References and Notes

1. G. E. Smith, G. A. Baraff, J. M. Rowell, Phys. Rev. 135,
A1118 (1964).

2. Yu. F. Komnik, E. I. Bukhshtab, Yu. V. Nikitin, V. V.
Andrievskii, Zh. Eksp. Teor. Fiz. 60, 669 (1971) [Sov.
Phys. JETP 33, 364 (1971)].

3. M. Lu et al., Phys. Rev. B 53, 1609 (1996).

4. ). H. Mangez, J-P. Issi, J. Heremans, Phys. Rev. B 14,

4381 (1976).

5. Kai Liu, C. L. Chien, P. C. Searson, Kui Yu-Zhang, Appl.
Phys. Lett. 73, 1436 (1998).

6. Z. Zhang, X. Sun, M. S. Dresselhaus, J. Y. Ying, J. P.
Heremans, Appl. Phys. Lett. 73, 1589 (1998).

7. G. A. Prinz, Science 282, 1660 (1998).

REPORTS

8. D. E. Beutler and N. Giordano, Phys. Rev. B 38, 8
(1988).

9. D. L. Partin et al., ibid., p. 3818.

10. N. W. Ashcroft and N. D. Mermin, Solid State Physics
(Saunders, Philadelphia, 1976), chap. 14.

11. F. Y. Yang et al., unpublished data.

12. R. Schad et al., Appl. Phys. Lett. 64, 3500 (1994).

13. B. Dieny et al., Phys. Rev. B 43, 1297 (1991); T. C.
Anthony, J. A. Burg, S. Zhang, IEEE Trans. Magn. 30,
3816 (1994).

14. Supported by NSF grants DMR96-32526 and DMR97-
32763.

13 January 1999; accepted 9 April 1999

Cracks Faster than the Shear
Wave Speed

A. ). Rosakis,* O. Samudrala, D. Coker

Classical dynamic fracture theories predict the surface wave speed to be the
limiting speed for propagation of in-plane cracks in homogeneous, linear elastic
materials subjected to remote loading. This report presents experimental ev-
idence to the contrary. Intersonic shear-dominated crack growth featuring
shear shock waves was observed along weak planes in a brittle polyester resin
under far-field asymmetric loading. When steady-state conditions were at-
tained, the shear cracks propagated at speeds close to /2 times the material
shear wave speed. These observations have similarities to shallow earthquake
events where intersonic shear rupture speeds have been surmised.

Over the past 50 years, fracture mechanics
theories have had enormous success in pre-
dicting the failure of brittle materials, a class
of materials that exhibit a linear elastic con-
stitutive response up to failure. Cracks or
fractures are displacement discontinuities in
an otherwise intact material. On the basis of
the nature of the displacement discontinuity
near the crack tip, three distinct fracture
modes can be defined: mode I, the in-plane
opening mode resulting from normal separa-
tion of the crack faces (opening displacement
discontinuity); mode II, the in-plane shearing
mode resulting from relative sliding of crack
faces perpendicular to the crack edge (sliding
displacement discontinuity); and mode III,
the anti-plane shearing mode resulting from
relative out-of-plane sliding of the crack fac-
es (tearing displacement discontinuity).
Griffith’s energy balance criterion states
that if the body can supply sufficient energy
per unit crack advance to the crack tip to
create new surfaces, then crack initiation will
take place. However, if a crack starts to prop-
agate rapidly, inertial effects come into play
and the kinetic energy of the material parti-
cles must be taken into account. Griffith’s
energy criterion is then appropriately modi-
fied to include the net flux of kinetic energy
and elastic strain energy into a vanishingly
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small contour around the crack tip. As the
crack tip speed is increased to the free surface
or Rayleigh wave speed of the material, cg,
the net flux of energy into the propagating
crack tip vanishes, thus making cg the theo-
retical limiting crack tip speed (/). This speed
is an upper bound for in-plane cracks in
idealized continuum models without local
length scales and structure. In real materials,
experimentally observed crack tip speeds sel-
dom exceed 40 to 50% of the Rayleigh wave
speed even in the most brittle materials (2, 3).
A variety of explanations, ranging from high
strains (4) and micro damage zones around
the crack tip (3) to wavy crack paths (5), have
been offered to reconcile the discrepancy be-
tween the observed terminal speed and the
theoretically determined limit.

