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The first atomic-scale simulations of shock propagation using accurate many-body atomic in-
teractions have been performed. Shock propagation in copper was modeled with use of the
embedded-atom method. Lattice instabilities, consisting of crystallographic twinning boundaries
and martensitic regions, were observed to form and propagate behind the shock front for impact ve-
locities as low as 0.01 km/sec. The twinning boundary dislocations cause a loss of shear strength,
resulting in a significant reduction in shock-wave velocity, without the accompaniment of per-
manent crystallographic damage. This new mode of lattice deformation is qualitatively different
from the behavior characteristic of pairwise atomic interactions.

INTRODUCTION

A shock wave is generated in a solid by high-velocity
impact. Shock loading of metals at moderate velocities
(perhaps 0.2-0.4 km/sec) produces a wide range of none-
quilibrium effects, such as dynamic mixing and shear
band nucleation. In a perfect single crystal, these effects
are thought to be initiated by mechanisms taking place
on a size scale of a few nanometers. In real samples,
however, interaction with defect structures broadens the
observed shock-wave profiles to widths of 10-100 um.
Current experimental diagnostics have spatial resolution
limits on a similar scale. The microscopic mechanisms
underlying many important shock-loading effects are thus
not currently accessible to experimental study.

Molecular dynamics simulations using pairwise atomic
interactions have previously been performed to study
shock loading in perfect crystals.! ™ Although various
regimes of material response (i.e., elastic, elastic-plastic,
and plastic) to shock loading have been observed,* these
simulations have not predicted the existence of structural
changes where nonequilibrium effects have been observed
experimentally.

We have carried out what we believe to be the first
molecular dynamics simulations of shock propagation,
taking into account many-body interactions, in initially
perfect single crystals of copper. The atomic interactions
are modeled using the embedded-atom method.® Identi-
cal simulations using a pairwise potential are performed
as well in an attempt to distinguish the many-body effects
in the shock process. A new and significant result of this
work is the prediction of the formation of lattice instabili-
ties, consisting of twinning boundaries and martensitic
regions, which propagate behind the shock front at low
to moderate shock strengths (<20 GPa). The net effect
of these propagating instabilities is a substantial reduc-
tion in shear strength without the accompaniment of per-
manent crystallographic damage.

ATOMISTIC SIMULATION OF SHOCK PHENOMENA

The many-body atomic interactions are modeled using
the embedded-atom method, where the total cohesive en-
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ergy is approximated by the form

Eon= 2 Filpy)+3 3 6(R;) . (1)

i ij

JjF
In this expression, p,; is the host electron density at
atom i due to the remaining atoms of the system. F;(p) is
the energy to embed atom i into the background electron
density p, and ¢(R;;) is the core-core pair repulsion be-
tween atoms i and j separated by the distance R;;. The

electron density is approximated by the superposition of
atomic electron densities through

Pri= 2 Pi(R;), )
j (0

where pj is the electron density contributed by atom j.
In this representation the embedding functions F; ac-
count for the many-body interactions, whereas the func-
tion ¢ models pair interactions of a Coulombic nature.
To apply this method, the embedding functions F;, pair
repulsion ¢, and atomic densities pf must be known.
These quantities are empirically determined by fitting to
the sublimation energy, equilibrium lattice constant, elas-
tic constants, and vacancy-formation energies of the met-
al in question. This fitting procedure has been outlined in
detail by Foiles et al.,’ with the resulting parameters for
copper taken from that reference for use in the present
work.

The pairwise simulations use a Morse-type potential
and are performed under identical conditions as those us-
ing the embedded-atom method. The choice of this po-
tential is based on the work of Abell,® who has shown
that the bonding can be properly described by pairwise
interactions (for which a Morse-type potential is a
reasonable approximation), but the strength of the pair-
wise interaction is influenced by the local environment,
e.g., by many-body interference terms. In the pairwise
simulations, the total cohesive energy is given by

Ecoh:%E(D(RU) ’ (3)
Jij'i

with
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®(R)=D {exp[ —2B(R —R,)]—2exp[ —B(R —Ry)1} ,
)

where the parameters D, B, and R, are related to the
binding energy E,, bulk modulus B, and lattice constant
a,, at equilibrium, through

D =Eb /6 ,
_ 9Bao 172 s
4E, ’
R0=a0/\/—i .

The values of these material properties for copper are
the same as those used in the fitting of the embedded-
atom method potential, Egs. (1) and (2)—namely
E,=3.54 eV, B=1.38 ergs/cm’, and a,=3.615 A.

