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Résumé

Titre : Approches de coques en efforts résultants pour la simulation de la mise en forme des
renforts textiles de composites

La simulation numérique du renfort composite textile joue un role essentiel dans
I'amélioration de la qualité de fabrication, la réduction du cycle de fabrication et du co(t de
fabrication. L'épaisseur du renfort composite textile est significativement plus petite que les deux
autres dimensions, ce qui permet de faire la simulation en utilisant des éléments de coque.
Cependant, le glissement possible entre les fibres donne au matériau un comportement tres
spécifique : le comportement en flexion est indépendant du comportement de la membrane. La
théorie classique des coques ne peut pas étre adoptée directement. Une approche de coque
résultante des contraintes est proposée pour la simulation du renforcement composite textile. Cette
approche introduit une rigidité de flexion indépendante pour découpler le comportement de flexion
du comportement de la membrane. Les résultantes et les moments de contrainte sont liés aux
déformations et aux courbures de la membrane par des équations constitutives de taux (lois
hypoélastiques). Différents types d'expériences de formage sous différentes conditions limites sont
réalisés pour comparer la simulation et l'expérience. La comparaison montre I'efficacité et
I'exactitude de I'approche proposée pour prédire le formage des composites textiles. Cette approche
est implémentée dans le logiciel commercial ABAQUS et peut étre utilisée par tous les utilisateurs
de ce logiciel.

Par rapport aux approches de simulation existantes qui ne peuvent se concentrer que sur la
déformation du matériau dans le plan, une méthode de post-traitement est proposée pour prédire
la rotation des directeurs normaux. Basée sur le mécanisme de déformation du matériau, cette
méthode suppose que la fibre est quasi-inextensible et que I'épaisseur reste constante. La rotation
des directeurs normaux peut alors étre obtenue sur la base de la déformation dans le plan. Un
programme Matlab est codé pour effectuer le calcul, et une expérience de flexion en porte-a-faux
multicouche est réalisée pour valider son efficacite.

Le plissement est I'un des principaux défauts lors de la mise en forme des renforts textiles
composites. Pour caractériser la drapabilité du matériau textile, qui est la capacité a se déformer
sans plis, un rapport entre la rigidité en cisaillement et la rigidité en flexion du matériau est défini.
Une série d'expériences de formage de boites carrées et de cylindres est réalisée en utilisant
differents types de renforts textiles composites. Il est démontré que le rapport défini peut
représenter la drapabilité du matériau. Et le matériau avec un plus petit rapport de drapabilité est
plus facile a mettre en forme sans plis des formes complexes.

Mots-clés: Composite textile; Analyse par éléments finis; coques en efforts résultants; Rotation
normale; Drapabilité.
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Abstract

Title: Stress resultant shell approaches for simulations of textile composite reinforcement
forming

Numerical simulation of the textile composite reinforcement plays a critical role in
improving the manufacturing quality, reducing the manufacturing cycle, and manufacturing cost.
The thickness of the textile composite reinforcement is significantly smaller than the other two
dimensions, which make it possible to make the simulation using shell element. However, the
possible slippage between the fibers gives the material a very specific behavior: the bending
behavior is independent of the membrane behavior. The classical shell theory cannot be directly
adopted. Specific to the woven fabric, a stress resultant shell approach is proposed for conducting
the forming simulation. This approach introduces an independent bending stiffness to decouple
bending behavior with membrane behavior. The stress resultants and stress moments are related
to membrane strains and curvatures by rate constitutive equations (hypoelastic laws). Different
types of forming experiments under different boundary conditions are conducted to make the
comparison between simulation and experiment. The comparison shows the effectiveness and
correctness of the proposed approach in predicting the textile composite forming. This approach
is implemented in the commercial software ABAQUS and can be used by all users of this software.

Specific to the existed simulation approaches that can only focus on the material in-plane
deformation, a post-processing method is proposed to predict the rotation of normal directors.
Based on the material deformation mechanism, this method assumes that the fiber is quasi-
inextensible, and the thickness will keep constant. Then the rotation of normal directors can be
obtained based on the in-plane deformation. A Matlab program is coded to conduct the
computation, and multi-layer cantilever bending experiment is conducted to validate its
effectiveness.

Wrinkling is one of the main defects during the textile composite reinforcement forming. To
characterize the textile material drapability which is the ability to deform without wrinkles, a ratio
of material shear stiffness and bending stiffness is defined. A series of square box and cylinder
forming experiments are conducted using different types of textile composite reinforcements. It is
demonstrated that the defined ratio can represent material drapability. And the material with a
smaller drapability ratio is easier to form complex shapes without wrinkles.

Keywords: Textile composite; Finite element analysis; Stress resultant shells; Normal rotation;
Drapability.
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Introduction génerale

Les composites a fibres continues ont été largement utilisés dans différents domaines
industriels pour obtenir des composants légers a haute performance. L'un des principaux avantages
de I'utilisation des composites réside dans la possibilité de concevoir les propriétés mécaniques
pour répondre aux exigences de conception de I'application spécifique. Cependant, cet avantage
entraine également des défis importants au niveau du processus de fabrication. Il existe plusieurs
procédés de fabrication des composites fibreux continus, notamment le moulage par transfert de
résine (RTM) et le thermoformage. Afin d'éviter les processus "d'essai et d'erreur”, la simulation
de la déformation du matériau pendant la phase de fabrication joue un r6le important. Pour le
renfort des composites textiles, des milliers de fibres tissées ensemble constituent le matériau du
renfort, ce qui donne un comportement trés spécifique pour lequel I'outil de simulation général ne
peut étre adopté. Dans cette thése, le travail de recherche se concentrera principalement sur le
développement d'un modele de simulation pour prédire avec précision la déformation du renfort
composite textile.

Le chapitre 1 présente les connaissances de base sur les matériaux composites, en accordant
une attention particuliere a la structure du composite textile et aux processus de fabrication. Les
approches numériques précédentes, qui peuvent étre classées en approches cinématiques et
approches mécaniques, sont présentées dans le chapitre suivant. Les différentes approches
numériques ont leurs avantages et leurs inconvénients. En raison de I'efficacité du calcul, le
matériau peut étre considéré comme un milieu continu a I'échelle macroscopique, et I'approche
macroscopique est adoptée pour développer le modele de simulation pour le renfort du composite
textile.

Le chapitre 2 présente I'approche numérique développée pour la simulation du renfort textile
composite. L'épaisseur du renfort textile est relativement plus faible que les deux autres
dimensions, et donc I'élément de coque peut étre adopté. Cependant, le glissement possible entre
les fibres donne a ce type de matériau des comportements trés spécifiques, et les théories générales
de coque (coque de Kirchhoff et de Mindlin) ne peuvent pas étre directement utilisées. Dans ces
éléments de coque généraux, la rigidité en flexion est déterminée par la rigidité et I'épaisseur de la
membrane, ce qui n'est pas le cas pour les renforts textiles. L'élément de coque résultant de la
contrainte est adopté pour decoupler le comportement en flexion du comportement de la membrane.
Trois comportements du matériau (traction, cisaillement dans le plan et flexion hors du plan) qui
jouent un réle principal dans la déformation du matériau sont considérés dans I'élément de coque
résultant de la contrainte, et les comportements du matériau sont décrits par des équations
constitutives hypoélastiques dans I'approche de simulation. On présentera aussi la méthode pour
caractériser le comportement du matériau. Cette simulation est implémentée dans la sous-routine
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VUGENS du logiciel commercial Abaqus, ce qui rend lI'approche proposée disponible pour toutes
les utilisations d'Abaqus. La Vérification élémentaire initiale est effectuée par la suite. Et la
comparaison montre que les résultats de la simulation sont les mémes que les résultats théoriques.

Le chapitre 3 présente les différents types d'expériences de formage dans le but de les
comparer aux résultats de simulation obtenus par I'approche de simulation présentée dans le
chapitre 2. Des expériences avec différentes configurations de couches sont menées, y compris
avec une couche unique pour différentes orientations et différentes configurations multicouches.
Les plissement sont l'un des principaux défauts du processus de formage. Afin de Vérifier la
capacité de I'approche proposée a prédire les plissement, le formage de I'hémisphére sans serre-
flan est réalisé pour obtenir des plissement significatives. Toutes les expériences avec différentes
conditions limites sont comparées avec les résultats de la simulation, les variables de comparaison
sont I'angle de cisaillement dans le plan dans les différentes zones, le contour du tissu apres la
déformation du matériau, la force du poingon et la géométrie des plissement. Les résultats de la
comparaison indiquent l'efficacité et Il'exactitude de I'approche proposée pour prédire la
déformation du matériau.

Pour l'instant, I'approche de coques en efforts résultants se concentre uniquement sur la
déformation du matériau dans le plan, comme l'ont fait certaines des méthodes précédentes en
considérant la rigidité en flexion indépendante. La déformation dans le sens de I'épaisseur est
également importante lorsque I'épaisseur est plus grande, comme dans le cas de la formation de
multicouches et de tissus 3D. Sur la base du mécanisme de déformation du matériau dans le sens
de I'épaisseur, une méthode simple de post-traitement est proposée pour prédire les directeurs
normaux. Cette méthode est validée par le cas de la flexion en porte-a-faux multicouche.

Enfin, dans le chapitre 4, la drapabilité du renfort composite textile est étudiée. Afin de
caractériser la capacité a se déformer sans plis, on définit un rapport de drapabilité qui est le rapport
entre la rigidité en flexion et la rigidité en cisaillement. Différents types de composites textiles
avec différentes rigidités en flexion et en cisaillement sont préparés, et les expériences de
formation de boites carrées et de cylindres utilisant les composites textiles préparés sont menées.
Grace a l'observation des plissement pendant le formage de différents types de matériaux, on
constate que la rigidité en cisaillement augmente la tendance a la formation de plissement, tandis
que la rigidité en flexion la diminue. Et les résultats de I'expérience démontrent pleinement que le
matériau avec un plus petit rapport de drapabilité est plus facile a mettre en forme sans plissement
dans des formes complexes.
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General introduction

Continuous fibrous composites have been widely used in the different industry fields to
obtain lightweight components with high performance. One of the main advantages of the use of
composites lies in the designability of the mechanical properties to meet the design requirement of
the specific application. However, this advantage also brings significant challenges to the
manufacturing process. There are several manufacturing processes of the continuous fibrous
composites including the resin transfer molding (RTM) and thermoforming process. To avoid ‘trial
and error’ processes, the simulation of the material deformation during the manufacturing stage
plays an important role. For the textile composite reinforcement, thousands of fibers are weaved
together to the material which gives these types of material a very specific material behavior, the
general simulation tool cannot be adopted. In the thesis, research work will mainly focus on the
development of a simulation model to accurately predict the deformation of the textile composite
reinforcement.

In chapter 1, background knowledge of the composite material is presented with special
attention on the structure of textile composite and the manufacturing process. The previous
numerical approaches which can be classified into the kinematic approaches and mechanical
approaches are introduced in the next. Different numerical approaches have their advantage and
disadvantage. Due to the computational efficiency, the material can be considered as a continuous
medium at the macroscale scope, and the macroscale approach is adopted to develop the simulation
model for the textile composite reinforcement.

Chapter 2 gives the introduction of the numerical approach developed for the simulation of
the textile composite reinforcement. The thickness of the textile reinforcement is relatively smaller
than the other two dimensions, and thus the shell element can be adopted. However, the possible
slippage between fibers gives this type of material very specific behaviors, and the general shell
theories (Kirchhoff and Mindlin shells) cannot be directly used. In these general shell elements,
the bending stiffness is determined by the membrane stiffness and thickness, which is not the case
for textile reinforcements. The stress resultant shell element is adopted to decouple the bending
behavior with the membrane behavior. Three material behaviors (tensile, in-plane bending, and
out-of-plane bending) which play a main role in the material deformation are considered within
the stress resultant shell element, and the material behaviors are described by hypoelastic
constitutive equations in the simulation approach. The method to characterize the material
behavior is introduced. This simulation is implemented in the subroutine VUGENS of the
commercial software Abaqus which makes the proposed approach available to any user of Abaqus.
The initial elementary verification is conducted in the next. And the comparison shows that the
simulation results are the same as the theoretical results.
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Chapter 3 conducts the different types of forming experiments with the objective of making
a comparison with the simulation results obtained by the simulation approach introduced in
Chapter 2, the forming shapes include hemisphere and tetrahedron. The experiments with different
layer configurations are conducted, including the single-layer with different orientations and multi-
layer configurations. Wrinkles are one of the main defects during the forming process. In order to
verify the ability of the proposed approach to predict the wrinkles, the hemisphere forming without
blank-holder is conducted to obtain the significant wrinkles. All experiments with different
boundary conditions are compared with the simulation results, the comparison variables have the
in-plane shear angle in the different zones, fabric contour after the material deformed, punch force,
and wrinkles geometry. The comparison results indicate the effectiveness and correctness of the
proposed approach in predicting material deformation.

For now, the stress-resultant approach only focuses on the material in-plane deformation, as
did some of the previous methods considering the independent bending stiffness. The deformation
in the thickness direction is also important when the thickness goes larger like the multi-layers
forming and 3D fabric forming. Based on the material deformation mechanism in the thickness
direction, a simple post-processing method is proposed to predict the normal directors. This
method is validated by the multi-layer cantilever bending case.

Finally, in chapter 4, the drapability of the textile composite reinforcement is researched. In
order to characterize the ability to deform without wrinkles, a drapability ratio is defined which is
the ratio of the shear stiffness and bending stiffness. Different types of textile composites with
different bending stiffness and shear stiffness are prepared, and the square box and cylinder
forming experiments using the prepared textile composites are conducted. Through the observation
of the wrinkles during forming different types of material, it can be found that the shear stiffness
increases the tendency of the wrinkle formation while the bending stiffness decreases it. And the
experiment results fully demonstrate that the material with a smaller drapability ratio is easier to
form complex shapes without wrinkles.
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Les Résume de These en Francais

Chapitre 1 Le matériau composite et I'approche de la
simulation

1.1 Introduction au matériau composite

Les matériaux composites sont composés d'au moins deux matériaux non miscibles, et les
matériaux constitutifs resteront indépendants a I'échelle micro tout en formant une partie entiére a
I'échelle macro. Selon les propriétés mécaniques des matériaux constitutifs, les parties
constitutives des matériaux composites peuvent étre divisées en renforcement et matrice. Les
matériaux composites combinent les propriétés de différents matériaux pour présenter de
nombreuses propriétés excellentes, et les matériaux composites ont été largement utilisés dans
différents domaines.

:@%Q%‘/
|

Reinforcement Matrix Composite material

Figure 1.1 Composition of composite materials

1.2 Matériaux composites a base de tissu de renforcement

Les tissus tissés sont constitués de fibres continues de trés petits diamétres (normalement
compris entre 5 et 15 um). Les types de fibres sont la fibre de verre, la fibre de carbone et la fibre
de Kevlar. Les fibres longues et continues s'assemblent pour former le fil, ce qui lui confére une
tres grande rigidité. Le fil peut étre nomme par le nombre de fibres continues constitutives, comme
le fil 7K qui représente que ce type de fil est composé de 7000 filaments de fibres. Les fils
s'assemblent par tissage pour former le tissu destiné a la fabrication du composant composite.

Sur la base de l'arrangement des fils dans le tissu, le renforcement de tissu peut étre divisé
en renforcement de tissu 2D, 2.5D, et 3D. Le tissu unidirectionnel présente une résistance élevée
dans la direction des fibres, mais la résistance est quasi nulle dans la direction transversale. Cela
ne convient pas a une application realiste. Pour surmonter cette difficulté, le tissu 2D est créé en
entrelacant les fils bidirectionnels dans le plan. Les tissus 2,5D et 3D sont congus pour éviter la
délamination dans le sens de I'épaisseur.

Il existe de nombreux procédés de fabrication pour le moulage des composites tissés. Dans
ce chapitre, les deux procédés classiques de moulage : Le moulage par transfert de résine (RTM)
et le thermoformage seront présentés car ces deux procédés sont adaptés a la production de masse.
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Pour le RTM et le thermoformage, I'étape de formation est similaire. Le matériau est déformé dans
la forme souhaitée sous I'action du moule. Plusieurs paramétres de fabrication vont influencer la
déformation du matériau, comme la forme, la position et la pression du porte-banque. Afin d'éviter
les processus d'essais et d'erreurs, il est nécessaire de procéder a la simulation de cette étape de
formage, ce qui constitue le principal travail du manuscrit présenté au chapitre 2. La simulation de
I'étape de formage a deux objectifs principaux :

e Déterminer si le procédé de formage est adapté a la formation de la piece composite
sans défaut, ou dans quelles conditions de fabrication cela est possible.

e Donnez les informations sur la déeformation comme la direction du fil de la fibre et
le profil.

1.3 Approche de la simulation numérique pour les composites textiles

Les approches de simulation numérique peuvent étre classées en approches cinématiques et
approches mécaniques [Lim & Ramakrishna, 2002 ; Boisse, 2015 ; Bussetta & Correia, 2018]. Les
approches cinématiques, également appelées approches cartographiques ou approches fish-net,
sont purement géometriques et peuvent donner Il'orientation des fibres aprés la déformation du
composite textile [Mack & Taylor, 1956 ; Pickett et al., 2005 ; Potluri et al., 2006 ; Hearle, 2015].
L'approche mécanique, aussi appelée approche finie, est basée sur le modéle constitutif du
matériau pour prédire la déformation mécanique du matériau textile.

Macroscale Mesoscale Microscale

Figure 1.2 The three simulation scales for textile composites [Hamila & Boisse, 2013b]

Par rapport aux approches cinématiques, les approches mécaniques, qui sont basées sur le
modele constitutif du matériau, sont des approches plus complétes et ont recu plus d'attention. Les
approches mécaniques peuvent étre classées en différentes échelles (voir la figure 1.2) : échelle
microscopique, échelle du fil, échelle mésoscopique et échelle de la piece (échelle macroscopique).
L'approche de simulation a différentes échelles a ses avantages et ses inconvénients. Cependant, il
n'existe pas actuellement de modele de simulation largement accepté en raison du mécanisme de
déformation spécifique des composites textiles.

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2022LY SEI34/these.pdf
© [B. Chen], [2022], INSA Lyon, tous droits réservés



1.4 Motifs et objectifs de la recherche

Le matériau composite textile est tissé a partir du fil et le fil est composé de milliers de fibres
qui donnent a ce matériau un mécanisme de deformation spécifique. La thése sera principalement
consacrée au développement d'une approche de simulation a I'échelle macroscopique pour la mise
en forme du composite textile. Trois comportements du matériau : la tension, le cisaillement dans
le plan et la flexion hors du plan seront pris en considération. L'approche de simulation proposée
sera implémentée dans Abaqus, ce qui la rendra accessible a tout utilisateur souhaitant effectuer
I'analyse du drapage des composites textiles dans ce logiciel.

La couche unique du composite textile a une trés faible épaisseur. Dans I'application du
composite textile, il est nécessaire de combiner les multicouches ensemble dans la piéce composite
finale. Ainsi, nous sommes également intéressés par la formation de multicouches, en particulier
les multicouches avec différentes orientations de fibres. En outre, I'effort de recherche sera
consacré au mécanisme de formation des plissement qui est I'un des principaux défauts dans la
formation du renforcement des composites textiles a I'échelle macro.

1.5 Conclusion de Chapitre 1

Ce chapitre donne une bréve introduction a I'état de I'art du renforcement textile depuis
I'application du matériau composite jusqu'aux différentes approches de simulation a différentes
échelles. On sait que le composite textile est tissé a partir de fils, et que le fil est composé de
plusieurs milliers de fibres. Cette architecture particuliére lui confére des propriétés mécaniques
spécifiques. L'approche de simulation peut étre menée a différentes échelles : micro-échelle, méso-
échelle et macro-échelle. Parmi ces trois échelles, I'approche continue a la macro-échelle nécessite
le codt de calcul le plus faible. Bien que la simulation a I'échelle macroscopique perde certaines
informations a une échelle inférieure, elle reste acceptable dans le processus de formage qui
concerne principalement l'orientation du fil et I'apparition des plissement.

Sur la base de ces connaissances, l'article précise que l'approche de simulation sera
développée a I'échelle macroscopique et que trois comportements des matériaux seront pris en
considération : la tension, le cisaillement dans le plan et la flexion hors du plan. La simulation de
la formation de multicouches avec différentes orientations de fibres sera étudiée. En outre, le
mécanisme de formation des plissement sera également étudié.
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Chapitre 2 Une approche hypoélastique de coques en efforts
résultants pour les simulations de la formation de renforts
textiles composites

2.1 La déformation de la spécificité du composite textile

Le fil du tissu est composé de fibres continues de trés petits diametres. Ces fils sont
maintenus ensemble par le processus de tissage, ce qui permet de considérer le tissu comme un
milieu continu a I'échelle macroscopique. En méme temps, le glissement possible entre les fils
donne au matériau un comportement trés spécifique : le comportement en flexion est indépendant
du comportement de la membrane. Dans les éléments de coque classiques, la rigidité a la flexion
est déterminée par la rigidité de la membrane et la rigidité de la coque, ce qui n'est pas le cas pour
le composite textile.

Pour surmonter cette difficulté et réaliser la simulation de la formation de composites textiles,
différentes approches ont été proposées. Une premiere approche efficace consiste a considérer la
couche unique du composite de fibres comme un stratifié avec différentes épaisseurs de module
d'Young. La rigidité de la membrane et la rigidité a la flexion requises peuvent étre obtenues en
ajustant I'épaisseur et le module de Young des différentes couches du stratifié. D'autres approches
appliquent I'élément de superposition pour obtenir la rigidité en flexion indépendamment de la
rigidité de la membrane. Le comportement en flexion et le comportement de la membrane sont
obtenus dans des éléments différents. Puis ces éléments sont superposés ensemble. Ces approches
sont validées comme efficaces pour prédire la déformation de la surface moyenne. Mais ces
approches sont quelque peu artificielles, la physique du comportement de flexion du matériau est
négligée. L'approche de la coque résultante de la contrainte est une approche disponible pour
obtenir le comportement de la membrane decouplé de la rigidité en flexion dans un élément de
coque, et I'approche sera présentée ci-dessous.

2.2 L'approche de la résultante de contrainte hypoélastique

Dans les coques a résultante de contrainte, les états de contrainte sont décrits de maniére
simplifiée par les résultantes de contrainte et les moments de contrainte (ou couples de contrainte).
Le travail virtuel interne 6Wint qui est lié aux résultantes et aux moments de contrainte est le suivant :

oW, = [ (85, N +82,N? +62,,N* + 83, M" + 8x,M” + 8x,,M”)dA

int
A est l'aire de la surface médiane de la coquille. de11, de22 sont les déformations axiales
virtuelles, de12 est la déformation virtuelle en cisaillement dans le plan, 6y, ,,6x,,,6x,, sont les

courbures virtuelles. N, N2, N2 sont les résultantes des contraintes et M, M%2, M*2 sont les
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moments (ou couples) de contrainte, et ils sont définis comme l'intégration de la contrainte dans la
direction de I'épaisseur.

h h
Nuﬁ — thO_(v,(idZ M(xB — thZUm'idZ
2

Ici, les indices grecs a, B appartiendront a I'ensemble (1, 2). c* sont les composantes de la
contrainte de Cauchy. Dans l'application classique, cette équation peut étre utilisée pour calculer
la réponse de la section de la coque, et adopter une seule équation constitutive pour obtenir la
contrainte de Cauchy c**. De cette fagon, le comportement en flexion sera couplé au comportement
de la membrane. Ce n'est pas le cas pour le composite textile.

Afin de découpler le comportement de la flexion de celui de la membrane dans les éléments
de coque a résultante de contrainte, le calcul des résultantes de contrainte N** et des moments de
contrainte M* doit étre totalement indépendant les uns des autres. Des lois hypoélastiques sont
adoptées dans I'approche de simulation pour calculer la résultante de contrainte N et les moments
de contrainte M# séparément comme ci-dessous:

NY=C:¢ MY =D:x

ey =f,

. —>

0_f0
el _fl

2
‘ Initial configuration Deformed configuration

1
Figure 2.1 Cadres orthonormés dans la direction de la fibre et cadre de Naghdi vert.

Pour le composite textile, les comportements des matériaux dépendent fortement des
directions des fils. Afin d'appliquer I'équation de constitution du matériau, deux cadres de fibres g,
h sont construits pour suivre la direction du fil du matériau f1, f2. Des transformations de tenseur
sont effectuées pour réaliser la transformation entre le cadre de Green-Naghdi et les deux cadres
de fibres. L'équation de constitution du matériau est appliquée dans les deux cadres de fibres pour
calculer I'incrément de la résultante de contrainte et du moment de contrainte:
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[dN], =[C],[de],  [dN], =[C],[de],
[dM], =[D],[dx],  [aM], =[D], [dx],

Au cours du pas de temps de simulation [tn, ta+1], les résultantes de contraintes et le moment
de contrainte seront cumulés selon le schéma de Hughes et Winget [Hughes & Winget, 1980;
Badel, Vidal-Salle, & Boisse, 2008]:

n+1 n+1/2 n+l n+1/2

V] = o]+l

V], =N, +[an]

n+1

g h

n+1/2

(M

, =] lav]

n n+1/2

el L L

Trois comportements des matériaux sont pris en compte dans I'approche de la résultante des
contraintes, a savoir le comportement en traction, en cisaillement dans le plan et en flexion. Le
comportement en traction du matériau tissé peut étre mesuré par l'essai de traction uniaxial ou
biaxial. Le comportement en cisaillement dans le plan peut étre testé par le test du cadre ou de
I'extension du biais. Le comportement en flexion peut étre mesuré par l'essai en porte-a-faux. En
ce qui concerne le tissu interlock G1151, la caractérisation de ces trois comportements du matériau
est effectuée pour une analyse de simulation ultérieure.