Washabaugh and Knauss (6) proposed
that the observed maximal speed of crack
propagation is inherently related to the
strength of the material. On the basis of ear-
lier work by Ravichandar and Knauss (3),
they argued that in amorphous brittle solids a
zone of microcracks is generated around a
propagating crack tip, which is responsible
for substantially reducing the crack speed and
eventually inducing crack tip branching. In
their experiments, they suppressed the forma-
tion of microcracks and the tendency for
branching by fabricating weak planes along
which cracks were forced to propagate under
remote, symmetric opening loading condi-
tions. Along these weak planes they reported
subsonic (speeds less than the shear wave

speed, cg) opening mode cracks with speeds
asymptotically approaching ¢z =~ 0.92¢g in
the limit of vanishing bond strength. In a
laboratory setting, the only experimental ob-
servations of intersonic crack tip speeds
(speeds between cg and the dilatational wave
speed, ¢;) and supersonic crack tip speeds
(speeds greater than ¢; ) have been limited to
cases where the loading is applied directly at
the crack tip. Winkler et al. reported super-
sonic crack growth along weak crystallo-
graphic planes in anisotropic single crystals
of potassium chloride, where the crack tip
was loaded by laser-induced expanding plas-
ma (7). At an entirely different length scale,
indirect observations of intersonic shear rup-
ture have been reported for shallow crustal
earthquakes (8, 9). Here the fault motion is
primarily shear dominated, and the material
is not strictly monolithic because preferred
weak rupture propagation paths exist in the
form of fault lines.

Motivated by the observations of highly
dynamic shear rupture during earthquakes, a
substantial analytical effort has been made to
model the mechanics of both subsonic and
intersonic dynamic shear crack propagation.
Andrews (/0) showed that a shear crack can
have a terminal speed either less than ¢y or
slightly greater than \/fcs, depending on the
cohesive strength of the fault plane ahead.
Burridge et al. (11) concluded that the speed
regime cg < v < \@cs (where v is the crack
tip speed) is inherently unstable for dynamic
shear crack growth. Broberg (/2) showed that
the speed regime ¢y < v < cq is forbidden for
both opening and shear mode cracks, whereas
the speed regime cg < v < ¢ is forbidden for
opening mode cracks only. Freund (/3), on
the basis of his asymptotic solution for a
steady-state shear mode intersonic crack,
concluded that \/565 is the only speed per-
missible for a stable intersonic shear crack.
Broberg (14, 15) also solved the problem of
an intersonic shear crack symmetrically ex-
panding at constant speed from zero initial
length. He allowed for the existence of a
finite process region ahead of the tip and
concluded that a shear crack can propagate at
all intersonic speeds, except those close to cg
and ¢; . He also discussed the importance of
the speed V2¢g within the assumptions of his
model. All of these analytical studies con-
strained the shear crack to move along a
prescribed straight-line path in its own plane.
To our knowledge, direct experimental con-
firmation of intersonic shear crack growth
has not yet been reported.

We sought to determine whether in-plane
shear intersonic crack growth could be ob-
tained in laboratory specimens under remote
shear loading conditions. In monolithic, pre-
notched laboratory specimens subjected to
shear loading, after initiation from the notch
tip the crack does not follow a straight path in
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line with the notch; it invariably kinks in the
local symmetric opening direction. To make
shear crack growth possible by suppressing
kinking, we introduced a weak plane ahead of
the notch tip in the form of a bond between
two identical pieces of isotropic material. The
bonding process was carefully chosen so that
the constitutive properties of the bond were
close to those of the bulk material. We thus
constructed a material system that, although
not monolithic, can be considered homoge-
neous with regard to its linear elastic consti-
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tutive description. However, fracture tough-
ness along the bond line is lower, so that the
material is inhomogeneous with regard to its
fracture properties. The notion of inhomoge-
neity in fracture toughness is not contained
in any of the continuum models discussed
above, which do not feature a fracture crite-
rion. However, the weak bond line of the
experimental specimens is equivalent to the
straight-line crack path prescribed by these
models.

