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Molecular dynamics (MD) simulation was performed on high velocity plane shock compression of sodium
chloride MgO along [100] lattice direction using a long-range coulombic potential. It was found that the
shock compressions of MgO revealed three distinct regions depending on piston velocities, i.e., single
elastic shock wave, two-wave structure consisting of an elastic wave followed by a plastic deformation
wave, and single plastic deformation shock wave. The critical pressure of 120 GPa was obtained for the
transition from elastic to plastic deformation under the high strain rate of 10 s™. For getting a better
understanding the experimental results, we also investigated the effects of Schottky defects in MgO
single crystal on the Hugoniot Elastic Limit (HEL), the velocity of shock wave and the critical piston
velocity (CPV) resulting in plastic deformation. Our results demonstrated that the HEL decreases from
120 GPa to 100 GPa, and the CPV decreases a little from 2.8 km s~ to 2.2 km s™L. Significantly, a double
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homogeneous nucleation of dislocations accompanied by vacancy emission of dislocations, which has
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1 Introduction

Magnesium oxide (MgO) is an abundant mineral in the Earth's
lower mantle,* therefore, its high-temperature and high-
pressure properties are critical for understanding the Earth's
interiors sufficiently. Furthermore, MgO is also widely used as
pressure scale in static compression experiments®>™ due to its
high stability at extreme conditions, high-temperature and
high-pressure. Thus, it is required to obtain an accurate
description of the equation of state (EOS) of MgO. To discuss
the EOS of MgO from the Hugoniot data, it is necessary to clarify
the effect of shear strength of material which usually can be
discussed based on its Hugoniot Elastic Limit (HEL) during
shock. However, to date, the HEL of MgO along crystallographic
[100] direction is still in contradiction in the literatures.® The
reason for the experimentally reported controvertial MgO HELSs
are still unknown. Both strain rate and defects of MgO may
affect the measured HELs.

Plane shock loading on MgO experimentally showed the
splitting of shock waves,” ie., an elastic wave followed by
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literature and to understand the plastic deformation mechanism of MgO.

a plastic deformation wave. Within the pressure of 1.4 ter-
apascals (TPa), two phase transitions were observed by shock
compression experiments:* MgO firstly transfers from sodium
chloride to cesium chloride crystal at 0.36 TPa while a metallic
liquid phase appears under the pressure higher than 0.60 TPa.
Despite great importance in technology and nature of MgO,
many open questions remain, mostly related to the underlying
atomistic processes, such as plastic deformation mechanism. It
is a challenging subject to experimentally explore the micro-
scopic information including plastic deformation mechanisms
during shock loading process. Computer material simulations
are particularly useful and powerful for problems that may be
inaccessible to direct experimental studies, such as extreme of
pressure. MD simulations and density functional theory (DFT)
were widely used to clarify the MgO properties, such as melting
mechanism,'*** equation of state of MgO" and phase
diagram." Within our best knowledge, up to now, there is no
MD simulation about the MgO shock compression due to its
complicate behaviors. Moreover, despite that defects have
significant effects on dynamic materials properties and
processes,>® including high strain rate loading, studies along
this line on MgO are rare. On the one hand, high level
concentration of vacancies will form in materials serviced under
extreme environment due to the irradiation of neutrons or high-
energy particles.” On the other hand, the effects of defects in
materials are normally entangled and it is desirable to separate
their individual contributions in a research. In this work, using
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MD simulations, we illustrate the simplest individual case, the
effects of Schottky defects on the shock response of MgO single
crystal. Understanding the mechanical deformation of MgO
with Schottky defects should help in the design of materials
with improved mechanical properties.

There are several literatures focusing on a single void
collapse'®'**?* or a collection of voids interaction*® in both
face-centered cubic (fcc) or body-centered cubic (bcc) metals at
high strain rates. Dislocations induced by loading are emitted
from void surfaces as shear loops, with their interactions
leading to hardening.* The individual void serves as dislocation
sources, whose efficiency is further enhanced by their collective
interaction eventually leading to very high dislocation densi-
ties.”® This work focuses on dislocation activity and the result-
ing stress relaxation in MgO single crystal sample with Schottky
defects, which has not been discussed in depth.*® We have
studied the effects of Schottky defects on the elastic-plastic
transition of MgO single crystal under high strain rate shock
compression by large scale MD simulations, in order to eluci-
date the influence of Schottky defects on the shock wave prop-
agation and the deformation mechanism of MgO. Our results
indicate that Schottky defects in MgO single crystal can affect
the HEL, and a double yielding phenomenon occurs for shock
wave propagating in MgO sample with Schottky defects. This
work clarify the contradictory results of MgO HEL in the liter-
ature and present the plastic deformation mechanism of MgO.

