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ABSTRACT

NOMENCLATURE

The present paper describes macroscopic fatigue damage in carbon black-filled natu-
ral rubber (CB-NR) under uniaxial loading conditions. Uniaxial tension-compression,
fully relaxing uniaxial tension and non-relaxing uniaxial tension loading conditions were
applied until sample failure. Results, summarized in a Haigh-like diagram, show that only
one type of fatigue damage is observed for uniaxial tension-compression and fully relax-
ing uniaxial tension loading conditions, and that several different types of fatigue damage
take place in non-relaxing uniaxial tension loading conditions. The different damage types
observed under non-relaxing uniaxial tension, loading conditions are closely related to the
improvement of rubber fatigue life. Therefore, as fatigue life improvement is classically
supposed to be due to strain-induced crystallization (SIC), a similar conclusion can be
drawn for the occurrence of different types of fatigue damage.

Keywords crack growth; elastomer; fatigue damage; strain-induced crystallization.

& = nominal strain

€mean> Eampl, €min, €max = Mean, amplitude, minimum, maximum of nominal strain
R = loading ratio in terms of strain & min /€ max
f = loading frequency
N; = life to crack initiation
Ny = number of cycles to fracture

INTRODUCTION

Elastomers are extensively used in industrial applications
because of their large elastic deformation and great damp-
ing capabilities. Elastomeric parts, such as tires, seals,
engine mounts, are often subjected to cyclic loading con-
ditions in service. Thus, the study of fatigue characteris-
tics of rubber is of major importance for both design and
maintenance of structures.

Research works dealing with fatigue of elastomers have
been carried out since the 1940s. Cadwell et al.! pro-
posed the first published study in which the surprising
response of crystallisable elastomers was highlighted: au-
thors show that natural rubber exhibits an improvement of
its fatigue life under non-relaxing uniaxial tension loading
conditions, i.e. without complete unloading of the sam-
ple during fatigue tests. This result was first presented
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in a nominal strain versus end-of-life number of cycles
diagram.

Since the end of the 1990s, number of studies dealing
with fatigue of carbon black-filled natural rubber (CB-
NR) have been proposed.’™ Similarly to Ref. [1], fatigue
tests performed on CB-NR have revealed an improve-
ment of the fatigue life under non-relaxing uniaxial
tension loading conditions; this improvement is classi-
cally attributed to strain-induced crystallization (SIC).!:
Firstly considered for elastomers fatigue by André et 4/.,>
the Haigh diagram is the most appropriate tool to exhibit
fatigue life improvement, i.e. the influence of minimum
strain on fatigue life. Even if it was first defined in terms
of Cauchy stress, it is nowadays commonly admitted that
fatigue life (end-of-life number of cycles) can be plotted
as a function of numerous other mechanical variables such
as stretch or strain, strain energy density, etc. However,
most of studies dealing with fatigue life only consider one
of these continuum mechanics variables without exam-
ining the nature of fatigue damage observed at different



locations in the Haigh diagram, i.e. for different cyclic
loading conditions.

The present paper is dedicated to the macroscopic de-
scription of fatigue damage in CB-NR under various uni-
axial loading conditions. Thus, we propose to describe
fatigue damage in CB-NR diabolo samples and to study
the influence of SIC on the end-of-life. Different loading
conditions (different minimum and maximum strain lev-
els) will be investigated and results will be presented with
the help of a Haigh-like diagram.

In the following, experimental details are first described:
material, sample geometry, fatigue loading conditions and
end-of-life criterion. Then, results are presented by dis-
tinguishing fatigue damage observed for three types of
cyclic loading conditions. Results are summarized in a
Haigh-like diagram in order to relate fatigue damage with
loading conditions. After a brief discussion, a conclusion
closes the paper.

