
Introduction

Rubber-like materials are extensively used in industrial applications be-
cause of their ability to undergo large deformations and of their damping
behaviour. Elastomeric components used in the automotive industry, such
as engine mounts or torque rod, are submitted to cyclic loadings and a good
conception towards fatigue phenomenon is therefore mandatory to ensure
the safety of these structures. Fatigue initiation properties are studied by
submitting specimens of a given geometry to a given cyclic load and measur-
ing the number of cycles needed to reach an end-of-life criterion (presence
of a crack of a given length, fracture of the specimen or stiffness loss). From
these results, the so-called Wöhler curve, or ”S/N” curve (Stress or Strain
vs Number of cycles) is built. To be reliable, this classical method presents
at least two main disadvantages: it requires long duration tests and a large
number of specimens (usually a minimum of 25 specimens is required) in
order to have a good estimation of the fatigue intrinsic dispersion. These
two disadvantages obviously limit the study of fatigue properties and the
determination of the influences of some parameters (i.e. mean load, am-
plitude load, etc.) on these properties. To reduce this cost (of time and
money), other methods have to be developed.

For several years, different methods for the rapid estimation of mean
fatigue limits of metallic materials, based on temperature measurements,
have been developed (see [2] and references therein). The aim of this paper
is to investigate the opportunity to use these methods for rubber-like mate-
rials. In a first part, a heat build-up experiment and the associated analysis
suitable for metallic materials is reminded. Based on this protocol, a heat
build-up experiment suitable for rubber-like materials is proposed in a sec-
ond part. Taking into account the specific aspects of this kind of materials,
the experiment links the temperature rise to the principal maximum strain.
In a third part, the relevance of a link between thermal measurements and
fatigue properties is discussed from the results obtained on fifteen industrial
materials. Even if this empirical approach gave some interesting results, it
was also observed that, as expected, the viscosity has a first order influence
on the temperature rise. It was therefore difficult to identify the dissipated
energy only related to the fatigue mechanisms. These fatigue mechanisms
are strongly linked to the flaw population and to the cavities created along
a fatigue test. In a forth part we consequently use the microstructural infor-
mations obtained from a X-ray computed micro-tomography investigation
[1] to evaluate the ratio of the global dissipated energy to the one related to
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the fatigue damage. A critical energy criterion is applied and the results are
compared to a Wöhler curve obtained classically. This comparison exhibits
a very good correlation, opening a very promising field of investigation.

1. Material and testing

1.1. Material and specimens

A wide range of elastomeric materials, based on industrial standard
recipes, are used in this study. The aim was to cover a wide range of
materials, crystallizing, non crystallizing, unfilled, monomer or copolymers
matrix with a wide range of mechanical properties (fatigue lifetime, tan δ).
More than 15 materials were tested. Hourglass shaped specimens were
manufactured from a single batch in order to ensure the reliability of mixing
and moulding conditions. The geometry of the specimen is given on figure 1.
This kind of specimen (called AE2 in the following) was chosen for several
reasons:

• it is classically used to obtain Wöhler curves;

• the initiation and break zone is well controlled and is located in the
thinner section (no cracks location in the massive zones neither at the
bounding between the metallic inserts and the rubber, in the contrary
to more massive ”diabolo” samples or samples submitted to heavy
shear loads);

• the central section is thin enough to prevent a high temperature gradi-
ent between the skin and the core due the low thermal conductibility
of rubber.

Figure 1: AE2 specimen
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1.2. Heat build-up based protocol for metallic materials

For several years, different methods for the rapid estimation of mean fa-
tigue limits of metallic materials based on temperature measurements have
been developed [2]. They consist in applying successive sets of a given
number of cycles for different increasing stress levels (figure 2(a)). For each
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Figure 2: Empirical method to correlate heat build-up measurements to mean fatigue
duration [2].

stress level, the change of the temperature difference θ = T − T1+T2

2
(where

T is the current temperature of the sample during the test measured by a
thermocouple or an infrared camera, T1 and T2 are the current temperatures
of the lower and upper grips) is recorded and the steady-state temperature
θ̄ is determined (figure 2(b)). Beyond a given limit it is observed that the
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steady-state temperature starts to increase significantly (figure 2(c)). This
change is correlated with a state where the fatigue limit is exceeded and
can be related to the apparition of microplasticity, i.e. plasticity at a mi-
croscopic scale, which occurrs in the material and governs the fatigue prop-
erties. A correlation between the mean fatigue limit and the heat build-up
is illustrated on figures 2(c) and 2(d) [3]. More recently, the development of
a two-scale probabilistic model has shown that heat build-up tests permit
to identify not only the mean fatigue limit but also the scatter of classical
fatigue results. Indeed, by using the two-scale probabilistic model and an
energetic criterion based on a constant critical dissipated energy, it is pos-
sible to predict the S/N curves for any given probability of failure using a
single specimen in less than half a day [2].

1.3. Measurement protocol developed for rubber-like materials

1.3.1. Temperature measurement

A heat build-up experiment can be defined as a succession of cyclic tests
of increasing loading conditions during which the temperature of the spec-
imen is measured. The number of cycles used for each loading condition is
the number of cycles needed for the temperature to stabilize (for example,
2000 cycles at 2 Hz are sufficient for rubber-like materials). For the tem-
perature measurement, we were facing two major technical problems: we
have to set up an experiment that takes into account the large displace-
ments of the specimen during a fatigue test and to properly define a heat
build-up temperature. The responses to these problems were depending
on the technological solution we retain for the temperature measurements.
The use of thermocouples is possible but it presents some technological lim-
itations (fixation on the specimen, response time of about 1 s for classical
thermocouples) and the main point is that it only gives a local informa-
tion. We have chosen to use an infrared camera, which gives access to a 2D
measurement with a high acquisition rate (50 frames/seconds) and a very
good precision (about 30 mK), even if it will only be a surface measurement.
However, AE2 specimen are thinner enough to avoid a too high core/skin
temperature ratio.

The infrared camera that has been used is a Flir Systems camera (refer-
ence Phoenix MWIR 9705) with a Stirling-cycle cooled Indium Antimonide
(InSb) Focal Plane Array (FPA). The FPA is a 320×256 array of detectors
digitized on 14 bits, sensitive in the 3µm-5µm spectral band. A prelimi-
nary calibration operation allows the conversion of the thermosignal (pro-
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portional to the thermal radiation) into a temperature in Celcius degree
(◦C).

Figure 3: Experimental set-up.

Figure 4 presents one example of temperature evolution of the central
zone of the specimen during cyclic solicitation (20 cycles). We can note

Figure 4: Evolution of the temperature of the central zone of the specimen during cyclic
solicitation measured with an infrared camera (R = 0 @1Hz, maximum displacement:
10 mm). The dotted lines relate to the temperatures measured in the non-deformed,
mid-deformed and deformed positions.

a mean rise of the temperature due to an intrinsic dissipation and an os-
cillation of the temperature during one cycle which is caused by the ther-
momechanical couplings (mainly thermoelastic effects). The amplitude of

6

231



these coupling effects could attain one Celsius degree. We consequently
had to make sure that the temperature is measured for a given position of
the specimen to define accurately a heat build-up temperature. We used
here sequences of movies (performed at an acquisition frequency of 50 Hz),
which allowed the evaluation of the temperature during one movie for any
deformation of the sample (figure 5). For simplicity reasons and because
all experiments are carried out at a loading ratio R = 0, we have chosen
to retain only temperatures associated to the non deformed (fig. 5(b)) and
maximum deformed position (fig. 5(c)) of the specimen during one loading
cycle. We should remark that the temperatures associated to these posi-
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Figure 5: Evolution of the temperature variation envelope for a value of displacement
amplitude of 0.6 mm.

tions are not necessarily the minimum and maximum temperatures reached
during one cycle because of the thermoelastic inversion phenomenon which
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can be clearly seen on figure 4 [4–6].
For each loading block, we get an envelope of temperature (figure 5(a))

and we evaluate the amplitude of the thermomechanical coupling effects
(difference between the temperatures measured in the maximum deformed
position and non-deformed position). The temperature variation is calcu-
lated from the current temperature T and the initial temperature T0 using
the equation θ = T − T0 and the steady-state temperatures Θnd (related to
the non deformed position) and Θd (related to the maximum deformed po-
sition) are determined according to the processing presented on figure 5(a).
To take into account the global heating of the machine test, the temperature
gradient of the specimen and the low thermal conductivity of rubber-like
materials, a pause of 15 min is performed at the end of each loading block
in order to ensure the temperature stabilization and homogeneity.

