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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. Rdrl0) oriented shock waves, high rate shear deformation causes the
formation of layered carbon structures whitell) shock waves favor the formation of diamond micrograins
separated by amorphous carbon inclusions.
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A better understanding of the orientational dependence of Our diamond simulations were performed within the
shock waves in solids could prove key in unraveling theshock front reference frame by maintaining the front at rest
initial stages of shock-induced chemistry important in develdn a computational box. Periodic boundary conditions were
oping insensitive explosiveés: Already molecular dynamics applied in the transverseandy directions with thez axis of
(MD) simulations of shock waves in rare-gas solids haveshock wave propagation oriented along either {h&0 di-
shown significant orientation dependence of the shock frontection or (111) direction in the diamond sample. The
structure in these material.However, there have been few sample, at an initial temperature of 300 K, contained
simulations showing any significant effects of shock wave~90 000 atoms at a densify,=3.52 g/cni with transverse
orientation on the breaking and making of covalent bonds. Aimensions of 55 nm. The shock front was maintained at
good candidate for initial study is diamond with its highly restin the computational box by adjusting the piston velocity
directed covalent bonding. Indeed, density-functional calcuy, for a given shocklbox) velocity us. This approach has
lations of diamond lattice instabilities and cleavarlﬁmnd shown significant advantages over methods of shock simula-
elastic propertie$;® as well as tight-binding studies of dia- tion within the material or piston reference frame in the ac-
mond under uniaxial static tensidhhave shown significant curacy of fine-grid shock profiles and distribution
orientation effects in diamond lattice failure. functions!! However, it cannot be used to study shock wave

Unfortunately, first-principles and tight-binding methods splitting that leads to two shock fronts moving at different
cannot currently be used to directly simulate shock-inducedelocities. This limitation motivates our choice of far
failure of solids because of the large number of atoms, whictenough above the elastic-plastic breakpoint on the Hugoniot
must be included to capture the formation of extended deto obtain a single stable plastic shock wave.
fects. Atomistic MD simulations using classical potentials Figure 1 depicts two instantaneous views of(Hl1)
have proven to be able to include enough atoms for longhock wave with the bonds shaded according to the local
enough times to treat complex behaviors such as meltingpotential energy per atom. Only a feyvz and x-z planes
plastic deformation* simple detonation¥~** and shock taken from the sample are shown for clarity. Clearly visible
wave splitting caused by phase transitibri§ and elastic- is the shock-induced breakup of the diamond structure
plastic transformation$®® However, any simulations of through formation of amorphous carbon inclusions separat-
strong shocks in diamond must employ a potential that ining diamondlike micrograins. The pressuRy~900 GPa
cludes a variety of chemical effects including bond-breakingand temperaturd ;=13 000 K of the compressed material
and bond-making reactions and the tendency of carbon tbehind the shock front lie close to the calculated continuation
form sp’(n=1—-3) bonds of different relative orientations of the experimental Hugonigtinto the liquid phase above
and strengths in different environments. Herein, we report otthe latest diamond melting curge.
the results from a study of the orientational dependence of A similar simulation at much the same piston velocity was
strong shock waves in diamond using a carbon reactive enperformed for a shock wave oriented along {140 direc-
pirical bond order(REBO) potential that does have these tion in the sample. Time-averaged proffiesf the mass ve-
essential ingredients. locity u, and potential energg, for this (110 shock wave,

The carbon REBO potential was originally developed totogether with the corresponding profiles for 1el1) shock
study diamond chemical vapor depositiband subsequently wave depicted in Fig. 1, are shown in Fig. 2. Profiles of both
used in the simulation of a broad range of carbon-basethe (1100 and (111) shock waves exhibit an oscillatory
systems®-?%including studies of the diamond melting line structure at the leading edge of the shock layer correspond-
and the liquid-liquid carbon phase transitidnRecently it  ing to a region of elastic compression. These oscillations,
has been modified to better reproduce diamond elastialso observed in MD simulations of rare-gas crystalsigi-
properties’? and successfully applied to simulate the fracturenate from collisions of atomic planes in taalirection as in
of polycrystalline diamond® a one-dimensional chain. Even for these strong shock waves,
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FIG. 3. Time-average(i110) and(111) pressure profiles for the
FIG. 1. Snapshot of g111) diamond shock wave with, shock waves of Fig. 2. Shear stresses arg=3(o,,— oy,) and
=9.2 km/sec, wheréa) y-z planes andb) x-z planes are depicted. 7y,= %(o-zz— oyy).

plastic deformations cannot develop instantly, but rather re- To compare the structure of the resulting carbon phases in

qulire sorpe timhe for t.ne .shea; Ztress éo r;l]chie\r/le a criticahe shock layer behind the elastic region, we calculated the
vaue. At_er the oscillations fade and the shear sStresgg,, gination and bond angle distributions for carbon atoms
achieves its sustained maximum value, plastic deformatiof)iihin a siab. where bond breaking and makiichemistry
develops. These elastic regions do not enlarge with increasgye occyrring. The results shown in Fig. 4 indicate a signifi-
ing time, because the shock waves are overdriven with rés,nt grientational dependence in the carbon phases obtained
spect to the elastic-plastic transition and hence no shoc mediately behind the elastic shock region. When amor-
wave spllttlng occurs. . ... phization beginss p?>-bonded atoms dominate the chemistry
Figure 3 displays time-averaged profiles of the Iongltudl-region in the(110) shock wave while thg111)-oriented
nal component of the stress tensoy, and the shear stresses shock wave retains a relatively large number of fourfold co-