2 Methodology of the simulations

The dynamics of shock wave propagation along [100] lattice
direction in MgO single crystal at 1000 K are investigated with
large-scale non-equilibrium MD simulations performed with
software package LAMMPS.”® The simulated specimens are
about 84.336 nm, 16.952 nm and 16.952 nm along the Cartesian
x-, ¥-, and z-axes containing 2 547 200 atoms. A small slab
model (63.146 nm x 16.952 nm x 16.952 nm, containing
1 907 200 atoms) is also created to eliminate the size effects. All
simulations are performed with periodic boundary conditions
in x, y and z directions, and a vacuum layer of 4.662 nm is
created along shock direction. Plane shocks are simulated along
x-axis with [100] lattice direction. The plane shock waves are
produced by slamming a piston with a certain velocity, i.e., the
piston velocity (Up), and propagate with velocity Us in MgO
material. The piston velocity Uy, is equal to the particle velocity
(up) behind the shock wave. Velocity profiles are analyzed to
obtain Us. The relationship between U, and U is represented in
the Hugoniot curve. The shock profiles which include particle
velocity, stresses, mass density and atomic displacement in the
yz plane are calculated along the system in the x direction.
Identification of defects is done using the centrosymmetry
parameter”” and the dislocation extraction algorithm (DXA).>®
The latter enables one to identify line and surface defects and to
measure dislocation densities. Visualization and analysis of
atomistic simulation data are performed using OVITO.* The
prerequisite condition for the success of MD simulation is the
availability of reliable interatomic potentials describing the
interaction between atoms in the crystalline lattice. The
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Table1 Short-range potential parameters of MgO used in simulations

A (eV) p (nm) C (ev nm®)
Mg-Mg 0.0 0.1000 0.0
Mg-O 821.6 0.03242 0.0
0-0 22 764.4 0.01490 2.037 x 107°

empirical potential form® is applied according to the work of
Lewis and Catlow, as shown in the following expression:
Z.7.e* C.

" 6
Ty Pij Tij

where Ej; is the interatomic potential, the right-hand side terms
represent the Coulomb interaction, repulsion energy, and van
der Waals force, respectively. Here A;; and p;; are the parameters
for the repulsive interaction, C;; is van der Waals constant, Z; or
Z;is an effective charge with Mg ion of 2 and O ion of —2, e is the
electronic unit charge, r; is the interatomic distance between
atoms 7 and j. The parameters of the short-range potential are
shown in Table 1. We use the particle-particle particle-mesh
(PPPM) method, which is more efficient than the standard
Ewald summation, as the k-space solver of the long-range
coulombic interactions with a precision of 1.0 x 10~> and
a cutoff distance of 0.8 nm. The original potential as given in
ref. 30 also includes a polarizable shell. However, in the MD
simulations performed here we do not include shells, using
instead of a rigid-ion approximation for simplicity. Despite of
the simple form of the potential, the stress-strain curve of
uniaxial compression of MgO along [100] lattice direction
calculated via MD method is in good agreement with that of
DFT method when the strain is less than 0.15 as shown in Fig. 1.
Furthermore the P-V curve corresponds very well with the
experimental results>*"*> and the results of other computational
models*** as shown in Fig. 2.

e
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X

Fig. 1 The relationship between the normal pressure (s,) and the
strain (e,) by uniaxial compression along [100] lattice direction
compared to the result of DFT method. The black arrow indicates ¢,
with the value of 0.15. The stress—strain curve calculated from MD
method is in good agreement with that of DFT method when the strain
is less than 0.15.
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Fig.2 The P-V EOS of MgO calculated via MD method compared to
the results of experiments and other computational models at (a) 300
K and (b) 1000 K, respectively.

