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We investigate an elementary process of shock response of grain boundaries (GBs) using molec-
ular dynamics simulations: shock compression and spallation in Pd bicrystals with a symmetric
£5/(210)/(100) GB. The loading direction is normal to GB. An elastic shock may induce the elastic-
plastic or two-wave structure at the GB. The GB serves as a wave scattering center for the transverse
motion perpendicular to the GB rotation axis and the shock direction: it induces a phase shift of
180°, an increase in the amplitude of the particle velocity, GB sliding and grain orientation distor-
tion. The GB is the preferred nucleation site both for dislocations and voids. Our results suggest
that both microstructure and the loading geometry contribute to dynamic response of a solid.

Shock waves are of interest in a wide range of disci-
plines and have found a variety of applications.!? While
the highly transient nature of shock events makes ex-
tremely challenging the real-time measurements of struc-
ture responses, molecular dynamics (MD) simulations
are useful for understanding at atomistic scales shock
physics of a wide range of materials/microstructure, in-
cluding single crystals, nanocrystalline materials, glasses,
polymers, and composites.>!® In polycrystalline and
nanocrystalline materials, the presence of defects such as
grain boundaries (GBs) may have significant effects on
“shock response”, including dislocation activities, spall
damage and wave propagation.* %1112 It is sometimes
beneficial to investigate the interaction of a single GB
with shock waves; nonetheless, such studies are scarce
and limited to Cu and Al%'%4 Pd, a platinum group
metal, is widely used in many applications but the mi-
crostructure effect on its shock response is essentially un-
explored. Here as a case study, we perform MD shock
simulations of a symmetric (100) tilt GB in Pd bicrystals
[£5/(210)/37°]. The GB leads to wave scattering and
sliding at the GB, and serves as the nucleation sites for
dislocations and voids.

We use the Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS)!3 and an embedded-atom
method potential for Pd.*® Shock wave simulations adopt
the flyer-plate—target impact geometry.?” The impact di-
rection is along [210] (the z-direction) in both the flyer
plate and the target, and it is normal to the GB in the
latter. The y- and z-axes are along [120]) and [001],
respectively. The single crystal flyer plate and bicrys-
tal target are constructed separately, and then relaxed
and equilibrated at ambient conditions; their dimensions
are 525x87x86 A3 and 1050x87 x86 A3, respectively. A
bicrystal consists of Crystal 1 and 2 (from left to right),
and the GB is located either 525 A or 700 A away from
the impact plane (corresponding to 1/2 or 2/3 of the
bicrystal length). We also construct single crystal tar-
get of similar dimensions for comparison. The flyer plate
and target are assigned positive and negative velocities
along the z-axis, respectively, and then combined (about
800000 atoms in total). The impact velocity of the fiyer

plate relative to the target is denoted as uimp (approxi-
mately two times the shock-state particle velocity), and is
in the range of 0.5—1.3 kms™? in our simulations. Shock
simulations are performed with the microcanonical en-
semble; periodic boundary conditions are applied only
along the y- and z-axes, so there are two free surfaces
along the z-axis. The time step for integration of the
equation of motion is 1 fs. The local structure is charac-
terized with the centrosymmetry parameter (CS),'® and
local shear, the atomic von Mises shear strain (m,).!°
At a given time ¢, we obtain the profiles of stress (g;;),
velocity (u), density (p) and CS via one-dimensional (1D)
binning analysis along the shock direction. Similar simu-
lation and analysis details were presented elsewhere.10:17
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FIG. 1. The z—t diagrams of single crystal—bicrystal impact
in terms of p (a; in gcm™) and CS (b). Dashed lines denote
elastic wave fronts, and solid lines, plastic shock fronts. The
labels are the same in (a) and (b).

The z—t diagrams in Fig. 1 show the sequence of shock
compression, release, tension and spallation for the single
crystal—bicrystal impact at wimp=1.3 kms~! (the GB is
in the middle of the bicrystal). Upon collision, shocks
propagate into the flyer plate and the target, and are
then reflected at the respective free surfaces (e.g., D) as
release fans. The superposition of these two release fans
induces a tensile region in the target, and leads to spalla-
tion if uimp is sufficiently high. Such processes are mani-
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FIG. 4. Snapshots of nucleation and growth of dislocations
(stacking faults; a) and a void (b; thin sections) at the GB.
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[Fig. 1(b)], as observed previously in Cu.!"*" The oppos-
ing release fans induce an evolving tensile region in the
target and tension-induced dislocation activities. The
GB “disordering” and plasticity during tension are more
pronounced than during compression [Fig. 1(b)].

During tension, the maximum tensile stress (0zz max)
is achieved approximately at the half target thick-
ness, but it does not necessarily represents the spall
strength (ogp) since spallation depends on microstruc-
ture. Fig. 2(d) shows the stress profiles o, (x) near spal-
lation, which is characterized by stress increase or tensile
stress relaxation near the spall plane, the GB. (Spallation
is also manifested as density reduction and solid-state dis-
ordering; Fig. 1). o5, at the GB is about 20.5 GPa, and
Ozz,max is about 20.7 GPa in Crystal 1. o, for the single
crystal under similar loading conditions is about 20—21
GPa. The GB is not considerably weaker likely because
the microstructure effect on oy, is less pronounced at ex-

treme strain rates as in our simulations. However, the
GB is the preferred void nucleation site. The 1D anal-
ysis of p and CS shows that spallation plane coincides
with the GB (Fig. 1), consistent with direct visualiza-
tion of the voids during spallation [Fig. 4(b)]. (For the
GB located at 2/3 the target length, spallation occurs in
Crystal 1 rather than the GB because of insufficient ten-
sile stress at the GB.) Prior to void nucleation, the GB
itself undergoes disordering under tension, and tension
also induces dislocations emitting from the GB. Similar
to compression, tension may also lead to GB sliding and
bicrystal distortion. Local heating may be involved as
well. These processes as a whole favor the GB for void
nucleation. During the void growth, the region immedi-
ately surrounding the void is disordered, accompanied by
dislocation activities. Such characteristics are also well
observed in void nucleation and growth in single crystals
and crystals with different defects.!!:17

Our results show that for the loading geometry ex-
plored, the GB serves a wave scattering center for the
transverse motion perpendicular to the GB rotation axis
and the shock direction: it induces a phase shift of 180°,
an increase in the amplitude of the particle velocity, GB
sliding and grain orientation distortion. The GB is the
preferred nucleation site for dislocations and voids. Both
microstructure and the loading geometry contribute to
the dynamic response, and their individual contributions
and coupling should be incorporated statistically for de-
veloping models of complex solids.
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