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ABSTRACT: Using Digital Image Correlation on high-resolution
images, the full strain field near the tip of a crack propagating
under cyclic loading in an elastomer was characterized. We show
unambiguously, and for the first time, the existence of a strongly
localized and highly oriented process zone close to the crack tip
and propose a simple physical model introducing a local energy
release rate giocal = WinioadingHo, Where Winioading is the unload-
ing strain energy density in uniaxial tension at the maximum
strain measured at the crack tip, and Hp is the undeformed size
of the highly stretched zone in the loading direction. Remarkably,

INTRODUCTION Because of their remarkable behavior, elasto-
mers are used nowadays in a large variety of applications as
structural but flexible materials. In many of those engineering
applications, failure of the component occurs by the propaga-
tion of a crack. Therefore, studying crack propagation is a
usual way to test both tear resistance (for single loading fail-
ure) and fatigue resistance (under cyclic loading). Significant
efforts have been made by both the physics and the mechanics
community to develop models relating the linear viscoelastic
properties of the rubber to its fracture behavior.'™ Although
these theories have been qualitatively successful, they cannot
predict quantitatively the fracture energy because they ignore
the large strain region near the crack tip.® This shortcoming is
even more pronounced when it comes to crack propagation
under cyclic loading where stresses and strains are relatively
low in most of the material and most of the dissipated energy
simply heats the sample without causing any damage. Typi-
cally, the fatigue resistance is characterized by carrying out
experiments of cyclic tensile loading on notched samples with
the so-called “pure shear geometry.”” Below a certain thresh-
old Gy in applied energy release rate G, the crack does not
grow at all in the absence of a chemical attack. Then a regime
is observed where:

the crack growth rate under cyclic loading is found to fall on a
master curve as a function of gjocq for three elastomers with
different filler contents and crosslinking densities, while the same
crack growth rate as a function of the applied macroscopic
energy release rate G, differs by two orders of magnitude for the
same three elastomers.

dc
— = B(G - G 1
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where c is the crack length, N is the number of cycles, and f§
is a material dependent constant. As the applied G increases,
the propagation rate enters in a logarithmic regime where:

dc y
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where A, B, and o are material-dependent constants. Finally,
above a critical value G, catastrophic propagation is
observed. The prediction of the crack propagation velocity
per cycle in a fatigue experiment from simple viscoelastic
material properties and loading conditions is currently
highly empirical,® and there is no available physically based
model bridging the length scales from molecular fracture to
macroscopic loading conditions as it exists, say, for glassy
polymers.”*! The first step in developing such a model is a
better characterization of the strain field in the vicinity of
the crack tip. Elastomers have a low elastic modulus, and
strains can be very large before fracture over a reasonably
large volume, making real-time optical techniques very
attractive.

*Present address: Goodyear Innovation Center Luxembourg, Avenue Gordon Smith, L-7750 Colmar-Berg, Luxembourg.



TABLE 1 Composition (in weight) and Main Physical
Characteristics of the Filled Polymers Used. Volume Fraction of
Filler ¢ and Crosslink Density v

3CB_8XL 20CB_8XL 20CB_15XL
SBR 100 100 100
N347 5 50 50
6PPD 1 1 1
Struktol 3 3 3
CBS 1.5 1.5 1.5
Sulfur 1.5 1.5 2.5
¢ 0.03 0.2 0.2
v (mol/cm?)? 8.1 x10°° 7.1 x10°° 18.9 x 10°°

@ Determined from swelling experiments by Michelin.

Many experimental techniques have been used to study the
strain field close to a crack tip such as speckle interferome-
try,*? moiré interferometry,"® the grid method,'* and photoe-
lasticity.'**®> However, those techniques can hardly be used
at different length scales with nontransparent materials. The
experimental technique used in this study is Digital Image
Correlation (DIC). This method for measuring full displace-
ment fields has known important improvements in accuracy
and availability during those last 30 years, thanks to the
development of better algorithms, computers and electronics
and is well suited for the measurements of displacement
fields from various types of images. The DIC tool that we
used, CORRELI?*, uses a random texture at the surface of
the studied sample (i.e.,, random distribution of markers that
induces heterogeneous gray levels). The difference in the
image of the random texture before and during deformation
of the material is used to reconstruct the displacement field.
With a proper algorithm, centipixel resolutions are
achieved.*®

MATERIALS AND METHODS

We investigated the fatigue fracture of three different non-
crystallizing elastomers, based on the same styrene-butadiene
random copolymer (SBR) filled with carbon black (reference
N347) but with different filler contents and different levels of
sulfur-based crosslinking. The SBR has a M, of 120 kg/mol
and a polydispersity of 1.94. Its styrene content is 15 wt %
and the T, measured by differential scanning calorimetry
(DSC) is —48 °C.

