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Abstract

Fracture of materials can take place below the critical failure condition via the slow
accumulation of internal damage followed by fast crack propagation. While failure due to
subcritical fracture accounts for most of the structural failures in use, it is theoretically
challenging to bridge the gap between molecular damage and fracture mechanics, not to
mention predicting the occurrence of sudden fracture, due to the lack of current non-
destructive detection methods with suitable resolution. Here, we investigate the fracture of
elastomers by using simultaneously space- and time-resolved multispeckle diffusing wave
spectroscopy (MSDWS) and molecular damage mapping by mechanophore. We identify a
fracture precursor that accelerates the strain rate field over a large area (cm? scale), at
considerably long times (up to thousands of seconds) before macroscopic fracture occurs. By
combining deformation/damage mapping and finite element simulations of the crack-tip
strain field, we unambiguously attribute the macroscopic response in elastic deformation to
a highly localized molecular damage that occurs over a ~ 0.01 mm?2 sample area. By unveiling
this mechanism of interaction between the microscopic molecular damage and the minute
but long-ranged elastic deformation field, we are able to develop MSDWS as a flexible, well-
controlled tool to characterize and predict microscopic damage well before it becomes
critical. Tested using ordinary imaging and simple image processing, MSDWS predictions are
proven applicable for unlabeled and even opaque samples under different fracture
conditions.

*correspondence authors: tetsuharu.narita@espci. fr
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I. Introduction

Resistance to fracture of soft materials is
typically characterized with a tensile test
carried out until fracture, where parameters
such as stretch and stress at break are
commonly wused. The fracture mechanics
community has long used pre-notched samples
and defined the fracture energy, I' in J/m?, as
the critical value of the strain energy release
rate G., where the crack begins to propagate
from the notch [1]. However, careful
examination of the experimental data shows
that for soft materials, where dissipation takes
place over several length and time scales, this
critical transition is not very well defined, due
to the presence of some slow subcritical crack
propagation, and depends strongly on the
precision of the measurement. Not only can the
strain energy release rate G be time-dependent
due to viscoelasticity of the polymer networks
[2], the fracture energy I" can also evolve with
the accumulation of localized damage by fatigue
[3,4], even though the latter is commonly
excluded in models, due to theoretical
complexity and the lack of experimental
methods to characterize it [5,6]. When G < G,
catastrophic fracture can still take place after a
long induction time, a phenomenon known as
delayed fracture [2,7,8]. Even in continuous
loading conditions, where a notched sample is
stretched at a constant rate, it has been
commonly observed that there exists a
transition from an almost undetectable crack
propagation to a fast propagation mode [9-11].
Conventionally, G. is defined as the critical
energy release rate at which this transition
occurs. Subcritical damage phenomena occur
for G < G, [2,6] and share the same implicit
hypothesis:  the almost unpredictable
macroscopic failure is due to the progressive
accumulation of molecular damage, which may
or may not be concomitant with slow
subcritical crack propagation [8]. These forms
of localized subcritical damage account for
most of the catastrophic fracture events in real
life, so that the interesting and important
question to address is how the transition from

slow or no propagation to rapid propagation
takes place, and how this transition is related to
molecular damage. The goal of the present
study is to investigate and understand the
precursors of fracture and the early stages of
crack propagation by combining the recently
developed quantitative characterizations and
analysis of molecular damage in elastomers [12]
with a method of early detection of nanoscale
motion with high temporal and spatial
resolution [13].

Light scattering methods such as Dynamic Light
Scattering (DLS, for weakly scattering samples
[14]) and Diffusing Wave Spectroscopy (DWS,
for turbid samples [6,15-18]) can detect motion
on the nano-to-micron scale and on sub-
millisecond time scales. Conventional DLS and
DWS measurements are performed in the far-
field geometry, where the detector receives
light scattered from the entire illuminated
sample. Furthermore, DLS and DWS use a single
detector collecting the signal from a few
speckles of scattered light at most. Accordingly,
they lack spatial resolution and require
extensive time average, two features that make
them unsuitable for systems where the
dynamics are spatially heterogeneous and
evolve in time, as in fracture studies. The so-
called multispeckle variants of DLS and DWS
(MSDLS and MSDWS, respectively) introduced
in the last two decades and based on pixelated
detectors, relax the time average constraint and
allow for time-resolved [19] or even space- and
time-resolved measurements [13].

A few studies used MSDLS to detect precursors
of failure in soft solids by monitoring the
evolution of the microscopic dynamics. The
authors of Ref. [20] used time-resolved MSDLS
coupled to rheology to investigate the delayed
yielding of a colloidal gel under creep. A
transient acceleration of the microscopic
dynamics was seen and was attributed, quite
generically, to a “burst of microscopic plastic
rearrangements”. Because that experiment
lacked spatial resolution and due to the
relatively large length scales probed by single
scattering (on the order of one pm), it was not



possible to gain a deeper understanding of the
origin of the light scattering signal. Similarly, a
MSDLS investigation on a polymer hydrogel [21]
revealed what was interpreted as a “wave of
plastic activity” preceding failure, but once
again the origin of the light scattering signal
could not be elucidated.

Several works [6,13-16] used MSDWS to study
failure of (partially) amorphous systems, such
as elastomers [6], semi-crystalline polymers
[17] and granular materials [22], where plastic
rearrangements, commonly corresponding to a
smooth yielding [23], occur before structural
failure. As compared to other methods such as
MSDLS or digital image correlation [16,18],
MSDWS is particularly appealing thanks to its
superior sensitivity to very small motion, down
to the nm scale. Quite generally, these works
revealed enhanced, spatially heterogeneous
microscopic dynamics in materials loaded
beyond the mechanical linear regime. In
particular, Van der Kooij et al. [6] have applied
MSDWS to the investigation of crack growth in
an elastomer. By imaging a small portion (a few
mm?) of the sample around a notch and
focusing on a time window of a few seconds
before rupture, they could detect enhanced
dynamics on a single, fast time scale (0.5 ms),
just ahead of macroscopic rupture.
Unfortunately, that experiment could not
address the question of the existence and origin
of dynamic precursors, because of the reduced
space and time windows that were available
and due to blurring effects associated with the
transmission geometry that was chosen. More
generally, MSDWS experiments are confronted
with the challenge of interpreting the physical
origin of the measured dynamics. Indeed, a
variety of distinct physical mechanisms may
lead to similar MSDWS signals, including
spontaneous dynamic due to thermal motion,
the affine or non-affine deformation of
otherwise pristine materials, or irreversible
plastic events [18].

