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Automated crack detection in laminated composites by optical flow measurements
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In this paper, an automated crack detection method for laminated composites of carbon fiber reinforced polymers (CFRP) is presented. Image correlation is performed on micrographs of the unspeckled specimen edge using DeepFlow, an algorithm for optical flow estimation. Cracks are then detected from local maxima of the displacement gradient evaluated along the midline of the plies. The detection strategy is applied to 3 different materials, with increasingly irregular microstructures, and on quasiisotropic layups (a challenging case for crack detection). The crack density evolution in the 90 • and ±45 • plies is presented. The proposed method proves its capacity to detect cracks, even in complex configurations where other methods fail, and can provide an extensive amount of data that are useful for the identification of damage models for laminates. The procedure is largely automated in order to make it suitable for industrial applications.

Introduction

Carbon-fiber reinforced polymers (CFRP), in particular laminated composites made of unidirectional (UD) plies, are widely used in primary aircraft structures. Under tensile loading, different damage mechanisms progressively appear in the material before ultimate failure. First, matrix cracking occurs in the off-axis plies. These cracks extend through the ply thickness and along the fiber direction. To predict damage and failure of such laminated structures, several models rely on a phenomenological description of these damage mechanisms [START_REF] Ladevèze | A mesomodel for localisation and damage computation in laminates[END_REF][START_REF] Maimí | A continuum damage model for composite laminates: Part I-constitutive model[END_REF][START_REF] Laurin | A multiscale progressive failure approach for composite laminates based on thermodynamical viscoelastic and damage models[END_REF]. Some advanced damage models include physical considerations for more accurate predictions: damage is described through physical variables based on observable quantities, such as the transverse crack density [START_REF] Talreja | Transverse cracking and stiffness reduction in cross ply laminates of different matrix toughness[END_REF][START_REF] Ladeveze | On a damage mesomodel for laminates: Micromechanics basis and improvement[END_REF][START_REF] Laurin | A multiscale hybrid approach for damage and final failure predictions of composite structures[END_REF][START_REF] Germain | Robust damage prediction of laminated open-hole structures[END_REF]. The identification of these models requires experimental data on the crack density evolution as a function of the applied load.

Different techniques have been published for monitoring transverse cracks in laminated composites: micrography at of the specimen edge, where cracks are visible in the off-axis plies [START_REF] Germain | Robust damage prediction of laminated open-hole structures[END_REF][START_REF] Takeda | Experimental characterization of microscopic damage progress in quasi-isotropic CFRP laminates: effect of interlaminar-toughened layers[END_REF][START_REF] Varna | Damage in composite laminates with off-axis plies[END_REF][START_REF] Kobayashi | Experimental and Analytical Characterization of Matrix Cracking in Quasi-Isotropic CFRP Laminates with Interlaminar-Toughened Layers under Fatigue Loading[END_REF][START_REF] Laeuffer | Caractérisation et modélisation des réseaux de fissures pour la prédiction de la perméabilité des réservoirs composites strat-ifiés sans liner[END_REF][START_REF] Oz | In-situ imaging of inter-and intra-laminar damage in open-hole tension tests of carbon fibre-reinforced composites[END_REF], X-ray radiography [START_REF] Kobayashi | Experimental and Analytical Characterization of Matrix Cracking in Quasi-Isotropic CFRP Laminates with Interlaminar-Toughened Layers under Fatigue Loading[END_REF][START_REF] Yokozeki | Transverse cracking in CFRP laminates with angled plies[END_REF][START_REF] Tan | X-ray radiography and microcomputed tomography examination of damage characteristics in stitched composites subjected to impact loading[END_REF] or transilluminated white light imaging (TWLI) [START_REF] Bender | Optical high dynamic range acquisition of crack density evolution in cyclic loaded GFRP cross-ply laminates affected by stitching[END_REF][START_REF] Shen | Experimental investigation on damage evolution in cross-ply laminates subjected to quasi-static and fatigue loading[END_REF][START_REF] Maragoni | Fatigue behaviour of glass/epoxy laminates in the presence of voids[END_REF][START_REF] Carreras | A benchmark test for validating 3D simulation methods for delamination growth under quasi-static and fatigue loading[END_REF][START_REF] Bak | A method for automated digital imagebased tracking of delamination fronts in translucent glass fibrelaminated composite materials[END_REF] providing an image of the damage state within the material projected through the thickness of the laminate, or X-ray computed tomography for a 3D rendering of the volume [START_REF] Sket | Automatic quantification of matrix cracking and fiber rotation by X-ray computed tomography in shear-deformed carbon fiberreinforced laminates[END_REF][START_REF] Garcea | X-ray computed tomography of polymer composites[END_REF][START_REF] Lin | Predicting the low velocity impact damage of a quasi-isotropic laminate using EST[END_REF]. In transparent materials such as glass-fibre reinforced polymers (GFRP), the TWLI technique is widely used for in situ damage monitoring [START_REF] Bender | Optical high dynamic range acquisition of crack density evolution in cyclic loaded GFRP cross-ply laminates affected by stitching[END_REF][START_REF] Bender | Effect of variable amplitude block loading on intralaminar crack initiation and propagation in multidirectional GFRP laminate[END_REF][START_REF] Drvoderic | CrackDect: Detecting crack densities in images of fiber-reinforced polymers[END_REF]. However, this technique is usually performed on relatively thin laminates (for the light to shine through) and cracks in different plies of the same orientation cannot be distinguished. In CFRP materials, opaque to visible light, X-ray radiography imaging could produce similar images but the tests must be interrupted, because the cracks have to be impregnated with a contrast agent. Therefore, for these materials, edge micrography is most often used for damage monitoring during experimental testing. Yet, only cracks running up to the edge are observed, without any information about the state of damage in the bulk of the material. Using data from edge observations to assess the overall crack density in the material implies the assumption of edgeto-edge cracks.

