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Atomic-level view of inelastic deformation in a shock loaded molecular crystal
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We use molecular dynamics to characterize the atomic-level mechanisms of plastic deformation in an
organic molecular crystal under dynamical loading, namely, a-octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine
shocked in the [100] direction. Plasticity for weak shocks is governed by dislocations with Burgers vectors
b=1/2 (101) gliding on {101} planes. As the shock strength is increased, we observe a gradual transition to a
regime dominated by nanoscale shear bands that does not exhibit a preferred crystallographic slip and where

the material becomes locally amorphous.
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I. INTRODUCTION

Plastic deformation in crystalline metals is governed by
dislocations; their mobility and interactions with other de-
fects control the mechanical response of these materials un-
der most loading conditions.! Dislocations are line defects
that glide on preferred planes (typically closely packed ones)
and, in doing so, cause an atomic-scale amount of plastic
strain. The displacement that an individual dislocation causes
when it glides is quantified by its Burgers vector. Since the
existence of dislocations was proposed independently in
1934 by Orowan,? Polanyi,® and Taylor,* experimental, the-
oretical, and computational works have advanced the field to
maturity. Atomistic simulations played an invaluable role in
this process, providing detailed information about core struc-
tures and dislocation mobility,>~’ dislocations under dynami-
cal loading,®® and size-dependent phenomena.'® We cur-
rently understand, both qualitatively and quantitatively for
most crystalline metals, how macroscopic deformation is re-
lated to the properties of individual dislocations and the col-
lective interactions among them. This constitutes the knowl-
edge base for the development of predictive models for the
mechanical behavior of metals that play an increasingly
prominent role in materials science. A similar understanding
for molecular materials is required and would impact a wide
variety of fields ranging from pharmacy and biomaterials to
energetic materials.!! Despite such pressing needs, progress
toward a molecular-level understanding of deformation in
molecular materials has been slow. The presence of molecu-
lar and intramolecular degrees of freedom that couple with,
and sometimes hinder, the intermolecular process of slip
complicates descriptions of plasticity in molecular crystals.!?
Further challenges arise from the low-symmetry space
groups typical of these materials and the need to account for
the possibility of changes in molecular orientation and, often,
molecular conformation in the description of crystal defects.
Indeed, nearly all previous in situ studies of which we are
aware have dealt with high-symmetry crystals and/or nearly
rigid molecules, for example, hexamine,'® naphthalene,'* and
buckminsterfullerene.'> A notable exception is the work of
Dick and Ritchie,!? wherein constrained molecular mechan-
ics simulations were used as a tool for interpreting macro-
scopic flyer plate measurements of the anisotropic detonation

1098-0121/2007/76(6)/064112(6)

064112-1

PACS number(s): 81.40.—z, 62.20.Fe, 62.50.+p

initiation sensitivity of the energetic material pentaerythritol
tetranitrate.

In the present study, we use large-scale molecular dynam-
ics (MD) simulations to characterize the fundamental mecha-
nisms that govern the plastic response of the molecular crys-
tal cyclic [CH,-N(NO,)], (HMX) under dynamical loading.
HMX is a high energy density material used in explosive and
propellant formulations. It contains many of the complicated
features mentioned above that distinguish most organic crys-
tals from metals, namely, numerous internal degrees of free-
dom (3N—-3=81 rovibrational modes per 28-atom molecule),
conformational flexibility (multiple energetic minima with
different molecular point groups),'® and multiple low-
symmetry crystal polymorphs.'’~!° In contrast to preceding
reports for comparable materials,'> in the present work we
include all vibrational degrees of freedom except for C-H
bond stretches. The outline of the remainder of the paper is
as follows: computational methods are detailed in Sec. II,
results and discussion are presented in Sec. III, and conclud-
ing remarks are given in Sec. IV. Animations of plasticity
evolution for some trajectories are available as online
supplementary material.>*

II. COMPUTATIONAL APPROACH

A. Simulation details

The IUPAC name for HMX is octahydro-1,3,5,7-
tetranitro-1,3,5,7-tetramine (see Fig. 1). The a polymorph
studied here crystallizes into an orthorhombic structure with
space group Fdd2 and eight molecules per unit cell, in a
stacked arrangement (see inset to Fig. 2). Individual mol-
ecules have a C, rotation axis and are essentially basketlike
with all four nitro groups (-NO,) on the same side of the
ring; the crystallographic asymmetric unit is one-half an
HMX molecule.' The simulations were performed using the
unreactive flexible-molecule force field for HMX due to
Smith and Bharadwaj,? which has been used in several pre-
ceding studies of HMX crystal and liquid properties.?'2* All
C-H bonds were constrained to their equilibrium values us-
ing the SHAKE algorithm? to improve the description of the
specific heat of the material in these nonequilibrium simula-
tions.
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FIG. 1. (Color) Two views of the molecular structure of HMX.
Gray, carbon; blue, nitrogen; red, oxygen; and white, hydrogen. The
geometry shown corresponds to the a polymorph.

