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How Fast Can Cracks Propagate?
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We have performed atomic simulations of crack propagation along a weak interface joining two har-
monic crystals. The simulations show that amode |1 shear dominated crack can accelerate to the Rayleigh
wave speed and then nucleate an intersonic daughter that travels at the longitudinal wave speed. This
contradicts the general belief that a crack can travel no faster than the Rayleigh speed.

PACS numbers. 62.20.Mk, 61.20.Ja, 61.72.Bb, 68.35.Bs

Animportant issuein rapid brittle fractureisthelimiting
speed of crack propagation [1]. It is widely believed that
a brittle crack cannot propagate faster than the Rayleigh
wave speed. The origin for this belief stems from the
predictions of continuum mechanics [1-3]. For mode |
tensile loading, theory predicts that the “forbidden velocity
zone” for crack propagation is for any speed greater than
the Rayleigh wave speed. For mode |l shear loading, the
forbidden velocity zone exists only for speeds between the
Rayleigh and shear wave speeds. Hence, amode | crack’s
limiting speed is the Rayleigh speed. However, a mode Il
crack’s limiting speed is also the Rayleigh speed because
its forbidden velocity zone between the Rayleigh and shear
wave speeds acts as an impenetrable barrier for the shear
crack to go beyond the Rayleigh wave speed.

Burridge [4] studied cracks growing self-similarly at the
Rayleigh speed and discovered that, under mode Il condi-
tions, a positive peak of shear stress develops at a distance
ahead of thetip. In comparison, no such peak exists under
mode | conditions. Andrews [5] concluded that a subsonic
shear crack could indeed induce microcracks moving at
speeds faster than the shear wave speed. More recently, a
continuum analysis of intersonic crack propagation based
on a cohesive surface model was studied by Needleman
[6] and showed transonic crack propagation. Analysis of
the 1979 Imperial Valey earthquake [7] provided indi-
rect observations of shear rupture in excess of the shear
wave speed.

Thefirst direct experimental observation of cracksfaster
than the wave speed ¢; has now been reported by Rosakis
et al. [8]. They investigated shear dominated crack growth
along weak planesin abrittle polyester resin under far field
asymmetrical loading. The late arrival of an experiment on
intersonic fracture is due, in part, to the fact that a crack
in elastic homogeneous and isotropic solids always kinks
or branches out, deviating from the initial crack plane and
having a zigzag crack path, once the crack tip velocity ex-
ceeds only ~(0.3-0.4)¢, [1,9,10]. In fact, the only possi-
bility of attaining intersonic propagation is to introduce a
weak path (alayer of lower toughness) so that crack growth
is confined to this path, as done by Rosakis et al. [8]. The
question of whether atransonic crack has been accelerated
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from a subsonic crack or is nucleated directly as an inter-
sonic crack has not been resolved by experiments.

To understand this phenomenon, we have performed
two-dimensional molecular dynamics (MD) simulations
[11] of crack propagation along a weak interface joining
two harmonic crystals. The MD technique has provided
valuable insights on the dynamics of dislocations [12].
Similar to cracks, aforbidden velocity zone exists for dis-
locations and lies between the Rayleigh and shear wave
speeds [13,14]. However, Hoover and colleagues [15] re-
ported dislocations traveling transonically at nine-tenths
the longitudinal sound speed. This was also observed in
simulations of fracture [10] and indentation [16].

We assume that the interatomic forces are harmonic,
except for those pairs of atoms with a separation cutting
the horizontal center line of the simulation slab. For these
pairs, the interatomic potential is taken to be Lennard-
Jones (LJ) 12:6. We express the resultsin terms of reduced
units. lengths are scaled by the parameter o, the value
of the interatomic separation for which the LJ potential
is zero, and energies are scaled by the parameter e, the
depth of the minimum of the LJ potential. We adopt the
LJ spring constant and nearest-neighbor interactions for
the harmonic lattice. The LJ potential cutoff is taken to be
2.5. Atoms along the crack line with LJ interactions bond
only with their original nearest neighbors. Thelongitudinal
wave speed ¢, at zero temperature and pressure is 9, and
the shear wave speed ¢, = ¢¢//3 = 5.20. The Rayleigh
wave speed cp = 4.83 is approximately 0.93 of the shear
wave speed.

Our system isa 2D rectangular slab of atomswith N, =
1424 atoms along the horizontal length defining the x di-
rection and with N, = 712 atoms along the vertical length
defining the y direction. A horizontal dlit of 200 atom
distance is cut midway aong the left-hand vertical slab
boundary. The 2D crystal has a triangular lattice with
the dit parallel to the close packed direction along which
atomic spacing is equal to the lattice constant 2'/°. The
initial temperature is set to be zero, and the simulation is
conducted at constant energy. To study a shear dominated
crack, strain rates £, = 0.00005 and £, = 0.00025 are
imposed on the outermost rows of atoms defining the op-
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posing horizontal faces of our two-dimensional slab. The
top of the slab moves up and to the left (or in the pos-
itive y and negative x directions) and the bottom of the
slab moves down and to the right (or in the negative y and
positive x directions). Linear velocity gradients are estab-
lished across the slab, and an increasing strain occursin the
solid slab. This leads to eventual failure of the material at
the dlit tip. The applied strain rates remain constant during
the simulation, and the simulation is continued until the
growing crack has traversed the total length of the dab.
We aso conducted simulations of a mode | crack with
the same geometrical setup, where only an opening strain
rate £, = 0.00005 is imposed. The results are discussed
below.

