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The dynamic behavior of mono- and nanocrystalline SiC ceramics under plane shock loading is

revealed using molecular-dynamics simulations. The generation of shock-induced elastic compres-

sion, plastic deformation, and structural phase transformation is characterized at different crystallo-

graphic directions as well as on a 5-nm grain size nanostructure at 10 K and 300 K. Shock profiles

are calculated in a wide range of particle velocities 0.1–6.0 km/s. The predicted Hugoniot agree

well with experimental data. Results indicate the generation of elastic waves for particle velocities

below 0.8–1.9 km/s, depending on the crystallographic direction. In the intermediate range of parti-

cle velocities between 2 and 5 km/s, the shock wave splits into an elastic precursor and a zinc

blende-to-rock salt structural transformation wave, which is triggered by shock pressure over the

�90 GPa threshold value. A plastic wave, with a strong deformation twinning component, is gener-

ated ahead of the transformation wave for shocks in the velocity range between 1.5 and 3 km/s. For

particle velocities greater than 5–6 km/s, a single overdriven transformation wave is generated.

Surprisingly, shocks on the nanocrystalline sample reveal the absence of wave splitting, and elastic,

plastic, and transformation wave components are seamlessly connected as the shock strength is

continuously increased. The calculated strengths 15.2, 31.4, and 30.9 GPa for h001i, h111i, and

h110i directions and 12.3 GPa for the nanocrystalline sample at the Hugoniot elastic limit are in

excellent agreement with experimental data. Published by AIP Publishing.
https://doi.org/10.1063/1.5023915

I. INTRODUCTION

SiC is a well-known high strength ceramic material with

outstanding properties that have been used in a wide range

of applications, in particular, those involving extreme condi-

tions of pressure, temperature, and wear such as in nuclear

reactor cladding,1–3 abrasives,4 and gas turbines.5 Owing to

the low density and high strength, SiC is also an ideal mate-

rial for armor.6,7 For the latter application, it is essential to

understand the behavior of SiC under extreme conditions.

Those are typically found in studies of strong shock loading.

The literature of such studies with high strength ceramics

similar to SiC is extensive and includes shock experiments

and continuum modeling on materials such as Al2O3, B4C,

Si3N4, and AlN.6,8–10

Several experimental investigations have been performed

to investigate the shock response of SiC. The strength of SiC

was compared to that of B4C in shock experiments revealing

that while the latter showed a higher Hugoniot elastic limit

(HEL), �20 GPa, than the former, �16 GPa, SiC showed an

increasing strength with additional deformation, in striking

contrast with B4C, which showed a severe loss in strength.11

An intriguing delayed failure was reported in different grades

of SiC based on plate impact and split Hopkinson pressure

bar experiments.12 Follow-up experiments indicated that this

behavior was related to an interplay between plastic (PL)

deformation and brittle failure.13 The shock Hugoniot has

been evaluated at different SiC structures at pressures up to

160 GPa (Refs. 14–16) setting the observed phase transition

pressure threshold at �105 GPa. The pressure induced trans-

formation in SiC was independently confirmed at �104 GPa,

with a volume change of 9%, in experiments of plane impact

used to evaluate the strength of SiC in Hugoniot states.16 The

evolution of shock waves was investigated in different SiC

samples using independent techniques,17,18 which indicate

high longitudinal sound waves of �11.5 km/s, high HEL in

excess of �9 GPa, and high dynamic tensile strength (spall

strength) of more than 0.5 GPa. A combination of experiments

and atomistic modeling of impact on SiC was employed to

describe the general trends of the generation and propagationa)Author to whom correspondence should be addressed: branicio@usc.edu
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of shock waves and the shock induced fracture dynamics.19

So far, to the best of our knowledge, there is scarce atomistic

modeling performed on SiC under shock to complement the

vast experimental data available and further advance the

understanding of the complex behavior of SiC under extreme

conditions.