DESCRIPTION OF EXPERIMENTS
Material and samples

The material considered here is a 34 phr [parts per hun-
dred of rubber (in weight)] CB-NR. Table 1 summarizes
its chemical composition and Table 2 gives some basic
mechanical characteristics. The geometry of the samples
is similar to the one proposed by Beatty (see Fig. 6 p. 1352
in Ref. [9]); it is axisymmetric and usually referred to as
‘diabolo’ or ‘dumbbell of revolution’ sample. It is shown
in Fig. 1; relevant terms for the following description of

Table 1 Chemical composition of the natural rubber (phr)

Ingredients phr
NR 100
Zinc oxide 9.85
Plastificant 3
Carbon black 34
Sulphur 3
Stearic acid 3
Antioxidant 2
Accelerators 4

Table 2 Some of basic mechanical properties

Properties

Density (g/cm’®) 1.13
Hardness (Shore A) 58
Failure stress (MPa) 22.9
Failure stretch (%) 635

| le— Metallic insert

Sample center
Median section 0.0 Sample feet

Injection point —»

‘ | 1 5mm

Fig. 1 Diabolo sample.

fatigue damage are detailed in this figure: the sample feet
correspond to small radius of curvature zones which are
favourable to strain and stress localization, the sample
centre is defined as the intersection between the median
section and the sample axis. Samples are obtained by injec-
tion moulding and rubber is adherized on metallic inserts,
the compound is cured during 7 min and the mould tem-
perature is set to 160 °C. Moreover, in order to overcome
ageing problems, samples are frozen at —18 °C 48 h af-
ter their moulding and they are thawed out 24 h before
testing.

Such a sample is designed to induce uniaxial deformation
in its median section under both tensile and compressive
loading conditions. Nevertheless, due to its specific ge-
ometry, it also induces complex multiaxial deformation
especially in the neighbourhood of metallic inserts. In
this way, this specimen can be considered as a structure
and then may exhibit several types of fatigue damage.

FATIGUE-LOADING CONDITIONS

Before detailing fatigue-loading conditions, it is first
necessary to introduce relevant variables. Experiments
are conducted under sinusoidal prescribed displacement.
Thus, the uniaxial strain is

. 2w
g(t) = Emean T+ Eampl SIN <ft . (1)
¢ is the nominal strain, it is equal to the ratio between
the displacement of the moving grip and the initial length
of the specimen. Therefore, the minimum and maximum
strain during cycles are:

Emin = €mean — €ampl and Emax = Emean T+ Eampl (2)

and the loading strain ratio R is defined by €min/€max-
Table 3 summarizes the different values of this ra-

tio in regards to the type of cyclic loading conditions.

Here, only three of the seven possible types of loading



Table 3 Different types of cyclic loading conditions

Uniaxial cyclic loading conditions R

Non-relaxing tension

Fully relaxing tension 0
Tension-compression |emax| > |€minl 1-1, 0[
Symmetric tension-compression -1
Tension-compression |emax| < |€minl ]—o00, —1[
Fully relaxing compression —00
Non-relaxing compression 11, +o0[

conditions were considered in this study: uniaxial tension-
compression (R € ]—1, 0[), fully relaxing uniaxial ten-
sion (R = 0) and non-relaxing uniaxial tension (R €
10, 1[) loading conditions. In the following, these load-
ing conditions will simply be described by the corre-
sponding loading strain ratio R. Two parameters cho-
Sen into &mean, Eampl, Emins Emax aNd R, and the frequency
are needed to completely describe loading conditions; in
this study every loading cases will be defined in terms of
emin and R. Fatigue tests were performed in the Trelle-
borg french Laboratory in a temperature room regulated
at 23 °C.* The strain rate was set to limit the rise of
temperature at the sample surface under 20 °C in order
to not superimpose thermal damage to mechanical dam-
age; it corresponds to loading frequencies below 5 Hz.
No more details concerning sample dimensions and load-
ing conditions can be given here because of industrial
confidentiality.

EXPERIMENTAL MEASUREMENT OF THE
END-OF-LIFE

T'wo different approaches are classically considered to ex-
perimentally determine the end-of-life of samples. Some
authors consider that the end-of-life is defined by the
number of cycles N, necessary to break down the sam-
ple.!'1% Others define it by the number of cycles N; nec-
essary to induce a self-initiated fatigue crack at sample
surface.!l'!2 In the latter case, the length of the crack
is arbitrarily determined: it depends on sample geome-
try and size and it is classically related to a significant
decrease of sample stiffness. In the present paper, we
adopt the second approach by considering the experimen-
tal end-of-life measurement recently proposed by Ostoja-
Kuczynski et al.:"3 it consists of measuring the sample
stiffness and correlating the significant decrease of this
stiffness with the occurrence of a 2 mm length fatigue
crack at sample surface. Practically, each fatigue test is
carried out until sample fracture and both N, and N; are
recorded.