The composition of the selected filled polymers before vul-
canization is presented in Table 1. Vulcanization is carried out
with sulfur; 2-cyclohexylbenzothiazole-2-sulfenamide (CBS)
and STRUKTOL ZEH are used as accelerators; N-(1,3-dime-
thylbutyl)-N'-phenyl-p-phenylenediamine (6PPD) is used as
an antioxidant.

All samples were prepared, molded, and cured by Michelin.
The crosslink density was obtained by swelling experiments
taking into account that the filler is not swellable and assum-
ing that the presence of the filler does not alter vulcanization.
For tensile tests, the samples were dog-bone shape with a
cross-section of 2 x 4 mm. For the crack propagation experi-

ments, the samples were “pure shear” geometries, that is,
strips of length Iy = 157 mm, height hy = 13 mm, and thick-
ness to = 2 mm. Two edge cracks and a center crack were
cut with a razor blade in the direction parallel to the length
as commonly done for fatigue crack propagation experiments.
When tensile loading cycles (from ¢ = 0 to ¢ = é&ps) are
applied to such precracked samples, the shape of the crack
tip and the crack propagation rate per cycle goes through a
transient that is poorly reproducible. After typically 5000
cycles, the system evolves toward a steady state where the
crack propagation velocity and crack tip shape remain nearly
constant. We only considered measurements in the latter
steady-state regime.

A key parameter driving crack propagation in these cyclic
tests is the maximum energy release rate G applied to the
crack that depends on the strain applied to pure-shear
samples ¢pg. It is simply given by'”:

G = WPS(EPS)hO (3)

where Wps(eps) is the strain energy density as a function of
applied strain in the pure shear geometry. Wps(eps) is con-
ventionally defined from the integral under the loading curve
from ¢ = 0 to ¢ = ¢ps of identical but uncracked samples
that have been previously strained 1000 times to a value of
eps larger than that applied during the fatigue tests (to avoid
the so-called Mullins effect). In our case, the samples were
preconditioned in this way at eps = 27%.

The preconditioned samples were then notched and cycled
for about 50,000 cycles at a value of G corresponding to ¢pg
= 23%. In this geometry, the applied G does not depend on
the crack length c. However, during the first few thousand
cycles, the crack propagation rate and the crack radius evolve.
We only measured crack tip strain fields once the field was
stationary. Measurements of the crack tip strain field were
made for G varying between 500 and 3000 J/m? which typi-
cally implies values of ¢ps varying between 5 and 23%.

The displacement and strain fields near the crack tip were
determined by DIC using four-noded (Q4) elements discretizing
the region of interest.'® Images were taken with a CANON EOS
40D camera (resolution of 10.1 Megapixels) fixed on a tripod,
with a macro-objective 100/2.8 with extension rings or with
a binocular objective (in which case the pixel size reached
~1.6 um). The size of the region of interest was 6.5 x 4.5 mm?,
Light was provided by a cold source (Schott, model KL
1500 LCD) with a power of 150 W fitted with semirigid optical
fibers to adjust and focus the light beam. The random texture
was provided by talcum powder that once sprinkled, showed
the best distribution in terms of gray levels. Furthermore, the
size of the particles is small, (ca. 10 ym) and the talcum powder
has a good adhesion with rubber (e.g., electrostatic, and Van
der Waals interactions). Once the images are acquired and
treated, the image correlation tool decomposes the global dis-
placement u according to its vertical and horizontal component
(uy and uy, respectively).