These difficulties are particularly challenging in
elastomers, where plasticity and yielding are
typically not easily observed. In elastomers the

absence of a well-defined yield point results in
a distinctive type of damage by irreversible
bond scission, which has been until recently
only characterized macroscopically with cyclic
tests showing a softening, the so-called Mullins
effect [24,25]. Recently, however, molecular-
level insight in failure mechanisms has been
gained by inserting mechanophores in the
network [12,26-28]. Mechanophores are force-
sensitive molecules emitting light or becoming
fluorescent upon bond scission. They allow the
detection of damaged regions. Mechanophores
have revealed that in elastomers bulk molecular
damage occurs but only relatively close to the
fracture surface [12,26], over distances of the
order of tens or hundreds of microns [12,26,29-
31].

Crucially, experiments with mechanophores
suggest that the bulk of the elastomer remains
elastic and intact. This naturally raises the
question of the nature of the enhanced
dynamics measured by MSDWS in previous
experiments [6] over distances seemingly
larger than those concerned by bond breaking.
More generally, mechanophores provide the
unique opportunity to clarify the relationship
between the accumulation of localized
molecular damage, the enhanced dynamics
reported in previous light scattering
experiments, and the (delayed) macroscopic
failure.

Here, we investigate failure in a mechanically
loaded elastomer of polydimethylsiloxane
(PDMS), using a unique combination of the
detection of localized molecular damage,
simultaneous space-resolved measurements of
the microscopic dynamics over the whole
sample, and finite element simulations [32,33].
We show that while bond breakage is confined
to a region up to about 100 um from the crack
tip, itinduces a long-ranged strain field ruled by
linear elasticity that is detectable by MSDWS up
to more than one cm from the crack tip, up to
thousands of seconds before macroscopic
failure. Finite element simulations support the
proposed scenario, ruling out ultraslow crack
propagation as an alternative source of the



MSDWS signal.

Collectively, our experiments and modelling
provide unique insights on the long-range
effects of molecular damage, clarifying the
microscopic origin of the enhanced dynamics
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measured by MSDWS. Together with tests on a
variety of materials under different loading
conditions, they allow establishing on firm
bases MSDWS as an effective, versatile method
for detecting and anticipating catastrophic
crack growth and material failure.

FIG. 1 (a) Set-up for simultaneous MSDWS and confocal microscopy. A single edge notched sample
(width 9 mm, length 15 mm, thickness 2 mm and notch length 1 mm, cut with a fresh razor blade) is
tested under uniaxial tension simultaneously mechanically, by MSDWS, and by confocal microscopy.
(b) 3D image of bonds breaking around the crack tip during tensile testing of a notched PDMS sample.
4 image slices (1.4 mm X 1.4 mm in plane with detection thickness 150 ym) scanning a depth of 750
um around the midplane of the sample are collected for one single 3D image. Images are labelled by

the imposed strain.

II. Simultaneous mapping of
strain rate and damage

Sylgard 184 polydimethylsiloxane (PDMS)
is used as a model soft material, with a pi-
extended anthracene Diels-Alder adduct
diacrylate [34] (0.1 wt%) used as a
mechanophore cross-linker and TiO2
nanoparticles (diameter 250 nm, 0.25
wt%) dispersed before curing (APPENDIX
A). Single edge notched (SEN) samples
were tested in uniaxial tension until failure
with a nominal stretch rate €y = 5x10-5 s,
in a custom-designed tensile rig, with both
clamps moving symmetrically in opposite
directions, and fitted with the
experimental set-up shown in FIG. 1(a). A
spatially resolved characterization of the
dynamics over the whole sample surface
was carried out by MSDWS in a

backscattering geometry, by illuminating
the sample from the bottom with a
expanded laser beam. The technique
detects motion in a sample slab of
thickness several I* (I* = 430 um) the
photon transport mean free path. In the
present case, this corresponds to about 20%
of the sample thickness. Simultaneously,
fluorescence from the broken
mechanophores crosslinkers was detected
by confocal imaging from the top, around
the crack tip. Under continuous stretching,
PDMS has a Young’s modulus around 1.2
MPa (FIG. S1, supplemental material)
and macroscopic fracture is detected in
SEN samples at a nominal strain & =15 ~
16%, as detectable from bright field
imaging.

FIG. 1(b) shows the 3D mapping by
confocal microscopy of the fluorescence



intensity due to the mechanophore
activation around the original open notch,
for different levels of crack opening related
to applied strains. Briefly, as the sample is
stretched, some of the crosslinker
molecules break near the crack tip. When
the mechanophore cross-linker is
irreversibly broken, it becomes
fluorescent under laser illumination, so
that the accumulated bond scission can be
measured by confocal microscopy [12,35].
Previous work on poly ethyl acrylate
networks [12] has shown that within this
concentration range, and provided that the
mechanophore is used as a crosslinker and
is well soluble in the elastomer (which is
the case here), the fluorescence intensity is
proportional to the number of crosslinkers
undergoing scission. The high quantum
yield of the pi-extended anthracene gives a
detection limit of the order of 1 ppm
relative to monomer unit. However, the
random incorporation and activation of
the mechanophore should be tested when
incorporated into a completely new
material.

To build each 3D image, 4 image slices are
collected (APPENDIX A) and the dark
strip patterns in the 3D images correspond

to the gaps between slices, not to structure.

In the shown experiment, fracture is
observed at & = 15.6 %. While initial
activation is due to the artificial cut of the
notch, images show that the activation
intensity due to bond breaking increases
already at strains much lower than &
(from 4.8% to 15%). At small ey < 13%,
the majority of the activation that is
observed is mainly due to the cutting of the
notch with a sharp razor blade and does
not extend beyond 50 um away from the
tip of the notch. From the onset of
propagation ( ey =15 % in FIG. 1(b)),
massive damage is detected around the
crack in the 3t slice, with length over

500 um along the crack profile.
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FIG. 2(a) Main plot: Black, Averaged intensity I of
mechanophore activation, in the region with I >
2l (defining activated fluorescence after
deformation), renormalized by the bulk intensity
Iyuik; Blue: crack propagation length Ac. Insets: 2D
mechanophore maps at 400 um deep from the
sample surface. For images at the onset of
macroscopic propagation (15.502 % and 15.503 %),
confocal microscope cannot capture the images due
to its low time resolution, so that raw images from
the MSDWS camera are shown instead. (b) Main plot:
Averaged value of the normalized relaxation rate
Vo/Vor (red) measured by MSDWS in the region v, >
2vyr. Inset: vy maps at different ¢y. Note that the
field of view in MSDWS is about 20 times wider than
in confocal microscopy.

