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Abstract
We investigate the universality of the microbranching instability, by

comparison between the characteristics of a mode I dynamic crack, in both
poly(methyl methacrylate) (PMMA) and soda± lime glass. We demonstrate the
existence of the instability in glass, and the similarities of its features in both
PMMA and glass. In glass, as in PMMA, there is a well de® ned threshold for
the appearance of microbranches. This threshold is higher in glass (0.44C*R) than
in PMMA (0.36CR). In both materials, the mean branch length increases linearly
with increasing mean velocity of the crack and the branch pro® le is identical. In
both materials the branches are the cause for the observed roughness of the
fracture surface where, in glass, surface roughening is accompanied by
fragmentation. Finally, a similar three-dimensional-to-two-dimensional
transition occurs in both materials at high crack velocities.

The phenomenon of the dynamic fracture of brittle materials has attracted much
attention in recent years, with a considerable amount of new experimental and
theoretical e� ort directed to understanding the way in which a crack propagates
(Marder and Fineberg 1996). As a result of this e� ort, the way in which we view
the dynamic fracture process has fundamentally changed. It is now clear that a fast
crack in an amorphous brittle material undergoes a dynamic instability which occurs
at a critical velocity vc. Experiments on poly(methyl methacrylate) (PMMA), of
dynamic fracture under pure tension (mode I loading) (Fineberg et al, 1991, 1992,
Sharon et al. 1995, 1996) have revealed the following. Below vc a single crack exists
which creates in its wake a smooth fracture surface. Beyond vc = 0.36CR (where CR

is the Rayleigh wave speed, i.e. the propagation velocity of a disturbance on the free
surface of the material), a single crack state no longer exists. Instead, when the
dynamic instability occurs, a crack will sprout small microscopic side branches
(microbranches) whose dynamics are interrelated with those of the main crack. As
a function of the crack’s mean velocity v, these microbranches increase in length as
the mean dynamics of a crack change dramatically; the crack velocity develops
oscillations, and a non-trivial structure is formed on the fracture surface. Both the
oscillations in the crack velocity and the amplitude of the structure formed on the
fracture surface scale with the microbranch length.

Approaches to understanding the instability in a continuum framework have
concentrated on variations, at high crack velocities, in the behaviour of the singular
stress ® eld existing in the immediate vicinity of the crack’s tip. Applying di� erent
criteria for crack propagation on this stress distribution has led to predictions of
di� erent critical velocities for the instability (Yo� e 1951, Ching, 1994, Adda-Bedia et
al. 1996). Yet other recent theoretical results (Ching et al. 1996) also suggested that
such models may actually become unstable at all velocities.
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On the other hand, calculations of the behaviour of a moving crack in a
crystalline lattice (Marder and Liu 1997) have produced behaviour that is surpris-
ingly similar to the experimental observations. These calculations have shown
analytically that a single crack becomes unstable beyond a critical velocity
(whose value appears to be dependent on the lattice used) and simulations of
the theory (Marder and Liu 1993, Astrom and Timonen 1996, Heino and Kaski
1996) for velocities beyond vc indicate microbranching behaviour similar to that
observed in experiments. The microbranching instability has also been observed in
recent simulations of mode I fracture which utilized both ® nite-element (Johnson
1992, Astrom and Timonen 1996) and molecular dynamic (Abraham et al. 1994,
Zhone et al. 1996) techniques. Together with the lattice calculations, these results
have ® rmly established the generality of the qualitative phenomena observed in
PMMA; however the degree of material dependence of various aspects of the
instability is still unclear.

Although the existence of microbranches has been noted as resulting from rapid
mode I fracture in a variety of materials (Johnson and Holloway 1968, Anthony et
al. 1970), the only direct experimental evidence for a critical velocity in materials
other than PMMA, was provided by Gross et al. (1993) In these experiments,
simultaneous measurements of both acoustic emissions and the detailed dynamics
of a moving crack were performed in both PMMA and glass. In both materials a
sharp increase in the acoustic emission of a crack beyond 0.4CR was observed. Since
this velocity corresponds to the instability onset in PMMA, the existence of the same
instability in glass was inferred.

