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The mechanism of fatigue crack growth in rubbers under severe loading ABSTRACT. This paper deals with the mechanism of fatigue crack growth in natural rubber submitted to severe relaxing loading conditions. In one mechanical cycle under such loading conditions, the high level of stress at the crack tip engenders high crystallinity, which halts crack growth in the plane perpendicular to the loading direction. Consequently, the crack bifurcates. Then the fracture surfaces tear, slide and relax simultaneously along a highly crystallized crack tip to form striations. The higher the stress level, the lower the crack growth in the plane perpendicular to the loading direction and the greater the bifurcation phenomenon. This explains why the striation shape evolves from triangular to lamellar during crack propagation.

Introduction

Crack propagation in elastomers is mostly studied through theoretical approaches which do not take into account the physical phenomena involved during the crack propagation process. Thus, these approaches do not satisfactorily predict the effect of microstructure changes due to aging or stressinduced crystallization, and consequently do not adequately predict the crack path. For this purpose, numerous studies investigate the physical phenomena of crack growth. Under quasi-static and repeated loadings (approximately ten cycles for instance), the works of Gent et al. give some important answers concerning the physical mechanisms involved during the crack growth. [1][2][3] Under fatigue loadings, crack growth has been studied at the microscopic scale [START_REF] Fukahori | Fractography of Rubber Materials[END_REF][START_REF] Bhowmick | [END_REF][6][7][8] using Scanning Electron Microscopy (SEM). These studies are carried out under relaxing loading conditions, i.e. the loading returns to zero at the end of each mechanical cycle. Moreover, the maximum stress level is moderate in the sense that it does not involve oligocyclic fatigue. Here, the term "Oligocyclic fatigue" is used for severe fatigue loadings leading to a duration life inferior to 10 4 cycles. In such a material and loading conditions, the micromechanism of fatigue crack growth has been identified in carbon black filled natural rubber using an original "microcutting" technique. 6 This micro-mechanism highlights the fact that the crack tip is composed of elliptical zones separated by ligaments which give rise to a crack tip which is flat but rough. Stress localization at the crack tip favors cavitation and the growth of cavities that weaken the material in the elliptical zones and allow the crack to propagate. Simultaneously, the ligaments do not resist crack propagation, but shrink and join the relaxed zone by generating wrenchings at the fracture surface. Ligaments and elliptical zones are then regenerated. Even if the mechanism proposed by the authors is suitable for moderate loading, it is not sufficient to explain the morphology of the fracture surface when the stress level increases significantly at the crack tip, i.e. for olygocyclic fatigue or for the end of crack propagation under moderate cyclic loading. In these cases, no wrenching is observed at the fracture surface; only striations are observed. The last remark suggests that the mechanism of fatigue crack growth changes when the stress increases significantly at the crack tip.

The aim of this paper is to establish the mechanism of fatigue crack growth under severe cyclic loading conditions and to evaluate the contribution of stress-induced crystallization to this mechanism.

Even if the phenomenon of stress-induced crystallization has been widely studied under quasi-static loading, [9][10][11][12] its influence on the mechanism of fatigue crack growth under severe fatigue loading has never been investigated at the microscopic scale. For this purpose, uni-axial fatigue tests are performed until failure. Some tests are halted during crack propagation. SEM is employed to examine the fracture surfaces and the stretched crack tip. An original experiment is then carried out in order to investigate in real-time the relative displacement of each crack tip zone when the stress significantly increases. This experiment is expected to provide significant information concerning the role of stress-induced crystallization on the crack growth scenario. Finally, observations and measurements performed are considered to establish the mechanism of fatigue crack growth. A conclusion and some perspectives close the paper.

Experimental Section

2.1 Materials and samples. The material considered here is a 34 phr carbon black-filled natural rubber.

Table I summarizes its chemical composition and some mechanical characteristics. It should be noted that the material formulation is the same as that of the study in reference 3. Consequently, the same physical mechanisms are induced during crack propagation under moderate loading. The compound was cured for 7 min and the mold temperature was set to 160°C. It is referred to as F-NR in the following.

