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Introduction Context

Composite materials have already found their place in aircraft structures by providing excellent weight-specific mechanical properties (strength, stiffness). Even though thermosetting matrix composites are currently the most frequently used in these applications, thermoplastic matrix composites recently started being of interest for aircraft manufacturers such as DAHER, BOEING, or AIRBUS [Black 2015;Marsh 2014;Mathijsen 2016;Sloan 2014]. For instance, the A350 civil airplane already contains parts made of thermoplastic materials such as clips, ribs, or brackets. As illustrated in Figure 1, the use of thermoplastic materials has been progressively extended to structural applications due to some of their specific advantages. Indeed, thermoplastics can be welded, thereby eliminating the need for riveting and reducing the associated cost and weight impacts. In addition to their weldability, thermoplastic matrix composites can potentially be recycled, can require shorter production cycle times than thermoset composites, and can be manufactured with out-of-autoclave processes. These materials also present enhanced out-of-plane fatigue and damage tolerance performance when compared to thermoset laminates [Herman et al. 2021].

Figure 1 -Overview of thermoplastic applications by AIRBUS group [Herman et al. 2021].

To comply with the ramp-up of production rates and the increasing amount of manufactured large-scale structural parts as 'one-shot' components, thermoplastic matrix structures and processes are potential solutions under investigation. However, higher rate may lead to increased occurrences of imperfections during manufacturing process. Implementation of acceptance criteria for those imperfections in composite parts / structures was thus identified as key enabler.

A robust manufacturing process is based on a standard quality which tolerates recurrent imperfections, also called manufacturing flaws. AIRBUS defines three quality levels: the laboratory quality, the standard quality, and the defect (see example in Figure 2). The laboratory quality part is a high-quality level not reflecting the effect of design or of industrial process means. The standard quality is representative of the quality obtained on most of the parts manufactured, and is associated to the design allowables. Therefore, it covers some manufacturing flaws which are accounted for in the analysis of the structural performance. Finally, when a larger deviation occurs, it is designated as a defect. A defect may have a negative influence on the part performance, form, function, or cosmetic aspect, and its characteristics are beyond the acceptance criteria. The comprehension of the effects of defects could provide guidelines to support concession management by requesting only an inspection of the defect geometry, without requiring a testing of the part. Also, it can accelerate the decision making and could further support the analysis of possible extension of the definition of the standard quality. The study of the effects of defects can thus contribute to reach higher production rates and help reducing costs while fulfilling structural requirements.

Thesis objectives

The research presented in this work is a collaboration between AIRBUS Operations and ONERA, performed within the frame of a CIFRE funding. This PhD thesis is dedicated to the characterization and the modelling of the effects of one type of defect: the out-of-plane waviness, on the mechanical performance of a thermoplastic matrix composite.

Several manufacturing defects can be generated during the production of laminated composite parts: porosity, gap/overlap of plies, thickness or geometry deviation, etc. To be in line with the industrial needs, the out-of-plane waviness was selected based on four criteria: i. main manufacturing issues reported by shop floors, ii. the accuracy of the available analysis approaches used to deal with them, iii. the severity of their effects on the mechanical performancestrength in particular, and iv. potential manufacturing cost savings. In the case of the out-of-plane waviness, AIRBUS manufacturing engineering supporting team reported a middle / high occurrence of the defect during manufacturing process development. To allow the assessment of the mechanical influence in a limited time, a conservative and quick approach is used to cover the different waviness morphology observed in previous experiments. This approach can be improved with the definition of a better relationship between the defect morphology and its mechanical influence. In addition, the out-of-plane waviness defect is known to have an important influence on the mechanical performance of structural components, especially under compressive loads [Alves et al. 2021]. Thus, this study focuses on the influence on mechanical properties of initial out-of-plane waviness with morphologies representative of industrial defects.

Positioning in relation to existing projects

The effects of defects, including out-of-plane waviness, have already been investigated in several major projects. For instance, the team of the Bristol Composites Institute (ACCIS), often in collaboration with Rolls-Royce, carried out experimental and numerical studies on tensile and compressive failure of quasi-isotropic laminates with out-of-plane wavinesses [Bloom et al. 2013;Mukhopadhyay et al. 2018;Mukhopadhyay et al. 2015b;Mukhopadhyay et al. 2015a;Xie et al. 2018]. The ACCIS team analysed the defect generation mechanisms occurring during the manufacturing of complex geometries and variable thickness components [Belnoue et al. 2018;[START_REF] Belnoue | [END_REF] in the framework of the DefGen project (2013)(2014)(2015)(2016)(2017). Out-of-plane waviness is also one of the defects studied in the PhyDefect project (2020-2024) led by ONERA in collaboration with different industrial and academic partners. Part of the PhD thesis work was made in collaboration with experts involved in the PhyDefect project.

Manufacturing defects are the subject of different overview studies such as [START_REF] Elhajjar | [END_REF]Fu et al. 2022;[START_REF] Hassan | A review on the manufacturing defects of complex-shaped laminate in aircraft composite structures[END_REF][START_REF] Heslehurst | Defects and Damage in Composite Materials and Structures[END_REF], with some focused on the out-ofplane waviness, its generation mechanisms, their experimentally observed effects on strength, and numerical methods to explain or predict the effects of the defects [Alves et al. 2021;Kulkarni et al. 2020;[START_REF]Mechanisms of origin and classification of out-of-plane fiber waviness in composite materials -A review[END_REF]]. However, most of these works were performed for thermosetting matrix composites. Even though there are some works on the effects of the out-of-plane waviness on thermoplastic composite properties [Adams et al. 1996;Adams et al. 1993;Krämer et al. 2020;Sitohang et al. 2021], none of them addressed the whole chain from the defect manufacturing to its experimental and virtual testing.

Since thermoplastic matrix composites are potential candidates for aeronautic structural applications, they are investigated in various AIRBUS Operations research projects on fuselage applications. The material used in the PhD thesis was considered in one of those research projects and is a carbon fibre / thermoplastic matrix laminate of unidirectional plies produced by Toray Advanced Composites. The mechanical properties of this material were characterized in a workpackage of the CleanSky 2 project led by ONERA alongside with the PhD thesis.

Outlines of the thesis

The effects of out-of-plane waviness defects on the mechanical performancethe elastic properties, the damage scenario and the failureof the thermoplastic matrix laminate were studied both experimentally and numerically. Prior to the test campaign and the virtual testing, specimens with defects representative of industrial configurations were manufactured and the geometry of the generated wavinesses was extracted from non-destructive control. Thus the global approach of the thesis was divided into four main stepsmanufacturing composite plates with defects, describing the defect geometries, experimentally testing, and virtual testingwhich constitutes the structure of the present manuscript.

• Chapter 1: Since the studied carbon/thermoplastic material is still under investigation in AIRBUS, no carbon/thermoplastic component has yet been manufactured on production line with this material. Therefore, AIRBUS could not provide parts or specimens with manufacturing flaws. The first challenge was thus to artificially generate defects that would be of industrial interest. First, different out-of-plane waviness generation methods described in the literature were reviewed. Defect morphologies observed in industrial components were also listed and compared with the defect morphologies found in the literature. However most of the reviewed techniques are designed for thermosetting composite materials. Two techniques were selected, and were adapted to thermoplastic materials and their associated manufacturing process under a heating press.

• Chapter 2: To relate the effects of defects to their geometrical characteristics, their geometrical parameters were systematically identified from micrographs and tomograph images. First, a geometrical model was proposed and validated on the generated defects. To be transferred to AIRBUS, the model is based on a reasonable number of parameters that have a geometrical meaning. Then, two identification methods were developed to automatically extract the defect geometry. The first one only applies to micrographs of sufficient quality and requires manual pre-processing of the image, but provides an estimate of the error between the model and the defect geometry. This method was thus used for model validation. The second method is less sensitive to the image quality and can be applied to noisy tomography images; however, it requires a geometrical model representative of the defect geometry as an input. Using an idealized geometrical model will also be convenient to generate a mesh representative of the observed defect, but with different parameters for finite element analyses in chapter 4.

• Chapter 3: The effects of the generated out-of-plane waviness defects were studied experimentally under quasi-static in-plane tension and compression. To determine knock down factors on the laminate strength and initial stiffness, multi-instrumented tests were carried out on specimens with and without defects. The influence of the waviness on the damage and failure scenario was also investigated by edge monitoring during testing. In addition to the determination of the effects of defects on mechanical properties, these tests will allow to validate the numerical models proposed in the next chapter.

• Chapter 4: Finite element analyses of the tested defects were performed considering first a linear elastic constitutive behaviour, and then a continuum damage model (ONERA Progressive Failure Model, noted OPFM). The damage model used was identified in parallel with the thesis in the framework of the CleanSky2 project. The waviness geometry, previously identified in chapter 2, was directly inserted into the mesh by deforming the elements to coincide with the defect shape and by accounting for the fibre misalignment in the local material orientation. The numerical and experimental results were compared.

• Chapter 5: To assist the performance evaluation of composite components containing out-of-plane wavinesses, a methodology to perform parametric studies relying on a surrogate model was investigated. A strategy was developed considering the dependence of the tensile modulus to various waviness parameters. The developed approach can be used to generate knock down factor charts from these metamodels, for fast estimate of the effects of the defects on the mechanical properties without carrying out complex and time-consuming finite element modelling.

Finally, some conclusions are drawn and the short / middle term perspectives associated to this work are discussed.

Chapter 1

Artificial generation of out-of-plane waviness in composite laminates One of the objectives of the PhD-thesis is to characterize experimentally the effects of outof-plane waviness defects in a composite laminate made of unidirectional plies of carbon fibres and thermoplastic (TP) matrix. Due to confidentiality reasons, it was not possible for the industrial partner to provide component or specimen of the studied material. Therefore, the first step consisted in manufacturing plates with waviness representative of industrial defects. AIRBUS provided the material from TORAY for the PhD thesis.

In the literature, many studies can be found on the manufacturing origins of the out-of-plane waviness and/or strategies to artificially induce them, but few works deal with TP laminated materials. For this reason, this chapter starts with a list of existing methods to generate out-ofplane waviness in laminated composite structures. Unless otherwise stated, the manufacturing methods were usually developed using thermosetting (TS) matrix prepregs. Then, the studied material and its manufacturing process is presented. In the second part of the chapter, two strategies were selected to manufacture plates at ONERA. The used consolidation cycle was based on the provider's guidelines and was adapted to the press and the need of the study. The resulting defects and the adaptations are detailed for each strategy.

1.1. Out-of-plane waviness defects in the literature 1.1.1. Generalities on composites and manufacturing defects A composite material is composed of, at least, two different constituents that, when combined, result in a new material with characteristics different and better from those of the individual components. Composites include a wide range of different materials and architectures from reinforced concrete to sandwich-structured composites. Another example is the composite laminate, which is an assembly of layers.

Polymer Matrix Composites, especially Carbon Fibre Reinforced Polymers (CFRP), are widely used in the aeronautic industry. This study focused on CFRP laminates made of unidirectional (UD) plies. As shown in Figure 1.1.c, by stacking UD layers in a specified sequence of different fibre orientations, a laminate that will fit the mechanical properties required can be obtained. UD and cross-ply (CP) layups are often used for characterisation and comprehension purposes, while quasi-isotropic (QI) layups are preferred for industrial applications. Composite components can be manufactured using a large variety of methods. For instance, CFRP laminates can be processed by compression moulding, automated fibre placement, autoclave and vacuum forming, thermoforming, etc. Each manufacturing process can induce material imperfections representing deviations from the expected design. If these quality discrepancies have a consequence on the mechanical or thermal performances, shape, function or aesthetics which exceeds the part acceptance criteria, they are designated as defects [START_REF]Aerospace series -Definitions of imperfections and defects in organic matrix composite materials[END_REF]. The ASD-STAN pre-standard prEN 4866:2018 and different authors, such as Smith et al. [Smith 2011] or Mehdikhani et al. [Mehdikhani et al. 2018], clearly distinguish manufacturing defectsalso called initial defectsfrom in-service defects which correspond to damage resulting from operational environment.

Potter et al. [Potter 2012;[START_REF] Potter | [END_REF] proposed a taxonomy of defects in composite parts. As Cairns et al. [Cairns et al. 2011], they also distinguish between defects and features which are unavoidable outcomes of specific design decisions such as some gaps/overlaps induced by automated fibre placement, ply drops or non-developable surface draping.

Several authors, such as in [Fu et al. 2022;Shalin 1995;Talreja 2015], classify the manufacturing flaws by their location in "matrix", "fibre" or "interface" defects. For instance, porosities are matrix defects, fibre defects could appear as ply misalignment or waviness, and interface defects deteriorate the fibre-matrix or ply-ply bonding such as initial decohesion or delamination.

There are many possible origins for manufacturing defects, but usually the sources are divided into two categories: material defects or process-induced defects [Potter 2009]. The former refer to the material quality including initial porosity, matrix and fibre health, prepreg surface roughness or prepreg fibre alignment. [START_REF] Baran | [END_REF] and [START_REF] Fernlund | [END_REF] detailed some of the origins of the process induced defects, such as thermal anisotropy and temperature gradients, or tool-part interaction. In [START_REF] Hassan | A review on the manufacturing defects of complex-shaped laminate in aircraft composite structures[END_REF]Wang et al. 2009], the authors correlated the occurrence of defects with the manufacturing and geometric parameters of complex-shape parts. Voids, delaminations, fibre wrinkling, resin accumulation, corner thickening and corner thinning are the most common defects appearing during the manufacture of laminated composite structures with complex geometry. As mentioned before, it is also possible to distinguish recurring defects, resulting from the design of the part and the process, from 'random' or 'one-off' defects which are related to unforeseen process conditions variations (e.g.: vacuum leak, failure, misalignment of the moulds, ...). It should be noted that a defect type could belong to both categories. For instance, a recurrent waviness can be generated systematically in an angular part of a piece, and the same waviness can be induced by a crease in the release film positioned between the laminate and the mould.

The out-of-plane waviness defect

The out-of-plane (OoP) waviness consists of a fibre or ply deviation in the direction of the laminate thickness. In [Kulkarni et al. 2020;[START_REF]Mechanisms of origin and classification of out-of-plane fiber waviness in composite materials -A review[END_REF], Kulkarni et al. and Thor et al. reviewed mechanisms at the origin of fibre misalignments. They found that these defects are often generated during the forming process. The same phenomenon can induce a fibre misalignment in-plane and/or out-of-plane. OoP wavinesses are relatively common in thick components or curved parts, and they are known to have significant influence on the mechanical performances of composites, especially under compression loading.

The Figure 1.2.a shows an example of OoP waviness. There are different ways to parameterize this defect (amplitude, curvature radius, wavelength, maximum misalignment angle, extent, etc.), but there is no universally accepted criterion for its severity. This is partly due to the wide variety of morphologies the defect can present: one or multiple waves, with constant or varying amplitude along each laminate axe, Gaussian or sinusoidal shape, etc. However, numerous studiessuch as [Adams et al. 1993;Kulkarni et al. 2020;Mukhopadhyay et al. 2018;[START_REF]Mechanisms of origin and classification of out-of-plane fiber waviness in composite materials -A review[END_REF]]indicated three typical parameters: the amplitude (ℎ), the wavelength (𝜆), and the fibre misalignment angle (𝜃) as illustrated in the Figure 1.2.b. In aeronautic industries, this shape diversity can also be found in manufacturing defects observed in parts from production lines, but some morphologies appear more frequently than others do. For instance, the morphology observed on the micrograph shown in Figure 1.3 can be found in different parts and materials. As they are present in components manufactured with different processes, these defects have different origins, which are not always clearly identified and which can hardly be reproduced in laboratory. 

Artificial out-of-plane waviness generation strategies

In the following section, different manufacturing methods to create artificial OoP waviness are presented. Most of the studies concerned laminates with thermosetting (TS) matrix. Therefore, unless otherwise stated, the manufacturing methods were developed using TS matrix prepregs. For each technique, an example of the resulting defect morphologies is provided. Some of these strategies are based on manufacturing conditions similar to the industrial ones and induce the defect by reproducing their formation origins. For instance, they are based on difficulties to lay-up complex geometries or on constrained consolidation. Others deviate from the regular process, by inserting additional material or a kink former, in order to achieve a better control of the generated defect morphology.

Manufacturing of complex structures

In their overview of the process mechanisms at the origin of waviness, Thor et al. [START_REF]Mechanisms of origin and classification of out-of-plane fiber waviness in composite materials -A review[END_REF] emphasised that the design complexity of the final part greatly influences the generation of fibre waviness. For instance, when draping hemispheres or joggled geometries, local differences in draping path length occur between the targeted surface and the fibres that must adapt to the geometry, thus leading to risks of waviness. [START_REF] Potter | [END_REF] stated that only a slight difference in path length can lead to obvious fibre waviness.

In [Hallander et al. 2015;Hallander et al. 2013;Sjölander et al. 2016], the authors focused on waviness in a spar made of epoxy prepreg. The component has a U-shape geometry with a flange recess area, and thus a varying cross-section as shown in Figure 1.4.a. The authors studied the effect of material propertyby using two types of fibresand local layup variations due to ply drops. They showed a dominant effect of the ply sequence, as the wavinesses became smaller when reducing the inter-ply friction between 0° and 45° plies or when reducing the number of these interfaces. They identified two causes for waviness development: a global buckling of the entire stack or a local compression of single plies. Global buckling is assumed to occur due to excessive material during forming of e.g. convex geometries. Local compression followed by wrinkling, on the other hand, is shown to occur as the material shears during forming, causing compressive stresses in the material. The plies with fibres parallel to the compressive stresses are more likely to buckle, which promotes out-of-plane waviness. [Hallander et al. 2015].

Influence of the draping process

In some studies, the authors focus on the draping operations on the generation of waviness in U-and L-shaped components.

For instance, Lightfoot et al. [Lightfoot et al. 2013] related the waviness generation in QI laminates to the bridging of 0° plies over the component radii during hand layup. They observed this bridging even using 30 min room temperature vacuum debulks every four plies to consolidate the plies prior to the curing cycle and reduce the bulk factor. During the consolidation of a bridged 0° ply, the plies between this ply and the tool are subjected to shear forces. In the case of a tool surface covered with a release film, the layers will be able to move relative to the tool. Then as illustrated in Figure 1.5, during the consolidation, the bridged 0° ply is pushed into the radius and can drag a portion of the plies slipping along the tool. Hence, they prevented the OoP waviness apparition in the corners by increasing the frictional shear stress between the part and the tool by removing the release film.

Figure 1.5 -90° or ±45° ply is dragged into by consolidation of bridged 0° ply. Shear slip will result in the formation of an S-shaped wrinkle [Lightfoot et al. 2013]. Çinar et al., Hu et al. and Journoud et al. based their defect generation strategy on inducing global buckling of the material stack [START_REF] Çinar | [END_REF]Hu et al. 2021;Journoud et al. 2022].

To do so, they introduced an excessive material length in the radius of the L-shaped laminate. In this method, all or part of the plies were first stacked on a flat surface and then transferred and draped onto the curved mould (Figure 1.6). This promoted the waviness formation in the curved zone. By alternating normal and flat pre-stacked plies and varying their proportion, different waviness severities were achieved. [Hu et al. 2021].

Constrained consolidation

Another way to induce excess length, which is at the origin of waviness formation in Langle components, consists in preventing the plies to slip. As previously highlighted in [Lightfoot et al. 2013], the formation of waviness depends on the frictional behaviour between the plies and/or between the tool and the part. In the case of an L-angle component manufacturing, if the plies can slip/shear over one another, the excess length, induced by applying the debulk pressure, can be accommodated by producing a "book-end" effect as shown in Figure 1.7.a. However, if the ends are constrained or if the interply frictional forces are too high to let the layers move with respect to each other, compressive stresses occur in plies causing waviness as illustrated in Figure 1.7.b [Belnoue et al. 2018;Dodwell et al. 2014a]. [Belnoue et al. 2018].

For characterisation of the mechanical effects of waviness, it is more convenient to investigate them in flat laminates. [START_REF] Potter | [END_REF]] -and later Bloom et al. [Bloom et al. 2013]mimicked this process and inserted an excess of length in a plate. The method, illustrated in Figure 1.8.a, consists of manually forcing an oversized ply to conform with a given mould geometry, rectangular in this case. The resulting defects were S-shaped OoP wrinkles with three associated angles as presented in Figure 1.8.b. 

External imprint

To study the influence of the OoP waviness on compressive failure, Wisnom et al. [Wisnom et al. 1996] manufactured kinked test specimens. 0° strips of carbon-epoxy prepreg were laid under the ply stacks and a release film, and were oriented perpendicularly to the 0° fibre direction of the plate. During consolidation, the geometry of the kink formers changed from an initially rectangular to a semi-lenticular shape.

In [Bender et al. 2019;[START_REF] El-Hajjar | [END_REF]Thor et al. 2021], the authors opted for rigid kink formers, using respectively a metallic steel bar, half-moon shape and round bars, or a metal plate with sinusoidal waves milled onto it. In order to generate a controlled and repeatable OoP waviness, Hsiao et al. [Hsiao et al. 1996] and [START_REF]Effect of fiber waviness on the bending behavior of Sglass/epoxy composites[END_REF]] performed a two-step curing resulting in an embedded defect instead of one initiating at the laminate surface. To do so, a part of the stack was pre-cured onto a curved surface, with the target geometry and another one on a flat tool. Once both were partially cured, they were combined to finish curing. Thus, the exterior surfaces of the co-cured component are flat and a pocket of resin is located below the wave (see Figure 1.9.b). Some industrial OoP wavinesses are associated with a resin pocket.

Local addition of material

Hörrmann et al. [Hörrmann et al. 2016] reproduced OoP waviness by inserting resin rods transverse to the fibre direction between UD laminates. It resulted a half wave in the layers between the polymer rods as shown in Figure 1.10.a. Also, using resin, Davidson et al. precured the polymer into moulds with sinusoidal profile [Davidson et al. 2017]. Then, this sample was inserted between UD plies and co-cured. During the process, parts of the defect flattened causing a deviation from the intended shape. In addition, the interface cohesion between the partially cured and uncured layers may be weakened causing potentially premature delamination.

(a) Microscopy image of the half wave induced between two polymer rods [Hörrmann et al. 2016] (b) Manufacturing defects observed postcuring [Davidson et al. 2017] Figure 1.10 -Wavinesses generated by insertion of resin components

Adams et al. chose to introduce ply strips instead of polymer, and developed in [Adams et al. 1993] a strategy to generate OoP waviness in TP matrix cross-ply laminates. The method is based on the fact that the material can withstand consolidation cycle several times. As shown in Figure 1.11.a, a central 0° stack was processed a first time in a wavy mould to pre-form the 'wavy layer' (step 1). Then, the 'wavy sublaminate' was constituted by adding 90° UD ply strips in the troughs of the wavy ply. 90° plies were placed on either side of the wavy layer and a second consolidation was performed on this stack (step 2). Finally, the previous stackthe wavy sublaminate -was inserted in the laminate for a last consolidation (step 3). Figure 1.11 -Artificially inducing waviness in a (a) TP matrix [Adams et al. 1993] and (b) TS matrix [START_REF] Adams | [END_REF] CP laminate using the strip-insertion method.

This technique was adapted for cross-ply laminates with TS matrix in [START_REF] Adams | [END_REF]] by performing the cure in a single-step. The geometry of the 90° plies adjacent to the wavy 0° layers was adapted: strips were removed to be rolled and placed at the locations corresponding to the troughs of the wavy ply as shown in Figure 1.11.b. To ensure no gap would be generated while removing some strips all plies were constituted of two prepregs, thus the removed material concerned only one of the two 90° prepregs. All the other plies were left as is for the cure. Because the added material is the same as the one of the laminated plate and follows the same manufacturing cycle, this method resulted in a waviness formation with interfaces of the same quality as pristine component. As illustrated in Figure 1.12.a, Mukhopadhyay et al. applied a similar strategy -TS material, insertion of uncured prepreg stripsto manufacture QI laminates with embedded defects [Mukhopadhyay et al. 2018;Mukhopadhyay et al. 2015b;Mukhopadhyay et al. 2015a]. They generated three severity levels of waviness by varying the width and the thickness of the inserted 90° ply strips. To increase the maximum ply deviation, in [Mukhopadhyay et al. 2018], the authors manufactured QI composites with plies constituted of two stacked prepregs ('double-ply'). To compensate an added strip below a 0° ply, they removed a small section at the corresponding position in one of the two 90° plies above. Figure 1.12 -Artificially inducing waviness in a QI laminate using the strip-insertion method [Mukhopadhyay et al. 2015a] 

Summary

Except for the work of [Adams et al. 1993], all the presented studies were initially developed to artificially introduce waviness into TS matrix composites. Hence, to be applied to the studied material, these methods may need to be adapted. TS matrix composites are usually processed in an autoclave (with a vacuum bag), while the TP matrix laminates used in this thesis were consolidated in a heating press in a closed mould at high pressures. In addition, contrary to TS matrix prepreg, the TP matrix prepreg presents a low tack (i.e. it does not stick); therefore, they are easier to manipulate but it is harder to maintain their relative position. Thus, it is harder to induce the defect during draping prior to any consolidation such as in [Journoud et al. 2022]. Table 1.1 shows advantages and drawbacks, for use in the framework of the PhD thesis, of the techniques presented above.

Also, the objective of this work is to study OoP waviness that is representative of industrial defects. Targeted morphologies for the PhD thesis were selected from aeronautic industrial database gathering examples of manufacturing defects observed during part and process developments. It should be noted that, as for the literature review, these defect geometries were mainly observed in TS matrix compositessince TP are rarely used for now. The hypothesis that OoP waviness defect has similar geometry in TS and TP matrix laminates was made. Through all the reviewed strategies, a large variety of defect morphologies could be manufactured, either:

• visible at the surface or embedded in the laminate,

• affecting all the plies in the thickness or only a part of the layers,

• Gaussian, sinusoidal or other profile, etc. In addition, OoP waviness formation can be achieved in either curved or complex shape components, or plates. Some authors have focused on controlling the induced waviness geometry and developed a repeatable process. However, the methods usually deviate from the regular manufacturing process (e.g. introducing objects under or between plies). On the other hand, techniques based on the reproduction of an origin of the defect formation rarely choose the resulting waviness geometry.

Part of the resulting defects are associated with resin pockets, pre-cured or foreign substances below the waviness. Premature damagecracks or delamination -generally occur in these areas. Even in some cases, they could correspond to industrial defect, these defect morphologies were ruled out for the PhD study.

Defect generation method

Associated publications

Advantage Limitation

Manufacturing of complex geometries [Hallander 2013[Hallander , 2015;;Sjölander 2016] -Representative of industrial defect morphologies -No control of the defect geometry -Restricts the study to the tested complex geometry

Draping process [Lightfoot et al. 2013] -Representative of industrial defect morphologies -No control of the defect geometry -Apply to complex geometry component [START_REF] Çinar | [END_REF]Hu et al. 2021;Journoud et al. 2022] -Easy to set-up -No control of the defect geometry -Apply to complex geometry component Constrained consolidation [Belnoue et al. 2018;Dodwell et al. 2014a] -Representative of industrial defect morphologies -No control of the defect geometry -Apply to complex geometry component [Bloom et al. 2013;[START_REF] Potter | [END_REF] -Manufacturing of plates -Representative of industrial defect morphologies -S-shaped wrinkles

External imprint [Bender et al. 2019;[START_REF] El-Hajjar | [END_REF]Thor et al. 2021;Wisnom et al. 1996] -Easy to set-up -Defect on the composite surface -Require specific tools (moulds with complex shape) [START_REF]Effect of fiber waviness on the bending behavior of Sglass/epoxy composites[END_REF]Hsiao et al. 1996] -Require specific tools (moulds with complex shape) -Pocket of resin below the wave

Local addition of material [Davidson et al. 2017;Hörrmann et al. 2016;Wang et al. 2012] -Pre-cured or foreign substance in the layup [Adams et al. 1993] -Developed for TP matrix laminates -Manufacturing of plates -Complex manufacturing process (3 steps) -Require specific tools (moulds with complex shape) The material used in this work is the TC1225 UD tape from Toray Advanced Composites [Toray Advanced Composite 2019]. It is a carbon fibre / LM-PAEK thermoplastic matrix unidirectional prepreg. The Low-Melt PolyArylEtherKetone is a semi-crystalline thermoplastic (TP) produced by Victrex TM . It is assumed to have similar mechanical properties as PEEK with a lower melting temperature (typically around 307°𝐶 for PAEK and around 340°𝐶 for PEEK) [START_REF] Audoit | [END_REF], and can thus be processed at lower temperatures. Also, its glass transition temperature (𝑇 𝑔 150°𝐶) [Toray Advanced Composite 2019] is similar to that of PEEK. It should also be noted that typically observed degrees of crystallinity are lower for PAEK (~27%) than for PEEK (~38%).

The plates were manufactured at ONERA using a 'Pinette Emidecau Industries' heating press (see Figure 1.13.a). To consolidate the laminates, ply stacks were placed in a 150x300 mm mould on which a release agent is applied. The manufacturing cycle was performed at a high temperatureas the processing temperature is around 340°Cand with a high pressure to ensure a porosity free composite with good impregnation. 

Selection of strategies from the literature

In order to manufacture laminated plates with OoP waviness that is representative of industrial defects, the chosen defect generation strategy must be compatible with the studied material and its manufacturing process. Naturally, the resulting defect should also be similar to those observed in the industry.

As the objective was to generate waviness in plates, techniques associated only to complex geometries were ruled out. Also, methods generating defect morphologies that were too far from the targeted shapes such as in Figure 1.3, or techniques which required complex unavailable setups, were not considered. Therefore, two techniques were selected:

1. Artificially inducing waviness using the strip-insertion method, as described in [Mukhopadhyay et al. 2015a]; 2. Promoting the waviness formation by introducing excess length, inspired from [START_REF] Potter | [END_REF], at plate centre using a defect in the mould. Both strategies are detailed below, with the resulting defects and, where necessary, a description of the adjustments. The original method in [START_REF] Potter | [END_REF] tends to generate S-shaped wrinkles due to the large excess length introduced with an angular offset. Since these shapes were not among the targeted defect morphologies, this excess length will be inserted using a different ply geometry and, if possible, with a smaller amount.

Manufactured samples

Two layup types were investigated: CP and QI staking sequences. Even though quasiisotropic laminates are more representative of layups used in industrial practices, it is easier to perform first stages of characterization on cross-plies laminates. For instance, this type of staking sequence is used in tension [Manders et al. 1983]to study matrix cracks and in compression to determine the failure stress with low data scatter [Scafè et al. 2014]. In addition, it will be shown in the following section that it was more difficult to generate OoP waviness in QI than in CPin contrast to the observations made in the literature for the TS matrix composites [Hallander et al. 2013;[START_REF]Mechanisms of origin and classification of out-of-plane fiber waviness in composite materials -A review[END_REF]. Therefore, all the defects in QI layups were obtained late in the PhD thesis and thus, fewer results will be presented for QI laminates.

Concerning the stacking sequences, they were initially chosen based on another study performed at ONERA on pristine plates of the same material to identify the damage model presented in Chapter 4. Finally, changes of layups were made (both in the project and the thesis) and thus, the reference coupons were also manufactured during the thesis.

The following layup notations are summarized in Table 1.2:

• The 0°-90° cross-ply laminates will be designated using 'X'. Three cross-ply layups were manufactured to explore defect morphologies. The plate designation is divided into two parts separated by '-': the stacking sequence and the plate number. For instance, using this notation, the third manufactured plate with the [0/90/0/90 3 /0 2 /90 2 ] 𝑠 layup is designated as X4-03.

Defect generation strategy 1: adding 90˚ ply strips

The first strategy was inspired from [Mukhopadhyay et al. 2015a] where the waviness was induced by inserting strips of 90° prepreg alongside of full-length 90° plies in a QI laminate. The locally added material triggers the defect by enforcing the out of plane movement of the plies during consolidation. This technique was used as isexcept for the studied materialbecause of its compatibility with the manufacturing process under heating press. To apply this method, the preparation took four steps before consolidation:

i. Cutting of the plies During the consolidation, the plies, and especially the polymer resin, will be squeezed and will interact with the mould frame due to the pressure. In addition, due to the high temperature of the manufacturing cycle (up to 340°C), thermal dilatation of the plies occurs. These two phenomena can make it difficult to remove the plate from the mould. Thus, to prevent damaging the plate during unmoulding, ply dimensions were cut at 296 x 148 mm, which is smaller than that of the mould. ii. Cutting and assembling of the 90° ply strips Similarly to the plies, 90° strips of 1 or 2 mm width were cut from the prepreg roll. To vary the inserted thickness, multiple strips were stacked on each other and maintain together by locally heating their ends. iii. Positioning of strips Each strip was welded with the underlying ply to ensure the strip did not move during the stack preparation. Care must be taken to ensure that the strips are well aligned with the ply fibre. As the strips are only a few millimetres wide, great care must also be taken with their relative position. iv. Manual layup draping and positioning into the mould

As the prepreg roll was 305 mm wide, it was not possible to cut 45° plies of 296 x 148 mm. These plies were thus constituted of two parts. TP matrix prepreg 'welding' is often used to avoid relative misalignments between the parts constituting a whole ply. It can also be applied to prevent the plies from misaligning relatively to each other, and, in this work, it ensured the locations of the added strips by welding them on the adjacent full-length ply. The different components were manually welded using a soldering iron at about 330°C to locally heat the resin. No welding material was added. The parts were joined only by the locally melted resin. In the case of ply welding, it was visually checked that no gap or overlap occurred.

Even though the welded zones would be in the jaws during testing, it was confirmed that they had no significant impact on the final composite mechanical properties. Two +/-45 plates were manufactured using a smaller mould: one with normal 45° plies and one with a third of its plies constituted of two welded parts. Tensile tests were performed on eight specimensfour from each plate. An analysis of the stress-strain curves, the acoustic events and the failure pattern revealed no significant differences in failure position, failure stress, damage onset, and global mechanical behaviour.

By varying the number, the width, the thickness and the position of the inserted plies, 12 different OoP wavinesses were generated in CP and QI layups. Figure 1.14 illustrates for each layup one of the defects with the largest maximum angle. The tested strip configuration is shown for each micrograph. As shown in Figure 1.14.a, a non-symmetrical strip configuration was chosen by adding an extra strip at the top of the layup. This configuration was used to investigate the influence of this extra strip on the spread of the central strip during consolidation by comparing the left and the right of the configuration. In this case, no significant influence was observed, but it was probably because the added strip was not thick enough, since after the plate consolidation the strip is hardly visible anymore.

Finally, the maximum ply deviation angle obtained (all plates taken together) was approximatively 10° and was observed in a CP laminate. All the generated defects had an extent longer than 3 times the insert width (so, generally above 6 mm). Due to the pressure, the added strips are flattened during consolidation and spread out as shown in Figure 1.16. Since the composite surfaces remain flat because of the closed mould, the final shape of the extra material varied from a half-to a full-eye shape depending, for instance, on its position in the laminate thickness. These two shapes are illustrated in Figure 1.15. For the same material volume, an eye shape is induced by ply movements in both thickness directions and is thus associated to a smaller ply deviation than for a half-eye shape. By aligning the strips from the exterior to the core of the laminate, the ply deviation occurred mainly in one direction and then promoted the formation of waviness with higher maximum angle. Another way to increase the maximum ply deviation is to remove a small amount of material above where the ply should move. It also compensates for the extra material as done in [START_REF] Adams | [END_REF]Mukhopadhyay et al. 2018]. Even though the studied QI layups had no 90° doubleply, small portions of 90° plies were extracted for some manufactured configurations. In most cases, the resulting gap was filled during consolidation, leading to a thinner 90° ply at this location. However, the effect on the defect amplitude did not seem significant. In addition, when a large removed section was associated with thick added strips, the gap remained in the composite. Thus, it was decided not to remove material. So, in order to obtain different wavinesses, with a large range of maximum ply deviation and defect extent, the manufactured configurations were adapted from a plate to another. To increase the maximum ply deviation, two factors were modified: (i) aligning strips and (ii) inserting thicker strips. Concerning the reduction of the defect extent, the strips were cut at a 1 mm width instead of 2 or 3 mm. However, by reducing the width of the strips, aligning them correctly one above the other in the laminate thickness became very complicated. Thus, some configurations, initially thought to be symmetrical, were not because one strip shifted as illustrated in Figure 1.17.b. On the 12 manufactured plates, only 8 presented a defect visible at visual inspection of the edge. A large variety of OoP waviness was achieved by varying the configurations of inserted strips as shown in Figure 1.14 and Figure 1.17. The overall defect shape, such as the number of wavelets in the ply profile, could be controlled by varying the strip position. However, only flattened defects were produced with large extentover 8 mmand small maximum ply deviationsunder 0.2 mm. In addition, as described in the four preparation steps, applying this technique with TP matrix prepreg required great manufacturing precision.

1.2.4. Defect generation strategy 2: constrained over-length One of the key points in the selection of the second strategy was to propose a technique which was based on the reproduction of the manufacturing cause of defect formation, and therefore that will possibly induce more industrial representative OoP waviness. Even if the method described by Potter et al. [Bloom et al. 2013;[START_REF] Potter | [END_REF] corresponded to this criterion for plate manufacturing, the defects targeted for the thesis were not S-shaped wrinkles (cf. Figure 1.8.b) but smoother wavinesses. The idea was thus to insert less excess length. However, introducing smaller 'oversized plies' with the same geometry could not be achieved. In the original technique, the excess length corresponded to an angular offset added on the ply at its mid-length as shown in Figure 1.18.a. In their work, the offset was controlled by an angle (Φ on Figure 1.18.a) of 2°. Reducing the angle to 1°, would have corresponded to a ply width larger by 2.6 mm, but (i) the paper cutter could not provide a sufficient accuracy, and (ii) the excess length would be of the same order of magnitude than the margin left between the plies and the mould frame. For the latter, it implies welding the oversized plies on normal ones to force them to become rectangular. However, once the pressure applied at the beginning of the manufacturing cycle, the jointed zones broke and the plies flattened back in the mould. Figure 1.18 -Geometries of the over-sized plies (a) in [Bloom et al. 2013;[START_REF] Potter | [END_REF]] and (b) adapted for the study.

As it was hard to cut the plies while adding such angular offset, it was decided to directly use bigger rectangle plies (as shown in Figure 1.18.b) that would in the margin space for thermal dilatation between the plies and the mould frame. Hence OoP waviness was generated because there was not enough space for thermal dilatation, resulting in a constrained consolidation similar to the strategy described in [Belnoue et al. 2018;Dodwell et al. 2014a].

The preparation processprior to the consolidationwas greatly simplified: i. cutting of the plies and ii. draping directly into the mould. Adjacent plies of the same dimensions were welded together to ensure their relative position and orientation. However, in return for this easier cut, the location of the generated defect could not be controlled. Some attempts were performed and each time the OoP waviness occurred around the same location in the plate. After inspection, it was found the mould had a flatness defect at its centre. This defect was a small dent of less than 0.2 mm depth. It helped to localise the waviness in the plate, and was small enough not to affect the composite surface flatness. As it was essential for the testing to manufacture specimens with defects in the gauge section, this mould was used for the defect generation.

Figure 1.19 shows micrographs of the resulting defects in the two types of layups (CP and QI). 15 plates were manufactured using plies with different lengths. The different strategies tested are presented in the Table 1.3. To manufacture pristine plates, the regular margins used are 1.3% of the mould dimensions. To obtain different waviness affecting more or less layers in the thickness, some configurations had only a part of the stack with oversized plies, or a different over-length. For instance, the waviness in Figure 1.19.b was obtained by cutting plies at the length of the mould and, for the four first draped plies, their length was two millimetres longer. However, OoP waviness was not observed in each plate after consolidation.

