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The understanding of the nanoscale mechanisms of shock damage and failure in SiC is essential for

its application in effective and damage tolerant coatings. We use molecular-dynamics simulations

to investigate the shock properties of 3C-SiC along low-index crystallographic directions and in

nanocrystalline samples with 5 nm and 10 nm grain sizes. The predicted Hugoniot in the particle

velocity range of 0.1 km/s–6.0 km/s agrees well with experimental data. The shock response transi-

tions from elastic to plastic, predominantly deformation twinning, to structural transformation to

the rock-salt phase. The predicted strengths from 12.3 to 30.9 GPa, at the Hugoniot elastic limit,

are in excellent agreement with experimental data. Published by AIP Publishing.
https://doi.org/10.1063/1.5025583

The outstanding mechanical properties of SiC make it a

versatile material suitable for many applications including

high-power high-temperature electronics,1,2 abrasives,3 gas

turbines,4 brake systems,5,6 and nuclear reactor cladding.7–9

SiC is also a natural material for armor due to the combina-

tion of high strength and low density.10–12 However, the

application of SiC in armor requires a deep understanding of

its mechanical behavior under extreme conditions, commonly

produced by shock loading. Shock studies on SiC and similar

high strength ceramics have been extensively reported and

encompass experiments and continuum modeling.10,11,13–22

The shock performance of SiC was previously compared to

that of B4C. While the Hugoniot elastic limit (HEL) of B4C,

�20 GPa, is higher than that of SiC, �16 GPa, the latter

shows an increasing strength with additional deformation in

contrast to the former, which displays a severe strength loss.16

Other experiments on SiC showed delayed failure23 caused by

interplay between plastic deformation and brittle failure

modes.24 An important piece of information is the shock

Hugoniot which has been evaluated for SiC at pressures up to

160 GPa,25–27 indicating a pressure induced transition at

�105 GPa. The evolution of shock waves was investigated in

SiC rods,28 indicating propagation of longitudinal waves at

�11 km/s in agreement with plate impact experiments.29

To this point, there is scarce atomistic modeling of

shock loading on SiC, which is needed to complement the

available experimental data and further our understanding

of the dynamic behavior of SiC under extreme conditions.

Previously, a combination of experiments and atomistic

modeling was employed to describe the general trends of the

generation and propagation of shock waves and the shock

induced fracture dynamics on SiC.30 However, there is much

more to be investigated. For instance, atomistic insights

could clarify the shock induced structural transformation,

the presence and character of plastic deformations, and the

effect of crystal orientation and grain boundaries. Molecular

dynamics (MD) simulations of plane shock loading have

been widely used to investigate materials under extreme con-

ditions and are an ideal tool for that purpose.31–35 Large

scale MD simulations of shock, allowing the modeling of

much larger million atom systems, present an innovative

dimension for the description of shock phenomena, narrow-

ing the gap between experimental studies and microscopic

descriptions of shock phenomena.36–38 Nonetheless, realistic

MD simulations of shock in ceramics are limited.39–41 In

addition to the SiC simulations performed earlier,30 atomistic

modeling of shock on SiC was performed using a Tersoff

potential.42 It demonstrated the formation of split shock

waves and the generation of elastic, plastic, and transforma-

tion waves under increasingly intensive shocks. However,

many questions remain unanswered, and a realistic descrip-

tion of experimental shock features is still lacking. For

instance, the Tersoff potential used in the previous work on

SiC42 is unable to describe properly the high pressure phase

of SiC and therefore unable to describe accurately the shock

induced structural phase transformation from the low pressure

zinc blend to the high pressure rock-salt.43,44 Furthermore,

Tersoff potentials overestimate the shock stress, shear stress,

wave velocity, and temperature in SiC. In addition, SiC is a

highly anisotropic material, and the shock response along

different crystallographic directions should be properly

described, as well as the effect of grain boundaries.a)E-mail: branicio@usc.edu
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In this work, MD is used to investigate the behavior of

SiC under plane shock loading, considering explicitly the

effects of low index crystallographic directions and grain

boundaries. The atomic forces are derived from an effective

many-body force field which was validated by an excellent

agreement of its predictions with experimental elastic con-

stants, melting temperature, vibrational density of states, and

specific heat.44 A more stringent validation of the potential

is provided by the zinc blend-to-rock salt structural phase

transition, which is reported in experiments and quantum

mechanics simulations45 to occur at �100 GPa.43,44 This

force field has been used to describe SiC fracture dynamics46

and high strain-rate deformation of nanowires.47 The same

force field form has also been applied to describe the

mechanical behavior of similar high strength ceramics such

as AlN39,48,49 and Al2O3.
41,50,51 The ability of the potential

to accurately describe the response of SiC to extreme condi-

tions was previously demonstrated by investigating the shock

induced ductility in projectile impacts.52

Plane shock loading MD simulations are performed on

SiC slabs with dimensions of �12� 12� 200 nm3, contain-

ing about three million atoms. Simulations are performed on

both mono- and nano-crystalline 3C-SiC (nc-SiC) samples.

