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ABSTRACT

Nonequilibrium molecular dynamics simulations of shock loaded single-crystal Al in the (100), (110), (111), and (123) orientations are
conducted to study elastic and plastic shockwave formation and details associated with dislocation activity. A computer vision-based
approach is implemented to capture the presence of dislocations and describe their spatial characteristics in the zone of nucleation behind
the propagating shockwave. The methodology developed relies on the sequences of images extracted during shock loading that show disloca-
tion activity within a cross section of the sample. Results reveal that the spacing between activated slip systems is orientation dependent and
exhibits a modest reduction for the (100) and (111) orientations as shock pressure increases. Comparisons are made to existing theoretical =
models. Such relationships between shock pressure and dislocation activity, extracted from molecular dynamics simulations, can be used to
inform higher length scale simulations or modeling of dislocation-based plasticity during shock.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0 ;
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0239019
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I. INTRODUCTION describe the rate of plastic strain, one can take the time derivative

6
A key challenge in developing materials for extreme environ- of Eq. (1),

ments is being able to analyze and understand deformation mecha-

nisms during events such as shock. This extreme thermomechanical i = kb< @ ldP ) )
loading state is common during impacts from micrometeorites, dt dt

materials subjected to explosives, or laser-material interactions.’

The response of metallic materials subjected to strong shocks, The first term on the right-hand-side, p%, describes the rate at

during which they undergo instantaneous melting or amorphiza- which dislocations move through the material. This term dominates

tion, is relatively well documented.'™ Less understood is the during low strain rate loading since most of the plastic strain is due

response of metallic materials just at or above the Hugoniot elastic to the motion of pre existing dislocations. The second term on the

limit (HEL), the point at which plastic deformation occurs in a right-hand-side, [ dp 7 is necessary for extremely high strain rates. In

material undergoing shock. essence, the pre- ex1st1ng dislocations in a network may not be able

For metals, where dislocations are the governing mechanism, to move fast enough to accommodate the extremely high strain rate

the Orowan equation” describes the plastic strain, y, as a function imposed on the material; so, this second term accommodates the

of the density and motion of dislocations, plastic strain via increasing the dislocation density through nucle-
ation events.

y = kpbf, (1) The first attempt to spatially describe shock-induced disloca-

tion nucleation was by Smith in 1958; they proposed an array of

Here, p is the mobile dislocation density, I is the mean dis- geometrically necessary dislocations to relax the lattice between

tanced traveled by dislocations in the sample, b is the magnitude of =~ compressed and uncompressed regions, forming a Smith interface.”

the Burgers vector, and k is a material specific constant. To This model was expanded on by Hornborgen to include screw
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dislocations left behind the shock front, accounting for the
deformed material after the wave has passed.” Both of these models
considered that dislocations could move with the shock front,
which would require them to travel supersonically through the
lattice. In the derivation of a model for the dislocation density
resulting from a shockwave, Meyers et al. proposed a homogenous
nucleation mechanism in which the deviatoric components of
stress are relaxed by dislocations that are periodically nucleated
behind the shock front.”'" This was the first model to propose a
mechanism for plastic wave motion that does not require disloca-
tions to travel supersonically. Dislocations are nucleated homoge-
neously as a planar array and then grow into loops.” Once the
elastic wave has traveled far enough to build up additional devia-
toric stresses, a new layer of dislocations is nucleated.” Weertman
considered both models in the analysis of strong shocks, where a
Smith interface is envisioned to exist; but, as the shock pressure
increases, the number of dislocations that are mobile must also
increase in order to multiply in the elastic—plastic zone.'""'* More
recently, the work by Pellegrini and Josien considered the nucle-
ation of dislocations behind the plastic front as well as the nucle-
ation of dislocations between the elastic and plastic fronts moving
supersonically, based on one-dimensional atomistic simulations,
and developed a model of dislocation spacing to describe the dislo-
cation densities behind a shock front with the use of a Peierls
model for plasticity.'”

In situ experimental observation of dislocation nucleation
during shock is extremely difficult, if not impossible, due to the
time and length scales involved. Therefore, computational modeling
and simulation methods are necessary to advance and test the previ-
ously mentioned models. Using nonequilibrium molecular dynam-
ics (MD) simulations, it is possible to study the atomic structure of
a material behind a propagating shockwave, allowing the observa-
tion and measurement of dislocation behavior as it dynamically
evolves. Dislocation generation in shockwaves can be seen in early
MD simulations by Mogilevsky et al. in which shear stress relaxation
was recorded when holding a sample at the peak shock pressure
over time."* Holian demonstrated the capability of nonequilibrium
MD simulations to characterize the Hugoniot states of shock and
proposed MD as a way to investigate plasticity.”” Since then, the use
of MD simulations to analyze shock phenomena has grown exten-
sively with larger, more representative models enabled by increasing
computational power and more accurate interatomic potentials.

