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Uniaxial Hugoniostat: A method for atomistic simulations of shocked materials
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An new equilibrium molecular-dynamics meth@itie uniaxial Hugoniostats proposed to study the ener-
getics and deformation structures in shocked crystals. This method agrees well with nonequilibrium molecular-
dynamics simulations used to study shock-wave propagation in solids and liquids.
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. INTRODUCTION momentum: P,,= P+ poUsli,

Shock waves and their effects have been studied at the P,,— Py
atomistic level by non-equilibrium molecular-dynamics =Us=\ ——
(NEMD) simulations for over two decaddd]. More re-
cently, large-scale NEMD shock-wave simulations have
been performed, some of them including several millions of
atoms|[2]. These simulations generally include the whole 1
process, from the creation of the shock wave, to its propaga- energyE=Eo+ 5 (Pz;+ Po) (Vo= V). ©)
tion in the material until it reaches a steady wave, and even-
tually its emergence at a free surface. In these computatiors is the internal energy per unit masB,, is the normal
ally expensive simulations, a significant amount of time iscomponent of the pressure tensor in the direction of the
spent in calculating the dynamics of the unshocked materisdhockwave(arbitrarily chosen to be thedirection, andV
in order to achieve the steady state. =1/p is the volume per unit mass of the shocked material;

Another recent NEMD methof3], known as the “ram- subscript “0” refers to these quantities in the initial un-
jet” or the analytical moving window, focuses the simulation shocked stateus is the shock velocity in the material pro-
upon a region surrounding the wave front by moving theduced by a piston moving into it at velocity,. € is the
computational window at the same speed as the shock waveompressive volumetric straiitompression
Planes of unshocked crystalline material are introduced on These relations are often referred to as “jump condi-
one side while slices of shocked material disappear on thdons” since the initial values “jump” to the final values as
other side. This method has been found to provide accuratthe shock wave passes through the mate{@f.course, the
information on the shock front structure, especially as ob“jump” at the steady shock front is not instantaneous, but
tained from profiles of the thermodynamic quantities versusnstead, takes place over a finite rise-time or spatial shock
distance from the front. If the profiles are steady in the regiorthickness. In this paper, we are interested in fihal state
between the shock front and the window boundary, they cafong after the shock wave has passed through the material,
provide reliable values of shocked material properties, proand not in the actual simulation of the very interesting, but
vided the processes involved in the relaxation of the materiaransient processes in the shock frpfthe final states ob-
are short on the computational time and distance scales. tained for different shock strengths form the Hugoniot curve,

We propose in this paper an equilibrium molecular-which can be plotted either as a nearly straight lineugf
dynamics (MD) technique for extracting both thermody- versusu,, or as a nonlinear curve &f,, versusV. [From the
namic and structural properties of shocked crystalline solidsinal long-time average oP,,, us andu, can be computed
and fluid, based on the Hugoniot relations for planar, steadftom Eqgs.(1) and(2).]
shock waves and their inherently anisotropic nature. The We make a special point here of emphasizing the inher-
thermodynamic quantities of a material in the initial un-ently anisotropic nature of the shock wave. Anisotropy is
shocked state and the final shocked state are linked by thgarticularly important for solids, which can sustain nonzero
so-called Hugoniot conservation relations of mass, momenrshear stress and also defect structures, making their behavior
tum, and energy across the shock front: quite distinct from that of fluids. While we are most inter-
ested in the final shocked states, we note that at the shock
front, even in the case of fluids, the normal presdeyeis
typically greater than the transverse compone®is and
Pyy, so that even fluids show transient anisotropic behavior.
=e=1—po/lp=1—VIVy=u,/us, For later reference, the hydrostatic pressure is one-third the

(1)  trace of the pressure tens®= (P + Pyy+P,,)/3, and we

U,= €U, (2)

mass: poUs=p(Us—Up)
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define the shear stress in planar shock wave geometry to be Il. THEORY

half the normal stress difference: We propose new equations of motion, which constrain the

system internal energy to lie on the shock Hugoniot curve

27=P,;— 3(Pyct Pyy), (4) (hence, we call this the “Hugoniostat’ The shock strength
is determined by the compressive volumetric strain, or com-
so that we can write the normal pressure as pressione. At time zero, we take a configuration Nfatoms
vibrating about unstrained crystal lattice sites volumeV,
P.—P+4r (5) and low temperaturd@,), and then apply an instantaneous,
7z 3/

homogeneous compression, either uniaxially or isotropically,

. bringing the system to a highly strained state at the final
In the case of fluids, the shear stress at the shock front isgiumeV.

