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Abstract Large-scale molecular dynamics (MD) simu-
lations are carried out using the Tersoff potential to
understand the shock wave propagation behavior and the
microstructural response of amorphous silica (a-SiO,) and
a-quartz. The effect of shock pressure on the densification
and phase transformation behavior is investigated using
impact velocities of 0.5, 1.0, 1.5, and 2.0 km/s for a-SiO,
and using impact velocities of 2.0 and 3.0 km/s for o-
quartz. MD simulations for a-SiO, suggest that impact
velocities of 1.5 km/s and higher result in average pres-
sures that are greater than 9 GPa for the compressed
material leading to permanent densification of the material
behind the shock front. In addition, the high peak pressures
render a phase transformation of the amorphous phase to
the high-pressure stishovite phase, and the microstructure
corresponds to a heterogeneous mixture of stishovite and
liquid SiO,. Spall failure due to the interaction of the
reflected tensile waves, however, is not observed for any of
the velocities considered for amorphous silica as the peak
tensile pressure generated is insufficient to nucleate cracks.
This is verified through MD simulations of uniaxial
expansion of fused silica to compute the spall strength at
the strain rates generated during shock simulations (10° *©
10'° s7!). The uniaxial expansion simulations suggest
a brittle mode of failure for a-SiO,, as observed
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experimentally. In comparison, shock-induced densifica-
tion and phase transformation behavior to the high-pressure
stishovite phase are also observed for o-quartz for an
impact velocity of 3.0 km/s. The threshold pressures for
the densification and phase transformation behavior for
amorphous silica and o-quartz compare very well with
those observed experimentally.

Introduction

The understanding of the deformation and failure response
of ceramics comprising of covalent/ionic interactions under
dynamic loading conditions has been of interest for several
decades to investigate their stability and response in
extreme environments, especially for applications in a
majority of impact resistant structures [1]. The dynamic
response of these materials is characterized by a large
Hugoniot elastic limit (HEL), i.e., the shock pressure cor-
responding to dynamic yielding. The deformation behavior
of these materials is largely attributed to modifications in
local density, defect formation, phase transformation, etc.,
that can lead to crack nucleation and propagation to cause
failure. The applicability of these materials for impact
resistant applications, therefore, requires a fundamental
understanding of the dynamic response of these materials
under the shock-loading conditions at the atomic scales as
well as the micromechanisms related to crack nucleation
and propagation. The complex chemical structure of these
materials and the plastic deformation behavior coupled
with phase transformation behavior at high pressures and
temperatures, however, make it difficult to determine the
role of the individual contributions.

One such technologically important material is fused
silica (SiO,) that has been studied extensively using
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experiments as well as computational methods to investi-
gate the deformation and phase transformation response at
high temperatures and high pressures. Experimental studies
[2-7] have suggested the densification of fused silica under
shock-loading conditions at shock pressures above 9 GPa.
The densification is attributed to the atomic rearrangement
of the SiO, tetrahedra under shock compression [5].
However, a shock pressure of 16 GPa is observed to be an
upper limit for the densification process. The shock pres-
sures ranging from 16 to 30 GPa correspond to the for-
mation of a heterogeneous phase under shock compression.
The heterogeneous phase comprises of a localized high-
pressure phase of SiO, and zones of SiO, melt in the shock
compressed region [8—10]. In comparison, the shock
response of the crystalline stable phase of SiO, (a-quartz)
is characterized by a higher HEL as compared to fused
silica and a phase transition from o-quartz to the high-
pressure stishovite phase in the pressure range from 16 to
38 GPa [8-10]. This phase transformation, however,
requires shock pressures of 40-50 GPa to complete. Lower
shock pressure and/or short time scales may limit this
phase transformation and the resulting material will have a
fluid-like structure with a short range order.

Thus, the silica system proves to be a unique system to
investigate the links between bonding environment, wave
propagation behavior, shock pressures, and phase trans-
formation behavior in brittle materials. The heterogeneous
nature of these materials and the small time scales of the
processes involved, however, make it difficult to identify
and characterize the atomic scale processes using experi-
ments alone. The recent advancements in the availability of
computational resources and the atomic scale computa-
tional methods such as classical molecular dynamics (MD)
allow for the investigation of these processes at the atomic
resolution that may be instrumental in physical interpre-
tation of experimental observations. The ability of MD
simulation techniques to provide quantitative information
on the atomic-level processes that determine the behavior
and response of materials is largely defined by the avail-
ability of accurate and computationally efficient inter-
atomic potentials. The embedded atom method (EAM)
[11-13] is one example of a highly successful approach as
it has established the framework for a group of potentials
that are used in the majority of current simulations of
metals and metallic alloys. As a result, MD simulations
have been used to investigate the micromechanisms related
to the deformation and failure response [14—19] of metals
and metallic alloys at the atomic scales under high strain
rates and shock-loading conditions.