3 Results and discussion
3.1 Hugoniot Us — U, curve

For particle velocity distribution as shown in Fig. 3(a), two wave
structures are identified, i.e., an elastic wave is followed by
a plastic wave, which has well reproduced the experimental
detected phenomenon,” where they also found two-wave struc-
ture along [100] crystallographic shock compression. The
average displacement of atoms perpendicular to the impact
direction is a useful quantity to distinguish elastic wave from
plastic wave. In Fig. 3(b), the displacement in the yz plane
increases distinctly along the impact direction. The distribution
of mass density also reflects the differences among undisturbed
area, elastic area and the plastic deformation area. As shown in
Fig. 3(b) blue points, the mass density is about 3.46 g cm™>
ahead the shock front, which is the mass density of MgO in
ordinary state at 1000 K, while it increases to 4.4 g em ™ and
4.7 ¢ cm ™ in the elastic area and plastic area, respectively. It is
also noted from Fig. 3(c) that the maximum shear stress () in
the plastic deformation region releases to a value of 10 GPa via
dislocation nucleation and slipping of {110} [110] system, and
the profile of the longitude stress (o,) also exhibits clearly three
areas, ie., the undisturbed area, the elastic area and the plastic
area.

The shock front velocity Us is defined by following the drop
in the particle velocity profile as shown in Fig. 3(a). Fig. 4
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Fig. 3 (a) Profile of particle velocity. (b) Atomic displacement (the left
vertical axis) in the yz plane and mass density distribution (the right
vertical axis) for t = 5 ps. Atomic displacement in the plastic defor-
mation area is higher than that in the elastic area. (c) Profile of the
longitude stress along shock direction (o,) and the maximum shear
stress (7). The shock front moves from left to right with the piston
velocity U, = 3.0 km s~! along crystallographic [100] direction.

exhibits the Hugoniot Us — U, relationship of the pristine MgO
single crystal and the MgO single crystal with 0.1% Schottky
defects along [100] crystallographic shock orientation. In this
section, we only discuss the Hugoniot Us — U, relationship of
the pristine MgO single crystal, and leave the discussion on the
Schottky defects to the next section. Note that U, and U refer
the piston velocity and the velocity of shock waves, respectively.
We find that the shock compressions of MgO show three
distinct regions depending on Up. At the beginning, when the
piston owns a velocity below 2.8 km s, it only generates elastic
deformation as indicated by the left red arrow in Fig. 4. Start
from 2.8 km s™* until 7.0 km s, a well-defined two-wave
structure generates, consisting of an elastic wave followed by

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 The Hugoniot curve of MgO single crystal along [100] crystal-
lographic shock orientation obtained by MD simulations at 1000 K,
compared to experimental data Liu,” Ahrens® and LASL,3* which were
measured by the methods of velocity interferometer system for any
reflector (VISAR), inclined-mirror and flash-gap, respectively. Red
triangle points and red star points represent elastic shock wave and
plastic deformation shock wave in the pristine MgO single crystal in
our work; blue triangle points and blue star points represent elastic
shock wave and plastic deformation shock wave in MgO single crystal
with 0.1% Schottky defects. The right red arrow represents the piston
velocity with which plastic wave velocity exceeds elastic wave velocity.
The black arrow, the left red arrow and the blue arrow represent the
critical piston velocity (CPV) resulting in plastic deformation for the
experimental results® and our MD simulations of the pristine MgO
single crystal and the MgO single crystal with 0.1% Schottky defects,
respectively.