Shock on monocrystalline samples is performed along the

h001i, h110i, and h111i directions. The long system slab

dimension, chosen as the z-direction, is aligned with the

impact direction to allow the propagation of shock waves

across the system for up to 18 ps. nc-SiC samples with an

average grain size of d¼ 5 nm and 10 nm are generated using

the Voronoi tessellation method53–55 and annealed to relax

grain boundaries and minimize residual stresses.56 Periodic

boundary conditions are applied along the x and y directions

and free surfaces along the impact z direction. The particle

velocity up, which is the impact velocity, is chosen to be in

the wide range of 0.1–6.0 km/s to access all shock regimes

and induce stresses as high as 280 GPa. Simulations are done

at T¼ 10 K to minimize temperature fluctuations in the

shock profiles. Nonetheless, similar simulations at T¼ 300 K

were performed and resulted in similar shock behavior. The

atomic equations of motion are integrated with a time step of

1 fs. Analyses of physical properties are carried out along

the impact direction using bins 7.5 Å wide. The calculated

shock profiles include properties such as stress and displace-

ment in the xy plane, perpendicular to the impact direction.

The shock Hugoniot calculated from all simulations is

displayed in Fig. 1. The calculated shock response data,

shown in solid symbols, can be divided into three regimes,

elastic, plastic, and transformation, which agree very well

with the experimental data25–27 shown in open symbols. The

anisotropic behavior of the 3C-SiC single crystals is

highlighted by the shock Hugoniot simulated along h001i,
h110i, and h111i and in the isotropic nc-SiC samples.

For monocrystalline SiC, wave configurations are well-

defined. For up< 1.5–2.25 km/s, longitudinal elastic waves

are generated. For �1.5–2.25< up � 2.4–2.5 km/s, a plastic

wave coexists with a faster elastic precursor. From �2.4 to

2.5< up< 5 km/s, a structural-phase-transformation coexists

with an elastic precursor. From �5 to 6 km/s onwards, a sin-

gle overdriven wave is generated. In contrast, the shock

response of the 5 nm grain size nc-SiC sample presents a

seamless Hugoniot with no explicit wave coexistence.

However, shock on the 10 nm grain size nc-SiC sample indi-

cates the presence of a two-wave structure in the intermedi-

ate regime 0.8< up< 4 km/s with a plastic/structural phase

transformation lagging behind the elastic shock front. The

shock regimes identified from the simulations are in excel-

lent agreement with the experimental data, considering the

differences between modeling and experimental samples.

Elastic waves are generated for relatively weak shocks in

SiC. Increasing the shock intensity, one reaches the end of the

regime of purely elastic shock generation that indicates the

Hugoniot elastic limit. The data in Fig. 1 indicate that the

threshold up for this regime in monocrystalline samples is in

the range of 1.5–2.25 km/s. However, signs of plasticity can be

detected in the shock profiles in the range of up¼ 1.0–2.0 km/s,

even though no well-defined plastic wave is generated in the

short simulation time span. The results for 10 nm grain size nc-

SiC indicate the onset of plasticity at up� 0.8 km/s when the

shock wave splitting begins. These results are in very good

agreement with polycrystalline experimental data, which indi-

cates the beginning of a region of compressed four-coordinated

phase just beyond up� 0.5 km/s. In Fig. 2, the atomic structure

and shock profiles are shown for a typical plastic regime

observed in the simulations. Figures 2(a)–2(c) show the data

for the direction h110i for impact at up¼ 2.5 km/s. Plastic

waves can take different forms and commonly involve disloca-

tion plasticity. That is particularly the case for shocks on metal-

lic materials. However, ceramics such as SiC have an

outstanding resistance to dislocation plasticity. Single crystal

simulations of plane shock loading on AlN have shown very

restricted plastic deformation prior to structural phase transfor-

mation into high pressure phases.48 A similar high resistance to

dislocation plasticity is expected from SiC. However, SiC in its

cubic phase (3C-SiC) has many available easy planes for dislo-

cation glide. Previous simulations of the projectile impact on

3C-SiC have demonstrated that, in fact, under suitable condi-

tions, a dense network of dislocation lines can be generated.52

The results for shock on different crystallographic directions

indicate that under plane shock conditions, 3C-SiC plastic

deformation wave have predominantly deformation twinning

as its primary deformation mode. The atomic structure at Fig.

