PHYSICAL REVIEW B

VOLUME 45, NUMBER 10

1 MARCH 1992-1I

Instability in the propagation of fast cracks

Jay Fineberg, Steven P. Gross, M. Marder, and Harry L. Swinney
Physics Department and Center for Nonlinear Dynamics, The University of Texas, Austin, Texas 78712
(Received 12 August 1991)

We report on experimental investigations of the propagation of cracks in the brittle plastic polymethyl
methacrylate (PMMA). Velocity measurements with resolution an order of magnitude better than previ-
ous experiments reveal the existence of a critical velocity (330+30 m/s) at which the velocity of the
crack tip begins to oscillate, the dynamics of the crack abruptly change, and a periodic pattern is formed
on the crack surface. Beyond the critical point the amplitude of the oscillations depends linearly on the
mean velocity of the crack. The existence of this instability may explain the failure of theoretical predic-
tions of crack dynamics and provides a mechanism for the enhanced dissipation observed experimentally

in the fracture of brittle materials.

INTRODUCTION

In the past decade the study of driven nonequilibrium
systems has uncovered a rich and unexpected variety of
routes by which a system can evolve from a state of rela-
tive simplicity to states of higher and higher complexity.
A system driven by increasing the energy flow into it
often becomes unstable to alternative modes in which the
transfer of energy out of the system is enhanced. Most
experiments in the field have been performed on fluids,
where the instability typically results in a change of the
global motion of the medium, e.g., the appearance of con-
vection cells or Taylor rolls. Unlike fluids, the motion in
a solid is constrained to small deviations from the equilib-
rium state. Instabilities can still occur in these materials
as they are driven further from equilibrium, but the na-
ture of these instabilities may be entirely different from
those in fluids because transport must take place by
means of collective. modes of the material and not by glo-
bal macroscopic motion. The experiments described
below constitute a step toward the understanding of such
instabilities.

The propagation of a crack in a brittle material under
stress is a problem unfamiliar to most physicists, but it
has been actively studied in the engineering community
for many years. We present experimental evidence for
the existence of an instability in the motion of a crack in
a thin brittle plastic sheet.! The instability has a pro-
found effect on the dynamics of the crack, and current
theories of crack dynamics must be modified to account
for it. Reinterpreting previous work,? we show that this
dynamical instability results in a large increase in the en-
ergy dissipation in the medium.

The next section of this paper introduces the questions
we plan to address and describes previous research. The
section after that describes the experimental apparatus
and methods, and the final section contains our results.

THEORETICAL
AND EXPERIMENTAL BACKGROUND

A schematic representation of the system studied is
shown in Fig. 1. We define the vertical direction as the z
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direction. A small “seed” crack is introduced at the edge
of the sample midway between the vertical boundaries of
a thin plate of amorphous, brittle material. To initiate
fracture, the material is then stretched by applying a uni-
form displacement at its vertical boundaries in slow steps
until the crack starts to propagate in the x direction (see
Fig. 1). We seek to describe the motion of the crack tip
as a function of time as it traverses the plate.