B. Initial conditions

Shockwaves were generated by driving the thermalized
target material toward a piston whose atomic positions
were held fixed during the duration of the simulation; this
setup corresponds to a sustained shock. The target material
contained 245 760 molecules in a 120 X 8 X 32 arrangement
of the unit cell, with initial dimensions of 185.8 X 19.3
% 19.5 nm>. Initial conditions were obtained by first per-
forming 12 ps of isothermal-isochoric (NVT) equilibration
for the target material, with cell dimensions corresponding to
300 K, atmospheric pressure, and three-dimensional periodic
boundary conditions. The fixed piston was created by copy-
ing a 2 X 8 X 32 unit from the thermalized supercell and rep-
licating it, leaving a 2.7 nm gap between it and the target; a
large gap was introduced at the other end of the simulation
cell. This configuration containing the fixed piston and target
was further equilibrated under NVT conditions for an addi-
tional 8 ps. The initial condition for a shock simulation was
then obtained by adding the particle velocity —u, on top of
the thermal velocities of all atoms in the target. The process
of shock propagation was simulated using constant volume
and energy MD (NVE ensemble) until past the point of maxi-
mum compression in the shock wave.
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FIG. 2. (Color) Shock Hugoniot locus in the (u,-u,) plane for
a-HMX shocked in the [100] direction. Upper inset: a-HMX crys-
tal structure. Lower inset: representative position versus time plots
for elastic and plastic waves for up=0.75 km/s, from which the
corresponding velocities were obtained.
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FIG. 3. (Color) Snapshots of intermolecular and intramolecular
temperatures (red and black, respectively) plotted versus distance
along the shock direction. The snapshots were taken close to points
of maximum compression, for shocks propagating from left to right:
(a) shock strength below the Hugoniot elastic limit, (b) shock
strength within the elastic-plastic region, and (c) overdriven shock.

C. Trajectory integration

We used the velocity Verlet algorithm with a fixed time
step of 0.4 fs to integrate the equations of motion; this was
sufficient to obtain good energy conservation in the microca-
nonical (NVE) statistical ensemble simulations. Nonbonded
repulsive and dispersion interactions, including unscaled 1-4
and lower order intramolecular nonbonded terms, were
shifted smoothly to zero at a cutoff distance of 10.0 A. The
simulations were performed using a version of the LAMMPS
(Ref. 26) molecular dynamics code modified to accommo-
date the Smith force field and shock wave boundary condi-
tions. The particle-particle particle mesh (PPPM) algorithm
included in LAMMPS was used to solve the electrostatic com-
ponent of the problem.

III. SIMULATION ANALYSIS
A. Temperature

Inter- and intramolecular temperatures were obtained by
separating relative translational and rovibrational velocity
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contributions to the kinetic energy, respectively: K=K s
+K,ovin- We used the weighting scheme due to Strachan
and Holian?’ to obtain average, spatially localized tempera-

tures. Let u; denote the velocity of atom j, and U;

:(1/Mi)2§v§‘ ’mjuj the center-of-mass (c.m.) velocity of mol-
ecule i. (M; is the total mass of the molecule, the sum runs
over all N{" atoms (j) in molecule i, and m; is the mass of
atom j.) In order to define intermolecular temperature, the
local molecular velocity (U); around molecule i is defined in
terms of its own c.m. velocity and those of its neighbors ()
at distance rl-j=|rl-—rj , modulated by a monotonically de-
creasing local weight function w(r;):

2 W(Vij)U_,'

J

U)i=——=""; (1)
E W(”ij)
J
then, the local intermolecular temperature 7; is given by
1 2
3 EE Mw(ry)|U;=U)
Ek<T i:nter - J (2)

E W(”ij)

J

where k is Boltzmann’s constant. The intramolecular or vi-
brational temperature of each molecule is defined in terms of
its kinetic energy measured in the c.m. frame:

Mlt
3 4 1<
SRNET = 2 2y = uf™)?, (3)
j=1
and the average local vibrational temperature in the neigh-
borhood of molecule i is

2 W(rij)Tj

<T>§ntra — J— (4)
2 W(rij)

J

Local temperatures as defined above were further averaged
through the thickness of the simulation cell for thin slices
perpendicular to the shock direction, yielding temperature as
a function of position along the shock axis. The latter aver-
aging was not done for spatially resolved temperature maps
so as to more accurately reflect the fluctuations in tempera-
ture associated with plastic deformation.

