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Abstract

Fracture research to date has always been focussed on the propagation of
cracks. However, since the main interest for practical applications lies in
the prevention of cracks, we focus on visualizing the cascade of events giving
rise to macroscopic material failure. We study these prefracture phenomena
with the use of the optical method Laser Speckle Imaging (LSI). Though
LSI has originally been developed for medical applications, it has proven to
be very useful for studying a materials response to mechanic deformation.
By imaging the microscopic dynamics of a strained rubber until the moment
of fracture, we find a zone of increased dynamics, indicating the breaking
of molecular bonds. This breaking of bonds at the locus of the eventual
fracture lowers the modulus of the material. It creates a soft spot, which
gets increasingly softer and larger, until the modulus is sufficiently low to
allow for nucleation. Both processes, the growth of the zone and the softening, prove to follow a predicted divergence. This divergence goes according
to a universal power law exponent, independent of the applied strain. We
thus present a method that allows us to quantitatively characterize the microscopic events preluding fracturing of a material, thereby giving us new
fundamental insights in crack precursors, as well as the possibility to predict
the location of the nucleation site.

2

2

Introduction

Traditionally, fracture research has been focussed on crack propagation. A
lot of research has been done in this area, typically concentrated on the
behaviour of the region around the notch tip during fracturing [1–3]. However, this focus on propagation of cracks strikes as slightly odd, since the
interest in fracture research stems from the desire to improve the strength
and durability of a material. Cracks are formed by means of nucleation and
growth, so once a nucleation point has formed, the damage is done and will
only spread further. To really improve a material, it is necessary to know
what microscopic phenomena underlie this nucleation. The search for these
phenomena is the focus of this thesis. We study them with the use of Laser
Speckle Imaging (LSI).
With LSI we are able to visualize the microscopic dynamics in a system.
By directing an expanded laser beam to a material, the light gets scattered
and creates an interference pattern. Recording this pattern yields a so-called
speckle image. When there is a movement in the system, the interference
patterns changes and therefore also the spekle image. These changes can be
analysed by correlating the different images, and thus the dynamics in the
system can be characterized. [4]
Though LSI was originally developed as a medical technique [5], it has
been shown that it can be a useful tool for studying the response of a material
to a mechanic deformation, both microscopically and mesoscopically [6–9].
However, such studies focus on strain imaging [9], plastic rearrangements [6]
and shear banding [7, 8], never on microscopic fracturing. They study the
response of a material while keeping its molecular bonds intact. We take it
a step further. By imaging the microscopic damage of a strained material
up until the moment of macroscopic fracture, we obtain a unique insight in
the microscopic phenomena preluding macroscopic material failure.
When exerting a force on a crosslinked polymer network, such as rubber,
the force will be distributed over all its molecular bonds. Once one bond
breaks, the forces divided over the other bonds grow. This increases the
chance that another bond breaks, which again increases the forces on the
other bonds etc. This indicates a divergence of bond breaking, leading to
macroscopic fracturing. Moreover, fracture nucleation occurs at a critical
point. Processes governing a critical point are typically critical processes,
which are generally divergent. We therefore hypothesize that the breaking
of bonds, preceding fracturing, is a divergent process.
With the breaking of bonds, the local modulus drops. Consequently,
the material develops a soft spot where the microscopic damage is largest.
3

When the material is sufficiently weakened, it will no longer be rigid enough
to hold and it will tear apart. With LSI, the modulus of a material can be
imaged for each pixel. This is done by characterizing the thermal movement
of nanoparticles within the polymer network [10]. This gives us the perfect
opportunity to image the development of the damaged soft spot.
Thus, we pose a unique, quantitative visualization of the molecular phenomena preluding macroscopic fracturing of rubber. We do this by developing LSI to make micromechanical maps of an unstudied phenomenon. By
imaging delayed fracture in rubber, we observe a damage zone of lowered
modulus, that gets softer over time and also spreads out over the material.
The divergence we hypothesized proves present for both the local softening
and the increase in area. It occurs with a constant power-law exponent,
indicating that similar physical processes underlie the prefracture events for
different strains.
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Material and Methods