1.3.2. Heat build-up curve construction

Based on the successive loads carried out on an AE2 specimen, we can
generate a heat build-up curve by associating a fatigue predictor (for fa-
tigue crack nucleation) with the steady-state temperatures. There is no
universally used predictor in the literature. As the tests were displacement
controlled, we chose the maximum principal strain εmax which is one of the
most commonly used [7–9] and which has been proven to be relevant for
the AE2 specimen [9]. A heat build-up curve is therefore plotted from the
steady-state temperatures as a function of εmax as illustrated on figure 6.
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Figure 6: Heat build-up curve example.
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1.4. Mechanical testing

All heat build-up tests were performed on a servo-hydraulic test machine
(Instron 1342) at a frequency of 2 Hz and were dispacement controlled. This
frequency was chosen to be the same than the one used to perform the fa-
tigue tests, in order to be as representative as possible from the fatigue
lifetime evaluation. In order to evaluate the influence of this important
testing parameter on the temperature rise, we performed a few tests with
several frequencies, which lead to highlight a linear dependency of the sta-
bilised temperature reached with the testing frequency. The fatigue tests
were performed at Trelleborg-Modyn laboratory on machines that have al-
ready been described elsewhere [10]. The experimental determination of the
initiation Wöhler curve was achieved using a end-of-life criterion based on
the variation of the effective stiffness proposed by [10]. It has been shown
that the criterion is equivalent to the apparition of crack of 2 mm on the
surface of the specimen [9].

1.5. Tan δ measurements

Tan δ is an indicator of the viscous potential of a material. Its value
is not an intrinsic characteristic of a material but depends on the loading
conditions. Consequently, it is very important to mention the test conditions
related to the value of tan δ that are used. All measurements are performed
on compression specimens (diameter: 29 mm and height: 12 mm). A static
compression strain of 10% is applied and the dynamic load condition is a
strain amplitude of 0.5% at 2 Hz. The tan δ value is then computed from
the stress-strain response.

2. Results and discussion on the thermal measurements

2.1. First observations

In this paper, up to fifteen industrial materials have been tested. It
was therefore mandatory to evaluate if the tests were repeatable in order to
ensure the reliability of the differences between the different materials. This
requirement was checked for several materials tested with small variations
of the ambient temperature and for different loading histories (different
numbers of loading blocks, with different increasing amplitudes). Figure 7
illustrates well that the heat build-up tests gave the same curves for these
different testing conditions.
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Figure 7: Comparison for three materials (referenced as M1, M2 and M3) of the heat
build-up curves of two different specimens submitted to different loading conditions. For
legibility reasons, only the temperatures associated to the non-deformed positions of the
specimens are plotted.

2.2. A direct link with fatigue?

At this stage of the study, we were evaluating if a quick empirical proto-
col similar to the one used for metallic materials could be used. In order to
take into account several kinds of material and different thermo-mechanical
properties, a wide range of materials was investigated (more than fifteen
industrial materials were tested). We followed here a threefold approach:

• identify an empirical protocol giving the maximum strain leading to
a damage initiation after 106 cycles for a given material;

• apply this protocol on several materials in order to test its validity;

• investigate its sensitivity to the material viscosity.

Figure 8 presents the temperature measurements obtained for material G
(cf. table 1) and a proposal of empirical analysis, similar to the one proposed
for metallic materials. The material G was chosen because it presents a tan δ
of average value. As the fatigue mechanisms are dissipative, we used only
the rise of temperature corresponding to the dissipative sources (square
symbols on figure 6), excluding the thermo-elastic contribution. One can
see that the evolution of the heat build-up curve is much smoother than for
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Figure 8: Empirical processing performed on material G.

metallic materials. This was expected as no clear fatigue limit is to be seen
on the Wöhler curves obtained for elastomers. Moreover, rubbers exhibit
many dissipative sources that will be discussed in paragraph 2.3, which
makes the evaluation of the fatigue mechanism more difficult to point out
than for metallics. Nevertheless, we were leading an exploratory study and
we therefore adjusted an empirical analysis in order to meet the 106 cycles
strain identified on a Wöhler curve (cf. figure 8 and column 4 of table 1).
This protocol was then used to analyse the heat build-up curves obtained

reference tan δ Ni(100%) ε106 cycles εevaluated error

A < 1 106 100% 100% 0%
B 2.3 237000 60% 69% 15%
C 3 170000 55% 62.5% 13.6%
D 4 123000 44% 55% 25%
E 6.6 83600 32% 30% 6.2%
F 12.9 52000 30% 30% 6.6%
G 12.9 16000 55% 50% 9%
H 23.3 8000 20% 30% 33.3%

Table 1: Comparison between the 106 cycles strain identified on a Wöhler curve ε106 cycles

and the estimated 106 cycles strain using the heat build-up test εevaluated.

from seven other materials, presented on figure 9. The results and the
11
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Figure 9: Heat build-up curves for materials A to H.

material data are afforded in table 1. It can be observed from the good
agreement with the values provided by the Wöhler curves that the proposed
graphical analysis is giving surprisingly good results. What can also be
noticed is that the materials used present the same ranking from a fatigue
point of view or from a viscous point of view (evaluated from their tan δ). As
this fact was observed for the other tested materials (not presented here), a
not yet resolved question is: what is really measured during a heat build-up
test? To give some clues on that question, other tests have been performed
on specifically selected materials showing either the same tan δ but different
fatigue resistances, or the same fatigue resistance but with different tan δ.
This is what is presented in the next paragraph.

2.3. Sensitivity of the empirical protocol to the viscous dissipation

Rubber-like materials are known to be hysteretic materials at a macro-
scopic scale, which means that some energy is dissipated and/or stored
during one loading cycle. This hysteresis is not well explained and can be
justified by several explanations:

(a) Mullins effect [11]

(b) crystallization under strain [12]

(c) viscosity [13]

(d) plasticity [14]

(e) damage [15]
12
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The contribution of each of these sources is not clearly defined yet but it is
generally assumed that viscosity is one of the most important [13] and is a
first order parameter. To check this assumption, we performed heat build-up
experiments on specifically selected materials that have equivalent viscous
dissipation potential (evaluated from the tan δ value) and different fatigue
lifetimes and materials that have different viscous dissipation potentials
(evaluated from the tan δ value) and equivalent fatigue lifetimes. The figure
10 shows the experimental curves obtained on materials having different
tan δ but the same fatigue lifetime. It seems that the empirical protocol
is working quite well. Considering now materials that have the same tan δ
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Figure 10: Heat build-up curves for materials having the same fatigue lifetime but dif-
ferent tan δ.

but different fatigue lifetimes (see figure 11), the curves obtained are very
similar and can not lead to isolate the fatigue lifetime. It can therefore be
concluded that even if the rough estimation analysis presented above has
proven to be quite effective for several materials, a clear separation between
viscous dissipation and a dissipation related to the fatigue resistance is far
less easy to identify for rubber-like materials than for metallic materials.
Moreover, this protocol is giving only one point of the Wöhler curve, which
is clearly not enough as the slopes of these curves may be quite different
depending on the nature of the tested rubber [16]. Nevertheless, the heat
build-up measurements are useful to identify the parameters of constitutive
models including some dissipation sources (viscosity, plasticity, damage)
because these tests provide both mechanical and thermal data. Moreover, a

13

Annexe E. Article sur le critère d’endurance énergétique

238



0 20 40 60 80 100 120 140
0

2

4

6

8

10

maximum principal strain, ε
max

 [%]

m
in

im
al

 s
ta

b.
 te

m
p.

 v
ar

ia
tio

n,
 Θ

nd
 [°

C
]

 

 
L − N

i
(100%)=187000

M − N
i
(100%)=188000

N − N
i
(100%)=52000

Figure 11: Heat build-up curves for materials having the same tan δ but different fatigue
lifetime.

stabilization of the temperature increase was always observed (at the limited
frequency imposed) and this stabilization means that the dissipation source
is nearly constant: an equilibrium between what is lost by conduction and
convection and induced by cyclic loadings is reached. It is also clear that the
global dissipated energy could not be directly related to the fatigue damage
and that the description of the damage at lower scales is mandatory. In
paragraph 3 we present how the temperature measurements can be useful
if some more information on the fatigue damage evolution at a microscopic
scale is provided.

