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Brittle fracture dynamics for three low-index crack surfaces, i.e., 共110兲, 共111兲, and 共100兲, in
crystalline cubic silicon carbide 共3C-SiC兲 is studied using molecular dynamics simulation. The
results exhibit significant orientation dependence: 共110兲 fracture propagates in a cleavage manner;
共111兲 fracture involves slip in the 兵111̄其 planes; and crack branching is observed in 共001兲 fracture.
Calculated critical energy release rates, which characterize fracture toughness, are compared with
available experimental and ab initio calculation data. © 2005 American Institute of Physics.
关DOI: 10.1063/1.2135896兴
I. INTRODUCTION

Potential applications of silicon carbide 共SiC兲 for electronic and structural devices have created strong interest in
its physical and mechanical properties.1 Due to the brittleness of SiC, there is a great need for understanding its fracture behaviors for structural applications. Dynamic fracture
has been studied experimentally and by large-scale atomistic
simulation in various materials.2–4 However, it has been reported that molecular dynamics 共MD兲 simulations with empirical interatomic potentials often fail to describe fracture in
real materials even qualitatively.5 For example, the widely
used Stillinger-Weber potential had to be modified to realize
a brittle fracture in silicon.6 Recently, we have shown that
MD simulations with our interatomic potential reproduce not
only the known fracture behaviors for different crystallographic orientations but also experimental fracture toughness
values in crystalline GaAs.7 In this paper, we present MD
simulations of brittle dynamic fracture in crystalline cubic
silicon carbide 共3C-SiC兲 using our interatomic potential. The
results exhibit significant orientation dependence: 共110兲 fracture is cleavage, whereas 共111兲 and 共001兲 fractures are unstable against slip and branching, respectively.
The interatomic potential used in this study has been
validated by comparing a number of physical quantities with
corresponding experimental data. The potential parameters
are chosen to reproduce the lattice constant, the elastic constants 共c11 and c12兲, and the cohesive energy of 3C-SiC crystal. Reasonable agreements between MD and experimental
results are also obtained for: 共i兲 high-pressure structural
transformation in crystalline SiC including both forward and
0021-8979/2005/98共10兲/103524/4/$22.50

reverse transformations;8 共ii兲 phonon density of states of
crystalline 3C-SiC; 共iii兲 sintering temperature of nanophase
SiC;9 and 共iv兲 amorphous structure.10
II. MD SIMULATION

The strip geometry used in this study is shown schematically in Fig. 1. The top and bottom layers of the strip of
width 10 Å in the z direction are held rigidly during the
entire simulation to apply strain to the system. The periodic
boundary condition is applied in the y direction 共with planestrain condition兲, but the x and z directions have free surfaces. A thin notch of half the system length is inserted by
removing atoms in the middle of the two fixed layers to
initiate a crack in the x direction. The crack plane is parallel
to the xy plane. This strip geometry facilitates simple calculation of the energy flux into the crack.11 The energy to make
continuous crack advance is provided by uniaxially stretching the system along the z direction in our MD simulations.
In an initial MD run, the system is quenched to relax the free

FIG. 1. Schematic of the system configuration used in fracture simulations.
The strip geometry allows a simple calculation of the mechanical energy
release rate, G.
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TABLE I. Fracture toughness Tc, critical energy release rate Gc, and surface
energy ␥ of 3C-SiC 共110兲, 共111兲, and 共001兲 surfaces. The present molecular
dynamic 共MD兲 results are compared with the other theoretical results.

Tc 共MPa m 兲
Gc 共J / m2兲
2␥ 共J / m2兲—present
2␥ 共J / m2兲—other theories
1/2

FIG. 2. Atomic configurations near the crack tips in brittle fracture of 3C–
SiC. 共a兲 shows 共110兲 to be a cleavage surface; 共b兲 shows that 共111兲 is not a
cleavage surface since dislocation emission deforms the crack tip; 共c兲 shows
that fracture along 共001兲 surfaces is unstable to branching along 兵110其
surfaces.

surfaces by scaling velocities of atoms. The system is then
stretched gradually up to slightly below the critical strain, c,
which is predicted by Griffith’s theory. To eliminate an artificial stress waves in stresses xx and zz due to the simulation schedule, the system is quenched again. To calculate
crack-tip speeds at different strains, the system is subsequently stretched to a desired strain at a strain rate, ˙ . The
strain rate is ˙ = 10−6⌬t−1, where ⌬t = 1 fs is the time step
used in the simulations.
The mechanical energy release rate, G, in the strip geometry is the amount of energy, per unit area, that is supplied
by the elastic energy stored in the system. It is calculated by
integrating the stress-strain curve with respect to strain, 
G=W