Area-averaged fluorescence intensities |
were calculated in the 3 slice, within the
region where I > 21,1k, Where I,k is the
average fluorescence intensity in a region
far away from the crack tip (see
supplemental material for detail). I is
then renormalized by I, to remove the
influence of absorption and laser
bleaching, as shown in FIG. 2(a). From the
beginning of stretching, I/I,,,, increases
slowly at an almost constant rate for gy <



14 %. Atey = 14.4 % (At = 240 s before
fracture), a larger increase in intensity
occurs on the right side of the crack in the
2D image (inset of FIG. 2(a)), after which
I /I increases faster. For 13.8 % < gy <
15.1 %, there is a rapid increase in
fluorescence intensity, but no crack
propagation is detectable by bright field
microscopy imaging with sub-micron
resolution. As seen in FIG. 2(a), a slight
change in crack length Ac is detectable
only starting at ey = 15.1 % (At= 100 s
before fracture), when the crack starts
growing at an ultraslow rate ~ 1.5 um/s. A
sharper crackis then nucleated 19 s before
macroscopic fracture (~ey =15.5%), at a
location which matches well the region
where molecular-level damage was
already visualized by mechanophore
mapping at smaller strains. Note that 90 %
of the crack propagation occurs in the last
5 s, making it extremely difficult to
anticipate  macroscopic fracture by
conventional imaging alone.

MSDWS was used simultaneously to map
spatially the microscopic dynamics, by
imaging the bottom face of the sample.
Briefly, a characteristic relaxation rate v,
of the microscopic dynamics was obtained
by fitting the temporally and spatially
resolved intensity autocorrelation
function, where larger v, values
correspond to faster dynamics (see
APPENDIX A and supplemental
material). Maps of v, were built for
different values of &y during the
continuous stretching experiment and are
shown in FIG. 2(b). For ey < 13.7 %, the v,
maps remain almost identical, with
slightly higher values of v, around the
crack tip, where the faster dynamics region
progressively develop to the right,
consistent with the molecularly damaged
region detected by fluorescence confocal
microscopy in FIG. 2(a). For ey > 13.7 %

(At = 380 s before fracture), a significant
acceleration of the dynamics occurs in
front of the crack and grows rapidly.

Crucially, by coupling the MSDWS
measurements to the mechanophore
signal, we can interpret quantitatively the
light scattering data. The confocal images
show that crosslinker scission is localized
within ~200 um from the crack tip. The
enhanced dynamics detected by MSDWS
occurs over a much larger region (~1 cm
from the tip), where the network is intact.
Thus, the MSDWS signal must correspond
to the elastic response of the pristine
elastomer network to localized breakage,
rather than to structural changes directly
resulting from widespread bond scission.
With this in mind, we can now relate the
MSDWS measurements to the long-range
strain rate field induced by the bond
breaking events localized near the crack
tip. It can be shown (see supplemental
material) that measured dynamics under
these conditions can be well described by

Vo = V3kl*\/Tr(D?), where k is the laser
light wave vector and D is the symmetric
part of the velocity gradient tensor in the
deformed state (namely, the rate of
deformation tensor [18,36-38]). The
absolute strain rate value corresponding
to the measured v, can be calibrated by
determining the setup and sample-
dependent constant kl* in uniformly
deformed, un-notched samples [18],
where v, is proportional to the true strain
rate along the stretch direction, £ (see
supplemental material). An applied €y =
5% 105 s1 corresponds to voy = 0.23 st
and & corresponds to vor = von /(1 + &y).
Since v, is proportional to the (local) train
rate, here and in the following we shall use
it as a proxy for the deformation rate. The
averaged value v, in the region with v, >
2vor (roughly, the green region in the



maps in the inset of FIG. 2 (b)) is calculated
and shown in FIG. 2(b), after
normalization by vor . Vy/vor start
increasing at ey = 13.5 % (At=420 s

before fracture) and reaches a large value
of 4 at ey=15 %, where the area with vy >
2vot extends over 10 mm?.
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FIG. 3 Maps of the relaxation rate v, calculated from MSDWS (a) and DIC (b) at different times
before fracture for two distinct samples stretched at €y = 1.25X104 sL.

As a further demonstration that in our
experiments the MSDWS dynamics is
modified by the long-range strain rate field
set by localized damage, we compare the
MSDWS results to a more conventional
quantification of the strain field obtained,
on a separate sample, by a classical digital
imaging correlation method (DIC). The
MSDWS and DIC tests followed the same
protocol: different samples with identical
geometries (size 2 cm X 4 cm X 4 mm,
crack length ¢ = 2 mm) were subjected to
uniaxial extension at &y = 1.25Xx 104 s'1
until failure. DIC measures spatially
resolved deformation fields by comparing
images of the sample surface during the
elongation test. In order to resolve all
components of the 2D strain rate tensor D,
the sample is sprayed with black ink,
which forms a speckled pattern, whose
displacement is then tracked. D is
calculated with images collected from time
t tot+ T (by program customized from
open source project pydic [39], see
supplemental material for details),

where T is the time interval for correlation
and averaging.

Due to the lower detection sensitivity of
strain heterogeneity of DIC, the minimum
required time T,,;, between images to
obtain a reliable signal is much longer
compared to the 7, =1/vy, (~0.2 5s)
around the crack tip, the characteristic
decorrelation time of the autocorrelation
function. In FIG. 3(b), we applied T = Ty,in,
which are 20 s, 10 s and 4 s, respectively.

For the sake of comparison with MSDWS,
the strain rate tensor obtained by DIC is
used to calculate the relaxation rate vy (D),
i.e, the same quantity that is directly
measured by MSDWS. The v, maps
obtained by MSDWS and DIC are shown in
FIGs. 3(a) and 3(b), respectively, for the
same times before full fracture (the sample
tested with MSDWS failed at & =15.9 %
while the sample tested by DIC failed at
& =15.7 %). The quantitative similarity
between both maps is evident, thus
confirming that the dynamics measured by



MDWS are due to modifications of the
long-range strain field induced by
localized bond breaking and validating the
use of MSDWS to quantitatively map strain
rate, including in a complex 2D geometry
with a notch.

To summarize, both mechanophore
mapping of molecular damage and
MSDWS dynamics mapping show that
during a long induction period, from
around &y ~ 13.5 % to just before the
rapid crack propagation, there are
detectable microscopic precursor events,
whose characteristic size progressively
grows, while no macroscopic failure
occurs. Remarkably, while bond breaking
occurs only very close to the crack tip, over
a ~ 0.01 mm?2 sample area, the resulting
strain field can be simultaneously detected
by MSDWS and DIC over a much larger
area, of the order of the sample size ~ 20
mm?2. At the stretch rate applied here, the
precursors highlighted by both methods
are observable about 7 min before
macroscopic fracture, clearly
demonstrating their predictive power.