3. Evolution of fatigue damage using X-ray microtomography

3.1. Principle of the critical energy criterion and scope of the investigation

Basically, fatigue design of rubber components requires two steps: first
choose a mechanical parameter: strain [7, 10], stress [17–19], strain energy
[18, 20], . . . , and second perform several fatigue tests on samples of different
geometries, under different sollicitations, in order to generate Wöhler curves,
plotting the value of the chosen parameter with respect to the number of
cycles needed to break the sample or to initiate a crack. A power law is then
usually identified, relating the parameter to the number of cycles and is to
be applied to design industrial components. It is important to note that
the fatigue parameter can be different from the initiation criterion. This
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initiation criterion is usually a damage parameter, chosen for its ability to
be summed in order to analyze variable fatigue solicitations. Depending on
the materials, this parameter could be the dissipated energy [21–23], the
cumulated plastic strain [24] or a scalar damage parameter associated with
an evolution law [25]. Here, we will keep the maximal strain chosen formerly
as the fatigue parameter and we will use an initiation criterion based on the
cumulated dissipated energy. The principle of the approach is therefore very
classic and simple: whatever the fatigue parameter may be, the cumulated
dissipative energy needed to initiate a crack will be a constant, called here
CDE (Critical Dissipated Energy). This energy based approach is close to
the one proposed by [26] based on a Cracking Energy Density (CED) which
is cumulated along the cycles and aims at being representative of the crack
opening. It can also be related to the approach proposed by [15].

In elastomers, the energy dissipated evolves during the fatigue tests but
reaches a stabilized value after the number of cycles needed to stabilize the
rise of temperature induced by the heat build-up. Once this stabilization
step is achieved, the dissipated energy measured along the fatigue test is
almost a constant, for a given global displacement. This is confirmed by
the stabilization of the heat build-up along a fatigue test, showing that the
dissipation sources are constant (see figure 5(a)). It is therefore possible to
write that:

CDE = Ni · Efatigue,diss/cycle (1)

with CDE the Critical Dissipated Energy considered as an intrinsic constant,
Ni the number of fatigue cycles needed to reach the initiation (according to
a given experimental criterion) and Efatigue,diss/cycle the energy dissipated
per cycle by the fatigue mechanisms, which is a function of the maximum
strain.

As illustrated in paragraph 2, the dissipated energy is not easy to re-
late to the fatigue durability of elastomers as it does not depend only on
the fatigue mechanisms. Several materials exhibiting the same dissipated
energy per cycle will not necessarily have the same fatigue lifetime. It is
consequently difficult to propose an experimental evaluation of the value
of Efatigue,diss/cycle introduced in equation 1 since both a global evaluation
of the dissipated energy and reliable micro-structural data on the fatigue
mechanisms are required. The proposed approach is therefore:

• to use micro-structural measurements of the fatigue defect population,
as it is well stated in the literature that the fatigue mechanisms for
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both initiation and propagation at a micro-scale are strongly related
to the defect population [16, 27–32];

• to use the heat build-up measurements as an evaluation of the dissi-
pated energy during cyclic and fatigue tests.

We focus here on a polychloroprene rubber, which was studied during the
heat build-up campaign and which fatigue damage evolution was followed by
X-ray computed tomography [1]. The samples used for the fatigue tests, the
heat build-up tests and the X-ray tomography measurements were obtained
from the same batch of material. The complex shape of the specimen (see
figure 1) ensured that the initiation zone is well controlled and is located
in the thinner section. Temperature measurements were also achieved in
that zone, and the defect populations presented in the following are only
the ones observed in slices of 1 mm thick, located the middles of the samples
(see figure 12). It is therefore possible to link the observations made for the

Figure 12: Studied zone for the temperature and tomography measurements.

fatigue initiation lifetime, the temperature rise and the defect population.
In the following, the defect population dependency on the maximum strain
and on the number of cycles is detailed (paragraph 3.2), then the main
assumptions made to evaluate Efatigue,diss/cycle (paragraph 3.3)is presented
and finally, the identification of the Critical Dissipated Energy is achieved in
paragraph 3.4. Finally a validation of our method is proposed by comparing
the initiation curve built from our approach to the experimental fatigue
results.
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3.2. Defect volumic density

X-ray computed micro-tomography was used to investigate the fatigue
damage occurring in a polychloroprene rubber [1]. This non destructive
technique allowed us to study the evolution of the defect population along
the fatigue cycles and its dependency on the maximum local strain. This
study revealed that the defect volumic density depends both on the number
of cycles and on the maximum local strain. It also showed that the defect
density was evolving quickly during the first step of the fatigue test (less
than 10%) and was then evolving very slowly. The value obtained after
a few thousands cycle is therefore representative of the initiation value.
Moreover, the evolution of the defect volumic density with respect to the
maximum strain was measured. This curve is plotted on figure 13 and was
obtained from several samples and for several fatigue test durations. We
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Figure 13: Evolution of the defect population density with respect to the maximum
principal strain. The legend values correspond to the macroscopic displacement applied
to the specimen.

also checked that the average radius of the defects was not evolving much
along the fatigue test and was not dependent on the maximum strain. The
defect volumic density is used here to be more precise but as the studied
volume is the same for all the samples, it can also be seen as the number
of defects. We therefore know the dependency of the defect density on
the maximum strain but we still do not know how the material dissipates
energy.
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3.3. Evaluation of the energy dissipated by a defect population

Once the defect population and its evolution with respect to the maxi-
mum local strain are described, a first way to evaluate Efatigue,diss/cycle would
be to write that :

Efatigue,diss/cycle =
∑

defects

Ed
diss/cycle (2)

with Ed
diss/cycle being the dissipated energy by each defect. The next step

combines Finite Element simulations [28, 33] and homogeneization tech-
niques [34]. This is maybe the closest approach from the microscopic mech-
anisms but it is still meeting very big difficulties. The first problem comes
from the assumed equivalence between a given population of defects ex-
hibiting different sizes and shapes and a homogeneous population of an
equivalent defect. Then, the evaluation of the energy dissipated by a given
defect meets the complexity of elastomeric materials (shape of inclusions,
matrix visco-hyper-elasticity, low compressible behaviour, difficulty to iden-
tify the interphase behaviour, necessity to take the inclusion interactions
into account, . . . ). At last, the dissipative sources related to a defect in an
elastomeric matrix are still not well identified (growth of the cavity, ma-
trix inelasticity, friction at the interface . . . ) and are therefore difficult to
evaluate. Here, we have chosen a much more phenomenological approach:
we chose to relate the total dissipated energy (evaluated from the stabilized
rise of temperature) to the energy dissipated by the defect population.