Theoretical studies of crack motion in polymethyl
methacrylate (PMMA) have occurred within two
separate frameworks. The first models PMMA as a
viscoelastic solid, where crack motion is limited by dissi-
pation. Attempts to fit this model to PMMA indicate
that beyond a critical velocity, on the order of 10 cm/s,
viscoelastic effects become increasingly unimportant.}
Thus, to compare with our experiments in which the
cracks move on the order of hundreds of meters per
second, we are led to the second theoretical framework,
which models PMMA as a brittle elastic solid. As a
crack propagates, it creates new surface. By equating the
energy flow into the crack tip with that required to create
this new surface, one can derive predictions for the dy-
namic behavior of the crack. Most analytical progress
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FIG. 1. Schematic representation of the method of loading
used in the experiments: Stress was applied in the z direction
(arrows) to the undersides of strips bonded onto the upper and
lower edges of the plate. The dashed line shows the crack’s
direction of propagation starting from an imposed initial crack.
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has been made assuming that the medium behaves ac-
cording to the equations of linear elasticity. To obtain
equations of motion for the crack, a determination of the
fracture energy (defined as the enérgy needed to create
crack surface per unit length) is required; the simplest as-
sumption is that fracture energy is a material constant,
independent of the propagation velocity of the crack.
Predictions for the crack motion based on linear elastici-
ty have been derived for a semi-infinite crack in an
infinite two-dimensional medium by Eshelby,* Kostrov,’
and Freund,® who generalize the results of earlier work,
and by Liu and Marder’ and Marder? for the case of a
crack propagating in a strip of finite width. If the change
of fracture energy with velocity is not too large, all of
these theories predict that the crack should smoothly and
continuously accelerate until arriving at a limiting veloci-
ty given by the Rayleigh wave speed—the velocity at
which waves propagate along a free surface of an elastic
solid.’

Experiments, however, in a variety of amorphous brit-
tle materials (glass, homolite 100, PMMA) (Ref. 10) do
not confirm this picture. The observed terminal propaga-
tion speed of cracks typically approaches less than half of
the predicted limiting velocity. The theories predict
more than just the terminal velocity, but there has been
remarkably little experimental effort to confirm the re-
sults of dynamical theories in detail. The most detailed
comparison of theory and experiment was done by
Bergkvist on PMMA.!!' Using empirical values for the
effective velocity dependence of the fracture energy,!'?
Bergkvist showed in highly detailed crack-arrest experi-
ments at low velocities (less than 200 m/s or 0.21V,,
where Vjy is the Rayleigh wave speed, which is 926 m/s
in PMMA) that cracks travel in accordance with predic-
tions based on linear elastic theory to within about 10%.
For higher crack velocities, experiments of this detail and
accuracy have not been performed. Once speeds ap-
proach about 30% of Vj, theory and experiment are
often compared by ‘‘adjusting” the theory, so that, for ex-
ample, the limiting velocity in the theory is taken to be
the measured terminal crack velocity.!> The discrepancy
between theory and experiment can be accounted for by
invoking sufficient “dissipation,”!>!* but quantitative at-
tempts to evaluate the amounts of dissipation show it to
be far too small to explain the observed “‘sluggishness” of
the crack.’ The discrepancies between theory and experi-
ment indicate that there indeed exist significant gaps in
our understanding of these basic fracture processes.

In all of these calculations, the crack is assumed to
move along a straight line, certainly a possible motion,
but not necessarily a stable one. The surface created by
the crack, however, is not necessarily smooth and flat as
assumed in the theoretical treatments. In brittle materi-
als such as glass or brittle plastics, a characteristic pat-
tern called'® “mirror, mist, hackle” appears along the
fracture surface. The “mirror” or macroscopically
smooth surface appears as fracture initiates. As the
crack progresses, this featureless region evolves into the
“mist” region, where, although the surface is still rela-
tively smooth, it appears misty or diffuse to the eye. As
the crack progresses still further, the surface becomes
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progressively rougher until, in the rough ‘“hackle” re-
gime, surface structure is in evidence on many scales. A
closer look at the “mist” and “hackle” regions in brittle
acrylics such as PMMA has revealed? a well-defined,
roughly periodic riblike structure along the fracture sur-
face. The period of this structure'® is on the order of a
millimeter, although PMMA is entirely amorphous on
that scale. Thus the theoretical assumption that cracks
travel along perfect straight lines is questionable except
possibly in the initial “mirror” region. The reasons for
the existence of the surface structure are not understood
and the motivation for our experiments was, in part, the
desire to determine whether an oscillating mode of the
crack tip might be responsible for controlling crack
motion after some critical velocity.