An identical preparation was performed for a CP and a QI stacking sequence (plates X4-02 and QI16-01): the space margin in the length was reduced to two millimetres instead of the four normally taken to manufacture a pristine plate. At the end, a severe waviness was created into the CP laminate, as shown Figure 1.19.aa maximum waviness angle over 30° and a ply deviation and wavelength about respectively 0.46 mm and 4.2 mmbut no defect was visible at visual inspection in the QI composite. As visible in Table 1.3, it was thus harder to introduce OoP waviness in QI than in CP layup. In TS matrix laminate, the contrary was observed. For instance in [Hallander et al. 2013], the authors stated that [0/90] and [45/-45] layups are less sensitive to out-of-plane defects compared to a QI lay-up. This difference may be related to the manufacturing process. In the case of the TP matrix laminate used in the PhD thesis, the composite was consolidated in a closed mould under a heating press. For the waviness to form in the 0° plies, the fibres in the other plies must be able to move. However, those of the +/-45° may be slowed by their interaction with the mould.

Due to the excess length, the firsts plates manufactured with this strategy were difficult to remove from the mould. In some cases, the whole plate buckled in the mould, but flattened back once the frame was removed. Therefore, the pressure was reduced to seven bars instead of fifteen for the remaining plates. This pressure still ensured a porosity free material and the plates could be removed from the mould more easily. No clear relation between the used over-length and the defect severity could be established. For instance, two CP composites, X2-02 and X2-03, were manufactured by leaving margin space respectively of more than 1% and 0.3%. Both specimens presented OoP waviness, but the one with the smaller plies had the higher maximum ply deviation. In addition, two other plates were manufactured with the same configuration but, at visual inspection, only one had an embedded waviness. This implies the presence of variability factors such as the accuracy of the ply dimensions or the reproducibility of the manufacturing cycle.

In addition, in-plane waviness was locally observed in specimens with OoP waviness. Figure 1.20 shows a zoom on a 0° ply. The fibres should appear as lines since they lie within the cut plane, but in this location they form ellipses, indicating a deviation from the nominal direction. A rough estimation of the fibre direction can be deduced from the aspect ratio of the ellipse. The maximum observed in-plane waviness, which is presented on Figure 1.20, was around 30°. The formation of in-plane waviness can also accommodate part of the excess length introduced. This partly explains the difficulty to determine a relation between the excess length and the size of the generated OoP waviness. Even though this technique does not provide control over the defect shape, different levels of waviness severity were produced, with maximum out-of-plane deviation angles of 35°. In addition, the resulting defect morphologies were close to targeted geometries. In QI laminates, the maximum deviation angle was lower than in CP laminates. Therefore, some plates were pristine even so over-sized plies were used.

Conclusion

The second strategy with oversized plies was selected for its better industrial representativeness. This manufacturing strategy is easier and faster as it does not add supplementary steps during preparation. In addition, instead of mimicking defect morphologies, the waviness is generated by reproducing a cause of its formation. Furthermore, when adding stripswhich is not representative of a normal manufacturing process -additional material variability can be introduced by misaligning the fibres with the adjacent ply, or the local fibre volume fraction may be artificially modified. The proposed method was specifically adapted to the manufacturing process of components in a closed frame under a heating press, regardless of the used material. Thus, it can be directly transposed to other laminated materials consolidated with this process.

One of the main drawbacks is the difficulty to generate OoP waviness in QI laminates. Hence, the range of defect severities induced was larger in CP than in QI composites. The different severity levels were quantified, based on a geometric description of the waviness which is presented in Chapter 2. Among the five manufactured QI24 plates (see Table 1.3 Moreover, the resulting defect shape cannot be controlled even though the number of oversized plies, their positions, and the over-length should affect the number of affected plies in the thickness and the waviness severity. However, no clear link could be established between them. This can be explained mainly by the three following points:

i. For a given length, different curved paths are possible, similar to buckling modes. The final shape depends on small triggers at the microscale. ii. Other factors may be related to variability of the manufacturing process. The cutting precision directly impacts the excess length. The position of the stack in the mould before closing itfor instance, at the centre or attached to the bordercould also affect the waviness shape, since its formation is due to interactions with the mould frame.

Minor manufacturing cycle disruptions occurred such as pressure drop or irregular cooling due the aging of the hot-press used at ONERA. iii. In-plane waviness may locally accommodate a part of the ply over-length.

Even though no control over the defect shape was achieved, the induced defects had different severities and their morphologies were similar to those observed in the industry. Every defect extends through the whole plate width and is located around the mid-length of the plate. Hence, at least four specimens with an embedded defect positioned at its centre (i.e., in the gauge section) can be cut and tested from one plate. Since the waviness geometries were not chosen, it was essential to be able to describe the shape of each specimen defect to link OoP waviness characteristics and the mechanical effects of the defect. This geometric description is addressed in the next chapter.

Chapter 2 Characterisation of defect geometries from micrographs or CT-scan images Since out-of-plane (OoP) waviness is a geometric defect, it can be described by the out-ofplane positions of the ply interfaces as a function of the in-plane position in the composite. These positions can be determined experimentally, however, obtaining an accurate description everywhere in the composite remains difficult since it requires complex or advanced measurements (high-resolution tomography, ongoing works on ultrasonic scans or edit current, etc.). These methods provide the exact geometry of the defect. Therefore, the identification must be performed for each new defect, as each generated waviness is different.

To estimate the effects of defects (EoD), an approximate shape given by an analytical function may be sufficient. In addition, this description enables a parametric study of the EoD, linking the waviness geometry to mechanical effects. Since it defines a defect space, various numerical wavinesses can be generated for virtual testing by varying their parameters. The defect geometries presenting the worst knock down factors on specific mechanical properties can be anticipated, which could then help to orient future experimental campaigns.

To obtain the positions of the ply interfaces, non-destructive techniques (NDT) were used. The objective was not to develop new NDT, but to use the latest available resources and to implement processing tools for the geometry extraction. Some of these techniques are presented in the first section of this chapter with a focus on accessible NDT: ultrasonic (US) scans, micrographs and computed tomography (CT) -scans. During the PhD thesis, the manufactured defect geometries were characterized from micrographs and CT-scans. The waviness observations are presented in section 2.2. Then, an analytical parametrisation of OoP waviness geometries is developed based on these observations. The model has to be flexible enough to describe the variety of manufactured defects and to be applied to cross-ply (CP) and quasiisotropic (QI) laminates. Moreover, for industrial purposes, the number of geometric parameters must be reasonable and, if possible, the features should be geometrically intuitivefor instance the amplitude or the wavelength. Finally, a method for the identification of the parameters was proposed and is presented in the section 2.3.

As will be seen in this chapter, the thickness of the 90° plies is affected by the 0° ply waviness. The Fibre Volume Fraction (FVF) could be therefore not necessarily the same everywhere in the 90° plies, which would have an impact on the ply mechanical properties. A method for the identification of the local FVF from micrograph images is presented in section 2.4 and applied to composites with out-of-plane wavinesses presented in the previous chapter.

2.1. Defect imaging Gholizadeh and Wang et al. [Gholizadeh 2016;[START_REF] Wang | [END_REF] reviewed NDT methods for composites used to detect damages and defects, on the surface and within, without altering the material. There are many types of inspection able to evaluate the composites health such as visual, ultrasonic, electromagnetic or shearography testing. A number of authors have attempted to characterise the fibre paths and variations from ideal trajectories in composite materials using NDT methods covering:

• eddy current [START_REF] Heuer | [END_REF]Mizukami et al. 2016],

• infrared thermography [Elhajjar et al. 2016],

• X-ray Computed Tomography (CT) [Nelson et al. 2017;Nikishkov et al. 2013;[START_REF] Seon | [END_REF]Sutcliffe et al. 2012],

• and ultrasonic techniques [Pain et al. 2013;[START_REF] Smith | [END_REF]Zardan et al. 2013]. Three methods are available at ONERA: ultrasonic scan, micrography and tomography. These methods were all tested, and the different results obtained for the cross-ply specimen, named X4-01-1, are shown in the following part.

Ultrasonic scan

Ultrasonic (US) testing is one of the most applied methods in health monitoring of aircraft composite structures both for manufacturing and in-service detection. The advantages of US testing include short scanning times, flaw detection capabilities, and ability of providing volume information. The most commonly used indicators are the wave propagation velocity and amplitude (or energy) loss. Even using single element probes, it is particularly efficient for characterisation of delaminations or voids. However, Zardan et al. [Zardan et al. 2013] showed that ultrasonic attenuation and velocity measurement can detect fibre defect, but they are not able to characterize waviness geometry. For instance, the Figure 2.1 represents the US data observed within a plane view (also called C-scan) of the plate X4-01. Despite this plate contains an OoP waviness, it cannot be observed on the C-scan field, nor on the A-scan and the B-scan that are others representation of the signal. Nevertheless, other US techniques using multi-element arrays instead of a single element, such as 'Total Focusing Method', show potential for the detection and quantification of smallscale OoP fibre waviness in carbon fibre composite components [Holmes et al. 2005;Pain et al. 2013;Rose 2002;Zhang et al. 2020]. This kind of method was also studied in the frame of PHYDEFECT convention at ONERA. It was still under-development, and not in the scope of the PhD-thesis, however, the first results were promising as shown in Figure 2.2. 'Total Focusing Method' (bottom) with the micrograph of the 0°-90° CP laminate X2-01 (up) [Fagiano et al. 2022].

Figure 2.2 -Comparison of image obtain by

Microscope observations

Visual and optical testing are the most basic type of NDT techniques to inspect damage and defects. These methods are particularly effective in detecting macroscopic flaws, such as poor joints, erroneous dimensions and poor surface finish, but also in monitoring mesoscale events such as damage development [START_REF] Huchette | Analyse multiéchelle des interactions entre fissurations intralaminaire et interlaminaire dans les matériaux composites stratifiés[END_REF][START_REF] Nicol | [END_REF]Tong et al. 1997]. The principal features of interest are surface damage, surface porosity, dry ply, resin-rich areas, and wavinesses [Bossi et al. 2015;Joyce et al. 1997]. It is quick, economically viable and flexible, but its disadvantages could be significant [Bossi et al. 2015;Gholizadeh 2016], and the main drawback is the destructive aspect of the method because it requires to cut the specimen from the part and to polish it. It provides only surface information, and, depending on the method, it requires specimen preparation such as polishing or liquid penetrant injection. Image noise and illumination are known critical issues for visual inspection, and then its accuracy depends on training, inspection procedures and apparatus (optics, lighting, etc.). Another identified limitation is the difficulty to find a compromise between the size of the observed area and the resolution needed to distinguish the object (OoP waviness, crack, fibre, etc.).

In the PhD thesis, prior to the microscope observations, the specimen edges were polished in five steps: SiC abrasive paper P800, P1000, P1200 and P2400, and 1 micron diamond suspension. The minimum microscope resolution was 2.8 μm/px, which is sufficient to clearly distinguish the different plies and to determine the defect geometry parameters, as shown in 

X-ray Computed Tomography -scan

Among the NDT methods, Kulkarni et al. [Kulkarni et al. 2020] presented X-ray CT as one of the most relevant techniques to investigate out of plane waviness. It can provide detailed volume information of the defect geometry. Nikishkov et al., Bénézech et al. and Mehdikhani et al. successfully created finite element meshes based on X-ray CT data [START_REF] Bénézech | Variational segmentation of textile composite preforms from X-ray computed tomography[END_REF]Mehdikhani et al. 2021;Nikishkov et al. 2013]. Two of the most important parameters for feature detection are the image resolution and the contrast between the different constituents within the volume of interest [Garcea et al. 2018], in this specific case between matrix and fibres. The latter depends on the material and on the X-ray energy, and the former is directly related to the detector size and the longest sample length. Commonly, for 25 mm wide specimens, the final resolution is about 10-30 μm. It can be noted that the grey contrast between matrix and fibres for composite with thermoplastic is less significant than in composite with thermoset matrix, inducing additional complexity in the segmentation process of the different plies considered in the Phd-thesis.

In this work, to obtain detailed volume information of the defect geometry, the specimens were scanned by batch of four, using a NSI X50 tomograph, available at LMPS laboratory. The scanned length was around 30 mm, and the resolution was limited to 16 μm/px (individual fibres cannot be distinguished, as reported in Figure 2.4). 2.2. Parametric description of the defect geometries 2.2.1. Observations of the out-of-plane waviness

Edge micrographs

Each plate was cut lengthwise to obtain 5 specimens. Visual inspections of specimen edge faces showed that through the width, typically of 25 mm, the defect geometry varied little. To propose a relevant description of the generated defects, microscope edge observations were performed (thus representing the xz plane as defined in Figure 2.5.a). Observation of the yz plane would require cutting the specimen in half and thus cannot be performed on a specimen that has to be tested. As the number of specimens was low, all of them were used to determine the effects of defect (EoD) and could thus not be observed in the width. However, one specimen contained two defects. After testing, a cut in the width was performed at the location of the waviness where the specimen did not fail (see Figure 2.5b). As visible in the Figure 1.19 and Figure 1.21 of the previous chapter and in Figure 2.5.c, the 0° plies thickness seems to remain constant. The waviness occurs along with a variation of the 90° ply thickness. The wavinesses in the 0° plies have a sine-shape that gradually decreases in the lengthon the right and the left of the micrographs the plies become straight againand in the thicknesssince the surface plies are flat. Indeed, a natural way to describe a waviness consists in using a cosine function in a given window [Bogetti et al. 1992;Chan et al. 1994;Garnich et al. 2005].

Description of the interfaces

To describe the defect geometry, the interfaces of the 0° plies were extracted from the micrographs. Figure 2.6 illustrates the process to achieve this description. The inputs used to produce Figure 2.6 for the X4-01-1 specimen are given in Table 2.1. First, the image is binarized with a global threshold 𝑡 𝑏𝑖𝑛 𝑔𝑙𝑜𝑏 on the grey values to distinguish composite from background. A second binarization, based on an adaptive binarization method is performed only in the composite part to select the 0° plies, which are lighter than 90° and ±45° plies in all the images. The sensitivity of this binarization is controlled by a parameter 𝑡 𝑏𝑖𝑛 𝑠𝑒𝑛𝑠𝑖 . As the grey values are not perfectly homogeneous inside a ply, small white artefacts are observed in the non-0° plies of the binary image. Inversely, holes inside the 0° plies induce black pixels value. Morphological treatmentssuch as closure operations using a structuring rectangle element (size 𝑙 𝑥 𝑟𝑒𝑐𝑡 ×𝑙 𝑧 𝑟𝑒𝑐𝑡 ) or suppression of cluster of pixels smaller than a fixed dimension 𝑛 𝑠𝑚𝑎𝑙𝑙are then applied. Finally, the interfaces are detected through the calculation of image gradients, and they are smoothed to filter the noise using a Gaussian filter (of width 𝑤) on each interface. Most of the required inputs for these image processing steps are manually chosen for each image. In order to reduce the number of user inputs, another way to identify the 0° plies was explored. Parts of an image with a highly oriented texture can be detected using the coherence of the structural tensor [Bigun et al. 2004;Naouar et al. 2015]. In the case of the studied micrographs, the fibres of the 0° plies are aligned with the observed plane. Thus, their texture is strongly oriented, contrary to the 90° or the ±45° plies. The binary image before morphological treatment was obtained by applying a threshold on the image coherence. A comparison of the performances of the two methods is presented in Figure 2.7. The processing took longer than the binarization based on the grey values, but it provided a good detection of the 0° plies. As illustrated in Figure 2.7.c left and right, the performances of this method remain constant even with images presenting low ply contrasts. However, as the results from the grey value technique were satisfactory for the available images and obtained faster, this technique was used in the following. 

Proposition of a parametric model

The model was built step-by-step based on the previous observations of the laminate edges of the six first defects that were manufactured (therefore in cross-ply laminates). First, the variation of the ply thickness in the laminate length was evaluated. Then, the waviness profile was determined for each ply independently. Finally, the defect variation from a ply to another was checked. To do so, the interfaces detected previously on the images were discretised along the x-axis. Each pixel was considered as one point of the interface. The defect generated in the specimen #1 of the cross-ply plate X4-01noted X4-01-1is used to illustrate each step.

The thickness of the 0° plies

The evolution of ply thickness in the length of the specimen according to their orientation was analysed in 6 defect areas generated in the three different cross-ply (CP) layups. For each 0° and 90° ply, the local thickness was assessed for every pixel in the specimen length. For instance, Figure 2.8 illustrates the detected plies (a) and shows the total thickness variationdifference between the maximum and minimum valuesfor each ply (b). For most of the specimen, the variation of the 90° ply thickness depends on the ply position in the layup. Indeed, the plies closer to the surface vary less since the surfaces are flat due to the use of a hot press in the manufacturing process. As the polishing sometimes caused a bevel, the outer plies in the layup are not entirely visible. This induces an under-estimation of their thickness. The total variation and the coefficient of variation (CoV) of thickness are calculated for each ply. The CoV is a standardized measure of dispersion of data. It is defined as the ratio of the standard deviation to the mean. The table in Figure 2.8 reports the minimum and maximum CoV obtained for each ply orientation (0° or 90°). The thickness of the 0° plies varies littletheir CoV are around 3.5%compared to that of the 90° pliesthat, for some of them, have a CoV above 10%.

This confirmed that the OoP waviness is associated with variation of the 90° ply thickness in cross-ply laminates. Since this thickness variation could result either from matrix or fibres displacements, the local fibre volume fractions were investigated as described in section 2.4. In the geometric model, the 0° ply thickness will therefore be assumed constant and an analytical function will be applied for their position description. A visual inspection confirmed that this hypothesis was also satisfied for the defects generated in the quasi-isotropic (QI). The profile of the waviness along the x-axis A sine-shape was observed for all the defects generated in the PhD thesis. It directly suggests the use of sinus or cosine function for the 0° plies. In addition, the waviness amplitude smoothly decreases in the length. Therefore, it was proposed to modulate the waviness profile with a Gaussian, similarly to [Xie et al. 2018].

This deviation 𝑧 𝑝𝑟𝑜𝑓𝑖𝑙𝑒 (𝑥) from the horizontal plane is described in the equation Eq. 2.1 by five parameters: the amplitude 𝐴, the wavelength 𝜆, the extent 𝐿 𝑥 , the waviness centre location 𝑥 0 , and the x-offset phase Δ. As 99.7% of the area below a Gaussian function lies within three standard deviations of the centre, by using the one-sixth factor, 𝐿 𝑥 represents the length along the x-axis which comprises the waved zone of the plies.

𝑧 𝑝𝑟𝑜𝑓𝑖𝑙𝑒 (𝑥) = 𝐴 cos (2𝜋 (𝑥 -(𝑥 0 -Δ)) 𝜆 ) exp (-0.5 (𝑥 -𝑥 0 ) 2 (𝐿 𝑥 /6) 2 ) Eq. 2.1
To demonstrate the relevance of the proposed descriptiona cosine modulated by a Gaussianthe associated parameters were estimated for all the 0° plies and the resulting shapes were visually compared with the initial image.

The mean lines of the 0° plies are deduced from the estimated interfacesthus, they also are discretised along the x-axis with the equivalent of one point per pixel of the original image. For each mean line, the Gaussian amplitude 𝐴, its centre 𝑥 0 and its extent 𝐿 𝑥 , the cosine wavelength 𝜆 and its origin offset Δ are identified. To do so, a first guess close to the optimal solution was analytically assessed by considering the "geometrical meaning" of the parameters, as illustrated in Figure 2.9. The maximal deviation d z max from the flat line is calculated. The extent extrema 𝐿 𝑥 𝑖𝑛𝑖 are determined by applying a threshold on waviness slopes obtained by finite difference. The Gaussian centre is half way between the extrema. The x position of this maximum deviation provides an estimation of the cosine origin and then, the origin offset Δ 𝑖𝑛𝑖 = 𝑥 0 𝑖𝑛𝑖 -𝑥 𝑐𝑜𝑠 𝑖𝑛𝑖 . The length between minimum and maximum waviness positions corresponds to half a wavelength. Finally, the amplitude estimation is expressed as

𝐴 𝑖𝑛𝑖 = |𝑑 𝑧 max | exp ( (Δ 𝑖𝑛𝑖 ) 2 2(𝐿 𝑥 𝑖𝑛𝑖 /6) 2 ).
Eq. 2.2 Given the constant 0° ply thickness, the corresponding parametric interfaces are obtained by shifting the ply waviness profile by one half of the ply thickness in positive and negative zdirection. The final parameter estimation is obtained by minimizing the Root Mean Square Error (RMSE) of the z deviation between the detected interfaces and the parametric interfaces using fminsearch function implemented in Matlab by D 'Errico [D'Errico 2012]. This is a simplex searchas described by Lagarias et al. [Lagarias et al. 1998]which is a derivativefree method commonly applied for non-linear optimization. An example of fitted interfaces is provided in Figure 2.10.a. 

The amplitude variation in the laminate thickness

As seen on the different micrographs, the waviness amplitude decreases from the middle of the laminate thickness to the surfaces, which are (almost) flat. To determine the amplitude evolution in the thickness, the previous parameter estimation is performed for all the 0° plies within the laminate. For each defect micrograph, the identified amplitude is plotted as a function of the corresponding 0° ply position in the composite thickness, such as in Figure 2.10.b. Their amplitudes decrease from the centre to the surfaces of the composite and can be described by a Gaussian shape.

It should be noted that there is no hypothesis on the surface shape that can be either flat or wavy. By adjusting the parameters linked to this Gaussian in the thickness (its centre and its extent), out-of-plane wavinesses that are visible on the surface can be described.

The amplitude variation in the specimen width

At visual inspection, the defects on both sides of the specimen have different amplitudes. Therefore, the shape of the defect varies throughout the width. This can also be seen in Figure 2.5.b, where the position in the composite thickness of the central 0° plies decreases from left to right. Since in the length and in the width the amplitude is modulated by Gaussian functions, it was chosen to also introduce a Gaussian evolution in the width.

The 3D geometric model

By considering Gaussian variation of the amplitude in the thickness along the z-axis and in the width along the y-axis, four parameterstwo for the defect centre position and two others for the extentare added to those of the profile description (Eq. 2.1). Therefore, the final position of the mid-planes of the 0°-plies from the horizontal plane can be expressed as:

𝑧 𝑤𝑎𝑣𝑖𝑛𝑒𝑠𝑠 (𝑥, 𝑦, 𝑧) = 𝐴 cos (2𝜋 (𝑥 -(𝑥 0 -Δ)) 𝜆 ) exp (-0.5 (𝑥 -𝑥 0 ) 2 (𝐿 𝑥 /6) 2 ) • exp (-0.5 (𝑦 -𝑦 0 ) 2 (𝐿 𝑦 /6) 2 ) • exp (-0.5 (𝑧 -𝑧 0 ) 2 (𝐿 𝑧 /6) 2 ) + 𝑧, Eq. 2.3
where the 9 parameters are: (𝑥 0 , 𝑦 0 , 𝑧 0 ) the 3D defect centre location, (𝐿 𝑥 , 𝐿 𝑦 , 𝐿 𝑧 ) the extents in the three specimen directions, the amplitude 𝐴, the wavelength 𝜆, the x-offset phase Δ, and z is horizontal plane position in the z-axis.

The formulation is applied on the 0° plies as their thicknesses remain constant in the length. It should be noted that this thickness can be different from a 0° ply to anoher. The other interface positions are linearly interpolated through the thickness of the laminate. Figure 2.11 shows an example of waviness microstructure described with the proposed geometric model. For the sake of clarity, only the details in the xz plane are presented. It is important to note that the 3D geometric model describes the full meso-structure of the laminate, for any possible stacking sequences and allows performing virtual test campaigns with different initial out-of-plan waviness. 

Validation of the geometrical model

Geometrical representativeness of the 2D description

To validate this parametric model, all the interfaces are fitted using it. Since the micrographs only show the defect on the edge of the specimen, only the parameters affecting the x and z elements could be assessed on them: 𝐴, (𝑥 0 , 𝑧 0 ), (𝐿 𝑥 , 𝐿 𝑧 ), 𝜆 and Δ. To perform an automated identification of these parameters, they were simultaneously determined minimizing the RMSE of the z deviation between the detected interfaces and the parametric interfaces with a simplex optimization.

As previously, the initial parameter set is first analytically estimated. For each mean line of the 0° plies, the maximal deviation d z 𝑚𝑎𝑥 from the flat lines is estimated. The highest and lowest wavy lines heights indicate the extrema of the affected height 𝐿 𝑧 𝑖𝑛𝑖 . The most affected height 𝑧 0 𝑖𝑛𝑖 corresponded to its centre. The parameters associated with the x-dependence term were estimated as previously described (see Figure 2.9), on the mean line having the higher maximum deviation.

The resulting parametric defects visually matched well with those observed on micrographs as illustrated in Figure 2.12.a where the identified wavinesses are superimposed in yellow on the initial images. As reported in the table below (Figure 2.12.b), the final low RMSE (≤ 20 μm) obtained for all processed defects revealed the good correlation of the model with the real defect shape. However, local errors on the vertical position between detected and parametric interfaces up to a third of a ply thickness locally occurred for some configurations, such as shown in Figure 2.13. Since, this optimisation technique is a kind of image matching, another measurement that comes from this domain [START_REF] Huttenlocher | [END_REF]] was chosen to quantify local errors. The Hausdorff distancewhich is the greatest of all the distances from a point in one set to the closest point in the other setmeasures how far two subsets are from each other. The maximal error obtained with the Hausdorff distance was found for the specimen X4-01-1 (illustrated in Figure 2.13) and was of 35.4% of the theoretical consolidated ply thickness (CPT) which is 0.184 mm. It should be noted that this distance was not used for the residue calculation because it is sensitive to noise and outliers that are likely to occur at the end of the binarization steps presented in 2.2.1. One of the main drawbacks of the simplex optimization is that the algorithm can converge to a local minimum; hence, a proper choice of the initial parameter set is crucial. On the other hand, the complete processing was quite fastwith an optimization step of less than 30 sec with an Intel® Xeon® E-2274G CPU at 4GHz processor on a single corethus various initial guess could be tested. Visually, all the final identifications were satisfying. In addition, geometrical errors between the idealized and real interfaces were quantified with different metrics. They validated the geometrical representativeness of the parametric model in the 𝑥𝑧 plane.

Figure 2.13 -Illustration of the errors calculated on the configuration with the most deviation.

The RMSE is a global error; hence, all differences between the curves contribute. The maximal vertical error and the Hausdorff distance are each associated with a point on the interfaces.

Control of the Gaussian width variation

Figure 2.5.b shows the only micrograph taken in the yz plane and, thus, on which the amplitude variation can be checked. Since the fibres of the 90° plies are in this plane, these plies are lighter than the 0° plies (contrary to all the other micrographs). In the yz plane, the geometric model is expressed with two Gaussian functions, one in each direction. Therefore, only 5 parameters are required to describe the waviness. They were manually estimated and the result is shownsuperposed on the initial imagein Figure 2.14.

Again, the idealized interfaces match well with those visible in the micrograph. The choice of a Gaussian evolution of the amplitude in the width is, in this case, satisfying. In this direction, the amplitude variation is smoother than in the length. This is reflected by the large extent of the Gaussian, in this case, 66 mm for a 25 mm wide specimen.

Figure 2.14 -Superposition of parametrized defect description, obtained manually, on the corresponding micrograph of the yz plane.

To conclude, the geometrical representation of the meso-structure of a laminate containing initial out-of-plane wavinesses proposed in the Ph.D. thesis seems relevant through comparisons with the available 2D images in the different directions. In order to transfer the methodology to the industrial partner of the work, it is necessary to propose an automated identification strategy associated to the present geometrical parametric description.

Automatic geometrical parameters identification

Since the defect varies through the specimen width, the CT-scan images of one defect were analysed to determine automatically the 3D defect geometry.

2.3.1. The identification strategy using a priori defect structure Before the identification, the CT-scan images were pre-processed to bring out the 0° plies from the other plies. To do so, a rough binarization was first performed to distinguish the composite, which corresponded to a cuboid, from the background. The three major axes of the cuboid were determined and, the CT-scan was rotated to align these three composite axes with the image. The histogram was adjusted to accentuate the image contrast. Then, the noise was reduced by applying an anisotropic median filtering. Since the interfaces had to be preserved, there was no filtering in the z direction. The OoP positions of the plies vary much more in the length direction than in the width, so, not to alter the defect shape, the smoothing filter is wider along the y-than the x-axis. Therefore, in this case, the median value was calculated in a neighbourhood of [START_REF] Smith | Composite defects and their detection[END_REF]7,1] around the corresponding voxel.

The identification strategy consisted in using the a priori knowledge of the defect morphology through the parametric model previously validated. This a priori gives a structure to the virtual laminate with defect. Therefore, even if there are unexploitable areas in the images, for instance due to noise, the resulting microstructure would still be consistent with the prescribed pattern. Bénézech [Bénézech 2019;[START_REF] Bénézech | Variational segmentation of textile composite preforms from X-ray computed tomography[END_REF]] segmented complex woven preforms from X-ray CT using an a priori geometric model and maximising a measure of similarity. In the present case, the chosen measure of similarity is the Pearson linear correlation coefficient [Kendall 1979], already known to be relevant for pattern matching [Pan et al. 2010;Zhao et al. 2019]. It was used to quantify the resemblance between the experimental and the numerical tomographies 𝐴 and 𝐵, and is defined by:

𝜌(𝐴, 𝐵) = 1 𝑁 -1 ∑ ( 𝐴 𝑖 -𝜇 𝐴 𝜎 𝐴 ) ( 𝐵 𝑖 -𝜇 𝐵 𝜎 𝐵 ) 𝑁 𝑖=1 , Eq. 2.4
where N is the number of scalar observations, 𝜇 𝐴 and 𝜎 𝐴 are the mean and standard deviation of 𝐴, respectively, and 𝜇 𝐵 and 𝜎 𝐵 are, respectively, the mean and standard deviation of 𝐵.

To facilitate the comparison with the CT, 𝜌 was evaluated in a discrete manner, i.e. voxel by voxel. Therefore, a prior step before the computation of the similarity is to voxelize the geometrical model. The voxelisation was performed image by image. For a given image resolution, the 0° ply interfaces obtained with the equation Eq. 2.3 for a given parameter set were discretized with the number of pixels in the length. Then, the pixelisation simply consisted in determining if a pixel was inside or outside a 0° ply. The pixelisation is performed image by image and, for each image, each ply is added independently. Therefore, this method could be optimized by parallelizing the image pixelisation, or by directly processing the 3D data. A Gaussian blur was applied on the binary virtual image to smooth the voxelised interfaces introducing grey levels in order to be compared with the initial CT-image.

Since the alignment of the composite in the real tomography with the images' axes could be imperfect, in addition to the defect geometry and position parameters, the virtual tomography could rotate and the laminate could move along the z-axis (introducing two tilt and one offset parameters). Moreover, the laminate ply thickness could slightly vary around the theoretical Consolidated Ply Thickness (CPT). All these parameters were simultaneously optimized to maximize the correlation 𝜌, using the simplex method previously taken for the geometric model validation. In addition, the ply interpenetration is penalized by adding a large value to the score. 

Application of the method

The studied specimen was extracted from the CP plate X4-01. The CT-scan was performed after a tensile test, so the cracks visible into the waviness were induced during the mechanical loading. In most of the CT-scan images of X4-01-1 specimen, the outer plies were barely visible. Hence, the parameter identification was performed by ignoring the outer plies in the layup.

Just before performing the optimization, the initial parameter set must be estimated. For the parameters no related to the defect itself, they were considered at default values: 0° for the composite tilts and the theoretical CPT for the ply thickness. Concerning the waviness features, the parameters tied to x-and z-axis were estimated on the edge micrograph (as a picture of the edge was taken for each defect) using the methods previously described in section 2.2.3. In this case, the observed micrograph corresponding to the last slicenumber 1136of the CT. Since the CT scan was performed after testing, there is a residual deformation of the material that changed the waviness shape. However, the variation induced on the parameters by the test was small and then, were suitable for a first guess. Finally, the initial parameters affecting the ydirection were manually chosen. When a visual inspection of both edges confirmed that the defect geometry varied little (or was constant), a large (or infinite) extent and a centre in the middle of the width controlled the Gaussian modulation along y-axis. In the case of the X4-01-1 specimen, a waviness is visible on one edge (see the corresponding micrograph in the previous section), but not on the other. Then, the parameters were chosen to centre the Gaussian on the slice corresponding to the edge with defect and to ensure that the amplitude attenuation made the waviness almost disappear on the other side in the width, i.e. 𝐿 𝑧 𝑖𝑛𝑖 equals twice the specimen width.

Once the initial parameters estimated, the optimization started. The termination tolerances on the variable and the function evaluation were fixed at 1•10 -2 . As illustrated in Figure 2.17, the convergence was obtained in 202 iterations, with a number of evaluations of the function equal to 353. The total computation time was around 33 minutes. Since the variations are smooth in the y-direction, processing only one image every ten or twenty could be considered to accelerate the computation. The biggest lever to decrease the identification time would consist in optimizing the voxelisation which is performed at each function evaluation, thus representing 85% of the computational time. Some tracks have been mentioned above. Since the real interfaces could not be clearly distinguished on the CT-scan, quantifying the errors made by this identification method cannot be performed on these images. Therefore, the technique was adapted to apply to micrographs, especially by considering a 2D model instead of a 3D. Then, the RMSE and the Hausdorff distance between detected and idealized interfaces were estimated. Table 2.2 summarizes the results obtained for the six previously studied wavinesses. The errors with the detected interfaces are lower for the optimization based on deviation of the interfaces obtained after binarisation than for that based on image correlation. These two methods are respectively named 'optim2' and 'optim1'. Still, the resulting identified shapes of both are close to the observed ply wavinesses, as shown in Figure 2.19, except for defects having a small amplitude (ex: X2-01-1). In these cases, the optim2 resulted in almost pristine configurations by considering thicker plies. The image correlation could be performed either on the raw micrograph or after image processing that adjusted the image histogram and emphasized the 0° pliesfor instance using their texture. When the image processing was added, the optimization process time was reduced (around 20 minutes without and 7 minutes with); however, it was still longer than optim1, which was performed in few seconds.

To conclude, the defect geometry is difficult to extract from the CT-scan images due to the low fibre-matrix contrast for composite with thermoplastic matrix, measurement artefacts and background noise that disrupted interfaces. Therefore, it was impossible to detect the interfaces with the method 'optim1' used to validate the geometrical model. Using the a priori geometric knowledge of the final material structure, the defect parameters were identified from lowquality images by maximizing the image similarity. This strategy was also applied to micrograph for a 2D defect identification. Since the polishing sometimes induced a bevel, on some specimen micrographs the outer plies were barely visible. These plies were thus ignored in the layup, but, since the outer plies are flat due to the manufacturing process, this simplification does not introduce bias in the determination of the meso-structure. The proposed parameter identification method was applied successfully although the calculation time is not negligible.

For the CT processing, the plies of the CP composites were differentiated by their grey values. In the case of QI laminate, these grey values were close and then prevented the ply detection. In addition, on this CT, the ply orientations were barely visible. Another CT-scan was performed at the end of the PhD-thesis. It had better image-quality mainly due to improvements of the tomograph adjustments (optimized acquisition parameters for carbon/thermoplastic composite materials). The quality is encouraging for the potential use of the structure tensor to distinguish plies but it was not further investigated in this work.

Identified parameters of the generated OoP waviness

The strategy based on the maximisation of the resemblance was time consuming compared to more classical methods based on grey-value segmentation such as 'optim1' which obtains similar results. The implementation made can be optimised, especially at the voxelisation step. Thus, when the image quality allowed it, the defect parameters were identified using the 'optim1' method. In the other cases, such as CT-scan images or micrographs of an unpolished edge, only the proposed strategy based on the maximisation of similarity with a fictive image noted 'optim2' could provide the geometric description of the meso-structure. The obtained results are gathered in Table 2.3 andin Table 2.4 respectively for the 2D and 3D description of OoP wavinesses. For each specimen, 'A' specifies the observed face on the left edge, 'B' on the right edge, and 'X' indicates that it is unknown.

When volume information was not available, the 3D description was deduced from the parametric identification performed on the two faces of the specimen (A and B) or with the observed specimen face and the face on the adjacent specimen. The Gaussian centre y o and the extent L y were chosen as described previously in part 2.3.2 depending on change in the waviness shape from a specimen side to the other. It should be noted that a way to describe a constant amplitude in the specimen width consists in centring the Gaussian in the specimen and considering a very long/infinite extent.

Defect

Observed face

Parameters Parameters of specimens extracted from X4-02 plates (Figure 2.20): The amplitude decreases through the plate width from one side to the other, but the others parameters do not vary muchexcept for a change of sign of the phase between face A and B as the faces are mirrored. It is consistent with the fact that in the geometrical model the Gaussian variation in the width only affects the amplitude. Parameters of specimens extracted from QI24-03 plate (Figure 2.21): The shapes observed on the edges do not seem to greatly change from a face to another. However, the identification reveals a large variation of amplitude from a specimen to another, even though the maximum ply deviations are similar for defects of adjacent specimens. In the micrographs, the waviness is mainly constituted by one wave. In addition, in some cases, a smaller wave can be observed on the side of the specimen. This smaller wave induces a shift of the phase. Then, to obtain a similar maximum ply deviation, the Gaussian amplitude has to be higher than in the case where the cosine is aligned with the Gaussian centre (i.e. for a phase null) as illustrated in Figure 2.22. The maximum misalignment angle of the 0° pliesnoted 𝜃depends on the geometric parameters. It is often taken as a waviness severity criterion. For instance, Xie et al. [Xie et al. 2018] showed that it is a key parameter affecting the compressive strength. The maximum misalignment angles were estimated for each specimen and are given in Table 2.4. The derivative of the most wavy ply (the one closest to the centre of the Gaussian in the thickness direction 𝑧 0 ) at its maximum in the width (position closer to the width Gaussian centre 𝑦 0 ) was calculated and the associated local angles were deduced with the inverse tangent.

𝐴 (mm) 𝜆 (mm) 2𝜋 • Δ/λ 𝐿 𝑥 (mm) 𝐿 𝑧 /thickness (%)

Application to industrial defects

The previous identification method was also tested on two images of the industrial defects shown in Figure 1.3. The two micrographs are taken from AIRBUS database, which was constituted during the development of the manufacturing process, and represent OoP waviness defects embedded in TS matrix non-crimp fabrics (NCF) and tape (see Figure 2.23.a). First, the parameters of the geometrical model were manually estimated to assess its ability to describe the morphology of industrial defects. These estimations are overlaid in red on the initial micrographs in Figure 2.23.b. The parametrisation globally matches with the industrial defects, which confirms that the geometrical model can be used to describe OoP wavinesses induced during real part production, even with components of different laminated materials. Since the same geometrical model fitted well both real and artificially generated out-of-plane wavinesses, it indicates that the artificial defects manufactured in the PhD thesis had morphologies representative of industrial cases. The manual identification was used as a starting point of the optimization 'optim. 2' based on the maximisation of the similarity between the micrograph and a fictive parametric image. The image resolution of the industrial defect image was much lower than that of the previous micrographs used to test the model. The ply thickness in the two pictures in Figure 2.23 is of 3 and 5 pixels, which was approximatively the same size as the Gaussian blur kernel used for the smoothing operation (see Figure 2.16). The standard deviation of the Gaussian blur filter applied on the fictive image was thus reduced from 3 to 1 to obtain a visually satisfying result. The results of the identification are shown in Figure 2.23.c with a blue overlay of the parametric wavinesses on the initial images. The identified geometries coincide well with the micrographs confirming that the method can effectively be transferred to industrial applications.

It can be noted that the model deviates from the industrial defect on the right for the bottom ply, near the position where the ply deviation is maximal. This results from a non-symmetrical variation of the ply amplitude in the thickness contrary to what was assumed by the Gaussian variation of the geometrical model. This limitation could be fixed in future works by using nonsymmetrical variation such as a Weibull distribution. However, note that this would require an additional parameter to the geometrical model. Also, the used model works with defect shapes that present the same wavelength in all the plies. OoP wavinesses as shown in Figure 2.24, could be described using a varying wavelength in the thickness. However, the relevant function used to describe its variation would have to be determined and would also require additional parameters. 