冕



d⬘共⬘兲,

0

where W is the strip width in the z direction 共see Fig. 1兲 and
 is the zz component of the stress well ahead of the crack
tip. At a strain above c, crack propagation at constant velocity is achieved after an initial transient. The crack-tip
speed is thus obtained for each value of G.
III. RESULTS

MD simulations are carried out for three low-index crack
surfaces: 共110兲, 共111兲, and 共001兲. The system size and number of atoms for each system are 616⫻ 17⫻ 185 Å3 and
190 000 atoms for 共110兲 共the crack propagates in the 关1̄10兴
direction兲; 641⫻ 18⫻ 181 Å3 and 200 000 atoms for 共111兲
关1̄1̄2兴; 610⫻ 17⫻ 192 Å3 and 190 000 atoms for 共001兲 关100兴
fracture. While the initial temperature of the system is nearly
zero, it increases as the crack advances. Temperature control,
which may affect crack-tip dynamics, is not applied in this
study. Nevertheless, the average temperature remains below
100 K during the entire simulation.
Figure 2共a兲 shows a snapshot of 共110兲 brittle fracture at
G = 3.9 J / m2. In the 共110兲 brittle fracture, the crack travels in
a steady and cleavage manner along the x direction, and the
crack tip is atomically sharp. Calculated critical energy release rate, Gc = 3.5 J / m2, is slightly larger than 2␥共110兲
= 3.4 J / m2, where ␥共110兲 is the 共110兲 surface energy. The
small difference between Gc and 2␥ may be attributed to
lattice trapping in both 共110兲 and 共111兲 brittle fracture.
Lattice trapping is a manifestation of the atomistic discreteness of the crystalline lattice, and it causes the crack to

共110兲

共111兲

共001兲

1.26
3.5
3.4
3.1b, c,
2.0d, 3.6e

1.52
4.6
4.2a
2.5 共shuffle兲,
8.2 共glide兲e

1.30
5.1
6.8a
4.6c

a

Average surface energy of Si- and C-terminated ideal surfaces.,
Reference 19.
c
Reference 22.
d
Reference 20.
e
Reference 21.
b

remain stable and not to advance until the load reaches Gc,
which is larger than the value, 2␥, predicted by Griffith’s
theory.12 For example, lattice trapping for 共111兲 and 共110兲
fracture in Si has been studied with electronic structure calculations based on the density functional theory 共DFT兲.12
In the 共111兲 brittle fracture, cleavagelike crack propagation occurs in a small range of G above Gc. At larger values
of G, crack propagation becomes unstable against surfacestep formation due to slip, as shown in Fig. 2共b兲. The slip
plane observed in these simulations is 兵111̄其. This plane includes well-known shuffle and glide surfaces, and coincides
with an experimentally observed easy slip plane.13 The calculated Gc = 4.6 J / m2 is larger than 2␥共111兲 = 4.2 J / m2.
A snapshot of the 共001兲 brittle fracture at G = 9.5 J / m2 is
shown in Fig. 2共c兲. It is unstable against branching with
兵110其 branched crack surfaces. The critical energy release
rate, Gc共001兲 = 5.1 J / m2, is close to 冑2Gc共110兲, but smaller
than 2␥共001兲 = 6.8 J / m2, which can be explained as the consequence of the branching along 兵110其 surfaces. These features are akin to those obtained in our previous simulations
in crystalline GaAs. Similar branching instabilities have been
observed in MD simulations of various systems such as 2D
triangular lattices,14,15 Ni,16 graphite,17 and Si.18
The fracture toughness, Tc, is calculated as Tc = 关Gc
⫻ E / 共1 − 2兲兴1/2, where E is the Young’s modulus and  is the
Poisson ratio. The obtained fracture toughness, Tc, critical
energy release rate, Gc, and surface energy, ␥, are listed in
Table I as well as available experimental and theoretical values. To our knowledge, no experimental data for singlecrystal 3C-SiC are available. However, the surface energies
are in reasonable agreement with other theoretical
results.19–22 The calculated critical energy release rates are in
the range 共3 - 7 J / m2兲, deduced by Rice et al., from polycrystalline SiC.23
Figure 3 shows the crack-tip speed, , as a function of G
for the 共110兲 fracture. The crack-tip speed rises sharply
above Gc, and quickly saturates to a terminal speed
共3720 m / s兲, which is about 53% of the Rayleigh wave speed
共6963 m / s兲. This limiting speed is consistent with the results
of previous MD simulations.3,4,14–18 Above the critical energy release rate, crack propagation is observed in a wide
range of G.
Figure 4 shows a snapshot of local stress distribution
共tensile component兲 for 共110兲 fracture at G = 3.9 J / m2. Uni-
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FIG. 3. Crack-tip speed, , as a function of the mechanical release rate, G,
for 共110兲 dynamic fracture of 3C-SiC. The inset shows crack-tip speed as
function of time at G = 4.2 J / m2.