2.3 Conclusion du Chapitre 2

En raison du plissement possible entre les fibres dans un matériau tissé, la rigidité a la flexion
est beaucoup plus faible que les valeurs calculées a partir de la rigidité a la traction et de I'épaisseur.
La rigidité a la flexion joue un role important dans la déformation du matériau, donc lI'approche de
la coque pour modéliser le matériau tissé doit prendre en compte la rigidité a la flexion spéciale.
Une approche hypoélastique de la résultante des contraintes est présentée dans ce chapitre. Une
rigidité a la flexion indépendante de la rigidité de la membrane qui est liée au moment de contrainte
avec la courbure de flexion est introduite dans I'approche. L'approche contrainte-résultat permet
de considérer séparément le comportement de la membrane et de la flexion. L'approche est
implémentée dans le logiciel Abaqus qui est disponible pour tout utilisateur de ce logiciel.

Trois comportements du matériau sont considérés dans I'approche, a savoir le comportement
en traction, en cisaillement dans le plan et en flexion, le comportement du matériau étant sous
forme hypoélastique. Les méthodes permettant de déterminer ces comportements des matériaux
pour l'approche présentée sont présentées dans ce chapitre, et les différents comportements du
matériau G1151 sont testés en conséquence. Dans ce processus, les simulations correspondantes
utilisant I'approche présentée sont effectuées pour faire une comparaison avec l'expérience. Le
résultat de la comparaison a Vvérifié au préalable I'exactitude et I'efficacité de I'approche présentée
dans la prédiction de la membrane du matériau tissé et de la déformation par flexion.
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Chapitre 3 Analyse numérique et expérimentale de la mise
en forme du composite textile

3.1 L'introduction du processus d'expérimentation

Les expériences de formage sont réalisées dans le laboratoire du LaMCoS. Comme le montre
la figure 3.1. Le dispositif expérimental est place sur la machine d'essai universelle pour controler
le mouvement du poingon, notamment la vitesse de déplacement (30 mm-min™* pour tous les types
de processus de drapage) et la distance de déplacement. Le support d'ébauche et la matrice sont
rendus transparents (en méthacrylate de méthyle (PMMA)) pour observer la déformation du
matériau. Deux caméras ont été utilisées lors de I'expérience multicouches pour observer la
déformation de la couche inférieure et de la couche supeérieure.

Punch Top
Camera
4 layers of fabric T T T
Blank holder
B = Gasket
. [ = N,

!
Mirror l T =

Bottom

Support Camera

 x

Figure 3.1 Schematic diagram of the forming experiment

3.2 Formation de I'hnémisphére et du tétraédre

Afin de Vérifier I'efficacité et la justesse de l'approche de simulation proposée, une
comparaison entre I'expérience et la simulation est effectuée dans ce chapitre. Le formage d'un
hémisphere et d'un tétraedre est effectué, ces deux formes sont toutes des formes de référence
étudiées dans les expériences de formage [Allaoui et al., 2011, 2014 ; Komeili & Milani, 2016 ;
Dorr et al., 2017 ; Thompson et al., 2020]. Les expériences de formage comprennent le formage
monocouche et le formage multicouche. Pour le formage monocouche, les conditions de formage
comprennent le formage avec des porte-flans et le formage sans porte-flan. Pour le formage
multicouche, la pile de quatre couches quasi-isotropes est considérée dans les expériences. La
variable de comparaison entre I'expérience et la simulation comprend I'angle de cisaillement dans
le plan, le contour du tissu, la force du poingon et les plis dans le cas d'un formage multicouche et
d'un formage sans support de découpe.
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Les simulations correspondant aux expériences sont réalisées dans la sous-routine VUGENS
d'Abaqus/Explicit en utilisant I'approche présentée. Le serre-flan, la matrice et le poingon sont
considérés comme des corps rigides. La dimension initiale du matériau est de 300 mm <300 mm
et est maillée a l'aide de I'élément coquille triangulaire (S3 dans Abaqus/Explicit). Pour la
simulation avec la configuration multicouche, la modélisation de I'éprouvette est I'assemblage de
plusieurs plis en modélisation monocouche. La modélisation de la couche unique est indépendante
I'une de l'autre, et la propriété de contact est appliquée entre les couches adjacentes, avec un
coefficient de friction de coulomb constant.

Simulation results Experiment results

Bottom
view

Simulation results Experiment results

Figure 3.2 Multicouche d'hémispheére formant comparaison entre simulation et expérience.

La comparaison de quatre couches d'hémisphére quasi-isotrope est illustrée a la figure 3.2.
Les points de repére sont tous peints le long de la direction des fils de chaine et de trame pour
calculer I'angle de cisaillement dans le plan apres la déformation du matériau. On peut voir que le
matériau G1151 a quatre couches est déformé en un hémisphere sans plis, ce qui est correctement
prédit par la simulation.

Le froissement est I'un des principaux défauts de formage dans le formage du composite
textile. Afin de réduire le colt de I'essai et le cycle de fabrication, il est essentiel que I'approche de
simulation puisse prédire avec précision I'apparition des plissement. Pour obtenir les plissement
évidentes pendant I'expérience de formage, le porte-flan est retiré. Le formage de I'hémisphére
sans le serre-flan est illustré a la figure 3.3(a), et le résultat de la simulation correspondante est
donné a la figure 3.3(b). La geométrie des plissement est obtenue par une approche de corrélation
d'images numeriques (DIC), et la comparaison entre I'expérience et la simulation indique que
I'approche proposée est capable de prédire I'apparition de plissement.
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(b)
Figure 3.3 Comparaison entre la simulation et I'expérience du formage d'un hémisphére monocouche sans
support de flan. (a) Expérience. (b) Simulation par I'approche de la résultante de contrainte.

Le formage du tétraédre est choisi comme autre cas pour la validation de I'approche de
simulation introduite. La zone présentant le plus grand angle de cisaillement, qui est la plus
importante dans le processus de fabrication, est comparée. La comparaison entre la simulation et
I'expérience du formage de tétraedres a une seule couche est présentée a la figure 3.4.

Simulation results Experiment results

Simulationresults  Experiment results

Figure 3.4 Comparaison entre la simulation et I'expérience de la formation d'un tétraédre & une seule
couche

3.3 Conclusion du Chapitre 3

En raison du glissement possible entre les fibres, le composite textile présente une spécificité
de déformation en flexion différente de celle du matériau continu. Pour simuler le formage du
composite textile a l'aide du modele de coque, une approche hypoélastique de la résultante des
contraintes est proposée dans le chapitre 2. A travers deux formes de référence : I'némispheére et le
tétraedre, ce chapitre vise a valider I'efficacité de I'approche proposée.
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Le dispositif expérimental permettant de réaliser I'expérience de formage et d'obtenir le
résultat expérimental est tout d'abord présenté, et la procédure permettant de réaliser la simulation
du formage des composites textiles dans Abaqus en utilisant I'approche présentée est également
présentée. Ensuite, le formage de I'hémisphere et du tétraédre avec une configuration a trois
couches est effectué, la comparaison entre la simulation et I'expérience est faite a partir de
differents aspects, y compris I'angle de cisaillement dans le plan, le contour du tissu, la force du
poincon et les plissement. Grace a la comparaison, on peut conclure que lI'approche présentée peut
prédire correctement la déformation dans le plan du composite textile.
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Chapitre 4 Analyse expérimentale de la drapabilité du
composite textile

4.1 Analyse de la drapabilité du composite textile

Le comportement de drapage du renforcement composite textile peut étre mesuré par le
drapomeétre [Chu et al., 1950 ; Cusick, 1968]. Comme illustré dans la Figure. 4.1(a), le drapomeétre
se compose de deux disques de support circulaires, et I'échantillon de tissu circulaire est pris en
sandwich entre eux. Le tissu peut se draper sous I'effet de sa gravité. La zone de drapé sera projetée
sur le Perspex avec la lumiére placée sous I'échantillon. L'anneau de papier a été placé sur le
plexiglas. Le rayon de I'anneau de papier est egal & I'échantillon de tissu initial. Au cours du
processus de drapage, certains plis évidents seront générés. La drapabilité du matériau peut étre
directement décrite par le nombre de plis. Un coefficient de drapage est également défini pour
quantifier la drapabilité du matériau. Comme le montre la figure 4.1(b), le coefficient de drapage
est le rapport entre la surface projetée de I'échantillon de tissu drapé et sa surface non drapée [Chu
et al., 1950].

Fabric sample

Paper ring

N

——}——_Perspex suppor for
the paper ring

Sy -5,
| Fabric sample

|~ Supporting disc

T~ Light source

[~ Concave mirror

(a) (b)
Figure 1.1 (a) Schéma de principe du drapométre. (b) Calcul du coefficient de drapé. [Vangheluwe &
Kiekens, 1993].

Selon le principe du drapometre, le nombre de plis testé ou le coefficient de drapé est
uniquement lié au comportement de flexion du tissu. Cela n'est pas suffisant pour caractériser la
capacité du matériau a résister au froissement. A I'échelle macroscopique, des recherches ont
montré que les trois principaux comportements du matériau qui influencent sa déformation sont la
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traction, le partage dans le plan et la rigidité a la flexion [Boisse et al., 2011, J. Huang et al., 2021].
Il est nécessaire de disposer de nouveaux parametres pour caractériser la capacité du matériau a se
draper sans plis.

4.2 La définition du ratio de drapabilité

En considérant les trois comportements du matériau (rigidité a la traction, rigidité au
cisaillement dans le plan et rigidité a la flexion hors du plan) a I'échelle macro, le principe du
travail virtuel du matériau textile peut s'écrire sous la forme suivante:

W, =W, + W + oW,

Lorsque le matériau est soumis a une déformation, il provoque les trois types de changements
d'énergie ci-dessus. La minimisation de I'énergie interne totale Wint entraine une compétition entre
eux. Par rapport aux deux autres formes de comportement, la rigidité a la traction est relativement
importante, et le matériau peut étre considéré comme quasi-inextensible. Ainsi, afin de mieux
décrire I'influence du comportement en cisaillement et en flexion sur la formation des plissement,
un rapport de drapabilité r est défini comme suit :

Isotropic
NCF Triaxle |
Glass 3 |
Carbon 4 |
Twill 1 |
Glass 1 \
Glass 2 |
Twil 3 ]
Satn[ ]
Twil2] ]
NCF Carbon| |
G151 |
G100 |

103 1072 107" 10° 10! 10?
Drapability ratio r

Figure 4.2 the drapability ratio of the selected materials
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Ici, ke est la rigidité au cisaillement dans le plan du matériau, et Dy est la rigidité a la flexion
du matériau. Pour valider que le rapport de drapabilité défini r peut représenter la capacité du
matériau a se draper sans plis, treize types de matériaux fibreux sont sélectionnés pour réaliser
I'expérience de formage. Dans un premier temps, la rigidité au cisaillement et la rigidité a la flexion
de ces matériaux sont testées a l'aide de la méthode présentée au chapitre 2. Le rapport de
drapabilité r peut alors étre détermine, comme le montre la figure 4.2.

4.3 Expérience de formage de boites carrées

Lorsque le rapport entre la profondeur d'emboutissage et la longueur de la boite carrée est
important, le formage de la boTte carrée entraine des plissement importantes [P. Wang et al., 2015].
L'expérience de formage de boite carrée est donc menée dans le but de rechercher la relation entre
le rapport de drapabilité du matériau defini et I'apparition de plissement. Dans le processus de
formage, certains matériaux sont déformés avec des plissement tandis que d'autres matériaux sont
déformés sans plissement. La figure 4.3 présente le formage d'une boite carrée avec et sans plis
avec différents matériaux. L'expérience de formage a permis de constater que les rapports de
drapabilité de ces matériaux qui presentent des plissement sont tous plus grands que ceux des
matériaux sans plissement. Ce phénomene s'applique également au formage des cylindres. On peut
savoir que :

(1).La boite carrée peut étre formée sans plis en utilisant les matériaux composites textiles,
méme I'angle de cisaillement peut aller jusqu'a 70°.

(2).En fonction de leur capacité a draper la boite carrée sans plis, le rapport de drapabilité
défini peut diviser les matériaux en deux catégories. Le matériau ayant un rapport de
drapabilité plus faible a de meilleures performances de formage.

(3).11 existe une valeur critique du rapport de drapabilite des matériaux pour une condition
limite donnée. Lorsque le rapport de drapabilité du matériau est supérieur a la valeur
critique, les plissement apparaissent, et dans le cas contraire, aucune ride n'apparait.

-

-~

Shear angle 65°

Wrinkles

(b)

Figure 4.3. Square box forming experiment using different material. (a) Glass 3. (b) G1151.
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4.4 Conclusion du Chapitre 4

Ce chapitre fournit une analyse expérimentale complete de la drapabilité des composites
textiles, qui est la capacité a se déformer sans plis. En considérant le comportement du matériau
en cisaillement dans le plan et en flexion hors du plan, un rapport de drapabilité est défini pour
quantifier la capacité de déformation du matériau. Les expériences de caractérisation du
comportement du matériau sont d'abord menées pour déterminer la rigidité au cisaillement et la
rigidité a la flexion du matériau, puis le rapport de drapabilité de tous les matériaux est calculé et
trié du plus petit au plus grand. Enfin, des expériences de formation de boites carrées et de
cylindres sont réalisées pour valider la relation entre le rapport de drapabilité défini et la capacité
de déformation du matériau.

Dans les expériences de formage, on constate tout d'abord que I'angle de cisaillement du
matériau peut étre tres grand sans plissement (pour la boite carrée, I'angle de cisaillement est
supérieur a 55° et pour le cylindre, la valeur est supérieure a 40°), on peut donc savoir que l'angle
de blocage du cisaillement n'est pas complet pour prédire si des plissement vont apparaitre pendant
le processus de formage. Lorsque la forme de la piece change, la valeur critique du rapport de
drapabilité change également, car la formation et le développement des plissement sont également
liés a la géométrie et aux conditions limites. Cependant, qu'il s'agisse d'une boite carrée ou d'un
cylindre, le rapport de drapabilité du matériau avec des plis est supérieur a celui du matériau sans
plis.

En conclusion, la formation et le développement des plissement est un phénomeéne global
qui dépend du comportement du matériau, de la géométrie de la formation et des conditions aux
limites. Lorsque tous les autres éléments sont identiques, le rapport de drapabilité défini dans ce
chapitre peut étre un indicateur de la capacité de déformation du textile. Le matériau avec un
rapport de drapabilité plus faible est plus facile a former des formes complexes sans plissement.
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Chapter 1 ~ Composite material: introduction and
simulation approach

This chapter will focus on the background knowledge of the composite material with special
attention on the structure of textile composite and the manufacturing process. Different simulation
approaches will be reviewed. At last, the research objective will be presented.
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1.1 Introduction to the composite material
1.1.1 Composite materials and their applications

Composite materials are composed of at least two immiscible materials, and the constitutive
materials will remain independent on the micro-scale while forming a whole part on the macro-
scale. The constituent parts of composite materials can be divided into reinforcement and matrix
(seen in Fig. 1.1), the reinforcement which controls the mechanical characteristics of the final
product and the matrix which brings the cohesion of all the fibers. Composite materials combine
the properties of different materials to exhibit many excellent properties, and thus these materials
have been widely used in different fields.

:@ﬁjzg%k

Reinforcement Matrix Composite material

Fig. 1.1 Composition of composite materials

a) Aerospace

High strength, high rigidity, and lightweight are the basic requirements for structural
materials in the aerospace field. Due to the excellent properties of advanced composite materials,
different types of composite materials have been widely used in the aerospace field since the 1840s
[Arif et al., 2017]. Compared with other materials, the use of advanced composite materials can
make the aircraft lighter while providing the same structural strength, which can reduce the energy
consumption in flight.

M Carbon laminate
[ carbon sandwich Titanitim Corr;g(;sites
B Other composites 15% 9
M Aluminum

M Titanium Aluminum
20%

Fig. 1.2. Application of composite materials in Boeing 787 [Boeing Company, 2013].

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2022LY SEI34/these.pdf
© [B. Chen], [2022], INSA Lyon, tous droits réservés



Composite materials have become the fourth main aerospace structural material after steel,
aluminum, and titanium. Due to the excellent properties of composite materials, the amount of
composite materials has become one of the main indicators for evaluating advanced aircraft.
Currently, the amount of composite materials has exceeded 25% in the structural weight of the
advanced aircraft. For example, the US fourth-generation fighter F35 used about 35% of the
composite material, the Swedish JAS39 fighter reached 39%, and the French Dassault Rafale
fighter used 40% of the composite material. In the field of civil aircraft, composite materials are
also widely used. The composite materials used in the Airbus A380 reached 25%, the Airbus
A350-XWB reached 52% and composite materials for Boeing 787 account for 50% (As shown in
Fig. 1.2).

Composite material is also widely used in the space industry. In addition to the high stiffness,
high strength, and lightweight, the excellent dimensional stability of the composite structure makes
it unique in space where the environment changes rapidly and plays an irreplaceable role in the
manufacture of missiles, satellite vehicles, and launch vehicles.

b) Transportation

Composite materials have long been used in transportation. For example, car tires are
composed of rubber and steel bars. The rubber makes the tire elastic and wear-resistant, so as to
achieve shock absorption and resistance to road friction, and reinforcing bars make tires high
strength. Composite materials can also be used as automobile bodies, bumpers, frames, and other
parts. The lightweight of composite materials can highly reduce the overall weight, resulting in
energy savings. Fig. 1.3 shows the composite automotive part made of fiber reinforcement. The
composite part made of fiber reinforcement can absorb more energy than steel, which can highly
improve the security in a collision.

Fig. 1.3. Automotive part made of composite material [Guzman-Maldonado et al., 2016].
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c) Other fields

With the development of composite material manufacturing technology, composite
materials have been widely used in different fields. In the wind power industry, the blades made
of composite materials can have complex shapes, lightweight, and high strength. In the weapons
industry, tank armor, bulletproof vests, and helmets made of composite materials also have
excellent performance and practicality. In addition, composite materials are also widely used in
construction engineering, sports equipment, medical equipment, and so on, such as decorative
panels and reinforcing beams in construction engineering, ski board, bicycles in sports equipment,
medical artificial limbs in medical equipment.

1.1.2 Types of composite materials

Composite materials are composed of matrix and reinforcement. The matrix combines all
the constitutive material into a whole and transfers the stress between reinforcement, the
reinforcement provides the mechanical properties (strength and rigidity). The composite materials
can be classified into different categories according to the types of matrix and reinforcement
[Campbell, 2004].

a) Matrix

Based on the material matrix, composites are commonly classified into polymer matrix
composites (PMCs), metal matrix composites (MMCs), and ceramics matrix composites (CMCs)
[Kaw, 2005].

e Metal matrix composites take the metal or metal alloys as matrix, and add fibers,
whiskers, nanoparticles or other reinforcements to the matrix. The metal matrix
composites are different from metal alloys, which are substances with metallic
properties formed by the melting of two or more materials, and the metal alloys don't
have obvious interface distinction in the microscale. Compared with other types of
composite materials, the molding process of metal matrix composite materials is
relatively complex and the manufacturing cost is high, thus this types of composite
material is mainly used in the military field.

e Ceramic matrix composites are composed of ceramic matrix and various fibers. The
fibers with high strength and rigidity are added to the ceramic matrix. On the one
hand, the composition overcomes the shortcoming of the brittle fracture properties
of ceramic material and improves the fracture toughness of the composites. On the
other hand, the high performance of ceramic is maintained, like the high temperature
resistance, low expansion, good thermal stability, and so on. So that ceramic matrix
composites can be used as structural materials in the high temperature and high
pressure environment.
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Polymer matrix composites are made of polymer (thermosetting or thermoplastic) as
matrix and fiber as reinforcement. The molding process of this type of composite
material is relatively mature and the manufacturing cost is low, so the resin matrix is
the dominant matrix in the application of composite materials.

b) Reinforcement

According to the geometry of the reinforcement, the reinforcement has three forms:
particulate, short fiber, and continuous fiber. Correspondingly, composite materials can be divided
into particular reinforcement composites, short fiber reinforcement composites, and continuous
fiber composites.

Particle reinforcement has the approximately same size in all directions, this type of
reinforcement can hardly supply the excellent mechanical property in the composite
part. Particle reinforcement usually is used in the design of functional composites.
By embedding particle reinforcements in the matrix, the corresponding physical or
chemical properties of the composites can be designed. Such as the ferromagnetic
composites enable induced heat generation in external magnetic fields for medical
applications [Xiang et al., 2020].

Short fiber reinforcement has a significant length than the other directions, ranging
millimeters to centimeters. The mechanical properties of the short fiber
reinforcement composite are determined by the fiber length and orientation, are
intermediate between the particle reinforcement composite and continuous
reinforcement composite. The short fiber reinforcement composite can be
manufactured with injection process [Fu et al., 2000], thermocompression processes
[Le Corre et al., 2002] and three-dimensional (3D) printing [Christ et al., 2015]. The
short fiber reinforcement composites can be used for complex part.

Continuous fiber reinforcement are the most widely used in the application of
composite materials. Due to the mechanical properties of composite materials mainly
come from the reinforcement, the continuous fiber reinforcement composite has the
best mechanical properties than the other two types of reinforcement, especially
when loaded in the fiber direction.

The research work presented in the thesis manuscript will force on the deformation of
continuous fiber reinforcement, mainly on woven fabric reinforcement which the warp and weft
yarn are perpendicular in the initial configuration, and the matrix will be neglected. The composite
materials of woven fabric reinforcement will be introduced in the next chapter.

1.2 Composite materials of woven fabric reinforcement
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1.2.1 Structure of woven fabric

Woven fabric are made of continuous of fibers with very small diameter (normally ranging
from 5 um to 15 um). The types of fiber have glass fiber, carbon fiber, and Kevlar fiber. The long
and continuous fibers assemble together to the yarn which give the yarn very high stiffness and
rigidity. The yarn can be named by the number of the constitutive continuous fibers, such as 7K
yarn represent that this type of yarn is composed of 7000 fiber filaments. The yarns hold together
by weaving to form the fabric for manufacturing the composite component. A woven fabric
structure is shown in Fig. 1.4.

Fig. 1.4. Structure of woven fabric [Y. Huang et al., 2017]. (a) The commercial fabric. (b) The plain
weave structure. (c) The yarn. (d) The fibers

1.2.2 Types of woven fabric reinforcement

Warp yarn Comb Weft yarn

Fabric

Sliders

Fig. 1.5. The 2D woven fabric fabrication process [Florimond, 2013].
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Based on the arrangement of the yarns in the fabric, the woven fabric reinforcement can be
divided into 2D, 2.5D and 3D fabric reinforcement. Unidirectional fabric has high strength along
the fiber direction, but the strength is quasi null in the transverse direction. In the realistic
application, multilayers laminates of UD fabric with different orientations need to be combined.
For a given load case, the layer configuration can be easily tailored.

The 2D woven fabric is created by interlacing the two-directional yarns in the plane at the
manufacturing stage. The 2D woven fabric fabrication process is shown Fig. 1.5, a single layer of
warp and weft yarn are perpendicular woven together into the fabric. The different weaving pattern
can generate different weaving structures. Some research found that the woven architecture will
influence the mechanical properties of the fabric [Adumitroaie & Barbero, 2011; Erol et al., 2017,
Jahan, 2017]. There are three classical types: plain, twill, and satin, given in Fig. 1.6, and the warp
and weft yarn in the figure are respectively drawn horizontally and vertically.

