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Abstract

The present paper deals with fatigue damage at the macroscopic scale in carbon
black filled natural rubber under uniaxial loading conditions. Uniaxial tension-
compression, fully relaxing uniaxial tension and non-relaxing uniaxial tension load-
ing conditions were applied until samples failure. Results, summarized in a Haigh
diagram, show that only one type of fatigue damage is observed for uniaxial tension-
compression and fully relaxing 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 ten-
sion loading conditions are closely related to the improvement of rubber fatigue life.
Therefore, as fatigue life improvement is classically supposed to be due to stress-
induced crystallization, a similar conclusion can be drawn for the occurrence of

different types of fatigue damage.
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1 Introduction

Elastomers are extensively used in industrial applications because of their large
elastic deformation and great damping capabilities. Elastomeric parts, such
as tires, seals, engine mounts, are often subjected to cyclic loading conditions
in service. Thus, the study of fatigue characteristics 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. [1] proposed the first published study in which the
surprising response of crystallizable elastomers was highlighted: authors 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 sample during fatigue tests. This result was first presented in a nominal

strain vs end-of-life number of cycles diagram.

Since the end of the 1990s, numbers of studies dealing with fatigue of carbon
black-filled natural rubber (referred to as CB-NR through the rest of the pa-
per) have been proposed [2,3,4,5]. Similarly to Ref. [1], fatigue tests performed
on CB-NR reveal an improvement of the fatigue life under non-relaxing uni-
axial tension loading conditions; this improvement is classically attributed to
stress-induced crystallization [1,6]. Firstly considered for elastomers fatigue by
André et al. [2], the Haigh diagram is revealed as the most appropriate manner
to highlight 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 nowa-

days commonly admitted that fatigue life (end-of-life number of cycles) can be
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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
examining 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 description of fatigue dam-
age in CB-NR under various uniaxial loading conditions. Thus, we propose to
describe fatigue damage in diabolo CB-NR samples and to study the influence
of stress-induced crystallization (referred to as SIC through the rest of the pa-
per) on the end-of-life. Different loading conditions (different mean strain and
strain amplitude) will be investigated and results will be presented with the

help of the Haigh diagram.

The paper is organized as follow. Section 2 describes experimental details:
material, sample geometry, fatigue loading conditions and end-of-life criterion.
Then, Section 3 presents the results by distinguishing fatigue damage observed
for three types of cyclic loading conditions. Results are summarized in a Haigh
diagram in order to relate fatigue damage with loading conditions. Finally, a

discussion closes the paper in Section 4.



Table 1

Chemical composition of the natural rubber (phr)

Ingredients NR  Zinc oxide Plastificant  Carbon black  Sulphur  Stearic acid  Antioxidant  Accelerators

phr 100 9.85 3 34 3 3 2 4

Table 2

Some basic mechanical properties

Properties  Density (g/cm®) Hardness (Shore A)  Failure stress (MPa)  Failure stretch (%)

1.13 58 22.9 635

2 Description of experiments

2.1 Material and samples

The material considered here is a 34 phr ¥ 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
Figure 6 p. 1352 in Ref. [7]); it is axisymmetric and usually referred to as
”diabolo” or ”dumbbell of revolution” sample. It is shown in Figure 1; rele-
vant terms for the following description of fatigue damage are detailed in this
figure. Samples are obtained by injection moulding and rubber is adherized
on metallic inserts, the compound is cured during 7 min and the mold tem-
perature is set to 160°C. Moreover, in order to overcome ageing problems,
samples are frozen at -18°C 48 h after their moulding and they are thawed
out 24h before testing. Such sample is designed to induce an uniaxial defor-
mation mode in its median section under both tensile and compressive loading
conditions. Nevertheless, due to its specific geometry, it also induces complex,

i.e. multiaxial, deformation modes especially in the neighbourhood of metallic
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Fig. 1. Diabolo sample.

inserts. In this way, this specimen can be considered as a structure and then

may exhibit several types of fatigue damage.
2.2 Fuatigue loading conditions

Before detailing fatigue loading conditions, it is first necessary to introduce
relevant variables. Experiments are conducted under sinusoidal prescribed dis-

placement. Thus, the uniaxial strain is prescribed under the following form:

