Mécanique Par 
  
Victor Couty 
email: victor.couty@centralelille.fr
  
Julien Rapporteur 
  
Réthoré 
  
Présidente Fabienne 
  
Véronique Membre 
  
Professeure Centralesupélec Aubin 
  
Martin Membre 
  
Maître Poncelet 
  
De 
  
Pauline Lecomte 
  
Encadrant Jean-François Witz 
  
Marie-Christine Invitée 
  
Docteure, DGA Sainte-Catherine 
  
Pauline Lecomte-Grosbras 
  
Julien Berthe 
  
Eric Deletombe 
  
Mathias Brieu 
  
  
  
  
  
  
  
  
  
  
  
  
  
THESE Présentée en vue d'obtenir le grade de DOCTEUR En Spécialité

Keywords: composite, cross-ply laminate, thermography, DIC, damage DIC, Digital Image Correlation, GPU, mechanics, CUDA, Python, Strain, Measurement Composite, Damage, X-ray, laminography, multi-axial, in-situ

Experimental study of composite materials damage under multi-axial loads: from damage detection to characterization driven by digital image correlation -Étude expérimentale de l'endommagement des matériaux composites sous chargement multi-axial : de la détection de l'endommagement à la caractérisation pilotée par corrélation d'images numériques

Soutenue le 16 mars 2022 devant le jury

French

Les matériaux composites sont largement utilisés dans l'aéronautique en raison de leurs excellentes propriétés spécifiques. Cependant ces matériaux sont sujet à des mécanismes de dégradation nombreux et complexes. Ceux-ci impactent fortement le comportement mécanique des structures composites. La compréhension de ces mécanismes et la prédiction du comportement des structures composites est cruciale afin de pouvoir garantir la fiabilité des pièces aéronautiques tout en minimisant la masse de l'ensemble. Cette étude se concentre sur la détection et la caractérisation des mécanismes d'endommagement, entraînant une dégradation irréversible du matériau qui a pour conséquence d'altérer sa rigidité et sa tenue mécanique.

Afin de construire des modèles pertinents pour le dimensionnement de structures, une caractérisation précise des composites est nécessaire. Les tests communément effectués à cette fin sont uniaxiaux et ne permettent d'explorer le comportement fortement anisotrope des composites que par la multiplication d'essais pour les différentes orientations. Cela se traduit par la réalisation de nombreux essais pour une caractérisation anisotrope, qui ne permet que difficilement d'étudier les potentiels couplages entre différents modes de sollicitation. Le développement de tests multi-axiaux permet d'étudier ces couplages et d'explorer plusieurs directions de sollicitation lors d'un même test. De plus, les sollicitations multi-axiales permettent une représentation plus réaliste des contraintes subies en conditions réelles.

Cependant la réalisation et l'exploitation d'essais multi-axiaux posent de multiples difficultés techniques et théoriques. En effet, il est nécessaire de déterminer un trajet de chargement multi-directionnel et de piloter les axes de commande de manière synchrone pour appliquer le chargement désiré. Par ailleurs, l'analyse de ces essais nécessite des moyens de mesures adaptés ainsi que des techniques d'exploitation permettant d'extraire des informations pertinentes. Pour l'endommagement, plusieurs techniques de mesure sont étudiées et comparées dans les travaux présentés : corrélation d'images numériques, thermographie infrarouge et mesures acoustiques. Une première étude est réalisée sur des essais uniaxiaux sur stratifiés carbone-époxy puis un essai biaxial plan sur verre-époxy est présenté, incluant des radiographies ainsi qu'une reconstruction par laminographie visant à extraire des exemple des modules dans l'épaisseur, peut être difficile. Celles-ci peuvent parfois être estimées en se basant sur les propriétés des constituants du composite ou sur les autres modules.

Une fois ces paramètres identifiés, il est possible de représenter un matériau purement élastique, c'est à dire qu'il existe une relation linéaire entre le tenseur des déformations et le tenseur des contraintes. Cependant, en raison de la viscosité de la matrice, la relation entre ces deux tenseurs présente en réalité une dépendance temporelle forte. Ainsi, à l'exception des chargements quasi-statiques il est nécessaire de représenter leur comportement par des lois visco-élastiques. Le comportement dépend alors de l'historique du chargement. Par ailleurs, la viscosité des composites dépend fortement de la température. Ainsi, afin de prendre en compte ce facteur, des modèles thermo-visco-élastiques ont été développés.

Ce type de modélisation est réaliste dans le cas de petites déformations, vitesse de déformation modérée et de nombre de cycles réduits. En effet, de nouveaux phénomènes peuvent survenir si ces conditions ne sont pas respectées. En particulier, l'endommagement se manifeste par une altération de la rigidité du composite. Il peut être causé par de nombreux phénomènes tels que la fissuration matricielle, le délaminage, la micro-fissuration, la décohésion fibre-matrice ou encore la rupture prématurée de fibres. Ses causes étant très diverses, sa manifestation à l'échelle microscopique est complexe à étudier. Viennent s'ajouter à ces phénomènes la fatigue, la plasticité, les contraintes résiduelles de cuisson et des couplages entre ces différents comportements.

Cette brève présentation du comportement des composites permet d'illustrer les problèmes liés à sa modélisation et sa caractérisation. Les essais multi-axiaux permettent d'améliorer la caractérisation des composites en proposant une sollicitation plus représentatives des conditions réelles subies par une pièce en fonctionnement. Par ailleurs, ils permettent d'étudier certains couplages et d'explorer un espace complet de sollicitation qui serait inaccessible en un unique essai uniaxial. Cependant les essais multi-axiaux présentent de nombreuses problématiques supplémentaires. Notamment l'état de contrainte au sein de l'éprouvette n'est pas homogène, il est ainsi plus délicat à déterminer et à interpréter. Les mesures en champs complets permettent de répondre à la problématique de la mesure en fournissant des informations en tout point de la zone d'étude de l'éprouvette. Cependant, le travail à réaliser pour l'interprétation de ces mesures reste important.

L'objet de cette étude est de développer des techniques expérimentales permettant d'utiliser les mesures de champs, en particulier la Corrélation d'Images Numériques (CIN) pour la détection de l'endommagement et le pilotage d'essais multi-axiaux sur des matériaux composites. Dans un premier temps, différentes méthodes de détection de l'endommagement seront comparées et étudiées. Ensuite, un outil développé pour le pilotage d'essais multi-instrumentés sera présenté, suivi d'un outil pour effectuer de la CIN intégrée à grande vitesse. Enfin, un essai multi-axial piloté par CIN sera présenté. Cet essai servira de support pour illustrer les capacités de outils présentés à piloter des essais mécaniques complexes. De plus, cet essais est effectué au sein d'un mirco-tomographe à rayons X. Cela permet de réaliser des reconstructions 3D du matériau au cours de l'essai par laminographie permettant ainsi d'observer les mécanismes d'endommagement au coeur du matériau et d'évaluer la capacité de la CIN à détecter l'endommagement dans les matériaux composites en surface en dans le volume.

Chapitre 2 : Détection de l'endommagement

La caractérisation des composites est réalisée à l'aide des données récoltées au cours d'essais mécaniques. Ainsi, le choix de l'instrumentation est crucial afin d'aboutir à des observations pertinentes. Cette étude se concentrant sur l'endommagement, une étude préliminaire sera effectuée afin d'évaluer la capacité de différents outils à détecter l'endommagement.

L'endommagement peut être détecté par de nombreuses méthodes. Il est possible de détecter l'altération macroscopique ou locale des caractéristiques mécaniques en conséquence de l'endommagement, ou de détecter les phénomènes d'endommagements directement lors de leur apparition au cours de l'essai. Cette seconde approche sera ici privilégiée. Les méthodes étudiées sont la CIN, la thermograviii phie infrarouge ainsi que les mesures d'émission acoustique. Les mesures cinématiques obtenues par CIN permettent de localiser efficacement les localisations de déplacements ou déformations causées par un évènement tel que l'apparition d'une fissure. L'énergie libérée lors de l'endommagement peut être sous forme thermique et ainsi être détectée par la thermographie infrarouge. Cette énergie peut aussi prendre la forme d'ondes mécaniques, auquel cas les mesures acoustiques sont en mesure de les détecter, mais pas de les localiser dans le cas d'un microphone unique.

Pour la comparaison de ces outils, des essais de traction uniaxiale sont effectués sur des éprouvettes en stratifié à plis croisés de carbone-epoxy T700-M21. L'empilement est [0 2 , 90 2 ] s . Deux campagnes sont réalisées : des essais sur échantillon rectangulaires simples, puis sur des échantillons percés au centre de la zone d'étude afin d'induire des localisations. Ces essais sont instrumentés par une caméra observant une face de l'éprouvette peinte d'un mouchetis pour la CIN, une camera infrarouge sur l'autre face et un microphone à condensateur placé au plus près de l'éprouvette. Pour les deux campagnes, des essais sont réalisés sur des échantillons présentant un angle de 0, 45 et 90°entre l'axe de traction et les fibres de la face. La déformation dans une région autour du centre de l'éprouvette est mesurée par CIN en temps réel et le chargement est réalisé par paliers de 0.25% de déformation avec une décharge à 0N à chaque cycle.

Dans les éprouvettes présentant des plis à 90°(en peau sur l'essai à 90°, à coeur dans l'essai à 0°), ceux-ci sont sujets à la fissuration matricielle. Des fissures horizontales se propagent quasi instantanément sur la largeur de l'éprouvette. Celles-ci sont détectées par tous les moyens de mesure lorsqu'elles ont lieu sur la face observée. Celles apparaissant à coeur sont détectées par la thermographie en raison de la diffusion, cependant la CIN devient presque insensible à ces fissures. Ces évènements sont également enregistrés distinctement par le microphone, permettant d'estimer simplement une densité de fissure dans le cas de l'éprouvette non percée. Malgré cet endommagement manifeste, le comportement mécanique de ces éprouvettes est presque purement élastique. Ceci est dû à l'importante différence de raideur dans le sens fibre et dans le sens transverse. En effet, la contrainte est plus élevée dans les plis en sens fibre qui ne sont pas sujets à cet endommagement. Ainsi, la dégradation des plis transverses n'a que peu d'impact sur la réponse macroscopique pour ce type de chargement.

Les essais à 45°présentent un comportement très différent. En effet, ils présentent un endommagement macroscopique important. Cependant, les mécanismes de dégradation ne sont pas détectés aussi clairement que la fissuration transverse. La CIN permet d'identifier des bandes de cisaillement plastique par la localisation de déformation après décharge, aussi bien dans le pli supérieur que dans les plis à coeur. Sur les éprouvettes percées, une localisation selon des lignes parallèle aux fibres partant de la singularité sont observées. Ce comportement est cohérent avec la simulation ainsi qu'avec la littérature. Ces localisations induites par la structure peuvent être identifiées à la décharge mais pourraient également être extraites sous charge en utilisant une méthode de décomposition du champ cinématique. Cette option sera développée dans la conclusion.

Chapitre 3 : Essais multi-instrumentés

L'objectif est de développer des essais multiaxiaux, ce qui nécessite une bonne synchronisation entre les actionneurs. Le programme de commande peut avoir besoin de prendre en compte les informations des capteurs pour un contrôle en boucle fermée, ce qui signifie que le retour d'information doit également être interprété rapidement. De plus, des capteurs supplémentaires peuvent avoir besoin d'être synchronisés avec le reste de l'installation pour collecter des données. La création d'un programme pour mettre en oeuvre l'interaction entre ces différents éléments est une tâche complexe. Elle peut être simplifiée en utilisant une couche d'abstraction entre le matériel et le logiciel. C'est le rôle de CRAPPY, un module Python open-source créé pour aider à la conception de montages expérimentaux qui se concentre sur la division de l'expérience en tâches simples et la création d'un programme pour contrôler l'interaction entre ces tâches. Il peut être utilisé pour contrôler une grande variété d'équipements tels que des moteurs, des caméras et des cartes d'acquisition. ix Chaque tâche est représentée par un objet Block. Chaque Block fonctionne dans un processus indépendant afin de favoriser la parallélisation des tâches. Les Blocks possèdent une base temporelle commune et peuvent communiquer afin de permettre une interaction entre les différentes tâches. Il est possible de créer simplement de nouveaux Blocks afin d'implémenter de nouveaux outils adaptés à tout type d'essai. CRAPPY met à disposition divers outils comme des générateurs de signaux, des outils de vidéo-extensométrie, de filtrage, de sauvegarde et de visualisation de données. Par son architecture modulaire, l'implémentation d'une vaste librairie de matériel et d'outils numériques, CRAPPY permet de simplifier le développement d'essais tout en laissant un maximum de liberté à l'utilisateur.

Cet outil a été utilisé pour le pilotage de tous les essais présentés dans cette étude ainsi que de nombreux autres essais dans divers domaines comme la biomécanique ou la tribologie.

Chapitre 4 : Corrélation d'images numériques sur GPU

La corrélation d'images numériques (CIN) peut apporter beaucoup d'informations sur l'état d'un matériau. Elle a été utilisée dans le Chapitre 3 pour détecter l'endommagement dans les composites, elle peut être utilisée pour évaluer la déformation à l'échelle locale et globale et même identifier des comportements ou des propriétés intrinsèques du matériau à partir des champs cinématiques. Cependant, la CIN est coûteuse en termes de puissance de calcul. L'augmentation des performances des ordinateurs modernes est contrebalancée par l'augmentation de la résolution des caméras modernes, qui fait que ce la CIN peut être un processus lent, même sur des machines modernes. Cela signifie que le calcul d'un seul champ peut prendre plusieurs minutes ou au mieux, plusieurs secondes sur un ordinateur moderne. C'est pourquoi il est surtout utilisé comme un outil de post-traitement. Cependant, l'utilisation des informations apportées par la CIN pendant un essai permettrait de contrôler la déformation ou le déplacement de n'importe quel point, mais aussi toute autre information pouvant être extraite des champs cinématiques, comme un seuil d'endommagement. Afin d'inclure la CIN dans une boucle de contrôle, deux conditions doivent être remplies : le calcul doit être suffisamment rapide pour permettre à la boucle d'itérer au moins plusieurs fois par seconde et il doit extraire des valeurs significatives pouvant être utilisées pour réguler la commande. En effet, un champ de déplacement brut peut contenir des millions de composantes, qui doivent donc être traitées avant d'être envoyées à l'algorithme de contrôle.

Ces motivations ont poussé au développement d'un outil de CIN en temps réel. Pour cela, deux décision majeures ont été prises : premièrement, la limitation des degrés de libertés se fait par l'utilisation d'une base de champs cinématiques prédéfinis. Deuxièmement, le calcul est effectué sur carte graphique ou "Graphics Processing Unit" (GPU). En effet, les GPUs possèdent une puissance de calcul brute supérieure à celle des processeurs à condition de pouvoir paralléliser la charge. Ceci est compatible avec la CIN et permet en théorie d'accélérer fortement le calcul.

Pour l'implémentation, le langage Python a été choisi pour que le code soit accessible aux utilisateurs présumés. En effet, Python est très largement enseigné et est reconnu comme un des langages de programmation les plus accessibles. Par ailleurs, cet outil a vocation à s'intégrer dans CRAPPY, qui est lui-même codé en Python. Pour la communication avec les GPU, le module PyCUDA a été choisi. Il permet l'utilisation de fonctions (kernels) CUDA et fournit également une interface plus haut niveau accessible directement via des objets Python. Ainsi, le code CUDA bas niveau a été réduit au maximum et la quasi-totalité du code est rédigée en Python.

Le code permet de réaliser un calcul de corrélation entre deux images 4K en environ 25ms sur une base de six champs (corps rigide et déformations homogènes) sur une carte graphique grand public moderne (RTX 3070). En réduisant la résolution, cet outil permet de mesurer à près de 100 itérations par seconde la déformation d'une éprouvette au cours d'un essai bi-axial.

Cet outil permet de calculer la projection d'un champ de déplacement réel dans une base de champs prédéfinis. Une application directe est la mesure du mouvement d'un corps rigide et des déformations homogènes. Mais les applications d'un tel algorithme peuvent aller plus loin. Dans le cadre des petites x déformations, l'élasticité est linéaire, cela signifie que le champ de déplacement d'une structure en tant que réponse à une sollicitation d'une seule condition aux limites variable peut être projeté dans une base composée d'un seul champ. En utilisant le principe de superposition, il est possible de l'étendre en représentant le champ cinématique d'une structure élastique soumise à n sollicitations indépendantes en utilisant seulement n vecteurs.

Chapitre 5 : Essai bi-axial avec laminographie in situ par rayons X Afin de valider les capacités des outils numériques présentés, ils sont utilisés pour le pilotage d'un essai bi-axial sur verre-epoxy. Par ailleurs, afin de compléter les moyens de mesures précédemment présentés, des laminographies par rayons X sont effectuées au cours de l'essai. Cela permet d'observer l'évolution du matériau au coeur de l'éprouvette et d'évaluer les capacités de détection de l'endommagement de la CIN en surface.

La déformation longitudinale dans les deux directions dans une région au centre de l'échantillon est mesurée par CIN, ainsi que la position absolue. Ces mesures seront utilisées pour contrôler les actionneurs de la machine biaxiale, afin de suivre une trajectoire prédéfinie dans le plan ϵ xx , ϵ yy et de maintenir l'échantillon centré.

Au cours de cet essai, la fissuration matricielle est très présente, comme lors des essais uniaxiaux présentés dans le Chapitre 2. Celle-ci est bien détectée par la CIN tant qu'elle a lieu sur la face visible de l'éprouvette. Cependant, une fissuration à coeur est clairement détectée par la laminographie qui échappe à la CIN en surface. En particulier, le recalage d'images permet, en observant les résidus de localiser clairement les fissures dans les différents plis de l'éprouvette.

L'impossibilité de détecter des événements dans les couches autres que la surface de l'échantillon remet en question la pertinence de la CIN comme outil de détection d'événements discrets dans le volume. En effet, les conditions menant à la fissuration matricielle peuvent différer entre les plis, ce qui signifie que les événements survenant à coeur risquent de ne pas être détectables. L'impossibilité de détecter des fissures dans les couches internes peut être expliquée par la très grande rigidité du pli supérieur dans la direction des fibres, qui est exactement la direction de l'ouverture d'une fissure dans la couche à 90°.

Les fissures qui se forment en surface ont une signature très claire sur le champ cinématique et peuvent donc être détectées facilement. En revanche, l'utilisation d'une combinaison linéaire de champs calculés n'est pas applicable en raison de l'impossibilité de prévoir leurs localisations. L'interprétation qualitative de ce champ peut aider à identifier les phénomènes impliqués, mais le fait que seuls les événements de la couche supérieure soient détectés réduit l'intérêt de cette mesure pour quantifier l'endommagement sur l'ensemble de l'éprouvette.

La reconstruction des volumes 3D par laminographie à partir de radiographies aux rayons X permet d'utiliser la technique de corrélation volumique. Cependant les artefacts de reconstruction induits par la méthode de laminographie entraînent des images floues dans l'axe Z et difficiles à analyser quantitativement. Par ailleurs les calculs de corrélation volumique sont très couteux en temps de calculs en particulier sur les volumes très résolus. En revanche, le recalage d'images et l'analyse des résidus appliqué directement sur les images 2D de radiographie aux rayons X permet d'observer et localiser dans le plan la somme des endommagements dans l'épaisseur. Cette technique est peu couteuse en temps de calcul et très prometteuse pour l'analyse et le pilotage d'essais complexes à partir d'informations volumiques.

Chapitre 6 : Conclusions et perspectives

L'une des principales conclusions de cette étude est l'observation de manifestations cinématiques de l'endommagement fondamentalement différentes. En effet, les mesures de champs locales ont montré l'apparition de grandes fissures accompagnées d'une forte dissipation d'énergie sur les couches dont les xi fibres sont normales à la direction de chargement. L'emplacement exact de chaque fissure ne peut être prédit, ce qui rend l'application de l'idée initiale de décomposition cinématique linéaire délicate. Le même matériau a montré non seulement un comportement macroscopique complètement différent à 45°mais aussi des mécanismes d'endommagement très différents, avec un impact beaucoup plus diffus sur la couche supérieure du stratifié. Les grandes fissures instantanées et énergétiques en mode I dans les plis à 90°sont remplacées par une lente chute de rigidité avec des localisations plus petites mais avec une signature macroscopique plus nette.

Cela signifie que la signature cinématique locale de l'endommagement dépend fortement des phénomènes impliqués et qu'ils devront être différenciés pour être quantifiés à l'aide de mesures de champs cinématiques. Une autre observation notable est la très forte atténuation de la signature cinématique locale des événements entre les plis d'un stratifié. Comme la CIN ne peut mesurer que le champ de déplacement d'une surface visible, cela signifie que même avec une bonne précision et un algorithme performant, seule une fraction des événements se produisant dans un stratifié de plusieurs couches peut être détectée. Les essais à [+/ -45] s montrent que les événements survenant dans les autres couches peuvent avoir un impact mesurable sur la surface, mais les essais à [0, 90] s ont également montré qu'une fissure dans la couche centrale peut être quasiment impossible à détecter à l'aide des mesures cinématiques sur la surface. La diminution de l'incertitude sur la mesure pourrait permettre de voir en surface la signature des endommagements en profondeur sur un ou deux plis, mais il est clair que la CIN n'est pas appropriée pour la détection précise de l'endommagement des stratifiés pouvant être sujets à une dégradation localisée dans les couches internes.

Malgré les avantages des essais multiaxiaux, les différentes problématiques de conception et de réalisation limitent grandement leur adoption pour la caractérisation des matériaux. Cette étude présente des outils permettant de réduire la complexité de ces tâches et de rendre les essais multiaxiaux plus accessibles. Un montage expérimental a été présenté pour un essai interrompu avec mesures acoustiques, laminographie in-situ, CIN en post-traitement et en temps réel pour contrôler l'état de déformation en fonction d'une commande multi-axiale planifiée.