The applicability of MD simulations to model the shock
response of silicates, however, is rather limited. The
bonding in silicate glasses (Si—O) is predominantly ionic
and therefore the silica system is mostly modeled as an

ionic system with silicon cations and oxygen anions. As a
result, the interatomic potentials for Si—O systems employ
long-range Coulomb interactions using explicit point
charges on the Si and O atoms. One such example is the
Born—Mayer—Huggins (BMH) form that consists of long-
range Coulomb interactions, the electron cloud repulsion,
and the dipole—dipole and the dipole-quadrupole dispersion
interactions. The BMH form is parameterized for silica by
Tsuneyuki et al. [20] and van Beest et al. [21], and referred
to as TTAM potential and BKS potential, respectively.
These potentials require the evaluation of long-range
Coulomb interactions and hence are computationally
expensive for large-scale simulations. For example, a few
studies have employed MD simulations to investigate the
structural response under shock-loading conditions [22,
23]. While these studies have primarily focused on the
investigation of the densification of the material under
shock compression, the system size in these simulations is
typically limited to up to tens of thousands of atoms using
these long-range Coulomb potentials. As a result, the wave
propagation behavior, the shock rise times, the propagation
of the reflected waves, the phase transformation behavior,
and the failure mechanisms have not been investigated
using these potentials.

An alternative to the long-range interactions was
developed by Munetoh et al. [24] in the functional form of
the Tersoff potential [25] for the Si—O interactions. This
formulation excludes the Coulomb interactions and incor-
porates a bond-order term that includes an angular depen-
dence to account for the bonding environment. This
exclusion of the long-range interactions allows for the
modeling of large systems (tens of million atoms) with a
reasonable computing expense. This parameterization is
able to reproduce the structural energetics of the various
crystalline phases as well as the amorphous phase for silica
[24]. In addition, the parameterization has also been able to
accurately reproduce the experimental Hugoniot curve for
amorphous silica [26] thus making it suitable to model the
dynamic response under shock-loading conditions. This
parameterization is referred to as the “Tersoff” potential in
this paper and is used for the shock simulations of silica
systems reported here.

The goal of this paper is to investigate the ability of the
Tersoff potential to model the response of fused silica
under dynamic loading conditions using large-scale MD
simulations. The amorphous silica sample is prepared by
slowly heating and quenching an o-cristobalite system to
obtain a small piece of silica glass. Planar shock-loading
conditions at various impact velocities are used to under-
stand the effect of shock pressures on the deformation and
phase transformation behavior of fused silica. In addition,
the dynamic failure behavior of a-SiO, is studied using
conditions of uniaxial strain expansion at strain rates
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between 10° and 10" s~'. The deformation and failure
response of fused silica is compared to that for o-quartz
predicted using the Tersoff potential to gain insights into
the effect of microstructure. The details of the simulation
setup and analysis tools are described in the “Computa-
tional details” section, the wave propagation and phase
transformation behavior in amorphous silica is discussed in
the “Shock response of a-Si0O,” section, the simulations to
compute the spall strength of amorphous silica are dis-
cussed in “Spall strength of a-SiO,” section, and the
results are compared with the shock response for o-quartz
in “Shock response of crystalline phases of SiO, (o-
Quartz)” section.