(@) (b) (c)
Fig. 1.6. Different types of 2D woven fabric (Generated by TexGen). (a) Plain weave. (b) Twill weave.
(c) Satin weave

e Plain weave: the plain weave is the most classic weaving pattern and is most widely used
in the woven fabric reinforcement application. In the plain weave, the warp and weft yarns
are interlaced in a ‘one up — one down’ pattern. As shown in Fig. 1.6(a), the warp and weft
yarn generates a chessboard pattern at both sides of the plain weave.

e Twill weave: the warp and weft yarns in the twill weave are interlaced in a ‘m up — n down’
pattern (3< m, n >1 and at least one of m, n is larger than 1) to form the continuous rib
diagonals on the faces of twill weave. And the twill weave is named as a fraction number
which equal to m/n. Fig. 1.6(b) shows the 2/1 twill weave.

e Satin weave: the warp and weft yarns in the satin weave are interlaced in a ‘m up — one
down’ pattern (m>3), which means that the weft yarn passes m warp yarns and under one
warp yarn. The satin is named as the m-harness (mH). Fig. 1.6 presents the 5H satin, the
weft yarn passes over four warp yarns and then go under one warp yarn.
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These three types of 2D woven fabric are called balanced fabric when the warp and weft
yarn are identical, otherwise, they are unbalanced fabric. The out-of-plane bending behavior is
linked with the yarn. When the unbalanced fabric is researched, the bending behavior along the
warp and weft yarn direction will have some difference.
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Fig. 1.7. Different types of 2.5 and 3D woven fabric [Gu & Zhili, 2002]

2D fabric is composed of a single layer of warp and weft yarn, the thickness is very small
(several millimeters). To fabricate a certain composite component, it is need to stack several 2D
woven fabric, NCF to form a laminate. In these case, the composite components are prone to
delamination. The delamination can be avoid by 3D weaving to fabric the 2.5D and 3D fabric. The
yarns are not only interlaced in the plane, but also in the thickness direction in 2.5D and 3D fabric
[Mouritz et al., 1999; Gu & Zhili, 2002; Dufour et al., 2013]. Based on the woven architecture, the
2.5D and 3D fabric can be classified into orthogonal, angle interlock (2.5D), layer to layer [Boussu
et al., 2015]. The different types of 2.5 and 3D woven fabric is given in Fig. 1.7.

As described before, the 2.5D and 3D woven fabrics are designed to avoid the delamination.
Compared with the 2D woven fabric, the manufacturing process for the 2.5D and 3D woven fabrics
is relatively complex and the cost is higher [Gnaba et al., 2018]. Expect the 3D weaving, the
stitching process can also be used to fabricate the 3D fabrics. As shown in Fig. 1.8, the 3D fabrics
are obtained by sewing high tensile strength yarn through a laminar which can be several layers of
dry fabric or prepregs [Dransfield et al., 1994]. The main challenge of the stitching lay in
improving the applicability of sewing machine to different occasions and fully understanding the
stitching process on the influence of the 3D fabrics mechanical properties [Trabelsi et al., 2010].
Several researches have been devoted to the study of stitching parameters on the mechanical

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2022LY SEI34/these.pdf
© [B. Chen], [2022], INSA Lyon, tous droits réservés



behavior [Liu et al., 2017; Shen, Wang, Legrand, & Liu, 2019; Shen, Wang, Legrand, Liu, et al.,
2019; Gnaba et al., 2021; Shen et al., 2021].
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Fig. 1.8. Schematic diagram of the stitching process for 3D fabric [Dransfield et al., 1994].
1.2.3 Non Crimp Fabric

Non Crimp Fabric (NCF) is another way to add the cohesion between fibers. Compared with
the woven fabric, NCF has no undulation in the fibers. The NCF is composed of a stack of
unidirectional (UD) plies linked together by a stitching in the thickness direction, The NCF can be
classified by the number of the UD plies, and there are three commonly used NCF: Uniaxial,
biaxial and triaxial NCF. Fig. 1.9 present a biaxial NCF fabric. The fibers in the NCF are not
undulated [W.-R. Yu et al., 2005; Lomov, 2011; Bel et al., 2012], and the mechanical behavior of
NCF is different to the woven fabric. The stitching pattern (influenced by the stitching type,
stitching density, stitching length, and yarn type) plays an important influence on its mechanical
behavior [Lomov et al., 2002; Yudhanto et al., 2013; Vallons et al., 2014; Grieser & Mitschang,
2017].

() (b)
Fig. 1.9. A biaxial NCF fabric. (a) Top side (b) Bottom side
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1.2.4 Molding processes of woven fabric reinforcement

There are many manufacturing processes for the woven composite molding. The
manufacturing processes focus on improving the forming efficiency, forming quality, and the
ability to fabricate complex shapes of composite component, like the double curvature part. In this
chapter, the two classical molding processes: Resin Transfer Molding (RTM) and Thermoforming
will be introduced due to these two processes are suitable for the mass production.

a) Resin transfer molding (RTM)

Resin transfer molding and its improvement [C D Rudd, A C Long, K N Kendall, 1999;
Halimi et al., 2012; Ageyeva et al., 2019; Seuffert et al., 2020], as type of Liquid Composite
Molding (LCM) technologies, are the most widely used for the manufacturing composite part.
Single-layer or multi-layers are formed by compression molding, the composite structure can be
complex shape in medium and large series, and this process makes it possible for the mass
production and dimensionally accurate composite parts. This RTM is mainly used for the dry
composite forming. As shown in Fig. 1.10, the forming process can be divided into two main steps.

\ 4 L4
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Fig. 1.10. Steps of RTM process [Buet Gautier, 1998]

Step 1: Forming. Under the pressure of the blank-holder, the dry reinforcement is firstly
placed on the mold. The mold is composed of two separated parts called punch and die. These two
rigid parts will generate a closed cavity by the displacement of the punch, aiming to form the dry
reinforcement to the desired shape. Thus the dimension of the formed part can be accurately
controlled under the pressure of the mold. The distance between die and punch can be adjusted to
fabricate the composite part with different thicknesses.

Step 2: Resin injection and consolidation. The deformed dry reinforcement, called a preform,
will be infused with a resin[Deléglise et al., 2011; Sozer et al., 2012]. The resin will fill the voids
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between the fibers under external pressure. Next, the composite part will consolidate under
pressure and temperature. At last the final composite part can be obtained by demolding.

In the RTM forming process, the different defects will appear depending on the forming
parameters and the used material including the mechanical defect (like wrinkles, buckling, fiber
gap or overlap), and the fluid defect (like resin void). These defects will highly influence the
mechanical properties of the final composite. The mechanical defects will mainly occur in the
forming stage when the dry reinforcement will subjected to the mechanical deformation, and the
fluid defect occur in the resin injection and consolidation stage.

The research work presented in this manuscript is interested in the mechanical deformation
of the dry composite at the forming stage. The deformation analysis at the forming stage will give
the yarn direction at different locations which mainly decided the mechanical properties of the
deformed fabric. Moreover, the fabric deformation at the forming stage will also affect its
permeability [Bodaghi et al., 2019].

b) Thermoforming

The thermoforming process is used to fabricate thermoplastic composite parts from
thermoplastic prepregs. The thermoplastic prepregs are the dry reinforcement that has been
impregnated with a thermoplastic matrix. In the case of prepregs, the resin is present in the
reinforcement during thermoforming [Verrey et al., 2006; Lukaszewicz & Potter, 2011; Henning
et al., 2019], thus the manufacture of thermoplastic composites doesn’t require the resin injection
stage, avoiding the resin maldistribution and voids in the composite parts. As shown in Fig. 1.11,
the thermoplastic prepregs can be classified into tow and tape according to their width.
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Fig. 1.11. Types of prepregs (a) Prepregs tow (b) prepregs tap

Composite structural components with simple geometries can be manufactured by the
Automated Fiber Placement (AFP) process. As shown in Fig. 1.12, the thermoplastic prepregs tow
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or tape is added to the mold by the compression of the roller. This manufacturing process is highly
automated and can be used for mass production. The application of the AFP process is limited by
the dimension of the roller and the width of the prepregs. The smaller rollers and the narrower
prepregs are needed to fabricate the complex curved surface, and this will reduce manufacturing
efficiency.
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Fig. 1.12. Schematic diagram of Automated Fiber Placement (AFP) process [Han et al., 2017]
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Fig. 1.13. Steps of thermoforming process [Guzman-Maldonado et al., 2016]
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In order to manufacture structures with non-developable geometry (3D) in mass production,
thermoforming is an ideal approach. As shown in Fig. 1.13, the thermoplastic prepregs are firstly
heated in the oven over the resin melting temperature. The material behavior of the thermoplastic
prepregs may change with the temperature [P. Wang et al., 2012; Liang et al., 2014; P. Wang,
Hamila, et al., 2015]. And then the heated prepregs will be transferred onto the mold. The prepregs
will be deformed into the desired shape in the closed mold under pressure. This forming stage is
same with the RTM process. Next, the mold will remain closed under pressure and cool down to
make the resin crystallize and solidify. The composite part can be obtained by removing the mold.

For the RTM and thermoforming, the forming stage is similar. The material is deformed into
the desired shape under the action of the mold. There are several manufacturing parameters that
will influence the material deformation like the bank holder shape, position, and pressure. To avoid
‘trial and error’ processes, it’s needed to conduct the simulation of this forming stage which is the
main work of the presented manuscript introduced in Chapter 2. There are two main aims to
simulate the forming stage:

e Determine if the forming process is suitable for the formation of the composite part
without defects, or under what are manufacturing conditions can make it possible.
e Give the deformation information like the fiber yarn direction, and profile.

Different numerical simulation approaches for the textile composites will be presented in the
next section.

1.3 Numerical simulation approach for textile composites

A predictive numerical simulation of the textile composite is useful to reduce the ‘trial and
error’ process during the forming stage. The numerical simulation approaches can be classified
into the kinematic approaches and the mechanical approaches [Lim & Ramakrishna, 2002; Boisse,
2015; Bussetta & Correia, 2018]. The kinematic approaches, also called mapping approaches or
fish-net approaches, is purely geometrics and can give the fiber orientation after the textile
composite is deformed [Mack & Taylor, 1956; Pickett et al., 2005; Potluri et al., 2006; Hearle,
2015]. The mechanical approaches, also called finite element approaches, is based on the material
constitutive model to predict the mechanical deformation of the textile material.

1.3.1 Kinematic approach

The kinematic approach is firstly proposed in the 1950s [Mack & Taylor, 1956] to give
designers and manufacturers critical pre-production information. Different kinematic approaches
have been proposed [Heisey & Haller, 1988; VVan Der Weeén, 1991; West & Luby, 1997a, 1997b].
In the kinematic approach, the initial flat textile composite is transformed onto the three-dimension
surface using the mapping algorithms based on the geometric assumptions.
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As shown in the Fig. 1.14 Assumption of the kinematic approach, the initial flat woven fabric
can be simplified as the 2D interwoven horizontal and vertical threads, the thickness of the woven
fabric is neglected. The intersection between a weft and a warp defines a crossing called a 'crossing
point'. The geometric assumptions are as follows [Mack & Taylor, 1956; Aono et al., 1994]:

e The fibers are assumed as incompressible and inextensible.

e The distance between neighboring crossover points are assumed as constant and
unchanged.

e There are only relative rotation at the crossover point, while the slippage is neglected,
and the relative rotation has no restriction.

(regular)
mesh point

(b)
Fig. 1.14 Assumption of the kinematic approach [Aono et al., 1994].

In general, kinematic approaches need to define the initial position of an origin point and the
direction of the warp and weft yarn. As shown in Fig. 1.15, the position of crossing point C can be
determined by crossing points A and B based on the geometric assumptions. The length of the AC>
and BCi should be equal. By considering all curves ACz and BC: on the surface, crossing point C
can be obtained when crossing points C1 and Cz are coincident. All the crossing points can be
obtained by repeating this process.

Fig. 1.15. The principle of kinematic approach [Boisse, 2004].
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According to the calculation process of kinematic approach, it can be known that the
kinematic approach can be very fast and need low computation cost, which is the main advantage
of this approach. On the other hand, the limitation of these approach is clear and strong. Due to
the material mechanical behavior isn’t taken into consideration, the process parameters like the
punch force, the force of the blank holder, and the interaction between adjacent layers cannot be
simulated. Moreover, this approach can only be used for the single-layer forming and it cannot be
used to simulation the wrinkles. So the kinematic approaches are mainly used in the occasion that
only focus on the fiber direction.

Compared with kinematic approaches, the mechanical approaches which are based on the
material constitutive model are more comprehensive approaches, and thus have received more
attention. The mechanical approaches will be introduced in the next.

1.3.2 Mechanical approach

Macroscale Mesoscale Microscale

Fig. 1.16. The three simulation scales for textile composites [Hamila & Boisse, 2013b]

Due to the multi-scale of the textile composites (introduced in Section 1.2.1), the mechanical
approaches are considered at different scales (Shown in Fig. 1.16): fiber scale (microscopic scale),
yarn scale (mesoscopic scale), and part scale (macroscopic scale).

e The analysis at the microscopic scale is performed to simulate the motion and friction
between fibers [Zhou et al., 2004; Durville, 2010; Latil et al., 2011]. The fibers can be
modeled as a rod or beam. Due to there are several thousands of fibers in a yarn, and
more in a part, the microscopic scale can hardly be used for the forming analysis.

e The simulation at mesoscopic scale can be used to conduct virtual tests on one or some
representative unit cells (called RUC) [Cai & Gutowski, 1992; Chen & Chou, 2000; Xue
et al., 2005; Badel et al., 2007; Lomov et al., 2007; Charmetant et al., 2011; Nguyen et
al., 2013], and the whole fabric is obtained by in-plane translation. The deformation
analysis of the RUC will determine the properties of the deformed element cell, like the
permeability of the deformed reinforcement [Lekakou et al., 1996; Loix et al., 2008].
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The yarns are independent in the mesoscopic scale analysis which allow this scale
analysis simulate the defects at yarn scale [Matveev et al., 2019], like yarn buckling and
gap.

e Considering the textile composites as a continuous medium, simulation conducted at the
macroscopic scale is able to determine the optimal conditions of the forming process, the
fiber direction, and the onset of defects [Pickett et al., 1995; Boisse et al., 1995; Hancock
& Potter, 2005; Zouari et al., 2006; Jauffrés et al., 2010; Schirmaier et al., 2017].

The existed approaches to perform the simulation at these three scales will be introduced in
the next.

a) Simulation at microscopic approach

For the microscale approach, the basic constituent is fiber. The behavior of fiber is linear
orthotropic and its characteristic quantities are relatively well known. The objective of the
microscale approach for the dry fiber reinforcement is to model the fiber behavior and the
interactions between them.

Fig. 1.17 presents two methods to model the fiber behavior. Fig. 1.17 (a) [Zhou et al., 2004]
model the fiber as a chain of rod elements, and the elements are connected by pins. The bending
stiffness is neglected and a simple contact algorithm to simulate the weaving process and the fiber
damage under perforation [Miao et al., 2008]. This modelling approach is relatively simple and
can be adopted in different cases. Fig. 1.17(b) model the fiber as beam element, and more complex
contact algorithm is adopted. This approach is more difficult to implement than the approach in
Fig. 1.17(a). But this approach take into account the bending stiffness of the fibers, and thus it can
better model the fiber behavior.
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Fig. 1.17. Modeling at the microscopic scale of a reinforcement. (a)Model of Wang [Y. Wang & Sun,
2001] (b) Model of Durville [Durville, 2010].
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A single yarn is composed of several thousands of fibers. The main difficulty of the
microscopic approach is the management of these many fibers constituting the model, in particular,
the management of the contact between them. The microscopic approach is very time-consuming,
and it is currently limited to a model with a moderate size.

b) Simulation at mesoscopic approach

For the mesoscopic approach, the basic constituent is yarn, which the yarn is considered as
a continuous medium. The simulation conducted at the mesoscale is interested in the behavior of
a unit cell of the reinforcement. The objective of these analysis is to obtain the fabric behaviors at
the yarn scales while the experimental determination might be difficulty or expensive. These
behaviors includes:

e The macroscopic mechanical behavior of the reinforcement by transferring the
mesoscale model to the macroscale model.

e The macroscopic thermal properties of the fabric (with or without matrix) for the
simulation of heat exchanges, like the macroscopic thermal conductivity [Dasgupta &
Agarwal, 1992; Dasgupta et al., 1996; Hsiao & Kikuchi, 1999; David et al., 2001].

e The local permeability of the reinforcement. Through the mesoscale analysis, it can build
a function between the local permeability and the deformation of the unit cell [Loix et
al., 2008], which will be an input for the simulation of the resin flow in the LCM process.

Weft

Warp

Z-warp

(@) (b)
Fig. 1.18. Model generation of 3D reinforcement. (a) Model in WiseTex [Lomov et al., 2000]. (b) Model
in TexGen [Sherburn, 2007].

The properties of the unit cell are influenced by the yarn size, shape, and architecture. It is
needed to accurately model the material geometry for the mesoscopic analysis. Several approaches
have been developed to obtain the geometry of the textile fabric. Here, we will first introduce two
software that can automatically generate the material geometry by inputting the corresponding
parameters: The WiseTex software developed at Katholieke Universiteit Leuven [Lomov et al.,
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2000; Lomov & Verpoest, 2006] and the TexGen software developed at the University of
Nottingham [Sherburn, 2007]. In the case of WiseTex, this software takes different deformation
modes into consideration (tension, shear, bending, torsion, compression of the yarns). The
geometry of the material is obtained by minimizing the deformation energy of the yarns within the
material. The experimental identification data is needed in this approach which are not easy to
obtain. The TexGen software, unlike the WiseTex software, is easier to obtain the material
geometry, and the mechanical deformation information is not needed. The model in TexGen
software is generated by assigning different cross-sectional geometries to the mean line of the yarn.
For these two approaches, the problem of interpenetration between yarns, although it has been
reduced in the WiseTex software [Verpoest & Lomov, 2005], always exists.

To accurately model the reinforcement, X tomography is an effective experimental approach
[Hsieh, 2003; Desplentere et al., 2005; A. H. Khan & Chaudhuri, 2014]. To obtain the 3D geometry,
the X tomography technique first scans a reprehensive sample of the reinforcement and processes
the resulting image to obtain the constituent element (yarn). At last, the 3D geometry can be built
by cutting the yarn apart and meshing them with each other. The X tomography technique has
huge advantages to model the material geometry. The interpenetration can be avoid through the
proper numerical processing [Naouar et al., 2014, 2015]. An example of the modelling of an
interlock fabric using the X tomography is presented in Fig. 1.19. Fig. 1.19 (a) is the 3D image
obtained in the X tomography, and the built 3D simulation model in given in Fig. 1.19(b).

(b)
Fig. 1.19. Modeling of an interlock fabric by processing a tomography [Naouar et al., 2015](a) 3D
tomography image of the fabric architecture. (b) The 3D simulation model.

Once the geometry has been defined and discretized by finite elements, a constitutive law
must be associated with the models to conduct the simulation. In most cases, the yarn is considered
as a continuous medium. The fibrous nature of the yarn give is very specific behavior, most studies
used hypoelastic [Gasser et al., 2000] or hyperelastic models [Charmetant et al., 2011] to describe
this behavior. The mesoscopic model can be used for the preforming analysis of the textile
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reinforcement. But it still need a lot of CPU times. The simulation at macroscopic approach which
consider the material at part scale are therefore preferable for the simulating the draping process,
even for the multi-layer reinforcement forming.

¢) Simulation at macroscopic approach

The simulation at the macroscopic approach considers the textile composite at the part scale.
Compared with the other lower scales, these approaches can save much more CPU time to conduct
the simulation. Thus lots of research have devoted to the macroscopic approach. The macroscopic
approach can be classified into three types: discrete approach, semi-discrete approach, and
continuous approach.

Discrete approach: The discrete approaches considered the textile reinforcement as a
combination of a series of deformable elements. The mechanical properties of the material is
applies on the deformable elements and the connection between elements to model the material
response in elongation, shear, torsion and bending. Among the existed of discrete approach, the
work of Sze and Liu [Sze & Liu, 2005] (as shown in Fig. 1.20) is notable, the reinforcement is
modeled using nodes connected to each other by bars and springs. The 2D reinforcement is
modeled using bars and springs connected to each other at nodes. Different deformation mode is
achieved through the different connection mode. Compared with semi-discrete approach and
continuous approach, these discrete approaches are little used in the forming analysis of textile
reinforcement due to the lack of precision and the difficulty in obtaining the stress state within the
material.

D D
B O C B C
i i
(b) (c) (d) (e)

Fig. 1.20. The discrete modelling approach. (a) The typical ‘O’ discrete model. (b) Stretch. (c) Torsion.
(d) Shear. (e) Bending [Sze & Liu, 2005].

Semi-discrete approach: The Semi-discrete approach falls between the discrete and continuous
approaches. With this approach, only a type of specific finite element is used to mesh the textile
reinforcement. The specific element is built according to the behavior of a representative unit cell
(RUC) at mesoscale. Same with the discrete approach, the material mechanical behavior is split
between the specific element and the connection of the element.

A remarkable semi-discrete approach is proposed by Hamila and Boisse [Hamila et al.,
2009]. In this approach, the textile reinforcement is meshed using the three node shell element.
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The warp and weft yarns are arbitrary with regard to the element sides to avoid the tension locking
phenomena [Hamila & Boisse, 2013a]. Three type of material behavior are considered in the semi-
discrete approach including tension, in-plane shear, and out-of-plane bending. The tension and in-
plane shear behavior is described within the three node shell element, and the bending behavior is
described by the two adjacent shell element.

Shear angle (®)

l55.4
443
33.3
22.2

IH.]
0.0

(b)
Fig. 1.22. Forming simulation using the semi-discrete approach (a) Tetrahedron forming [Allaoui et al.,
2011] (b) Square box forming [P. Wang, Legrand, et al., 2015].

This approach is implemented in a in-house F.E. code called Plasfib, and has been widely
used for the textile draping research. The role of the three main behavior (tension, in-plane shear,
and out-of-plane bending) on the influence of the occurrence of wrinkles are simulated by this
approach [Boisse et al., 2011]. The research in the work of Boisse[Boisse et al., 2011] indicate that
there is no direct link between shear angle with the onset of the wrinkles, the shear locking angle
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is not sufficient for the prediction of wrinkle occurrence. And wrinkling is a global phenomenon
related with all strains and stiffness and also the boundary condition. The semi-discrete approach
was used in [Allaoui et al., 2011] to predict the textile draping in the tetrahedron forming. The
numerical simulation result are in good agreement with the experimental result. It’s also
experimental found that the shear angle can go up to 60° without the occurrence of wrinkles. Wang
and Huang [P. Wang, Legrand, et al., 2015; J. Huang et al., 2021] used this approach to predict the
wrinkles in the square box under different conditions. In the research work [P. Wang et al., 2013],
the semi-discrete approach was adopted to conduct the thermoforming simulation of multilayer
composites with continuous fibers, friction model is developed and implemented between the
layers and for ply/tool friction. Based on this approach, Liang and bai [Liang et al., 2017; Bai et
al., 2020] developed a new fibrous shell element considering the deformation in the thickness.

Continuous approach: The continuous approach meshes the textile reinforcement using one type
of finite element, and all considered material behavior is described within the used finite element.
This approach has the most computationally efficient, and is a research hotspot. The simulation
approach proposed in Chapter 2 also used the continuous approach.

The yarn of the textile composite is composed of thousands of fibers with a very small
diameter. These yarns are woven together to the woven fabric reinforcement which gives the
material very specific behavior, including the high anisotropy, and the ability to exhibit large shear
and bending deformations. At the same time, the woven architecture makes it possible to consider
the material as a continuous medium at the macroscopic scale. The material is not continuous at
the macroscopic scale, but it can be seen as continuous on average.

During the draping process, the woven fabric can exhibit large shear and bending
deformation. To describe the material mechanical behaviors, the hypoelastic laws is an alternative
approach for the large strain, and the non-linearity of material behavior can also be achieved. The
hypoelastic laws use a rotated frame to remove the body rotation and calculate the objective
summation of the stress increments (detailed description in section 2.2). The rotated frame includes
the Green Naghdi frame [Dienes, 1979] and corotational frame [Dafalias, 1983]. For the fibrous
material, the material behavior is directly related with the orientation of the fiber. And the fiber
orientation doesn't follow the orientation of the two frames (Green Naghdi frame and corotational
frame). Two approaches has been developed to consider this particular aspect: Non-orthogonal
method [W. R. Yu et al., 2002; Peng & Cao, 2005], and orthogonal method [Badel, Vidal-Salle,
& Boisse, 2008; M. A. Khan et al., 2010].