Defect influence on the local fibre volume fraction

The out-of-plane waviness occurs along with variations of the 90° ply thickness. In fact, due to the waviness, the compression of the 90° plies is not homogeneous during the manufacturing process. This inhomogeneous compression can affect the local Fibre Volume Fraction (FVF), commonly applied for pristine composites. Two extreme cases can be considered: 1. the fibres cannot shift in transversal directions, so fibres would be more compacted in thin locationit would induce a constant number of fibres in the ply thickness or a ply thickness dependence; and 2. the fibres can freely movehence they would be uniformly distributed, inducing a constant FVF. Since the fibres are not stuck but still encounter some resistance to their movements, the reality is probably between the two extreme cases.

To determine the FVF, a better image resolution is required in order to distinguish each fibre in the plies. Micrographs of two specimens with a defect were taken with a resolution of 0.54 μm/px. The following procedureschematized in Figure 2.25was inspired from an initial approach proposed at ONERA and developed in a common research project between US Air Force and ONERA to track fibres with X-Ray tomography for carbon/epoxy or ceramic matrix composites.

First, the initial image is binarized with an adaptive binarization methodology. A Hough transform is applied to detect circles with a radius estimated around 6 μm. Most of the time, the detection works well, however artificial circles that do not correspond to fibres are detected. Indeed, some circles overlap, so at least one of the circles does not correspond to a fibre since fibres cannot interpenetrate. Because the detection is performed in two steps, in a first estimation, all intersecting circles are removed. A simplex optimization is performed on each disk centre (x and y positions) and radius to maximize the correlation with the initial imagein grey valuesin order to correctly locate fibres with the associated size.

Figure 2.25 -Fibre detection process to determine local FVF in 90° plies on a micrograph

The corresponding binary image is generated from these optimised circles. The image difference between the initial and the binary image generated from the optimized circles provides an error map indicating possible missed fibres. Then, small error objects, with not enough area to be a possible missed fibre, are removed.

A second Hough transform is applied to detect circles in this error map, and another optimisation of the disk positions and radii is performed. The final number of fibres is the sum of the two estimations of circles, and the sum of the area covered by the circles divided by the window area gives the FVF.

One of the advantages of this strategy for the FVF calculation is the detection of 'barely visible' fibres due, in this case, to chipping that occurred during polishingand so fibres did not appear as complete circles on the image. Thus, a direct binarization would greatly underestimate the FVF, as shown in Figure 2.26. However, some local errors remain such as underestimations of the fibre radius (visible ring around the detected fibres) or wrong detection of one 'big' fibre instead of two fibres stuck together (red circles in the third example in Figure 2.26). Even so, the information sought was the local variation of the FVF rather than the precise value of FVF.

Figure 2.26 -Examples of FVF obtained by applying threshold on grey values and using the fibres detection script.

To see the entire defect with a good resolution, the images were obtained by the assembly of multiple micrographs performed by the microscope software. However, as the focus was fixed for the image set, blur appeared in some area of the final micrograph. The fibre detection strategy could not be applied in these zones. The FVF were estimated on two micrographs of defects inducing large variations of the 90° ply thickness, to determine which one of the two extreme cases is the closest to the experimental observations. As shown in Figure 2.27, the FVF was not correlated to the ply thickness: the maximal and minimal evaluated FVF did not coincide with extrema of ply thickness. On the provided example, the FVF varies between 48.2% and 54.9%. Similar observations were also made for a specimen extracted from X2-01 plate. These results are consistent with the works of Sorba et al. [START_REF] Sorba | [END_REF], and Ghnatios et al. [START_REF][END_REF]] on squeeze flow and modelling of thermoplastic composite forming. During the consolidation cycle, the matrix, when liquid, takes the fibres with it and homogenises their distribution. It results in a FVF that tends to be constant in a ply.

Conclusion

To describe the defects generated during the PhD thesis, a systematic parameters identification was performed on the micrographs and CT-scan images. The geometrical model reproduces well the morphologies of the waviness in the manufactured CP and QI plates presented in Chapter 1. This parametric description was validated on micrographs of various defects embedded in CP laminates. The associated parameters have a geometrical meaning, thus simplifying their identification which allow an easy manual estimation. They are in a relatively low number (9 parameters), but, could describe various defect such as "bell"or sineshape, constant or varying through the width. The model was only applied to embedded defect since the manufacturing process under hot-press preserved flat surfaces, however, by adjusting the parameters linked to the thickness, waviness visible on the surface (both dent and bump) can be described.

The identification of the parameters of the generated waviness was performed on the micrographs and one CT-scan using a new methodology. This automated approach is based on the maximisation of the similarity between data extracted from NDT information and virtual images generated with the parametric geometric modelwhich provides here an a priori knowledge on the defect morphology. The main advantage of this technique consists in its ability to provide results for low quality images where the interfaces are not clearly visible everywhere. However, this method will always return a parameter identification and the final resemblance value cannot be easily interpreted to determine if the results are satisfying. Therefore, the geometrical model should be validated beforehand on similar defect or the user has to manually check the results relevance.

In addition, the whole geometrical modelling chain was successfully applied to micrographs of some industrial OoP waviness defects. Therefore, this confirms the transferability of the method to industrial applications.

From a numerical point of view, this geometrical description will be used to generate in Chapter 4 the mesh of the digital twins of the OoP wavinesses testedwhose experimental results are shown in Chapter 3. The variation of the FVF was checked on two CP laminates with different layups and OoP wavinesses. These two defects are among the waviness inducing the more variation of the 90° ply thickness and were thus considered as 'worst case scenario'. As it revealed that the FVF varies only slightly in a ply in the defect area, the hypothesis of constant material properties in the ply could be reasonably used for Finite Element Modelling (FEM). Also, the parametric description allowed creating a large number of numerical models with controlled waviness geometries which were not manufactured. For instance, Figure 2 Even though some local errors remain between the idealized and the detected interfaces, the parametric model was validated geometrically looking at the visual correspondence, the global error of RMSE and the maximal Hausdorff distance between parametric and detected interfaces. Therefore, the geometrical representativeness of the proposed parameter geometrical model has been demonstrated trough comparisons with micrographs and a CT-scan.

However, more than the exact geometric description, a good reproduction of the defect mechanical effects was sought. Thus, only a numerical-experimental comparison will validate the mechanical representativeness of the proposed model.

Chapter 3

Experimental characterization of the effects of defects on the composite elastic properties, damage and failure

The main reason behind the attention on fibre waviness as a manufacturing defect is their effects on the mechanical performances of the carbon fibre reinforced polymers (CFRP) structures, especially in compression [Xie et al. 2018].

In this chapter, the objective is to determine the effects of the out-of-plane waviness defects generated using the method described in Chapter 1 on the composite elastic properties, damage onset/progression and failure under in-plane tension and in-plane compression. Defect-free baseline specimens -referred to as 'references'were also tested for comparison on the mechanical properties. The tests were multi-instrumented to monitor the damage progression on the edge in the defect zone. The experimental setup is presented in the first section of the chapter. The results of the tensile tests are shown in section 3.2 and the results of the compression tests are shown in section 3.3.

Experimental methods

Test campaign objectives and tests

The out-of-plane (OoP) wavinesses and their mechanical effects are studied since the late '90s but most of the works focused on defects in composites with thermosetting (TS) matrices. Experimental procedures offer a major contribution to this area, revealing effects on the mechanical behaviour. Much attention has been paid on their impacts on compressive and tensile strengths [Adams et al. 1993;Hsiao et al. 1996;Nimbal et al. 2017;Wisnom et al. 1996]. For instance, for similar wavinesses with a maximum misalignment angle of 12°, Mukhopadhyay et al. observed knock-down factors (KDF) of the pristine value around 34% on the compressive strength [Mukhopadhyay et al. 2015a] and around 26% on the tensile strengths [Mukhopadhyay et al. 2015b]. In a less significant way, OoP wavinesses also reduce the composite stiffness [Hsiao et al. 1996;[START_REF] Mrse | Compressive properties of unidirectional carbon fibre laminates: II. The effects of unintentional and intentional fibre misalignments[END_REF][START_REF] Wu | [END_REF]]. In all these experimental studies, the defect often acts as a failure initiator in composite coupons and structures. Hence, the damage scenario occurring near the waviness was often monitored for example by microscope edge observation [Hallett et al. 2018]. Most of these studies focused on the effects of defects (EoD) with quasi-static tests, however some works [Hörrmann et al. 2016;Mukhopadhyay et al. 2018;Piggott 1995] also demonstrated the negative impact of OoP waviness on fatigue life of composite components.

In the framework of this PhD-thesis, the effects of OoP waviness were studied under quasistatic in-plane tension and compression. Both are classical tests performed to reveal first order EoD on the mechanical properties. In addition, the OoP waviness have a particularly significant effect on the composite mechanical properties in compression [Mukhopadhyay et al. 2015b;Mukhopadhyay et al. 2015a]. The EoD on the composite elastic properties, damage and failure were estimated by comparing with experimental results obtained for pristine specimens, in two layups.

The first stacking sequence studied was, for comprehension purposes, an academic layup: the 0°-90° cross-ply (CP) layup noted X4 [0/90/0/90 3 /0 2 /90 2 ] 𝑠 . In tension, 0°-90° CP layups are the simplest stacking sequences to study damage mechanisms since the 90° plies are loaded purely in transverse tension. There is no mixed mode and little effect of matrix viscosity on cracking. In compression, recent works explored the use of CP laminates instead of 0° unidirectional (UD) composites for the characterisation of the compressive strength (in particular during a workshop "Measuring UD compression strength" [Adams, Dan 2021;Wisnom et al. 2021]). In [Davidson et al. 2021], the modelling suggests that the stacking sequence may affect the strength of CP composites. The authors observed a more progressive failure when zero plies are dispersed, compared to the case where they are bunched up. In this thesis, this kind of layup -CP with dispersed 0° plieswas the one in which the OoP waviness were the most easily generated (cf Chapter 1).

On the other hand, quasi-isotropic (QI) layups are more representative of industrial practices. The studied layup -[(45/90/-45/0) 3 ] 𝑠 , noted QI24complied with general laminate design rules. For instance, the 0° and 90° plies were separated by a + or -45° ply to minimize interlaminar shear stresses caused by shear coupling and to avoid delamination between the 0° and the 90° plies. Since it was harder to induce OoP waviness in QI than in CP laminates the defect in QI composites had smaller amplitudes.

Finally, pristine specimens of the same dimensions were also manufactured to serve as references against which the coupons with defects were compared to estimate KDF. In the following, KDF are defined as the ratio between the pristine and the specimen with defect for different targeted mechanical properties. The drops are defined as 1 -KDF value and are expressed in percentage.

KDF value = value defect mean(values pristine )

Eq. 3.1

The number of coupons tested in tension and compression are summarised in the 

Testing machines and instrumentation

Testing machines

Most of the tensile tests were performed using a hydraulic machine INSTRON with a maximum load capacity of 100 kN associated to hydraulic jaws. Due to the number of 0° plies, some of the tensile tests on reference specimens required higher load to reach the specimen failure. They were performed on a MASER 500kN electromechanical testing machine associated to hydraulic jaws. For compression, an electromechanical ZWICK testing machine with a maximal load capacity of 150 kN was used. The compressive force is transmitted into the specimen through end-loading, thus avoiding the use of additional tabs.

Acoustic Emission (AE)

Two Nano-30 acoustic emission sensors were used to monitor damage evolution using the commercial software provided by Mistras. These sensors placed directly on the specimen for the tensile test (purple in Figure 3.1) and on the jaws for the compression tests. To filter noise, only events with amplitudes over 40 dB were considered. The AE events are associated to characteristic damage mechanisms (matrix cracks, fibre failures, delamination, etc.) [Hamdi et al. 2021]. The damage onset is usually taken at the time when the cumulative dissipative energy suddenly rises. The cumulative dissipative energy also provides qualitative information on the evolution of damage during the test.

Digital Image Correlation (DIC) on the specimen surface

Two optical cameras (red in Figure 3.1) with a resolution of 2048 × 2048 pixels took pictures of one of the specimen speckled surface with an acquisition frequency equal to 2 fps.

Then the commercial software VIC-3D performed stereo digital image correlation on them. The specimen strain was determined using virtual extensometers on the DIC displacement fields.

Observation of the polished edges

To monitor the damage progression during testing, for each test on coupon containing defect, one of the specimen edges was observed. For tensile tests, an experimental setup was developed at ONERA [Germain 2020;[START_REF] Huchette | Analyse multiéchelle des interactions entre fissurations intralaminaire et interlaminaire dans les matériaux composites stratifiés[END_REF][START_REF] Nicol | [END_REF]. A Sensicam (PCO) camera with a 12-bit CCD sensor is equipped with microscopic objectives (orange in Figure 3.1) and placed on a 3-axis mechanical stage. To have time to scan the whole edge, the tensile test is composed of two phases: the first one with increasing loading and the second one with load level where the observations are made. Observations at around 10 load levels are performed per test. Thus, the damage initiation can only be estimated within a range. To observe the damage at the defect location without modifying the test load, a Grasshopper camera (yellow in Figure 3.1) was used. It was focused only on the waviness area and was set on an acquisition frequency from 0.5 to 2 fps. 

Effects of defects in tension 3.2.1. The tested specimens

The specimens for tensile tests were cut using a circular table saw to dimensions of 250 mm × 25 mm. 7 coupons contained OoP waviness and 6 were pristine.

The pristine specimens -3 with X4 layup and 3 with QI24 layupwere at least monitored with AE and DIC. The damage progression was monitored on a polished edge of one pristine CP and one pristine QI specimen. Hence, for these specimens, the test was a multi-level tensile test and the experimental setup of Figure 3.1 was used. Due to sample sliding in the jaws, two pristine specimens (QI24-01-1 and X4-04-2) were loaded multiple times to reach the failure. For both, the second loading was performed on a testing machine with a higher maximum load capacity to break the specimen.

Concerning the coupons with OoP waviness, the cracks propagation was monitored either with the microscope during multi-level tensile tests (for one specimen of each layup) either with the camera focused on the defect. The used systems are reported in Table 3.2. It should be noted that even though the specimen X4-01-1 contained two OoP waviness, only one defect micrograph is shown in Table 3.2. Indeed, only one of these defects came out on the observed edge and thus the presence of the second waviness was deduced post-mortem.

It should be noted that during testing, issues with the acoustic emission resulted in very noisy measurements. Despite post-processing (for instance keeping only events localized in the specimen or supressing saturated events), the results were not sufficiently physically relevant to be interpreted. Most of these results are thus not presented in the following.

Specimen

Instrumentation

Defect micrograph

AE DIC Edge obs. Face A Face X Face B X4-01-1 ✓ ~ Micro X4-01-2 ✓ ✓ Micro X4-02-1 ✓ ✓ Micro X4-02-5 ✓ ✓ Cam QI24-03-3 ✓ ✓ Micro + Cam QI24-03-4 ✓ ✓ Cam QI24-03-5 ✓ ✓ Cam
Table 3.2 -Summary of the instrumentation associated to the specimens tested in tension and edge micrograph taken before test.

Most of the tests were classical quasi-static monotonic tensile tests, as shown in Figure 3.2.a, with a load rate imposed at 10 MPa.s -1 up to failure. The damage monitoring during multi-level quasi-static tensile tests were carried out following the procedure proposed by Nicol et al. [START_REF] Nicol | [END_REF], see Figure 3.2.b. As in the protocol, the observation stages are defined preliminary based on a quasi-static monotonic tensile test, to determine 10 load level between the damage onset and the failure load. Then, during test, to maintain the cracks open, which facilitates their detection, the microscope scan of the edge is performed under loading. However, the formation of new cracks during the edge scan should be avoided. Therefore, after reaching a new load level, the applied load is reduced and then the displacement of the crosshead is fixed throughout the scan. 

Effects on the elasticity and the strain fields

Displacement and strain fields During the tests, VIC-3D, the software performing the stereo-DIC, showed the different displacement and strain fields corresponding to the response of the specimen face speckle. These fields were relatively homogeneous in the case of pristine specimens. However, inhomogeneities appeared for coupons with defects. The OoP waviness defects induced OoP displacement and local strain concentrations as shown in Figure 3.3.b. These variations coincide with the OoP waviness location in the specimen length. They also indicated qualitatively the amplitude variation of the defect in the width. For instance, the DIC longitudinal strain field is constant in the specimen width for a specimen with a constant defect shape along the y-axis (Figure 3.3.b) whereas for a specimen with a defect amplitude decreasing from one edge to the other, such as X4-02-5, its corresponding strain field (Figure 3.3.c) varies as the waviness amplitude. It should be noted the global longitudinal stress of the specimens with defect is lower than that of the pristine specimen for the same macroscopic strain. 

Longitudinal strain measure -Extensometers

For each specimen, the longitudinal strain was measured using three virtual extensometers positioned a different location in the width of the observed zone and separated by 7.5 mm as shown in the vignettes in Figure 3.4. The vertical displacements of the ends of the virtual extensometers are followed using DIC. The engineering longitudinal strain 𝜀 𝑥𝑥 is then calculated as:

𝜀 𝑥𝑥 = 𝐿 -𝐿 0 𝐿 0 , Eq. 3.2
where 𝐿 and 𝐿 0 are respectively the actualized and the initial length of the extensometer. As illustrated in Figure 3.4.b, the measure of the global longitudinal strain using virtual extensometers depends on the position in the width when the defectespecially its amplitudevaries in this direction. The larger the amplitude, the greater the induced local strain concentration. Since the strain concentration is limited to the defect zone, the remaining area has a relatively constant and homogeneous strain. Therefore, using a longer extensometer to calculate the strain on a specimen with a defect means considering more "pristine material" deformation in the calculation. To reveal the influence of the extensometer length, the strain was measured using 4 arbitrary chosen lengths: 20, 35, 45 and 55 mm. Figure 3.5 shows that a shorter extensometer exacerbates the defect influence on the global behaviour because the measured strain increases.

The length over which the defect influences the longitudinal strain was estimated visually as illustrated in Figure 3.5.a. The maximum affected zone was about 18 mm. An extensometer of 35 mm was chosen to ensure a sufficient margin to cover the whole affected zone for every test. This extensometer length also ensures that the margin is not too large, to avoid fading the studied EoD. In the following, the mean value of the three extensometers was considered to plot stress-strain curves to be less sensitive to local variation. 

Initial elastic modulus

To investigate the EoD, AIRBUS usually computes the composite stiffness on the strain range undergone by the part in service using the AITM 1-0007 standard (noted 'Tech 1'). It consists in estimating the stiffness as:

𝐸 𝐴𝐼𝑇𝑀 = 𝜎 1/2 𝐹𝑚𝑎𝑥 -𝜎 1/10 𝐹𝑚𝑎𝑥 𝜀 1/2 𝐹𝑚𝑎𝑥 -𝜀 1/10 𝐹𝑚𝑎𝑥 , Eq. 3.3
where 𝜎 1/2 𝐹𝑚𝑎𝑥 and 𝜎 1/10 𝐹𝑚𝑎𝑥 are half and a tenth of the maximal stress and 𝜀 1/2 𝐹𝑚𝑎𝑥 and 𝜀 1/10 𝐹𝑚𝑎𝑥 are their corresponding strains. The typical range of strain values, on which the moduli are estimated, start at a relatively high strain (over 0.1%), and, at the upper bounds, the non-linearity of the behaviour can already be observed. Moreover, this stiffness definition is sensitive to local variations since it is calculated as a slope between two points.

In the present case, it is more relevant to look at the influence of the defect on the initial stiffness. As it only represents the EoD without the material non-linearity contribution. Therefore, a linear regression, referred to as 'Tech 2', was performed on the stress-strain data between longitudinal strains of 0.1 and 0.3%. This range of values was chosen to avoid the noise at the beginning of the test whilst trying to remain in the linear elastic regime. Figure 3.6 shows different stress-strain curves depending on the specimen layup and the presence of a defect. As mentioned before, one of the QI laminate specimens was loaded twice, thus, only the stress-strain curve associated to the first interrupted loading (with no failure data point associated) is plotted in Figure 3.6 since it is the one used for the stiffness calculation. The results for both techniques applied to the reference tensile tests are summarised in the Figure 3.7 by the bar in blue. The stress-strain curves show for all the pristine specimens, except QI24-02-2, a hardening behaviour. This elastic non-linearity comes from normal micromisalignments of the fibres in a ply induced during the manufacturing process. Under tension, due to the re-alignment of the fibres and their crystallites [Curtis et al. 1968;Zhou et al. 2014] an increase of the tensile modulus is observed [Ishikawa et al. 1985]. The non-linear behaviour was less significant in the QI than in the CP laminates because they have less 0° plies. It is consistent with the results of Tech 1 being higher than the Tech 2 ones, and with the differences being larger with CP than QI composites. Results of tech 2 were taken as more representative of an 'initial' modulus. The mean value is noted respectively E CP ref t and E QI ref t for CP pristine and QI pristine laminates (where the exponent "t" stands for "tension"). The two scatterings are low, with a coefficient of variation (CoV) equals to 2.2% and 3.4% respectively for the CP and the QI laminates. It should be noted than the QI24 specimen that contributed the most to the data dispersion came from another plate, hence probably introducing more material variability. The same methods were applied to the specimens with OoP waviness. As shown in Figure 3.7, the presence of a defect reduces the initial modulus. The obtained KDF are summarized in Table 3.3, and are all superior to the CoV of the pristine material. The drops for CP laminates are between 7.1 and 13.0%, and the maximum drop was obtained for the specimen with the highest misalignment angle. However, this angle is not the only parameter inducing the modulus reduction because they were similar for the three QI specimens but their drops varied from 3.2% to 7.4%. Yet, these values are smaller than for the CP laminates, probably due to the initial waviness which is less important for this stacking sequence. Because the OoP waviness induces locally a strain concentration, at equivalent stress, the strain measured is higher for specimens with defect than pristine ones. Thus, the OoP waviness softens the mechanical response, as can be seen in Figure 3.6. This also explains why the initial stiffness values of Tech 1 are smaller than those of Tech 2.

Specimens with defect

Defect geometry parameters KDF on the stiffness (Tech 2) 𝜃 max (°) 𝐴 (mm) 𝐿 𝑧 (mm) 

Crossplies X4-01-1 * * * N/A ⁂ X4

Behaviour non-linearity

The waviness affects the local slope of the stress-strain curve resulting in a global behaviour softening whereas it was hardening in pristine coupons. This effect on the behaviour results from the strain concentrations induced by the defect. As illustrated in Figure 3.8 for the CP specimens with defects, the defect did not induce a strong inhomogeneity in the strain field at the beginning of the test. A small strain concentration appeared only at the defect location at 12% of the failure stress of the specimen σ X 4 -02-1 tu (Figure 3.8, step 2). At 0.26 • σ X 4 -02-1 tu (Figure 3.8, step 3), the local variation of the longitudinal strain induced by the waviness was around 0.08% of the strain in a pristine location far from the defect. This strain variation increased until failure. The non-linearity of the behaviour was not significant in the pristine QI layup. In the presence of an OoP waviness in this layup, the non-linear behaviour was not significantly modified. 

Effects on the damage scenario

To determine the effects of OoP waviness on damage, the damage scenarios were first monitored on pristine specimens (X4-04-1 and QI24-02-2) during multi-level tests. Detailed analyses of the behaviour and the damage scenario of the material were performed in the framework of CleanSky II (CS2) project at ONERA. The following observations are in line with the obtained CS2 results.

Pristine specimens

In the CP layup, cracks initiate in 90° plies but do not instantaneously propagate through the ply thickness. Most of the crack lengths are one-third to one-half a ply thickness, whatever the ply thickness. While loading increases, instead of propagating through the ply thickness, other small cracks appear. This can be explained by the high fracture toughness of the matrixespecially compared to thermosetting (TS) matricesthat prevents cracks from propagating [Laurin et al. 2022]. Some of these cracks coalesce to form cracks that extend through the whole ply thickness (see Figure 3.9.a). No fibre failure was observed during the different observation steps. The final composite failure results from that of the 0° plies. The failure process (fibre failure in the 0-ply) is instantaneous.

In the QI layups, the cracks also initiate in the 90° plies, some had micro-delamination at their tips. On the micrographs, these cracks are slightly skewed because of out-of-plane shear stresses generated by edge effects. In his thesis [START_REF] Nicol | [END_REF]], Nicol showed, using X-Ray tomograph, that after a few millimetres such cracks align along the out of plane directionas in CP laminates. This result from the lower out-of-plane shear stresses in the core of the laminate. Due to the image quality and the small crack opening at the step where they appear, it is hard to determine if the initiation and the propagation occur one after the other, or if the cracks go through the thickness instantaneously. Then, cracks in +/-45° plies, mainly on the surface plies, initiate from micro-delaminations around the crack tips of 90° plies (see Figure 3.9.b). Finally, as for the CP laminates, the final composite failure involves the failure of the 0° plies due to fibre failure.

(a) Edge observation during the last level before failure of X4-04-1. On the right half, the cracks are highlighted in blue using the script developed by [START_REF] Nicol | [END_REF]].

(b) Edge observation during the last level before failure of QI24-02-2. On the right half, the cracks are highlighted in blue using the script developed by [START_REF] Nicol | [END_REF]]. 

Specimens with defect

Figure 3.10 shows different observation steps of the multi-level tensile test performed on the CP specimen with OoP waviness X4-02-1. Small cracks, less than half a ply thickness, appear first in the defect area between step 2 and 3, before there is any crack in the pristine zones. Due to the high local out-of-plane stresses, micro-delaminations are generated at the maximum angle location (visible in the step 3). With increasing load, other cracks appear in the defect area and some of the small cracks coalesce as visible from step 4 to step 6. Then the cracks in the defect zone widely open and delamination propagates (step 9 at 0.94 σ X 4 -02-1 tu ) before the laminate failure.

The damage scenario is similar to that in the pristine material: a large number of short cracks in the 90° plies, and due to the matrix properties (especially its high fracture toughness), it seems easier to initiate new cracks than to propagate existing cracks. However, cracks appear earlier in the defect area and their openings are more significant. In addition, in presence of defects, delaminations start near the maximum waviness angle early during the test (between step 2 and 3) compared to pristine specimens (just before failure).

The damage progression in QI24-03-3 is illustrated in Figure 3.11. Cracks in 90° plies with micro-delamination at their tips (due to +/-45° plies around) appeared near the maximum waviness angle location (image of step 2, cracks and micro-delaminations are on the right part of the defect). Most of them are longer than half a ply thickness. With increasing load, other cracks formed in the defect area, in particular on the left part of the defect in the image of step 3. Then cracks initiated in the pristine area between steps 4 and 5. Finally, cracks open and delaminations propagate before the laminate failure. 

Crack orientation

The cracks that form in the defect area are disoriented with respect to the direction of the applied load. This indicates the presence of out-of-plane shear. As the cracks remain skewed further in the laminate width (see the CT-scan images in Figure 3.12), this phenomenon is not related to edge effects. In addition, as can be seen in the different micrographs of cracks in waviness in CP laminates, despite following a constant direction, the cracks make small deviation step along the ply direction (see for instance the 4 th step in Figure 3.10). This could result from out-of-plane stresses in the 90° stack core between two equally oriented plies. Far from the OoP waviness, cracks are also observed in the 90-plies and are normal to the applied loading (see Figure 3.13). Those observations highlight that the local additional shear stresses disoriented the cracks close to the OoP waviness and far from the defect, the local stress multiaxiality become nominal and the crack orientations are similar to those observed on pristine specimens. 

Effects on failure

Failure location

As mentioned earlier in section 3.2.1, some tests on the pristine specimens had to be performed twice with different testing machines due to the sample sliding in the jaws and not breaking the first time. To prevent further sliding, the clamping force of the jaws on the specimens was slightly increased. However, 3 pristine coupons broke within the jaws (one CP and two QI laminates). Their failure stresses were most likely under-estimated, indeed most of the time, it results from an initial damage induced by a high pressure applied by the jaws. Therefore, the data dispersion is high, especially for QI layups since only one out of three specimens broke in the gauge section.

As far as the specimen with OoP waviness are concerned, failure occurred at the observed defect location (thus in the gauge section) except for X4-01-1. The longitudinal strain field shown in the Figure 3.14and a visual inspection after testing of X4-01-1 suggested that the failure occurred at another waviness defect location that was not visible on the polished edge but observed indirectly through the local overstrain and that possibly had a bigger amplitude. For all the tests on specimens with defects, the failure is brutal. As seen in Figure 3.15, once the plies failed, they had an out-of-plane movement indicating stress in this direction. 

Failure stress

Due to specimen sliding in the jaws, the specimen QI24-01-1 was loaded twice to reach the failure. For the second loading, another testing machine with a higher load capacity (50T) and higher jaw grip strength was used, and this time, the failure occurred in the gauge section. The two other QI reference specimens were tested with the same set-up. However, the failure occurred in the jaws at lower stresses (68.7% and 75.8% of the failure stress of QI24-01-1). Note that the specimens were untabbed, and the increased grip pressure is more likely to damage the specimen in the jaws. Post-mortem observation of the specimens confirmed that the outer plies were damaged in the jaws. The resulting scatter of the failure stresses is likely linked to experimental issues and these two non-conform failures are outliers that are therefore not accounted for in the reference value σ QI ref tu calculation. Hence, this reference value relies only one failure stress data, which was obtained after two loadings and cannot be associated to scatter. Still, this σ QI ref tu failure stress is used below to provide KDF values, which may be not representative of KDF that could be obtained with a reference value associated to multiple conform failures. Therefore, these KDF values cannot be used for comparison with finite element analyses.

For the CP laminates, the specimen that broke close to the jaws is also the one with the higher failure stress. All the CP specimens were broken using the same test machine, with a lower maximum load capacity (10T) than the one used for the QI specimens and thus with a lower grip pressure than the one that lead to the non-conform failures in the QI laminates. The two other CP specimens broke at 99.7% and 89.2% of the previous failure stress. The mean failure stress of the CP laminates is noted σ CP ref tu and its CoV is 6%. The normalised values of the failure stresses obtained for the specimens with defect are provided in Figure 3.16. Table 3.4 gathers the different KDFs and recalls some key parameters of the waviness geometries. The KDFs obtained for the CP laminates go from 0.9 for X4-02-5 to 0.56 for X4-01-1, and those for QI from 0.69 to 0.62. The defect geometries of the three QI24 specimens are similar and thus their KDFs have a low dispersion. This order of magnitude of the strength KDF for QI laminates is consistent with literature results on similar defect morphologies (in [Mukhopadhyay et al. 2015b], defects of 𝜃 max ~12° induce about 26% of strength drop). Even though the maximum misalignment angles of the defects in QI laminate are smaller than that of X4-02-05 (around 17° for the QI specimens against 21.4° for the cited CP coupon), their KDFs are higher than that of X4-02-05. Many factors could explain this phenomenon such as the layup, the number of plies affected by the defect, the maximum visible amplitude of the defect, etc. Therefore, the KDF does not depend only on the maximum waviness angle. * The observed and described defect does not correspond to the one that led to the failure. ** As no defect observation was performed prior to the test, the waviness geometry is not fully known. ⁂ The "reference value" for the KDF is based only on one test and must therefore be used with care. The coupons for compression tests, where the load is introduced by the end and not by shear, require a high precision on parallelism (// 0.05 mm) and perpendicularity (⊥ 0.05 mm) of the edges. Therefore, these specimens were water jet cut to dimensions of 120 mm × 25 mm. 4 reference specimens were machined for each layup. They were monitored with AE and DIC on the surface except for one QI24 coupon that did not had EA and one X4 coupon for which the DIC acquisition stopped because of a technical problem. The specimens with OoP wavinessreported in Table 3.5were observed using the Grasshopper camera focused on the defect. The specimens were end-loaded at 0.5 mm/min.

Specimen

Instrumentation

Defect micrograph

AE DIC Edge obs. Face A Face X Face B X4-02-2 ✓ ✓ Cam x2 X4-02-3 ✓ ✓ Cam X4-02-4 ✓ ✓ Cam QI-03-1 ✓ ✓ Cam QI-03-2 ✓ ✓ Cam x2
Table 3.5 -Edge micrograph of specimen with defect before compression test.

Effects on the elasticity and the strain fields

Displacement and strain fields As for the tensile tests, the stereo-DIC on the surface revealed that the defects cause inhomogeneous strain fields (Figure 3.17) and OoP displacement (Figure 3.18). The affected length in the load direction is smaller than that observed in tension. Longitudinal strain measure -Extensometers Three virtual extensometers distributed in the specimen width were used for the strain measurements. The gauge section for compression test is only 30 mm. Since the DIC zone is even smaller, the length of the extensometers was set to 20 mm to cover the maximum length without going to close to the border where numerical perturbations can affect the different fields. In the following, the mean value of the three extensometers was used to plot stress-strain curves such as in Figure 3.19. This figure illustrates that the EoD on the compressive stiffness is more pronounced in the CP laminates than in the QI laminates. 

Initial elastic stiffness

The initial stiffness was estimated using the same approaches as for the tensile tests. The results obtained for the reference compressive tests are summarized in Figure 3.20. All the specimens have a softening behaviour as shown in Figure 3.19. In compression, the elastic non-linearity is commonly associated to the initially imperfectly aligned fibres in the 0° plies which result in loss of rigidity [Allix et al. 1994]. As for the tensile tests, this non-linear behaviour is more significant in the CP laminates than in the QI laminatesdue to their respective number of 0° plies. It explains the difference between the results of 'Tech 1' and 'Tech 2' in the figure below. Indeed, the ranges of strain values used to compute the stiffness of the first method are larger than those of 'Tech 2'. The stiffness computed with 'Tech 1' is thus more influenced by the effect of the material non-linearity.

The stiffness obtained with the AITM is lower than with the regression, except for the specimen X4-04-7. In the case of X4-04-7, the stress-strain curve shows that the coupon had not a hardening behaviour, contrary to what could be deduced using 'Tech 1' being higher than that of 'Tech 2'. In fact, the curve is relatively linear at the beginning of the test. In the AITM technique, only two points are used for the modulus assessment, and thus it is very sensitive to noise. Therefore, by calculating the modulus with all the points in the same range of strain values, a linear regression gave a lower value which is more in line with the observed mechanical response.

As the values of 'Tech. 2' are supposed to be more representative of the initial modulus, the KDF will be calculated using the mean value of 'Tech 2' values obtained for pristine specimens. ). Theoretically, it is expected to obtain the same initial stiffness in tension and in compression, which is the initial elastic modulus. Figure 3.21 shows that the behaviour is continuous between tension and compression loading for the two considered pristine stacking sequences. The measured moduli are different (with values that are lower for the 'Tech 2' method) in tension and in compression due to the softening behaviour observed in compression and the hardening in tension. The same methods were applied to the specimens with defects and their results are plotted in Figure 3.20 in red. The KDF values are summarized in Table 3.6. Contrary to the cases of pristine specimens, the 'Tech. 1' estimates slightly higher stiffness than 'Tech. 2'. Yet, the behaviour of the specimens with defect is not hardening (as visible in Figure 3.19). In these cases, the range of strain values on which the modulus is estimated with the AITM technique is a smaller range than that taken for pristine specimen, as the failure stress is lower. These values are higher than the bounds of the 'Tech 2' ([-0.3, -0.1]%), which range does not depend on the failure stress. Thus, in this case, 'Tech 1' integrates less non-linearity than 'Tech 2', which explains the opposite trend observed compared to that of the pristine specimens.

In the QI laminates, the defect does not induce a knock down on the initial stiffness: their KDFaround 0.99are lower than the CoV for the pristine value. It also can be seen on the stress-strain graph in Figure 3.19.b where the curves with and without defect superpose. On the other hand, in the CP composites, the waviness reduces the stiffness by about 10%. 

Specimens with defect

Effect on failure

Failure location and scenario

For the reference specimens, it may be difficult to assess precisely the failure location. Three of them broke close to the jaws, making it difficult to know if they broke in the gauge section or not. Out of the eight tested pristine specimens, about one half broke in the gauge section and the others close to the ends of the jaws. All these failures were brittle. In the specimens with defects, failure occurred at the observed defect location in the gauge section. Out of the five specimens with waviness, threeone QI and two CP laminateshad an instantaneous failure: on the load-time curve, the load drops sharply. The failures occurred between two successive images (so in less than 2 seconds), and no (or almost no) damage / delamination / kink band was observed before. The two remaining specimensone in CP and the other in QI laminatehad a more 'progressive' failure. In the case of X4-02-3, illustrated in Figure 3.22, no damage was observed on the edge or detected by AE until the point 2 in the stress-strain curve. Then, in point 3, the two 0° plies at and close to the surface on the left broke, leading to a first load drop, despite the fact that the initial waviness is small close to the external surface. It is not surprising that the fibre kink-bands initiate on one edge since the specimen is not symmetrical through the thickness. Kink bands with micro-delamination formedas can be seen in the image 4until the central 0° plies failed (image 5). The failure stress obtained for the specimens with defects are provided in Figure 3.24. The corresponding property drops for the X4 specimens are 40%, 45% and 38%, and for the QI, they are 36% and 52%.

For defects with similar maximum waviness angles, the strength reduction is more significant under compression than under traction. For instance, in the case of the CP laminate, under tension, the specimen with the defect having 𝜃 max ~35° exhibits a KDF on the strength of 0.69, while under compression, the specimen with the defect having 𝜃 max ~32° have a KDF of 0.60. Moreover, as under tension, the property drops obtained for the QI specimens are consistent with literature results ( [Mukhopadhyay et al. 2015a]). 

Conclusion

The graphs in Figure 3.25 and Figure 3.26 summarise the global behaviour both in tension and in compression of specimens with and without defects, respectively for the CP and the QI layup. For the pristine specimens, the initial elastic modulus is the same for tensile or compressive loadings, but for compressive loading, a softening behaviour is observed while for tensile loading, a hardening behaviour is observed (especially for CP laminate) due to the elastic non-linearity observed in the fibre direction for this material. Therefore, the initial stiffnesses estimated on a range of strain values above 0.1% are different in tension and compression for pristine specimens. During the loading of pristine specimens under tension, transverse cracks are observed in 90° plies and later in ±45° plies for QI laminates, and finally the failure is due to 0° ply failure in tensile fibre mode. For compression loading, no matrix cracking is observed prior the final failure which is due to fibre kinking in the 0° ply.

The OoP waviness affects different mechanical properties of the material. The DIC revealed that OoP waviness generates local strain concentrations. It induces a slight and local decrease on the initial stiffness of the laminate compared to the pristine material. This knock down is more pronounced for the CP than for the QI laminates both under tension and compression, possibly because the OoP wavinesses are higher (higher maximum waviness angle) for the CP laminates. Nevertheless, the calculation of the global longitudinal strain strongly depends on the choice of the extensometer length in the case of specimens with OoP waviness. Indeed, the more pristine area included in the extensometer length, the less the effect of defect appears on the macroscopic behaviour. In tension, this length was fixed at 35 mm to ensure the whole area affected by the defect was included. However, it was only of 20 mm for the analysis of the compression tests, because the gauge section itself is 30 mm long and because the affected area was smaller. It prevents a direct comparison of the KDF in tension and compression. It would be interesting to consider criteria independent of the extensometer length or depending on the defect size. In addition, the global behaviour of the two composites is not linear, even before damage appears. Therefore, the estimated modulus depends on the range of strain values (starting point and extent) on which it is calculated.

The effect on the longitudinal strain field is not significant at the very beginning of the tests but increases with the load. This affects the natural non-linearity of the composite behaviour, which is related to the 0° plies. Due to the number and proportion of the 0° plies in the laminates, the QI layup exhibits less non-linearity than the CP layuphardening in tension and softening in compression. The effect of the waviness on the non-linearity seems to increase with the longitudinal strain, however, because the specimens with defect fail sooner, this effect is not very significant. In addition, for the tensile loading, damage initiates at lower strain in the defect area than for the pristine specimens, making difficult from this damage onset to distinguish the influence on the elastic non-linearity from the one on damage due to the superposition of the mechanisms. Due to the presence of OoP wavinesses, shear and out-of-plane stresses are generated in the defect area. In tension, this is reflected in the orientation of the cracks in the 90° plies that are skewed. This is in particular visible for the CP layup, where, in the case of a pristine specimen, the cracks are perpendicular to the ply plane. In addition, delamination initiates near the maximum misalignment angle at the same loading level as the cracks appear. Progressively, the wavy 0° plies flatten during the tensile testthe plies slightly re-align with the load directionuntil the laminate fails. Therefore, these plies are bent, and out-of-plane shear stresses are generated. In addition, this flexion involves out-of-plane displacement of the 0° plies which results in early delamination cracks and failures where the broken plies deviate to the exterior. Finally, because of the variation of the defect amplitude along this direction, these effects are more significant in the inner plies than for the plies on surfacethat are almost flat and thus are loaded faster.