The crack density is often obtained by counting the cracks manually [START_REF] Takeda | Experimental characterization of microscopic damage progress in quasi-isotropic CFRP laminates: effect of interlaminar-toughened layers[END_REF][START_REF] Varna | Damage in composite laminates with off-axis plies[END_REF][START_REF] Kobayashi | Experimental and Analytical Characterization of Matrix Cracking in Quasi-Isotropic CFRP Laminates with Interlaminar-Toughened Layers under Fatigue Loading[END_REF][START_REF] Laeuffer | Caractérisation et modélisation des réseaux de fissures pour la prédiction de la perméabilité des réservoirs composites strat-ifiés sans liner[END_REF], a tedious and time-consuming task, which can largely be simplified by effective automatic crack detection methods. Image processing methods have been successfully applied directly on the individual images where the cracks are sufficiently open and with sufficient contrast between the material and the cracks [START_REF] Shen | Experimental investigation on damage evolution in cross-ply laminates subjected to quasi-static and fatigue loading[END_REF][START_REF] Bak | A method for automated digital imagebased tracking of delamination fronts in translucent glass fibrelaminated composite materials[END_REF][START_REF] Mohan | Crack detection using image processing: A critical review and analysis[END_REF]. However, these techniques would not reliably detect cracks in the black CFRP materials used in this work. More advanced techniques are based on the comparison of two images: a reference image of the undamaged material and an image of the cracked material. The difference between the image gray levels highlights the new features, e.g. the cracks. The key challenge in these methods is to transform the images in order to make the gray levels locally comparable. One of the simplest techniques is an affine transformation to compensate for the motion and account for the deformation of the specimen [START_REF] Bender | Effect of variable amplitude block loading on intralaminar crack initiation and propagation in multidirectional GFRP laminate[END_REF][START_REF] Glud | Automated counting of off-axis tunnelling cracks using digital image processing[END_REF][START_REF] Germain | Évaluation des capacités prédictives de modèles à bases physiques pour la prévision de la tenue de structures composites stratifiées en présence de singularités géométriques[END_REF]. However, this implies a homogeneous deformation of the whole image, and therefore may lack precision if the actual deformation of the material is strongly inhomogeneous (which is the case when cracks appear). In practice, crack detection in CFRP materials based on grayscale image processing is impaired by locally high residuals (particularly in the 0 • plies with alternating dark and light pixels, or due to local illumination variations), and it struggles with the detection of subpixel crack opening displacements or mode II crack opening (see Figure 1).

To overcome these issues, a more accurate transformation can be determined by estimating the full displacement field between images of the pristine and the damaged material with its local variations. Digital Image Correlation (DIC) methods find this displacement field by minimizing a gray-level based residual between an image 𝑓 and an image 𝑔 transformed with the unknown displacement field. Cracks can then be detected either based on the correlation residuals, as described before, or based on the displacement gradient. Local DIC approaches correlate discretized subsets of a region of interest (ROI) [START_REF] Sutton | Determination of displacements using an improved digital correlation method[END_REF]. The displacement is regularized in the sense that only the mean displacement over each subset is kept and the full displacement field is obtained from interpolations under kinematic hypotheses. This type of technique is widely used in solid mechanics to measure displacements and strains of test coupons [START_REF] Lecomte-Grosbras | Mesure des déformations interlaminaires sur le bord libre de stratifiés unidirectionnels par corrélation d'image = interlaminar shear strain measurement on laminate free edge using digital image correlation[END_REF][START_REF] Laurin | Automated crack detection in laminated composites Determination of the properties of composite materials thanks to digital image correlation measurements[END_REF]. In [START_REF] Alam | Monitoring size effect on crack opening in concrete by digital image correlation[END_REF][START_REF] Mehdikhani | Multi-scale digital image correlation for detection and quantification of matrix cracks in carbon fiber composite laminates in the absence and presence of voids controlled by the cure cycle[END_REF][START_REF] Miskdjian | Automatic edge detection of ply cracks in glass fiber composite laminates under quasistatic and fatigue loading using multi-scale digital image correlation[END_REF], the authors exploited displacements obtained by local DIC to detect cracks in laminates from edge observation using a fixed camera. Depending on the subset size used for correlation (which is a compromise between good spatial resolution and low noise), cracks may be detected either from displacement discontinuities or from strain maxima along the ply. However, since the image acquisition system is fixed, the observation is limited to a region of a few millimeters and a statistically representative crack density cannot be obtained. Furthermore, the procedure was applied to cross-ply laminates only. The suitability for crack detection in plies with orientation angles different from 90 • was not verified.