The degree of cross-linking, characterized by the number ν of moles of cross-links per g, which was estimated using the Mooney elastic coefficient C 1 , 13 was found to be equal to 11.3 mol / g × 10 -5 . To overcome aging problems, samples were frozen at -18°C for 48 hours after molding. They were then thawed out for 24 hours before testing. Two sample geometries were used. The first was a classic sample geometry for fatigue tests 11 and is presented in Figure 1. It is axisymmetrical and is usually called a "diabolo" sample. It is adhered on both sides to metallic inserts in order to be clamped in the grips of the testing machine. The second geometry corresponds to a plate of 20 mm height, 5 mm width and 2 mm thick. It is referred to as the "flat" sample in the following and was used to observe the realtime change in the mechanism of fatigue crack growth when the stress level increases at the crack tip.

2.2 Fatigue loading conditions. The uniaxial fatigue tests were first performed with the diabolo samples under uniaxial cyclic prescribed force with a MTS 858 Elastomer Test System testing machine.

Table 2 summarizes the fatigue tests performed under relaxing loading conditions, i.e. the minimum value of the cyclic force is equal to zero. Four levels of force were applied using a sinusoidal signal: 300, 500, 600 and 750 N. For each test, three samples were tested and the number of cycles at crack initiation (the occurrence of a self-initiated crack of 2 mm at the sample surface) and at failure were stored. Three tests were also halted during crack propagation under 500 N maximum force in order to investigate the crack tip morphology when a change in the mechanism of fatigue crack growth was observed. The frequency was set to limit the rise in surface temperature to 20°C and to avoid creating thermal damage in addition to the mechanical damage. These tests were carried out at 23°C regulated temperature.

The flat samples were pre-cut with a razor blade and were then tested under the same conditions as the diabolo sample but with a lower prescribed force (between 0 and 15 N) to account for the difference in cross-section area between the two sample geometries. When the crack tip becomes similar to that of a typical fatigue crack tip obtained under moderate loading, the sample is clamped in the grips of a microtensile machine (described in the following). It is then stretched to an elongation higher than the maximum measured during the fatigue test in order to observe in real-time the effect of the increase in stress on the crack propagation mechanism.

2.3 Scanning electron microscopy. Photomicrographs were performed with a HITACHI S-3200N model SEM using secondary electrons. Before observation, the elastomer surfaces were cleaned; the specimens were submitted to ultrasounds in a neutral solution. Moreover, the considered material not being sufficiently conductive, charge build-up occurs when it is irradiated with the electron beam. Thus, samples were stretched with a rudimentary static tensile apparatus 6 to a stretch ratio equal to that measured at the last mechanical cycle and the crack tip was coated with a 90 nm-thick layer of gold by vapour deposition to ensure electrical conduction.

2.4 Measurement of the relative displacement field at the crack tip. The measurement was carried out at the crack tip of the notched flat sample while it was stretched using a DEBEN micro-tensile machine.

This machine allows the sample to be stretched symmetrically. Figure 2 presents the experimental setup. It consisted of a cooled 12-bit dynamic Sensicam camera with a Questar long distance microscope which enables the observation of zones of 2.7 x 2 mm² area. Uniform lighting at the sample surface was ensured by lamps. The charge-coupled device (CCD) of the camera has 1.4 10 6 joined pixels (1376 x 1040). The camera was fixed on a multidirectional adjustable support. The relative displacement field at the crack tip was obtained using the Digital Image Correlation (DIC) technique [START_REF] Sutton | [END_REF] . This consists in correlating the grey levels between two different images of a given zone. Each image corresponds to different stretch ratio levels. This optical technique offers a resolution of 0.03 pixel corresponding to 0.06 µm and a spatial resolution (defined as the smallest distance between two independent points) of 16 pixels corresponding to 31 µm. The software [START_REF] Hild | LMT : a software for displacement field measurements by digital image correlation[END_REF] used for the correlation process was Correli LMT . It should be noted that the stretch ratio level can not be measured using the images of the front of the crack because the image of reference corresponds to the crack closed. For this reason, the experiment was also performed with a second sample for which the CCD camera records images of the side view of the crack during stretching.

