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RESUME

Les composites a base de renforts tissés possedent des propriétés mécaniques exceptionnelles
et sont largement appliqués dans les domaines aérospatiaux et automobiles. Leur fabrica-
tion par moulage de liquide (LCM) compte parmi les procédés de mise en forme courants.
Méme apres une optimisation continue a travers des décennies de développement, des dé-
fauts peuvent exister dans les pieces finales. L’une des raisons principales est que le textile
possede une architecture spéciale a 1’échelle méso-microscopique, ce qui présente des diffi-
cultés dans I'analyse de plusieurs phases critiques de fabrication, comme I'imprégnation et le
compactage. En outre, dans le cas des fabrications sous membrane comme dans l'injection
flexible par exemple, des défauts peuvent apparaitre en raison de flambements locaux de la

membrane.

Cette these vise a combiner des méthodes expérimentales fondées sur la microtomographie
aux rayons X avec de nouvelles approches numériques pour construire un systeme d’analyse
multi-échelle d'une série de problémes mécaniques critiques dans les procédés de moulage
liquide LCM. Les différents objectifs ont été réalisés a travers 6 articles présentés dans les

chapitres suivants :

1. Une nouvelle approche de modélisation géométrique est développée dans I'article 1 pour
générer un modele mésostructural des renforts fibreux tissé a partir de la microtomo-
graphie au rayons X. Cette nouvelle approche appelée « Micro-CT Aided Geometric
Modeling» (Micro-CT AGM) permet de créer des modeles géométriques des compos-
ites & fibres continues appelés "Digital Material Twin' (DMT), qui fournissent une
description morphologique détaillée de la structure mésoscopique des renforts tissés.
Un élément original ici consiste a évaluer la précision du DMT au moyen d’une analyse

multi-critéres.

2. Dans le deuxieme article, plusieurs facteurs critiques sont pris en compte, comme la
pression d’injection et I'imbrication entre les couches («nesting»), pour améliorer la
méthode de mesure de la perméabilité transversale saturée d’un renfort tissé. Les mod-
eles géométriques créés sont utilisés pour simuler ’écoulement a 1’échelle mésoscopique
et prédire la perméabilité des renforts. Les prédictions numériques réalisés a partir des

DMT sont comparées avec succes avec des résultats expérimentaux.

3. L’évolution des caractéristiques morphologiques de la mésostructure d’un renfort tissé

pendant la phase de compaction a travers 1’épaisseur a été analysée dans les articles 3
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et 4. Une nouvelle approche de corrélation de points a été développée pour analyser

quantitativement la déformation mésoscopique des meches d'un renfort tissé.

4. Enfin, pour étudier les problemes de lambement des membranes utilisées dans certains
procédés LCM, un modele réduit fondé sur un développement en série de Fourier est
construit dans l'article 5 pour simuler efficacement et avec précision ’ensemble du
processus d’instabilité. Le modele est ensuite amélioré dans 'article 6 pour étudier les

mécanismes de flambement d’une membrane circulaire sous diverses charges.

En résumé, plusieurs nouvelles approches numériques et expérimentales ont été développées
a différentes échelles afin de fournir des outils pour analyser plusieurs problemes mécaniques
critiques dans les procédés d’injection flexible a travers 1’épaisseur et sous membrane dé-

formable dans la fabrication des composites a haute performance par moulage liquide LCM.
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ABSTRACT

Woven fabric reinforced composites possess outstanding mechanical properties and are thus
widely used in the aerospace and automobile fields. Liquid Composite Molding (LCM) has
now become a common composite manufacturing process. However, even after decades of
development and optimization, defects still exist in final parts. One of the principal reasons is
that the textile has a special architecture at the meso-microscopic scale, which makes difficult
the analysis of several key stages in LCM such as the impregnation and compaction of the
fibrous reinforcement. Besides, problems arising in manufacturing might also lead to defects,
such as the wrinkling of the deformable membrane employed in some LCM processes like

Flezible Injection for example.

The thesis aims at combining advanced experimental testing methods based on X-ray mi-
crotomography with novel numerical approaches to conduct multi-scale analyses of critical

mechanical issues in LCM processes. The objectives are achieved through 6 articles as follows:

1. Based on Micro-CT scanning, a novel geometric modeling approach was developed
in article 1 to generate mesostructural models of woven fibrous reinforcement in the
first article, called Micro-CT Aided Geometric Modeling (Micro-CT AGM). A new
concept known as "Digital Material Twin" (DMT) is proposed to provide a detailed

morphological description of the material structure at the mesoscopic scale.

2. In the second article, several key factors are taken into account to evaluate the trans-
verse permeability of fibrous reinforcements such as the injection pressure and nesting
between fabric layers. Digital material twins of different fiber volume contents are
constructed to conduct flow simulations in fabrics at the mesoscopic scale and predict
the transverse permeability. Numerical predictions of transverse permeability based on

DMT are compared with success with experimental measurements.

3. Based on digital material twins, the evolution of the morphological features of fabrics
under transverse compaction is studied in articles 3 and 4. A new contour point cor-
relation method is developed to quantitatively evaluate the mesoscopic deformation of
fiber tows, which illustrates the effect of material variability on the compressibility of

fibrous reinforcements.

4. Concerning membrane wrinkling problems in LCM processes, a reduced model based

on Fourier series expansion is constructed in article 5 to efficiently and accurately
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simulate the entire instability process. The model is then further improved in article 6

to investigate the wrinkling mechanisms of a circular membrane under various loads.

In summary, several numerical and experimental approaches were developed at different
scales to provide analytical tools to study critical mechanical issues arising in flexible in-
jection (through the thickness of the composite under a deformable membrane) during the
fabrication by LCM. This new approach can improve advanced numerical predictions of com-
posite manufacturing processes based on through-thickness impregnation and contribute to

develop more efficient LCM processes with parts of improved quality.
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CHAPTER 1 INTRODUCTION

1.1 Manufacturing of woven fabric reinforced polymer composites

In recent years, high performance composites have been widely used in the aerospace and
automobile fields, because of their light weight, high strength, design flexibility and long life.
Liquid Composite Molding (LCM) is a common process in composite manufacturing, which
uses a liquid thermoset resin to saturate a dry preformed reinforcing material. Compared
to particle and short fiber reinforcements, woven fibrous reinforcements possess outstand-
ing mechanical properties. Thus it is widely used in LCM processes for high-performance

composite manufacturing.

Various LCM processes exist, which can be essentially differentiated based on the impregna-
tion, for example Resin Transfer Molding (RTM) when injection takes place in a rigid and
closed mold, Vacuum Assisted Resin Transfer Molding (VARTM) also known as resin infu-
sion when the resin is infused by gravity under vacuum, Compression Resin Transfer Molding
(CRTM) when the resin is injected in a partially opened closed mold and Flexible Injection
(FI) when the mold cavity is deformed to facilitate the liquid flow. Generally speaking, the
processes can be classified into two main groups based on the flow direction during the liquid

impregnation, which may occur in the plane of the part or through its thickness.

1.1.1 Fabrication process by in-plane liquid injection

RTM is a typical LCM process based on in-plane resin impregnation: the liquid polymer is
injected into the fibrous preform placed in a closed and rigid mold. The RTM process is used
to produce composite materials of complex geometric shapes in less time and at a reduced cost
compared to other more traditional composite manufacturing techniques such as autoclave
processing or hand lay-up. Because of its rigid mold, RTM presents several advantages, for
example less material waste, low environmental impact and savings in labor costs. Though
RTM has the potential of offering composite products of reasonable quality, for parts of large
dimensions, this process has limitations because the length of the flow paths is limited. It
depends in fact on the injection pressure and on the fiber volume content. The maximum
flow path should remain between 1 and 1.5 m. Tooling costs become excessive because of the
pressure drop required to impregnate fibrous reinforcements at high fiber volume contents.
Besides, the velocity of the liquid becomes rapidly very slow in large parts, which reduces the

efficiency in production. These drawbacks are common as well in other LCM processes based
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Figure 1.1 Various LCM methods: (a) Resin Transfer Molding (RTM) [1]; (b) Vacuum As-
sisted Resin Transfer Molding (VARTM) [2]; (c) Flexible Injection (FI) [3].



on in-plane liquid injections. To overcome these difficulties, several LCM process variants
were devised to achieve transverse rather than in-plane liquid impregnation of the fiber bed,

which results in decreasing considerably the average length of the flow paths.

1.1.2 Injection process based on transverse flows

Two popular LCM processes, VARTM and CRTM, attempt to carry out transverse injection.
VARTM is a family of low pressure LCM processes, in which the composite is molded in a
rigid cavity to give its geometry to the part with a thin flexible membrane over the fiber bed.
Sealing the flexible cover and pulling partial vacuum compresses the fibers and holds the
reinforcement tight against the rigid mold surface. Hence the liquid resin can flow by gravity
through the fibrous reinforcement. Sometimes a distribution layer of high permeability is
set above the reinforcement, allowing not only partial in-plane liquid flow, but also mainly
transverse impregnation. VARTM is often used to manufacture large-scale composite parts.
However, it is difficult to make thick parts or achieve a higher fiber volume content than
in RTM. In recent years, VARTM improved much thanks to a series of consumable and
mold settings to ensure robust and durable sealing of the cavity. However, using a flexible
vacuum bag under a pressure lower than one atmosphere makes it difficult to control the
final thickness of the preform and its uniformity, and thus, the fiber volume content of the

composite.