L'utilisation d'éléments logiciels modulaires est un atout majeur lors de la mise en place de ce type d'essais. L'utilisation de logiciels libres a été choisie afin de permettre une transparence totale et favoriser la collaboration par les pairs, ainsi que pour permettre à l'utilisateur de modifier le code à sa guise pour l'adapter à ses besoins.

Dans les essais présentés, la CIN intégrée a été utilisée uniquement pour mesurer les déformations longitudinales sur une région de l'éprouvette. Mais la base de champs sur laquelle la projection est effectuée peut également être construite pour inclure l'ensemble de l'éprouvette en se basant sur une simulation préalable. Par exemple, une simulation élastique basique de l'éprouvette peut être utilisée pour projeter le déplacement mesuré. Cette technique peut fournir un indicateur scalaire précis de l'amplitude de la déformation élastique. Une utilisation plus intéressante est l'interprétation du résidu. En effet, son amplitude est un indicateur direct de la capacité à représenter le comportement de l'échantillon par une réponse élastique linéaire. Cela peut permettre de détecter la présence de comportements anélastiques tels que la plasticité ou l'endommagement. Dans le cas d'une grande déformation, cela pourrait également indiquer que l'hypothèse de la petite déformation, couramment utilisée en mécanique, n'est plus adaptée et que le déplacement est maintenant suffisamment important pour que la réponse soit non linéaire. De plus, en regardant le champ résiduel, les régions responsables de cette réponse non linéaire sont mises en évidence. Ceci peut être utilisé pour identifier les différences entre les simulations et les expériences, pour choisir les zones où un modèle doit être mis à jour ou raffiné ou pour détecter les régions soumises à des phénomènes non linéaires comme l'endommagement.

Une application de cette idée qui ne nécessite pas de simulation préalable peut également être envisagée. En supposant qu'aucun phénomène non linéaire n'ait lieu aux faibles amplitudes de déformation, ce qui est une hypothèse raisonnable pour de nombreux matériaux, il est possible de construire la base de champ pendant l'essai. En utilisant les champs cinématiques induits par de petites perturbations sur un échantillon au début d'un essai, une base élastique linéaire peut être construite sans simulation xii préalable de l'éprouvette. Pendant l'essai, le résidu du champ cinématique expérimental dans cette base doit rester faible tant que le comportement reste linéaire. Lorsque des événements non linéaires se produisent, le résidu devrait augmenter car la base cinématique ne contient que la signature de l'élasticité linéaire. Selon le matériau, cela peut être la manifestation d'endommagement, de la plasticité ou de tout autre phénomène. Cette approche pourrait être utilisée pour quantifier la linéarité de la réponse des structures soumises à des charges multi-axiales.

Une autre façon intéressante de construire une base est la "Principal Component Analysis" (PCA). Elle consiste à rassembler un grand ensemble de champs de déplacements pour diverses conditions aux limites. Idéalement, ils doivent être aléatoires et couvrir l'ensemble du domaine de la sollicitation attendue. Ils peuvent être soit simulés, soit expérimentaux. En utilisant la PCA, il est possible de calculer un ensemble limité de champs qui peuvent être utilisés comme base pour représenter tout champ cinématique dans le domaine avec une erreur limitée et quantifiable. Ils sont construits en construisant la matrice de covariance et en calculant ses vecteurs propres. Ceux-ci, triés par valeur propre absolue décroissante, constituent la base par ordre décroissant d'amplitude. Cette base peut être tronquée pour ne garder qu'un nombre limité de champs, ils peuvent alors être utilisés dans l'outil de corrélation intégrée. La limite de cette méthode est le nombre de degrés de liberté. La CIN peut produire des champs avec des millions de composantes, la matrice de covariance contiendrait donc un nombre déraisonnable d'éléments. Pour que la PCA puisse être calculée en un temps raisonnable sur un ordinateur ordinaire, les champs doivent être réduits ou un modèle EF avec un nombre limité de noeuds doit être utilisé.

Cette approche peut être appliquée à des modèles de complexité croissante pour prendre en compte différents phénomènes de manière indépendante. Par exemple il est possible de réaliser une simulation purement élastique, puis une simulation prenant en compte l'endommagement. En retirant la composante "élastique" du second champ, les champs restants peuvent être interprétés comme une signature linéarisée de l'endommagement. Ces champs pourraient alors être utilisés pour identifier le premier signe d'endommagement sur les champs cinématiques expérimentaux.

Afin de répondre complètement à la problématique de cette étude, des travaux complémentaires doivent être menés. Comme cette étude se concentre davantage sur la méthodologie que sur l'interprétation des résultats, chaque test n'a été effectué qu'une seule fois. Par conséquent, aucune conclusion ne peut être tirée concernant la répétabilité de ces essais. Une première étape dans l'extension de ce travail pourrait être de répliquer le montage et de valider la répétabilité des observations. Ensuite, les algorithmes de contrôle pourraient être largement optimisés, afin d'obtenir une meilleure précision dans la commande et des vitesses plus élevées pour réduire la durée des essais et permettre l'exploration d'une plus large gamme de taux de déformation, même si les caractéristiques techniques de tels montages de traction électromécaniques limitent leur utilisation à des chargements lents (< 10 -2 s -1 pour la machine présentée).

Cette étude a mis en évidence la nécessité de développer des protocoles spécifiques aux différents matériaux pour une quantification précise de l'endommagement pendant l'essai. En fonction de la manifestation de l'endommagement (événements diffus ou localisés) et des propriétés recherchées, il devrait être possible d'élaborer des protocoles expérimentaux pour détecter et quantifier l'endommagement in-situ et étudier efficacement le comportement mécanique du composite en prenant en compte l'endommagement de l'éprouvette à l'échelle locale et mettre à jour la commande en fonction de ces mesures. Plusieurs outils ont été présentés à cette fin.

Une autre direction majeure pour poursuivre ce travail est le choix d'une commande à appliquer à un matériau pour l'extraction de données significatives. Par exemple, une idée naïve de protocole pour explorer l'enveloppe élastique est ainsi suggérée : l'éprouvette est chargée avec un rapport de charge ou de déformation constant jusqu'à ce que le comportement devienne non linéaire, puis déchargée et chargée à nouveau avec un rapport différent. Ceci peut être répété jusqu'à ce que l'enveloppe entière soit construite, en supposant que la détection de la non-linéarité se produise avant que l'endommagement ne soit significatif. Dans le cas de composites avec des plis unidirectionnels en surface, l'inclusion xiii d'événements discrets dans la base cinématique serait probablement nécessaire.

Ce travail montre de nombreuses applications potentielles pour l'amélioration des essais mécaniques. L'utilisation de la CIN en temps réel a été illustrée et des applications potentielles pour l'identification in-situ de mécanismes complexes tels que l'endommagement ont été présentées. De plus, l'amélioration des logiciels de pilotage permet l'application de charges précises avec un matériel plus simple. Les mesures in-situ se sont révélées être un outil puissant, notamment pour les essais multi-axiaux et le calcul en temps réel ouvre de nombreuses possibilités pour le développement d'essais mécaniques. Idéalement, ce travail devrait conduire à une amélioration des essais mécaniques pour les matériaux composites, permettant une meilleure compréhension de leurs comportements mécaniques. Cela conduirait à terme à des modèles plus précis et à un meilleur dimensionnement des pièces composites, améliorant ainsi la fiabilité et réduisant le poids des structures aéronautiques.

Ce travail a été financé à 50% par la Région Hauts-de-France et à 50% par la Direction Générale de l'Armement (DGA 

Academic context

This PhD thesis was completed at Centrale Lille by the "Laboratoire de Mécanique Multiphysique Multiéchelle" (LaMcube) laboratory. It was co-financed at 50% by the "Direction Générale de l'Armement" (DGA) and at 50 % by the "Région Hauts-de-France". This work was co-directed by Eric Deletombe (ONERA Lille) and Mathias Brieu (Calstate LA). The other supervisers are Julien Berthe (ONERA Lille), Pauline Lecomte (Centrale Lille) and Jean-François Witz (Centrale Lille).

The goal of this study is to explore options to control bi-axial tests on composite materials based on measurements of quantities that are not easily accessible, in particular damage. This includes measurement of the indicators of damage, the extraction of meaningful quantities in real time and acting on the command to update the loading based on these measurements. To answer these requirements, this work took a major part in the development of two programs. The first one is "CRAPPY", a Python module which development started in June 2015 (2 and a half year prior to the beginning of this work). The development of this program was continued in the context of this study in order to provide an adequate tool to control multi-instrumented experimental setups with a complete control on the software architecture. The second essential piece of software developed in this work is GPUCorrel, a GPU-accelerated integrated Digital Image Correlation (iDIC) software. The goal of this software is to provide accurate DIC measurements as a projection in a chosen set of fields at a high rate to allow the control of a test based on these measurements. The reflections on this software began in 2016 and the first implementation dates back to six month prior to the beginning of this work. Both programs were used to control the tests presented in this study and underwent major developments during this work. They are open-source and each had a paper written and published to share them with the scientific community.

The initial idea of this study was to build a base of kinematic fields to project the real measurements using the real-time iDIC software that could provide indicators of the level of damage in the material. This could be done either from experimental measurements or from numerical analysis. While this idea can be very promising in some scenarios, it is mostly inapplicable to cross-ply laminates as they show very strong localizations subject to statistical effects. This lead to a reevaluation of the goals of this thesis. Therefore, the tools to detect damage in real-time during a test were studied, along with the methods to include them in the control loop of an experiment. To do so, carbon-epoxy samples were tested in both uniaxial and biaxial configurations with multiple sensors in parallel to assess and compare their sensitivity to damage. Finally, this lead to performing a DIC-controlled bi-axial test under in-situ X-ray laminography to compare the measurements from DIC in a bi-axial scenario to the 3D measurements of laminography. This work started on December 1st 2017 for an initial duration of three years. The duration was extended by one year, of which six months were supported by the funders and six months were performed during a research contract in the laboratory. Several reasons justify this extension :

The change of direction taken after the realization that the linear kinematic projection is not applicable to some composites. Also, the bi-axial tensile machine used in this work was designed by the lab and an external contractor. It had never been used before this study and showed major conception flaws. The machine needed extensive testing and several returns to the supplier before if could be used for research. Also, the use of a rotating tensile machine for micro-tomography was originally planned in order to perform 3D measurements at a lower scale than laminography, but its use was abandoned due to recurring flaws in the manufacturing. The time spent for development on these machines ended up much higher than initially planned. Additionally, the unavailability of the experimental setups due to the confinement imposed by the COVID-19 crisis and the additional delays caused by this interruption justified the extension of this work.

Due to the time loss caused by the aforementioned issues, the decision was made to publish articles based on this work and prepare the manuscript in parallel. To avoid the need to rewrite similar parts in the papers and the manuscript, it was chosen to include the papers directly as complete sections of the document. At the time of writing, two papers are published (GPUCorrel and CRAPPY), the other two are submitted and waiting for feedbacks from the editor.

The use of composites in aeronautics 1.2.1 Introduction

Many parameters come into play when designing and manufacturing an aircraft. Weight is one crucial point. In particular, reducing the mass of an aircraft allows a lower fuel consumption and the capability to carry more cargo. In the case of military aircraft, the advantages of weight reduction include an increase in maneuverability and capacity to carry more fuel or a heavier payload. Because composite materials can exhibit an excellent performance to weight ratio, they are increasingly used in aeronautics.

By definition, a composite material is constituted of at least two non-miscible materials. This definition is extremely general as they can be naturally occurring like wood or artificial like concrete, cardboard or fiber-reinforced polymers (FRP). They can be used for various reasons : for example they can reduce costs, by introducing a cheaper component in the bulk of a material. But composite materials are often used for their great mechanical characteristics. A composite material may show a more interesting behavior than its different components taken separately. They can also be used to alter some properties of the final material such as thermal conductivity or flammability. Usually, artificial composites are constituted of two materials : a continuous medium called the matrix and a reinforcement. These two phases form a heterogeneous medium which is represented as a new material at the macroscopic scale : the composite material.

Composites for aerospace applications

This study will focus on a subset of composites : Fibers Reinforced Polymers (FRP). As the name suggests, the reinforcement is made of fibers and the matrix is a polymer resin, such as polyepoxides (known as epoxy). It acts as a binder that sticks to the fibers and constitutes a solid material by keeping the fibers in place and filling the gaps between them. The fibers can be made out of various materials such as glass, carbon, polymer or natural fibers. Usually, the mechanical characteristics of the fibers (modulus and strength) is higher than those of the matrix.

This study will focus on laminates. They are plates or shells constituted of different layers of fibers included in a continuous matrix. In the case of unidirectional plies, the fibers in a layer are all oriented in the same direction. This means that a layer is extremely anisotropic : for a ply made of T700S carbon fibers and a M21 epoxy matrix (60% of fiber volume), the tensile strength in the direction of the fibers is more than 30 times higher than in the transverse direction. This means that the behavior of the laminate is determined by the stacking sequence. This makes it possible to optimize the stacking sequence during the sizing to produce a customized laminated structure for the most accurate sizing. As an example, the fibers may preferably be oriented in the direction that is expected to endure the highest loads. If there is no preferred direction, the sequence can be quasi-isotropic with a balanced sequence of plies in every direction with a step of 45°. A common stacking sequence use to this end is [0, -45, 90, 45] s . This notation simply lists all the angles (in degrees) between a reference axis and the fibers for each successive ply. The s in the end indicates the position of the plane of symmetry, meaning that the actual sequence is [0, -45, 90, 45, 45, 90, -45, 0].

FRPs are mostly high-performance materials. Indeed, some fibers such as carbon fibers have excellent mechanical properties and the polymer matrix has a low density, making these FRPs able to replace load-bearing parts while being much lighter. Their excellent specific properties are the main reason why composite materials are increasingly used in aeronautics. Also, they show a better resistance to corrosion than most metals. However, their mechanical behavior is complex. This means that they must be extensively studied in order to ensure the reliability of composite parts. This idea is not new and composite materials have been increasingly used in aeronautics since the use of glass-fibers in the 1960 in the structure of civil planes and carbon fibers in the 1970. Today, composite materials have taken a good place in aeronautics : FRPs can be used in the structure, fuselage, wings and fan blades. Other types of composite can be used for the brakes, turbine blades and carter such as SiC-SiC composite for their good thermal resistance. New composite materials are constantly being developed to answer the engineering challenges faced when designing new aircraft.

Because safety and reliability are the most critical concerns in aeronautics, these composite parts must prove to be able to withstand the load they will endure while in service. To do so, they must go through a validation process in order to make sure that they will behave as expected. To account for the difference between models and reality, composite parts may be oversized to make sure that they will withstand the expected loading. However, this mitigates the advantageous performance to weigh ratio of composites. This is why an accurate modelling of the behavior of composites is crucial, this allows a more accurate sizing, reducing the amount of costly experimental validation and reducing the need to oversize the parts when it is unnecessary. Because models are built on observations, this means that there is a strong need to study the behavior of composite materials.

Mechanical behavior of composite materials

Modelling accurately the mechanical behavior of composites in every scenarios is still a challenge today. This is because the macroscopic behavior is the manifestation of numerous mechanisms at the microscopic scale and the macroscopic behavior is directly linked to the complex microstructure of the material.

Elastic anisotropy

The first phenomenon to account for is anisotropy : the material is generally much stiffer in the direction of the fibers. Given the generalized Hooke law ϵ = Sσ, we can rewrite it explicitly as in 1.1 for an elastic anisotropic material. 

         ϵ 1 ϵ 2 ϵ 3 ϵ 4 ϵ 5 ϵ 6          =          S 11 S
                  σ 1 σ 2 σ 3 σ 4 σ 5 σ 6          (1.1)
However, the presence of symmetries in the material can greatly reduce the number of parameters. Unidirectional plies are usually considered transversally isotropic, meaning that they have an axis of symmetry in the direction of the fibers. This implies that the stiffness matrix must remain unchanged after a rotation of any angle around this axis. Therefore it can be rewritten as 1.2, reducing the number of constants to only five instead of twenty-one. An isotropic material can be represented with two.
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But composite plates are usually built with layers at different orientation. The final anisotropy class depends on the layout : symmetric layouts can be orthotropic (nine constants) or monoclinic (thirteen constants). If the material presents no symmetry, composites can even be triclinic meaning that all the 21 constants are necessary to describe just the elastic behavior of the material.

Viscosity

With anisotropy accounted for, a perfectly elastic laminate can be modelled with 9 to 21 constants depending on the class of the anisotropy. But composites are not purely elastic. The matrix is often a viscous component. This means that the stress is dependant to the strain evolution. It can be illustrated by performing monotonic traction tests of a same sample at different speed. The higher the strain rate, the higher the stress will be. This is illustrated in the tests presented in [1]. It can also be illustrated by relaxation : when holding a constant level of strain on a sample, the force decreases with time [2]. Several models were developed to model this behavior. A general linear form that takes in account the history of the material can be written by defining the strain as a function of the history of the stress as in 1.3.

ϵ (t) = t -∞ J (t -τ ) ∂σ (τ ) ∂τ dτ (1.3)
Where J is a function intrinsic to the material. This form can be expanded further for non-linear viscosity [3]. Because the temperature influences greatly the visco-elastic behavior of composites, more general thermo-visco-elastic models were developed [4].

Damage

Another behavior that must be taken in account for a better description of composites is damage. This is the phenomenon investigated in this study. This term may have different meanings depending on the context but it is usually used to talk about a degradation of the microstructure of the material. Damage is caused by irreversible dissipative phenomena that may have an impact on the macroscopic mechanical behavior of the material. It can be the manifestation of local alterations at the microscopic scale such as microcracking or matrix/fiber debonding or macroscopic events such as the formation of cracks or delamination. Taking the latter in account at the material level is more delicate as they are discontinuous. These phenomena will be discussed more in-depth in section 2.

Damage is commonly represented in the general case as a tensor added to the compliance tensor (or subtracted to the stiffness tensor). It is a function of the history of the stress tensor. Damage laws were developed to account for this phenomenon with a limited number of internal constants and variables such as [5,6]. Usually, a few variables are introduced to represent different damage modes. They go from 0 (initial state) to 1 (fully damaged).

Other phenomena

The occurrence of damage may happen when the stress exceeds a threshold, but it can also happen when a loading below the static damage threshold is repeated several times. This is known as cyclic damage or fatigue and it means that the laws dictating the evolution of damage should take in account the entire loading history of the sample [7]. Fatigue can also be caused by thermal loading [8,9], meaning that damage laws should take both the mechanical and thermal history of the sample to be entirely general.

Plasticity, defined here as the permanent strain after unloading is also present in composites. Some models take it in account alongside damage [10]. Plasticity can be highlighted clearly on cyclic uniaxial tests on [+/ -45] laminates [11]. Plasticity can also be illustrated by hardening [12].

Yet another major phenomenon is the presence of residual stresses. The matrix and fibers have different expansion ratio, this incompatibility causes residual stresses to appear during the cool-down period of the curing process [13]. These internal stresses can have a major impact on the response of the material at ambient temperature.

It is also common for composite materials to exhibit couplings between these different behaviors [14,15]. This implies the necessity to study the correlation between all of these phenomena in order to fully describe the behavior of a composite.

Models for the behavior of composites

Due to the number and complexity of the mechanisms involved, there is to this day no universal way to model accurately composite materials and the implementation of such a model into a functional finite-element code would not be feasible to this day.

A completely general model taking all the presented phenomena in account would require a long list of constant and constitutive laws, rendering it impossible to implement in a finite-element code. Model are often simplified by making hypothesis or ignoring some phenomena when they are not expected to matter.

The World Wide Failure Exercise is an excellent illustration of the complexity of composite modelling. This international initiative aims at comparing blind predictions from existing models with experimental tests. In the second edition, even the best models show a "grade A" quantitative score (prediction error below 10%) in less than 50% of the test cases [16]. Of course, this simple metric is not representative of the capabilities of each model (how well the model predicts the evolution, the simplicity of identification of the parameters, etc...) which is also why a "qualitative score" is awarded for each prediction. However, it is shown that getting systematically accurate predictions of the behavior of composites is not possible even with the most complex models.

Two tools can be used to validate the parts : experimental validation and numerical simulation. These two tools are complementary and usually used together to validate aircraft parts. Experimental validation is costly as it requires the manufacturing of a prototype, a specific setup and an extensive experimental campaign. On the other hand, numerical simulations are less costly and can allow faster iterations between design and validation. However, numerical simulations are built on the knowledge of the behavior of the material. This means that its behavior must be flawlessly represented by the laws used for the simulation. Sadly, this is unrealistic because models are always a simplification of reality.

But it is possible to enrich the models by representing as much of the behavior as possible. To do so, the behavior must be observed as extensively as possible. This is where characterization comes into play : because there is an infinite amounts of possible loadings, the material should be tested in ways that allow it to exhibit all the possible mechanisms to take in account for the model to be able to extrapolate the response to all possible loadings.

Mechanical testing of composites 1.4.1 Brief history

To extend the knowledge about material behavior, tests have been developed mostly starting at the XVIIIth century. The initial goal was to rate the compressive strength of stones to deduce the maximum possible height of civil structures, bridges in particular and to rank the stones from different regions according to their strength [17,18]. With the development of metallurgy during the industrial revolution, the need to characterize metals leads to the creation of tensile machines. They consist in imposing a chosen loading to a sample with a chosen geometry and measure the response. Young performed many mechanical experiments and was the first to describe thoroughly the elastic behaviors of material [19]. The yield stress and stiffness were then determined using tensile apparatuses. The theory of continuous materials emerged with the tensor definition of stress and strain by Cauchy in the XIXth century [20]. This mathematical tools allows the representation of any strain or stress state and becomes the canvas for almost all modern advanced theories of continuum mechanics. However, if the theory evolved quickly, the tools used to characterize materials did not evolve much in the next century.