In this paper we shall investigate the generality of a number aspects of the
instability in these two very di� erent materials. We shall directly demonstrate that
the same microbranching instability observed in PMMA indeed occurs in soda± lime
glass. Despite a measurable di� erence in vc when scaled to the Rayleigh wave speed,
we ® nd that the characteristic properties of the instability are surprisingly similar in
both materials. In particular, we shall demonstrate the following. The microbranch
pro® les in soda± lime glass and PMMA follow the same power law. Beyond vc the
branch length increases in both materials with the mean velocity. The microbranches
that are created cause the fracture surface roughness that occurs beyond vc. In the
case of glass, the microbranching process is accompanied by a process of fragmenta-
tion caused by the merging of the microbranches with the main crack. Finally we
shall demonstrate that above vc, a similar three-dimensional (3D)-to-two-dimen-
sional (2D) transition occurs in both materials.

The experimental set-up used is similar to that decreased in by Sharon et al
(1995, 1996). The experiments were conducted in thin quasi-2D sheets of brittle
cast PMMA and soda± lime glass, having a thickness of either 0.8 or 3mm with
vertical and horizontal dimensions of 50± 400 mm and 200± 400 mm respectively.
Stress was applied to the sample via steel bars, straight to within 10 m m tolerances,
and glued to the opposing faces of the sample at each of its vertical boundaries. All
samples were loaded via uniform displacement of the vertical boundaries with the
fracture initiated at constant displacement. Applied stresses in the experiment were
varied between 10 and 18 MPa. Prior to loading, a small s̀eed’ crack was introduced
at the edge of the sample midway between the vertical boundaries. Tensile stress was
then applied quasistatically until arriving at the desired stress. Crack propagation
was then initiated by gentle application of a razor blade in order to sharpen the
initial crack.
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The crack velocity was measured by ® rst coating the side(s) of the sample with a
thin (approximately 300 AÊ ) resistive layer. Upon fracture initiation, a propagating
crack will cut the resistive coating, thereby changing the sample’s resistance. The
coated area geometry provides a nearly linear relation between the crack length and
the resistance of the coated plate. As a crack propagates across the sample, we
measure its resistance change by digitizing to 12 bit accuracy at a rate of 10 MHz
and then convert the resistance to a location of the crack tip. Thus, in PMMA, the
location of the crack tip can be established with a 0.1 mm spatial resolution at 0.1 m s
intervals, yielding a velocity resolution of better than 25 ms- 1 in PMMA and of
order 100 ms- 1 in glass. After fracture, the crack pro® le in the X-Y plane was
measured optically with a spatial resolution of 1-5 m m, depending on the magni® ca-
tion used. The optical measurements were then correlated with the velocity measure-
ments.

The experiments in PMMA raise a number of questions regarding other materi-
als. A question of paramount importance is whether the instability exists at all in
other materials and, if so, which of its characteristics are universal. Let us ® rst
address the question of the appearance of the microbranching instability in soda±
lime glass. In ® gure 1 we present measurements of the average length of the branches
as a function of the mean crack velocity for both PMMA and glass. Although the
absolute velocities in glass are almost four times those in PMMA (inset) when
normalized by the Rayleigh wave speed CR in each material, the dynamics of a
crack in two materials are quite similar in appearance. In both materials a single
crack with no side branches will propagate up to vc. Beyond this point, micro-
branches appear and a linear increase in their length with v occurs. Although the
normalized values of vc are close to 0.4CR in both materials, we do ® nd a measurable
di� erence in their precise values; for PMMA, vc = 0.36CR while, for glass,
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Figure 1. The average branch length for PMMA ( m ) and glass ( , ) as functions of the
normalized mean velocity of the crack. The velocities are normalized by CR, the
Rayleigh wave speed in each material. The values of 970 ms- 1 (PMMA) and
3300 ms- 1 (glass) for CR were obtained by a direct measurement. In spite of the
large di� erence in the absolute velocities (inset), the similarity of the phenomenon
in the two materials can be seen by normalizing the velocities by CR. After normal-
ization, a slight di� erence in the critical velocities for the onset of the instability
(0.36CR for PMMA and 0.44CR for glass) remains.