CRTM is another process variant of LCM, in which the mold is not completely closed before
injection, thus, if the reinforcement was preformed properly, there is a gap allowing resin to
flow between the fibers and the top rigid mold. After resin injection, the rigid cover moves to
completely close the mold, which results in transverse flow through the fibrous reinforcement.
Although this process is delicate to set up and requires a very precise parallelism of the press
governing the vertical motion of the mold cover, it was demonstrated to be effective. However,
it remains much easier to implement and also more widely used for nearly flat parts. The
reason is the non-uniform compression in the case of complex 3D shells. In addition, when
the reinforcement was not initially preformed, a more important contribution of the pressure
field is required to consolidate the fiber bed, hence reducing the liquid pressure necessary to

impregnate the fiber bundles.

FI is another advanced injection process based on transverse flow proposed by Ruiz and
Trochu [4]. A mold with two chambers separated by a flexible membrane is used in FI. Firstly,
the resin is injected in the lower chamber containing the fibrous reinforcement, after which
an incompressible fluid is injected in the top chamber to compress the flexible membrane.

This generates a transverse flow to impregnate the fibers. FI is one order of magnitude



faster than standard RTM [5,6]. It can be used also to manufacture complex 3D shells,
which is an obvious advantage compared to CRTM. Since the compaction of the membrane
is provided by an exterior fluid and not only by the atmospheric pressure like in VARTM,
the impregnation process can be controlled, which improves part quality while reducing cycle
time. This promising new process provides a good reason to study transverse flows to improve

the fabrication of high performance composites by resin injection.

1.2 Defects in composite products

Even after continuous optimization of LCM processes after decades of development, defects
still remain in the final composite parts. The origins of defects involve various aspects at
different scales, such as the formation of air bubbles during the impregnation at the microscale
and mesoscale levels, and the wrinkling of membranes at the macroscale in the processes using
flexible membranes (VARTM and FI). A brief introduction on defects will be presented in
the sequel.

Woven fabric reinforced composite Mesoscopic RVE

VR

“Micropore
i

Architecture of fiber tow at the microscopic scale

Figure 1.2 Multi-scale architecture of woven fibrous reinforcement.



1.2.1 Dual-scale flow induced defects

Figure 1.2 illustrates the multi-scale architecture of woven fibrous reinforcements. Since the
woven fabric reinforcement is generally a periodic material, it is possible to find the simplest
repeating unit cells at the mesoscopic scale, also called representative elementary volume
(REV), to form composite parts at the macroscopic scale. The REV consists of the matrix and
fiber tows, which are the basic elements at the mesoscopic scale. By employing sophisticated
apparatus such as scanning electron microscope (SEM) or X-ray microtomography (Micro-
CT) to study the fiber architecture at the microscopic scale, fiber tows can be observed with
their hundreds or thousands of fiber filaments. Micropores exist between the fibers inside
the tows, while the much larger inter-tow spaces are called mesopores (about two orders of

magnitude larger than micropores).

Impregnation veloci
Low preg v High

Flow

Flow

(C) (b)

Figure 1.3 Void formation caused by dual-scale flow under low and high impregnation velocity.

During the impregnation process, the dual-scale architecture results in two possible flow
patterns. If the injection is performed under pressure as shown in the right hand side of
Figure 1.3, the liquid flows faster in the mesopores. Viscous effects dominate and microscopic
voids tend to be created in fiber tows. On the contrary, if the velocity of the flow front is

low such as in VARTM for example, then capillary effects come into play. The fiber bundles



are filled before the mesopores, which tends to entrap mesoscopic voids.

If the air bubbles cannot be squeezed out of the mold before the resin gets cured, microscopic
or mesoscopic defects will be generated in the final composite part (see Figure 1.4). Based
on the experimental study of Bowles and Frimpong [7], voids degrade matrix dominated
mechanical properties such as the inter-laminar shear strength and the flexural strength.
Every 1% increase in void content decreases mechanical properties by more than 5%. In

addition, voids decrease durability and fatigue resistance, and thus can lead to failure.

(c)

Figure 1.4 Various defects [8,9]: (a) macroscopic defects; (b) delamination; (c¢) mesoscopic
defects.

1.2.2 Transverse compaction induced architecture change

In LCM, the compaction of fibers occurs during the entire process, whether it is during the
preparation of the preform before resin injection or during the impregnation of the fiber bed
in the transverse direction. The fibrous reinforcement is rearranged under compaction in two
ways, resulting in changes in its dual-scale architecture: (1) the volume of the micropores is

reduced inside the fiber tows due to the movements and deformation of fiber filaments; (2)



as the fiber volume content increases during compaction, the size and shape of mesopores

are reorganized.

Since the dual-scale flow is determined by the fiber architecture, the compaction of the
fiber bed affects the impregnation process. As presented in [10] for transverse impregna-
tion, flow-induced compaction appears as the result of high injection pressure, leading to
a rearrangement of the fiber bed. Therefore, a strong interaction exists between the flow
and the fiber bed as illustrated in Fig. 1.5, making rather complex the prediction of liquid
impregnation in dual-scale fibrous reinforcements. This leads to difficulties in optimizing the

manufacturing process and improving part quality.

Compaction

- N

. Dual-scale
Defects <=<———— Impregnation ]
architecture

N 4

Permeability

Figure 1.5 Interactive effects between the impregnation flow and the architecture of the
fibrous reinforcement.

1.2.3 Membrane wrinkling induced defects

Deformable membranes are used in several injection processes to create partial transverse
flows such as a vacuum bag in VARTM or a flexible membrane in FI. As soft material with
almost negligible bending stiffness, membranes easily lose their mechanical stability and may
wrinkle when submitted to in-plane compressive stresses. Membrane wrinkling might appear
during the entire process, for example during the injection in FI [11] (see Figure 1.6a), in the
layup and post-filling of VARTM as described by Simacek and Advani [12] (see Figures 1.6b
and 1.6¢).

Figure 1.6a shows the deformation of the membrane leading to a non-uniform resin distribu-

tion, indicating that membrane wrinkling may cause external defects in the final composites.



Excessive deformations caused by wrinkles might also alter the geometric dimensions of the
parts. Meanwhile, stress distributions in the parts can also be affected by wrinkles, which
may create difficulties to predict the injection process and assess part quality. Considering
the thermal stresses that occur in the curing process, the effect of membrane wrinkling can
become rather complex to evaluate. As a result, wrinkling induced geometric distortions
may create difficulties to assemble final products. In practical applications, the mechanical

properties of composites can also be affected by wrinkling-induced stress concentrations.

Averaged
h=h, (1+&(p))

P Y vV P N

Resin Flow

(c)

Figure 1.6 (a) Membrane wrinkling in injection process of FI [11]; (b) vacuum bag wrinkling
in lay-up process of VARTM [13]; (c¢) distribution media collapse in post-filling process of
VARTM [12].

1.3 Scope of works

This thesis will focus on through-thickness injection under a deformable membrane (FI) or
plastic film (VARTM). After a review in Chapter 2 in the state-of-the-art on this issue, the



different topics covered will be presented in Chapter 3 together with the objectives and an

outline of the thesis.
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CHAPTER 2 LITERATURE REVIEW

To understand and prevent defects, different analytical tools are required at the specific scale
(or multi-scale). Though many efforts have addressed the problems mentioned above, they
involve many different fields and remain complex to solve, so several key issues still need to

be considered.

2.1 Geometric architecture of fibrous reinforcements

In the section, investigations on the introduction and analysis of the geometric architecture
of fibrous reinforcements are reviewed. Understanding the dual-scale architecture of fibrous
reinforcements guides the development of geometric modeling approaches. It reveals also
the complex mechanical behaviors of fibrous reinforcements during liquid impregnation and
compaction. Therefore, this part of the thesis is related to article 1, in which the novel
geometric modeling approach called Micro-CT Aided Geometric Modelling (Micro-CT AGM)
was presented. It is also connected to articles 2 to 4, in which Micro-CT AGM is applied to

predict the permeability and compressibility of engineering fabrics.

As illustrated in Figure 1.2, the mesostructural architectures of fibrous reinforcements are
quite complex. Therefore, a comprehensive review of the architecture of fibrous reinforce-
ments is necessary. In high performance composite materials, depending on the forming
technique used, fibrous reinforcements (also named textiles) can be separated in three main
categories [1]: woven-, knitted- and braided fabrics as illustrated in Figure 2.1. Traditionally,
2D fabrics are formed layer by layer and preformed to produce composite parts, which pro-
vide excellent in-plane mechanical properties, such as high specific stiffness and high strength.
However, laminated composites have poor mechanical properties in the transverse direction,
therefore they offer a low delamination resistance. In order to overcome this drawback, 3D
fibrous reinforcements have attracted interest in the composites community. Thanks to the
addition of yarns, known as binders, 3D fabrics in a single layer can provide better mechanical
properties in the transverse direction compared to 2D fabrics. Besides, 3D fabrics possess
other advantages, such as easy handling and significantly improved impact resistance [2]. For

these reasons, 3D fabrics find more applications in various industrial fields.