EXPERIMENTAL SYSTEM AND METHODS

To enable comparison with two-dimensional elastic
theory, our experiments were performed on thin (1.6- and
3.2-mm-thick) sheets of PMMA. The samples had di-
mensions in the direction of applies stress (z or “‘vertical”
direction) of 14-25 cm and ranged from 10 to 20 cm in
the direction of crack propagation (x direction). Experi-
ments were conducted on PMMA made by different pro-
cesses (extruded and cell cast) and by different
manufacturers (Cyro, Rohm and Haas, Dupont, and
KSH). A sketch of a prepared sample is shown in Fig. 1.
Each sample was first machined to ensure that the sides
were parallel to better than 0.02 mm. Machined rec-
tangular strips were then bonded onto the sheet with
PMMA solvent to form steps at the top and bottom
boundaries of the sample that were parallel to within 0.02
mm. These strips uniformly transferred the applied stress
to the sample.

The sample boundaries were strained by means of a
computer-controlled tensile testing device. The device
consisted of two translating “grips” made to fit against
the undersides of the strips bonded onto the top and bot-
tom edges of the sample. The grips were mounted on
parallel rails so that they were constrained to travel in the
z direction and were moved apart by means of a stepping
motor. The rate of boundary displacement could be
varied between 0 and 150 mm/min in displacement incre-
ments of 0.1 um. The applied stress was measured by
means of a load cell whose output was continuously mon-
itored at 25 kHz and stored in the computer; stresses of
0-25000 N could be measured with a resolution of 10 N.
Since we were interested in measuring signal levels down
to about 1 uV, the entire apparatus was encased in a
copper box for shielding purposes.

The location of the crack tip as a function of time was
determined from measurements of the resistance of a thin
(35-40-nm) uniform layer of aluminum evaporated onto
one face of the sample.!” As a crack progresses through
the sample, the stressed material behind the tip relaxes,
tearing the aluminum layer adhered to it and thereby
changing the resistance of the sample. The dependence
of the crack length on the sample resistance was calculat-
ed numerically for the appropriate geometry of the plate.
The validity of this calibration was checked carefully by
direct measurements of the resistance of plates with sta-
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tionary cracks.

The resistance of the layer as a function of time was
measured by means of the apparatus shown in Fig. 2.
The aluminum layer (typically having an initial resistance
on the order of 1 €)) was one resistance leg of a Wheat-
stone bridge whose output was amplified and then digi-
tized at 12 bits at a rate of 10 MHz. In order to capture
the entire length of the crack at high spatial resolution,
two digitizing channels were cascaded, each with a
different gain and offset, so that each channel was trig-
gered as the previous one exhausted its range. An order-
of-magnitude change in the sample’s resistance (corre-
sponding to approximately the first 75% of its width) was
typically monitored over the course of an experiment.
Thus the crack length for discretely spaced times was ob-
tained. The crack velocity was determined by dividing
the distances corresponding to each discrete jump in the
digitized voltage by the elapsed time since the previously
measured voltage change.

The Wheatstone bridge was powered by a 3-V battery
to reduce noise and maintain a constant excitation volt-
age. The bridge configuration was used to obtain a bipo-
lar output voltage, which was amplified to enable us to
exploit fully the +1.25-V input range of our analog-to-
digital converters (Burr-Brown model ZPD 1002). The
amount of amplification needed to saturate this input
range varied in the range 7-300, depending on both the
location of the crack in the sample and the desired spatial
resolution. To resolve fully the dynamics of the crack,
we maintained a minimum bandwidth of 2.5 MHz and
limited the rms measurement noise to a maximum level
of 4 bit. The noise in the system came from three
sources: external pickup, intrinsic noise due to the
Johnson noise of the bridge, and intrinsic noise in the
electronics. The pickup noise was reduced by careful at-
tention to system grounds, heavy shielding of both the
tensile testing apparatus and all low-level lines, and using
batteries (12 V) to supply power to the electronics. We
reduced the Johnson noise by keeping the size of all resis-
tors in the input stage of the electronics to a minimum
and by using ultralow-noise components. The operation-
al amplifiers used were Texas Instruments LT1028, which
have a minimum unity gain bandwidth of 50 MHz and an
equivalent input noise of 1 nV/(Hz)!/2. At high gain, the
noise level attained was at the intrinsic noise limit.