In global DIC approaches, the whole displacement field of the ROI is determined simultaneously. In FE-based DIC, a mesh is defined to discretize the ROI and the nodal displacements are obtained by the solution of a FE problem. Continuity of the displacement field is ensured by the use of continuous shape functions. Additional constraints can be imposed on the form of the displacement field and reg-ularization terms can be added to the minimization problem. In particular, mechanical regularization can be used to further improve the spatial resolution around the discontinuities and smooth out non-mechanically admissible high frequency variations of the solution far from the cracks [START_REF] Tomicevć | Mechanics-aided digital image correlation[END_REF][START_REF] Doitrand | Mesoscale analysis of damage growth in woven composites[END_REF][START_REF] Naylor | Mechanically regularized FE DIC for heterogeneous materials[END_REF]. Then cracks can be detected using the DIC residual or the local strain concentrations [START_REF] Hild | Damage measurements via DIC[END_REF]. After a first crack estimation, the displacement field can be refined using the eXtended Finite Element Method (X-FEM) [START_REF] Moës | A finite element method for crack growth without remeshing[END_REF] to introduce a discontinuity at the crack location. While this 2-step procedure provides a more accurate estimation of the displacement field, it is rather costly and thus inappropriate for the analysis of large zones with hundreds of cracks. Similarly to global DIC, variational approaches from the field of computer vision can be used to estimate the apparent motion between images, as introduced in [START_REF] Horn | Determining optical flow[END_REF] and improved over the years [START_REF] Black | The Robust Estimation of Multiple Motions: Parametric and Piecewise-Smooth Flow Fields[END_REF][START_REF] Brox | High accuracy optical flow estimation based on a theory for warping[END_REF][START_REF] Bruhn | Towards ultimate motion estimation: combining highest accuracy with real-time performance[END_REF][START_REF] Sun | Secrets of optical flow estimation and their principles[END_REF]. The addition of a gradient penalization term in the minimization problem ensures the smoothness of the apparent motion and improves the robustness to motion discontinuities and illumination variations. The issue of large displacements is addressed in DeepFlow [START_REF] Weinzaepfel | DeepFlow: Large displacement optical flow with deep matching[END_REF], a method that combines a deep matching algorithm with a variational approach for the estimation of a large displacement optical flow. In [START_REF] Feld-Payet | Crack path tracking from full field measurements: A novel empirical methodology[END_REF], DeepFlow results were used to detect cracks in metallic specimens more directly than with FE-based DIC (i.e. in only one step instead of two). The authors found DeepFlow to be well-suited for crack detection, since it provides a full-field measure of the displacement, i.e. defined at every pixel, which is relatively smooth away from the crack while accurately localizing the crack discontinuity. This is an advantage compared to local DIC approaches, which, due to the correlation of subsets, tend to smooth out the discontinuity. To the authors' knowledge, DeepFlow has never been tested to detect cracks in composite materials to date.

In this paper, an automated crack detection algorithm is presented and used to determine the evolution of the crack densities in each ply of different composite laminates, based on the estimation of a displacement field on micrographs taken at the free edges of the specimens. The main challenges are (i) the detection of a large number of cracks, over a large region of observation, in order to define a statistically representative crack density on the specimen edge, (ii) in a multi-layered material, with any stacking sequence that could be encountered in the industry. Other works have already presented methods able to detect numerous cracks in laminates, mainly by TWLI on GFRP materials where a large zone can be observed at once during testing [15-17, 23, 24, 26]. Yet, on CFRP laminates, edge micrography is the most reasonable and practical in situ damage monitoring method and the aforementioned challenges are rarely addressed in the literature. The aim of the method presented here is to reduce the processing time, standardize the analysis of test data of any laminated layup and, eventually, adapt the procedure to industrial applications. Due to its capabilities to accurately describe material discontinuities, as well as its availability in Python's OpenCV module, DeepFlow was used to obtain the displacement field on edge micrographs and detect cracks via their effect on full-field measures.

The paper is organized as follows. First, the dedicated experimental setup is described in section 2, with reflections in the light of the post-treatment required for the proposed detection method. In section 3, we present the detection procedure, starting with preliminary image treatments, then outlining the used optical flow estimation algorithm, and finally detailing the crack detection procedure on a selected sample. In section 4, the results of the studied material are presented and the applicability of the algorithm is demonstrated on two additional composites with different micro-structures.

Experimental observation

Material manufacturing

The material studied in this paper is made of UD prepreg layers of high strength, high strain HexTow® AS7 carbon fibers, impregnated with HexPly® 8552 high performance toughened epoxy resin. The laminated panels were produced by manual lay-up of the plies and cured in a vacuum bag in an autoclave according to the manufacturer specifications. The elementary ply thickness after consolidation is around 0.14 mm. Test specimens were prepared according to the ASTM standard for tensile test on CFRP laminated coupons [START_REF]Standard test method for tensile properties of polymer matrix composite materials[END_REF]: specimens are water jet cut to dimensions of 250 mm × 25 mm and glass fiber composite tabs are used to prevent damage of the specimen in the jaws of the test machine (Figure 2). Throughout this paper, we illustrate the crack detection procedure on a 16-ply symmetric quasi-isotropic (QI) laminate with a stacking sequence of [(45∕90∕-45∕0) 2 ] 𝑠 , representative of industrial applications. In section 4.2, the method is applied to other CFRP.

Experimental procedure for monitoring damage evolution

Edge micrography is chosen to monitor the appearance of cracks on the specimen edge in off-axis plies during the mechanical test. Prior to the test, the specimen edge, on which the cracks are observed, is polished starting with silicon carbide paper from 800 to 4000 grit, then with 3 and 1 µm diamond suspension to obtain a mirror-polished surface. The tensile tests were performed on an Instron hydraulic machine with a maximal capacity of 100 kN. The specimen strain is determined by means of a virtual gauge from displacement fields obtained with stereo-DIC on the speckled surface using the VIC-3D commercial software. A MISTRAS system for acoustic emission (AE) acquisition is used and two Nano-30 sensors are placed on the specimen to detect acoustic events associated with damage mechanisms. The AE signals provide the damage threshold and a qualitative information on the evolution of damage during the test, based on the dissipated acoustic energy.