The failure stress is greatly impacted by the OoP waviness. In tension, the fibres of the wavy 0° plies support less load which is thus transferred to 0° plies closer to the layup surfaces that are straighterdue to the manufacturing technique under press which preserves flat surfaces. In compression, fibre failure also seems to be the dominant failure mechanism. Kink bands with micro-delamination formed around maximum waviness angles of the 0° plies. The KDF under compression are larger than under tension. For instance, X4-02-1 and X4-02-2two adjacent specimens in the plate with similar defect morphologies and estimated maximum angles about 34.7° and 32.2°were tested respectively under tension and compression and have KDF on the failure stress of 0.69 for the former and 0.60 for the latter.

Even if it seems that a defect with a higher maximum misalignment angle induces higher KDF on the failure stress, the relation between these two values is not clear. Other factors may affect the KDF. For example, QI24-03-3 and QI24-03-4two specimens tested in tensionhad similar waviness maximum angle around 17°, but their effects on the mechanical performances were different for both the initial stiffness and the failure stress. Indeed, the other geometrical parameters were different resulting, in this case, in a maximum ply deviation of 0.14 and 0.26 mm, respectively. Also, in tension, since there is a load transfer from 0° plies to straight plies, it could be assumed that the more plies affected by the waviness (reflected in the parameter 𝐿 𝑧 ), the higher the laminate failure stress reduction. Moreover, other types of manufacturing defects, such as local in-plane waviness (see Figure 1.20), can affect the mechanical properties of the specimens.

From the experimental point of view, the study of the KDF dependence on various waviness parameters is restricted to the manufactured specimens. In the framework of the PhD thesis this number was low: maximum 3 specimens with defects per layup and per loading type (tension or compression). Thus, to draw more statistical conclusions, it would be necessary to make a study on more specimens. In addition, since the generated defect morphology was not controlled, it is not possible to perform tests at the desired locations of the waviness parameter space (i.e. with chosen geometric parameters). Therefore, the parametric study will be undertaken by finite element modelling.

Chapter 4

Modelling of the mechanical effects of defects

As test campaigns for composites are expensive, virtual testing with finite element models (FEM) are more and more used to support experimental analyses. Therefore, a numerical approach to model the effects of the defects (EoD) was proposed and validated on the available tensile and compressive tests presented in Chapter 3. A methodology was developed to automatically create a series of model inputssuch as the mesh and the material orientationwith a chosen waviness geometry (see section 4.2). These geometries are generated with the geometrical model proposed in Chapter 2, and are then inserted in the mesh by deforming it.

First, the OoP waviness stress fields were analysed to estimate the area of influence of the defects, as reported in section 4.2.2. For that purpose, finite element calculations were performed with a simple linear elastic behaviour for the plies, using the software Z-set with an implicit solver.

FEM of the tests performed on specimens with defects were developed to enhance the understanding of the effect of the defects on different mechanical properties (stiffness, damage onset and failure). These results are presented in section 4.3, first for virtual tensile tests and then for the virtual compression tests. As a first approach, the linear model is used for each solicitation to investigate the EoD on the initial stiffness and the stress fields, in sections 4.3.1.1 and 4.3.2.1 respectively. These analyses provide a general understanding of the experimentally observed phenomena such as the transverse cracks in the defect zone of influence. However, in laminated composites, the first damage event often occurs much earlier than the ultimate failure [Mandel et al. 2016]. Therefore, the damage scenario and the final failure were predicted with Abaqus/Explicit using the Onera Progressive Failure Model (OPFM) [Laurin et al. 2007] with a ply softening behaviour and cohesive elements at the interfaces to model the delamination. This methodology was chosen as it is consistent with Airbus industrial practices [START_REF] Herman | [END_REF]. The damage scenario and the predicted KDF for the initial stiffness and the final failure are compared to the experimental data.

Literature review 4.1.1. Modelling of the waviness and its effects

A composite material can be studied at different scales: the structure at the macro-scale, the analysis of the plies at the mesoscopic scale and the fibre/matrix interaction at the micro-scale. The mesoscopic scale was usually selected to carry out this study as the defects affect the geometry of the plies. To model the mechanical effects of a discrete initial defect such as the out-of-plane (OoP) waviness, a representation of the defect geometry is required. This geometry can be either idealized or corresponds to the real defect shape. In both cases, the defect geometry can be extracted from experimental observations, or deduced from the modelling of the manufacturing process [Belnoue et al. 2018;Dodwell et al. 2014b;Sjölander et al. 2016]. However, in the latter, these approaches assume a complete understanding of the root causes of the generated defect to be able to obtain a high-fidelity mesh of the observed OoP wavinesses. Also, as a given defect geometry is usually induced by random local instabilities, it can hardly be generated using these kinds of approaches.

Meshing from the experimental observation extraction

Geometries for mesoscopic scale modelling (ply scale for laminated composites or yarn scale for woven composites) are increasingly extracted directly from images of real specimens such as in [Mehdikhani et al. 2021;Nikishkov et al. 2013]. To reconstruct the volume of a meso-structure in the composite, 3D images are required, which are usually acquired by X-ray computed tomography (CT) as presented in the section 2.1 of the Chapter 2 on the defect imaging techniques. After extracting the real geometry from CT-scan, two main meshing strategies can be found in the literature.

Seon et al. [START_REF] Seon | [END_REF] extracted the sectional profiles of a complex shape part using CT-scan acquisitions. Then, they applied a linear transformation to all nodes in the regular rectangular mesh, along the out-of-plane direction, such that the top and bottom boundary surfaces of the source mesh match the CT measured boundaries of the specimen as shown in Figure 4.1. Then, the out-of-plane material orientations are assigned in the deformed mesh using the element faces. This methodology used structured tetrahedral elements, which present a better convergence than unstructured tetrahedral elements and can be applied in case of smooth shape transformation. [START_REF] Seon | [END_REF].

Figure 4.1 -Mesh morphism transformation of a rectangular source mesh into a target mesh matching CT measurements of the part geometry

In [START_REF] Bénézech | Variational segmentation of textile composite preforms from X-ray computed tomography[END_REF]Fourrier et al. 2022;Naouar et al. 2014], the authors successfully created finite element meshes directly from X-ray CT data of woven composites. After image segmentation, the meso-structures obtained by the authors are topologically correct, and the yarn geometries are smooth and continuous. The obtained segmentation is then directly converted into an unstructured tetrahedral mesh (see Figure 4.2). The orientation of the fibre yarn is also deduced from the extracted geometry. The benefit of geometric models identified directly from experimental observations is that even complex geometry, as reported in Figure 4.2, can be meshed properly. However, it is very difficult to use structured elements for this complex geometry despite their good convergence properties for non-linear behaviour. The benefit of geometric models identified directly from experimental observations is that the real fibre orientations of the modelled part can be accounted for without approximations or simplifications. Their downside is that the part must first be manufactured before it can be modelled. Thus, these approaches do not allow parametric studies of its effects.

Idealized geometry

The easiest way to perform parametric studies is to describe the defect geometry with a simplified model which key parameters could be related to mechanical knock down factors. In [START_REF]Mechanisms of origin and classification of out-of-plane fiber waviness in composite materials -A review[END_REF], the authors reviewed typically occurring wave shapes and suggested a classification scheme based on different geometric features such as the distribution of the waves, the defect position in the laminate or the number of affected plies. A natural way to describe a waviness shape consists in using sine functions in a given window. In [START_REF] El-Hajjar | [END_REF]], a Gaussian function was used to capture the bell shape of a surface waviness. In addition, different types of variation of the amplitude in the thickness can be considered: none (constant waviness in the thickness) [Chan et al. 1994;Garnich et al. 2005;Zhu et al. 2015], linear [Bogetti et al. 1992;Garnich et al. 2005;Mukhopadhyay et al. 2015b], Gaussian [Xie et al. 2018]which also corresponds to the proposed description in Chapter 2etc. As illustrated in section 1.1.3 in Chapter 1, this large variety of geometric models result from the large variety of waviness shapes that can be observed.

Using a simplified geometric description, Hsiao et al. [Hsiao et al. 1996] developed analytical models to predict the elastic properties and the strength of a unidirectional (UD) composite for different wavinesses under compression. As illustrated in Figure 4.3, the authors showed that the longitudinal Young's modulus and the compressive strength degrade with increasing amplitude/wavelength rationoted A/Land the volume (or thickness) ratio between wavy plies and pristine plies. Bogetti et al. [Bogetti et al. 1992] obtained similar results for OoP waviness in a 0-90 cross-ply laminate under uniaxial and biaxial compression, using a model based on the laminated plate theory. The model unit cell consists of one wavy 0° ply between two 90° plies. In this unit cell, the defect was described as a half-sine wave along the 𝑥-axis with a constant width along the 𝑦-axis. Again, stiffness and strength reductions were predicted to be greater with increasing amplitude or decreasing sine wavelength. In addition, the authors showed that the waviness does not affect significantly the failures associated with loading transverse to the direction of waviness (𝑥-axis). [Hsiao et al. 1996].

Even though analytical approaches present the advantage of a low computational cost, these techniques can lack flexibility. As finite element models (FEM) can be adapted to precise and specific cases, it is an important tool used in industry for numerical approaches. Therefore, parametric studies were also performed using FEM to determine the effects of OoP waviness on composite parts' mechanical properties. To generate the FEM of an OoP waviness, the mesh is deformed to coincide with the defect geometry and the actual orientation of the material is attributed locally for each mesh element or for each integration point.

Various failure criteria exist at different scales for laminated composite of unidirectional (UD) plies. No criterion was universally adopted by engineers as their relevance depends on the loading conditions [START_REF] Camanho | Failure criteria for fibre-reinforced polymer composites[END_REF]]. For instance, macroscopic criteriasuch as the maximum values or quadratic failure -which could be based on strain or stress descriptions, can hardly be used for dimensioning or lay-up design, despite being easy to use. Multi-scale criteria can cover the microscopic or the mesoscopic scale and can be used to model either brittle or progressive failures. A brittle failure model considers that the failure of a ply (such as the first, or the critical one) corresponds to the composite failure. However, neglecting the load transfer from the failed to the pristine plies results in an underestimation of the strength of laminated composites. Alternatively, a progressive failure accounts for the effects of damaged plies on the composite behaviour. In this case, damage could either be modelled in a continuous manner (diffuse continuum damage model) or in a discrete manner (each crack is described explicitly). In the latter case, cracks can be inserted in the finite element mesh by node duplication such as in [Doitrand et al. 2015], using cohesive zone elements [START_REF] Hallett | [END_REF] or using an enriched displacement field to account for discontinuity [Moës et al. 1999]. In continuum models, damage is described using scalar or tensorial damage field that induces a degradation of the mechanical properties. The advantage of continuum damage modelling over the discrete modelling of the cracks is the lower meshing complexity and computation time.

These different damage/failure approaches have been applied to predict the influence of initial OoP waviness on mechanical properties. For instance, in [Xie et al. 2018], the authors investigated the effects of localized waviness described as a sine wave modulated by three Gaussians on the compressive strength, using a discrete damage model for the transverse cracks and progressive failure for fibre failure. They showed that strength reduction is highly correlated with the maximum waviness angle, followed by the wavelength and the affected zone length projected perpendicularly to the load direction. This approach works very well for coupons but becomes difficult to apply on large structure because the specificities of the mesh (the cracks in the different directions are explicitly meshed). In [Bender et al. 2019], the authors studied the effects of a surface wavinessvisible as a dentin a sub-structure of a wind turbine blade under tensile load, using a progressive damage model. They emphasized the influence of the maximum waviness angle, the number of affected plies, the attenuation type and the defect position on the final failure stress. They also highlighted the interaction between these four parameters, as the influence of each of them depends on the size of the others.

Therefore, FEM with a progressive failure approach at the mesoscopic scale seems to be a promising way to model the effects of defects (EoD). All the existing approaches consider explicitly the defects which generate locally a multi-axial state of stresses and, if the damage model contains the relevant coupling, for multi-axial loading, it should be able to predict the knock down factor on the damage and on the failure.

Model used in this study

Finite Element Analysis: damage and failure models

For structural sizing, AIRBUS usually applies a quadratic failure criterion and considers the first ply failure as the part's ruin. However, for specific case studies that require more attention, such as for virtual testing at the coupon level or in numerical methods to answer derogation requests on manufacturing defects, progressive damage models are used. The ONERA Progressive Failure Model (OPFM) and the model developed by Porto-Gerona University [Maimí et al. 2007] are ones of those models and is used to model polymer matrix UD laminated composites. OPFM is a multi-scale progressive failure approach, initially developed for thermosetting (TS) matrix UD laminates. It presents an interesting compromise between model complexity, robustness of the experimental identification protocol, and accuracy of the failure prediction.

In this model, the UD ply presents a non-linear spectral thermo-viscoelastic behaviour, which accounts for the failed ply degradation. Since the original OPFM, different versions have been proposed. For instance, in his PhD thesis, Charrier [Charrier 2013] added an out of plane failure criterion and the associated degradation methodology, which has been validated later in the second World-Wide Failure Exercise (WWFE-II). The damage could be modelled by variables that either represent the damage effects [Laurin et al. 2007;Laurin 2005] or the crack density in each ply [START_REF] Huchette | Analyse multiéchelle des interactions entre fissurations intralaminaire et interlaminaire dans les matériaux composites stratifiés[END_REF]] which can be predicted as proposed in the third World-Wide Failure Exercise (WWFE-III) [START_REF] Carrere | [END_REF]Laurin et al. 2013], or more recently with a more robust version [Germain 2020] which presents the ambition to be transferred soon to aeronautical industries.

Because of the behaviour similarities between TS and thermoplastic (TP) matrices and as it is already used by AIRBUS, OPFM was identified for the studied material TC1225 in the framework of the CleanSky2 project, and was used in the PhD thesis. As for the TS matrix composite, the TP matrix laminated composites present a non-linear elastic behaviour in the fibre directionthis non-linearity was highlighted in the sections 3.2.2 and 3.3.2 in Chapter 3. Both materials also have the same types of damage mechanisms: fibre failures, matrix cracks and delamination. However, in the case of TP matrix laminates, the crack distribution differs from that of the TS laminates. As illustrated in Figure 3.9, the cracks in the TP laminate do not systematically go through the whole ply thickness and are very numerous. For the same layup with TS matrix composite, the number of observed cracks on a similar length is lower, but most of the cracks go through the ply thickness. Because of the diffuse crack distribution in TP matrix composites, the damage representation by effect variables was assumed more relevant than by observables. Finally, the selected version of OPFM for the Ph.D. thesis is detailed below.

The Onera progressive failure model

The OPFM used in this thesis has been implemented in the finite element code Abaqus/Explicit through a VUMAT [Laurin 2021]. The constitutive behaviour is defined at the mesoscale i.e. at the ply scale. The model considers different material non-linearities such as the non-linear elasticity, the ply viscosity, the degradation due to matrix damage and the violent degradation of the mechanical properties due to fibre failure (tension and compression). The global behaviour can be described by equation Eq. 4.1, where ℂ ̃ is the effective elastic stiffness, 𝛆 the total strain, 𝛆 ve the viscoelastic strain and 𝛆 nl the non-linear elastic strain.

𝛔 = ℂ ̃: (𝛆 -𝛆 nl -𝛆 ve )

Eq. 4.1

Non-linear elasticity

In the previous chapter (in sections 3.2.2 and 3.3.2), it was shown experimentally that the laminates present a non-linear behaviour in the fibre direction. This non-linearity can be described as a non-linear elastic behaviour in the fibre direction [Ishikawa et al. 1985;Yokozeki et al. 2006], since the behaviour remains the same during the loading and the unloading. This longitudinal elastic non-linearity results from usual micro-misalignments of the fibres in a ply induced during the manufacturing process. Under tension, due to the re-alignment of the fibres and the crystallites that constitute them [Curtis et al. 1968;Zhou et al. 2014] an increase of the tensile modulus is usually observed [Ishikawa et al. 1985]. Under compression, the softening behaviour is due to the initially imperfectly aligned fibres in the 0° plies [Allix et al. 1994]. This non-linearity in the longitudinal direction is thus accounted for in OPFM and the Young's modulus 𝐸 ̃1 presents a different, but continuous, evolution in tension 𝐸 1 𝑡 and in compression 𝐸 1 𝑐 expressed as:

𝐸 ̃1 = { 𝐸 1 𝑡 if 𝜎 11 ≥ 0 𝐸 1 𝑐 if 𝜎 11 < 0 . Eq. 4.2
As shown in Figure 4.4, both Young's moduli 𝐸 1 𝑡 Eq. 4.3 and 𝐸 1 𝑐 Eq. 4.4 evolve between the initial Young's modulus 𝐸 1 0 defined at a null loading and their respective asymptotical The variation of the elastic modulus is represented by an equivalent strain 𝜺 𝑛𝑙 defined as:

𝜺 𝑛𝑙 = ( 𝐸 1 0 𝐸 ̃1 -1) ℍ 𝑛𝑙 : 𝝈, Eq. 4.5
where ℍ 𝑛𝑙 is an effect tensor defined in Eq. 4.6 that accounts for the longitudinal component of the compliance tensor and the component related to Poisson effects in the directions 12 and 13, which are assumed constant during the loading. This formulation for the non-linear elasticity avoids to update the initial elastic compliance 𝕊 0 .

ℍ 𝑛𝑙 = [ S 0|11 S 0|12 S 0|13 0 0 0 S 0|13 0 0 0 0 0 S 0|13 0 0 0 0 S 0|13 0 0 0 S 0|13 SYM 0 0 S 0|13 S 0|13 0 ]
Eq. 4.6

Visco-elastic behaviour

The ply behaviour of polymer matrix laminates depends on the loading rate due to the matrix viscosity. For the studied material, this is especially visible under shear loading. Therefore, a viscoelastic term is accounted for in the ply behaviour, as expressed in Eq. 4.1. To model this non-linear viscous behaviour, the chosen formulation is a non-linear spectral visco-elastic behaviour developed at ONERA [Schieffer 2003]. The principle is to decompose the viscous behaviour into elementary viscous mechanisms 𝜉 𝑖 defined by a relaxation time 𝜏 𝑖 and a weight coefficient 𝜇 𝑖 . The viscous mechanisms 𝜉 𝑖 are assumed to follow a Gaussian spectral distribution, where 𝑛 0 and 𝑛 𝑐 are the standard deviation and the mean of the Gaussian function.

{ 𝜇 𝑖 = 𝜇 𝑖 ̅ ∑ 𝜇 𝑖 ̅ 𝑖 where 𝜇 𝑖 ̅ = exp (-( 𝑛 𝑖 -𝑛 𝑐 𝑛 0 ) 2 ) 𝜏 𝑖 = 10 𝑛 𝑖 , 𝑛 𝑖 ∈ [𝑛 1 , 𝑛 2 ]
Eq. 4.7

A differential equation relates the stress to the time derivative of the elementary viscous strain 𝝃 𝑖 as expressed in Eq. 4.8, where 𝕊 𝑟 is the viscous compliance. In addition, to describe the nonlinear evolution of the viscous strain, a function 𝑔 that is a function of the stress and two material parameters (𝛾 and 𝑝 𝑣𝑒 ) is considered. Eq. 4.8

Continuum damage behaviour

The Onera 3D failure criterion distinguishes three different failure modes: (i) the fibre failure mode, (ii) the in-plane inter-fibre failure mode and (iii) the out-of-plane inter-fibre failure mode. For each failure mode, different failure criteria are used for tension and in compression. The damage is modelled in three steps: 1. damage onset, 2. damage evolution law and 3. effects on the ply behaviour. As the delamination was modelled with cohesive zone elements in this thesis, the out-of-plane failure mode was deactivated to prevent a competition between the two criteria, and to avoid accounting twice for the effect of delamination on the composite behaviour. Thus, only the fibre failure and in-plane inter-fibre failure modes are presented below.

1. The failure criteria -indexed by '1' and '2' for the fibre and the inter-fibre mode respectively and with the exponent '+' or '-' for tension and compression respectivelyare defined in Eq. 4.9. For fibre failure, the failure criteria in tension and in compression depend on the effective stress 𝜎 ̃, which accounts for the elastic strain and the elastic stiffness, because a softening behaviour is used. Indeed, after a ply failure in fibre mode, the stress decreases dramatically but the effective stress continues to grow while the longitudinal strain increases. This formulation was chosen for the kinetics of degradation shown in the next point. The proposed fibre failure criteria, which also depend on the longitudinal tension and compression strengths, noted 𝑋 𝑡 and 𝑋 𝑐 respectively, are maximum stress failure criteria. For inter-fibre failure criteria, the real stresses are used. They are based on the local stresses (𝜎 𝑖𝑖 ,𝜏 𝑖𝑗 ) where 𝑖 ∈ {1,2,3}, the strength parameters ( 𝑌 𝑡 , 𝑌 𝑐 , 𝑆 12 𝑅 , 𝑆 23 𝑅 )that are respectively the transverse tensile and compressive strengths, the in-plane shear strength and the out-of-plane shear strength in the plane (2,3)and the coupling parameters 𝑝 𝑖𝑗 which depends on the transverse compression strength (𝑝 12 = 𝑝 23 = -1 𝑌 𝑐 as detailed in [Charrier 2013;Laurin et al. 2007]).

Fibre failure

In .

2. The damage variables (𝑑 1 𝑡 ,𝑑 1 𝑐 ,𝑑 2 ) are scalar damage variables. The cracks orientations are thus fixed a priori. They are respectively oriented normal to the fibre direction (𝑑 1 𝑡 ,𝑑 1 𝑐 ) and parallel to the fibres for (𝑑 2 ). These damages variables are defined based on the failure indexes (𝑓 𝑖 . ) and the material parameters. The degradation variables 𝑑 1 𝑡 and 𝑑 1 𝑐 associated with fibre failure 𝑓 1 and the corresponding damage laws are given by:

𝑑 1 𝑡𝐸 = 𝑑 1𝑐𝑟𝑖𝑡 𝑡 (1 -exp (-𝛼 1 𝑡 〈√𝑓 1 + -1〉 + 𝑝 1 𝑡 ) ), 𝑑 1 𝑐𝐸 = 𝑑 1𝑐𝑟𝑖𝑡 𝑐 (1 -exp (-𝛼 1 𝑐 〈√𝑓 1 --1〉 + 𝑝 1 𝑐 ) ),
Eq. 4.10

𝑑 1 𝑡 = 𝑑 1 𝑡𝐸 1 -𝑑 1 𝑡𝐸 , 𝑑 1 𝑐 = 𝑑 1 𝑐𝐸 1 -𝑑 1 𝑐𝐸 ,
Eq. 4.11

where 𝑑 1𝑐𝑟𝑖𝑡 𝑡 and 𝑑 1𝑐𝑟𝑖𝑡 𝑐 are damage saturation parameters, and (𝛼 1 𝑡 , 𝑝 1 𝑡 ) and (𝛼 1 𝑐 , 𝑝 1 𝑐 ) are material parameters. As previously mentioned, in this formulation of the softening behaviour, 𝑓 1

. must keep increasing after the damage threshold is reached. The damage saturation parameters are used for numerical reasons to avoid obtaining null diagonal components in the stiffness matrix that has to be inversed. They are therefore close but not equal to 1. Moreover, in order to avoid mesh dependence problem, a delay effect method, as proposed in [Allix 2001], is associated to fibre degradation laws reported in Eq. 4.11. The differential equation (Eq. 4.12) is solved with simple explicit scheme, which is relevant in Abaqus/Explicit, since the size of the steps is very small. The two additional characteristic times for tension (𝜏 1 𝑡 ) and compression (𝜏 1 𝑐 ) are calibrated at the same time of the other degradation kinetics parameters. It is worth mentioning that the introduction of delay effect method introduces an artificial dependence to the loading rate in the fibre direction, which is not critical in this study since all the tests are performed at the same loading rate on plain plates.

𝑑

̇1 𝑡/𝑐 = 1 𝜏 1 𝑡/𝑐 [1 -exp(-〈𝑓 1 𝑡/𝑐 -𝑑 1 𝑡/𝑐 〉 + )] with 𝑑 ̇1 𝑡/𝑐 ≥ 0 Eq. 4.12

The degradation variable 𝑑 2 due to in-plane inter-fibre failure mode is given by: 

𝑑 2 = 𝛼 2 〈√𝜂 2 𝑓 2 + + (1 -𝜂 2 )𝑓 2 --

Eq. 4.13

It should be noted that 𝑑 1 𝑡𝐸 , 𝑑 1 𝑐𝐸 and 𝑑 2 𝐸 evolve between 0 (no damage) and 1 (fully damaged), which is convenient to be analysed in a design office.

3. The effective compliance of failed plies increases with damage growth. It is defined in Eq. 4.14 based on the damage variables (𝑑 𝑖 .

) and the effect tensors (ℍ 𝑖 .

). The effect tensors are given in Eq. 4.15. They describe the effects of the damage on the global mesoscopic behaviour of the ply in the different directions. For the inter-fibre failure mode, the crack is assumed to be in the 13 plane. The coefficient 𝜂 2 , called activation index, allows to account for the unilateral nature of the damage and to distinguish the effects of opened transverse cracks (𝜂 2 =1) from closed ones (𝜂 2 =0). It is assumed, for the sake of simplify, that no friction occurs at the tips of the cracks.

𝕊 ̃= 𝕊 0 + 𝑑 1 𝑡 ℍ 1 𝑡 + 𝑑 1 𝑐 ℍ 1 𝑐 + 𝑑 2 ℍ 2
Eq. 4.14 The material effect tensor coefficients ℎ 𝑖𝑖 with 𝑖 = {1,2,4,5,6} are determined through a micromechanical approach by energy equivalence between the damaged material and a pristine one detailed in [Laurin 2005]. This identification procedure relies only the knowledge of the 3D elastic properties.

Modelling of the out-of-plane damagedelamination

There are several methods to account for delamination. It can be represented as a loss of stiffness in the out-of-plane direction, for instance by an out-of-plane failure criterion (continuum damage mechanics). In this case, this induces a smooth propagation of the damage inside the ply volume. Damage can also be modelled with fracture mechanics techniques, such as cohesive zones. These cohesive zone models (CZM) allow simulating the initiation and the propagation of a delamination. However, propagation path of the damage has to be known a priori. Therefore, for delamination modelling, the cohesive zone elements are positioned at the interfaces between the plies.

In the present work, the delamination was modelled with COH3D8 cohesive zone elements in Abaqus. The formulation of these elements is different from classical volume elements. Instead of the strain, these cohesive elements use the relative displacement at the interface. Classically, the cohesive law is divided into three parts, illustrated in Figure 4.5.a. As the surfaces separate, (i) the nominal traction stress first increases in an elastic part until a maximum is reached, (ii) then it decreases deteriorating the effective stiffness to zero which (iii) results in a complete separation. As long as the stress state does not reach the initiation criterion, the cohesive interface has a linear elastic behaviour described by the initial stiffness 𝐾 0 . Once the initiation criteria, which the one uses in the PhD thesis is defined by Eq. 4.16, is reached, the initial stiffness is progressively degraded (𝐾 ̃). For the damage evolution, a triangular damage law was used, as illustrated in Figure 4.5.a, and described in the following equation, where (𝛿 𝑓 , 𝛿 0 ) are material parameters to be identified, considering 𝛿 𝑓 = 2𝐺 𝑐 /𝜎 𝑐 where 𝐺 𝑐 is the effective fracture toughness and 𝜎 𝑐 the stress at the delamination onset.

𝜆 =

𝛿 𝑓 (𝛿 -𝛿 0 )

𝛿 𝑓 (𝛿 𝑓 -𝛿 0 ) , with 𝛿 = √< 𝛿 𝑛 > + 2 + 𝛿 𝑡1 2 + 𝛿 𝑡2 2 , 𝐾 ̃= 𝐾 0 (1 -𝜆)

Eq. 4.17

where 𝛿 is the effective displacement jump which depends on the normal and 2 tangential displacements (𝛿 𝑛 , 𝛿 𝑡1 , 𝛿 𝑡2 ).

In order to determine the effective fracture toughness, the mode mixity is managed with the law proposed by Benzeggagh-Kenane [Benzeggagh et al. 1996]. In the formulation presented in Eq. 4.18, the fracture toughness in the first and the second shear directions are considered identical, 𝜂 is a material parameter, and 𝐺 𝐼𝐶 and 𝐺 𝐼𝐼𝐶 are the critical fracture energies in mode I and mode II.

𝐺 𝐶 = 𝐺 𝐼𝐶 + (𝐺 𝐼𝐶 -𝐺 𝐼𝐼𝐶 ) ( 𝐺 𝐼𝐼𝐶 𝐺 𝐼𝐼𝐶 + 𝐺 𝐼𝐶 ) 𝜂 Eq. 4.18
It can be noted that despite the fact that a softening behaviour is obtained there is mesh dependence issues due to the specific formulation of cohesive zone elements. The use of cohesive elements usually induces convergence issues and increases the computational time.

Pre-processing

Modelling of the specimens with out-of-plane waviness: model inputs

The objective of this section is to create meshes with OoP waviness defects and to generate the corresponding local material orientation fields. First, the meshes corresponding to the tested defects in chapter 3 are generated to be used for finite element analyses (FEA) that will be compared to the experimental tensile and compression tests (see section 4.3). Then, fictive idealized OoP wavinesses were generated to determine the effects of virtual defects generated with different parameters. The method to generate the model inputs (mesh and material orientation) can be applied to both real and virtual geometries and is based on the OoP waviness description proposed in chapter 2.

In addition, two constitutive behaviours were used for the FEA: a linear elastic model without cohesive zone elements in Z-set in order to improve the understanding of the experimental data and the OPFM presented in 4.1.2.2 with cohesive zone elements in Abaqus/Explicit in order to reproduce/predict the effect of defects. The meshes were adapted for the two types of FEA.

Generation of the OoP waviness mesh

1. Generation of a regular mesh The meshes of the quasi-isotropic (QI) and the cross-ply (CP) pristine laminates were created first using zset4python tool. These regular meshes are composed of structured parallelepipedic elements. The OoP waviness is inserted in the model by moving the existing nodes of the pristine finite element mesh in the composite thickness direction. As the wavinesses are centred in the mesh length, i.e. along the 𝑥-axis, the meshes are coarser on the border and have finer elements in the defect extent area as illustrated in Figure 4.6, to better describe the waviness geometry. The chosen size ratios in the length are 0.7 for the 'fine' elements, 1 for the normal ones and 1.5 for the 'coarse' elements. For the FEM with CZM at the interfaces between plies, additional volume elements are initially inserted between plies of different orientations with a thickness of 0.01 mm. these elements are transformed into COH3D8 after the transfer to Abaqus. Element sets for the plies, node sets for the boundary conditions and sets for FEA post-processing were all defined on the pristine meshes and are still available after the mesh transformation. 

Mesh deformation and distortion analysis

The pristine meshes are then deformed by displacing the nodes vertically according to the proposed geometrical defect model (see chapter 2), recalled here: Eq. 4.19 where the 9 parameters are: (𝑥 0 , 𝑦 0 , 𝑧 0 ) the 3D defect centre location, (𝐿 𝑥 , 𝐿 𝑦 , 𝐿 𝑧 ) the extents in the three specimen directions, the amplitude 𝐴, the wavelength 𝜆 and the x-offset phase Δ. The new position in the thickness 𝑧 𝑤𝑎𝑣𝑖𝑛𝑒𝑠𝑠 of each node on the 0° plies interfaces is calculated as the sum of its initial coordinate 𝑧 and the deviation resulting from the defect shape. This formulation is applied directly to the nodes on the interfaces with the 0° plies. The displacement of the other nodes is calculated by linear interpolation between the displacements of the 0° ply interfaces. This procedure is schematized in Figure 4.7. The geometrical mesh quality was checked based on element shapes and using criteria proposed in the CodeAster user's manual [Delmas 2013] to ensure that no element was too distorted. As shown in Figure 4.8, the element geometrical quality is checked only in the 𝑥𝑧 plane at the position of maximum defect amplitude in the width (e.g. 𝑦 0 ), where the rectangles composing the elements are the most deformed. The quality 𝑞 is defined as:

𝑧 𝑤𝑎𝑣𝑖𝑛𝑒𝑠𝑠 (𝑥, 𝑦, 𝑧) = 𝐴 cos (2𝜋 (𝑥-(𝑥 0 -Δ)) 𝜆 ) exp (-0.5 (𝑥-𝑥 0 ) 2 (𝐿 𝑥 /6) 2 ) • exp (-0.5 (𝑦-𝑦 0 ) 2 (𝐿 𝑦 /6) 2 ) • exp (-0.5 (𝑧-𝑧 0 ) 2 (𝐿 𝑧 /6) 2 ) + 𝑧,
𝑞 = 𝛼 ℎ𝑘 𝑆 with 𝛼 = √2 8 , Eq. 4.20
where ℎ is the length of the longest edge or diagonal, 𝑘 is the quadratic mean of the edge lengths, 𝑆 is the minimum surface of the four triangles draw by the diagonals and 𝛼 is a normalisation coefficient such that 𝑞 equals 1 for a square. To be considered as satisfactory the mesh zone in the area of interest should have at least half of its elements with a quality below 1.5, at least 90% of its elements with a quality below 2 and no element with a quality over 10 [ Delmas 2013]. 

Local orientation (different for Z-set and Abaqus)

As shown in Figure 4.9, the local material orientation accounts for the ply orientation and the slopes along the x (in the length) and y (in the width) axes that are non-zero because of the defect. In Z-set, the material orientation at each integration point is defined by means of Euler angles using a python4zset script. In Abaqus, the local frame is defined for each element by a table containing the two vectors corresponding to the fibre direction (noted '1') and the direction transverse to the fibre within the ply plane (noted '2'). These two vectors are given by the two tangents to the ply in the 𝑥𝑧 and 𝑦𝑧 planes respectively. It should be noted that the cohesive zone elements only require to provide the out-of-plane direction (noted '3'), which corresponds to their faces' normal. 

Constitutive behaviour and material properties

As mentioned before, two constitutive behaviours were used for FEA for different purposes. First, a linear model was used to test the validity of the mesh and to get first inside of the effects of the defects (EoD), especially to explain the cracks orientation. These preliminary studies (see sections 4.2.2 and 4.3.1.1) use a linear elastic behaviour defined at the ply scale with transverse isotropy. The meshes were composed of C3D20R elements which allow a good geometric description of the defect geometry with a low computation time due to the reduced integration. The elastic properties of the ply were identified in the framework of the CleanSky2 project. The elastic properties of the UD ply have been measured based on classical tensile tests performed on 0° plies (to determine the longitudinal Young modulus and the in-plane Poisson ratio), on 90° plies (to determine the transverse Young modulus) and on [±45]s laminates (to determine the in-plane shear modulus), analysed with methods considered in AIRBUS to estimate those properties.

Then, a damage model was used in order to predict the EoD on the failure and to compare the experimental and virtual tests. For the transferability of the method to the industrial partner, the model is a version of OPFM already in use at AIRBUS Operations (see 4.1.2.2). The mesh is composed of eight node elements with reduced integration (C3D8R). Between plies of different orientations, eight-node cohesive elements (COH3D8) are added at the ply interface to model delamination (see 4.1.2.3). All the composite material properties parameters were identified either in the framework of the CleanSky2 project or by AIRBUS Operations.

Boundary conditions

The boundary conditions were set to model tensile and compression tests. The displacements at left side (along the 𝑥-axis) were blocked along 𝑥 and a plane displacement was imposed on the right side. To block the rigid body displacements, two points on the left side had additional conditions: both cannot move along the 𝑧 axis and one has its displacements blocked along 𝑦. These boundary conditions are illustrated in Figure 4.10. 

Preliminary analysis: defect area of influence

The insertion of the defect prevented from reducing the model using symmetry. Therefore, the whole laminate thickness and width was meshed. Thus, in order to reduce the total number of elements, only a part of the specimen length was modelled.

To determine the minimal length to mesh, 6 configurations of idealized OoP wavinesses in CP laminate (with a X4 type of layup) were modelled. Since the investigation concerned the 𝑥axis, the defect geometry was considered constant in the width. The Eq. 4.19 thus simplifies to:

𝑧 𝑤𝑎𝑣𝑖𝑛𝑒𝑠𝑠 (𝑥, 𝑦, 𝑧) = 𝐴 cos (2𝜋 (𝑥-(𝑥 0 -Δ)) 𝜆
) exp (-0.5 (𝑥-𝑥 0 ) 2 (𝐿 𝑥 /6) 2 ) • exp (-0.5 (𝑧-𝑧 0 ) 2 (𝐿 𝑧 /6) 2 ) + 𝑧.

Eq. 4.21

The position of the defect was fixed ([x 0 , z 0 ] = [0 mm, 2 mm]) and the different configurations were derived from an initial parameter set by varying the parameters one by one as presented in Table 4.1. The total mesh length was 24 mm for all the cases. Table 4.1 -Parameters of the 6 defects modelled to investigates the length to mesh.

Tensile FEM with the linear elastic behaviour and without any geometrical non-linearity were performed. The displacement imposed on the right side of the mesh increased linearly with the time from 0 to a given displacement to match the order of magnitude of the strain imposed during the experimental tensile tests performed in this study (see Chapter 3). The 6 stress field components of the 'λ -configuration' are illustrated in Figure 4.11, as a representative example of all the tested configurations. In each FEM, the OoP waviness induces a local variation of the stress fields. These variations seem to be contained in the central part of the mesh that corresponds to the defect extent parameter 𝐿 𝑥 . While getting closer to the sides, where the boundary conditions are imposed, the stresses seem to stabilize for each ply. To assess quantitatively the stabilization of the stress field for all the test cases on fewer variables, different invariants of the stress tensor related to the transverse isotropy were computed: the axial tension 𝐼 1 (Eq. 4.22), the transversal dilation 𝐼 2 (Eq. 4.23), the transversal deviatoric part 𝐼 3 (Eq. 4.24) and the axial shear stress 𝐼 4 (Eq. 4.25).

𝐼 Eq. 4.25

The principal transverse stresses, which correspond to the diagonalized tensor of the transversal stress state in the 23 plane, can be deduced from the transversal dilatation and the transversal deviatoric part as following:

𝜎 𝐼 𝑡𝑟𝑎𝑛𝑠𝑣 = 1 2 • (𝐼 2 + 𝐼 3 ), 𝜎 𝐼𝐼 𝑡𝑟𝑎𝑛𝑠𝑣 = 1 2 • (𝐼 2 -𝐼 3 ).
Eq. 4.26

The maximal principal transverse stresses 𝜎 𝐼 𝑡𝑟𝑎𝑛𝑠𝑣 accounts for the contribution of 𝜎 22 , 𝜎 33 and 𝜎 23 which are the three higher stress components in the 90° plies. In the 0° plies, the longitudinal stress 𝜎 11 (also 𝐼 1 ) is the stress component that presents the most significant variations. The values on a line of integration points in a wavy 0° ply and a wavy 90° ply respectively are plotted for all the defect configurations in Figure 4.12. Since the 𝐿 𝑥 + configuration has a larger extent, it is illustrated on a separated graph. As previously intuited, most of the stress variations induced by the defect, occur in the defect extent 𝐿 𝑥 . In some configurations, especially the 𝜆 -case, the stress state is still stabilizing outside of 𝐿 𝑥 , mainly due to 𝜎 11 and 𝜎 22 . Based on these observations, the minimal mesh length is fixed to 1.5 𝐿 𝑥 in the following, in order to impose a margin between the zone influenced by the defect and the boundary conditions. It should be noted that a more precise size of the defect area of interest could be estimated by including the maximal waviness angle 𝜃 𝑚𝑎𝑥 . Indeed, it seemed that the higher this angle (for instance, 𝜃 𝑚𝑎𝑥 Δ case < 𝜃 𝑚𝑎𝑥 𝐴 case < 𝜃 𝑚𝑎𝑥 𝜆 case ), the larger the range of stress values and then the longer the zone influenced by the defect. However, in a first approach this influence is neglected and the mesh size is based only on the defect extent.

