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1 Abstract

Experimental and numerical aspects of fatigue crack initiation are investigated. Using SEM

observations, it is possible to observe fatigue cracks at initiation. Cracks were found to initiate on

rigid particles, where cavitation and dewettering can be observed. A fatigue crack initiation criterion

is proposed. Based on a critical plane aproach, the model is designed to consider the reinforcing e�ect

of positive loading ratio in crystallizing elastomers. Validation of the model is achieved by comparing

the predictions and the experimental data of several loading conditions.

2 Introduction

Modern technology has developed many applications in wich fatigue damage must be assessed to assure

reliable and safe performance of structural components. Fatigue behavior of metallic materials has

been explored for years and numerous fatigue criterion are proposed to predict fatigue failure under

multiaxial loading. The major role played by elastomers in antivibration technologies, has made of

importance to take into account fatigue of elastomeric materials in ingineering design. In practice,

such components are subjected to multiaxial loading at temperatures close to room temperature. In

this paper, multiaxial fatigue life of a natural rubber (N.R.) is investigated.

Cut growth studies on Natural Rubber (N.R.) have been reported by many authors [1] [2] . Most

of these studies are dealing with precracked specimens and correlate the crack growth rate with the

tearing energy. Fewer studies concern fatigue crack initiation in unprecracked specimens even though it

is the case in practice. Indeed, subjecting a specimen to repeated extensions will produce small cracks

which, by growing, conduct to the �nal failure of the specimen. The exact nature of the crack initiation

micro{mechanism and numerical models for fatigue crack initiation are rarely discussed. The aim of

this paper is precisely to elucidate the crack initiation micro{mechanism and to propose a fatigue crack

initiation criterion for multiaxial loading.

3 Experimental and numerical procedures

3.1 Material

The elastomer used in the present study was a vulcanised natural rubber material (NR) �lled with 23

parts of reinforcing carbon black (N772,N330) per hundred part of rubber. Formulation and mechanical

properties are given on tables 1 and 2. It has to be remembered that NR does crystallized when strained

at streches about 200%. Thin strip of material were cut from 150*150*2 mm rubber sheets. Those



( see numerical procedure section ). In this case, due to stress softening e�ects, the material was �rst

stabilised during 100 cycles at the maximal load.

TABLE 1
Chemical composition of the NR vulcanizate

Rubber ZnO Carbon black Vulcanization agent

100 20.0 23.0 3

TABLE 2
Room temperature mechanical properties of the NR studied

Density A shore UTS �failure 300% elongation

(g=m3) hardness (MPa) (%) modulus (MPa)

1.1 48 25.3 500 7.8

3.2 Fatigue testing

Fatigue testing were carried out on three types of specimens, molded by injection. The �rst one is

a "diabolo" shaped specimen, almost uniaxial when carrying out push-pull testing. The last two are

axisymmetrical notched specimens with 1.75 mm (AN2) and 4.75 (AN5) mm radius.The elastomer was

bonded to the metal end pieces during the vulcanization process.

Fatigue testing were carried out under displacement control using electro{mechanical machines

developed at the laboratory. Machine compliance was supposed to be largely greater than the specimen

ones. Hence, the applied displacement was considered as being fully applied to the specimen and no

special clip-gages was necessary.

In the case of torsion tests, the load cell was �xed to the specimen on one end and to a rigid body on

the opposite end. The rigid body was able to move transversally along the specimen axis direction.

Thus, pure torsion deformation was applied to the specimens and no compressive stresses induced.

Fatigue machines were supplied with waveforms generated by a digital{to{analogue converter under

PC control. Cycles, force and displacement data were recorded by the PC via an analogue{to{digital

converter. All tests were carried out at room temperature and at low frequency (1.5 Hz). Fatigue tests

were conducted at least to crack initiation, and in most cases to rupture. The number of cycles to crack

initiation (Ni) is conventionally de�ned as the number of cycles necessary to obtain a crack of 1mm

size. Ni is di�cult to determine unambiguously since neither compliance changes nor potential drop

technique can be use with those materials. Hence, Ni is obtained by measurement using an optical

microscope.