III. Finite element modelling rules
out any contribution of slow crack
propagation to the strain field

Naturally, localized damage plays an
important role in crack propagation, butin
existing continuum models it is
theoretically challenging to couple damage
and deformation [40]. An important
question raised by our experiments is
whether the increase in strain rate
measured by MSDWS far from the crack tip
is i) due to the combined effect of sample
loading and of a slow crack growth that
may go undetected because of image
resolution limitations; or ii) is the result of
the localized molecular damage detectable
by fluorescence. To address this question,

we carried out for the same model PDMS a
full-field finite element method (FEM)
simulation. It must be noted that the FEM
simulation considers only the contribution
of deformation and crack propagation and
does not account for changes in local
material properties due to molecular-level
damage. We used a neo-Hookean solid
material model [41] with parameters
fitted to the uniaxial tension data to
calculate the full-field strain rate. To
examine whether the measured increase
in strain rate is due to undetectable slow
crack growth, we performed an FEM
simulation with a stationary crack and
with a slowly growing crack at different
speeds, respectively. Propagation is
simulated by introducing an increasing
crack length from the stationary crack
position, otherwise leaving all material
properties unchanged. The FEM results
are compared to the DIC measurements
described in the previous section, by
plotting the strain rate along the stretching
direction, Dy, pgm and Dy pic for FEM and
DIC respectively, as a function of y, for
fixed x = 0 (see inset in FIG. 4(a)).
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FIG. 4 (a): D, component of the rate of deformation
tensor as a function of distance y from the crack tip,
for x = 0 (see scheme in (a)), as obtained by DIC
(symbols, experiments) and FEM (lines, simulations).
In (a), FEM data were obtained assuming that the
crack tip does not move. (b): Same as in (a), but
focusing on the late stages of the tests and
implementing crack tip propagation in FEM, at
various propagation speeds ¢, as indicated by the
labels.

Results without and with crack
propagation are shown in FIGs. 4(a) and
4(b), respectively: in both cases, &y =
1.25 x 10* sl In the absence of
propagation, Dy, pgy far from the tip (y >
0.1 mm) remains almost the same up to
en~20 % (the sample does not break in
simulations). However, while at low strain
the experimental Dy, pjc and numerical
D, rgm match well, starting from &y =
15 %, Dy pic is significantly larger than
D, rEm, €ven millimeters ahead of the tip,

without any experimentally detectable
propagation of the crack, indicating the
existence of a fracture precursor, as
discussed in relation to FIG. 2. In FIG. 4(b),
we use our FEM result to test whether the
strain rate field measured in experiments
could be due to crack propagation alone.
Even if one assumes a crack speed ¢ = 0.01
mm/s in the simulation (one order of
magnitude above the optically detectable
crack speed ¢ ~ 0.001 mm/s) Dyypic Is
still well above D, pgy at ey = 15 % (FIG.
4(b)). Furthermore, at a slightly larger
strain of ¢y = 15.3 % (24 s later), still
without any experimentally detectable
crack propagation, a dramatic increase of
Dyxpic is observed, once again not
captured by FEM.

In summary, at small values of applied ¢y,
the comparison between simulation (FEM)
and experiments (MSDWS/DIC) shows
excellent consistency. However, for higher
values of &y approaching macroscopic
fracture, the experimental values deviate
largely from FEM simulations. These
results, combined with the MSDWS and
mechanophore mapping, demonstrate
that the acceleration of the local strain rate
over a large sample volume corresponds to
the elastic response of the material to
chemical bond scission localized very
close to the crack tip. While gy itself
influences significantly Dyy only in a
region very close to the crack tip (FIG. 11,
APPENDIX B), the rapid growth in strain
rate before fracture shows a strong
instability in response of dynamic damage
accumulation. Note that the damage
accumulation can be observed at lower ey
(FIG. 2(a)), but only leads to an
acceleration of the strain rate and fracture
after ey >13.5 %, suggesting a threshold
level of damage above which propagation
can be initiated. This threshold of damage
level appears distinct from that predicted



by the Lake-Thomas model [42], which
considers bond scission only over one
network mesh size (10 nm) ahead of the
crack as the threshold [43]: in our
experiments, by contrast, the damage zone
size extends over a distance of about 200
um (FIG. 2(a)) from the fracture surface.
This may be due to the well-known
presence of silica nanoparticles in the
Sylgard 184 that delocalize the damage
[44]. More generally, our findings highlight
the crucial need to include the effect of
bond scission, which is absent from most
FEM models, and typically not considered
in similar theoretical [2,5] and
experimental works [6,7] addressing
subcritical fracture.

IV. Damage prediction with
MSDWS dynamic activity maps

1. Damage prediction in continuous
condition

The observation of the large-scale strain
rate acceleration in response to a damage
close to the crack tip suggests that damage
may be predicted, and thus prevented, by
inspecting only the elastic response by
MSDWS at a very early stage and far from
the crack tip, before the appearance of any
macroscopic structural failure. Note thatin
principle full-field DIC can provide similar
information in terms of strain (rate)
distribution, but the raw output of DIC is
the displacement field of the grid elements
into which the sample image is divided.
The resolution depends on the spray-
painted speckle quality, resulting in a
strain precision around 10-3 [45-48]. By
contrast, MSDWS detects directly the
intensity time decorrelation due to the
change in strain tensor in the deformed
configuration [17], providing a strain

10

precision up to 106 [18]. Also, compared
to painted speckles, laser speckles are
independent of the deformation scale, so
that even the large strain regime can be
well captured [17]. For hydrogels or
emulsion systems with a high volume
fraction of liquid, MSDWS provides an
alternative method to measure the
magnitude of the displacement without
the need for spray painting [49]. Finally,
MSDWS typically requires a shorter time
than DIC to obtain a signal. We introduce
therefore an alternative to strain rate
mapping, by calculating only the
correlation values calculated at one single
time lag, Ty spws, to build dynamic activity
maps (DAMs) [13,18]. The time needed to
build a DAM in our experiments (typically
Tuspws ~ 0.05/v, is required), is ~ 100
times faster than what is required to
obtain the same information by DIC, since
only a simple calculation between two
images is required to visualize the
transient strain rate distribution.