In order to measure the displacement field of a deformed
configuration from a reference one, the images were meshed
with a regular square grid with elements of size 26 uym (or
16 pixels). The image correlation procedure consists in



20 —
& 151
=
§10 -
©
5_
0_
T T I I |
1 2 3 4
G, om(MPa)

FIGURE 1 Stress-strain curves in uniaxial extension until frac-
ture. l: 20CB_8XL; O: 3CB_8XL; @: 20CB_15XL.

determining the displacement field decomposed over bilinear
shape functions over the elements between two images taken
at different moments. The uncertainty of the method is in the
range of 2/100 pixel, and the resolution is about 1/100 pixel.
For a uniform strain field, it has been found that the standard
uncertainty was of the order of 10~ *. Its advantages are: (i) a
fast procedure, (ii) the spatial resolution does not depend on
the configuration of the correlation algorithm, (iii) the prepa-
ration of the surface is not always necessary, (iv) the interpo-
lation algorithm permits to reach subpixel resolutions, and
(v) it requires only a light equipment (digital camera +
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FIGURE 2 Hysteresis cycles in uniaxial extension for the three
materials. (a) first cycle and (b) second cycle. B: 20CB_8XL; O:
3CB_8XL; @: 20CB_15XL.

macro-objective or binocular). However, the image acquisition
conditions have to be carefully controlled: (i) the creation of
a random texture, (ii) the alignment of the camera with the
sample, and (iii) the lighting system.

RESULTS

Tensile Tests and Hysteresis Tests

In order to characterize the material properties which will
be needed to interpret the fracture data, we report on Figure
1 the stress-strain curves of the three materials in uniaxial
extension until fracture and in Figure 2 the hysteresis
observed in uniaxial extension for the first cycle (so-called
Mullins hysteresis) and for the second cycle.

As reported by many, the presence of fillers stiffens signifi-
cantly the polymer and creates a large hysteresis loop during
the first cycle and a much smaller one for the second (and
subsequent) cycles. The detailed physical interpretation of
the hysteresis of the first cycle is a matter of debate to this
day'® but is due to a modification of the structure of the
filled elastomer. The change in crosslinking from 20CB_8XL
to 20CB_15XL_ has an effect on the stiffness and on the hys-
teresis of the first cycle but not much on the hysteresis of
the subsequent cycles.

Fatigue Experiments

Figure 3 shows the measured crack growth rates per cycle
in the steady state regime as a function of the applied G. dc/
dN for the three elastomers increase with G" as reported in
the literature for a variety of elastomer systems.? It is how-
ever clear from the data that the three elastomers present
orders of magnitude differences in terms of crack growth
rate for the same applied G. The sample with the lowest fil-
ler content has the highest crack propagation rate while the
degree of crosslinking has a major influence on crack propa-
gation for the two filled samples.

The difference between 3CB_8XL and 20CB_8XL materials
can be qualitatively explained by a difference in dissipative
properties. However, as shown in Table 2, the energy dissi-
pated per cycle in the second cycle at ¢ = 175% is not very
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FIGURE 3 Crack growth rate per cycle in the steady-state re-
gime as a function of applied macroscopic G. l: 20CB_8XL; O:
3CB_8XL; @: 20CB_15XL.



TABLE 2 Hysteresis During Loading-Unloading Cycles at
¢ = 175% for the Three Studied Elastomers

Blend 3CB_8XL  20CB_8XL  20CB_15XL
Wsecond_cycle (MJ/ma) 0.16 0.84 0.99
Waatiins (MJI/m®) 0.22 2.52 3.63

different. At identical strain levels, 20CB_15XL is more dissi-
pative than 20CB_8XL, and yet, the crack propagates signifi-
cantly faster in 20CB_15XL. Therefore, the conventional wis-
dom equating higher dissipation with slower crack growth
rate'® would not explain the present data.

Strain Field Measured by DIC

Figure 4(a) is an example of displacement field (the color
bar is in pixels) obtained in the case of a prenotched rubber
sample to which we applied a far-field strain of eps = 23%
(1 pixel < 1.6 pum). The data was collected statically but
after a few thousand cycles were applied to the samples at
the same value of ¢ps = 23%.