B. Plastic deformation

In order to characterize at the molecular level the funda-
mental processes that govern plastic deformation, we ana-
lyzed relative displacements of nearest-neighbor molecular
centers of mass: A;;(1)=r;;(0)—r;(z), where i and j are pairs
of molecules that are nearest neighbors at time =0, and
r;#(0) and r;(¢) represent the vector separating them at time
t=0 (the reference state before any deformation has oc-
curred) and the analysis time (¢), respectively. A,;(r) for all
pairs of initial nearest neighbors provides a complete mo-
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lecular picture of the elastic and plastic deformations of the
material.

Once A,-j is calculated for a pair of molecules, the dis-
placement is classified into

(i) elastic if [A;|<2 A,

(ii) b=1/2(101) dislocation-based if A;; is within 1.5 A of
either (7,0,3) A or (7,0,-3) A, or

(iii) nanoshear band if it does not fall into either category.

The type of deformation is recorded for each molecule
and this process is repeated for all pairs of nearest-neighbor
molecules. Ultimately, a molecule is defined as having un-
dergone

(i) dislocation-based plastic deformation if it has under-
gone more than four dislocation-type transitions with respect
to its neighbors,

(i1) elastic or no deformation if the condition for
dislocation-based plasticity is not met and it has undergone
elastic deformation with respect to more than four neighbors,
or

(iii) nanoshear band deformation if neither of the two pre-
ceding conditions has been met.

The results of the mechanistic analysis are not highly sen-
sitive to the fine details of these definitions.

C. Conformational changes in tetrazocine ring

The analysis of ring conformations was based on the se-
quential ordering of relative signs of the eight ring dihedral
angles. In particular, the sign of each C-N-C-N and N-C-N-C
dihedral angle in a molecule was obtained, and the ordered
sequence was compared to those determined for the various
possible conformations of HMX (see Ref. 20). There are a
limited number of possibilities for an eight-membered ring,
for example, the signs of consecutive dihedrals for the «
conformer of HMX alternate (+ —+—+—+ —) while for the
boat-boat conformer they appear in alternating pairs
(++——++——). Other ring conformers correspond to
comparably well-defined sequences of dihedral angle signs,
and these were found to be clearly distinguishable in most
cases. Although an analysis that involves all transitions be-
tween one or another conformation is possible, for the pur-
poses of this paper, we focus on changes “away” from the
initial « ring conformation.

IV. RESULTS AND DISCUSSION

Our interest is in the thermomechanical response of a
sample specimen of a-HMX when impacted by an infinitely
massive flyer plate with prescribed piston velocities u, along
the [100] direction of the orthorhombic crystal. We consid-
ered u, between 0.25 and 2.25 km/s.

A. Shock Hugoniot locus

Figure 2 depicts the predicted shock Hugoniot locus in the
shock velocity/piston velocity plane.”® For u,<0.40 km/s,
the uniaxial compression (with pressure along the shock di-
rection P,,=poup,<3.8 GPa) is insufficient to trigger plas-
tic deformation; here, p, is the initial density and u, is the
shock velocity. This elastic regime is characterized by a
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FIG. 4. (Color) Depictions of plasticity in HMX for shock states spanning the two-wave region. Results are for individual snapshots taken

near maximum compressions. (a)-(c) Distributions of local molecular displacements,

Ay(1), projected onto the (010) plane. (d)—(f) Dislo-

cations and shear bands at the “surface” of the simulation cell. Red and green correspond to b=1/2[101] and 1/ 2[101] dislocations,
respectively; blue corresponds to shear bandlike deformation. (g)—(i) As in (d)—(f) except that the view is through the simulation cell in a
direction normal to the (010) plane. (j) Radial distribution functions for elastically compressed molecules (black) and those that have
undergone dislocation slip (red) or nanoscale shear-band deformation (blue). The shock strength is u,=0.75 km/s.

single wave with shock velocity linearly proportional to par-
ticle velocity; as u,, tends to zero, the wave speed tends to the
longitudinal sound speed cj.%