As illustrated in Fig. 1.23(a), non-orthogonal method constructs a non-orthogonal frame in
which each axis of the frame is parallel to one direction of yarn respectively. It is achievable to
track the fiber direction during the deformation using the deformation gradient tensor and initial
fiber direction. The material constitutive laws is expressed in the built non-orthogonal frame, and
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the approach to test the corresponding parameters of material behavior is presented in [Xue et al.,
2005]. This approach is convenient to conduct the forming simulation because the objective
derivative and the associated tensor transformation is integrated in the commercial code, and
several forming analysis have been conducted in [Lin et al., 2007][Zhang et al., 2017]. However,
the research in Badel [Badel, Vidal-Sallé, & Boisse, 2008] show that the non-orthogonal method
could give the undesired result (given in Fig. 1.24) at mesoscale.
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(b)
Fig. 1.23. Different constitutive for the continuous simulation approach (a) Non-orthogonal constitutive
model [Peng & Cao, 2005]. (b)Orthogonal constitutive model [M. A. Khan et al., 2010].

As shown in Fig. 1.23(b), the orthogonal method construct the two orthogonal frames (called
fiber base) while one axis of each frames is parallel to one of the yarn orientation. The stresses are
integrated in the fiber base, and then transformed to the Green-Naghdi frame. Different tests have
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been conducted to validate its effectiveness, and the double dome forming comparisons between
the simulation and experiment is given in Fig. 1.25, they are in good agreement in the shape.
Different simulation research have been conducted based on this orthogonal method. The
thermoset prepregs is simulated using this method by coupling with a finite element modelling the
resin [M. A. Khan, Reynolds, et al., 2015]. The influence of the process parameters, like the force
on the blank holder, and the friction coefficient are analyzed using this method in the double dome
and hemisphere forming [M. A. Khan, Saleem, et al., 2015]. The simulation approach proposed in
Chapter 2 can be seen as an extension of this method. The proposed simulation approach in the
manuscript take into three material behaviors: tension, in-plane shear, and out-of-plane bending
behavior while the bending behavior is neglected in the orthogonal method [M. A. Khan et al.,
2010]. The stress resultant shell is adopted to consider the independent bending behavior and also
makes the simulation fast.
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Fig. 1.25 The comparison between experiment and simulation conducted by the orthogonal method. (a)
Experiment. (b)Simulation [M. A. Khan et al., 2010]
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d) Multi-scale approach

The simulation approach at different scales has its advantage and disadvantage. For example,
to conduct the forming analysis, the most effective approach is the simulation approach at the
macroscopic scale. However, this approach will neglect the information concerning the yarn
deformation and the relative displacement between them. Therefore, multi-scale approaches are
proposed in order to balance the CPU time and the deformation information at different scales. A
meso-macro approach is shown in Fig. 1.26, the yarn mesoscopic geometry is embedded in the
macro element which can obtain the fabric deformation information at the macroscale and also get
the yarn deformation information at the mesoscale in a draping analysis.

Macro element node
w

Transformation

v
Node of the meso model

Fig. 1.26. A meso model embedded in a macro element [J. Wang et al., 2020, 2022].

1.4 Research motives and objectives

Due to its excellent performance, textile composite is widely used in different areas. In order
to improve the manufacturing quality, reduce the manufacturing cycle, and manufacturing costs,
itis critically important to conduct the numerical analysis to meet the different needs in the material
performing step. The textile composite material is woven from the yarn and the yarn is composed
of thousands of fibers which gives this material a specific deformation mechanism. The simulation
approach can be conducted at different scales, and there is currently not a widely accepted
simulation model.

Focusing on the deformation of materials at the macroscopic scale, the first objective of the
Ph.D. work will be devoted to developing a more comprehensive simulation approach. There are
three material behaviors: tension, in-plane shear, and out-of-plane bending which have been
studied before that have a main influence on the material deformation. These three material
behaviors will be taken into consideration in the proposed approach. In order to validate the
effectiveness and correctness of the presented simulation approach, different tests from different
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aspects will be conducted to make the comparison between the simulation results and the
experimental or analytical results. The proposed approach will be implemented in Abaqus which
make it available to any user who want to conduct the draping analysis of textile composites in
Abaqus.

The single layer of textile composite has a very small thickness. In the application of the
textiles composite, it is needed to combine the multi-layer together into the final composite part.
Multilayer forming simulation can be achieved by stacking single layers and assigning suitable
contact properties between adjacent layers. This is not very effective when there are many layers.
Thus the second objective is to study the multi-layers analysis approach. Due to the specific
material behavior, the material can be seen as quasi-inextensible in the yarn direction. This is a
very important assumption. In multi-layer deformation, the rotation of the normal line is the main
concern. Because if there is fiber in the thickness direction or for the 3D fabric, the normal rotation
will determine the fiber direction in the thickness when the fabric is deformed. The Kirchhoff and
Mindlin shell elements cannot be used to predict the normal rotation in the multi-layer forming.
Based on the proposed simulation approach in the Ph.D. work, a simple post-processing method
is introduced for the multi-layer forming with same orientation.

Wrinkle is one of the main defects in the forming of textile composite reinforcement at the
macro scale. The onset of the wrinkles has relationships with the process parameters and the used
material. The process parameters can be optimized through simulation analysis to determine the
best process parameters. The used material which exhibits different material behavior will
influence the onset of the wrinkles. The draping of material without wrinkles is called drapability.
The third objective is to experimental research the influencing factors on the material drapability.
The square box and cylinder forming using different materials with different mechanical behaviors
are conducted to observe the relationship between the drapability and the onset of the wrinkles. A
drapability ratio relating the in-plane shear stiffness and bending stiffness is defined for the
description of the material drapability. The material with a lower drapability ratio is easier to be
formed without wrinkles.

1.5 Summary

This chapter gives a brief introduction to the state of the art of textile reinforcement from the
application of the composite material to the different simulation approaches at different scales. It
can be known that the textile composite is woven from yarns, and the yarn is composed of several
thousands of fibers. This special architecture gives its specific mechanical properties. The
simulation approach can be conducted at different scales: microscale, mesoscale, and macroscale.
Among these three scales, the continuous approach at the macroscale needs the lowest computation
cost. Although simulation at macroscale will lose some information at a lower scale, it is still
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acceptable in the forming process which mainly concerns the yarn orientation and the onset of
wrinkle.

In the following chapters, the proposed approach will be introduced in Chapter 2, the
validation of the simulation approach in the forming process will be given in Chapter 3. The post-
processing approach for the deformation in the thickness will also be discussed in Chapter 3.
Chapter 4 is about the drapability analysis through the different forming experiments.
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Chapter 2 A hypoelastic stress resultant shell approach
for simulations of textile composite reinforcement
forming

Specific to the textile composite reinforcement material, a simulation approach at
macroscale will be proposed and introduced in this chapter. Three material behaviors, the tensile,
in-plane shear, and out of plane bending behavior will be considered in the simulation approach.
These three material behaviors play a critical role in the material deformation, and the way to
measure the corresponding material stiffnesses which need to be as an input in the simulation will
also be presented in this chapter. At last, the elementary test will be conducted to verify the
effectiveness of the simulation approach. This simulation approach proposed here is implemented
in the commercial software Abaqus using the subroutine VUGENS which is available to any user.
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2.1 The specificity deformation of textile composite

The yarn of the woven fabric is composed of continuous fiber with very small diameters.
These yarns are hold together by weaving process, which makes it possible to consider the woven
fabric as a continuous medium at the macroscale. At the same time, this special architecture give
the material with a very specific behavior. At the macroscale, there are three main material
behaviors (tensile, in-plane shear, and out of bending) that dominate the material deformation.
Compared with the other two material behaviors, the tensile stiffness is quite large, and the fiber
can be seen as quasi-inextensible. In the fabric deformation, the material can exhibit large shear
and bending deformation. Fig. 2.1shows the in-plane shear deformation at the bias extension test
and the hemisphere forming. In the hemisphere forming (Fig. 2.1(b)), the yarn was painted black
before the fabric deformed to observe the shear deformation, and it can be seen that the shear angle
is very large. Research has indicated that the shear angle can go up to 60° without the onset of
wrinkles in the textile composite draping. The large shear deformation is the main deformation
mechanism for the material to deform from a flat into a complex shape, in particular the double-
curvature surface. Due to the possible slippage between fibers, the textile composite has very small
bending stiffness. The above phenomena led to simulating the textile composite deformation by
membrane elements in some research before, and the bending stiffness is neglected.

(a) (b)

Fig. 2.1. In-plane shear deformation in different cases. (a) Bias extension test of glass fiber. (b)
Hemisphere forming[Boisse et al., 2017].

Wrinkles is one of the main defects during the preforming process of textile composite. In
the simulation model, it’s important that the onset of wrinkles can be accurately predicted.
Recently studies [Boisse et al., 2011, 2018; Ddbrich et al., 2013; Dangora et al., 2015; Thompson
et al., 2020] have indicated that the bending stiffness play a critical role on the occurrence and
development of wrinkles even the bending stiffness is very small. Fig. 2.2 shows the different
shapes of wrinkles with different bending stiffness.
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(@) (b)

Fig. 2.2. Wrinkle in the compression deformation of textile composite with different bending
stiffness[Boisse et al., 2018]. (a) 1 N-mm™. (b) 10 N-mm™.

For the textile composite, the dimension in the thickness is several millimeters (2D textile
composite) or several centimeters (3D textile composite). This thickness is relatively smaller
compared with the dimension in the plane which the shell elements can be adopted to model the
reinforcement. Compared with the solid elements, shell elements is more efficient and has lower
computation cost. However, the classical shell element cannot be directly used for the simulation
of textile composite, including the Kirchhoff and Mindlin shell elements. In these classical shell
element, the bending stiffness is determined by the shell thickness and membrane stiffness, the
function to calculate the classical shell bending stiffness Beiassic is given in Eq.(2.1) .

(@) (b)
Fig. 2.3. Bending deformation in different cases. (a) G1151 fabric bending under its gravity (b) Bending
of curtain.
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Here E is the Young’s modulus of the fibers, h the shell thickness, and v is the Poison’s ratio.
The Kirchhoff and Mindlin shell elements cannot be directly used for the draping of textile
reinforcement. The bending stiffness in the Kirchhoff and Mindlin shell elements (given in
Eqg.(2.1)) is greater than the bending stiffness of the textile composite material. Fig. 2.3 shows the
material bending deformation in different cases. It can be known that the bending stiffness is very
small while the tensile stiffness is very large. Thus in order to conduct a correct simulation of
textile composite, it is need to decouple the bending stiffness with the membrane stiffness.
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Fig. 2.4. Simulation approach considering the bending behavior of the textile composite. (a) Laminate
approach [Dabrich et al., 2013]. (b) Superposition of beam and membrane element [Jauffres et al., 2010].
(c) Superposition of membrane and shell element [Dorr et al., 2018].

In order to overcome the difficulty that the Kirchhoff and Mindlin is not suitable for the
forming of textile reinforcement, and conduct the draping simulation considering the material
independent bending stiffness. Different approaches have been proposed. As shown in Fig. 2.4(a),
a first effective approach consider the single layer of fiber composite as a laminate with different
Young’s modulus stetting. The required membrane stiffness and bending stiffness can be achieved
by adjusting the thickness and Young’s modulus of different layers in the laminate. Another
approach apply the superimposition element to achieve the bending stiffness independent of the
membrane stiffness. Fig. 2.4(b) is the superimposition of beam elements and membrane elements
[Jauffres et al., 2010; Harrison et al., 2013; Mitchell et al., 2016; Giorgio et al., 2018]. In this
approach the beam elements are used to model the small bending stiffness, and the membrane
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elements are to model the membrane stiffness (tension and in-plane shear). Fig. 2.4(c) is the
superimposition of shell elements (to model the bending behavior) and membrane elements (to
model the membrane behavior) [Haanappel et al., 2014; Dorr et al., 2017, 2018; Thompson et al.,
2020]. These approaches are validated effective in the predicting the deformation of the midsurface.
But these approaches are somewhat artificial, the physics of the material bending behavior is
neglected.

Stress resultant shell approach is an available approach to achieve the bending stiffness
decoupled the membrane behavior within a shell element. The stress resultant shell is firstly
adopted in a semi-discrete shell finite element approach for the simulation of textile composite,
however, the approach is implemented in an in-house F.E. code. The stress resultant shell approach
based on the hypoelastic constitutive laws will be introduced in the next, and this approach will be
implemented in Abaqus subroutine VUGENS which is available for any user.

2.2 The hypoelastic stress resultant approach

The thickness of the textile composite is much smaller than the other two dimensions, which
makes it possible to conduct the simulation of textile composite using shell elements. Considering
the specificity of the textile composite deformation, a hypoelastic stress resultant approach is
proposed in this chapter. The bending behavior and membrane behavior will be independently
described within stress resultant shells.

2.2.1 The stress resultant shells

The finite element analysis using the shell element has been widely used due to its efficiency
and low computation cost. The so-called continuum-based shell approach dominate the finite shell
element analyses, the shell kinematic assumption is imposed in a three-dimensional finite element
[Ahmad et al., 1970; Dvorkin & Bathe, 1984; Parisch, 1995]. Stress resultant shells constitute an
alternative [Simo & Fox, 1989; Ibrahimbegovié, 1994; Yang et al., 2000].

For any virtual displacement », when #=0 on the imposed boundary with a prescribed
displacement, the virtual work theory that relate with the internal work ¢ Wint, external virtual work
O0Wext, and the acceleration virtual work 6Wacc can be expressed as:

SW._ — W =W (2.2)

ext int acc

In the stress resultant shells, the stress state are simplified described by the stress resultants
and the stress moments (or stress couples). The internal virtual work 6 Wint that links with the stress
resultants and stress moments are as followed:

W = fA (82, N 462, N? 4 62, N'* + &x, M + 6x,,M? + 6x,M"*)dA  (2.3)

int
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Here A is the area of the shell midsurface. de11, de22 are the virtual axial strains, de12 is the
virtual in-plane shear strain, 6x,,,8x,,,0x,, are the virtual curvatures. N**, N, N'? are the stress

resultants and M, M?2, M2 are the stress moments (or couples), and they are defined as the
integration of the stress in the thickness direction (shown in Fig. 2.5):

h h
N? = [20"dz M = [220"dz (2.4)
Ik Ik

In this manuscript, the Greek indices «, 8 will belong to the set (1, 2). c* are the components
of the Cauchy stress. In the conventional application, the Eq.(2.4) can be used to calculate the shell
section response, and adopt a single constitutive equation to obtain the Cauchy stress ¢*. In this
way, the bending behavior will be coupled with the membrane behavior. This is not the case for
the textile composite. According to the description in section 2.1, it is basic requirement to
decouple the bending behavior with the membrane behavior to conduct a correct simulation of
textile composite.

Shell clcmcnts
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Fig. 2.5. Stress resultants and moments in the shell elements

In order to decouple the bending behavior with the membrane behavior within the stress
resultant shell elements, the calculation of stress resultants N and the stress moments M# need
to be fully independent with each other. Hypoelastic laws are adopted in the simulation approach
to calculate the stress resultant N%* and the stress moments M“ separately. Through the hypoelastic
laws, the stress resultant N is related with the membrane strains &5 through the membrane
stiffness, and the stress moments M#is related with the curvatures ys through the bending stiffness.
Thus the membrane behavior and bending behavior are naturally independent which meets the
need of the woven material. The membrane stiffness and bending stiffness in the hypoelastic laws
can be determined by the experiment that will be introduced in section 2.4.

The proposed hypoelastic stress resultant approach will be coded in the ABAQUS subroutine
VUGENS. This subroutine supplies the membrane strain increment and curvature strain increment
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to user at every simulation step. And the user need give ABAQUS solver the stress resultant N
and the stress moment M%. Thus in the hypoelastic laws, the stress resultant rates will be
determined by the membrane strain rates, and the stress moments will be determined by the
curvature rates. For the woven fabric, the accumulation of the stress resultant and stress moment
will be conducted in the fibrous medium. The implementation process of hypoelastic laws for the
textile composite will be introduced in the next section.

2.2.2 The hypoelastic laws for the textile composite

Due to the specific deformation modes, large shear and bending deformation are the main
characteristics of the textile composite draping. Experimental research has indicated that the
behavior of the textile composite are non-linear, in particular, the in-plane shear behavior [Launay
et al., 2008; Cao et al., 2008]. The constitutive equation adopted for modeling the behavior of
textile composite must take these geometry and material non-linear into consideration. The
hypoelastic laws can satisfy these requirements while also remains close to the physical
deformation mechanism of the textile composite. The hypoelastic laws have been widely used in
finite element codes and the subroutine in the commercial software [Hughes & Winget, 1980; Xiao
et al., 1997; Belytschko et al., 2000]. The application of these hypoelastic laws also make it
possible to extend the material behavior to the viscoelasticity and viscoplasticity while keeping an
easy form.

In the stress resultant shells, the membrane strain increments and bending curvature
increments are supplied at the simulation step time tn+1 from their values at tn, the objective is to
calculate the stress resultants and stress moments at the time tn+1 from the time tn. The calculation
of the stress resultants and stress moments need to be separate. The hypoelastic laws for the stress
resultants and stress moments will be:

N'=C:¢ MY =D:y (2.5)

Here, ¢ and y are the time derivatives of the membrane strain and curvature tensors, C and

D are the membrane and bending constitutive tensors, N “and M " are the objective derivatives
of the stress resultant and stress moment. The principle of objectivity is to ensure that certain
quantities are the same for all observers, regardless of the reference frame. For different types of
quantities (scalar, vector, and tensor), the objectivity is as follows:

e The objectivity of a scalar:

For a scalar quantity, expressed as f in the configuration X, and f * in the configuration x.
The scalar can be seen as objectivity if they keep the following the relation:

f=r
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The objectivity scalar quantities includes: mass, temperature, displacement.
e The objectivity of a vector

For a vector physical quantity, expressed as u in the configuration X, and u* in the
configuration x, the vector can be seen as objectivity if they can be transformed as follow:

u = Q-u
Here Q is the transformation matrix.

e The objectivity of a second-order tensor

For a second-order tensor which is the considered in the hypoelastic laws, expressed as C in
the configuration X, and C* in the configuration x, the tensor can be seen as objectivity if they can
be transformed as follow:

C'=Q-CqQ

The objective derivative is the time derivative for an observer fixed to the material which
aims to remove the influence of the rigid body rotations in the deformation analysis. There are
several approaches to achieve the objective derivative. Due to the simplicity, the rotational
objective derivatives that the time derivative is made in a rotating frame are most used. In the
commercial software Abaqus, there are only two types of objective rate: Jaumann (derivative in
the co-rotational frame) [Dafalias, 1983] and Green Naghdi (derivative in the basis rotated by the
polar rotation) [Dienes, 1979]. The objective rate used in Abaqus different modules is listed in
Table 2.1.

The draping of the textile composite can be seen as a quasi-static process. To apply the
highly nonlinear contact algorithm for the contact between plies in the multilayers forming to get
the convergence results, the proposed simulation approach is implemented in Abaqus/Explicit
modules, and the subroutine VUGENS is adopted to realize the hypoelastic constitutive equations.
The explicit algorithm can also reduce the amount of calculation and improve the calculation speed
at the same time. In Table 2.1, it can be know from that the Green-Naghdi frame is initial adopted
to calculate the objective derivative. However, the Green-Naghdi frame cannot be directly used
for the deformation of textile composite. A simple shear test is conducted in Abaqus/Explicit as
shown in Fig. 2.6, the warp and weft yarns are assumed to be parallel to the element edge in the
initial edge, and it will keep parallel to the edge when the element are under simple shear. On the
one hand, it the can be known that the warp and weft yarn won’t keep perpendicular to each other
when the element is deformed, and the Green-Naghdi frame keeps as an orthogonal frames. On
the other hand, the two axes of the Green-Naghdi frame are not parallel to any one of the yarns.
The textile composite material behavior is highly dependent on the yarn direction, thus Green-
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Naghdi rotation frame cannot be used for the calculation of objective derivate of the stress
resultants and moment that the values are dependent on the yarn direction. Previous research has
indicated that most appropriate rotation is the fiber for the objective derivative[Boisse et al., 2005;
Badel, Vidal-Sallé, & Boisse, 2008]. The process to calculate the stress resultants and stress
moments will be introduce in the following.

Table 2.1. The objective rate used in Abaqus different modules [SIMULIA, 2019]

Solver Element type Constitutive model Objective rate

All built-in user-
Solid (Continuum) defined materials Jaumann

Abaqus/Standard
Structural (Shells, All built-in user- .
. . Green-Naghdi
Membranes, Beam, Trusses) defined materials
All except viscoelastic,
Solid (Continuum) brittle cracking, and Jaumann
VUMAT
Abaqus/Explicit viscoelastic, brittle

Solid (Continuum) Green-Naghdi

cracking, and VUMAT

Structural (Shells, All built-in user-

. . Green-Naghdi
Membranes, Beam, Trusses) defined materials g

Fig. 2.6. Green-Naghdi frame rotation in a simple shear test (Abaqus/Explicit result).

In the used subroutine of ABAQUS/explicit code, the input and output quantities are
expressed on the Green Naghdi basis e(e1,e2) which is obtained during deformation by the polar
rotation R, defined by the polar decomposition of the defamation gradient F=RU.

e,=R-€’ (2.6)
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The initial orthogonal basis (e, e] ) coincides with the initial directions of the warp and weft

fibers (f_,f;) . Fiber directions are given by the deformation gradient during the deformation.

_Ff) _ Feeg 2.7)
S R I

Two orthonormal bases are defined from the direction of the fibers: one basis directed by
the warp fiber direction g(g,,g,)with g, = £ and the other directed by the weft fiber direction

h(h,,h,)with h, = f (Fig. 2.7).

ey =f,
ml
. —> fi=9;

1 1] o=t
Va4
Jrrs
2 VA
‘ Initial configuration Deformed configuration
1

Fig. 2.7. Orthonormal frames in the fiber direction and the Green Naghdi frame.

Let 6 be the angle between Green Naghdi axes and the two yarn axes, its values can be

calculated when the Green Naghdi axes and the two yarns axes are determined using egs (2.6)-
2.7):
-f
0, = arccos(e“—“J (2.8)
le..|-If.]
Then the transform matrix between Green Naghdi frame e and the two yarn frames g, h can
be obtained:

[Ta]:{cosea —sin 6’0,} 2.9)

singd, cosé,
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For the time increment [¢ ,¢ . ], the components of the membrane deformation increment

and the curvature increment are given on the Green Naghdi basis:

de=ds) e, Qe dy=dy. e, ®e, (2.10)

Through tensor transformation, the components of the membrane and curvature tensors on
the bases of g and h can be deduced from:

de], = (1] ae[r] [ae], =[] ae]r}]

ldx] = [Tl]T ar) o] = [T2]T a1 (2.11)

According to these obtained increments of membrane and curvatures tensors, the material
constitutive equation will be used here to calculate the components of the stress resultant and stress
moment on the bases of g and h.

[dN]; =[C];[de],  [aN], =[C],[de],
[dM], =[D];[dx], ~ [dM], =[D],[dx],
Three material behaviors at the macroscale (tensile stiffness, in-plane shear stiffness and out

of plane bending stiffness) will be considered here, which play a main role in the material
deformation. Then the Eq.(2.12) can be explicitly written as:

(2.12)

_lel C, 0 O de, dN,, 0O O 0 de,

dN,, | =/ 0 0 O de,, dN,, | ={0 C,, O de,,

| dN,, . 0 0 C, . de, ] leZ_h 0 0 C,]| dep, . (2.13)
dM,, D, 0 O dyy, dMm,, 0 O 0 dy,,

dMm,, 0 0 O dy,, dM,, | =|0 D,, O dy,,

dM,, g 0 0 Dy, g dyy, o dMlZ_h _O 0 D, h dx,, h

Here, Ci1, C22 are the tensile stiffness in the warp and weft directions respectively, Ci2 is the
in-plane shear stiffness, D11, D22 are the out of plane bending stiffness in the warp and weft
directions and Da2 is the cross term of bending stiffness (D12 is set as zero in the consitutive
equations, which assumes that the bending stiffness of the woven reinforcement is given by that
of the yarns in the waro direciton as well as the weft direciton. In the other aspects, this is aso
because of the difficulty in the measuring the cross bending stiffness). These stiffnesses are not
necessarily constant, they can be linear or non-linear, especially C12 depends on the in-plane shear
which is experimental measured as non-linear for textile composites.
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In the simulation step time [tn, th+1], the stress resultants and stress moment are cumulated
following the Hughes and Winget scheme [Hughes & Winget, 1980; Badel, Vidal-Sallé, & Boisse,
2008]:

n+1 n n+1/2 n+1 n n+1/2
W] =] ] W] =[] o] e

7 n+1/2

" =[] o] " =[] o]

h h

Then the stress resultants and stress moment on the Green Naghdi base e can be obtained by
adding those in the basis g and h after transformation: (n+1 index is omitted, all the quantities are
at tn+1)

(V] = [z 5] +[z][¥],[n]

w] = (][] (5] +[m][m], (] o

. 1

2.3 Elementary test

The elementary tests are simple, but very meaningful. Elementary tests can reflect if the
calculation is right at the element level, and can be easily checked with the theoretical value. Thus
elementary tests are conducted to validate the presented approach. A single four-node shell
element was selected to conduct the analyses. As shown in Fig. 2.8, the initial element geometry

was a square with an initial length / , the yarn directions were parallel to the element edges. Three

types of elementary tests, listed below, were carried out and compared with the theoretical result.