vc = 0.44CR. This di� erence suggests that the critical velocity may be (weakly)
dependent on material properties. The Poisson ratio dependence for vc has been
suggested by a theory derived (by Adda-Bedia et al. (1996), but the theory predicts,
in contrast with the observed behaviour, that vc should increase with increasing
Poisson ratio (the Poisson ratios for PMMA and soda± lime glass are approximately
0.35 and 0.22 respectively).

Let us now compare the form of the microbranches in the two materials. A
characteristic feature of the microbranching instability in PMMA is the well-de® ned
pro® le of the side branches, as described by Sharon et al. (1995, 1996). Taking x as
the projection of a point on the branch on the main crack and y as its normal
distance from the main crack, we found that in PMMA the branch pro® le follows
the power law: y = 0.2x0.7 (where x and y are measured in millimetres). The forms of
the microbranches in glass, as shown in the photographs in ® gure 2 (top), are
markedly similar. A log± log plot of the mean pro® les in both materials (® gure 2,
bottom) provides a quantitative comparison of the branch trajectories. Surprisingly
both curves are best ® tted by identical power laws, namely y = 0.2x0.7. The fact that
we ® nd an indistinguishable pro® le for these two very di� erent materials suggests
that the shape of a microbranch is universal for amorphous materials and is insen-
sitive to speci® c material properties. This universality may result from the properties
of the stress ® eld surrounding the crack tip. Support for this idea is provided by the
work of Parletun (1979) who, by means of a static ® nite-element simulation, calcu-
lated the inclination angle of the branch, relative to the x direction as a function of x.
The numerical branch pro® le obtained is well® tted by the function y = 0.27x0.74 .
Trajectories similar to those found for PMMA have also been reported in the frac-
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Figure 2. At the top are shown photographs of microbranches in (a) PMMA and (b) glass.
The arrow, of length 0.1 mm, indicates the propagation direction of the cracks (the x
direction). Plotting the branches pro® le on a log± log scale (bottom) reveals that the
microbranch pro® les in the two materials are identical. The best ® t obtained for each
material ( Ð Ð ) is y = 0.2x0.7 (x and y in millimetres). The data shown are taken from
12 (PMMA) and six (glass) separate branches formed in the early stages of the
instability.



ture of polystyrene (Hull 1970), where they were attributed to crazing e� ects. Recent
numerical solutions of fracture in a crystalline lattice have also revealed (Astrom and
Timonen 1996) that the microbranches formed beyond the instability onset possess
the same 0.7 exponent.

Microbranches have been shown to cause the large-scale (10-100 m m) roughness
observed on the fracture surface of PMMA (Sharon and Fineberg 1996). Below the
critical velocity, fracture surfaces are mirror like, with large-scale structure appearing
immediately after the onset of the instability. The roughness in PMMA is not uni-
form; instead it appears as `rough islands’ on the smooth surface (® gure 3 (a)), and
the amplitude of these islands grows linearly with increasing mean velocity of the
crack. The similarity in the behaviour of the roughness and microbranch length is
not coincidental; the creation of the islands, which are located just above the
branches, is a direct result of the microbranching process.
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Figure 3. (a) Photographs of the fracture surface formed by cracks in PMMA (top) and glass
(bottom). The arrow of 3 mm length indicates the crack propagation direction. Just
above the onset of the instability (right), the widths of both the r̀ough islands’ in
PMMA and the r̀ough lines’ in glass are much smaller than the sample width (a 3D
state). At higher velocities (left), the width of the rough marks in both materials
approaches the width of the sample and a 2̀D’ state is achieved. (b). The widths of
the rough islands in PMMA (( j ), ( m ), ( d )) and the rough lines in glass ( , ) as
functions of the mean normalized velocity of the crack. The velocities are normalized
by CR, the Rayleigh wave speed in each material. Although the details of their fracture
surfaces are di� erent, a 3D-to-2D transition occurs in the two materials at nearly the
same normalized velocities.