We realized a prototype test on a
mechanophore-labelled PDMS sample
with five nominally identical notches, as
shown in FIGs 5(b,c,d), stretched at &y =
5 X 10> s1 according to the protocol
illustrated in FIG. 5(a). Each notch is cut
with a fresh blade (scalpel blades #11) to
exclude as much as possible the additional
influence from variation in crack geometry.
We processed the speckle images in real
time, obtaining DAMs simultaneously to
the mechanical test, using Ty spys = 0.75 s.
Including the time for DAM computing and
image saving (for later reference), an
optimized time resolution of 1 s is
achieved. The DAMs are visually inspected
on the fly to monitor local damage and
stretching is stopped when a precursor is
identified.
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FIG. 5(a) Prototype test of the predictive capability of MSDWS. Letters corresponding to maps taken
at different stages of the experiment are indicated in the strain-time curve. For both stretching ramps,
the strain rate is €y = 5X10-5 51, (b) Real-time DAM obtained at ey = 22.3% = &, using Tyspws =
0.75 s. The DAM reveals the formation of a dynamic precursor localized ahead of notch V. (c)
Mechanophore mapping after unloading: notch Il (for which the DAMs showed no enhanced
dynamics) and V (for which the DAMs did show enhanced dynamics) after the first stretching ramp
(en = &), compared to the pristine sample (ey = 0) as a reference. The sample was slightly opened
(much less than €,) for a better visualization of activation. (d) Final fracture during the second
loading ramp, at a strain &g~ &, + 2%. (see horizontal dashed lines in a))

Like the results in FIG. 2(b), a dynamic
precursor is seen during the first loading
ramp, here at a strain &, = 22.3 % (for
multiply notched samples, the strain at
failure &f is found to be larger than that for
samples with one single notch).
Remarkably, significant  differences
between the five notches can be detected:
at g = 223 %, only notch V is
accompanied by a fast dynamic region,
reaching a size ~ 2 mm? (FIG. 5(b)). As
soon as the DAMs reveal a dynamic
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precursor, the stretching ramp is stopped
and the sample is unloaded and removed
from the tensile stage for inspection of the
five notches under confocal microscopy.
The results for notch III and V are shown
in FIG. 5(c), which compares the
mechanophore signal for the pristine
sample, before any loading, to that after
the first stretching ramp. Obvious
activation can only be detected in front of
notch V, the same that displayed a fast
dynamics region in the DAM. Upon



reloading (second strain ramp in FIG. 5(a)),
the final fracture occurs at notch V (FIG.
5(d)), as suggested by the localization of
the fast dynamics previously measured
with real-time DAMs.

When repeating the similar experiment,
but stopping the second stretching ramp at
the precursor strain &, and then holding
the sample at fixed strain, the crack never
propagated within an observation time of
one hour. By contrast, when applying the
same protocol of FIG. 5(a) (i.e,, loading the
sample until fracture during the second
stretching ramp), we found a strain at
fracture & around 2% larger than the
precursor strain &,. We conclude that the
occurrence and location of macroscopic
failure is successfully predicted, with a
warning in macroscopic strain of 2 % (400
s in time with our strain rate), at the stage

b

t,,=800's

where only a very small amount of
molecular damage can be observed by
confocal microscopy (FIG. 5(c)). Several
repetitions of the experiments are shown
in FIG. S12 and S13 in Supplemental
material.

2.Damage prediction in static condition

Note that we reported here the predictive
capacity of MSDWS for notched samples
under continuous loading: a test protocol
designed to predetermine, to some extent,
both the location and time (or strain) of
macroscopic failure. In real-life
applications, one is more interested in: i)
Long time delayed (hours or even days)
fracture under low external loading; ii)
The detection of an internal flaw at an a
priori unknown location, rather than at an
artificial notch.
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FIG. 6 (a) Dynamic activity maps (DAMs) obtained by plotting C; values from MSDWS at different waiting times
t,, with a fixed tyspyws = 40 s. (b) Time evolution of precursors of failure inferred from MSDWS (top),
mechanophore signal (middle), and crack imaging (bottom), respectively. Top: Area in the DAM where the
dynamics are much faster than in the bulk, see text for definition; middle: renormalized fluorescence intensity due
to mechanophore activation 1 /1y, ; bottom: propagation length of the crack as a function of t,,. Inset of the
middle panel: 2D confocal images showing the mechanophore signal at 1680 s and 2820 s, respectively.

To test the predictive power of MSDWS
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under those conditions, the evolution of



the molecular damage and of dynamics
localization are simultaneously observed
in a situation where SEN and un-notched
samples are stretched to different strains
in a step-by-step fashion and held there for
measurement, with a long waiting period
at in-between steps.

In the notched sample, the macroscopic
strain is carefully increased by steps of
Aeny=2.5 % maintained for 1h, and above
ey =12.5 %, smaller steps (Aey = 0.625 %)
still maintained by 1h, are chosen to
ensure delayed fracture at a fixed
displacement [6,7] instead of fracture
during the loading step in uniaxial tension.

At ey =15 % (FIG. 6), a slight propagation
is initially detected around tw = 1800 s (the
waiting time t,, is defined as the time
elapsed since the end of each displacement
step), with ultraslow propagation without
fracture after 5 h. The initial growth of the
crack is only detectable by mechanophore
imaging with sub-micron resolution. On
the other hand, DAMs show a fast
dynamics region revealing the acceleration
of the strain rate around the crack tip,
which starts to develop att,, = 800 s, see
FIG. 6(a). Note that for delayed fracture at
fixed strain, an experiment where bulk
dynamics is dominated by relaxation
rather than by strain rate would require a
method employing a renormalized tyspw s
to better visualize crack localization, as
discussed in APPENDIX C. At really long ¢,
as in FIG. 6, bulk dynamics is much slower
than crack dynamics, so that a constant
Tuspws = 40 s can be applied here for
simplicity. The area with dynamics much
faster than the bulk region (defined as C; —
B < 100(C;(ty) — B)) is calculated and
shown in FIG. 6(b), together with the
renormalized damage /I, (of the 50
um X 50 pum area in the eventually
damaged region) by mechanophore
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imaging and the crack length increase Ac.
The onset of ultraslow crack propagation
(dc/dt~20 nm/s) starts at t,, = 1700 s,
accompanied by a small increase of I /1,
revealing a slight increase of fluorescence
intensity due to mechanophore activation.
The extent and magnitude of the faster
dynamic activity in DAMs further develops
with t,,, reaching 3 mm? at 3000 s, while
the steady propagation stays slow and only
reaches 100 um after 5 hours (FIG. 16).
Remarkably, well before the slight crack
propagation (Ac < 10 um) and damage
accumulation (~20 um), the localization
signal in DAM is already macroscopically
visible, starting from tw = 800 s.

(2]
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<A*(10 s)> (m?)

time to failure (s)

FIG. 7(a) DAM obtained for an un-notched PDMS
sample submitted to a series of strain steps, 20 s after
imposing the seventh step (ey = 23.1%). The DAM is
obtained using tyspws = 10s. (b): speckle image
taken during fast crack propagation, which occurred
910 s after the DAM shown in (a). Note that the crack
starts from the bottom left corner of the sample,
where the DAM revealed faster dynamics almost
1000 s before. (c) Mean squared displacement {(Ar?)



over a time delay tyspws= 10 s, averaged over the
left-most, the central, and the right most column of
the DAM shown in (a), as a function of time before
failure. For the sake of clarity, only relaxation phases
4 to 7 are shown. Failure occurs at t = 0 in the figure,
about 900 s after the seventh relaxation phase.

