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Since the use of energetic approaches for the prediction of the number at macro-crack initiation in elastomers, a special attention is paid on fatigue crack growth at the microscopic scale. In filled natural rubber, failure surfaces exhibit wrenchings and striations (Le Cam et al., Int J Fatigue 52:82-94, 2013). Both are assumed to be due to straininduced crystallization (SIC). Only four studies address fatigue striations (Le Cam et al.

Introduction

Fatigue striation patterns observed at the failure surface of samples submitted to fatigue loading conditions exhibit a similar morphology as a fringe pattern one, in the sense that they exhibit a periodic pattern [START_REF] Le Cam | Fatigue damage in carbon black filled natural rubber under uni-and multiaxial loading conditions[END_REF][START_REF] Le Cam | The mechanism of fatigue crack growth in rubbers under severe loading: the effect of stress-induced crystallization[END_REF][START_REF] Flamm | Effects of very high loads on fatigue life of NR elastomer materials[END_REF][START_REF] Muñoz-Mejia | Étude expérimentale des mécanismes d'endommagement par fatigue dans les élastomères renforcés[END_REF]. This is illustrated in Fig. 17 In an image (for instance that in Fig. 17.1a), the fringe pattern-like is issued from fatigue phenomenon and the corresponding phase cannot be shifted. This means that analysing fatigue striation as fringe pattern has to be carried out from a single image. Phase extraction from a single image was made possible by the development of analysis method such as the pMPC developed in [START_REF] Robin | Phase demodulation method from a single fringe pattern based on correlation with a polynomial form[END_REF][START_REF] Takeda | Fourier-transform method of fringe pattern analysis for computer based topography and interferometry[END_REF][START_REF] Servin | Demodulation of a single interferogram by use of a two-dimensional regularized phase-tracking technique[END_REF][START_REF] Robin | Phase demodulation from a single fringe pattern based on a correlation technique[END_REF][START_REF] Valle | Analysis of digital speckle-pattern interferometry fringe patterns issued from transitory mechanical loading[END_REF]. The question addressed in the present paper is to know whether such analysis method can be directly applied to a SEM image of fatigue striation.

Fringe Pattern Method Used for Analyzing Fatigue Striation: Modulation Phase Correlation (pMPC)

The digital fringes pattern can be defined as follow:

I (i, j ) = A (i, j ) cos (ϕ (i, j )) + B (i, j ) (17.1)
where A(i, j), B(i, j) and ϕ(i, j) stand for the amplitude modulation, the background and the phase, respectively. The method is based on the measurement of the similarity degree between the fringe pattern studied and a virtual fringe pattern that is composed of parallel fringes. In other words, A, B and ϕ are determined by minimizing the cost function:

(A, B, ϕ) = Val exp -(A cos (ϕ) + B) 2 (17.2)
In practice, since the cost function describes in Eq. (17.2) is not unimodal, cos(ϕ) + B is replaced by its Maclaurin series expansion [START_REF] Robin | Phase demodulation method from a single fringe pattern based on correlation with a polynomial form[END_REF]. Indeed, we cannot ensure the unicity of A, B and ϕ obtained from the minimization process, but this is the case with a polynomial form. The polynomial form writes as follows:

A cos 2π p X + ϕ + B = A cos (ϕ) + B -2A sin(ϕ)π p X -2A cos(ϕ)π 2 p 2 X 2 + 4A sin(ϕ)π 3 3p 3 X 3 + O X 4 (17.3)
where function X = (xξ ) cos (α) + (yγ )sin(α) and α is the fringe inclination. In these conditions, variables optimizing the new cost function are the polynomial form's coefficients, in other words C 0 ,C 1 ,C 2 , and C 3 , and the cost function rewrites as follows:

ψ pMP C (c 0 ,c 1 ,c 2 ,c 3 ,α) = N xy I (x -ξ,y -γ ) -P ξ,γ 2 dξdγ with: P (ξ,γ) = c 0 + c 1 X + c 2 X 2 + c 3 X 3 (17.4)
and