The MD simulations of shockwave propagation have been per-
formed extensively on both single crystal and polycrystalline
metals, especially Al and Cu, with significant work performed to
characterize the Hugoniot states of materials with applications that
include explorations of elastic anisotropy, spallation, and the effect
of pores at high shock pressures.”'®’ The Rankine-Hugoniot
behavior of metals under strong shocks is commonly studied and
reveals a linear equation of state (EOS) between shockwave speed
and piston speed,®

ug = Aty + . 3)
The relationship between the piston velocity, u,, and the

shockwave velocity, us, is linearly proportional to A , and constant
¢o is the longitudinal speed of sound. At very high piston velocities,
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the plastic front is overdriven, and the relationship presented in
Eq. (3) is accurate as a linear fit since the plastic wave travels with
the elastic front. As the piston speed decreases, the plastic wave
speed slows down while the elastic wave speed plateaus. This trend
continues until the piston velocity is lower than the HEL, where no
plastic response occurs. Shock velocities just at or above the
Hugoniot elastic limit will be the primary subject of this study
since this is where the shock response is predominantly the result
of dislocation nucleation and motion.

Several prior studies have qualitatively characterized the dislo-
cation network generated by a shockwave. For example, experi-
ments showed that when Al or Cu undergo a loading below the
shock-melting point, the dislocation network generated consists of
a structure of stacking faults that form crosshatched cells aligned
with the {111} slip planes for FCC metals,” with the specific acti-
vated slip systems being a result of the crystallographic direction of
shock loading. In MD simulations, this same pattern of stacking
faults has been observed through common-neighbor analysis, indi-
cating the presence of Shockley partial dislocations and their con-
necting stacking faults.'>'*™* Activated slip systems during loading
are dependent on the lattice orientation relative to the direction of
loading, implying the development of these stacking faults and
their spatial organization is orientation dependent. Therefore, it is
necessary to consider the orientation dependence of the Hugoniot
and other associated properties when characterizing dislocation
nucleation and growth.

Nonequilibrium MD simulations by Xu et al. on single-crystal
Cu with shock oriented along (001), (111), and (110) showed
anisotropy in the plastic wave speed for each shock direction,
which is explained through consideration of Schmid factors for
each orientation.”’ However, the primary takeaway from their work
was the identification of different regimes of the plastic wave speed.

Xu et al. described regions in which the plastic wave speed was ¢

dominated by the growth of the existing dislocations as well as a
shock regime in which the plastic wave speed required dislocation
nucleation and growth together. The plastic wave speed was consid-
ered to be entirely dominated by the nucleation events once the
plastic wave is overdriven and is traveling with the elastic wave
front.”” They were able to capture the events in which embryos of
dislocations were formed ahead of the plastic wave front, causing
the instantaneous velocity of the plastic wave to be much faster
than the elastic wave speed. Dislocation embryo formation also
caused local disruptions in the stress state that could be quantified
by bands in the x-t diagrams.’® However, the spatial characteristics
of dislocations in separate regimes were not described with respect
to shock pressure and their discussion was limited to the (110) ori-
entation. A similar phenomenon was reported by Zhakhovsky
et al”' using a moving-window MD method to shock (111) Al
samples where ultrashort elastic pulses were emitted by dislocations
in the plastic front that travel toward the elastic front at the local
sound speed. According to Zhakhovsky et al, when these pulses
catch up to the elastic front, the speed of the elastic and plastic
fronts become synchronized, resulting in a regular spacing between
the elastic and plastic fronts on the order of hundreds of nanome-
ters.”’ Similar to Xu et al., the fluctuations in the elastic stresses
were traced to the generation of dislocations that then multiply
rapidly to relax the local stress state in the plastic region.”””’
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In this work, the shock response of Al single crystals is ana-
lyzed using nonequilibrium molecular dynamics simulations. The
key novelty is that the development and spatial arrangement of dis-
locations immediately behind the shock front is quantified using a
machine vision approach. Specifically, spatial descriptions of dislo-
cation nucleation are obtained through the image analysis of multi-
ple sampled and rendered images of the regions behind the shock
front where dislocations nucleate, leveraging the patterns of stack-
ing faults that identify the activated slip planes to compute an
average spacing between nucleated dislocations. An important note
for this work is that the results presented and discussion around
dislocations refer almost exclusively to Shockley partial dislocations
that include stacking faults. While other types of dislocations and
defects exist in aluminum during shock, most of them are of
Shockley type and are utilized as the objects to be detected through
machine vision.

It is shown that as the shock pressure increases, the spacing
between adjacent dislocations at the shock front decreases up to the
point where shock-induced melting begins. In line with the homog-
enous dislocation nucleation model by Meyers,”” length scales are
extracted that align with the elastic—plastic wave separation, h, and
the spacing between adjacent dislocations in a homogenously
nucleated array, d. Ultimately, a relationship is extracted from MD
simulations that quantifies the average dislocation spacing as a
function of shock pressure, which then can be used to inform
higher length scale simulations or modeling to properly include
dislocation nucleation during shock in AL

Il. SIMULATION METHODS

Nonequilibrium MD simulations are performed using the
Large-scale ~Atomic/Molecular Massively Parallel Simulator
(LAMMPS) code’ with an EAM interatomic potential for Al
developed by Zhakovskii et al” This interatomic potential is
chosen due to its ability to accurately capture compressive wave
behavior at higher temperatures and short time scales since it was
developed based on cold pressure curves to emulate the rapid com-
pression of Al during femtosecond laser ablation.”” As discussed by
Zhakovskii, these EAM potentials capture the highly compressed
states of Al better than the potentials from Mishin et al.,’** which
are optimized for Al at standard conditions.”