Atomistic insights could clarify the shock induced struc-

tural transformation in SiC at different shock intensities. The

elusive presence and the role of shock induced plastic defor-

mation could also be further understood from atomistic

modeling as well as the effect of crystallographic directions

and interfaces. Molecular dynamics (MD) modeling of plane

shock loading has been widely used to investigate materials

under extreme conditions and is an ideal tool for that pur-

pose. MD simulations of shock have been performed for

over several decades to provide insightful details on shock

propagation and describe shear stress relaxation mechanisms

that may involve complex structural transitions and chemical

reactions.20–24 Large scale MD simulations of shock, allow-

ing the modeling of much larger multi-million atom systems,

present a new dimension for the understanding of shock, nar-

rowing the gap between experimental studies and micro-

scopic accounts of shock phenomena.25–28

Nonetheless, realistic MD simulations of shock in

ceramics are scarce. AlN and Al2O3 have been the subject of

recent large scale MD simulations of projectile impact.29–32

These works offered a detailed view of the damage generated

by projectile impact in these ceramics, which includes shock

induced plasticity and brittle fracture as a result of shock

release. Plane shock loading on the other hand offers an ideal

platform to investigate the intrinsic effects of shock loading

on ceramics. The detailed structure of the shock waves can

be investigated closely following its propagation across the

material. Branicio et al.29 have performed simulations of

plane shock to investigate the complex behavior of crystal-

line AlN ceramics to strong shock loading. As mentioned

previously, a preliminary 2D atomistic modeling of impact

on SiC has been reported and provided useful insights into

the shock effects in ceramics.19 However, realistic 3D mod-

els are required to reveal the complex deformation mecha-

nisms in SiC that includes plastic deformation and structural

phase transformation (SPT) induced by high pressure. The

related topic of shock spall on SiC was recently discussed by

Li et al.33 It was reported that SiC displays different spall

regimes from classical spall to micro-spall as particle veloc-

ity is increased beyond 0.5 km/s. Recently, a more realistic

atomistic modeling of shock on SiC was performed using a

Tersoff potential.34 They demonstrated in detailed 3D simu-

lations the formation of split shock waves and the generation

of well-defined elastic, plastic, and transformation waves

under increasingly intensive shocks. However, many ques-

tions remain unanswered due to deficiencies of the Tersoff

potential, e.g., it does not have any silicon to carbon charge

transfer terms included in it. Therefore, a realistic description

of experimental shock features is still lacking. For instance,

it is not clear what the effects of crystallographic directions,

temperature, and interfaces on the SiC shock profile are.

Here, large scale MD simulations are employed to investi-

gate the response of 3C-SiC (SiC in the zinc blend cubic phase)

ceramics under planar shock waves considering explicitly the

effects of low-index crystallographic directions as well as tem-

perature, and grain boundary interfaces. Figure 1 shows illustra-

tions of the different models used in our work. The forces

among Si and C atoms are derived from an effective many-

body interatomic potential validated by experimental elastic

constants, melting temperature, vibrational density of states,

and specific heat.35 A more stringent validation of the potential

is provided by the zinc blende-to-rock salt structural phase tran-

sition. High-pressure experiments reveal that this transforma-

tion occurs at �100 GPa which is the value predicted in good

agreement in the simulations.35,36 This potential has been used

successfully to describe SiC fracture dynamics37 and high

FIG. 1. Illustrations of the SiC models simulated. Simulations are performed on monocrystalline models with the impact direction aligned with (a) h001i, (b)

h110i, and (c) h111i directions, as well as with a (d) nanocrystalline model with 5 nm average grain size. In (a)–(c), silicon and carbon atoms are colored yellow

and gray, while in (d) neighbor grains are colored differently to highlight the nanostructure. The arrows indicate the direction of the shock propagation.
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strain-rate deformation of nanowires.38 The same potential

form has also been successfully applied to describe the mechan-

ical behavior of similar ceramics such as AlN29,39,40 and

Al2O3.
32,41 The ability of the potential to accurately describe

the response of SiC to extreme conditions was previously dem-

onstrated by investigating the shock induced ductility in projec-

tile impacts.30 Very recently, a comparison of different

interatomic potential for SiC under shock was performed show-

ing the superiority of the Vashishta potential.42

II. SIMULATION DETAILS

Slabs with dimensions about 12� 12� 200 nm3, contain-

ing roughly three million atoms, are simulated. Both mono-

crystalline 3C-SiC and nanocrystalline samples with grains of

3C-SiC structure are considered. For monocrystalline samples,

plane shock loading is performed along the h001i, h110i, and

h111i low-index crystallographic directions; please see Figs.