RESULTS

The aim of the present work is to relate the macroscopic
fatigue damage to loading conditions, i.e. &yin and R.
Thus, before presenting our results, it is necessary to pre-
cisely define the three different types of cracks that are
observed (see Fig. 1 for the description of sample zones):

e a large external crack in the median section,
e small external cracks at sample feet,
e cohesive internal crack just below metallic inserts.

In the following, fatigue damage types are presented
depending on cyclic loading conditions. Firstly, fatigue
damage induced by both R € ]—1, 0[ and R = 0 conditions
is described, then fatigue damage induced by R € ]0, 1]

condition is investigated.

UNIAXIAL TENSION-COMPRESSION
(R €]—o0, 0[) AND FULLY RELAXING
UNIAXIAL TENSION (R =0) LOADING
CONDITIONS

Only one type of fatigue damage is observed for both R €
]—1, 0[ and R = 0 conditions. It corresponds to initia-
tion and propagation of an external self-initiated crack
at the surface of the median section. This crack prop-
agates through the median section until sample failure.
This is the type of damage that received the most atten-
tion in the recent literature.!*!> Fatigue damage types
being identical for both R € ]—1, 0[ and R = 0 conditions
indicates that compression loading has no effect on fa-
tigue damage. In the following, it is referred to as damage
type (. Fig. 2 presents the fracture surface corresponding
to damage type (. As shown in this figure, a round small
surface takes place above the injection point. This zone

Round form
Loading direction

Injection point

15 mm

Fig. 2 Fatigue damage type (D.



does not systematically contain the crack initiation zone.
So, the crack propagates circumventing the zone above
the injection point. It suggests that the zone surrounding
the injection point has a different microstructure than the
bulk material leading to different mechanical properties.
The influence of the injection point was already observed
by Robisson!* in Styrene Butadiene Rubber.

Finally, it is to note that for high maximum strain level
(8max > 200%) even if a crack propagates in the centre of
the samples, they broke down due to the growth of small
cohesive internal cracks below metallic inserts. This type
of fatigue damage being rather observed for non-relaxing
loading conditions, it will be investigated in the following
section and referred to as fatigue damage type Q).

NON-RELAXING UNIAXIAL TENSION
(R €10, 1[) LOADING CONDITIONS

Fatigue tests performed with R € ]0, 1] classically exhibit
fatigue life improvement in elastomers, which crystallize
under deformation. This case should be thoroughly ex-
amined as we are convinced that the determination of the
corresponding damage types will provide relevant infor-
mation for the understanding of fatigue life improvement.
Results obtained for R € ]0, 1[ reveal several different
damage types. Firstly, each fatigue damage type is de-
scribed. Secondly, all damage types are related to the cor-
responding loading conditions in a Haigh-like diagram.

o Fatigue damage type Q: Sample failure is due to internal
cracking below the metallic insert located on the side of
the injection point. However, cutting performed in the
neighbourhood of the opposite metallic insert also reveals
internal cracks, but smaller and fewer than in the neigh-
bourhood of the former one. Fig. 3 shows some of these
internal cracks which grow, coalesce and finally produce
a single circular front. This front propagates until sample
failure. Failure is first cohesive then it becomes adhesive:
the interface between elastomer and the metallic insert is
broken down. Basic finite element computations demon-
strate that areas located under metallic inserts are subjected
to high negative hydrostatic pressure. It can be concluded
that these internal cracks initiate due to cavitation; as pre-
viously observed in experiments conducted on ‘pancake’
samples!'®!7. It is to note that an external crack propagates
in the median section (similarly to damage type (D) without
leading to sample fracture.
Fatigue damage type 3): Samples fail due to the propagation
of an external crack in the median section. The corre-
sponding fracture surface is located near sample centre on
the side of the injection point. Moreover, cutting in the
vicinity of metallic inserts reveals internal cracks, which
distinguishes this damage type from damage type .

Metallic insert

Internal cracks

Adhesive failure
Zone

10 mm

Cohesive failure
Longe

Fig. 3 Nucleation, growth and coalescence of cavities in the bulk
material below the metallic inserts. The single circular propagation
front cause the final adhesive rupture.