Composites reinforced by 3D fabrics exhibit a complex geometric architecture of interlaced
tows. For example, the orthogonal 3D fabric shown in Figure 2.2 displays a fiber architecture

that governs its mechanical and flow properties, as well as its failure mechanisms. As studied
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Figure 2.1 Classification of textile [1].

by Leong at el. [3], different interlock weave patterns produce large variations in mechanical
properties, which are closely connected with different yarn crimps. Therefore, it is important
to study the internal structure of engineering fabrics and investigate the relationship between

their geometric architecture and the mechanical properties.

Realistic

CT scan
geometry

Figure 2.2 Geometry of an orthogonal 3D woven composite: geometric modelling and com-
puted tomography scan [4].

Desplentere et al. [5] used microtomography (Micro-CT) to characterize the geometric vari-
ability of four different 3D warp-interlaced fabrics. They compared measured values of yarn
thickness, width and spacing between yarns with measurements obtained from optical micro-
graphs. The comparison did not show significant differences between the two measurements,
which means that the X-ray Micro-CT is a reliable technique to acquire geometric infor-
mation on engineering textiles. The experiments showed a maximum standard deviation of
16% for the geometric dimensions of yarns and of 6% for the spacing between yarns. This

non-negligible variability has a strong influence on material parameters.
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Mahadik et al. [6] used Micro-CT to scan two different 3D interlock fabrics and analyze their
geometric characteristics. They defined a local angle as shown in Figure 2.3 and studied
the relationship between yarn crimp, resin channel size and fiber volume content based on
the information obtained from tomographic images. They found that warp yarns cause local
areas of high crimp in weft yarns. This phenomenon is exacerbated at lower fiber volume
fractions due to yarn nesting. However, it decreases sharply at high volume fraction close
to 656% because of the flattening effect of compaction. They also found that major resin
channels exist between warp yarns. With the increase of fiber volume fraction, resin channels
change in shape. For example, the evolution of resin pockets highly associated with the weave

pattern of the fabric.

Local angle 6

Yi— ¥
X1 — X2

0= Tan-!

Figure 2.3 Calculation of the local angle from two points on the yarn centerline [6].

In order to develop an analytical model to predict the transverse permeability of 3D-woven
fabrics, Xiao et al. [7] used optical microscopy to measure various geometric parameters of the
textile, for example the spacing and width of yarns, the height and width of binder yarns, and
the cross-section area of inter-yarn gap. Based on these geometric parameters, they proposed
some other parameters, for example a hydraulic radius R was used to characterize the actual

gap cross-section:
(Sw - Dw)(Sj — Dj) — Bij
2(Sy — Dy — By + S; — D; — Bj)

R= (2.1)

where S, D;, (Sw, Dy,) characterize the measured spacing and the width of warp (weft) yarns,
Bj, B, are the height and width of binder yarns. These parameters provide the necessary
information to develop an analytical model which agreed well with the experimental data of

seven fabrics.
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Considering that the Micro-CT is only feasible on very small samples and has a limited
resolution, Gommer et al. [8] used conventional optical microscopy to study local material
variations in carbon fiber bundles. Automatic image analysis of optical micrographs was
carried out on cross-sections of the material to quantify the random and systematic changes
in local filament arrangements along the bundle path. For example, they investigated the
local area and fiber ratio of fiber bundle as shown in Figure 2.4. These local variations
affect the fiber bundle properties differently. For example, in the high fiber density region,
permeability is low and may locally prevent full saturation during the impregnation process.
Thus the obtained data can be employed in multi-scale modelling approaches to improve the

accuracy in the assessment of the local properties of fiber bundles.
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Figure 2.4 (a) Fiber bundle with estimated boundaries; (b) total filament area in pixels within
the fiber bundle cross section; (c) fiber volume fraction V; within the boundaries of the fiber
bundle [8].

2.2 Geometric modeling of fibrous reinforcements

Since the performance of engineering textiles is closely related to fiber architecture, precise

geometric models are critical to conduct numerical flow or mechanical simulations, such as
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liquid impregnation in LCM or compaction of dry fibrous reinforcements. In this section,
investigations on the geometric modeling of fibrous reinforcements are reviewed, which is
the central goal of article 1. Microstructural and mesostructural geometric models exist for
fibrous reinforcements. Mesostructural models take into account yarns with their geometry
(shape, dimensions, area, etc.) including cross-sectional contours and local orientations along
their central lines. The complement of yarns in the model is the porous network. Microstruc-
tural models include a detailed 3D representation of the filaments inside the yarns. These
models are much more complex and require recording a very large amount of data. Therefore,
in engineering textiles, they are usually limited to regions of less or equal to the unit cell of

the fabric material.

2.2.1 Microstructural modeling

Wang and Sun [9] were among the first investigators to create microstructural models of
fibrous reinforcements. They proposed the concept of digital element and used it to develop
a numerical simulation approach named as “digital element simulation”, which is different
from the conventional finite element method because of a special yarn discretization process.
In digital element simulation, the physical properties of the material are not included in the
element. In contrast to the finite element method, the physical properties are initiated by an
element link. Asshown in Figure 2.5, this element was used to model yarns by a pin-connected
digital-rod-element chain. The approach considered the contact mechanisms including yarn
tension and inter-yarn friction and compression to simulate the textile fabrication process,
which was regarded as a non-linear problem of solid mechanics. The model performed well

in the simulation of twisting, weaving and knitting, but not so well for braiding.

This methodology was improved over the years and became a widely used approach called
“multi-chain digital element analysis” [10]. In this method, the fabric is considered as an
assembly of yarns. Furthermore, a yarn is formed from a bundle of fibers. Each fiber is
modelled by a digital element chain. Therefore, the yarn is modelled as an assembly of digital
chains as shown in Figure 2.6. Due to limitations of the current computer performance, it is
not possible to simulate the mechanical response of fiber tows consisting of thousands of fiber
filaments. Therefore, fiber filaments with larger radius were used to represent the real fiber
filaments inside fiber tows for numerical simulations. These enlarged filaments are called
effective fibers. The approach can trace both detailed yarn paths and cross-sectional shape
changes during the textile fabrication process or during fabric deformation. This methodology
was further improved [11,12] and is now widely used to study the mechanical response of
woven textiles submitted to different kinds of loads [13-15].
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Figure 2.5 (a) Fiber bundle with estimated boundaries; (b) total filament area in pixels within
the fiber bundle cross section; (c) fiber volume fraction V; within the boundaries of the fiber
bundle [9].

(b)
Figure 2.6 (a) Yarn under single side compression; (b) 3D braided preform [10].
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Since the contact between fiber filaments is quite complex, it is not easy to efficiently carry
out different kinds of computational analyses such as preform compression or resin injection
through fibrous reinforcements. A good extension to powerful commercial numerical simula-
tion software (such as ABAQUS and ANSYS) or open-source ones (such as Code Aster) is
very important to promote the microstructural approach. Mahadik and Hallett [6] proposed a
similar kinematic model to predict the internal architectural features in a commercial numer-
ical simulation software. Beam-element chains were used to replace the digital element chain
in [10]. A loose model was regarded as the initial model and a thermal loading was applied in
the model to apply a tensile force on all the yarns. After the model was compressed to reach
the measured thickness of a real fabric sample, numerical simulations were carried out. Since
the approach was developed with existing commercial software, it is user-friendly and can be
easily combined with other advanced methods of complex numerical simulations. Note that

this approach was also applied to study different kinds of mechanical problems [4,16-18].

2.2.2 Mesostructural modeling

Traditionally, idealized mesostructural models are created by textile software such as Tex-
Gen [19,20], WiseTex [21,22] or other specialized software. These geometric models are a
simplified version of the actual fiber architecture based on a series of critical geometric param-
eters. TexGen is an open source software developed by the University of Nottingham [19,20]
dedicated to the 3D modelling of textile composites. The software uses a kinematic modelling
approach based on the definition of yarn centrale lines with specified cross-sectional shapes

along the yarn length. TexGen allows easy modelling of most textile fabric structures.

WiseTex is a software package developed by the team from Katholieke Universiteit Leu-
ven [21,22], which generates a generalized description of the internal structure of textile
reinforcements at the unit cell level. In this software package, not only mechanical models
of relaxed textiles, namely fibrous reinforcements in their free state before processing, are
created, but also deformed textiles can be modelled. The internal textile geometry can be
described based on a minimum number of topological information, such as the weave pat-
tern and the inter-yarn distances. Since the package is integrated with resin flow models,
micro-mechanical calculations of textile material properties and flow behavior can be car-
ried out. Hence, it is possible to use the software to analyze the evolution of the geometric

characteristics during fabric deformation.

Although idealized models provide an automatic and robust way of constructing simplified
geometric representations of a material for numerical simulations, they still differ from the

architecture of real reinforcements at the mesoscopic scale. To generate more realistic models,



19

several approaches are developed, which can be classified into two types:

1. Combine TexGen and digital element approach [9,10] to introduce the randomness of
fiber filaments at the microscopic scale into the geometric models at the mesoscopic
scale [4,16] (see Figure 2.7a).