1(a) to 4(c). The long system slab dimension, chosen as the

z direction, is aligned with the impact direction to allow shock

waves to propagate across the system and develop for up to 18

ps. The nanocrystalline SiC (nc-SiC) sample is generated

using the Voronoi tessellation method.43 We used an average

grain size d¼ 5 nm, an illustration of the initial relaxed nano-

structure is shown in Fig. 1(d). The centers chosen for the tes-

sellations are randomly distributed points within the sample.

Points closer than 0.4 d are removed to avoid the generation of

unphysical grains with very large aspect ratios. Once the grain

microstructure is obtained, the atomic positions are chosen

by randomly assigning a crystallographic orientation to each

grain and then placing atoms on sites of the appropriately ori-

ented 3C-SiC lattice. The nc-SiC nanocrystals are annealed to

minimize low or high-density regions near the grain bound-

aries (GB) and triple junctions. Annealing is also used to relax

the GB interfaces and minimize the residual stresses. A similar

procedure was used in an earlier investigation of grain size

effects of SiC in its mechanical properties.44 Simulations are

performed with periodic boundary conditions in the lateral x
and y directions and free surfaces in the impact z direction.

The planar shock wave is generated using a reverse geometry

with the system hitting a stationary “piston,” implemented as

a momentum mirror. Such hard wall piston elastically bounces

any particle hitting its surface. The particle velocity Up, which

is the impact velocity, is chosen to be in the wide range from

0.1 to 6.0 km/s to access all shock regimes and induce shock

stresses as high as 280 GPa. The corresponding strain rates

are in the range of 5� 108 s�1 to 3� 1010 s�1. 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 particle velocity, stress,

internal energy, displacement in the xy plane, and density. In

particular, an accurate local density is calculated based on the

inverse atomic Voronoi polyhedral volume. Such volumes cal-

culated from the Voronoi Tessellation43 defined by the local

crystalline topology give the space occupied by the atoms in

the crystal and its inverse, when averaged locally, gives an

accurate measure of the local density, which is essential in the

calculation of the local stresses.45 All MD simulations are

performed with our own parallel simulation code which have

been used previously in many different studies of SiC and

related ceramics.29,30,37,39–41,46–48

III. RESULTS AND DISCUSSION

The shock Hugoniot curve describing the relationship

between shock wave velocities as a function of particle veloc-

ity is one of the most important information one may get to

describe the shock response of a material. The shock Hugoniot

from simulations performed on SiC at T¼ 10 K and T¼ 300 K

for different low-index crystallographic directions of the 3C-

SiC structure as well as nanocrystalline SiC (nc-SiC) is plotted

at Fig. 2. We have found three major regimes for the shock

response, which agree very well with the experiments. The cal-

culated shock velocities as a function of particle velocities are

compared with three independent experimental results.14–16

The experiments are done on diverse microcrystalline samples.

In reported experiments,15,16 the average grain size was 4 lm

and samples had predominantly the 6H polytype. In Fig. 2,

open symbols indicate experimental data in contrast with the

MD data displayed with solid symbols. 3C-SiC monocrystals

are expected to have an anisotropic response to shock loading.

Therefore, simulations are performed considering the three

low-index crystallographic directions of 3C-SiC, i.e., with the

h001i, h110i, and h111i directions aligned along the shock

direction. Since the response of the 5-nm grain size nc-SiC

model is expected to be isotropic, as the polycrystalline experi-

mental samples, only one simulation is performed for it.