Dynamic photoelasticity (Fig. 1) was cho-
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Fig. 1. The dynamic photoelasticity setup. A Homalite-100 (29) specimen is subjected to asym-
metric impact by a projectile fired from a high-speed gas gun. The coordinate system (x,, x, X3)
is centered at the crack tip. Dimensions are in millimeters. The specimen is 4 mm thick and the
bond thickness is about 20 to 30 pm. The initial notch is 25 mm long and 2.3 mm wide. For
Homalite-100, ¢, = 2200 m/s and ¢ = 1255 m/s. The steel projectile (length 75 mm, diameter 50
mm) impacts a steel piece, which was bonded to the specimen at the impact site to prevent
shattering and to induce a planar loading wave front. The compressive longitudinal wave loads the
notch tip in a predominantly shear mode. The dynamic stress field produced by the loading was
recorded using photoelasticity in conjunction with high-speed photography. A coherent, mono-
chromatic, plane-polarized, collimated laser beam (diameter ¢ = 50 mm) was transmitted through
the specimen. The specimen was placed in a circular polariscope, and the resulting isochromatic
fringe pattern was recorded by a rotating mirror-type high-speed camera capable of recording 80
frames at framing rates up to 2 million frames per second.
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Fig. 2. Selected sequence of high-speed images showing the isochromatic fringe pattern around a
propagating shear crack along a weak plane in Homalite-100. (A) Field of view enclosing the notch
tip. (B) Field of view ahead of the notch tip. The frames included in the sequence are selected from
two different experiments performed under identical conditions, except for the position of the field
of view. Time after impact and crack tip speed are shown in each frame.

sen for capturing the stress field near the
propagating crack tip because of its ability to
visualize shear shock waves anticipated by
the intersonic crack solutions. Two identical
plates of Homalite-100, a brittle polyester
resin that exhibits stress-induced birefrin-
gence, were bonded together and a notch was
machined along the bond line at one edge. In
addition, a number of specimens were also
bonded by temperature-enhanced surface sin-
tering (6), which does not involve any bond-
ing agent. With this method there is no am-
biguity regarding the constitutive homogene-
ity of the resulting bonded structure.

The specimen was subjected to asymmet-
ric impact loading with a projectile at 25 m/s
(Fig. 1). Sequences of isochromatic fringe
patterns were recorded around a shear crack
as it initiated and propagated along the inter-
face between two Homalite halves (Fig. 2)
(16). In Fig. 2A, the field of view encom-
passes the notch tip. The notch as well as the
initial loading pulse are clearly visible in the
first frame. The wave front is almost vertical,
indicating that the notch is subjected to pre-
dominantly shear loading. In the next frame
we see the wave diffraction around the notch
tip and simultaneously observe the stress con-
centration building up. In the next frame we
can discern a crack propagating dynamically
along the interface after initiating from the
notch tip. In Fig. 2B, the field of view is
located downstream from the notch tip. In the
first frame, we see a crack entering the field
of view around which the shape of the iso-
chromatic fringe pattern has changed drasti-
cally, and in the next frame we can clearly
distinguish two lines radiating from the crack
tip across which the fringe pattern changes
abruptly (lines of shear stress discontinuity).
These two lines correspond to the two trav-
eling shear shock waves, which limit the
spread of shear waves emanating from the
crack tip as it propagates along the interface.
The inclination of the shock waves indicates
that the crack tip has exceeded the shear wave
speed of Homalite, and has become inter-
sonic. The fringe pattern around the propa-
gating crack in the last frame is similar to that
in the previous frame, indicating that the
propagating crack has reached a steady state.

Crack tip speeds, v, were determined in-
dependently from the crack length history as
well as from the inclination, 8, of the shock
waves to the crack faces (v = cg/sin B). From
the crack tip speed histories in Fig. 3, we see
that the initially recorded crack tip speed is
close to the shear wave speed of Homalite
(within experimental error of =100 m/s) be-
yond which it accelerates (on the order of 108
ms~2), thus becoming intersonic. Thereafter,
it continues to accelerate up to the plane
stress dilatational wave speed of Homalite,
then decelerates and ultimately reaches a’
steady-state value of about V2 times the
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shear wave speed. As seen in Fig. 2, the
shock wave angle under steady-state condi-
tions approaches an almost constant value
around 43° to 45°, corresponding to a crack
tip speed slightly higher than \/fcs. Recall
that the speed regime between cy and cq is
forbidden by theory on the basis of energy
considerations (/2). For this speed regime,
the asymptotic solution predicts radiation of
energy away from the crack tip (negative
energy release rate), which is not possible on
physical grounds. According to this rationale,
a crack would have to jump discontinuously
from the sub-Rayleigh regime to the inter-
sonic regime. However, another possibility
for generating such intersonic speeds is to
bypass this forbidden regime by nucleating a
crack from the initial notch that instanta-
neously starts to propagate at a speed above
¢s. Within our experimental time resolution,
the second scenario seems to be the most
probable.