Getting back to our times, the characterization of materials is still mostly performed using uniaxial tests. They can be tensile, compressive, shear or flexural, at various strain rates, from quasi-static loading on tensile machines to high strain rates using split-Hopkinson pressure bars, but most testing is performed by applying a loading over a single axis. This means that the characterization of a failure envelope and the moduli of anisotropic materials is performed by testing many samples, usually with the principal direction varying between each test [21,22,23]. Not only this implies a large experimental campaign for each new material, this approach entirely disregards the potential couplings between the different modes of loading.

Multi-axial testing

The uniaxial approach is absolutely sensible when a few internal constant are sought and the test is designed to highlight the desired behavior. However, with the growing complexity of models, identifying a limited number of parameters per tests would imply a large experimental campaign, especially when quantifying the uncertainty by replicating each test several times.

Instead of using a single axis to drive the test, multi-axial tests allow the loading of a specimen along different directions. This has multiple advantages : applying a loading command that highlights different independent behaviors in a single test, allowing the investigation of couplings (between transverse compression and shear strength for FRP for example) and provide loadings that are closer to the real-world loadings that a structure is expected to withstand. A distinction must be made between univariate multi-axial, where the sample is effectively loaded along multiple axis, but the driving is still performed using a single variable. This includes constant loading-ratio bi-axial tests and pressure tests. If they have the advantage of providing a more realistic loading and investigate the couplings 1.4. MECHANICAL TESTING OF COMPOSITES for a given ratio, they do not allow the evolution of the loading over a multi-dimensional space. In this study, the focus will be on multivariate tests, which refers to tests where several actuators can be driven independently and therefore allow the exploration of a multi-dimensional command in a single test.

Despite these advantages, multi-axial tests are rarely used in the industry. First, they are more complex to set up and interpret than uniaxial tests. They may also require more expensive equipment and preparation. For example, the bi-axial specimens can have a more complex geometry than uniaxial specimens, making them more expensive to manufacture. Also, the testing machines are more complex. An other major reason slowing the adoption of multi-axial tests in the industry is that there are no standards describing the methodology to set up and interpret multi-axial tests. This is because they are still experimental and no consensus was made on the conditions of such tests and their interpretation.

However, research has been interested in multi-axial testing for some time. The common forms of biaxial machines are in-plane biaxial tensile machines like the test presented in section 5 and cylindrical machines where the tension and torsion are controlled on a hollow cylindrical sample [24]. They can also be used as triaxial machines by adding a third variable : an internal pressure inside the cylinder. A few triaxial machines were developed for traction/compression along three orthogonal axes such as ASTREE [25].

Measurements and processing

What evolved sensibly in the past century are the sensors. They can now bring a very wide range of information on the sample during the test. Recent instrumentation now allows measurement of much more than forces and positions : cameras can provide high-resolution digital images of the sample and Digital Image Correlation (DIC) can process these images to estimate the displacement of each point of the surface of the sample. Thermal cameras can provide emission fields, allowing an accurate estimation of the temperature of the surface of the sample, acoustic measurements can detect very low amplitude waves, X-ray imaging can monitor the bulk of the sample, etc... This list is non exhaustive as there are countless sensors used in experimental mechanics. These tools are used to acquire information about the material during the test and the data can be used to understand the phenomena occurring in the sample. They can provide information on its behavior and the mechanisms of deformation and damage at different scales which can in turn be used to enhance or develop models.

It should be noted that the data is most commonly processed after the test. Some sensors can be used to control the test such as load cells and extensometer to apply a chosen load or strain, but full-field measurements are almost exclusively used in post-processing. However, they contain much more information than scalar measurements. By using this information during the test to adapt the command, tests could potentially follow specific paths that could not be determined beforehand. An example could be the determination of an envelope : by probing the strain space along different directions and reversing each time the slightest damage occurs, an entire envelope could be determined in a single test. Of course, the accumulation of damage should be taken into account, but this is just an example of the possibilities offered by this approach.

Goal of the study

In this context, the objective of this work is to study and characterize the initiation of damage in laminated composite materials under multi-axial loadings. The main issues concern the real time control of the tests to define the relevant loading paths. Moreover, the complexity and anisotropy of the materials as well as the variety of damage and failure mechanisms involved require local full fields measurements in order to localize and identify the mechanisms. Moreover, according to the stacking sequences which can be more or less critical, the damage and failure mechanisms will be different from one ply to another in the thickness according to their orientation with respect to the loading directions.

The damage mechanisms in volume and in surface can be different depending on the stacking sequence. It is thus necessary to couple 2D and 3D measurements.

In order to study this problem and to solve all these difficulties, the work is divided into the following sections : First, various techniques used to detect damage in composite materials are compared. This allows the selection of the most appropriate tools and validate the capabilities of different methods to detect damage. Then, a tool used to control experimental setups including various sensors and actuators is presented, followed by the presentation of a method and its implementation to perform fast integrated DIC. This tool can be used to extract meaningful information on the state of the material fast enough for it to be used in the control loop. Finally, a bi-axial test controlled using realtime DIC will be presented. This test is used to demonstrate the capabilities of the presented tools to control complex setups and make way to a more complete and faster characterization of materials. This test is run into a micro-tomography platform in order to perform in-situ laminography under loading during the test. The reconstruction is used to compare the detection of damage by DIC to the internal structure of the sample and conclude on the performance of DIC to detect damage in the surface and volume of composite materials. 

Instrumentation to detect damage

As presented in the introduction, the characterization of composites is key to a better sizing of parts. Ultimately, conclusions will be made based on the measurements collected during a test, so the choice of the instrumentation is critical. As this study focuses on damage, a preliminary study will be performed on uni-axial tests in order to study the capabilities of different tools to detect the formation of damage.

Live detection and ex post facto detection

Detecting damage after the fact can be done by measuring its impact on the local material properties. There are numerous ways to do so : mechanically, by applying a solicitation such as a wave in the material and measuring the response [26], thermally by measuring the thermal conductivity [27] or the effect of thermoelasticity [28], or optically by detecting the presence of cracks or porosity in the visible range or with radiography [29]. These Non-destructive Testing (NDT) techniques are adequate to control parts for the presence of damage. In the case of material testing, the occurrence of damage itself can be monitored. Because the alteration of the material can have a thermal and kinematic signature, thermography, DIC and passive acoustic measurements are expected to pick up events that reveal the formation of damage.

Methodology

When a crack opens, energy is released. Microphones can be used to pick up the mechanical waves caused by the formation of the crack, this is the Acoustic Emission (AE) method. The energy may also be released as heat so these events can be detected by a thermal camera as long as they are energetic enough and near the surface. Lastly, DIC can be used to detect the impact on the kinematic field of the surface. These three methods will be tested and compared on uniaxial tests in the following article.

The following paper will present different methods used to detect discrete events and allow the detection of damage. In the case of a cross-ply laminate loaded in the fiber direction, transverse matrix cracking in the plies normal to the loading is expected [30,31]. Delamination can occur on the free edges of the sample or as a consequence of the formation of a matrix crack [32,33].
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Comparing methods to detect the formation of damage in composite materials

Victor Couty 1* , Julien Berthe Comparing methods to detect the formation of damage in composite materials the mechanical properties of FRP can be altered by damage. If the occurrence of damage can sometimes be harmless to a system, it may also lead to an alteration of the properties of a part and even lead to a failure. Consequently, understanding damage is of critical concern to properly and efficiently design composite parts. Damage is often represented by a decrease in the stiffness of the material. This phenomenon is the consequence of a degradation of the material at the microscopic scale. In order to quantify damage at the local scale, one can either observe locally the consequences on the material or directly detect the events leading to this degradation when it is possible. It may be done thanks to the energy dissipated by these events. When the energy is released under the form of heat, the temperature increase caused by alterations of the material can usually be picked up using infrared thermography, a commonly used Non-Destructive Testing (NDT) technique to detect damage in composites [1][2][3][4]. The heat fluctuations caused by thermoelasticity can also be detected, which is commonly used to study fatigue [5][6][7]. Active thermography is a technique used to extract information from the heat conductivity of the material by recording the transient behavior of a sample [8].

The energy released by the internal phenomena leading to damage can also be mechanical. This induces mechanical waves that can be picked up by accelerometers using the passive acoustic emission method. This technique is commonly used in composite testing [9][10][11][12][13][14][15]. It is not to be confused with active acoustic emissions, where the waves are generated using transducers (classically in the ultrasonic range) and the response of the material is measured to detect anomalies in the propagation of the waves due to an alteration of the material [16][17][18][19][20][21]. This method can detect local alterations of the material and the presence of porosity.

Damage can also be detected by its kinematic signature: the local evolution of the material properties will cause a reorganisation of the structure. Using an adequate model of the material, this signature can be detected using surface displacement measurement techniques. Several methods such as holographic interferometry, moiré interferometry, the grid method or many others [22][23][24] can be used to measure the displacement fields on the surface of the sample. Digital Image Correlation (DIC) has become the most common full-field kinematic measurement most likely because of the simplicity of the setup. It is now possible to measure pixel-wise displacements and strain fields with a very high sensitivity, allowing the detection of very faint phenomena, making DIC a viable candidate for damage detection and measurement [25]. Evolution of the microstructure in the bulk of the material can be detected using X-ray imaging by radiography, laminography or tomography [26][27][28][29], often revealing damage under the form of cracks and delamination in the case of composite materials.

In this paper, the capability of DIC and thermography to detect damage will be studied and compared. Additionally, the use of a non-contact condenser microphone to detect acoustic emissions will be explored and compared to the other methods. It should be noted that in this study, the thermography Springer Nature 2021 L A T E X template Comparing methods to detect the formation of damage in composite materials measurements will not be interpreted quantitatively. No effort was made to extract the temperature of the surface or quantify the amount of thermal energy released from the sample. Instead, the raw images will be processed directly in order to detect short variations of emission. It will be assumed that these events correspond to irreversible phenomena such as cracking and that they are linked to damage formation in the material. The goal of this study is to compare the capacity of these different measurement techniques to detect damage during a tensile test on carbon-epoxy samples. All three measurements are performed simultaneously during the tests. They are performed on T700-M21 laminate samples, the layup, [0 2 , 90 2 ] s , is tested at different orientations. The measurements will be processed offline to extract information about the state of the material and the mechanisms of damage will be investigated and compared to the literature.

Materials and method

Two series of uniaxial tensile tests were performed on samples of laminated carbon-epoxy at different angles.

Samples preparation

The composite plates used to cut the samples count eight layers of unidirectional plies of prepreg carbon-epoxy with a thickness of 0.25mm, the layup is [0 2 , 90 2 ] s . The layers were cut and laid out manually and cured at 180°C and 7 bars of pressure for 4 hours followed by a cooling ramp of 3 hours.

Each test was performed with an angle of 0°, 45°and 90°between the direction of traction and the fibers of the surface plies. The dimensions of the samples are shown in figure 1. The samples were prepared with 50mm long glass-fiber pads glued on each side of the ends of the sample, with a 45°chamfer to limit strain localisations near the grips of the machine, meaning that the Region Of Interest (ROI) is 150mm long. The samples of the second series are prepared with a 3mm hole in the center of the ROI drilled using a drill press with a carbide tip 3mm drill bit. The goal is to cause non homogeneous strains near the singularity and compare the observed mechanisms to the strain fields of the first samples.

The samples were cut using a water jet cutter. Tests were performed on scrap plates to find the best cutting parameters and avoid delamination. It is crucial for the water jet to enter the plate by a side or a pre-drilled hole to avoid delaminating the composite. The parameters used to cut the samples were a pressure of 1000 bars, 170grams/min of abrasive silica and a speed of 250mm/min. The hole of the nozzle is 0.35mm. The plates were clamped to a thin wooden plate secured to the working area of the machine. 

Experimental Protocol

The testing procedure consists in a loading phase at constant speed of 2mm/min until a prescribed strain is reached and unloading at the same rate until the force is 10N. The strain steps are gradually increasing by 0.25%. An example of loading is shown on figure 2. The strain is measured using real time global DIC [30].

Hardware description

The test is performed on an Instron 5882 tensile machine equipped with a class 0.2 load cell rated for 50 kN. A picture of the setup can be seen in figure 3. The machine is controlled using CRAPPY, a Python module designed specifically to control setups involving multiple sensors and actuators. The integrated DIC is performed directly on the images from the front camera.

The rigid body motions and homogeneous strains are extracted and the strain along the direction of traction is used as a criterion to control the cycles of Fig. 2: Example of longitudinal strain applied to a sample: the strain increases by steps of 0.25% and the sample is unloaded until the force is 10N (strain is not necessarily 0% at the end of a cycle).

the test. All the cameras are synchronized and recording at 5 frames per second and all the images are saved in full-resolution without compression for post-processing, including pixel-wise full-field DIC using the OpenCV implementation of DISflow [31]. The force and position of the machine are saved at 1 kHz. The acoustic pressure is recorded using a T-bone SC500 condenser microphone at a samplerate of 192kHz in 24 bits mode. The microphone was placed as close as possible to the sample without direct contact. Even if this method is probably less sensitive than attached piezoelectric transducers, it is much more cost-effective, requires no preparation time and does not alter the sample. Since the room where the tests are performed cannot be completely silent, the ambient noise is removed in post processing using the spectral noise gating technique implemented in the Audacity ®software [32]. This noise is caused mostly by the fans of the machines and by the Stirling cooler of the IR camera. Once the signal is free from the ambient noise, the acoustic pressure is averaged over a window of 10ms. This signal is differentiated and spikes are detected and counted as an event. The next spike can only be counted if the derivative has reached a negative value in between. This avoids counting the same event twice, especially since the sound is subject to reverberation in the room and shows a significant decay period during which the acoustic pressure can stay above the threshold. In all of the tests, an infrared camera monitors one face of the sample, a high-resolution camera monitors the other face of the sample and a third camera monitors the side of the sample with a macro lens. The side of the sample was polished prior to the test to give a clear view of the plies. Optionally, in only one series of tests the side camera was moved to the front of the sample to provide a closer look at the events on the face of the sample. The IR camera is a FLIR X6580sc camera with a 50mm lens, the images resolution is 640x160 pixels, with a pixel size of 160µm and the integration time is 3ms. The main camera is monochromatic camera Ximea CB500 8k camera recording images at a resolution of 7920x1600 pixels with a pitch of 20µm, an exposure time of 150ms and a Canon EF 100mm USM lens. The side camera is a monochrome Ximea MC124MG-SY with a Laowa 25mm macro lens which records images of the side of the sample at a resolution of 4112x3008 pixels, a pixel size of 0.96µm and an exposure time of 120ms. The lightning is aided by led rings placed around the lens of both optical cameras. In the tests where the side camera is moved to the front, the lens is a Zeiss Makro planar ZF T* 100mm lens. It records an area that covers the entire width of the sample and a 30mm of height. The pixel size is 9.9µm and the exposure time is 100ms.

To quantify the strain error introduced by the DIC algorithm used for post-processing, a study was performed on rigid body motions with the setup and each sample used during the test. A vertical motion was applied to the sample by actuating the machine without clamping the lower end of the sample. Images were taken at 0.01mm, 0.05mm and 0.1mm. The standard deviation, 95th and 99th percentile of the strain were computed. Since the strain is not supposed to vary, this method provides an estimation of the error in the strain measurement using this method. The table 1 sums up the deviation of the measurements. Springer Nature 2021 L A T E X template
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Macroscopic behavior

The [0 2 , 90 2 ] s and [90 2 , 0 2 ] s samples show very similar behaviors. This is expected as in both cases, half of the fibers are vertical (in the direction of traction) and the other half are horizontal, only the order of the plies is different. In these tests, the stress-strain curve showed a nearly elastic behavior as shown in figure 4. This is despite the clearly visible damage of the horizontal plies. The only major difference in the macroscopic behavior is the ultimate strain as the [90 2 , 0] s sample breakage occurred at 1.45% which is higher than the [0 The samples at 45°showed a significantly different behavior. At the macroscopic scale, damage is clearly present as shown on the stress-strain curve in figure 5. The stiffness of the sample is decreasing after each cycle, which is expected for this layup. For every orientation, the samples showed behaviors similar to those in [33].

Observations on

[0 2 , 90 2 ] s and [90 2 , 0 2 ] s
Even though the macroscopic behavior is almost perfectly elastic in these configurations, numerous events suggest that the samples were actually subject to damage. DIC detects major events on the [90 2 , 0 2 ] s samples, suggesting an alteration of the 90°layer. The figure 6 shows the strain along the traction axis revealing some of these events on the [90 2 , 0 2 ] s sample. The lines on 6a are Fig. 5: Stress-strain curve of a +/-45°sample on the third series of test actually discontinuities but the DIC algorithm reveals them as strain spikes because of the regularization. For comparison, figure 6b shows the strain fields on the [0 2 , 90 2 ] s sample where no events are easily visible. The sudden discontinuity parallel to the fibers and forming instantly on the [90 2 , 0 2 ] s sample appears to be transverse matrix cracking. To confirm this, micrographies of the sample were performed and the presence of cracks like the ones shown on figure 7 at the locations of these events confirmed this hypothesis.

Thermography detects many events on the [90 2 , 0 2 ] s sample, they are likely caused by the heat released by the formation of the same type of cracks. These events show a sudden increase of temperature along a line over the width of the sample followed by a dissipation period of a few frames. Figure 8a shows the IR signature of these events. The [0 2 , 90 2 ] s samples show the same pattern (see figure 8b) but with a lower amplitude. This could be the manifestation of the same mechanism, transverse matrix cracking, but occurring in the inner layer of the sample like observed in [29,34,35].

During the test, clicking sounds can be distinctly heard and are easily captured by the microphone. Most of these short sound bursts seem to coincide with the formation of a crack on either thermography or DIC. However, there are a few other acoustic events that do not coincide with the formation of a crack. These event have in average a lower amplitude and happen mostly at the higher strain levels. They are likely the manifestation of another type of event such as premature fiber rupture or delamination.

These observations lead to believe that the main damage mechanism observed in these tests is transverse matrix cracking in the plies oriented at 90°whether they are on the surface or in the bulk of the sample. The first cracks appeared at a global strain level of around 0.4% in every test and can be detected by thermography, DIC and the microphone.

The cracks appear to propagate through the entire width of the plain samples in a single frame. Given the frame rate of 5 fps, this implies that the
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Springer Nature 2021 L A T E X template Comparing methods to detect the formation of damage in composite materials cracks take less than 200 ms to propagate. The propagation is actually much faster: the audio recordings show that most events are a few milliseconds long and several paper with similar configurations show almost instantaneous propagations [34,36,37].

IR images show distinctly the formation of the cracks. For an easier processing, the difference of two successive images is considered instead of the images individually. On the [90 2 , 0 2 ] s samples, the crack occurring on the face are clearly visible. On the [0 2 , 90 2 ] s , the crack occur in the bulk of the sample but the heat signature is still detectable thanks to the diffusion through the top layer. The signatures of a crack for both orientations are shown on figure 8. They are constituted of a localized IR emission increase in a single frame, followed by a return to the average temperature in 3 to 5 frames, inducing a negative spike on the differences of images. On the [0 2 , 90 2 ] s samples, the phenomenon is less clear as it is affected by the dissipation through the top layer.

In order to follow the evolution of the crack density, an algorithm was developed to detect and count the cracking occurrences on the IR and visible images and compute the number of cracks per mm. The method used to process the IR images consists in a detection of local increases of the emission of the sample. The goal is not to quantify the amount of energy dissipated directly, or measure the temperature of the sample but simply detecting and locating the occurrence of such spikes of emission. The formation of a crack results in a temporary increase of the emission. Because the cracks propagate through the entire width in a single frame, a method taking advantage of this was developed to detect and count the cracks reliably. This is done by making the pixel-wise difference between two successive images, and summing them along the width of the sample, resulting in a 1D array. This method helps reducing both noise and the amount of data to process. When a crack occurs, a positive spike in this 1D array can be detected at the appearance of the crack followed by a negative spike that progressively flattens and spreads out as the heat dissipates. Figures 8a and8b show the signature of the cracks on 0°and 90°s amples and the graph of the sum used to perform the detection. Projecting this 1D diagram over time constitutes a 2D image on which the instant and localization of each event can be visualized simply as shown in figure 9. The events can be easily recognized by the short bright line followed by a dark gradient. On 0°samples, since the cracks do not form on the surface, only the heat dissipating through the top layer can be detected. The signature is significantly attenuated, but can be detected in the same way.

A similar approach is applied to process the fields extracted from DIC: an estimation of the longitudinal strain is obtained by computing the gradient of the displacement in the traction direction. This field is summed along the width of the sample. Using this method, DIC can detect very clearly the spikes caused by the discontinuities induced by the cracks. This is illustrated in figure 6a. These events are very distinct, indicating that DIC performs well to detect events occurring on the surface of the sample. It should be noted that this method can be applied to the strain fields, but also to the residual between two successive images. When a crack opens on the surface, the texture is altered and a line of higher values will distinctly appear on the location of the crack. Section 4.1 discusses further the evolution of the number of cracks.

On the tests at 0°, this method can still detect a very faint signature on the surface even though the cracks occur in the 90°plies at the core of the sample. To be able to detect these events of very low magnitude and filter out previous events, the DIC is performed between two successive images instead of keeping the unsolicited state as the reference. The displacement fields therefore contain only the motion that happened in the last 200ms. This method allows the detection of roughly one third of the cracks detected by thermography in the 0°orientation. The strain variation on the surface when a crack occurs in the inner transverse plies is about 0.02%, which is really close to the sensitivity threshold of the DIC algorithm, making it unsuitable for a reliable detection in this scenario. The fibers along the direction of the traction present a rigidity orders of magnitude higher than the rigidity of the matrix so the very low amplitude of the strain on the surface was expected. In this scenario, the apparition of the crack is accompanied by a very distinct clicking sound. The microphone can pick up these events easily. The detection is not a problem, however an accurate counting is not easy to perform as the noise spike caused by some events can take up to 100ms to fade entirely. This is partly due to the wave taking time to dissipate in the sample, but Springer Nature 2021 L A T E X template Comparing methods to detect the formation of damage in composite materials also due to echo in the room. This may induce overlaps of successive events so the use of a simple level threshold is not sufficient. To overcome this, an algorithm has been developed that computes an "average acoustic pressure" over windows of 2ms. It is considered that an event occurred if a high threshold is reached on a time window. Until the lower threshold is reached, new events are only registered if they show an increase over the previous window. It is like a cooldown period, but still registering events in the case of a sudden increase during the cooldown. Upon visual inspection of the results, this method has shown to be very robust. In the presented tests, all of the events detected by DIC and thermography are also detected with the microphone. However, there are events detected with the microphone and not the other measurements. This is discussed more in depth in section 4.1.