The first hypothesis assumes that the ratio between the total dissipated
energy and the one related to the fatigue mechanisms (whatever the kind of
dissipation it leads to) is linearly dependant on the defect density. It would
then come:

Efatigue,diss/cycle = A ·̟d · V · Ediss/cycle (3)

With A being a constant, ̟d the defect volumic density in the central zone
of the sample, V the considered volume and Ediss/cycle the total dissipated
energy during one fatigue cycle in that volume. The second hypothesis is
that the total dissipated energy is evaluated from the temperature rise only.
This strong assumption is supported by the very low thermal conductivity
of the material and because we consider here only the rise of temperature
linked to the dissipation, with no thermoelastic couplings (see paragraph
1.3.1). This point will of course be further investigated but this assumption
is taken as a first rough evaluation. We could consequently write that:

Ediss/cycle = B ·Θnd (4)
18
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With B a constant parameter and Θnd the stabilized minimum rise of tem-
perature in the central zone of the sample, which is dependant on the maxi-
mum imposed deformation. This global evaluation is also required because:

• the rise of temperature, measured at the skin, is an average value of
the dissipation sources that are located in the volume underneath;

• the defect volumic density is also defined as an average value for a
given volume.

From equations 1, 3 and 4, it would then come:

CDE = Ni · A ·̟d · V ·B ·Θnd (5)

Which can also be written as:

Ni ·̟d ·Θnd = cste (6)

for a given volume.

3.4. Experimental validation of our approach

In the following we will use the figure 13, 14 and 15 in order to evaluate
the numerical values of the terms in equation 6. The initiation lifetime is
taken from the Wöhler curve, the defect volumic density is obtained from
the curve fitted on the X-ray tomography measurements and the rise of
temperature is obtained from the heat-build up curve. The first step is to
identify the value of the constant of equation 6, that is given in table 2. In

εmax Ni ̟d Θnd Ni ·̟d · θnd

30% 106 cycles 0.2 mm−3 2.2◦C 440000
70% 3.5·104 cycles 1.5 mm−3 8.2◦C 430500
110% 6.5·103 cycles 4.5 mm−3 15.2◦C 444600

Table 2: Evaluation of the constant (equation 6)

order to validate the approach, we then evaluate the product of equation 6
for several maximum local strains. It can be observed from table 2 that the
values obtained are very similar. The second step of validation was to build
an initiation curve from equation 6, using one of the constant evaluated (for
example 440000, obtained for a 2 mm displacement) and power laws fitted on
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Figure 14: Wöhler curve of the studied polychloroprene rubber.

0 20 40 60 80 100 120
0

5

10

15

20

maximum principal strain, ε
max

 [%]

m
in

im
al

 s
ta

b.
 te

m
p.

 v
ar

ia
tio

n,
 Θ

nd
 [°

C
]

 

 
specimen 1
specimen 2

Figure 15: Heat build-up curve of the studied polychloroprene rubber.

the curves of figure 13 (defect volumic density) and 15 (stabilized minimum
temperature rise). The curve obtained is plotted on figure 16 and exhibits
a very good correlation with the other experimental points. As the value
obtained from equation 6 was varying a little from a condition to another,
we also plot the same curve, obtained with a variation of 15% from the value
of the constant used to build the curve. It illustrates that the variations
observed in table 2 lead to very few differences of the reconstructed initiation
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Figure 16: Prediction of the Wöhler curve using the proposed approach.

lifetime curve.
Despite the very strong hypotheses used here and that need to be further

investigated, this approach leads to convincing results and seems therefore
very promising because it could shorten very much the determination of the
fatigue properties of an elastomeric material. With about 6 samples in order
to propose a reliable fit of the evolution of the defect population along the
maximum strain (5 submitted to an interrupted heat build-up protocol and
then analysed by X-ray tomography, 1 that is pushed until the initiation in
order to have a value for the energy constant) and within 3 days (one day
for mechanical testing and 2 for X-ray measurements and analysis) it could
be possible to evaluate the full initiation lifetime curve. The dispersion
observed for fatigue tests might also be deduced from the dispersion on the
defect density, as the rise of temperature is very repeatable. Nevertheless,
the proposed approach is of course to be validated on several materials,
which is currently undertaken.

Conclusions

In this study we focused on the development of a heat build-up test,
which relates the maximum principal strain to the temperature rise. A very
first step was to propose an accurate measurement protocol suitable for large
displacements and that could discriminate the temperature rise induced by
cumulative dissipation from the thermo-elastic contribution. More than fif-
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teen industrial materials were tested in order to experiment the ability of
that kind of test to be representative of the fatigue resistance of elastomers.
These tests provided promising results but a quick analysis is still made
delicate by the highly viscous nature of these materials . In order to pro-
pose a physically based evaluation of the dissipated energy related to the
fatigue defects, we used here the results from another paper [1]. The defect
volumic density was used to evaluate the ratio of the total dissipated en-
ergy, deduced from the heat build-up measurements, that could be related
to the damage. An energy based fatigue criterion is then proposed and val-
idated for a polychloroprene rubber. The correlation between the fatigue
results obtained from a classical Wöhler curve and those from the proposed
approach is excellent and clearly calls further developments and validations
on other materials. This study also illustrated that the heat build-up test
seems to be an appropriate tool to identify the parameters of constitutive
models including dissipation, as both mechanical and thermal responses are
analysed. It also proved how valuable micro-tomography measurements can
be in order to understand what happens during the heat build-up tests and
to feed the mechanical models with damage kinetics.

Acknowledgements

The authors would like to thank the Brittany region for its financial
support and all the actors of the FEMEM project. A special thank to P.
Laguillaumie for his careful reading.

References

[1] V. Le Saux, Y. Marco, S. Calloch, P. Charrier, Evaluation of the fatigue defect
population in an elastomer using X-ray computed micro-tomography, Journal of
Polymer Engineering and Science Submitted (October 2009).

[2] C. Doudard, S. Calloch, P. Cugy, A. Galtier, F. Hild, A probabilistic two-scale model
for high-cycle fatigue life predictions, Fatigue & Fracture of Engineering Materials
& Structures 28 (2005) 279–288.

[3] M. Luong, Infrared thermography of fatigue in metals, SPIE 1682 (1992) 222–233.
[4] J. Joule, On some thermodynamics properties of solids, Philosophical Transactions

of the Royal Society of London 149 (1859) 91–131.
[5] R. Anthony, R. Caston, E. Guth, Equations of state for natural and synthetic

rubber-like materials. I. Unaccelerated natural soft rubber, The Journal of Physical
Chemistry 46 (1942) 826–840.

[6] L. Treloar, The physics of rubber elasticity (third edition), Oxford (UK) : Oxford
University Press, 1975.

22

247



[7] S. Cadwell, R. Merrill, C. Sloman, F. Yost, Dynamic fatigue life of rubber, Industrial
and Engineering Chemistry 12 (1940) 19–23.

[8] B. Roberts, J. Benzies, The relationship between uniaxial and equibiaxial fatigue
in gum and carbon black filled vulcanizates, Proceedings of Rubbercon’77 (1977)
2.1–2.13.

[9] E. Ostoja Kuczynski, Comportement en fatigue des élastomères : application aux
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Reference Polymer Fillers Vulc. System Parts

A NR 0 Conv. research only
B NR CB (22 phr) Conv. PTMS
C NR CB (21 phr) S-EV PTMS
D NR CB (28 phr) EV PTMS
E NR CB (39 phr) EV PTMS
F NR CB (55 phr) EV-S-EV PTMS

Si (12 phr)
G NR CB (43 phr) Conv. PTMS
H CR CB (3 phr) Conv. Offshore

Si (23 phr)
I NR CB (56 phr) S-EV-Conv. PSS
J NR CB (50 phr) S-EV-Conv. PSS
K NR CB (25 phr) S-EV-Conv. PSS
L NR CB (55 phr) S-EV-Conv. PSS
M NR CB (50 phr) S-EV-Conv. PSS
N NR CB (55 phr) EV-S-EV PTMS

Si (12 phr)

Table 3: Compound specifications. NR (Natural Rubber), CR (Polychloroprene Rub-
ber), CB (Carbon Black), Si (Silica), Conv. (Conventional), S-EV (Semi-efficient), EV
(Efficient), PTMS (Power Train Mouting System), PSS (Power Strut System).
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ANNEXE