Freund’s (/3) asymptotic solution shows
that unlike the subsonic case, the stress sin-
gularity exponent for an intersonically prop-
agating shear crack tip is always less than 1/2,
exceptatv = \/fcs, where it is equal to 1/2.
This behavior implies that the energy flux
into the crack tip (per unit crack advance) is
zero in the intersonic regime, except at v =
\/ch where it has a finite value. However,
fracture processes essentially involve break-
ing of bonds and creation of new surfaces,
which require a finite energy flow into the
crack tip. This explains the behavior of the
crack tip speed history in Fig. 3, where we
saw the propensity of an intersonic mode II
crack to propagate at a constant speed of
V2cg under steady-state conditions. The
stresses are also singular along the lines of
discontinuity, with the same strength of sin-
gularity as that of the crack tip. The crack tip
singularity is thus radiated away from the tip
to create two singular shear shock waves.

An isochromatic fringe pattern recorded
during our experiment (Fig. 4A) was com-
pared with that predicted by theory (Fig. 4B)
(13). The patterns are in good agreement with
regard to the prediction of the two shock
waves, their inclination to the crack faces,
and the overall shape of the fringes. Howev-
er, the experimental fringe pattern is distorted
by the stress field generated by the loading
pulse and possibly by crack face frictional
contact.

‘In their opening mode experiments,
Washabaugh and Knauss (6) observed that
no matter how weak the crack propagation
path, a symmetric opening (mode I) crack
never exceeds cy. This observation is consis-
tent with the asymptotic solution, which pre-
dicts an unphysical radiation of energy (neg-
ative unbounded energy flux) away from the
crack tip during opening mode intersonic
crack propagation (/2), thus excluding this

www.sciencemag.org SCIENCE VOL 284 21 MAY 1999

REPORTS

crack growth scenario. However, as noted
above, intersonic shear cracks are found the-
oretically to have a non-negative energy re-
lease rate; this allows the possibility of inter-
sonic shearing mode crack growth, as con-
firmed experimentally here.

Dynamic shear crack propagation is of pri-
mary interest in modeling earthquake source
dynamics. Analysis of far-field wave forms
generated by shallow crustal earthquakes indi-
cates that the source process represents a sud-
den stress drop across a rupture front, similar to
a shear crack. Furthermore, the high pressures
and temperatures deep inside Earth’s crust rule
out the existence of tensile cracks, allowing
shear cracks only (17-19). The elastody-
namic shear crack model provides an ade-
quate approximation of the source process as
a shear rupture along a preexisting weak fault
plane whose function is equivalent to the
weak bond line in our experiments. Average
rupture speeds inferred for most of the shal-
low crustal earthquakes observed so far range
from 0.7 to 0.9 ¢4 (20).

Rupture propagation is very sensitive to
the properties of the surrounding material and
as such is a highly transient process. Indeed,
many large shallow earthquakes represent
“multiple events” rather than the propagation
of a single planar rupture front. Hence, for
inferred average rupture speeds close to the

shear wave speed, it is plausible that locally,
for short durations, rupture speeds could be
intersonic. Moreover, the local elastic wave
speeds within the faults would be low relative
to those of the bulk material typically report-
ed in the literature. In such cases, a shear
crack within the fault could go faster than
local wave speeds and hence rupture could be
locally intersonic. Archuleta (&) and Olsen et
al. (9) suggested intersonic rupture velocities
on the basis of their analyses of the strong
motion data recorded during the 1979 Impe-
rial valley earthquake and the 1989 Landers
earthquake, respectively. Moreover, numeri-
cal studies on propagation of in-plane shear
cracks (10, 21) have shown that, depending on
the strength of the fault plane, propagation
speeds can be either sub-Rayleigh or intersonic.
Our current experiments have shown that inter-
sonic rupture speeds are possible for shear
cracks propagating along a prescribed weak
plane. They also suggest that shear mode
conditions near the crack tip are necessary to
achieve intersonic crack tip speeds.