The cracks are monitored on the polished specimen edge by optical microscopy (see the experimental setup in Fig- ure 3). A Sensicam (PCO) camera with a 12 bit CCD sensor is equipped with microscopic objectives. The ×5 magnification objective offers a trade-off between image resolution and the size of the region of observation, and the total specimen thickness can be captured in one image. Larger magnification could be used to obtain more details of the microstructure but would require several acquisitions to cover specimen thickness, which multiplies the observation time. The selected ×5 objective associated to the 1376 × 1040 pixels sensor provides a resolution of 2.8 µm∕px on the micrographs (around 50 pixels per thickness of one UD ply). This assembly is mounted on a 3-axis mechanical stage with micrometer screw arrangement for precise positioning in the three spatial directions. The control of the displacement and of the image acquisition are fully automated, which considerably reduces the observation time and offers consistent overlap and focus from image to image (beneficial for crack detection). The displacement step between consecutive images was chosen such that there is sufficient overlap to assemble the images and reduce the impact of vignetting and dimming at the periphery of the images.

Multi-level quasi-static tensile tests (see Figure 4) are carried out with the aim of progressively increasing damage in the material. The load levels are defined based on a preliminary quasi-static monotonic tensile test, from which the load at damage onset (by mean of acoustic emission) and the failure load are determined. We found that around 8-10 load levels between damage onset and failure allow a fair description of the crack density evolution within a reasonable testing time.

The microscope scan of the edge is performed under load in order to maintain the cracks open, which facilitates detection. However, the formation of new cracks during the scan should be avoided. Therefore, after reaching a new load level, the applied load is reduced (by an empirical 15%) and then the displacement of the crosshead is fixed throughout the scan. On Figure 4, it can be seen that the cumulated acoustic energy increases only during the loading phases, which confirms that damage does not evolve during the scans. However, force relaxation occurs after the load reduction. 

Specimen

Edge micrography AE sensors The images should therefore be acquired after this transitory period (which lasts a couple of minutes). For each loading step, approximately 40 images are taken to cover the 80 mm wide zone of observation (see Figure 2). Observation of such a wide area ensures that we obtain statistically representative data of the state of damage over the observed edge: randomly distributed cracks can be observed right after damage onset of damage and the crack spacing distribution at damage saturation can be evaluated.

DIC cameras

Crack detection from full-field measures

Preliminary treatments

In the following, the 𝑥-and 𝑦-axes refer respectively to the horizontal and vertical directions of an image (as taken by the acquisition setup) and therefore differ from notations that could usually be used in composite mechanics: the horizontal 𝑥-axis corresponds to the through-thickness direction of the laminate and the vertical 𝑦-axis to the loading direction (Figure 5).

Since the micrographs are not consistently aligned from one loading step to another, they cannot be directly correlated. Therefore, for each loading step, the micrographs are assembled in order to reconstruct the entire observed zone, as illustrated in Figure 5, using the overlap between images. The limits of the observation zone were marked before the test (a marker can be see on the left image in Figure 5) in order to (i) facilitate the experimental observation by providing visual bounds when positioning the microscope and (ii) to measure the length of the observation zone, which increases with the applied load. The positions of the markers are detected on the reconstructed images and the length of the observation zone is determined from the distance between the markers at each loading step. It is now possible to work with well positioned subimages by compensating for the relative length variation of the image compared to the reference. The mean strain of the specimen estimated from the marker positions are in good agreement with the values obtained from DIC.

The next step is the detection of the ply interfaces, which are necessary for a ply-wise crack detection. Highly oriented structures in an image can be detected using the coherence of the structure tensor [START_REF] Bigun | Recognition by symmetry derivatives and the generalized structure tensor[END_REF]. In [START_REF] Naouar | Mesoscale FE analyses of textile composite reinforcement deformation based on x-ray computed tomography[END_REF], method was applied to segment warp and weft tows from CT-scan images of woven composites. In the studied UD laminates, the fibers in the 0 • -plies are aligned with the plane of the micrographs. Thus, their texture on the image is strongly oriented, whereas the texture of the 90 • -and ±45 • -plies, resulting from the cross- sections of randomly distributed fibers, has no clear orientation. The 0 • -plies and their interfaces are identified from the coherence of the structure tensor and, based on the stacking sequence of the laminate, the interfaces between the other plies are deduced from the detected interfaces (Figure 6). This method is more accurate than deducing the interface positions from the specimen edges (the surfaces of the outer plies), because they are not always well-defined on the images (too dark or out of focus). This procedure is performed only once, on the reference image, to which the images taken under load are compared.