Computational details

The o-cristobalite system comprising of 864 Si atoms and
1728 O atoms, and dimensions of 30.49 A x 3049 A x
42.57 A, is used to build the initial amorphous system. The
o-cristobalite system is first thermalized from 0.5 to
5000 K in 200 ps with a heating rate of 25 K/ps and then
equilibrated at 5000 K for 200 ps at constant temperature
and zero pressure (NPT ensemble using the Nose—Hoover
algorithm) to obtain a fully liquid structure. The liquid
Si0O; is then quenched from 5000 K to room temperature
300 K with a cooling rate less than 13 K/ps to create the
amorphous structure. The as-generated amorphous struc-
ture is then replicated to construct a large one for the
shock-loading and uniaxial strain simulations followed by
an equilibration for 50 ps to build the initial a-SiO, sample
for the MD simulations. The simulations are performed
using LAMMPS software [27] using a timestep of 1 fs and
the velocity-Verlet algorithm [28] as the time integrator.
The density of the amorphous silica created using this
method with the Tersoff potential is computed to be
2.312 g/em®, which is in good agreement with other MD
studies [29-32], varying from 2.04-2.38 g/cm® (Brutzel
[29] 2.04 g/cm®, Muralidharan [30] 2.2-2.3 g/cm’, Yuan
[32] 2.29-2.38 g/cm’ depending on cutoff radius of short
range interatomic radius, Mantisi [31] 2.18 g/cm®). The
density of the created sample is also comparable to the
experimental value of bulk silica glass, 2.20 g/cm® [32].
The partial radial distribution functions (RDFs) of Si-Si,
Si-0O, and O-O pairs as shown in Fig. 1 compare the
structure of the as-created a-SiO, glass with that computed
from the experimental structures as well as with the orig-
inal Tersoff potential [24]. The RDFs are determined from
the trajectories of the small a-SiO, glass sample of 2592
atoms. The first peaks, Si—Si pair at 3.13 A, Si-0 pair at
1.65 A, 0-0 pair at 2.67 /3\, and the coordination number
of 3.92 for the S—O pair are consistent with the experi-
mental data as well as Munetoh’s results [24]. The Tersoff

@ Springer

potential is thus able to reproduce the amorphous structure
for fused SiO,. The simulations of the shock response of
fused silica samples are discussed below.

Similarly, the cohesive energy per SiO, (E.q), density,
lattice constants, and elastic constants of a-quartz predicted
by Tersoff potential are given in Tables 1 and 2 in com-
parison with that predicted using density functional theory
calculations (DFT). The DFT calculations are carried out to
investigate the densities required to achieve this transfor-
mation. DFT calculations are performed using the VASP
code [35]. The exchange—correlation functional is treated
within the Perdew—Burke—Ernzerhof (PBE) generalized
gradient approximations (GGA) [36]. The atomic positions
are relaxed until all components of the forces on each atom
are reduced to values below 0.01 eV/A, with a cutoff
energy of 520 eV for the plane-wave expansions and a
Monkhorst—Pack k-point mesh of 9 x 9 x 9. Although
Tersoff potential fits a slightly higher cohesive energy, the
elastic constants, which are the curvature of the energy
curve, are consistent with DFT results. Tersoff potential
overestimates a yet underestimates ¢ as compared to DFT,
yielding a lower c/a ratio and density (around 5 %). The
RDFs of Si-Si, Si—0, and O-O pairs of the alpha quartz are
also generated using Tersoff potential and compared to
DFT result. The first peaks, Si—Si pair at 3.05 A, Si-0 pair
at 1.65 A, 0-O pair at 2.65 A, agree excellent with the
DFT result. The Tersoff potential is thus able to reproduce
the structural energetics of alpha quartz.

Shock response of a-SiO,

The investigation of the densification and phase transfor-
mation as observed experimentally requires a system large
enough to allow wave propagation through the sample for a
sufficient amount of time. As a result, the amorphous
sample is prepared as discussed earlier with dimensions of
47.8 nm x 47.8 nm x100 nm and corresponds to
15,925,248 atoms. The sample is periodic in the X and
Y directions and free in the shock (Z) direction. While these
sizes are very small as compared to the experimental
samples, the dimensions allow for the wave propagation
behavior for tens of ps during compression, as well as
reflection and interaction to cause spall failure [14, 18]. To
achieve shock-induced deformation, the first 5 nm of the
sample is chosen as the piston and given an inward velocity
(Up) along the Z axis for 10 ps. The inward velocity impact
results in a planar shock wave that travels with a velocity
(U,) toward the rear surface. At the end of the shock pulse,
the system is allowed to evolve to respond to the impact
and this generates a tail of the pressure wave at the front
end of the sample that follows the compressive wave
toward the rear end of the sample.
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Fig. 1 a Partial radial distribution functions for the a-SiO, glass
system. The black solid line represents the results from current work
in comparison with the experimental data [24] as shown by the
dashed red line and the original results using the Tersoff potential