In the past, analytical predictions based on
continuum theories have been made regarding
the possibility of intersonic motion of other
shear-dominated processes such as dislocation
glide (22-24) and growth of mechanical twins
(25). Intersonic glide of dislocations within the
framework of discrete atomistic models was

Fig. 3. Evolution of crack speed as the
shear crack propagates along a weak
plane in Homalite-100. Crack tip speed
was obtained from crack length history
(squares) and from shock wave angles
(circles) for a field of view around the
notch tip (solid symbols) and for a field of
view ahead of the notch (open symbols).
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Fig. 4. Enlarged view of the isochromatic fringe pattern around a steady-state mode Il intersonic
crack along a weak plane in Homalite-100. (A) Experimental pattern. (B) Freund's theoretical
prediction (73). For both cases, B = 43° and'v = 1.47c,.
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recently reported by Gumbsch and Gao (26).
However, such processes, although similar to
shear crack growth in the sense that they are
driven by shear stresses, are also clearly differ-
ent in the sense that they do not involve the
breaking of material bonds and the subsequent
creation of new surfaces. Moreover, no exper-
imental confirmation of such intersonic pro-
cesses is currently available. To date, our ex-
perimental observations of intersonic processes
have been limited to cracks along bimaterial
interfaces (27) and along the fibers in unidirec-
tional composites (28). However, in both situ-
ations the crack speed was subsonic with re-
spect to one of the two constituents, the material
with higher wave speed in the case of bimate-
rials and the fibers in the case of unidirectional
composites. The experiments presented here
provide unambiguous evidence that shearing
mode conditions near a propagating crack tip
can drive the crack to intersonic speeds, which
are found to be possible even in purely homo-
geneous systems with only one distinct set of
wave speeds.
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Carbon Nanotube Actuators
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Electromechanical actuators based on sheets of single-walled carbon nanotubes
were shown to generate higher stresses than natural muscle and higher strains
than high-modulus ferroelectrics. Like natural muscles, the macroscopic ac-
tuators are assemblies of billions of individual nanoscale actuators. The actu-
ation mechanism (quantum chemical—based expansion due to electrochemical
double-layer charging) does not require ion intercalation, which limits the life
and rate of faradaic conducting polymer actuators. Unlike conventional ferro-
electric actuators, low operating voltages of a few volts generate large actuator
strains. Predictions based on measurements suggest that actuators using op-
timized nanotube sheets may eventually provide substantially higher work
densities per cycle than any previously known technology.

The direct conversion of electrical energy to
mechanical energy through a material re-
sponse is critically important for such diverse
needs as robotics, optical fiber switches, op-
tical displays, prosthetic devices, sonar pro-
jectors, and microscopic pumps. Ferroelectric
and electrostrictive materials are especially
useful for direct energy conversion. Howev-
er, applications are restricted by the maxi-
mum allowable operation temperature, the
need for high voltages, and limitations on the
work density per cycle.

Conducting polymer actuators based on
electrochemical dopant intercalation were
proposed a decade ago (/) and have been
pioneered in many different laboratories (2,
3). Faradaic processes for these batterylike
devices involve solid-state dopant diffusion
and structural changes that limit rate, cycle
life, and energy conversion efficiencies.

The new actuators we describe here use
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carbon single-walled nanotube (SWNT) sheets
(4) as electrolyte-filled electrodes of a super-
capacitor. No dopant intercalation is required
for device operation. Changing the applied
voltage injects electronic charge into a
SWNT electrode, which is compensated at
the nanotube-electrolyte interface by electro-
lyte ions (forming the so-called double layer).
The new actuators use dimensional changes
in covalently bonded directions caused by
this charge injection, which originate from
quantum chemical and double-layer electro-
static effects. For low charge densities, cal-
culations (5) and experimental results (6) for
charge transfer complexes of graphite and
conducting polymers (Fig. 1) show that the
strain due to quantum mechanical effects
(changes in orbital occupation and band
structure) changes sign from an expansion for
electron injection to a contraction for hole
injection. However, expansion results from
both quantum chemical effects and electro-
static double-layer charging for high-density
charge injection of either sign (5, 6).

Like natural muscle (7), the nanotube sheet
actuators are arrays of nanofiber actuators. A
novel type of actuation results because the
SWNTs add high surface area to the mechani-
cal properties, electrical conductivity, and
charge transfer properties of graphite. The re-
sults presented here are for nanotube sheets
(“nanotube paper”) composed of mats of nano-
tube bundles joined by mechanical entangle-
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