F
Article sur la description des
populations de défauts

Dans cette annexe, nous présentons un article publié par Le Saux et al. (2010a)
dans le journal Polymer Engineering & Science. Celui-ci traite de la description des
populations sous sollicitations cycliques que nous avons évoquées dans le paragraphe
3.3 du chapitre 3. L’article a été accepté en Août 2010 et est donné sous la forme
d’un preprint.
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Evaluation of the fatigue defect population in an

elastomer using X-ray computed micro-tomography

V. Le Sauxa, Y. Marco∗,a, S. Callocha, P. Charrierb

aLaboratoire Brestois de Mécanique et des Systèmes (EA 4325),
ENSIETA/Université de Brest/ENIB, 2 rue F. Verny 29806 Brest Cedex 9, France
bTrelleborg Modyn, Z.I. Nantes Carquefou BP 419, 44474 Carquefou Cedex, France

Abstract

As elastomeric materials are heterogeneous by nature, their fatigue behavior
is strongly driven by the initiation and the growth of cavities. In this study
X-ray micro-tomography is used to describe the fatigue mechanisms at a
micro-scale. This non destructive method has already been widely applied
to elastomeric materials to control the fillers size and dispersion or to analyze
the cavitation induced under high hydrostatic pressure fatigue loading, for
example. Here, this technique is used with a good resolution to analyse the
evolution of the defects population during a fatigue campaign on hourglass
shaped axisymetric specimens. The initiation and propagation mechanisms
are clearly shown on 3D observations, and the influences of the maximum
principal strain and of the number of cycles on several parameters (size
repartition, porosity, defect volumic density) are investigated. A scenario
for the fatigue damage evolution is proposed and some fatigue initiation
criteria are finally discussed, using the results obtained at the microscopic
scale.

Key words: fatigue analysis, microstructure, X-ray, elastomers

Introduction

Rubber-like materials are extensively used in many industrial fields, im-
posing their ability to undergo large deformations, their resistance to ag-
gressive environments, and their damping behaviour often coupled with a
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Email address: Yann.Marco@ensieta.fr (Y. Marco)

Preprint submitted to Polymer Engineering & Science

Annexe F. Article sur la description des populations de défauts

252



good fatigue resistance. This latter property is still not well understood
for several reasons: the deformations encountered are extremely large, the
material is obtained from a recipe mixing several components, its prop-
erties depend on the curing and injection parameters and the phenomena
involved couple mechanical, thermal and chemical effects, etc. [1, 2]. In
this paper, the influence of the mechanical parameters on the fatigue resis-
tance is investigated, with as less as possible coupled effects like ageing or
crystallization. Coming from the heterogeneous nature of elastomeric ma-
terials (fillers, oxides, additives helping the processing, natural inclusions,
etc.) the fatigue properties are strongly dependant on the existing flaws,
that can be considered as the main damage initiation locations [3, 4]. The
roles of these flaws are usually studied by SEM analysis [5–7], which pro-
vides interesting data but can hardly be representative of the global damage
[8]. In this study, we will use X-ray micro-tomography (X-ray CT). X-ray
CT is a method used for a long time in the medical field and which has
been increasingly utilized in recent years in the field of materials science.
This non-destructive observation technique enables to study 3D imaging of
material microstructures [9–11] as well as pores distribution [12, 13]. The
technique has also proven to be a useful tool in assessing the micromecha-
nisms of fatigue crack growth [14] and damage evolution [15]. Dealing with
elastomeric materials, a few studies already exists either focused on the ob-
servation of inclusions dispersion or on the study of the damage evolution.
Remarkable works were done on the latter point during the last years, prov-
ing how useful this technique could be to study cavitations at a mesoscopic
scale for high hydrostatic fatigue conditions [2] or to detect local changes of
physical and chemical properties by measuring X-ray attenuation [16–20].
Unfortunately, the quite low resolution (about 200µm) of the medical scan-
ner usually used prevented the detection of small defects (about 40µm) that
are associated to the fatigue initiation [3, 21–23]. One of the most interest-
ing article on the use of X-ray CT to follow the damage evolution has been
published recently [8] and provides very useful information on the fatigue
mechanisms with a higher resolution (detection of defects with a diameter
of about 15µm).Nevertheless, quantitative data describing the dependency
of the defect population on the fatigue parameters are still missing, which
limit the proposal and validation of models trying to describe the initiation
and the growth of fatigue cavities. The purpose of this paper is therefore to
use computed X-ray micro-tomography with a high enough resolution (de-
tection of defects with a radius of about 13µm) to describe in a 3D manner
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the fatigue mechanisms and to propose a description of the evolution of the
defect population in a polychloroprene rubber submitted to fatigue loading.
This technique is used here to analyse hourglass shaped samples previously
submitted to several fatigue loading conditions. The initiation and propa-
gation mechanisms are investigated. Then, the influences of the maximum
local strain and of the number of cycles on representative parameters (cav-
ities distribution, average volume, porosity, volumic number of defects) are
studied and a scenario is proposed for the damage evolution. Based on these
results, an evaluation of some basic fatigue criteria is proposed.

1. Materials and testing

1.1. Materials and specimen

The material used here is a polychloroprene rubber (CR) formulated
with silica and a low percentage of carbon black. The main idea was to
use a material with a not too high fatigue durability in order to reduce the
tests duration and with a low carbon black ratio in order to make the X-
ray tomography analysis easier (the density of the carbon blacks is nearly
the same as the elastomeric matrix). Table 1 gives a few elements on the
considered material. Hourglass shaped specimens were manufactured from

density (g·cm−3) shore (A) hardness UTS (MPa) Strain at break (%)

1.4 68 17.4 670

Table 1: Room temperature properties

a single batch in order to ensure the reliability of mixing and moulding
conditions. The geometry of the specimen is given on figure 1. This kind of
specimen (called AE2 in the following) was chosen for three main reasons:
it is classically used to obtain Wöhler curves; the initiation and break zone
is well mastered and is located in the thinner section; its complex geometry
leads to different strain and stress states along its axis, even under uniaxial
tensile tests, and will make the X-ray CT analysis richer.

1.2. Micro-tomography measurements and analysis

The goal here was clearly not to achieve nano-tomography measure-
ments, as may be found elsewhere [24], using a synchrotron beam, but to
study the fatigue phenomena in larger samples. The device used here is
powerful but more industrial for two reasons: synchrotron devices are not

3
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Figure 1: AE2 specimen

very accessible (limited beam time) and the analyzed volumes are very lim-
ited, which involves to cut the specimens. Thus, we used a X-ray CT device
whose resolution is high enough compared to the defect sizes classically mea-
sured by SEM measurements (range from 10 to 400µm). The experimental
settings of the Phoenix device used (v|tome|x L 240) are given in table 2.
The samples were placed at a distance of 828 mm from a Perkin-Elmer CCD

X-ray tube voltage 180 kV
current 116µA

scan time ≈ 30 min
rotation 360◦ by step of 0.45◦

resolution 1 px = 21µm

Table 2: X-Ray micro-tomography experimental settings

detector with a 1024 × 1024 pixel array. Eight thousands radiographs were
taken at regular increments over a 360◦ rotation, the exposure time was
400 ms/image and for each radiography, the first image was excluded in or-
der to avoid the detector remanence, and 4 images were then averaged. The
spatial resolution of the technique, i.e. the volume of the smallest element
(isotropic voxel) in the reconstructed 3D images was 9.2·10−6mm3. The
volume of material investigated for each sample was around 2700 mm3. A
dedicated commercial software (myVGL 2.0) performing 3D image analysis
was then used to study the inclusions and the defects population of the
samples. The grey level images obtained after reconstruction were thresh-
olded in order to separate the pores from the rest of the material. The
resulting binary images were automatically analysed and the concentration
in the studied volume as well as individual parameters such as volume, sur-
face, aspect ratios, axis of inertia were computed. A special care was taken
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to reduce measurement artifacts. The minimal size detected for defects
was adjusted to 4 voxels (i.e. an equivalent radius of 13µm) to ensure an
effective detection. All the specimens were slightly stretched (relative dis-
placement of 2 mm of the inserts) in order to open the cavities and to make
them easier to detect. This stretching was carefully achieved just before the
measurement in order to prevent the opening of the cavities under static
conditions during the time left between the mechanical test and the X-ray
CT observation.