Four different sets of simulations are performed on FCC
single-crystal Al with various loading directions with respect to the
crystal orientation. The loading directions sampled are (100),
(111), (110), and (123) to explore slip activity in systems with 8, 6,
4, and 1 active slip systems, respectively, according to the basic
Schmid factor analysis. In each simulation, the direction of loading
is aligned with the x axis. The simulation cell size is approximately
500 x 20 x 20 nm® with periodic boundary conditions imposed in
the x, y, and z directions, as shown in Fig. 1. The lateral dimensions
of the sample are similar to that used by Sharma and Dubey”' as
well as by Germann et al.”> where it is concluded that larger cross
sections do not result in significant differences in behavior. This
results in between 12 and 12.5x 10° atoms in each simulation,
depending on their lattice orientation. To equilibrate the models,
energy minimization is performed first, followed by a Nosé-Hoover
style NPT equilibration along to 298 K and Obar for 20 ps.

ARTICLE pubs.aip.org/aip/jap
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FIG. 1. Single-crystal Al model used for shock simulations measuring approxi-
mately 500 x 20 x 20 nm® with the direction of shock loading oriented along the
x axis. Figure dimensions not to scale.

Immediately following equilibration, the periodic boundaries along
the x-direction are changed to free surfaces so that shock loading
can be applied. The piston ramp is initiated immediately after
changing the boundary conditions.

A shockwave is generated through the ramped piston method
as described by Wen et al.”® in which a stationary plane of atoms
measuring two lattice units thick in the direction of shock acts as a
piston and the velocity of the piston is linearly ramped in the x-

direction from the rest to its set velocity over 1 ps. Once the piston ¢

has reached its desired velocity, it is held at that velocity to sustain
the shockwave in the material as the wave travels down the sample.
In this study, the wave is allowed to propagate for 50 ps following
the ramp period and the simulation is stopped before the elastic
wave reaches the end of the sample. This study explores piston
velocities from 0.2 to 3.0 km/s, with a higher resolution of piston
speed sampled between 0.8 and 1.6 km/s to focus on the regime
immediately around the HEL for each crystal orientation.

The stress associated with each atom is calculated by using the
per-atom virial stress divided by the per-atom volume obtained
from the Voronoi tessellation surrounding each atom.’” The virial
stress for each atom is determined using the y and z components of
velocity, removing the x component to negate the effect of the
streaming velocity of the sample. While this is not the same as sub-
tracting the streaming velocity for each atom in the shock direction
and using all thermal components in the analysis, supplemental
calculations were performed to compare the two methods resulting
in less than 0.01% difference for shock pressure. One-dimensional
spatial binning of the thermomechanical variables is performed
within LAMMPS to compute averages, where each bin consists of
around 40 000 atoms.

Dislocation activity is identified using centrosymmetry and
common-neighbor analysis (CNA), which identify the location of
stacking faults based on the local configuration around each
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atom.”” ™ Post processing using the Python implementation of  separate fronts to be tracked over time. The initial rise in shear
OVITO™ is used to spatially bin the local structure of the sample stress is considered as the elastic front while the subsequent drop is
using one-dimensional bins along the length of the sample and identified as the plastic front. Specifically, these points are com-
determine the location of the plastic wave, which will be discussed puted as the positions at which the shear stress reaches 25% of the
further in the measurement of average dislocation spacing. maximum shear stress, with the leading position identifying the

elastic front and the trailing position the plastic front. For (100)
shock loading, there is no elastic-plastic wave separation, so the
IIl. RESULTS OF SHOCK SIMULATIONS hydrostatic stress must be used to track the elastic front accurately.

Visualization of per-atom thermomechanical variables during This orientation uses the same 25% threshold for the computation

each shock simulation offers insight into the bulk thermomechani- of the elastic front using the hydrostatic stress.

cal behavior as the shockwave traverses the sample. As an example, Calculation of elastic and plastic wave velocities is performed by
atomic values of centrosymmetry, hydrostatic pressure, and shear tracking their positions over 0.1 ps time intervals (100 time steps)
stress are presented in Fig. 2 for shock along (111) with a piston and using a second order centered difference method to compute the
velocity of u, = 1.3 km/s. In Fig. 2(a), the development of stacking time derivative. The elastic-plastic separation for each orientation is
faults can be seen as the wave travels through the sample from left understood by plotting u vs u, in Fig. 3. The plastic wave velocity,
to right, which indicates the nucleation and growth of dislocations. uPlastic indicated by the closed symbols, is less than the elastic wave

elastic

By aligning this with the per-atom values for hydrostatic and shear speed, ul®", represented by the open symbols, up until the point
stresses, as shown in Figs. 2(b) and 2(c), the elastic-plastic wave where the shockwave is overdriven and there is no elastic—plastic

separation becomes visible. At the elastic shock front, there is an wave differentiation. At this point and above, the shockwave velocity
increase in both hydrostatic and shear stresses with no stacking u, follows the linear equation of state from Eq. (3). For (100) ori-
faults present. Trailing this initial front is the development of stack- ented shock, the first sign of dislocation activity is at a shock pressure
ing faults that align with a secondary jump in hydrostatic stress of 0.9km/s. For the other orientations, the piston velocity corre-
and a drop in shear stress. sponding to the HEL is identified by a “kink” in the plot of pressure