(a).45° simple shear test after the traction along the yarn direction f1 (Fig. 2.8a)
(b).Rigid body rotation test after the traction along the yarn direction f1 (Fig. 2.8b)
(c). Pure bending test (Fig. 2.8c)

In elementary tests (a) and (b), the tensile stiffness in the two yarn directions was
C12=C22=1000 N-mm, and the other material stiffnesses were equal to zero. In the elementary
test (c), the membrane stiffness was identical to that in the prior two element tests and the bending
stiffness D11 along the yarn direction f1was 10 N-mm. The theoretical output values of the strain
and the stress resultants for the three types of elementary tests are listed in Table 2.2.

The elementary tests (a) and (b) were two-step simulations. In the first step of these two
elementary tests, they generated the strain and the resultant force only along the yarn direction fi.
In the second step of test (a), the element was subjected to a stretch deformation in the yarn
direction f2 while the deformation in the yarn direction fi remained unchanged. The objective of
this step was to show that the deformation in one fiber direction did not affect the other. In the
second step of test (b), the element was subjected to a rigid body rotation, and the strain and

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2022LY SEI34/these.pdf
© [B. Chen], [2022], INSA Lyon, tous droits réservés



resultant force were supposed to remain unchanged which would show the objectivity of the

computation (the rigid body rotation should not lead to spurious stress resultants).

Simple shear

Traction

(@)

2,

J—_—.—_ﬁk
Rotation

Traction
(b)
I0
- IO -
s i G a
A(C)’ Tg(0) = ”B(D
7 O ®) ACN 2 7 PP
(cross section) X Ii \('7/
0
0_ £0
g=Ff Pure bending

(©

Fig. 2.8. Schematic of boundary conditions applied to the three elementary tests. (a) 45° simple shear test
after a traction ratio 2. (b) Rigid body rotation test after a traction ratio 2. (c) Pure bending test.

The elementary test (c) was a single-step simulation. The two edges AC and BD of the
element were subjected to a rotation, thus the element should have a uniform bending along the
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yarn direction fi1, and the rotation angle was set as a:%. The objective of this test (c) was to
0

show that the bending moment would be obtained according to the yarn curvature and the
introduced hypoelastic laws, thus indicating that the element’s bending behavior was well
decoupled from that of the membrane.

These three elementary simulation tests were performed using the presented stress resultant
shell approach, and the numerical simulations gave rise to the expected theoretical results in all
cases.

Table 2.2. Theoretical value of the elementary test

Strain output Stress resultant output
(e, " [0.693] "N, " [693]

Firststep | €' =|g, | =| O N =|N, | =| O

. 0 N 0
Simple shear test Lozl L = Ced L
after the traction o] " 0.693] N ] " o3
Secondstep | €' =|¢,, | =|0.347 N'=|N, | =|347
| €1, | | 0.785 | | Ny, | | 0 |

(e, ]" [0.693] "N, " [693

Firststep | €' =|g, | =| O N =[N, | =| O
Rigid body rotation e, | | O | N, | | O |

test after the

traction (e, " [0.693] "N, " [693]

Secondstep | €' =|g, | =| O N =|N,, | =| O
| €15 . 0 | | Ni, | 0 ]

f f

X1 1 My, 10

Pure bending L' =|%n| =|0 M =M, | =|0

Y12 0 M, 0

2.4 The characterization of the mechanical behavior of the textile composites

In the presented hypoelastic approach, the deformation in the thickness is neglected, and the
simulation only concern the deformation on the middle plane. The decoupled of bending behavior
with the membrane behavior is achieved through introducing an independent bending stiffness.
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(a) (b) (©)
Fig. 2.9. Stress resultants and moment on a woven unit cell (a) Tensions (b) In-plane shear (¢c) Bending

According to the Eq.(2.13), to make the simulation of textile composites using the presented
hypoelastic approach introduced in this chapter, it is needed to measure there material behavior
which are tensile stiffness Ci1, C22 in the warp and weft directions, in-plane shear stiffness C12 and
the out of plane bending stiffness D11, D22 in the warp and weft directions. Corresponding to these
material stiffness, the stress resultants and moment on a woven unit cell are given in Fig. 2.9. The
way to measure these material stiffness will be introduced in the below.

(@) (b)

Fig. 2.10. The interlock fabric G1151 (a) The warp and weft yarn (b) the X-ray Tomography [Badel,
Vidal-Sallé, Maire, et al., 2008]

Table 2.3. Geometric characteristics of the G1151 interlock fabric

Areal Single layer ~ Warpyarn ~ Weft yarn Warp yarn Weft yarn
density thickness width width density density
630 g/m? 1.3 mm 1.92 mm 221 mm  0.75yarns/mm  0.74 yarns/mm

The interlock fabric G1151® is the main researched material in my research work. This
G1151 material (shown in Fig. 2.10) is manufactured by Hexcel Company, the geometric
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parameters of the textile reinforcements are listed in Table 2.3. The material behaviors of the
interlock fabric will be measured accordingly.

2.4.1 Tensile behavior

The tensile behavior of woven material can be measured by the uniaxial or biaxial tensile
test. The schematic diagram of biaxial tensile test is shown in

Fig. 2.11. The warp and weft yarns of the woven material are clamped by two bars
respectively. Under the machine external load, the material will be subjected to a tensile
deformation in the two yarns direction. The coupling of the tensile behavior between warp and
weft yarn can be considered in the biaxial tensile test [Kawabata et al., 1973; Buet-Gautier &
Boisse, 2001; Willems et al., 2008; Carvelli et al., 2008]. However, the coupling in tensile between
warp and weft yarn does not play a major role in the material deformation in the macroscale.

A

» / Clamping bar
Woven fabric

en=/n

L

lF
Go :ﬁo
Fig. 2.11. Biaxial tensile test

Due to the specific material behavior of the woven material, the tensile stiffness in the warp
and warp yarn direction Ci1, C22 is much larger than the other two types of material stiffness. The
material can be considered as quasi-insensible in the yarn direction. Actually the tensile strain in
the yarn direction is also first variable to check whether the simulation of woven material is correct
(the tensile strain should be small than 10%). In the presented research work, a very large and
constant tensile stiffness is chosen as input for the woven material considered in the presented
simulation approach.

2.4.2 In-plane shear behavior

The in-plane shear deformation of woven textile composite is the relative rotation between
the warp and weft yarns. The warp and weft yarn is initial perpendicular, and the in-plane
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deformation is measured by the shear angel y which is the rotation angle between warp and weft
yarns. The relationship between the shear angle y and the shear strain e12s:

dy = 2de, (2.16)

The characterization of in-plane shear behavior of fibrous composite can be conducted by
the picture frame test and bias-extension test[Lebrun et al., 2003; Harrison et al., 2004; Launay et
al., 2008; Cao et al., 2008; Schirmaier et al., 2016; Poppe et al., 2018].

a) Picture frame test

In the picture frame test, the specimen is clamped in a square frame as shown in Fig. 2.12,
and the warp and weft yarn are parallel to the side of the square frame in the initial configuration.
The uniform shear deformation will occur in the specimen when the square frame is deformed into
a rhombus under the external force F loaded on the opposite node of the frame [Lebrun et al., 2003;
Harrison et al., 2004; Lomov et al., 2006; Hosseini et al., 2018].

Fabric yarns at £45°

Fig. 2.12. The picture frame test

The shear angle y can be theoretically calculated as:

y=2_2q Zf_gcos-l(w

; ; - (2.17)

rame

Here, Lrame IS the side length of the frame, d is the relative displacement of the opposite node,
and o is the half of the angle between the frame two adjacent sides.
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The external machine force F is recorded by the load senor in the experiment, the stress
resultant N1z (units: N/mm) on the specimen can be obtained by:
F, F F

I-falbric 2 Lfabric Cosa 2 Lfabric cos (% — %)

12

Here, Fsn is the shear force applied on the specimen, Lraric is the side length of the specimen.
Combining formulas(2.17)-(2.18), the in-plane shear stiffness Ci2 can be determined, and the
expression of Ci2 can be approximated by a polynomial (shown in(2.19)).

dN,, =C,dy Cp=K,+ K1|7/| +K, |7/|2 + K3|7’|3 + K4|7|4 (r =2¢&,) (2.19)

b) Bias extension test

For woven materials, the boundary condition need to be carefully controlled in the picture
frame test. It is required that the warp and weft yarns are strictly parallel to the sides of the square
frame. Otherwise, the additional tensile force along the yarn direction will be generated when the
frame is deformed in the experiment which will cause the measured value of Cizis larger than the
actual in-plane shear stiffness of the specimen [Launay et al., 2008].Compared with the picture
frame, the additional tensile force can be avoided in the bias extension test.

In the bias extension test, the rectangular specimen is clamped at the two ends, and the warp
and weft yarns are at +45° of the stretched direction. Based on the following assumptions:

(1). The relative slippage between the warp and weft yarns is neglected.
(2).The yarns are considered as quasi-inextensibility.

The specimen can be divided into three different zones according to the shear deformation
as shown in Fig. 2.13. In the zone C, the material will subjected to a uniform shear deformation.
And there will has no stretch deformation due to the two ends of yarns are free. The shear angle in
zone B will be half of the angle in zone C, and the shear angle will be zero in zone A. The bias
extension test mainly concern the shear angle in zone C to measure the specimen in-plane behavior.
When the specimen is stretched from the initial length L to the deformed length L+d, the theoretical
shear angle v in zone C can be calculated as:

D+d

J2D

y=%—2005’1( ) (2.20)
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Fig. 2.13. The bias extension test

Based on the energy conservation, the machine external load F will transformed into the
internal shear energy, and the expression resultant shear force N1z will be obtained as followed:

_ 1 L 7 _sinl |- 7 cos?
le(}/)_(ZL—SW)COSy((W jF(cos2 smzj WNl{chosz] (2.21)

The Eq.(2.21) is an iterative relation, it cannot be used directly for the calculation of the
resultant shear force Ni2. A further iterative program is needed the obtain the polynomial curve of
Ni2(y). The expression of the in-plane shear Ci2 can be obtained by taking the derivative of the
polynomial of Niz(y).

c) The in-plane shear behavior test of G1151

The bias extension test is preformed to measure the in-plane shear behavior test of G1151.
In order to verify the membrane response of the presented stress-resultant approach, the bias
extension simulation will be conducted using the tested shear behavior, and then make comparison
with experimental and theoretical data.

The experimental figure is shown in Fig. 2.14(a). The length of the specimen L is 210 mm
and the width W is 70 mm. The load-displacement curve recorded by the load sensor is presented
in Fig. 2.14(b). According to Eq.(2.21), an iterative program is coded in Matlab software, and the
in-plane shear behavior Ci2 (unit: N/mm) of G1151 can be obtained as a polynomial:
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C,, =0.09-0.83[y|+2.92|y|" - 4.01}y’ +2.03]y/ (2.22)
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Fig. 2.14. Bias extension test of G1151. (a) The experimental deformation. (b) The experiment result of
load-displacement.

Next the bias extension simulation is conducted, the geometry setting and boundary
conditions is same with the experiment. A general-purpose 3D triangle shell element (S3) in
Abagqus is selected to conduct the analyses. 4800 elements are chosen to mesh the specimen, the
yarn tensile modulus is C11=C22=1000 N/mm, the shear behavior is Eq.(2.22), and the shell section
transverse shear properties which are needed as input in Vugens subroutine are set as
K11=300 N/mm, K12=0 N/mm, K22=300 N/mm.

The shear angle at zone C and the machine load are selected as comparison variables between
simulation and experiment. Fig. 2.15 lists the comparison result, it can be seen that the simulation

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2022LY SEI34/these.pdf
© [B. Chen], [2022], INSA Lyon, tous droits réservés



results have good agreement with the theoretical value and the experiment results which indicated
that the presented approach can well predict the membrane behavior.
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Fig. 2.15. In-plane shear behavior verification (a) Shear angle comparison (b) Machine load comparison
2.4.3 Bending behavior

For the woven material, the bending behavior is independent of the membrane behavior. The
bending behavior can be measured by the cantilever testfASTM, 2002; de Bilbao et al., 2010;
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Syerko et al., 2012; Lammens et al., 2014; Alshahrani & Hojjati, 2017; Sachs & Akkerman, 2017;
Boisse et al., 2018].

a) Cantilever test

A rectangular specimen will be used for the cantilever test. The warp and weft yarn will be
parallel to the specimen sides. As shown in Fig. 2.16, one end of the specimen is fixed and the
other end is free, thus the specimen will be subjected to the bending deformation along warp or
weft yarn direction under gravity.

Embedded

section Bending section

\ v

Horizontal board

Initial configuration

Deformed specimen

T Gravity load
X

Fig. 2.16. Cantilever test under gravity

The bending deformation of the specimen will be recorded by camera. The bending section
formula can be obtained through the image processing, and it can be expressed as polynomial. Set
the section curve formula as f (x) , the curvature x(x) (units: mm™) at different location will be:

f'(x)
2(X) = ~ (2.23)
[1+[f'(x)]1é

Here, . is the abscissa of any point P on the section curve.

The stress moment M (units: N) at point P is determined by the point location and the
material density as follows:

M (s):LLq(u -5)cos (¢(u))du (2.24)
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Here, s is the curvilinear coordinate of the point P, q is the areal weight of the specimen
(N-mm) , L is the total bending section length, zand ¢ are the Frenet’s coordinates of the point

from point P to the end point F .

By combing Eq.(2.23)-(2.24), the bending behavior M_ (y_ ) will be determined, the

cantilever test will be conducted in both warp and weft yarn directions (o=1, 2). The bending
stiffness D11 and D22 will be obtained by taking derivative of the expression of M_ (. ) as

followed:
dMu - Dudxu dM22 - Dzzdxgz (2-25)

b) The bending behavior test of G1151

(b)

(©) (d)

Fig. 2.17. Cantilever test of G1151 (a) Bending experiment along warp yarn (b) Bending simulation along
warp yarn (c) Bending experiment along weft yarn (d) Bending simulation along weft yarn.
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The cantilever bending experiments were conducted to obtain the bending behavior of
G1151 material, and then the bending simulations using the obtained bending behavior were
performed to verify the bending response of the presented approach.

0.1
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Linear fitting "
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Fig. 2.18. The bending behavior of G1151. (a) Weft yarn direction. (b) Warp yarn direction.

In the cantilever experiment, the bending length is 180 mm and the width of the specimen is
50 mm. The specimen is bent under gravity in the length direction, and both the cantilever tests
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along warp and weft yarn direction were conducted. The experimental bending section of the warp
and weft are given in Fig. 2.17(a) and (c). The two rulers are used in the experiment to build the
orthogonal coordinate system for the image processing.

Through the date processing according to Eqgs.(2.23)-(2.24), the bending behavior M_ ()
is obtained in Fig. 2.18. It can be observed that the bending behavior which is related the stress
moment M and bending curvature y is almost linear. For simplify, the linear fitting is used to obtain

the expression of the bending behavior, and the bending stiffness along weft and warp direction
are given in (2.26) respectively. (Remarks: For simplicity to conduct the simulation, this difference
is neglected and average bending stiffness is adopted in the numerical analysis.)

Note: the experimental data of the relationship between stress moment M and bending
curvature y didn't pass through the origin point (0, 0). This may be due to the initial curvature of

the material when it is cut from the barrel.

D, =10.5 N-mm D,, =4.3N-mm (2.26)
0 2 T . T
4
¢
20 N .
4
u ¢
40 - 1
/E\ L]
g -60r ] * b
=

¢ Simulation of bending alone weft yarn
100 | u simulation of bending alone warp yarn 1
Experiment of bending alone weft yarn
——Experiment of bending alone warp yarn

_1 20 1 1 1 1 Il Il
0 20 40 60 80 100 120 140 160 180

X(mm)

Fig. 2.19. The section comparison between simulation and experiment

Then the bending stiffness in (2.26) was used as input for the stress-resultant approach to
perform the corresponding cantilever simulation test. The membrane behavior and mesh setting
are same with bias extension test in section 2.4.2c). The cantilever section in the warp and weft
yarn direction of the simulation results are given in Fig. 2.17(b) and (d) respectively. The section
comparison between the experiment and simulation are shown in Fig. 2.19. The simulation result
has a good agreement with the experiment. The bending response is correctly predicted by the
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simulation which indicated that the presented approach well achieved the decoupling of bending
behavior with membrane behavior.

2.5 Summary of Chapter 2

Due to the possible slippage between the fibers in woven material, the bending stiffness is
much smaller than the values calculated from tensile stiffness and thickness. The bending stiffness
plays an important role in the material deformation, thus the shell approach for modeling the woven
material must take the special bending stiffness into consideration. A hypoelastic stress-resultant
approach is presented in this chapter. A bending stiffness independent of membrane stiffness
which is related to the stress moment with bending curvature is introduced in the approach. The
stress-resultant approach makes it possible to consider the membrane and bending behavior
separately. The approach is implemented in the Abaqus/VUGNES which is available for any user
of this software.

Three material behaviors are considered in the approach which are the tensile, in-plane shear,
and bending behavior, the material behavior is in hypoelastic form. The methods to determine
these material behaviors for the presented approach are introduced in this chapter, and the different
behavior of material G1151 is tested accordingly. In this process, the corresponding simulations
using the presented approach are conducted to make a comparison with the experiment. The
comparison result preliminary verified the correctness and effectiveness of the presented approach
in the prediction of the woven material membrane and bending deformation.
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Chapter 3~ Numerical and experimental forming
analysis of the textile composite

Numerical simulation plays a critical role in the textile composites forming, such as in the
reducing the manufacturing cycle, manufacturing cost, and improving the manufacturing quality.
Specific to the deformation mechanism, the hypoelastic stress resultant approach for the simulation
of textile composite forming has been presented in Chapter 2. The approach considers the
deformation of textile composite at macroscopic scale. Three material property (tensile, in-plane
shear and out-of-plane bending) which plays a main role on the textile composite forming are
considered in the proposed approach. The characterization of the material mechanical property
was also introduced in Chapter 2. The approach are implemented in Abaqus subroutine VUGENS.
The validation of the simulation approach has been preliminary conducted in the aspect of
elementary test, in-plane shear response, and bending response respectively. The validation of
simulation in forming process will be presented in this chapter. In the forming experiment, the
three material property will influence the material deformation at same time. The comparison of
experiment and simulation will verify the simulation approach more comprehensively.

Both hemisphere and tetrahedron forming are conducted, these two shapes are all benchmark
shapes researched in the forming experiment [Allaoui et al., 2011, 2014; Komeili & Milani, 2016;
Dorr et al., 2017; Thompson et al., 2020]. The forming experiments in this chapter include single
layer with different yarn orientation, and multi layers with quasi-isotropic layer-up. Wrinkle is one
of the main defect in the draping process of textile composites. In order to verify the ability of the
approach in predicting wrinkle, hemisphere forming without blank holder is also conducted in this
chapter. The corresponding simulation are performed using Abaqus with the presented approach
in Chapter 2. The output variables in-plane shear angle, fabric deformed contour and material
draw-in in different orientations are chosen to make comparison with experiment.
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3.1 The introduction of the experiment process
3.1.1 Forming experimental platform

The forming experiments are completed in LaMCoS laboratory. As shown in Fig. 3.1, the
experimental platform mainly consist of the motion control system, camera, mirror, punch, blank
holder, and die.

The motion control system included the universal testing machine (ZwichRoell 100KN), and
TestXpertll software. The experimental set-up is placed on the universal testing machine, the
motion part of the universal testing machine is controlled by the TestXpertIl software, including
motion speed (30 mm-mint for all types of draping process) and motion distance. In the
experimental process, blank holder and die are connected with the base of the universal machine
and will keep still. The punch will be connected with the moving part, and thus the material
deforms under the motion of the punch. The blank holder and die are made transparent (made of
methyl methacrylate (PMMA)) to observe the material deformation during the draping process.
Two camera were used when in the multi-layers experiment (shown in Fig. 3.2). One is at top side
which is directly perpendicular to the material in order to observe the deformation of top layer.
And the other one camera is at bottom side to observe to the deformation of bottom layer. Since
the space limitation, the bottom camera captures the photo through the reflection of the mirror, and
the mirror plane is at 45° with the base. The camera is connected with Acquisition software
(developed by LaMCoS). Through the software, the camera will capture the photo by setting
frequency.

Punch

Transparent mold

Fabric

Mirror

 soton camer: G

Fig. 3.1. Experimental set-up
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Fig. 3.2. Schematic diagram of the forming experiment

3.1.2 Material preparation

The specimens used for the forming experiment are cut as squares from the material roller.
The cutting can be done by machine or manually. To study the influence of yarn orientation on
material deformation, two types of specimens for single-layer were used in the forming experiment.
As shown in Fig. 3.3, we used 0°/90° layers and £45° layers (the angle is with respect to the edges
of the rectangular specimen).

(b)
Fig. 3.3. Yarn orrentatron configuration of the specimen. (a) 0°/90°. (b) £45°.

As the material behavior of textile composite highly depends on yarn direction, it is need
accurately ensure that the yarn direction is the same between experiment and simulation in the
initial configuration. For the 0°/90° layer, the yarn direction can be easily guaranteed by cutting
the material along the yarn direction because the warp and weft yarn are perpendicular to each
other in the initial state without deformation. For the +45° layer, it is not easy to directly obtain
the desired angle configuration due to the lack of a reference. As shown in Fig. 3.4(a), the final
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deformed fabric is axial asymmetry in the tetrahedron forming when the specimen yarn
configuration is not at +45° (actually +41°/-49°).

(b)
Fig. 3.4. Deformed fabric under different yarn configurations. (a) Asymmetry. (b) Symmetry.

In order to overcome this difficulty when manually cutting the material, a transparent square
ruler is adopted in the process of preparing specimens. The diagonal lines are marked on the square
ruler, which can be made as a reference for cutting the £45° layer. When the yarn configuration is
at £45°, the final deformed shape of single-layer fabric is presented in Fig. 3.4(b), and the deformed
shape is axial symmetry.

30CM

30CM
Fig. 3.5. The transparent square ruler

After cutting the material from the roller, the material will be painted by marker points. As
shown in Fig. 3.6. The marker points are in equal interval at 20 mm, and they are 10 mm away
from the specimen boundary. The marker points are painted along the warp and warp yarn direction.
The specimen boundary are also painted as white in order to obtain the deformed profile. The
experimental results recorded by the camera used in the experiment will be processed in Matlab

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2022LY SEI34/these.pdf
© [B. Chen], [2022], INSA Lyon, tous droits réservés



software, and the marker-based tracking approach is used to get the material deformation in
different positions. The shear angle when the material is deformed is also calculated according to
these adjacent marker-points.

Marker points

R,

\.

10mm
Boundary lines

Fig. 3.6. Marker points on the specimen for forming experiment

3.2 Simulation settings

3.2.1 Simulation modeling

Frame for the layer of £45°

Frame for the layer of 0°/90°

Fig. 3.7. Modelling the forming specimen

The simulations corresponding to the experiments are performed in Abaqus/Explicit using
the presented approach implemented in the Abaqus subroutine VUGENS. The finite element
modeling of the forming setup includes the forming specimen, blank holder, die, and punch. The
forming specimen will be deformed under the action of the blank holder, die, and punch. The
modeling of a single-layer forming specimen is presented in Fig. 3.7. The specimen model is
meshed using triangular shell element (S3 in Abaqus/Explicit), and the length of the right-angle
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side of the triangular element is 3.5 mm. The size of the specimen is different in the different
forming experiments and will be introduced in the following section. For the two types of yarn
orientations (0°/90°, +45°), it’s achieved by different coordinate system settings. The material
constitutive equation is realized in the corresponding coordinate system. As shown in Fig. 3.7, the
coordinate system marked as black is for the yarn orientations in 0°/90°, and the coordinate system
marked as red is for the yarn orientations in £45°,

For the simulation with the multi-layers configuration, the specimen modeling is the
assembly of several plies single-layer modeling. The modeling of single-layer is independent of
each other, and the contact property is applied between adjacent layers, with a Coulomb friction
coefficient.

e

Fig. 3.8. Modeling of multi-layers forming
As the forming tools, the deformation of the blank holder, die, and punch is much smaller
than the specimen, thus these forming tools are considered as rigid bodies in Abaqus/Explicit
which will have no deformation in the simulation process. Each part will be meshed by the
quadrilateral rigid body element (R3D4 in Abaqus Abaqus/Explicit) and the mesh size changes
with the curvature, the geometry parameter setting of the part will be presented in the following

section.
(a) (b)
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- _3

() (d)
Fig. 3.9. Hemisphere modelling. (a)Blank holder (b) punch (c) Die (d) Assembly

The forming experiments presented in this chapter include two types of forming: hemisphere
and tetrahedron. For the hemisphere modeling, the hemisphere shape is centrally symmetric. In
order to save the simulation time, only a quarter of the model is created in the simulation (shown
in Fig. 3.9).