There are two mechanisms by which branches can create surface structure. In
PMMA we commonly observe that, directly above the r̀oot’ of a branch, the frac-
ture surface is uplifted. The uplifted area on the surface is actually the remains of an
opposing microbranch, which had bifurcated symmetrically away from the ® rst and
into the opposite fracture surface. Thus an `uplifted’ area on one fracture surface
corresponds to a c̀rater’ formed on the opposing structure where the base of the
crater is simply the root of the opposing microbranch.

A related process leading to surface formation occurs when a secondary crack
bridges two microbranches. As a result, the small piece of material that was bounded
by the three cracks is ejected. When this occurs, small `chunks’ of missing material on
the fracture surface are observed. This scenario is widespread in the fracture of glass,
but relatively rare in PMMA. (In PMMA missing material is only observed at high
propagation velocities.) The di� erence between the behaviour of the two materials is
probably due to the more highly dissipative nature of PMMA relative to glass. In the
latter material, the energy driving the secondary crack is dissipated before bridging is
completed. Both of the above processes lead to the observed functional relation
between the amplitude of the surface structure and the length of the micro-branches.

In glass, as in PMMA, a mirror-like surface is observed below vc. Just above the
onset of the instability in glass, the surface structure forms along r̀ough lines’
oriented parallel to the propagation direction (see ® gure 3 (a)). These r̀ough lines’
are analogous to the `rough islands’ observed in PMMA. In both materials the
interrelation between microbranches and roughness of the fracture surface is made
evident by the fact that all observed microbranches are only located just below the
rough areas along the surface.

Since, in glass, the fragmentation process is dominant, it is rare to ® nd an entire
branch whose branching point remains intact. Thus, because of this process, the
majority of the microbranches in glass are `destroyed’. This can be seen in ® gure
4, where the fracture surface is built from broken branches; hence, in glass as well as
PMMA, surface roughness on scale of 10-100 m m is the direct result of the branching
process. As a result of this, the typical pro® le of the branches on the fracture surface
should be observable in pro® lometer studies of the fracture surface.

The fragmentation process demonstrated in ® gure 4 is notably di� erent from the
standard models used to explain fragmentation. In these models (Kolmogoro� 1941,
Davis 1989) the ® nal distribution of the fragment size is achieved by a cascade of
repeated fracture events as large fragments yield smaller fragments with a given
probability. In this description of fragmentation there is a chain of chronological
independent steps which eventually lead to the ® nal fragment distribution. A similar
scenario to the process that we describe was studied by Astrom and Timonen. They
investigated the process of fragmentation via crack branching simulated on a 2D
lattice into which defects were introduced. In these simulations, the interactions of
several generations of branches yielded a power-law distribution. The fragmentation
scenario that we present is qualitatively di� erent in the sense that a distribution of
fragments is produced as the result of a single fracture event. Therefore, the fragment
size distribution should be a direct result of the statistics of the microbranches. As
can be seen in ® gure 4; the size of the fragments must scale like the typical branch
size, L , times the typical distance D between them. In PMMA (Sharon and Fineberg
1996) both L and D were found to be log-normally distributed, with the distribution
shifted to higher lengths at higher velocities. As a result, we may expect to ® nd a log-
normal velocity-dependent size distribution for fragments formed by a single crack.
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Finally, we turn to the question of whether our system can be considered to be
e� ectively 2D. The importance of this question lies in the fact that nearly all the
simulations of dynamic fracture are for 2D systems, while 2̀D’ experiments are
conducted on plates of ® nite width. We address this issue by examining the fracture
surface formed by a crack. As mentioned before, the appearance of microbranches in
PMMA is accompanied by roughening of the fracture surface. Immediately after the
onset of the instability, we ® nd small r̀ough islands’ surrounded by a smooth sur-
face. As the velocity increases, the width of the islands increases until they span the
entire width of plate. At this stage we observe rib-like patterns along the fracture
surface. The typical pattern width as a function of v, as presented in ® gure 3, appears
to diverge at v2D = 0.5CR. We view this behaviour as a 3D-to-2D transition, char-
acterized by the divergence of a branch’s c̀orrelation width’. Below v2D, a crack
front is coherent solely over a ® nite scale that is smaller than the plate width. For
these velocities, both rough and smooth areas may coexist along the front; hence we
should treat the system as 3D. Above v2D, the coherence width exceeds the width of
the sample and system becomes e� ectively 2D.