Elastic and plastic wave velocities are obtained from the pro- vs piston velocity. Aside from the deviation in the initial onset of dis-

files of shear stress for the (111), (110), and (123) oriented shock  location activity, which is expected from a Schmid analysis of each
samples and are obtained using the hydrostatic stress profile for the loading orientation, the remainder of the Hugoniot curve for each

(100) orientation. Shear stresses are used for the first three orienta- sample is very similar within the shock pressures sampled.
tions since shock loading along these directions generates an In Fig. 3(a), the (100), (123), and (110) oriented samples all o
elastic-plastic wave separation that allows the location of the show dislocation activity at a piston velocity of 0.9 km/s, while the =
5
.0
- . . . Elastic @
Partla_ldlslocatlonswnh Plastic Elastic-Plastic Spacing, hJ wave §
stacking faults wave front < ™ front ES

(a) _ » _ _ 4 7 «

0A2|

() 356Pa
(compressive)

-35 GPa I
15 GPa l

-15 GPa I

FIG. 2. Example of the MD simulation results with u, = 1.3 km/s oriented along (111) showing (a) the development of stacking faults from partial dislocation nucleation
aligned with (b) the distribution of hydrostatic stress and (c) shear stress in the sample.

(c)
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(111) sample does not exhibit dislocation activity until 1.2 km/s.
The (110) sample also exhibits the lowest plastic wave velocity,
with the initial plastic wave being measured at approximately
3.7 km/s while the (100), (111}, and (123) oriented samples exhibit
an initial plastic wave velocity of 5km/s or greater. Figure 3(a) also
shows that the derivative of the plastic wave velocity with respect to
the piston velocity changes as the piston velocity increases. This
suggests the existence of separate dislocation propagation vs dislo-
cation nucleation regimes that drive the plastic wave. Similar obser-
vations for the development of the plastic front for the (110)
orientation only were made by Xu et al.’’ In addition, the (111)

(a)
10
e .
9
88668999@ 6 0 "
gvVad v
8 v . L}
@ .
_ o LN
E 74 - ] i:
i) o et Yang et al. [22]
> 6] ® . [ O <100>E
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v ® o0 <110>E
5 1 v e <110>P
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3 : : : : : -
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‘_\
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FIG. 3. (a) us vs u, curves and (b) P vs u, from nonequilibrium MD simula-
tions. The elastic wave velocities are represented with open shapes while the
plastic wave velocities are presented as closed shapes in (a). The HEL is identi-
fied as the kink in the curve for each orientation in (b).
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and (123) oriented samples exhibit plastic wave velocity derivatives
that are more shallow than (110), suggesting differences in the evo-
lution of the plastic wave for each orientation.

To elucidate the evolution of stress over all time, x—t diagrams
for each shock orientation are presented in Fig. 4. For consistency,
the x-t diagrams are presented for a piston velocity 0.1 km/s higher
than the HEL for each shock orientation. The hydrostatic stresses in
Fig. 4 are normalized in each case by the measured Hugoniot pres-
sure for that sample. An orientation dependence of plastic evolution
is clear when comparing the evolution of the stress state over time.
For the (100) sample in Fig. 4(a), since there is no elastic—plastic
separation, the interface between compressed and uncompressed
materials is flat as the wave propagates. However, for (110), (111),
and (123) orientations, the separation between the elastic and
plastic waves is very clear. Close examination of the (110) sample
[Fig. 4(b)] reveals that the interface between the elastic and plastic
regions of the compressed material is not flat. Instead, the interface
exhibits roughness where streaks in the hydrostatic stress are identi-
fied. These streaks are elastodynamic wave emissions associated
with the nucleation of dislocations at the plastic wave front and will
be further discussed later while analyzing the stress profiles along
the length of the sample at a single time step. The (111) shocked
sample [Fig. 4(c)] exhibits a large elastic pulse from initial disloca-
tion nucleation that generates an elastodynamic wave. This point in
Fig. 4(c) is identified with an arrow and is the first instant at which
streaks of white, indicating a drop in hydrostatic stress, is present in
the sample. While this occurs for all orientations, it is the most
prominent in the (111) direction, where the event creates two cones,
a large one in the direction of shock and a smaller one in the oppo-
site direction. When the latter meets the piston interface, it reflects
and travels back into the sample. The reflection then travels in the
direction of shock seemingly parallel to the elastic wave, indicating

that they have nearly the same velocity. This event is similar to the ¢

stress fields generated from the injected dislocations described in the
context of dislocation dynamics."'~** Streaks in the hydrostatic
stress originating from the elastic—plastic interface are also present
in the (111) oriented sample but are not as regularly spaced as in
the (110) oriented sample, which could be due to interference from
the large elastodynamic wave that is reflected off the piston. A
similar initial pulse of dislocations is seen in the (123) oriented
sample [Fig. 4(d)], but the transition between the elastic and plastic
regions is slightly more diffuse.