For u,=0.50 km/s (Pxx—4.7 GPa), inelastic deformation
nucleates in the shocked material to release the uniaxial com-
pression toward a hydrostatic state (i.e., equal stress in all
directions); a wave of plastic deformation results that moves
at a slower speed than the elastic wave. Thus, the Hugoniot
elastic limit (HEL), a measure of the strength of the material
defined as the minimum shock strength necessary to initiate
plastic deformation, corresponds to piston velocities between
0.4 and 0.5 km/s. (In fact, this interval defines an upper limit
to the HEL due to the finite time and space scales accessible
in the simulations.) The two-wave elastic-plastic structure
exists for 0.50<u,<1.50km/s (4.7<P,<23.2 GPa).
Within this approximate interval, larger values of u, lead to
increases in the plastic wave speed, while the elastic wave
speed remains nearly constant, thereby reducing the rate of
growth of the elastic precursor region. The plastic wave ul-
timately overtakes the elastic one at u,~1.50 km/s (P,,
=23.2 GPa), resulting in a single, overdriven wave in which
inelastic deformation nucleates right behind the shock.

B. Temperature

The arrival of both the elastic and plastic waves causes
temperature rise in the material, as shown in Fig. 3. The wide

.(a) u;=0.5 km/s — time = 36 ps

(b) -0 75 km/s ~ time = 35 ps
L T 2 " #rf\:.‘ '

Temperature (K)

range of vibrational frequencies in molecular crystals leads
to a variety of time scales associated with temperature rise,
leading to nonequilibrium states for considerable distances
(times) behind the shock front, even for shock pressures be-
low the HEL. The translational energy of the shock couples
most efficiently to the low-frequency lattice degrees of free-
dom. The intermolecular temperature has a very short rise
time and overshoots its final value since the few molecular
degrees of freedom—three per molecule—initially have to
accommodate nearly all the shock energy. (The overshoot in
Fig. 3 is also due in part to the very narrow shock front that
makes calculation of local temperatures difficult.) This exci-
tation energy relaxes among the higher-frequency intramo-
lecular modes, causing the vibrational temperature to in-
crease until the two measures of temperature reach the same
value and the system is in local thermal equilibrium. The
largely unexplored dynamical interplay among the modes in
the system arises due to the significant range of vibronic
frequencies in HMX and their relative coupling strengths to
the low-frequency lattice modes; such behavior does not ex-
ist in atomic materials.

C. Mechanisms of plastic deformation

We use the methodology described in Sec. III B to char-
acterize the mechanisms of plastic deformation. Figures
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FIG. 5. (Color) (a) and (b) Spatial distributions of intermolecular temperature in a-HMX for two shock strengths in the elastic-plastic
region. (c) and (d) As in (a) and (b) except that the plots depict those molecules that have undergone conformational change. (¢) Percentage
versus shock strength (piston velocity) of molecules that remain in the a conformation at the end of the simulations. Black, red, and blue
correspond to molecules in regions of elastic compression, dislocation slip, and shear bandlike local plastic deformation, respectively.
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4(a)-4(c) (left-hand column) show the distribution of the
relative molecular displacement A;(¢) in the (010) plane at
the time of maximum compression for three piston veloci-
ties. For u,,:O.S km/s, the molecular displacements gluster
predominantly around three areas: zero, (7.5,0,-3) A, and
(7.5,0,3) A. The first of these corresponds to unshocked or
elastically deformed material, while the latter two corre-

spond to 1/2[101] and 1/2[101] crystallographic directions
and indicate the Burgers vector of dislocations gliding on

(101) and (101) crystal planes. We also observe [001] and

[001] slip, to a lesser extent and at longer times, resulting
from the intersection of the two primary slip events, leading
to the addition of their Burgers vectors. All Burgers vectors
observed correspond to translational symmetries of a-HMX
and, consequently, full dislocations are responsible for plas-
tic deformation. As u, is increased to 0.75 km/s, a signifi-
cant number of slip events fall outside the crystallographi-
cally well-defined regions that dominate deformation for the
weaker shock. For even higher piston velocities, the relative
molecular displacements do not cluster around any specific
crystallographic direction.

In order to provide a more complete picture of the inelas-
tic response of HMX, we also show in Fig. 4 snapshots from
our MD simulations where each molecule is colored accord-
ing to its relative molecular displacement. Unshocked and
elastically deformed molecules are depicted as gray spheres
(second column) or not at all (third column); green and red

spheres represent 1/2[101] and 1/2[101] slip, respectively.
For shocks just above the HEL, the first plastic event is the