The histories of crack velocity under model and
mode Il loading are presented in Fig. 1. The triangles
show representative positions of the crack under tensile
(mode 1) loading as a function of time. The mode | crack
quickly approaches a constant velocity, as indicated by the
tip positions falling on a straight line with a slope of 4.83
equal to the reduced Rayleigh wave speed of the harmonic
crystal. The mode | case shows that the crack velocity
is indeed limited by the Rayleigh wave speed, consistent
with the classical theories of fracture. In comparison, the
dots show representative recorded positions of the crack
under shear dominated (mode I1) loading as a function of
time. The mode Il crack quickly approaches a constant
velocity. After propagating at this constant velocity for a
short while, the crack tip jumps to a higher constant ve-
locity, as indicated by the positions falling on two straight
lines. The dlope of thefirst straight line is calculated to be
4.82, or the Rayleigh wave speed of the harmonic solid.
The slope of the second straight line is calculated to be
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FIG. 1. The history of crack velocity under model and
mode Il loading. Note that the model crack is quickly acceler-
ated to the Rayleigh wave speed and is limited by this speed.
The mode Il crack first accelerates to the Rayleigh wave speed,
propagates at the Rayleigh speed for a while, and then jumps
to the longitudinal sound speed.
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8.97 which is essentialy the reduced longitudinal sound
speed. These results are consistent with the Mach cone
angles and the expanding halo configuration shown in
Fig. 2. The mode |1 crack thus exceeds the Rayleigh wave
speed and contradicts the classical theories of fracture.
Figure 2 shows several snapshots of amode Il crack ac-
celerating to the longitudinal sound speed. Initialy, the
mode |1 crack is subsonic with no shock waves emanating
from the crack tip, as shown in Fig. 2(a). As the crack
jumps over the forbidden velocity zone and attains the
longitudinal wave speed, a pair of shock fronts are ob-
served as a Mach cone emanating from the crack tip, as
shown in Figs. 2(b) and 2(c). These shock fronts corre-
spond to transverse sound waves generated at the mov-
ing crack. Note that the crack sits at the top of a circular
halo which corresponds to longitudinal sound waves emit-
ted from the crack tip. This configuration shows that the
crack velocity is equal to the longitudina wave speed.
Thereis shock wave reflection at the vertical boundaries at
the very late stage of the simulation, which isin the oppo-
sitedirection of crack growth. The crack tip is not affected
by the reflected shock waves. Since the crack travels at the

FIG. 2 (color). Transition of a subsonic crack to the longitu-
dinal sound speed. The figures represent a progression in time
from the top to the bottom. (a) A mode Il shear crack travels at
the Rayleigh wave speed; (b) the early-time occurrence of shock
waves as the crack attains the longitudinal wave speed; (c) the
late-time propagating crack traveling at the longitudina wave
speed. Note that the crack is moving at the same speed as the
halo expanding at the longitudinal sound speed. The color bar
shows the color map for the local atom speed in the x direction,
i.e., the direction of the moving crack. The slab dimensions are
approximately 800 by 1400 (in reduced units).
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longitudinal wave speed, it “outruns’ al of the acoustical
disturbances.

The mechanism for the mode 1l crack “jumping” over
the forbidden velocity zone is clearly shown in Fig. 3,
where a series of color maps of the shear stress com-
ponent o, is used to revea the details of this process.
This transition occurs by the nucleation of an intersonic
daughter crack ahead of the mother crack traveling at the
Rayleigh wave speed. Asthe mother crack approaches the
critical state of nucleation, the crack tip region is asym-
metrically distorted with a bulge on the right side of the
crack face, as shown in Fig. 3(a). The linear elastic solu-
tions of dynamic crack tip field [1] predict that the opening
displacements along the crack face are symmetric with re-
spect to the crack line under mode | loading and zero under
mode Il loading (there is only a sliplike motion of crack
surfaces under mode I1). According to these solutions,
the crack opening displacements should remain symmetric
even under mixed mode conditions, which is inconsistent
with the asymmetric distortion observed in our simulation.