Results

In this section, typical fracture surfaces are first presented by highlighting the change in morphology when the stress significantly increases. Second, halted tests are used in order to observe the crack tip at the first stage of striation formation and to attempt to link the morphology of the crack tip with that of the fracture surface. Finally, real-time observations of the highly stretched crack tip are carried out to highlight the contribution of stress-induced crystallization to the mechanism of fatigue crack growth and consequently to explain the formation of striations.

3.1 Typical fracture surface. At the macroscopic scale, cracks always propagate in a plane perpendicular to the applied force direction in a zone close to the middle plane of the sample. Figure 3 summarizes the fracture surface morphology observed. Figure 3(a) is the top view of a typical fracture surface. Five zones are considered to describe it:

-zone A is the initiation zone. It is always located close to the sample surface. This zone is identified by the orientation of wrenchings on the fracture surface, which describe ellipses around this zone. Further investigations using SEM coupled with an Energy Dispersive X-ray Spectrometer (EDXS) have shown that crack initiation is due either to the failure of carbon black agglomerates or to the cavitation in the rubber matrix in the vicinity of the agglomerate poles; -zone B contains zone A and corresponds to the area where the fatigue crack begins to grow from the critical defect. It forms an elliptical crack tip (due to the surface vicinity) which propagates to the outer surface and simultaneously through the bulk of the sample. The crack grows and generates wrenchings formed by the shrinking of ligaments located at the crack tip; -zone C is the zone corresponding to crack propagation through the bulk of the sample. It is covered by wrenchings which increase in size with the increase in stress at the crack tip; -zone D is composed of striations. No wrenching is observed in this zone. It should be noted that the size of this zone increases with the maximum stress at the crack tip. Thus, zone B is not observed on the fracture surface and striations begin to form around the crack initiation zone. These observations show that fatigue striations are the signature of the increase in stress at the crack tip. Moreover, their shape evolves as the stress increases. As shown in Figure 3(b), two types of striation shape are observed: triangular and lamellar striation shapes. They occur successively with the increase in stress. Each of them is smooth. As shown in Figure 3(c), the triangular shape is composed of two perpendicular surfaces, denoted L and P in the following. As the stress level increases, the area of surface L increases and that of the perpendicular surface P decreases until it becomes a line, consequently forming lamellar striations. Moreover, cracks are observed between the striations. This phenomenon resembles crack bifurcation or micro-branching. The fact that this crack is the continuation of surface P indicates that this surface corresponds to crack propagation. At this stage of the present observations, a question of importance arises: do these surfaces form in one or several cycles? This question is discussed in the following. Figure 3(d) presents striations that do not form in the same plane. The frontier between them is highlighted with dotted lines in this figure. This indicates that the crack can propagate independently in several zones by forming striations along the tip. When the stress increases at the crack tip, these zones can coalesce, i.e. crack propagates simultaneously through them. Finally, cavities are observed on surface P (Figure 3(b) and Figure 3(d)), but contrary to the case of moderate loading, they do not seem to contribute to the mechanism of crack growth: the crack propagates through them;

-zone E corresponds to the final fracture surface. This zone is smooth and is comparable to the fracture surface obtained for static crack propagation. That is explained by the fact that the stress level is as great as that necessary for static fracture.

