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SHOCK LOADING AND RELEASE OF A SMALL ANGLE TILT GRAIN
BOUNDARY IN CU

Christian Brandl* and Timothy C. Germann*

*Los Alamos National Laboratory, Theoretical Devision, T-1, Los Alamos, NM 87545

Abstract. Molecular dynamics simulations are performed to study the response of a dislocation tilt wall in
Cu subjected to dynamic shock compression and release. We introduce a boundary condition for modeling
the dynamics of a single interface subject to uniaxial loading parallel to the interface, avoiding artifacts from
either periodic boundaries or free surfaces. The microstructure response for the small angle tilt boundary
considered here is analyzed in terms of dislocation-dislocation interactions and the restoring forces which

enable reversible dislocation motion upon release.
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INTRODUCTION

Previous molecular dynamics (MD) simulation stud-
ies of the shock response of crystalline solids have
primarily concentrated on the macroscopic evolution
(shock Hugonijot, stress state, and mode(s) of plas-
tic deformation) and the determination of the Hugo-
niot elastic limit (HEL) in single crystals [1, 2, 3, 4].
However, realistic microstructures are usually poly-
crystalline, and more recently MD simulations have
begun to examine the role of a single grain bound-
ary (GB) structure on the dislocation nucleation pro-
cess [5, 6, 7]. The collective role of GBs has also
been investigated in nanocrystaline structures under
dynamic loading conditions [8, 9]. Moreover, exper-
imental work suggests that the local grain boundary
structure may also determine the plastic deformation
and failure responses in polycrystalline FCC materi-
als in a nucleation-dominated regime. Pursuing this
line of research, we present molecular dynamics sim-
ulations of a small angle grain boundary in copper to
examine its response to shock loading and release.

METHOD

In our MD simulation setup (Fig. 1), the interface
normal is parallel to the z axis and the shock direc-
tion is along the x axis. The two respective grains
(upper and lower) are disoriented by ~ 2.7° around
the common [1 1 0] axis (y direction). The lattice di-
rections are given in Table 1. Note that we have a
quasi-2D simulation geometry due to the short pe-
riodic length in the y direction; further, an inspec-
tion of the lattice directions reveals that we have a
symmetrical tilt grain boundary. The interatomic in-
teraction is modeled by the embedded atom method
(EAM) potential for Cu developed by Mishin et al
[10]. In order to avoid the interaction of the inter-
face with the corresponding interface between grains
at a z periodic boundary, the typically used peri-
odic boundary conditions are broken along the z di-
rection. In the resulting free-surface region (15 A
thick; grey region in Fig. |) the atoms are constrained
to move according the forces within xy-plane, but
are not allowed to move in the z direction. Periodic
boundary conditions are only imposed along the y-
direction (tilt axis). Therefore lateral relaxation dur-
ing the shock loading is suppressed, whilst the shock



FIGURE 1. Schematic of the bicrystal simulation geom-
etry. The interface (parallel to the xy-plane) is indicated by
a black dashed line. The shock is imposed by a constant ve-
locity piston region - indicated by the red volume. Periodic
boundary conditions are imposed along the y-direction.
The atoms in the grey sub-volume are confined to move
only in the xy-plane.

dynamics are only marginally affected. This simula-
tion geometry allows us to study the response of a
well-controlled grain boundary (or interface) struc-
ture without introducing artifacts from either peri-
odic (uncontrolled, and usually high energy) inter-
face structures, or free surfaces. The compressive
shock wave is generated by a constant velocity (u, =
vy = 200 m/s) piston region - illustrated as the red
region in Fig. 1. The microstructural evolution is an-
alyzed using

- the atomic virial stress due to the interatomic
forces [11], assuming the zero strain atomic
volume of FCC Cu; and

- common neighbor analysis [12].

The color schema are described in the correspond-
ing figure captions. The atomistic configurations are
visualized using OVITO [13]. After geometrical con-
struction of the bicrystal, the conjugate gradient
method is used to relax the atomic positions towards
a zero stress state. The atomic positions (and simu-
lation box) are subsequently rescaled based on the
known thermal expansion, and equilibrated at 100 X
resulted in a stress free configuration in the bulk
regions of the two grains. The atomic trajectories
are integrated with an NVE ensemble subject to the
aforementioned boundary conditions. The MD sim-
ulations use the LAMMPS simulation package [14].

