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Orientation dependence of shock-induced chemistry in diamond
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Molecular dynamics simulations employing a reactive empirical bond order potential are used to study the
orientational dependence of shock-induced chemistry in diamond. Even for strong shock waves, the mecha-
nism of bond breaking and shock-induced transition to amorphous carbon is found to depend crucially on the
direction of shock wave propagation. For^110& oriented shock waves, high rate shear deformation causes the
formation of layered carbon structures while^111& shock waves favor the formation of diamond micrograins
separated by amorphous carbon inclusions.
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A better understanding of the orientational dependenc
shock waves in solids could prove key in unraveling t
initial stages of shock-induced chemistry important in dev
oping insensitive explosives.1,2 Already molecular dynamics
~MD! simulations of shock waves in rare-gas solids ha
shown significant orientation dependence of the shock fr
structure in these materials.3,4 However, there have been fe
simulations showing any significant effects of shock wa
orientation on the breaking and making of covalent bonds
good candidate for initial study is diamond with its high
directed covalent bonding. Indeed, density-functional cal
lations of diamond lattice instabilities and cleavage,5,6 and
elastic properties,7–9 as well as tight-binding studies of dia
mond under uniaxial static tension,10 have shown significan
orientation effects in diamond lattice failure.

Unfortunately, first-principles and tight-binding metho
cannot currently be used to directly simulate shock-indu
failure of solids because of the large number of atoms, wh
must be included to capture the formation of extended
fects. Atomistic MD simulations using classical potentia
have proven to be able to include enough atoms for lo
enough times to treat complex behaviors such as melti3

plastic deformations,4,11 simple detonations,12–14 and shock
wave splitting caused by phase transitions15,16 and elastic-
plastic transformations.4,13 However, any simulations o
strong shocks in diamond must employ a potential that
cludes a variety of chemical effects including bond-break
and bond-making reactions and the tendency of carbo
form spn(n5123) bonds of different relative orientation
and strengths in different environments. Herein, we repor
the results from a study of the orientational dependence
strong shock waves in diamond using a carbon reactive
pirical bond order~REBO! potential that does have thes
essential ingredients.

The carbon REBO potential was originally developed
study diamond chemical vapor deposition17 and subsequently
used in the simulation of a broad range of carbon-ba
systems,18–20 including studies of the diamond melting lin
and the liquid-liquid carbon phase transition.21 Recently it
has been modified to better reproduce diamond ela
properties,22 and successfully applied to simulate the fractu
of polycrystalline diamond.23
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Our diamond simulations were performed within th
shock front reference frame by maintaining the front at r
in a computational box. Periodic boundary conditions we
applied in the transversex andy directions with thez axis of
shock wave propagation oriented along either the^110& di-
rection or ^111& direction in the diamond sample. Th
sample, at an initial temperature of 300 K, contain
'90 000 atoms at a densityr053.52 g/cm3 with transverse
dimensions of 535 nm. The shock front was maintained
rest in the computational box by adjusting the piston veloc
up for a given shock~box! velocity us . This approach has
shown significant advantages over methods of shock sim
tion within the material or piston reference frame in the a
curacy of fine-grid shock profiles and distributio
functions.11 However, it cannot be used to study shock wa
splitting that leads to two shock fronts moving at differe
velocities. This limitation motivates our choice ofus far
enough above the elastic-plastic breakpoint on the Hugo
to obtain a single stable plastic shock wave.

Figure 1 depicts two instantaneous views of a^111&
shock wave with the bonds shaded according to the lo
potential energy per atom. Only a fewy-z and x-z planes
taken from the sample are shown for clarity. Clearly visib
is the shock-induced breakup of the diamond struct
through formation of amorphous carbon inclusions sepa
ing diamondlike micrograins. The pressurePs'900 GPa
and temperatureTs'13 000 K of the compressed materi
behind the shock front lie close to the calculated continuat
of the experimental Hugoniot24 into the liquid phase above
the latest diamond melting curve.25

A similar simulation at much the same piston velocity w
performed for a shock wave oriented along the^110& direc-
tion in the sample. Time-averaged profiles26 of the mass ve-
locity uz and potential energyEp for this ^110& shock wave,
together with the corresponding profiles for the^111& shock
wave depicted in Fig. 1, are shown in Fig. 2. Profiles of bo
the ^110& and ^111& shock waves exhibit an oscillator
structure at the leading edge of the shock layer correspo
ing to a region of elastic compression. These oscillatio
also observed in MD simulations of rare-gas crystals,11 origi-
nate from collisions of atomic planes in thez direction as in
a one-dimensional chain. Even for these strong shock wa
©2002 The American Physical Society02-1
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plastic deformations cannot develop instantly, but rather
quire some time for the shear stress to achieve a crit
value. After the oscillations fade and the shear str
achieves its sustained maximum value, plastic deforma
develops. These elastic regions do not enlarge with incr
ing time, because the shock waves are overdriven with
spect to the elastic-plastic transition and hence no sh
wave splitting occurs.

Figure 3 displays time-averaged profiles of the longitu
nal component of the stress tensorszz and the shear stresse
txz and tyz , calculated using Irving-Kirkwood formulas.27

While the shear stresses are equal in the^111& shock wave,
they are different for thê110& orientation. This difference
arises because of the highly directed covalent bonding
complicates the mechanism of shock-induced plasticity
diamond in comparison to previously studied rare-gas sol
However, the shear stresses in both directions are qui
approaching zero, indicating the initiation of melting.