relieved by viscous flow in the transverse directions, so that Tpe dynamical evolution of the system, in either of the

the 'f.ina}l state far behind the shock front is at_hydrOStatiCcompressional “flavors” of the Hugoniostétither uniaxial
equilibrium: P,,=P (or 7=0). In the case of solids, how- ¢ isotropig, is achieved by integral feedback that controls
ever, transverse motion can occur only if there is sufficientne internal energy, analogous to the method of thermostat-
shear stress to overcome Fhe inherent energy barrier to Pr@ng initially proposed by Nosand modified by Hoovef4].
duce defectge.g., dislocationsor else phase transforma- | our approach, in addition to theNBparticle coordinates,
tions, and thereby, plastic flogdeformation. In any case—  anq momenta, , we introduce a single intensive global de-
whether or not there is plastic deformation—the final state INyree of freedom—the heat-flow rate (negative into, or

a solid isstill not guaranteed to be hydrostatic, so that therepositive out of the systepa-whose equation of motion de-
can, in principle, be a residu@honzer9 shear stress. pends on the instantaneous value€andP,,:
Without simulating a shock wave, the states on the Hugo-

niot curve can be found by using the Hugoniot relations as .p
constraints. By assumption, only tfieal stateis important: = (6)
its volume can be fixed at time zero by allowing atoms to

vibrate around perfect, unstrained lattice sit@svolumeV, -

and temperaturd, in the cold, unshocked solidand then Pi=Fi—Xxpi, @)
applying homogeneous compressienwhich can be either .

uniaxial (in the z-direction only, as in the shock waver . ,E=Eg3(PtPo)(Vo—V)

isotropic (in all three spatial directionsThe final Hugoniot X=V Neo : (8)

temperature can be reached by an equilibrium MD method,
using a feedback thermostat to constrain the internal energy, Equation(8) above assumes that the final state is in the
according to the Hugoniot relation given by E8). We call  uniaxially compressed solid phag&bviously, for isotropic
this combination of initial compression and subsequent thereompression of the solid or for a fluid, one is free to replace
mostatting “the Hugoniostat.” P,, by P in this equation, just as in the Hugoniot expression
We expect that the choice for Hugoniostat initial Eq. (3).] The frequencyv is associated with the heat-flow
conditions—either uniaxial or isotropic compression—uwill rate y: it is an input parameter chosen to optimize the effi-
give rise to different resultenly in the case of a solid, but ciency of the coupling between the Hugoniostat and the sys-
not for a fluid. Under isotropic strain in the solid, the time tem of atoms. &, is the unit of energy for the interaction
average of the normal pressures are all expected to be equadtential and should not be confused with the symbol for
(so thatr=0), and we can therefore suppose that an isotroeompression.
pic initial condition will not relax, so as to produce any re-  The feedback provided by the heat-flow ratguarantees
sulting defect structures, while the uniaxial initial condition that, at long times, the system reaches a temperature appro-
will. In fact, we expect that the uniaxial Hugoniostat will priate to the shocked state on the Hugoniot. This “Hugo-
produce plastic deformation more closely resembling a shockiostat” provides a new statistical ensemble where the
wave, by virtue of the anisotropy inherent in both of theseHugoniot relation is satisfied in the long-time average. We
compressive processes. The system sizes required for thesmphasize that, like laboratory shockwave experiments, the
two “flavors” of Hugoniostat will therefore also be quite Hugoniostat simulation gives the velocitias andu,, . But,
different: in order for the uniaxial method to give a faithful in addition, the Hugoniostat calculation readily yields the
rendering of the shockwave defect structures, the computahock temperature, which is not easy to measure in experi-
tional box will have to be big enough to contain a reasonablenents.
sample of the deformation, which will not in general be uni-
form in distribution. Moreover, depending on the natural re- . METHODOLOGY
laxation time for the flow processes, it may still not be pos-
sible to observe the deformation on reasonable Results in this paper are presented for atoms interacting
computational time scales. The model and the new equatioridy the well-known Lennard-Jones 6-12 pair potential, using
of motion for the atoms are described below, followed by areduced units of distance to the minimury, bond energy
study comparing direct NEMD shockwave and Hugoniostateg, atomic massn, and timer=ry/m/ €y, the potential is set
equilibrium MD results. to zero for distances beyond 2r33 We have performed
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simulations to compute the Hugoniot curve in three differenthe system is dictated hy, the frequencycoupling strength
ways, using the same initial equilibrated configuration,of the thermostat. In order to get an efficient coupling be-
namely, an unstrained, zero-pressure, nearly zeroaween the Hugoniostat and the systenshould be chosen to
temperature KT,/e,=0.001), face-centered cubi¢fcc) be close to the natural vibrational frequency of the atoms,
crystal (the potential cutoff is just before the 5th neighbor represented by the Einstein frequeney under compression
shell. [5,6]. As the compression goes up, so daes, and so

