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Abstract. We performed molecular dynamics simulations of shock wave propagation in diamond in
the [110] crystallographic direction and observed an anomalous response of the material. This regime
is characterized by absence of plastic deformation in the intermediate interval of shock wave intensities
between shear-deformation and overdriven rehybridization shock wave regimes.
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bonded solids and ceramics [6-8]. Diamond, in
particular, is striking due to its phenomenal
mechanical properties, having the highest bulk
modulus of all elemental solids and superb
resistance to shear deformations [9]. Experiments
have provided some insight into the material
transformations of diamond under dynamical
loading, but the atomic-scale mechanisms are not
well understood.
We present results of MD simulations of shockwave propagation in diamond single crystals along
the [110] crystallographic direction. The MD
simulations reveal the existence of an anomalous
response at the intermediate interval of shock wave
intensities
between
shear-deformation
and
overdriven rehybridization shock waves regimes.
Our major goal is to investigate the mechanisms
that are responsible for this anomalous response
and their relationship to the underlying constitutive
materials properties which result in this unforeseen
behavior.

INTRODUCTION
Shock compression of condensed matter is a
vital tool in the investigation of the fundamental
properties of solids at high pressures and
temperatures. Such conditions are realized in
geothermal processes, hyper-velocity impacts and
detonation of energetic materials. However, due to
the sub-nanometer, sub-picosecond length and time
scales involved, obtaining atomic-scale information
remains an experimental challenge. In contrast,
these are precisely the scales in which atomistic
simulation becomes invaluable [1-3]. Molecular
dynamics (MD) simulations of millions of atoms
over a picosecond time scale may yield valuable
information on shock velocities, thermodynamic
variables and the atomic scale structure of the
shock front, while also providing valuable insight
concerning plastic deformation, phase transitions
and materials defects.
Although much focus has been applied to
determining the properties of shock compressed
metals [4-5], interest in other classes of materials
has been on the rise, such as with covalently
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COMPUTATIONAL DETAILS
Our MD simulations were performed using the
reactive empirical bond-order (REBO) interatomic
potential [10-11] which is widely considered as one
of the best currently available potentials for carbon.
Initially a single crystal sample, oriented in the
[110] crystallographic direction is given an initial
velocity -Up in the z-direction with Up ranging from
1.0 to 7.2 km/s with increments of 0.2 km/s.
Periodic boundary conditions are applied in the x
and y directions of this crystal, which consists of
approximately 3.4 million atoms and is 200-300
angstroms in each dimension.
As the crystal collides with a piston of infinite
mass, represented by a repulsive potential barrier,
as many as two shock waves propagate along the zaxis. These elastic and shear-deformation shock
waves may be characterized by substantial changes
in the local variables, such as temperature, stress,
mass velocity, density, and local potential energy,
which are calculated using spatial averaging over
the direction of shock propagation.
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FIGURE 1. The shock Hugoniot for diamond [110].
consisting of an elastic precursor followed by a
slower shear-deformation shock wave at 2.0 km/s <
Up < 3.4 km/s; (c) an anomalous shock wave at 3.6
km/s < Up < 5.0 km/s; and finally (d) an overdriven
rehybridization shock wave at the highest shock
intensities, Up > 5.2 km/s. These different regimes
of materials response are conveniently classified
using the shock Hugoniot, which gives the
dependence of shock velocity on the piston
velocity, see Figure 1.
The pure elastic regime is observed in
simulations with piston velocities between 1.0 and
1.6 km/s, with a constant shock wave velocity of
about 20.3 km/s. This elastic shock wave is best
described as a strictly uniaxial compression with no

RESULTS AND DISCUSSION
The simulations of shock wave propagation
revealed four regimes of material response. They
are: (a) a pure elastic shock wave at piston
velocities Up < 1.8 km/s (b) a split shock wave
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, = 3.8 km/s. The three
regions above are identified as follows: i) anomalous, ii) elastic and iii) unperturbed diamond crystal.
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FIGURE 3. Shock wave profiles for the four regimes present in diamond [110], Up = 2.0 to 7.2 km/s. From left to
right: elastic, plastic, anomalous, and rehybridization.