These measurements yielded crack velocities with a
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FIG. 2. This schematic representation of the experimental
apparatus indicates how resistance measurements are performed

to determine the location and velocity of a crack tip. The
dashed line indicates the path of the crack.
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FIG. 3. Schematic diagram of the profilometer used to deter-
mine the surface profile of a crack surface. A piezoelectric crys-
tal (P.E.) was used as its sensor.

resolution of 30 m/s and a spatial resolution of between
0.005 and 0.1 mm. These results are an order-of-
magnitude more precise in both temporal and spatial
resolution than previous results obtained by nonintrusive
methods. '3

The experimental procedure was as follows. A small
crack between 3 and 5 mm in length was made midway
between the grips (z =0), starting at the edge of the sam-
ple (x =0). This seed crack, from which fracture would
initiate, was created either a razor blade edge or by melt-
ing through the plastic with a heated brass shim of ap-
proximately 0.1 mm in width. By varying the length and
sharpness of the initial crack tip, the level of stress need-
ed to initiate fracture (and therefore the eventual initial
acceleration of the crack) could be controlled.

After making the initial crack, stress was applied at
about half of the critical value needed for the initiation of
fracture. From that point, the strain was then increased
every 10-20 s by a fixed displacement 8L (typically
8L /L ~1X107% with L the vertical length of the sam-
ple), until the sample broke. The rate of strain was
chosen so as to have at most one 0.1-um displacement
step occur within the typical duration time of fracture
(about 300-400 us), thereby eliminating elastic waves in-
duced by the loading of the sample.

The profile of the fracture surface after fracture was
measured by means of an x-y scanning profilometer, as
shown in Fig. 3. The sensor of the device is a piezoelec-
tric crystal, which is sandwiched between a stylus and a
leaf spring. The stylus is deflected as the sample is
translated horizontally by a computer-controlled transla-
tional stage. The output of the crystal is fed into a
charge amplifier whose output is digitized at 12 bits and
stored in the computer. The resolution in the xy direc-
tion is 25 pm and is limited by the radius of the stylus.
Deflections of the stylus over a range of 0—1 mm normal
to the crack surface are measured with a resolution of 0.1

pm.
RESULTS

Fracture surface profiles and velocity measurements
taken together provide convincing evidence for a dynami-
cal instability of cracks in PMMA. A typical fracture
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surface profile, composed of 30 profilometer scans in the
x direction spaced 0.05 mm apart in the y (transverse)
direction, is shown in Fig. 4. The surface is initially
featureless on scales larger than 1 um. Suddenly a jagged
structure appears and subsequently develops into
coherent oscillations with a wavelength on the order of 1
mm in the direction of the propagation of the crack.
This wavelength is unchanged when the plate thickness is
increased from 1.6 to 3.2 mm or if the length of the plate
in the z direction is increased from 14 to 25 cm.!® Past
experiments have shown!®?° that the period of the pat-
tern is an increasing function of the molecular weight of
the monomers used to fabricate the PMMA. Since
PMMA is completely amorphous on the scale of a milli-
meter,?' the source of these oscillations is not related in
any obvious way to the material structure.

The surface pattern cannot be described purely by a
one-dimensional crack front. The oscillations, as can be
seen in the Fig. 4, do not initially extend across the entire
width of the fracture surface, but are rather well local-
ized. In fact, in some cases more than a single oscillatory
“threadlike” pattern is observed at onset. These
“threads” coalesce downstream and eventually broaden
to extend over the entire width of the sample.