Table 1 Lattice constants and density of o-quartz predicted by
Tersoff potential in comparison with that predicted using DFT
calculations

o (A) ¢ (A) c/a p (g/cc)
MD-TF 5.08 5.28 1.039 2.42
DFT-GGA 4.97 5.46 1.100 2.56

To understand the temporal response of the glass to the
shock wave propagation, the system is divided into sections
along the Z axis and the values of pressure and velocity are
averaged for all the atoms in each section. For example, a
typical pressure (P) profile due to a piston velocity of
500 m/s along the Z direction as a function of time during
the simulation is shown in Fig. 2. The peak shock wave
pressure for an impact velocity of 500 m/s is calculated to
be 4.4 GPa and the pressure in the material behind the
shock front also remains constant as shown by the red
contour. The tail of the pressure wave at the end of the
shock pulse (10 ps) propagates through the shock com-
pressed region toward the rear surface and returns the
material to near zero pressure. The shock front reaches the
rear surface and the compressed material begins to expand
freely. The wave is thus reflected as a tensile wave which
then interacts with the tail of the initial pressure wave. This

Inter-atomic distance (A)

[24] as shown by the blue dashed line. b Partial radial distribution
functions for the a-quartz glass system as predicted using the Tersoff
(black line) in comparison with that predicted using DFT simulations
(Color figure online)
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Fig. 2 Contour plot of pressure as a function of Z coordinate of the
sample and time during shock loading using an impact velocity of
0.5 km/s and a 10 ps square pulse. The red positive values correspond
to compressive pressure and the negative values correspond to tensile
pressures (Color figure online)

interaction (as shown by the dashed black lines) results in a
triaxial state of tensile stress that propagates toward the
front surface. The spall failure typically initiates at the
location of the peak value of the tensile pressure generated

Table 2 Cohesive energy and elastic constants for of a-quartz predicted by Tersoff potential in comparison with that predicted using DFT

calculations

Econ (€V) Ci, (GPa) Ci» (GPa) Cs3 (GPa) Cy4 (GPa)
MD-TF —20.09 100.53 36.70 87.97 37.94
DFT-GGA —24.07 92.26 41.46 99.83 41.46
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Fig. 3 Evolution of the microstructure of a-SiO, during shock loading at an impact velocity of 0.5 km/s at times of a 3 ps, b 10 ps, ¢ 15 ps, and
d 25 ps. The atoms are colored according to the velocity in the shock direction (Color figure online)

due to the interaction of the reflect wave with the tail. The
snapshots of the system at intermediate times are shown in
Fig. 3a—d with the atoms colored according to the velocity
in the shock direction. No failure of the sample is observed
under the action of the reflected tensile wave at an impact
velocity of 500 m/s.

MD simulations are carried out for impact velocities of
1.0, 1.5, and 2.0 km/s and a constant shock pulse of 10 ps
to investigate the effect of shock pressures on the wave
propagation and failure behavior. The contour plots of the
pressure along the length of the sample in the shock
direction for impact velocities of 0.5, 1.0, 1.5, and 2.0 km/s
are presented as a function of time in Fig. 4a, b, c, d,
respectively. It can be seen from the contour plots that
higher impact velocities generate higher shock pressures
due to larger compression of the material in the shocked
region. The peak shock pressures generated for impact
velocities of 0.5, 1.0, 1.5, and 2.0 km/s are observed to be
4.4,7.7,12.3, and 20.1 GPa, respectively. However, these
peak pressures occur over a short period of time and are
also experienced by very small regions of the sample as can
be seen in the contour plots in Fig. 4. As a result, the
compressed material between the shock front and the tail of
the pressure wave experiences an average pressure that is
much lower than the peak value generated. These lower
values of the average pressure in the compressed material
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(less than 9 GPa) during the propagation of the compres-
sive wave allow the material to be brought back to near
zero pressure by the propagation of the tail of the pressure
wave for impact velocities of 0.5, 1.0, and 1.5 km/s. The
regions that experience the peak values of pressure greater
than 9 GPa at 1500 m/s are likely to undergo permanent
densification locally through modifications in the SiOy,
tetrahedra under shock compression [5], but do not result in
high overall residual compressive pressures in the contour
plot in Fig. 4c. An impact velocity of 2.0 km/s, on the
other hand, generates a significantly high value of the peak
pressure of 20.1 GPa and an average pressure that is greater
than 9 GPa in the material between the shock front and the
tail. This value of the average pressure in the material
results in a permanent densification of the material as
shown by the residual compressive pressure (1-4 GPa) in
the sample after the propagation of the tail of the pressure
wave. Given the fact that permanent densification is found
at 9 GPa experimentally [5], these contour plots suggest
that a shock pulse of 10 ps is not enough to induce per-
manent densification of amorphous silica behind the shock
front for impact velocities of 0.5, 1.0, and 1.5 km/s. A
longer shock pulse can be expected to compress the
material for longer times resulting in higher values of the
average pressure in the material between the shock front
and the tail. Also, for the case of the impact velocity of
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Fig. 4 Pressure contours of a-SiO, during shock loading for impact velocities of a 0.5 km/s, b 1.0 km/s, ¢ 1.5 km/s, and d 2.0 km/s (Color figure

online)

2.0 km/s, the peak pressure generated falls above the
experimentally observed limit of permanent densification
(16 GPa) and therefore is expected to result in the forma-
tion of a heterogeneous mixture comprising of a high-
pressure liquid phase and a high-pressure SiO, phase
observed experimentally.

