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ABSTRACT: Natural rubber (NR) exhibits extraordinary physical properties. Among them, its remarkable
fatigue resistance was reported by Cadwell et al. as soon as 1940 (Cadwell et al. 1940). In particular, they
found that NR exhibits a strong lifetime reinforcement for non-relaxing loadings (i.e. for R > 0). Since it
was not observed in the case of non-crystallizable rubbers, such reinforcement is generally attributed to strain-
induced crystallization (SIC). In automotive applications, NR is used in anti-vibratory systems subjected to high
temperatures. Surprisingly, few studies investigated the effect of temperature on the fatigue properties of NR,
and more particularly on the lifetime reinforcement (Bathias et al. 1998), while SIC is a highly thermosensitive
phenomenon (Trabelsi et al. 2002). The present study aims therefore at investigating how temperature affects
the fatigue life reinforcement due to SIC under non-relaxing loading conditions. Fatigue experiments are first
carried out at 23°C for loading ratios ranging from -0.25 to 0.35, before being compared to results obtained
at 90°C and 110°C where the ability of NR to crystallize is reduced or cancelled. Fatigue damage has been
analyzed at both the macro and the microscopic scales. As expected, the material exhibits a strong lifetime
reinforcement at 23°C and the fracture surfaces are peopled with SIC markers (wrenchings (Le Cam et al. 2004),
striations (Le Cam and Toussaint 2010, Ruellan et al. 2018) and cones (Ruellan et al. 2018)). Their distribution
is different between relaxing and non-relaxing loadings. At 90°C, the reinforcement still occurs, even though
SIC markers disappear from the fracture surfaces. Finally, the lifetime reinforcement totally vanishes at 110°C.

1 INTRODUCTION et al. 2017), (iv) the brutal decrease of the maximal

reaction force (Ostoja-Kuczynski et al. 2003, Ruellan

Numerous studies investigated fatigue of elastomers
at room temperature, especially in the case of the
natural rubber (NR). Nevertheless, the methodolo-
gies used differed in terms of sample geometry, mate-
rial tested and loading conditions applied. Volumetric
samples were most of the time preferred since they
are more representative of rubber parts: Cadwell et al.
(1940) introduced cylindrical samples before Beatty
(1964) defined a Diabolo-like geometry that will be
used in the following as the reference one. In the case
of multiaxial fatigue experiments, samples with lower
radius of curvature were used. Concerning the end-of-
life criterion applied, it differed from a study to an-
other: (i) the sample failure (Cadwell et al. 1940), (ii)
the appearance of a crack of a given length at the sam-
ple surface (Svensson 1981, Saintier 2000, Le Cam
2005, Ostoja-Kuczynski 2005), (ii7) a drop of a physi-
cal parameter to a critical value (Mars 2001, Neuhaus

et al. 2018). All these differences in terms of exper-
imental conditions highlighted in this brief overview
makes difficult any comparison between studies (for
further information, the reader can refer to the state of
the art in reference (Ruellan et al. 2018)).

However, general comments on the fatigue behav-
ior of elastomers can be drawn with respect to the
loading condition and the temperature. The fatigue
life of NR strongly depends on the mean stress. In-
deed, a lifetime reinforcement is observed for positive
loadings ratios. It was first reported in the pioneer-
ing work by Cadwell et al. (1940). As no such life-
time reinforcement was observed in the case of non-
crystallizable rubber (Lindley 1974, Fielding 1943),
the reinforcement was commonly attributed to strain-
induced crystallization (SIC). The fatigue properties
of NR are also influenced by temperature since it af-
fects its ability to crystallize under tension. In the



case of static loadings, Treloar (1975) initially esti-
mated that the crystallites would completely disap-
pear between 75 and 100°C. Later, the development
of crystallinity measurements performed by WAXS
enabled the determination of this threshold more ac-
curately: 75°C (Bruening et al. 2015), 80°C (Albouy
et al. 2005, Candau et al. 2015) or 100°C (Trabelsi
et al. 2002), even for large strains. Considering fa-
tigue loadings, several studies investigated the effect
of temperature in the case of relaxing loadings (Cad-
well et al. 1940, Beatty 1964, Neuhaus et al. 2017).
Generally, a decrease in fatigue life was measured
with the increase in temperature on plane samples
(Duan et al. 2016) and Diabolos samples (Lu 1991,
Neuhaus et al. 2017). Under non-relaxing loadings,
where the lifetime reinforcement occurs at room tem-
perature, Bathias et al. (1998) showed that the lifetime
reinforcement was still present at 80°C but occurred
for more important mean stress than at 23°C. There-
fore, the investigation of the fatigue behavior of NR
under more exhaustive loading conditions and tem-
peratures is required to bring additional information
on the effect of temperature on the lifetime reinforce-
ment. It should be noted that filled NR is subjected to
a significant self-heating, which is all the more impor-
tant in the case of volumetric samples. For example,
Lu (1991) measured a difference of 50°C between the
bulk and the surface of a Diabolo sample tested under
fatigue loadings. Therefore, self-heating has also to
be taken into account in the investigation of fatigue
of NR. This brief overview highlighted the lack of
studies investigating the effect of temperature on the
lifetime reinforcement of NR due to SIC. The present
study therefore addresses this topic. The next section
gives the experimental setup, then the results are pre-
sented and discussed. Concluding remarks close the

paper.