For particle velocities below a given threshold, that

depends exactly on the model and temperature, the simula-

tions show the presence of elastic shock waves propagating

with constant velocity. However, the simulation data indicate

that the single solitary longitudinal elastic shock is split into

two elastic waves before any plastic deformation is generated

that occurs for directions h001i and h111i. In Fig. 2, the pairs

of elastic waves are named EL1 and EL2, while the plastic

and structural transformation waves are referred to as PL

and SPT. For the crystalline samples, well-defined wave con-

figurations can be identified: For particle velocity between

�0.8–1.9<Up �2.5–3 km/s, four coordinated intermediate

phase (EL2) and plastic (PL) waves coexist with a faster elas-

tic wave (EL1). From �2.25–3<Up < 5 km/s, a structural

phase transformation (SPT) coexists with the longitudinal

faster elastic wave (EL1). From 5–6 km/s, a single overdriven

wave is present. Results at both temperatures indicate essen-

tially the same regimes. Therefore, in the remaining discus-

sion, the data obtained at 10 K will be mostly used since the

temperature fluctuations in those data are minimum, facilitat-

ing the analysis. The regimes of shock generated for SiC for

the different crystallographic directions as well as for the

nc-SiC sample are in excellent agreement given the differ-

ences in sample structures. Below, each of the different shock

regimes identified is discussed in detail.

Purely elastic waves are generated for weak shocks in

SiC with Up< 0.8 km/s. Increasing the shock strength, one

reaches the end of the regime of purely elastic shock genera-

tion that indicates the Hugoniot elastic limit. The data in Fig.

2 indicate that the threshold particle velocity for this regime in

145902-3 Branicio et al. J. Appl. Phys. 123, 145902 (2018)



monocrystalline samples is in the range Up¼ 0.8–1.9 km/s

that is in good agreement with the polycrystalline experimen-

tal data which show the beginning of a region of plastic phase

just beyond Up � 0.5 km/s. The elastic shock waves are quan-

tified along different crystallographic directions by calculating

profiles of several physical quantities in the system along the

shock propagation. Figure 3(a) shows an atomic structure

region in the system highlighting the shock front region and

the elastically compressed regions in the two elastic waves

generated along the direction h111i at Up¼ 1.5 km/s. Figures

3(b) to 3(e) show shock profiles with particle velocity, density,

and stress showing the well-defined elastic wave split. Abrupt

changes in particle velocity along the system are the most

important signature of the presence and split of shock waves.

Figure 3(b) shows that particle velocity suddenly changes to

�1.1 km/s at the elastic wave front and maintains that value

until the arrival of the second elastic wave when it reaches

quickly the impact particle velocity 1.5 km/s. Other quantities,

such as density, stress, energy, and temperature also change

abruptly in the shock wave front. Figure 3(c) quantifies the

elastic compression of the system by the two elastic waves.

At the elastic fronts, the density increases from 3.21 g/cm3 to

FIG. 2. SiC shock Hugoniot for the low index crystallographic directions of the 3C-SiC structure as well as nanocrystalline SiC. (a), (c), and (e) data for

T¼ 10 K and (b), (d), and (f) data for T¼ 300 K. Filled (open) symbols indicate MD (experimental) data. EL1, EL2, PL, and SPT indicate elastic waves 1 and

2, plastic wave, and structural phase transformation wave. MD results for monocrystals have the h001i (a) and (b), h110i (c) and (d), and h111i (e) and (f)

directions aligned with the shock direction. Both the simulated 5 nm grain size nanocrystalline model and the polycrystalline experimental samples are isotro-

pic and their curves are shown in all plots for comparison. For the crystalline samples, well-defined wave configurations can be identified: For particle velocity

between �1–1.5<Up � 2.5–3 km/s, four coordinated intermediate phase (EL2) and plastic (PL) waves coexist with a faster elastic wave (EL1); from

�2.25–3<Up < 5 km/s, a structural phase transformation (SPT) wave coexists with a faster elastic wave (EL1), and at 6 km/s and beyond, a single overdriven

wave is present. EL2 is not present for h110i direction. The Hugoniot curve for the nc-SiC model indicates no wave splitting in the whole range of particle

velocities considered. Results at both temperatures indicate essentially the same response regimes.
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3.52 g/cm3 (EL1) and then to 3.66 g/cm3 (EL2). The stress

profile in Fig. 3(d) shows that the shear stress is accumulated

progressively in the system with the arrival of the two elastic

waves. A useful quantity to distinguish elastic waves from

plastic and transformation waves is the average displacement

perpendicular to the impact direction. Figure 3(e) shows the

average displacement of the particles in the xy plane, trans-

verse to the shock direction, which indicates accurately the

threshold for plasticity. As can be seen in Fig. 3(e), only resid-

ual displacement generated by the thermal fluctuations in their

position is present.