2
e(t) = Emean + Eamp! SN < ;%) , (1)

where €pean is the mean strain, e,mp is the strain amplitude and f is the
loading frequency. Therefore, the minimum and maximum strain during cycles

are:

€min = €mean — €ampl and €max = €mean T €ampl; (2)

and the loading strain ratio R. is defined by €nyin/Emax. In the following, R.
is simply denoted R. Table 3 summarizes the different values of this ratio in

regards to the type of cyclic loading conditions. Here, only three of the seven



Table 3

Different types of cyclic loading conditions

Uniaxial cyclic loading conditions R
non-relaxing tension 10,1]
fully relaxing tension 0
tension-compression |emax| > |emin| ] — 1,0]
symmetric tension-compression -1
compression-tension |emax| < [Emin| ] — 00, —1]
fully relaxing compression —0
non-relaxing compression 11, +o0]




possible types of loading conditions were considered in this study: uniaxial
tension-compression (R €] — 1, 0]), fully relaxing uniaxial tension (R = 0) and
non-relaxing uniaxial tension (R €]0, 1]) loading conditions. In the following,
these loading conditions will simply be described by this corresponding load-
ing strain ratio R. Two parameters chosen into €mean, Campl, Emin, Emax and
R, and the frequency are needed to completely describe loading conditions;
here every loading cases will be defined in terms of ,;, and R. Fatigue tests
were performed in the Trelleborg french Laboratory in a temperature room
regulated at 23°C [4]. 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 damage; it corresponds to loading frequencies below 5 Hz.

No more details concerning sample dimensions and loading conditions can be

given here because of industrial confidentiality.

2.3  Ezperimental measurement of end-of-life

Two different approaches are classically considered to experimentally deter-
mine 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 sample [1,8].
Others define it by the number of cycles /V; necessary to induce a self-initiated
fatigue crack at sample surface [9,10,11a,11b]. In the latter case, the length of
the crack is arbitrarily determined: it depends on sample geometry 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 experimental
end-of-life measurement recently proposed by Ostoja-Kuczynski et al. [12]: it

consists in measuring the sample stiffness and correlating the significant de-



crease 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, both N, and

N; are recorded.

3 Results

The aim of the present work is to relate the macroscopic fatigue damage to
loading conditions, i.e. ey, and R. Thus, before presenting our results, it
is necessary to precisely define the three different types of cracks that are

observed (see Fig. 1 for the description of sample zones):

e 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 load-
ing conditions. Firstly, fatigue damage induced by both R €]—o0,0[ and R = 0

conditions is described, then fatigue damage induced by R €]0,1[ condition

1

lhand g2, (el <&, ) is investigated.

min min min

with two minimum strain levels ¢

3.1 Uniazial tension-compression (R €] — 00;0[) and fully relaxing uniazial

tension (R =0) loading conditions

Only one type of fatigue damage is observed for both R €] — 0o0;0[ and R =0
conditions. It corresponds to initiation and propagation of an external self-

initiated crack at the surface of the median section. This crack propagates
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Fig. 2. Fatigue damage type @

through the median section until sample failure. This is the type of damage
that received the most attention in the recent literature [13,14]. Fatigue dam-
age type being identical for both R €] — 00; 0] and R = 0 conditions indicates
that compression loading has no effect on fatigue damage. In the following,
it is referred to as damage type (D. Figure 2 presents the fracture surface
corresponding to damage type (D). As shown in this figure, a round small sur-
face takes place above the injection point. This zone does not systematically
contain the crack initiation zone. This result suggests that cracks propagate
circumventing the zone above the injection point. Moreover, the fracture sur-
face is not exactly in the centre of the sample but lightly shifted to the opposite
of the injection point. For more information, the reader can refer to Ref. [15].
The influence of the injection point was already observed by Robisson [13] on

styrene butadiene rubber.

Even if the median external crack always leads to final rupture for both R €
| — 00,0 and R = 0 conditions, cutting broken samples reveals small cohesive

internal cracks below metallic inserts for high maximum deformation levels



(Emax > 200 %) and R = 0 condition. This type of fatigue damage which
involves both a median external crack and small internal cracks below metallic

inserts will be detailed in Section 3.2.1.