Mould halves joint
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Fig. 4 Small crack at the sample feet obtained under non-relaxing
uniaxial tension loading condition.

o Fatigue damage type @: Numerous small external cracks are
observed on sample surface in the vicinity of sample feet.
They are more numerous on the opposite side of the injec-
tion point. One of these cracks in shown in Fig. 4. These
small cracks do not propagate in the bulk material. Finally,
cutting samples closed to metallic inserts also reveals inter-
nal cracks. In this case, fatigue tests were stopped beyond
one million of cycles.

The following fatigue damage types are different than
the above-mentioned ones: they exhibit branching, i.e.
external cracks do not propagate in the median section of
the sample but bifurcate. In the following, these cracks
are called branching cracks.!8:1?



Internal cracks initiated
following a ring

Fig. 5 Fatigue damage type ® |

(non-relaxing uniaxial tension loading
condition: (a) schematic view; (b) top view of

15mm I5mm

encircled zone in Fig. 5(a).

o Futigue damage type 5): This damage type is characterised
by small external cracks similar to those of damage type @
and a branching crack, which propagates from the neigh-
bourhood of the metallic insert to the median section (see
Fig. 5(a)). Cutting the broken sample below the metallic
insert reveals small cohesive internal cracks as observed in
damage type @ (see Fig. 5(b)).

o Futigue damage type @): Sample failure is due to the propaga-
tion of internal cracks closed to one of the metallic inserts.
Only three samples were tested: two of them revealed a
branching crack in sample centre.

o Fuatigue damage type (P: This type is similar to damage
type ®: both internal cracks under metallic inserts and
a central branching crack develop. But in this case, sample
failure is due to the branching crack as shown in Fig. 6.

The seven types of fatigue damage observed in a Diabolo
sample under uniaxial loading conditions are summarized

Fig. 6 Branching in the centre of the sample (non-relaxing uniaxial
tension loading condition).

) )

in Table 4. Moreover, they are related to loading condi-
tions in the Haigh-like diagram presented in Fig. 7. As fa-
tigue tests were performed under prescribed displacement
conditions, the x-axis represents the mean strain mean and
the y-axis represents the amplitude of strain &, (due to
confidentiality, no numerical values are given); for each
loading condition, the corresponding fatigue damage type
is plotted.

DISCUSSION

In order to discuss the previous ‘cartography of damage’,
the Haigh-like diagram is split into three zones and the
lines representing constant values of both &, and €pax
are drawn in Fig. 8.

e Zone I corresponds to &, < 0 and low values of &p,,. In
this zone, only fatigue damage type (D is observed. It can
be concluded that for such values of &, (i) compression
has no effect on fatigue damage and (ii) the negative hydro-
static pressure under the metallic inserts is not sufficient
to induce cavitation.

e For higher values of £, and R = 0, only one load-
ing condition was investigated. It leads to fatigue damage
type @. Such values of &, increases the negative hydro-
static pressure which produces cavitation below metallic
inserts. In our opinion, this result might be extended to
the case where R < 0.

The two other zones correspond to non-relaxing uniaxial
tension, i.e. &min > 0.

e Zone II corresponds to low values of &p,. In this case
there is a competition between high uniaxial stress level
at the tip of the median crack and high negative hydro-
static pressure under metallic inserts. For lower values of
€max, cavitation leads to sample fracture (zone II, damage
type @) whereas higher values of &, promote the prop-
agation of the median crack until failure (zone II, damage

type @)



Table 4 Summary of the seven types of fatigue damage at the macroscopic scale

Fatigue damage Large external crack at the surface Small external cracks Cohesive internal cracks just below metallic inserts

type median section at sample feet

) Yes, propagates to sample failure No No

() Yes No Yes, propagates to sample failure by decohesion be-
tween metallic insert and elastomer

©) Yes, propagates to sample failure No Yes

@ No Yes Yes

® Yes Yes Yes, propagates by branching until sample failure

®* Yes, propagates by branching No Yes, propagates to sample failure by decohesion be-
tween metallic insert and elastomer

@ Yes, propagates by branching No Yes

until sample failure

Fatigue tests stopped before failure.