In the present work , the uniaxial data base was obtain from push-pull fatigue tests on diabolo specimens

with strain cycles passing through zero or not. Multiaxial tests were carried out on both diabolo and

axisymmetrical notched (AN) specimens by applying cyclic torsion deformation with strain cycles

passing through zero or not. Moreover push-pull fatigue tests were performed on AN specimens.

Push-pull tests with a superimposed static torsion angle have been found to be of prime interest to

evaluate the criterion capacity to predict the crack initiation location. Experimental results obtained

in a previous study [3] were added to our experimental data base.



Dissipation being lower than 3% on the stabilised strees strain curve, the material behaviour will

be considered as hyperelastic non{linear, assuming homogeneity, isotropy and incompressibility. The

Mooney-Rivlin model has been chosen to describe this behaviour. Rivlin showed that the strain energy

function (W) may be expressed as the power series :

W =

nX
i+j=1

Cij(I1 � 3)i(I2 � 3)j (1)

where Cij are material parameters and I1 and I2 are the strain invariants of the right Cauchy{Green

deformation tensor. In the present study a third order deformation expansion of the elastic potential

was chosen.

W (I1; I2) = C01(I1�3) + C01(I2 � 3) + C11(I1 � 3)(I2 � 3) + C20(I1 � 3)2 + C30(I1 � 3)3 (2)

In this paper only stresses in the actual con�guration (i.e. Cauchy stresses) will be taken into

account. Cauchy stresses �
�

are given by taking the �rst derivative of the strain energy function W with

respect to the left Cauchy{Green tensor B
�

= F
�

F
�

T (F
�

gradient tensor) :

�
�

= 2B
�

@W

@B
�

(3)

Cij were identi�ed on simple extension tests results but also on �nite element calculations of diabolo

specimens in tension and compression. An inverse method was used and the optimisation loop was

driven by the optimisation code SiDoLo, whereas �nite element calculations were performed by the

�nite element code ZeBuLon developed at the laboratory. The term of stress imply Cauchy stress and

is noted �. 2D and 3D simulations were performed depending on the fatigue test considered.

4 Experimental and numerical results

4.1 Crack initiation location and orientation

The fatigue crack initiation location was quite evident on fracture surfaces (see �gure 1).

In the case of push pull and torsion tests, most
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Figure 1: SEM image of a crack initiation on a cut

opened AN2 specimen

of the cracks initiate on or beneath the lateral

surface of specimens. A very good agreement has

been found between principal stress concentration

zones and crack initiation locations.

Crack initiation location under push-pull with

superimposed static torsion loadings are more

unusual. Cracks were found to initiate inside the

specimen and not at their surface where the stress

concentration zone is located. Further mechanical

considerations of the later case are deferred to the

numerical results section.

Depending on the material, fatigue cracks can be

found to appear in the direction of maximum shear

amplitude (shear cracking) or maximum normal

stress (tensile cracking). In our cases, the cracks

initiate in such a direction that they propagate in mode I, normaly to the local maximal principal stress

as shown �gure 2.
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Figure 2: Cracks orientations under tension (a)

and torsion (b)
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Figure 3: SEM image of a crack initiation on a

diabolo specimen

4.2 Crack initiation mechanism

Figure 3{a present a Scanning Electron Microscope (SEM) image of a crack, at initiation, at the surface

of a diabolo which has been push-pull tested. This picture illustrate the way by which a crack initiate.

Three zones can be distinguished :

� Figure 3{b : Energy Dispersive Spectrometry (E.D.S) reveals the presence of C, O, but not of Zn

as it is the case for the rest of the specimen. A focussed view of this zone lets suppose that it

is a carbon black agglomerate. The occurrence of such particles near the lateral surface can also

be observed on microtomed surfaces. It has to be noticed that such particles can be found in the

whole specimen and not only beneath the lateral surface. In addition, SiO2 particles have been

found at crack initiation. Cracks initiate on rigid particles.