The force sensor is sensitive enough to pick up slight drops in the signal caused by some of these events. However, less than 25% of the cracks detected by DIC and thermography are detected by this method. The figure 10 shows the events detected as damage for all of the sources on a single graph on the 90°case. Each marker represents an instant when damage was detected, different markers refer to different methods. It shows that acoustic measurements pick more events that any of the other methods. Thermography and DIC are comparable and the analysis of the force sensor measurements is the least sensitive.

Observations on [45 2 , -45 2 ] s samples

On the [45 2 , -45 2 ] s samples, the transverse matrix cracking is not present like on the other samples. This is compatible with the observations from [38]. Even if the macroscopic damage is much more apparent on the stress-strain curve in this configuration than the 0°and 90°cases (see figure 5), thermography could only detect a few events. Local damage did not occur as clearly during the loading phases and the only events that could be detected occurred at high strain levels, shortly before the rupture of the sample. This is because this configuration does not favor the instantaneous propagation of cracks. Instead, shear bands appear progressively as the strain level increases without creating local increases of heat that can be detected using thermography. The observed mechanisms are different and they do not have an IR signature as distinct as transverse matrix cracking.

Thermography can also be used to monitor the global variations of temperature of the sample: a global decrease in emission can be noted during the loading phases, particularly on the first cycles with a smaller amplitude. Using thermoelasticity to detect variations of behavior is therefore possible. However, the ambient noise is close to these fluctuations due to the low strain rate of this test. This analysis is more appropriate for tests with a moderately higher strain rate. Also, the lightning required for the DIC may be inducing heat flux altering the interpretation of this method in this test.

Strain fields show localizations on lines in the direction of the fibers. They form irregularly spaced lines of higher strain in the directions of the fibers of Fig. 10: Graph showing the evolution of the strain and markers on detected events for each measurement method. The markers were offset vertically to improve readability both the face and the inner plies as shown on figure 11. These shear bands decrease in amplitude during the unloading but they are still present between the cycles when the force has returned to 0N. This means that they have an elastic and a permanent component. This form of permanent alteration appears progressively, therefore they are not accompanied with a sudden release of heat. This is why they can not be observed using IR thermography. The strain fields also show bands perpendicular to the fiber of the surface. These bands are caused by the same phenomenon occurring on the inner layers and showing through the surface plies. In this scenario, the microphone captured the first event at macro xx = 0.31%. Then, the microphone captured new events every time the sample underwent levels of strain never reached before. However, more events occurred between 0.3 and 0.6% of strain and before failure at about 1.75 %. Figure 12 displays the number of events that were detected in each range of .1 % of strain. It shows that there are less events between 0.7 and 1.3 % of strain.

Impact of the singularity

0°and 90°samples

In real applications, composite parts are rarely subject to a uniform strain state. The apparition and localisation of damage is usually caused by geometrical aspects and the nature of the solicitation of the sample. This is why some tests were performed on samples with a hole. Also, the use of rivets is common in the aerospace industry, further stating the need for open-hole tensile tests.

In the uniform sections of the sample, these tests showed all the behaviors observed previously. Transverse matrix cracking in particular is omnipresent, as described in section 3.2. However, the area near the hole showed new behaviors: slow transverse cracking can be observed on the 90°plies of the samples at Fig. 12: Histogram of the number of events detected as a function of the global strain on the +/-45°sample 0°and 90°. Instead of an instantaneous propagation through the entire sample like in the previous tests, some cracks showed a slow progression starting from the hole and growing towards the edge of the sample as shown in figure 13. This can be explained by the non uniform strain state that is not favorable to an instantaneous propagation.

On the 0°plies, a shear crack can be observed growing from the side of the hole in the direction of the fibers. The figure 14 shows the strain field of these samples at different levels of strain during loading on which this behavior can be observed. This shear crack also occurs on the 0°plies of the 90°sample, but is less clear as it is seen through the 90°layer. Figure 15 shows the shear strain to illustrate the progression of the shear crack.

On the 0°and 90°scenarios, most of the phenomena observed on the IR images appear to be transverse matrix cracking, just like the plain samples. One difference is the formation of some cracks that do not propagate over the entire width of the sample in the area near the hole due to the non-uniform stress in this region.

The measurements from the microphone are very similar to the plain samples. The microphone picks up many events in the loading phases. They show frequent distinct clicking sounds starting at 0.4% during the loading phases for the 0 and 90°samples

45°samples

On the 45°samples with a hole, the stress concentration induced by the hole favored the apparition of shear bands in the direction of the fibers, causing peak strain levels on an X-shaped region, with the hole in the center which Longitudinal strain (%) Fig. 13: Longitudinal strain on the [90 2 , 0 2 ] s sample, showing cracks growing from the hole towards the edge of the sample is consistent with other studies in similar configurations [39][40][41]. This is illustrated in figure 16. The region around the hole being subject to a higher strain, the rupture occurred in the center of all of the samples. The uniform regions of the sample showed a behavior similar to the previous tests with lines of shear strain on the direction of the fibers of both plies. The lines decrease in amplitude when unloading but the strain localization on the lines intersecting with the hole are still visible. This can be observed on the strain fields of the sample after unloading.

On the [45 2 , -45 2 ] s samples, no localized events were detected by the IR camera except emission around the hole just before the final rupture. This is just like the tests on plain samples: these thermography measurements bring almost no information about localized energy dissipation on the sample on this layup.

Just like the other orientations, the measurements from the microphone do not show a different behavior than the plain samples. The events on the 45°s ample are quieter than the 0°and 90°samples, but still very clear, especially the first events around the 0.5% level of strain and the ones just before rupture. 

Discussion

Evolution of crack density

Getting back to the tests on the plain [90 2 , 0 2 ] s samples, the cracks can be detected and counted using the method described in section 3. Longitudinal strain (%) Fig. 16: Longitudinal strain field on the [45 2 , -45 2 ] s sample with a hole localisations cannot be compared directly. However, the crack density on each face is expected to be similar for the same levels of strain. The figure 17 shows the evolution of the crack density as a function of the strain for each method.

The number of cracks on each face is similar as expected, even though they are not identical because of the statistical effects of this phenomenon. Since the events detected with DIC and thermography all appear to be matrix cracking, they are all expected to be detected by acoustic measurements. The figure 18 shows the cumulated events of both thermography and DIC on two different faces versus the events detected by the microphone.

This figure shows that the number of events detected by the acoustic measurements is almost equal to the number of events detected by both DIC and thermography at strain levels below 0.8%. Beyond this level, this method appears to detect other events that could not be observed on either thermography or DIC. These events are probably an other type of damage. The classification of the events based on their spectral signature as in [42] could probably provide more information on the type of events, but the acquisition frequency of the microphone of 192kHz is not high enough to perform this kind of study. In the case of the samples oriented at 0°, DIC cannot detect reliably the cracks in the inner layer but IR images can be processed just like in the 90°c ase, using a lower threshold. Once again, acoustic measurements pick up more Springer Nature 2021 L A T E X template

Comparing methods to detect the formation of damage in composite materials events than thermography, particularly when the strain level passes 0.8%. This is illustrated in figure 19. hese observations show that even if the dominant damage mechanism is transverse matrix cracking in this scenario, it is not the only mechanism since the microphone detected extraneous events at higher strain levels that were not detected by the other measurements. All the events picked up by DIC and thermography were detected by the acoustic measurements, meaning that this technique is the most sensitive. However, it gives little information on the event. A deeper analysis in the frequency domain could probably allow a classification of the events but providing a qualitative interpretation is delicate and the location of the event is inaccessible with a single microphone. The sensitivity of DIC and thermography appear to be similar for this type of events, however DIC cannot detect events in the inner layers in some scenarios. Thermography can detect events in the bulk since the heat dissipates through the top layer. However, it is not expected to be the case with much thicker samples, since the signature was greatly attenuated by the top layers of prepreg. Also, a quantitative interpretation of the thermography measurements could bring information about the amount of dissipated energy. DIC can bring a lot of information by describing the kinematic fields, allowing not only to detect but also to describe to some extent the phenomena. The following section uses the measurements from the DIC to describe the transverse matrix cracking.
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Investigation of the damage: matrix cracking and delamination

Then a particular attention was paid to the description of the events. As detailed in section 3.2, most of these events are transverse matrix cracks. The question of whether these cracks cause delamination is explored. The impact of the cracks on the thickness of the sample is monitored using the secondary optical camera placed on the side of the sample. Even in this configuration, with a large magnification and the absence of an artificial speckle pattern on the side of the sample, DIC can be performed to compute the displacement fields caused by the formation of a crack in the 90°layer [43]. The figure 20 shows the displacement along the direction of traction caused by the formation of a transverse matrix crack in the 0°case and the 90°case. Using the additional measurements from the zoomed camera on the face of the sample, the formation of the crack was captured more closely. The amplitude of the displacement of the surface and the relative strain along the direction of traction on the region around a crack is shown in figure 22a. The value of the displacement is taken along the middle line of the sample. Several lines were inspected at different locations and along different cracks and the figures are all very similar both in shape and amplitude. These observations lead to the conclusion that these openings are 20 to 25µm wide after their formation under load. A region of about 2mm on both sides of the crack is affected by the strain relief. The effect of this zone is also illustrated in figure 22b which shows the gradient of the displacement. It should be noted that in this case, the gradient of the displacement is not the strain because the displacement is computed between two successive images. The reference image is not the sample at rest, so this quantity could be called a "relative strain". Therefore negative values do not depict compression but a decrease in tension. Figure 22b shows that the value of this "relative strain" decreases in the area close to the crack and the discontinuity created by the crack is interpreted as a spike by the DIC algorithm. This is because the field measured by DIC is convoluted by a characteristic length, resulting in a smoothing of the field. The "relative strain" reaches 30% but this value is meaningless as it is the manifestation of a discontinuity in the field. The average strain level when this crack occurred was 0.73 %.

When the crack density increases past 0.2 mm -1 , the regions subject to delamination tend to join each other. The face of the sample is then constituted of almost independent patches subject to little to no strain at all. This can be seen in figure 6a where the strain of the surface between the cracks actually decreases as the number of cracks rises because the patches of the surface plies are almost completely detached from the inner plies. Many of these regions were ejected of the sample after the failure of the specimen, supporting that the bond with the rest of the sample had weakened during the test. On 0°samples, the cracks appear in a similar way and propagate through all the thickness of the 90°plies as illustrated on figure 20. Previous observations (notably thermography) showed that the crack also propagates instantly through the entire width of the sample. The crack causes relaxation of the material on both sides of the crack, but the ply being constrained by the 0°p lies on the side, the affected area is smaller than the free surface case, with about 1 to 1.5mm affected by the crack on both sides. This length was estimated based on the displacement fields from the DIC on the side camera. Delamination also appears to be present as many pieces of the 90°ply were detached from the sample after the failure of the sample just like the 0°case.

As discussed in section 3.3, the behavior is fundamentally different on the [45 2 , -45 2 ] s samples. In this orientation, matrix cracking is also the main damage mechanism, but instead of an opening, the cracks are the result of in-plane shear. As a consequence, the cracks appear progressively and do not open instantaneously like in the tensile mode. DIC shows that the amplitude of the displacement of each side of the crack grows when loading, but also diminishes during unloading. This means that the sides of the shear crack slide on each other during loading and unloading, possibly explaining the energy dissipation observed on the stress-strain curve on figure 5.
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The tensile tests on plain samples show that when the entire sample is submitted to the same level of stress, the occurrence of damage is dictated by the uneven material properties or defects in the material. This is why it is impossible to predict the apparition of the local events such as transverse cracks.

Confronting observations with models

Local DIC showed a complex behavior with many local strain peaks caused by damage phenomena. The nature of these fields with such a discontinuous strain seems in opposition with the commonly used approach for modelling such materials by assuming that damage can be represented as an homogeneous quantity. In order to confront these observations with this assumption, simulations of the test on the samples with a hole were performed. The kinematic fields from the simulations were compared to the dense fields measured with DIC. Because DIC can now measure displacements at a high frequency and spatial resolution, this comparison is expected to illustrate the strengths and weaknesses of these models. The simulations were performed on samples with a hole and 3 different orientations. Finite element simulations were performed using the Z-set suite software. The meshes were generated using the pre-processing interface of the Z-set suite. Ruled meshes were generated with a higher density of elements near the central hole of the plate. Only one element in the thickness of a ply has been considered, leading to 8 elements for the total thickness of the plate. Finally, a total of 68000 linear elements have been used to performed the numerical simulations leading to 910440 degrees of freedom. Regarding the material behaviour law, the ONERA progressive failure model has been used for these simulations [44]. The material properties used for the simulation are the same than those used in [44] except for the viscoelasticity which has been neglected in this study.

The simulated strain fields show patterns very similar to the ones observed on the measured fields around the holes for every orientation. On the 45°s amples, the strain localization induced by the hole is similar between the simulations and the measurements as illustrated on figure 23. However, the strain in the uniform sections differs significantly because of the heterogeneity of the material. This illustrates clearly why the question of a representative volume is critical when using uniform models on composite materials.

In the case of the 0°sample, the shear cracks in the direction of the fibers and tangent to the hole are present, even though the amplitude is smaller. As shown on the figure 24a, the simulated and measured fields are very similar even though the amplitude of the phenomena induced by the hole are underestimated.

The shear cracks tangent to the hole are also present on the 90°samples, just as observed on the experimental fields. However in this orientation, the two fields are completely different as shown in figure 24b. This is almost entirely due to the numerous transverse matrix cracks that occur in the surface layer. Also, on the 45°scenario, the shear cracks and heterogeneities in the shear modulus that cause the strain localisations on lines in the direction of the fibers are totally absent of the simulations, also resulting in much smoother fields in the homogeneous sections of the sample. We can see the impact of the underestimation of the shear cracks around the hole and the multiple matrix cracks.

Based on these observations, the damage mechanisms can be classified into two categories: some phenomena are dictated by the geometry of the structure. Their location and amplitude may be predicted by simulations as their occurrence is deterministic. On the other hand, some phenomena are caused solely by the local fluctuations of the material properties and their occurrence follows a seemingly random pattern. This is the case of the transverse matrix cracks in 0°and 90°tests and the shear bands in the +/ -45°tests. Their macroscopic density is linked to an internal variable that can be estimated, but the instant and location of their formation is not predictable. This is why simulations should not be interpreted as a representation of the reality. They cannot be compared directly to experimental measurements as they do not intent to predict such behavior. Even if these tools can predict accurately strain concentrations, rupture and give insights on the behavior of The intent of these observations is not to discredit the model or method used by the simulation, but rather to illustrate that models developed for simulation at the macroscopic scale cannot be used to accurately represent the local state of the sample. This is why direct comparisons between simulations and real strain fields are not straightforward, even with realistic models. The occurrence of these cracks cannot be predicted as they are seemingly random, but their macroscopic impact is taken in account in the form of a continuous damage variable. The actual impact of the shear cracks on the global behavior of the sample is extremely low in this scenario since the modulus of this material in the transverse direction is much lower than the fibre direction. The same observations can be made for the shear localisations on the 45°sample, particularly the uniform regions: the simulation show a continuous strain whereas the measured field shows localized shear bands.
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Conclusion

The choice of an experimental method to detect damage events in composite materials heavily depends on the material, structure and setup. The three methods compared in this paper showed very different detection capabilities. Thermography can detect energetic events such as cracks opening. Through diffusion, it can detect events that are located below the surface, making it a strong candidate when damage is expected to occur beneath the surface of the sample, as long as it is relatively close to the surface. Thermography is not limited only to these observations: with an adequate calibration and setup, it can also be used to quantify the dissipated energy and monitor thermoelasticity. However, thermography failed to detect slow progressive damage. Also, it requires expensive equipment and a complex setup procedure for accurate measurements. A low-cost option with a good sensitivity is the microphone. Acoustic measurements have been used for a long time to detect damage in composite materials (either passive or active). However, these measurements were usually performed using piezo-electric transducers and high-frequency conditioning units. This equipment can be costly, requires a preparation phase and necessarily alters the sample. This study showed that the use of a conventional microphone is more sensitive than both DIC and thermography. This is a low-cost alternative that requires almost no preparation, leaves the sample untouched and can detect damage during loading. The drawbacks of this method are the lower acquisition frequency, the impossibility to locate the event unlike the field measurement methods, and the sensitivity to ambient noise, implying the necessity to control the acoustic environment of the test. Finally, DIC is able to detect faint phenomena as long as they impact the observed surface of the sample. The capability to detect events in the inner layers depends on the stiffness compatibility of those layers. For example, the shear bands in the inner 45°plies are visible on the surface but the 90°cracks are not visible on the 0°plies. The benefit of DIC is to bring not only the count and location of the events, but also many additional information such as the width of the opening, its persistence after unloading, the direction, etc. . . The resulting fields can be interpreted in numerous ways, making DIC a rich tool to analyze damage phenomena. The main drawbacks are the necessity to present a texture with strong gradients for accurate results, often needing the use of an artificial speckle pattern and the high computational cost. It can be balanced by a hybrid use of DIC as performed in the presented tests: real-time integrated DIC to drive the test and slower pixel-wise algorithms in post-processing to extract further information on the local phenomena. DIC can also be used to detect existing damage by locating its kinematic signature upon loading, just like thermography can be used to locate existing damage using the active method. However, it was demonstrated that simulated and measured displacement fields may be very different making a direct comparison impossible.

Interpreting all the results from these sensors independently is a rather basic approach and since they are complementary, an interesting extension Springer Nature 2021 L A T E X template Comparing methods to detect the formation of damage in composite materials of this work would be to explore a way to fuse these sources of information together for a more accurate and sensitive detection of damage. Also, the field measurement methods may fail to detect events in the bulk of the sample. Xray micro-tomography and laminography are 3D field measurement techniques that do not face this constraint. Using the intrinsic texture of the composite, it is possible to perform Digital Volume Correlation as shown in [45]. This allows the computing of the displacement in the bulk of the sample. In-situ testing could therefore bring more information than the presented methods and investigate damage in the bulk of the sample.

COMMENTS

Comments

Observations on the results

This study highlights the fact that the transverse matrix cracks normal to the loading direction in cross-ply laminates have almost no impact on the stiffness of the sample, despite being clearly energetic and being the cause of local delamination. This is because the plies in the fiber direction are much stiffer, therefore bearing most of the load in uniaxial loadings. This scenario is not a realistic representation of the use of laminates : they are usually used with more complex layouts and the load is rarely purely uniaxial. However, it shows that discrete cracks have a very strong signature on the strain fields as long as they occur on the surface of the sample and thermography can also detect them, even if they are underneath an other layer through to diffusion. Also, acoustic measurements can detect discrete event distinctly even though the location cannot be deduced from measurements using a single microphone.

Even though the same material and stratification are used, the tests at the 45°orientation showed a significantly different behavior with almost no formation of discrete cracks but a very clear manifestation of damage at the macroscopic scale. This illustrates the strong anisotropy of the material : changing the orientation of the load on the same material changes entirely the macroscopic behavior of the sample and the mechanisms at play.

Discrete and continuous damage

In the perspective of this work, one major observation is the presence of two types of damage : discrete events such as macroscopic cracks or localized delamination and continuous damage. The latter is most likely caused by microscopic phenomena such as micro cracks or matrix-fiber debonding [34]. Models often represent both by a continuous internal damage variable. However, this representation is completely different from the reality and taking discrete events in account to compare simulated and experimental fields is challenging. These events can be mostly detected using the acoustic emission method. They can be located by thermography and DIC as long as they occur on the observed face or in some cases in the layers below the surface. It is therefore possible to some extent to evaluate the crack density, an indicator of damage caused by discrete events.

The density of these events can be predicted with a decent accuracy, but their position is dictated by the local heterogeneities in the material, which appears seemingly random to the macroscopic scale. Therefore it is impossible to predict the location of these event. It may not matter for an entire structure, but at the scale of a test this implies significant differences between different samples under the same conditions and major heterogeneities in the displacement field.

Consequence on the modelling

Therefore, the comparison between simulations and experimental measurements is very delicate as they may differ significantly. This makes the initial idea of using data from pre-computed simulations to analyse the test in real time impossible for such materials. It is not possible to build an accurate model of the test before actually doing it. There must be an interaction between the model and the experiment if the impact of damage is to be taken in account during a test. For non viscous materials, the idea of pausing a test, updating a model based on a new event, build a new simulation including the discrete event and resuming the test could be possible but this will not be explored in this study. 

Introduction

As presented in Chapter 1, the goal is to develop multi-axial tests, which requires a strong synchronisation between actuators. The control program may have to take in account information from the sensor for closed-loop control, meaning that the feedback from the sensors must also be interpreted quickly. Also, additional sensors may need to be synchronized with the rest of the setup to collect data. The creation of a program to implement the interaction between these different elements is a complex task. It can be simplified by using a layer of abstraction between the hardware and the software. This is the role of CRAPPY, an open-source Python module created to help the design of experimental setups that focuses on dividing the experiment in simple tasks and creating a program to control the interaction between these tasks. It can be used to control a large variety of hardware such as motors, camera and DAQ boards.

The main advantage of CRAPPY is the capability to isolate tasks and make them as hardware agnostic as possible. The test is defined by a single Python file, including the command, configuration of sensors and actuators, the acquisition and the live display of the measurements. The replacement of a device in the software, as long as it has the required functionalities, can be done by simply updating an argument in the code.