A similar behavior is observed in an
additional test on an un-notched PDMS
sample with a rectangular shape, to avoid
a priori strain localization. We used here a
distinct MSDWS setup (FIG. S14 in
supplemental material), based on a
design similar to that of FIG. 1(a). We
impose seven strain steps of nominal
strain amplitude 3.3% each, at a strain rate
of 3.3 X 10-2s°1, After each step, the sample
is held at a fixed strain for 9000 s and the
microscopic dynamics are quantified by
DAMs of the microscopic mean squared
displacement (Ar?) [15] obtained from
the C; signal, using 7yspws = 10s (see
more details in supplemental material).

The DAM taken 20s after the beginning of
the seventh rest phase (nominal strain
ey = 23.1%), shown in FIG. 7(a), reveals
enhanced dynamics (larger (Ar?)) as
compared to those in the initial phases of
the experiment, as well as strong spatial
heterogeneity. =~ The  dynamics are
significantly faster close to the grips,
suggesting that the sample has been
weakened in these regions when it was
mounted in the setup, although no
signature of potential weakening could be
detected macroscopically. Indeed, the act
of clamping the sample during tensile tests
does induce a stress concentration and
this is a long-standing question in
experimental mechanics [50,51]. However,
while one may expect damage and stress
concentration to occur in all four corners
of the stretched sample, we find that the
dynamics are faster in the bottom part of
the left grip ((Ar2)~ 6x10-16 m2), precisely
where macroscopic failure will eventually
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occur, almost 1000 s later (FIG. 7(b)).

In order to further demonstrate the
predictive power of MSDWS applied to
fracture problems, we plot in FIG. 7(c) the
time dependence of (Ar?(10 s)) averaged
over three sample stripes, near the two
clamps and in the middle. Data for the 4th
relaxation phase are representative for the
behavior at small strains: after each
pulling step (identified by the Ilarge
overshoot of the mean squared
displacement), (Ar?) decays over a few
thousands of seconds, with no notable
differences according to sample area. By
contrast, starting from the 5th relaxation
phase, the decay of (Ar?) slows down,
while dynamic activity is enhanced close to
the grips. The 6% relaxation phase
confirms this trend, until during the 7t
relaxation phase the dynamics near the
grips are sped up by almost a factor of ten,
and accelerate until sample failure, rather
than slowing down as during the previous
phases. Starting from the 6th relaxation
phase, the dynamics close to the left grip
are consistently faster than close to the
right grip, providing a warning on where
the sample will eventually fail with several
thousands of seconds of advance.

Note that in this test the sample is at rest
during the relaxation phases, which would
make it difficult to obtain a measurable
DIC signal, since T,,;,, the required time
interval for correlation, would likely
become longer than the duration of each
step.

Thus, these tests in static condition
demonstrate the great sensitivity of
MSDWS as a tool to anticipate macroscopic
fracture in static subcritical loading.
Finally, we note that for these studies,
since the bulk dynamics of the material is
dominated by relaxation, the
correspondence between DAMs and



mechanical parameters is rather complex.
In these cases, DAM is only employed as a
qualitative visualization to characterize
the level of localization.

3. Extension of the method to different
materials

FIG. 8 The prediction of “sideway” propagation in
natural rubber.

The detection of a large-scale dynamic
precursor was illustrated in the previous
sections for a PDMS elastomer, but similar
precursors exist in different materials. To
demonstrate the generality of the results
reported for PDMS, we show in APPENDIX
C.1 data for a poly (ethyl acrylate) network,
an elastomer with a very standard
network structure, but an entirely
different chemistry as compared to PDMS.
As for PDMS, we find that MSDWS allows
for detecting the large-scale elastic
response to localized microscopic
molecular damage.

MSDWS can detect microscopic damage
with excellent temporal resolution, with
the only requirement of having a highly
scattering material with no strong
absorption of light. This is a common
feature of many soft materials due e.g. to
the presence of fillers or structural
features of a length scale of the order of the
wavelength of visible light. The method
can be used for semi-crystalline polymers
[17], filled soft materials [52] or any
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transparent material to which a small
amount of high refractive index probe
particles can be added before shaping. We
show here two examples of testing the
onset of fracture in raw materials, where
no added probe particles were necessary.
The first example concerns a SEN sample
of natural rubber, where impurities
provide multiple scattering, which was
submitted to uniaxial extension at arate €y
= 2 x 10% st (FIG. 8). A sideway
propagation [53] of the crack, classically
observed in natural rubber due to strain-
induced crystallization [54], is observed at
ey = 25 %, where the crack starts
propagating to the left of the notch (red
arrow). Remarkably, a fast dynamics
region with alength ~ 2 mm can be already
detected precisely in that region by
inspecting a DAM measured at ey = 17 %,
400 s before any propagation can be
detected by direct imaging.

<

ey = 1.4% ey =4.5%

DAM-

-

Fig. 9 Raw images and DAMs during the propagation
of a piece of notched tagliatelle pasta (with egg).

The second example concerns crack
propagation in a piece of notched dry
tagliatelle pasta, stretched at &y = 104 s,
where ductile fracture starts from a very
small strain, as shown in FIG. 9.
Interestingly, the somehow tortuous
propagation path can be well predicted
from DAMs collected at lower applied



strain.

Note that in these materials, localized
dynamics are not necessarily due to
changes in strain rate only, since MSDWS
detects multiple contributions to the
dynamics [17]. Details of the experiments
of FIGs. 8 and 9 are provided in the
supplemental material.

V. Conclusions

During the fracture of PDMS elastomers,
MSDWS reveals an acceleration in local
dynamics up to thousands of seconds
before macroscopic fracture. Unlike in
previous MSDWS works were early
detection of failure was not possible
[6,17,20], or MSDLS measurements where
the microscopic origin of the enhanced
dynamics remained unclear [6,17,20,21],
here we unambiguously show that the
MSDWS signal stems from the global
elastic response of the material to local
damage. FEM simulations and
mechanophore mapping confirm this
scenario: the elastic response over cm? is
caused by the localized accumulation of
molecular damage over a threshold (~
0.01 mm? in area around the crack tip),
after which it gradually grows and leads to
macroscopic fracture. Thus, the precursor
we reported here takes place in an elastic
and reversible form: if the load is released
upon the detection of the precursor, the
same region in the material will behave as
there was never molecular damage.