The time after which the regularly spaced elastodynamic wave
pulses occur and the plastic wave velocity becomes visually constant
is defined as fsieady. This point is identified and labeled in Fig. 4 for
each of the orientations sampled. After this point, the plastic wave
is assumed to be steady and data analysis can be performed
without bias from the initial nucleation event in the pristine
(dislocation-free) sample. It is significant to note the variation in
the amount of time required to reach this point, especially for
shock along (111), which requires almost half of the total simula-
tion time. This analysis emphasizes the importance of the selection
of model length for shock simulations near the HEL where it takes
a significant amount of time for a stable plastic wave to develop.

Stress profiles at t =50.0 ps for u,=1.0 km/s for (100), (110),
and (123) oriented samples and 1.3 km/s for the (111) sample are
presented in Fig. 5. This time is selected because it is past fseady
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FIG. 4. x-t diagrams showing the time and spatial evolution of hydrostatic stress for shock along (a) (100), (b) (110), (c) (111), and (d) (123). The hydrostatic stress is
normalized in each case by the measured Hugoniot pressure for that piston velocity. The time of stable plastic wave development is labeled with a dashed line as teaqy-

and the plastic wave is considered well developed. Clearly, shock-
wave profiles are quite orientation dependent. For the (100) ori-
ented sample in Fig. 5(a), the shear stresses are consistently near
zero, characteristic of overdriven shock and continuous dislocation
nucleation. In the case of (110) oriented shock, the stresses oscillate
between the plastic and elastic fronts due to the dislocation nucle-
ation events, shown initially in Fig. 4. Although not shown for
brevity, at higher piston velocities, the magnitude of these oscilla-
tions increases along with a decreased elastic-plastic wave separa-
tion. The initial stages of these pulses are visible in the profile of
up = 1.3 km/s shock in the (I111) sample but are not as regular.
The delay for the development of these elastic waves, which travel

into the elastic region of the sample, can be traced to the first
instance of a homogenous nucleation event that emits a large
elastic wave traveling in both directions along the x axis. When this
wave reflects off the piston, which is defined as a fixed group of
atoms that cannot deform, the elastic pulse travels back toward the
plastic front. Once it has caught up and becomes coherent with the
propagating shockwave, signs of new dislocation nucleation are
present that exhibit elastodynamic pulses like those seen in (110)).
As will be discussed in Sec. IV, this point is important as it gives
information as to when the data regarding the onset of plasticity
can be obtained at the elastic-plastic interface without any bias
from the initial dislocation nucleation event or the piston.
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FIG. 5. Hydrostatic and shear stress profiles after 50 ps during shock in (a) (100), (b) (110), (c) (111), and (d) (123).

The x-t diagrams (Fig. 4) presented for the current study have
many similarities to those presented by Xu et al, who analyzed
shock in the (110) direction, especially the generation of streaks in
the elastic region of hydrostatic stress from the points of dislocation
nucleation.”’ Furthermore, the shear wave profiles for the (111)
sample [Fig. 5(c)] are similar to those presented by Zhakhovsky
et al. and exhibit the same oscillations in the local stress state that
occur at points of dislocation nucleation and multiplication.’’
Overall, these two references demonstrate similar and interrelated
phenomena associated with elastic pulses generated by dislocation
nucleation and multiplication that is replicated in this study for a
variety of shock orientations.

Using stress profiles, the elastic—plastic separation can be
determined numerically and measured as the shockwave propa-
gates. In comparing the result of the current MD simulations to the
homogenous dislocation nucleation model proposed by Meyers,’

some key conclusions can be made. First, the Meyers model pre-
dicts that as the elastic shock front propagates, dislocations will be
periodically nucleated once the deviatoric stresses build up to the
point in which dislocation nucleation is required to relax the
system strain energy. This would imply a maximum critical dis-
tance, h, that the elastic front is allowed to outrun the plastic front
until this event occurs and the plastic front instantaneously jumps
to catch up with the elastic front. Using the theory presented by
Meyers, this distance would be on the order of tens of nanome-
ters,”®** which is well within the bounds to be captured in the sim-
ulation box used in this study. Interestingly, for shock along (110)
in this study, the oscillations in elastic wave pulses shown in Figs. 4
and 5 have a period of approximately 14 nm which is in line with
the prediction of Meyers. Even though some shock orientations
and shock pressures exhibit characteristics that suggest the nucle-
ation of dislocations at regular intervals that drive the plastic wave
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forward at a higher rate, the plastic front is never seen to make
large jumps in velocity to catch up to the elastic front. In the
results from Xu et al.,”’ it is discussed that the nucleation of dislo-
cations releases an acoustic wave that relaxes the elastic region to a
sub-critical stress state, which decreases the likelihood of nucleation
for a short time until the stresses built beyond the HEL again to
induce another nucleation. Due to this delay and the inhibition of
motion of new dislocations from the pre-existing ones, the elastic
wave continuously outpaces the motion of the plastic wave.
Zhakhovsky et al. concluded that the elastic and plastic waves will
eventually reach a synchronized speed where the spacing between
them will converge.” However, this would require much longer
models to confirm as they report elastic-plastic spacings up to
500 nm before converging, which is the length of the sample in this
study. Therefore, verification of their conclusion requires longer
simulations and further analysis of the phenomena.