£

ampl
lension-compression

Re 1,0

.

fully relaxing tension

R=0

non-relaxing tension

Re .l

o Zone III corresponds to high values of both € iy and & pyy.
Two new phenomena are observed: occurrence of small
surface cracks at sample feet (fatigue damage types @ and
®) and crack branching (fatigue damage types ®), @ and
@). Because the occurrence of small surface cracks at sam-
ple feet is due to the geometry of the samples and because
theses crack never lead to sample failure, it is not relevant
to comment this phenomenon here. Similarly to zone II,
there is a competition between the propagation of small
cavities below metallic inserts and the propagation of the
median crack (damage types @ and (0). Nevertheless, the
major difference lies in crack branching (bifurcation).

R=1
\ Eﬂi'l’ﬂ'ﬂ

Fig. 7 Haigh diagram of uniaxial fatigue
damage observed under prescribed
displacement conditions.

In order to explain above-mentioned differences be-
tween these three zones, one should invoke SIC in natural
rubber. Several recent studies were devoted to the mea-
surement of crystallinity by real-time X-ray diffraction
technique during uniaxial cyclic tension (see for example
Ref. [20] and Ref. [21]). The special case of CB-NR was
investigated in Ref. [22]). The main results of these stud-
ies can be summarized as follow: (i) crystallization is acti-
vated when strain reaches a threshold level (around 75%
for a 50 phr of carbon black at room temperature); (ii)
crystallinity is approximately proportional to the strain;
(iii) crystallinity decreases during unloading and all the
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Fig. 8 Magnification of the non-relaxing
tension zone. 4 zones are delimited by 0 medn
&min = constant and &, = constant lines.
crystallites melt when strain reaches a threshold value; (iv) CONCLUSION

the volume of a crystallite being independent of strain, an
increase of crystallinity corresponds to an increase of the
number of crystallites.

e Zone I: &, being lower or equal to zero, at the end of
each fatigue cycle all crystallites have disappeared (see (iii)
above). Consequently, there is no accumulation of crystal-
lites: the maximum number of crystallites reached in each
cycle is constant, it only depends on the local maximum
strain. Finally, the influence of SIC is very limited and it
does not affect the crack location: the crack initiates in the
median section of the sample and propagates perpendicu-
larly to the loading direction.

e Zone II: in this case &y, is greater than zero. After the ini-
tiation of the median crack, the crack tip zone is subjected
to local strain assumed to be greater than the crystallinity
threshold strain level even at the end of the cycle. Then,
the crack tip is reinforced and the negative hydrostatic
pressure below metallic inserts reaches a sufficiently high
level to generate internal cracks by cavitation. These zones
are also reinforced and a competition takes place between
the propagation of the median crack and the propagation
of internal cracks.

e Zone III: both &, and &, are high. Fatigue damage is
located in the same areas of the sample than for zone IL
Because of the high level of ¢, and the high strain level in
the neighbourhood of flaws, the number of crystallites is
larger than in the previous case; it induces crack branching
either in the median section or below the inserts. Indeed,
classical crack paths, i.e. in a plane normal to the load-
ing direction, are not the ones which minimize energy
requested for propagation.

This study investigates macroscopic fatigue damage in
CB-NR under uniaxial loading conditions. Firstly, the re-
sults show that only one type of fatigue damage is observed
for uniaxial tension-compression. Indeed, at the end of
each fatigue cycle all crystallites disappeared (the strain
level returns to zero) and the influence of SIC does not
affect the crack location. Secondly, several different types
of fatigue damage are observed for non-relaxing uniaxial
tension loading conditions. For low levels of &in, a com-
petition takes place between high uniaxial stress level at
the tip of the median crack and high negative hydrostatic
pressure under metallic inserts. In fact, after the initiation
of the median crack, the local strain level in the neigh-
bourghood of the crack tip may remain greater than the
strain level for which cristallinity disappears during the
whole cycle. Then, the crack tip is reinforced and the neg-
ative hydrostatic pressure below metallic inserts reaches a
sufficient level to induce internal cracks by cavitation. For
high values of both &min and &may, two new phenomena
are observed: occurrence of small surface cracks at sample
teet (due to sample geometry) and crack branching due to
the presence of numerous crystallites. Finally, observing
that different types of cyclic loading conditions lead to
different types of fatigue damage in crystallizable rubbers
indicates that the influence of loading conditions on the
fatigue life should be discussed in regard to SIC.
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