First, we performed direct NEMD shockwave simulationsshouldv. To illustrate this, we show in Fig. 1 the difference
in the solid, with the shockwave propagation along{©@1) in evolution of the temperature under three coupling
crystal direction(i.e., along the z-axjsfor typical sample strengths. When the coupling is chosen to miwgrat 20%
sizes 3k 30X 150 unit cells. To initiate the shock wave, the compressionabout twice the value at normal dengjtyhe
sample is given an average initial z-velocity efu, and  temperature comes quickly to its equilibrium value with
thrown into a momentum mirror standing &£ 0 [2]. Peri-  modest, random-looking fluctuations. A valueiofhat is too
odic boundary conditions are applied in the x- andsmall gives rise to large, long-lived undulations in the tem-
y-directions. One end of the sample is a free interface, whilgperature, while a value of that is too large exhibits large-
the other is confined by the momentum mirror. The simula-amplitude oscillations that never seem to settle down.
tion is run until the shock wave reaches the free end of the Care has to be taken also with the initial value of the
sample(a time of usually less than 1§). Classical Newton- temperature. When a large stra@ither uniaxial or isotropic
ian equations of motion are integrated by central differencess applied to the system, the initial state can be quite far from
with the timestep ranging from 18 to 2x 10 3t,. the final equilibrium state, and the early stages of the simu-

Next, in order to compare with the final states producedation can exhibit very large fluctuations in the various me-
by these NEMD shockwave simulations, we performed equichanical quantities before settling down. In order to prevent
librium Hugoniostat MD simulations, both isotropic and unwanted instabilities, the temperature of the system is given
uniaxial. In each case, the simulation box is originally a cubean initial value obtained from the Hugoniot energy relation
of size 15< 15X 15 unit cells, with periodic boundary condi- [Eq. (3)], where the potential part of the press# and the
tions applied in all three directions. An instantaneous compotential energy® per unit mass are evaluated at the com-
pression is performed homogeneously, either isotropically opressed volum#/:
uniaxially along the(001) (z-direction at timet=0. The

dynamic evolution of the system is then computed according 1P,  An
. ) . - : , Eots P, (Vo—V)—®
to the equations of motion described in the previous section, KT(t=0)/m=2 (9)
typically for times of about 5. (Note that an MD Hugo- 4-V,olV
niostat calculation is about 8 times less expensive than an
NEMD shockwave. When the initial temperature is set according to £,

In the Hugoniostat MD simulations, the response time offluctuations larger in amplitude than those expected at equi-
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niot curves then demonstrates that the thermodynamic quan-
tities are insensitive to the presence of solid-state defects.

The Hugoniot relation is obeyed in the NEMD shockwave
simulation provided the shock wave has traveled far enough
to become steady. We note that for the strongest shocks—
i.e., those that result in melting—the NEMD simulations
have to be run for very long times to ensure steady-wave
convergence to the fully melted state. In this regime, both the
uniaxial and isotropic Hugoniostat simulations agree well
with each other, and give more reliable results for much
smaller system sizes than do the NEMD simulations.

The change seen around a presdRre580 is associated

FIG. 2. Pressures and temperatures from simulations: NEMDByith the melting of the material. The uniaxial Hugoniostat
shockwavediamonds, uniaxial Hugoniostafcircles, and isotropic ~ MD and NEMD shockwave simulations agree very closely
Hugoniostaf(triangles. with each other, while the isotropic Hugoniostat differs no-
librium are still observed in the early stages of the simula-tICeany near the melting point. The melting temperature ob-

tion, but they are considerably smaller than when the initialtame‘j from the isotropic Hugoniostat is indeed found to be

i o greater than the other two, suggesting that the solid is super-
temperature is chosen to be too small. The initial valueg of : . ; S
: heated under isotropic compression. When a crystal is isotro-
and y are set to zero.