IV. LINE DETECTION METHODOLOGY TO MEASURE
DISLOCATION SPACING

Quantitative characterization of dislocation spacing during
shock loading is performed using a computer vision-based
approach, starting with the tools in OVITO."” To identify the
average spacing of stable dislocation loops in the nucleation zone, a
structural definition of the plastic wave position is necessary, to act
as a reference point for imaging processes. While the plastic wave
position was defined in Sec. III from thermomechanical variables, a
structural definition is more useful here to define a moving window
centered around new dislocation nucleation activity, as opposed to
an average thermomechanical state in the system. Plastic wave posi-
tion is determined via a one-dimensional binning procedure in
which the number of HCP atoms (identified through CNA) is
counted and divided by the total number of atoms in each bin. An
example of this profile is shown in Fig. 6(a). Using this profile, the
plastic front position is identified as the first peak, and at each
output step, a thin slice (3 A) 350 A behind this point is extracted
for analysis. Then, an image is created normal to the direction of
shock (the cross section of the sample) using the rendering capabil-
ities in OVITO. In these images, all atoms that exhibit an HCP
local structure are colored white with the background colored
black. This coloring scheme results in a mostly black image with
distinct sets of white lines that correspond to the activated slip
systems (stacking faults) that intersect the sample cross section
during shock. The slicing and rendering procedures are presented
visually in Figs. 6(b) and 6(c).

A probabilistic Hough transform from the OpenCV*’ Python
package is used to locate all line segments within the image. The
lines are detected by transforming each pixel in the image into
Hough space and generating a series of curves based on the algo-
rithm by Matas et al.*® in what is known as the progressive proba-
bilistic Hough transform. Using an approach akin to a Monte
Carlo methodology, each pixel in the image is randomly selected
and processed in its respective Hough space by converting the
Cartesian coordinates (x;, y;) to the polar coordinates (p, 60). In
this transformation, every pixel is then converted to a line in the
Hough space. When two lines intersect in Hough space, the two
pixels are on the same line defined by (p, ), and if enough
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intersections are detected for a single line, the algorithm accepts it
as a line. A more detailed description of the probabilistic Hough
transform algorithm is available in the work of Matas et al.”® as
well as the documentation from OpenCV."

The output of this process consists of the endpoints of lines
based on the key input parameters,” such as the minimum line
length, maximum gap between lines, and the threshold for how
many pixels must lie on one line in order to be detected as a line.
In a traditional Hough transformation, the output would be global
lines in space, but the use of the probabilistic Hough transform
allows for the detection of individual short line segments. An addi-
tional step is implemented that rotates each image, for a particular
orientation and piston velocity, to align each set of stacking fault
lines that are anticipated from Schmid analysis to the y axis of the
image. By adding this step, each set of lines can be detected by only
considering the vertically aligned segments, guaranteeing that the
line sets are parallel and straight. Using the lines detected, a precise
reconstruction of the cross section is created that isolates the stack-
ing faults as straight lines without surrounding noise. Once the
stacking fault lines are detected, the spacing between the activated
slip systems is characterized using two different methods. In the
first method (method 1), the number of lines detected in each
image is divided by the cross-sectional area of the sample to obtain
an approximation of the dislocation density, p. Then, assuming the
dislocations are arranged with general uniformity across the repre-
sentative area, the spacing between dislocations, d, is \/p~!.

In the second method (method 2), the detected lines are con-
verted to a vector based on their direction and partitioned into sep-
arate sets of parallel lines that represent each slip system. Since each
set of lines is detected as vertical segments, a resulting series of
images that consist of a single set of parallel lines for each slip
system is obtained. The vertical lines are then collapsed into a one-
dimensional array along the x axis where every column of the pixel
is identified as having a line or not. Then, these data sets for each
slip system in each image are analyzed via a one-dimensional auto-
correlation to measure the peak spacing between the detected lines
for each slip system. The number of autocorrelations computed for
each time step is equal to the number of partitioned line systems.
After every image has been analyzed and the average peak spacing
is determined from the autocorrelation, the data sets are averaged
with each other to calculate an average distance between the acti-
vated slip systems for each shock orientation and piston velocity.

An example of stacking fault line detection on a single cross
section from the (111) oriented sample is presented in Fig. 7. The
detected lines for each activated slip system overlayed on the origi-
nal image from CNA are presented in Fig. 7(b) where each set of
lines is colored as blue, red, or green to illustrate the detection of
each slip system orientation independently. In this figure, the lines
are given an extra thickness for visualization purposes, but in the
method 2 analysis, they are kept at the smallest linewidth possible
to avoid peak widening in the computation of the autocorrelations.