To investigate the microstructural response, the snap-
shots of the microstructure of the system at the end of the
shock pulse (10 ps) are shown in Fig. 5a, b, c, for impact
velocities of 1.0, 1.5, and 2.0 km/s, respectively, with the
atoms colored according to the velocity in the shock
direction. It can be seen from the particle velocities that the
width of the shock front decreases as the impact velocity
increases and has a very sharp shock front for an impact
velocity of 2 km/s. The sufficiently high pressures at
impact velocities of 1.5 and 2.0 km/s induce plastic
deformation and local permanent densification of the
material through modifications in the SiO, tetrahedra
under shock compression [5]. This behavior affects the

propagation of the pressure wave as the material is being
deformed and results in a decrease in the width of the
constant pressure zone. As a result, a longer tail of the
pressure wave is observed at the higher impact velocities.
The snapshots of the microstructure of the system at the
time of 15 ps are shown in Fig. 6a, b, ¢, for impact
velocities of 1.0, 1.5, and 2.0 km/s, respectively. A time of
30 ps (as shown in the contour plots Fig. 4) corresponds to
the peak of the tensile pressure generated by the interaction
of the reflected tensile wave and the tail of the pressure
wave. The peak tensile pressure increases with impact
velocity up to a value of 10.5 GPa at an impact velocity of
1.5 km/s. The snapshot of the material is shown in Fig. 7a.
This peak tensile pressure, however, does not result in
failure of fused silica under the action of the reflected
tensile waves (spallation). A further increase in impact
velocity to 2.0 km/s, however, results in a reduced peak
tensile pressure of 4.9 GPa at a time of 30 ps. The reduced
pressure is due to the propagation of the reflected tensile
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Fig. 5 Evolution of the microstructure of a-SiO, during shock
loading at time of 10 ps for impact velocity of a 1.0 km/s,
b 1.5 km/s, and ¢ 2.0 km/s. The atoms are colored according to the
velocity in the shock direction (Color figure online)

waves through material that has undergone permanent
densification (as shown by the orange region in Fig. 4d). In
addition, sufficiently high pressures generated (greater
than 16 GPa) result in the creation of a high-pressure
liquid regions in the shock compressed region and the
microstructure corresponds to a heterogeneous mixture of
high pressure SiO, and liquid SiO,. The formation of the
heterogeneous mixture is confirmed in the snapshots of the
material shown in Fig. 7b, c at 30 and 40 ps, respectively,
that show the material being ejected out of the system at
the front end of the sample under the action of the reflected
tensile pressure wave. This melting of the shocked region is
not observed at impact velocities of 1.5 km/s and below as
the peak shock pressures generated do not exceed 16 GPa.
Thus, the threshold of the shock pressure required to

@ Springer

200

0
Z Coordinate, (A) 100 200

Fig. 6 Snapshots of the microstructure of a-SiO, during shock
loading at time of 15 ps for impact velocity of a 1.0 km/s, b 1.5 km/s,
and ¢ 2.0 km/s. The atoms are colored according to the velocity in the
shock direction (Color figure online)

initiate melting of the material to form the heterogeneous
phase as predicted using the Tersoff potential is consistent
with that observed experimentally [8—10].

The high-pressure solid SiO, phase in this heteroge-
neous mixture has been speculated to be the stishovite
phase [8-10]. This phase mixture can be investigated by
plotting the density of the material along the length of the
sample in the shock direction at the end of the shock pulse
for various impact velocities as shown in Fig. 8§ in com-
parison with the variation of the pressure along the length
of the sample. It can be seen from these plots that the
density of the shock compressed material reaches a value
of ~3.6 g/cm® for an impact velocity of 2.0 km/s. How-
ever, it is not clear if the compressed material corresponds
to transformation to the stishovite phase. To investigate
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Fig. 7 Snapshots of the microstructure of a-SiO, during shock
loading at time of 30 ps for impact velocity of a 1.5 km/s, b 2.0 km/s,
and c at time of 40 ps for velocity of 2.0 km/s. The atoms are colored
according to the velocity in the shock direction (Color figure online)