The maximum defect extent of specimen with defect that was modelled is 12.70 mm (all the defect parameters are gathered in Table 2.4). On the one hand, to model the same volume for all the specimens, the minimum meshed length is 19.05 mm. On the other hand, the smallest extensometer used for the experimental result was 20 mm long. Therefore, in the following, the meshed length is set for all the specimens to 24 mm in order to be larger than the 1.5 𝐿 𝑥 criteria, and to cover the extensometer length while ensuring these extensometers not to be on the boundary conditions.

Comparison between experiments and modelling 4.3.1. Tensile tests

Linear elastic constitutive behaviour

The tensile tests presented in Chapter 3 were simulated by FEA using a linear elastic constitutive behaviour for a transverse isotropic material. This model provides estimations of the composite behaviour before damage onset, and thus only the KDF on the initial stiffness and the stress distribution around the defect at the beginning of the test are investigated below. The typical computation time on 9 CPU was less than 15 minutes for the CP laminates (around 2,500,000 degrees of freedom) and 20 minutes for the QI laminates (around 2,990,000 dof).

Initial stiffness

As experimentally observed (see section 3.2.2), the defect induces local perturbations on the longitudinal strain field. These perturbations induce a change in stiffness compared to a pristine specimen. To compare the experimental strain field with the numerical one, the global longitudinal strain was computed as the mean value of 3 extensometers positioned on the specimen surface. As illustrated in Figure 4.13, the longitudinal strain fields observed on the top and bottom surface are different. The longitudinal strain was thus compared for both surfaces. Each extensometer was 20 mm long and were distributed in the width of the specimen, spaced by 7.5 mm. The global stress is computed as the sum of the reacting forces generated on the left side (where displacements in loading direction are fixed) divided by the area of the initial rectangular cross-section. Finally, the stiffness, which is constant for this type of constitutive behaviour, is the ratio between this macroscopic stress and the previously estimated strain. The results are shown in Table 4.2.

Figure 4.13 shows similar results to the experimental observation presented in Chapter 3. The OoP waviness induces longitudinal strain concentrations that decrease with the diminution of the defect amplitude in the width (𝑦-axis) of the specimen. To calculate the KDF, FEA of the equivalent pristine layups were also performed. For these two models of pristine specimens (one in X4 and one in QI24), it was checked that strain measure does not depend on the length and the position of the extensometers. Thus, the initial stiffness computed with the strain on the top and bottom surface are the same. On the contrary, the mean strain measures obtained for the two surfaces are different in the finite element models of specimens with defects. The highest KDF (between the two associated to the surfaces) is given for each specimen in Table 4.2. Initially, the experimental stiffnesses were calculated using extensometers of 35 mm long, therefore for the comparison with the FEM the experimental stiffnesses and the corresponding KDF indicated below are calculated using extensometers 20 mm long. The FEA stiffness are normalised by the equivalent value of stiffness obtained on the experiments. The waviness affects the stress and strain fields which results in a visible effect on the composite stiffness as shown by the different computed numerical KDF. The experimental and numerical KDF follow a similar trend, except for the QI24-03-3 specimen, and for instance, both in the FEA and in the experiments, the defect in X4-02-1 reduces more the laminate stiffness than the defect in X4-02-5. The exception could possibly result from a wrong description of the defect amplitude variation in the width. Even though the tendency is respected, the numerical KDF values are higher than the experimental ones. These differences can be explained by different factors. Since the experimental KDF are estimated between 0.1 and 0.3% of the global strain, they capture two possible effects of the defect: one on the initial stiffness and one on the viscosity. Possibly in a more significant way, in the FEM the bending stiffness of the ply that affects the composite stiffness due to the presence of the OoP waviness may be over-estimated. Indeed, if the bending stiffness of the ply is over-estimated, it will be more difficult for the wavy plies to straighten and therefore the composite will thus appear stiffer. In addition, as the modelling is in the framework of small displacement theory, the local material frame does not re-orient with the ply alignment with the loading axis during the loading.

FEA

Stress state

The OoP waviness induces stress concentrations in the defect zone. The variations induced by the defect vary from one defect geometry to another. The stress state of the X4-01-1 specimen, observed in the 𝑥𝑧 plane, is illustrated in Figure 4.14 and Figure 4.15. The longitudinal and transverse stresses, vary between 0.75 to 1.5 times the stress value outside the zone affected by the defect. In addition, the waviness generates out-of-plane stresses (𝜎 33 , 𝜎 23 and 𝜎 31 ) of the same order of magnitude as the transverse stress. In tension, the transverse direction presents a lower strength value than that in the longitudinal direction (𝑌 𝑡 < 𝑋 𝑡 ). As the material is transversely isotropic, the local frame can be rotated around the fibre axis. Therefore, the frame where the transverse tension is maximal is determined by diagonalizing the transversal part of the stress tensor. The principal transverse stresses are obtained by computing the Eigenvalues of the transverse submatrix of the stress tensor that contains the 𝜎 22 , 𝜎 23 and 𝜎 33 components. As shown in Figure 4.16.b, the stress concentrations observed in the defect zone also appear in the maximal principal transverse stress field. In addition, as shown in Figure 4.16.c, the directions of the principal stresseswhich correspond to the respective Eigenvectors, and indicate the directions where the tension is the highestdeviate from the global load axis. Therefore, it is expected that cracks open in planes normal to this direction.

Indeed, these numerical results are qualitatively consistent with the cracks observed experimentally on the specimen edges ( The qualitatively good correlation between the experimental and the numerical results indicates that the geometrical model proposed in Chapter 2 to describe the OoP waviness geometry is relevant to capture the defect variation induced on the stress and strain fields.

Progressive failure model

The use of a linear elastic behaviour simplifies the model but also limits the analysis. Therefore, the progressive failure model OPFM was used to account for the non-linear behaviour, the composite damage and the failure scenarios. In addition, the Abaqus NLgeom option was used to allow for large displacements and updated material orientations.

Due to time limitation inherent to the Ph.D. thesis, all the tests presented in Chapter 3 cannot be modelled. Since the results of the tensile tests on the pristine QI laminates were too scattered to dertermine accurate KDF (especially on the failure stress), the corresponding FEM were not prioritised and finally cannot be simulated and analysed during the Ph.D. thesis. Thus, only results for the CP laminates are presented herein.

The maximum imposed displacement in FEM was chosen to correspond to a higher strain (2%). On 9 CPU, the computation time was typically around 1h30 (for about 290,000 dof).

Global behaviourstress-strain curves

As previously, the global longitudinal stress 𝜎 𝑥𝑥 was computed as the sum of the reaction forces on the blocked end of the specimen divided by its initial cross-section. The global strain 𝜀 𝑥𝑥 is calculated as the imposed displacement divided by the initial mesh length. The stressstrain curves obtained with meshes with and without OoP wavinesses are plotted in Figure 4.17. For the sake of clarity, the curves are cut a few increments after the stress peak. The increments where the different failure criteria 𝑓 1 + , 𝑓 1 -, 𝑓 2 (Eq. 4.9) and 𝑓 𝑑𝑒𝑙𝑎𝑚 (Eq. 4.16) are first reached in the FEM are reported on the curves in Figure 4.17.

The numerical results obtained for the CP layups (Figure 4.17) globally follow the same trends as the experiments. The insertion of the defect in the mesh results in a decrease of the stress peak that also occurs at a smaller strain. It induces a global softening of the specimen behaviour before the peak. These effects of the defect are more or less pronounced depending on the defect geometry, and therefore, as in experiments, the numerical X4-02-1 specimen is more affected by the defect than the numerical X4-02-5 specimen.

In the pristine CP material FEM, the first in-plane inter-fibre damage, which is associated to matrix cracks in 90° plies, occurs above 50% of the peak stress. Then, fibre failure leads to a load drop and to the specimen failure. This scenario coincides with the experimental observations as, during the test, the crack density progressively increases until the sudden specimen failure with fibre failure and delamination. It should be noted that in the Figure 4.17 one experimental curve of the pristine specimens is not plotted due to the absence of correlation image data. However, the failure stress of the specimen was determined and therefore is accounted for in the mean value of the failure stress of pristine specimens.

Concerning the CP specimens with OoP waviness, delamination occurs in the defect zone before specimen failure both numerically and experimentally. Compared to the pristine case, the first in-plane inter-fibre damage occurs at lower global longitudinal stress. The numerical peak is associated to fibre failure. For the defect that was constant in the specimen width (X4-02-1), the fibre failure extends over the whole specimen width and results in an immediate load drop. However, for a waviness that varies in the width (X4-02-5), the fibre failure initiates at the 𝑦-position of the maximum defect amplitude and then progressively propagates through the width slightly delaying the load drop visible on the stress-strain curve.

As shown in Figure 4.17, the effects of the defects on the non-linearity are underestimated by the FEM as well as the knock down factors induced by the waviness on the failure. However, the global trend is accurately captured: the effects of X4-02-1 on the global behaviour are more significant than those of X4-02-5. To compare the experimental and numerical EoD on the stiffness, the rigidity between 0.1 and 0.3% of the longitudinal strain was computed by linear regression of the numerical stressstrain data. As the ply stiffness properties were identified based on the tests on pristine CP laminates, the stiffness obtained by FEA of a pristine specimen coincides with the experimental result, which is the mean on the three reference specimens. The normalised initial stiffnesses and the corresponding KDF for the specimens with defect are reported in Table 4.3. As it was deduced from the analysis of the stress-strain graph in Figure 4.17, the EoD on the stiffness are greatly underestimated but, the relative effect of the different defects is respected and seems correlated with the variation of the modelled maximum waviness angle 𝜃 max . Indeed, the higher the 𝜃 max , the lower the KDF on stiffness obtained by FEA.

𝜃 max

Numerical 

Damage scenario

In the following, the observed damage scenario obtained by FEA are illustrated using the virtual specimen X4-02-1. Experimental high-resolution micrographs were taken at different load levels during this test. They provide images of the cracks and delamination to be compared with the numerical results.

Figure 4.18 shows the inter-fibre damage field, which is compared to the crack distribution observed on micrographs of the specimen edge. The different zones where the in-plane interfibre failure criteria 𝑓 2 is reached correspond to locations where experimental cracks are observed. In addition, the order of progressive apparition of the cracks is captured. As shown with the linear elastic FEA, the out-of-plane stresses generated by the waviness induce local stress concentrations that coincide with the crack initiation sites and are well described by the proposed modelling. However, the effects of the different damage mechanisms on the macroscopic response seem to be underestimate for the FEA, as it can be observed in Figure 4.17.

In the FEA, the cohesive zone elements are first deteriorated at both upper and lower interfaces of the 0° ply with the highest maximum ply deviation, and near the maximal waviness angle location. This delamination occurs shortly after the first inter-fibre damage in the adjacent 90° plies. Experimentally, these two damage mechanisms were observed at the same step, indicating that their initiation occurred at similar loadings as for the FEA. Starting from the numerical global stress at 64% of the failure stress of the specimen (𝜎 𝑛𝑢𝑚 𝑡𝑢 )which damage state is compared to the 5 th experimental step in Figure 4.18the experimental and numerical delamination developments differ as detailed in the following. The delamination at the lower position in the FEM at 𝜎 𝑥𝑥 = 0.64 𝜎 𝑛𝑢𝑚 𝑡𝑢 can also be seen in the micrograph at the tip of the crack in the 90° ply below. However, experimentally the delamination does not propagate to the right as in the FEM, and instead, another delamination occurs at the other tip of the crack. This delamination is clearly visible at the 9 th step, but it initiated at the 6 th step (see all the test step images in Figure 3.10). This difference can be explained by the absence of coupling between the inter-fibre damage and the delamination in the model. Therefore, in the FEA, since the second delamination cannot be induced by the damage in the 90° ply, the stress state is different and allows the first one to propagate.

Finally, the first fibre failure occurs in the almost straight 0° surface plies and results in a load drop. It should be noted that the virtual specimen does not seem to deform enough compared to the experiments. Indeed, in the micrographs, the wavy 0° plies straighten with the load increase, much more than in the FEA. A manual rough estimate of the out-of-plane displacement of the maximum ply deviation of a 0° ply exhibits a factor 2 between the experimental and numerical results. 

Failure stress

As mentioned, all the load drops obtained in the FEA are associated to fibre failure of 0° plies. The numerical failure stress of the pristine specimen is 1.13 σ CP ref tu exp where σ CP ref tu exp is the mean of the 3 experimental results. This experiment-model difference is related to the fact that most of the material properties are identified on tests performed on unidirectional (UD) laminates. For instance, the cracks in the 90° plies can affect the failure of the adjacent 0° due to the stress concentration at the crack tips [START_REF] Nicol | [END_REF]].

For the specimen with defects, the straighter plies carry out more load than the wavy ones. Therefore, the maximum longitudinal stress 𝜎 11 is higher in these plies and they break first. The failure stresses are provided in Table 4.4. Contrary to the EoD on the stiffness, the effects on the failure is greatly over-estimated in the FEA (20% of difference).

Due to the OoP waviness, the plies are bent and shear stresses are generated in the 0° plies. However, in the FEM, the wavy 0° plies seem too stiff under bending and do not re-aligned with the load axis as much as in the experiments. Therefore, the load is less transferred that it should to these plies leading to the premature failure of the almost straight ones. 

𝜃

Compression tests

Linear elastic constitutive behaviour

As for the numerical tensile tests, FEA of the tested specimens in Chapter 3 were first performed using a linear elastic constitutive behaviour for a transversely isotropic material. This first model provides estimations of the composite behaviour before the damage onset, and thus KDF on the initial stiffness and the stress distribution in the defect zone at the beginning of the test.

Initial stiffness

As in the virtual tensile tests, the wavinesses induce local perturbations of the longitudinal strain fields. The visualisations of this field on the 𝑥𝑦 surfaces are different for the two surfaces (noted 'top' and 'bottom'). Since the surface on which the experimental DIC observations were made is unknown, the longitudinal strain of the virtual specimen is computed on both surfaces using, for each, the mean value of three extensometers distributed in the specimen width. Specimen local stiffness values are then calculated as the ratio of the global longitudinal stress on these strains. The results are given in Table 4.5.

To calculate KDF, the compression tests of the equivalent pristine layups were also simulated by FEM. As expected, these results for the pristine specimens were the same as those of the numerical tensile tests. The highest value of KDF is given for each specimen with defects in Table 4 The waviness affects the stress and strain fields which results in a visible effect on the composite stiffness as shown by the different computed numerical KDF. The numerical KDF vary inversely to the maximum waviness angle 𝜃 max of the modelled defects. However, the numerical results are not in good agreement with the experimental ones. While experimentally, the defects in QI laminates had both no significant effect on the initial stiffness, the virtual specimens exhibit a small effect, which is higher for the waviness with the highest 𝜃 max value. For the numerical tests on CP laminates, the KDF are over-estimated.

Stress state

The OoP waviness induces stress concentrations in the defect zone. The stress variations observed in the virtual specimen under compression are similar to those observed under tensile loading. Indeed, in the case of a linear elastic behaviour, both tension and compression provide the same stress field results except for the sign. Figure 4.19 shows the stress components 𝜎 11 and 𝜎 13 in the CP specimen X4-02-2. As for the virtual tensile tests, the longitudinal stress 𝜎 11 is higher (in magnitude) for the 0° plies close to the surfaces than for the two near the laminate centre. This is because the central plies are the most wavy 0° plies, while the plies on the surface are almost flat. In addition, the waviness generates out-of-plane stresses in the 0° plies (𝜎 33 and 𝜎 31 ). These two stresses are more significant in the wavy 0° plies. In the case of the shear stress 𝜎 13 , the values in the surface plies are up to half the maximum shear stress on the whole laminate. It should be noted that these different stress components vary throughout the ply thickness. 

Progressive failure model

As for the tensile tests, the compressive tests were then modelled using the progressive failure model (OPFM). The typical computation time for the CP laminates was around 1h10 on 9 CPU while it was a little less than 2h for the QI laminate (about 440,000 dof).

Adaptation of the material properties in the model

The material compressive strength 𝑋 𝑐 was identified on compression tests on the pristine CP laminates (this value is noted for the paragraph 𝑋 𝑐,exp CP ). However, with this value, the failure stress obtained for the pristine QI laminates was greatly under-estimated. This is due to the longitudinal strength difference between the plies in the bulk and those located on the composite surface [Drapier et al. 2001;Drapier et al. 1999]. The plies on the surfaces buckle easier because they are not maintained on both sides. Therefore, their longitudinal strengths are reduced compared to a ply in the laminate core. In [Grandidier et al. 2012;Mechin et al. 2019], the authors proposed a formulation to obtain the different longitudinal strengths considering the contributions of the fibre micro-buckling and a structural effect based on advanced non-linear simulations [Drapier et al. 2001]. The latter accounts for the strain gradient through the thickness due to bending loadings, the thickness of UD and the stiffness of off-axis neighbouring plies. Using this formulation [Mechin et al. 2019], the obtained longitudinal strengths were estimated at 𝑋 𝑐,estimated inner = 1.02 • 𝑋 𝑐,exp CP and 𝑋 𝑐,estimated outer = 1.4 • 𝑋 𝑐,exp CP respectively for a ply on the surface and in the bulk laminate. Therefore, in the following 𝑋 𝑐,exp CPwhich was the identified strength on the CP laminates that have a 0° ply on the surfaceswas the longitudinal strength used for the exterior plies and 𝑋 𝑐,estimated outer the one for the plies in the bulk.

Global behaviourstress-strain curves

The same methodology as for the tensile tests was applied to plot the stress-strain curves. Figure 4.20 shows the stress-strain curves obtained by FEA for the different CP specimens with and without defects. In addition, the time when the different failure criteria are first reached are indicated on the curves. The experimental curves are also plotted for comparison.

For the virtual pristine CP specimen, no matrix damage or delamination occurs before the composite failure. Fibre failure occurs in the surface 0° ply and leads to the load drop observed on the curve. As the ply properties in compression were identified on these tests, the experimental and numerical stress-strain curves match well (global behaviour and failure stress).

For the specimens with the OoP waviness defect, delamination occurs near the maximum waviness angle. Then, inter-fibre damage occurs in the 90° plies before any fibre failure in the CP laminates. Both delamination and fibre failure lead to the load drop. The delay between fibre failure and the load drop is due to the finite rate method (cf Eq. 4.12) used to relieve mesh dependency issues. It is based on the idea that a crack could not be initiated and propagated instantaneously, and it introduces a time between the failure initiation and its visible effect on the behaviour (controlled by 𝜏 1 𝑐 in Eq. 4.12). Moreover, this delay can also be explained by the influence of the delamination on the fibre failure. Figure 4.21 illustrates the same type of stress-strain graph for the compression tests performed on the QI specimens. For the virtual pristine QI specimen, the different damages (delamination, fibre and inter-fibre) occur near the boundary conditions in a band wide of one to two elements, due to the influence of the boundary conditions on the failure. The global behaviour matches well with that of the 4 tested specimens that were not used for the identification process.

For the two specimens with the OoP waviness defect, the failure mechanisms occur at the defect location. After the first delamination, the global behaviour seems slightly more softening. Globally the two stress-strain curves obtained for the specimens with defect are close to the pristine one before failure. The failure stress is over-estimated in the FEA compared to the experimental results. However, the trend is correctly captured: QI24-03-1 failed at higher load than QI24-03-2. To compare the experimental and numerical EoD on the stiffness, the rigidity between -0.1 and -0.3% of the longitudinal strain was computed by linear regression of the numerical stressstrain data. The stiffnesses obtained by FEA for the pristine specimens are close to experimental ones (1.02 E CP ref c exp and 1.03 E CP ref c exp respectively for the CP and QI laminates). The initial stiffness and the corresponding KDF for the specimens with defect are reported in Table 4.6.

As for the linear elastic analysis, the EoD on the stiffness are greatly underestimated. As for the tensile tests, this could be explained by an over-estimation of the bending stiffness of the plies which results in an over-estimation of the composite compression stiffness since the wavy plies cannot deformed as much as supposed. The effect of the different defects on the stiffness obtained by FEA coincides with the modelled maximum waviness angle 𝜃 max . However, the defect that has the lowest KDF on the stiffness is not the same experimentally and numerically. I should be noted that the CP defect that experimentally had a more "progressive" failure (X4-02-3, see section 3.3.3) has a higher effect (KDF) than predicted. 

𝜃

Failure scenario

In the following, the observed failure scenarios obtained by FEA are illustrated using the virtual specimens X4-02-3 and QI24-03-2. Indeed, in the experiments, these samples exhibited a progressive failure which allowed the observation of the failure sequences. However, due to the limited image resolution, the delamination initiation cannot be accurately determined.

Figure 4.22 shows the damage fields of the X4-02-3 FEM. Delamination occurs at the interfaces of the two wavy 0° plies in the laminate centre. Inter-fibre damage develops then in the 90° plies near the vertical location of the maximum waviness angle. The upper 0° ply which is on the laminate surfacefails first at the position 1. The load is then transferred to the other 0° plies, especially to the lower one since it is almost straight. This ply fails shortly after the first ply at the position 2, which is slightly shifted in the horizontal direction compared to the first failure location. Finally ply failure and damage develop between the two failures locations. 

Failure stress

As mentioned, all the load drops obtained in the FEA are associated to fibre failure of the 0° plies in compression (i.e. fibre kinking). The numerical failure stress of the pristine specimen is 1.01 𝜎 𝐶𝑃 𝑟𝑒𝑓 𝑐𝑢 which is very close to the mean of the 3 experimental results since these tests were used for the identification. The failure stress of the pristine QI laminate is 8% lower that the experimental mean value.

For the specimen with defects, the straighter plies take more load than the wavy ones. Therefore, the maximum longitudinal stress 𝜎 11 is higher in these plies, which break first. The failure stresses are provided in Table 4.7. As for the EoD on the stiffness, the effects on failure are greatly under-estimated in the FEA (20% of difference). This could also be due to an overestimation of the ply bending stiffness. As the plies cannot bent enough, they do not push the other plies toward the outside. Therefore, the local load in the surface plies is underestimated. The higher the 𝜃 max , the higher the estimated effect. However, in the case of the CP laminates, the specimen that had a more progressive experimental failure (X4-02-3) does not follow the same trend and the phenomenon inducing such behaviour is not accounted for in the FEA.

𝜃 max (°)

Numerical 

Discussion and conclusion

Globally the numerical FEA obtained for both CP and QI laminates and using both linear elastic and progressive failure behaviour, are qualitatively consistent with the experimental data. This is especially verified for edge observations, for which the modelled geometry is very close to the real one (see Chapter 2 on the comparison detected-parametric geometry on the edges). For instance, the cracks initiation sites under tension or the failure scenario in compression match well. This confirms the choice of the geometrical parametrization proposed in Chapter 2 (mechanical representativeness).

The FEA provides explanations of part of the observed phenomena on the behaviour of a specimen containing defects. In tension, the OoP waviness generates out-of-plane stresses and local stress concentrations. In tension, these stress concentrations favour transverse crack initiation and their locations correspond to experimentally observed crack initiation sites. In addition, the local orientation of the principal transverse stresses indicates the crack orientation. In compression, as in tension, the generated out-of-plane stresses accelerate the initiation of delamination near the maximum waviness angle. The wavy 0° plies are bent, as they are not oriented along the load direction. The straighter 0° plies bear most of the load and break earlier.

In the case of the CP laminates, this effect is further increased by the fact that their strengths are reduced compared to the plies in the laminate bulk.

However, even if most of the KDF obtained by FEA follow the experimental trend, OPFM under-estimates the EoD on the stiffness under both tension and compression, over-estimates the EoD on the failure stress in tension while it under-estimates it in compression. On the one hand, in OPFM, the longitudinal ply behaviour stiffens under tension and softens under compression, in order to account for the initial fibre misalignment in a supposedly straight ply. This non-linearity is induced by the movement of the fibres (micro-scale). However, in the case of a wavy 0° ply, the tensile loading does not induce a local re-alignment of the fibres along the load axis, but rather a bending of the whole ply and the re-alignment occurs at the ply scale (meso-level). Therefore, under tension, the local behaviour of the wavy ply may not be influenced by this effect. Likewise, under compression, the waviness of the ply may accentuate the softening behaviour induced by the small fibre misalignments.

On the other hand, the comparison between experiments and modelling reveals that in the FEM, the 0° plies cannot bend enough in the out-of-plane direction. This could affect the whole damage and failure development in the laminate. This global difference in bending may be explained by the ply shear behaviour which is too stiff. Only the viscosity introduces nonlinearity in the behaviour associated to 13 shear before fibre failure. By the transverse isotropy hypothesis, the viscous behaviour in 13 is assumed equal to that in 12. However, an accurate identification of the associated material properties is hard which probably result in an overestimation of the stiffness. In addition, in OPFM no out-of-plane damage can be generated in the 0° ply by 13 shear or 33 stress, despite it would be expected in wavy plies that bent.

The consequences of this "over-stiffness" in the FEA bending depend on the loading. In tensile modelling, the wavy 0° plies do not re-align enough with the load axis, and therefore do not bear as much load as they would, should they be straightened as in the experiments. Therefore, failure is predicted at a lower load. In compression, the wavy 0° plies, by deforming, accentuate the waviness of the defect. Until, that, experimentally, these plies push the straighter 0° plies on the laminate surfaces on the outside, which generates out-of-plane stresses. This accelerate the delamination and the fibre failure. However, as revealed by the comparison between experiments and modelling, in the FEM, the wavy 0° plies have a reduced out-of-plane displacement. Therefore, they do not impact as much as supposed the straighter 0° plies on the laminate surfaces, resulting in an under-estimation of the effects of the defect on the failure. In addition, it is expected to have a reduced compressive strength due to the presence of shear stresses in the 0° [Hsiao et al. 1996]. But no coupling is currently accounted for in the fibre failure criteria. Therefore, by adding a term depending of 𝜎 13 (and one on 𝜎 12 by transverse isotropy hypothesis) in 𝑓 1 -, the obtained failure stress for the specimens with defect should be reduced.

Moreover, in OPFM, the cracks are assumed to be normal to the ply since the inter-fibre damage only affects the 22, 12 and 23 components of the compliance (see Eq. 4.15 in section The Onera progressive failure model). However, the experimental observations under tension showed that the cracks in the defect zone are skewed, and thus these cracks also affect out the 33 and 13 out-of-plane components. This means that in OPFM the 33 and 13 stiffnesses are not influenced by the inter-fibre damage and are therefore over-estimated.

While accounting for all these modifications in OPFM (ply shear behaviour, out-of-plane damage in the 0° plies, compression fibre failure criterion with 𝜎 13 dependence, etc.) to accurately predict the effects of the defects, there will be more shear stresses generated. To correctly model them, it will be necessary to adapt the mesh, notably by increasing the number of elements in the ply thickness and/or changing the type of elements.

Finally, the evolution of the defect throughout the width of the specimen is not as accurately modelled as the waviness shape on the specimen edge, because most of the specimens were not scanned by X-ray tomography. Therefore, part of differences between the experiments and modelling may be due to these inaccuracies of the waviness geometry description. Combined with the low number of experiments, which in the case of the specimens under compression had similar shapes for each layupand thus similar effectsit is difficult to draw a clear statement on the global trends of the EoD regarding the defect geometry. On the one hand, to ascertain the EoD and reduce the scatter, more experimental tests should be performed. And on the other hand, sensitivity analyses should be performed to (i) determine the key geometrical parameters that could be related to the EoD, and (ii) estimate the precision required on these parameters to correctly capture them.

Chapter 5

Strategy for parametric study using virtual defects and metamodeling

To assist the performance evaluation of composite components containing OoP waviness, a methodology to perform parametric studies, relying on a surrogate model, is investigated in this chapter. The strategy is developed from the dependence of tensile modulus on various waviness parameters and the influence of OoP geometric parameters is discussed.

The main objective of this chapter is to propose an approach for sensitivity studies and the construction of knock down factor (KDF) charts. Such charts could speed up the estimation of the mechanical effects of defects by eliminating the need for finite element modelling. The proposed method was developed on a simple case (KDF on the tensile stiffness obtained using finite element models with linear elastic behaviour), which is detailed in the section 5.1.

In the section 5.2, new parameters, that could be deduced from those of the geometric model of the defect waviness proposed in Chapter 2, are proposed to achieve a better control of the waviness shape. These parameters allow to account for a part of the non-linearity that would otherwise have to be captured by the surrogate model, therefore reducing its complexity, as will be shown in section 5.4.

A metamodel is identified on an initial learning set of experiments called a design of experiments (DoE). This DoE should correctly explore the space on which the surrogate model will be questioned. However, some set of parameters may lead to an impossible configuration (e.g. with interpenetrating plies), and must be suppressed from the DoE. Therefore, the investigation of the initial DoE on which the surrogate model will be identified is performed in section 5.3.

Finally, two surrogate metamodelsa simple linear regression and a more complex kriging approachare tested on the DoE in the section 5.4. In order to improve their performance, a reflexion on an additional parameter is considered.

Objectives and main approach

This section presents an approach to generate KDF charts based on metamodeling. These KDF charts allow to evaluate KDF associated to a defect according to its geometrical characteristics. The metamodel analysis provides insights on which defect configurations could be critical for a given loading. Moreover, the contribution of each defect parameter to the mechanical KDFs was estimated by means of a metamodel sensitivity study.

A "metamodel", also called "surrogate model" or "response surface model", is a statistical technique that allows the development of fast surrogates for computationally expensive numerical models. The formulation of such a surrogate model is typically achieved in five steps:

1. Initial design of experiments (DoE); 2. Experimental and/or numerical evaluation of the outputs; 3. Surrogate model selection; 4. Metamodel learning, optimization of its parameters (also noted 'hyperparameters'); 5. Evaluation of the accuracy of the metamodel on other experiments than those used for training. Depending on the final error, the procedure repeats steps 3 to 5 until validation. Commonly used surrogate models for the step 3 include chaos polynomials, splines, low-rank tensor approximations, neural networks, radial basis functions, support vector regression, or Kriging/Gaussian process [START_REF] Forrester | Recent advances in surrogate-based optimization[END_REF][START_REF] Queipo | Surrogate-based analysis and optimization[END_REF][START_REF] Simpson | [END_REF]Storlie et al. 2009;Wang et al. 2007]. In some cases, the initial DoE did not explore enough the parameter space, and therefore, the procedure restarts from step 2 (instead of 3) to complete the DoE by adaptive sampling -also named 'active learning' [Fuhg et al. 2021;Liu et al. 2018]. However, techniques of adaptive sampling could not be explored during the Ph.D. thesis due to the limited time.

The approach to design a surrogate model proposed in this section was developed in collaboration with the PhyDefect project on a simplified case: parametric OoP wavinesses that are constant throughout the coupon width. A linear elastic constitutive behaviour was used for the plies, and the finite element calculations were done with the Z-set code.

The experimental study presented in Chapter 3 showed that similar defect geometries tested under different loading conditions can result in different mechanical KDF. For instance, X4-02-1 and X4-02-2 have a similar maximum waviness angle (respectively 34.8° and 32.9°), but the specimen tested in compression had 6% and 8% higher KDF on the initial stiffness and failure stress than those of specimens tested in tension. Therefore, the model was developed only on tensile tests as accounting for both tensile and compressive tests in the same surrogate model could result in a discontinuous KDF response surface. Such a discontinuity cannot be accounted for by the metamodels used in this study as they are all continuous. Similarly, different layups should a priori be processed separately, not to introduce discontinuities in the response surface. In this case, the metamodel was developed on tensile tests on CP specimens with the tested "X4" layup ([0/90/0/90 3 /0 2 /90 2 ] 𝑠 ) where the parameters defining the manufactured defects present a large scattering.

To reduce the computation time and simplify the model, the study was restricted to defects that are constant in the width, only 3.5 mm of the specimen width was modelled. In addition, as previously, only a part of the length was modelled, such that the defect is located in its centre. For a tensile test, this length corresponds to the zone over which the defect influences the stress field, which is about 1.5 𝐿 𝑥 (see section 4.2.2).

Definition of the parameter space and parameter engineering

As the OoP wavinesses are constant throughout the specimen width, the geometrical model proposed in chapter 2 to describe the shapes of the different 0° ply interfaces in the laminate, is simplified as:

𝑧 𝑤𝑎𝑣𝑖𝑛𝑒𝑠𝑠 (𝑥, 𝑦, 𝑧) = 𝐴 cos (2𝜋 (𝑥-(𝑥 0 -Δ)) 𝜆 ) exp (-0.5 (𝑥-𝑥 0 ) 2 (𝐿 𝑥 /6) 2 ) • exp (-0.5 (𝑧-𝑧 0 ) 2 (𝐿 𝑧 /6) 2 ) + 𝑧.
Eq. 5.1

The following data is required to generate the different FEMs:

• Defect position: [𝑥 0 , 𝑧 0 ],

• Defect geometry: the amplitude 𝐴, the extents [𝐿 𝑥 , 𝐿 𝑧 ], the distance between the cosine origin and the Gaussian centre Δ and the cosine period 𝜆, • Laminate: stacking sequence and ply thickness • Simulation: test type, mesh size. Part of these values (𝑥 0 , layup, test type and mesh size) are fixed by the previous choices presented in 5.1. In addition, based on the experimental observations (see section 2.2.2) the 0° ply thickness varies little around the theoretical consolidated ply thickness (CPT). Therefore, in the FEMs of the DoE, the ply thickness of both 0° and 90° plies before being deformed to insert the defect geometry, was fixed at theoretical CPT. Finally, as a first approach, the defect z-position was fixed because variation of this parameter introduces high non-linearity coupled with 𝐿 𝑧 . Indeed, if the 𝑧 0 position is set in a 90° ply with a very low 𝐿 𝑧 value then no waviness will be generated as the defect formulation only applies to 0° plies. However, when keeping the same 𝐿 𝑧 value and shifting the 𝑧 0 toward the nearest 0° ply, the waviness will be generated. The different fixed parameter values are summarized in Table 5.1. The defect is centred in the length (𝑥 0 = 0) and the centre of the Gaussian in the thickness is located slightly shifted from the laminate centre, in the central 90° ply (𝑧 0 = 2 which is at 54% of the laminate thickness). This choice allows to generate a large amount of defects that do not affect the laminate surface whilst not being at the composite centre.

𝑥 0 (mm) 𝑧 0 (mm)

Meshed zone dimensions

Ply thickness (mm) length (mm) width (mm) 0 2 1.5 𝐿 𝑥 3.5 0.184

Table 5.1 -Values of the fixed parameters used for the metamodeling development.

The remaining parameters -also noted 'explicit' as they are the parameters directly used for the defect descriptionare A, L x , L z , Δ and λ. To account for periodicity, the 𝑥-offset Δ was replaced by a phase shift 𝜑, defined as:

𝜑 = 2𝜋Δ 𝜆 (mod 2𝜋). Eq. 5.2
Finally, in the case of the metamodel development, the equation describing the defect geometry can be rewritten as:

𝑧 𝑤𝑎𝑣𝑖𝑛𝑒𝑠𝑠 (𝑥, 𝑦, 𝑧) = 𝐴 cos (2π x λ + 𝜑) exp (-0.5 𝑥 2 (L x /6) 2 ) • exp (-0.5 (z-2) 2
(L z /6) 2 ) + 𝑧.

Eq. 5.3

Based on the experimental observations and the study of the industrial database, the parameter range is limited by the minima and maxima given in Table 5 The explicit parameters are relevant for the calibration of the defect description because they are independent and have a geometrical meaning. However, for virtual defect generation, this independence is restricted by feasibility criteria. For instance, the 0° plies cannot interpenetrate each other. In addition, in the scope of the PhD thesis, due to the manufacturing process used, only specimens with defects having flat surfaces were experimentally studied. Therefore, defect configurations affecting the surface plies were not considered in the metamodel. The defect parameter space is thus not an entire hypercube because of these different constraints.

Feature engineering

The choice of the input parameters of a metamodel greatly influences its complexity. A textbook example is the case of a target 𝑦 which is related to an input parameter 𝑥 by the relation 𝑦 = 𝑎 log(𝑥) + 𝑏. By using log(𝑥) instead of 𝑥, the non-linearity is accounted for in the feature and a simple linear metamodel is required. To simplify the metamodel learning and thus increase its accuracy, the parameters were analysed in order to choose relevant and clearly influent features.

By considering the configurations obtained with the explicit parameters evenly distributed and complying with the constraints, it was observed that the large diversity of shapes that could take the defects is not well distributed. For instance, a large part of the configurations resulted in small OoP waviness (low ply deviation, small maximum waviness angle, …) as shown in Figure 5.1. Therefore, a reparameterization was needed for a better control of the defect shape. The maximum ply deviation of each ply is modulated by the z-Gaussian. In these configurations, there is a minimal 𝐿 𝑧 value under which the plies do not significantly wave because the z-Gaussian centre is in a 90° ply and the defect description formulation applies only to the 0° plies. The amplitude 𝐴 𝑝𝑙𝑦 𝑖 seen by the ply 'i', which thickness position is 𝑧 𝑖 , is defined as:

𝐴 𝑝𝑙𝑦 𝑖 = 𝐴 • exp (-0.5 (z i -2) 2 (L z /6) 2 ).
Eq. 5.4

Therefore, this ply amplitude non-linearly depends on 𝐿 𝑧 (see Figure 5.2). In addition, since there is an offset between the cosine origin and the Gaussian centre, the maximum ply deviation could be much lower than the ply amplitude 𝐴 𝑝𝑙𝑦 𝑖 (especially in the cases of 𝜆 ≥ 𝐿 𝑥 ). Figure 5.3 illustrates the waviness profile for different phases 𝜑 with all the other parameters fixed with 𝜆 = 3𝐿 𝑥 . A configuration with a large amplitude could therefore correspond to a "small" OoP waviness. The maximum waviness angle 𝜃 𝑚𝑎𝑥 was used instead of the amplitude due to a possibly more straightforward correlation with outputs as can by assumed from the literature [Xie et al. 2018] and the numerical results obtained in section 4.3, and because it captures a part of the non-linearity. The wavelength of the defect significantly affects the waviness profile only if it is smaller than twice the defect extent. Above 2𝐿 𝑥 , the waviness profile is dominated by the Gaussian modulation giving it a bell-shape when it is in phase with the cosine (𝜑 = 0). Therefore, all the other explicit parameters being fixed (𝐴 = 0.15 mm, 𝜑 = 0, 𝐿 𝑥 = 6.67 mm), by varying the wavelength from 0.7 to 20 mm, most of the waviness shapes are similar, as shown in Figure 5.4.a. The number of wavelets is linked to the ratio 𝐿 𝑥 /𝜆. As illustrated in Figure 5.4.b, by keeping the same range of values for the wavelength but varying the 𝐿 𝑥 /𝜆 ratio along a linearly spaced vector, the diversity of shapes achieved is wider. Finally, the inputs parameters for the metamodel were the maximum waviness deviation 𝜃 max , the 𝐿 𝑥 /𝜆 ratio, the defect extents 𝐿 𝑥 and 𝐿 𝑧 , and the cosine phase 𝜑. They are referred to as the 'control' parameters in the following. The variations of these parameters allow a better description of the defect shape configurations of interest than the explicit parameters. Their respective ranges of values are given in Table 5.3. As a mirror symmetry of the waviness shape has no effect on the model, therefore the range of 𝜑 value was restricted to [0, π]. In addition, to generate only configurations with defects, the minimum 𝐿 𝑧 was raised up to 1 mm (> 5•CPT), and the minimum 𝜃 max was fixed at 5°. However, as they are a combination of the explicit parameters, their use introduces some unintuitive variations. For instance, for a fixed value of 𝐿 𝑥 and 𝜃 𝑚𝑎𝑥 , an increase of 𝐿 𝑥 /𝜆 implies a decrease of 𝜆, and consequently induces a decrease of the amplitude to conserve 𝜃 max . Moreover, for a fixed 𝜃 𝑚𝑎𝑥 and 𝐿 𝑥 /𝜆 value, an increase of 𝐿 𝑥 implies an increase of 𝜆 and of the amplitude. The geometries obtained for different 𝐿 𝑥 in this case seem visually homothetic.