DeepFlow: optical flow estimation

In DeepFlow [START_REF] Weinzaepfel | DeepFlow: Large displacement optical flow with deep matching[END_REF], the optical flow estimation is formulated as a variational approach, akin to [START_REF] Brox | High accuracy optical flow estimation based on a theory for warping[END_REF], and blends in the information from the deep matching algorithm. Let 𝐼 1 , 𝐼 2 ∶ Ω → ℝ 𝑐 be two images defined on the domain Ω ⊂ ℝ 2 with 𝑐 channels (grayscale or RGB images). The optical flow field, noted 𝐰 = (𝑢, 𝑣) 𝑇 , represents the displacement between the frames 𝐼 1 and 𝐼 2 . It is computed by minimization of the energy functional

𝐸(𝐰) = ∫ Ω ( 𝐸 𝐷 + 𝛼𝐸 𝑆 + 𝛽𝐸 𝑀 ) d𝐱 (1) 
consisting of a weighted combination of three residual terms: a data term 𝐸 𝐷 , a smoothing term 𝐸 𝑆 , and a matching term

𝐸 𝑀 .
Data term : The data term measures the error between two successive frames. It is a weighted combination of two terms resulting from the assumptions of brightness and gradient constancy [START_REF] Brox | High accuracy optical flow estimation based on a theory for warping[END_REF], the latter increasing the robustness against illumination variations.

Smoothing term : This regularization term is the robust penalization of the gradient norm and it ensures the smoothness of the estimated optical flow.

Matching term : The deep matching algorithm computes a matching field meant to help the estimation of the optical flow. The matching term is added to the total variational approach to refine the estimation 𝑤 obtained from this precomputed matching field, improving the robustness for cases with large displacements.

To account for possible outliers, each residual term involves a regularization by a robust penalty function: for the data term, it allows locally large variations of intensity (illumination change for instance) and for the smoothing term, it permits locally large gradients, thus preserving displacement discontinuities. The resulting optical flow is a dense displacement field-defined at each pixel of the image-that is fairly smooth far from the crack while preserving locally high gradients at displacement discontinuities. This type of formulation is therefore particularly well-suited for crack detection in material mechanics.

Crack detection methodology

In this section, we present the proposed crack detection methodology from full-field measurements. We take as an example the detection on a subimage extracted from the assembled image of the edge of a [(45∕90∕-45∕0) 2 ] 𝑠 laminate. Figure 7 shows the reference image and the corresponding image in the cracked configuration after loading. In the correlation process, the kinematic fields are expressed in the frame of the reference image. 

Dense displacement and gradient fields

For each load level, DeepFlow estimates the apparent displacement between the current and the reference image. The displacement field 𝐰 consists of the components along the horizontal (𝑥-axis) and vertical (𝑦-axis) direction of the image and is defined at every pixel 𝐰(𝑥, 𝑦) = 𝑢(𝑥, 𝑦)𝐞 𝑥 + 𝑣(𝑥, 𝑦)𝐞 𝑦 .

(

In Figure 8, the appearance of material discontinuities (cracks) affects the displacement field between the two images with locally high displacement gradients. To highlight and detect these discontinuities, we compute the following gradients by second order central differences from the displacements on adjacent pixels:

horizontal gradient 𝜕𝑢∕𝜕𝑥 = (𝑢 𝑖,𝑗+1 -𝑢 𝑖,𝑗-1 )∕2
vertical gradient 𝜕𝑣∕𝜕𝑦 = (𝑣 𝑖+1,𝑗 -𝑣 𝑖-1,𝑗 )∕2 shear gradient 𝜕𝑣∕𝜕𝑥 = (𝑣 𝑖,𝑗+1 -𝑣 𝑖,𝑗-1 )∕2 where index 𝑖 refers to the rows of the image and index 𝑗 to the columns. Figure 9 illustrates these gradients: the gradient 𝜕𝑣∕𝜕𝑦 in the longitudinal direction of the laminate brings out transverse cracks in the plies; the gradient 𝜕𝑢∕𝜕𝑥 in the through-thickness direction of the laminate indicates the mode I opening of decohesions at the ply interfaces; the gradient 𝜕𝑣∕𝜕𝑥 highlights mode II opening of the decohesions at ply interfaces parallel to the 𝑦 direction, in particular interface delaminations near crack tips which extend farther than their mode I opening. The advantage of the full-field measurements with DeepFlow is the resolution at which discontinuities can be described.

Automatic crack detection

The proposed crack detection strategy relies on two properties: (i) in the studied thermosetting matrix materials, cracks initiate and propagate instantaneously through the total thickness of the ply or cluster of plies of the same orientation; (ii) cracks induce locally higher values of the measured strain. These properties allows us to use the peaks of the vertical gradient 𝜕𝑣∕𝜕𝑦, evaluated along the midline of the plies, to detect cracks. One of these midlines is plotted in the second 90 • ply in Figure 9. Figure 10 shows the vertical displacement and its gradient taken along this line. The displacement jumps caused by the cracks are clearly visible and the crack opening displacement can be estimated. These displacement jumps result in peaks of the displacement gradient, reaching much higher values than the measured mean strain. It is thus possible to define a threshold to detect gradient peaks and thus cracks.

Since the mean strain of the specimen depends on the load level, the crack detection threshold is defined as a multiple of the mean strain. This makes the detection procedure more consistent from one loading level to another and the number of parameters is reduced only to this multiplicative factor. Based on our experience, we found that a factor of 5 to 10 works well to discriminate the cracks from noise effects. A multiplicative factor of 5 is still efficient to detect cracks with smaller openings in the ±45 • plies.

Let us note that, considering the midline of each ply, cracks are detected ply by ply, which is one of the main advantages of the proposed strategy compared to other published works. The method is then applied to each off-axis ply in the laminate and over the whole observation zone.