2 EXPERIMENTAL SETUP

2.1 Material and sample geometry

The material considered is a carbon black filled natu-
ral rubber (cis-1,4 polyisoprene) vulcanized with sul-
phur. Samples tested are Diabolo samples. All the de-
tails are provided in reference (Ruellan et al. 2018).

2.2 Loading conditions

The fatigue tests were performed with a uni-axial
MTS Landmark equipped with a homemade exper-
imental apparatus. This apparatus enables us to test
simultaneously and independently eight Diabolo sam-
ples, which compensates the fatigue tests duration and
the dispersion in the fatigue live.

The tests were performed under prescribed dis-
placement. The corresponding local deformation was
calculated by FEA at the sample surface in the median
zone. In order to investigate the effect of temperature

on the fatigue properties, a Servathin heating chamber
was used and three temperatures were applied: 23, 90
and 110°C. A pyrometer tracked the temperature of
a material point located in the Diabolo median sur-
face. For that purpose, a second homemade system
has been developed to provide the suitable kinematics
to the pyrometer. The frequency was chosen in such
a way that the global strain rate € was kept constant,
ranging between 1.8 and 2.4 s~! for one test to an-
other one in order to limit self-heating. In practice,
the frequency ranged between 1 and 4 Hz, depending
on the strain amplitude. Five different loading ratios
R. = ;’:;’; were used: -0.25; 0; 0.125; 0.25 and 0.35. It
should be noted that loading ratios inferior, equal and
superior to zero correspond to tension-compression,
repeated tension and tension-tension, respectively.

2.3 End-of-life criterion

Considering the crack initiation approach, a physical
criterion based on the maximal reaction force evolu-
tion was chosen. Three regimes were obtained during
the fatigue test: the softening corresponding to a de-
crease in the maximal reaction force, its stabilization
and its drop (brutal or not, depending on the loading
and the environmental conditions). The number of cy-
cles at crack initiation is denoted N;. It stands for the
number of cycles at the end of the plateau, when the
derivative of F,,,,,. is no longer constant. In practice, it
corresponds to the occurrence of a macroscopic crack
whose length is at the most 5 mm at the sample sur-
face.

2.4 Scanning Electron Microscopy

Fracture surfaces were observed with a JSM JEOL
7100 F scanning electron microscope (SEM). In ad-
dition, the SEM is coupled with an Oxford Instru-
ment X Max Energy Dispersive Spectrometer of X-
rays (EDS) and an Aztzec software in order to deter-
mine the surface fracture composition, especially in
the crack initiation zone. The fracture surfaces to be
analyzed were previously metallized by vapour depo-
sition of an Au-Pd layer.

3 RESULTS

As the reference, results are first presented for fatigue
tests carried out at 23°C in terms of fatigue life and
damage mechanism. They are then compared to re-
sults obtained at 90 and 110°C. Finally, a discussion
on the effect of the temperature on the lifetime rein-
forcement is proposed.

3.1 23°C

The iso-lifetime curves are provided with respect to
the loading conditions in the Haigh diagram presented



in Figure 1. The black squares correspond to experi-
mental fatigue tests defined according to the ampli-
tude of force and the mean force applied. Even though
the tests are prescribed in terms of displacement, the
Haigh diagram is plotted in terms of force. Further
discussion on the quantity to use for lifetime represen-
tation are given in Ruellan et al. (2018). Each square
corresponds to a mean fatigue life value calculated
from eight individual tests. In this diagram, the fatigue
lifetimes range from 10* to 106 cycles, with N; < Ny
< N3 < Ny.

T T T T
08 L R, =-1 [R, =-0.25] [R,=0] 1
n
R, =0.125
~ 06 L
- Ni
NS
= <2 .m R, =0.25
3 N L
N N
S 04 L ’ i
£ N
S [ S _ e T . CEE R
Zo >10°
> 100
| | P
02 |- B 72106 -
> 100
0 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0

Normalized F,,, (-)

Figure 1. Haigh Diagram at 23°C.

The fatigue life of the material at 23°C can be de-
scribed with respect to the loading ratio:

e for tension-compression loadings (-0.25 < Rp
< 0), the iso-lifetime curves are decreasing
monotonously. Therefore, it is concluded that the
fatigue damage is driven by the maximum of
loading,

e in the case of tension-tension loadings, the slope
of the iso-lifetime curves increases in absolute
value for loading ratios between 0 < Rp < 0.125.
For Rrp > 0.125, their slope becomes positive.
For a given F,,,,;,, an increase in F,,.,,, increases
the fatigue life, which illustrates the classical
fatigue life reinforcement observed under non-
relaxing loadings. Note that for loading ratios Ry
> (.25, the reinforcement is less pronounced.