As a summary, the observation of fracture surfaces provides relevant information about crack growth, especially the fact that fatigue striations take place under severe loading conditions, but it is not sufficient either to establish the mechanism of fatigue striation formation or to explain the evolution from a triangular to a lamellar striation shape. This last remark motivates the fatigue tests which are halted during crack propagation, especially when fatigue striations begin to form. Thus, using an apparatus to stretch the sample, the crack tip can be observed in-situ. The aim of this experiment is to link the morphology of the crack tip to that of the fracture surface, and more particularly that of the fatigue striations. Thus, it could be possible to explain the change in the fatigue crack growth mechanism between moderate and severe loading.

3.2 Crack tip observation. The observations were carried out with samples from halted fatigue tests for which striations begin to form. In order to observe the crack tip morphology, the sample is stretched using a basic apparatus and a gold layer is vapor-deposited at its surface. Figure 4 shows successive magnifications of the crack font. Because of its size, the sample stretched using a basic apparatus undergoes rotation in the SEM chamber. This is the reason why the sample is not exactly aligned with the photomicrograph borders. The four photomicrographs of Figure 4 correspond to successive magnifications of the zone where fatigue striations initiate. Figure 4(a) shows the frontier (dotted line) between the crack tip and the relaxed failed surfaces that form the crack lip. This frontier corresponds to that between Zones C and D in Figure 3(a). Figure 4(b) is the magnification of the outlined zone in Figure 4(a) and shows that the crack tip is composed of large ligaments and elliptical zones. Moreover, fatigue striations are observed at the relaxed failed surface. This seems to indicate that ligaments and elliptical zones take part in the beginning of fatigue striation formation and that the change in the fatigue crack growth mechanism is a continuum phenomenon. The two last photomicrographs highlight the feet of the ligaments and of the elliptical zones whose morphology clearly differs from that observed during the formation of wrenchings 7 : no micro-cracks are observed but fatigue striations begin to form. This shows that the mechanism of fatigue crack growth under moderate loading is not suitable to describe the formation of fatigue striations under high loading: under moderate loading, cavities grow and weaken the crack tip but under severe loading, the analysis of Figure 3(b) and Figure 3(d) shows that cavities do not grow significantly to allow the crack to propagate. Indeed, the crack propagates through cavities whose size (about 10 µm) does not exceed significantly that of zinc oxide agglomerates (5 µm maximum). Thus, due to the high stress level, the crack seems to propagate rapidly through the elliptical zones and consequently cavities have no time to grow. Figure 4(d) shows the magnification of the striation formation zone. Striations are identified by the smooth surfaces perpendicular to the plane of crack propagation. In fact, they correspond to the L surfaces. Here, questions of importance arise: Why are smooth surfaces observed perpendicular to the plane of crack propagation? What is the effect of stress-induced crystallization on the mechanism of crack growth? Is the change of mechanism between moderate and severe loading continuous? The next experiment aims to answer these questions.

Real-time observation of crack growth under high stress levels. As mentioned previously,

striations are generated under high stress levels at the crack tip. The aim of the present experiment is therefore to investigate the effect of the increase in stress on the mechanism of fatigue crack growth.