In the present work a shock wave is generated by col-
liding an atomic copper impactor with a nondeforming,
stationary wall of copper on the (001) face. The fcc
copper impactor is 4 X4 unit cells (14.5X 14.5 A?) per-
pendicular to the shock direction and either 30 or 60
atomic planes (52.4 or 106.6 A) in length. The impactor
is initially equilibrated at zero pressure and 300 K, per-
mitting surface relaxation to occur. Periodic boundary
conditions are imposed perpendicular to the shock direc-
tion; no size effects are found in studies of larger impac-
tors. The particle velocity U, of the desired shock state
is superimposed upon the initial thermal motion of the
impactor lattice. U, was varied from 0.01 to 2.5 km/sec,
corresponding to shock stresses from 0.3 to 170 GPa.
Shock-induced deformation mechanisms are identified by
examining the wave velocity and stress profiles as the
shock wave propagates through the impactor.

DISCUSSION OF SIMULATION RESULTS

Shock-impact experiments’ conducted on a number of
different materials over a wide range of impact velocities
have revealed the existence of a linear relationship be-
tween the shock-front velocity U, and impact velocity U,
(i.e., the shock Hugoniot) in the absence of phase trans-
formations.®  Extrapolation of the linear U,—U,
Hugoniot data to U,=0 yields a shock-
velocity —intercept value that is very close to the bulk
sound speed c,, which, in turn, is related to the
longitudinal-wave speed ¢; through the equation

cl 4 (6)

where G is the shear modulus and p is the mass density.
With a knowledge of the bulk and longitudinal speeds,
such extrapolation permits characterization of the shear
modulus in the shocked material.

The experimental Hugoniot data’ for copper in Fig. 1
follows a linear form with a U, intercept of 3.91 km/sec,
which is very close to the bulk sound speed value of 3.93
km/sec. From Eq. (6) we see that the shear modulus in
the shocked material must be near zero for this to occur.
In these samples, shear strength is lost even at very low
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FIG. 1. Experimental and simulated shock Hugoniot plots.
The experimental data are represented by the least-squares fit:
U;,=3.91+1.51U,.

impact velocities since their polycrystalline and defective
nature allows plastic deformation to proceed in the ab-
sence of nucleation events.

An important distinction appears between the many-
body and pairwise Hugoniot curves in Fig. 1. At large
impact velocities (U, >0.7 km/sec), U; depends linearly
on U, in both cases. In the pairwise case, the U; inter-
cept is in reasonable agreement with the bulk sound ve-
locity. This is expected for large impact velocities, which
produce stresses much larger than the material shear
strength. The many-body U; intercept for this regime
(Up>0.7 km/sec), however, is near 4.2 km/sec, inter-
mediate between ¢, and the small-amplitude
longitudinal-wave speed ¢; =4.76 km/sec. This suggests
that shear relaxation in the many-body copper at high U,
is not complete on the time scale of these simulations.

For impact velocities U, <0.7 km/sec the many-body
Hugoniot curve remains linear down to the smallest im-
pact velocities studied, whereas the pairwise Hugoniot
curve shows significant nonlinear behavior in this regime.
The nonlinear behavior of the pairwise copper suggests
that it possesses a significant shear modulus in this re-
gime. The shock velocity at U,=0.01 km/sec is 4.53
km/sec, in reasonable agreement with the expected value
of 4.76 km/sec for small-amplitude longitudinal waves in
copper. Thus, the shear modulus of the pairwise copper
in this regime is nearly equal to that of the unshocked
state. This result, which suggests that shear relaxation
does not take place in this regime of impact velocity, is
consistent with previous pairwise studies. *

In contrast, the intercept of the many-body Hugoniot
curve is 3.90 km/sec, in agreement with the experimental
bulk sound speed. These results infer that the many-body
copper loses its shear strength at impact velocities as low
as 0.01 km/sec (the slowest case considered), which is 2
orders of magnitude smaller than the corresponding ve-
locity for the pairwise copper. This distinction reflects an
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influence of the many-body interactions in the shock pro-
cess.

Time-resolved lattice configurations from the two sets
of simulations (Fig. 2) also reveal qualitative differences.
In pairwise simulations up to U,=0.22 km/sec, the im-
pactor experiences simple uniaxial strain [as illustrated in
Fig. 2(a) for U,=0.01 km/sec], with no relaxation or lat-
tice instability. At 0.48 km/sec [Fig. 2(b)], a region ap-
pears behind the shock front where the lattice planes
buckle perpendicular to the shock direction. The lattice
buckling is gradual, and reverses a small distance behind
the shock front, so that the state of uniaxial strain is
recovered. When the impact velocity is increased further
[to 1.74 km/sec in Fig. 2(c) and 2.49 km/sec in Fig. 2(d)],
permanent crystallographic damage appears in the simu-
lations.