the transformation behavior, the variation of the energy
for the amorphous silica and the stishovite phase per
molecule of SiO, as computed for the Tersoff potential is
plotted as a function of density in Fig. 9. It can be seen
from these plots that the MD simulation’s calculations
predict that when amorphous silica is compressed to a
density higher than 3.05 g/cm®, the material favors to
transform to the stishovite phase as it has a lower energy
as compared to amorphous silica. The MD simulations
thus confirm that the heterogeneous mixture generated
above shock pressures of 16 GPa corresponds to the high-
pressure stishovite phase and a high-pressure liquid phase.
The spall strength of fused silica using MD simulations of
uniaxial expansion is computed below.
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Fig. 8 The densification of the system along with the pressure profile
along the length of the sample in the shock direction at the end of the
shock pulse (10 ps) for an impact velocity of a 500 m/s, b 1000 m/s,
¢ 1500 m/s, and d 2000 m/s (Color figure online)
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Fig. 9 Plot of the energy of the amorphous and stishovite phases for
silica as a function of density as computed for the Tersoff potential.
The density of the amorphous-to-stishovite transformation is calcu-
lated to be 3.05 g/em® for the Tersoff potential (Color figure online)

Spall strength of a-SiO,

The shock simulations discussed above in “Shock response
of a-SiO,  section do not result in spall failure under the
triaxial state of tensile stress generated during the propa-
gation of the reflected tensile waves. To understand the
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dynamic failure behavior for a-SiO,, MD simulations of
uniaxial expansion simulations are carried out to determine
the spall strength of a-SiO, as well as the failure mecha-
nisms. The rear surface velocity profiles computed from the
shock simulations discussed above can be used to deter-
mine the strain rates experienced by the material [14] and
suggest strain rates ranging from 10° to 10'° s™'. The spall
strength of a-SiO, is therefore calculated at these strain
rates. An amorphous system with dimensions of
12 nm x 12 nm x 25 nm and 248,832 atoms and periodic
in all directions is created using the method discussed in
“Computational details” section. The initial snapshot of
the material illustrating the microstructure of the system is
shown in Fig. 3a, wherein the blue atoms are Si atoms and
the green atoms are the O atoms. Deformation under
conditions of uniaxial expansion (¢, = ¢, = 0, and ¢, = ¢)
is achieved by adjusting the coordinates in the loading
direction (Z) of all of the atoms with a scaling parameter at
each time step to define the strain rate of deformation. The

Fig. 10 a The stress—strain (a)

coordinates of the atoms in the X and Y directions are not
scaled, thus resulting in zero strains in the X and Y direc-
tions. The evolution of the average stress in the loading
direction as a function of strain in the loading direction is
plotted in Fig. 10a for strain rates of 10° and 10" s™'. The
stress—strain curves are initially linear and overlap each
other in the elastic region for both the strain rates consid-
ered. The transition of the deformation from elastic to
plastic behavior at both the strain rates is observed in the
deviation from linear behavior for both the curves. The
stress values are observed to increase to a peak value after
which an abrupt decrease is observed. The abrupt decrease
in the stress values corresponds to the nucleation of a crack
that propagates perpendicular to the loading direction,
immediately causing complete failure [14]. The snapshot in
Fig. 10c at a strain of 37 % shows no voids/cracks forming
in the sample. However, as shown by the snapshot in
Fig. 10d, failure is observed to initiate by the planar
nucleation of several voids that grow and coalesce

curve of a-SiO, at strain rates of
10° s7! (blue) and 10"

s~ \(black). The snapshots of the
microstructure of a-SiO, during
uniaxial expansion at a strain
rate of 10° s~ at b 0 % strain,
¢ 37 % strain, d 38 % strain,
and e 39 % strain. The blue
atoms are Si atoms and the
green atoms are the O atoms 6
(Color figure online)
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Fig. 11 Pressure a contours of o-quartz during shock loading for an impact velocities of a 2.0 km/s and b 3 km/s. The corresponding density

contours are shown in (¢) and (d), respectively (Color figure online)

catastrophically along a plane that is perpendicular to the
loading direction as shown in Fig. 10e at a strain of 39 %.
The short time duration of crack nucleation, growth, and
coalescence indicates a catastrophic brittle mode of failure
as observed experimentally. The peak value of the tensile
stress prior to crack nucleation is therefore defined as the
spall strength of the material. The spall strength of amor-
phous silica using the Tersoff potential is computed to be
13.9 GPa at a strain rate of 10° s~' and this strength
increases to 21.5 GPa at a strain rate of 10’ s™'. These
computed values compare well with values ranging from
15 to 20 GPa computed using BKS potentials [30, 32-34].
The failure behavior predicted using BKS potentials,
however, is characterized by a mechanism of slow growth
and coalescence of voids suggesting a ductile mode of
failure rather than a brittle mode of failure [33]. The
capability of the Tersoff potential to model the shock
response of a-quartz is discussed below.

