
sample in a shock-compressed state for an interval of time
whose limit is determined by the stability of the numerical
integration scheme.

B. Model system and details of simulation procedure

For demonstration purposes, we have chosen to study
shock-induced chemistry in methane as predicted by the
AIREBO potential due to Stuart et al.15 AIREBO is an ex-
tension of the reactive empirical bond order potential.18

FIG. 1. !Color online" Schematic illustration of how the shock
absorbing boundary condition is applied. !a" A shock wave is gen-
erated in the sample by driving a rigid piston into it with constant
velocity up; a second piston is contiguous to and equilibrated with
the material on the opposite end of the simulation cell. !b" The
shock wave reaches the second piston. !c" The second piston begins
to move with the same fixed velocity as the first.

FIG. 2. Summary of details for determining when the second
piston begins to move. !a" Internal energy profile along the shock
direction; !b" time evolution of internal energy in the material sub-
volume !bin" closest to the second piston #zero displacement along
the abscissa in !a" corresponds to internal energy !80 in !b"$. The
time snapshot in !a" is for t=5.45 ps; the line is the linear fit for the
shocked material. The dashed horizontal line in !b" shows the ex-
trapolated value for the internal energy, corresponding to the mo-
ment when the shock wave reaches piston-2. When the internal
energy !80 reaches this value !t=5.57 ps", the second piston is as-
signed a constant velocity up.
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§  Cylindrical	
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§  Comparing	
  system	
  and	
  hotspot	
  temperature	
  

§  Cylindrical	
  void	
  with	
  lower	
  temperature	
  and	
  
smaller	
  hotspot	
  
§  Can	
  be	
  mi(gated	
  with	
  a	
  stronger	
  impact	
  

velocity	
  
§  Despite	
  these	
  differences,	
  qualita(ve	
  void	
  

collapse	
  and	
  hotspot	
  forma(on	
  mechanisms	
  
are	
  similar	
  

Results:	
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Results:	
  micron-­‐scale	
  system	
  

§  Impact	
  velocity	
  =	
  2	
  km/s	
  
§  Normal	
  NEMD	
  shock	
  run	
  from	
  0	
  –	
  52	
  ps	
  

§  Observed	
  hotspot	
  forma(on	
  due	
  to	
  void	
  collapse	
  

§  Shock-­‐front	
  ABC	
  run	
  from	
  52	
  –	
  94	
  ps:	
  	
  
§  Observed	
  hotspot	
  growth	
  due	
  to	
  coupling	
  to	
  exothermic	
  chemical	
  reac(ons	
  
§  However,	
  hea(ng	
  from	
  the	
  wall	
  catch	
  up	
  with	
  the	
  growing	
  hotspot	
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Results:	
  micron-­‐scale	
  system	
  

§  Impact	
  velocity	
  reduced	
  to	
  1.25	
  km/s	
  
§  Normal	
  NEMD	
  shock	
  run	
  from	
  0	
  –	
  64	
  ps	
  

§  Observed	
  hotspot	
  forma(on	
  due	
  to	
  void	
  collapse	
  

§  Shock-­‐front	
  ABC	
  run	
  from	
  64	
  –	
  195	
  ps:	
  	
  
§  Observed	
  hotspot	
  growth	
  due	
  to	
  coupling	
  to	
  exothermic	
  chemical	
  reac(ons	
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Conclusions	
  

§  Performed	
  NEMD	
  shock	
  simula(ons	
  with	
  shock-­‐front	
  ABC	
  using	
  
LAMMPS/ReaxFF	
  

§  Observed	
  forma(on	
  of	
  hotspot	
  due	
  to	
  void	
  collapse	
  in	
  the	
  0.06	
  
×	
  0.04	
  ×	
  0.04	
  μm3	
  cell	
  containing	
  a	
  20	
  nm	
  spherical	
  void	
  
§  Similar	
  qualita(ve	
  void	
  collapse	
  and	
  hotspot	
  forma(on	
  behaviors	
  

observed	
  in	
  the	
  0.06	
  ×	
  0.04	
  ×	
  0.0013	
  μm3	
  cell	
  containing	
  a	
  20	
  nm	
  
cylindrical	
  void	
  

§  Smaller	
  hotspot	
  and	
  lower	
  temperature	
  due	
  to	
  weaker	
  ejecta	
  
focusing	
  effect	
  

§  In	
  the	
  0.3	
  ×	
  0.2	
  ×	
  0.0013	
  μm3	
  cell	
  containing	
  a	
  20	
  nm	
  cylindrical	
  
void	
  
§  Observed	
  hotspot	
  forma(on	
  and	
  hotspot	
  growth	
  
§  Self-­‐sustained	
  hotspot	
  growth	
  coupled	
  to	
  exothermic	
  chemical	
  

reac(ons	
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