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Abstract. The occurrence of various instabilities at very high speed is well known to occur in brittle
fracture and significant advances have recently been obtained in the understanding of their origin.
On the other hand, low speed brittle crack propagation under pure tension loading (mode I) is
usually thought to yield smooth crack surfaces. The experimental investigation reported here
questions this statement. Steady cracks were driven in brittle glassy polymers (PolyMethyl
Methacrylate - PMMA) using a wedge-splitting geometry over a wide range of low velocities (10™-
10" m/s). Three distinct patterns can be observed on the post-mortem fracture surfaces as crack
velocity decreases: perfectly smooth at the highest speed, regularly fragmented at intermediate
speed and macroscopically rough at the lowest speed. The transition between the two latter is
reminiscent of chaotic transition.

Introduction

Rupture problems are encountered in a variety of situations: Earthquakes, Damage in biological
tissues caused by disease, and aircracft or space structure, civil engineering.... In brittle materials
such as ceramics, rocks and glass, crack propagation is the fundamental mechanism leading to
material failure. As such, its understanding and modelling have attracted much attention from
engineers and physicists (see. e.g. [1-3] for reviews in this topic).

In this respect, quantitative fractography, i.e. examination and analysis of the fracture is a
powerful tool to provide information on the fracture processes that have occurred during the
fracture of the tested materials (see [4] for a review): Statistical analysis of the small scale
roughness can e.g. be used to infer fracture process process zone or crack growth direction (see [5]
for review); Wallner lines can be used to infer crack velocity [6,7], conic markings observed in
Polymethyl methacrylate (PMMA) fracture surfaces point out the presence of dynamic damaging
through microcracking [8,9], etc.

The occurrence of various instabilities in tensile crack propagation at very high speeds is well
known [10,11,12], on the other hand, it is usually though that slow crack growth in nominally brittle
materials are well described by Linear Elastic Fracture Mechanisms, without any instabilities [13].
The experimental investigation reported here questions this statement. In this paper, we report
steady state pure mode I fracture experiments in PMMA, the archetype of brittle amorphous
materials and observe on the post-mortem fracture surfaces experimental evidence of fragmentation
instabilities at low velocities.
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Experimental procedure

Wedge Splitting gemeotry [14] was chosen to drive the cracks in PMMA since this geometry
allows (1) stable crack growth; (i) pure tension loading and (iii) access to a wide range of velocities.
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Figure 1: Schematic representation of the experimental apparatus. (a) The wedge-splitting
geometry; Principe of applying splitting load and velocity measurements. The dashed line indicates
the path of the crack. (b) Surface profile measurements.

A schematic representation of the system studied is shown in figure la. The idea consists in
pushing a steel wedge in a groove (25 x 25 x 15 mm’) cut of the specimen (140 x 125 x 15 mm”).
To minimize friction between wedge and lateral support, two steel jaws equipped with roller
bearings are placed between the wedge and the groove. Constant velocity (10° to 10™* m/s) is then
applied to the wedge and hence allow to load the specimen in tension. A stable crack is then
induced and growth stably and slowly (at a velocity proportional to the wedge velocity) in the
specimen, up to the end of this one.

The location of the crack tip as a function of time is determined using a camera Ueye. Image
processing gives the position of the crack tip and consequently the instantaneous velocity v and its
variation with crack length. Postmortem analysis of crack surfaces are scanned via a Bruker
mechanical profilometer (stylus tip radius 2 um, out-of-plane resolution 0.1 nm) as shown in figure
1b. Our topographical maps h (x; z) correspond to 14x15 mm? scans. Each one consists of a series
0f 999 lines parallel to the front direction Oy, each line containing 324 data points.
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Results

Figure 2 shows the postmortem fracture surface of PMMA for various wedge speeds. Light gold
coatings were employed to provide better reflection from the otherwise transparent surfaces.
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Figure 2: Fracture surface of PMMA broken with different cross-head speed v. Light gold coatings
were employed to provide better reflection from the otherwise transparent surfaces.

Three distinct patterns can be observed on the post-mortem fracture surfaces: Perfectly smooth,
regularly fragmented (Fig.3a) and macroscopically rough (Fig.3b). The observation of one or the
other of these patterns depends essentially on the crack velocity. The usual surface fracture pattern
of PMMA at crack tip velocity is featureless and smooth to the naked eye, tough sometimes vividly
hued. Below a critical velocity V. ~ 3.5-4 cm/s, we observe a transition from this mirror-smooth
pattern to one with almost regularly spaced fragments (Fig.2e). The two patterns are separated on
the fracture surface by an arrest line that suggest important acceleration/deceleration in the crack
velocity. As the crack tip velocities continue to decrease and become smaller than 4 um/s, a second
transition is noted and the regularly fragmented fracture pattern becomes a rough one (Fig.2a). As
for the first transition, this fractographic change is accompanied by a sudden drop in the crack
velocity, from 1.5 10 m/s to 4.10° m/s, although the wedge speed was maintained constant over
the whole fracture test (Fig.4).
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Figure 3: Surface fracture pattern realized with the help of a mechanical profilometer 3D (stylus tip
radius 2 um, out-of-plane resolution 0.1 nm) a) Fragmented surface pattern b) Rough surface
pattern.

At high crack speeds, the fracture surface becomes rougher with rib marking appearing along the
direction of crack propagation. At low speeds, the ribs appear as numerous needle-like markings.
They become coarser at high speeds.
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Figure 4: Measured crack velocity (Vck) as function of crack length (c) a) for v=10.16 pm/s b) for
v =800 um/s.
Conclusion

We have presented experimental evidence indicating the existence of low speed instabilities in the
brittle fracture of PMMA. Three distinct patterns can be observed on the post-mortem fracture
surfaces: perfectly smooth, regularly fragmented and macroscopically rough. The transition
between these patterns seems to be set by the crack velocity.
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