The detection procedure is fully automated so that it is able to generate an extensive amount of data. For example, once the preliminary treatments finished, the application to a 48 ply laminate over an edge length of 80 mm (image of 27900 × 2600 pixels, assembled from 9 subimages of 4000 × 2600 px) at the last loading level, took 7 minutes 15 seconds to detect a total of 1056 cracks. 

Visual detection control

The detection algorithm is verified by visually comparing the micrograph taken under load (where the cracks are actually visible) with the detected cracks, with the help of the gradient map (see Figure 11). Since unspeckled micrographs are correlated, the visual information of the microstructure is preserved. This process is hardly time-consuming since it consists in confirming and removing the occasional wrongly detected cracks from the detection. Such errors usually occur in the outer plies which, in some cases, are hardly, if at all, visible on the images. Consequently, the correlation on these plies is at best poor or even meaningless, resulting in incorrect crack detection. This issue is due to the quality of the input data and cannot be attributed to DeepFlow itself. Any other method would have difficulties to detect cracks under such conditions.

Crack density and other useful information

In this paragraph, we present the quantitative data provided by this method and that can be found in the formulation of advanced damage models for laminated composites.

In physically-based damage models for laminates, damage is described through observable quantities, the most common one being the crack density [START_REF] Ladeveze | On a damage mesomodel for laminates: Micromechanics basis and improvement[END_REF][START_REF] Laurin | A multiscale hybrid approach for damage and final failure predictions of composite structures[END_REF][START_REF] Germain | Évaluation des capacités prédictives de modèles à bases physiques pour la prévision de la tenue de structures composites stratifiées en présence de singularités géométriques[END_REF][START_REF] Kashtalyan | Analysis of composite laminates with intraand interlaminar damage[END_REF]. When damage is monitored at the edge of the specimen, crack density can be defined as the ratio between the number 𝑁 of cracks detected in a given ply and the observation length 𝐿 𝜌 = 𝑁∕𝐿.

(3)

However, the thicker the ply, the larger the unloaded zone around the crack, which affects the formation of new cracks and, ultimately, the crack density at saturation. Therefore, it can be more appropriate to scale the observed length by the ply thickness 𝑡 and to consider a normalized crack density of the form

ρ = 𝑁∕𝐿 × 𝑡. ( 4 
)
Note that this definition of a crack density is only based on the number of cracks. It only corresponds to the classical definition of a crack density on the specimen edge as the sum of the lengths of all cracks divided by the edge surface if the cracks are vertical. If the cracks are inclined, the projection of the crack length on a plane normal to the load direction is used.

Other damage models are based on quantities such as the crack spacing [START_REF] Talreja | Multi-scale modeling in damage mechanics of composite materials[END_REF], the crack opening displacement [START_REF] Nairn | Exact and variational theorems for fracture mechanics of composites with residual stresses, traction-loaded cracks, and imperfect interfaces[END_REF][START_REF] Lundmark | Constitutive relationships for laminates with ply cracks in in-plane loading[END_REF], or the length of delaminations at the crack tips [START_REF] Laurin | A multiscale hybrid approach for damage and final failure predictions of composite structures[END_REF][START_REF] Nairn | The initiation and growth of delaminations induced by matrix microcracks in laminated composites[END_REF][START_REF] Zhang | Variational analysis of transverse cracking and local delamination in [𝜃 𝑚 ∕90 𝑛 ] 𝑠 laminates[END_REF][START_REF] Bois | A multiscale damage and crack opening model for the prediction of flow path in laminated composite[END_REF][START_REF] Khokhar | Interaction of matrix cracking and delamination in cross-ply laminates: Simulations with stochastic cohesive zone elements[END_REF]. With the proposed method, the crack positions are known and the crack spacing can be computed in each ply and for each loading level. Figure 12 illustrates the evolution of the crack spacing with the applied load: at low loads, crack onset is a random phenomenon and cracks are arbitrarily spaced; when the load increases, the dispersion decreases and crack spacing tends towards a limit as the cracks interact and damage tends to saturate. As already shown in Figure 10, the crack opening displacement can be estimated from the dis-placement jump along the midline of the ply, but the image resolution may be limiting for small cracks in thin plies with subpixel crack openings. Concerning the delaminations at the crack tips, further analysis of the full-field measures would be required, firstly to define a criterion for decohesion tip detection and, secondly, to reliably and consistently estimate the delamination length.

Results

Results on the reference material

In most published works, automated edge crack detection in laminates is limited to relatively simple cases like detection in a single ply or in the 90 • -plies of cross-ply laminates [START_REF] Mehdikhani | Multi-scale digital image correlation for detection and quantification of matrix cracks in carbon fiber composite laminates in the absence and presence of voids controlled by the cure cycle[END_REF][START_REF] Miskdjian | Automatic edge detection of ply cracks in glass fiber composite laminates under quasistatic and fatigue loading using multi-scale digital image correlation[END_REF]. In laminates with different ply orientations (e.g., industrial QI laminates), crack detection is more challenging. In ±45 • plies, the crack opening displacement parallel do the edge is smaller because of the mode mixity and local shear strains around the cracks induce illumination variations (see Figure 1). In this subsection, we apply the proposed algorithm to obtain crack density evolutions in each ply on the edges of QI specimens of the reference material.