The ability of MSDWS to detect and
quantify displacements on short time
scales and very small length scales -yet
imaging a large field of view- is crucial for
the early detection of the elastic response
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to localized damage. It distinguishes
MSDWS from single scattering techniques
and digital imaging correlation methods.
These features make MSDWS a promising
and convenient non-destructive tool for
early-stage detection and prevention,
especially  for  elastomers,  where
microscopic damage can be characterized
by examining the elastic response in the
undamaged region. Potentially, the
performance of the detection of the
localization by simple processing of
ordinary low-resolution imaging could be
largely enhanced with machine learning
methods [55], and with a defined
threshold for acceptable warning time,
macroscopic fracture may be predictable
even without knowing the details of the
material.
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APPENDIX A. Materials
methods
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1. Material preparation
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FIG. 10 (a) Material composition of PDMS with the
addition of mechanophore crosslinker and
nanoparticles. (The schematic is not to scale, since
TiOz nanoparticle should be significantly larger than

the mesh size) (b) Fluorescence mechanism of
mechanophore crosslinker in polymer under tension.

PDMS elastomers were prepared from
PDMS Sylgard 184 (Dow Corning) with a
10:1 ratio of PDMS base and curing agent.
4 g of PDMS base is first mixed with
titanium dioxide (TiOz) nanoparticles
(diameter 250 nm, 10 mg) and sonicated
for 10 minutes to avoid aggregation of the
nanoparticles. Curing agent (0.4 g) and
Diels-Alder adduct mechanophore (5 mg,
dissolved in 1 g toluene) were then added
and well mixed by vortexing for 10
minutes. The mixture is then poured in a
mold to prepare a film and cured in
vacuum at 90 °C for 8 hours, so that
toluene can be evaporated during curing.
The material composition is shown in FIG.
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10(a). The synthesis of Diels-Alder adduct
mechanophore (FIG. 10 (b)) was originally
reported by Gostl et. al. [35] and described
in detail in ref. [12]. As the mechanophore
cross-linker is under tension and
irreversibly broken, it becomes
fluorescent under laser illumination with a
wavelength of 405 nm, so that the
accumulated bond scission can be
quantified by measuring the fluorescence
intensity [12,35].

2. Confocal microscopy

Confocal microscopy (Nikon AZ-100/C2+
confocal macroscope) is applied here to
map 3D fluorescence intensity due to
damage. We used an AZ Plan Fluor 5 X
objective, with a focal length of 15 mm. The
objective is zoomed by 3X%, with a field of
view 1.4 X 1.4 mm and image resolution of
0.68 um/pixel (image size 2048 x 2048
pixel2) in the plane. Excitation and
emission collection wavelengths are 405
nm and 450 ~ 520 nm, respectively. In
scanning confocal microscopy, a relatively
long exposure time is required to acquire
depth-resolved images with enough
resolution and intensity, so that time
resolution is poor. Furthermore, the
fluorescence intensity of the activated
mechanophore can be bleached after a
long exposure under laser illumination.
Considering the trade-off between image
quality/time resolution and the need to
avoid photobleaching, only four slices
(thickness 150 um with exposure time 8 s)
are scanned for each 3D image, with a
depth resolution of 200 wm and time
resolution 2 min/scan, where images are
collected at the beginning of each scan. The
total scan thickness is 750 um, situated
around the midplane in the thickness
direction of the sample. Quantification of
the data is described in the supplemental
material.



3. Multiple speckle diffusing wave
spectroscopy

Time resolved imaging of the whole
sample was simultaneously performed
with MSDWS, with a better time resolution
(100 ms) but a worse spatial resolution
(size of the region of interest (ROI): 0.3
mm X 0.3 mm, magnification = 0.01
mm/pixel) compared to  confocal
microscopy. The technique detects motion
in a sample slab of thickness several I*, the
photon transport mean free path [57]. In
the present case, I* is around 430 pm in the
PDMS sample (20% of the sample
thickness), measured in a suspension
containing TiO2 nanoparticles with the
same volume concentration as in the
elastomers [18]. For all MSDWS data
exceptthose of FIG. 7, the setup of FIG. 1(a)
was used: the whole surface of the sample
was illuminated homogeneously by an
expanded green laser (wavelength 532 nm)
and the speckle images were collected by a
CMOS camera (BASLER acA2000-340km).
The spatially resolved in-plane strain rate
at the surface of the polymer network can
be quantified from the autocorrelation
function of the multiply scattered light
intensity:

(I (O, (t+7));:

Gt = ormeron L

(1)
t and 7 are the experimental time and the
time interval for correlation, respectively.
I,,(t) is the intensity at the p-th pixel and
(... )7 provides the average over a ROI with
a center position at 7. The characteristic
decorrelation time 1, of  the
autocorrelation function corresponds to
the time over which the probe is displaced
by 1/k (k is the wave vector), around 50
nm. At fixed t and 7,7, can be obtained by
fitting C; to [58]
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\P
C,(t) = Aexp <—2y (;) + a) +B (2)

and the characteristic decorrelation rate is
defined as
V0=1/T0 (3)
This decorrelation rate can then be related
to the deformation rate by

Vo = V3kl*\/f[D] (4)

, which is applied to visualize the two-
dimensional (2D) strain rate distribution.
D is the rate of deformation tensor [36]
and f[D] = 2Tr(D?*)/15 [6,17]. Under
uniform deformation in uniaxial tension,
Vo can be directly related to true strain rate,
as reported in ref. [18]. More details are
shown in the supplemental material.



APPENDIX B. Simulated strain
rate field close to the crack tip
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FIG. 11 L},° (to be identified to Dy gy in the main
text) and a/a at different ey plotted in a double
logarithmic scale.
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L35’ (ncg = no crack growth) at different
ey are plotted in FIG. 11, corresponding to
Dyx pem in the main text. The dash lines are
the asymptotic result (a/a and y; = 0)
predicted by theory and determined
numerically, as shown in Eq. 52 and FIG.
S11(c), respectively in supplemental
material. They are consistent with the FEM
result obtained by computing the velocity
gradient tensor directly. It is also discovered
that: i) at far away from the tip (y > 0.1
mm), Ly;Y is almost independent of &y; ii)
at close to the tip (y < 0.1 mm), the slight
decrease of Ly;” with increasing €y can be
observed.



APPENDIX C. Dynamics analysis of
delayed fracture under static
condition

Under static condition, the bulk relaxation
plays an important role in the dynamics
measured by MSDWS, since the majority of
the sample remains static during the
measurement, free of the influence of the
crack. The dynamics localized around the
crack tip is influenced by both the bulk
relaxation of the sample and the changes
in elastic field due to the molecular
damage. In this case, The DAM only
provides a qualitative visualization of the
degree of localization of the dynamics,
rather than a quantitative mapping of the
strain rate. To separate the effect of bulk
relaxation and better visualize the
damage/dynamics localization, we first fit
the characteristic relaxation time 7, in Eq.
2 inregions far away from the crack tip and
use T, as a reference to choose Ty spys - In
this way, we estimate as precisely as
possible the area having dynamics faster
than in the bulk assuming that this faster
activation is due to the presence of local
damage.