7y, and 7,,, calculated using Irving-Kirkwood formuldS. ) jinated carbons. Recently, the possibility of transformation
While the shear stresses are equal in(hel) shock wave, 4 giamond to amorphous carbon containing a significant
they are different for the§110) orientation. This difference 5 45nt ofs p-bonded atoms has been reported in indenta-
arises because of the highly directed covalent bonding tth

. : ! L fon experiment® that produce a combination of shear and
complicates the mechanism of shock-induced plasticity oy qrostatic stress. Density-functional calculatfohave also

diamond in comparison to previously studied rare-gas solidsspown that graphitization of diamond due to applied shear
However, the shear stresses in both directions are quickly;ass is expected to be highly anisotropic.

approaching zero, indicating the initiation of melting.

z (A)

FIG. 2. Time-averaged110 and(111) shock wave profiles at

pol/ps~0.71 and 0.70, respectively.

Additional simulations of overdriven shock waves were
performed to see if lower piston velocities would affect the
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FIG. 4. Coordination number and normalized bond angle distri-
butions for carbon atoms in a slab extending fram —70 to
U,=8.8 and 9.2 km/sils=30 and 31 km/s, and compression ratios — 20 A'in Fig. 1. Thesp?[sp®] carbons should be threefolébur-
fold] coordinated with bond angles tending to 1p009.59.
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FIG. 5. Snapshot 0f110) shock wave in diamond fan,=6.1 km/s,us=25 km/s, andpy/ps~0.76, wherg(a) y-z planes andb) x-z
planes are depictedc) showssp® bond breaking and formation of graphitelike layered structures in the rectangle insgtAtoms in(a)
and (b) are shaded according to the potential-energy scales shown at the bottom of the figure.

results. However, we found thal11) shock waves become region, a zigzag deformation develops in the planes but
unsteady at piston velocities lower than 8 km/s, presumablyiot in they-z planes as can be seen in Fig. 5. This zigzag
due to shock wave splitting. Significantly, weaker overdrivenpattern causes a lattice instability perpendicular to the direc-
(110 shock waves were, however, found steady enough t@ion of shock propagation. It is followed tsp-bond break-
study by using our stationary shock frame technique. Figuréng resulting in the formation of graphitelike layered carbon
5 depicts a typical snapshot of atomic planes within thestructures. These layers are clearly visible within the chem-
shock layer for 4110 shock wave corresponding to a piston istry region in Fig. %b), where only a few parallet-z planes
velocity of u,=6.1 km/sec. The results are again shaded byare depicted. Notice that the atoms in the layers have rela-
the the potential energy per atom across the shock layefively lower potential energy per atom due to the formation
Time-averaged profiles of the mass velodityand the po-  of the graphitic structures. This decrease of the average po-
tential energyE,, for this moderately overdriven shock wave tential energy within a region of bonding can also be seen
are shown in Fig. 6. in Fig. 6. The resulting structure is highlighted in the small
The shock layer now consists of three easily distinguishrectangular inset of Fig.(8). There only tetrahedral bonds
able regions(i) an elastic region(i) a shear region, an@i)  (indicated by tetrahedropsire depicted to emphasize their
a chemistry region. The elastic region again exhibits a steadyreakage.
oscillatory profile ahead of an overdriven plastic wave. This  Time-averaged stress profiles corresponding to Fig. 6 are
oscillatory structure, although more pronounced and oblotted in Fig. 7. The shear stressgs and 7, are now not
greater length than the corresponding structure seen in Fig. 3nly unequal within the shock layer but also relax differently.
remains pinned to the plastic wave. Then, within the sheagpecifically, 7y, is noticeably relaxed by the zigzag move-
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FIG. 6. Time-averaged profiles &,(z) andu,(z) for a (110 FIG. 7. Time-average(110 stress profiles for the shock wave

shock wave withu,=6.1 km/s andig=25 km/s. in Fig. 6.
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ment of neighboringx-y planes within the shear region, shear deformation and slippage—hampered by the absence
while 7,, is only slightly decreased over the entire region.of preexisting defects—require longer times to develop. Be-
The shear stresses no longer approach zero because the pieadse the time of passage of atoms through our stationary
sureP;~500 GPa and temperatufe~7000 K in the com- frame is about a picosecond, we are unable to observe a
pressed amorphous carbon phase remain below the meltingnger-time plastic response in our MD shock experiments.
transition. An anomalous elastic response(tb00) shock compression

In contrast to{111) and(110) oriented shock waves, we has been also reported in silic6hin addition, plastic flow
have failed to obtain shock-induced bond breaking(fi@®  and melting have been found harder to induce in MD simu-
oriented shock waves even for a strong compression ratio Uptions of (100 shock waves in rare-gas fcc solitis.
to po/ps=0.65. This difference in the simulated shock re-  Taken together, the results reported in this paper show a

sponses arises because internal strain, which favors staliggnificant orientation dependence of shock-induced chemis-
displacements of lattice atoms in the lateral directions for»[ry in diamond even for strong shock waves.

(1100 and(111) compressions, does not exist in thE00)
case for any compression ratio; stretching of one bond com- This work was supported by ONR. We thank V.V.
presses other equivalent bonds due to symmetry. Henc&hakhovski, J.A. Harrison, and G.T. Gao for discussions.
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