a plastic deformation wave. Then when the piston velocity goes
above 7.0 km s~ ', as indicated by the right red arrow in Fig. 4,
the plastic deformation shock wave overdrives the single elastic
shock wave. Usually, the formula, Us; = C, + Au,, describes the
relationship between velocities of shock waves and particle
velocities behind the shock front within limits. Here C, repre-
sents the velocity of elastic longitudinal wave, u,, represents the
particle velocity which is the same as the piston velocity (Up,), 4 is
a constant. Consequently, we get the velocity of longitudinal
elastic wave C, (8.65 km s~ ') and the constant A (2.094) by fitting
the data of U and U, in the region of single elastic shock wave
following this linear function. We should be aware of that C, is
consistent with sound velocity (9.12 km s™*) calculated from the
elastic constant of MgO.** For the region of two-wave structure,
it is interesting that the velocity of elastic wave increases slightly
with increase of the piston velocity. Two obvious characteristics
are obtained from Fig. 4 by comparing the Hugoniot U; — U,
relationship of the pristine MgO single crystal and the experi-
mental results. First, the velocity of the plastic wave is much
lower than that of the experimental results for the case of lower
piston velocities in particular, whereas the difference will
gradually decrease to about 1.0 km s~ " with increase of piston
velocity. Second, the pristine MgO sample has a much higher
value of the CPV compared to that of the experimental results,
ie., 2.8 km s~ " indicated by the left red arrow relative to 0.6-0.8
km s~* indicated by the back arrow. Possible reasons for these
differences are the strain rate of compression and the effects of
defects in MgO materials.
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3.2 Hugoniot elastic limit of MgO under [100] shock
compression

For clarifying the critical pressure of elastic and plastic defor-
mation, the shock Hugoniot P-V curve is presented in Fig. 5. We
can find that an inflection point exists at the V/V, = 0.75 cor-
responding to normal pressure of 120 GPa and the piston
velocity of 2.8 km s~'. The maximum shear stress (7) decreases
to near zero at the inflection point due to the plastic deforma-
tion, which indicates that the HEL of MgO is 120 GPa. While Liu
et al. reported that the HEL of MgO under [100] shock direction
were 4.3, 4.1, and 2.9 GPa at final stresses of 16.3, 22.0, and
31.7 GPa, respectively.” It is acceptable that the HEL of MgO is
as high as 120 GPa under specific conditions. Sarva et al. used
a modified split Hopkinson bar to perform the high strain rate
tests in silicon carbide (SiC).** Their results showed that the
strain rate sensitivity of the compressive strength of SiC mate-
rial was very strong. A marked increase is observed in the
compressive strength at strain rates greater than 100 s™'. We
evaluated the strain rate of our MD compression simulations,
which is up to 10'° s, whereas the strain rate is only 10° s™*
from the shock compression results of experimental group
using bore-keyed powder gun method. Hence, it may be
acceptable that the HEL is as high as 120 GPa under the high
strain rate of 10’° s™. We note that a difference exists in the
HEL of MgO measured by different experimental groups.>*® This
difference is likely due to the strain rate on the MgO samples
during compression.

3.3 The Hugoniot Us — U, relationship and the HEL
changing due to Schottky defects

As mentioned above, one of the reasons to bring the discrep-
ancy between experimental and simulated results might be
from defects induced effects. We then focus on the effects of
Schottky defects on the Hugoniot Us — U, relationship and the
HEL of MgO. When considering the effects of preexisting voids
on dislocation nucleation in shocked fcc solids, Hatano found
that the HEL drastically decreases to 15% of the perfect crystal