In Figure 4(a), the shape of the contours shows distinctively
the presence of a singularity. Far from the crack tip, the con-
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FIGURE 4 (a) Displacement field u; obtained by DIC as a func-
tion of position x; (vertical) and x, (horizontal) in the unde-
formed configuration of a propagating crack. The far-field
strain is here ¢ = 23%. (b) Displacement u; as a function of the
distance along the x; direction (perpendicular to the crack
propagation direction) for the three material lines shown in
Figure 4(a). 1 pixel = 1.6 um

tours are quasi-parallel to the horizontal axis denoting a uni-
form strain. The direction normal to the applied force shows
some displacement but much smaller than along the direc-
tion parallel to it and in the following analysis it will be
neglected. Our primary interest is to characterize the strain
fields close to the crack tip to obtain some physical insights.
We focused on the values of u; in the x; direction at differ-
ent distances from the crack tip as shown schematically in
Figure 4(a). Far from the crack tip (line a), u; is a straight
line with a slope corresponding to the uniform far field
strain applied to the remainder of the sample (in this exam-
ple 23%). Closer to the crack tip (line c), the displacement
shows a change in slope, and the strain at the level of the
crack axis exceeds 100%. The change of slope between line
a and line ¢ shows that there is a transition between
the pure shear state and a zone of influence near the
crack where the strain levels are significantly higher. We
define here ¢;; in each point along the x; direction by taking
du;/dx; for each point of interest. The maximum value of &4
(at x; = 0) as a function of the distance x, ahead of the
crack tip, shown in Figure 5, allows us to distinguish:

e The pure shear zone is the region where the measured
strain is on average equal to the applied far-field strain,
eps = 23% in the previous example.

e The zone of influence (Ly) is the area where the singular-
ity has an effect on the strain field (~2 mm in the example
of Fig. 5).

The interesting result is that the local strain values at the
crack tip are markedly different for the three elastomers for
the same value of &ps as shown in Figure 6. The lower filler
content sample 3CB_8XL has a very high value of ¢;; at the
crack tip while the two filled systems have much lower values.
This implies significant differences in the full strain fields near
the crack tip due to nonlinear mechanical material properties.
In either case, this difference is very reproducible and cannot
be attributed to differences in initial state.

Because of the discretization and of the resolution of our
mesh we cannot determine the value of ¢;; precisely at the
crack tip. However, we can extrapolate linearly between the
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FIGURE 5 Strain ¢1 as a function of x, for the 20CB_8XL mate-
rial at eps = 23%. The crack tip is located at x, = 0.



T T T T T
-200 -160 -120 -80 -40 0

X, (um)

FIGURE 6 ¢, as a function of position along x, direction for
the three elastomers. The crack tip is located at x, = 0. H:
20CB_8XL; O: 3CB_8XL; @: 20CB_15XL.

last measurable value of ¢;; and the crack tip. We used this
approximation to define a value for &, for each material
and for each value of applied ¢ps. Figure 7 shows the meas-
ured values of &, as a function of ¢ps for the three elasto-
mers and highlights the key difference in behavior The
3CB_8XL material is highly stretched at the crack tip since
the absence of fillers reduces the ability of the material to
smooth strain concentrations at the crack tip. The presence
of a network of fillers adding stiffness at low strains favors
this creep process (see 20CB_8XL grade) but an excessive
crosslinking hinders significantly this local creep mechanism.

A Simple Model

Figures 4 and 5 show that a highly strained zone exists at
the crack tip where the strain decreases weakly with posi-
tion along the x; direction away from the crack axis and
very sharply along the x, direction. This is typical of hypere-
lastic large strain fields.”® We propose to model this highly
strained zone approximately as a homogeneously strained
zone (at constant strain éu,) of undeformed height
H, [determined by selecting the range of values of x; where
€11 > 0.9 énax This zone is approximately equivalent to the
region delimited by the inflexion points in line c of
Fig. 4(b)]. A value of Hy and &y, can then be determined for
each material and each value of &ps with the procedure out-
lined above.