For the tetrahedron modeling, the tetrahedron shape is axisymmetric and only half of the
model is created in the simulation (shown in Fig. 3.10).

(@) (b)

(c) (d)
Fig. 3.10. Tetrahedron modelling. (a)Blank holder (b) punch (c) Die (d) Assembly
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3.2.2 The tested material properties

Two types of textile composite are considered in the forming experiments, they are G1151
and plain weave. The G1151 is used for most of the experiment presented in this chapter, and its
woven geometry is presented in Fig. 2.10 in Chapter 2. The plain weave (Fig. 3.11) is only used
in the multi-layer forming experiment (seen in section 3.3.4), and it will be found that the wrinkles
will appear for the used plain weave, but not for the G1151 fabric. The comparison of geometric
characteristics of the G1151 and the plain weave is listed in Table 3.1.

Warp

Fig. 3.11. The plain weave [Guzman-Maldonado et al., 2019].

Table 3.1. Comparison of geometric characteristics of the G1151 fabric and the plain weave

Material G1151 fabric Plain weave
Manufacturer Hexcel Hexcel
Fibers Carbon 6K Glass EC9 68
Areal density 630 g/m? 160 g/m?
Single layer thickness 1.3 mm 0.14 mm
Yarn density Warp: 7.5 yarns/cm  Warp: 11.8 yarns/cm

Weft: 7.4 yarns/cm  Weft: 10.7 yarns/cm

The mechanical properties of G1151 and plain weave are given in Table 3.2, including three
material properties for the stress-resultant approach, coulomb friction coefficient between adjacent
layers for the multi-layers forming and the coulomb friction coefficient between specimens and
forming tool. The coulomb friction coefficient is set as constant. For the three material properties
of G1151 and the plain weave, the methods to measure the material mechanical behavior has been
introduced, and the material property of G1151 has also been tested and given in Chapter 2. The
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material property of the plain weave is referred in [Guzman-Maldonado et al., 2019]. Due to the
fiber can be seen as quasi-inextensible in the draping process, thus the tensile stiffness of the fabric
material will be set as a quite large value for the draping simulation. The tensile stiffness of G1151
fabric and plain weave are listed in Table 3.2, and the value are calculating from the Young’s
modulus of yarns.

Table 3.2. Principal mechanical properties of G1151 and Plain weave

Mechanical properties G1151 fabric Plain weave
Ko=0.09 N/mm Ko=0.41 N/mm
In plane shear (y=2&12) Ki=—0.83 N/mm Ki= —1.11 N/mm
dN1= Ciody K2=2.92 N/mm K,=5.57 N/mm
C12= Ko+ Kaly| + Kaly]” + Kaly]* + Kaly|*  Kz= —4.01N/mm  Ks= —18.71 N/mm
Ks=2.03 N/mm Ks=19.50 N/mm
Out of plane bending
dM11= Du1 Xml D11= 7.45 N-mm D11= 0.5 N-mm
dM22= D22 dy22 D= 7.45 N-mm D= 0.5 N-mm
Tensile stiffness
dN11= Cu d811 C11= 21500 N/mm C11= 1150 N/mm
dN2= Cadex C22= 21500 N/mm C22= 1150 N/mm
Coulomb friction coefficient
Ply to ply 0.21
Ply to mold 0.23
3 . . . .

—%—(G1151
| |—=—Plain Weave

n
o

—
- o N

o
)

Resultant shear force N, (N/mm)

0 10 20 30 40 50
Shear angle ~(°)
Fig. 3.12. The shear behavior comparison between G1151 and plain weave.
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Both materials, G1151 and plain weave, are considered as quasi-inextensibility, thus the
tensile stiffness of these two material are set as constant and large compared with the other two
material stiffness. The shear behavior of both material is no linear, and it can be found that the
shear stiffness of the plain weave is larger than the case of G1151 material. The comparison of
shear behavior between G1151 and plain weave is presented in Fig. 3.12. For the bending behavior,
it is set as linear according to the cantilever test in Chapter 2. The bending stiffness along warp
and weft yarn is considered to be the same, and the average value of the bending stiffness in warp
and weft direction is adopted in the simulation in this chapter. It can be observed that the bending
stiffness of the G1151 material is much larger than that of the plain weave.

3.3 Hemisphere forming

The geometry setting of the hemisphere forming is given in Fig. 3.13. The diameter of the
punch is 150 mm, and the punch final displacement for the forming experiment is 75 mm. The
diameter of the hole in the blank holder and die is 160 mm. The initial dimension of the specimen
is 300 mmx 300 mm. The forming experiment includes single-layer forming and multi-layers
forming. For the single-layer forming, the forming condition includes the forming with blank
holders and forming without blank holders. For the multi-layer forming, as shown in Fig. 3.13, the
stack of four layers with quasi-isotropic are considered in the experiments.

Units: mm 150 _; Punch KK < <
s Blank holder )
] ‘ +45°/-45°
y j Quasi-isotropic
4~ Jayup fabric
' 160 -
< g Die

’ 300 - o
y 0°/90

Fig. 3.13. Geometry setting of hemisphere forming

The simulations were conducted using the parameters set in Section 3.2. The quantitative
comparison between simulation results and experimental results will be presented below. Now we
discuss the results using output variables such as in-plane shear angle, specimen contour, punch
force, and the wrinkles that appeared during draping.

3.3.1 In-plane shear angle comparison

After the RTM process, the mechanical properties of the final cured component is mainly
determined by the yarn direction. It is the basic requirement that the simulation approach can
correctly trace the yarn direction. The warp and weft yarn are perpendicular to each other in the
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initial conditions. The angle change between warp and weft yarns in the forming is called in-plane
shear angle, it will determine the yarn direction at different positions. Thus, in-plane shear angle
is usually considered as a critical variable for woven fabric composite forming; the in-plane shear
angle comparison is made first.

For the in-plane shear angel output in the experiments, the marker points are all painted
along the warp and weft yarn direction no matter for the specimen with 0°/90° or £45°. Thus, the
shear angle between warp and weft yarn can be calculated with the help of the marker points
(shown in Fig. 3.14).

For the in-plane shear angel output in the simulations, the fiber yarn direction f (o = 1,2)

is traced by the deformation gradient tensor F as presented in the Eq.(2.7) . In-plane shear angle y
can be calculated as below.

f.f
Y == —cos |t (3.1)

I

Experiment results

Simulation results Experiment results
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(b)

Simulation results Experiment results

Bottom
view

Simulation results Experimentresults

(©
Fig. 3.14. Shear angle comparison in the final deformed shape. (a) Single layer of 0°/90°. (b) Single layer
of £45°. (c) Four layers of quasi-isotropic layer-up.

The final deformed fabric of experiment and simulation when the punch displacement is
75 mm is shown on the left of Fig. 3.14, and the in-plane shear angle comparison is presented on
the right of Fig. 3.14. The comparison result of single-layer 0°/90° and +45° is listed in Fig. 3.14(a)
and (b) respectively. The comparison result of four-layer quasi-isotropic layer-up is given in Fig.
3.14(c). The comparison is performed at the top and the bottom layer because only the experiment
result can be obtained at the top and the bottom with the two cameras used in the experiment.
According to the comparison shown in Fig. 3.14, the in-plane shear angles measured in the
experiments and calculated by simulations are close.

3.3.2 Fabric contour comparison

The fabric contour shows the final shape of the material deformation, it can intuitively reflect
the degree of material deformation. The fabric contour is the sum of the material draw-in at
different locations, and it can be considered as a global characteristic for the material draping. The
initial dimension setting of the specimen in experiment and simulation are the same, the deformed
fabric contour comparison can be validated the correctness of the simulation model for the textile
composite forming. The final deformed shape can be divided into the effective zone and non-
effective zone, the effective zone is the desired forming shape, and the non-effective zone needs
to be cut off in the subsequent process. To ensure that the forming effective zone is filled with
material, the area of the prepared specimen is larger than the desired shape. In the factory
manufacturing process, the fabric contour prediction of the simulation model can also be used to
design the size and shape of the prepared specimen, which can reduce material waste and
production costs.
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In the experiment, the ruler is placed next to the specimen (as shown on the left Fig. 3.14(a)),
a calibration system was constructed to make a transformation between the pixel coordinates and
the real coordinate system which represent the real dimension of an object in the picture. The
transformation equation in the image process is as followed:

I = (3.2)

L
A
Here, Ir is the transformation ratio for the image processing, L is the ruler length, and Npis
the pixel number corresponding to the ruler length. The fabric deformed contour of the simulation
result can be directly output by calculating the displacement of the mesh points on the contour.
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Fig. 3.15. Fabric contour comparison in the final deformed shape of hemisphere forming. (a) Single layer
of 0°/90°. (b) Single layer of £45°. (c) Four layers of quasi-isotropic layer-up
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The fabric contour comparisons of hemispherical forming are listed in Fig. 3.15, including
the forming of single-layer 0°/90°, £45° and four-layer with quasi-isotropic layer-up. Only one-
quarter of the contour is presented due to the hemisphere is central symmetry. The black line and
dots respectively represent the initial position of the specimen in the experiment and simulation.
And the red line and dots respectively represent the deformed position of the specimen in the
experiment and simulation. Through these comparisons, the deformed specimen contour obtained
by the simulation is in good agreement with that of the experiment.

3.3.3 Punch force comparison

The punch force is the external force used to deform the specimen, and it is determined by
the mechanical properties of the material and the interaction between the specimen and the forming
tools. Thus, the punch force can be considered as a parameter to validate the numerical simulation
in the textile composite forming. The punch force of experiment at different displacement is
recorded by a load sensor. Take the hemispherical forming of four-layer with quasi-isotropic layer-
up as an example, the force-displacement curve comparison between experiment and simulation
is given in the Fig. 3.16. It can be viewed that the load value of the experiment and simulation are
in agreement when the punch displacement is large, and the experimental load is larger than the
numerical load when the punch displacement is small. This may have a relation with some friction
in the forming system during the forming experiment.

600 - ; : ; : . - -
500 | -
400 F .

g Experiment

:%’ 200 - = Simualtion

]

—1

200

100

a 10 20 30 40 S50 &0 70 80
Punch displacement({/mm)

Fig. 3.16. Punch force during the hemispherical forming of a four-layer quasi-isotropic layer-up.
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3.3.4 Wrinkles comparison in multi-layers forming

When draping the textile composite, wrinkling is one of the main forming defects that can
occur at the macroscopic level. The occurrence of wrinkles in the effective zone will greatly reduce
the mechanical properties of the final cured component. In the manufacturing process, the wrinkles
appearing in the effective zone can be avoided by adjusting the forming condition [Breuer et al.,
1996; Obermeyer & Majlessi, 1998; Lee et al., 2007; Lin et al., 2007; Kérger et al., 2015, 2018;
Nosrat Nezami et al., 2017; Pfrommer et al., 2018; Shanwan & Allaoui, 2019; Zimmerling et al.,
2022]. In order to reduce the trial cost and the manufacturing cycle, it is critical that the simulation
approach can accurately predict the wrinkles.

The appearance of wrinkles will increase in the multilayers fabric with different orientation
forming. The different deformation for the two adjacent layers with different yarn orientation will
cause slippage between layers. If the slippage is restricted because of the interlayer friction, the
compressive force will be generated in the yarn direction which will cause the occurrence of
wrinkles.

(a)

(b)

Fig. 3.17. Four layers of quasi-isotropic plain weave. (a)Experiment[Guzman-Maldonado et al., 2019]. (b)
Simulation done with the stress resultant shell approach.
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The wrinkles appeared in the effective zone of four layers with quasi-isotropic layer-up
forming experiment have been observed in [Guzman-Maldonado et al., 2019], see Fig. 3.17(a), the
material used in the experiment is plain wave fabric (introduced in Fig. 3.11), the material
properties are listed in Table 3.1, and the experimental geometry parameters are the same as the
previous hemisphere forming experiment in Section 3.3 (described in Fig. 3.13). The
corresponding simulation is conducted using the presented simulation approach in Chapter 2, and
the simulation result is given in Fig. 3.17(b). The wrinkles that appeared in the hemispherical zone
in the experiment are well predicted by the simulation model.

Note: For the four layers with quasi-isotropic layer-up of G1151 fabric, no wrinkles were
observed in the hemispherical zone (shown in Fig. 3.14(c)), and wrinkles appeared when the
material change to the plain weave. These two experiments have the same boundary conditions.
The appearance of wrinkle is due to the differential material properties, the relationship between
the material properties and the wrinkle formation will be discussed in Chapter 4.

3.3.5 Wrinkles comparison during forming without blank-holder

Fig. 3.18. The 0°/90° single-layer hemisphere forming without blank-holder. (a)Top view. (b)Bottom
view
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As shown in Fig. 3.14(c) and Fig. 3.17, wrinkles appear in the hemispherical zone in the
forming of four-layers with quasi-isotropic using plain weave material while no wrinkle formation
using the G1151material, and this phenomenon is accurately predicted by the simulation results
using the stress-resultant approach. For quantitative analysis of wrinkles, the size and position of
wrinkles form during the experiment and simulation will be compared in this chapter.

The blank-holder plays an important role in avoiding wrinkle formation. The application of
the blank-holder will prevent the undesired bending deformation which will avoid wrinkles
formation. Thus, in order to form wrinkles in the hemisphere forming experiment and make
comparison with simulation results, the blank-holder is removed in the experiment. The single-
layer hemisphere forming without the blank-holder using G1151 material is performed in this
chapter. The dimension of the specimen is 430 mm x 430 mm, and the yarn orientation of the
specimen is 0°/90°. The geometry of the forming is given in Fig. 3.13. The forming experimental
result is shown in Fig. 3.18, and it can be seen that severe wrinkles appear on the non-effective
zone. To quantitative analysis the wrinkles the simulation and experiment, the method to measure
the dimension of the wrinkles will be introduced in the following.

a) Wrinkles measurement

A ' A
| [N i -
Camergl ———Camera-2—- .-

- = =400

Roboticarm

Fig. 3.19. 3D laser scanner approach Fig. 3.20. Digital image correlation (DIC) approach

Wrinkles is one of the main defects that may occur in the forming, several approaches can
be used to characterize wrinkles, including the laser scanner technology, and image processing.
Georg et al [Bardl et al., 2016] apply the 3D scanner with a high-frequency eddy current sensor to
obtain the final deformed shape and also the yarn direction at different positions. For the image
processing, Arnold et al[Arnold et al., 2016] use the ‘Shape from focus’ technology from a stack
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of photo to obtain the wrinkle amplitude in the forming of NCF materials. Based on the ‘Structure
from motion’ technology, Shen et al[Shen, Wang, Legrand, & Liu, 2019] reconstruct the deformed
shape through continuously recording the deformed specimen at different positions using a digital
camera. Viisainen et al [Viisainen et al., 2021] use the 3D digital image correlation (DIC) to study
the wrinkling behavior and the wrinkling mechanisms of a biaxial NCF, and the DIC method allow
to track the full-field of a speckled surface from which both displacements and surface strains
[Sutton et al., 2009].

2as

e

(b)
Fig. 3.21. Wrinkle measurement results of 0°/90° single-layer G1151 fabric. (a) 3D laser scanner
(b) Digital image correlation (DIC).

In order to obtain the dimension of the wrinkles, the two measurement approaches are
studied here: the 3D laser scanner method and the digital image correlation (DIC).
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e The 3D laser scanner system is shown in Fig. 3.19. The laser probe is placed on a robotic
arm, and it can detect the specimen through programing or manual control of the robotic
arm. By acquiring the data of the laser probe and processing it in the corresponding
software, the specimen can be reconstructed, and the reconstructed model can be output
in 3D graphic file format (such as ‘.stp’ file) or data point cloud (‘.xyz’ file).

The digital image correlation (shown in Fig. 3.20) is composed of two CCD cameras placed
at different positions. The tested specimen geometry information can be directly obtained on the
VIC-3D software.

Due to the limitations of the forming equipment in LaMCoS laboratory, the in-situ
measurement of wrinkles cannot be performed. The deformed fabric will be pre-cured using hair
spray to fix the sample in the deformed configuration, and then then sample is taken from the mold
for individual measurement. The measurement results using 3D laser scanner and DIC are
respectively presented in Fig. 3.21(a) and (b). According to the measurement processing, the 3D
laser scanner can very accurately obtain the material deformation, and even the orientation of the
fiber tow. But in order to get the wrinkle geometry, the output file needs to be post-processed. The
digital image correlation measurement process is faster and simpler, and the geometric parameters
of the wrinkle can be obtained directly in the commercial VIC-3D software. Therefore, the
measurement results of Digital image correlation are used in the thesis to make comparison with
the simulation.

b) Wrinkles comparison

The result obtained by 3D scanning requires secondary processing to obtain the wrinkle
geometry while can be directly obtained through DIC method. Here the measurement result by
DIC will be compared with the simulation result using the stress-resultant approach.
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(b)

Fig. 3.22. Experiment and simulation comparison of G1151 fabric hemisphere forming without blank-
holder (a) Experiment (b) Simulation

The experiment result of single-layer 0°/90° hemisphere forming without blank-holder is
presented in Fig. 3.22(a). And the corresponding simulation result is given in Fig. 3.22(b). They
are in same shape. In order to quantitatively analyze the wrinkles in the simulation and experiment,
two paths which are marked as 0° path and 45° path are selected to make the comparison (shown
in Fig. 3.23).

Fig. 3.23. The defined two path in the G1151 fabric hemisphere forming without blank-holder

The wrinkles amplitude in the two marked paths will be compared between simulation and
experiment. The wrinkles of the experiment are from the DIC experiment, and the comparison
result is given in Fig. 3.24. It can be observed that the simulation result fairly agrees with the
experiment result.
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Fig. 3.24. Wrinkle amplitude comparison between simulation and experiment of the G1151 fabric. (a) 0°
path (b) 45° path.

3.4 Tetrahedron forming

A lot of research work has devoted to the tetrahedron forming and it has become a
benchmark shape for the textile composite forming [Allaoui et al., 2011, 2014; Thompson et al.,
2020]. Thus, the tetrahedron forming is selected as another case for the validation of the introduced
simulation approach. The geometry parameters of the tetrahedron forming is presented in Fig. 3.25.
The G1151 material is used in the tetrahedron forming, and same as the hemisphere forming
introduced before, three layup configurations of the specimen are considered in the forming
experiment which are a single layer of 0°/90°, a single layer of £45°, and four layers with a quasi-
isotropic layup. The punch displacements are different in the different layers forming to avoid a
collision. For the single-layer forming, the punch final displacement is set to 90 mm, and for the
four-layer forming, due to the distance limitations between punch and die mold, the punch final
displacement is set to 70 mm to form the tetrahedral part.
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Fig. 3.25. Geometry setting of tetrahedron forming

The finial deformed fabric in the experiment are listed in the left side of Fig. 3.26 and Fig.
3.27, the single-layer 0°/90° and +45° are respectively given in Fig. 3.26(a) and (b). For the four-
layer forming, the deformed top layer and bottom layer are respectively given in the Fig. 3.27 (a)
and (b) with the help of the two camera in the experiment. It can be observed that there are all no
wrinkles in the three types of forming experiments.

3.4.1 In-plane shear angle comparison

-

Simulation results Experiment results

Simulationresults  Experiment results
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Simulation results Experiment results

(b)
Fig. 3.26. Shear angle comparison of single layer. (a) Single layer of 0°/90°. (b) Single layer of +45°.

The in-plane shear angle is firstly compared between experiment and simulation. The in-
plane shear angle can be determined with the help of the white dots painted on the specimen. The
zone with a larger shear angle is compared between experiment and simulation. The single-layer
comparisons of 0°/90° and +45° are respectively shown in the right of Fig. 3.26 (a) and (b), and
the four-layer comparisons are given in the right of Fig. 3.27 (a) and (b), including the bottom
layer and top layer respectively. Through the comparison given in Fig. 3.26 and Fig. 3.27, it can
be concluded that the simulation approach can correctly predict the fabric in-plane shear angle at
different zone.

Simulationresults  Experiment results

(a)
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(b)
Fig. 3.27. Shear angle comparison of four-layer quasi-isotropic layup. (a) Bottom view (b) Top view

3.4.2 Fabric contour comparison

The deformed fabric contour is next compared with the simulation. As shown in Fig. 3.28,
half of the contour is presented due to the tetrahedron shape is axis-symmetry. Fig. 3.28(a) is the
comparison of single layer of 0°/90°, Fig. 3.28(b) is the comparison of single layer of £45° and
Fig. 3.28(c) is the comparison of four-layer with quasi-isotropic layup. The comparisons show that
the deformed fabric profile between experiment and simulation are very similar.
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Fig. 3.28. Fabric contour comparison between experiment and simulation. (2) Single layer of 0°/90°. (b)
Single layer of £45°. (¢) Four-layer with quasi-isotropic layup.

3.5 The deformation in the thickness direction

Due to the specific material behavior, the motion of material normal directors in the
thickness direction will be different from the general shell kinematics when forming the thick
woven composite material. In this section, the specific motion of the material normal director in
the thickness will be researched. This specific deformation in the thickness direction will be firstly
studied. And next a post-processing method to obtain the material director when the thick woven
material is deformed will be presented and validated.

3.5.1 The insufficient of Kirchhoff shell

In the thickness direction, the material is stretched on one side and compressed on the other
side. The material is without stretch deformation in the neutral surface. For the Kirchhoff shell,
the material normal directors which are perpendicular to the mid-surface will keep a straight line
and perpendicular to the mid-surface when the shell is under bending deformation. This is not the
case for the woven material. For fibrous material, the material can be assumed as quasi-
insensibility due to the material tensile stiffness is much greater than the other material
deformation stiffness. And the possibility of the relative sliding between different layers will lead
to the large rotation of the material normal directors. Thus the material normal directors of fibrous
material won't keep perpendicular to the mid-surface when deformed.

Fig. 3.29 is the three-point bending test comparison between continuous material and fibrous
material. Fig. 3.29(a) is the bending of continuous material and it is 15 mm thick silicone. It can
be found that the motion of the normal directors obey the Kirchhoff kinematics. Fig. 3.29(b) is the
bending of fibrous material and the material is 15 mm thick 3D interlock fabric. It can be observed
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that the material directors didn't keep perpendicular to the mid-surface which is different with the
motion in Fig. 3.29(a).

Through the above analysis and experimental comparison, it can be concluded that the shell
based on the Kirchhoff kinematics cannot be used to predict the motion of the normal directors of
woven materials.

(a) (b)
Fig. 3.29. The three-point bending test (a) Continuous material. (b) Fibrous material [Orliac, 2012].

3.5.2 The insufficient of Mindlin shell

For the Mindlin shell, the material normal directors will also keep as a straight line after the
material deformed. But they can non-perpendicular to the mid-plane which is not same with the
Kirchhoff shell. The transverse shear behavior in the Mindlin shell is determined by the transverse
shear stiffness which linked the shear strain and shear stress. This does not meet the deformation
physics of the fibrous material which the rotation of the normal directors is due to the quasi-
inextensibility of fiber. The insufficient of Mindlin shell for the deformation of fibrous material
can be proved by the 4-point bending test.

As shown in Fig. 3.30(a), the specimen is bent under the press of the punch located above
the specimen and the support below (four-point bending). Through the mechanical analysis of the
four-point bending test neglecting the friction between the specimen and the experiment device,
the specimen can be divided into three different zone. The material is free without constraint in
the zone I, thus there will has no bending moment and transverse shear force. In the zone II, the
bending moment will change evenly, and there will has a constant transverse shear force. In the
zone III, the bending moment will keep constant and the transverse shear force will keep as zero
(Thus this test is also called as pure bending test). The variation of the bending moment and
transverse shear force is presented in Fig. 3.30(b).
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Fig. 3.30. The four-point bending test (a) The experiment setting (b) The bending moment and
corresponding shear force

For the Mindlin shell, the transverse shear strain is determined by:

Q' Y
_ 1 3.3

Here @', Q> are the transverse shear force in the two plane which are vertical to the mid-

plane, 7,,7,are the transverse shear strain, and C_are the corresponding transverse shear stiffness.