𝜃 max (°) 𝐿 𝑥 (mm) 𝐿 𝑧 (mm) 𝐿 𝑥 /𝜆 𝜑 ( 

Design of experiments

The response surface of a metamodel is determined on an initial sample composed of different parameter sets. A full factorial design for experiments depending on 𝑝 factors/parameters considers 𝑛 discrete possible values or "levels" per factor and selects the experiments that take all the possible combinations of these levels. It corresponds to a grid, with 𝑛 𝑝 experiments. Such a design allows the investigation of the effect of each factor on the response variable, as well as the effects of interactions between factors. Its main drawback is the high experimental cost. In our case (5 factors/parameters), even considering only 3 levels per parameterthus only the minimal, middle and maximal valuesthe design would contain 243 experiments which was already considered as too many.

Therefore, for this study, other types of DoE that would correctly explore the parameter space while relying on a lower number of experiments were investigated. As the type of surrogate model that will be used is a priori unknown, the tested DoE types were general enough to remain appropriate for a large variety of surrogate models. Eight DoE obtained by different sampling strategies (which often consists optimising a 'maximin' criteria that will be detailed later in this section) were compared:

• 'LHS': Latin hypercube sampling (LHS) [McKay et al. 1979]. In this type of DoE, each parameter value is only seen once. For instance, if a square grid contains the sample positions, there would be only one sample in each row and each column. • 'LHS-maximin-toolstat': draw a large number of LHS ( 2000) and select the one with the best 'maximin' criterion. • 'LHS-maximin-ESE': an initial LHS optimized by "Enhanced Stochastic Evolutionary" (in the toolbox R DiceDesign) [Jin et al. 2005]. • 'LHS-maximin-SA: an initial LHS optimized by "Simulated Annealing" (in the toolbox R DiceDesign) [Morris et al. 1995]; • 'LHS-improved': an initial LHS with an optimization of the neighboor distances [Beachkofski et al. 2002] • 'LHS-maxpro': LHS that maximizes space-filling properties on projections [Joseph et al. 2015] • 'LDS-Sobol': low discrepancy sequence (LDS) [START_REF] Bratley | [END_REF][START_REF] Kocis | [END_REF] • 'LDS-Sobol-scrambled' : Sobol type LDS that are scrambled to eliminate the sequence inherent bias [Hong et al. 2003] • 'minimax-clustering': clusters are made from a very dense sampling of the hypercube on which the non-feasible configurations were removed [Lekivetz et al. 2015].

As previously mentioned, only effects of embedded defects were analysed. Thus, defect parameter sets resulting in a waviness at the surface were removed from the DoE. To automatically determine whether the defect can be considered to reach the surface, the total height variation of exterior surfaces was calculated and compared to a threshold of 0.05 mm (about a third of a ply thickness). Also, some parameter sets corresponded to impossible configurations with interpenetrating 0° plies. For each configuration, the minimal inter-ply distance was estimated and compared to a tenth of ply thickness. Therefore, no "gap" defect was modelled since there would always be a 90° between the 0° plies. The final space of acceptable defect parameters is thus not a regular hypercube.

In the previous list, most of these DoE suppose a hypercubic parameter space. Therefore, the strategy was to generate a higher number of experiments than that targeted and to remove the parameter sets resulting in impossible configurations or 'surface defects'. In order to estimate the acceptance ratio, a dense sampling (10e6 points) of the hyperrectangle defined by input bounds revealed that only 51% of the volume is feasible (49% of the samples were rejected).

In [Liu et al. 2018], the authors compared different empirical formulas to determine a prescribed initial sample size. The largest sample size assumed by authors to be sufficient to describe a parameter space is 10 times the number of input parameters, in the present case it would mean 50 experiments. Depending on the metamodel complexity, this number could be irrelevant, but it provides an a priori idea of the initial sampling size (before any metamodel fit). Here, the methodology was developed based on fast simulations (linear elastic constitutive behaviour on relatively small meshes). Thus, it was chosen to have 20 times as many experiments as the number of parameters in the initial DoE. After the first metamodel fit, supplementary experiments could be selected by an adaptive sampling method and then added to the DoE (active learning).

Finally, to select one DoE, 4 quality criteria were estimated per sampling strategy: the minimal, the maximal, the mean and the standard deviation of the distances of each point to its closest neighbour [START_REF] Franco | [END_REF]Joseph 2016]. These distances are respectively noted 'minDist', 'maxDist', 'meanDist' and 'stdDist'. The 'minDist' and the 'maxDist' are local criteria because they represent the distance between a single critical couple of points in each case. The 'meanDist' and the 'stdDist' are global criteria since they are representative of all the experiments. On the one hand, the 'minDist' and 'meanDist' characterise the coverage of the parameter space. The greater theses distances, the more the experiments are spread over the whole space. Numerous DoE optimization strategies in the literature consist in maximizing minDist and are commonly noted as 'maximin'. On the other hand, the 'maxDist' and 'stdDist' characterize the homogeneity of the filling of the space. The smaller these distances, the better the uniformity of the experiments' distribution. Since both the exploration and the uniformity are important characteristics of the DoE quality, the selection was made considering two 'bicriteria' (a local and a global one) as illustrated in Figure 5.5. Regarding these bi-criteria, the more a DoE is in the right-lower part of the graph, the better the parameter space will be described. Finally, the maximin LHS optimized by Simulated Annealing was selected because it presents a good compromise according to both bi-criteria graphs and was extensively used in the literature. The initial DoE was composed of 200 parameter sets. As can be seen in Figure 5.6, part of them (68) result in impossible configurationseither because 0° ply interpenetrated or due to the condition on the explicit parameter 𝜆and 27 of the remaining are defects affecting the laminate surface. Therefore, only 105 experiments remain. As the initial DoE is a LHS, the points are homogeneously distributed for each parameter, therefore, the bars of the initial histogram are all equal. However, after removing the forbidden configurations, the final distribution of the remaining parameters set (grey histograms in Figure 5.7) is not homogeneous. As revealed by the histogram for 𝐿 𝑧 , the parameter sets resulting in a defect on the surface (shown in blue) have all a relatively high 𝐿 𝑧 . The lower the 𝐿 𝑥 /𝜆 ratio, the higher the percentage of rejected configurations (see the red bars in the corresponding histogram). As can be seen on the plots of the projections, there are only few experiments with a high maximal waviness angle 𝜃 max and a high 𝐿 𝑥 or 𝐿 𝑧 because these combinations often result in interpenetrating 0° plies or surface defects. The highest feasible 𝐿 𝑥 /𝜆 ratio decreases for short 𝐿 𝑥 due to the constraint on the wavelength (𝜆 ≥ 1 mm). In addition, there are only few experiments with high 𝐿 𝑥 and low 𝐿 𝑥 /𝜆 ratio because a lot of defect configurations in these locations result in surface defects. It should be noted that the latter cases do not lie in a 'forbidden' area but in an area with a low projected density of feasible configurations. 

Identification of a response surface

The tensile stiffness KDF of each configuration of the DoE was estimated using the FEM detailed in section 5.1. The global stiffness along the loading axis of each experiment was assessed using the reaction forces generated on the blocked surface and the strain measured between the centre of the two sides of the mesh with an initial length of 1.5 𝐿 𝑥 .

The stiffness variation for each parameter, normalized by the pristine specimen stiffness 𝐸 0 (also obtained by FEA) is plotted in Figure 5.8. The KDF on the global stiffness is highly correlated with the maximum waviness angle 𝜃 𝑚𝑎𝑥 . Indeed, the higher KDF are reached with defect with high 𝜃 max , and for the small 𝜃 max only low KDF are obtained. However, this parameter is not the only one that drives the effects of defects on the stiffness. At high 𝜃 max both low and high KDF occur. For instance, two experiments had a similar maximum waviness angle (37.3° and 37.1°) but their normalized stiffnesses were 0.82 and 0.95 respectively.

It should be noted that the KDF are more scattered for low 𝐿 𝑥 values. It could be due to couplings between effects of parameters but it could also result from the fact that the distribution of 𝐿 𝑥 in the DoE is not uniform. Indeed, defects with a large 𝐿 𝑥 and a high 𝜃 max are scarce, because most of the time it would result in an impossible configuration. Also, higher 𝐿 𝑧 values correspond to a larger variability of the response, indicating a possible coupled effect, i.e. the effect of the other parameters depends on the value of 𝐿 𝑧 . It can intuitively be understood as large 𝐿 𝑧 means that more plies are affected by the waviness, and thus the effect on the mechanical properties is stronger. However, defects with small 𝜃 max still have a weak effect even if most of the plies are affected. 

Linear analysis

Different metamodels were trained on the selected DoE to compare their performances. First, a linear model was used as this is the simplest approach.

The metamodel was first tested in the 'explicit' parameters space (𝐴, 𝐿 𝑥 , 𝐿 𝑧 , 𝜆 and 𝜑) to investigate the relevance of the 'control' parameters' choice. Scatter-plots for comparing the true observations and metamodel predictions are shown Figure 5.9.a. Results on the 𝑦 = 𝑥 diagonal are accurately predicted by the surrogate model. Here, most of the points are away from the diagonal, which is confirmed quantitatively by the very low coefficient of determination 𝑅 2 value (0.41) calculated as:

𝑅 2 = 1 - ∑ (𝑧 𝑖 -𝑧î) 2 𝑛 𝑖=1 ∑ (𝑧 𝑖 -𝑧̅ ) 2 𝑛 𝑖=1
, Eq. 5.5

where 𝑧 𝑖 are the actual observations, 𝑧î the associated predicted values by the metamodel and 𝑧̅ is the mean of the observed data. The difference between the actual value and its prediction defines the residual as 𝑒 𝑖 = 𝑧 𝑖 -𝑧î. The response surface is thus highly non-linear. Then, the same metamodel type was tested in the space of the 'control' parameters (𝜃 max , 𝐿 𝑥 , 𝐿 𝑧 , 𝐿 𝑥 /𝜆 and 𝜑). A scatter-plot for comparing the actual value obtained by FEA and the one predicted by the metamodel is shown in Figure 5.9.b. The points are clearly less scattered around the line. The coefficient of determination 𝑅 2 is also much better than in the previous case (0.88). Hence, the response surface as a function of the 'control' parameters is much less nonlinear. In fact, a large part of the nonlinearity was accounted for by the 𝜃 max and 𝐿 𝑥 /𝜆 parameters. However, Figure 5.9.b, reveals that this metamodel still does not accurately describe the response surface. A linear metamodel is thus not adapted to accurately predict the response of this problem with the given 'control' parameters.

Kriging

The kriging, or Gaussian process regression, is a very flexible kernel method with an embedded uncertainty model [Kleijnen 2015;[START_REF] Rasmussen | CE Rasmussen et CKI Williams[END_REF]] as illustrated in Figure 5.10.a. The kriging predicts the value of a function at a given point by computing a weighted average of the known values of the function in the neighbourhood of the point (it is a 'linear smoother'). A global trend is usually integrated in the computed average. Classically, the 'universal kriging' assumes a general polynomial trend model (see Figure 5.10.b) and is defined for a point 𝒙 of the studied space as:

𝑓(𝒙) = 𝒉(𝒙) 𝑇 𝜷 ⏟ Regression trend + 𝐺𝑃(𝒙) ⏟
Gaussian Process , Eq. 5.6

where 𝒉(𝒙) stands for the monomial basis of 𝒙 and 𝜷 is the vector containing the corresponding regression coefficients. Therefore, the kriging approximation (represented in red in where 𝑹 is the correlation matrix between the learning points and 𝒓(𝒙) is the correlation vector of 𝒙 with the learning points, 𝒀 contains all the outputs of the DoE and 𝑯 is the multivariate Vandermonde matrix (it concatenates all the monomials of the DoE).

A linear trend model was first retained in this application for its good flexibility-complexity compromise. The weights used when averaging are controlled by a correlation function which is fixed for each surrogate model and affects the regularity of the surface response. The most common choice is a Gaussian kernel, which is used in the following applications. In this case 𝑹 and 𝒓(𝒙), which depend on the correlation lengths 𝒍 and all the experiment 𝑿 (𝑖) of the DoE, are defined as: 𝑹 𝑖𝑗 = 𝑅(𝑿 (𝑖) , 𝑿 (𝑗) , 𝒍) and 𝒓 𝑖 (𝒙) = 𝑅(𝒙, 𝑿 (𝑖) , 𝒍) with 𝑅(𝒙, 𝒙 ′ , 𝒍) = exp (-∑ ( 𝑥 𝑖 -𝑥 𝑖 ′ 𝑙 𝒊 ) 2 𝑀 𝑖=1 ).

Eq. 5.8

The neighbourhood of a point is defined by the different correlation lengths 𝑙 𝑖 associated to each parameter. These correlation lengths control the spread of the correlation function. For a given parameter, the higher the correlation length, the more the observed surface response variations will be averagedit corresponds to a higher smoothness. The default kriging formulation provides an interpolator, which means that the surface response goes exactly through all the experiments. Here, noise is added to the metamodel prediction to account for small FEA issues or post-processing inaccuracy. The noise variance is one of the metamodel hyperparameters and is estimated during the learning phase. In the PhD thesis, the kriging hyperparameters are identified by maximisation of the likelihood function [START_REF] Rasmussen | CE Rasmussen et CKI Williams[END_REF]]called 'maximum likelihood estimation' (MLE)using a conjugate gradient method [START_REF] Rasmussen | Gaussian Processes for Machine Learning (GPML) Toolbox[END_REF]]. Figure 5.11.a shows the performances of the kriging metamodel on the DoE. The model predictions correlate well with the FE results, especially compared to the results obtained with the linear surrogate model. However, the estimated noise is 10 times higher than the initial guess, which reveals some difficulty to catch the nonlinearity since such a noise corresponds to unexplained variations. In addition, by definition the kriging passes through (or, when noise is added, very close to) all the experimental observations. Therefore the actual vs predicted plot is obviously very satisfying. However, this graph does not provide enough information on the ability of the model to generalize its predictions to new input data. The "leave-one-out" (LOO) cross-validation consists in performing a prediction for each of the learning samples after removing the corresponding observation from the learning set. It provides a less biased estimate of the generalisation ability of the metamodel.

In the present work, fast-LOO predictions were computed [Bachoc 2013;Dubrule 1983]. This approximation relies on the hypothesis that removing one data point from the learning set does not change significantly the estimate of the correlation lengths. Therefore, only a part of the hyperparameters are re-optimized when removing each data point. Figure 5.11.b shows the actual vs LOO prediction graph. When considering the LOO prediction 𝑧̂𝑖 𝐿𝑂𝑂 , the 𝑅 2 performance measurement is replaced by the predictivity coefficient 𝑄 2 defined as:

𝑄 2 = 1 - ∑ (𝑧 𝑖 -𝑧̂𝑖 𝐿𝑂𝑂 ) 2 𝑛 𝑖=1 ∑ (𝑧 𝑖 -𝑧̅ ) 2 𝑛 𝑖=1
.

Eq. 5.9

As can be seen in Figure 5.11.b, some significant errors appear, for instance, for the low value of the FEA stiffness but also across the whole output domain. This indicates that the loss of the information conveyed by several data points strongly affects the metamodel identification. The LOO cross-validation reveals thus that the redundancy in the learning set is very limited despite the "large" initial DoE (20 times the input dimension). It confirms that the nonlinearity, despite being moderate, is not simple and easy to capture. The 𝑄 2 estimate is commonly used as a primary accuracy criterion and focuses on the mean prediction of the kriging model. It is also possible to investigate the correctness of the embedded uncertainty model [START_REF] Demay | [END_REF]. Uncertainty predictionswhich is associated to the predicted variancewere also validated in the framework of the PhyDefect project.

Simple sensitivity analyses

The correlation lengths, main hyperparameters, obtained by training the kriging metamodel on the whole DoE are given in Table 5.4. These lengths are associated to the Gaussian process, and thus provide information on the nonlinear effects of the input parameters on the response of the surrogate model. The linear effects of these parameters are accounted for by the linear trend. The correlation length associated to 𝜑 is very large compared to the others, which indicates that the variation of the phase does not much influence the nonlinearity of the metamodel response.

𝜃

A brief analysis of the linear trend reveals that the linear influence of 𝜑 is also negligible. The correlation length of 𝐿 𝑥 /𝜆 is three time larger than that of 𝜃 max , 𝐿 𝑥 and 𝐿 𝑧 , which indicates that the non-linear effect of this parameter on the stiffness KDF is lower compared to the three other parameters. The Figure 5.12 shows the whole response (linear and non-linear) for one parameter at a time with all the others fixed at their mean values. It confirms that the metamodel considers that 𝜑 and 𝐿 𝑥 /𝜆 have a minor effect. The main effects are related to 𝜃 max , 𝐿 𝑥 and 𝐿 𝑧 and seem monotonic. However, these visualisations do show all the effects of the parameters on the response because it is restricted to one location in the parameter spacehere the mean valuesand does not account for the interactions between different parameters.

Figure 5.12 -'One at a Time' visualization of the kriging metamodel prediction for each control parameter.

Global sensitivity analysis

Sensitivity analyses allow to rank the relative importance of each input of a nonlinear model, accounting for the whole variation range of the factors rather than just around a "nominal" point [Borgonovo et al. 2016;Iooss et al. 2015;[START_REF] Razavi | [END_REF]. A well-known global sensitivity analysis method is the Sobol analysis of variance, which decomposes the variance of the model output into fractions which can be attributed to inputs or sets of inputs [Puy et al. 2021]. However, this approach is hardly applicable for dependent parameters or when the input space is non-rectangular, which is the case of the present study.

Shapley effects [Broto et al. 2020;Owen et al. 2017] were proposed to correct the Sobol indice estimates accounting for the correlations and interactions. It consists in allocating the mutual contribution of the group of parameters to each individual parameter, similarly to ideas from cooperative games theory. Figure 5.13 shows the total contribution of each parameter to the metamodel response. Shapley effects are positive and the sum is unity. The shapleysobol_knn function from the R package sensitivity was used (function based on the work of [Broto et al. 2020]). 𝜃 max appears to be the most influent parameter with 𝐿 𝑥 and 𝐿 𝑧 in second and third position, but with a lower effect compared to 𝜃 max . The high contribution of 𝜃 max to the KDF was expected from the experimental observations made in Chapter 3 and was also found by [Xie et al. 2018].

More surprisingly, and confirming the results obtained with simple sensitivity analyses (OAT and correlation lengths), the metamodel predictions seem to be globally barely sensitive to variation of 𝜑 and 𝐿 𝑥 /𝜆. This could result either from a lack of representativity of the kriging surrogate or from the actual effects being highly localized. This is investigated in more details in the following. 

Additional investigation focused on the effect of 𝝋 and 𝑳 𝒙 /𝝀

Specific new experiments were designed to check if the absence of sensitivity to 𝜑 and 𝐿 𝑥 /𝜆 is physically relevant. The results for these FEA are compared to the predictions of the metamodel that was not trained on these experiments.

The first test-set was designed to focus on the effects of 𝐿 𝑥 /𝜆. The 4 other parameters 𝜃 max , 𝐿 𝑥 , 𝐿 𝑧 , and 𝜑 were fixed at 13°, 10 mm, 4 mm and 0 respectively. The 𝐿 𝑥 /𝜆 ratio varies for the 9 experiments from 0.5 to 8. As illustrated in Figure 5.14, the metamodel initally predicts a non-linearity with the variation of this parameter. However the effect of 𝐿 𝑥 /𝜆 is underestimated since the results of the test set decreases more abruptly than the surrogate model prediction with decreasing 𝐿 𝑥 /𝜆. This may be due to the localized zone (small 𝐿 𝑥 /𝜆. ) where the parameter induces a high non-linearity of the response. To investigate the effect of the phase 𝜑, a total of 6 defect configurations were modelled with three values of 𝜑: 0, π/2 and π. As the effect of the phase should be different depending on the global shape of the defect, two sets of valuesrepresented in blue and orange in Figure 5.15were used for the other parameters, while trying to observed maximal effects on the stiffness and therefore with high 𝜃 max . For each set, the parameters were selected with short 𝐿 𝑥 (3 and 10 mm), short L x /𝜆 ratio (1/3 and 2) and the same 𝐿 𝑧 (4 mm). Due to the feasibility constraints, the highest possible 𝜃 max value was necessarily different for the two 𝐿 𝑥 and 𝐿 𝑥 /𝜆 configurations (20° and 35°). Three resulting configurations are illustrated in Figure 5.15. The FEA results reveal that a noticeable effect of 𝜑 on the stiffness modulus. However, this effect is not reproduced by the surrogate model. This difference is more significant for the case illustrated in orange (shorter 𝐿 𝑥 and L x /𝜆, and higher 𝜃 max ), indicating coupling effects. The effect of 𝜑 is not monotonic and seems to vary the same way as the maximum ply deviation. The kriging metamodel does not capture any aspect of the observed effects. 

Conclusions on the first kriging metamodel

The surrogate model catches most of the phenomena affecting the stiffness KDF. However, the kriging was adjusted on the whole parameter space and does not catch the highest nonlinearities that occur locally, neglecting the influence of 𝜑 and significantly underestimating the nonlinearity of 𝐿 𝑥 /𝜆 effect. This restrains in particular (but not only) the accurate prediction of the highest KDF.

First, it was checked if the lack of captured nonlinearity could be due to a simple misspecification of the kriging model (such as inappropriate correlation function) or to numerical problems during the learning phase (such as convergence to a local minimum). Different improvements strategies (at fixed DoE) were tested within the framework of the PhyDefect project:

-Using interpolation instead of regression (which considers noise on the outputs); -Using another correlation function (Matèrn 5/2); -Testing a more complex trend than a linear one; -Changing the optimisation algorithm used to determine the metamodel hyperparameters (correlation lengths, process variance and noise); -Using LOO optimisation instead of the maximum likelihood. However, no significant progress was observed for these different attempts.

A more complex misspecification problem probably results from the shape of the surface response concerning specific input parameters. For 𝜑 and 𝐿 𝑥 /𝜆, the responses show wide flat regions and high local variations in some restricted areas (for instance see Figure 5.14). A short correlation length would correctly describe the highly nonlinear zones, but at the risk of overfitting the data in the flat regions. Inversely, a large correlation length would be good for the flat region but would neglect the influence of the parameters when it arises. The hypothesis of stationary covariance (constant correlation lengths) is thus probably unsuitable here but alternative solutions are not easy to setup. In the following, we propose to account for the complex nonlinearity by engineering auxiliary parameters which complement the control parameters and ease capturing the non-linearity.

Adding new data points to the learning set -which is named 'active learning'is always a way to improve a kriging metamodel [Fuhg et al. 2021]. It can even allow to circumvent misspecification problems through the use of additional data points, however, it could be unnecessarily costly. This will not be considered here.

Auxiliary geometric parameters: example of a new measure of the misalignment

The idea was to add a geometrical parameter that would be representative of the waviness in a large zonecontrary to 𝜃 max which is associated to a specific location in the laminate. The crimp 𝑠 quantifies the increase of the ply length due to the curvilinear path. It is defined as:

𝑠 = 𝐿 𝑐𝑢𝑟𝑣 -𝐿 𝐿 with 𝐿 𝑐𝑢𝑟𝑣 = ∫ √ 1 + ( 𝜕𝑧 𝜕𝑥 ) 2 𝑑𝑥 𝐿 0
Eq. 5.10

where 𝐿 𝑐𝑢𝑟𝑣 is the length of the wavy ply and 𝐿 is the projected length of the ply along the 𝑥axis. Therefore, this feature accounts for the deviation from the 𝑥-axis and can be complementary to 𝜃 max , as it is a more global measure of the ply deviation. To account for all the 0° ply crimp percentages, the mean value of those crimps was used. The stiffness KDF associated to each mean crimp is plotted in Figure 5.16.a. A global trend appears: the stiffness decreases with the crimp increase. However, some variability occurs especially for high crimp percentage. This variability is correlated with the length 𝐿 𝑧 , which indicates how many plies are waved. The result of s being meaningful motivated the search for a better integral formulation with a different non-linearity allowing to improve the correlation with the output (reduced scatter). By a simple 'trial and error' approach, a power function was selected (Eq. 5.11), close to linear but with a power 𝑏 strictly greater than 1 in order to ensure a null derivative at zero and very small values around. The power 𝑏 = 1.1 provides satisfactory results as shown in the Figure 5.16.b. The constant 𝑎 is a standardization factor chosen to obtain the same range of values than for the crimp 𝑠 for As previously, a linear metamodel and a kriging metamodel were identified for the 5 control parameters with the additional Γ feature. The same DoE as previously used (without the test sets specifically generated to analyse the dependence on 𝑙 𝑥 /𝜆 and 𝜑). The 'actual vs predicted' plot obtained for a linear surrogate model is illustrated in Figure 5.17. A significant part of the response non-linearity is captured through Γ which globally reproduces the surface response with a linear metamodel as indicated by the high coefficient of determination (𝑅 2 = 97%).

Figure 5.17 -'Actual vs predicted' plot for the linear metamodel on the control parameters and the auxiliary 𝛤 feature.

A kriging surrogate was also identified with the auxiliary parameter Γ. The same type of kriging metamodel was chosen (linear trend, noise, Gaussian correlation function). The 'actual vs prediction' plots for both direct and LOO metamodel prediction are shown in Figure 5.18. The performance on the learning set is improved with a coefficient 𝑅 2 close to 1. The estimated noise is greatly reduced down to the value of 0.00022 which is close to a rough estimate of the error that could be induced by imperfect mesh convergence. The LOO cross-validation reveals that the model globally generalizes better than before. However, some local LOO errors are still non-negligibleespecially around the lowest outputswhich points out that the corresponding input areas are probably still not explored enough. The resulting correlation lengths are given in Table 5.5. Compared to the previous results, all correlation lengths decreased, including those corresponding to 𝜑 and to the 𝐿 𝑥 /𝜆 ratio.

Even though the length associated to 𝜑 greatly reduced compared to the previous kriging (see Table 5.4), its length remains relatively high compared to those of the other parameters. By looking at the additional test-sets used to investigate the effects of these two parameters in more details, it confirms that the prediction of the non-linear influence of 𝐿 𝑥 /𝜆 was improved (see Figure 5.19.a). However, as illustrated in Figure 5.19.b, the decrease in correlation length for 𝜑 is not high enough and the effect of this feature is still not reproduced. The results of the global sensitivity analysis using the Shapley effects are provided in Figure 5.20. The contributions of the 5 control parameters are globally reduced since a new auxiliary parameter Γ was added. The new kriging model relies in fact roughly as much on Γ than on 𝜃 max . The two parameters are not completely correlated so this higher number of inputs having an influence is probably the explanation for the better accuracy and reliability of the predictions. It should be noted that the sensitivity diagram should not be interpreted as usual since the value of Γ is completely defined by the 5 other parameters, it cannot be varied independently (as usually assumed in this type of graph). 

Conclusions and outlook

FEA were performed, following an optimal hypercubic space filling design of experiments (LHS type) where only a part of the experiments was selected based on their geometric feasibility. Two new parameters were introduced to better control the defect shape: the maximum waviness angle 𝜃 max and the 𝐿 𝑥 /𝜆 ratio which is representative of the number of oscillations. These two parameters replaced the amplitude 𝐴 and the wavelength 𝜆. Even if a part of the problem non-linearity is accounted for by those new parameters, a linear surrogate model cannot correctly describe the response surface relating the geometric input parameters to the stiffness KDF.

A kriging model was thus used for metamodeling, assuming a slight noise on the simulation response due to mesh-related approximations. The stiffness KDF variations with the model input parameters globally present a moderately nonlinear behaviour, mainly influenced by 𝜃 max , 𝐿 𝑧 and 𝐿 𝑥 . A strong coupling was observed between these parameters. A sensitivity analysis was conducted to investigate the respective influence of the defect's parameters. A small influence of 𝐿 𝑥 /𝜆 was observed and could partly be explained because it implies, due to the chosen parametrisation, a reduction of the maximum ply deviation. Also, the negligible effect of the phase 𝜑 may be understood when several oscillations are present. In addition, strong nonlinearities with respect to 𝐿 𝑥 /𝜆 and 𝜑 arise for low 𝐿 𝑥 and 𝐿 𝑥 /𝜆 (associated to a bell shape). These strong local nonlinearities are hardly captured by kriging, partly due to the fact that constant correlation lengths are assumed for each parameter across the whole domain and partly due to the limited size of the learning data set.

Introducing a new auxiliary descriptive parameter Γan integral over the tangent of the misalignment anglethat intrinsically captures a part of the nonlinearity, greatly facilitated the metamodeling. It should be noted that it was chosen to add information (and thus to increase the number of inputs) even if part of this information is redundant, instead of risking losing it by replacing 𝜃 max or 𝐿 𝑥 /𝜆. A linear metamodel with the new increased number of input parameters (5+1) could globally grasp the whole response surface, with a maximum relative error of 2.6% for the configurations on which the surrogate model was trained. A new kriging metamodel was also trained with the additional Γ parameter. The corresponding results were obtained with a greater accuracy and with a lower generalisation error since the maximum relative error in LOO was limited to 1%.

However, the effect of one input parameter, the phase 𝜑, is still not reproduced by the kriging metamodel and was hardly detected by LOO cross-validation. This shows that a physical analysis of the problem is always necessary to criticise the behaviour of a metamodel and that an adaptive enrichment of the initial DoE should always be performed until a completely satisfying physical behaviour is obtained. To this end, adaptive sampling (or active learning) allows the definition of new FEM at the locations in the parameter space where the uncertainties in the metamodel response are maximum. The kriging metamodel conveniently provides an estimate of this uncertainty.

Finally, beyond the possible improvements, the surrogate model that takes the 5 'control' parameters with the auxiliary parameter Γ as inputs, provides satisfactory fast estimates of the KDF induced by an OoP waviness on the stiffness in a X4 laminate under tension. These estimates are determined based only on the defect geometrical description i.e. the 5 'explicit' parameters from which the control and auxiliary parameters are calculated.

The methodology developed here can be directly applied to other outputs, such as the damage onset or the failure stress, or even re-consider to refine the study on the stiffness after having improve the FEM detailed in the chapter 4. However, the auxiliary parameter that captures non-linearities should be different depending on the metamodel output. Indeed, in the case of the stiffness, Γ accounts for the 0° ply misalignment in the whole laminate. However, in the case of the damage onset, which is associated to more local phenomenon, this parameter could be irrelevant and a more influent parameter would have to be selected.

Conclusion & Perspectives Conclusion

In this PhD thesis, a global methodology was developed to characterise experimentally and numerically the effects of out-of-plane waviness on the mechanical performances of a composite laminate including the local stiffness, the damage scenario and the failure stress. An end-to-end approach has been proposed, from the manufacturing of composite plates with defects to fine finite element modelling and ultimately to the fast estimate of knock-down factors on a selection of mechanical properties using metamodeling strategies. This work focuses on thermoplastic matrix laminates while most studies in the literature up to this day mainly addressed thermosetting matrix composites. The conclusions are gathered in three sections: (i) the manufacturing of plates with initial out-of-plane wavinesses, (ii) the experimental and numerical study of the effects of defects and (iii) the exploration of metamodeling strategies to estimate mechanical knock down factors (application to the tensile stiffness).

Artificial generation of industrially representative defects

Two methods proposed in the literature to generate artificially out-of-plane waviness in thermosetting matrix composites were tested, adapting them to the material investigated through the thesis and its manufacturing process under heating press. The method consisting in introducing excess length with over-sized plies yielded the most pronounced defects both in cross-ply and quasi-isotropic laminates (see Chapter 1) and was thus selected for the manufacturing of the specimens experimentally tested.. The main drawback of the method is that the final shape of the defect cannot be controlled, and sometimes a pristine or almost pristine plate is obtained. The manufacturing of the different plates revealed that it is more difficult to generate defects in quasi-isotropic than in cross-ply laminates, contrary to observations made in the literature for defects formation in thermosetting matrix laminates [Hallander et al. 2013]. The proposed method is specifically adapted to the manufacturing process of components in a closed frame under a heating press, and can thus be directly transposed to other laminated materials consolidated with this process.

The generated out-of-plane wavinesses were described using a parametric geometric model that was developed based on the observations of 6 defects in 3 different cross-ply laminates. An identification method was designed to automatically extract the defect geometric parameters from 2D micrographs or 3D X-ray computed tomography images. The method is robust against noisy acquisitions as it is based on the average difference between the acquired image and a generated fictive parametric image. All the identified parametric morphologies of the generated defects match well with those of the real defects. In addition, despite being developed for outof-plane wavinesses in the studied material, the geometric model can be applied to a wider range of materials. In particular, it was successfully applied to industrial defects generated in thermosetting matrix laminates and NCF as shown in Chapter 2. However, some local errors between the parametric and the real geometries were observed on the waviness morphologies for the manufactured quasi-isotropic specimens and for a part of the industrial defects (processed in Chapter 2). Possible improvements are detailed in the perspectives below.

Effects of defects on the mechanical performances

Tensile and compressive tests were carried out on cross-ply and quasi-isotropic laminates with and without initial defects. The results evidence a decrease of the local composite stiffness, differences in the damage scenarios and a strength reduction of the composite in presence of an out-of-plane waviness. The finite element models of the tested specimens qualitatively capture these effects and confirm the experimental results. The wavy 0° plies deformed either to flatten under tension or to accentuate the waviness under compression. It generated stress concentrations that favour transverse cracks. The orientation of the maximum transverse stress is also affected by the ply waviness and is no longer aligned with the loading axis. The induced cracks are skewed and deteriorate both the in-plane and the out-of-plane ply properties. The out-of-plane stresses contribute significantly to the stress concentrations and play a major role in the premature delamination onset. Moreover, the out-of-plane displacement should lead to a significant non-linear behaviour in the 0° plies that are bent. In addition, in compression, the out-of-plane strains of the wavy plies facilitate the buckling of the straight plies, which break prematurely.

For a given layup, only 2-3 specimens were tested under the same loading conditions. In addition, except for tensile tests on CP, the defects tested under the same loading for a given layup had similar geometries and thus similar effects on the mechanical properties. Therefore, the number of studied different configurations of initial defects remains limited and the conclusions must be drawn carefully. However, these tests provided experimental data (presented in Chapter 3) that validated the mechanical representativeness of the geometric model (developed in Chapter 2) and of the finite element models (analysed in Chapter 4).

In the used finite element models, the experimental ply local bending response seems poorly reproduced which prevents the resultsfor the stiffness, the damage progression and the failure stressfrom being quantitatively accurate. Notably, the Onera Progressive Failure Model used in this thesis was developed for pristine laminates without ply waviness and thus negligible outof-plane stresses in the plies. Therefore, in the model, the out-of-plane stresses do not affect enough the different ply damage mechanisms, which potentially prevents the wavy 0° plies from bending sufficiently, and thus reducing the load transfer to the appropriate plies (which depend on the loading direction). Also, the compressive fibre failure criterion depends only on the longitudinal stress and does not account for the effect of out-of-plane shear stresses 𝜎 13 that can easily trigger ply buckling or fibre kinking. Including these improvements constitutes short term perspectives of the Ph.D. thesis.

Fast estimate of the effects of defects

Finally, a strategy based on metamodeling to quickly estimate knock down factors associated to out-of-plane waviness geometries was investigated in Chapter 5. The method was developed in the restricted frame looking only at (i) the effect on the stiffness of a cross-ply laminate under tension, and (ii) wavinesses with a constant amplitude through the specimen width and located near the mid-plane of the laminate. A reflection was carried out on the parameters to take as inputs of the metamodel and led to the definition of 5 'control' parameters and one auxiliary feature that are directly deduced from the 'explicit' parameters of the geometric model describing the defect morphology. The metamodel analysis highlighted that the maximum waviness misalignment angle and a measurement of all the local misalignments Γ (based on the idea of the crimp percentage) are the two parameters among the 6 studied geometric parameters that have the most significant effects on the tensile stiffness. The kriging metamodel using 5 'control' parameters and the auxiliary feature Γ provides satisfactory results with a maximum 'Leave One Out' error of 1%.

The developed metamodeling strategy paves the ways for fast effects of defect estimation using only the defect morphology as input, which could be used to propose knock down factor charts. In addition, the proposed methodology can be used to capitalize on the different future finite element models performed to study the effects of defect by integrating them in the learning set of the metamodel.

Perspectives

Short terms perspectives are directly linked to the limitations mentioned before. Each of the five bricks that constitute the global approach of the thesis (1. manufacturing, 2. parametrisation 3. testing, 4. modelling and 5. fast estimate) can be improved independently. Some enhancements are proposed hereinafter.

Description of the defect geometry: A possible way to improve the description of the outof-plane wavinesses is to introduce a variation through the specimen width of the defect geometric parameters, other than the defect amplitude. However, before adding complexity to the geometric modelhere by increasing the number of parametersit would be interesting to ascertain beforehand the influence of each parameter and estimate the accuracy improvement on the modelled mechanical response. For instance, the metamodel suggests that a variation of the phase through the specimen width may not significantly change the effect of the defect on the stiffness since the response surface has a low sensitivity to this parameter. A sensitivity study should also be performed for other output types (knock down factors on damage onset and strength).

Experimental testing: The tensile strengths of the pristine quasi-isotropic laminates are widely scattered, which is due to the fact that two of the three specimens broke in the jaws because of too high jaw grip pressure. Two additional tests with a failure in the gauge section could thus complete the previous results and help determining the failure stress associated to a proper failure which is used as the reference value to calculate the knock down factors.

In addition, as mentioned before, the experimental study in this thesis was carried out on a limited number of specimens with defects. Therefore, to evaluate and confirm the influence of the effects of the defect depending on its geometry, it would be interesting to manufacture more plates with out-of-plane wavinesses, at least one quasi-isotropic and one cross-ply laminate. As the defect shape cannot be controlled with the selected method, the generated defects might have different morphologies than those studied in this work. Also, to test waviness with probably different amplitudes, specimens tested under the same loading conditions should be extracted from different sides of the plates since the defect amplitude mainly varies monotonically from one plate edge to the other.

Modelling: The Onera Progressive Failure Model used in this thesis was initially developed for pristine thermosetting matrix composites. Part of the limitations highlighted in this work are due to a direct application of the models to thermoplastic matrix composite laminates with outof-plane wavinesses. For instance, in wavy 0° plies under tension, the initially misaligned fibres do not realign with the loading axis as they would in a straight ply. Therefore, the phenomenon at the origin of the longitudinal elastic non-linear behaviour does not occur, and this behaviour should not affect these plies. Moreover, it was chosen not to consider out-of-plane damages inside the ply but only at the ply interfaces (for delamination modelling) as commonly used in the literature. However, the modelled bending behaviour was stiffer than what was experimentally observed. The out-of-plane stresses generated in the 0° plies should damage the plies matrix (which does not affect the longitudinal behaviour) and then induce further nonlinearity for the out-of-plane 13 shear behaviour (and thus the bending). In addition, a compression / shear coupling should be added in 𝑓 1 -to account for the effect of the shear stress in the 0° plies on the kinking. All these modifications should accentuate the bending behaviour and induced higher out-of-plane shear stresses. To accurately model them, it would be necessary to adapt the mesh, notably by increasing the number of elements in the ply thickness and/or changing the type of elements (higher order element).

Also, the modelling of the inter-fibre in-plane damage, especially the transvers cracks in the 90° plies, could be refined. Indeed, the current formulation considers that the cracks are always normal to the ply. Therefore, the damage only affects the in-plane properties. However, the cracks observed in the experiments were skewed in the defect zone, and the finite element analyses showed that the local maximum transverse stress was indeed tilted with respect to the loading axis. A solution could be to use a tensorial damage variable that includes information about the damage orientation, but the formulation of the associated law (while ensuring thermodynamic consistence) can be complex.

Moreover, in the models, the thermal residual stresses, which result from the mismatch in thermal expansion coefficients between the fibres and the matrix or between two differently oriented plies, were not accounted for, despite their potential impact on damage onset. These stresses superposed with the mechanical loading, and thus the thermal residual stresses could have a strong influence on the prediction of the ply damage onset [START_REF] Parlevliet | Residual stresses in thermoplastic compositesa study of the literature. Part III: Effects of thermal residual stresses[END_REF].