� Figure 3{c : The third zone is quite similar to what can be found in the case of particle dewettering.

In the case of SiO2 particles, traces of elastomer were found on the particle surface. This suggest

that rupture in the binder occurs , in other words cavitation, before dewettering. OBERT and

BRUENER [4], GENT and PARK [5] observed the same phenomenon on translucent rubber �lled

with rigid particles. They concluded that dewettering was always preceeded by cavitation. In

order to observe cavitation, thin strips of rubber were pulled in tension in situ the SEM and their

surface observed. Cavitation has been observed at the poles of small particles . The material

being not translucent, it has not been possible to observed cavitation on larger particles (the poles

are too far away from the observed surface). Nevertheless, cavitation being not size dependent

( it depends only on the local stress �eld) [6] [7], we can suppose that the same phenomenon

occurs on SiO2 particles or CB agglomerates. Hence, Cavitation and dewettering are the �rst two

mechanisms in fatigue damage.

� Figure 3{d : Fibrillation clearly appears and prove that crack propagation occurs. Initiation is

considered to be obtained when this crack reaches a 1 mm size. This indicates the fact that

we are dealing with the �rst step of a crack propagation process. we can conclude that after

cavitation and dewettering, a crack initiate and propagate up to the specimen failure.



5.1 Loading ratio reinforcing e�ect

As said previously, fatigue crack propagation behaviour of crystallizing elastomers is enhance by positive

loading ratios. Such reinforcing e�ects have been reported by many authors [1] [8] [9] and is mainly due

the percistency of a crystallized zone at the crack tip during the cycle. Same results are obtained on

Ni evolution. For negative loading ratios R fatigue life decreases as the stress range increases, whereas

the tendancy is reversed as soon as R becomes positive.

5.2 Uniaxial criterion

5.2.1 Formulation of the criterion

Uniaxial fatigue tests results show that compressive stresses have no e�ect on fatigue life, in the range

of compressive stresses explored [0;-4 MPa]. By closing fatigue cracks, compressive stresses do not

contribute to an increase in the fatigue damage.Nevertheless, it is not possible to extrapolate these

results to higher tensile compressive stresses. Indeed, Cadwell [12] has shown that large compressive

stresses could damage the material, maybe by involving other physical phenomena ( for instance friction

under large compressive loadings) than those involved in our case. Moreover, shear stresses seem to

have no e�ect on fatigue life since NR exibits tensile crack growth. The proposed criterion is a critical

plan approach that take into account the maximal and the minimal normal stress to a plane. The

critical plane is de�ned as the plane that experiences the maximal normal tensile stress. The minimal

stress is introduced to describe the reinforcing e�ect. We suggest that reinforcing e�ect is proportionnal

to the minimal crystallisation level during a cycle. The crystallisation level can be expressed as follow:

Xc = 0:3(1� exp(�D: < � >)) (4)

In equation 4, � is the normal Cauchy stress and <> denotes the MacCauley bracket (i.e. < x >=

0:5(x + jxj) ). Using this equation, we assume that the NR crystallize at any positive tensile stress.

Magni�cation of the macroscopic stress at the fatigue cracks tips, let us think that this assumption

is reasonnable. The 0.3 coe�cient refers to the 30% maximal crystallization rate for the NR under

strech at room temperature [10].The number of In equation 4, � is the normal Cauchy stress and <>

denotes the MacCauley bracket (i.e. < x >= 0:5(x + jxj) ). Using this equation, we assume that the

NR crystallize at any positive tensile stress. Magni�cation of the macroscopic stress at the fatigue

cracks tips, let us think that this assumption is reasonnable. The 0.3 coe�cient refers to the 30%

maximal crystallization rate for the NR under strech at room temperature [10].The number of cycles

to crack initiation was correlated to the stress state via a power law function of an equivalent stress.