TABLE 1. Orientation of the lower and upper grain (see
Fig. 1)

direction lower grain upper grain length

X [1-160] [-1160] =217 nm

y [110] [110] =05nm

z [-3030 1] [-3030 -1} ~ 3] nm
RESULTS

Interface structure

Fig. 2 shows the details of dislocation wall af-
ter equilibration using the dislocation analysis of
Stukowski et al [15] . In Fig. 2a the dislocation cores
are shown as lines which are colored according to
the Burgers vector magnitude (in A). The connecting
stacking faults appear as red planes. Fig. 2b shows
a representative cross section of the initial atom-
istic configuration. Both structure representations re-
veal that the dislocation wall consists of two differ-
ent sets of partial dislocations, whose habit planes
have a common intersection with the [1 1 0] tilt axis.
Note as well that the habit plane is close to an high
Schmidt factor orientation. Moreover, different dis-
location core configurations appear which may be
categorized into: (1) fully separated dissociated full
dislocations (beige colored lines in Fig. 2a) , (2) for-
mation of a super jog (red colored lines in Fig. 2a),
and (3) formation of a stair rod dislocation (blue col-
ored lines in Fig. 2a) [16].

Shock response

Fig. 3 shows an x-t diagram of the shear stress
evolution (color scale in GPa) during the shock load-
ing and subsequent release. During the shock loading
stage (until 47 ps), the shock front rises the stress
state (to &~ | GPa shear stress) followed by the stress
relaxation to roughly ~ 0.6 GPa. Note that the dis-
location motion is limited by the imposed bound-
ary conditions, and it is not known whether an even
larger grain size would permit a greater degree of
shear stress relaxation.

Fig. 4 further illustrates the temporal evolution by
showing only non-FCC atoms (in color) superim-
posed on the shear stress field (grey atoms). We note



L (11§ YRR

(b)

2

L

FIGURE 2. a) Extracted dislocation structure from the
initial micro structure. The solid lines represent the dis-
location cores, colored according to their Burgers vector
magnitude (see colorbar). The stacking faults are the red
and transparent planes. b) Details of the atomistic initial
microstructure. The atoms are colored according to their
local crystalline structure; FCC, HCP and others in blue,
cyan and red, respectively.
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FIGURE 3. Shear stress evolution during shock load-
ing and release, as an x-t diagram. The shear stress T
is computed from the diagonal stress tensor components
(27 = Oy — 1/2(0yy + 05;)) for a cross section volume in
the shock front plane (yz-plane). The colors indicate the
local shear stress in GPa.

that the onset of dislocation propagation is slightly
behind the shock front. Since the shear stress is not
instantaneously relaxed by dislocation motion, the
shock wave elastically overloads the sample (red re-
gions in Fig. 3 ). Furthermore, the activated disloca-
tion motion is not symmeltric in respect to the initial
GB plane. This might be attributed to the shadow-
ing effect, which results from two factors. First, a

previously propagated dislocation relaxes the shear
stress and therefore lowers the applied shear stress
at an adjacent GB dislocation. And second, disloca-
tions with the same Burgers vector repel each other.
However, in general the mobile dislocation density,
which is imposed by the interface structure, effec-
tively lowers the shear stress state by propagation of
a constituent partial dislocation. Because the trailing
partial dislocations remain approximately at their ini-
tial locations, this gives rise to an restoring force in
terms of a widening of the stacking fault region. Dur-
ing the release phase (times longer than = 47 ps),
the stacking faults pull back the leading partial dis-
location to the initial interface plane (see Fig. 4). Via
this reversible dislocation motion, the shocked sam-
ple unioads to approximately a zero shear stress state.
Finally, we note that the novel boundary conditions
which we have introduced do not appear to alter the
planar nature of the shock front.

DISCUSSION / SUMMARY

In summary, we have presented the inelastic de-
formation behavior of a symmetric-tilt small angle
GB subjected to shock compression and release us-
ing MD simulations. During the compressive load-
ing phase, the motion of leading partial dislocations
enables the shear stress relaxation of the surround-
ing grains. Upon rarefaction, the extended stacking
faults enable the reversible dislocation motion. More
generally, the preexisting mobile dislocation density
within a general grain boundary can effectively ac-
commodate the compressive loading conditions to-
wards an isotropic stress state. The reversible dislo-
cation motion presented here surely does not cover
the effect of the dislocation density coming from the
bulk regions and their interaction with the disloca-
tion wall. Moreover, the reversibility may also be
caused by the- planar nature of dislocation tilt wall,
and hence does not account for pinning effects im-
posed by cross-slip, dislocation intersections, and
tangling [3]. Future simulation studies will address
the preexisting dislocation content on the shock re-
sponse of grain boundaries, the effect of impinging
dislocations on GB response, and the effect of re-
versible dislocation motion in the presence of inter-
secting dislocations.
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FIGURE 4. Defect evolution during shock loading
and subsequent release. Non-FCC atoms (colored atoms;
cyan=HCP, red= other atoms) are shown superimposed on
the cross-section of the atomic stress (Oy,) in a grey scale
ranging from -10 GPa (black) to 10 GPa (white).
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