Note, for each shock orientation, the procedure outlined is
performed on a slice of the shocked model at each time step
sampled. Images are collected every 0.5 ps from fge,qy until 51 ps
(where the start of the piston ramp process is 0 ps). The acquisition
of data does not begin until fye.qy, to eliminate any effects from
piston ramping or the initial elastodynamic wave pulse from the
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FIG. 6. (a) Procedure to identify the location of the plastic wave and the position of the image, x*, using the HCP atomic ratio and hydrostatic stress, (b) sliced image of a
shocked MD simulation cell at position x*, and (c) the resulting image showing stacking faults intersecting the cross section.

first dislocation nucleation event, as discussed in Sec. III. The x—¢
diagram for the (111) oriented sample at u, = 1.3 km/s presented
in Fig. 4(c) suggests the significance of this value, since after this
point, elastodynamic wave pulses coming from the elastic—plastic
interface become much more frequent as indicated by the white
streaks emanating from the interface between the two regions.
Prior to this time, the elastic pulses do not exhibit what can be
interpreted as periodic behavior. The beginning stages of these
oscillations can be seen in Fig. 5(c) for the stress profile of the
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(111) sample where the oscillations trail a mostly flat region just
behind the elastic front. The exact nature and mechanics of these
oscillations are not clear and the time-dependence of their develop-
ment relative to the initial nucleation are beyond the scope of this
paper. Thus, data are only collected after this point as the wave is
considered to be fully developed with the stable nucleation patterns
present.

A primary advantage of the probabilistic Hough transforma-
tion is that it can recognize and combine lines that are segmented
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FIG. 7. (a) Stacking faults identified using CNA that intersect an example cross
section of the shocked (111) oriented sample with u, = 1.3 km/s and (b) the
detected lines colored blue, red, and green for each set of slip planes detected
in the image.

slightly from one another due to the limitations of CNA to identify
structures at junctions and in regions with very high thermal fluc-
tuations. Other methodologies to characterize dislocation activity,
such as the dislocation extraction algorithm (DXA)"’ and clustering
the HCP atoms based on the results of CNA, may do a poor job in
characterizing heavily disordered regions. For example, clustering
based on a local structure may create groups that are too large,
combining stacking faults that cross one another, or many
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FIG. 8. Dislocation spacing measurements from method 1 (dashed lines with
circles) and method 2 (solid lines with triangles) with associated error bars as
the standard deviation of the data set.

disconnected groups that visually should be identified as a single
stacking fault. The hyperparameters associated with the methodol-
ogy developed here allow for gaps between line segments and
define thresholds for what should be identified as a line or stacking
fault, enabling the combination of segmented lines that are likely to
be of the same object in reality.

For each sample and piston velocity, there are approximately
40-62 measurements of spacing between the detected stacking
faults obtained that are averaged and allow a measurement of stan-
dard deviation for each data set. If an image is identified to have no
lines present, because it was taken in a region that was too disor-
dered to correctly identify the stacking faults, it is disregarded.
Additionally, this analysis is only performed on the (100}, (110),
and (111) oriented shocked samples as the (123) oriented sample
displays a more complex development of dislocation behavior with
respect to the preference of the activated slip systems. In this orien-
tation, Schmid analysis identifies the maximum Schmid factor of a
single slip plane to be 0.4666, but there exists another plane with a
Schmid factor of 0.3499. This secondary slip system is close enough
to the maximum that it does appear in the shocked sample, but
with a lower likelihood for a given shock pressure. This means the
different slip systems would vary in their respective frequencies of
detection and spacing. Since the methodology developed in this
study assumes each slip system or set of lines to be equally likely,
this orientation is omitted from the analysis.

V. DISLOCATION SPACING RESULTS AND DISCUSSION

The results of method 1 and method 2 are displayed in Fig. 8
with error bars from the standard deviation across all images ana-
lyzed from each sample. In this plot, the x axis is normalized with
respect to the HEL for each orientation where plasticity first occurs,
since the (111) oriented sample exhibits a higher HEL than the
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(100) and (110) oriented samples. These results reveal that as the
shock pressure increases, the average dislocation spacing modestly
decreases for the (100) and (111) orientations when using method
1. The (110) oriented samples do not demonstrate the same shock
pressure dependence on dislocation spacing. Using method 2, the
same conclusions cannot be made regarding a decrease in disloca-
tion spacing with increasing piston velocity. The spacing between
the activated dislocations is essentially constant as the piston veloc-
ity increases and the spacing between the activated slip systems is
not orientation dependent either, as is observed from the results of
method 1. For validation of the sample dimensions, a series of sim-
ulations were performed on the (111) oriented samples with lateral
dimensions of 40 x 40 nm” with no significant difference in the
results found. However, while there were no significant differences
detected and the lateral dimensions are similar to those used in the
literature,”"*” there is a possibility of size dependence at even larger
lateral dimensions.

