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Abstract.

We have performed an experimental study of slow crack froopggation through a weak
plane of a transparent Plexiglas block. Spatial randomhoess fluctuations along the weak in-
terface generate a rough crack line in pinning locally tteckrfront, and leads to an intermittent
dynamics of the crack front line. Using a high speed and hégolution camera we are able to
capture the features of this complex dynamics.

A new analysis procedure is proposed in order to measure &fteng/time fluctuations, and
study the local burst dynamics and structure along the chaxek during its propagation. First,
we confirm previous results [1]: the fracture front dynamiggoverned by local and irregular
avalanches with very large size and velocity fluctuationd,@n be described in terms of a Family-
Vicsek scaling with a roughness exponént 0.6 and a dynamic exponert= 1.2. Then, focusing
in particular on the avalanches structure, we show thatytbes exhibits selffine scaling with
the same roughness exponégrior the local burst and the fracture front line itself.
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1. Introduction

Since the pioneering work of Mandelbrot, Passoja and Ra[2lait is now well
established that crack surfaces are s#ifia objects. The scaling properties of
the morphology of cracks manifest themselves throughasiife long range cor-
relations [2, 3, 4, 5, 6, 7, 8, 9] with a roughness exponentlvig found to be
very robust for diferent materials and a broad range of length scales. However,
the physical role played by the heterogeneities which ledlddse self-dine long
range correlations is not well understood.

In recent years front propagation in disordered media hesrbe a challeng-
ing problem trying to describe the dynamics of interfacamany diferent physi-
cal systems such as crack fronts [9], magnetic domain Wkl pr wetting [11].

@ © 2005Springer. Printed in the Netherlands.



2 S. SANTUCCI ET AL.

Actually there exists few experimental data describingckrftont propagation
through heterogeneous material, essentially due to theuwdiy of making direct
observation and following the crack front line. Indeed,¢reck front line growing
in a 3d heterogeneous medium has itself a 3-d shape wfigreit in-plane and
out-of-plane roughnesses, respectivghand(, . Therefore, the interfacial crack
front problem simplifies the 3-d original one, both expenitadly [12, 13] and
theoretically [14]. Since the crack front is constrainedmetrically to lie in the
plane where the motion is driven by the stress transmittexlifh the two elastic
plates, it is possible to perform direct visualization andfdllow the fracture
front line. So far most experiments on fracture front linesénbeen focused on
the fracture front line morphology leading to the estimatedghness exponent
¢ = 055+ 0.03 [12], followed up by a longer study leading Jo= 0.63 + 0.03
[13]. Recently the interfacial crack front propagation bsted to be investigated
[1]. This study has shown that the fracture front line dyrearis intermittent -
the depinning on asperities triggers local instabilitiagd can be described in
terms of a Family-Vicsek scaling [15] with a roughness exgag = 0.6 and a
dynamic exponent = 1.2. In contrast to earlier numerical and theoretical studies
[8, 16, 17, 18], recent numerical simulations interprete@ atress-weighted per-
colation problem [19] give consistent results on the experital roughness and
dynamic exponents.

In this work, we went further on in the investigation of thedb dynamics
and this study appears as the continuation of the experahesatrk initiated by
Malgy and Schmittbuhl [1]. In the first part, we will recaletiexperimental set-up
and the sample preparation that permits us the direct cdasamvof an in-plane
crack front which propagates into the annealing plane of transparent poly-
methylmethacrylate (PMMA) plates [12]. It is important taderline that now,
using a really powerful high speed and high resolution caniieéhotron Ultima),
we are able actually to capture the details of the compleskchi@nt dynamics.
Then, in order to analyze the local burst dynamics and iriquéar to extract the
local waiting time fluctuations, we propose in the secondi@e@ new analysis
procedure. Both this analysis and the fast video recordargitn the previous
observations and results, showing that the dynamics ofrétotuire front is driven
by local and irregular avalanches with very large size ardcity fluctuations.
In this paper we would like to focus on the scaling of the cr&okt line. We
will first confirm that the development of the crack roughnfeglews a Family-
Vicsek scaling and then examining in details the struct@itbelocal avalanches
we will show that the system exhibits selfiae scaling with the same roughness
exponent for the whole set of local bursts, and for the fracture frame litself.
More details concerning the dynamics and in particular #leacity and waiting
time fluctuations will be given elsewhere [20].
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2. Experimental procedure

2.1. SAMPLE PREPARATION

Two Plexiglas plates (32 14 x 1lcm & 34 x 12 x 0.4cm) are annealed together

at 205C during 30mnunder several bars of normal pressure, in order to create a
single block with a weak interface. Before the annealingcedure both plates
are sand-blasted on one side withuBDsteel particles or 1Q6m glass beads.
Sand-blasting introduces a random topography which irgllimeal toughness
fluctuations during the annealing process. In order to egéinthe characteristic
size of the local heterogeneities arising from the sandtinig process, we have
measured the profile of a sand-blasted Plexiglas surfaoey ashite light inter-
ferometry technique (performed at SINTEF laboratory). e that these local
irregularities have an upper cuff@ize estimated as H2um.