Quick estimate of KDF: The metamodeling strategy can be directly applied to determine the surface response associated to other knock down factors such as the effect on damage onset or on the failure stress, for both tensile and compressive loadings. By default, the strategy with the 5 'control' parameters that describes the defect geometry can be used to assess the mechanical property drop. An auxiliary parameter, used as an additional input parameter for the metamodel, can greatly improve the surrogate model performance, but it has to be adapted regarding each estimated output.

Moreover, with the aim of an industrial application, the currently restricted frame in which the metamodel strategy was developed, should be widened with respect to the defect morphology (that was restricted to constant defect through the specimen width) but also including information on the layup to be able to process other stacking sequences. For the defect geometry, the two 'explicit' parameters controlling the Gaussian form along the 𝑦-axis should be added to consider a waviness with a variation of amplitude through the specimen width, which has been observed on some specimens. Another restriction of the study was the fixed defect location in the thickness. Therefore, this position should be used as an input parameter to generalise the model to a wider variety of defects. It could be better to express this position as a percentage of the laminate thickness, and replace the defect extent in the thickness by a percentage of plies affected by a waviness with an amplitude over a threshold value which should be determined. Introducing the maximum ply deviation would account for part of the response surface non-linearity introduced with the defect position and possibly capture a part of the effect induced by a phase shift (since it directly affects the maximum ply deviation). Finally, to extend the metamodel to multiple layups, instead of one specific cross-ply stacking sequence, the stacking sequence information must be added in the metamodel inputs. However, this layup information should be introduced as continuous variables. A possible way to describe the layups continuously is to use the lamination parameters or the polar parameters (often used in optimisation) that represents the stacking sequence by the different homogenised stiffnesses of the laminate. Therefore, these parameters may be used as the metamodel inputs to generalise for different layups.

Finally, the study proposed in this PhD thesis can be transposed to other materials or tested part shapes or load cases. For instance, in the framework of the CleanSky project differences between a thermosetting and a thermoplastic matrix laminate were emphasised for pristine specimens (especially regarding the crack morphologies and distribution). Therefore, this work could be extended to determine the differences in the effects of defects in these two materials. Finally, this work improves the understanding of the effects of defects in unnotched laminated plates, however, the domain explored remains limited especially regarding industrial structure applications, and needs to be further extended. The PhyDefect project is therefore investigating the effects of out-of-plane waviness embedded in more complex components. For instance, the effects of defects in L-angle specimens are currently analysed under 4 bending points and unfolding loadings. Moreover, a work-package of this project also focuses on the size effect and for instance investigates the effects of defects with a fixed size in a stiffened panel. • Concerning the continuum damage behaviour, the strength used for the failure criteria (Eq. 4.9) are gathered in Table A.4. The fibre strengths were determined from tensile and compressive on 0° plies (or, especially for compression, by inverse identification on 0°/90° cross-ply laminates). The in-plane inter-fibre (transverse and shear) strengths were determined using tensile and compressive tests on 90° plies and tensile test on [±45]s. Finally, the out-of-plane shear strength can be identified from short-beam strength tests (also called "ILSS" which stands for Inter-Laminar Shear Strength) performed on 0° UD and quasi-isotropic laminates. However, since the ILSS tests have not been performed yet in CS2, the value used in the thesis was thus only estimated from results on other materials. • The coefficients of the effect tensors are shown in Table . As mentioned in chapter 4 section 4.1.2.2, the material effect tensor coefficients ℎ 𝑖𝑖 with 𝑖 = {1,2,4,5,6} are determined through a micromechanical approach by energy equivalence between the damaged material and a pristine one detailed in [Laurin 2005]. This identification procedure relies only the knowledge of the 3D elastic properties. • The parameters for the damage evolution (Eq. 4.10 -Eq. 4.13) are listed in De par leurs propriétés mécaniques élevées, les matériaux composites sont de plus en plus employés pour la réalisation de structures primaires aéronautiques. Bien que les composites à matrice thermodurcissable soient majoritairement utilisés pour ces applications, les principaux avionneurs, dont AIRBUS, s'intéressent aujourd'hui aux composites à matrice thermoplastique. En effet, ces matériaux offrent, entre autres, des possibilités de soudage et un potentiel de recyclabilité. De plus, ils permettent de fabriquer des pièces avec des cadences élevées et d'optimiser les lignes de production avec l'utilisation de procédés hors autoclave.

Viscoelasticity

Cependant, lors de la fabrication, des défauts peuvent apparaitre et avec une probabilité d'autant plus importante que les pièces produites sont grandes. Or un procédé de fabrication robuste s'appuie sur une qualité standard couvrant les « défauts » récurrents, pris en compte dans les justifications de performance de la pièce. AIRBUS considère donc trois niveaux de qualité : la qualité laboratoire, la qualité standard et les défauts de fabrication. Les défauts sont ici des imperfections qui peuvent avoir une influence sur les performances de la pièce. La qualité standard, quant à elle, inclut certaines imperfections matériau couvertes par les critères d'acceptabilité. Il est alors indispensable de comprendre les effets des défauts, notamment sur le comportement mécanique du matériau, afin d'établir la qualité standard et de proposer des méthodes efficaces pour analyser leur influence.

Cette thèse, encadrée par AIRBUS et l'ONERA, est dédiée à la caractérisation et la modélisation des effets d'un type de défaut initial, l'ondulation hors plan, sur les performances mécaniques d'un composite stratifié de plis d'unidirectionnels à matrice thermoplastique.

Le choix de ce défaut de fabrication a été motivé par le besoin industriel. Par retour d'expérience, l'équipe d'AIRBUS de soutien technique à la fabrication a fait état que la problématique d'ondulation hors-plan est un sujet prioritaire lors du développement du procédé de fabrication. Pour permettre l'évaluation de l'influence mécanique de ces défauts en un temps limité, une approche conservative, basée sur les résultats d'essais disponibles chez AIRBUS, est utilisée pour couvrir les différentes ondulations observées. Cette approche peut être améliorée en définissant une relation entre la morphologie du défaut et son influence sur les différentes propriétés mécaniques. En outre, le défaut d'ondulation hors-plan est connu pour avoir une influence sur les performances mécaniques des matériaux stratifiés, en particulier en compression [Alves et al. 2021;Kulkarni et al. 2020;Mukhopadhyay et al. 2015a;Mukhopadhyay et al. 2015b].

Ainsi, les effets d'ondulations hors plan sur les performances mécaniquespropriétés élastiques, scénario d'endommagement et rupture -d'un stratifié à matrice thermoplastique ont été étudiés à la fois expérimentalement et numériquement. La démarche globale mise en place lors de la thèse, illustrée Fig. 1, se décompose en cinq aspects principaux correspondant aux cinq chapitres de ce manuscrit : 1. la fabrication d'éprouvettes avec des ondulations ayant des morphologies représentatives de défauts pouvant être rencontrés lors du développement de process, 2. la description paramétrique des géométries des défauts générés, 3. la caractérisation mécanique en traction et compression des effets des défauts, 4. la réalisation des essais virtuels correspondant et 5. la proposition d'une stratégie de modélisation pour accélérer l'estimation de facteurs d'abattement. 

Fabrication de plaques avec défauts initiaux

Le matériau composite étudié est un stratifié de plis pré-imprégnés unidirectionnels « TC1225 UD tape » de Toray Advanced Composites. Il s'agit de pré-imprégnés à fibres de carbone et à matrice thermoplastique de la famille PAEK. Le matériau est consolidé sous presse chauffante dans un moule avec cadre selon le cycle fourni par le fabricant avec une température dépassant 340°C et une pression supérieure à 5 bars.

Afin de générer au sein de plaques stratifiées des défauts d'ondulations hors-plan, deux techniques sont sélectionnées dans la littérature en se basant sur (i) la similarité des morphologies de défauts obtenus avec ce qui est observé industriellement et (ii) la compatibilité avec le procédé de consolidation. La première méthode, basée sur la stratégie d'insertions de bandes proposée entre autres par Mukhopadhyay et al. [Mukhopadhyay et al. 2015a], introduit le défaut par un ajout local de bande de matériau. Elle permet un certain contrôle de la forme d'ondulation générée au travers du choix du positionnement des bandes de plis. En revanche, pour le matériau étudié, les différents défauts induits ont une géométrie très aplatie et des amplitudes relativement faibles, le maximum de déviation de pli étant aux alentours de 0.2 mm (soit un peu plus d'une épaisseur de pli théorique). La seconde stratégie, inspirée des travaux de [Belnoue et al. 2018;Bloom et al. 2013;[START_REF] Potter | [END_REF], consiste à utiliser des plis d'un peu plus grande dimension venant empiéter sur la marge laissée normalement avec le cadre du moule pour la dilatation thermique, comme schématisé Fig. 2. Le but étant de tester mécaniquement par la suite les éprouvettes avec défauts, l'ondulation doit être générée vers le centre de la plaque (et donc à terme dans la zone utile de l'éprouvette). Pour cela, un faible défaut de planéité dans le contre-moule a permis d'introduire une instabilité localisant les ondulations sous cette aspérité.

Les morphologies d'ondulations obtenues avec la seconde méthode sont similaires à ce qui a pu être constaté industriellement. De plus, la stratégie cherche à reproduire un mécanisme à l'origine de la génération de défaut sans faire d'ajout local de matière qui est peu représentatif d'un procédé de fabrication industrielle. Cette technique a donc été retenue par la suite pour fabriquer les différentes plaques avec défauts d'ondulations testés tels que ceux présentés en Fig. 2.

Fig. 2 -Principe de la stratégie de génération de défaut par sur-longueur des plis (haut). Exemple de défauts fabriqués dans un stratifié croisé (gauche) et quasi-isotrope (droite).

Des plaques de stratifications croisées 0°/90° de 20 plis et quasi-isotropes 0°/90°/±45° de 24 plis sont fabriquées en insérant artificiellement des ondulations hors plan. Les amplitudes d'ondulation obtenues pour la stratification quasi-isotrope sont globalement plus faibles que celles visibles dans la stratification croisée. Cela s'est notamment traduit par des difficultés de génération de défauts dans les plaques de stratification quasi-isotrope, certainement liées à la présence des plis à ±45°, dont les fibres se déplaçant difficilement, freinent la formation de l'ondulation des plis à 0°. D'autre part, les différentes configurations testées (dimensions de plis, application de surlongueur plus importante sur certains plis, etc.) n'ont pas permis de faire apparaitre de relation claire entre les sur-longueurs introduites et la forme ou l'amplitude du défaut généré. On notera que cette géométrie d'ondulation est a priori sensible à de faibles variations de dimensions des plis, ou même, au positionnement de ceux-ci dans le moule (au centre ou collé au cadre). Or la précision associée à ces différents facteurs est difficile à assurer lors de la fabrication de la plaque. De plus, pour une sur-longueur donnée, plusieurs formes d'ondulation sont possibles, telles qu'une grande ondulation en forme de cloche ou bien plusieurs petites ondulations, expliquant l'absence de mise en évidence de relation simple entre les paramètres procédé et les caractéristiques du défaut.

Des observations tomographiques ainsi que des micrographies sur la tranche sont menées avant les essais, d'une part, pour vérifier que les morphologies de défauts sont représentatives des problématiques industrielles, et d'autre part, pour établir l'état initial des éprouvettes et fournir une description des défauts générés.

Description paramétrique des géométries d'ondulations

Afin de pouvoir relier les effets des défauts qui pourront être observés expérimentalement à leurs caractéristiques géométriques, les paramètres géométriques des ondulations hors-plan ont été identifiés à partir de micrographies ou tomographies X des éprouvettes. Dans le but de pouvoir à terme générer efficacement des configurations de défauts fictifs, la description de la forme des ondulations est effectuée sur la base d'un modèle géométrique de complexité maitrisée avec un nombre raisonnable de paramètres et ayant, dans la mesure du possible, un sens physique tel que la période de l'ondulation.

Dans un premier temps, la proposition d'un tel modèle géométrique a été réalisée à partir de l'observation de différents défauts pour trois stratifications croisées 0°/90°, d'épaisseur différentes des plis à 90°. L'analyse des micrographies, toutes dans le plan 𝑥𝑧, à l'exception d'une dans le plan 𝑦𝑧 afin d'illustrer les variations du défaut dans la largeur d'une éprouvette, ont permis de mettre en avant les caractéristiques suivantes, sur lesquelles s'appuie la proposition du modèle géométrique :

-L'épaisseur des plis à 0° varie peu dans la longueur et la largeur de l'éprouvette ; -Les plis à 0° ondulés sont bien décrits à l'aide d'un cosinus modulé par une gaussienne ; -L'amplitude d'ondulation associée à chaque pli à 0° varie de manière gaussienne dans l'épaisseur du stratifié ; -L'amplitude du défaut varie également dans la largeur de l'éprouvette de manière gaussienne. A partir de ces observations, le modèle géométrique, décrit en Fig. 3, est proposé pour décrire l'ensemble des ondulations générées durant la thèse. Cette description volumique est similaire à celle proposée par Xie et al. [Xie et al. 2018] pour des ondulations dans des stratifiés de plis d'unidirectionnels à fibres de carbone et à matrice thermodurcissable, et se base sur 9 paramètres géométriques. Selon l'axe 𝑥 la forme de l'ondulation est décrite par un cosinus modulé par une gaussienne, et l'amplitude du défaut est modulé par deux gaussiennes selon 𝑦 et 𝑧 respectivement. Les 9 paramètres sont :

-le centre du défaut, qui correspond aux maxima des gaussiennes, [𝑥 0 , 𝑦 0 , 𝑧 0 ], -l'étendu du défaut, qui correspond à 6 fois l'écart type des 3 gaussiennes, [𝐿 𝑥 , 𝐿 𝑦 , 𝐿 𝑧 ], -l'amplitude maximale des enveloppes gaussiennes A, -la période du cosinus 𝜆 et son déphasage Δ avec le centre de la gaussienne 𝑥 0 . Dans un second temps, des stratégies d'identification automatique de ces paramètres géométriques ont été mises en place. La première s'appuyant sur une méthode de segmentation classique d'image basée sur les différences de niveau de gris s'est avérée efficace pour le traitement d'images de bonne qualité, peu bruitées et avec une résolution suffisante pour correctement distinguer les interfaces des plis à 0°, telles que les micrographies sur le chant des éprouvettes. Cependant, cette méthode n'a pas donné de résultats satisfaisants pour l'identification de la géométrie 3D à partir d'un scan tomographique. Cela a motivé le développement d'une nouvelle stratégie plus robuste au bruit en utilisant la connaissance a priori de la géométrie du défaut.

Cette méthode se base sur la comparaison des images réelles à des images virtuelles, où la morphologie de l'ondulation est construite grâce au modèle géométrique fourni. Le coefficient de corrélation linéaire de Pearson est utilisé comme score de comparaison. L'identification des paramètres géométriques se fait alors par maximisation de ce score à l'aide d'une méthode d'optimisation de type simplex.

La stratégie a pu être appliquée avec succès sur une tomographie d'éprouvettes croisées avec défauts puis sur les différentes micrographies donnant un résultat visuellement en bon accord avec les images réelles. Le principal avantage de cette technique réside dans son habilité à traiter des images bruitées où les interfaces ne sont pas toujours clairement visibles ou bien de faible résolution (typiquement avec seulement 3 à 4 pixels dans l'épaisseur d'un pli) en utilisant la connaissance a priori de la morphologie de défaut. D'autre part, la méthode est suffisamment robuste pour être transférable à l'industriel et le modèle géométrique a également pu être validé sur certains défauts d'ondulations étudiés par ailleurs au sein d'AIRBUS.

Caractérisation mécanique des effets des défauts

La caractérisation des effets des défauts sur les performances mécaniques réalisée dans cette thèse s'est concentrée sur leurs effets sur la rigidité initiale, le scénario d'endommagement et la rupture pour des sollicitations quasi-statiques en traction et compression sur plaques stratifiées lisses. Afin de mettre en avant les effets des défauts, des éprouvettes saines ont été testées pour servir de référence. Deux stratifications sont considérées : un empilement croisé [0/90/0/90 3 /0 2 /90 2 ] s et un quasi-isotrope [(45/90/-45/0) 3 ] s pour être plus représentatif d'empilements industriels.

Une instrumentation riche a été mise en place pour capturer les effets des défauts :

-Deux capteurs d'émission acoustique positionnés sur l'éprouvette dans le cas de la traction et sur les mors en compression. Les évènements acoustiques sont classiquement associés à des mécanismes d'endommagement comme la fissuration matricielle ou la rupture de fibres. Ils servent donc d'indicateurs de seuil d'endommagement et donnent une idée qualitative sur les cinétiques de fissuration. -De la stéréo-corrélation d'images est mise en place sur une des surfaces de l'éprouvette sur laquelle a été déposé au préalable un mouchetis, donnant accès à l'analyse de différents champs de déplacements et de déformation sur cette surface. -Un suivi optique de l'endommagement sur la tranche de l'éprouvette est réalisé pour quelques essais de traction à l'aide d'un microscope optique placé sur une table 3 axes en suivant le protocole proposé par [START_REF] Nicol | [END_REF]. De plus, une caméra focalisée sur la zone du défaut permet de suivre tout au long des essais les différents scénarios d'endommagement ayant lieu au niveau de l'ondulation.

La Fig. 4 illustre une partie des effets des défauts observés expérimentalement pour les éprouvettes de stratification croisée 0°/90°. Concernant la rigidité, une mesure de celle-ci est effectuée à partir des courbes contraintedéformation par une régression linéaire réalisée entre 0.1% et 0.3% de déformation longitudinale. La déformation longitudinale est elle-même estimée à partir de 3 extensomètres virtuels distribués dans la largeur de l'éprouvette et de longueur 35 mm et 20 mm respectivement pour les chargements de traction et de compression. Ces mesures ont mis en évidence un abattement de la rigidité pour les éprouvettes avec défaut. Cet abattement varie selon le défaut, la stratification et le chargement, mais il semble globalement faible avec un facteur d'abattement (noté 'KDF' pour Knock-Down Factor) typique de 0.95.

En présence d'ondulation hors-plan, les différents champs observés par corrélation d'images sur la surface avec mouchetis présentent une inhomogénéité localisée au niveau du défaut, en particulier pour les champs de déformation longitudinale et de déplacement horsplan. L'effet des défauts sur la rigidité est particulièrement lié à cette inhomogénéité locale. Ainsi en faisant varier la longueur des extensomètres (ajoutant ou retirant ainsi des zones « saines » dans la mesure moyennée), la valeur du KDF se retrouve affectée, renforçant l'effet en réduisant la longueur de l'extensomètre.

Les scénarios d'endommagement en traction sont également modifiés en présence d'ondulation, à la fois sur les seuils mais également les morphologies de fissuration. Des problèmes d'acquisition de l'émission acoustique ont toutefois empêché une quantification précise des seuils d'endommagent. Cependant, l'analyse des images prises sur la tranche de l'éprouvette fait apparaitre que le délaminage et la fissuration matricielle (en particulier dans les plis à 90°) se produisent plus tôt dans la zone de l'ondulation que dans les zones saines. Notamment, le délaminage dans les stratifiés croisés, qui dans le cas des éprouvettes saines ne se produit qu'à la rupture de l'éprouvette, apparait assez tôt (à peu près en même temps que la fissuration) au niveau de l'angle maximal de l'ondulation. De plus, les fissures dans la zone du défaut traversent presque toute l'épaisseur du pli à 90°, sont assez largement ouvertes et sont inclinées, quand celles observées en zones saines ne traversent en moyenne que 1 ou 2 tiers de l'épaisseur du pli, sont moins ouvertes et restent « droites » i.e. normales à l'axe de chargement global. D'autre part, tout au long du chargement de traction les plis ondulés (principalement au centre du stratifié) s'aplatissent et s'alignent avec l'axe de chargement global. Ces plis sont donc sollicités en flexion et induisent des déplacements hors-plan facilitant le délaminage.

En compression, sur les 5 éprouvettes avec défauts testées, 3 ont cassé de manière fragile sans endommagement visible avant la rupture, et 2 autres ont cassé de manière plus progressive, permettant de dégager un scénario de rupture. Ces deux éprouvettes, une de stratification croisée et une de stratification quasi-isotrope, montrent une similarité dans le scénario. Voici les étapes de la rupture de l'éprouvette de stratification croisée :

i. Aucun endommagement visible ou événement acoustique n'est détecté jusqu'au pic d'effort. ii.

Au pic d'effort, un pli à 0° de surface, quasiment sans défaut, de par le procédé de fabrication qui assure une planéité des surfaces, rompt en premier (rupture fibre) à hauteur de l'ondulation. iii.

Des bandes de kinking se forment à travers l'épaisseur du stratifié au niveau de l'angle maximal du défaut avec du kinking des plis à 0°, de l'endommagement matriciel des plis à 90°, et des délaminages localisés entre les plis. On notera que l'amplitude du défaut des plis ondulés s'accentue légèrement au cours du chargement, provoquant des déplacements hors-plan qui poussent vers l'extérieur les plis de surface, eux-mêmes relativement plans.

Finalement, que ce soit en traction ou en compression, ces différents scénarios entrainent la rupture finale des éprouvettes qui est observée au niveau du défaut et de manière prématurée par rapport à la contrainte à rupture des éprouvettes de référence. Les facteurs d'abattements associés vont de 0.90 pour un défaut qui ne s'étend que sur une partie de la largeur de l'éprouvette et soumis à un chargement de traction à 0.48 pour un défaut dans la stratification quasi-isotrope sollicitée en compression. Pour un défaut « équivalent » (même ordre de grandeur d'angle maximal d'ondulation), les abattements semblent plus significatifs en compression qu'en traction. 

Modélisation par éléments finis des éprouvettes testées

Les études expérimentales ont été complétées par des analyses numériques par modèles éléments finis. Ces analyses permettent d'une part de mieux appréhender/expliquer les différents mécanismes qui ont pu être observés expérimentalement, et d'autre part, une fois le modèle validé, de prévoir les effets mécaniques de défauts générés numériquement à partir de la paramétrisation géométrique proposée plus tôt.

La génération des jumeaux numériques (i.e. les éprouvettes testées avec défaut et dont la forme des ondulations a été identifiée sur la base du modèle géométrique) se fait en 4 étapes : i. la génération du maillage avec défaut et la vérification d'absence d'éléments distordus ; ii. l'attribution de l'orientation locale du matériau prenant en compte à la fois l'orientation du pli (0°,90°,+45° ou -45°) et le désalignement lié à l'ondulation ; iii. le choix de la loi de comportement et la définition des propriétés matériaux associées ; iv. et l'application des conditions aux limites. L'insertion de défauts dans la stratification empêchant d'utiliser des conditions de symétrie pour réduire le modèle, il a été choisi de ne modéliser qu'une partie du volume de l'éprouvette pour rester sur des temps de calcul raisonnables. L'ensemble de l'épaisseur et de la largeur du stratifié est modélisé. Afin de déterminer la longueur à mailler autour du défaut, une étude préliminaire sur les perturbations des champs de contraintes en présence de défauts a été menée. Elle a permis de mettre en avant une zone sur laquelle les différentes composantes du tenseur des contraintes évoluent et en dehors de laquelle elles se stabilisent à l'échelle du pli. La longueur minimale à modéliser a ainsi été fixée de façon à ce qu'au niveau des conditions aux limites, l'ensemble des champs de contraintes soit stable, et a été défini en première approximation comme 1.5𝐿 𝑥 .

Dans un premier temps, une loi de comportement élastique linéaire a été appliquée à l'échelle du pli avec l'hypothèse d'isotropie transverse. On notera qu'il a été vérifié sur deux micrographies (stratification croisée, ondulations avec d'importantes variations d'épaisseur de plis à 90°) que le taux volumique de fibres était à peu près constant dans la longueur des plis afin de pouvoir considérer des propriétés matériau homogènes par pli. Ces modélisations permettent de comprendre les effets des défauts sur la rigidité locale de l'éprouvette et d'observer l'état de contrainte tout en conservant un coût de calcul relativement faible, même sur des maillages avec des éléments quadratiques et contenant plusieurs éléments dans l'épaisseur d'un pli. Dans un second temps, afin de modéliser les différents mécanismes d'endommagement jusqu'à la rupture du stratifié, la loi de comportement avec rupture progressive « OPFM » (ONERA Progressive Failure Model) a été utilisée. Le modèle est implémenté à travers une VUMAT pour le code de calcul éléments finis commercial Abaqus/Explicit. Cette loi de comportement est définie à l'échelle du pli. Elle considère diverses non-linéarités : (i) une élasticité non-linéaire dans le sens fibre, (ii) la viscoélasticité du pli, particulièrement importante pour les chargements de cisaillement, (iii) la dégradation du matériau dû à l'endommagement matriciel, et (iv) la dégradation brutale des propriétés mécaniques due aux ruptures de fibres. Finalement, pour modéliser le délaminage, des éléments cohésifs sont positionnés entre les plis d'orientations différentes. De plus, pour ces modélisations, les non-linéarités géométriques sont prises en compte.

Les jumeaux numériques des éprouvettes, testés en traction et en compression, permettent de retrouver qualitativement les différents effets des défauts observés expérimentalement (exemple d'illustration en Fig. 5). D'une part, la présence du défaut entraine des surdéformations visibles en surface de l'éprouvette et qui affectent donc la déformation globale mesurée pour le calcul de rigidité. Cette sur-déformation est fortement dépendante de la géométrie de l'ondulation et elle diminue notamment lorsque l'amplitude du défaut diminue dans la largeur. L'impact sur l'abattement de la rigidité reste cependant assez limité (environ 5%) et est sous-estimé par rapport aux valeurs des essais.

De par la présence de l'ondulation, des contraintes additionnelles hors-plan (𝜎 33 , 𝜎 23 , et 𝜎 13 ) sont générées au sein des plis et sont liées à l'apparition de zones de concentrations de contraintes qui favorisent l'initiation de fissures transverses et de délaminages. D'autre part, les cisaillements désorientent l'état des contraintes locales, notamment dans les plis à 90° où le chargement principal transverse n'est alors plus aligné avec l'axe de chargement global comme c'est le cas dans les zones saines. La direction de la contrainte transverse principale maximale obtenue correspond à la direction de l'ouverture des fissures en traction permettant d'expliquer l'inclinaison observée lors des essais. De plus, la séquence d'endommagement en traction prévue par OPFM est en accord avec les observations expérimentales tant sur les sites d'initiation de fissures et de délaminages que sur leur ordre d'apparition. En revanche, les chargements globaux, auxquels les états d'endommagement sont comparables ne sont pas les mêmes numériquement et expérimentalement.

En compression, le mécanisme de rupture prédominant est le kinking de fibres qui est un phénomène de micro-flambement de fibres se passant à l'échelle microscopique. Dans la littérature, il a également été mis en avant un effet de structure avec notamment une dépendance de la résistance du pli selon sa position dans la stratification. Un écart de 40% sur la tenue longitudinale en compression entre un pli en surface ou à coeur est estimé via l'application du modèle proposé par Grandidier et al. [Grandidier et al. 2012]. Dans le cas des éprouvettes croisées avec défaut, cet abattement de la tenue du pli 0° de surface s'ajoute à des concentrations de contrainte dues à des reports de charge des plis ondulés. Les premières ruptures ont ainsi lieu dans les plis à 0° de surface au niveau du défaut d'ondulation. Un endommagement matriciel ainsi que du délaminage est prévu par OPFM entre les deux sites de rupture fibres. Ce scénario de rupture est en bon accord avec les observations expérimentales en compression.

De même, la modélisation prévoit la ruine du stratifié au niveau du défaut et avec une contrainte plus faible que pour les éprouvettes de référence. En revanche, les valeurs des abattements induits par le défaut sur la contrainte à rupture sont (i) surestimées en traction (essais sur éprouvettes croisées : abattement expérimental de 10% et 31% ; abattement numérique de 30% et 51%) et (ii) sous-estimées en compression (essais sur éprouvettes croisées : abattement expérimental de 38% à 45% ; abattement numérique de 19% à 25%). Les analyses par éléments finis permettent donc de retrouver les tendances des effets des défauts expérimentaux (abattement sur la raideur, sur les seuils d'endommagement et la contrainte à rupture). En insérant la géométrie de l'ondulation dans le maillage, des contraintes hors-plan et notamment des cisaillements sont générées, expliquant par exemple l'orientation des fissures des plis à 90°. Les différents scénarios d'endommagement et de rupture prévus par le modèle OPFM sont en bon accord avec les observations. Cependant, dans les modélisations, les plis à 0° semblent se déformer dans la direction hors-plan moins que ce qui a pu être constaté expérimentalement sur les micrographies de la tranche. Ce phénomène peut expliquer en partie certains écarts de contraintes à rupture. En effet, cela signifie qu'en traction, les plis ondulés ne se réalignent pas suffisamment avec l'axe de chargement principal et reprennent donc moins de charge qu'expérimentalement entrainant la rupture prématurée des plis sains de surface. Inversement en compression, ces plis ondulés ne se déforment pas dans la direction hors-plan ce qui devrait accentuer l'ondulation et les cisaillements hors-plan générés. Or en se déformant, ils devraient pousser les plis sains à 0° et provoquer leur rupture par flambement, ce phénomène n'étant pas pris en compte, le stratifié casse plus tard que dans la réalité.

La thèse a permis de mettre en avant différents aspects pouvant expliquer les écarts expérimental/modélisation, dont la sur-rigidité en flexion des plis à 0° ondulés, et de fournir ainsi des pistes d'améliorations et des points d'attention, dont les principaux sont présentés cidessous.

• La non-linéarité sens fibre prise en compte dans le modèle est liée à un phénomène microscopique de réalignement soit des cristallites au sein des fibres de carbone, soit des fibres elles-mêmes au sein d'un pli droit avec l'axe de chargement. Or, dans le cas de plis ondulés, ce réalignement se produit surtout à l'échelle du pli et cette non-linéarité (notamment en traction) ne devrait donc pas s'exprimer pour ces plis.

• La caractérisation du matériau sain a été effectué dans un projet ayant lieu en parallèle de la thèse. Toutes les propriétés hors-plan n'ont pas pu être identifiées expérimentalement et ont donc été estimées à partir de la littérature ou d'études menées sur d'autres matériaux.

• Le seul endommagement hors-plan considéré est celui de délaminage se faisant entre plis d'orientation différentes. Or les contraintes hors plan 𝜎 33 et 𝜎 13 sont significatives au sein même des plis à 0°. L'ajout d'un endommagement de ces plis prenant en compte ces contraintes devrait diminuer la rigidité de ces derniers et faciliter leur déformation hors-plan en flexion.

• En compression, le critère de rupture fibre ne dépend que de la contrainte longitudinale. Cependant les cisaillements devraient aussi affecter la tenue du pli. L'ajout de cet effet du cisaillement, permettrait certainement d'être plus quantitatif sur la ruine en compression des stratifiés avec défauts (génération de cisaillement 𝜎 13 important due à la présence de défaut d'ondulation).

La prise en compte de ces différents aspects, donnerait notamment un poids plus important aux contraintes de cisaillement sur la réponse du stratifié. Or, afin de correctement décrire ces contraintes de cisaillement, une adaptation des maillages actuels pourrait être nécessaire, en particulier en augmentant le nombre d'éléments dans l'épaisseur d'un pli.

Finalement, l'évolution de la géométrie de l'ondulation dans la largeur de l'éprouvette est estimée à partir des observations des deux tranches, et n'est donc pas décrite de manière précise. Cela peut également entrainer des écarts entre la modélisation et les essais. Si l'on ajoute à cela le faible nombre d'expériences qui, dans le cas des échantillons soumis à la compression, présentaient des formes similaires pour chaque stratification et donc des effets similaires, il est difficile de se prononcer clairement sur les tendances globales des effets des défauts en fonction de leur géométrie. D'une part, pour vérifier les effets des défauts et réduire la dispersion, il conviendrait d'effectuer davantage d'essais expérimentaux. D'autre part, des analyses de sensibilité devraient être effectuées pour (i) déterminer les paramètres géométriques clés qui pourraient être liés aux effets mécaniques, et (ii) estimer la précision requise sur ces paramètres pour capturer correctement leurs influences sur les performances du matériau.

Stratégie de modélisation réduite

Pour faciliter l'évaluation des performances des pièces composites contenant un défaut d'ondulation hors-plan, une méthodologie permettant de réaliser des études paramétriques reposant sur un métamodèle a été proposée dans cette thèse en collaboration avec le projet PhyDefect, projet interne ONERA financé par la DGAC. Dans le but de mettre en place une démarche, l'étude se place dans un cadre restreint en étudiant la dépendance de la rigidité initiale à la variation de 5 paramètres géométriques décrivant une ondulation de plis.

Dans un premier temps, une réflexion sur les paramètres à utiliser en entrée du métamodèle a été menée. La géométrie considérée s'appuie initialement sur 5 variables du modèle géométrique proposé dans la thèse (𝐴, 𝐿 𝑥 , 𝐿 𝑧 , 𝜆 et Δ). Une re-paramétrisation de la géométrie a ensuite été proposée décrivant entièrement le même défaut à partir de son angle maximal de déviation de pli 𝜃 max , du rapport 𝐿 𝑥 /𝜆 qui conditionne le nombre d'oscillations, du déphasage 𝜑 lié à Δ et normé entre -π et π, et de 𝐿 𝑥 et 𝐿 𝑧 . Ce choix est motivé d'une part pour mieux parcourir la diversité de formes que peut prendre l'ondulation (cas de 𝐿 𝑥 /𝜆) et d'autre part pour intégrer aux niveaux des paramètres une partie des non-linéarités du métamodèle (cas de 𝜃 max ) et pouvoir potentiellement à terme diminuer la complexité de celui-ci.

Dans un second temps, le plan d'expériences, sur lequel le métamodèle est construit par la suite, a été sélectionné parmi différentes distributions issues de la littérature (principalement des échantillonnages par hypercube latin). Après chaque tirage, les jeux de données correspondant à des configurations impossibles, telles que celles ayant des plis à 0° s'interpénétrant, sont retirés. La méthode de « Maximin Latin Hypercube Sampling optimized by Simulated Annealing » a présenté le meilleur compromis entre l'exploration complète de l'espace paramétrique et l'uniformité de la distribution des configurations retenues.

L'analyse préliminaire des réponses du plan d'expériences montre que la totalité des variations ne peut pas être attribuée simplement à un paramètre ou un couple de paramètres. Des régressions linéaires mettent en avant que la non-linéarité de la surface de réponse a bien été réduite grâce à la réflexion menée sur les paramètres de contrôle via la re-paramétrisation. En effet, le coefficient de détermination associé à une régression linéaire est passé de 0.41 (très peu linéaire) à 0.88 (non-linéarité modérée). Il reste toutefois une part de variance non expliquée de plus de 10% nécessitant d'utiliser une technique de méta-modélisation non-linéaire pour la capturer. Dans le cadre de la thèse, un métamodèle de type krigeage a été retenu.

Dans le but de faire porter d'avantage les non-linéarités sur les paramètres et donc faciliter leurs captures par le métamodèle, une étude a été menée pour ajouter de l'information dans les données d'entrée via un paramètre auxiliaire supplémentaire. L'embuvage représente l'ajout de longueur induit par une ondulation par rapport au chemin rectiligne. C'est donc une mesure globale de l'ondulation des plis, et qui est a priori fortement liée à la notion de rigidité du stratifié. Le paramètre auxiliaire utilisé, noté Γ, a donc été construit à partir de cette notion d'embuvage en intégrant sur tous les plis à 0°, leurs déviations locales. L'ajout de ce paramètre auxiliaire en entrée du krigeage a permis d'améliorer significativement la qualité des prévisions du métamodèle. L'erreur de généralisation estimée par la méthode de validation croisée de type Leave One Out est faible et révèle une bonne capacité de généralisation du métamodèle sur les points testés.

Une analyse globale de sensibilité a été réalisée en s'appuyant sur les « effets de Shapley » afin de prendre en compte les interdépendances des paramètres d'entrée. Cette analyse souligne l'influence prépondérante de 𝜃 max et de Γ sur la réponse du métamodèle. On notera cependant que la non-influence du déphasage mise en avant serait liée, non pas à une absence d'effet, mais plutôt à un manque d'exploration de l'espace paramétrique dans la zone où 𝜑 s'exprime.

L'utilisation du krigeage pour la prédiction de l'effet de défauts d'ondulation sur la rigidité montre des résultats globalement bons et encourageants pour une application à l'estimation d'autres propriétés mécaniques. Toutefois, la recherche de configurations à ajouter dans le plan d'expérience par « apprentissage actif » devrait être mise en place afin de bien capturer les effets de paramètres ne s'exprimant que dans des zones restreintes. Une fois les hyperparamètres du métamodèle identifiés, l'estimation ultra-rapide des effets des défauts (exemple Fig. 6 de prévisions sur 1000 configurations de défauts en 4.5 secondes) pourrait permettre d'en faire un outil performant transférable à l'industriel. 

Conclusions et perspectives

Dans cette thèse, une méthodologie globale a été développée pour caractériser expérimentalement et numériquement les effets des défauts d'ondulation hors plan sur les performances mécaniques d'un stratifié composite de plis unidirectionnels, dont notamment la rigidité locale, les scénarios d'endommagement et la contrainte de rupture pour des chargements uni-axiaux de traction et de compression. Ce travail s'est concentré sur les stratifiés à fibres de carbone et matrice thermoplastique alors que la plupart des études dans la littérature jusqu'à ce jour ont principalement traité des composites à matrice thermodurcissable. Une approche complète a été proposée, allant de la fabrication de plaques composites stratifiées avec des défauts jusqu'à la modélisation fine par éléments finis et, enfin, à l'estimation rapide de facteurs d'abattement à l'aide d'une stratégie de type méta-modélisation.

Les 5 briques (1. fabrication d'éprouvettes avec et sans défaut, 2. description de la géométrie des ondulations, 3. essais mécaniques, 4. modélisation par éléments finis et 5. Métamodélisation) peuvent être améliorées, transférées, réappliquées à d'autres études de manière indépendante. Par exemple, la description de défauts d'ondulation a pu être appliquée avec succès durant la thèse à des images d'ondulation fournies par l'industriel sur d'autres matériaux composites. La démarche d'identification fait d'ailleurs l'objet d'un article en cours de rédaction. D'autre part, à la fois au travers de l'analyse expérimentale et numérique, un certain nombre d'effets des défauts ont pu être mis en avant. Un chargement classiquement plan sur une éprouvette lisse saine, devient alors un chargement tridimensionnel complexe au voisinage d'une ondulation de par la génération de contraintes hors-plan significatives. Les manques actuels du modèle utilisé sont principalement liés à la bonne prise en compte de ces contraintes hors-plan dans les seuils de fissuration et de rupture. De plus, les défauts entrainent la génération de gradients importants nécessitant une approche presque « structurale » à travers l'analyse non pas de valeurs scalaires telle qu'une déformation d'extensomètre mais une analyse en champs complets prenant en compte les gradients générés par la présence d'un défaut. Cette analyse en champ n'a pu être faite que qualitativement durant la thèse et mériterait d'être poussée davantage en perspective afin d'améliorer la comparaison essais-calculs.

Finalement, des perspectives sur le long terme consistent à progressivement traiter la question du facteur d'échelle sur les effets des défauts dans des pièces structurales telles que des cornières ou une structure complète de type panneau raidi. Abstract: This Ph.D. thesis (CIFRE ONERA with funding from AIRBUS Operations) focuses on the outof-plane waviness manufacturing defect generated in specimens of composite laminates composed of unidirectional plies with carbon fibres and a thermoplastic matrix. The effects of the defects on the mechanical performance were studied for tensile and compressive loads.

Out-of-plane waviness was artificially generated in the specimens during the manufacturing process. Optical observations on the specimen edge were carried out prior to the tests to analyse the defect morphologies. An experimental campaign on specimens with and without defects was carried out with multi-instrumented tests. It revealed a stiffness decrease, differences in damage scenarios (notably earlier crack and delamination initiation) and a failure stress reduction in the presence of a waviness.