2. Employ X-ray microtomography (or Micro-CT) [23] to scan the fibrous reinforcements,
then apply image processing techniques on the microtomographic images to reconstruct

mesostructural models [24,25] (see Figure 2.7b).
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Figure 2.7 (a) Geometric model generated by combing TexGen and digital element ap-
proach [4]; (b) mesostructural model of 2D woven fabric reconstructed from microtomo-
graphic images [24].

By combining TexGen and digital elements, Green et al. [4] developed an interesting new
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procedure to construct the 3D geometric model based on a realistic unit cell geometry. The
workflow of the method is shown in Figure 2.7a. Firstly, an idealized geometric model is
generated by TexGen. Then a “loose” LS-DYNA (commercial simulation software) model is
generated from the TexGen file, which is processed by a Python script. After that, the LS-
DYNA model is compacted between two rigid plates to the target fiber ratio V; to produce
a “deformed” LS-DYNA model. Then a unit cell obtained by CT scan is introduced as a
reference to refine the “deformed” model and obtain realistic geometric data for numerical
simulations. The geometric model is visually nice, showing waviness in the fabric and shape

variations of tow cross-sections. However, there are still some drawbacks with this approach:

1. Since the construction of the geometric model involves simulation of fabric compaction,
the entire procedure can be time consuming. As mentioned in [4], the model was run
on a high performance computing system using eight 2.8 GHz cores taking 8 h and 55

min to complete one simulation.

2. The microstructure of the model is based on digital elements. Considering the compu-
tational feasibility, only 61 chains of beam elements are used in each yarn. Thus the
microstructure of the yarn is not realistic, resulting in problems in the simulation of

liquid impregnation in dual-scale fibrous reinforcements.

3. Since the modeling parameters are not extracted directly from the CT scans, some
geometric details in the model differ from the actual unit cell. Therefore, using Micro-
CT to reconstruct the microscopic architecture of the textile as proposed in this thesis

can provide more realistic geometric models for computer simulation.

Differing from the modeling approaches only based on mathematical methods, Naouar et
al. [24] firstly employ image processing techniques to generate geometric models from micro-
tomographic images based on a structure tensor [26]. This approach allows creating finite
element meshes ready for numerical simulations. They conducted simulations of a single
layer woven fabric under compaction using the TexGen model and the reconstructed model
respectively, and then compared the results with the experimental test. The reconstructed
model performs much better than the TexGen model, indicating that a more realistic model
is able to describe more accurately the actual mechanical behavior of fibrous reinforcements.
However, this approach did not perform well for 3D textiles, when the tows are held together
by a binding thread. Therefore, another technique was developed in Naouar et al. [25] to
construct the mesostructural model of a 3D textile based on the calculation of Grey Level
Co-occurrence matrix (GLC Matrix) [27].
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The key factor in the modeling above mentioned approach is microtomography (Micro-CT),
since it allows non-destructive characterization of the material microstructure in three di-
mensions at the microscopic level. A refined spatial resolution is obtained readily without
requiring sample preparation, staining or thin slicing, which is required by standard micro-
scopic techniques limited to surface observations. Desplentere et al. [5], Schilling et al. [28],
Schell et al. [29,30] were among the first investigators who demonstrated the potential of
Micro-CT to characterize the geometric features of 3D textiles at the mesoscopic scale. For
example, Schell et al. [29] applied Micro-CT to study the mesoscopic structure of glass fiber
reinforced polymers. The proportion of the different phases was analyzed to distinguish,

based on the distribution of scaled absorptions values, between air, resin and glass.

In recent years, increased interest in Micro-CT has led to a broad range of new applications
in the field of composite materials. Madra et al. [31] applied various methods of image
segmentation to study the porosity distribution in a woven glass fiber composite. On the
other hand, Ali et al. [32-34] proposed a non-destructive modeling framework to predict
the in-plane and transverse permeability of 3D woven fabrics based on the analysis of the
mesoporous network between fiber tows. Using digital volume correlation, Mendoza et al. [35]
proposed a technique to characterize quantitatively the distortions of woven composites,
which was recently employed to measure yarn deformations induced by the manufacturing

process [36].

Note that in the reconstruction approaches proposed in [24,25], only one textile ply was
reconstructed. It was not implemented for fabric stacks. In this case, nesting between neigh-
boring plies still impedes an automatic recognition and separation of fiber tows. Moreover,
as presented by Straumit et al. [37], the structure tensor method possesses a constraint on
the lower voxel size required for Micro-CT images to attain a specific accuracy. According
to this investigation, the standard deviation of the calculated orientation angle for a voxel
size of 20.5 pm is nearly ten times larger than for 8.3 pm voxels. Therefore, although image
processing techniques might still perform well at high resolution in the case of multiple fabric
layers, the scanned specimens seem too small to represent the real geometric textile features

and reflect material variability [38].

Another common problem in reconstructed models is that no basic geometric criterion is
available to assess their accuracy. The reconstructed models are usually verified indirectly
by comparing the results of mechanical simulations with experiments. No accuracy anal-
ysis of geometric features has yet been carried out. This leads to a lack of geometrical
consistency in the proposed models, which might create numerical problems or inaccurate

results in computer simulations, such as for example in LCM flow models based on the textile
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mesostructure.

2.3 Permeability measurement of fibrous reinforcements

Production quality and capacity are two key issues in manufacturing. In LCM processes,
the permeability of the fibrous reinforcement is one of the critical factors that determines
the production efficiency and quality. As a material property, permeability depends on the
cross-section and tortuosity of the flow paths in the porous material. In general, permeability
is investigated as a function of the local fiber fraction of the fiber bed. Therefore, perme-
ability can be isotropic or anisotropic based on the fibrous architecture of the reinforcement.
For example, continuous fiber mats (CFM) exhibit an isotropic permeability, while woven
textiles usually display an anisotropic permeability. In these reinforcements, different flow
directions may lead to defects in final parts. Hence, permeability plays a key role in LCM
impregnation processes. It is one important parameter to control the quality of high perfor-
mance composites. This section reviews the state-of-the-art on permeability measurement,
which provides important information and references for article 2. Besides, according to the
articles reviewed, the through-thickness permeability is difficult to measure. Therefore, it is
difficult to analyze LCM process variants using deformable membranes or plastic films such
as FI or VARTM, especially when membrane wrinkling exists as discussed in articles 5 and
6.

Transient unsaturated phenomena occur during the impregnation of a fibrous reinforcement
by a liquid. To model these phenomena, knowledge of the unsaturated permeability of
engineering textiles is needed. However, to model saturated steady state flows through porous
media, the standard Darcy permeability (also called saturated permeability) is required. In
conclusion, before the mold is completely filled, the flow behavior in time depends on the
position of the flow front, which is characterized by the unsaturated permeability. After the

mold is completely filled, the saturated standard Darcy permeability comes into play.

In unsaturated permeability measurements, the basic idea is to acquire the position of flow
front as a function of time. Many investigations have focused on measuring the unsaturated
permeability based on 1D, 2D and 3D injection experiments. In 1D permeability measure-
ments, the liquid is injected from one side of the composite preform [39]. In 2D permeability
measurements, the liquid is injected at a given location of the composite structure [40,41].
In 3D permeability measurements, the liquid is injected from the top of the fibrous reinforce-
ment and a 3D impregnation flow is tracked through the thickness and in the plane of the
fiber bed [42]. Achieving proper 2D or 3D flow configurations is rather difficult. Especially

in the 3D case, a thick preform is usually needed to get meaningful results.
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Because the thickness of the fibrous reinforcement is usually much smaller than the in-plane
geometric dimensions, it is easier to observe the displacement of the flow front during in-plane
unsaturated injections carried out to measure permeability rather than in the transverse
direction. Therefore, various means have been implemented to acquire the positions of the
flow front in time, which are needed to evaluate the transverse unsaturated permeability.
A standard way to follow the motion of the flow front is to measure the changes of mass
of the test liquid in the mold containing the measurement samples. Li et al. [43] proposed
to calculate the position of the flow front based on the liquid mass absorbed during the
measurement. They developed an apparatus based on this idea to estimate the unsaturated
transverse permeability. They found that taking capillary pressure into consideration could
help to obtain relatively accurate measurement results. Ahn et al. [42] applied embedded
fiber optic sensors to detect the position of the flow front inside the preform. The idea is to
embed optical fibers containing bare spots in the fabrics, and transmit a laser light through
the optical fiber. When the test fluid reaches the bare spot, the intensity of light changes,
which can be recorded to track as the position of the flow front in time. Nedanov and
Advani [44] proposed a SMART weave sensor system to measure the unsaturated transverse
permeability. Weave sensors are imbedded in the reinforcing fabrics and send information
to a data acquisition system. However, the weave sensor itself results in race tracking and

disturbance of the flow, leading to measurement errors.

Magnetic resonance imaging (MRI) is a non-invasive technique which can be used to monitor
liquid distribution without tracer. It has been received considerable attention since it can
provide flow front information with a high resolution every few seconds. Leisen and Beck-
ham [45] used MRI to characterize the movement of fluids in textiles. Neacsu et al. [46]
applied this technique to visualize the impregnation due to capillary forces across aligned
cylinders. Endruweit et al. [47] used also MRI to study the local fluid concentration during
liquid impregnation. However, this technique remains expensive, and only liquid containing

hydrogen and fluorine can be used as test fluid in the measurement.