0.6
x (mm)

Figure 1. Two dimensional map of a sand blasted PMMA surface: whitelgst correspond to
asperities higher than.&um, which corresponds to the standard deviation of the heifltio
profile.

The two key points of the procedure atee transparencyof the material
allowing the direct observatiormf the fracture front, anthe random toughness
introduced along the interface which generates a rougtkdiae in pinning the
crack front.

2.2. MECHANICAL AND OPTICAL SET-UP

While the upper Plexiglas plate is clamped to df stluminium frame, a press
applies a normal displacement to the lower one (1 cm thickjesponding to a
crack opening in mode configuration (pure tensile mode) at a low and constant
rate~ 10um.s™1,

A high speed and high resolution camera (Photron Ultima) mtexlion a
microscope allows us to follow the slow crack front propagatUsing this cam-
era at a spatial resolution of 1024512 pixels, and an acquisition rate of 1000
f.p.s. we can follow the crack front during 12s (obtaining~ 12000 images).

In this work, we will focus in particular on a given experinienith an average
crack front speedv) = 281um/s an a pixel sizea = 3.5um. It is important
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Figure 2. Sketch of the experimental setup: a thick PMMA plate (PL)l&rped into a rigid

frame (F). A normal displacement is imposed by a press (Ptherthin plate with a cylindrical
rod. A high speed and high resolution camera (C) mounted oit@stope follows the crack front
propagation.

to notice that the pixel size is smaller than the charadierssale of these local
heterogeneities, estimated as18um arising from the sand-blasting process. In
a forthcoming paper [20], we will present using an extendetdo$ data that all
of these preliminary results are stable while changing spegmental conditions
(varying both the average front line speed and the pixe) size

3. Analysis procedure and results

3.1. SCALING ANALYSIS OF THE CRACK FRONT

Image analysis is performed to extract the crack front bypmaing the gradient
of the gray levels. A typical result is shown on figure 3. Thranfrposition being

0.5 1 15 2 25 3 35
X (mm)

Figure 3. Typical example of a picture recorded by the high speed calidrotron Ultima) during
an experiment with an average crack front spégd= 28.1um.s™*. The pixel size isa = 3.5um.
During this experiment, the camera recorded in total 908én&s with a time delay ofrs for
each picture. The crack front propagates from bottom to Tty thick solid line represents the
interface separating the uncracked (in black) and crackets pxtracted after image analysis. We
superimpose 3 fracture front positions for later time$,(@ and 3), suggesting the crack pinning
and the burst activity.
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defined as the contrast interface between the uncrackeda@k)band cracked
parts is given by = h(x, t).

The power spectrurR(k) of the deviations from the mean front positib§x) —
(h(x)), averaged over all the crack front position detected duaimgxperiment (in
this case 9000 fronts), as function of the wave nunkber shown on figure 4. The
slope of the best fiP(k) o« k-1+%) gives an estimation of the roughness exponent
{ = 0.54+0.06. This value for the roughness exponent is consistentpuithious
careful estimationg = 0.55+0.05 [12] and/ = 0.63+0.03 [13], where it has been
extensively checked for fronts at rest over a much largegeasf scales (around
3.5 decades), and using several technigues.

0.001

k/k
[o}

Figure 4. Power spectrum of the deviations from the mean front pash{a) — (h(x)) as function

of the reduced wave numbkrk, with k, = 2r/(3.5um) averaged over 9000 crack front positions
detected. The lines correspond respectively to the be®(f)sx k-1+%) of all the spectrum (dotted
line), and excluding small and high wave numbe250> k/k, > 1072 (dashed line). An average
over the slopes of the fits gives an estimation of the rougheaponentZ = 0.54 + 0.06. The
reduced quantity ik = 27/(3.5um). The vertical axis is arbitrary.

Moreover, we confirm that the development of the crack roeghrfollows
rather well the Family-Vicsek scaling ansatz with a rougtsnexponent = 0.6
and a dynamic exponert= 1.2 + 0.2. Considering the power spectrum of the
relative positionAh(x,t) = h(x,t) — h;, whereh; = h(x, t;) is the initial front, the
Family-Vicsek scaling ansatz can be written in the follogvimay.