The differences between the method 1 and 2 results presented
in Fig. 8 are due to several factors. First, the two methods are mea-
suring two different, but related, quantities. Method 1 is focused on
all dislocations that intersect each snapshot during shock loading
and measures spacing considering the total number detected
among all activated slip systems, regardless of the slip systems acti-
vated. The spacing within the cross section is assumed to be
uniform for all lines. For method 2, the spacing is a more direct
measurement between each set of parallel activated slip planes.
Therefore, each set of lines detected only has a measurement asso-
ciated with dislocations on the same slip system, offering informa-
tion on the average spacing between similar types of dislocation
activities but less on the state of the entire system. There could be a
case in which there are very few dislocations in the system, but
method 2 would present a small spacing if these dislocations are
clustered in a small region of the image.

In either case, the spacing between nucleated dislocations
measured in this study are significantly smaller than the values pre-
dicted by Meyers,” which are on the order of 10-20 nm as opposed
to the 1-3nm range obtained using the MD simulations. The
model proposed by Meyers is a two-dimensional idealization of a
complex three-dimensional problem and lacks the influence of
temperature on nucleation kinetics.”"**** While they did not study
the same material, Jarmakani ef al.” and Cao et al.”’ presented data
on the spacing between stacking faults generated for FCC Cu that
are between 1 and 12 nm, although their methods for computing
this spacing is not explicitly described. While these results cannot
be compared one-to-one, they offer some insight into the scale that
could be expected. Furthermore, the effects of pre-existing disloca-
tions and various regimes of dislocation nucleation activity have
been discussed in the work of Xu et al™ The effects of these
regimes on the spacing between new dislocations and their associ-
ated multiplication to form stacking faults should be explored
further to determine the interlinking between shock pressure and
dislocation—dislocation interactions as nucleation occurs.

It is also important to note that there is an orientation depen-
dence to the accuracy of the line detection since the stacking fault
lines detected are a projection onto the plane that the image is
taken, resulting in the variation of thickness of the lines dependent
on the orientation of the respective slip systems to the direction of
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shock. Stacking faults that are very thick may be large enough to be
detected as multiple lines that are closer together even if they are
one activated slip plane. A more intelligent line merging algorithm
that ensures only one line is detected per stacking fault would aid
in decreasing this error. Currently, merging is based on the distance
the endpoints of the lines are from one another, which serves well
to decrease lines that overlay one another, but may miss those that
are on the same stacking fault line but are offset from each other.

A final limitation of both methods is the accuracy of CNA on
the highly compressed state of Al during shock compression. To
accurately detect the presence of stacking faults, CNA must be able
to detect HCP atoms in large enough clusters that show up as lines
in images. In the compressed region behind the shock front, much
of the material may be identified as a BCC structure (depending on
the compression axis) or as “other” to indicate it is too disordered
to have a structure labeled. Both structures are a result of the CNA
algorithm misinterpreting the compressed atoms and this worsens
as the shock pressure increases. Furthermore, as the stacking fault
density is expected to increase with the rise of shock pressure, the
number of dislocation junctions increases, which creates disordered
regions that are difficult for the CNA algorithm to cleanly detect.
This results in a lower proportion of acceptable lines to be detected
by the probabilistic Hough transform even though there is more
plastic deformation present, limiting the range of piston velocities
that are capable of being sampled by the current methodology.

VI. CONCLUSIONS

Molecular dynamics simulations are performed to study the
shock of single-crystal Al oriented along (100), (110), (111}, and
(123) to study the spatial relationship between dislocations in the
nucleation zone behind the plastic wave front. Spatial binning of

hydrostatic and shear stresses indicates that plasticity during shock ¢

is orientation dependent, specifically, the elastic—plastic spacing
and the derivative of the plastic wave velocity with respect to the
piston velocity. Oscillations in hydrostatic stress in the elastic
region, shown in both x-t diagrams and stress profiles at an indi-
vidual snapshot in time, offer evidence of dislocation nucleation at
regular intervals and the elastodynamic stress pulses that travel into
the elastically compressed region.

In what is to the authors knowledge, the first quantitative
approach to this problem, samples oriented along (100), (110), and
(111) are analyzed using a computer-vision based algorithm lever-
aging the development of stacking fault lines detected with
common-neighbor analysis to quantify the spacing between nucle-
ated dislocations. Measuring the spacing between stacking faults by
calculating the density of detected lines in a series of images for
each crystal orientation (method 1), an orientation dependence of
dislocation spacing is found in addition to a modest decrease in
spacing as the shock pressure increases. When the spacing between
each set of lines is computed using an autocorrelation of each set of
parallel lines (method 2), the results yield no such dependence on
shock pressure or orientation.

The methodology presented to obtain the measurements of
dislocation spacing is not unique to Al and can be applied to other
FCC metals with appropriate tuning of computer-vision parame-
ters. In fact, it may be more accurate for FCC materials with low
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stacking fault energy because of the naturally wider separation
between Shockley partial dislocations than in Al. Additionally, the
analysis is not limited to shock loading and can be applied to any
loading state in which the spatial characterization of dislocation
activity is sought to be obtained.
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