The behavior observed in the many-body simulations is
quite different. Even at U,=0.01 km/sec [Fig. 2(e)], in-
stead of a uniaxially stramed cubic lattice, a twinning
plane propagates behind the shock front. The generation
of this twinning plane dramatically alters the many-body
shock velocity, as exemplified by the Hugoniot plot in
Fig. 1. Sumino’ has demonstrated experimentally that
the shear strength in the neighborhood of a twinning
plane is a tiny fraction (perhaps 1%) of that displayed by
a perfect crystal, due to the ability of twinning disloca-
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tions to move in response to applied shear stress. Hence,
the reduction in shock velocity in the many-body copper
is due to the formation of a twinning plane and the conse-
quent loss of shear strength, which causes the velocity to
approach the value of the bulk sound speed without any
occurrence of permanent lattice damage. This result
conflicts with the conventional view of shock-wave prop-
agation, which assumes that shear strength is reduced
only when plastic deformation occurs.

At moderate impact velocities [e.g., U, =0.48 km/sec
in Fig. 2(f)] a martensitic region appears behind the shock
front in the many-body simulations. In this region,
which is about 1-2 nm in extent and is bounded by a pair
of twinning planes, the symmetry of the lattice varies
from a uniaxially strained fcc structure ahead of the mar-
tensitic region to a monoclinic structure within the re-
gion, reverting to uniaxial strain behind the martensitic
region. At higher impact velocities, permanent crystallo-
graphic damage finally appears in the many-body simula-
tions [Figs. 2(g) and 2(h)].

The distinction between the pairwise and many-body
simulations is further illustrated in Fig. 3, where profiles
of the shear stress components 7, and T, are displayed
for the case when U, =0.48 km/sec [corresponding to the
lattice configurations in Figs. 2(b) and 2(f)]. Whereas the
pairwise shear stress components vary gradually over the
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FIG. 2. Time-resolved lattice configurations as a function of impact velocity for the pairwise [(a)-(d)] and many-body [(e)-(h)]

simulations. U,=0.01 km/sec for (a) and (e), U, =0.48 km/sec for (b) and (), U,

=1.74 km/sec for (c) and (g), and U, =2.49 km/sec

for (d) and (h). S FRONT and the adjacent vertxcal dashed line denote the locatlon of the shock front. Note the compressed scales in
the (001) direction of ~ 100 A as compared to the { 100 )-direction scale of 15 A.
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buckled region of the impactor lattice [Figs. 3(a) and
3(b)], in the equivalent many-body simulation the com-
ponent T, gradually decreases following the shock front,
reaching a minimum at the leading edge of the martensi-
tic region [Fig. 3(c)], while the T,, component rises
abruptly near the trailing edge of the martensitic region
[Fig. 3(d)]. The strong correlation of the shear stress ex-
cursions with the twinning planes confirms that the
structural aspects of shock loading in the pairwise and
many-body simulations are not equivalent on a micro-
scopic level.

PROPAGATING LATTICE INSTABILITIES IN SHOCK- . . .
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Because of the magnitude of the thermal noise (excur-
sions of several GPa on this size scale), the degree of
shear relaxation at low impact velocities cannot be deter-
mined directly from maximum shear stress profiles.
However, by considering the shock velocities at low-
velocity impact and the shear stress profiles for high-
velocity impact, it is possible to construct a consistent
picture of shear relaxation in various regimes of shock
loading. In the pairwise copper, there is no shear relaxa-
tion at impact velocities significantly below 0.5 km/sec.
Above this value, there exists an intermediate region in
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which a portion of the shear stress is relieved, with com-
plete relaxation via plastic deformation occurring at
U, ~ 1.0 km/sec.

A completely different pattern is displayed by the
many-body shock simulations. Low-velocity (0.01-0.7
km/sec) impacts show total shear stress relaxation,
caused by formation of twinning planes. A kink in the
Hugoniot curve near 0.5 km/sec indicates a crossover be-
tween two different deformation modes. At higher im-
pact velocities only partial shear relaxation is observed on
the simulated time scale, in agreement with the Hugoniot
curve extrapolations described earlier. Plastic deforma-
tion thus appears to be much more difficult to initiate in
the many-body copper than in the pairwise copper.

CONCLUSIONS

In summary, we have performed the first molecular dy-
namics shock-wave simulations which include a realistic
many-body description of the atomic interactions. The
key result centers on the appearance of structural insta-
bilities at impact velocities 1-2 orders of magnitude
lower than in the pairwise simulations. The twinning
plane and martensitic region appearing in the many-body
copper model are stable and localized nonlinear struc-

tures propagating at a constant velocity behind the shock
front. Formation of these structures yields a major
reduction in shock velocity without precipitating per-
manent lattice damage, contrary to the conventional view
of shock loading.

The qualitative importance of many-body effects in
shock loading suggests that such phenomena may also
affect the shock-loading process in other classes of solids.
In any case, the dramatic dependence of shock loading in
copper on the details of atomic bonding shows that
atomic-scale simulation of shock-wave propagation in
solids must be treated as a materials-science problem.
That is, the relevant details of metallic and chemical
bonding must be included, in contrast to the traditional
view that perceives the shock as a dramatic perturbation
to the system in which chemical bonding has, at most,
only a minor influence on the shock-loading process.
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