The appearance of surface structure coincides with a
marked change in the dynamical behavior of the crack, as
Fig. 5 illustrates. The crack initially accelerates rapidly
in the region where the fracture surface is smooth (the
“mirror” region). Then, at a well-defined critical velocity
V. (indicated by the arrow in the figure), the mean ac-
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celeration slows sharply and the velocity begins to oscil-
late.?> The emergence of these oscillations in the velocity
coincides with the first jagged structure observed on the
fracture surface (see Fig. 4). There is a high degree of
correlation between the velocity oscillations and the ob-
served structure on the fracture surface, as illustrated in
Fig. 6. Finally, in Fig. 7 we show velocity measurements
of two samples that were broken at different levels of
stress.

In order to understand the velocity data, it is necessary
to compare with some theory. Unfortunately, no theory
has been developed for a finite-length crack in a semi-
infinite plate, the simplest setting containing the basic
physics of our experiment at early times. Therefore, we
make use of results for a semi-infinite crack in an infinite
plate, which are clearly explained in Ref. 23. For a crack
of initial length /; and extension /, we find that the veloci-
ty V¥ of the crack should be described by*

V=vy(1—I,/1), (1)

where Vjy is the Rayleigh wave speed. Although the
forms for the potential and kinetic energies used to derive
Eq. (1) break down as the crack speed approaches Vj, the
theory continues to behave sensibly and correctly ap-
proaches the limiting velocity. In the one case where it
can be checked carefully, for a semi-infinite crack in an
infinite plate loaded on the crack faces, it is amazingly ac-
curate and corresponds within 1% to the velocity pre-
dicted by Freund’s theory.” Thus, in the early stages of

FIG. 4. Computer visualizations of the profilometer data for a crack that propagated from left to right. The central image shows
an overview of a portion of the fracture surface, 62 mmX 1.5 mm. Lighting models are used, so that the image is nearly identical to
illuminated photographs of the surface. Note the ripple pattern with wavelength on the order of 1 mm. Two subregions have been
magnified and shown in perspective. The onset of the instability appears in the upper image; the highest peaks are about 20 pm. The
lower image contains a magnified view of the ripples created by the instability once it develops more fully; the highest peaks are about

50 pm.
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FIG. 5. (a) Length of a crack as a function of time, deter-
mined from measurements of the resistance of the thin alumi-
num coating on the PMMA. (b) Velocity of the crack tip de-
duced from the measurements shown in (a). At the critical ve-
locity of 330+30 m/s, indicated by the arrow, the mean ac-
celeration of a crack slows, and the velocity begins to oscillate.
These oscillations are much larger than the resolution.

crack propagation, Eq. (1) (upper curve in Fig. 7) should
provide a good description of the crack motion. Howev-
er, both the sharp break in the experimental curves at ¥V,
and the appearance of velocity oscillations indicate a
different physical behavior. This transition precedes the

CROSS-CORRELATION

0 4 8 12 16 20
T(ps)

FIG. 6. Correlation of the velocity oscillations with the sur-
face profile in a region 20 mm after transition is shown in this
graph of the cross-correlation function =, 4 (¢ +7)V(t), where
A (t) and V (#) are, respectively, the surface height and fluctuat-
ing part of the velocity, normalized by their rms values, and 7 is
the delay time.
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FIG. 7. Velocity as a function of crack length / normalized
by the initial crack length /, for two different experimental runs
is compared with the theory of Freund (Ref. 6) (upper curve).
The initial acceleration rates depended on the sharpness of the
initially imposed crack tip. The applied stress in the lower
(upper) data set was 10.26 MPa (11.18 MPa). To emphasize the
mean dynamics, the velocity was averaged over 1 mm in the x
direction. The initial crack length /; was 5.3 mm for the lower
curve and 6.5 mm for the upper curve.

arrival at the crack tip of the transverse and longitudinal
elastic waves generated at the onset of fracture and
reflected from the boundaries.”* Thus the transition
seems to be due to an intrinsic instability not incorporat-
ed in the present theories.