The second elastic wave generated for moderate shocks

corresponds to an intermediate structure generated prior to the

structural phase transformation and plastic waves. Prompted

by the shock results, we perform additional simulations with a

fully periodic bulk 3C-SiC system to further understand this

phase. The system is simulated at quasi-static conditions at a

hydrodynamic pressure ramp from 0 to 101 GPa. Radial dis-

tribution functions and bond angle analysis are calculated to

quantify the change in the atomic structure as a function of

pressure. The results illustrating the significant change in cor-

relation functions are shown in Fig. 4. The radial distribution

function and coordination number displayed in Fig. 4(a)

clearly show a change in the structure from 64 GPa to 90 GPa.

However, as can be seen from the coordination number, the

structure is still 4-coordinated. From 90 GPa to 101 GPa, the

g(r) function shows a drastic change to a 6-coordination struc-

ture. The bond angle analysis shown in Fig. 4(b) indicates

that this six-coordinated structure has equilibrium Si-C-Si

bonds at �90� and 180�, which shows a typical function of a

rock salt structure. At 65 GPa, the bond angle distribution

shows the typical peak at 109� of the zinc blende structure.

However, at both 75 GPa and 90 GPa, the bond angle distribu-

tion shows an intermediate structure with peaks at �98� and

FIG. 3. Atomic structure and shock profiles of elastic waves along the h111i direction for Up¼ 1.5 km/s. (a) Atomic structure with atoms colored by the parti-

cle velocity indicating a clear elastic wave split. (b)–(d) Particle velocity, density, and stress profiles showing a sharply defined elastic wave split. (e) xy dis-

placement profile indicating residual perpendicular atomic displacement typical of elastic waves. Besides the longitudinal elastic wave (Elastic 1), an

additional elastic wave (Elastic 2) traveling slightly slower than the first also propagates along the h111i direction and corresponds to a tetragonal intermediate

phase which is also generated for elastic compression along the<001> direction.
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127� (75 GPa) and 130� (90 GPa). These combined results

indicate that at 75 GPa and 90 GPa, 3C-SiC undergoes

a deformation, which is compatible with an elastic deforma-

tion of the structure into a tetragonal structure. Such an inter-

mediate structure was not discussed previously for SiC.35

However, as can be seen in Fig. 7 of that publication, the

bond distance curve as a function of pressure indicates the

presence of an intermediate structure between the zinc blende

and the rock salt. Intermediate phases in the pressure induced

structural phase transformation of SiC studied by first princi-

ples have in fact been proposed previously and include tetrag-

onal and orthorhombic states.51 For more details on this

intermediate tetragonal phase, the reader is referred to this

first principles investigation.

As shown in Fig. 2, the regime of elastic compression

gives rise to irreversible deformation on increasing shock inten-

sity. For particle velocity above 1.5–3 km/s, depending on the

crystallographic direction, a plastic wave is generated. Its signs

are clear for impact on all crystallographic directions. In Fig. 5,

the atomic structure and shock profiles are shown for a typical

plastic regime observed in the simulations. Figure 5 shows 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, which is particularly the case for shocks on

metallic materials.28,49,50 However, ceramics such as SiC have

an outstanding resistance to plastic deformation, in particular

to dislocation plasticity. Monocrystal simulations of plane

shock loading on AlN have shown very restricted plastic defor-

mation prior to structural phase transformation into high pres-

sure phases.39 A similar high resistance to dislocation plasticity

is expected from SiC. However, SiC in its cubic phase (3C-

SiC) have many available easy planes for dislocation glide.