The existence of such a highly strained zone near the crack
tip can be compared with what occurs in glassy polymers
when craze fibrils form.*" Brown has proposed a successful
model to predict the fracture toughness of such polymer
glasses from the observation of the structure of the highly
stretched craze.” He introduced a local energy release rate
Zlocal @S the product of the elastic strain energy density in
the stretched zone (assuming this zone is fully elastic) by
the width of the stretched craze. When gj,.a exceeds a criti-
cal value, fracture of the craze occurs. The interesting feature
of that model is that it focuses on determining a credible
molecular fracture criterion rather than a precise evaluation
of where the energy is dissipated. It assumes that the elastic

energy in the region outside of the craze is not available for
fracture but is screened by the dissipative zone where the
polymer chains are being plastically oriented, that is, at the
interface between the isotropic zone and the oriented zone.
In our case, the localization of the oriented zone is much
less marked but nevertheless a stretching zone above and
below the crack propagation axis exists right in front of the
crack tip as shown by the inflection points of Figure 4.
Adapting Brown'’s insight to our rubbers, we assume that the
highly stretched zone at the crack tip can be a nonlinear
elastic zone which releases deformation (or elastic) energy
when the crack propagates.

We define an approximate local energy release rate as:
Jlocal = WunloadingHo (4

where Wypioading 1S given by:

Wunloadingz/ ade (5)
0

under the first unloading curve. W,j0ading can be calculated
for each value of &y, reported in Figure 5 and is the best
estimate we have of the density of elastic energy in the
highly stretched zone.

The local g defined in eq 4 assumes that only the energy
stored in the highly oriented zone close to the crack tip is
available to break the bonds. This is a bold assumption but it
can be justified (arguably) by the shape of the deformation
field in the x; direction. The presence of two zones [at the
inflection points in Fig. 2(b)] where the strain in the x;
direction changes significantly over a small distance and
where the polymer is being stretched screens the elastic
energy coming from outside the stretched zone. The simplified
physical picture of the crack tip zone is shown on Figure 8.

The validity of this assumption is however mostly supported
by the results of the crack propagation experiments. Figure 9
shows the values of dc/dN of Figure 3 as a function of gjocal
as defined in eq 4. Remarkably, the rate of crack growth now
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FIGURE 7 Values of ¢yax as a function of ¢ps. l: 20CB_8XL; O:
3CB_8XL; @: 20CB_15XL.



FIGURE 8 Scheme of the deformation zones ahead of the crack
tip.

appears to be a unique function of gjoca- Within that
range of applied macroscopic G, the dependence of dc/dN
with gjocal €can be represented by the empirical expression:

dc - dc Glocal 8

v (@), (- (5)) o
with (dc/dN)y ~ 4 nm/cycle, g* ~ 60 J/m? and n ~ 18.
This universal scaling behavior suggests that the failure cri-
terion depends solely on gj,cq rather than on G and that

there are two distinct regimes, a threshold where dc/dN
does not depend much on g, and a power-law regime.

In other words, the toughness of the rubber depends on its
ability to form a highly stretched zone at the crack tip. An
unfilled rubber is able to form such a highly stretched zone
with a relatively low applied macroscopic G, while the tough-
est rubbers require a much higher applied G value to obtain
the same level of stretching, or more exactly the same level
of stored elastic energy in the highly stretched zone.

The question of the regime of validity of the model should
now be discussed. The set of parameters g* (dc/dN), and
n of eq 3 is probably characteristic of the specific base
polymer used, and of the crosslinking chemistry but only

[ ]
1000 — L

5 % e

E,« 100 — 0

S Q

= 10 i

z N a

g oen oL,

° 1 -
III T IIIIIIII T T IIIIIII
8 2 4 68 4 68
10 100 1000

glocal (J/mz)

FIGURE 9 Crack growth rate as a function of the local energy
release rate for the three studied elastomers. l: 20CB_8XL; O:
3CB_8XL; @: 20CB_15XL.

applies to the logarithmic regime of crack propagation (eq 2)
where gjocal can be clearly defined. At lower G, dc/dN varies
linearly with applied G (eq 1), the highly stretched zone of
Figure 8 is not detectable and gj,¢, is difficult to define. This
is analogous to the threshold observed for the onset of craz-
ing in glassy polymers and corresponds to the onset of sig-
nificant polymer “orientation.”* Therefore, there must be a
threshold in G and in eps below which the model does not
apply and the physical meaning of g* remains unclear at the
moment. Only new strain field measurements in this low
G regime could shed some light on how fracture occurs in
fatigue at that low level of G.