As can be seen in Figs. 5 and 7, the velocity of the
crack accelerates very sharply at the onset of fracture to
a velocity on the order of 100 m/s. Previous authors
have considered the jump in velocity to be discontinu-
ous.”’ However, our high-resolution measurements such
as those shown in Fig. 8 indicate that the initial accelera-
tion is very large (approaching 10® m/s?) but finite. Thus
the velocity change is continuous. A possible reason for
the large acceleration is that, prior to the onset of frac-
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FIG. 8. Velocity of the crack as a function of time during the
first 5 us (0.1 mm) of fracture. The data were measured on a
sample having an initial crack length of 67 mm, which was 34%
of the initial sample size in the x direction. The initial motion is
seen to result from smooth acceleration from rest and not by a
discontinuous jump to a finite velocity.
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ture, the amount of energy stored in the material is larger
than the minimum amount of energy necessary to sustain
fracture. This could be due either to the existence of an
initial crack tip that is not perfectly ‘“sharp” (thereby
blunting the singularity of the stress field at the crack tip)
or to a difference in the amount of energy needed to
create new surface for static and moving cracks.

Although the spatial patterns formed on the crack sur-
face appear regular, the wavelength of the oscillations is
in fact increasing. Figure 9 shows that it is the frequency
of the oscillations rather than the wavelength that is con-
stant. To determine the value of the critical velocity V_,
we first had to define the onset of the instability. This
was determined in the following way. The fracture sur-
face was subdivided into rectangular sections 1 mm (in
the x direction) by the sheet width (1.6 or 3.2 mm in the y
direction). The average surface profile P(x) was defined
as the average of all of the surface amplitudes greater
than the local rms value of the surface profile data in
each rectangle. P(x) was defined in this way because, as
can be seen in Fig. 4, the initial oscillations are localized
in both the x and y directions and take up only a small
percentage of the width of the sample. To detect the ini-
tial appearance of the oscillations, P(x) must be sensitive
to this. In the smooth (“mirror”) region, P(x) is nearly
constant and of low amplitude (on the order of 0.1 um).
The onset of the instability is defined as the point x|
where P(x)>3P(0). V, is defined®® as the velocity of the
crack at x,. The critical velocity defined in this way
slightly precedes the sharp break in the crack accelera-
tion (see Figs. 5 and 7). This observation suggests that
the instability needs to develop to a finite amplitude in or-
der to influence measurably the dynamical behavior of
the system.

The value of ¥V, was independent of sample geometry,
sample thickness, applied stress, surrounding atmo-
sphere, and acceleration rate of the crack. The history of
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FIG. 9. Power spectra of surface height (see Ref. 30). The
upper spectrum was obtained for the surface created in the 100
us immediately following the onset of oscillations, the lower for
the surface created in the subsequent 100 us. Although the
mean velocity of the crack increases by over 60%, the frequency
of oscillation remains constant.
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how the crack arrives at V. was wholly unimportant—
whenever the crack passed the critical velocity of 330
m/s (0.34¥V 3 ) with a standard deviation of 20 m/s, oscil-
lations developed. The converse was also true: Fracture
surfaces that showed no pattern always had crack veloci-
ties below the critical value.

The data in Fig. 10 demonstrate that ¥V, is independent
of the crack length at the onset of the oscillations. This
indicates that ¥, is not influenced by effects such as the
interaction of the crack with sound waves induced by the
fracture initiation and subsequently reflected back by the
sample boundaries. The data were obtained in both cell-
cast and extruded PMMA samples of thickness 1.6 and
3.2 mm, ranging in size from 10X25 to 20X25 cm?. The
initial acceleration rates of the cracks in the various runs
ranged from 1X10% to 1X107 m/s? and the applied
stress per unit area required for fracture ranged from 4.8
to 17 MPa.