Thus for the four-point bending experiment, there is no transverse shear strain in the zone I
and zone II within the Mindlin shell, and a constant transverse shear strain will exist in zone II.
The simulation result using the Mindlin shell in Abaqus are listed in Fig. 3.31(a). In the simulation,
the shell thickness is 15 mm, and the length is 300 mm. the general shell element S4R is adopted
to conduct the simulation, and the element size is 5 mm x 5 mm. The material bending properties
is corresponding to 10 layers of G1151 interlock fabric.

The four-point bending experiment of 10 layers of G1151 interlock fabric is shown in Fig.
3.31(b). Both the mid-line and the normal directors are painted as white. It can be found that the
normal directors won’t keep perpendicular to the mid-line in the zone I-IIl. Thus the transverse
shear strain existed in the zone I-III. The transverse shear strain distributed in the different zone
for different approach are given in the Table 3.3
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Fig. 3.31. The four-point bending comparison between Mindlin shell and fibrous material (a) Simulation
result of Mindlin shell (SE4:transverse shear strain) (b) Experiment result of G1151 fabric material

Table 3.3 Transverse shear strain in different approach

Element type Zone | Zone 11 Zone 111
Kirchhoff shell No No No

Mindlin shell No Yes No
Fibrous material Yes Yes Yes

The four-point bending tests using Mindlin shell with different transverse shear stiffness are
conducted in Abaqus (Fig. 3.32(a)-(c)). The other material behavior and geometry setting are the
same as the setting in Fig. 3.31(a). The transverse shear stiffness varied from 100 N-mm* to
1 N-mm™ in Fig. 3.32(a)-(c). It can be found that the change between transverse shear stiffness
and shear strain are inversely proportional.
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Fig. 3.32. Simulation result using different transverse shear stiffness of Mindlin shell (2) ki3=100 (b)
k13=10 (c) kis=1

Through the above analysis and comparison, it can be concluded that the shell based on the
Mindlin kinematics also cannot be used to predict the motion of the normal directors of woven
materials.

3.5.3 The specific bending behavior of fibrous material

The special architecture of fabric in the textile composite and the special behavior
considering the tensile, in-plane shear, and bending behavior give the fibrous material a very
specific bending behavior, in particular, for the multi-layers forming. With the objective to
modelling the multi-layer forming, the specific bending behavior of textile composite in the multi-
layer forming will be analyzed here. The manuscript will force on the multi-layers with the same
orientation, which will lay the groundwork for the further research on the multilayer with different
orientations.

The bending characteristics of the multi-layer reinforcement are as follows:

(1). The bending stiffness is significantly smaller than the value given by the material tensile
stiffness and the thickness.

The bending stiffness of a single layer reinforcement has been well discussed in section 2.1.
For the multi-layer bending stiffness, Liang and Bai [Liang et al., 2017; Bai et al., 2020] has
conducted the cantilever and three-point bending test to compare the bending stiffness between
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single-layer and multi-layers, it is found that the bending stiffness of multi-layer is indeed larger
than the summation of the bending stiffness of single-layer. And this phenomenon is because of
the friction between the adjacent layers. Even though, it can be known that the bending stiffness
of multi-layer reinforcement is still much smaller than the value given by the material tensile
stiffness and the thickness.

Thickness &

Normal director

Fig. 3.33. Bending deformation of multi-layers G1151 interlock fabric

(2). The fibers at different position in the thickness direction keeps quasi-inextensibility, and
the thickness will keep constant

The fibrous material tensile stiffness is much larger than the other two material stiffness: in
plane shear stiffness and bending stiffness. The material will exhibit the large shear deformation
and bending deformation during the draping process, and the tension deformation can be neglected
as the fibers are supposed to be quasi-inextensibility. This is a very important point which lead to
the material won’t keep perpendicular to the middle surface, and the bending deformation in the
thickness direction cannot be simulated by the classical shell elements including both the Kirchhoff
and Mindlin shell elements. A three-point bending test of multi-layers G1151 interlock fabric is
shown in Fig. 3.33. The thickness of the multilayer can be considered as constant when the
wrinkles didn’t appear in the forming process. The thickness will change due to the in-plane shear
deformation, but the change is very small and can be seen as constant anyway. This is a reasonable
assumption that will make the modelling of the multilayer deformation in the thickness be simple.

Several simulation approaches have been proposed considering specific bending behavior
of the fibrous material (seen Fig. 2.4). These approaches will be conducted through different types
of deformation to verify if these approach can predict the normal rotation in the thickness direction
in the next section.
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3.5.4 Comparison of different simulation approach

As introduced in Chapter 2, there are several approaches for the simulation analysis of the
forming of the textile composite material taking into consideration of the bending behavior. These
approaches have been validated that they can properly predict the in-plane deformation in the
draping process of the textile composites. When the thickness of the material go relatively large
for the multi-layers forming of 3D composite, it is critical important that the approach can predict
the normal rotation in the thickness direction. In this section, the ability to predict the normal
rotation of the proposed approach will be investigated. The considered simulation approaches here
has:

e Laminated shell approach (seen in Fig. 2.4(a))

e Superimposition of shell element and membrane element (seen in Fig. 2.4(c))
e Stress result shell approach [Chen et al., 2021]

e Fibrous shell approach [Liang et al., 2017; Bai et al., 2020]

Fig. 3.34. 3D Fibrous shell approach [Bai et al., 2020]

For the laminated shell approach and the superimposition of shell element and membrane
element, there are developed to decouple the bending behavior with the membrane behavior. The
stress resultant approach have been introduced in Chapter 2 and been validated in Chapter 3. The
proposed stress resultant approach has also been published in the [Chen et al., 2021]. The
parameters input for the material behavior of these approaches have been described in the
corresponding literature and listed in the Table 3.4. These approaches will be implemented in the
commercial software Abaqus.

Besides these approaches, there is another simulation approach called the fibrous shell
approach. With the objective to simulate the normal rotation, a fibrous shell dedicated to the multi-
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layers reinforcement is developed in the work of Liang [Liang et al., 2017] for the 2D case like
cantilever bending, and Bai[Bai et al., 2020] extend this approach to the 3D case bending
deformation. The 3D fibrous shell element is presented in Fig. 3.34.

Table 3.4. Material behaviors input for all approach

Approach Tensile In plane shear Bending
Laminated shell approach Young’s modulus Geometry Geometry
~ V J
Superimposed approach
Membrane element Shell element
Stress resultant N J J
Fibrous shell N, J J

a) Cantilever test with a predefined displacement

In order to initial verify the ability to predict the normal rotation in the thickness direction
of these approaches, a cantilever test with a predefined displacement at the endpoint is conducted
at first. As shown in Fig. 3.35, the length of the specimen is 100 mm while the thickness is 10 mm.
The boundary condition is a predefined displacement at the endpoint, and the displacement is
50 mm at the Y direction. The tensile stiffness are set as 10000 N-mm, and the bending stiffness
is 74.1 N-mm. The input values of the tensile stiffness and bending stiffness for the different
approaches are variant because the constitutive equations are different, but they are equivalent to
describe to the same material behavior. This is a simple test but very meaningful, the normal
directors should not be perpendicular to the middle surface due to the thickness is relatively large
compared with the length of the specimen.

The output external force of the simulation results are listed in Table 3.5, it can be found that
the external force at the nodes is all very small in different approaches. The tensile stiffness is very
large and the bending deflection is also large. Thus the small external force proves that these
approaches are well implemented in the Abaqus, and the decoupling of the bending behavior with
the membrane behavior is achieved.
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| :
Fig. 3.35. The cantilever test with a predefined displacement

Table 3.5. External force output for the different approach

. . . Superimposed Stress resultant
Simulation approach Laminated shell
elements shell
Maximum external force
0.077 0.076 0.076

(N)

The cantilever simulation results using different approach are listed in Fig. 3.36. For the
simulation approaches: Laminated shell approach, Superimposition of shell element and
membrane element, and stress resultant approach, the normal director keep perpendicular to the
mid-surface.

Note: For the stress-resultant approach, the thickness didn’t take into consideration, thus the
deformation cannot be given in the Abaqus visualization. A Matlab code is programmed to view
the normal rotation according to the results of mid-surface deformation and the normal rotation at
the nodes.

Shell elements

>

Membrane elements

(@) (b)
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Fig. 3.36. Cantilever simulation results using different approaches. (a) Laminated shell approach. (b)
Superimposed element approach. (c) Stress resultant shell approach. (d) Fibrous shell approach.

b) Hemisphere forming test
The hemisphere forming tests are also conducted to investigate the normal rotation of
different approaches. The geometry setting of the hemisphere forming is given in Fig. 3.13. The
contour of the in-plane deformation is given in Fig. 3.37, and they share the same results.

150

100

® Superimposed shell and memebrane element
Stress resultant approach
= Laminated shell appraoch

Y(mm)

0 50 100 150
X(mm)

Fig. 3.37. Contour comparison of different approaches
Then the normal directors are plotted on the symmetry plane as shown in Fig. 3.38. The

fibers are unfixed in this symmetry plane. It can been observed that the normal directors are still
perpendicular to the mid-surface in the three previous approaches while the normal rotations

occurs in the fibrous shell approach.
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Through the above tests, we can know that the considered methods, except for the fiber shell
approach specially developed for the deformation of thick materials, cannot simulate the normal
rotation in the thickness direction. However, the fibrous shell approach is implemented in an in-
house software that cannot be used for all users and based on the bending behavior of the thick
material, the kinematic approach (introduced in section 1.3.1) can be adopted in the simulating of
the normal rotation for the thick material with the same orientation. In the next section, the post-
possessing method for predicting the normal rotation will be introduced.

(b)

Z(mm)

160

(d)
Fig. 3.38. Simulation results of hemisphere forming using different approaches. (a) Laminated shell
approach (b) Superimposed element approach. (c) Stress result shell approach. (d) Fibrous shell approach

3.5.5 The post-processing method

Through the analysis of the bending deformation of thick fibrous material in section 3.5.3,
the following assumptions can be made:

(1). The shell thickness doesn’t change
(2). The fibers in the material are inextensibility
(3). The normal directors keep as a straight line
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Based on the three assumption, the kinematic method will be presented in this chapter to
obtain the normal rotation in the thickness directions for those approaches that only focus on the
deformation at the mid-surface. And a post-processing code is programmed in the Matlab to
conduct the calculation. The post-processing method is given in Fig. 3.39.

The position of the nodes on the mid-surface and the normal rotation in the global coordinate
system will be the output of the simulation results using the simulation approaches like the
laminated shells, superimposed elements, or stress resultant shell approach. These information will
be input for the post-processing method. As shown in Fig. 3.39(a), the position of nodes on the
bottom surface and top surface will be firstly determined according to the input information and
the shell thickness using the equation as follows:

x| |x R,
Y |=|Y|+(1"f|-R (3.4)
Z| |z 1

n

Here, X, Y, Z are the position of the nodes on the mid-surface, and n belong to the set (1, 2).
Xn, Yn, Zn are the position of the nodes on the top and bottom surface (n=1 represent the bottom
and n=2 represent the top surface). R1 and Rz are the tangent values of the angle of the shell normal
rotating around the x and y axes respectively. f is the thickness factor and it can be determined by:

h
= - - (3.5)
Top surface B Mid-surface
Ag Ct
B
A
By C
Ap c,
Bottom surface
(a)
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Fig. 3.39. Schematic diagram of the post-processing approach

As shown in Fig. 3.39, the nodes position calculated by the Eq (3.4) are marked as Kirchhoff
nodes due to the fact that they are determined by the thickness lines that are perpendicular to the
mid-surface. The warp and weft yarn direction will be initially determined by connecting these

points. Base on the assumption that the fibers keep inextensibility (4B, = AB), the position of

the fibrous nodes can be calculated in turn. At last, the normal direction will be obtained by
connecting the corresponding fibrous point on the bottom surface and top surface.

3.5.6 Verification of the post processing

In order to verify the correctness of the post-processing method in calculating the normal
rotation, the cantilever bending experiment test under gravity using the 130 layers with 13 mm
thick papers is conducted. The geometry setting is shown in Fig. 3.40(a). The properties of a single-
layer paper are listed in Table 3.6. The experimental result is given in Fig. 3.40 (b).

Table 3.6. The properties of a single-layer of papers

Properties Values
Tensile stiffness 230 N-mm™
Bending stiffness 0.4 N-mm

Density 0.00081 g-mm’®

thickness 0.1 mm
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Fig. 3.40. Cantilever bending test of 130 layers paper. (a) The geometry setting. (b) Experimental results

[Liang et al., 2017] (c) Post-processing results.
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Fig. 3.41. Comparison between experiment results and post-processing results (a) The Middle line
comparison. (b) The normal rotation comparison.

The corresponding simulation is conducted in the Abaqus using the stress resultant approach
to obtain the mid-surface deformation. The comparison of the mid-surface between the simulation
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and the experiment is presented in Fig. 3.41 (a), they are quite close. And next the simulation
results are input for the post-processing. The post-processing result is given in Fig. 3.40(c), it can
be seen that the normal directors are not perpendicular to the mid-surface which is consistent with
the experiment. The rotation of the normal directors is compared in Fig. 3.41(b). Through the
comparison, it can be known that this fishnet-like post-processing method can correctly obtain the
normal rotation in this case. For the more complicated boundary conditions, it may need to be
future investigated.

3.6 Summary of Chapter 3

Due to the possible slippage between the fibers, the textile composite exhibit specificity of
the bending deformation different from continuous material. To simulate the textile composite
forming using the shell model, a hypoelastic stress resultant approach is proposed in Chapter 2.
Through two benchmark shape forming: hemisphere and tetrahedron, this chapter is to validate the
effectiveness of the proposed approach.

The experiment device to perform the forming experiment and to obtain the experimental
result is firstly introduced, and the procedure to make the simulation of textile composite forming
in Abaqus using the presented approach is also introduced. Then the hemisphere and tetrahedron
forming with three layup configuration are conducted, the comparison between simulation and
experiment are made from different aspects including the in-plane shear angle, fabric contour,
punch force, and wrinkles. Through the comparison, it can be concluded that the presented
approach can correctly predict the textile composite in-plane deformation.

Through several bending tests, it is found that the normal rotation of the shell element in the
proposed approach follows the Kirchhoff assumption, and so did the other simulation approach
that achieve the decoupling of bending behavior with membrane behavior. To overcome this
drawback, a post-processing method is proposed based on the material kinematics. This fishnet-
like post-processing method is validated effective by the simple cantilever case. For the more
complicated boundary conditions, it may need to be future investigated.

In the forming experiment, it is also found that the wrinkles will appear when the material
properties change even under the same boundary conditions. This phenomenon is due to the
different material drapability and this will be discussed in Chapter 4.
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Chapter 4  Experimental analysis of the textile
composite drapability

Wrinkles is one of the main defects in the forming of textile composite reinforcement at the
macro scale. The drapability is the ability of a textile material to be draped without wrinkling. This
chapter aims to quantify the drapability. The relationship between wrinkles and material properties
is studied, through a sets of square box and cylinder forming experiments, it is found that the in-
plane shear stiffness decrease the tendency to wrinkle while the bending stiffness increases it.
Based on this experimental phenomenon, a drapability ratio considering the material in-plane shear
and bending properties is proposed to characterize the forming properties of the textile composite

reinforcement.

Contribution: the research work of this chapter is directed by Philippe Boisse and Julien

Colmars. The experiment in this chapter was completed in cooperation with Renzi Bai.
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4.1 Drapability analysis of the textile composite

The onset of wrinkles will highly decrease the properties of the final composite part. It is
necessary to avoid the wrinkles forming or transfer the wrinkle to the unimportant place. There are
several factors that will induce the occurrence of the wrinkles including the process parameters
(blank holder force, position, forming speed, etc.) and the used material. The process parameters
can be optimized by numerical analysis. Besides that, the material properties play an important
role in the forming of undesired wrinkles.

The draping behavior of textile composite reinforcement can be measured by the drape meter
[Chu et al., 1950; Cusick, 1968]. As illustrated in Fig. 4.1(a), the drape meter consists of two
circular supporting disk, and the circular fabric sample will be sandwiched between them. The
fabric may drape under its gravity. The drape area will be projected on the Perspex with the light
placed under the sample. The paper ring was placed on the Perspex. The radius of the paper ring
is equal to the initial fabric sample. In the draping process, some obvious folds will be generated.
The material drapability can be directly described by the number of the folds. A Drape coefficient
is also defined to quantitate the material drapability. As shown in Fig. 4.1(b), the drape coefficient
is the ratio of the projected area of the draped fabric sample to its undraped area[Chu et al., 1950].

Paper ring

N

—§——_Perspex suppor for
the paper ring

|_— Fabric sample

\"“-Supporting disc

T~ Light source

|~ Concave mirror

(a) (b)
Fig. 4.1 (a) Schematic diagram of the drape meter. (b) Calculation of the Drape coefficient.
[Vangheluwe & Kiekens, 1993]

According to the principle of the drape meter, the tested number of folds or the drape
coefficient is only linked with the bending behavior of the fabric. This is not sufficient to
characterize the material's ability to resist wrinkling. At the macroscale scope, there are three main
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material behavior that will influence the material deformation which are tensile, in-plane shear and
bending stiffness. As shown in Fig. 4.2, the role of these three material behavior on the wrinkles
forming have been studied by the numerical analysis, it is found that the in-plane shear behavior
plays a main role on the onset of wrinkles while the bending stiffness will influence the shape of
the wrinkles.

@ ‘ (b)

(c) (d)
Fig. 4.2. The role of the material behavior on the wrinkles forming through simulation [Boisse et al.,
2011] (a) geometry setting (b) Tensile stiffness only. (c) Tensile stiffness and in-plane shear stiffness. (d)
Tensile stiffness, in-plane shear stiffness and bending stiffness.

There are also some researches from the experiment view on the onset of the wrinkles. Firstly,
as discussed in Chapter 3, for the four-layer hemisphere forming experiment, it has been found
that the status of wrinkles are different when using different material (the wrinkles appear in Fig.
3.17(a) using plain weave while no wrinkles are observed in Fig. 3.14(c) using G1151). In the
work of Huang [J. Huang et al., 2021], it is found that the wrinkles will be also different for the
single-layer square box forming for the two types of material with different weave pattern (shown
in Fig. 4.3). In the work of Viisainen [Viisainen & Sutcliffe, 2021], two types of NCF with different
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architecture are used to conduct the hemisphere forming, and it is observed that the wrinkles differ
when used different material and also the different layer-up.

(b)
Fig. 4.3. Square box forming of a single layer oriented at 0°/90°. (a) Glass plain weave. (b) Carbon plain
weave [J. Huang et al., 2021].

In this chapter, the material drapability will be researched through the forming experiment
using a variety of different textile composites. The drapability of the material is the ability to drape
without wrinkles, and the material with good drapability means that the material tends to form a
complex shape without wrinkles. The work of this chapter aims to quantify material drapability
considering material behaviors.

4.2 Introduction to the prepared textile composite reinforcement

In order to study the drapability of the textile composite reinforcement, the forming
experiments are conducted to observe the wrinkles, and several woven materials with different
material properties are selected for the forming experiments. For comparison, an isotropic material
is also used in the forming experiments. The selected materials are listed in Table 4.1.

Table 4.1 The selected materials for forming experiments

Glass 1

X
Glass3 g Carbon 4

Glass 2

Plain
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4.3 Experimental determination of shear and bending behavior

At the macro scale, three types of material properties plays the main role in the material
forming process, shown in Fig. 4.4. Due to the possible relative slippage between warp and weft
yarns, the in-plane shear stiffness and out-of-plane bending stiffness is much lower compared with
the tensile stiffness. The rigidity in the fiber directions can be normally seen as quasi-inextensible,
thus only the in-plane shear behavior and out-of-plane bending behavior are researched in this
chapter. The in-plane shear stiffness and out-of-plane bending stiffness for different woven
material will be tested below:

(b) (©
Fig. 4.4 The three material deformation modes of woven material at the macro scale. (a)Tensile (b) In-
plane shear (c) Out-of-plane bending
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4.3.1 In-plane shear stiffness

For the material shear behavior considered here, a shear moment on a unit cell Ms(y)
(Unit: N-mm-mm2) is introduced to describe the shear response, and the shear deformation is
described by the shear angle y which is the angle change between the warp and weft yarns. The
relationship between the shear moment Ms(y) and the shear angle vy is normally nonlinear, and the
expression of the shear moment Ms(y) can be obtained by an odd degree polynomial fitting:

Ms(y) =ky+ k;ly3 + /4;2y5 (4.2)

Then the material shear stiffness kc can be calculated by taking derivative of Eq.(4.1). At
here, in order to quantify the drapability concerning the material shear stiffness and bending
stiffness, the in-plane shear stiffness is considered linear for simplicity. As shown in Fig. 4.5,
selecting the shear moment data when the shear angle equals to 40° for linear fitting to obtain the
material linear shear stiffness, and the material shear behavior expression will be simplified as
below:

M (v) = ky (4.2)
0.25 T T T T T
—— In-plane shear properities of G1151
= = Linear fitting at 40°
0.2r J

e
£
Z0.15+ 1
=
1)
=
o
E 01 1
8
]
=
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0.05 F

0 10 20 30 40 50 60 70
Shear angle/(°)

Fig. 4.5 The linear fitting of in-plane shear properties

For the textile composites, the in-plane shear stiffness can be tested by the bias extension
test and picture frame test [Lebrun et al., 2003; Harrison et al., 2004; Launay et al., 2008; Cao et
al., 2008]. For isotropic materials, the shear stiffness will be calculated according to the Young’s
modulus and Poisson’s ratio.
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a) Textile composites

The in-plane shear behavior of the textile composites can be determined by the bias
extension test and the picture frame test which have been introduced in the section 2.4.2. The tested
in-plane shear stiffness of the selected materials will be presented here.

(2). Bias extension test

In the experimental process, the external clamping force F is recorded through the load
sensor used in the experiment. Based on the energy conservation, the relationship between the
shear moment Ms and the clamping force can be expressed as [Launay et al., 2008; Cao et al.,
2008]:

VN e eosY —sin | —war 1Y
MS(Y)_ZH—SSW[[W 1]F [cos2 s 2] W MS[Z]] (4.3)

The recorded clamping force F as a function of the shear angle gives the expression of the
shear moment Ms(y), which will be approximated by an odd degree polynomial fitting (Eq.(4.1)).
Then the in-plane shear stiffness ke can be obtained by calculating the slope of the linear fitting
when the shear angle is 40° (0.698rad):

M (y = 0.698)

[ 4.4
“ 0.698 “4

Table 4.2 Experiment parameters of the bias extension test

Specimen length  Specimen width Maximum stretch Test range of the force
L (mm) W (mm) length d (mm) sensor (N)
210 70 50 0-100

In the bias extension test to determine the in-plane shear stiffness, the experimental
parameters adopted are listed in Table 4.2. Each set of the experiments was repeated twice to check
the repeatability of the experimental results. Fig. 4.6 is the G1151 experimental curve of the
clamping force F at a different stretch distance in the different tests, it showed that the repeatability
of this experiment was good. Then the calculation of the in-plane shear stiffness took the average
of the experimental data.
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Fig. 4.6 G1151 experimental curve of the clamping force at different stretch distance

All the selected textile composites except the triaxial NCF adopt this method to get the shear
stiffness. The tested in-plane shear stiffness is shown in Table 4.3.

Table 4.3 The in-plane shear stiffness k. of the selected textile materials

In-plane shear behavior : M (y) = &y

s

Material k.(N/mm) Material k.(N/mm)
Glass 1 0.007 Twill 3 0.04
Glass 2 0.07 Satin 0.05
Glass 3 0.02 G1151 0.03

Carbon 4 0.2 G1100 0.02
Twill 1 0.02 NCF Carbon 0.008
Twill 2 0.03

(2). Picture frame test

For the picture frame test, the introduced shear moment M () is related to the machine load
F using the equation:
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M(y)_}ihcosy_ Fcosy Fcosy (4.5)
( Lfabmﬁc 2Lfabrjc cosa 2L e cOoSs (E — 1

Here, Fsn is the shear force on the side of the specimen, and Laoric is the side length of the
specimen. Then in the same way as the bias extension test, the expression of the shear moment

Ms(y) will be approximated by a linear fitting, the shear stiffness ke is calculated as
ke = Ms(y=0.698)/0.698 (Eq.(4.4))

Table 4.4 Experiment parameters of the picture frame test

Frame length Specimen length Maximum stretch Test range of the
Ltrame (Mm) Ltabric (Mm) length d (mm) force sensor (N)
135 90 60 0-1000

Stretch
direction 45

Stretch force (N)
N w
[$)] o

N
o

N
[6)]
T

10

0 10 20 30 40 50 60 70

Stretch distance (mm)
(b)

Fig. 4.7 The picture frame test of triaxle NCF (a) Experimental setting (b) Experimental curve of stretch
force versus stretch distance.