Saturated permeability measurements rely on several basic assumptions: the flow conditions
are stable; the flow behavior is independent of time and distance; and Darcy’s law applies,
i.e.; a linear relationship exists between the flow rate and the pressure drop. Most transverse
measurement procedures [41-45] are based on these assumptions. However, they are not
always valid based on our preliminary measurements. For example, if the injection pressure
exceeds a specific critical value, the saturated transverse permeability tends to depend upon
time. This can be explained by the deformation of the fiber bed caused by flow-induced
compaction. Hence measurement results might be incorrect without taking this phenomenon

into consideration.



24

Endruweit et al. [48] measured the transverse permeability for injection pressure values be-
tween 0.1 MPa and 0.5 MPa for various initial porosity after 5 pressure cycles. They observed
a significant hysteretic behavior, especially for the first cycle. They defined the saturated
permeability by averaging the permeability values for increasing and decreasing pressures in
the range of 0.1 MPa to 0.5 MPa for a high cycle number to neglect the hysteretic effects.
However, as mentioned above, a high injection pressure might lead to compaction of the fiber
bed, resulting in a decrease of porosity. The real porosity of the sample is lower than the
one designed before the measurement. Therefore, averaging the measurement results will
underestimate the permeability. Besides, the permeability under a high injection pressure
depends on time, so it is difficult to define the right delay to reach the steady state or select

the saturated permeability at a given pressure level.

Scholz et al. [49] developed an apparatus to measure the saturated permeability of fibrous
preforms using both gas and liquid flows. They pointed out that because of the mold config-
uration, the flow is not one-dimensional and thus the measurement method underestimates
the permeability of the reinforcement (see Figure 2.8), which is no longer governed by the
one-dimensional Darcy model. Therefore, they recommended to add a flow enhancement
medium to ensure a 1D fluid flow. To measure the permeability for different fiber fractions,
they used a hydraulic testing machine to control the thickness of the mold cavity. Hence,
a continuous change in fiber volume fraction can be obtained giving the permeability as a
function of fiber fraction in one measurement. Ouagne et al. [50,51] developed a similar
experimental setup to conduct continuous permeability measurements. This is a much more
efficient method compared to other approaches which only investigate one fiber volume frac-
tion for each measurement. However, this approach might lead to a significant error resulting
from the compression of the mold or from flow-induced compaction. As a matter of fact, the

deformation of the fiber bed gives a time-dependent permeability.

Fabric Vent
Plates Gmi

Figure 2.8 Two-dimensional flow due to the geometry of the permeability cell [49].

Klunker et al. [52] investigated this flow-induced compaction of the fiber bed, which explains

why the transverse permeability depends on pressure. As shown in Figure 2.9, the fibrous
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reinforcement deforms under fluid-induced compaction. Therefore, the fiber volume fraction
increases in the impregnation process under high injection pressure, resulting in a decrease
of the saturated transverse permeability. Based on this point, they proposed a simulation
approach coupling the flow with the fiber deformation in LCM to predict the apparent satu-
rated transverse permeability. They recommended to impose a very low injection pressure in
order to ensure a homogeneous fiber volume content, but they did not define the exact value
of this low pressure.
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Figure 2.9 Demonstration of textile deformation as a result of transverse fluid flow [52].

The transverse permeability of fabrics is affected by many factors, such as the nesting
between fabric layers [53], the deformation of fiber tows resulting from flow-induced com-
paction [48, 54, 55], reinforcement distortions [56,57], and dual-scale flow [58-62]. Affected
by these factors and also by the intrinsic features of different fabrics, such as the mate-
rial and the woven pattern, the range of saturated trans- verse permeability can be very
large, which generally varies from 107°m? ( [32, 34,49, 63, 64]), 10~"m? ( [50, 51, 65, 66])
to 10712m? or even lower ( [48,52,54,67,68]). No standard procedure has yet been proven
to measure the saturated transverse permeability of fibrous reinforcements. Therefore, an
international benchmark exercise was performed recently to compare measurement results of
compression and the transverse permeability obtained by 26 different research laboratories.
However, as reported in a conference paper of 2018 summing up and comparing the exper-
imental results [69], differences of about two orders of magnitude were observed between
the experimental results of participants for the measurement of the same fabrics. Although
transverse permeability measurements have been routinely performed for some time, these
significant discrepancies show that some experimental issues still need to be clarified. In

order to develop an accurate and robust measurement procedure, it is necessary to take into
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account the physical phenomena that come into play in liquid flows through stacks of fibrous

reinforcements.

2.4 Transverse compaction of fibrous reinforcements

In this section, the works on the transverse compaction of fibrous reinforcements are reviewed,
which is directly connected with articles 3 and 4. According to the references, the complex
mechanical behaviors of fibrous reinforcements under the transverse compaction due to their
dual-scale architectures are clearly presented. Considering the complexity of the geometric
modeling and the constitutive relation of the fabrics, we decided to analyze the problems

directly based on the digital material twins generated from microtomographic images.

The compression of fibrous reinforcement has been studied for decades. Van Wyk [70] pro-
posed a “1/3” power law V = aP~'/3 (where V is the assembly volume and P is the external
pressure applied) to describe the compaction of fibrous material, which was extensively used
by other investigators. This formula is simple and describes well most parts of the non-linear
elastic compaction process. However, it was found that a typical compression curve of a
woven fabric consists of three stages (see Figure 2.10), while the formula proposed by Van
Wyk can only describe the first two. The first stage is linear: the space between the fibers
decreases rapidly and the yarn offers little resistance to the reduction in thickness. In the
second stage, which is modelled by an exponential function, the fiber-to-fiber contacts in-
crease, which results in more inter-fiber friction. Consequently, the resistance to an external
compressive pressure grows rapidly and the compression becomes a non-linear phenomenon
with energy lost in friction. Hence, an hysteresis appears if the compressive load is removed.
Finally, in the last stage, the fiber filaments are fully compressed: there are nearly no open

spaces left, and the compression curve becomes nearly linear and parallel to the X-axis.

Based on these typical phenomena, many investigations have focused on developing com-
paction models for computer simulation. Saunders et al. [72] experimentally studied the
compression of fabrics, and found in microscopic observations that both the yarn cross-
section and waviness change. Hence, the resistance of the yarn in a fabric under compression
is higher than without compression. This highlights the importance of considering the con-
tacts between the yarns and the variations of their material properties in the simulation of

compaction.

Lomov and Verpoest [73] assumed that the contact width between yarns is equal to the
width of the yarns. They investigated experimentally the transverse force between two yarns

under compaction to provide a reference for the simulation. This is an interesting approach
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Figure 2.10 Typical compression curve of a woven fabric [71].

to connect numerical and experimental results. However, it is valid only at high pressure.
Jeong and Kang [74] constructed a 3D finite element model to simulate the compaction of
fabrics, which was verified in experiments for wool and nylon fabrics. However, this method
is only applicable for solid polymers with a significantly high transverse modulus. Potluri
and Sagar [71] developed a 3D representative volume element for finite element analysis.
Considering the simulation efficiency and the symmetry of a plain weave reinforcement, only
one quarter of the unit cell is used. They simulated the compaction of fabrics between two
rigid plates, considering the geometric non-linearity and friction contact. However, this model

is highly idealized and cannot represent the behavior of a bundle of fibers in a real yarn.

A critical issue to construct a finite element model to simulate the compaction of fibrous
reinforcements consists of obtaining the real material properties of yarns or of bundles of
fiber filaments. Their non-linear bending behavior can be modelled by Kawabata Evaluation
System (KES) as mentioned in [4,71,75,76]. Maurin et al. [77] measured experimentally the
transverse mechanical properties of carbon fibers by nano-indentation, and used the results in
computer simulations [78]. Green et al. [16] assumed that the yarn is a transversely isotropic
material and calculated the yarn elastic constants by using a micromechanical Finite Element

(FE) model with hexagonal fiber packing.

Nguyen et al. [79] followed the method developed by Hivet and Boisse [80] to generate
mesostructural geometric models of 2D woven fabrics to simulate transverse compaction.
Numerical simulations with a hypoelastic material law based on fiber rotation were in good
agreement with experiments. In another approach based on the discrete homogenization
method of Goda et al. [81], Rahali et al. [82] could predict the effective mechanical properties
of 2.5D and 3D interlock textiles. Zhang et al. [83] developed a mesoscale finite element based
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model to predict the mechanical responses and the failure locus under uniaxial and biaxial
loads. However, these approaches are based on idealized geometric models, and hence cannot
describe mesostructural changes in fiber architecture, namely study in detail how fiber tows
are deformed under compaction. Assumptions and simplifications are usually necessary to
conduct numerical simulations, which reduce the computational cost, facilitate modeling and
provide computer predictions. However, these simplifications may prevent the investigation
of some phenomena occurring in real applications, especially in the case of mesoscopic and

microscopic issues.