. b X< C
P(k, At) = At 2GKALYS)  with  G(X) « { 2 x5 o

whereAt = t — t; is the time delay between the analyzed imadpeandc are
characteristic constants.
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Figure 5. Left: Power spectrum of the relative positia(x, t) as function of the reduced wave
numberk/k, with ko = 27/(3.5um) for logarithmically increasing time delayst = t — t;, from

At = 20msto At = 5s. Right: Data collapse for the scaling functi@fkAt~) = P(k, At)At~1+2)/x,
showing a dynamic Family-Vicsek scaling with a roughnesgoeent = 0.54 and a dynamic
exponenk = 1. The power spectra of the relative positith(x, At) = h(x,t) — h(x, t;) have been
averaged over 4000 fierent initial fronth; = h(x, t;). The dashed lines are guides for the eyes and
have a slope of -2.1. The horizontal axis correspond to redldamensionless quantiti&gk, t/to,

with kg = 27/(3.5um), andAty, = 1ms The vertical axis are arbitrary.

On Fig. 5 to the left, we show the power spectrum of the reafiesition
Ah(x, t) for logarithmically increasing time delays, from At = 20msto At = 5s,
averaged over 4000f@ierent initial fronth(x, t;). When increasing the time delays
At, we observe a crossover behaviour from a flat spectrum -atidg that no
spatial correlations are present at small time delays, towards a power law
behaviour at larger timest, consistent with the selffne long range correlations
previously observe®(k) « k-1*%) with a roughness exponetit= 0.54. Then,
we plot on figure 5 to the right, the scaling functiBkAtY/~) = P(k, At)At~(1+2)/x
as a function okAtY* with a roughness exponetit= 0.54 previously measured.
A satisfying data collapse is obtained for a dynamic expbren 1. Performing
the same procedure forftBrent experiments leads to the following estimation
for the dynamic exponent = 1.2 + 0.2 with a roughness exponent Hf= 0.6,
consistent with previous experimental results [1].

3.2. WAITING TIME MATRIX W AND LOCAL FRONT VELOCITY MATRIX V

In order to study the local burst dynamics during the slovekaropagation we
have computed a waiting time mati/(x, t). The fracture front lines extracted
from image analysis of the digital pictures (see Fig. 3) waxlded to obtain a
waiting time matrixW. This matrix has the dimension of the original image
and an initial value equal to zero. We add the value 1 to theixnelementw
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corresponding to each pixel of the front line position detdcThis procedure has
been performed for all frames of a given experiment in ordestitain the final
waiting time matrixW for each experiment. Then, a local normal speed of the
interfaceV(x,t) can be deduced by computing the matrix of the inverse waitin
time w times the ratio of the pixel siza on the typical time between two images
ot. Therefore, we can associate to each pixel corresponditigetarack line in
each image, a local front velocity= &;.
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Figure 6. Distribution of the local front velocity normalized by theeaage crack speeg%for an
experiment with an average crack front speed= 281um/s. The solid line represents a fit for
velocities 2 times larger than the average crack front sp@eahd has a slope 6f2.6.

Finally, we can obtain the probability distribution furanis of the local wait-
ing time w and the local front velocity, in estimating the occurrence number
of each measured waiting time or velocity on all pixels infelcture front line
images. A typical example of a distributid?(rx)) of the local front velocityv,
obtained for an experiment with an average crack front speed 28.1um/sis
shown on Fig. 6, in log-log scale. For velocities larger tti@average crack front
speedv), we clearly observe that the local front velocities are polae distrib-
uted P(v/(v)) « (v/{v))™7 with an exponent ~ 2.6. This power law behaviour
for the velocity distribution reveals a rich and non triviaiderlying dynamic as
one can observe on a fast video recording that the crack isa@rbwing through
irregular avalanches on all length scales. Since in thidysite would like to focus
on the local burst dynamic, more details concerning thecitgl@and waiting time
fluctuations will be given elsewhere [20], and now we are gdim examine in
particular the structure of the local avalanches.
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3.3. LOCAL BURST STRUCTURE

In order to analyze the local burst activity, let us consither velocity matrixV.
We can generate a clipped velocity matrix frMrby setting the matrix elements
v equal to one fow > C - (v) and zero elsewhere. We present on Fig. 7 the spa-

x (mm)

Figure 7. Spatial distribution of clusters siZ2 White clusters correspond to velocities C - (v)
with a clip levelC = 8, during an experiment with an average crack front sgeee 28.1um.s™.
The pixel size isa = 3.5um. The crack front propagates from bottom to top.

tial distribution of clusters of dierent sizesS obtained from the clipped matrix
for a clip levelC = 8. The white clusters correspond to velocities eight times
larger than the average front spegg > C = 8, which was for this experiment

(v) = 281um.s™L. The clusters connected to the first and the last front, angl th
belonging to the upper and lower white parts are excluded tiee analysis.