pically compressed, defects are not produced in the structure,
so that a significant mechanism for bulk melting in shock
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IV. RESULTS waves is suppressed. The crystal remains perfect up to the
A. Comparison of thermodynamic properties: NEMD melting temperature.
and Hugoniostat Figure 3 shows a snapshot of the isotropic Hugoniostat

simulation, just below melting, along with the radial distri-
; . - bution function(RDF). Since the temperature is very high,
for difierent piston velociies have_been pe.r.formed, fromthe RDF exhibits broad peaks, so that the perfect fcc charac-
small shock strength up to the melting transition. When thqer is not at all obvious in the snapshot. Nevertheless, pure

shock wave reaches the end of the sample, the thermOd.¥éc crystal is found after annealing this configurati¢hhe

hamic quantities for the shocked material are averaged %uench is done by kinetic annealing, where the velocities of

Using the direct NEMD method, shockwave simulations

spafte, ;XCIUd'ng ‘Ff{‘ few !ayersl ntEXt to thef ?r?OCk _fro_ntl ana particles are set to zero whenever the total kinetic energy
next to the momentum mirror. In the case of the uniaxial and¢ sample has passed through a maxinidh

isotropic Hugoniostats, simulations at a variety of compres-
sions have been performed. Averaging is done when the sys-
tem has reached a stable statamely, when the thermody-
namic quantities fluctuate around a constant average value
Figure 2 shows pressures and temperatures along the Hugo- Isotropic compression of a perfect fcc crystal does not
niot, calculated using the three methods. generate any shear stress whatsoever, and shear stress is nec-
In the two Hugoniostat methods, the Hugoniot relation isessary to produce extended defects in the solid, such as pairs
guaranteed. In general, as we show in the following sectionef partial dislocations. Thus, an isotropically compressed
the uniaxial Hugoniostat produces defect structures vergrystal remains completely free of extended defects until it
similar to the direct NEMD shockwave simulations, while no melts. (Under periodic boundary conditions—especially for
defects at all appear in the isotropic Hugoniostat simulationsmall system sizes—melting occurs in MD simulations at a
until well after melting has occurred along the shock Hugo-noticeably higher temperature than the value at the thermo-
niot. The good agreement found between the different Hugodynamic limit) On the other hand, a shock wave induces a

B. Comparison of structural properties: NEMD
and uniaxial Hugoniostat

()

FIG. 3. (8 Snapshot of an
(x,y) slice of the system at the end
of an isotropic Hugoniostat simu-
lation (36% strain. (b) RDF,
compared with that of a zero-
temperature fcc crystal. Radii for
this RDF have been normalized to
the nearest neighbor distance
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FIG. 4. (a) Initial shear stress for fc€100) uniaxial compression & =0, as a function of volumetric compressidgh) Time evolution
of the shear stress in a uniaxial Hugoniostat simulation at 16% compression.

maximum value of the shear stress at the shock front, whicBhockwave simulation at the same straim,€2.5). The
is subsequently reduced as defects are created. snapshots of the plastic deformation resulting from the shock

In comparing NEMD shockwave simulations with the wave and uniaxial Hugoniostat look similar, indicating the
equilibrium, homogeneous Hugoniostat methods, it is imporpresence of stacking faults in the crystal under both aniso-
tant to remember that shock waves are spatially inhomogeropic processes. The size of the Hugoniostat sample is too
neous, with a finite thickness. There may be many importansmall to get an accurate value of the density of defects pro-
features, associated both with the gradient across the frowfuced. Nevertheless, the distance between two stacking
and the transient time-dependence of the wave, that are nédults seems to be approximately the same in both déises
fully captured by the uniaxial Hugoniost&ven though itis  snapshots in Fig. 5 are for the same cross-sectiona).area
anisotropic, like the shock wayeOne important feature Analysis of the RDF for these two configurations confirms
common to both—at least to some degree—is the anisotropthe nearly isotropic fcc character of the structure. Neverthe-
of the momentum distribution at the shock front, whichless, if these systems are kinetically annealed, very small
could lead to thermal activation of defect creation. bumps atr =1.62 andr =1.89 can be seen in the normalized

In Fig. 4a), we display the initial value of the shear stressRDF, representative of distances in the hexagonal close-
7(t=0) in the uniaxial Hugoniostat as a function of uniaxial packed(hcp crystal, which is characteristic of fcc stacking
compressione along the(100) direction and at an initial faults (stacking of close-packed 11} planes goes from AB-
temperatureTo=0. Note that there is a special symmetry CABC... toABABC...). It takes a time of approximately
point ate=1—1/y/2=0.293, where the initial fcc lattice has 10, for 7 to be partially relieved via the creation of faults in
been turned into bcf8]. the uniaxial Hugoniostat simulation. At the end of the simu-