The criterion takes the following mathematical form,

�eq =
�n max

1 + A:Xc

and Ni =

�
�eq

�0

��

(5)

In equation 5, �n max is the critical plane maximal normal stress during a cycle. A,� and D (eq. 4) are

material constants, �0 is a normative stress and Ni is the number of cycles to crack initiation.

5.2.2 Identi�cation of the material parameters.

There are four material constant in the current model. All four have been identify on push{pull and

reverse tension fatigue tests. Stresses were obtain from FE calculations and stress values were taken

at the critical point of the structure. The optimisation loop was driven by the optimisation package of

ZeBuLon, using an evolutionary algorithm [11]. The optimised set of parameter is the following one :

D A �0 �

1.56 13.9 1.93 -2.7

As shown in �gure 6, the model is able to correlate the fatigue lifetime within a factor of 2 scatter

bands.
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Figure 6: Push{pull results on diabolos

5.3 Multiaxial results

5.3.1 Crack initiation location

The criterion has been found to locate theNmax

i

Nmin

i

Figure 4: Comparison between crack initiation

location predicted by the model and the

corresponding experimental result

crack initiation in all conditions of loading applied

to notched and diabolo specimens, even in the case

of push-pull with a superimposed static torsion as

shown on �gure 4. The later case can be explained

if we consider the values taken by the loading ratio

R at each node along the diabolo's section. Even

though R is lower than zero inside the diabolo, it

becomes positive at a given distance � from the

specimen axis. � depends on the compressive load

applied and decreases with increasing the algeraic

value of the compressive load. Figure 5 show the

evolution of the loading ratio, the equivalent stress

and Ni in the cross section along the specimen

radius.

5.3.2 Crack initiation prediction

Figure 7 summarizes the comparison of experimental observation and predicted fatigue life. Good

results are obtained on Diabolo and AN5 specimens. Predicted lifes are within the factor of two

scatter lines. Fatigue life predictions on AN2 specimens are systematically underestimated. A �rst

attempt to explain those results was to involve a gradient e�ect. Indeed, AN2 specimens show a larger

stress gradient than AN5 specimens. Such gradient e�ects have already been reported for instance

by Munday and Mitchell [13] for metallic materials. However, averaging stresses, even over a large

distance compared to the gradient inuence distance did not lead to better results. Rather than a

gradient e�ect, the underestimated results on AN2 specimens could be due to scale e�ect. The point is

that two conditions have to be veri�ed to initiate a crack. First the equivalent stress has to be su�cient,

secondly a particle has to be found (remember the crack initiation mechanism). If the highly stressed

zone volume is too small, no particle will be found and the crack initiation will occur somewhere else,

for a lower equivalent stress i.e. a larger Ni. A probabilistic approach will be developed to take this

scale e�ect into account.
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Figure 7: Comparison between experimental and predicted Ni

6 Conclusion

From SEM observations, a fatigue crack initiation mechanism was proposed for a natural rubber

vulcanizate subjected to uniaxial and multiaxial loading. Voids were found to nucleate around SiO2

particles or Carbon black agglomerates. Cavitation and dewettering have been observed as the two

mechanisms involved in the void nucleation. Then, cracks initiate from those voids and growth slowly

up to the �nal failure of the specimen. In most cases, cracks initiate normally to the local maximum

principal stress and propagate in mode I.

A fatigue crack initiation criterion has been developed. Based on a critical plane approach, it has been

found to locate precisely the crack initiation and to give a good evaluation (within a factor of two) of

Ni under uniaxial and multiaxial loading. In the range of stress studied, large compressive stresses have

no e�ect on the fatigue lifetime and non-relaxing conditions increase very markedly fatigue resistance.

Good results are obtained with push{pull with superimposed static torsion. As predicted by the

model, cracks initiate inside the specimen and it is possible to correlate this location to the R gradient

in the specimen section. Finally, a scale e�ect on AN2 specimen has been observed and probabilistic

investigations are in progress.
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