FIG. 1. Snapshot of â111& diamond shock wave withup

59.2 km/sec, where~a! y-z planes and~b! x-z planes are depicted

FIG. 2. Time-averaged̂110& and ^111& shock wave profiles a
up58.8 and 9.2 km/s,us530 and 31 km/s, and compression rati
r0 /rs'0.71 and 0.70, respectively.
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To compare the structure of the resulting carbon phase
the shock layer behind the elastic region, we calculated
coordination and bond angle distributions for carbon ato
within a slab, where bond breaking and making~chemistry!
are occurring. The results shown in Fig. 4 indicate a sign
cant orientational dependence in the carbon phases obta
immediately behind the elastic shock region. When am
phization begins,sp2-bonded atoms dominate the chemist
region in the^110& shock wave while thê 111&-oriented
shock wave retains a relatively large number of fourfold c
ordinated carbons. Recently, the possibility of transformat
from diamond to amorphous carbon containing a signific
amount ofsp2-bonded atoms has been reported in inden
tion experiments28 that produce a combination of shear a
hydrostatic stress. Density-functional calculations6 have also
shown that graphitization of diamond due to applied sh
stress is expected to be highly anisotropic.

Additional simulations of overdriven shock waves we
performed to see if lower piston velocities would affect t

FIG. 3. Time-averaged̂110& and^111& pressure profiles for the
shock waves of Fig. 2. Shear stresses aretxz5

1
2 (szz2sxx) and

tyz5
1
2 (szz2syy).

FIG. 4. Coordination number and normalized bond angle dis
butions for carbon atoms in a slab extending fromz5270 to
220 Å in Fig. 1. Thesp2@sp3# carbons should be threefold@four-
fold# coordinated with bond angles tending to 120°@109.5°#.
2-2
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FIG. 5. Snapshot of̂110& shock wave in diamond forup56.1 km/s,us525 km/s, andr0 /rs'0.76, where~a! y-z planes and~b! x-z
planes are depicted;~c! showssp3 bond breaking and formation of graphitelike layered structures in the rectangle inset of~a!. Atoms in ~a!
and ~b! are shaded according to the potential-energy scales shown at the bottom of the figure.
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results. However, we found that^111& shock waves becom
unsteady at piston velocities lower than 8 km/s, presuma
due to shock wave splitting. Significantly, weaker overdriv
^110& shock waves were, however, found steady enough
study by using our stationary shock frame technique. Fig
5 depicts a typical snapshot of atomic planes within
shock layer for â110& shock wave corresponding to a pisto
velocity of up56.1 km/sec. The results are again shaded
the the potential energy per atom across the shock la
Time-averaged profiles of the mass velocityuz and the po-
tential energyEp for this moderately overdriven shock wav
are shown in Fig. 6.

The shock layer now consists of three easily distingui
able regions:~i! an elastic region,~ii ! a shear region, and~iii !
a chemistry region. The elastic region again exhibits a ste
oscillatory profile ahead of an overdriven plastic wave. T
oscillatory structure, although more pronounced and
greater length than the corresponding structure seen in Fi
remains pinned to the plastic wave. Then, within the sh

FIG. 6. Time-averaged profiles ofEp(z) anduz(z) for a ^110&
shock wave withup56.1 km/s andus525 km/s.
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region, a zigzag deformation develops in thex-z planes but
not in they-z planes as can be seen in Fig. 5. This zigz
pattern causes a lattice instability perpendicular to the dir
tion of shock propagation. It is followed bysp3-bond break-
ing resulting in the formation of graphitelike layered carb
structures. These layers are clearly visible within the che
istry region in Fig. 5~b!, where only a few parallelx-z planes
are depicted. Notice that the atoms in the layers have r
tively lower potential energy per atom due to the formati
of the graphitic structures. This decrease of the average
tential energy within a region ofp bonding can also be see
in Fig. 6. The resulting structure is highlighted in the sm
rectangular inset of Fig. 5~a!. There only tetrahedral bond
~indicated by tetrahedrons! are depicted to emphasize the
breakage.

Time-averaged stress profiles corresponding to Fig. 6
plotted in Fig. 7. The shear stressestxz andtyz are now not
only unequal within the shock layer but also relax different
Specifically,tyz is noticeably relaxed by the zigzag mov

FIG. 7. Time-averaged̂110& stress profiles for the shock wav
in Fig. 6.
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ment of neighboringx-y planes within the shear region
while txz is only slightly decreased over the entire regio
The shear stresses no longer approach zero because the
surePs'500 GPa and temperatureTs'7000 K in the com-
pressed amorphous carbon phase remain below the me
transition.

In contrast tô 111& and ^110& oriented shock waves, w
have failed to obtain shock-induced bond breaking for^100&
oriented shock waves even for a strong compression rati
to r0 /rs50.65. This difference in the simulated shock r
sponses arises because internal strain, which favors s
displacements of lattice atoms in the lateral directions
^110& and ^111& compressions, does not exist in the^100&
case for any compression ratio; stretching of one bond c
presses other equivalent bonds due to symmetry. He
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