evidence of changes in crystal structure, see Figure
3. For each of these cases, a smooth increase in the
local variables is seen with a maximum
longitudinal stress a^ of approximately 120 GPa,
and shear stresses x^ < 60 GPa and Xy^ < 40 GPa.
By increasing the particle velocity to values
between 1.8 and 3.4 km/s, the critical shear stress
values are reached, and a shear-deformation shock
wave appears, which propagates with the velocity
Usheai, 12.4 km/s < Usheai < 17.5 km/s, along with
an elastic precursor, which propagates with the
velocity Ugiastic = 20.3 km/s. Although in our
simulations the time scales are insufficient to
observe irreversible plastic deformations in this
regime, it is believed that such plasticity, in fact,
will be developed in the course of attaining an
equilibrium state far behind the shock wave front.
The local variables behind the elastic shock
front remain constant, and equal to the values
observed at the critical particle velocity Up = 1.8
km/s, see Figure 3. Behind the shear deformation
wave, a decrease of shear stress Xy^ is observed.

with the value dropping from 40 to 15 GPa in the
Up = 2.0 km/s case. Clearly, these deformations are
due to the relaxation of the crystal into a lower
energy state. The shear deformation wave is further
characterized by a large increase in temperature
with values reaching 500K, as compared to 350K
behind elastic fronts.
For Up = 3.6 to 5.0 km/s an anomalous shock
wave, 16.7 km/s < Uanomaious < 23.3 km/s, is present.
At the lower end of this range, the anomalous
shock wave is coupled with an elastic precursor,
while only an overdriven anomalous wave is
present when Up > 4.0 km/s. The key feature of this
response is a complete disappearance of the shear
deformations that characterize the second regime,
see Figure 2.
In terms of local thermodynamic quantities, the
anomalous shock wave is characterized by a large
peak followed by rapid fluctuations immediately
behind the shock front, see Figure 3. Within this
regime there is a large increase in temperature
which peaks at Tyy = 1300 K, T^ = 1000 K, before
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thennal equilibrium is attainted at about Txx = Tyy =
Tzz = 800 K. In addition, the anomalous front is
also accompanied by a decrease in Xy^ from 41 to -3
GPa, while Xxz and a^ increase from 66 and 127
GPa to 80 and 230 GPa, respectively.
Finally, the overdriven rehybridization regime
is realized when Up > 5.0 km/s. Initially, the
features of this shock wave are identical to those of
the anomalous waves, with a sudden peak in local
variables, x^ = 200 GPa, Xy^ = 140 GPa, p = 4.5
g/cm^, followed by fluctuations, see Figure 3.
However, in this case, the large shock wave
intensity is inevitably transformed into chaotic
atomic motion within the crystal lattice leading to a
large increase in temperature. Ultimately, these
temperatures rise to a point where localized regions
of graphitization and melting begin to appear, and
consequently, all of the shear stresses steadily drop
to zero.
Taken together, our results suggest that the
Hugoniot elastic limit, that is, the critical value of a
shock wave intensity resulting in onset of plastic
deformations, is not solely related to the
longitudinal stress. On the contrary, as seen with
the disappearance of shear-deformations and the
onset of the anomalous response at intermediate
shock intensities, the critical shear stresses should
be considered as well. Moreover, we believe this
anomalous response has a direct link to the nonmonotonic relationship of these shears with respect
to uniaxial strain.
Although the topic of the Hugoniot elastic
limit, as it relates to these results, will be covered
in more detail elsewhere [12], we believe that these
results reveal a need to generalize the notion of the
Hugoniot elastic limit in such a way as to include
critical shear stresses.

SCCM 2007 in Hawaii.
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