Previous simulations of projectile impact on 3C-SiC have dem-

onstrated that in fact under suitable conditions a dense network

of dislocation lines can be generated.30 The results for shock

on different crystallographic directions indicate that under

plane shock conditions 3C-SiC plastic deformation wave have

predominately deformation twinning as its primary deforma-

tion mode. The atomic structure at Fig. 5(a) shows a typical

profile of the onset deformation twinning process present in the

plastic waves generating initially a dense pack of twins along

the h110i direction. The initially highly packed twins with

thickness of �2–4 nm gradually coarse and their thickness

grow up to �12 nm during the short simulation time. The

atomic displacement from initial positions is highlighted by the

atomic x displacement, with x being the vertical direction on

the figure. The particle velocity profile shown in Fig. 5(b) indi-

cates a sharp increase in particle velocity at the elastic shock

front to about 1.8 km/s which is followed by a gradual increase

to the impact particle velocity of 2.5 km/s at the diffuse plastic

wave front. The density profile shown in Fig. 5(c) indicates

more clearly the plastic wave front located at �106 nm. At that

point, the elastically compressed material at 3.72 g/cm3 is grad-

ually compressed to �4.3 g/cm3 by the plastic wave. The plas-

tic wave front is also clearly defined by the stress profile shown

in Fig. 5(d). The initial strong shear stress generated by the lon-

gitudinal 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 direc-

tion. Figure 5(e) 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 shock Hugoniot displayed in Fig. 2 indicates that at

Up¼ 3 km/s a SPT wave is generated and drives the system

from the low-pressure zinc blende phase to the high pressure

compact rock salt phase. The results for different crystallo-

graphic directions agree well with the experimental data,16

also displayed in Fig. 2, which indicates a transformation

wave starting at �3.6 km/s. To illustrate the SPT wave, the

atomic structure and shock profiles from the simulation with

Up¼ 4.0 km/s along the h111i direction are shown in Fig. 6.

As can be seen in Fig. 6(a), the atomic structure undergoes a

sharp structural transformation from the 4-coordinated zinc

blende phase, shown by blue atoms, to 6 coordinated phase

FIG. 4. Correlation functions for 3C-SiC as a function of hydrostatic pressure. (a) Radial distribution functions and coordination numbers for Si-C pairs as a

function of pressure in solid and dashed lines, respectively. (b) Bond angle distribution in arbitrary units as a function of pressure. Curves at 64/65 GPa indicate

the typical four coordinated zinc blend structure. Curves at 75 and 90 GPa indicate a tetragonal intermediate phase which is clearly reproduced under dynamic

conditions of the shock simulations. Curves at 101 GPa indicates a typical six coordinated rock salt structure.
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rock salt, shown in red. The color of the atoms is based on

the value of the centrosymmetry parameter which also indi-

cates a heterogeneous transformation in the shocked material

with a high density of atoms at intermediate structures spread

across the whole sample. These atoms represent defects,

grain boundaries, or atoms undergoing the transformation

at intermediate structures. While the transformation is very

heterogeneous, the shock profiles shown in Figs. 6(b) to

6(d) indicate that the shock front is relatively sharp and the

transformation generates a well-defined transformed state. In

particular, the density profile along the shock system dis-

played in Fig. 6(c) indicates that the elastic precursor com-

presses the material from 3.21 g/cm3 to 4.21 g/cm3. The

transformation shock wave additionally densifies the mate-

rial to 4.91 g/cm3, which amounts to a 24% volume reduction

at the strong elastic compression and an additional 14%

volume reduction at the structural transformation. The total

volume reduction at the strong shock at 4.0 km/s generated

by the solid-solid transformation therefore amounts to 35%.

The structural phase transformation process releases most of

the generated shear stress from the elastic wave. As shown in

Fig. 6(d), the �30 GPa shear stress is quickly released by the

transformation and brings the stress state in the transformed

material to a nearly hydrostatic state. The xy displacement

shown in Fig. 6(e) indicates that the transformation process

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

However, given the heterogeneous nature of the SPT wave,

the value of the displacement varies widely along the trans-

formed material.

Intriguingly, the shock Hugoniot for the nanocrystalline

sample does not indicate any sharp split of the shock waves,

alike that displayed for the monocrystalline models.

Nonetheless, one can still distinguish three regimes separated

by the threshold particles velocities at 1.5 km/s and 4.0 km/s.