3.1
3.1.1

Laser Speckle Imaging
Analysis

LSI is spatially resolved Diffusing Wave Spectroscopy (DWS) [11]. With it,
we are able to image microscopic dynamics. When illuminating a sample of
interest with an expanded laser beam, the multiple scattered light creates
an interference pattern [4]. Recording this pattern yields a speckle image
(Figure 1a). Dynamics present in the system govern intensity fluctuations in
the speckles. This allows for an analysis of the decorrelation between frames,
resulting in a dynamic map of the sample. Such a map is based on the intensity structure parameter d2 [4] for each pixel. Hereby we average over both
time and space. The d2 values obtained for these maps can be converted
to their corresponding mean square displacement (< ∆r2 (τ ) >), by obtaining g2 and g1 [4] from d2 , and subsequently converting g1 to < ∆r2 (τ ) >:
< ∆r2 (τ ) >= (−6/k02 ) ∗ (l∗ /L) ∗ ln(g1 (τ )) [12, 13]. τ is the correlation time,
k0 is the wave vector [4], l∗ the transport mean free path and L the thickness of the sample. This convergence is indeed done in Figure 1, to show the
order of magnitute of displacements we probe, though for further analysis
we choose to display our results as d2 . This is because the extra conversion
from d2 to < ∆r2 (τ ) > requires extra assumptions and therefore introduces
more inaccuracies, while contributing little to our understanding of the observed process. The same applies to a further conversion to the modulus.
We calculate both < ∆r2 (τ ) > and d2 at fixed τ of 0.5 ms.

3.1.2

Setup

LSI is traditionally performed in the backward scattering geometry [4, 7].
Therefore, we started this study by building a backscatter LSI setup. However, backscatter LSI only allows a sensitivity of ∼ 1 nm, whereas the diffusion of tracer particles in a high-modulus rubber is typically is in the order
of 1 Å. To improve the sensitivity of our measurements, we converted to
LSI in the forward scattering geometry. Forward scattering has the potential advantage of an increased amount of scattering events, which greatly
enhances the sensitivity of the technique. The corresponding calculations
describing the sensitivities are attached as an appendix. With this new forward scattering setup, we are able to observe the Ångström displacements
of the particles (Figure 1b).
We built our LSI setup in the forward scattering geometry by adjusting
the Multi Speckle Diffusing Wave Spectroscopy (MSDWS) setup as built
by Raoul Frijns [14]. From his setup we removed the second non-polarizing
5

Figure 1: (a) Schematic view of the LSI setup in the forward scattering
geometry. We direct an expanded laser beam to the sample. The multiple
scattered light is focussed onto a camera, yielding a series of raw speckle
images. Analysis of the correlation between these images yield a dynamic
image, based on d2 values varying from 0 to 1.8. (b) Average mean square
displacement (< ∆r2 (τ ) >), in an area of 0.5*0.5 mm2 at the notch tip,
plotted as a function of normalized time until time of fracture (∆t = tf − t,
with tf as time of fracture). The purple filled circles give < ∆r2 (τ ) >
for a 25% strained PDMS sample, as measured until fracture (at ∆t = 0).
The grey and underlying black line are baselines for a 3% strained and
an unstrained sample, respectively. (c) Stress (σ) and strain () curves as
measured by Dynamical Mechanical Analysis for a PDMS sample. tf is
indicated with a black ×.

6

beam splitter and the photo multiplier tube (Figure 1a). We also added a
lens to allow for imaging in the image plane, instead of far-field, resulting in
a 1.5X magnification. Since our goal is to look at the pre-rupture behaviour
of certain materials, we added a tailor-made straining device at the location
of the sample holder. The strain applied by the device has an inaccuracy of
∼ 1.7%.
With our LSI setup, we distinguish three types of resolution. The first
is discussed above: the displacement resolution. This resolution indicates at
what length scale we can observe dynamics. It is determined by the amount
of scattering events in a sample, set by its mean free path (l∗ ) and thickness
(L). The other two resolutions are determined by the camera used. We
name them the temporal and spatial resolution. The temporal resolution is
determined by the framerate of the camera. In this study we image dynamics with an interval of 0.5 ms. The spatial resolution is set by the speckle
size, which we optimized to be slightly larger than the pixel size. In this
case the spatial resolution is ∼ 100 µm2 . This means that we can image displacements of a few Ångström, but we average all observed displacements
within an area of ∼ 100 µm2 .