It is important to notice that, in this study, no samples were submitted
again to fatigue loading after the X-ray CT measurements. This choice
implies that no specific defects can be followed as the number of cycles
increases, but makes sure that the exposition to X-ray is not influencing the
material behaviour (chains scission and crosslinking) and to therefore take
into account the intrinsic dispersion.

1.3. Fatigue campaign

Fatigue tests were achieved at room temperature, on an INSTRON 1342
hydraulic machine, equipped with hydraulic grips. The frequency of the
tests was 2 Hz in order to limit the heat build-up effect and the exper-
iments were displacement controlled. The temperature of the specimens
were measured by an infrared camera and the maximum rise of tempera-
ture encountered was 15◦C. This value, coupled with a low number of cycles
should limit any coupled thermal or chemical effect during the test. The
load ratio was fixed to R=0 in order to limit the low crystallization effect
that may be encountered for polychloroprene rubber [2].

First, several fatigue tests were conducted to build a Wöhler curve with
AE2 specimens, with the formerly detailed settings. Five specimens were
tested at five strain levels. During the tests, the stiffness and the specimen
temperature were recorded and a classical criterion on the stiffness loss
rate [25] was used to detect the initiation. The Wöhler curve obtained is
given on figure 2. Then, 3 macroscopic maximum displacements (X = 2,
4 and 6 mm) were chosen, associated with the respective numbers of cycles
that lead to initiation (referenced Ni in the following). For each of these
displacements, at least 5 interrupted tests were achieved (some of them
were made twice). The tests were stopped after 5 cycles and after 10, 25,
50, 100% of Ni (obtained from the Wöhler curve). Figure 3 illustrates this
fatigue campaign.
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Figure 2: Wöhler curve of the studied materials.

Figure 3: Interrupted fatigue tests.

2. Results

2.1. Illustration of initiation and propagation mechanisms for fatigue load-
ing

2.1.1. Initiation mechanisms

Figure 4 shows a typical result obtained by X-ray CT on a sample with
no clear cracks but exhibiting a large number of cavities. In this para-
graph, the defects created for samples at early stages of degradation (5
cycles or 10% of Ni) are specifically studied in order to evaluate the initia-
tion mechanisms. Cavities were found to initiate from flaws of the material,
either inclusions or agglomerates, which is a classical result for fatigue. The
most often encountered inclusions and agglomerates in the studied material
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Figure 4: Example of cavities mapping obtained with computed X-ray micro-tomography.

are composed of ZnO (white spots, density = 5.6 g/cm3), SiO2 (gray ag-
glomerates, density = 2.2 g/cm3) and carbon black based ones (dark spots,
density = 1.9 g/cm3). The observations lead to identify the main damage
processes.

The most often encountered mechanism is related to voids creation be-
tween two or more close flaws oriented along the tensile direction. These
voids occurred whatever the nature of the involved particles (ZnO, SiO2 and
carbon black), as illustrated on figure 5. In a few cases, one can ask if the

Figure 5: Creation of voids between close flaws (a, b, c) or in the polar zones of inclusion
(d, e, f).

voids are created, not from the cavitation mechanism but from the break of
the agglomerates. Voids also very clearly appear in the polar zones of inclu-

7
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sions (Fig. 5), especially in the case of isolated inclusions. Some voids are
also observed without any clear agglomerates or inclusions in their neigh-
bourhood. This could either be explained by flaws with a radius smaller
than 13µm that are not detected due to the resolution of the Phoenix de-
vice or from carbon black agglomerates that are always difficult to point out
clearly because they have nearly the same density as the matrix. Some au-
thors also propose that these voids could be generated by over-cured zones
of the elastomeric matrix [26] resulting in a local higher modulus and a
local inclusion-like behaviour. The global overview accessible by X-ray CT
exhibits that no preferential zones (for example a ring near the surface sam-
ple or specific location due to the location of the injection pin point) are to
be seen and that no clear influence of the process can be involved (except
for the presence of agglomerates that can hardly be avoided by any type of
mixing process). This last point will be further investigated as the injection
point location, the flow history and the mould parting zone are likely to
influence the inclusions spatial repartition.

The present observations meet the conclusions obtained from SEM mea-
surements [4, 26]. Depending on the strength of the link between the inclu-
sion and the matrix [27], the voids will be created at the interface (deco-
hesion) or in the matrix (cavitation). It also shows that the probability to
observe cavitation between close particles, well aligned with the solicitation
axis, is higher than around large size inclusions. This is confirming a recent
study achieved on carbon black filled NR [8] using the same technique. This
observation underlines that fatigue damage modelling by the mean of finite
elements has to consider several inclusions to be representative [28] (not
talking about shape or gradient effects). It is interesting to note that the
sizes of these big defects, early created, are well correlated to the size of
the initiation defects evaluated using inverse approaches based on fracture
mechanics [21–23].

2.1.2. Propagation mechanisms

In paragraph 2.2, a specific study of the defects population, dealing
with its evolution along the number of cycles, will be presented. The birth
and growth of cavities will therefore not be detailed here but rather the
already created cracks that were observed in several samples, either stopped
right after the initiation or a little bit later. As underlined in paragraph
1.2, a single crack is not followed for several fatigue cycles as the X-ray
CT measurements were always achieved on different samples. Figure 6 is
consequently showing several radial spatial slices of the same cracks and not
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the evolution of some cracks along time.

Figure 6: Propagation of the crack at right angle to the tensile direction (a-b-c) or along
a different direction (d).

Still, the pictures presented on figure 6 are very interesting and help to
understand what the main propagation mechanism looks like. The obser-
vations made on the different samples correlate well with what has been
explained in the literature based on SEM observations. The cracks start
usually from a single defect that is big enough or from the coalescence of
several small cavities, with preferential location near the specimen surface.
Once started, the crack propagates usually at right angle to the tensile di-
rection. The crack then meets formerly created cavities that are disturbing
the crack tip orientation, even if the main propagation direction is kept
unchanged. A notable exception is illustrated on figure 6d and shows that
the existing cavities may guide the propagation along a different direction
for fatigue tests imposing a low displacement. The rough surface usually
observed by SEM observations is clearly explained here by the progressive
opening of preexisting cavities, following a mechanism already proposed by
Gent and Pulford [29]. Moreover, some ligaments remaining on the bor-
der of the cracks are also observed, coming from the cavities geometry and
that may be explained by locally induced crystallization [7]. One impor-
tant point is that we have not observed any specific porosity at the crack
tip. It therefore seems that the crack is just helping the existing cavities to
open until they break and that the crack does not create any new defects,
as it was proposed by Tsunoda et al. [30]. Nevertheless, this observation
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is limited by the fact we are comparing several samples and could also be
induced by the size of the smallest defect we can detect. No conical shaped
cracks were observed in our samples, as related recently for filled NR and
non relaxing loading conditions [8] and explained as a consequence of strain
induced crystallization. This observation seems coherent with the fact that
CR is less able to crystallize than NR and a null displacement ratio was
imposed in order to avoid any cumulated crystallization.

2.2. Dependency of the features of the cavities population on the maximum
local strain and on the number of cycles

The goal is here to relate the X-ray CT measurements to a local state
of stress and strain. The material was therefore tested by the mean of stan-
dard tensile, compression and pure shear tests. The experimental data were
used to identify a constitutive law and to achieve finite elements simulation
of the AE2 samples, computed for the displacements imposed during the
fatigue campaign. The parameters of the Mooney-Rivlin law used here were
C1 = 0.34, C2 = 0.058 and D = 0.000761. As expected, the evolution of me-
chanical values for such sample geometry, usually used for tension-torsion
testing, is complex. The best approach would therefore be to relate the
observed defects to several specific zones of the measured specimen and ex-
hibiting a nearly constant mechanical value (either strain, stress, elastic or
dissipated energy for example). Still, this task requires both some numerical
development and experimental validation and is scheduled as a middle term
perspective. As a first evaluation, the maximum local deformation encoun-
tered in several volumes of interest will be used in the following. The choice
of the maximum local strain was guided by the fact it is a classic initiation
criterion [31, 32] and because the tests were displacement controlled. The
use of a maximum stress criterion would lead to the same ratio between the
core and the skin (about 3). The maximum value was chosen as it seemed
to be the more representative of initiation, which was in most of the cases
detected on the skin of the specimens. The volumes considered are defined
as several slices (that will be referenced as Si in the following, see figure 7).