form tensile stress extends in front of the crack tip, since the
system is subjected to tension, whereas the stress is released
immediately behind the tip due to new surface creation by
the crack propagation. The estimated speed of the tensilestress wave is about 12 000 m / s. It corresponds to the speed
of longitudinal acoustic phonon along the 关110兴 direction,
which is 12 458 m / s. The figure also shows concentration of
tensile stress around the crack tip as expected from elasticity
theory. These stresses are monitored to check the boundary
effects throughout the simulations. No significant perturbation due to those effects is observed in the stress field near
the crack tip.
Dislocation activities at the crack tip have been studied
extensively by MD simulations for metals such as Cu and
Fe,24–26 which in some cases result in extensive plasticity
and make the fracture behaviors widely different from those
reported here. To study the subtle competition between crack
extension and dislocation emission, the interatomic potential
needs to be carefully validated.6
Brittleness and ductility at the crack tip are dictated by
the balance between the surface energy and the unstable
stacking fault energy, ␥us, i.e., the energy barrier associated
with a slip.27 To validate our interatomic potential in this
aspect, we have calculated ␥us for the 共111兲 glide plane in the
关101̄兴 direction with both MD and a quantum mechanical
method in the framework of the density functional theory
共DFT兲.28 Following Tadmor and Hai,29 the MD calculation
starts with a bulk single-crystal sample with 21 atomic layers

in the 关111兴 direction. The top 10 layers are rigidly slid in the
关101̄兴 direction against the bottom 11 layers, in several steps,
forming an intrinsic stacking fault. The atomic positions in
the 关111兴 direction at each step are relaxed in order to obtain
a minimum energy configuration. The electronic-structure
calculations are based on the generalized gradient
approximation30 for the exchange-correlation energy in the
DFT.31,32 The ultrasoft pseudopotential33 is employed to describe the interaction between the valence electrons and ions.
The electronic wave functions and the electron density are
expanded by the plane-wave basis sets with cutoff energies
of 25 and 200 Ry, respectively. The energy functional is
minimized using an iterative scheme based on a preconditioned conjugate-gradient method.34 To calculate the DFT
value for ␥us, we use a system consisting of 8 SiC layers with
10 Å vacuum, and relax the positions of atoms in the 关111兴
direction. The stacking fault is created as stacking sequences,
CABCABCA to CABCBCAB. The calculated MD value for
the unstable stacking fault energy, 148 meV/ Å2, agrees well
with the DFT value, 169 meV/ Å2. Our interatomic potential
describes other mechanical properties of SiC as well. For
example, the MD values for hardness agree well with experimental values.35
IV. SUMMARY AND DISCUSSION

In summary, molecular dynamics simulations have been
carried out to investigate brittle fracture dynamics in crystalline 3C-SiC. The results show significant orientation dependence, that is 共110兲 fracture is cleavage, whereas 共111兲 and
共001兲 fractures are unstable against slip and branching, respectively. Calculated critical energy release rates agree reasonably with the theoretical values, and support values predicted by Rice et al.
The present MD simulation results show a wide variety
of fracture behaviors for different crystallographic planes.
Previous theoretical studies have also shown that fracture
could be highly anisotropic even within the same crack
plane, i.e., cracks propagate differently for different crack
propagation directions. For example, in the 共110兲 plane in Si,
a crack propagates in a cleavage manner in the 具1̄10典 direction, but it propagates discontinuously, with significant relaxation of the surrounding atoms, in the 具001典 direction.12 Furthermore, full three-dimensional consideration of crack
propagation brings in even more complex processes. For example, a recent theoretical study has shown a kink mechanism, in which the crack front propagates via formation of
kinks, for 共111兲 crack propagation in Si.36
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