nucleation of a dislocation loop encircling 1/2[101] slip be-
hind the shock front; 1/2[101] loops are nucleated subse-
quently. For these relatively weak shocks, dislocations are
the main carriers of plasticity; as shown in Fig. 4 for u
=0.5 km/s, deformation is confined to molecularly thin
planes. Screw segments undergo frequent cross slip, leading
to wavy traces on the (001) face, whereas the inability of the
edge segments to cross slip leads to straight traces on the
(010) face. The intersection of the active slip planes and the
(010) plane forms angles of +61.27° relative to the shock
direction. As the shock strength is increased, there is a
gradual transition away from dislocation-based plasticity
dominated by crystallographic slip toward a mechanism in
which deformation is clustered in nanosized shear bands
(blue spheres in Fig. 4 denote molecules that have undergone
significant relative displacement with their neighbors but do

not fall in either 1/2[101] or 1/2[101]). These nanoshear
bands are several unit cells in thickness and, as in the
dislocation-based case, plastic deformation results from the
cumulative effect of many relatively small displacements be-
tween large numbers of neighboring molecules [see Fig.
4(a)-4(c)]. Another important difference between the two re-
gimes is that the nanoshear bands make an angle very close
to 45° relative to the loading direction, corresponding to the
maximum resolved shear stress, whereas the crystallography
of a-HMX determines the active slip planes in the
dislocation-dominated regime. Finally, we show in Fig. 4(j)
local radial distribution functions corresponding to molecular
centers of mass for elastically compressed molecules (black),
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those that have undergone dislocation slip (red), and those in
the shear bandlike regions (blue). The analysis was per-
formed for the case up:0.75 km/s, for which both mecha-
nisms of plastic deformation coexist. As expected, disloca-
tion slip leads to essentially perfect recovery of the
translational symmetry of the crystal, whereas the shear
bands lead to an amorphous structure in which long-range
order is erased. This mechanism exhibits signatures of mac-
roscopic shear bands,*® albeit on a much smaller spatial
scale.

So far, our analysis of deformation has focused on the
molecular centers of mass. While this would exhaust all pos-
sibilities in atomic materials, molecular ones exhibit richer
phenomena due to the irregular shapes of the molecules and
the large number of intramolecular degrees of freedom that
are excited during the deformation process. Plastic deforma-
tion results in localization of the shock energy in narrow
bands, which leads, in turn, to significant local heating. Local
temperatures in shear and slip bands can be as much as 30%
higher than in the elastically compressed regions at corre-
sponding distances behind the shock (left-hand column in
Fig. 5). The hot regions in the temperature maps clearly cor-
relate with the regions of plastic activity in Fig. 4, and are of
particular interest due to local thermodynamic and kinetic
changes that might occur within them (e.g., phase changes,
chemical reaction), with the potential for concomitant
changes in important properties such as material strength,
chemical stability, or rate of biological uptake.

D. Ring conformational changes

Molecules that undergo changes in conformation of the
eight-membered ring in HMX during shock loading are
shown in the center column of Fig. 5. Such intramolecular
transitions only appear for shock strengths above the HEL,
demonstrating a strong correlation between plastic deforma-
tion and intramolecular changes. While molecules that do
change conformation correlate strongly to plasticity events
(and to increases in local temperature), those involved in

1/2[101] or 1/2[101] slip events are only slightly more
likely to exhibit conformational changes than those in simple
elastically compressed regions [Fig. 5(e)]. Thus, despite the
complex molecular shape and packing in a-HMX, the mo-
tion of dislocations leaves the crystal essentially unchanged
with minimal defect concentrations in their wake; molecules
involved in plasticity maintain, or recover, their starting
point-group symmetry and orientation. On the other hand,
molecules involved in nanoshear band plasticity have a sig-
nificantly higher probability to exhibit internal changes.

V. SUMMARY AND CONCLUSIONS

Our atomistic simulations provide a dynamic, molecular-
level in situ characterization of the complex phenomena that
govern the deformation of molecular crystals. We observe a
gradual transition between a regime governed by disloca-
tions, where the structural properties of the original crystal
(both inter- and intramolecular characteristics) are main-
tained, and one dominated by nanoscale shear bands, where
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the material is locally amorphized and intramolecular confor-
mational changes are common. The nanoshear bands charac-
terized in our simulations exhibit some properties of macro-
scopic shear bands, most importantly their amorphous
character, but also some characteristics of dislocation-based
plasticity: each molecule undergoes small displacement with
respect to its neighbors.

The number of studies required to obtain a complete un-
derstanding of the thermomechanical response of molecu-
larly complex crystals such as HMX is obviously enormous
and the present work represents an important first step to-
ward that goal. Careful consideration of atomic-scale com-
putational results such as those provided here, interpreted

PHYSICAL REVIEW B 76, 064112 (2007)

with the aid of systematic experiments and continuum theo-
retical analyses,3'=3% will accelerate progress toward obtain-
ing a credible, predictive understanding for these kinds of
materials.
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