In parallel, finite element models were developed to refine the understanding of the effects of defects. For this purpose, a digital twin was generated for each specimen based on optical microscope observations of the defect geometry carried out before the tests and on the basis of a parametric description of the defect. With a continuous damage model, the simulations revealed a local reduction of the elastic properties close to the maximum waviness and a significant knock down on the failure stress in relation to the severity of the defect. The model qualitatively captured the damage scenario of the experiments. Finally, a numerical strategy based on metamodelling was proposed to analyse the influence of each geometrical parameter of the defect on the mechanical response and to propose a fast estimate of the defectinduced knock down factors according to its geometry.
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 2 Figure 2 -Examples of three quality levels of open hole machining [Dupuy 2017].

  Figure 1.1 -Illustration of a composite laminate and its constituents.

  Figure 1.2 -Example of a composite laminate with out-of-plane waviness and definition of geometric parameters
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 13 Figure 1.3 -Examples of out-of-plane waviness defects from Airbus database. These defects are not representative of the industrial standard quality.

  Figure1.4 -Example of a joggled geometry with a varying cross-section and a defect generated in the recess area after hot drape forming[Hallander et al. 2015].

Figure 1

 1 Figure 1.6 -Manufacturing process of L shaped laminates: a) specimen without defect, b) specimen containing waviness[Hu et al. 2021].

  Figure 1.7 -Consolidation of prepreg stacks over curved tools: (a) unconstrained ends and interply slip during consolidation lead to book-end effect and (b) constrained part ends result to waviness formation[Belnoue et al. 2018].

  Figure1.8 -Generation of OoP waviness using oversized plies[Bloom et al. 2013] 

  Figure 1.9 -Examples of OoP wavinesses obtained with an external imprint.

  (a) Layup profile showing the location of the inserted strips (b) Resulting defects (with three maximum fibre misalignment angles)

  Figure 1.13.b illustrates the typical steps of a TP matrix composite consolidation cycle.

  Figure 1.13 -(a) The ONERA heating press and (b) typical thermoplastic matrix composite consolidation steps[START_REF] Wakeman | [END_REF]].

  Figure 1.14 -Micrographs of OoP waviness generated in (a) QI and (b) CP laminates by prepreg strip insertion with the configurations shown on the left.

Figure 1 .

 1 Figure 1.15 -Illustration of half-eye and eye shapes formed by the added strips after consolidation.

Figure 1 .

 1 Figure 1.16 -Evolution of inserted extra material into a QI laminate: (left) dimensions of the initial strips, (right) corresponding zoom.

  Figure 1.17 -Examples of configurations tested and a zoom on the location with the maximum ply deviation

  (a) Generated defect in X4-02 with a ply length of 298 mm. (b) Defect in QI24-03 generated with a ply length of 300 mm except for the four first plies (302 mm).

Figure 1 .

 1 Figure 1.19 -Micrographs of OoP waviness generated in (a) CP and (b) QI laminates using oversized plies

Figure 1 .

 1 Figure 1.20 -Micrograph of the defect with the highest maximum in-plane waviness observed in a 0° ply.

  ), only one contained a visible OoP waviness. Examples of the produced defects are shown in Figure 1.21.

Figure 1 .

 1 Figure 1.21 -Examples of manufactured waviness in four different layups using oversized plies to introduce an excess length.

Figure 2

 2 Figure 2.1 -Ultrasonic C-scan performed on the manufactured cross-ply plate X4-01 containing an OoP waviness.

Figure

  

Figure 2 . 3 -

 23 Figure 2.3 -Assembled images of micrographs of the cross-ply specimen X4-01-1. The 2.8 μm/px resolution allows distinguishing clearly the ply interfaces but not the fibres.

Figure 2

 2 Figure 2.4 -(a) Scanned volume and (b) details of the CT-scan: images of three adjusted contrast orthogonal slices.

Figure 2

 2 Figure 2.5 -(a) Definition of the specimen axes and example of defect micrographs (b) in the width, yz plane and (c) in the length, xz plane.

  Parameters used to process the image of the X4-01-1 specimenwith an image resolution of 355.5 px/mm. The two main drawbacks of this technique are the required image quality and the number of user inputs. In particular, to obtain the binary image there are several parameters to tweak such as the sensitivity factor for the adaptive thresholding, the size of the artefact to remove, or the smoothing parameters. In addition, to correctly describe the interfaces of the binary image, they should be clearly visible in the initial image, which requires a sufficient image resolution and a low noise micrograph. The validation of the detection methodology is performed qualitatively by comparison between the segmented image and the original micrograph (see the last labelled image in Figure2.6).

Figure 2

 2 Figure 2.6 -Initial image processing strategy to describe the 0° ply interfaces.

  Figure 2.7 -Comparison of 0° ply segmentation on two versions of a micrograph of X4-01-1 with different contrasts: normal (left) and low (right).

  Figure 2.8 -(a) Illustration of the labelled 0° and 90° plies superposed on the initial micrograph of X4-01-1 specimen and (b) the total variation of the ply thickness. The table provides the minimum and maximum CoV of ply thickness calculated per ply orientation, without considering outer plies, for 6 cross-ply specimens.
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 29 Figure 2.9 -Estimation of the initial parameter set for the optimisation using their geometrical meaning. Illustration on the more wavy 0° ply of X4-01-1 (third 0° ply from laminate top in Figure 2.8.a).

  Figure 2.10 -(a) Independent determination of the waviness shape for each ply and (b) its corresponding identified amplitude.

Figure 2 .

 2 Figure 2.11 -Proposed geometrical model. Defect 2D parametrization for a description in the xz plane. The waviness shape is defined by its profile along the x-axis in green (bottom graph) which is modulated along the z-axis by a Gaussian plotted in dark purple (on the right).

  Figure 2.12 -(a) Superposition of parametrized defect descriptions on micrographs. (b) Measures of errors between the detected interfaces and the estimated parametric waviness: the residue and the Hausdorff distance, normalized by the theoretical CPT.

  Figure 2.15 -Steps for the pixelisation of one ply.

Figure 2 .

 2 Figure 2.16 -Processing strategy to determine the parametric waviness from a CT-scan

Figure 2 .

 2 Figure 2.17 -Convergence graph and illustration at three iterations of the correspondence parametric -real defect on the middle slice.

Figure 2 .

 2 Figure2.18 shows the fictive tomography obtained with the optimized parameter set. Its geometry is visually in good agreement with the specimen CT-scan images, which validates the use of a Gaussian variation of the waviness through the width. Even though objects or artefacts are visible on the images such as open cracks or noise, the 0° plies are globally well caught.

Figure 2 .

 2 Figure 2.18 -Identification results for the CT-scan images of the X4-01-1 specimen.

Figure 2 .

 2 Figure 2.19 -Superposition of the identified defects with 'optim1' minimizing the RMSE and 'optim2' maximizing the correlation.

Figure 2 .

 2 Figure 2.20 -Edge observations of specimens from the X4-02 plate.

Figure 2 .

 2 Figure 2.21 -Edge observations of specimens from the QI24-03 plate.

Figure 2

 2 Figure 2.22 -Effect of a phase shift on the Gaussian amplitude to still have the same maximal ply deviation.

  Figure 2.23 -(a) Micrographs of industrial OoP waviness in TS matrix NCF and tape obtained during process developments. (b) Comparisons with the proposed geometrical model by manual estimate of the defect shape. (c) Results of the automate identifications based on maximization of similarity with a virtual defect image.

Figure 2 .

 2 Figure 2.24 -Example of industrial defects with varying wavelength shape.

Figure 2 .

 2 Figure 2.27 -Estimation of local fibre volume fractions in 90° plies at different locations in the specimen X4-01-1.

Figure 2 .

 2 Figure 2.28 -2D parametric model: description of defects manufactured during the thesis (micrographs + identified idealized waviness in yellow) and generation of numerical waviness with different parameters (grey images).

Figure 3 .

 3 Figure 3.1 -Experimental setup for damage monitoring in laminated composites.

Figure 3

 3 Figure 3.2 -Load curves of (a) classical quasi-static tensile test and (b) a multi-level tensile test with damage observation under reduced load.

  Figure 3.3 -Longitudinal strain field obtained via stereo-DIC, for different tensile tests on X4 layups at the same macroscopic longitudinal strain. a) The field is homogeneous with a pristine specimen such as X4-04-1. b) An over-strain locates at defect position of X4-02-1. c) In X4-02-5, the defect amplitude variation affects the over-strain.

  Figure 3.4 -Influence on the strain measure according the position in the width of the virtual extensometers. Extensometer positions are illustrated on the strain fields shown in Figure 3.3.

  Figure 3.5 -The calculated strain depends on the virtual extensometer length.

Figure 3 . 6 -

 36 Figure 3.6 -Examples of stress-strain curves obtained during tensile tests.

  Figure 3.7 -Normalised values of the tensile initial moduli for pristine specimens (bleu) and the specimens with defect (red)

Figure 3 .

 3 Figure 3.8 -Evolution of the DIC longitudinal strain field during a tensile test on a specimen with defect (X4-02-1).

Figure 3 .

 3 Figure 3.9 -Edge observations during multi-step tensile test of reference specimens.

Figure 3 .

 3 Figure 3.10 -Illustration of the damage scenario in CP laminates containing OoP waviness. Zoom on the defect area during the multi-step tensile test on X4-02-1 specimen.

Figure 3 .

 3 Figure 3.11 -Illustration of the damage scenario in quasi-isotropic laminates containing OoP waviness. Zoom on the defect area during the multi-step tensile test on QI24-03-3.

Figure 3 .

 3 Figure 3.12 -Visualisation on CT-scan of cracks in the width of the CP specimen X4-01-1

Figure 3 .

 3 Figure 3.14 -The DIC longitudinal strain field of specimen X4-01-1 suggested the presence of two defects in the length, that both varied in the specimen width.

Figure 3 .

 3 Figure 3.15 -Edge observation on the edge: the failure of the specimens with OoP waviness under tension occurs at the defect position.

  Figure 3.16 -Tensile failure stresses obtained for specimens both with and without defect.

Figure 3 .

 3 Figure 3.17 -Longitudinal strain field obtained via stereo-DIC, for different compressive tests on QI24 layups at the same macroscopic longitudinal strain.

Figure 3 .

 3 Figure 3.18 -OoP displacement field obtained via stereo-DIC, for different compressive tests on QI24 layups at the same macroscopic longitudinal strain.

Figure 3 .

 3 Figure 3.19 -Stress-strain curves obtained during compressive tests.

  This value is noted E CP ref c for the CP laminates with the corresponding CoV is 5.9% and, for the QI laminates this reference value is noted E QI ref 𝑐 and the CoV is 1.6%. Both values are lower than their equivalent in tension (E CP ref t and E QI ref t

Figure 3 .

 3 Figure 3.20 -Normalised values of the compressive initial stiffness for pristine specimens (bleu) and specimens with defect (red).

Figure 3 .

 3 Figure 3.21 -Stress-strain curves obtained for the pristine specimens under both tension and compression.

Figure 3 .

 3 Figure 3.22 -Camera images of the damage sequence in the specimen X4-02-3.

Figure 3 .

 3 Figure 3.23 -Observations during the compression test of the kink bands and the fracture angles of the two specimens with a 'progressive' failure.

  Figure 3.24 -Compressive failure stresses obtained for specimens with and without defect.

Figure 3 .

 3 Figure 3.25 -Stress-Strain curves obtained for CP laminated composites with and without defect.

Figure 3 .

 3 Figure 3.26 -Stress-Strain curves obtained for QI laminated composites with and without defect.

  (a) Final segmented model of the part (b) Generated conformal FE mesh

Figure 4 . 2 -

 42 Figure 4.2 -Example of a FE mesh generation obtained from the segmentation of woven junction[START_REF] Bénézech | Variational segmentation of textile composite preforms from X-ray computed tomography[END_REF]].

  (a) Evolution of the longitudinal Young's modulus as a function of the waviness parameter A/L for different waviness volume ratios. (b) Evolution of the compressive strength as a function of the waviness parameter A/L for different waviness thickness ratios

Figure 4 . 3 -

 43 Figure 4.3 -Predicted effects of graded OoP waviness in a UD composite under axial compression using an analytical model[Hsiao et al. 1996].

Young

  correspond to the intersections between the asymptotes and the abscissa axis.

  Figure 4.4 -Schematisation of the longitudinal non-linear elastic behaviour of a UD ply:hardening in tension and softening in compression[Germain 2020; Laurin 2021].

  𝑔(𝝈)𝕊 𝑟 : 𝝈 -𝝃 𝑖 ) 𝑔(𝝈) = 1 + 𝛾(√𝝈: 𝕊 𝑟 : 𝝈) 𝑝 𝑣𝑒

  Figure 4.5 -Representation of a cohesive law.

Figure 4

 4 Figure 4.6 -Distribution of the element size in the mesh length.

Figure 4

 4 Figure 4.7 -Schematization of the method to insert ply waviness in the finite element meshes.

Figure 4

 4 Figure 4.8 -Visualization of the element quality distribution in the xz plane at the position of maximum defect amplitude, in the defect area of interest.

Figure 4

 4 Figure 4.9 -The local material orientation accounting for the ply orientation in the layup and the fibre misalignment angle.

Figure 4 .

 4 Figure 4.10 -Imposed boundary conditions for FEM of tensile and compression tests.

Figure 4 .

 4 Figure 4.11 -The OoP waviness induces local variation of the stress fields in the defect extent 𝐿 𝑥 .

Figure 4 .

 4 Figure 4.12 -Stress state in wavy plies: (left) a 0° ply and (right) a 90° ply. Longitudinal stress and maximal principal transverse stress values of a line of integration points are plotted according to their position in the specimen length.

Figure 4 .

 4 Figure 4.13 -FEA with linear elastic behaviour: longitudinal strain field of the 'top' and 'bottom' surfaces of the X4-01-1 specimen model.

Figure 4 .

 4 Figure 4.14 -Effects of OoP waviness on the stress state in the defect zone of the X4-01-1 specimen under tension. Focus on the two major stress components in 0° plies: the longitudinal stress 𝜎 11 and the out-of-plane shear stress 𝜎 31 .

Figure 4 .

 4 Figure 4.15 -Effects of OoP waviness on the stress state in the defect zone of the X4-01-1 specimen under tension. Focus on the three major stress components in 90° plies: the transverse stress 𝜎 22 , the out-of-plane stress 𝜎 33 and the out-of-plane shear stress 𝜎 23 .

  Figure 4.16.a): the stress concentrations correspond to the crack initiation sites and the crack orientation is perpendicular to the direction of the maximal local principal transverse stress.

Figure 4 .

 4 Figure 4.16 -Qualitative comparison of (a) the cracks observed experimentally in X4-01-1 and (b and c) the stress state obtained with the corresponding linear elastic FEM.

Figure 4 .

 4 Figure 4.17 -Tensile stress-strain curves obtained with FEA of CP laminates using OPFM and comparison with the experimental curves.

Figure 4 .

 4 Figure 4.18 -Location comparison of damage (cracks and delamination) from experimental micrographs (top) and FE model (bottom) for different applied stresses indicated as a percentage of the experimental and FEA failure stresses 𝜎 𝑒𝑥𝑝 𝑡𝑢 and 𝜎 𝑛𝑢𝑚 𝑡𝑢 . The numerical delamination is manually added in white on the inter-fibre damage field. To see more detailed micrographs, the reader is referred to Figure 3.10.

Figure 4 .

 4 Figure 4.19 -Effects of OoP waviness on the stress state in the defect zone of X4-02-2 specimen under compression. Focus on the two major stress components in 0° plies: the longitudinal stress and an out-of-plane shear stress.

Figure 4 .

 4 Figure 4.20 -Compression stress-strain curves obtained with FEA of CP laminates using OPFM.

Figure 4 .

 4 Figure 4.21 -Compression stress-strain curves obtained with FEA of QI laminates using OPFM.

Figure 4 .

 4 Figure 4.22 -Location-wise comparison of damage (ply failure, inter-fibre damage and delamination) in the CP specimen X4-02-3 under compression observed experimentally (top) and obtained by FEA (bottom). The numerical delamination and fibre failure are manually added in white and red respectively on the inter-fibre damage field.

  Figure 5.1 -Histograms of (a) the maximal ply deviation and (b) the maximum waviness angles obtained for 88 defect configurations evenly distributed in the explicit parameter space.

Figure 5

 5 Figure 5.2 -The amplitude of each ply varies non-linearly with the defect extent 𝐿 𝑧 .

Figure 5 . 3 -

 53 Figure 5.3 -The maximum ply deviation decreases when the phase increases (all the other parameters being fixed; 𝐿 𝑥 = 2 and 𝜆 = 6).

  Figure 5.4 -Comparison of the waviness profile diversity depending on the varying parameter (all the others being fixed: 𝐴 = 0.15 mm, 𝜑 = 0, 𝐿 𝑥 = 6.67 mm).

Figure 5

 5 Figure 5.5 -Local and global bi-criterion plots for the different DoE after removing impossible configurations.

Figure 5

 5 Figure 5.6 -Projection of the selected DoE in the 𝐿 𝑥 -𝐿 𝑥 /𝜆 plane

Figure 5

 5 Figure 5.7 -Projection matrix of the selected DoE. The subplot in the i th row, j th column of the matrix is a projection of the DoE for the parameter pair associated to the row and the column. Along the diagonal are the histograms of each parameter.

Figure 5

 5 Figure 5.8 -Stiffnesses normalized by that of the pristine specimen obtained by FEA as a function of the different derived parameters.

  Figure 5.9 -'Actual vs predicted' plot for the linear metamodel.

Figure

  

  Figure 5.10 -Schematics of kriging metamodel principle.

  Figure 5.11 -'Actual vs predicted' plots for (a) the kriging metamodel on the 'control' parameters and (b) its corresponding LOO.

Figure 5 .

 5 Figure 5.13 -Global sensitivity analysis: Shapley effects.

Figure 5 .

 5 Figure 5.14 -Comparison of the metamodel prediction with the FEA results on a set of experiments selected to highlight the effect of 𝐿 𝑥 /𝜆 on the response.

Figure 5 .

 5 Figure 5.15 -Comparison of the metamodel prediction with the FEA results on a set of experiments selected to highlight the effect of 𝜑 on the response.

  Figure 5.16.b shows the stiffness obtained with FEA according to Γ. The data scatter was reduced compared to that of 𝑠. In addition, the variability can no more be attributed to variation of 𝐿 𝑧 .

  Figure 5.18 -'Actual vs predicted' plots for (a) the kriging metamodel on the control parameters and 𝛤, and (b) its LOO cross-validation.

  Figure 5.19 -Comparison of the kriging prediction based on the 5 control parameters and 𝛤 with the FEA results on the two test-sets generated to visualise the effects of 𝜑 and 𝐿 𝑥 /𝜆.

Figure 5 .

 5 Figure 5.20 -Global sensitivity analysis of the kriging metamodel on the 5 control parameters and 𝛤 (Shapley effects).

Fig. 1 -

 1 Fig. 1 -Détermination des effets de défauts d'ondulation hors-plan au travers d'un dialogue essai-calcul.

Fig. 3 -

 3 Fig. 3 -Modèle géométrique de description d'ondulations hors-plan. (a) Equation de la forme du défaut pour les plis à 0°. (b) Exemple de défaut sur un stratifié avec 6 plis à 0° et décomposition des modulations selon les 3 axes.

Fig. 4 -

 4 Fig. 4 -Courbes contrainte-déformation obtenues pour les éprouvettes de stratification croisée 0°-90° avec et sans défaut. Illustrations de résultats de corrélation d'images et d'observations sur tranche sous charge mettant en avant des effets des défauts d'ondulations.

Fig. 5 -

 5 Fig. 5 -Courbes contrainte-déformation obtenues par analyses des modélisations par éléments finis pour les éprouvettes de stratification croisée 0°-90° avec et sans défaut. Illustrations des champs de déplacement et déformation sur la surface et des champs d'endommagement sur la tranche des éprouvettes.

Fig. 6 -

 6 Fig. 6 -Estimation par un métamodèle de krigeage du facteur d'abattement sur la rigidité pour 1000 configurations de défauts en fonction des deux paramètres les plus influents sur la réponse (angle maximal de déviation 𝜃 𝑚𝑎𝑥 et le paramètre auxiliaire 𝛤).

Titre:

  Compréhension et modélisation des effets des défauts d'ondulation hors-plan sur les performances mécaniques d'un composite stratifié de plis unidirectionnels à matrice thermoplastique Mots clés : Composite à matrice thermoplastique, effets de défauts de fabrication, comparaison essais-calculs Résumé : Ces travaux de thèse CIFRE (ONERA/AIRBUS Operations) portent sur les défauts de fabrication de type ondulations hors-plan générés dans des éprouvettes lisses de composite stratifié à plis unidirectionnels en fibre de carbone et à matrice thermoplastique. En particulier, les effets de tels défauts sur les performances mécaniques ont été étudiés pour des sollicitations en traction et en compression. Des éprouvettes ont été fabriquées en y insérant artificiellement des ondulations hors-plan durant le procédé de fabrication. Des observations optiques sur tranche ont été effectuées avant les essais afin d'analyser les morphologies de défauts. Une campagne expérimentale sur des éprouvettes avec et sans défaut a été menée avec des essais multiinstrumentés. Elle a permis de mettre en avant une réduction de la rigidité, des différences de scénarios d'endommagement et un abattement de la contrainte à rupture en présence d'une ondulation. En parallèle, des simulations numériques ont été réalisées afin d'affiner la compréhension des effets du défaut. Pour cela, un jumeau numérique a été généré pour chaque éprouvette à partir des micrographies ou tomographies réalisées avant les essais et sur la base d'une description paramétrique du défaut. A l'aide d'un modèle d'endommagement continu, les simulations numériques ont mis en évidence un abattement local non négligeable des propriétés élastiques au niveau de l'ondulation maximale et une réduction significative de la contrainte à rupture en lien avec la sévérité du défaut. De plus, le scenario d'endommagement observé expérimentalement est qualitativement bien capturé par le modèle. Finalement, une stratégie numérique basée sur de la métamodélisation a été proposée pour analyser l'influence de chaque para-mètre géométrique du défaut sur la réponse mécanique et pour proposer une estimation rapide des abattements induits par un défaut selon géométrie. Title: Understanding and modelling of the effects of out-of-plane waviness defects on the mechanical performance of a thermoplastic matrix unidirectional ply laminate Keywords: Thermoplastic matrix composite, effects of manufacturing defects, experiments-modelling comparison

  

  

  

  

  

  

  

  2.6 -Initial image processing strategy to describe the 0° ply interfaces. .................................. Figure 2.7 -Comparison of 0° ply segmentation on two versions of a micrograph of X4-01-1 with different contrasts. ............................................................................................................................ Figure

Table 1 .

 1 1 -Summary of advantages and limitations of artificial OoP waviness generation methods in relation to use in the framework of the thesis ..............................................................................Table 1.2 -Designation of the layups. .................................................................................................. Table 1.3 -Inventory of the plates manufactured using the second strategy. The defects are classified according to their size: small, medium or large. .............................................................. Table 2.1-Parameters used to process the image of the X4-01-1 specimen. ........................................ Table 2.2 -RMSE and Hausdorff distance obtained for the six defect micrographs used for the geometric model validation. The errors quantified while minimizing the RMSE between interfaces are reminded under 'Optim1'. The ones calculated with the parametric defect identified maximizing the image correlation are noted under 'Optim2'. ......................................... Table 2.3 -Parameters for OoP waviness obtained from micrograph observation of the edge. ........... Table 2.4 -Parameters for OoP waviness obtained from CT or combination of micrographs of the two edges of the specimen.. .............................................................................................................

Table 3 .

 3 1 -Number of specimens with and without OoP waviness embedded tested in compression and in tension per layup. .................................................................................................................. Table3.2 -Summary of the instrumentation associated to the specimens tested in tension and edge micrograph taken before test. .

..........................................................................................................

Table 3 .

 3 3 -KDF on tensile stiffness induced by OoP waviness calculated on a zone of 35 mm. ........

Table 3 .

 3 

Table A .

 A 1 -OPFM material parameters for the transversal isotropic linear elasticity ....................... Table A.2 -OPFM material parameters for the longitudinal elastic non-linearity ............................. Table A.3 -OPFM material parameters for the visco-elasticity ......................................................... Table A.4 -OPFM material parameters for the failure criteria ..........................................................

Table A.5 -OPFM material parameters for the damage effect (effect tensors) .................................. Table A.6 -OPFM material parameters for the damage evolution law .............................................. Table A.7 -CZM parameters: Properties for the cohesive elements at the ply interfaces ..................

Table 1

 1 

	1.2. Development of method for artificial generation of out-
	of-plane waviness
	1.2.1. The studied material: a carbon fibre reinforced thermoplastic
	matrix laminated composite

.1 -Summary of advantages and limitations of artificial OoP waviness generation methods in relation to use in the framework of the thesis

Table 2 .

 2 

	Specimen	RMSE (mm) Optim1 Optim2	Hausdorff distance (mm) Optim1 Optim2
	X2-01 -1	0.017	0.053	0.058	0.173
	X2-01 -1	0.013	0.033	0.041	0.098
	X4-01 -1	0.017	0.026	0.065	0.095
	X4-01 -2	0.013	0.021	0.038	0.064
	X6-01 -2	0.015	0.035	0.056	0.098
	X6-01 -3	0.013	0.033	0.035	0.088

2 -RMSE and Hausdorff distance obtained for the six defect micrographs used for the geometric model validation. The errors quantified while minimizing the RMSE between interfaces are reminded under 'Optim1'. The ones calculated with the parametric defect identified maximizing the image correlation are noted under 'Optim2'.

Table 2 .

 2 3 -Parameters for OoP waviness obtained from micrograph observation of the edge (xz plan): the amplitude 𝐴, the wavelength 𝜆, the cosine phase 𝛥/𝜆, and the extents in the length 𝐿 𝑥 and in the thickness 𝐿 𝑧 .

	X2-01-1a	X	0.18	4.04	-2.04	12.24	
	X2-01-1b	X	0.13	4.70	-1.58	9.90	
	X4-01-1	X	0.40	4.00	2.04	10.67	
	X4-01-2	X	0.09	3.83	2.05	12.69	
	X6-01-2	X	0.13	4.07	-1.55	15.45	
	X6-01-3	X	0.12	3.95	0.11	9.52	
	X4-02-1	B	0.51	4.42	1.15	12.38	
	X4-02-2	A	0.48	4.39	-1.85	12.67	
	X4-02-2	B	0.46	4.07	1.48	10.73	
	X4-02-3	B	0.41	4.13	1.28	11.10	
	X4-02-4	B	0.30	4.19	1.09	11.24	
	X4-02-5	A	0.28	4.16	-1.16	11.29	
	X4-02-5	B	0.12	4.25	-1.63	11.20	63
	QI24-03-1 X	0.12	3.37	-1.86	11.00	
	QI24-03-2 A	0.19	4.00	0.16	13.00	
	QI24-03-2 B	0.13	2.80	-2.24	11.00	
	QI24-03-3 X	0.15	2.80	-2.47	10.00	
	QI24-03-4 X	0.27	5.00	0.38	6.00	
	QI24-03-5 B	0.04	3.80	-2.97	6.00	
	Minimum value	0.04	2.80	-π	6.00	63
	Maximum value	0.51	5.00	π	15.45	

Table

2

.4 -Parameters for OoP waviness obtained from CT or combination of micrographs of the two edges of the specimen: the amplitude 𝐴, the wavelength 𝜆, the cosine phase 𝛥/𝜆, the extents [𝐿 𝑥 , 𝐿 𝑦 , 𝐿 𝑧 ], and the defect position [𝑦 0 , 𝑧 0 ]. For each specimen the frame origin corresponds to the bottom ply (z-axis) of face A (y-axis).

  .28 shows 6 different OoP wavinesses in CP laminate. Half of them are micrographic observations with the associated identified parametric defect. The other half are examples of numerically generated defects.

						)
	#1 0.40	4.00	2.04	10.67	4.19	1.86
	#2 0.09	3.83	2.05	12.69	4.43	1.83
	#3 0.51	4.42	1.15	12.38	3.98	1.41
	#4 0.3	6	-1.57	6	3.2	2.6
	#5 0.2	2	2.20	8	4.19	2.02
	#6 0.3	8	-1.02	4	2.5	1.3

𝐴 (mm) 𝜆 (mm) 2𝜋 • Δ/λ 𝐿 𝑥 (mm) 𝐿 𝑧 (mm) 𝑧 0 (mm

Table 3
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	.1.

Table 3 .

 3 

1 -Number of specimens with and without OoP waviness embedded tested in compression and in tension per layup.

Table 3 .

 3 

3 -KDF on tensile stiffness induced by OoP waviness calculated on a zone of 35 mm.

Table 3

 3 

	.4 -Summary of the tensile failure stresses
	3.3. Effects of defects in compression
	3.3.1. The tested specimens

Table 3 .

 3 6 -KDF on the compressive initial stiffness in a zone of 20 mm around the defect.

			Defect geometry parameters	KDF on the stiffness
			𝜃 max (°)	𝐴 (mm) 𝐿 𝑧 (mm)	(Tech 2)
	Crossplies X4-02-2	32.2	0.49	3.9	0.87
		X4-02-3	29.3	0.50	4.2	0.85
		X4-02-4	27.7	0.52	4.0	0.91
	Quasi-	QI24-03-1	12.3	0.12	7.5	0.99
	Isotropic	QI24-03-2	16.1	0.13	7.5	0.99

Table 3 .

 3 

	Crossplies X4-02-2	32.2	0.49	3.9	0.60
		X4-02-3	29.3	0.50	4.2	0.55
		X4-02-4	27.7	0.52	4.0	0.62
	Quasi-	QI24-03-1	12.3	0.12	7.5	0.64
	Isotropic	QI24-03-2	16.1	0.13	7.5	0.48

Specimens with defect

Defect geometry parameters KDF on the failure stress 𝜎 𝑐𝑢 𝜃 max (°) 𝐴 (mm) 𝐿 𝑧 (mm) 7 -Summary of KDF on the compressive failure stresses.

Table 4

 4 

.2 -Initial stiffness results obtained with the linear elastic behaviour FEM of tensile tests.

Table 4

 4 

			max	max (% of FEA 𝜎 𝑥𝑥 the exp. value)	Numerical KDF on 𝜎 𝑡𝑢	Experimental KDF on 𝜎 𝑡𝑢	KDF ratio (FEA/exp.)
	Ref.	X4-04-.	-	113%	-	-
	Defect X4-02-1	34.7°	80%	0.49	0.69	0.71
		X4-02-5	21.4°	88%	0.70	0.90	0.78

.4 -FEA tensile failure stresses 𝜎 𝑡𝑢 for CP laminates using the OPFM.

Table 4 .

 4 .5.

			Numerical stiffness		
		𝜃 max	(% of the experimental value)	KDF (FEA)	KDF (Exp.)
			Surf. up	Surf. down		
	X4-04-.	-	111%	111%	-	-
	X4-02-2	32.2°	116%	118%	0.91	0.87
	X4-02-3	29.3°	122%	122%	0.93	0.85
	X4-02-4	27.7°	116%	117%	0.95	0.91
	QI24-02-.	-	111%	111%	-	-
	QI24-03-1 12.3°	110%	110%	0.98	0.99
	QI24-03-2 16.1°	108%	108%	0.96	0.99

5 -Initial stiffness results with linear elastic behaviour FEM of compression tests.

Table 4

 4 

		max	Numerical stiffness (% of the exp. value)	KDF (FEA)	KDF (Exp.)	KDF ratio (FEA/Exp.)
	X4-04-.	-	102%	-	-	
	X4-02-2	32.2°	109%	0.94	0.87	1.08
	X4-02-3	29.3°	116%	0.96	0.85	1.13
	X4-02-4	27.7°	110%	0.98	0.91	1.08
	QI24-02-.	-	103%	-	-	
	QI24-03-1 12.3°	105%	1.01	0.99	1.02
	QI24-03-2 16.1°	103%	0.99	0.99	1.00

.6 -Initial stiffness predicted by FEA of compression tests with OPFM

Table 4 .

 4 7 -FEA compressive failure stresses for CP and QI laminates using the OPFM

			𝜎 𝑐𝑢 (%	Numerical	Experimental	KDF ratio
			of the exp. value)	KDF on 𝜎 𝑐𝑢	KDF on 𝜎 𝑐𝑢	(FEA/exp.)
	X4-04-.	-	101%	-	-	
	X4-02-2	32.2	127%	0.75	0.60	1.25
	X4-02-3	29.3	139%	0.75	0.55	1.36
	X4-02-4	27.7	132%	0.81	0.62	1.31
	QI24-02-.	-	92%	-	-	
	QI24-03-1	12.3	129%	0.90	0.64	1.41
	QI24-03-2	16.1	150%	0.78	0.48	1.63

  .2.

		𝐴 (mm) 𝐿 𝑥 (mm) 𝐿 𝑧 (mm) 𝜆 (mm)	𝜑 (rad)
	Inf. boundary	0	2	0.34	1	-π
	Sup. boundary	1	50	5	100	π
	Table 5.2 -Range of values of the 5 explicit parameters of the metamodel.

Table 5 . 3
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	rad)

-Range of values of the 5 'control' parameters of the metamodel.

Table 5 .

 5 4 -Correlation lengths on standardized input scales obtained with the kriging surrogate model on the 5 'control' parameters.

		max	𝐿 𝑥	𝐿 𝑧	L x /λ	𝜑
	Correlation lengths	2.7	2.2	2.4	6.5	3300

Table A .

 A 

	Gaussian spectral distribution	
	𝑛 0	Extent of the Gaussian distribution	Identified in CS2
	𝑛 𝑐	Mean of the Gaussian distribution	Identified in CS2
	𝑛 1	Lower bound of the viscous spectrum	Identified in CS2
	𝑛 2 𝑛 𝑚𝑒𝑐ℎ𝑎 𝑣𝑒	Upper bound of the viscous spectrum Total number of viscous mechanisms	Identified in CS2 Estimated
	Viscous compliance 𝕊 𝑟 (non-zero coefficients)	
	𝛽 22		Identified in CS2
	𝛽 33		𝛽 33 = 𝛽 22 (transverse isotropy hyp.)
	𝛽 23		0 (unidentified)
	𝛽 32		𝛽 32 = 𝛽 23 (transverse isotropy hyp.)
	𝛽 66		Identified in CS2
	𝛽 55		𝛽 55 = 𝛽 66 (transverse isotropy hyp.)
	𝕊 𝑟|44		𝕊 𝑟|44 = 2(𝕊 𝑟|22 -𝕊 𝑟|23 )
			(transverse isotropy hyp.)
	Non-linear function (𝑔)	
	𝛾		Identified in CS2
	𝑝 𝑣𝑒		Identified in CS2

3 -OPFM material parameters for the visco-elasticity

  Table.The inplane inter-fibre damage was calibrated on [(±45/90)n]s, [±45n]s, and [0/90n]s laminates. For fibre failure, the evolution law is usually identified considering unnotched and open-hole specimens under tension and compression loadings. Open-hole plates have not yet been tested in CS2, therefore, the identification have only been performed on unnotched specimens. It should be noted that CT or CC tests on cross-ply laminates can be an alternative to those tests.The out-of-plane damage is managed by cohesive zone elements to model delamination between plies. The used behaviour is described in section 4.1.2.3 and the associated required material parameters are listed in Table .• The fracture toughness in mode I and II were identified in CS2 considering standard Double Cantilever Beam (DCB) and 4 points End-Notched Flexure (4-ENF) tests. Mixed Mode Bending (MMB) tests with 3 different mode mixities (from 20% to 80%) were carried out and allowed the identification of the Benzeggagh-Kenane parameter. • The stiffnesses of cohesive zone elements correspond to the highest possible values that do not decrease the global bending rigidity of the structure without degrading the quality of numerical results. • The out-of-plane strengths (Zt, Sc) can be determined using L-angle specimens subjected to 4 points bending tests or unfolding. Without L-angle specimens, O'Brien tests [O'Brien 1982] can be performed to estimate Zt, and ILSS tests on 0° UD or quasi-isotropic laminates to determine Sc. For the present work, Zt was estimated

	Strength	
	𝑋 𝑡 𝑋 𝑐 𝑌 𝑡 Résumé de synthèse Longitudinal tensile strength Longitudinal compressive strength Transverse tensile strength	Identified in CS2 Identified in CS2 + Ph.D thesis Identified in CS2
	𝑌 𝑐	Transverse compressive strength	Identified in CS2
	𝑆 12 𝑐 𝑆 23 𝑐 Contexte, objectifs et démarche In-plane shear strength Out-of-plane shear strength	Identified in CS2 Estimated
		Table A.4 -OPFM material parameters for the failure criteria
	Damage/Failure effect tensor	
	Fibre failure	
	𝑡 ℎ 11 ℎ 11 𝑐 ℎ 55 𝑓𝑓 Cohesive Zone Model Fracture energy	Identified in CS2 Identified in CS2 Identified in CS2
	𝑓𝑓 𝐺 𝐼𝐶 ℎ 66 𝐺 𝐼𝐼𝐶 In-plane inter-fibre failure Critical fracture energy in mode I Identified in CS2 Identified in CS2 Critical fracture energy in mode II Identified in CS2 ℎ 22 𝑡 𝜂 Power parameter of Benzeggagh-Identified in CS2 Identified in CS2 ℎ 22 Kenane fracture criterion 𝑐 Identified in CS2 ℎ 44 𝑖𝑓𝑓2 Stiffnesses Identified in CS2 ℎ 66 𝑖𝑓𝑓2 Identified in CS2 Stiffness in mode I Fixed value: 10 6 𝐾 𝐼 𝐾 𝐼𝐼 Stiffness in mode II Fixed value: 10 6
	Strengths Table A.5 -OPFM material parameters for the damage effect: coefficients of the failure effect tensors Out-of-plane tensile strength Estimated 𝑍 𝑡 𝑆 𝑐 Out-of-plane shear strength 𝑆 𝑐 = 𝑆 13 𝑐 = 𝑆 23 𝑐
	Table A.7 -CZM parameters: Properties for the cohesive elements at the ply interfaces
	Damage evolution	
	Tension fibre failure	
	𝑡 𝛼 1 𝑡 𝑝 1 𝑡 𝑑 1𝑐𝑟𝑖𝑡 𝑎 1 𝑡	Coefficient of the Weibull degradation law Identified in CS2 Power of the Weibull degradation law Identified in CS2 Damage saturation Fixed to 0.99999 Numerical parameter in delay effect Fixed parameter in the
		method		method
	𝜏 1 𝑡	Characteristic time (delay effect)		Identified in CS2
	Compression fibre failure	
	𝑐 𝛼 1 𝑐 𝑝 1 𝑐 𝑑 1𝑐𝑟𝑖𝑡 𝑎 1 𝑐	Coefficient of the Weibull degradation law Identified in CS2 Power of the Weibull degradation law Identified in CS2 Damage saturation Fixed to 0.999 Numerical parameter in delay effect Fixed parameter in the
		method		method
	𝜏 1 𝑐	Characteristic time (delay effect)		Identified in CS2
	In-plane inter-fibre failure	
	𝛼 2	Coefficient of the damage evolution law	Identified in CS2
		Table A.6 -OPFM material parameters for the damage evolution law
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Appendix I. Ply property parameters for the ONERA Progressive Failure Model and the Cohesive Zone Model implemented in Abaqus/Explicit

The damage model used in this Ph.D. thesis has been implemented in Abaqus/Explicit through a VUMAT [Laurin 2021]. The input material properties came from CleanSky II project (CS2). A part of the parameters was identified based on a mechanical characterisation campaign carried out on the studied material (e.g. tensile test on UD specimens or creep test on +/-45 cross-ply specimens). However, most of the parameters related to the out-of-plane behaviour, such as the out-of-plane strengths or the viscous compliance coefficients linked to out-of-plane shear, were estimated i. considering the transverse isotropy hypothesis or ii. from literature or iii. from internal studies on other materials.

The tables below gather the different used parameters for the finite element models: • The elastic properties defined in Table were also used for the linear elastic behaviour.

These material properties were identified from tensile tests on 0° UD, 90° UD and [±45]s laminates. • Table A.2 lists the parameters for the non-linear elasticity in the fibre direction (Eq. 4.2 -Eq. 4.4), which results from tensile and compressive tests on 0° UD laminates. In-plane shear modulus Identified in CS2 

Elasticity