To examine the effect of the surrounding medium on
both the existence of the instability and value of ¥V, ex-
periments were conducted in atmospheres of air, nitro-
gen, and helium. Since the observed value of V¥, is com-
parable to the speed of sound in both air and nitrogen
(345 m/s at the experimental conditions of 25°C and
70% humidity), we were curious whether a “cavitation”
type effect existed when the sound barrier was broken by
the crack. In contrast, the sound speed in helium (965
m/s) is well above the velocities reached in PMMA and
therefore should provide a good control with which to
evaluate the results in air and nitrogen. Figure 11
presents a comparison of typical velocity measurements
conducted in air and helium. Experiments conducted in
air and nitrogen gas yielded sharp velocity spikes that ap-
proached 2000 m/s, followed by a momentary decelera-
tion of the crack. Sharp spikes in the velocity were not
observed for velocities below 300 m/s in either air or ni-
trogen and were not observed at all in helium. However,
we did observe, as indicated in Fig. 11, small disturbances
in helium that were due to the interaction of the crack
with the longitudinal and transverse elastic waves gen-
erated at the fracture onset and reflected back from the
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FIG. 10. Critical velocity as a function of crack length at the
time of transition: circles, 1.6 mm extruded PMMA in air;
squares, 3.2 mm cell-cast PMMA in air; diamonds, 3.2 mm
cell-cast PMMA in helium; triangle, 3.2 mm cell-cast PMMA in
nitrogen. All measurements were made at room temperature.
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FIG. 11. Typical velocity measurements obtained in (a) air
and (b) helium atmospheres. Note the absence of sharp spikes
in the data in (b). The peaks at arrival times 190 and 297 us (in-
dicated by arrows) correspond to velocities of 1751 and 999 m/s
for reflected waves from the far boundaries in the x direction.
The velocities are in excellent accord with the velocities of lon-
gitudinal and transverse waves in a thin plate, 1778 and 1013
m/s, respectively, which were determined independently from
our measurements of the Young’s modulus (3.3 X 10'° dyn/cm?)
and of Poisson’s ratio, 0.357 (Ref. 31).

far boundary in the x direction. Thus it appears that cav-
itation effects do indeed occur in the material as the
crack speed surpasses the speed of sound in the surround-
ing medium. Nonetheless, the character of the instability
and value of V, were independent of the surrounding
medium (see Fig. 10).

Measurements of the energy flow into the crack tip by
Green and Pratt? showed a very sharp rise of the energy
flow at a velocity of slightly under 400 m/s. Given the
resolution of their velocity measurements, this energy in-
crease is consistent with the onset of the instability at ¥,
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FIG. 12. Mean velocity (solid line) and rms amplitude of the
fracture surface (dotted line) as a function of crack length. Note
the good correspondence of even the details of the two measure-
ments.
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FIG. 13. rms surface amplitude as a function of mean crack
velocity for two runs having initial acceleration rates differing
by 30%. Note the sharpness of the transition and the linear
dependence of the fracture surface amplitude on the velocity.
Linear fits of the velocity data to the amplitude data in the re-
gion after the transition yield values for V. of 324 m/s (trian-
gles) and 333 m/s (circles), in excellent agreement with the mean
value of ¥,=330 m/s obtained by the amplitude-threshold
method described in the text.

and probably coincides with the corresponding sharp
drop in the acceleration that we observe.

The mean velocity and rms surface amplitude as func-
tion of the crack length are compared in Fig. 12. For
V <V, the amplitude is essentially zero, but above criti-
cality the surface amplitude grows smoothly from zero,
while the mean acceleration of the crack slows sharply.

Figure 13 shows that the surface amplitude varies
linearly (within experimental resolution) with the mean
velocity and can be well fitted by the function
A =20(V —V_), where A is the surface amplitude in um
and V the crack velocity in m/s. Note the sharpness of
the transition. In bifurcation theory the linear depen-
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FIG. 14. Comparison of the mean velocity for two runs
where the applied stress needed to precipitate fracture differed
by less than 5%. The figure demonstrates the reproducibility
achieved in the measurements.
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dence of 4 on ¥V —V, would indicate a transcritical bifur-
cation, which is not possible for a bifurcation to an oscil-
latory state.’” The generic transition to an oscillatory
state is by way of a Hopf bifurcation where the amplitude
of the state is proportional to the square root of the dis-
tance from the bifurcation (control) parameter. Our data
are not consistent with this generic scenario.