3.2

Polydimethylsiloxane samples

The breaking of the molecular bonds cannot be imaged directly with LSI,
since the here used crosslinked polydimethylsiloxane (PDMS) does not scatter the light sufficiently. LSI can however trace the movement of particles
trapped within the polymer network. These tracer particles diffuse within
the material, but are restricted in their movement by the polymers, which
form a cage around them. When some of the polymer bonds start to break,
the tracer particles will find their room of movement increased. We can observe this increase in displacement with LSI. Therefore, we add TiO2 tracer
particles to our PDMS samples.
We use PDMS SYLGARD R 184, obtained from Dow Corning, mixed
with 0.1 wt% TiO2 tracer particles coated with silicone oil, obtained from US
Research Nanomaterials. When preparing the samples, the PDMS containing the tracer particles is mixed by hand for 5 minutes in ratio 5:1 polymer
vs. crosslinker. Air bubbles are removed by centrifugation at 400 g for 2
minutes. Subsequently, the mixture is poured in molds covered by SmoothOn Universal Mold Release. The molds have a dimension of 6.0×1.5×0.5 cm
(length×width×height), with a prebuilt rectangular notch of 0.02×1.0×0.5
cm. The notch is added to assure fracture at a known spot: the notch
tip. The samples are then heated overnight at 65 ◦C. Based on coherent
backscattering [15] measurements, we value the transport mean free path
7

(l∗ ) of the resulting samples at 50 µm. This is no absolute value, since the
tracer particles are too polydisperse to get an accurate value, though this
inaccuracy is acceptable since we only compare results of one material.

3.3

Experimental

We subject the PDMS samples to a continuous strain, until the material
fractures. During this period of continuous strain, we image the speckle
pattern, obtained by illuminating the sample with a laser set at 1575 mW.
To verify that all observed dynamics originate from diffusion of the tracer
particles, and not from vibrations or plastic relaxation, we measure two
baselines. One is the sample in a static, unstrained state, and the other is
when the material is slightly strained, but not enough to break the material
on an experimental timescale (3%). Both conditions yield a flat baseline,
coherent to the starting plateau of a fracture experiment (Figure 1b).
For further characterization of the material, we subject it to Dynamic
Mechanical Analysis (DMA) tests. We bring the material with 20%/min
to a constant strain of 24%. We then keep it at this strain until fracture
occurs. During this period, we measure the stress curve at intervals of 0.1
s (Figure 1c). From the initial linearity in the stress-strain curve we determine the Young’s modulus of the sample, which is E = σ/ = 1.1±0.1 MPa.
The second part of the curve shows no single-exponential, but a steeper decay, indicating that the relaxation is not fully poroelastic, but consists of
a convolution of plastic and poroelastic relaxation. This strongly suggests
that the material is subject to ductile fracturing. The DMA measurement is
complementary to our LSI measurements: with DMA we observe no effect
of the weakened prefracture zone observed with LSI, and vice versa with LSI
we don’t see the relaxation processes we see with DMA.
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Results and Discussion

Upon application of a constant strain to the PDMS samples, we observe
the emergence of a zone of increased dynamics near the notch tip, seconds
before macroscopic fracturing is observed (Figure 2). This zone is a damage
zone: it indicates that molecular bonds are breaking. It originates from the
tip of the premade notch. The notch tip is the location of highest curvature,
so the forces exerted on the sample concentrate here. Since the breaking
of one bond initiates the breaking of several more, the damage zone grows.
This process is twofold: it happens locally, by further softening the original damage zone, but the zone also spreads out over the sample. Both
continue until the region at the notch tip is sufficiently softened, initiating
macroscopic failure. Both the microscopic damage zone and the macroscopic
fracture evolve as a triangular shape. This geometry is predicted in classical
fracture research [16, 17]. We thereby create a novel experimental image
complementing classical theoretical fracture research.
When the microscopic damage has created a sufficiently weak spot, we
observe the start of fracture propagation (Figure 2). From this, we obtain
an estimation for the crack propagation speed (vc ). vc gives information on
whether the fracture is brittle or ductile. For brittle cracks, vc approaches
the speed of sound in the material (1030 m/s in PDMS [18]), while for ductile
fracture it will stay far below this value. Our PDMS samples are subjected
to subcritical crack growth, which allows for the possibility of ductile fracture [19]. In our samples, the fracture speed strongly depends on the applied
strain. It is approximately 0.05 % of the speed of sound in PDMS for a 22%
strained material, 0.07 % for a 25% and 0.4 % for a 30% strained material.
This confirms our DMA results: our PDMS samples fracture ductile.
To quantify this microscopic weakening, we analyse the dynamics in a
horizontal strip parallel to the notch. The vertical location of this strip is
chosen at the location of highest dynamical activity. To improve statistics,
we average over 20 pixels in the y-direction. Consequently, we obtain the
average dynamic activity as a function of distance from the notch (∆r) for
each frame prior to macroscopic fracture. A typical example of the thus obtained curves is shown for the 30% strained sample in Figure 3a. We observe
that the dynamics increase everywhere over time, but that there is a hotspot
near the notch tip, as can also be seen in the corresponding dynamical image
in Figure 1a. This will also be the location of crack nucleation. We expect
a divergence in the dynamics in this hotspot. To find this divergence, we
reschale all d2 profiles with the schaling factor δ. δ is the fraction of the
dynamics in the hotspot, at the maximum, at a certain time, as compared
to the final maximum (δ = dmax
/dmax
f inal ). By dividing all curves by their
2
2
corresponding δ, we overlay them at their maximum (Figure 3b). Plotting
9