400
——,

T 320 —_—
O
B/ 240 Up=2.8 km/s
o 160
(7]
o
I 80

0 N o N

05 06 07 08 09 1.0

VIV,

Fig. 5 The relationship between stress and volume. The maximum
shear stress (1) and normal pressure (o,) along shock direction of [100]
lattice direction. The black arrow indicates an inflection point at the V/
Vo = 0.75 corresponding to normal pressure of 120 GPa and the piston
velocity of 2.8 km s 1.
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when the void radius is 3.4 nm.*® One question is arising that
how about the effects of Schottky defects in MgO on the
Hugoniot U; — U, relationship and the HEL. Normally the
“equilibrium” Schottky defects concentration in MgO single
crystal is very low at 1000 K and its effect is expected to be
negligible. However, high vacancy concentration up to 1% can
be metastably preserved via proper processing, e.g., thin film
growth®” and ion irradiation.*® Furthermore, by studying the
effects of Schottky defects, we can deduce which effects, the
strain rate or the Schottky defects, play a dominant role in
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Fig. 6 The distributions of the particle velocity (up) (a), the normal
pressure (a,) (b) and the maximum shear stress (1) (c) with U, = 3 km
st along [100] shock direction at 6 ps. The black points, red points and
blue points represent the results of MgO single crystal with no
Schottky defects (Pristine), 0.01% and 0.1% Schottky defects, respec-
tively. The black arrow and the blue arrow indicate the positions of
plastic deformation shock front of pristine MgO single crystal and MgO
sample with 0.1% Schottky defects, respectively.
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changing of the U; — Uy, relationship and the HEL of MgO. High
vacancy concentration may facilitate considerably heteroge-
neous nucleation of plasticity and voids spall damage even
within MD time and size scales. Hence we introduce Schottky
defects of only 0.01% and 0.1% atomic concentration in the
MgO single crystal to investigate the effects of defects. Fig. 6
shows the distribution of the particle velocity, the normal stress
and the maximum shear stress of MgO single crystal without
and with Schottky defects. Comparing the MgO impaction
simulations, it presents the following characteristics. First, the
velocity of plastic wave increases as indicated by the positions of
those shock wave front in Fig. 6(a). Second, the stress strength of
the shock wave decreases compared to that of the pristine MgO
single crystal in Fig. 6(b). According to Minshall,* the “normal
pressure” of the elastic precursor is defined as the HEL. There-
fore, our results demonstrated that the HEL decreases to 100 GPa
for the MgO sample with 0.1% Schottky defects. Third, the release
of the maximum shear stress (7) takes place in advance in Fig. 6,
which implies a new mechanism of plastic deformation for MgO
sample with Schottky defects. We will discuss this new mecha-
nism deeply in the next section. For comparison, we also plot the
Hugoniot U; — U, relationship of the MgO sample with 0.1%
Schottky defects as shown in Fig. 4. We can see that the velocity of
elastic shock wave in MgO single crystal with 0.1% Schottky
defects changes little compared to those of MgO single crystal
without Schottky defects. The velocity of plastic wave increases
and moves closer to the experimental Hugoniot data, but it still
differs greatly with the experimental results reported by Ahrens®
and Marsh.*® We also note that the CPV resulting in plastic
deformation decreases from 2.8 km s~ " (indicated by the left red
arrow) to 2.2 km s~ (indicated by the blue arrow). Furthermore,
the HEL decreases from 120 GPa to 100 GPa. Whereas the CPV
and the HEL are still much higher than the experimental value of
0.6-0.8 km s™' (ref. 5 and 7) and no more than 10 GPa,*”
respectively. Therefore, the high value of the CPV and the HEL
mainly result from the high strain rate of the shock compression
compared to the effects of Schottky defects. Furthermore, even
well annealed Cu single crystals have a dislocation density of 10°
to 10® cm 2, leading to a low experimental HEL.* Therefore,
dislocation sources, such as Schottky defects, could be an alter-
native explanation to the departure of the calculated single crystal
Hugoniot with respect to the experimental Hugoniot.

3.4 Deformation mechanism of MgO with Schottky defects

To understand the effects of Schottky defects on the Hugoniot
Us — U, relationship and the HEL of MgO, we will discuss the
deep insight of Schottky defects into the deformation mecha-
nism of MgO. The decrease of shear stress corresponds to the
plastic behavior, which is very complicate for MgO including
dislocation activity, phase transformation and melting. Here we
only focus on the plastic deformation mechanism of dislocation
activity. The maximum shear stress (t) decreases sharply as
indicated by the black arrows in Fig. 7(a), while dislocations
nucleate homogeneously when the shock wave travels through
the material. Dislocations nucleate, grow and crisscross into
a dislocation network, most of which are composed of 1/2(110)

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 The evolution of dislocation structures (blue lines) and the
maximum shear stresses (z) (red point line ranging from 0 to 50 GPa) in
pristine MgO sample (a) and MgO single crystal with 0.1% (b). The shock
front moves from left to right with the piston velocity of 3.0 km s~*. The
black arrows indicate the positions of plastic deformation shock front.