2.5 Wrinkling in membranes and film substrates

Wrinkles are widely observed both in nature and in engineered products. The most common
example occurs in elastic membranes under unidirectional tension, in which wrinkles appear
in a perpendicular direction as shown in Figure 2.11a. In this specific example, Cerda et
al. [84] explained that the sheet buckles to accommodate the in-plane strain incompatibility
generated by Poisson effect. As described by Li et al. [85], wrinkles not only exist in pure
membranes, but also in membrane related structures, for example film-substrate systems
[86, 87] as shown in Figure 2.11b. Since one of the main objectives of this thesis is to
develop numerical tools for the analysis of through-thickness injection in LCM variants using
deformable membranes, investigations on membrane wrinkling are reviewed in this section,
especially works on numerical simulation. As exposed in articles 5 and 6, this will provide an
important background information on the numerical methods devised to model membrane

wrinkling.

Figure 2.11 (a) Wrinkles in a rectangular polyethylene sheet [88]; (b) wrinkles and folds in a
Polydimethylsiloxane (PDMS) film-substrate system [89].
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As discussed by Bowden et al. [90] and Cerda and Mahadevan [88], wrinkling may affect
significantly the mechanical, optical and other properties of membranes. Therefore, undesired
problems might occur in membranes. For example, in a manufacturing process, wrinkling
might lead to production defects [91]. For this reason, instability phenomena in membranes
have been widely studied. In a pioneering work, Wagner [92] developed a tension field theory,
which assumed that there was no in-plane compressive stress throughout the membrane.
It defined a uniaxial tension field with only one nonzero principal stress component in a
perpendicular direction with respect to the wrinkles. The tension field theory was widely
applied and improved over time. Pipkin [93] proposed a relaxed energy density to replace
the strain energy function of the tension field theory for partially wrinkled membranes. This
approach was used by Steigmann and Pipkin [94] to investigate the wrinkling of pressurized
membranes. In order to study anisotropic membranes in the case of large deformations,
Roddeman et al. [95] proposed a new approach with a special deformation tensor modified
by a fictive non-wrinkled model. This method was used to correctly describe the stress

distribution in anisotropic membranes.

Although the essential cause of wrinkling in membranes is their negligible bending stiffness
and the in-plane compressive stress, the occurrence and evolution of wrinkles differ with the
geometric shapes of membrane specimens. Wrinkling problems in annular and circular mem-
branes have been widely investigated. Plaut [96] analyzed the large unwrinkled axisymmetric
deformations of circular membranes under several different loadings with three different theo-
ries, namely the Generalized Reissner theory, Reissner theory and Féppl-von Karméan (FvK)
theory. Analytical solutions of wrinkling in annular membranes under different boundary
conditions were thoroughly studied by Coman [97,98]. Géminard et al. [99] experimentally
investigated the main features of wrinkles in a prestretched annular membrane under axisym-
metric traction in the center. Wang et al. [100] proposed a theoretical model which could
accurately predict the critical wrinkling behavior and post-buckling characteristics. This

model was verified by comparison with experiments.

Most of the above mentioned studies are based on analytical solutions, which correctly pre-
dict the critical wrinkling behavior and stress distribution before bifurcation. However, in
some cases, especially in manufacturing applications, monitoring the evolution of wrinkles is
important to control the phenomenon and keep it at an acceptable level. For that purpose,
a post-buckling analysis is necessary. Since the evolution of wrinkles and stress distribution
becomes more complex after bifurcation, which might even cause multiple subsequent bifur-
cations [101], Finite Element Analysis (FEA) has become more suited to analyze wrinkling
than analytical methods. In order to solve circumferential wrinkling problems in circular

membranes, it is natural to consider the geometric axisymmetric property of membranes as
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did Oden and Key [102]. However, the deformations resulting from these instability phe-
nomena are not axisymmetric. Therefore, general axisymmetric finite elements are no longer
applicable. Since the wrinkling patterns can be complex and the wave length of the wrinkles
remains short, intensive calculations are required for the simulation, especially in the case of
a large amount of wave numbers. Combescure [103,104] developed an efficient and robust

finite element procedure to simulate the buckling phenomena in large thin cylindrical shells.
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Figure 2.12 Wrinkling of different structures simulated by the Fourier-based reduced model
[105-108].

The approximation assumes that there are two different structures, namely a perfect ideal
structure and the actual structure with defects, so an initial imperfection can be introduced
to simulate the buckling patterns. However, it is difficult to choose a proper imperfection for
a specific problem. In order to overcome these difficulties, a new finite element based reduced-
order model was proposed by Damil and Potier-Ferry [109] based on multiple scale analysis,
which performs well in terms of accuracy and efficiency. This approach was applied to several
kinds of instability problems, such as in thin films deposited on compliant substrates [107],

in rectangular membranes [108,110,111] or in rectangular sandwich plates [105,106,112].

2.6 Summary of literature review

The articles reviewed above can be briefly summed up in the following four aspects:
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e Accurate simulations of flow properties and mechanical behaviors of fibrous reinforce-
ments need precise mesostructural geometric models. Although idealized models pro-
vide an automatic and robust way to construct simplified geometric representations of
a material, more realistic models obtained by Micro-CT can describe the geometric de-
tails and the variability of real textiles. However, the existing reconstruction approaches
still meet some problems when processing relatively large fabric specimens. Besides, no

basic geometric criterion is available to assess the accuracy of the reconstructed model.

e Accurate permeability measurements of fibrous reinforcements are important for both
manufacturing and academic purposes. Thanks to the contributions of the research
institutions participating in the last three international benchmarks on permeability
measurements, standard procedures are nearly confirmed for in-plane textile perme-
ability. However, the measurement results of saturated through-thickness permeability
still exhibit two orders of magnitude differences among the different research teams who
participated in Benchmark ITI. The main reason is that the transverse permeability of
fibrous reinforcements might be affected by several factors. Note that very few studies

have investigated relevant possible sources of errors.

e Through-thickness compaction of fibrous reinforcements occurs in several LCM pro-
cesses. Mesoscopic simulations of transverse compaction have attracted recent interest.
A series of assumptions and simplifications are usually necessary to investigate these
issues. However, this may prevent from studying some mesoscopic and microscopic
phenomena occurring in real applications. Therefore, Micro-CT has been widely used
to direct study the mesoscopic deformation of fibrous reinforcements under different
loads. However, no research investigation has been reported up to now concerning de-
formation analyses based on reconstructed models of fabrics at different compaction
levels when the fiber tows have been identified and labelled.

e Both local and global wrinkling phenomena might appear in VARTM and F1T processes,
leading to various defects in final composite parts. In order to investigate these phenom-
ena, numerical simulation is a powerful tool. However, general methods either present
intensive computations especially in the case of small wave length or suffer difficulties
of choosing a proper imperfection. Although a new Fourier based reduced model was
already developed, only rectangular domains have been considered up to now. Fourier
based reduced models for local and global wrinkling problems in circular domains need

to be developed.
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CHAPTER 3 OBJECTIVES OF THE THESIS

According to the literature review carried out above, a series of research issues in LCM have
been identified. In order to solve these issues, several objectives are proposed in the sequel.

Finally, an outline of the thesis will be presented.

3.1 Research issues

3.1.1 Mesostructural geometric reconstruction

Setting up a geometric model of the material is the basic requirement to conduct computer
simulations. With the development of computer visualization and advanced image analysis,
X-ray microtomography has become more widely used in recent years to study composite
materials. It is possible to generate more realistic models of woven fibrous reinforcements
from microtomographic images, but the construction of mesostructural geometric models

based on existing image processing techniques bears the following limitations:

1. A relatively high resolution scan is required for accurate segmentation, which limits the

geometric dimensions of observed specimens.

2. One single fabric layer can be successfully reconstructed by existing methods. However,
processing specimens containing stacks of multiple fabric layers with nesting remains

arduous.

3. Unpredictable and uncontrollable errors are introduced when employing standard image

processing techniques, especially in lower resolution images.

4. The geometrical accuracy of reconstructed geometric models is not systematically as-

sessed.

3.1.2 Saturated transverse permeability measurement

Knowledge of transverse permeability is important not only for process simulation, but also
to set up the fabrication procedure. However, transverse permeability is rather complex to
measure compared to in-plane permeability, which can be routinely and reliably evaluated.
As mentioned above, differences of about two orders of magnitude were observed between the
experimental results of transverse permeability measured by the 26 participants of Benchmark

IIT for the same fabrics [1]. It is difficult to precisely measure the transverse permeability,
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because it is simultaneously affected by diverse factors, for example the geometric features
of the test mold, nesting between fabric layers, and flow-induced compaction of the fiber
bed. Numerical simulations provide an efficient way to study the permeability of engineering
fabrics and reveal the critical phenomena occurring during the liquid impregnation of the
fibrous reinforcement. However, in LCM processes, numerical simulations at the mesoscale
and microscale levels cannot take into account the effect of material variability, whereas this

is possible in experiments.