Damage analysis performed at both the macro and
the microscopic scales on the failure surface of Di-
abolo samples after fatigue failure put into light the
strong effect of SIC on the damage mechanisms. In
the reinforcement zone (i.e. for R > 0), wrenchings,
fatigue striations and cones were observed. They are
referred to as SIC markers in the following. This re-
sult confirms the role of SIC in the lifetime reinforce-
ment process. More details on damage analysis are
given in reference (Ruellan et al. 2018).

32 90°C

Fatigue life and damage mechanisms at 90°C dif-
fer from those obtained at 23°C. Figure 2 presents
the Haigh diagram obtained after fatigue experiments
performed at 90°C.
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Figure 2. Haigh Diagram at 90°C.
The results can be summed up as follows:

e for tension-compression loadings (-0.25 < Rp
< 0), the iso-fatigue lives are monotonously de-
creasing, as for 23°C. However, it is to note that
the fatigue lives for Ry = 0 loadings are inferior
by a factor 2 to the ones measured at 23°C. This
result corroborates previous results in this field
(Lake and Lindley 1964, Neuhaus et al. 2017),

e under tension-tension loadings, a slight lifetime
reinforcement occurs for -0.25 < Ry < 0 load-
ings since the slope of the iso-lifetime curves
is positive. It is more important for the shortest
lifetimes. Even though the reinforcement is less
pronounced than at 23°C, it does not disappear.
This result can appear surprising since the crys-
tallites are assumed to be melted at such temper-
ature in the case of static loadings (Candau et al.
2015). For Rr > 0.25 loadings, the reinforce-
ment decreases. This result was already observed
by Cadwell et al. (1940) at 23°C, for a sufficient
mean loading. It could indicate that damage in-
duced by the important maximal loading over-
comes the reinforcing effect of SIC.

Damage analysis revealed the disappearance of SIC
markers (wrenchings, striations and cones), while a
lifetime reinforcement is still observed. Therefore it
is concluded that SIC markers require a certain level
of crystallinity to form.

33 110°C

The Haigh diagram obtained at 110°C is presented in
Figure 3. The iso-lifetime curves are monotonously



decreasing with F,,..,. It indicates that F,,,, drives
the fatigue life and that the reinforcement is lost. The
damage mechanisms are similar to the ones observed
at 90°C.
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Figure 3. Haigh Diagram at 110°C.

4 DISCUSSION

The fatigue behavior of NR is highly impacted by
SIC, more particularly in the case of non-relaxing
loadings. To put into perspective this phenomenon, a
Haigh diagram is presented in Figure 4 and gives the
iso-lifetimes for experiments performed at 23, 90 and
110°C. For the sake of clarity, only two iso-lifetimes
are represented per temperature.
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Figure 4. Haigh diagram at 23, 90 and 110°C in red, blue and
green, respectively.

At 23°C, a strong lifetime reinforcement is mea-
sured and attributed to SIC. The presence of wrench-
ings, striations and cones on the Diabolo samples
fracture surface testifies of the crystallization activa-
tion.

A less pronounced lifetime reinforcement was ob-
served at 90°C. However, the markers of SIC dis-
appeared from the Diabolo samples fracture surface.

Since the crystallinity is assumed to be very small
or equal to zero under static loadings, fatigue load-
ings appear therefore as a promoter of SIC. This was
discussed in Beurrot-Borgarino et al. (2013). This re-
sult also means that even a small crystallinity value
is sufficient to induce the fatigue reinforcement. Fur-
thermore, the fact that no SIC marker forms at such
temperature while a lifetime reinforcement is still ob-
served could point out the existence of a crystallinity
threshold in the formation of these markers. Our re-
sults differ from those presented in Bathias et al.
(1998). Indeed, the authors measured a similar re-
inforcement at 80°C and at 23°C, but occurring un-
der a higher mean stress. Considering the Haigh di-
agram we obtained, this would have corresponded to
a positive shift of the F,,.,,, value at which the rein-
forcement is observed, which is not the case for the
filled natural rubber we have tested. Of course, if the
Haigh diagram is plotted in terms of displacement in-
stead of force, the mean displacement at which the
reinforcement is observed at 90°C increases. This is
due to the fact that the loading is considered as non-
relaxing in terms of displacement, but the minimum
force strongly decreases during the test at elevated
temperature, becomes inferior to zero, and the rein-
forcement is lost. At 110°C, the lifetime reinforce-
ment vanishes and the material behaves as a non crys-
tallizable rubber, as presumed by Lindley (1974).

5 CONCLUSION

This paper investigates the role of SIC in the life-
time reinforcement process of NR at different tem-
peratures. Uni-axial fatigue experiments are carried
out under loading ratios ranging from -0.25 to 0.35 at
both room and elevated temperatures (90 and 110°C).
The effect of the loading on the fatigue life is high-
lighted in the Haigh diagram and post-mortem analy-
ses at both the micro and the macroscopic scales are
used to better understand damage mechanisms. As ex-
pected, a strong lifetime reinforcement is observed at
23°C under positive loading ratios. At 90°C, the re-
inforcement is less pronounced but is still observed.
This suggests that fatigue loading is a SIC promoter
and that only a small crystallite amount is required to
activate the reinforcement. Finally, the lifetime rein-
forcement vanishes at 110°C.
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