2(a) shows a typical profile of deformation twinning present in

FIG. 1. Shock Hugoniot of 3C-SiC along low-index crystallographic direc-

tions and for nanocrystalline samples, nc-SiC, with 5 nm and 10 nm average

grain sizes. Filled (open) symbols indicate simulation (experimental) data.
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the plastic waves with a dense pack of twins along the h111i
direction with the atomic displacement from initial positions

highlighted, with x being the vertical direction in the figure.

The plastic wave front is clearly defined by the stress profile

shown in Fig. 2(b). The initial strong shear stress generated by

the longitudinal elastic compression of �36 GPa is gradually

released as the plastic deformation wave develops. The final

shear stress calculated close to the impact surface is close to

10 GPa. A clear sign of plastic deformation is the sharp

increase in atomic displacement on the plane perpendicular to

the impact direction. Figure 2(c) indicates that at the plastic

shock front, the average xy displacement increases sharply and

continues to do so as the deformation twinning takes place in

the system. Large average atomic displacements of over 6 Å

are observed in the plastically deformed region.

The Hugoniot displayed in Fig. 1 indicates that at

�up¼ 3 km/s, a transformation wave is generated and drives

the system from the low-pressure zinc blend phase to the high

pressure rock salt phase in agreement with experiments,27

which indicates a transformation wave starting at �3.6 km/s.

To illustrate the transformation wave, the atomic structure

and shock profiles from the shock at up¼ 4.0 km/s along the

h111i direction are shown in Figs. 2(d)–2(f). As can be seen

in Fig. 2(d), the atomic structure undergoes a sharp transfor-

mation from the 4-coordinated zinc-blend phase (blue atoms)

to the 6-coordinated phase rock salt (red atoms). Atoms’ color

is based on the value of the centrosymmetry parameter (CSP).

The shock profiles shown in Figs. 2(e) and 2(f) indicate that

the shock front is sharp and the transformation generates a

well-defined transformed state. The transformation releases

most of the elastic wave shear stress. As shown in Fig. 2(e),

the �30 GPa shear stress is quickly released by the transfor-

mation to a nearly hydrostatic state. The xy displacement

shown in Fig. 2(f) indicates that the transformation displaces

atoms sharply at the shock front by up to 10 Å.

The nc-SiC Hugoniot does not indicate any sharp split-

ting of shock waves as displayed by monocrystalline models.

Nonetheless, one can still distinguish three regimes for the

two nc-SiC models considered. The thresholds for the plastic

regime are located at up� 1.0 km/s (10 nm) and 1.5 km/s

(5 nm), while the threshold for the transformation regime is

located at 3.0 km/s (10 nm) and 4.0 km/s (5 nm). Shear stress

analysis, shown in Fig. 3(a), indicates shear accumulation

below 1.25/1.5 km/s for 10/5 nm grain size models. That

reveals the lack of release mechanisms and the presence of

purely elastic (anelastic) compression of the sample. In con-

trast, from 1.25–1.5 km/s to 3.0–3.5 km/s, the shear stress is

continuously released indicating the activation of plastic

deformations consistent with the behavior observed for

monocrystalline samples. At 4 km/s, a sudden increase in

shear stress, which is then gradually released on increasing

particle velocity, indicates a shift in release mechanisms,

also consistent with the transformation wave described for

shock on monocrystal SiC.

Two interesting questions are why there is no splitting

in the shock Hugoniot observed for 5 nm nc-SiC and why the

FIG. 2. Atomic structure and shock pro-

files of plastic and transformation waves.

(a)–(c) Plastic wave along the h110i
direction for up¼ 2.5 km/s. (a) Layer of

atoms along the impact direction high-

lights the deformation twinning charac-

ter of the plastic wave. Colors indicate

displacement along one of the perpen-

dicular directions to the shock propaga-

tion. (b) Stress profile indicating shear

stress release at the shock front. (c) xy
displacement profile indicating large

atomic displacement generated by defor-

mation twinning. (d)–(f) Transformation

wave generated along the h111i direc-

tion for up¼ 4.0 km/s. (d) Layer of

atoms along the impact direction indi-

cates the structural phase transformation

driving SiC from the low-pressure

zinc blend (blue) to the high-pressure

rock-salt phase (red). Colors indicate

Centrosymmetry parameter (CSP) val-

ues. (e) Stress profile indicates the

release of shear stress by the structural

transformation wave. (f) xy displacement

profile along the system, indicating that

the transformation occurs by locally dis-

placing atoms by up to 10 Å.
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Hugoniot curve follows almost perfectly the experimental