1. The case of Poly (ethyl acrylate)
elastomer

Poly (ethyl acrylate) (PEA) was
synthesized through UV-initiated free
radical polymerization following a

previously reported procedure [27]. Ethyl
acrylate monomer is mixed with TiO2
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nanoparticles (1 wt%), crosslinker 1,4-
butanediol diacrylate (BDA, 0.5 mol%), UV

initiator 2-Hydroxy-2-
methylpropiophenone (1.16 mol%) and
Diels-Alder adduct mechanophore

diacrylate cross-linker (DACL) (0.02 mol%)
[12]. The mixture is injected in a mold with
thickness of 1 mm and polymerized under
UV (10 pW/cm?) for 2 hours. The Young'’s
modulus is 0.47 MPa, measured by
uniaxial extension (without notch). Due to
the sedimentation of nanoparticles in the
mixture with low viscosity, the final
nanoparticle concentration in the bulk is
less than 1 wt% and hard to quantify. The
elastomer is then dried under vacuum
overnight before usage, cut into rectangles
and prenotched for single-edge notch
fracture tests: length 10 mm between
clamps, width of 6 mm and initial crack
length of 1 mm. Frame rate is 5 s/scan.

We studied here only fracture behavior in
static measurement since it provides an
ideal condition for damage visualization in
this soft material exhibiting little
molecular damage in the bulk. The sample
is loaded to ev = 15% and held for a long
time for observation, with the set-up
shown in FIG. 1(a). FIG. 12 (a) shows the
activation intensity measured by confocal
microscopy. A slight propagation is
observed after 700 s, with an increasing
fluorescence intensity around the crack tip.



Tuspws =15  Tyspws =185

Tyuspws =40s Tuspws =70s Tyspws =85s

FIG. 12 Imaging of a poly (ethyl acrylate) sample after stretched to ey = 15%. (a) Mechanophore
maps around the tip, measured by confocal microscopy and averaged over 50 s. (b) Dynamic activity
maps (DAM) during the crack propagation, with Ty spy s fitted from the reference rectangular region.

Each DAM is labelled by the corresponding tw value.
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FIG. 13 Relaxation time T obtained by fitting Eqg. 2 to
the MSDWS data in the reference bulk region
indicated in FIG. 12, as the function of t,,.

The relaxation time 7, (t, ) obtained by
fitting data from the reference region
indicated in FIG. 12(b) is shown in FIG. 13.
The relaxation time increases almost
linearly with t,, corresponding to the
continuous slowing down of the bulk
dynamics. DAMs with tyspys = 0.27, are
converted into greyscale and shown in FIG.
12 (b), where the lower intensity in DAMs
corresponds to faster dynamics. Fast
dynamics (lower intensity) in DAMs can be
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detected over an initial surface around 1
mm? (tw = 300 s) and grows to around 6
mm?at tw =700 s.
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FIG. 14 Propagation length Ac as the function of t,,.

Even though the crack starts propagating
right after the sample is deformed, the
propagation is extremely slow, with less
than 30 microns of increasing crack length
over 1000 s. The increment of the crack
length is calculated from mechanophore
images and plotted in FIG. 14. An



acceleration of the rate of propagation of
the crack can be observed after around t,,
= 1200 s, where the propagation rate
jumps from 40 nm/s to 300 nm/s. The
sudden acceleration of crack propagation
should be related to the accumulation of
molecular damage from 0 to 1200 s, as
seen in FIG. 12(a). The effect of a slight
propagation during the first 1000 s can be
decoupled from the accumulation of
molecular damage, as pointed out in the
FEM simulation.

2. The case of PDMS

The evolution of 7y (t,,) in the bulk region

of PDMS during the holding time at £= 15%

(FIG. 6) is shown in FIG. 15, which shows
that in the bulk 7, exceeds several
hundreds of s after t,, = 1000 s. Thus, the
bulk dynamics are much slower to those
related to a possible crack localization, and
we can safely use tyspws= 40 s for all the
DAM of FIG. 6(a). Although bulk dynamics
is slowing with waiting time, the localized
area around the crack with significantly
faster dynamics than the bulk increases
monotonically and the quantification in
FIG. 6(b) is reliable.
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FIG. 15 Relaxation time t in the bulk region of PDMS
in FIG. 6, as a function of t,,.

The change of crack length Ac is plotted in
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FIG. 16. The crack starts to slowly
propagate (20 nm/s) at around 0.5 hour
and slows down (to 3 nm/s) at around 1.5
h. In this example there is no macroscopic
propagation leading to a macroscopic
failure of the sample over the whole
duration of the step (t,, = 5 h), although a
longer observation time would have
probably led to failure.

ty (h, &y=15%)

FIG. 16 Propagation length Ac as a function of t,, for
the PDMS experiment of FIG. 6.

3. Sub-summary

Interestingly, ~when comparing the
respective behaviors of PEA and PDMS, we
find that a slower response in the fracture
precursor of PDMS corresponds to a
slowing down of the propagation (FIG. 16)
at long time scales, while an earlier
dynamics localization in PEA and its rapid
growth correspond to an acceleration of
the propagation (FIG. 14). Even though we
are discussing here two totally different
materials, this points out the possibility
that the long-term behavior in delayed
fracture can be predicted by the
accumulation mode of the damage at a
very early stage. A reliable model for this
discussion needs more data and
theoretical analysis, which is beyond the
scope of this work.



APPENDIX D. Fracture precursor
in PDMS with different modulus

Fracture  precursors before crack
propagation are measured in PDMS with
different curing agent concentrations (&),
varying from 0.0625 (15:1 of base/curing
agentratio) to 0.25 (3:1) (@ is 0.091 (10:1)
in the main text), using €y = 104 s-1. All
sample were cured at 90 °C for 8 hours.
Critical strain for fracture & and modulus
at different @ are plotted in Fig. 17. It can
be found that modulus peaks at ®~0.12,
where & is the lowest. The non-monotonic
modulus as the function of @ has been
reported previously [59,60], and here by
adjusting @, modulus can be tunable from
around 0.6 MPa to 1.2 MPa.
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FIG. 17 Fracture strain & and modulus as the
function of curing agent concentrations ®.

DAMs at 200 s before fracture can are
shown in Fig. 18, with 7y spys = 0.24 s. The
sample size is 2 cm X 4 cm, with initial
crack length of 2 mm. Fracture precursor
with similar size and scale of the can be
observed, with modulus and & both
change around twice.
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FIG. 18 DAM of single edge notched sample at 200 s
before fractur, with tyspys = 0.24 s.
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