Figure 13 gives a schematic representation of the evolution of the detected cracks over the complete observation zone on the [(45∕90∕-45∕0) 2 ] 𝑠 specimen studied so far, and the associated normalized crack densities per ply, for three load levels. As expected, the measured crack densities increase with the applied load. A crack detected at a lower load is also detected at higher loads. The first cracks appear at random locations in the 90 • plies (transverse to the loading direction) at a deformation of around 0.8 %. With increasing load, additional cracks appear in the 90 • plies. The first cracks in the outer 45 • plies are observed at deformation of about 1.0 %. Note that the manufacturing process described in subsection 2.1 induces a rougher surface on the top ply (ply 14) compared to the bottom ply (ply 0). This difference in surface condition causes an earlier crack onset and faster evolution in the top ply compared to the bottom ply. At the highest loads before failure, the crack densities in the 90 • plies saturate as the existing cracks are too close for new cracks to initiate, and some isolated cracks are detected in inner ±45 • plies.

The detection algorithm was then applied to three different QI layups of the same material. Figure 14 presents the obtained evolution of crack densities in the different plies. For each layup, two specimens were tested: one up to failure, the other one stopping the test before failure. The observed crack densities are consistent between specimens of the same layup and the detection method provides satisfying results for all tested laminates. Cracks are well detected in the 90 • as well as in the ±45 • plies. In each ply, the measured crack density increases, but it clearly depends on the ply orientation, thickness, and position (inner or outer ply). In the second and the third laminate, cracks appear at lower strains in the central 90 • 2 plies than in the single 90 • plies in the same laminate.

Even though the layups contain the same number of plies 500 µm at the same orientations, the crack density evolution differs considerably between the laminates, depending on the stacking sequence. This effect is attributed to damage coupling between adjacent plies. For example, the cracks in the 90 • 2 ply of the second laminate trigger the formation of cracks in the adjacent ±45 • plies, which appear at a lower load compared to the third laminate, where they are separated from the 90 • 2 ply by a 0 • ply. Furthermore, in the second laminate, the crack density in the 90 • 2 ply saturates before failure because of the adjacent damaged -45 • plies. These effects of the stacking sequence are not taken into account in most damage models for composite laminates. The third layup ([(45∕-45∕0∕90) 2 ] 𝑠 ) delaminates at the central plies and one half of the specimen moves out of focus and no longer lit. As a consequence, the correlation is compromised on this half and the obtained crack densities are not reliable (data grayed out in Figure 14). The crack detection method can be properly applied only to the other half of the specimen.

Application to three different composite materials

In this section, the crack detection algorithm presented in sections 2 and 3 is applied to three composite laminates made of carbon fibers and epoxy resins with different microstructures:

(a) AS7/8552 is the reference material used to develop and illustrate the approach. It has a fairly clean microstructure: the plies are well-defined and the fibers are evenly distributed in the matrix. (b) IMA/M21ev is a material widely used in aeronautic applications. It has thick interfaces with thermoplastic nodules for better out-of-plane performance and contains some intralaminar resin-rich regions that could be mistaken for cracks. (c) T700GC/M21 is also widely used in aircraft structures and contains thermoplastic nodules. Its microstructure is the most irregular of the three materials with many resin-rich veins within the plies. It can be difficult to distinguish between the cracks and these veins. tent with both the high displacement gradients and the darker lines on the micrographs. The advantage of detecting cracks by their effect on a kinematic field is best illustrated on the T700GC/M21 material, where the irregularities in the microstructure are particularly significant even before any crack initiation. The gray levels thus cannot be used to detect cracks. However, the dark areas on the micrograph that do not correspond to any crack do not appear in the gradient map. Only the crack opening causes locally high displacement gradients. Note that, during the test of the T700GC/M21 specimen, the load during the observations was lower than for the other two materials, because the cracks appear at lower strains. Therefore, the crack opening is smaller and the displacement gradients are lower. However, since the detection threshold is proportional to the applied load, the approach is still effective. The crack densities obtained for the different materials are shown in Figure 17. In all laminates, the crack densities increase with applied load. The first cracks appear in the 90 • plies, followed by the outer 45 • plies and finally the inner ±45 • plies. Damage saturates in the 90 • plies at high loading levels. The crack density evolution also evidences a lower damage threshold of the IMA/M21ev laminate compared to the other two materials, and a higher crack density at saturation, which could be attributed to the thermoplastic nodules at the ply interfaces. We provide, as additional material to this paper, animations of the gradient maps for the three material, respectively, showing the increase of observed cracks with applied load on the selected regions.

Conclusions

The automated crack detection algorithm proposed in this paper is able to detect cracks in composite laminats with very distinct microstructures, including materials with irregular structures that under visual inspection can easily be mistaken for cracks an thus make manual crack detection difficult. The cracks are detected on micrographs taken during the tests at increasing loading levels, in order to observe the evolution of the crack density on the specimen edges. The observation zones are large enough (80 mm here) to obtain statistically representative crack densities. Speckle patterns typically used in DIC were not applied to the specimen in order to preserve the information of the material microstructure for visual control of the crack detection. The experimental test procedure was adapted to take into account the specifics of the post-processing treatment required for an accurate crack detection. Special care was taken to (i) minimize distortion and vignetting of images, (ii) automatize the displacement of the camera, the focus, and the image acquisition, and (iii) define a load cycle that allows the inspection of the specimen under load, maintaining the cracks open while preventing further damage.