Our results were remarkably reproducible: Figure 14
shows the measured velocities of two data sets for which
the applied critical stresses for fracture differed by less
than 5%. This degree of reproducibility in the value of
the critical stress required accurately reproducible
boundary conditions, loading history, and both the size
and shape of the initial crack. High reproducibility is
crucial if random factors such as the existence and distri-
bution of defects (microcracks) are to be distinguished
from deterministic chaotic dynamics. The degree to
which the surface structure is reproducible is a question
currently under study.

CONCLUSIONS

Our high spatial and temporal resolution reveals a
well-defined transition marked by the appearance of oscil-
lations in the crack tip velocity for rapidly propagating
cracks in PMMA. These oscillations are highly correlat-
ed with the fracture surface profile. This dynamical in-
stability in PMMA occurs when the propagation velocity
of a crack exceeds a critical velocity of 330+25 m/s. Pri-
or to the transition, the crack accelerates rapidly and the
fracture surface is smooth and, to a large degree, feature-
less. The onset of the instability has a profound effect on
both the pattern on the fracture surface and more impor-
tantly on the dynamics of the crack itself. The impor-
tance of this effect to the understanding of the behavior
of dynamic cracks can be seen from the sharp drop in the
initial rapid acceleration of the crack at the first appear-
ance of the oscillations. The large increase in the flow of
energy to the crack tip at approximately 400 m/s, as ob-
served by Green and Pratt,’ also coincides with the onset
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of the instability. Thus the instability observed here
could provide a major mechanism for the dissipation of
energy as the system is driven further and further from
equilibrium. Any theory that purports to describe the
process of fracture in this (and probably other) brittle ma-
terial must take the instability into account.

No mechanism for the occurrence of the observed os-
cillations is known, and no theory describes or predicts
them, but we suspect that the basic framework within
which to look for the theory is two-dimensional linear
elasticity. However, elastic theory does not naturally
provide the time scale of approximately 3 us correspond-
ing to the observed oscillations. This scale may be a
reflection of a much smaller time scale somehow
magnified by dynamical processes. We also mention that
there is some precedent for the study of dynamical insta-
bilities in two-dimensional linear elasticity. An analysis
by Yoffe?® indicates that, beyond a critical speed, the
direction of maximal stress shifts from the propagation
direction. This calculation was thought to explain crack
branching;?® however, the predicted critical crack speed
of 620 m/s in PMMA is well above the critical velocity
that we observe.

The observed instability may be only the first of a se-
quence of instabilities that perhaps culminate in crack
branching, as observed in highly stressed brittle materi-
als. Obviously, much work needs to be done to develop a
theory to describe this sequence, but our observations in-
dicate that even in the initial regime of crack propaga-
tion, before the onset of the instability, current theory
does not describe the behavior of the system (see Fig. 7).
Our observations should serve as a guide in the develop-
ment of a theoretical framework.
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FIG. 2. This schematic representation of the experimental
apparatus indicates how resistance measurements are performed
to determine the location and velocity of a crack tip. The
dashed line indicates the path of the crack.
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FIG. 3. Schematic diagram of the profilometer used to deter-
mine the surface profile of a crack surface. A piezoelectric crys-
tal (P.E.) was used as its sensor.



FIG. 4. Computer visualizations of the profilometer data for a crack that propagated from left to right. The central image shows
an overview of a portion of the fracture surface, 62 mmX 1.5 mm. Lighting models are used, so that the image is nearly identical to
illuminated photographs of the surface. Note the ripple pattern with wavelength on the order of 1 mm. Two subregions have been
magnified and shown in perspective. The onset of the instability appears in the upper image; the highest peaks are about 20 um. The
lower image contains a magnified view of the ripples created by the instability once it develops more fully; the highest peaks are about
50 pm.