3.2 Non-relaxing uniazial tension loading conditions R €]0, 1]

Fatigue tests performed with R €]0; 1] classically exhibit fatigue life improve-
ment in elastomers which crystallize under strain. Thus, as these loading con-
ditions have received less attention than the previous one, this case should
be thoroughly examined because we are convinced that the determination of
the corresponding damage types will give some relevant informations for the

understanding of fatigue life improvement.

In fact, results obtained for R €]0; 1[ will reveal several different damage types.

1

min

Therefore, in order to simplify the discussion, two minimum strain levels ¢

2

and &2, (el. <.

min min

) are distinguished. Because of confidentiality, their values

are not given.

1

min

3.2.1 Minimum strain level €

Two fatigue damage types are observed depending on the value of the maxi-

mum strain level, i.e. also on R.

e For maximum strain lower than 150%, i.e. R € [0.20;0.33], failure of samples
is only due to internal cracking below the metallic insert located side of the
injection point. However, cutting performed in the neighbourhood of the
other metallic insert also revealed internal cracks, but smaller and fewer

than in the neighbourhood of the other insert. Figure 3 shows some of these
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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 for R, € [0.2;0.33].

internal cracks which propagate, then 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. Furthermore, we performed numerical simulations for static
loading of a Diabolo sample which demonstrate that the areas located un-
der metallic inserts are subjected to high hydrostatic pressure conditions.
Thus, internal cracks initiate due to high hydrostatic pressure; such cracking
phenomenon was previously observed with ”Pancake” samples [16,17].

Moreover, another crack is observed closed to the centre of the sample.
This crack initiates at sample surface and propagates perpendicularly to the
direction of loading (similarly to damage type (D).

This type of fatigue damage, defined by both internal cracks below metal-
lic inserts and one external crack in the center of the sample is referred to

as damage type @) in the following.
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e For maximum strain greater than 150%, i.e. R € [0.14;0.17], samples fail
due to the propagation of an external crack in the median section. The cor-
responding fracture surface is located near sample centre above the metallic
insert located on the side of the injection point. Moreover, cutting in the
vicinity of metallic inserts reveals internal cracks. This damage type is sim-
ilar to the one observed for both tension-compression and relaxing tension

loading conditions (see Section 3.1) and is already referred to as damage

type ©).

3.2.2  Minimum strain level &2

min

The previous results demonstrate that a competition is established between
internal and external cracking for R. €]0;1[. Thus a question arises: is this
competition due to only the maximum strain level or to the whole loading
conditions, i.e. defined by two variables for example the minimum and the
maximum strain levels 7 In fact, this question closely relates to the influence
of strain-induced crystallization on fatigue life and of its accumulation under
cyclic loading [?]. To answer this question, new non-relaxing uniaxial tension

loading condition experiments were performed considering a higher minimum

2

min

1

strain level €;; than the former one ;..

Similarly to previous results under non-relaxing uniaxial tension loading con-
dition, external cracks appear at sample surface and internal cracks develop
below metallic inserts. Nevertheless, contrary to previous results, branching
occurs, i.e. external cracks do not propagate in the median section of the
sample but successively bifurcate in the bulk material. In the following, these

cracks [18,19] are called branching cracks.
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According to the loading strain ratio R, four different damage types are ob-
served. Let us denote R (i = 1,4) (R' > R?> > R® > R") the four values of

the loading strain ratio and &, (i = 1,4) (gL, < &2, <& . <¢l

max max max max

) the

corresponding maximum strain levels.

(1) R* =0.36
Fatigue tests were stopped beyond one million of cycles. As shown in Fig-
ure 4, 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 injection point. Surprisingly, these small cracks do propagate neither
in bulk material nor on the surface; consequently, they do not lead to sam-
ple failure. Finally, cutting samples closed to metallic inserts reveals internal
cracks, more numerous on the side of the injection point. The corresponding
fatigue damage type is referred to as damage type @.
(1) R* =0.33
Small external cracks similar to the ones described previously are observed.
Moreover, a quasi-vertical branching crack initiates in the bulk material
near the metallic insert and propagates on the side opposite to the injection
point. Figure 5(a) schematically describes this phenomenon and Figure 5(b)
is the top view of the encircled zone in Fig. 5(a).
Cutting the hanging part of the sample (denoted A in Fig. 5(b)) reveals
a ring of numerous internal cracks which can be considered as the cause of
initiation of the macroscopic crack. This type of fatigue damage is denoted
damage type ().
(11i) R® =0.29
These loading conditions generate internal cracks closed to the metallic in-

sert on the injection point side. Only three samples were tested: two of them
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Mould halves joint