Figure 2: Series of LSI snapshots for a 25% strained PDMS sample at the
notch tip. The top row shows dynamical analysis at several times before
fracture (∆t = tf − t, with tf time of fracture). Images are color coded
using the scaling in Figure 1a for their d2 (τ = 0.5 ms) values. For the top
row images we overlay a mask at the background to cover background noise.
The dashed line in the first frame indicates the outline of the notch tip.
The bottom row shows a raw image sequence of the same sample during
fracturing.
δ as a function of normalized time until fracture (∆t/tf = (tf − t)/tf , with
tf time of fracture) presents us with two regimes: a lag phase in which the
hotspot has not formed yet, and a divergent phase in which the dynamics
increase according to a power law (Figure 3c). The slope of this power law
has a value of 3.3 ±0.3. This is a universal value independent of the imposed
strain (Figure 3d). We show the robustness of this value by analysing the
average dynamics in a square zone of 0.5*0.5 mm2 at the notch tip over time
(hd2 in ) (Figure 3c). This yields the same slope of 3.3 ±0.3 for each strain,
thus proving that the underlying physical phenomena occur similarly for all
applied strains.
We plot δ as a function of normalized time until fracture. It should
be noted that this time of fracture, tf , is a theorized value, based on the
theoretical singularity associated with fracture processes [20]. We obtain tf
by adjusting it so that we acquire an optimal, least-squares power law fit.
It should be noted that this theorized tf happens after the actual fracture
event, since no practical experiment could reproduce the ideal theoretical cir10

cumstances. Our experimental samples most likely contain inhomogeneities
that cause for an unequal distribution of forces, initiating premature fracturing.
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Figure 3: (a) d2 profile normal to the notch of a 30% strained PDMS sample, shown at 10 ms time intervals. These d2 curves are overlaid at their
maximum in (b), by dividing all d2 values by their corresponding δ. (c) δ
for a 30% strained sample as a function of normalized time until fracture.
The solid line is a power law fit, indicating the divergent phase, whereas
the horizontal dashed line is drawn to indicate the lag phase. The inset displays the average d2 for a 22% (blue triangles), 30% (red circles) and 25%
(purple inverted triangles) strained sample, in a region of 0.5*0.5 mm2 at
the notch tip. (d) Divergence of δ for the same samples as in the hd2 in plot
in (c). Colors and symbols are identical. Through each curve, a power law
with slope 3.3 is plotted, where the slope value is an average of all obtained
slopes.
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We observe the same divergence with the growth of the damage area
(A). We establish this area as the area covered by all pixels at a certain
time that exceed a d2 threshold of 0.1 (Figure 4a). The area increase should
scale with the δ 2 increase, so:
A ∝ δ 2 ∝ ((∆t/tf )3.3±0.3 )2 = (∆t/tf )6.6±0.6

(1)

We therefore expect a power law exponent of 6.6 ±0.6 for the area. A fit
proves it to be slightly higher: 7.4 ±0.2 for all strains (Figure 4b). This is
most likely due to the asymmetrical growth of the damage area: its growth
in the horizontal direction is sligthly slower than the growth in the vertical
direction (Figure 2). Regardless of this small deviation from our expected
fit, we again find a similar divergence slope for different strains. This shows
that identical physical processes governing the growth of the damage area
are at work for all measured strains. We prove that the area diverges as
a power law, and not as an exponent, by trying to fit an exponential divergence. It requires an unrealistically high compressed component of 7 to
yield a good fit.