It has been found that, for fgd00) shocks above a criti- lation, 7 is not zero. The value of the “residual” shear stress
cal shock strengtlinear 14% strain the shear stress is re- is mildly dependent on system size.
lieved by the emission of partial dislocations and the result- For higher compressions, in the range 15-23 %, stacking
ing formation of stacking faults on the four availale1l}  faults are the principal defects created, and their density in-
slip systemd2]. Similarly, shear stress is produced during creases with compression. This same trend is also observed
(100 uniaxial compression of an fcc crystal. For strains upin shockwave simulations and the density of stacking faults
to 14%, the final structure is elastic uniaxially strained fcc,can be used as a measure of the plastic Watk
i.e., body-centered tetragon@ict), and no defects are nucle- At even greater compressionter higher piston veloci-
ated. However, at strains above 14%, the shear stress is rées), new deformation patterns are seen. Figure 6 displays a
lieved by the formation of defects in both the uniaxial Hugo-snapshot of a uniaxial Hugoniostat simulation at 26% com-
niostat and NEMD simulations. At these strains,
corresponding to moderate shock strengths, shear stress adrrrRxry A
pears to be the driving force for the creation of extendeds
defects. The relief of the shear stress can be seen in fy. 4
which showsr vs. time in an actual uniaxial Hugoniostat
calculation at 16% compression. The shear stress drops to
lower value, after defects are produced. This mirrors the be-
havior in full NEMD shockwave simulations. As we shall H
see, deformation continues to occur well beyond the peak ir 33
the initial shear-stress curve. Consequently, initial sheat 1
stress is not a completely reliable diagnostic for predicting
shock-induced plasticity; the processes are evidently more F|G. 5. (a) Snapshot of afix,y) slice of the system at the end of
complicated. a uniaxial Hugoniostat simulatiofi9% compression after kinetic

Figure 5 displays a snapshot at the end of the uniaxiaannealing.(b) Snapshot after a shock wave initiated with= 2.5
Hugoniostat simulation at 19% strain and also at the end of @.8.5% compressigrhas propagated through the sample.
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(b)

FIG. 6. (a) Snapshot of anfx,y) slice at the
end of a uniaxial Hugoniostat simulatici26%
compressio)) after kinetic annealingtb) Snap-
shot after a shock waveif=4.5) has propagated
into the sample(c) RDFs from top to bottom:
perfect (zero-temperatujefcc crystal, after pas-
sage of a shock wav@5.7% compressignafter
uniaxial Hugoniostat simulatiof26% compres-
© @ sion), and perfect hcp crystal. Radii for these
RDFs have been normalized tg. (d) RDF of a
perfect hcp crystal and selected chevron bands
(see text from a shockwave simulatiof25.7%
compressio) after kinetic annealing.
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pression, along with a snapshot of a shockwave simulatiosimulatior). We notice that the distance between two bands
(u,=4.5, or 25.7% compressi@nThe snapshots show the seems to be approximately the same for the shockwave and
presence of similar defects as seen at lower strains, namelyniaxial Hugoniostat simulations. The RDFs exhibit ther-
stacking faults, but the overall pattern is different from themally broadened peaks, and comparison with the RDF of
ones seen at weak shock strength. We can see the appearapeefect hcp or fcc crystals is inconclusive. Kinetic annealing
of “chevron bands” in the y-direction, where the system has been performed on the two systems in order to rapidly
seems to have slipped along only one direcfiimn example, quench out thermal fluctuations, without changing the struc-
Fig. 6@ exhibits two chevron bands of defettsThese ture. One of the chevron bands has been extracted from the
bands appear sometimes in the x-directidr- and  structure, and the corresponding RDF is displayed in Fig.
y-directions are obviously equivalent at the beginning of the6(d), along with that of a perfect hcp crystal. The agreement
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FIG. 7. (a) Snapshot at the end of a uniaxial
S 2 Hugoniostat simulation35% compression (b)
000659 ©80003 ¥ B05350550 858 Snapshot at the end of a shockwave simulation
(up=10.5). (c) RDFs for the two simulations:
uniaxial Hugoniostatdot-dashed lineand shock
wave (solid line).
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10 There, the temperatures climb very nonlinearly with strain,