X = (x -ξ ) cos (α) + (y -γ ) sin (α)
In this formulation, A, B and ϕ are not directly obtained from the optimization process but only C 0 ,C 1 ,C 2 ,C 3 and α. ϕ is then obtained by the analytical resolution of the equation system below:

⎧ ⎪ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎪ ⎩ C 0 = A cos (ϕ) + B C 1 =-2A sin(ϕ)π p C 2 =-2A cos(ϕ)π 2 p 2 C 3 = 4A sin(ϕ)π 3 3p 3 (17.5)
and ϕ chosen as:

ϕ = arctan πC 1 pC 2 (17.6)
As the parameter α ranges between 0 and π during the optimization process the maps giving the phase field unwrapped is not correctly oriented [START_REF] Robin | Phase demodulation from a single fringe pattern based on a correlation technique[END_REF]. The correctly orientated phase field is obtained with the help of unwrapping process applied to α field. During this unwrapping process [START_REF] Zuo | Temporal phase unwrapping algorithms for fringe projection profilometry: a comparative review[END_REF][START_REF] Menese | Phase-unwrapping algorithm for images with high noise content based on a local histogram[END_REF]ofα field, ϕ field correctly orientated can be calculated by removing ϕ by (2π-ϕ) when π discontinuity is detected [START_REF] Robin | Phase demodulation from a single fringe pattern based on a correlation technique[END_REF].

Applying pMPC to SEM Images

In a first approach, a single striation pattern SEM image has been processed with the pMPC algorithm. The SEM used for the purpose of the study is a JSM JEOL 7100F. Results are presented in Fig. 17 Results show that the phase is correctly demodulated in zone B, but not in zone A, where the phase is strongly noisy or not correctly demodulated.

As shown by profiles in zone A and zone B in Fig. 17.3, the variation of the grey levels does not correspond to a fringe pattern. This explains why the phase is not extracted correctly in zone A (Fig. 17.2). Images, more especially the grey level dynamics, have therefore been processed in order to fit the grey level dynamics of a fringe pattern. Examining zone A profile shows that the signal is noisy but exhibits periodic peaks. These peaks should be larger and less noisy. The morphological modification of each peak is performed with the help of mathematical morphology in grey level. As morphology of profile becomes a square periodic signal with this type of morphological operation, we propose to use the edge effect of median filter in order to remove this square effect.

Note that such a filter reduces the noise. The kernel size has to be lower than a quarter of the signal period [START_REF] Corvec | Improving spatio-temporal resolution of infrared images to detect thermal activity of defect at the surface of inorganic glass[END_REF]. Applying this filter leads to a demodulated field where noisy zones disappear. Results obtained with the phase extraction algorithm are presented in Fig. 17 In order to highlight the variation in the striation pitch, a numerical plane is subtracted from the continuous unwrapped phase field. 

Results

The methodology previously described has been applied on six different SEM images exhibiting fatigue striations. These striations have been obtained from different loading conditions applied to Diabolo samples (see [START_REF] Ruellan | Influence of the temperature on lifetime reinforcement of a filled NR[END_REF]). Figures 17.5 and 17.6 present results obtained, which will be more precisely detailed and discussed during the presentation.

Conclusion and Perspectives

In this paper, a non-destructive technique is proposed to study fatigue striation based on a phase extraction algorithm. Results presented remain qualitative and not quantitative. Indeed, SEM images are affected by perspective effects (the different zones at the surface observed are not in the same plane), which induces the detection of apparent striation pitch variation by the algorithm. In order to access quantitative data, the striation topology is required. It can be characterized by different metrological devices, but the small striation height and the large out-of-plane zones makes difficult the measurement. This is why topology characterization of fatigue striation with SEM is currently under study in our lab. 
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 23 Fig. 17.2 Striation image directly analysed by pMPC
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 4 Fig. 17.4 Striation pattern processed for phase demodulation
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 5 Fig. 17.5 SEM images analysis by phase demodulation image processing
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