curve corresponding to the plastic wave, see Fig. 1. One can

answer both questions by noting the inherent structure of the

5 nm nanocrystalline sample. The grains in the 5 nm nc-SiC

are substantially smaller than those in microcrystalline

experimental samples. The fraction of softer amorphous

interfaces is much larger as well at �35%.56 When the

experimental sample enters the plastic regime, the material

increasingly accumulates defects and additional grain bound-

aries turning, on perspective, the structure closer to the nano-

crystalline one. On the other hand, the plastic regime will

not change dramatically the 5 nm nanocrystalline sample,

given the already high density of interfaces and structural

defects present. That is the main reason that the 5 nm nano-

crystalline sample Hugoniot resembles that of the plastically

deformed experimental sample and does not generate wave

splits. Entering the structural transformation regime, the

same argument is valid, and while the shear stress clearly

indicates a change in release mechanisms, the Hugoniot indi-

cates a relatively smooth increase in shock velocity. In con-

trast, the results for the 10 nm nc-SiC, which has a fraction

of amorphous interfaces at �18.5%, show a split wave struc-

ture with a clear elastic shock front precursor. The shock

profile however does not indicate a clearly defined profile of

elastic, plastic, and transformation waves. Instead, a fuzzy

wave front is formed with the particle velocity, density, and

stress ramping up to steady state values over a wide wave

front up to 600 Å at up� 2.0 km/s.

An intriguing aspect of the plastic wave in nc-SiC is that

it activates different deformation mechanisms of the mono-

crystalline models. As shown in Figs. 3(b) and 3(c), the plas-

tic wave in nc-SiC uses two atomistic mechanisms: grain

boundary sliding and deformation twinning. Grain boundary

sliding at such a small average grain size material is

expected to be an important deformation mode. Figure 3(b)

shows that in fact the bulk of the plastic deformation present

in the plastic wave is generated at or closer to the interfaces

as highlighted by the xy displacement. Nevertheless, while

the bulk of the deformation occurs at interfaces, deformation

twinning is still active and takes place inside grains, as

shown in Fig. 3(c). The 5 nm nc-SiC profiles of the plastic

deformation, shown in Figs. 3(d) and 3(e) for up¼ 2.5 km/s,

clearly indicate an absence of wave splitting and a sharp

plastic wave front. The stress profile shown in Fig. 3(d) indi-

cates that the shear stress that is built quickly at the shock

front is gradually released as the plastic wave develops until

a nearly hydrostatic state is reached. The xy displacement for

5 nm nc-SiC, shown in Fig. 3(e), shows a highly inhomoge-

neous distribution of values between �2 and 8 Å, which is a

result of the combination of grain boundary sliding and

deformation twinning. The results for the 10 nm nc-SiC

while similar indicate a shock front width of �450 Å, instead

FIG. 3. Atomic structures and shock

profiles of plastic deformation in the

5 nm nc-SiC for up¼ 2.5 km/s. (a)

Shock Hugoniot and shear stress also

including data for the 10 nm nc-SiC

model. (b) Layer of atoms along the

impact direction highlighting plastic

deformation at grain boundaries, e.g.,

grain boundary sliding. The color indi-

cates displacement in the plane perpen-

dicular to the impact direction. (c)

Layer of atoms along the impact direc-

tion indicating also the presence of

deformation twinning. Atoms are col-

ored according to displacements per-

pendicular to the impact direction. (d)

Stress profile indicating the release of

shear stress at the shock front by the

plastic deformations. (e) xy displace-

ment profile indicating build-up of

large atomic displacement in the plastic

wave twinned regions.

FIG. 4. Shear strengths for mono- and nano-crystalline SiC. The experimen-

tal range of reported values is plotted for reference.
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of the sharp �200 Å wave front shown in Fig. 3(d) for the

5 nm nc-SiC.

An important result from this study is the estimation of

the strength of SiC from the calculated shear stress at the

Hugoniot elastic limit. The strengths calculated for monocrys-

talline SiC are shown in Fig. 4, i.e., 15.2, 31.4, and 30.9 GPa

along h001i, h111i, and h110i and 12.3 and 15.8 GPa for 5 nm

and 10 nm nc-SiC. The results are in excellent agreement with

the values measured experimentally27–29 in the range of

8–16 GPa. The nc-SiC strength agrees very well in face of the

expected loss of strength due to the softer interface material

which constitutes a large fraction of the nanocrystalline

samples.
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