The next section will present further the motivations behind the creation of CRAPPY, its architecture, examples and real use-cases. It should be noted that this project is open-source, it is available at https://github.com/LaboratoireMecaniqueLille/crappy. 
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Abstract

Performing relevant mechanical tests requires complex experimental setups. CRAPPY is a Python module meant to help researchers develop code for systems involving several sensors and/or actuators. It features a number of advanced tools to perform measurements, drive hardware, and process data. CRAPPY aims at making the design of advanced tests easier and accessible to non-code experts. It is highly modular, and new devices can easily be added to the module as long as they can be interfaced with Python. Users can fully take advantage of Python's versatility in their experimental scripts, as they're not constrained by any GUI. CRAPPY features a wide variety of tools specific to experimental mechanics as it was first developed for this field, but tools and instruments from other domains can as well be included within its framework. In this paper, the project and its functionalities will be described, illustrated by short examples of code and existing experimental setups using CRAPPY. 

Keywords

Motivation and significance

Due to the progress of research in mechanics of materials, experimental setups are increasingly complex. They involve additional sensors, more accurate actuators, and follow complex command patterns.

To illustrate, one can think of the classic "monotonic uniaxial tensile test" where a sample is secured between two grips and then slowly pulled apart at a constant speed until failure. The applied force is measured, divided by the cross-sectional area of the sample, and plotted as a function of the strain of the sample to give the stress/strain curve. Much information on the behavior of a material can be deduced from this simple test, but important phenomena are although overlooked. For instance, the behavior can differ according to the loading speed, the orientation of the material, or if the load is applied repeatedly. Each of these behaviors needs to be explored and studied.

To this end, advanced setups are required. Such setups often imply driving multiple actuators according to pre-defined patterns, acquiring and saving data from various sensors, and plotting graphs for real-time monitoring. Properly synchronizing all these tasks proves challenging to non-code experts, and any change in the hardware used often entails re-writing large parts of the code. To address these limitations, CRAPPY provides a framework that internally manages the code complexity and aims at being accessible to beginners in Python. Tests are always driven by a single Python script, that is usually under 100 lines long. CRAPPY was also written to allow the devices to be easily interchangeable on the user's side. It comes with a readily available bank of devices and tools, including advanced techniques for experimental mechanics such as real-time Digital Image Correlation (DIC) or video-extensometry.

The project was started in 2015 as a repository to share pieces of code within the LaMcube laboratory, with the specific aim to perform videoextensometry driven tests. As the project kept growing, it became the reference Python module for driving experimental setups in the laboratory. We do think that it is now mature enough to be distributed to a wider audience.

CRAPPY's purpose is now to provide an open-source software canvas for developing experimental tests in a versatile and accessible way. Its strength lies in the ease with which new devices or tools can be added by users, making it adaptable to most experimental fields. We chose not to implement a graphical interface to avoid any loss of generality and to keep CRAPPY as versatile as possible. The programming knowledge required for the user to write a script was however kept as low as possible. Python was chosen to this end, as it is both popular in the scientific community and widely taught in universities.

Before CRAPPY a few other projects with a similar purpose have been released, the most popular being the LABVIEW suite [1]. Its target audience is however quite different as it is both closed-source and not free, and requires learning its own graphical programming language. Other similar projects also rely on Graphical User Interfaces and show various differences with CRAPPY. MyOpenLab [2] is intended to drive hardware in real-time rather than running the test following a given pattern, ACQ4 [3] is explicitly oriented towards neurophysiology, and PyMoDAQ [4] has a strong focus on nanotechnologies. Qudi [5] and CRAPPY share the goal of implementing a unified interface for a wide variety of hardware, but users need advanced Python skills to add new features to Qudi. Itom [6] may be the closest project to CRAPPY, as it requires the user to write the test codes and implements a similar approach for adding hardware. The main difference resides in the management of parallelization and synchronization, which is entirely left up to the user where CRAPPY automatically handles it.

We do believe that allowing researchers to easily design and control advanced tests is the best way to encourage the development of innovative experimental setups.

Software description

Safety precautions

Because CRAPPY may potentially interact with hazardous hardware, we do emphasize the fact that CRAPPY is NOT meant to handle safety in any way. Safety must always be the first concern when designing and running an experiment. All the examples detailed in this article should be run by trained operators wearing personal protection equipment when necessary, and following adequate safety standards. This software comes with no warranty, please refer to the LICENSE file for more information.

Software Architecture

CRAPPY is a Python module that can be installed on Linux, Windows, or Mac OS. It only requires Python 3.6 (or higher) and Numpy [7]. Some functionalities however require installing additional Python modules. For instance, Matplotlib [8] is required for real-time graph plotting and OpenCV [9] for image acquisition and processing. An error message informs the user if a module is missing for running a script. Installing CRAPPY can be done either by downloading the project from GitHub and running python setup.py install or by running pip install crappy as the project is now distributed on PyPI.

CRAPPY is the result of a compromise between versatility and accessibility. It can interact with a wide variety of hardware such as cameras, Digital Acquisition (DAQ) boards, motors, but also with virtual elements like PID controllers, graphs, files, and virtual actuators allowing to test scripts without requiring any actual hardware.

CRAPPY is entirely operational on Raspberry Pi OS running on a Raspberry Pi 3 or 4, making it suitable for low-cost setups. The GPIO port also gives access to the wide ecosystem of sensors and actuators built around the Raspberry Pi, which is otherwise hardly accessible from regular PCs. Furthermore, the computing power of the newest Raspberry Pi even allows performing tasks as complex as real-time DIC, as shown in [10]. Using OpenCV's DISflow [11] on a Raspberry Pi 4 it was possible to run DIC at 6 Hz using the piCamera v2 without overclocking, offering an excellent low-cost setup with real-time strain monitoring using nothing but a low-cost camera.

To write a script with CRAPPY, the user mostly works with Blocks. They are similar to blocks in graphical languages, except CRAPPY presents no GUI to create the blocks and connect them. Each Block is meant to perform a single task in a separate process. Depending on its function, it may have a variable number of inputs and outputs. It should be noted that a Block is not limited to a single process: it can use more than one core for CPU-intensive tasks such as DIC and video-extensometry. Blocks communicate together by sending Python dicts over "Links", a class relying on Pipes to transmit data between processes. The code snippet Listing 1 illustrates the instantiation of two Blocks, a Generator and a Grapher, and the connection between them using crappy.link(). In this script, the Generator outputs a sine wave signal with given characteristics and the Grapher displays the signal. This script runs until the user presses the CTRL+C key, which also closes the Grapher window. Note that Matplotlib is required for displaying the graph. The program can be modified to automatically stop after 5 seconds by setting the 'condition' to "delay=5" instead of None. 

# Make t h e g e n e r a t o r send i t s d a t a t o t h e g r a p h # Order m a t t e r s ! The l i n k w i l l go from gen t o g r a p h crappy .link(gen , graph ) crappy .start ()

To add a Recorder block that saves the output of the generator, the two following lines can be added just before crappy.start() rec = crappy . blocks . Recorder ('my-data.csv ')

crappy .link(gen , rec)

A block with outputs can be linked to any number of blocks, the same data will be sent to all downstream blocks. Also, data going through a Link can be edited on the fly using Modifiers. They can perform filtering, apply formulas, edge detections, and more. The example file modifiers.py shows how to use and create Modifiers. The documentation lists all the existing modifiers and their arguments.

Using Blocks is convenient to split complex experiments into simple tasks. It also provides a great scaling capability by using multi-core processors to their full extent. One limit of this architecture is the bandwidth of data exchanged between processes, which depends on the memory's effective speed. It was experimentally measured to be around 1GB/s on recent mid-range laptops. This is more than enough for sending analog measurements at a few kHz but may become limiting when sending uncompressed high-resolution images. As a workaround, it was chosen to make all the image-processing blocks also handle the acquisition and the saving, so that the image doesn't have to be transferred between processes. This is a clear departure from CRAPPY's aim of modularity, but an option allows separating the different tasks for a more modular yet less efficient layout.

Apart from Blocks and Links, CRAPPY also features several groups of objects at the root of the module: Camera, InOut, Actuator, and Tool. Camera is meant for image acquisition devices, InOut for hardware with physical inputs or outputs (usually DAQ boards), and Actuator for motors. Tool doesn't relate to hardware but rather to data processing classes. All these classes are used by the Blocks and are usually never called directly. For example, the block VideoExtenso, which performs video-extensometry, takes an argument specifying which Camera class should be used for image acquisition. It will at some point instantiate this Camera class, which will itself instantiate a CameraConfig Tool to adjust the image settings before starting the test. To the user, all this complexity is hidden behind a single line when instantiating the Block: dic = crappy.Blocks.Video extenso('MyCamera').

Adding new hardware to CRAPPY is simple: base classes are available for cameras, in/outputs, actuators, and modifiers. To implement an object, one should make it inherit from the corresponding base class. Depending on the type of object, some methods may also be mandatory to implement. Meeting these two conditions is enough for adding any hardware to CRAPPY. Optionally, settings can also be added using the add setting method, to tune parameters such as exposure time, aperture, etc.

Once the camera class is ready, it can be used just like any pre-implemented camera. A comprehensive tutorial can be found in the documentation.

Software Functionalities

The interest of CRAPPY resides in its modular architecture and the possibility to simply add new hardware and features, although the readily implemented elements already provide a wide range of functionalities. The main blocks will be quickly presented here. For an exhaustive list, refer to the online documentation at: https://crappy.readthedocs.io. Examples demonstrating the use of the most common blocks can be found on GitHub: https://github.com/LaboratoireMecaniqueLille/crappy. center of mass [14] of each marker. Given the initial configuration of the markers, the strain level of the sample can be estimated. See Examples/ve fake test.py.

Generator

PID Generates a command based on a target value and a measurement of the actual value, according to the PID controller logic. See Examples/pid.py.

Different layers of complexity can be included in a script, depending on the task to perform. The easiest way to run a CRAPPY script is to instantiate existing blocks, link them together and call crappy.start(), as showed in Listing 1. The implemented blocks should be enough for running most of the simple tests.

If a specific behavior needs to be achieved, modifiers can be added on links to alter the data flowing between the blocks. They can be used for data processing, but also for triggering events on a given condition, change the data rate, etc. A few modifiers are already implemented to apply filters like differentiation, moving average, etc., but adding custom modifiers is also fairly easy. See Examples/modifiers.py for an example.

If adding modifiers still isn't sufficient for obtaining the desired behavior, it is also possible to simply create custom blocks in scripts. To be considered as a CRAPPY block, a class just needs to be a child of crappy.blocks.Block and to implement the loop method. This method performs the desired action and manages communication with the upstream and downstream blocks. All the other mechanisms (starting, synchronization, loop frequency, etc.) are automatically handled by CRAPPY. The Examples/custom block.py file illustrates the creation of a custom block. Refer to the online documentation for exhaustive information on block instantiation.

Sample code snippets analysis

The folder Examples contains many short commented programs illustrating the use of specific objects. Along with the online documentation, they constitute a good knowledge base to begin with CRAPPY.

Illustrative Examples

Tensile test

Getting back to the tensile test mentioned in the introduction, this section will present an implementation of such a test using CRAPPY. Most modern tensile test machines can read the command from an external analog voltage. It means that the machine can be driven using only a DAC with an appropriate output range. In this example, a Labjack T7 board is used for generating the signal and reading the sensors. It is wired to an Instron 5882 electromechanical tensile machine, but the presented program is not specific to this machine.

This paragraph refers to the example Examples/tensile 1.py that can be found on GitHub or in Appendix A. The first step is to create a Generator block. As the analog voltage controls the position of the machine and a constant speed is needed, the Generator should output a ramp. The second instantiated block is an IOBlock, that communicates with the Labjack board. The position of the machine is the only output of the board, while the force and position sensors of the machine are its two inputs. The Generator must be linked to the IOBlock for it to know what value to write on the Labjack. The third block is a Recorder, simply meant to save the data read by the Labjack to a .csv file. Therefore, a link is instantiated between the IOBlock and the Recorder. Finally, a Grapher block allows monitoring the real-time value of the effort. It also has to receive data from the IOBlock.

To start the test, the external command must be enabled on the machine before crappy.start() is called. The starting time will be saved and all timestamps will be relative to this instant. Because no stop condition was specified in the generator, the test must be stopped manually by pressing CTRL+C in the terminal. A shutdown procedure then ensures that the program ends properly and no data is lost. Now that a basic test was detailed, we can add new elements to illustrate the possibilities offered by CRAPPY. A new setup now using an in-house tensile test machine "Biotens" is presented here. We now have look at tensile 2.py, again located on GitHub or in Appendix B. In order to better capture the strain in the Region Of Interest (ROI), this setup uses videoextensometry. Four markers are drawn in the middle of the sample following a cross pattern, as shown in Figure 3. The entire setup is represented in Figure 2 and has been previously described here [19].

To add video-extensometry, a Video extenso block is needed. The camera used and other parameters must be specified. Since a real strain measurement is now performed, we would like to apply cycles of loading to a chosen strain and unloading to a 0N state. This gives access to both the loading and unloading curves, which might be different for viscous materials. Compared with the previous example, the Generator path is modified and the sensors are linked to the Generator since it needs the strain and force values to make decisions. Figure 4 summarizes the architecture of the program. The file Examples/ve fake test.py presents a similar program but controlling a virtual machine, allowing the code to be tested without any hardware. 
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Furnace

Another example of an application of CRAPPY to experimental setups is a solidification furnace featuring five independent resistors, as shown in Figure 5. The temperature of each section is measured using a thermocouple and adjusted automatically to follow a pre-defined cooling pattern. This setup allows setting a different temperature in each section to create controlled temperature gradients, thus giving a fine control of the microstructure during the solidification of an alloy.

Each resistor is controlled by its own PID. The command is sent as a Pulse Width Modulation (PWM) signal using a Labjack board to control the transistors that ultimately power the resistors. The script runs on a Raspberry Pi 3, reducing the costs of the overall setup. For reference, the code is available under impact/furnace.py, but it is not detailed in this paper.

Braking tribometer

An example of a large-scale project is the braking tribometer. This test bench is meant to simulate the braking of high-speed trains to the 1/4th scale. It was extensively described here [20]. The rotor is driven by an 8kW motor and a pad is mounted on a spring to apply a normal force on the disc. Hydraulic actuators allow releasing the pad from the surface, and a screw controlled by a brushless motor adjusts the force on the pad by compressing the spring. The setup features many integrated sensors to study performance This bench is mainly used to test braking pads and discs, both in terms of mechanical and thermal performance. The usual testing patterns include braking at a constant speed, simulate braking a train of a given mass, braking at constant power dissipation, or just waiting for a condition to verify (e.g. for the pad to cool down below a given temperature). The force applied on the pad is controlled by a PID loop. An external device (Labjack T7) was preferred to CRAPPY's PID, as it wasn't meeting the high-frequency requirement for this setup. CRAPPY only writes registers on the Labjack to activate or deactivate the PID, and set the target value. It is also possible to drive the torque instead of the force, to perform tests at constant braking power. For more information on this setup, the documentation and the code can be found at https://github.com/LaboratoireMecaniqueLille/Tribo/. It took two months for an engineer to write the entire code including the GUI, the documentation, and the bindings for the "Spectrum" highfrequency acquisition board library (that are now part of CRAPPY). Much time was saved in the development of the bench thanks to CRAPPY, and it has now been running smoothly for more than 3 years with only minor edits to the software and hardware.

Impact

As demonstrated in the previous section, CRAPPY is a powerful tool for building complex setups. It is not meant for the user to create graphical interfaces or drive complex systems in a few clicks. Instead, the user is expected to have in mind the interactions between the components of his setup and to write code accordingly. Because it manages most of the software complexity during a test, CRAPPY makes it much easier to design innovative setups in a quick and accessible way. As any device may be added to the framework as long as it can interface with Python, almost any kind of experiment can be controlled. For experimental mechanics, CRAPPY also includes cutting-edge tools for image processing such as real-time DIC and video-extensometry. Propositions of code for applications in other domains would of course be happily considered. Ph.D. students and researchers of the experimental mechanics field at the LaMcube laboratory have been showing interest and enthusiasm for CRAPPY over the past five years. It has been used in various domains such as biomechanics [15,16], material science [17] and tribology [18]. CRAPPY gave its users an unprecedented opportunity to simply design complex tests, therefore helping researchers to push even further the limits of science.

Conclusions

This paper introduced CRAPPY, an open-source Python module developed at the LaMcube to make the programming of experimental tests in Python easier. Examples of code were explained and detailed to present the basics of the module and give an overview of its capabilities. This project has been used internally for years and we believe it has now become stable enough to be beneficial to other institutes and to the industry. The code is available on GitHub under the GPLv2 license. Contributions are welcome, please use GitHub to ask questions, report issues, or contribute.
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We wish to confirm that there are no known conflicts of interest associated with this publication and there has been no significant financial support for # The p a t h we w i l l u s e i n t h e g e n e r a t o r path = { "type": "ramp", "speed": SPEED / 60, cmd labels =['cmd ']) # Now we l i n k them : t h e o u t p u t o f t h e b o a r d # w i l l be r e a d from t h e l a b e l ' cmd ' # Note t h a t l i n k s a r e one-way o n l y , # so t h e o r d e r i s i m p o r t a n t crappy .link(gen , daq) # Now we would l i k e t o s a v e t h e measurements from t h e machine rec = crappy . blocks . Recorder ('results .csv ') crappy .link(daq , rec)

# C o n v e

# And why n o t d i s p l a y t h e f o r c e i n r e a l t i m e d u r i n g t h e t e s t graph = crappy . blocks . Grapher (('t(s)', 'F(N)')) crappy .link(daq , graph )

# Now t h a t a l l t h e b l o c k s a r e c r e a t e d and l i n k e d ,
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# t h e t e s t can be s t a r t e d . # Do n o t f o r g e t t o e n a b l e t h e e x t e r n a l command # on t h e machine b e f o r e h a n d crappy .start () # To i n t e r r u p t t h e t e s t , s i m p l y p r e s s c t r l +C i n t h e t e r m i n a l # I t w i l l s t o p a l l t h e b l o c k s and end t h e program 'value ': -SPEED / 60, 'condition ': 'F(N)<1'}) # Go down t o F=0N # J u s t l i k e t h e p r e v i o u s example , we c r e a t e t h e # g e n e r a t o r w i t h our new p a t h gen = crappy . blocks . Generator (paths , cmd label ='cmd ') 

# We c o u l d i n t e r p o l a t e them i n t h e same # t i m e b a s e ( s e e b l o c k M u l t i p l e x ) b u t t h i s means # l o o s i n g t h e raw d a t a . I t i s # much b e t t e r t o p e r f o r m t h i s i n t e r p o l a t i o n # i n p o s t -p r o c e s s i n g i f n e c e s s a r y # Our f o r c e a g a i n s t t i m e p l o t graph f = crappy . blocks . Grapher (('t(s)', 'F(N)')) # Adding a Mean m o d i f i e r t o a v e r a g e t h e p o i n t s # I t l o w e r s t h e f r e q u e n c y and makes t h e g r a p h s m o o t h

Motivations behind GPU integrated DIC

DIC can bring a large amount of information on the state of a material. It was used in Chapter 2 to detect damage in composites, it can be used to evaluate the strain at the local and global scale and even identify behaviors or intrinsic material properties based on the kinematic fields [35]. However, DIC is costly in terms of computing power. The increase in performance of modern computers is balanced by the increasing resolution of modern cameras, making this process time-consuming even on modern computers. This means that a single field can take minutes or at best several seconds to be computed on a modern computer. Therefore, it is mostly used as a post-processing tool. However, using the rich information brought by DIC during a test would allow a control over the strain or displacement of any point, but also any other information that can be extracted from kinematic fields, such as damage. In order to include DIC in a control loop, two conditions must be met : the computation must be fast enough to allow the control loop to iterate at least several times per second and it must extract meaningful values that can be used to regulate the command. Indeed, a raw displacement field may contain millions of components, so they may require some processing before they can be sent to the control algorithm.

The next section presents a software meant to compute integrated DIC in a short time. It relies on the very high raw computational power of Graphics Processing Units (GPU). The code was developed in Python and with specific functions written in CUDA. The code is open-source, it can be found at https://github.com/Dad0u/GPUCorrel. 
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Motivation and significance

Material behaviour is commonly studied by performing series of tests where samples are submitted to chosen loads and their responses are measured with various sensors such as strain gauges or load cells. The most common test is the uniaxial tensile test [1] where a sample of constant section in the region of interest is pulled in a single direction.

Most of the time, the uniaxial tensile test on a homogeneous specimen makes it possible to calculate the imposed stress and plot it as a function of the measured strain. It is therefore easy to plot stress-strain curves from this test to identify material behavior. However, when cross-sections are not constant, loads are complex, the material is heterogeneous or damage or failure cause complex phenomena, this test requires a full analysis or an adequate piloting. Full field measurement methods are a solution to measure the strain state on any point of the specimen, allowing to draw conclusion from this kind of test.

Digital Image Correlation (DIC) is a method to extract a 2D or 3D displacement fields of points on the surface of a sample using cameras [2]. It is not unusual to perform tests controlled by readings of force, apparent strain or actuator position [3]. However, full-field DIC is mostly used as a post-processing tool even though it carries extremely rich information on the specimen state. This is mainly due to the high computational cost of DIC.

There are numerous open-source DIC projects available, developed for various domains such as experimental mechanics [4,5,6,7,8,9,10,11,12,13], fluid dynamics [14,15] or medical purposes [16,17]. The formulation may be different, but the general idea is always to find a displacement field that occurred between two images. In all these scenarios, accuracy prevails over computational speed. This is why DIC is performed offline and usually takes between tens of seconds to several hours for a single pair of images depending on the algorithm, the implementation, the inputs and the hardware. Computer vision is a domain that makes use of time-constrained DIC (or "Optical Flow" to match the terminology used in this domain). This is why some algorithms such a DISflow [18] are designed with computational efficiency in mind and can be tuned to be extremely fast at the expense of precision. The presented algorithm is also coded to be as fast as possible, with the goal to drive tests in real time based on the results from the DIC. As an example, low-end laptop GPU dating from 2013 (K610M) can measure rigid-body motions on a 640 × 480 stream at about 15 fps. Using high-end graphics cards allows higher resolutions and faster processing. Tests on an RTX 3070 showed that the card is able to measure rigid body motions and homogeneous strains at 40 fps on a 4K (3840 × 2160) stream.