Except for the central slice, the data of the defect populations used in
the following are the average of the values measured on symmetrical slices
(S2 and S2’ for example). This protocol was chosen for its simplicity and
because the defect populations seemed to show no clear dependency on the
radial position (as illustrated by the figure 4 for example).
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Figure 7: Comparison of the defect volumic density population of the four studied slices
(referenced S1 to S4).

2.2.1. Defect population description

The obtained data are very rich and will obviously call further analysis
(repartition of the defects depending on the distance to the skin, evalua-
tion of the process influence, variation of the aspect ratio of the critical
defects, etc.). In this paper, we aim at giving a first analysis based on clas-
sical features. For each samples, a statistical study was led on the defect
populations. As the slices considered are not of the same volume, the volu-
mic density of defects, i.e. the number of defects divided by the analyzed
volume, is followed rather than the number of defects. Figure 7 shows an
example of the results obtained for a sample submitted to fatigue loading
(0-6 mm displacement under 2 Hz during 650 cycles, i.e. 10% of Ni). This
description of the defect populations is useful to quickly evaluate their shape
but makes the comparison between several samples difficult. This is the rea-
son why, for each slice of each sample, we will focus on 4 parameters : the
average radius of a sphere, which volume is calculated as the average vol-
ume of the defects population; the defect volumic density, i.e. the number
of defects in a slice, divided by the volume of the slice; the porosity, calcu-
lated as the ratio between the sum of the cavity volume in a slice and the
volume of the slice; the maximum size of a defect (given in mm3) encoun-
tered in the slice. What should also be pointed out is that all the samples
were obtained from the same batch. They therefore should exhibit the same
initial average population of inclusions and agglomerates. Moreover, as the
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samples were stretched up to the same displacement during the X-ray CT,
this is not disturbing the evaluation of the defect sizes. In some cases, the
samples presented some clear cracks. The defects features were then eval-
uated from (and rated to) the remaining not cracked volume. The critical
zone is therefore ignored but this still gives a good evaluation of the defects
encountered in the sample. The choice of the local maximum strain is there
again enforced as it depends much less on the remaining tested section than
stress, as the tests were displacement controlled.

2.2.2. Population features dependency on elongation and number of cycles

The size of the paper prevented from including the data tables (which
can be supplied by the corresponding author), and in the following the
analysis will be based on the charts from figures 8, 9 and 10. Figure 8 is

Figure 8: Evolution of the average radius of the cavities (a), the porosity (b), the de-
fect volumic density (c) and the defect maximum volume (d) as a function of the local
maximum principal strain for specimen submitted to only 5 cycles.

dedicated to the tests that lasted 5 cycles (for 0-1, 0-2, 0-3, 0-4 mm ranges
of displacement) and gives the evolution of the four parameters with respect
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Figure 9: Evolution of the average radius of the cavities (a), the porosity (b), the de-
fect volumic density (c) and the defect maximum volume (d) as a function of the local
maximum principal strain for specimen submitted to various numbers of cycles. Filled
symbols correspond to cracked samples.

to the maximum local strain. Figure 9 presents the same curves but for all
the other specimens (number of cycles > 5), whatever the number of cycles
imposed. Finally, Figure 10 presents the evolution of the four parameters
with respect to the number of cycles, for all the tested samples, for the
central slice S1 only, in order to be readable. If one first considers the
defect volumic density, one can observe that it is strongly dependent on the
maximum local strain, for a low number of cycles (figure 8c) as well as for
high number of cycles (figure 9c). It is worth noting that on figure 9c, all
the slices for all the tested samples are put together, showing a very good
agreement for a same local maximum strain. It also evolves along the fatigue
cycles but after a fast evolution period, it seems to saturate and to grow at
a lower rate, for all the imposed displacements (figure 10c). A logarithmic
scale is used here to be able to compare all the results but this observation is
even clearer for non-logarithmic scaled plots and is confirmed on the other
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Figure 10: Evolution of the average radius of the cavities (a), the porosity (b), the defect
volumic density (c) and the defect maximum volume (d) as a function of the number of
cycles for the slice S1 only. Filled symbols correspond to cracked samples.

slices (only S1 is shown on figure 10c), as illustrated on figure 11 for the
slices of the samples submitted to a displacement of 4 mm. Dealing with the
average defect radius, it can be observed that it is not much dependent on
the local strain encountered, neither for a limited number of cycles (figure
8a) nor for a high number of cycles (figure 9a) and that it increases slowly
with the number of cycles (figure 10a). The average radius observed after
5 cycles is close to the one observed several decades of cycles later (average
rise of 15%). The values obtained are closed from the ones observed in the
literature [5, 7, 8]. It also seems that increasing the elongation reduces the
dispersion observed between the different samples. This last observation
is only a consequence of the averaged nature of that parameter : as the
defects are less numerous for low elongations, large sized cavities have a
higher influence. The fact that the average radius remains nearly constant
means that the size distribution keeps the same shape (see figure 7 for
example). This also means that one can not conclude, from a first sight
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Figure 11: Evolution of the defects volumic density with respect to the number of cycles
of the different slices for a displacement of 4 mm. Filled symbols correspond to cracked
samples.

analysis, that the equivalent radius of the cavities is not evolving along the
fatigue cycles because in a sample presenting numerous defects, the growth,
even important, of a few of them will not influence much the average radius.
As the same cavities are not followed from a number of cycles to another,
the answers about the growth of the cavities are not as clear as for defects
initiation. Still some observations on the growth of the cavities can already
be done from the existing measurements.

The comparison of figures 8d and 10d shows that the maximum volume
encountered changes a lot. This growth occurs mainly during the first 10%
of the initiation lifetime and the growth rates of these big defects are clearly
very dependant on the global displacement or maximum local elongation.
Figure 10a shows that the average radius is almost the same after 5 cycles
or after 10% of the initiation lifetime, with a very much lower number of
defects. It means that the average size of the created defects is not evolving
much and that the size repartition keeps the same shape. Between 10% and
50%, the average radius is slowly increasing, with stabilized values of the
defect volumic density and of the maximum defect volume.

The evolution of the porosity is related both to the number and to
the size of the defects and the logical induced evolutions are observed on
figures 8b, 9b and 10b. Thus, it seems that the porosity is less sensible to
the maximum size than to the number of defects. This conclusion can be

15

Annexe F. Article sur la description des populations de défauts

266



drawn for a low number of cycles (comparison of figures 8b, 8c and 8d) as
well as for a high number of cycles (comparison of figures 9b, 9c and 9d).

3. Discussion

3.1. Discussion on the evolution of the population along the fatigue tests

The results presented in section 2 first confirm the initiation mechanisms
observed from SEM observations. Some specific comments can be pointed
out such as the high proportion of cavities initiated between close inclu-
sions, whatever their nature and the fact that the defect volumic density
does not seem to be higher at the crack tip, even if the existing cavities are
opened wider. Some defects are created very early during the fatigue tests:
5 cycles are enough to initiate them, but they do not propagate yet. A clear
dependency of the number of defects initiated on the global displacement
(and on the local maximum strain) is observed. During the following step
of the fatigue tests (until 10% of the initiation lifetime), three main obser-
vations can be done : the maximum size encountered drastically increased
showing an important growth of some big cavities, the number of defects
also increases very much and the average radius remains the same. This
first step can therefore be considered as a fast growing period for a few de-
fects, but also as an initiation period for the cavity populations, with only
a slow growth, if any, of the large majority of the defects. These results are
correlating the observations from SEM observations [26] and for X-ray CT
measurements on interrupted fatigue tested specimen [8].