DISCUSSION

Although the model is admittedly simple, it captures the key
features of the differences between elastomers having vari-
ous filler contents and crosslinking densities for crack propa-
gation in fatigue. The key factor controlling resistance to
crack growth is the capacity of the material to reduce (or
average) elastic energy density in a local zone close to the
crack tip for the same applied global energy release rate.
This reduction in the level of stored elastic energy close to
the crack tip makes bond-breaking less probable for each
cycle. It appears to be most effective for highly filled but not
very crosslinked elastomers. This is illustrated in Figure 10
showing the measured values of gj,c, as a function of the
applied macroscopic G for the three elastomers.

It is well known that a minimum amount of filler is neces-
sary in the elastomer to display the characteristic increase in
modulus at small strain, softening at intermediate strains
and increase in fracture toughness.”” This minimum amount
of filler is believed to create a “damageable” filler network
where fillers can rearrange under stress'® and soften the
elastomer when stretched. An excessive crosslinking prob-
ably prevents such rearrangement. The probability of failure
of a chemical bond under repeated loads appears to be con-
trolled by the available strain energy in the immediate vicin-
ity of the crack tip so that tough materials are those where a
very large difference exists between gj,.a and G for the same
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FIGURE 10 g|oca as a function of G for the three studied elasto-
mers. l: 20CB_8XL; O: 3CB_8XL; @: 20CB_15XL.



applied strain ¢eps. Furthermore, the level of viscoelastic dissi-
pation (measured by the hysteresis of a stabilized cycle) or
of dissipation due to Mullins’ effect (measured by the hyster-
esis of the first cycle), can partly explain the filler effect but
cannot explain even qualitatively the effect of changing the
crosslink density. Unfortunately, more detailed comparisons
with a model based on using the full-linear viscoelastic spec-
trum to predict crack propagation®® are difficult to make for
filled elastomers because viscoelastic dissipation in filled
elastomers depends markedly on strain history (which
depends on position near the crack tip).

A discussion could not be complete without some critical
assessment. A key question in fracture problems is always
where the energy is dissipated. Our hypothesis is that there
is a highly stretched and relatively localized region near the
crack tip where energy dissipation is low and mostly due to
bond breakage, which is surrounded by a highly dissipative
zone where the polymer chains are being stretched and the
spatial arrangement of the fillers (if present) is being reor-
ganized. This zone is almost “plastic” in nature. Finally, fur-
ther away from the crack tip, energy is dissipated simply by
classic viscoelasticity mechanisms which are accounted for
in."® Such a hypothesis is reasonable and consistent with the
experimental data reported herein. However, the former is
still far from proven in particular in view of the spatial reso-
lution of the strain field data obtained, which precludes the
access to the region very close to the crack tip (i.e. less than
15 pm) where most of the damage in the material leading to
fracture is likely to take place. However, although the
reported experimental estimate of the local energy release
rate cannot be considered as an intrinsic quantity (a higher
magnification may yield different values), the remarkable
coincidence of the crack growth rates with respect to giocal
(Fig. 9) for all the investigated materials (at the same scale)
is striking.

CONCLUSIONS

Using DIC on high-resolution images, we demonstrated the
existence of a strongly localized oriented zone close to the
crack tip where strains depend markedly on material proper-
ties for identical values of far-field strains e¢ps. We model this
highly stretched zone by a localized and homogeneously
strained zone (defined by ep., at the crack tip and vertical
extension of the process zone Hy) and introduce for the
first time for elastomers a local release rate energy gioca =
WanloadingHo that estimates the elastic energy released in the
immediate vicinity of the crack tip. The crack growth rate
dc/dN versus gjoca follows a unique behavior for three elas-
tomers with very different crack growth resistance for the
same given applied macroscopic G. These results strongly
suggest that the eventual fracture of the chemical bonds in

the elastomer which trigger crack propagation, is controlled
by the elastic energy stored in this oriented zone and that
the differences between elastomers in terms of resistance to
fracture are dominated by differences in the amount of
energy needed to create such a highly stretched zone at the
crack tip rather than by differences in intrinsic resistance of
the chemical bonds.
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