To be able to drive a test also implies the capacity to extract meaningful informations from the results. This is why the presented algorithm is using Integrated DIC (I-DIC). The term "integrated" refers to the fact that the resulting kinematic fields are included in the research algorithm: the program expects a list of displacement fields to be identified from the images. The result will only be a projection of the actual field in the given base. This means that the user can provide a restricted number of fields and the result will only have as many dimensions. This can be used to extract global information such as motion amplitude or global strain, but also more complex behaviors that can be extracted for dense fields of the previous tests or from simulations using a base reduction technique such as Proper Orthogonal Decomposition (POD).

The use of GPU allows a massively parallel processing of the data, giving access to much faster computation. A notable example of GPU-accelerated DIC software is eFOLKI [19].

Full-field displacements represent a large amount of data, especially when using high-resolution cameras. Extracting meaningful values to drive a test from these large arrays may also be computationally expensive. However the ever growing speed of computers and GPU computing made DIC-driven tests accessible. It offers the possibility not only to drive the test based on the position or deformation of any point of the sample during the test, but also to use projection on pre-defined bases of kinematic fields, allowing the extraction of meaningful values from the state of the material. Such bases can be defined prior to the test by numerical simulations, from previous tests or even "on-the-fly" during the test. This paper presents a Python software meant to perform DIC fast enough to process the video feed from a camera in real-time using CUDA-enabled GPUs, giving access to correlation-controlled mechanical tests. The following section will explain the principle of this algorithm.

Software description

The method presented in this paper is based on the global approach of correlation: the matching algorithm will not work on sub-frames or a finiteelement model, but instead process the whole image at once. The problem has twice as many unknowns as pixels in an image. In order to solve the problem, the number of parameters to optimise must be lowered. This implies a restriction of the research direction to a given base. The choice of this base is critical as it will affect both performance and correctness of the result.

The next subsection will present a mathematical representation of the problem and the approach to solve it in this software.

Principle of global correlation

Let F and G be the two images on which the correlation will be performed i.e. two 2 ⇒ functions. The goal of correlation is to find u(x) so that G(x + u(x)) = F (x) for all x in the Region Of Interest (ROI) where u is a 2 ⇒ 2 function defining the displacement at given coordinates. Because this is an ill-posed problem, we will add constraints on the definition of u [2]. For this algorithm, we will assume that u is a linear combination of chosen base functions b i . k is the vector of corresponding coefficients and the function for a given k is noted u k so we have (1) where {B} is the vector of all the base fields i.e. the base in which the actual field is projected.

u k (x) = {B} T {k} (1) 
Since strict equality between F (x) and G(x + u k (x)) cannot be achieved for all x for multiple reasons including measurement noise, digitization and the evolution of the surface of the sample, the algorithm will seek the closest match by minimizing their difference. Let us introduce a metric to quantify the difference between the two images. Using the Sum of Squared Differences (SSD) over the domain of the images, we have (2).

r = Ω [F (x) -G(x + u k (x))] 2 dx (2) 
It is asserted that the real displacement field is the minimum of the residual function r. To focus the computation around the ROI, we can use a mask M (x). It is a function that returns a non zero value for every coordinate belonging to the ROI and zero for every other coordinates. Since we are working on discrete data (digital images), the integrals are actually performed as simple sums giving (3).

r = x∈Ω M (x)(F (x) -G(x + u k (x))) 2 (3) 
Where x iterates over every pixels of the image. Since the algorithm is working with a sub-pixel precision, an interpolation function is needed to fetch values at non-integer coordinates. To avoid the problem of extrapolation outside the boundaries of the image, the ROI must be smaller than the original image.

This choice of the base {B} is critical since the computed field will be a projection of the real field in this base. Different approaches were used to make this choice in the literature. For instance, it can be built using every expected motion such as rigid body motion or homogeneous strain fields. For example the fields represented in figure 1 can be used to measure rigid body motions and homogeneous transformations.

In solid mechanics, it is common to use a finite-element approach and use the displacement fields based on the degrees of freedom of a mesh [20,21]. Other methods could be used to choose {B}, such as PGD on a set of measured or simulated fields [22].

Once the base has been defined, k will be sought using an iterative method: it will be updated and computed until a stopping criterion is reached. Differentiating (3) gives (4).

δr δk = 2 x∈Ω [(F (x) -G(x + u k (x))) B ∇G(x + u k (x))] (4) 
In order to avoid costly computation of ∇G(x + u k (x)) at each step, it will be estimated by ∇F . At convergence, we have F (x) G(x + u k (x)) therefore it will converge towards the same solution [23]. The image gradients ∇F will be computed only when updating the reference image and the base {B} is chosen prior to the computation. This means that the direction can be computed for each parameter by making a reduction of the entry wise product of a pre-computed matrix B i • ∇F and the difference of the two x y r exx eyy exy2

Figure 1: Illustration of six commonly identified fields images at the current step. The minimization is performed using a quasi-Newton method [24].

Software Functionalities

In order to reduce the amount of data to be processed and speed up the algorithm, the computation is performed following a coarse-to-fine (or pyramidal) approach as illustrated in figure 2. The images are resampled several times and the first iterations are performed on the lowest resolution, reducing significantly their cost. This approach also has the advantage of smoothing the image on the initial steps. This prevents the algorithm from falling into a local minimum if the initial guess is not close enough to the optimal solution.

Once the displacement has been computed on a lower resolution, the field is upscaled and used to initialize the next level, all the way to the original image. This reduces the number of iterations to be performed on the higher resolution. By default, the resampling factor is 2 and the image is resampled 5 times, meaning that the first image is 32 times smaller and contains 1024 times fewer pixels than the full resolution.

These parameters can be set to any value in the main class GPUCorrel with the arguments resampling factor and levels respectively. Each level provides a close estimation of the result of the next one, allowing to perform 4.2. ARTICLE : GPUCORREL only a few iterations on each level. This method has been proved to be effective and provides a significant speed-up, reducing the number of iterations to be performed on large images [25]. For the presented software, resampling is accelerated massively thanks to the texture mapping units of the GPU. The code has a limited set of functionalities: its final goal is to take two images and a set of fields and return the linear combination of the fields that minimizes the differences between the two images. It creates a list of levels that will process the images at different resolutions. Each level is represented by an instance of the class Correl level. The reference image and the fields are downsampled to the correct resolution for each level and the B i ∇F matrix are computed. When the second image is given, it is downsampled and the smallest level computes the residual image. It is used with the previously computed tables to compute the research direction. The field is updated and a new iteration begins. If the residual increases, the iteration stop and the level returns the best solution. It is then fed to the next level successively up to the native resolution.

Software Architecture

The software was designed to be as simple as possible to understand. The goal is for researchers who are not necessarily experimented programmers to be able to read, understand and tweak the code if necessary. This is why Python was chosen as the main language for this correlation program in spite of its relatively poor performances compared to lower-level languages. An other argument in favor of this language is that this software will be integrated to Crappy [26], a Python module developed internally to perform advanced mechanical tests. Only the critical parts were written in CUDA in a template file containing kernels (less than 100 lines excluding comments and blank lines). They will be compiled on-the-fly and used with the Python module PyCUDA [27], which allows most of the operations to be written in Python, even when manipulating data stored on the GPU memory.

The class GPUCorrel is the main class for this software. The init method of this class takes the resolution of the full-size image as its only positional argument. You can provide the fields as a keyword argument when instanciating the class. A field must be a Numpy array of dimension (y,x,2), where field[i,j] holds the displacement along respectively x and y for the pixel at coordinate y=i and x=j. For common fields, helpers are provided and the array can be replaced with a string. For example, one can use "x" for the rigid-body motion along x (i.e. f[:,:,0] = 1 and f[:,:,1] = 0).

Once the class is created and the fields are set, the reference image must be provided using the set ref() method. The image resolution must match the value of img shape given to init and the resolution of the fields. With the reference image set, one can call prepare() to set the textures and compute the {B} matrix. This method computes all the intermediates table used for the computation. It must be called every time the fields or the reference image are changed. Note that if it is not explicitly called, it will be done automatically upon calling compute().

It is now possible to compute the correlation using compute(). It takes the second image as argument and returns a 1D Numpy array with as many components as base fields.

The documentation of the GPUCorrel class is included in its docstring in src/gpucorrel/gpucorrel.py. A Markdown file README.md gives a quick overview of the software and the requirements. Lastly, a text file LICENSE contains the license under which this software is published. This file should be read and understood before using, modifying or distributing this software.

The class GPUCorrel creates the chosen number of instances of Correl level, each one with a different resolution. When GPUCorrel.compute() is called, the given image is resampled to the smallest resolution and fed to the first level. The resulting vector is upscaled and fed to the next level, and so on all the way to the last level. The number of levels and the resampling factor can be chosen respectively by the corresponding keyword arguments at init. The algorithm will have to read and perform many interpolation operations on the images. To accelerate this as much as possible, the code uses texture objects. They allow a slightly faster access to spatially close 2D data than GPU VRAM but more importantly, texture units perform bilinear interpolation in the time of a single memory read, where performing the bilinear interpolation manually would require four reads. To allow on-thefly compilation with the PyCUDA module, this code uses bindless textures, which require a device with compute capability 5.0 (starting with Kepler architecture). There are three textures defined in the kernel file: the reference image, the deformed image and the mask. Each level creates these three at their working resolution. The GPUCorrel class also creates two textures for each field to accelerate the resampling for all the stages. This option allows a faster setting and updating of the fields, but uses more GPU memory. It is planned to make it optional in the future to allow the use of more fields when GPU Memory is limiting.

Sample code snippets analysis

The file example.py gives a quick insight on how to use this program. It will open a camera on the computer using OpenCV, use the first frame as a reference, continuously read images and perform the correlation between the reference and the new image. It will only compute the rigid body motion between the two frames: displacement along x and y and the rotation. Keep in mind that this method is not meant for large displacement. The best way to appreciate the results is to gently press the table/support on which the camera is resting. The slight movement induced, although invisible to the naked eye, is likely to be detected even by a cheap low-resolution camera.

Test images are provided with the file test.py to run test the program on reference images submitted to only rigid-body motion and no strain. Since the sample is not deformed, the measured strain is only composed of measurement errors. The measurement has a standard deviation below of 9.6 µstrain and extrema below 30 µstrain of error.

Illustrative example

To demonstrate the use of the presented program, a tensile test was performed on a cruciform Polymethylmetacrylate (PMMA) specimen shown in figure 3. The real-time DIC was used to drive the test based on the strain applied to the sample. The testing machine is designed to apply a load on two perpendicular directions. It was developed internally. It can apply loads up to 10kN using 4 stepper motors allowing tests on a wide variety of materials such as metal, composites and plastics. The machine is shown in figure 4.

Just like the presented software, the biaxial machine was designed with simplicity in mind: each arm is composed of a stepper motor, gears and a screw threaded in the jaw of the axis. This conception is easy to assemble and cost-effective, however the high-ratio of the gears induces a significant backlash in the mechanism. Furthermore, the bronze bearings of the axes of This would be a major issue when driving the test in an open-loop fashion, but real-time DIC allows to measure the actual displacement and strain of the cross-shaped sample in real time during the test. The command can then be adjusted to apply the chosen loading. The major advantage of this methodology is that the test can be driven on the actual state of the material and not based on the measurements of remote sensors. Indeed, the grips position is only an image of the displacement of the tip of the sample, even high-precision machines could miss on events such as specimen slipping out of the jaws or deformations of the parts of the machine. This is no longer an issue when controlling directly the state of the material.

The real time DIC is performed on a square zone of 12.5 × 12.5mm at the center of the specimen. The image is a 2500 × 2500 pixels greyscale image with a depth of 8 bits. The base for the DIC is composed of 3 fields for the rigid body motions (along x, along y and the rotation), the strain along x and y and the shear strain for a total of 6 fields. The target framerate is 20fps and the DIC runs at this rate.

The test is driven using four proportional controllers. The actual position and strains of the sample are measured using the presented DIC algorithm. The two motors of each axis are regulated using two control loops: One of them controls the position of the sample by adjusting the sum of the speed of the two opposing motors. The second controls the applied strains by adjusting the difference of speed of the motors. This setup is applied on both X and Y axis, for a total of 4 controllers. The diagram on figure 5 presents the control loop used to drive the test.

The camera used in this test is a Ximea XiB CB500MG-CM, the lens is a Canon EF 100mm USM. The side camera is a XiC MC124MG-SY with a Laowa 25mm Ultra macro lens. The DIC, the control of the motors, the acquisition and saving of the images are handled by a single high-end computer. For this test, the specifications are deliberately above the requirements to make sure that all the tasks run exactly at the desired speed. It is equipped with an AMD Threadripper 1950X CPU, 64 GB of 3200MHz DDR4 RAM and a GTX 1080Ti graphics card. One out of 20 images are written without any compression to a high-speed NVMe SSD.

The sample is a cruciform PMMA specimen, showing a brittle behavior with little viscosity. It is painted with a layer of black paint and a speckle pattern of white paint made using an airbrush. The broken specimen is shown in figure 3 and the image processed by the algorithm in figure 6. The path was chosen as follow: the strain amplitude,

2 xx + 2
yy , is growing at a constant speed of 0.02 %/min and the angle of the command on the ( xx , yy ) plane varies at the speed of 18°/min. Since the testing machine is not designed to withstand compression, the command is restrained to the positive strain values. The command is represented as the orange line in figure 7 and the measured strain as blue dots. The time between two changes of direction is constant and equal to 5 minutes. The evolution of the strain versus time is shown in figure 8.

The position of the center region of the sample versus time is shown in figure 9. We can see that the closed loop control effectively kept the displacement of the sample below one pixel which corresponds in our case to 5 µm. We can see that the strain is following the actual path but within an error that is not negligible. The 95th percentile error is 0.023% strain, meaning that 5% of the points are exceeding 0.023% of error. This is about one order of magnitude larger than expected. This error appears to be mainly originating from the control software: The proportional controllers are having difficulties when facing discontinuous events like the play shown on the thread and quantisation of the command forced the motor to turn repeatedly on and off because the average speed is below the minimum speed of the motors. Also, the averaging of the measurements causes a delay, preventing a faster control loop.

The fields computed by GPUCorrel are not expected to pick up on local events but in the presented scenario, the fields are close to a homogeneous strain state. This allows a direct comparison with a local DIC algorithm. For this study, YaDICs [4] was used as it has been thoroughly tested in the domain of experimental mechanics. The same images were processed after the test in order to give a direct comparison. The image at t = 1043s was chosen as it is almost a biaxial strain state and at a medium level of strain. The fields are shown on figure 10 and the residual on figure 11. 437 images were processed instead of all the 2193 to save computing time and disk space, they were sampled regularly over the entire test. The YaDICs sequence follows a coarse-to-fine approach starting at scale 3 (one eigth of the original resolution) and resampling with a factor two after each step until the correlation is performed on the full-resolution. A median filter is used with a width a 3 pixels. The mesh is a FEM-grid with 16 pixels of spacing along X and Y. The pixel-wise field is then computed and the projection on the 6 fields base (3 rigid body motion, strain along X and Y and shear strain) is performed to extract 6 values to be compared directly with the results from GPUCorrel on the same images. The values obtained by projection of the fields from YaDICs are very close to the value from GPUCorrel. The table 3 shows common statistical indicators of the difference between the two measurements. MAD refers to the mean of the absolute deviation. These indicators show that the results from GPUCorrel are almost identical to the projected local fields from YaDICs. This shows that the level of accuracy is more than what is required to drive a test in real time. This is illustrated by the error from the control loop, which is orders of magnitude larger than the error from the measurement.

Impact

The actual position of the motors is shown in figure 12. It is clear when comparing it with figure 8 that the relationship between the motors positions and the actual strain is not straightforward. This test shows that real-time DIC can be used to control bi-axial mechanical tests based on the average strain of a region of the sample and on the absolute position of the sample to keep it centered and aligned. This demonstrates that real-time global DIC using chosen kinematic bases is possible and can be used to drive tests. The base used in this test is only composed of rigid body motion and homogeneous strain. It has the advantage of giving 4.2. ARTICLE : GPUCORREL not only the global strain in all directions including shear strain but also the exact position of the sample relative to the camera, which could not have been measured using strain gauges. The next step is to use fields originating from simulations to measure quantities related to the inner state of the material that could not be directly extracted instantaneously during a test using conventional sensors.

Conclusions

This software allows the measurement of the strain of a sample without needing any sensors other than a camera. Unlike force or position sensors, the measurement is a direct image of the state of the material while remaining non intrusive. This measurement is fast enough to be operated in real time on a video feed. The residual can quantify the error and easily inform of correlation errors, making this software adequate to monitor and control mechanical tests. This software will allow the development of a new generation of mechanical tests, making characterisation faster and more accurate, leading to a better description of materials, ultimately leading to better sizing of mechanical parts.

One application of this software for experimental solid mechanics have been shown in this article, but DIC has many other applications in fluid dynamics where it is known as Particle Image Velocimetry (PIV), computer vision where it is known as image registration and many others. This software could be used for different purposes as it was developed with the intent to be generic and not meant specifically for solid mechanics. There could be room for improvements, for example local fields computation and dynamically updated list of fields. Any suggestion to improve this software will be happily considered.
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Comments

This paper presented an algorithm to compute the projection of a real displacement field in a base of pre-defined fields. A direct application is the measurement of rigid body motion and homogeneous strains. This application was demonstrated in Section 4.2 and will also be used in the test presented in Chapter 5. But the applications of such an algorithm go way beyond this scope. Based on the infinitesimal strain theory, elasticity is linear. It means that the displacement field of a structure as the response of a solicitation of a single varying condition can be projected in a base composed of a single field. Using the superposition principle, it can be extended by representing the kinematic field of an elastic structure submitted to n independent solicitations by using only n vectors. This idea is developed in Chapter 6 where simulated elastic and anelastic fields will be used to analyze a tensile test on a carbon-epoxy sample.

Without any prior simulation, the use of a simple base can allow a fast estimation with a good accuracy of the global displacement and strain of a region of a sample. GPUCorrel can be used to measure these values fast enough to use it in a closed-loop control. The only instrumentation required is a camera and a heterogeneous surface on the sample. If the material does not have a sufficiently fine or contrasted texture, it can be achieved by painting a speckle pattern on the surface. Integrated DIC can replace strain gauges by providing the strain in any direction, even though the accuracy is still lower. It can also compute the absolute displacement and shear strain in any region. It will be used to estimate the strain of the center of the specimen in the test presented in the next chapter. It will also measure the global displacement. This information is used to adjust the command on opposing motors in order to keep the specimen centered at all times and actively preserve the symmetry in the test. 97

Introduction

The Chapter 2 presented a preliminary study on the methods to detect the formation of damage in composite materials. Chapters 3 and 4 described numerical tools to respectively design multiinstrumented experimental tests and perform real-time integrated DIC on GPU. Now that the methodology and tools are presented, they will be used to control a bi-axial test on a glass-epoxy sample.

In the test presented in the following section, the idea of using kinematic fields from preliminary simulations was abandoned because mostly discrete damage was expected in this configuration. Since the exact location of cracks cannot be predicted, they would induce a local increase of the residual at the formation of the first crack and the local events may have an unpredictable signature in the kinematic base. Instead, the discrete events will be used as an indicator of damage. Assuming that the crack density is accurately assessed by the DIC, it can provide an estimation of the damage state, but only at the global scale.

To control the test, the longitudinal strain in a centered region of the sample will be computed in both directions, along with the absolute position. These measurements will be used to control the actuators of the in-plane biaxial machine in order to follow a pre-defined path in the ϵ xx -ϵ yy coordinate space and keep the sample centered.

This test has several goals : compare the measurements from DIC to X-ray radiography and laminography to evaluate the sensitivity of DIC to events occurring in the bulk of the sample, explore the feasibility of Digital Volume Correlation (DVC) on X-ray radiographies, investigate the damage mechanisms of composites under bi-axial loadings and validate the capabilities of the presented tools in experimental conditions.

Article : fields measurements and damage detection

Introduction

Composite materials are heterogeneous, anisotropic and they present complex damage phenomena at different scales, whether in the surface or in the bulk. To better model and predict the behavior and the initiation of damage mechanisms, it is necessary to develop advanced characterization methods based on full-field measurements such as Digital Image Correlation (DIC). Detecting damage in composite materials is non-trivial but it is required in order to study their behavior, develop accurate models and validate the integrity of structures.

The aim of this study is to propose a methodology to characterize the damage mechanisms on the surface and in the bulk in composite materials and to detect their initiation under complex loadings. It focuses on live detection, where damage is generated in a controlled testing environment and monitored for further analysis. In particular, the use of DIC is studied as it is one of the Non-Destructive Testing (NDT) techniques commonly used to this end [1]. For this purpose, a cross-ply laminated composite is characterized with an in-situ bi-axial test under X-ray laminography. Field measurements from 2D and 3D observations and acoustic detection are compared to detect damage initiation in the material.

The DIC method allows to measure the displacement fields and to access the deformation fields on the observed surface of the sample. It is thus possible to detect damage on the surface [2,3] and possibly detect a signature of damage in the volume of the sample. This method has been extended in 3D and allows to measure, when the microstructure allows it, the 3D displacement and strain fields in the bulk using Digital Volume Correlation (DVC). However, performing 3D observations in the bulk under in-plane biaxial loadings presents many difficulties.

X-ray imaging is used to provide information about the state of the sample over the entire thickness. Radiography can be interpreted in different ways: first, the images taken during the test can be interpreted qualitatively to observe directly the formation of damage in composite materials, sometimes using contrast agents or penetrants to give more contrast to the images. This has been done extensively, especially before the use of digital sensors [4,5,6]. Now, the use of digital sensors allows an automated processing of the radiographies. Namely, the use of image registration is explored in 4.1.