It therefore seems that the number of activated defects in a volume
strongly depends on the experienced local strain and reaches a nearly sta-
bilized value in a number of cycles lower than 10% of the initiation lifetime.
The growth rates of the big defects as well as the rate of initiation are
strongly dependant on the maximum local strain and the dependency of
the defects volumic density on this local value is clearly established for dif-
ferent slices taken from different samples. After that first step, the average
radius grows slowly, with stabilized values of the defect volumic density and
of the maximum volume. It can be concluded that between 10% and 50% of
the initiation time (as some samples already present some cracks, it is even
100%), the defects are slowly growing, until a local macro-crack appears.
There again, clear conclusions on the growth history of the cavities will be
only accessible by following a single sample submitted to several interrupted
tests, which is to be done in our next investigations by going on with the
already interrupted samples tested in this study. Still, a global coalescence
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is not probable to happen during 50% of the initiation time as no drop of
the defect volumic density is observed and because the increase of the aver-
age radius remains small: coalescence would in the same time reduces the
number of defects and increases their size, and the rise of the average radius
along the fatigue cycles would have been much clearer. These observations
consequently confirm that coalescence of the defects is occurring very lately
[8].

3.2. Discussion on some simple initiation criteria

The number of fatigue cycles leading to ”initiation” is usually the one
used to design massive samples (for thin samples like H2 specimens, the
break follows the initiation almost immediately). From a macroscopic point
of view, this number of fatigue cycles could be classically identified either as
the one leading to an observable crack of 1 to 2 mm on the skin of the sample
[33, 34], either as the one leading to a sudden drop of the sample stiffness
[25, 34]. From X-ray CT measurements, it is clear that these criteria are
limited because enormous inside cavities can be seen, very likely created
before the external crack and not associated with a major drop of stiffness,
as they did not appear in the thinner zone.

In this paragraph, some local initiation criteria are compared to the
measurements achieved. As the values presented here are averaged on a
given volume, they can not be representative of local situations leading to
the creation of cavity, and illustrated in paragraph 3.1.a. Nevertheless, we
may draw some conclusions. The initiation criteria based on the idea of
a critical void ratio is to be excluded because the porosity and the defect
volumic density measured for the different testing conditions are very dif-
ferent but are all leading to the appearance of a macroscopic crack. As the
defect maximum size is also very different for various global displacements,
one could also be tempted to exclude it as well but a single crack might
propagate at a very high growth rate [35], preventing the others to grow
[36], which might finally explain the discrepancy in the maximum volumes
observed. From these observations, it seems to us that more convincing
criteria could be based on the dissipated energy summed along the fatigue
test, either as a global criterion or as a local indicator of the matrix dis-
sipation [32, 33, 36, 37]. Here, the (low) evolution of the defect density
along the fatigue cycles is measured, and so is its dependency on the global
displacement or on averaged mechanical local values. The only data miss-
ing to apply a global energetic criterion would be to evaluate the energy
dissipated by each defect. Finite element simulations could be achieved in
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order to evaluate this energy and its dependancy on the mechanical param-
eters but they meet the complexity of these materials (shape of inclusions,
visco-hyperelastic matrix, low compressible behaviour, difficulty to iden-
tify the interphase behaviour, etc.). In another fold of our study, a global
point of view was chosen to evaluate the dissipated energy, based on the
measurement of the heat build-up, which is described elsewhere [38].

Conclusions

The results presented in section 2 and discussed in section 3 first confirm
the initiation mechanisms proposed from SEM observations. Two specific
points can be underlined: the observation that there is no specifically high
density of defects at the crack tip and the high proportion of cavities ini-
tiated between close inclusions, whatever their nature. A scenario for the
evolution of the defect population can be proposed as the following. The
initiations of the cavities happen very early. After only 5 cycles, the final
defect density is almost reached for the fatigue tests achieved under a low
displacement. Then, within a number of cycles lower than 10% of the ini-
tiation lifetime, an increase in the amount of defects is observed, with no
clear increase of their volumes, except for a few of them if the specimen is
submitted to high elongations. This rise of the number of cavities is strongly
related to the global displacement and to the maximum local strain. After
that step, the number of defects increases very slowly along the fatigue test
and is coupled with an overall slow growth of the cavities. No sudden coa-
lescence of the cavities seems to happen, except locally, helping the growth
of a low number of defects that becomes micro-cracks, which do not affect
the average radius of the global population. The rate growth of these cracks
is very dependant on the global displacement, which can be related to the
much higher density of defects already created. During this propagation
phase, a shielding process of already created voids may happen.

The comparison of the results obtained for several global displacements
shows that no global criteria can be related to a critical void ratio, as both
porosity and number of defects are very different for specimens exhibiting
macro-cracks. An energy based criterion seems to be the best choice, even
if a critical size based criteria can not be excluded. The perspectives of
this work are very numerous, ranging from validation of Finite Element
simulations at a microscopic scale to experimental investigations for several
load ratio variations, several kind of elastomers, etc.
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[14] E. Ferrié, J. Buffière, W. Ludwig, A. Gravouil, L. Edwards, Fatigue crack propaga-
tion: In situ visualization using X-ray microtomography and 3D simulation using
the extended finite element method, Acta Materialia 54 (4) (2006) 1111–1122.

[15] M. Horstemeyer, K. Gall, K. Dolan, A. Waters, J. Haskins, D. Perkins, A. Gokhale,
M. Dighe, Numerical, experimental, nondestructive, and image analyses of damage
progression in cast A356 aluminum notch tensile bars, Theoretical and Applied
Fracture Mechanics 39 (2003) 23–45.

[16] S. Persson, How computed X-ray tomography can be used to study crosslink density
in non-filled peroxide cured polyisoprene rubber, Polymer 29 (1988) 802–807.

[17] B. Mattson, B. Stenberg, S. Persson, E. Oestman, Thermo-oxidative degradation of
thick-walled rubber materials studied by IR-technique and computed X-ray tomog-
raphy scanning, Rubber Chemistry and Technology 63 (1990) 23–31.

[18] E. Bayraktar, F. Montembault, C. Bathias, Multiscale observation of polymer ma-
terials in order to explain mechanical behaviour and damage mechanism by X-ray
computed tomography, Journal of Materials Science and Technology 20 (2004) 27–
31.

[19] E. Bayraktar, S. Antolonovich, C. Bathias, Multiscale study of fatigue behaviour
of composite materials by X-ray computed tomography, International Journal of
Fatigue 28 (2006) 1322–1333.

[20] E. Bayraktar, S. Antolonovich, C. Bathias, New developments in non-destructive
controls of the composite materials and applications in manufacturing engineering,
Journal of Materials Processing Technology 206 (2008) 30–44.

[21] H. Greensmith, Rupture of rubber. X. The change in stored energy on making a
small cut in a test piece held in simple extension, Journal of Applied Polymer Science
7 (1963) 993–1002.

[22] A. Gent, P. Lindley, A. Thomas, Cut growth and fatigue of rubbers. I. The relation-
ship between cut growth and fatigue, Journal of Applied Polymer Science 8 (1964)
455–466.

[23] G. Lake, P. Lindley, The mechanical fatigue limit for rubber, Journal of Applied
Polymer Science 9 (1965) 1233–1251.

[24] A. Moffat, P. Wright, J. Buffière, I. Sinclair, S. Spearing, Micromechanisms of dam-
age in 0◦ splits in a [90/0]s composite material using synchrotron radiation computed
tomography, Scripta materialia 59 (10) (2008) 1043–1046.

[25] E. Ostoja Kuczynski, P. Charrier, E. Verron, L. Gornet, G. Marckmann, Crack initi-
ation in filled natural rubber: experimental database and macroscopic observations,
in: Constitutive Model for Rubber III, London (UK), 41–48, 2003.

[26] J. Le Cam, Endommagement en fatigue des élastomères, Ph.D. thesis, Ecole Cen-
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