Shock response of crystalline phases of SiO, (a-
Quartz)

As discussed before, the shock response of o-quartz is
characterized by a higher HEL as compared to fused silica
as well as a phase transition from o-quartz to the high-
pressure stishovite phase in the pressure range from 16 to
38 GPa [8—10]. While the high-pressure phase transition is
observed to initiate at these pressures, the phase transfor-
mation does not complete till shock pressures of 40-50
GPa are reached. As a result, a fluid-like structure with a
short range order may be created at low pressures or at
short time scales.

As a result, this study is extended to model the shock
response of a-quartz. The o-quartz system for shock sim-
ulation is built with dimensions of 50.17 nm x
50.31 nm x 100.61 nm and 18,486,468 atoms. The shock
simulations are carried out for piston velocities of 2.0 and
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Fig. 12 Evolution of the microstructure of o-quartz during shock
loading at an impact velocity of 2.0 km/s at times of a 10 ps, b 15 ps,
and ¢ 30 ps. The shock direction is shown by the red arrow. The blue

3.0 km/s using a square pulse of 10 ps as carried out for
amorphous silica in “Shock response of a-SiO,” sec-
tion. The contour plots of the pressure and density along
the length of the sample in the shock direction for o-quartz
for an impact velocity of 2 km/s are plotted as a function of
time in Fig. 11a, b, respectively. It can be seen from these
plots that while a peak pressure of >18 GPa is reached
during the shock compression, the material in the shock
compressed region is observed to be consistently around
3.3 g/em’. These high densities trigger a structural trans-
formation of a-quartz. This high density phase, however, is
limited to the duration of the shock pulse (10 ps). The end
of the shock pulse limits this transformation behavior and
the tail of the pressure wave results in the reduction in the
density of the material to bring the material back to near
zero pressure. As a result, in contrast to that observed for
fused silica, no permanent densification is observed at these
pressures in o-quartz at these shock pressures. Illustrative
snapshots of the microstructure at the end of the shock
pulse (10 ps) wherein the blue atoms are Si atoms and the
green atoms are the O atoms. The snapshots reveal a
crystalline microstructure with local reorientation during
shock compression. The compressed material is returned to
near zero pressure due to the propagation of the tail of the
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atoms are Si atoms and the green atoms are the O atoms. A detailed
view of the microstructure of the snapshot in (c¢) showing the
formation of grains is shown in (d) (Color figure online)

shock wave. As a result, the snapshot in Fig. 12b shows a
crystalline microstructure with reoriented grains of o-
quartz at a time of 15 ps. A peak value of tensile pressure
of 15.2 GPa is observed at a time of 30 ps due to the
interaction of the reflected tensile wave with the tail of the
pressure wave as shown in the pressure profile in Fig. 11a.
This peak tensile pressure, however, does not initiate spall
failure of o-quartz at an impact velocity of 2 km/s. Thus,
no permanent densification or phase transformation is
observed for a-quartz at an impact velocity of 2 km/s.
Subjecting the o-quartz sample to an impact of 3 km/s
results in phase transformation behavior as observed for
amorphous silica at 2 km/s. The pressure and density
profile of a-quartz for an impact velocity of 3 km/s are
shown in Fig. 11b, c, respectively. It can be seen that
significantly high pressures (peak pressure of ~64 GPa)
are generated in the sample behind the shock front that
render permanent densification (as shown by the residual
compressive pressure) and initiate a phase transformation
to stishovite. The snapshot of the system at the end of the
shock pulse for an impact velocity of 3 km/s is shown in
Fig. 13a. However, the limited duration of the shock pulse
of 10 ps limits the completion of this transformation and
the material comprises of a fluid-like structure of high-
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Fig. 13 Evolution of the microstructure of a-quartz during shock loading at an impact velocity of 3.0 km/s at times of a 10 ps and b 20 ps. The
shock direction is shown by the red arrow. The blue atoms are Si atoms and the green atoms are the O atoms (Color figure online)
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Fig. 14 Plots of the energy of phases as a function of density for the a-quartz and stishovite phases as computed using a DFT calculations and

b using MD simulations with the Tersoff potential (Color figure online)

pressure silica. The propagation of the shock wave at such
high pressures results in the ejection of material (as
observed for amorphous silica) from the front end of the
sample as shown in Fig. 13b. This ejection of the material
is attributed to the relaxation of the material at the front end
of the sample at the end of the pulse.