A common use of digital X-ray imaging is computed micro-tomography (µCT), which is a powerful tool to detect damage [7,8,9,10,11,12]. Multiple radiographies of an object are taken from different angles and an algorithm processes these projections of the 3D object in order to reconstruct a 3D image. Most commonly, the radiographies are taken at evenly spaced angles of the object, either by rotating it on a turntable or by rotating the source and sensor.

If µCT can be used for ex-situ biaxial characterization [13], it is incompatible with in-situ in-plane biaxial testing because the machine only allows access to the faces of the sample. Moreover, the X-ray absorption of the sample will increase significantly when the plane of the sample is aligned with the beam axis. Laminography provides a solution as it only takes the projections at different positions in the plane by translating the source and sensor parallel to the sample [14,15]. This still allows a 3D reconstruction of the sample, even though the resolution over the thickness may be lower. These 3D images can provide qualitative information about the damage mechanisms in the sample by observing the evolution of the material in the inner layers. The presence of porosity can be deduced by extracting the regions with lower absorption. Laminography can be used to perform NDT in electronics, for example to control the traces or solder on a PCB [16,17].

The laminography technique is a method similar to tomography used for the characterization of flat samples. It consists in translating the sample instead of rotating it, relying on the cone shape of the beam to allow the reconstruction over the thickness of the sample. These measurements are compared to the surface DIC in order to determine if it can detect damage as reliably as 3D measurements and discuss the pertinence of such a method to detect damage during experimental loading scenarios. Also, the use of 5.2. ARTICLE : FIELDS MEASUREMENTS AND DAMAGE DETECTION radiography without contrasting solution to detect damage is investigated, using image registration to monitor the evolution of the sample through the test.

Even though 2D-DIC can be used on 2D slices of the resulting 3D image [18], DIC can be extended to 3D images as well, often referred to as Digital Volume Correlation (DVC). It is not to be confused with 3D-DIC which usually refers to stereo-DIC because it can compute out-of-plane displacement. DVC is commonly used to process the results of µCT [19,20,21,22,23], it has also been used on synchrotron laminography [24,25,26], but its use on this type of X-ray scanner is uncommon. Just like DVC on µCT scans, it is expected to provide insights on the damage in the sample such as the localization of cracks and strain fields in the entire bulk of the sample. A limitation of DVC is the need for the 3D images to have a texture for the algorithm to perform properly. This is what oriented this study towards glass-epoxy instead of carbon-epoxy, as the difference in X-ray absorption between glass and epoxy is much higher than between carbon and epoxy. Therefore, the fibers present in the matrix provide a texture that allows DVC to be performed. An ideal texture would have strong gradients in all directions, this can be achieved by including particles of an elements with a high absorption such as copper in the matrix [27]. However, the inclusion could impact the mechanical performance of the material. In this study, the intrinsic texture of the glass-epoxy sample showed enough contrast and texture for DVC to be performed without additional inclusion.

Material and method

An in-plane bi-axial tensile test is performed on a cross-ply laminated glass-epoxy sample. The strain applied to the sample is driven using realtime DIC [28] on the face of the sample. It follows a pattern with a growing amplitude and varying loading ratio (shown in Figure 3. Images are saved at 5 frames/s during loading to perform local DIC in post-processing and the test is interrupted after every 5 minutes pseudo-cycle to perform X-ray scans for a laminography reconstruction at the equi-biaxial strain state (marked as green dots in Figure 3. The acquisition of the projections for a single laminography takes about 20 minutes, after which the test is resumed.

The samples are cross-shaped bi-axial glass-fiber specimens with a hole in the center. The dimensions are shown in Figure 1a. They are prepared using unidirectional glass-epoxy prepreg with 40% matrix weight of "Multipreg 8020" epoxy resin. The plies are manually laid up following a [0, 90] s sequence. The composite plate is cured at 80 • C following the 6.5 hour cycle recommended by the manufacturer. The curing process is performed in a pressure oven at 1 bar with the plate in a vacuum bag to limit the formation of porosities. The final thickness of the plate is 4.6mm so each ply is approximately 1.2mm. The samples are cut using a CNC mill and a composite-specific cutter. The center hole is drilled on the same machine without unmounting using a 2mm drill bit. To allow the use of DIC, the surface of the sample is painted with a speckle pattern using an airbrush. A uniform layer of white paint is applied first and a second layer of fine droplets of black paint is applied on top to maximize the gray-level gradients of the texture.

The samples are tested on a biaxial electromechanical tensile machine developed internally shown in Figure 2. It is constituted of four independent gearmotors with a screw-nut system actuating each axis of the machine. A Ximea MC124MG-SY camera with a telecentric macro lens records images of the face of the sample. The resolution is 4112 × 3008 pixels and the pixel size is 7.6 µm.

The control is performed directly using strain measurements from the DIC on the images of the camera. To do so, a square image of 2000 × 2000 pixels corresponding to the center of the image (represented as the dashed line in Figure 1a) is processed at 25 frames/s using GPUCorrel [28], a GPU accelerated integrated DIC software. Rigid body motions and homogeneous strains are extracted, they are used in the command loop to keep the sample centered and apply the desired strains. Even if the strain is not homogeneous in this region, this method allows to extract the average strain on the considered region. One image out of five is saved at full resolution without The saved images are processed with YaDICs [29] in order to compute the displacement fields of the sample. Computing the gradient of these fields gives access to the strain of the sample. The 2D DIC is performed using a finite-element approach. The element size is 8 pixels and the median filter is 3.

The four independent actuators provide the degrees of freedom needed to control the position and strain of the sample along both axis. The strain level is controlled to follow the path illustrated in Figure 3. It is built so that the value of ϵ 2 xx + ϵ 2 yy increases constantly at 8.3 • 10 -6 s -1 and the phase keeps evolving in order to cover as much of the (ϵ xx > 0, ϵ yy > 0) space as possible. Because the machine is not designed to withstand compression loadings, the strain levels are always kept positive. A phase cycle takes five minutes. The command of opposing motors is adjusted so that the sample is kept centered during the test. To do so, the control program uses four proportional correctors. The Python program controlling the experiment uses CRAPPY, a Python module designed to control experimental setups [30], using the same architecture as presented in [28].

At every cycle of the loading, when the strain ratio is 1:1, the loading is interrupted so that all the X-ray images required for the reconstruction of the laminography can be acquired (see green markers on Figure 3. At every interruption, 648 X-ray images are taken at different position of the sample. The resolution of the X-ray sensor is 1840 × 1456. Laminography is then performed to compute a 3D image of the sample. Once the radiographies are saved, the loading cycle is resumed until the next X-ray imaging. In total, 10 laminographies are performed at different strain levels during the test, including the initial and post-mortem states. The scans are performed using a nano-focus tube with an acceleration voltage of 75kV. The filament current is 93 µA. The reconstruction is performed using the X-Act software from RX Solutions. Two additional measurements are performed on this sample prior to testing with a rigid-body motion in between to quantify the uncertainty in the 3D-DIC algorithm, this is detailed in section 2.1.

Additionally, a microphone is placed near the sample to detect acoustic events that can be induced by damage phenomena. The signal is recorded at 192kHz using a T-bone SC500 condenser microphone. The signal is denoised using the spectral gating tool available in the Audacity ®software [31] and the spikes of acoustic pressure are detected in post-processing.

Validation of DVC on reconstructed images

To validate the capabilities of DVC on laminography scans, a preliminary study is performed on the unloaded sample. Two scans are performed with a rigid body motion of 0.5mm along x in between. The voxel size is 20x20x44 µm and the resolution 1497x1497x158. YaDICs is used to perform the DVC between the two volumes. The method uses optical flow based on the finite element method (OFFEM), with a mesh size of 8x8x6 voxels. The median filter used for the regularization is kept low with a value of only 3 voxels. The resulting field shows values of displacement close to 25 voxels along X and 0 along Y and Z as expected so the motion seem to have been correctly identified. To quantify the uncertainty on the strain, the gradient of the displacement is computed and the standard deviation is computed for each direction over the entire sample (masked in order to remove the voxels outside of the sample). The table 1 sums up the results.

The uncertainty is high for a DVC algorithm, especially regarding the strain along X. This is why the strain fields is only interpreted in the search for localisation of high values (several percents) to detect the formation of cracks in the sample. The uncertainty on the displacement is satisfying as the standard deviation is below 4µm along all direction. 1: Deviation on the strain for a rigid body motion of 0.5mm along x (percent), average and standard deviation of the displacement (µm)

Results

The results from the test are presented below, including the measurements from the real-time DIC, acoustic, post-processing 2D-DIC, radiography, laminography and DVC.

Macroscopic measurements

The target and measured strain are presented in Figure 3. The spikes on the acoustic pressure are labeled as "acoustic events". The strains measured by real-time DIC appear to follow accurately the command, with the exception of some local deviations from the command. The most noticeable discrepancy happens at the end of the test, on the last cycle. This error is caused by the maximum speed of the actuator that was set too low. The speed of the actuators is limited to prevent the actuator to get out of control in case the DIC malfunctions but the maximum strain was underestimated, resulting in an underestimation of the maximum speed (the speed increases over time since the time to complete a cycle is constant but the amplitude grows). Another error of lower amplitude is caused by the backlash in the mechanism causing an hysteretic behavior that is not properly handled by the controller. It can be seen in particular when the direction of the loading along x changes. However, these small deviations are quickly recovered. The mean of the absolute difference between the measured strain and the target strain is 0.018%, the standard deviation is 0.023%, and the 95th percentile is 0.037%. These values are computed over the data from the entire test until rupture, including the error caused by the insufficient motor speed at the end.

Acoustic measurements

The first acoustic event occurs during the second cycle, suggesting that no damage could be detected by the microphone at strain levels below 0.35%. The second and third cycle show events near the equi-biaxial state, but in the latter cycles, they tend to happen when the strain is close to uniaxial. After the second cycle, all cycles showed events, suggesting that damage occurred progressively as the strain grew. 

2D DIC

The DIC software YaDICs is used to process the images saved during the test and extract 2D displacement fields. A sequence of optical-flow based on the finite-element method (OFFEM) is used, with a median filter of 3 pixels and an element size of 8 pixels.

The Figure 4 shows strain fields at different equibiaxial strain states. The most noticeable phenomenon highlighted by 2D-DIC is the formation of high strain localizations along horizontal lines that seem to correspond to the formation of cracks on the surface of the sample. The formation of transverse matrix cracks is expected in this type of cross-ply laminates [32,33,34]. They are visible on the ϵ yy strain field since they propagate along X, the direction of the fibers on the surface. The first cracks to appear are located in the thin region of the arms of the sample. This is expected as they are subject to the highest level of strain when loading along Y. They are followed by cracks on both sides of the hole, which is also expected since geometry accidents are generally subject to stress concentration as illustrated in Figure 4.

As ϵ xx increases, cracks are growing along X from the hole as classically observed in uniaxial tests on samples with a hole [35]. These cracks also appear on the borders of the thinnest regions of the left and right arms. The strain localization pattern is similar to the one observed in the static biaxial load test presented in [36]. Once formed, these cracks tend to open when ϵ yy increases, making them clearly visible on the ϵ yy strain field at higher strain levels. Same trends have been observed in [37] highlighting coupling between shear damage and transverse cracking. The failure occurs while loading along the X axis and unloading along Y. The longitudinal strains in x and y directions are respectively 2.09% and 0.93%. The left arm of the sample broke at the thinnest location.

X-ray measurements

The test is interrupted eight times to allow the acquisition of the X-ray radiographies. Including the initial state and post-mortem scans, a total of ten laminographies are performed. During each interruption, 648 radiographies of 1840x1456 pixels are acquired at different positions in the sample. Figure 5 shows a radiography of the sample in the initial state. We can see that the transmission is not homogeneous over the sample. Since the fibers are expected to cause a higher attenuation of the beam than the matrix, it can be deduced that the brighter regions contain less fiber than the rest of the sample. Also, some lines appear to show that some strands of fiber are not completely straight. During the test, the radiographies show a formation of brighter lines located near the hole and the borders of the sample. This can be seen on Figure 6, which shows part of the radiographies around the hole. These lines are usually the signature of a crack. They are visible without infiltrating a contrast solution because the sample is still under tension during the scan, allowing the crack to stay open and visible. Further processing can be performed on the radiographies, as will be discussed more in depth in section 4.1.

By processing all the radiographies produced during a scan, a reconstructed 3D image of the sample is computed. It should be noted that the colors are inverted compared to the radiographies. Black represents complete absorption on radiographies, but no absorption on reconstructed images. On first inspection of the initial 3D image, we can clearly distinguish the different layers of prepreg. Some slices are presented in Figure 7 to illustrate this point. By browsing the X,Y slices, it appears that the image is subject to blurring along the thickness. This blurring along Z is probably caused by the distance between the X-ray source and the sample, imposed by the axes of the machine. This distance cannot be under 70mm, which limits the parallax effect between successive radiographies used for the reconstruction, putting a limit on the capability of the algorithm to distinguish the position of a point in the thickness. However, the quality of the reconstruction is sufficient to observe each layer individually as illustrated in Figure 7, and to perform DVC. Slices of the 3D images can be used directly to observe the phenomena occurring in the bulk of the sample. For example, Figure 8 shows a slice in the bulk of the sample before and after the formation of cracks near the hole in the inner layer. These vertical cracks are invisible in the 2D-DIC measurements. More information can be extracted from the laminography using DVC by quantifying the 3D displacement fields. The residual may also give information about the evolution of the sample, highlighting clearly the formation of discontinuities in the sample. 

Image registration on radiography

As presented in section 3.4, X-ray laminography can be used to build 3D images of the sample and observe some of the internal mechanisms leading to damage. The advantage over radiography is the capability to build 3D fields and discriminate the events in the thickness of the sample. However, the acquisition of a large set of radiographies at different positions and the 3D reconstructions are time-consuming processes. This requires interrupted tests, which is not optimal for viscoelastic materials and requires a complex setup. On the other hand, radiography can happen continuously, without interrupting the test. This means higher frequency and faster processing, while still being able to detect events in the bulk of the sample. It has recently been extended to the point where only one X-ray image is acquired per time-step while still allowing a full 4D reconstruction [38,39].

In order to interpret the radiographies and highlight structural changes, image registration is considered. This term is commonly used in the medical field [40,41] to designate the action of placing two images (2D or 3D) in the same spatial coordinate system. It consists in detecting the displacement field (either a rigid or non-rigid body motion) between the images and transforming one of them to remap it in the same coordinates as the other. When the images can directly be compared quantitatively, the methods used for image registration and DIC may be identical, but the end is usually different: image registration does not focus on interpreting the resulting displacement fields like DIC, but on comparing the images after remapping. Here, we focus on the residual, that is the difference between the deformed image and the remapped reference image. Because the differences caused by motion are cancelled by the remapping, the residual of the image registration can highlight distinctly the regions where the sample was altered. Figure 9 gives an example of residual of the image registration on radiographies. The use of image registration on X-ray images is sometimes performed on medical images [42], but this approach is uncommon in material testing, especially because radiographies show in a single image the entire volume integrated in a single 2D image.

This figure shows the cracks with much more clarity than the radiographies themselves (Figure 6). We can see cracks forming early in the thinnest sections of the sample. Then, cracks seem to appear near the hole, both tangent and centered. Eventually, numerous cracks are present in the arms of the sample, both horizontal and vertical. 

Comparing 2D and 3D fields

Even though the spatial resolution differs by almost a factor of 3 and the uncertainty by more than 10, the strain fields on the face and on the top layer of the DVC appear to pick up the same events. Figure 10 shows the ϵ yy strain field from the 2D measurements and the same surface of the sample from the DVC on the laminography.

We can see the formation and growth of transverse matrix cracks on the first layer of the sample using both measurements. However, because the camera could save images at a high frequency, it allows to monitor the evolution of the surface during each cycle. The Figure 11 shows strain fields at different strain ratios during the fifth cycle. We can see the horizontal cracks open when ϵ yy is higher, then cracks growing from the hole and borders of the sample when ϵ xx grows. But these images only reveal the surface observations. Taking different slices over the thickness of the sample show numerous other cracks that are completely invisible on the fields from 2D-DIC. Figure 12 shows the 2D strain field at a given time compared to strain fields from different slices in the sample. We can see cracks in the different layers of the sample that are not detected by the surface measurements.

For a clearer visualisation of the cracks, Figure 13 shows the 3D representation of the points above a threshold on the residual. It appears to highlight the cracks in the different layers of the sample. The points are colored based on the position along Z to make the 3D image more readable. The vertical cracks in the middle layers appear to propagate through both inner layers and they act as a single ply for the propagation of cracks. Therefore three are 3 distinct regions for cracks: the top 0 • layer (yellow), the two 90 • middle layers (green) and the bottom 0 • layer (blue). Von Mises equivalent strain (%) 
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To evaluate the sensitivity of image registration on laminography, on the face and on the radiographies, the residuals of each measurement are compared. On all these measurements, the residual is the metric that highlights the most clearly the formation of defects in the sample. To visualize the 3D residual and compare it to the 2D images, the volume is summed over the thickness of the sample. This comparison is displayed in Figure 14.

Laminography Radiography Camera

Figure 14: Residual of the image registration for the three measurements at the equibiaxial strain level of 0.53%

The residuals indicate very clearly that the 2D measurements on the face do not pick up the events in the bulk. Even though the resolution is much higher and allows a finer depiction of the phenomena occurring on the surface of the sample, many major events are completely missing from the field such as the vertical cracks. Laminography shows that these vertical cracks formed in the vertical plies in the center of the sequence. This suggests that transverse matrix cracks do not propagate to the neighboring plies in cross-ply laminates. This is consistent with [34,43,33].

The top layer of the residual from the DVC shows all the events detected using the images from the camera and more in the other layers. The summed image clearly shows that this technique detects more events than DIC on the surface, even at a much lower resolution.

The residual on the X-ray radiographies is similar to the residual from the laminography summed over the thickness. The result is more noisy, but can still detect most of the events detected on laminography. However, no information can be extracted regarding the position of the event over the thickness of the sample. This technique can be performed continuously using digital X-ray sensors and image registration can now be done in short amounts of time [44], making this approach an excellent candidate for real-CHAPITRE 5. EXPERIMENTAL RESULTS time damage detection in composite testing.

Conclusion

A new type of test was presented, where the strain and position of the sample are directly controlled using real-time DIC. This would allow for truly bi-axial tests, where the strain along each axis can be driven independently. It was explored whether DIC is able to characterize damage mechanisms in a composite sample in this configuration. To determine the ability of DIC to characterize and quantify damage in a cross-ply laminated composite, an in-situ biaxial test and X-ray laminography was performed. 2D images on the surface were taken on the surface of the sample, as well as 3D volumes using laminography and 2D radiographies at different loading levels. DIC and DVC methods were compared to highlight the limitations of the techniques for characterizing the mechanisms in the bulk.

If DIC highlights cracks appearance from strain localizations and residual peaks, radiography and laminography revealed that only a fraction of the events are detected by DIC, and many others occurred in the bulk without being detected by the 2D surface measurements. It was also shown that DVC can be performed on images reconstructed from in-situ laminography using only the micro-structure of the composite on a laboratory X-ray microtomograph. The results provide localisation of cracks in all the layers of a glass-epoxy sample. A simpler approach was suggested and tested by using DIC directly on radiography. This allows for continuous and reliable detection of cracking in any layer of the sample during a test.

The comparison of the results obtained by image registration on the radiographs with the other methods show a good match. This technique allows to observe the superposition of the phenomena over the thickness. However it does not allow to localize them over the thickness of the sample as opposed to the DVC analysis performed on laminography images. The acquisition of X-ray radiographs can take place at a high frequency and this technique seems promising to allow fast measurements for real-time control of multi-axial tests, which is incompatible with 3D reconstruction and the DVC analysis.

For 3D analysis, the use of more advanced algorithms for laminography would probably allow a finer reconstruction of the volume. For example, limited-angle tomography can allow the reconstruction from images not just in the same XY plane but also applying a limited rotation to the sample [15,45]. Also, some recent advancement present tools to allow a complete reconstruction with very little projections per time step [38,39].

Comments

One major observation is the impossibility to detect events in the layers other than the surface of the sample. This result clearly questions the pertinence of DIC as a tool to detect discrete events. Indeed, the two layers are not necessarily expected to crack under the same conditions, meaning that events occurring in the bulk may be overlooked. The impossibility to detect cracks in the inner layers can be explained by the very high stiffness of the top ply in the direction of the fibers, which is exactly the direction of the opening of a crack in the 90°layer.

The cracks forming on the face have a very strong signature on the kinematic field. Therefore they can be detected easily, but the use of a linear combination of pre-computed fields is indeed not applicable. The qualitative interpretation of this field can help identify the phenomena involved, but the fact that only the events of the top layer are detected makes this measurement of lower interest to quantify damage over the entire sample.

For materials that exhibit strong localizations such as cross-ply laminates loaded in the fiber directions, acoustic emissions and radiography are more adequate. The former was not explored in depth but the use of image registration on the latter showed very promising results. Laminography allows a full 3D reconstruction allowing the use of DVC, but this process is costly in terms of resources, computation and time. Furthermore, the resulting 3D images show a strong smearing along the Z axis. It could probably be reduced by choosing an other reconstruction method relying on other types of projections such as limited angle tomography. The goal of this study was to explore the capabilities of different measurement methods to detect damage in composites materials during bi-axial tests and develop experimental setups for a more complete characterization of composite materials. To this end, different detection methods were compared, new tools were developed to help the software development of mechanical tests and perform a closed-loop control based on DIC measurements. Ultimately, a bi-axial test was performed with in-situ laminography to validate the method and further explore the measurement capabilities of DIC by comparing it to 3D measurements.