DeepFlow, the algorithm used for image correlation, is able to detect material discontinuities with a good spatial resolution and is robust to local illumination variations. It is therefore possible to accurately detect cracks even in ±45 • plies (where the crack opening is smaller and the illumination varies due to shear strains around the cracks), a challenging case that can defeat other methods.

The detection algorithm is largely automated and compatible with any layup. The only parameter controls the adap- tive threshold, which makes the detection load-independent. As a consequence, test data analysis is greatly simplified and the procedure is well suited for industrial applications. The method gives access to the crack densities that are needed for the identification of advanced damage models for laminates. However, we are conscious that cracks on the edge of the specimen may not necessarily be representative of the damage state in the bulk of the material. In particular in laminates with thin plies, the influence of the free edges may be important. It would therefore be interesting to apply the proposed methodology to volumic observations, e.g., slices from computed tomography scans (pro-vided that the resolution is sufficient to perform image correlation). Further analyses of the full-field measures obtained with DeepFlow can provide more detailed information on damage mechanisms. For example, the lengths of the delaminations at the ply interfaces around the crack tips can be measured from the shear gradient maps (𝜕𝑣∕𝜕𝑥). The maps of longitudinal gradient (𝜕𝑣∕𝜕𝑦) can be used to obtain information about the crack morphology, like the length through the ply thickness, orientations, or tortuosity. A more mechanics-oriented analysis of the displacement or strain fields would also be interesting, for example by comparing the longitudinal strain field in a given ply, in the presence of one or multiple cracks, with analytical (shear lag models) or numerical solutions. Finally, even though the method was developed on and applied to laminated composites, it can be adapted to other materials, and used, for example, for damage detection in textile composites.
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 1 Figure 1: Gray level residual (difference of the registered images), classically used in image processing-based approaches. Left: cross-ply laminate with cracks in the 90 • plies, clearly matching high residuals. Right: quasi-isotropic laminate with cracks in the 90 • and ±45 • plies which impact the detection quality based on the residual.

Figure 2 :

 2 Figure 2: Geometry of tabbed specimens for tensile tests on CFRP laminates [46].

Figure 3 :

 3 Figure 3: Experimental setup for damage monitoring in laminated composites. Micrographs of the edge of the specimen are taken under load over a length of 80 mm.

Figure 4 :

 4 Figure 4: Multi-level load curve (blue) with damage observation under reduced load (orange) and cumulated acoustic energy throughout the experiment.

Figure 5 :

 5 Figure 5: Left: Assembly of the micrographs taken on the specimen edge (detail on 6 images of a total of 38. Note the marker on the left that delimits the observation zone). Right: Complete assembled image of the observed zone.

Figure 6 :

 6 Figure 6: Detection of the ply interfaces: (a) High coherence of the structure tensor, corresponding to strongly oriented regions (0 • plies) ; (b) Detected (blue) and interpolated (yellow) interfaces of the plies.

Figure 7 :

 7 Figure 7: Damage in a [(45∕90∕-45∕0) 2 ] 𝑠 quasi-isotropic laminate. Left: reference image of the unloaded specimen; right: image taken at highest load level (1.39% applied strain).
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 89 Figure 8: Displacement fields along the 𝑥 and 𝑦 direction in the reference image configuration. The locally high variations of the displacement fields indicate the presence of cracks.

Figure 10 :

 10 Figure 10: Displacement and corresponding gradient evaluated along the midline of the second 90 • ply. The gradient peaks, much higher than the mean strain, are used to detect the cracks. The identified crack opening displacement (CoD) is shown on the left plot.

Figure 11 :

 11 Figure 11: Comparison of detected crack on a [45∕0 2 ∕-45∕90∕45∕0 2 ∕-45∕0] 𝑠 laminate. The correlation failed on the leftmost ply, resulting in meaningless gradient values (third image). On the last image, correctly detected cracks are marked in yellow and the wrongly detected cracks in red.

Figure 12 :

 12 Figure 12: Histograms of crack spacings in the 90 • -plies of the studied QI laminate for four load levels. The spacing counts for each ply are stacked on top of each other. The same color is used for plies at the same distance from the midplane of the laminate (see Figure 13 for the ply numbering).
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 151314 Figure[START_REF] Bender | Optical high dynamic range acquisition of crack density evolution in cyclic loaded GFRP cross-ply laminates affected by stitching[END_REF] presents the microstructure of each material. Even though these materials are of the same family of carbonepoxy composites, the microstructures are different enough to represent each a unique challenge for crack detection.The approach is applied to the same challenging configuration for each material: a 16-ply QI laminate of stacking sequence [(45∕90∕-45∕0) 2 ] 𝑠 . The micrographs of the undamaged and the damaged material, the displacement gradients in loading direction, and the detected cracks are shown in Figure16. Despite the significant microstructure irregularity of the two additional materials, the cracks are still reliably detected. The detected crack positions are consis-

Figure 15 :

 15 Figure 15: Micrographs of the studied pristine CFRP materials with different microstructures.

  AS7/8552: 16-ply quasi-isotropic laminate after 1.31% of applied strain.

  IMA/M21ev: 16-ply quasi-isotropic laminate after 1.4% of applied strain.

  T700GC/M21: 16-ply quasi-isotropic laminate after 1.31% of applied strain.

Figure 16 :Figure 17 :

 1617 Figure 16: Application of the crack detection algorithm to on three CFRP laminates with different microstructure. From left to right: micrographs of the undamaged and the damaged material, gradient maps 𝜕𝑣∕𝜕𝑦, and detected cracks.
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