FIG. 3 (color). The nucleation of an intersonic daughter crack
at the mother crack. The figures represent a progression in
time from left to right and from top to bottom which are ref-
erenced as (a) to (d). (a) The approach of the critical state for
the mother crack. Note the asymmetrically distorted crack tip
region; (b) the birth of the intersonic crack. A very sharp dlit is
born ahead of the tip of the mother crack. (c)—(d) The daughter
crack joins the mother crack and quickly approaches the longi-
tudinal sound speed. The color bar shows the color map for the
shear stress component o,. The bulged mother crack is still
propagating at the Rayleigh wave speed. The dimensions of the
solid region shown are approximately 90 by 120 (in reduced
units).

It appears that the scale of asymmetry is too large to be
explained by the asymmetry of lattice. While the origin
of such discrepancy between theory and simulation is not
entirely clear, we believe that the crack tip distortion is a
consequence of anharmonic interactions across the weak
interface which causes asymmetry in the dynamical relax-
ation of the atoms upon bond breaking. An intuitive ar-
gument is given as follows: for the dlab’s bottom half, the
released atoms “snowplow” to the right into a highly com-
pressed solid; on the dab’s top half, the released atoms
move to the left into a solid that is also relaxing in the
same direction into an unstrained state. The snowplowing,
coupled with vertical expansion, causes loca distortion of
the harmonic slab on the lower side of the crack head and
gives rise to the observed bulging. The shear stress distri-
bution near the crack tip is also highly asymmetric, con-
tradicting the mode |l crack analysis of Burridge [4] and
Andrews[5], athough the nucleation of the daughter crack
isvery reminiscent of what they proposed based on contin-
uum analysis. We observe significantly less crack opening
at the tip of the daughter crack compared with that of the
mother crack, indicating that the daughter crack is more
dominantly mode Il even though the mother crack has a
mode | component. Thisisconsistent with our observation
that the mode | crack tends to be limited by the Rayleigh
wave speed.

Figures 3(b)—3(d) show the detailed process of the birth
of the intersonic daughter crack. It is seen that a sharp in-
tersonic crack is nucleated at a small distance ahead of the
mother crack. Color maps of atomic velocity (not shown
here) show transverse Mach cones near the daughter crack.
The angle of the Mach cone shows that the velocity of
the daughter crack is consistent with the longitudinal wave
speed. As the daughter crack moves ahead, the mother
crack can still be seen as a surface bulge which trails be-
hind at the Rayleigh wave speed. By varying the strain
rates, we find that the nucleation occurs at a constant strain.

Istheintersonic daughter crack equivalent asapair of in-
tersonic dislocations with opposite Burgers vectors? This
isan interesting question becauseit is now understood [ 16]
that intersonic and supersonic velacities can be readily ac-
cessed by didlocations that are nucleated with intersonic
velocities by a strong stress concentration. To answer this
guestion, a close view of atomic positions near the daugh-
ter crack isshownin Fig. 4. Thispicture clearly showsthat
the intersonic object ahead of the mother crack is a crack
with a well-defined opening and cannot be described as
edge dislocations.

Our simulations demonstrate intersonic crack propaga-
tion and the existence of a“mother-daughter” crack mecha-
nism for a subsonic shear crack to jump over the forbidden
velocity zone. This mechanism is reminiscent of a similar
mechanism based on continuum theories [4,5], athough
the continuum description cannot provide an ab initio de-
scription for crack formation and the details of crack tip
distortion are not consistent with the continuum solutions.
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FIG. 4 (color). A close view of atomic positions near the in-
tersonic daughter crack, which indicates that the daughter crack
is a crack with a well-defined opening and cannot be regarded
as a pair of edge dislocations with opposite Burgers vectors.

The birth of the daughter crack cannot be characterized by
a critical energy release rate or a critical stress intensity
factor near the mother crack because both of these quan-
tities vanish at the Rayleigh wave speed. It seems that
the only possible mechanism by which the daughter crack
can be nucleated is by the finite stress peak ahead of the
mother crack, and along the weak bonding line, as mea
sured in the stress field and discussed by Burridge [4]. A
more detailed analysis of this mechanism will be discussed
in a forthcoming paper.

We have aso made further extensions to this study. For
example, we have set the strain rates &, and ¢, equal to
zero at the time of nucleation of the intersonic crack and
till observed a constant propagation velocity of the crack
at the longitudinal wave speed throughout its passage to
complete cleavage. However, the acoustical disturbances
are much less “explosive.” If the dab is allowed to spring
back by completely releasing the applied loads as soon as
the daughter crack is nucleated, the crack speed drops to
V2 ¢, and propagates at this speed until complete cleavage
occurs. This loading process seems to closely resemble
the dynamic impact loading conditions in the experiments
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of Rosakis et al. [8], and our results are entirely consistent
with their corresponding experimental observations.

This paper nicely complements experimental observa-
tions of intersonic fracture [8] and provides an expla-
nation of intersonic rupture observed for shallow crusta
earthquakes [3]. Atomistic simulations yield “ab initio”
information about crack tip formation and deformation
a length scales unattainable by experimental measure-
ment and unpredictable by continuum elasticity theory and,
hence, gives additional insights into the complex mecha-
nisms of materials failure.
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