FIG. 5. Atomic structure and shock profiles of plastic deformation along h110i direction for Up¼ 2.5 km/s. (a) Layer of atoms along the impact direction

highlighting the deformation twinning character of the plastic wave. Colors indicate the displacement along the perpendicular direction to the shock, on the

page plane. (b) Particle velocity profile indicating the gradual increase in particle velocity till the maximum value in the plastic region. (c) Density profile

showing uncompressed material and the material compressed by the plastic wave to the range from 3.9 to 4.4 g/cm3. (d) Stress profile indicates that the plastic

wave effectively releases most of the built-up shear stress of the shock front. (e) The xy displacement profile along the system indicates that deformation twin-

ning generates a large atomic displacement of up to 6 Å.
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As shown in Fig. 7, below 1.5 km/s, the shear stress accumu-

lates in the nanocrystalline sample, which is indicative of the

lack of release mechanisms and the presence of purely elastic

compression of the sample. On the other hand, from 1.5 km/s

to 3.5 km/s, the shear stress is continuously released indicat-

ing the activation of plastic deformations in the material,

consistent with the behavior observed for the monocrystal-

line samples. At 4 km/s, Fig. 7 indicates a sudden increase in

shear stress which is then gradually released on increasing

particle velocity indicating a shift in release mechanisms,

which is consistent with the above described SPT for the

monocrystalline models.

A challenging question that remains to be explained is

why there is no splitting in the shock Hugoniot observed for

the nanocrystalline models and even more challenging is why

the Hugoniot curve follows almost perfectly the experimental

curve corresponding to the plastic wave, please see Figs. 2(a),

2(c), and 2(d). One can answer this question by noting

the inherently nanocrystalline structure of the sample under

discussion. The grains in the nanocrystalline sample are sub-

stantially smaller than those in microcrystalline experimental

samples. The fraction of softer amorphous interfaces is much

larger as well at �35%. For details on the nanocrystalline

sample simulated, the reader is referred elsewhere.44 When

the experimental sample enters the plastic regime, the mate-

rial increasingly accumulates defects and additional grain

boundaries, turning on perspective the structure closer to the

nanocrystalline one. On the other hand, the plastic regime

FIG. 6. Atomic structures and shock profiles of the structural phase transformation wave generated for shock along the h111i direction for Up¼ 4.0 km/s. (a)

Layer of atoms along the impact direction indicates the structural phase deformation wave that drives SiC from the low-pressure zinc blend (blue) to the high-

pressure rock salt phase (red). Colors indicate Centrosymmetry parameter (CSP) values. (b) Particle velocity profile indicating the split wave profile with elas-

tic and transformation waves. (c) Density profile showing uncompressed, elastically compressed, and transformed regions. (d) Stress profile indicates the shear

stress release of the structural transformation wave. (e) The xy displacement profile along the system indicates that the transformation takes place by locally

displacing atoms by up to 10 Å from initial positions on the plane perpendicular to impact direction.
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will not change dramatically the nanocrystalline sample given

the already high density of interfaces and structural defects

present, which is the main reason why the nanocrystalline

sample Hugoniot resembles that of the plastically deformed

experimental sample and does not generate wave splits.

Entering the structural transformation regime, the same argu-

ment is valid and while the shear stress clearly indicates a

change in release mechanisms, the Hugoniot indicates a rela-

tively smooth increase in shock velocity.

An aspect to note about the plastic wave in the nanocrys-

talline sample is that it takes place using deformation mecha-

nisms distinct than those of the monocrystalline models. As

shown in Fig. 8, the plastic wave in the nanocrystalline sam-

ple takes place using two atomistic mechanisms: grain bound-

ary sliding and deformation twinning. Grain boundary sliding

at such small average grain size material is expected to be an

important deformation mode. Figure 8(a) 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. For reference, the grains of the nanostructure

shown in A are shown in different colors in B. Nonetheless,

while the bulk of the deformation occurs at the interfaces,

deformation twinning is still active inside grains, as shown in

Fig. 8(c). The reference nanostructure for Fig. 8(c) is shown

in Fig. 8(d). In contrast with the monocrystalline model where

deformation twinning involves the whole crystal for the nano-

crystalline model, deformation twinning is rather localized in

a fraction of the grains.

The profiles of the plastic deformation are shown in Fig.

9 for Up¼ 2.5 km/s. Figures 9(a) to 9(c) show clearly an

absence of wave splitting and a sharp plastic wave front.