To understand the o-quartz-to-stishovite phase trans-
formation behavior, the variation of the energy for the o-
quartz and the stishovite phase per molecule of SiO, as
computed using DFT calculations is plotted as a function of
density in Fig. 14a in comparison with that predicted by
MD simulations using the Tersoff potentials in Fig. 14b. It
can be seen from these plots that the DFT calculations
predict that when o-quartz is compressed to a density
higher than 3.30 g/cm’, the material prefers to transform to
the stishovite phase as it has a lower energy as compared to
a-quartz. The MD simulations predict a similar trend, and
the density at which the o-quartz-to-stishovite transfor-
mation is energetically favorable is calculated to be 3.34 g/

cm®. These results suggest that shock loading of a-quartz
with an impact velocity of 3 km/s results in permanent
densification as well as a phase transformation to the high-
pressure stishovite phase. The shock pressures required to
induce densification and phase transformation agree very
well with those observed experimentally.

The results presented here, therefore, demonstrate the
capability of the Tersoff potential to model the shock-in-
duced phase densification and phase transformation
behavior of silica systems.

Conclusions

Large-scale MD simulations are carried out to understand
the wave propagation behavior, the permanent densifica-
tion, as well as the phase transformation behavior in a-SiO,
and o-quartz as a function of shock pressure. For the case
of amorphous silica, the impact velocities ranging from
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500 m/s to 2 km/s and a pulse duration of 10 ps are used to
generate planar shock waves with peak pressures up to 20
GPa behind the shock front. The planar wave profiles
suggest that the width of both the shock front and the tail of
the pressure wave change with the shock pressure. It is
observed that the values of the average pressure of the
material between the shock front and the tail of the pressure
wave (and not the peak shock pressures) determine the
densification and phase transformation behavior of the
material as compared to peak shock pressures for impact
velocities less than 1.5 km/s for amorphous silica. At these
impact velocities, the propagation of tail of the shock wave
returns the shock compressed region to near zero pressure.
An impact velocity of 2 km/s generates peak shock pres-
sures above ~20 GPa and average pressures greater than 9
GPs in the compressed material. These pressures result in
permanent densification of the material during compression
even after the propagation of the tail of the pressure wave
through the material as indicated by the residual com-
pressive pressure behind the shock wave. In addition, shock
pressures of ~20 GPa lead to a phase transformation to a
high-pressure stishovite phase as well as melting of part of
the material in the shock compressed region. The shock
pressures that result in the permanent densification and the
melting of a-SiO, are consistent with those observed
experimentally. For all the impact velocities considered,
the spall failure of a-SiO,, however, is not observed as the
peak tensile pressures generated do not exceed the spall
strength computed using uniaxial expansion simulations at
the relevant strain rates. These results demonstrate the
ability of the Tersoff potential to predict the shock response
of a-Si0, at the atomic scales.

For the case of a-quartz, MD simulations of shock
loading of a-quartz for an impact velocity of 2 km/s, i.e.,
peak shock pressures of ~22 GPa and average shock
pressure of ~15 GPa in the compressed material do not
allow for permanent densification of the material or phase
transformation to the stishovite phase. A higher impact
velocity of 3 km/s generates a peak pressure of ~64 GPa
that results in permanent densification as well as a trans-
formation to the high-pressure stishovite phase. However,
the small time scales of the shock compression do not
allow for a complete transformation to stishovite and hence
the microstructure corresponds to a more fluid-like struc-
ture as observed experimentally. The energetics of
the various transformations is confirmed using DFT
calculations.

These results demonstrate the ability of the Tersoff
potential to model the structural transformations in SiO,
under shock-loading conditions. Thus, the Tersoff potential
is able to reproduce the shock response of a-SiO, and o-
quartz as observed experimentally. The results are also
relevant in the understanding of the shock response of
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silicate glasses with SiO, as the primary constituent in the
chemical composition such as silicate-based glass compo-
sitions for transparent armor applications.
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