The same type of 3D-to-2D transition also occurs in glass. The width of the
r̀ough lines’ on the fracture surface, which are analogous to the r̀ough islands’ in
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Figure 4. An illustration of the process of roughening and fragmentation by the micro-
branching of a crack moving from right to left. Small cracks can form that bridge
between the microbranch and main crack. The fragment, thus formed, detaches from
the sample, leaving a hole on the fracture surface. The size of the fragments must scale
like L (branch length) times D (distance between branches). The amplitude of the
roughness of the surface should scale with L . (b) A photograph of a missing fragment
formed (in glass) as described above. The white broken line indicates the path of the
main crack and the arrow of 1 mm length indicates the propagation direction of the
crack.



PMMA, increases sharply with increasing crack velocity until the lines span the
entire width of the sample. Unlike PMMA, we do not observe periodic r̀ibs’
along the surface at the latest stages of the instability, and the transition velocity
in glass is in close proximity to vc. The 3D-to-2D transition appears in other mea-
surements as well. As was shown for PMMA (Sharon and Fineberg 1996), the
distribution of the microbranches along the sample width is not uniform near the
onset of the instability. More branches are formed in the vicinity of the plate faces
than in the centre of the plate. This di� erence in the branch distribution disappears
for v > v2D. In glass, the situation is similar as the distribution of microbranches
echoes that of the patterns. As the patterns’ width approaches the sample thickness,
the branch distribution along the plate width becomes uniform. Evidence of this
transition was also observed by Boudet et al. (1995) in measurements of both surface
roughness and acoustic emissions during the fracture of PMMA, where sharp
increases in both quantities occurred for v > v2D. Although both acoustic emission
levels and surface structure are initiated for v > vc when the ® rst branches appear,
the large jump in the intensity for v >v2D re¯ ects the coherence in the branch’s
behaviour, leading to strong signals.

We can view this 3D-to-2D transition as the result of an increase in the coherence
length along the crack front. The coherence along the crack front is a result of
interaction of its di� erent parts; this interaction is carried by waves (Ramanathan
and Fisher 1997, Morrissey and Rice 1998) and hence the coherence length may be a
function of both the amplitude and the decay length of the waves. Since the decay
rate in glass is very small, there is a strong interaction between di� erent parts of the
crack front and the transition to the 2D state starts in the near proximity of vc. In
PMMA, the waves decay much more rapidly and we get a long coherence length only
when we have strong sources (longer branches). Hence, the 3D-to-2D transition is
delayed relative to glass.

In conclusion, the above similarities between glass and PMMA, together with the
resemblance of the instability to numerical simulations, lead to the conclusion that
the microbranching instability is a universal phenomenon, intrinsic to dynamic frac-
ture. Although the microstructure of the material may change some features of the
instability’s evolution, the basic phenomenon is the same. At a critical velocity, a
crack becomes unstable and it turns into a new state, which is characterized by the
formation of microbranches. The above experiments show that the form and growth
of microbranches together with their relation to surface roughness and the 3D-to-2D
transition are all universal features of dynamic fracture in brittle materials. In addi-
tion, we have shown that fragmentation due to fracture can be the result of a single
fracture event. These results indicate that just as a single crack can be viewed as a
de® nite state of the system, the crack ensemble, consisting of a correlated ensemble
of microcracks propagating through a brittle material, is also a well de® ned s̀tate’ .
This state provides the link between the single-crack state and that characterized by
multiple large-scale branches that are formed at large energy ¯ ux.
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