In the case of triaxial NCF, there are three yarns direction. The kinematics of triaxial NCF
in the bias extension test is different with the case of bidirectional reinforcement. Nevertheless,
the picture frame test can be performed to test its in-plane shear behavior. As shown in Fig. 4.7(a),
the £45° yarns are clamped by the picture frame, and third yarn direction is perpendicular to the
stretching direction. The experimental parameters used in the test are listed in Table 4.4.
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The experimental result of stretch force versus stretch distance is shown in Fig. 4.7(b). It can
be seen that the stretch force increases linearly at the first 10 mm stretch distance. This is because
that yarns in the different directions in NCF are connected together by stich, the shear resistance
in the initial shear deformation mainly comes from the interaction between yarns and stich. Once
the braided structure of the stich is destroyed due to the shear deformation, the shear resistance
will come from the friction between yarns, then the stretch will remain stable in the following
stretch displacement.

According to the Fig. 4.7, using Eq.(4.4) and (4.5), the shear stiffness of the triaxle NCF can
be obtained as ke = 0.48 N-mm™,

b) Isotropic material

For the isotropic material, the in-plane shear stiffness can be calculated directly based on
Young’s modulus E and Poisson’s ratio v. The shear modulus G is calculated as:

E
G=—"_ (4.6)
21+ v)
The resultant shear force N2 is the integral of the in-plane shear stress along the thickness
direction. Then the resultant shear force can be calculated:

12

I
N, = f 2 %dz (4.7)

2

Here, h is the sample thickness. The resultant shear force Naz is related to the shear moment
Ms:

M =N, cosy (4.8)

Combining Egs. (4.6)-(4.8), the relationship between shear moment Ms and the shear angel
y of the isotropic material can be obtained:

— Ehycosy (4.9)
T4+ )
Table 4.5 Experiment parameters of the tensile test
Specimen Specimen Specimen Maximum stretch Test range of the
length L (mm)  width W (mm) thickness h (mm) force F (N) force sensor (N)
100 mm 25 mm 0.5 mm 85N 0-100N
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Then the tensile experiment is performed on the traction machine. The experimental
parameters of the tensile test is given in the Table 4.5. Fig. 4.8 shows the experimental curve of
the traction force and traction displacement.

90 T T T T T
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70

Traction force(N)
N w B (&) [}
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T T T T T

-
o
T

0 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2

Traction displacement(mm)

Fig. 4.8 Experimental curve of force versus displacement of the isotropic material.

Through the linear fitting of Fig. 4.8, the calculated Young’s modulus E of the tested
isotropic material is 822 Mpa. The isotropic material used in the experiment is composed of rubber,
and it can be seen as incompressible material. Thus the Poisson’s ratio v is set as 0.5. The isotropic
is selected as reference in the forming experiment. In order to compare with the textile material,
the calculation of the shear stiffness still choose when the shear angle is 40°. According to Eq.(4.9),
the in-plane shear stiffness of this isotropic material can be calculated as ke = 52.5 N-mm™.

4.3.2 Bending stiffness

The bending stiffness can be assumed to be linear and it can be measured simply by the
Peirce cantilever test [Peirce, 1930]. As shown in Fig. 4.9, in the Peirce cantilever test, the
specimen is bent under its gravity, and the cantilever length will slowly increase until the material
touch the plane with an inclination angle of 41.5°. Through measuring the cantilever length I, the
material bending behavior can be calculated by [Peirce, 1930; Boisse et al., 2018]:

Z3
M(x)=Dy D, = gw (4.10)

Here, Mo(y) is the bending moment, y is the bending curvature, Dy is the bending stiffness,

and w is the material areal density.
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Fig. 4.9 The Peirce cantilever test

Table 4.6 The areal density of the selected materials

Areal densi Areal densi
Material cal de 25|ty Material cal de 25|ty
w (g/m?) w (g/m?)
Glass 1 347 Satin 290
Glass 2 745 G1151 630
Glass 3 160 G1100 607
NCF
Carbon 4 675 312
Carbon
NCF
Twill 1 418 _C 1133
Triaxle
Twill 2 235 Plastic Film 595
Twill 3 330

According to the expression of the bending stiffness in Eq.(4.10), to obtain the bending
stiffness, it is needed to get the material areal density w and the cantilever length I. The material
areal density is tested by the electronic balance using Eq.(4.11) . The measured material areal
density is given in the Table 4.6.

w=" (4.11)

Where m is the tested mass of the sample, and A is the sample area.

Then the Pierce cantilever tests are conducted on all materials described in Table 4.1. For a
material, the difference in bending stiffness in different yarn directions is ignored and an average
value of the bending length along different yarn directions is used to calculate the bending stiffness.
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Based on the Eq.(4.10), the calculated bending stiffness D,, of all the materials are listed in Table
4.7.

Table 4.7 The out of plane bending stiffness D;, of the selected materials

li’)

D, =—w
Out of plane bending behavior : 8
Material Dy, (N-mm) Material D, (N-mm)
Glass 1 0.2 Satin 3.4
Glass 2 2.7 G1151 4.5
Glass 3 0.1 G1100 3.4
Carbon 4 1.4 NCF Carbon 0.9
Twill 1 0.5 NCF Triaxle 15
Twill 2 3.1 Plastic Film 0.7

Twill 3 2.6

4.4 The definition of drapability ratio

The textile composite materials can be seen as composed of a set of woven unit cell (Seen
in Fig. 4.4). Considering the three material behaviors (tensile stiffness, in-plane shear stiffness and
out of plane bending stiffness) at macro scale, the principle of virtual work of the textile material
can be written in the following form:

SW,, = 6W, + 6W. + &W, (4.12)

int

Here, oWt, 0Ws, and oW are the increment of virtual works of tensile, in-plane shear and out
of plane bending respectively. In a woven unit cell, they can be written as:

oW, = 6 T" + 6¢,,T* (4.13)
W, = 6y M, (4.14)
SW, = &y, M" + by, M* (4.15)

Here, de11, de22 are the tensile strain increment in the warp and weft yarn direction, oy is the
shear strain increment, and dy11, dyz2 are the bending curvature increment in the warp and weft
direction. TH, T2, Ms, M, M?2 are the corresponding stress and moment resultants.
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When the material is subjected to deformation, it will cause the above three kinds of energy
changes. Minimization of the total internal energy Wint lead to a competition between these three
energy.

Due to the possible slippage between fibers, the material shear and bending stiffness are
much smaller than the tensile stiffness, thus the internal energy will tend to be transferred to the
part of shearing and bending energy causing the material to shear and bend. When the unexpected
bending deformation occurs, wrinkles appear on the reinforcement. In the forming process, two
main factors may cause the wrinkling:

(1) Yarn compression (Concerning tensile and bending behavior)
(2) In-plane shear deformation (Concerning in-plane shear and bending behavior)

For the yarn compression, the material is very prone to wrinkles. The energy involved in this
type of deformation has tensile energy and bending energy, the material will tend to the out of
plane bending deformation, because the bending energy caused by the bending deformation is
much smaller than the tensile energy caused by the yarn compression. For this type of wrinkle, it
can be avoided by the boundary condition, such as applying a blank holder. The blank holder will
prevent energy transfer to the bending through adding the pressure on the blank holder.

For in-plane shear deformation, the shear energy will accumulate along with the shear
deformation increase. When the shear angle increases to a certain extent, the energy will be also
transferred to the bending, resulting in wrinkles. In some previous research [Prodromou & Chen,
1997], this shear angle is called the shear locking angle of the material (up to 40°-45° for textile
composite). At the recent studies, it has been experimental found that the textile material can have
wrinkles free when the shear angle is up to 60°, thus it’s not sufficient to predict the wrinkles using
the shear locking angle.

In order to better describe the influence of the shear and bending behavior on the wrinkles
formation, a drapability ratio r is defined as below:

.k (4.16)

Here, ke is the material in-plane shear stiffness, and Dy is the material bending stiffness. The
in-plane shear stiffness and bending stiffness is determined in the Section 4.3, thus then all the
material drapability ratio can be obtained using Eq.(4.16), list in Table 4.8. The drapability ratio
is also given in Fig. 4.10 after sorting by value. The relationship between the defined ratio r and
the material drapability will be investigated in the Section 4.5 through the forming test.
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Table 4.8. The drapability ratio of the selected materials

Drapability ratio: © = /fc/Db

Material r

Material

r

Glass 1
Glass 2
Glass 3
Carbon 4
Twill 1
Twill 2

Twill 3

0.035 Satin

0.026 G1151
0.2 G1100
0.14 NCF Carbon
0.04 NCF Triaxle
0.01 Isotropic

0.015

0.015
0.007
0.006
0.009
0.32

75

Isotropic
NCF Triaxle
Glass 3
Carbon 4
Twill 1
Glass 1
Glass 2
Twill 3
Satin

Twill 2

NCF Carbon
G1151
G1100

1073

107 107" 10°
Drapability ratio r

10! 102

Fig. 4.10. The sorted drapability ratio of the selected materials

4.5 Forming experiment

To examine the relationship between the drapability ratio defined in this chapter and the
material drapability (forming without wrinkles). A set of forming experiments are conducted
including the square box and the cylinder. The forming experiments are done on a single ply which
the thickness is small and more tendency to wrinkles.
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4.5.1 Experiment setup

The experimental platform as shown in Fig. 4.11 is set up. The die module is constrained,
the blank holder is loaded with a stable pressure, and the samples of various material are put
between the blank holder and the die module. The platform is placed on the traction machine
(ZwichRoell 100KN), the punch motion speed and displacement will be controlled by the traction
machine. In the experimental process, the punch moves downwards, and the material will deform
into the desired shapes under the control of the blank and the die module.

ey !P:;“C‘IHIIH

Blank holder
Die

Y . e Deformed fabric

Camera 2

- P Camera 1
7 Mirror

Support
X

Fig. 4.11. Forming experiment setting

To record the experiment results and observe the wrinkles formed during the draping process,
the blank holder and the die module are made transparent, and two cameras are used in the
experiment. As shown in Fig. 4.11, through the reflection of the mirror, camera 1 is used to observe
the deformation in the punch bottom and the material in the flat zone (between the blank holder
and die). Camera is used to observe the deformation at the corner of the punch where wrinkles are
most likely to occur. All the experiments are performed at room temperature.

4.5.2 Square box forming

The square box forming geometry parameters is shown in Fig. 4.12. The material used for
the forming experiment will be firstly cut into a square, and the dimension is 300 mm x 300 mm.
For the textile material, the material yarn configuration is 0°/90° with respect to the boundary of
the square specimen.

When the ratio of the stamping depth to the square box length is large, the square box
forming with wrinkle free using textile composites is sometimes considered impossible and some
square box forming experiments introduced in the article [P. Wang, Legrand, et al., 2015] have
shown the severe wrinkles. In addition to testing the relationship of the defined drapability with
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the material drape ability, another purpose of this chapter is to prove that the square box can be
formed wrinkle free using textile composite under certain conditions. In order to compare with the
previous research about the square box forming[P. Wang, Legrand, et al., 2015; J. Huang et al.,
2021] and also create a harsh forming condition, a large depth/width ratio 0.75 is selected. Thus
the final punch displacement is set as 75 mm.

100
! Punch
! Ve
2 I
i Blank holder
K—-—) Fabric

300

X

Fig. 4.12. Square box forming geometry parameters

The total thirteen materials are used for the square box forming, they were introduced in the
Table 4.1. It’s found in the square box forming experiment that some materials will appear
wrinkles, and some materials will not appear wrinkles. The materials forming with wrinkles are
shown in the Fig. 4.13, and the material forming with wrinkles free is presented in the Fig. 4.14.

Wrinkles

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2022LY SEI34/these.pdf
© [B. Chen], [2022], INSA Lyon, tous droits réservés



Shear angle 65°

Shear angle 65°

Wrinkles " . .

Shear angle 70°

Wrinkles ¢

,

o"t

* Wrinkles

.
Wi T e
3 ¢

(9)
Fig. 4.13. Square box forming with wrinkles. (a) Isotropic material (b) NCF triaxle (c) Glass 3 (d) Carbon
4 (e) Twill 1 (f) Glass 1 (g) Glass 2

In Fig. 4.13, seven materials are shown with wrinkles during the forming process. Fig. 4.13(a)
is the square box forming using isotropic material. For the isotropic material, this material is hard
to shear due to the in-plane shear stiffness is very large while the bending stiffness is relative small,
thus severe wrinkles occurs in the experiment. This condition also applied to the NCF triaxle
material shown in Fig. 4.13(b). Because there are fibers in three directions 0°/45°/90°, the shear
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deformation of the triaxle NCF is limited by the yarn stretching, which lead to the shear stiffness
of the triaxle NCF to be much larger than that of the biaxial NCF. Triaxle NCF cannot be used to
drape complex shapes like square box. Fig. 4.13(c) — (g) show the other 5 materials with wrinkles
during forming, and the shear angle in the corner ranges from 55°to 75°. From Fig. 4.13(a) to Fig.
4.13(9), the drapability ratio of the material is getting smaller and smaller, the values are given in
Fig. 4.10.

(b)

)

Shear angle 65°

Rty
P o
P

Shear angle 70°

Fig. 4.14. Square box forming without wrinkles (a) Twill 3 (b) Satin (c) Twill 2 (d)NCF Carbon (e)
G1151 (f) G1100
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Six other materials forming without wrinkles are presented in Fig. 4.14, the shear angle in
the corner ranges from 55° to 70° (the shear angle for the biaxial NCF carbon in Fig. 4.14(d) is not
given because only one direction yarn can be viewed from the picture). The drapability ratio of
these six materials is smaller than that of the seven materials forming with wrinkles shown in Fig.
4.13. And from Fig. 4.14(a) to Fig. 4.14(f), the material drapability ratio is getting smaller and
smaller.

Isotropic

NCF Triaxle ‘

Glass 3 ‘

Materials with wrinkles

Carbon 4 ‘

Twill 1 |

Glass 1

Glass 2 ‘

Twill 3 |

Satin ‘I
Twill 2

Materials without wrinkles
NCF Carbon

G1151

G1100

]
]

1071 100 10t

102

1073 10 7

Critical value

Drapability ratio r

Fig. 4.15. The relationship between drapability ratio and the material deformation in square box forming

According to the experimental result of the total 13 materials and the calculated the
corresponding drapability ratio, the materials can be divided into two parts according the value
shown in the Fig. 4.15 , and it can be concluded that:

(). The square box can be formed without wrinkles using the textile composite materials, even
the shear angle can go up to 70° .

(2).Based on whether their ability to drape the square box without wrinkles, the defined
drapability ratio can divide materials into two categories. The material with a lower
drapability ratio has better forming performance.
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(3)-There is a critical value (- = 0.015) for the here considered square box forming. When

the material drapability ratio is larger than the critical value, the forming wrinkles will
appear, and otherwise, no wrinkles will appear.

4.5.3 Cylinder forming

The forming and development of wrinkles is a globe phenomenon which depends on the
material behavior, the forming geometry and boundary condition. To verify the applicability of the
defined drapability ratio in different forming shapes, the cylinder forming experiments using the
introduced material in Table 4.1 are also performed. The cylinder geometry parameters are
presented in Fig. 4.16. Same with the square box, the specimen are prepared as the square shape
and the initial dimension is also 300 mm x 300 mm, the yarn configuration is 0°/90° with respect
to the specimen boundary. The material is formed into the desired shape under the motion of the
punch, and the punch final displacement is set as 70 mm (the final displacement of cylinder
forming is different from the square box forming shown in section 4.5.2 due to the different punch
geometry).

Punch

Blank holder

Fabric
*—— Dje

A
Y

z 160
300

X

Fig. 4.16. Cylinder forming geometry parameters
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B Shear angle 45°

Fig. 4.17. Cylinder forming with wrinkles. (a) Isotropic material (b) Twill 1 (c) Glass 1

In the prepared thirteen materials, nine materials are selected for the cylinder forming, they
are given in Fig. 4.19, the used material name is marked as red, and the bar of the drapability ratio
is pained as green. In the cylinder forming process, experimental results are also different when
using different materials. The final deformed shape with wrinkles are presented in Fig. 4.17 and
the final deformed shape without wrinkles are given in Fig. 4.18.
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Shear angle 55°

Fig. 4.18. Cylinder forming without wrinkles (a) Glass 2 (b) Twill 3 (c) Twill 2 (d) NCF Carbon (e)
G1151 (f) G1100

In Fig. 4.17, there are three materials which appear wrinkles. For the isotropic material, the
severe wrinkles appear during the forming process due to its material behavior (Shown in Fig.
4.17(a)). The textile material named Twill 1 and Glass 1 also form wrinkles in the cylinder forming,
and the largest shear angle in the material is about 45°. The drapability ratio of these three materials
is also relative large.

The other six materials that didn't generate wrinkle is given in Fig. 4.18, the material shear
angle ranges from 40° to 55°. The shear angle of the material with wrinkles and the material
without wrinkles both reached to more than 40°. Therefore, it can be known from this point that
it’s not comprehensive to determine whether the wrinkle will generate based on the shear locking
angle. The drapability ratio of these six materials is also smaller than that of the three materials
forming with wrinkles, and from Fig. 4.18(a) to Fig. 4.18(f), the drapability ratio of the material is
smaller and smaller in order.

Thus, according to the cylinder experimental results, the used nine materials can also be
divided into two parts shown in Fig. 4.19. Compare the Fig. 4.19 with Fig. 4.15, the material Glass
2 generate wrinkles in the square box forming, but no winkles in the cylinder forming, and thus

the material critical drapability ratio changed (for the cylinder: = = 0.026, for the square box:
r. = 0.015 ). This is due to the different forming boundary condition. Furthermore, it can be seen

that the drapability ratio of the material with forming wrinkles is larger than that of the materials
without wrinkles, which is the same as what was found through the square box forming.
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Fig. 4.19. The relationship between drapability ratio and the material deformation in cylinder forming
(legends of green are material used on the cylinder forming)

4.6 Summary of Chapter 4

This chapter provides a complete experimental analysis of the textile composite drapability
which is the ability to deform without wrinkles. Considering the material in-plane shear behavior
and out of plane bending behavior, a drapability ratio is defined to quantify the material
deformation ability. The characterization experiments of the material behavior are conducted
firstly to determine material shear stiffness and bending stiffness, then the drapability ratio of all
the materials is calculated and sorted from smallest to largest. Last, both square box and cylinder
forming experiments are made to validate the relationship between the defined drapability ratio
and the material deformation ability.

In the forming experiments, first of all, it is found that the material shear angle can be very
large with wrinkles free (For square box, the shear angle is larger than 55° and for cylinder, the
value is more than 40°), thus it can be known that the shear locking angle is not comprehensive to
predict whether wrinkles will occur during forming process. When the forming shape changes, the
critical value of the drapability ratio will also change, which is because of the formation and
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development of wrinkles is also related to the geometry and the boundary conditions. However,
regardless of whether it is a square box or a cylinder, the drapability ratio of the material with
wrinkles is greater than that of the material without wrinkles.

To conclude, the forming and development of wrinkles is a global phenomenon which
depends on the material behavior, forming geometry and boundary conditions. When all the other
things are in same, the drapability ratio that was defined in this chapter can be an indicator of the
textile deformation ability. The material with a lower drapability ratio are easier to form complex
shapes without wrinkles.
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Conclusion and prospective

Conclusion:

At the macroscopic, the textile composite reinforcement can be considered as a continuous
medium which makes it possible to conduct the numerical simulation using shell elements.
However, the specific woven architecture and the possible slippage between fibers give it a very
specific behavior. The material bending stiffness is rather smaller than the membrane stiffness.
Thus the classic shell elements like the Kirchhoff and Mindlin shell elements where the bending
stiffness is determined by the membrane stiffness and shell thickness cannot be directly adopted.
In order to accurately predict the material deformation, the bending behavior needs to be correctly
described in the simulation process.

The thesis research work proposed a stress resultant approach for the simulation of the textile
composite forming. Within the stress resultant shells, the membrane response and bending
response are described by the stress resultant and the stress moments respectively. The stress
resultants and the stress moments are related to membrane strains and curvatures by hypoelastic
equations. Thus this approach can naturally decouple the bending behavior with membrane
behavior which satisfies the material deformation mechanism. A series of comparison between
experiment and simulation validated the effectiveness and correctness of the proposed approach.

The proposed simulation approach only focuses on the in-plane deformation, like the shear
angle which determines the fiber direction, and the rotation of normal directors is neglected. It can
be accepted for the case that the formed part is thin. When the material thickness goes larger,
especially for the 3D fabrics, the position of normal directors will determine the fiber in the
thickness. It is necessary to simulate the rotation of the normal directors. In this thesis research
work, a post-processing method is proposed based on the material deformation mechanism. This
method is simple, effective, and time-saving but only suitable for the multilayer fiber in the same
orientation.

The wrinkles formation and development is a globe phenomenon that depends on the
forming geometry, boundary condition, and the material behavior. For the first two factors, they
can be optimized by the numerical simulation. For the factor of the material behavior, a series of
the square box and cylinder forming experiments are conducted, it’s firstly found that the material
shear locking angle is not sufficient to predict whether wrinkles will occur during forming process.
Increasing the material shear stiffness will increase the tendency of wrinkles formation while the
bending stiffness decreases it. A ratio of shear stiffness and bending stiffness is defined to
characterize the drapability of different textile materials. Experiment indicated that the material
with a smaller drapability ratio is easier to form complex shapes without wrinkles.
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Prospective:

Based on the research conclusions obtained in the thesis work, further research work can be
done in the following items:

1.

In the present simulation approach, only the bending stiffness in the two yarn directions
is considered. The influence of the cross bending stiffness D12 can be further investigated
and perfect the bending constitutive equations.

The stress resultant shell simulation approach is validated by a series of forming
experiments. Sensitivity analysis of the proposed simulation approach can be performed
to further validate its response to the input material parameters.

To obtain the rotation of the normal directors, the post-processing method can only be
used for the multilayer fiber with the same orientation. And this method cannot take the
material properties into consideration. A further method within the stress resultant shell
simulation approach needs to be researched.

The influence of material behavior on wrinkle formation has been studied by a series of
forming experiments. This is only suitable for the case of single-layer. It is needed to be
researched the influence of material behavior on the wrinkles in the multi-layer forming
case.

Develop simpler and more accurate wrinkle measurement methods. Research the
influence of the boundary conditions (like the blank holder shape, pressure, and the
forming speed) on the wrinkles formation. Research and build a wrinkle elimination
system with the help of simulation tools.
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RESUME : La simulation numérique du renfort composite textile joue un réle essentiel dans I'amélioration de la qualité
de fabrication, la réduction du cycle de fabrication et le colt de fabrication. L'épaisseur du renfort composite textile est
nettement inférieure aux deux autres dimensions, ce qui permet de faire la simulation a l'aide d'élément de coque.
Cependant, le glissement possible entre les fibres confere au matériau un comportement bien particulier : le
comportement en flexion est indépendant du comportement de la membrane. La théorie classique de la coque ne peut
pas étre directement adoptée. Une approche coque résultante de contrainte est proposée pour la simulation du renfort
composite textile. Cette approche introduit une rigidité en flexion indépendante pour découpler le comportement en
flexion avec le comportement de la membrane. Les résultantes de contrainte et les moments de contrainte sont liés
aux déformations et aux courbures de la membrane par des équations constitutives de vitesse (lois hypoélastiques).
Différents types d'expériences de formage sous différentes conditions aux limites sont menées pour faire la
comparaison entre la simulation et I'expérience. La comparaison montre I'efficacité et la justesse de l'approche
proposée pour prédire la formation du composite textile. Cette approche est implémentée dans le logiciel commercial
ABAQUS et peut étre utilisée par tous les utilisateurs de ce logiciel.

Spécifique aux approches de simulation existantes qui ne peuvent se concentrer que sur la déformation dans le plan
du matériau, une méthode de post-traitement est proposée pour prédire la rotation des directeurs normaux. Basée sur
le mécanisme de déformation du matériau, cette méthode suppose que la fibre est quasi-inextensible et que I'épaisseur
restera constante. Ensuite, la rotation des directeurs normaux peut étre obtenue sur la base de la déformation dans le
plan. Un programme Matlab est codé pour effectuer le calcul. Le test de flexion en porte-a-faux multicouche est effectué
pour valider I'efficacité de la méthode de post-traitement.

Le froissement est I'un des principaux défauts lors de la mise en forme du renfort composite textile. Un ratio est défini
pour caractériser la drapabilité du matériau textile qui est la capacité a se déformer sans plis. Une série d'expériences
de formation de boites carrées et de cylindres est menée en utilisant différents types de renforts composites textiles. Il
est démontré que le rapport défini peut représenter la drapabilité du matériau. Et le matériau avec un rapport de
drapabilité plus petit est plus facile & former des formes complexes sans plis.
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