pristine dislocations, a small number of 1/6(112) Schottky
dislocations as well as others. We also note that dislocation—
dislocation interactions leads to the development of a three-
dimensional pattern of intersecting loops in all available
{110}(110) slip planes with a large number of junctions. Most
importantly, a double yielding phenomenon occurs in MgO
sample with 0.1% Schottky defects, which is obviously different
from the deformation behavior of the pristine MgO single
crystal. Seeing the right part of the black arrow from Fig. 7(b),
dislocations emitted from preexisting vacancies appear ahead
of the shock front, which is in controversial to the clear region
of Fig. 7(a). After initial stages of heterogeneous nucleation
from the sources at 4-5 ps, there are two regions, that is the
homogeneous and heterogeneous dislocation nucleation
regions, divided by the black arrows in Fig. 7(b). The region of
heterogeneous dislocation nucleations shows lower dislocation
density than the region of homogeneous nucleation at 6 ps.
Seen from the last frame of Fig. 7(b), the first slow decrease of
the maximum shear stress corresponds to the vacancy emission
dislocation, which has never been reported before, and the
second decrease corresponds to the homogeneous nucleation of
dislocations behind the shock front. The threshold stress of
vacancy emission dislocation is less than that of dislocation
homogeneous nucleation, leading to the vacancy emission of
dislocations occurs first. Note that the width of shock front

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Series of snapshots of the MgO sample in the region of
heterogeneous dislocation nucleations. The shock proceeds from the
left to the right with U, = 3.0 km s ! in the MgO sample of 0.1%
Schottky defects. The arrows show the evolution of atomistic config-
urations. The centrosymmetry parameter? is used for color coding.
Only defective Mg atoms (vacancy surfaces and dislocations) of a part
of the MgO sample are shown with centrosymmetry parameter ranging
from 0.05 nm? to 0.28 nm?. Nucleation of dislocation from the surface
of the two vacancies in the red circle (a—c) is marked in the frame (d) at
5.5 ps. The last three frames indicate the evolution of a dislocation loop,
including the nucleation (d), growth (e) and expansion (f).

becomes wider compared to that of the pristine MgO single
crystal sample due to this double yielding phenomenon. We
find that vacancies (including monovacancies or bivacancies)
serve as the nucleation sites for the shear planes and facilitate
their growth. The elevated free energy and “free volume” asso-
ciated with vacancies allow lower energy barrier for nucleation
of local shear and the formation of dislocations. Fig. 8 illus-
trates the processes of dislocation nucleation, growth and
expansion from a case of vacancy cluster V,. First, positions of
the atoms around V, are disturbed due to the shock compres-
sion from the frame (a) to (c). Then, a dislocation nucleates
from the surface of the disturbed V, in the frame (d), grows
gradually and finally forms a dislocation loop from the frame (e)
to (f). As a result, the shear planes are irregularly spaced due to
the randomness of vacancies. For the case of shock wave
propagating in MgO sample with 0.01% Schottky defects, this
double yielding phenomenon is not obvious. Therefore, a crit-
ical concentration of Schottky defects is required for localized
shearing to emit dislocations from Schottky defects.

4 Conclusion

In summary, high velocity and strain rate shock compressions
of MgO for [100] shock direction are investigated by MD simu-
lations. We found that the shock compression of MgO shows
three distinct regions, i.e., single elastic shock wave, two-wave
structure consisting of an elastic wave followed by a plastic
deformation wave and single plastic deformation shock wave.
The results exhibit that the HEL of pristine MgO single crystal is
120 GPa for crystallographic [100] direction under the high
strain rate of 10'° s'. We also investigated the effects of
Schottky defects on the Hugoniot Us — U, relationship and the
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HEL of MgO. First, the velocity of the plastic wave increases and
moves closer to the experimental results. Second, the CPV
decreases a little from 2.8 km s * to 2.2 km s~ *. Third, the HEL
decreases from 120 GPa to 100 GPa. Whereas the CPV and the
HEL are still much higher than the experimental value of 0.6-
0.8 km s~ and no more than 10 GPa, respectively. The main
factor leading to the discrepancy between our simulations and
the experimental results is attributed to the strain rate in
comparison with the effects of the defects. Most importantly,
the double yielding phenomenon occurs for shock wave prop-
agating in MgO sample with Schottky defects, i.e., homoge-
neous nucleation of dislocations accompanied by vacancy
emission of dislocations, which has never been reported before.
This work sheds light on clarifying the contradictory results of
HEL of MgO in the literature and understanding the plastic
deformation mechanism of MgO. The methodology of this
study can be used to study the mechanical response of mate-
rials, which have a significant potential for use under extreme
environment, such as irradiation condition resulting in high
level concentration of vacancies.
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