10

raw data
O logarithmic binning
== =fit:pOx*7

10

10°¢
@ 10}
o

107F

10°F Se

10k . . .
10 10 10° 10

2

S (um?)

Figure 8. Distribution of the burst sizeS for an experiment with an average crack front speed
(v) = 281um.sst and a pixel sizea = 3.5um. The clip level used her ; > C = 8. Notice that
the logarithmic binning allows to extract the scaling lavdarlying the large statistics, over a large
range of event sizes. The dashed line represents the b&Ejit« S~ and gives an exponent
y=17
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In Fig.8, the cluster sizeS distribution P(S) is given in a double logarithmic
scale. We clearly observe a power law behaviB(8) « S~ with an exponent
v = 1.7 proving that the burst dynamics occurs on all length scahss have
checked that this critical behaviour, and in particular &xponenty, is really
stable: normalizing by the average burst i8¢, we can rescale all the fiiérent
distributions corresponding to diverse experimental @wrs and a wide range
of clip level values (see [20] for more details).

We expect a correlation between the burst structure on suoalés and the
self-dfine scaling of the crack front line on larger scales. In ordanvestigate
the spatial scaling on small scales in detail, we have fdn ecsterS chosen the
smallest bounding box enclosing it. The size of the boundimggives the length
scaleLy of the clusters along the growth direction and the lengttescaof the
clusters in the direction of the average fracture frontline
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Figure 9. Average length scalé.y) in function of the average length scéls,). The dashed line is

a fit to the data points fdr, > 20 pmand has a slope®0 consistent with the roughness exponent
of the fracture front line. The dotted line represents thevey = x and serves as a guide for the
eye.

Figure 9 shows the dependence of the average length dgalas function
of (Lyx) in a double logarithmic plot for the same previous experimgw =
281ums?, anda = 3.5um), for a given clip valueC = 8. We clearly see
that the avalanche clusters become anisotropic above aatbastic length scale
Lg ~ 18um. This typical size can be interpreted as a correlation lefatthe dis-
order introduced by the sand-blasting technigque as we hiasereed previously
on Fig. 1. Belowlq the local toughness is marked by the same individual agperit
and as a result the clipped velocity bursts appear isotréplimear fit of the data
points forLy > 20um gives a slope 80 consistent with the roughness exponent
{ = 0.63 £ 0.03 of the fracture front line itself. This result shows thia¢ sys-
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tem exhibits self-fiine scaling with the same roughness exporeiatr the local
dynamic bursts as for the fracture front line itself, anchbsi a new confirmation
of the roughness exponent determined in such interfacadkcexperiments. It
is important to note that most present theoretical and nigalerorks predict a
lower value for this roughness exponent [8, 16, 17, 18].

4. Conclusion

We have performed an experimental study of slow interfamiatk front propaga-
tion. This work confirms previous experimentals results fi¢ fracture frontline
dynamics can be described in terms of a Family-Vicsek sgaliith a roughness
exponent’ ~ 0.6 and a dynamic exponent~ 1.2. Moreover, we have observed
that this dynamics is driven by local and irregular aval@sclwhose size and
velocity are power law distributed. We show that the dynanaiod the structure
of the local bursts are playing a crucial role for the scalmgl the dynamics of
the crack front itself. In particular, above a typical sizg ~ 20um, the burst
size scales dlierently in the direction parallel and normal to the fracténant
with an exponent consistent with the roughness exponertieofracture front
¢, =~ 0.6. However, if it appears consistent to interpret this reaslfinite size
effect related to the disorder, more experimental work is ngé¢decontrol and
change the typical disorder size, in order to be conclushe airm that this
cut-of length scale really corresponds to the quenched disordezlation length
introduced by the sand-blasting procedure.

Recent simulations interpreted as a stress-weighted lpimoproblem [19]
give consistent results with the experimental roughnessdymamic exponent
measured, in contrast to earlier numerical and theoresicalies [8, 16, 17, 18].
However so far, no theory or simulations have examined thejcs and in
particular the local burst activity of the crack line, anerifore it appears of
central importance to develop these numerical studies.
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