The duality of damage

One of the major takeaway from this study is the observations of fundamentally different kinematic manifestations of damage. Indeed, the local DIC measurements showed large cracks forming with a strong release of energy on the layers with fibers normal to the loading direction. The exact location of each crack cannot be predicted, making the original idea of linear kinematic decomposition delicate. The same material showed not only a completely different macroscopic behavior at 45°but also very different damage mechanisms, with much more diffuse impact on the top layer of the laminate. The large, instantaneous energetic mode I cracks in 90°plies are replaced by a slow stiffness drop with smaller localizations but with a clearer macroscopic signature.

This means that the local kinematic signature of damage is highly dependant on the involved phenomena and they will have to be discriminated to be quantified using DIC. Methods were presented to detect and count macroscopic cracks in 2.2.3 and a method to pick up the kinematic signature of diffuse damage will be suggested and briefly explored in Section 6.2.1.

An other notable observation is the very high attenuation of the local kinematic signature of events between the plies of a laminate. Because DIC can only measure the displacement field of a visible surface, it means that even with a good accuracy and performant algorithm, only a fraction of the events occurring in a laminate of several layers can be detected. The [+/-45] s tests show that events in the other layers may have a measurable impact on the surface, but the [0, 90] s tests also showed that a crack in the middle layer may be almost impossible to detect using the kinematic measurements on the surface. Decreasing the uncertainty on the measurement may allow to detect event through one or two layers, but it is clear that DIC is not appropriate for accurate damage detection for laminates that may be subject to degradation localized in the inner layers. X-ray laminography showed promising results despite a noticeable blurring along the thickness of the sample and the time-consuming acquisition of the projections. Image registration on X-ray radiography showed the formation of cracks over the entire sample, allowing the detection of the inner cracks at a potentially much higher rate than laminography, at the cost of losing the ability to locate the events in the thickness of the sample.

A step towards new experimental methods

Despite the advantages of multi-axial tests, the different problematics of design and execution greatly limit their adoption for material characterization. This study presented tools to reduce the complexity of these tasks and render multi-axial tests more accessible. An experimental setup was presented for an interrupted test with DIC, acoustic measurements, in-situ laminography and real-time DIC to control the experiment based on a planned multi-axial command.

The use of modular software elements is a major advantage when building this type of setups. The approach of open-source software was chosen here to allow for complete transparency and allow peer-review, but also to allow the user to adapt the code to its needs.

Perspectives

Applications for real-time integrated DIC Decomposition of kinematic fields

In the presented tests, integrated DIC was used only to measure longitudinal strains on a region of the sample. But the base of fields on which the projection is performed can also be built to include the entire sample using simulation prior to the test. For example, a simple elastic simulation of the sample can be used to project the measured displacement. This technique can provide an accurate scalar indicator of the amplitude of the elastic strain. A more interesting use is the interpretation of the residual. First, its amplitude is a direct indicator of the ability to represent the behavior of the sample by a linear elastic response. This can be used to detect the presence of anelastic behaviors such as plasticity or damage. In the case of large strain, it could also indicate that the hypothesis of small strain, commonly used in mechanics, is not suitable anymore and the displacement are now large enough for the response to be non-linear. Also, looking at the residual field, the regions responsible for this non-linear response are highlighted. This can be used to identify differences between simulations and experiments, to chose areas where a model should be updated or refined or to detect the regions submitted to non-linear phenomena such as damage.

An application of this idea can even be foreseen without the use of any simulation. Assuming that non-linear phenomena do not occur at low strain levels, which is a sensible hypothesis for numerous materials, it is possible to build the field base during the test. By using the kinematic fields induced by small perturbations on a sample at the beginning of a test, a linear elastic base can be constructed without prior study of the material or geometry. During the test, the residual of the experimental kinematic field in this base should stay low as long as the behavior remains linear. When non-linear events occur, the residual should increase as the kinematic base only includes the signature of linear elasticity. Depending on the material, this could be the manifestation of damage, plasticity or any other phenomenon. This could be used to quantify the linearity of the response for structures submitted to multi-axial loads.

Another interesting way to build a base is the Principal Component Analysis (PCA). It consists in gathering a large set of response fields for various boundary conditions. Ideally, they should be random and cover the entire domain of the expected solicitation. They can be either simulated or experimental. Using PCA, it is possible to compute a limited set of fields that can be used as a base to represent any kinematic field in the domain with a small error. They are built by computing the covariance matrix and solving the eigenvalue problem. The eigenvectors, sorted by decreasing absolute eigenvalue, constitute the base by decreasing order of magnitude. This base can be truncated to keep only a limited number of fields, they can then be used in the integrated DIC software. The limitation of the method is the number of degrees of freedom (DOF). DIC can produce fields with millions of DOF, so the covariance matrix would contain an unreasonable number of elements. For the PCA to be computed in a reasonable amount of time on an ordinary computer, the fields must be downscaled or a FE model with a limited number of nodes must be used.

This approach can be applied on models of increasing complexity to account for different phenomena independently. As an example, a purely elastic simulation is performed, then a simulation including damage. By removing the "elastic" component of the second field, the remaining fields can be interpreted as a linearised signature of damage. These fields could then be used to identify the first sign of damage on experimental kinematic fields.

Short application on uniaxial tests

As a proof of concept, this idea was developed on the data from the uni-axial tests on [+/ -45] s carbon-epoxy samples presented in 2.2.2. The simulation presented in 2.2.4 is used to build a kinematic base. The elastic field is taken at the first step of the test, when the displacement is low and the damage field is 0 for every element. Because the experimental conditions may induce unwanted global motions, the translations along X and Y are included independently in the base along with homogeneous strains ϵ xx and ϵ yy . Including the new kinematic field, which is the elastic field minus the global strain, there is a total of five fields in the base. The kinematic field from a damaged step (here, the last step of the simulation is used) is projected on this base, the residual field is a kinematic signature of damage which is in turn added to the base. These two last fields are shown on figure 6.1.

This base is then used to project the experimental fields from the test on the carbon epoxy sample with this geometry. To do so, the numerical fields are placed in the same coordinate system as the images used for the DIC. Because local fields were already computed using DISflow, the projection is performed by the least square method, but it could also be computed in real-time using GPUCorrel. The evolution of the longitudinal strain along X and the two presented fields is plotted on figure 6.2.

We can see that the field related to the elasticity of the structure follows the same trend as the macroscopic strain, which is expected. The field relative to damage stays low during the first cycles, which is promising. It raises non linearly on loadings of higher amplitude, meaning that it could be used as an indicator of damage. It can be evaluated during a test using integrated DIC, meaning that it is possible to update the command based on the damage state of the material. This preliminary study is only meant to outline the potential of this approach. It could be greatly improved by adding more than one field to represent damage. Because it is an intrinsically non-linear behavior, it cannot be reduced to a single component. A possible method would be to add a new vector to the base after each step of the simulation where the residual passes a threshold, potentially adding several fields representing the impact of damage at different load levels. It could also be improved by making a "hybrid" base including an experimental elastic components. It can be done by adding the field caused by a low amplitude displacement on the sample. It is the elastic response of the sample, which would allow the base to include the localizations induced by structure that are not modelled (i.e. the heterogeneities of the material).

Hardware for experimental mechanics

The design of an accurate tensile machine is complex, even uni-axial models, as there is a need to reduce backlash, apply an accurate loading, ensure a good alignment in the axes, allow the addition of fine sensors, etc... Following these design standards, multi-axial machines are highly complex and expensive. But the use of DIC in closed-loop control greatly changes these requirements. It is now possible to measure with a precision below a micron the absolute position of every point on the sample. The inaccuracy of the command can be accounted for by adjusting it in a closed-loop fashion. This means that deporting the complexity from the hardware to the software can allow a great cost reduction in both design and manufacturing of the testing hardware and render multi-axial tests more accessible.

In the presented test, the measurements of force did not meet the satisfying accuracy to confidently interpret the loading applied to the sample. For in-plane multi-axial testing, unless the arms are constituted of ball and socket joints, it is not possible to assume that the load is unidirectional. Therefore, utmost care must be taken when measuring and interpreting the load applied on each arm. A solution could be to ensure that the tabs of the sample are made of a known elastic material with a chosen geometry to keep it in the elastic domain. The strain can then be measured directly on the sample, either with DIC or with Rosette strain gauges. This way, it is possible to estimate the loading directly in the tabs of the sample. This remove the need for remote sensors and complex kinematic connections, further lowering costs of the bi-axial machine. This method has the advantage of estimating the stress directly on the sample instead of based on remote measurements like loadcells mounted in the arms of the machine, potentially ignoring alignment errors or frictions in the mechanism.

Applications for material characterization

In order to answer completely the problematics of this study, further work needs to be conducted. Because the focus of this study is more on the methodology than the interpretation of the results, each test was only performed once. Therefore, no conclusions can be made on the repeatability of these bi-axial tests. A first step in the extension of this work could be to replicate the setup and validate the repeatability of the observations. Then, the control algorithms may be optimized greatly, to achieve a higher precision in the command and higher speeds to shorten the duration of tests and allow the exploration of a wider range of strain rates even though the technical characteristics of such electro-mechanical tensile setups limit their use to slow loading (< 10 -2 s -1 for the presented machine).

What was highlighted by this study is the need for material-specific protocols for an accurate quantification of damage during the test. Depending on the manifestation of damage (diffuse or strong local events) and the properties sought, it should be possible to elaborate experimental protocols to detect and quantify damage in-situ and explore efficiently the mechanical behavior of the material by taking in quantifying the damage of the sample at the local scale and update the command based on these measurements.

An other major direction to pursue this work is the choice of a command to apply to a material for the extraction of meaningful data. For example, a naive idea of protocol to explore the elastic envelope is suggested : The sample is loaded a constant load/strain ratio until the behavior becomes non-linear, then unload and load again with a different ratio. This can be repeated until the entire envelope is constructed, assuming that the detection of non linearity occurs before damage is significant. In the case of composites with unidirectional plies on the surface, the inclusion of discrete events in the kinematic base would probably be required.

This work shows many potential applications for the evolution of material testing. The use of realtime DIC was illustrated and potential applications for in-situ identification of complex mechanisms such as damage were introduced. Combined with the increase in software versatility, this allows the execution of finely controlled loadings with simpler hardware. Field measurements proved to be a powerful tool, especially for multi-axial tests and the real-time computation opens many opportunities for the development of mechanical tests. Ideally, this work would lead to a better testing of composite materials, allowing for a better comprehension of their mechanical behaviors. Ultimately this would lead to more accurate models and a better sizing of composite parts, both enhancing the reliability
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 23 Fig. 3: Picture of the setup with the main camera (a), the side camera (b) and the microphone (c). The IR camera is out of the image (d)

Fig. 4 :

 4 Fig. 4: Stress-strain curve of a test on a [0 2 , 90 2 ] s (left) and a [90 2 , 0 2 ] s (right) plain sample

2. 2 .

 2 ARTICLE : DAMAGE DETECTION IN COMPOSITE MATERIALS Springer Nature 2021 L A T E X template Comparing methods to detect the formation of damage in composite materials

Fig. 6 :Fig. 7 :
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 1 Example demonstrating the creation of blocks import crappy # C h a r a c t e r i s t i c s o f t h e s i g n a l t o be g e n e r a t e d path1 = { 'type ': 'sine ', 'amplitude ': 1, 'freq ': 1, 'condition ': None # u s e " d e l a y =5" t o s t o p a f t e r 5 s } # C r e a t i n g t h e f i r s t b l o c k , a s i g n a l g e n e r a t o r # Freq r e f e r s t o t h e i n n e r f r e q u e n c y o f t h e b l o c k ' s l o o p # In t h i s b l o c k , t h i s means t h a t f r e q i s t h e s a m p l e r a t e gen = crappy . blocks . Generator ([ path1], cmd label =' my value ', freq =200) # And a s e c o n d b l o c k : a g r a p h t o v i s u a l i z e t h e s i g n a l graph = crappy . blocks . Grapher (('t(s)', ' my value '))

  Figure 1 summarizes the architecture of the module and the location of the different objects. The rightmost column enumerates a few objects or functions for each category. The classes in bold are parents of all the other classes within a given category.
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 1 Figure 1: Architecture of the module
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 2 Figure 2: "Biotens" setup used for biomechanics testing. A servomotor drives the movable grip, a force transducer is attached to the fixed grip.

Figure 3 :Figure 4 :

 34 Figure 3: Porcine Distal Aorta sample with four video-extensometry markers. This is the image from the top-mounted camera, it is used to perform video-extensometry and control the test
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 5 Figure 5: Illustration of the command loop of the furnace. The command signal is computed by the PID controller from the target and measured temperatures.
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 6 Figure 6: Simplified functional diagram of the braking tribometer. The Labjack receives the loading pattern from Crappy and drives the actuators. The Spectrum card acquires the data from the sensors and outputs it to the Recorder and the Grapher blocks.
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 1 Figure 1: Glass-epoxy bi-axial sample used in the test
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 2 Figure 2: Picture of the biaxial tensile machine in the micro-tomograph enclosure of the ISIS4D platform, with the X-ray source (left) and sensor (right)
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 3 Figure 3: Targeted and measured strains during the test. The test is interrupted and resumed at the green markers to acquire the X-ray images
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 10 Figure 10: Comparison between the strain fields from 2D DIC (top row) and from the top layer of the DVC (bottom row) at different strain levels
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	1 Introduction

Composite materials such as Fiber Reinforced Polymers (FRP) offer excellent specific properties, making them ideal for aeronautical applications. But

2.2. ARTICLE : DAMAGE DETECTION IN COMPOSITE MATERIALS

Springer Nature 2021 L A T E X template

Table 1 :

 1 Deviation on xx and yy on rigid body motions (µ strain)

	Series	STD	95th percentile	99th percentile
	1st series (plain)	146	281	405
	2nd series (with a hole)	186	352	591

  2 , 90 2 ] s at 1.22%. The former therefore performed one additional unloading/loading cycle at 1.25% strain. The moduli are close for these two orientations, with 68.6 GPa for the [0 2 , 90 2 ] s and 69.2 GPa for the [90 2 , 0 2 ] s sample.
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: A Python module for experimental mechanics CRAPPY

  : Command and Real-Time Acquisition in Parallelized Python, a Python module for experimental setups Victor Couty a , Jean-François Witz a , Corentin Martel a , François Bari a , Antoine Weisrock a,b

	a Univ. Lille, CNRS, Centrale Lille, UMR 9013 -LaMcube -Laboratoire de Mécanique,
	Multiphysique, Multi-échelle, F-59000 Lille, France
	b Tissue Engineering Lab, Department of Development and Regeneration, KU Leuven,
	E. Sabbelaan 53, 8500 Kortrijk, Belgium
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  Control-command, Acquisition, Python, Experimental setup

	Required Metadata	
	Current code version	
	Nr. Code metadata description	Please fill in this column
	C1 Current code version	v1.5.5
	C2 Permanent link to code/repository	https://github.com/
	used for this code version	LaboratoireM ecaniqueLille/crappy
	C3 Code Ocean compute capsule	
	C4 Legal Code License	GPLv2
	C5 Code versioning system used	Git
	C6 Software code languages, tools, and	Python
	services used	
	C7 Compilation requirements, operat-	Numpy, Matplotlib and OpenCV
	ing environments & dependencies	
	C8 If available Link to developer docu-	https : //crappy.readthedocs.io
	mentation/manual	
	C9 Support email for questions	victor.couty@centralelille.fr

Table 1 :

 1 Code metadata (mandatory)

  Generates a signal following a given pattern. Only a single signal can be generated per block. The pattern can depend on test variables, for example to send a given value until a condition is met. See Examples/generator.py. Grapher Plots real-time graphs in a pop-up window. Multiple curves can be displayed on the same graph. It simply takes tuples containing the x and y labels as inputs. Used in most of the examples.
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	GPUCorrel Child of Camera. Performs GPU-accelerated DIC, to estimate
	displacement fields between a reference-state image and the current
	(deformed) state [12, 13]. Motion, strain, and other information can be
	deduced from this measurement. See Examples/gpucorrel fake test.py.
	DISCorrel Child of Camera. Performs DIC using OpenCV's DISflow [11].
	See Examples/discorrel basic.py.
	Video extenso Child of Camera. Performs video-extensometry by track-
	ing a set of 2 to 4 oval markers and computing the position of the

Recorder Saves data to a .csv file. It can only save data from one block, so either multiple Recorder blocks or a Multiplex block should be used to save from multiple sources. See Examples/tensile 1.py. Machine This block interacts with hardware. It can control one or several actuators either in speed or in position, and read their current speed and position if supported. Examples pid.py and furnace simulation.py demonstrate the use of the Machine block with a single virtual Actuator. The file impact/biaxe.py shows a use case with four Actuators driven by 2 independent commands. IOBlock Interacts with sensors and/or hardware with physical outputs. Mostly used for reading from and writing to DAQ boards. The communication with hardware is managed by InOut objects. See Examples/custom in.py and custom out.py. Camera Reads images from cameras. It can also adjust the settings before the test starts, and save the acquired images. Serves as a base class for other blocks using Camera objects. See Examples/displayer.py.

Table 1 :

 1 Code metadata (mandatory)

	Required Metadata		
	Current code version		
	Nr. Code metadata description	Please fill in this column	
	C1 Current code version	v0.2.0	
	C2 Permanent link to code/repository	https	:
	used for this code version	//github.com/Dad0u/GP U Correl	
	C3 Code Ocean compute capsule		
	C4 Legal Code License	GPLv2	
	C5 Code versioning system used	git	
	C6 Software code languages, tools, and	Python3, CUDA	
	services used		
	C7 Compilation requirements, operat-	CUDA, pyCUDA, Numpy	
	ing environments		
	C8 If available Link to developer docu-	Documentation included in com-
	mentation/manual	ments	
	C9 Support email for questions	victor.couty@centralelille.fr	

Table 2 :

 2 Statistical indicators of the absolute difference between the projected YaDICs fields and GPUCorrel without using a closed-loop control would have been impossible. This figure also shows oscillations originating from the controller, further demonstrating that the control loop was not optimally set up.

	Therefore performing this test
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	6.1 Conclusions

6.1.1 Summary of the study
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This section presented CRAPPY, a Python module meant to help the development of code tailored to any multi-sensor and multi-actuator experimental setup, without the need to develop from scratch all the low-level functionalities. CRAPPY's Blocks can be used as bricks to build the code for virtually any setup, easing the software side of experimental development. This module was used to control all the tests presented in this study.The next section will present GPUCorrel, a tool integrated in CRAPPY designed specifically to drive the test based on DIC measurements.
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Étude expérimentale de l'endommagement des matériaux composites sous chargement multi-axial : de la détection de l'endommagement à la caractérisation pilotée par corrélation d'images numériques

Les matériaux composites sont sujets à de nombreux mécanismes de dégradation nombreux qui impactent fortement le comportement mécanique des structures composites. Leur compréhension et la prédiction du comportement des structures composites est cruciale afin de pouvoir garantir la fiabilité des pièces aéronautiques tout en minimisant la masse de l'ensemble. Cette étude se concentre sur la détection et la caractérisation des mécanismes d'endommagement. Les essais communément effectués à cette fin sont uniaxiaux et ne permettent d'explorer le comportement fortement anisotrope des composites que par la multiplication d'essais pour les différentes orientations. Le développement d'essais multi-axiaux permet d'étudier les couplages et d'explorer plusieurs directions de sollicitation lors d'un même test. Cependant la réalisation et l'exploitation d'essais multi-axiaux posent de nombreuses difficultés techniques et théoriques. Il est nécessaire de déterminer un trajet de chargement multi-directionnel et de synchroniser les axes de commande pour appliquer le chargement désiré. Par ailleurs, l'analyse de ces essais nécessite des moyens de mesures adaptés ainsi que des techniques d'exploitation permettant d'extraire des informations pertinentes. Pour l'endommagement, plusieurs techniques de mesure sont étudiées et comparées : corrélation d'images numériques, thermographie infrarouge et mesures acoustiques. Le pilotage des essais bi-axiaux est réalisé à l'aide de CRAPPY, un module Python développé pour le pilotage d'essais mécaniques. La mesure de déformation est effectuée en temps réel en utilisant un logiciel de corrélation intégrée en temps réel accéléré par GPU spécialement développé à cette fin. Ces deux outils numériques sont également détaillés. L'endommagement peut se manifester par des évènements discrets ou de manière diffuse. Des méthodes sont proposées afin de permettre une détection in-situ. Ces travaux visent à terme à permettre la spécification et la réalisation de nouveaux types d'essais, pour une caractérisation plus complète du comportement des matériaux composites.

Mots-clé : Endommagement, Corrélation d'images, Composite, Multi-axial, expérimental

Experimental study of composite materials damage under multi-axial loads : from damage detection to characterization driven by digital image correlation

Composite materials are subject to numerous degradation mechanisms. These mechanisms have a strong impact on the mechanical behavior of composite structures. The understanding of these mechanisms and the prediction of the behavior of composite structures is crucial in order to guarantee the reliability of aeronautical parts while minimizing the mass of the whole structure. This study focuses on the detection and characterization of damage mechanisms. The tests commonly performed for this purpose are uniaxial and can only explore the highly anisotropic behavior of composites by replicating the tests for different orientations. The development of multi-axial tests allows to study these couplings and to explore several directions of loading during the same test. However, the realization and the exploitation of multi-axial tests pose multiple technical and theoretical difficulties. Indeed, it is necessary to determine a multi-directional loading path and to drive the control axes synchronously to apply the desired loading. Moreover, the analysis of these tests requires specific instrumentation as well as processing techniques to allow the extraction of relevant information. For damage, several measurement techniques are studied and compared in the presented work : digital image correlation, infrared thermography and acoustic measurements. The control of the bi-axial tests is performed with CRAPPY, a Python module developed for the control of mechanical tests. The deformation measurement is performed in real time using a GPU accelerated real-time integrated correlation software specially developed for this purpose. These two numerical tools are also described. Damage can be occur in discrete events or in a diffuse manner. Methods are proposed to allow in-situ detection. This work aims at allowing the specification and the realization of new types of tests, for a more complete characterization of the behavior of composite materials.

Keywords : Damage, Digital image correlation, Composite, multi-axial, experimental