3.1.3 Analysis of transverse compaction at the mesoscopic scale

As mentioned above, two different compaction phenomena appear in LCM processes based on
transverse flows, namely fiber compaction during mold closing and flow-induced compression
during liquid impregnation. Both phenomena are related to the dual-scale architecture of
engineering fabrics. Thus it is necessary to study the transverse compactions of fibrous
reinforcements during the entire processing cycle. However, fabrics exhibit a highly non-
linear, viscoelastic compaction behavior in the transverse direction. Elastic bending and
compression of fiber tows as well as friction forces result from their rearrangement under
transverse compaction loads. Many efforts have been devoted to construct empirical models
based on experiments. However, to reach a better understanding of the compaction behavior
of dual-scale fibrous reinforcements, it is necessary to integrate the numerical tools with

experiments.

3.1.4 Membrane wrinkling simulation

The deformation of membranes can be complex to assess if wrinkling occurs during the
injection process. In manufacturing processes, a proper solution may not be to prevent
wrinkling, since it can be difficult, but rather to monitor and control the level of wrinkling.
Therefore, the analysis after wrinkling, also called post-buckling analysis, might be more
important than just predicting the bifurcation point associated to the critical instability
load. However, the simulation of membrane wrinkling requires a fairly large number of
computations and high number of finite elements, especially in the case of short wave lengths.
In some cases, the standard finite element models have problems in correctly predicting
the wrinkling patterns. Besides, no investigations were found on the effects of membrane
wrinkling in LCM processes. Therefore, finite element models are needed to correctly predict

the wrinkling patterns and capture efficiently the entire instability phenomena.
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3.2 Objectives

The thesis aims to investigate the above-mentioned research issues and carry out a multi-
scale analysis to deal with key issues of LCM processes, especially the ones connected with
transverse flows during through-thickness liquid impregnation such as in VARTM and FIL.
It is possible to employ the methods developed here to analyze the mechanical response of
deformable membranes, obtain precise values of saturated transverse permeability, character-
ize the dual-scale architecture of engineering fabrics, and analyze the deformation of woven
fibrous reinforcements under the transverse compaction. Several more specific objectives are

introduced in the sequel.

1. In order to resolve the issues of mesostructural geometric reconstruction, the first ob-
jective of the current work is to develop a geometric modeling framework based on mi-
crotomographic scans, named Micro-CT Aided Geometric Modeling (Mico-CT AGM),
and use the geometric features of real textile specimens to generate material twins of
multi-layer woven fabrics. Besides, a multiple morphological factor criterion is devel-
oped to assess the model accuracy directly from a series of selected geometric features.
Thus, the relative accuracy of the reconstructed geometric models can be evaluated with
respect to the resolution of the microtomographic scan directly from their geometric

features instead of indirectly from the results of numerical simulations.

2. The second objective is to improve the existing experimental measurement approach
and conduct flow simulations on the novel material twins to study the saturated trans-
verse permeability of 2D woven fabrics. The original in situ compaction device devel-
oped by Hilal [2] for microtomographic investigations was used to scan a stack of fabric
layers at different levels of compaction. The Micro-CT AGM is then employed to con-
struct, from X-ray microtomographic voxel images of fibrous reinforcements, material

twins for several increasing fiber volume contents.

3. The third objective of this thesis is to analyze of the mesoscopic deformation of fibrous
reinforcements directly based on the observation of their mesoscopic architecture. Ma-
terial twins of increasing fiber volume content are reconstructed and employed to extract
the geometric features of fiber tows and study their evolution with the compaction lev-
els. Besides, in order to quantitatively evaluate the mesoscopic deformations of fiber
tows, a new correlation technique based on material twin is proposed to track the

displacements of contour points in the cross-sections of fiber tows during compaction.
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4. The final objective consists of developing a Fourier based reduced model to analyze
membrane wrinkling in LCM. Considering that reduced models in Cartesian coordi-
nates were already devised to study wrinkling in rectangular membranes [3-10], the
current work focused on the development of an efficient model for circular membranes.
The accuracy and efficiency of reduced models are verified by comparing numerical
predictions obtained with ABAQUS with analytical results. Based on the modeling
results, the instability mechanism in circular membranes were thoroughly investigated

for different geometries and loading conditions.

3.3 Outline of the thesis

Solutions to the four above-mentioned objectives are described in 6 articles presented in the

following chapters:

e Chapter 4 presents the first article published in Composites Part A: Applied Science
and Manufacturing, which introduce the proposed Micro-CT Aided Geometric Model-
ing (Micro-CT AGM) to generate the material twin models of the multiple-layer 2D
woven fabrics and 3D orthogonal textiles. A multiple factor morphological criterion is

developed to assess the accuracy of the reconstructed model.

e Chapter 5 contains the second article published in Polymer Composites, in which the
numerical and experimental investigations of saturated transverse permeability of 2D
woven glass fabrics were carried out based on material twins. Several key issues were
considered to improve the existing experimental procedures. Both approaches are em-
ployed to discuss the effect of nesting between fabric layers on the saturated transverse

permeability of specimens.

e Chapters 6 and 7 respectively present the third and fourth articles that are an article
in two parts published in Composite Structures. The mesoscopic deformation of 2D
woven fibrous reinforcements under the transverse compaction was analyzed based on
material twin models. In the first part, the evolution of the geometric features of fiber
tows with the compaction levels is investigated. In the second part, a new correlation

approach is proposed to quantitatively evaluate the deformation of fiber tows.

e Chapter 8 presents the fifth article published in Computer Methods in Applied Mechan-
ics and Engineering, which introduces the development of the Fourier-based reduced
model for the wrinkling analysis of circular membranes. The efficiency and accuracy of

the model are verified by comparing the numerical simulations with results obtained by
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ABAQUS. Besides, several wrinkling problems in circular membranes under different

loads are also discussed to reveal the mechanisms of wrinkling.

Chapter 9 is the last article submitted to Thin- Walled Structures, in which the reduced
model is further improved by accounting for several Fourier harmonics. The instability

mechanisms of an annular membrane under in-plane stretching is investigated.

Chapter 11 is the conclusion of the thesis, which provides a general synthesis of the
work. The approaches and the results are briefly summed up, while the limitations and

possible extensions of the works are discussed.



1]

8]

[10]

48

Bibliography

D. May, A. Aktas, and A. Yong, “International benchmark exercises of textile perme-
ability and compressibility characterization,” in ECCM18 - 18th European Conference
on Composite Materials, 2018.

S. Hilal, “Caractérisation par microtomographie de la mésostructure des renforts fibreux
pour la fabrication de composites par injection,” Ph.D. dissertation, Ecole Polytechinque

de Montréal, 2018.

N. Damil and M. Potier-Ferry, “Influence of local wrinkling on membrane behaviour: A
new approach by the technique of slowly variable Fourier coefficients,” Journal of the
Mechanics and Physics of Solids, vol. 58, no. 8, pp. 1139-1153, 2010.

Q. Huang, J. Yang, W. Huang, Y. Liu, H. Hu, G. Giunta, and S. Belouettar, “A new
Fourier-related double scale analysis for wrinkling analysis of thin films on compliant
substrates,” Composite Structures, vol. 160, pp. 613-624, 2017.

N. Damil, M. Potier-ferry, and H. Hu, “New nonlinear multi-scale models for wrinkled

membranes,” Comptes Rendus Mecanique, vol. 341, no. 8, pp. 616-624, 2013.

N. Damil, M. Potier-Ferry, and H. Hu, “Membrane wrinkling revisited from a multi-
scale point of view,” Advanced Modeling and Simulation in Engineering Sciences, vol. 1,
no. 1, p. 6, 2014.

Q. Huang, H. Hu, K. Yu, M. Potier-Ferry, S. Belouettar, and N. Damil, “Macroscopic
simulation of membrane wrinkling for various loading cases,” International Journal of
Solids and Structures, vol. 64-65, pp. 246-258, 2015.

Y. Liu, K. Yu, H. Hu, S. Belouettar, M. Potier-Ferry, and N. Damil, “A new Fourier-
related double scale analysis for instability phenomena in sandwich structures,” Inter-
national Journal of Solids and Structures, vol. 49, no. 22, pp. 3077-3088, 2012.

K. Yu, H. Hu, S. Chen, S. Belouettar, and M. Potier-Ferry, “Multi-scale techniques to
analyze instabilities in sandwich structures,” Composite Structures, vol. 96, pp. 751-762,
2013.

Q. Huang, Y. Liu, H. Hu, Q. Shao, K. Yu, G. Giunta, S. Belouettar, and M. Potier-

Ferry, “A Fourier-related double scale analysis on the instability phenomena of sandwich



49

plates,” Computer Methods in Applied Mechanics and Engineering, vol. 318, pp. 270—
295, 2017.



20

CHAPTER 4 ARTICLE 1 : RECONSTRUCTION OF
MESOSTRUCTURAL MATERIAL TWIN MODELS OF ENGINEERING
TEXTILES BASED ON MICRO-CT AIDED GEOMETRIC MODELING

W. Huang, P. Causse, V. Brailovski, H. Hu*, F. Trochu

Published in Composites Part A: Applied Science and Manufacturing,
Volume 124, 105481, 1 September 2019.