The well-defined particle velocity profile shown in Fig. 9(a)

indicates that while the nanostructure is heterogeneous with

grains of different sizes, shapes, and crystal orientations, the

state of the plastic wave is well-defined and stable. The same

well-defined state is shown by the density profile shown in

Fig. 9(b) indicating a sharp compression of the nc-SiC model

from 3.1 g/cm3 to 4.1 g/cm3 at the wave front. The stress pro-

file shown in Fig. 9(c) indicates 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 the nanocrystalline sample,

shown in Fig. 9(d), shows a highly inhomogeneous distribu-

tion of values between �2 and 8 Å, which is a result of the

combination of grain boundary sliding and deformation twin-

ning mechanisms.

Possibly the most important result from shock investiga-

tions is the shear stress generated at the Hugoniot elastic

limit, which provides a good estimate of the strength of the

material. In Fig. 10, the shear stresses for low particle veloci-

ties are plotted until the Hugoniot elastic limit, where the

values are maximum. Data for shear stress outside this range,

i.e., at very low impact velocities or at velocities beyond the

Hugoniot elastic limit, are prone to large fluctuations and are

not plotted here. The monocrystalline strengths predicted are

15.2, 30.9, and 31.4 GPa for h001i, h110i, and h111i direc-

tions and 12.3 GPa for the nc-SiC model. Considering that

the strength of defect free monocrystalline SiC is expected to

be higher than for polycrystalline samples, the results are

consistent with the values measured experimentally16 in the

range 8–16 GPa. In particular, the strength calculated for the

nanocrystalline sample agrees very well with experiments in

face of the expected loss of strength due to the softer inter-

face material, which constitutes a large fraction of the nano-

crystalline sample.

FIG. 7. Shock Hugoniot and shear stress for impact on nc-SiC. Black curve

indicates shock velocities while the red curve shows the shear stress as a

function of particle velocity. While the shock Hugoniot indicates a nearly

monotonic increase in shock speed and absence of wave splitting, the shear

stress profile indicates clearly an elastic and two regimes of shear stress

release corresponding to a plastic wave and a structural phase transformation

wave.

FIG. 8. Atomic structures and local displacement profiles of the plastic

deformation in the nc-SiC model for Up¼ 2.5 km/s. (a) Layer of atoms

along the impact direction highlighting that plastic deformation takes place

mostly at grain boundary interfaces, e.g., grain boundary sliding. The color

gradient indicates displacement in the plane perpendicular to the impact

direction (left to right in the page). (b) The nc-SiC nanostructure corre-

sponding to (a) with grains highlighted in different colors. (c) Layer

of atoms along the impact direction indicating also the presence of defor-

mation twinning. Atoms are colored according to the displacement perpen-

dicular to the impact direction in the page plane. (d) Nanostructure

corresponding to (c).
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IV. CONCLUSIONS

Plane shock loading on mono- and nanocrystalline SiC

ceramics was performed using molecular dynamics simulations

with the aim of revealing the interplay between elastic com-

pression, plastic deformation, and the structural phase transfor-

mation. We observed distinct shock wave regimes: elastic,

intermediate, plastic, structural phase transformation, and over-

driven, by increasing the particle velocity irrespective of the

crystallographic directions and temperatures employed in the

systems. The particle velocity range chosen is 0.1–6.0 km/s,

and it accesses all shock wave regimes. When Up is less than

0.8–1.9 km/s, only elastic uniaxial compression is observed. At

about 1 km/s, the elastic compression generates an intermediate

phase. At about 1.5 km/s, a plastic wave is generated which is

indicated by a large xy displacement in the shock profile and

clear deformation twinning in the atomic structure models.

When the generated pressure is higher than 90 GPa, a zinc

blende to rock salt structural phase transformation is triggered.

Finally, the structural phase transformation overtakes the elas-

tic wave at �5.0–6.0 km/s, and a single overdriven wave is

observed. The induced shear stress is promptly relaxed by the

plastic and SPT waves. In contrast, while all shock regimes

are present in the nanocrystalline sample, it has an absence of

wave splits and shows a seamless increase in shock velocity

with particle velocity. The predicted shock Hugoniot are in

excellent agreement with experimental data. In particular,

the calculated strengths at the Hugoniot elastic limit 15.2, 31.4,

and 30.9 GPa for h001i, h110i, and h111i directions and

12.3 GPa for the nanocrystalline sample are in excellent agree-

ment with the experimental range of values for polycrystalline

samples. These results provide important atomistic insights

into the shock wave behavior of mono-and nanocrystalline

ceramics.
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