Fig. 4. Small crack at the sample feet obtained under non-relaxing uniaxial tension

loading condition (maximum strain level e}, Rl = 0.36).

revealed an external crack in sample centre (see Figure 6), this crack prop-
agates by branching. Moreover, cutting revealed internal cracks below the
metallic insert opposite to the injection point. This type of fatigue damage
is referred to as damage type (©).
(iv) R* =0.25

These last loading conditions exhibit the competition between external and
internal cracking. Indeed, for every tested samples, both internal cracks
closed to metallic inserts and an external branching crack in sample centre
take place and sample failure is due to one or the other. If failure is obtained
by internal crack, damage type is already denoted damage type (©), else
failure is due to external branching crack and this type of fatigue damage

is called damage type (7).

4 Discussion

It has been demonstrated that uniaxial fatigue tests performed using diabolo

samples lead to seven types of fatigue damage at the macroscopic scale. These
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(a) Schematic view. (b) Top view of encircled zone in fig-
ure 5(a).

Fig. 5. Fatigue damage type (® (non-relaxing uniaxial tension loading condition,

R? =0.33).

maximum strain level €2,

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

condition, maximum strain level €3, , R? = 0.29).
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types combine internal and external cracks in three zones of the samples. The

results are summarized in Table 4.

In order to relate the damage types to loading conditions, we propose to draw
a Haigh-like diagram. As fatigue test were performed under prescribed dis-
placement conditions, abscissa represents the mean strain €0, and ordinate
represents strain amplitude €,mp1 (to ensure confidentiality of results, axis are
drawn without values); for each loading condition (&mean;Eampl), the corre-
sponding fatigue damage type is plotted in Figure 7. Examining this "damage
cartography” exhibits that only one type of fatigue damage is observed for
both R €] — 00,0 and R = 0 conditions and that several different types of
fatigue damage take place for R €]0; 1] conditions. Damage types are schemat-
ically presented in Fig. 7 and summarized in Table 4. The unique type of fa-
tigue damage observed for both R €] — 0o0,0[ and R = 0 conditions permits
to conclude that compression has no effect on fatigue damage. Obviously, the
fact that different types of fatigue damage are observed for R €]0; 1] condi-
tion is closely related to the improvement of rubber fatigue life. Therefore, as
fatigue life improvement is classically considered to be due to stress-induced
crystallization [1,6], a similar conclusion can be drawn for the occurrence of
different types of fatigue damage. Furthermore, as crack branching only occurs
for R €]0; 1] condition, the presence of crystallites in rubber can be seen as
the cause of fatigue crack bifurcation: in this case, the median section of the

sample does not represent the least energetic path for crack propagation.

More generally, results summarized in the previous Haigh diagram should be
considered to develop and validate fatigue crack initiation predictors. Indeed,
a recent study proposed by Verron et al. [20] demonstrated that only their

predictor (the smallest eigenvalue of the configurational stress tensor) is able
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Table 4

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

Fatigue large external crack small external cracks | cohesive internal
damage at the surface me- at sample feet cracks just below
type dian section metallic inserts
) yes, propagates to no no
sample failure
@ yes no yes, propagate to
sample failure by
decohesion between
metallic insert and
elastomer
® yes, propagates to no yes
sample failure
@* yes yes yes
® yes yes yes, propagate by
branching until sam-
ple failure
©* yes, propagates by no yes
branching until sam-
ple failure
0 yes, propagates by no yes, propagate to
branching sample failure by
decohesion between
metallic insert and
elastomer
.

-~

* fatigue tests stopped before failure
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Fig. 7. Haigh diagram of uniaxial fatigue damage observed under prescribed dis-

placement conditions.
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to predict the three damage zones of the diabolo sample under uniaxial cyclic

loading conditions. An extension of this theory to fatigue life improvement is

proposed in Ref. [22].
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