The experiment consists of cutting the flat sample with a razor-blade and then applying moderate relaxing cyclic loading to propagate the crack. In order to generate a similar stress level at the crack tip as that applied to the diabolo sample, the force varies between 0 and 15 N. As a consequence, only wrenchings are generated on the fracture surface. It should be noted that the number of cycles before stopping the test is set in such a way that the effect of the razor-blade cutting is eliminated. In fact, compared to a self-initiated crack, the crack tip obtained with a razor-blade generates a higher stress concentration. Consequently, the crack rapidly propagates and generates smooth fracture surfaces until a crack tip shape and morphology is obtained which is similar to that obtained without the pre-cut with a razor blade, 17,18 i.e. with a self-initiated crack. expected by applying such moderate loading conditions, it is composed of ligaments and elliptical zones. It is flat but rough. It should be noted that the stretch ratio level measured at the crack tip equals 2.25. This was established by observing the side view of the crack during stretching and by using the DIC technique to determine the stretch ratio. As previously explained, in such a material, the stretch ratio at which crystallization begins equals 1.64 at ambient temperature. This means that under moderate loading, stress-induced crystallization occurs at the crack tip but does not significantly affect the crack path. Hence, progressively increasing the force applied, and consequently the stress concentration at the crack tip, by increasing the enforced displacement at a strain rate corresponding to 2 mm/min leads to an increase in the crystallinity. During stretching, images of the crack tip are stored in order to measure the relative kinematic field and to calculate the deformation level at the crack tip using the Digital Image Correlation (DIC) technique. with the diabolo sample. The crack tip obtained is similar. This indicates that the phenomena observed with the flat sample do not depend on the geometry of the sample and are intrinsic to the microstructure of the natural rubber. It should be noted that this image is obtained by SEM analysis. As SEM induces image distortion, optical microscopy is preferred here to estimate the kinematic field by image correlation. Figure 5(d) shows the crack tip morphology obtained at the end of the stretching. To explain the change in the morphology of the crack tip between moderate and severe loadings, it is necessary to establish the relative deformation of the zones that compose the crack tip. For this purpose, the DIC technique is used. Two images are considered: the reference image in Figure 5(b) and the more stretched image in Figure 5(d), obtained by increasing the displacement of the grips. By observing the evolution of the smooth, flat surfaces between the two images, it clearly appears that their area is higher when the sample is stretched and that no new ligament is formed. The question is to know if this is due to the crack that propagates through it or to another phenomenon. For this purpose, the DIC technique is used to measure the relative displacement (and therefore the relative deformation) of the different zones that form at the crack tip.

Figure 6(a) presents the result of the image correlation. The correlation area corresponds to the boxed area in Figure 5(b). The results, in terms of the components of the Green-Lagrange tensor [START_REF] Holzapfel | Nonlinear Solid Mechanics: A Continuum Approach for Engineering[END_REF] in the stretching axis (left), are given relative to this boxed area. First of all, three zones can be distinguished in terms of deformation. They correspond to the smooth surfaces, to the ligaments and to the surface between the relaxed zone and the ligaments. To compare the relative deformation (deformation obtained by considering that Figure 5(b) is the reference image) of these zones during stretching, three points are considered, one in each zone; point A for the ligament, point B for the smooth surface and point C for smooth surface between the ligament and relaxed zone. Figure 6(b) gives the relative deformation at these points. By considering point B, the deformation of the flat, smooth zone remains close to zero between the two deformation states. In fact, the maximum deformation level is obtained at point A in the zone that contains the ligament. This zone joins the relaxed zone by tearing and sliding along the smooth, flat surface. This is the reason why compression is detected at point C between the ligament and the relaxed zones. The fact that the crack no longer propagates from the smooth surfaces and that no deformation is measured for the smooth, flat zone, indicates that the microstructure has changed, i.e. crystallinity has increased and has reinforced the crack tip. This is the reason why the crack does not propagate through it. In the present natural rubber, crystallization begins at a 1.64 stretch ratio, [START_REF] Le Cam | [END_REF]21 i.e. at a stretch ratio lower than that at the crack tip. This zone is therefore similar to a wall that stops crack propagation and induces crack bifurcation. Moreover, ligaments and elliptical zones are not regenerated. This explains why wrenchings, which are due to the successive shrinking of ligaments, are not observed in the striation zone at the fracture surface (see zone D in Figure 3(a)). This also explains why the surface perpendicular to the direction of crack propagation is smooth: it corresponds to the smooth and flat surface observed.

3.4 Mechanism of fatigue crack growth under severe loading. In this section, the previous observations are considered to establish the scenario of fatigue crack growth under severe relaxing loading conditions. It is described in Figure 7 and Figure 8 through two chronological sketches corresponding to the font and side views of the crack tip, respectively. These two views are necessary to describe precisely the three-dimensional nature of the phenomenon. It should be noted that the chronology of the two figures is different: the step shown in Figure 7(a) does not correspond to that of Figure 8(a).