Figure 4: (a) Dynamic image of a 25% strained sample at ∆t = 1.9s. The
green area indicates the pixels for which the d2 values exceed 0.1. (b) The
thus obtained damage area for a 22% (blue triangles) and 25% (purple inverted triangles) strained sample as a function of normalized time until fracture. Power law fits of 7.2 for the 22% sample and 7.6 for the 25% sample
show the divergence in area growth. The 30% strained sample is left out
due to an insufficient amount of data points for a reliable determination of
its power law.
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Conclusion

With the use of LSI we find a never before observed microscopic damage
zone preceding crack nucleation. In this damage zone, molecular bonds in
the crosslinked polymer network break. This causes the modulus of the
rubber to decrease locally, creating a soft spot in the material. After some
time, this spot is sufficiently weakened to allow for macroscopic failure of
the material.
The damage zone develops twofold. The damage increases within the
original damage zone itself, softening the material further, but it also spreads
out over the material. Both processes follow a constant divergence, independent of the applied strain. This shows that the observed prefracture
phenomena follow the same physical processes.
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Recommendations

We present in this thesis experimental results on prefracture phenomena,
which have not been observed before. Since this is the first time these phenomena have been seen, there are quite some possibilities to extend knowledge on the subject further. Here, we will give a few recommendations for
future research on the subject:
- The first idea would be to obtain mechanical data complementing the
LSI data shown here. Of course, we did some DMA experiments, but these
are not performed in combination with an LSI experiment. By building a
DMA setup that is compatible to the LSI setup, it would be possible to
accurately correlate the mechanical data at each moment with the corresponding dynamical image obtained with LSI.
- Secondly, a theoretical model describing our experiments would give a
more detailed insight in the physical processes governing the observed microscopic damage. This can for example yield information on whether the
rate of divergence we found for both the local softening and for the area
growth is in agreement with theory. We also see that our damage hotspot
lies slightly away from the notch, and not directly at the edge as would be
expected. A theoretical model might provide information on why this is the
case.
- In our experiments, fracture occurs as nucleation and growth. There is
an energy barrier that needs to be crossed for the material to form a crack
nucleus and break. This energy barrier is crossed by straining the sample.
This way, the damage zone has spread in a contained region around the
notch when fracturing starts. Since the fracture propagation speed is much
larger than the speed with which the damage zone spreads out, the crack
quickly overtakes the damage zone.
This process can be compared to what happens in the metastable region
in nucleation and growth [21]. Here the decomposition in two thermodynamic phases is comparable to the fracturing of the material. Analogous
to this, if one would go to the case of spinodal decomposition, there is no
crossing of an energy barrier. This would mean that the applied strain is
so small that it is insufficient to initiate nucleation and growth. However, it
would create a damage front. This front could then propagate through all of
the material without being overtaken by fractures, weakening the material
everywhere in a similar way. When this process is completed, the material would not fracture, but disintegrate. This process is complementary to
the nucleation and growth we studied here. Obtaining more information
on it would give a more complete view on the possible mechanisms behind
15

weakening of a material.
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Appendix: Sensitivity of LSI
We determine the sensitivity of the backscatter LSI setup by looking at
the smallest displacement that still yields a significant decorrelation. We
state that a significant decorrelation is a decrease in g1 from
√ 1 to 0.9. The
maximum displacement of the tracer particles is given by < ∆r2 >:
< ∆r2 >= kT /(6πaG)

(2)

With k Boltzmann’s constant and T temperature, a the particle radius
(30nm) and G the modulus of the sample (∼1 MPa). Filling in the equation gives < ∆r2 >≈ 10−20 m2 . This is used to calculate the value for the
correlation function g1 at this point.
g1 = e−γk0

√

<∆r2 >

(3)

Here γ is a numerical prefactor of 1.5, k0 is the wave vector and
the mean square displacement of the particles.
k0 = 2πn/λ

√

< ∆r2 >

(4)

With n the refractive index of the sample (1.49 for PDMS) and λ the wavelength of the incident light (here 532 nm). Filling this all in (4) gives g1
= 0.999. This is an insufficient decorrelation, and we therefore determine
backscatter LSI to be too insensitive for our measurements.
By using LSI in the forward scattering geometry two new parameters
are introduced: the mean free path (l∗ ) and the thickness of the sample (L).
g1 = e−τ /(t(l

∗ /L)2 )

(5)

Here, τ is the correlation time and t the relaxation time of the sample [12]. This way, we can make the relaxation due to particle diffusion
significant by adjusting l∗ /L. For t = τ gives a significant relaxation for
diffusion of the particles as long as l∗ /L ≤ 3. For our samples l∗ /L = 10−4
m, so this gives us a more than sufficient decorrelation.
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