8 so that thermal fluctuations—particularly significant for the
/ | overshoot seen in uniaxial shock waves, and mirrored nota-

g 6 / ! bly in the uniaxial Hugoniostat simulations—cannot be ig-
8 4 P ] nored. Moreover, the structures seen in shock waves and in
g 7 / \\ ! the uniaxial Hugoniostat at high compression depend upon

< 2 - AN ] details in the interatomic interaction potential. BeJak] has

e N /,’ noted a region of compression just before melting that ap-
A pears to have no deformation, at least for one kind of inter-

-2 0 ol 02 03 04 action potential. Crystal stability and thermal activation of

defect production—both dependent upon interaction

potential—are just two factors that need to be considered in
FIG. 8. Shear stress as a function of compression in the fcthis region of high shock compression prior to melting.

(100 direction for the short-ranged Lennard-Jones potentigh{

=1.54%, [2]). The dashed curve is thgitial, T=0 value in the V. CONCLUSIONS

uniaxial Hugoniostat; the solid circles represent the maximum shear

stress at the shock front in direct NEMD shockwave simulations. A new equilibrium MD method—the uniaxial
Hugoniostat—for simulating the final state of shocked crys-

éals has been developed and successfully applied to the case
P‘f the Lennard-Jones fa®01) crystal. This method homo-

strain

between the two is good, and no additional peaks are foun

The resulting hep structure contains a very high density 0geneously and uniaxially compresses the crystal instanta-

defects. . i
. ._.heously at time zero to the final shocked volume, and then
These chevron patterns in the hcp structure, characteristic
. . . ouples the system to a thermostat that guarantees that the
of twins, are also observed for compressions in the range

cﬁnal Hugoniot state is achieved. Not only has the Hugoniot

24-33% for both shockwave and uniaxial Hugoniostat ; .

simulations. Shock-induced melting occurs around 3605UTVe been successfully reproduced using this method, but
> . also the defect structures produced by the shock wave. It has

compression. For compressions between 34% and 36%, n

: C el\é\éen shown that the deformation structure of the solid plays
structures emerge, a snapshot of which can be seen in Fig. 7. : RN i .
a’key role in the determination of the correct melting point

The system is still ordered, but _does not e>_(h|b|t the Sarn%Iong the shock Hugoniot. In contrast, the use of isotropic
type of chevron patterns as previously described.

. compression does not produce defective structures until after
The structure of the system, and particularly the PrESENCR o solid melts. On the other hand, uniaxial compression pro-

of defects, is essential to predict the correct melting behavior,
. . . duces the same types of defects as the shock wave, all the
of a material under shock compression. In this regard, the ; " o
S . . . ; Way up to the melting transition. Thus, the uniaxial Hugo-
uniaxial Hugoniostat is much more faithful to the direct

NEMD shockwave simulation, compared to the isotropicn'OStat is much better able to reproduce the energetics and

Hugoniostat. When compared with direct NEMD simula- structure of full NEMD shoqkwave S|mulat_|orﬁ|3rowded, of
. o . . course, that the computational volume is large enough to
tions, the uniaxial Hugoniostat is able to not only reproduce ) . .

o e ; ) : .~ contain a representative portion of the defedis any event,
the critical uniaxial strain above which plastic deformation is

: the uniaxial Hugoniostat is nearly an order of magnitude less
observed, but also the same structures and density of defects . . :

S ; ; . .~ expensive than a full shockwave simulation and has shown
seen in direct shock simulations over a wide range of strain

all the way up to melting. Yo be quite useful in the study of the wide range of structural

The similarities between the type of structures obtained inchanges seen as a function of compression. At low compres-

. : L : _Sion (up to 14%, no defects are observed in the structure.
NEMD shock simulations and the uniaxial Hugoniostat not For compressions between 15% and 24%, stacking faults are

withstanding, there remain important d‘ffer?r.“?es between theroduced. For compressions greater than 24%, a structural
tvE/to _%%pggfﬁpgsur:?a;g' I-?u V\éiizZ?;:T(zh—eol mgﬁlorstt]reair thresghange from fcc to hcp is observed. Moreover, the density of
AN 9 o g defects in the solid is well reproduced as a function of shock

o o 3sin Svengtcompression Work = nproress b dtermie e
ffect on melting of shock propagation direction in the crys-

NEMD shock wave. From this figure, we see that the initial al [9]
shear stress above about 16% reaches a maximum and then-"~

falls. If this initial shear stress were all that were important to

defect production in the_perfe(;lLOO) fcc crystal, one might ACKNOWLEDGMENTS
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