Contrary to Figure 7(a), Figure 8(a) shows the crack in the non-deformed state. In most cases, the formation of striations follows the formation of wrenchings. As the transition between the two fatigue crack growth mechanisms is a continuum phenomenon (see Figure 4(b)), it seems relevant to begin the description of the crack growth mechanism under severe loading by the crack tip composed of elliptical zones separated by ligaments, i.e. obtained under moderate loading. It is presented in Figure 7(a). In this case, cavities located behind the crack tip (dotted lines) weaken the material in the elliptical zones by forming thin membranes between them and the crack tip which allow the crack to propagate. Ligaments, which do not resist crack propagation, fail and shrink to form wrenchings at the fracture surface. When the stress increases at the crack tip, the crack propagates rapidly in the centre of the elliptical zones (Figure 7(b)) and cavities do not have enough time to grow and to weaken the material. The surface generated by the crack growth is perpendicular to the loading direction and corresponds to surfaces P (the grey surfaces in Figure 7(c)). When the stretch ratio is higher at the end of stretching, the crack encounters zones which are much more crystallized than at the beginning of the stretching, and the direction perpendicular to the loading direction is no longer that of lesser energy. Consequently, the crack bifurcates (see Figure 3(c)). Once this new mechanism is established, one cycle is sufficient to form one striation (see Figure 7(c) and Figure 7(d)). the fact that with a decrease in the sample cross-section, which leads to an increase in stress at the crack tip and in crystallinity in this zone, the part of the cycle dedicated to propagation in the direction perpendicular to that of loading becomes less and less significant. In other words, the area of surfaces P is lower. Moreover, as highlighted by the second experiment described in section 3.1, the formation of surface L is due to both crack bifurcation and the tearing and sliding of the striations along the smooth, flat surface which is highly crystallized. Then, successively generated P surfaces join the relaxed zones and reorient themselves in the loading direction. This mechanism explains the change in the striation shape, the transition between triangular and lamellar striations. Finally, Figure 7(c) and Figure 7(d) illustrate the fact that elliptical zones are not regenerated. This explains why the flat, rough crack tip under moderate loading becomes flat and smooth under severe loading.

It should be noted that in the case of oligocyclic fatigue, striations form around the crack initiation zone and no wrenching is observed. This indicates that only one mechanism is activated: the one of crack growth under severe loading previously described in Figure 7 

Conclusion and perspectives

The mechanism of fatigue crack growth under severe relaxing loading conditions was established using two complementary experiments. The first one consists of observing the stretched crack tip morphology using SEM. The second one enables the relative deformation of each zone at the crack tip to be established using the DIC technique. Results show that under severe loading, the mechanism strongly differs from that of fatigue crack growth under moderate loading. Under severe fatigue loading, the crack propagates by generating only striations; no ligament is regenerated. This phenomenon is due to the fact that the high cristallinity at the crack tip reinforces the material in such a way that the crack can not propagate through it and bifurcates at the microscopic scale. Then the striations formed tear, slide and relax along the smooth surface of the crack tip. This smooth surface joins the relaxed zone and reorients in the direction perpendicular to that of the loading. Thus, striations and consequently microbifurcation are the characteristic phenomena of fatigue cracks. The results obtained in the present study at the microscopic scale present some interesting ways to analyze crack bifurcation occurring under non-relaxing conditions (the minimum stress level remains positive) at the macroscopic scale [START_REF] Le Cam | Fatigue and Fracture of Engineering Material & Structures[END_REF] . The fact that the force does not remain equal to zero at the end of each cycle prevents crystallites from melting at the crack tip and therefore prevents cracks from propagating. Finally, it is well-known that cristallinity depends on both the stretch ratio and the temperature. This last remark shows the relevancy of investigating the influence of temperature on the mechanism of fatigue crack growth. Further work in this field is currently being envisaged by the authors of this paper.
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