4.1 Chapter overview

This chapter presents the article published in Composites Part A: Applied Science and Manu-
facturing, which introduce the originally proposed concept of “material twin”. Based on X-ray
microtomography, a novel geometric modeling approach named Micro-CT Aided Geometric
Modeling (Micro-CT AGM) is developed to generate the material twins of the multiple-layer
2D woven fabrics and 3D orthogonal textiles. A multiple factor morphological criterion is im-
plemented to assess the accuracy of the reconstructed model. Since material twins precisely
represent the geometric details of real fabrics at the mesoscopic scale, they allow predicting
accurately permeability as discussed in Chapter 5. Besides, material twins can accurately
reflect contact between fiber tows, thus they play a key role to analyze the mesoscopic de-

formation of fabrics under through-thickness compaction as presented in Chapters 6 and

7.

4.2 Abstract

Engineering textiles are used as fibrous reinforcements in high performance polymer com-
posites. The mechanical properties of composite materials depend on their dual-scale porous
structure: long and elongated microscopic open spaces (micropores) appear between the fila-
ments of fiber tows, and up to two orders of magnitude larger mesoscopic spaces (mesopores)
exist between yarns. Because of the complex structure of composites, it is difficult to establish
a connection between fiber architecture and mechanical behavior. To achieve this goal, X-ray
microtomography (Micro-CT) can be used to provide detailed information on the geometric
mesostructure of continuous fiber composites. The objective of this paper is to present a
new approach based on “Micro-CT Aided Geometric Modeling” (Micro-CT AGM) to con-

struct detailed geometric models of engineering textiles from Micro-CT three-dimensional
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(3D) images. The obtained geometric models are called “material twins” because of three
distinctive features: (1) they are representative of the material variability; (2) their accuracy
can be evaluated; and (3) they can be used to carry out computer simulations of mechanical
behavior. This new method is applied to two industrial reinforcements: a 2D plain woven
fabric and a 3D orthogonal glass textile. By introducing a new multiple factor morphological

¢

accuracy criterion, the quality of the “material twin” reconstruction can be compared to

models obtained by standard image processing techniques or textile modeling software.

4.3 Introduction

Engineering textiles are used as fibrous reinforcements in high performance polymer based
composites. The mechanical properties of these materials depend on their dual-scale struc-
ture: fibers belong to yarns, and yarns follow specific textile architectures. At the fiber
level, microscopic pores exist inside yarns. At the yarn level, mesoscopic open spaces appear
between fiber tows. The distributions of microscopic pores in the tows and of mesoscopic
pores in between govern the flow properties, such as permeability, whereas the fiber volume
content of the yarns and their orientation govern the mechanical properties such as stiffness
or impact behavior. Due to the complexity of the mesostructure of fibrous reinforcements,
the connection between macroscopic behavior and fiber architecture has not yet been fully

established especially for 2D and 3D woven fabrics.

In this paper, we present a new methodology based on dual kriging interpolation to construct
geometric models of the material mesostructure from 3D images obtained by X-ray micro-
tomography. This methodology called “Micro-CT Aided Geometric Modeling” (Micro-CT
AGM) is applied to two fibrous reinforcements: a 2D plain woven glass fabric and a 3D
orthogonal glass textile. The objective pursued is to obtain what we propose to refer to as
a “material twin” of the real specimen. This concept is a detailed morphological description

of the material structure that would meet the following conditions:

1) The model takes into account the statistical variability of the material structure.

2) The accuracy of the model can be evaluated with respect to the resolution of scanned
specimens. Different levels of observation are possible at different scales: nanoscopic,

microscopic, mesoscopic or macroscopic.

3) The model can be used in data-driven simulations to predict mechanical or flow prop-

erties.
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The definition of a “material twin” proposed above sums up several critical issues connected
with data-driven numerical simulations. For example, the ability to perform readily such
simulations is seldom mentioned in published papers. In fact, this capability is not straight-
forward since robust data processing is required to go from Micro-CT scanned 3D images to
virtual models usable in computer simulations. Note however that the present study do not
intend to provide a thorough assessment of this new concept but should be seen as a first step
towards that goal. In particular, the variability of material structure is not quantitatively
taken into account in this paper, although it still remains an important research goal. As
will be shown, the lower scan resolution used here allows analyzing larger specimens than a
single textile unit cell. Therefore, multiple geometric features can be averaged over a certain

number of unit cells, hence providing information on material variability.

The structure of the article is arranged as follows. Section 4.4 gives a review of the scientific
literature on microtomographic applications in the field of composites and the methods to
construct mesostructural geometric models, then it sums up the critical issues connected
with the existing methods. In Section 4.5, the new Micro-CT Aided Geometric Modeling
(Micro-CT AGM) approach proposed is thoroughly described. In Section 4.6, a reasonable
number of key sections are used to construct the material twins of single tows. The accuracy is
verified by introducing a new multiple factor morphological criterion to compare the geometric
models obtained with the original scanned images. In the sequel, Sections 4.7 and 4.8 apply
the proposed methodology to construct mesostructural models of a 2D plain woven glass
fabric and of a 3D orthogonal glass textile. The geometric features of the material twins are
then compared with models obtained by image processing techniques previously used in the

scientific literature or based on textile software models such as TexGen [1,2].

4.4 Literature review

The mesoscopic geometric features of fibrous reinforcements govern mechanical properties.
Therefore, a precise description of the morphology of engineering textiles is important to
predict the mechanical behavior of continuous fiber composites and optimize manufacturing
processes. A direct way to study the mesostructure of engineering textiles is to employ
microscopic observation techniques to measure and analyze their geometric structure, such
as X-ray micro-computed tomography (Micro-CT), a non-destructive technique providing

detailed three-dimensional observations of the internal structure of materials.

Micro-CT has been widely employed to study composite materials in recent years. Desplen-
tere et al. [3], Schilling et al. [4], Schell et al. [5,6] were among the first investigators who

demonstrated the potential of Micro-CT to characterize the geometric features of 3D textiles
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at the mesoscopic scale. Two main kinds of microtomographic analyses have been conducted
on long fiber reinforced composites, namely (1) characterization of the geometric features of

fibrous reinforcements; and (2) analysis of porosity or voids in composite specimens.

Badel et al. [7] analyzed the spatial distribution of fibers inside fiber tows at the micro-
scopic scale, and then proposed a hypo-elastic constitutive model which was later used to
simulate the mesoscopic deformation of textile reinforcements. Pazmino et al. [8] manually
measured the geometry of fiber tows on microtomographic images and studied shearing of a
single layer of E-glass non-crimp 3D orthogonal woven fabric. Based on microtomographic
analysis, Madra et al. [9] proposed a clustering method to analyze the geometric features of
short natural fiber composites. On the other hand, Emerson et al. [10] proposed a segmenta-
tion method to segregate individual filaments inside fiber tows to analyze fiber orientation.
Combined with digital volume correlation, Mendoza et al. [11] proposed a technique to quanti-
tatively characterize the weaving distortions of woven composites, a promising new approach
to characterize composite materials. Rolland et al. [12] analyzed damage mechanisms in short
glass fiber composites by an in-situ Micro-CT investigation at the microscopic scale. Finally,
Wan et al. [13,14] analyzed the internal geometry of chopped carbon fiber tape composites

based on Micro-CT analysis and assessed the accuracy of Micro-CT measurements.

Schell et al. [5] employed Micro-CT to observe the geometry of fiber bundles and analyze
voids in glass fiber reinforced polymers based on the greyscale values of the microtomographic
images. Madra et al. [15] applied various methods of image segmentation to study the
porosity distribution in a woven glass fiber composite. On the other hand, Ali et al. [16,
17] proposed a non-destructive modeling framework to predict the in-plane and through-
thickness permeabilities of 3D woven fabrics based on the analysis of mesopores between
fiber tows. Larson and Zok [18] adopted an in-situ microtomographic analysis to observe
micropores inside fiber tows and investigate the axial impregnation of unidirectional fibrous

reinforcements by Liquid Composite Molding (LCM).

Since the performance of engineering textiles is closely related to fiber architecture, precise
geometric models are critical to conduct numerical simulations of mechanical behavior, such
as the compaction of dry fibrous reinforcements and their impregnation by LCM. Generally,
two kinds of approaches have been used to construct mesostructural geometric models of

composites for computer simulation:

1) Idealized models can be created by textile software such as TexGen [1,2], WiseTex
[19,20] or the widely used multi-chain digital element approach [21,22], which creates
geometric models based on a series of critical geometric parameters combined with

reasonable simplifications.
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2) More realistic models obtained by Micro-CT incorporating multiple geometric features
of real textiles [23,24]. The resolution selected usually allows constructing accurate and

representative models at the mesoscopic scale.

Although idealized models provide an automatic and robust way to construct simplified geo-
metric representations of a material for numerical simulations, more realistic models obtained
by Micro-CT can describe the geometric details and the variability of real textiles, which are
needed for precise data-driven numerical simulations. Green et al. [25,26] proposed a numer-
ical modeling procedure to construct a realistic mesostructural model. Firstly, a compaction
simulation is conducted with a “loose” LS-DYNA model constructed from a TexGen idealized
model and the multi-chain digital element. The predicted deformation of this initial model is
then combined with geometric information obtained from microtomographic scans to refine
the analysis and generate in the end a more realistic TexGen model. This final model is then
used in several mechanical simulations to show that more precise results can be obtained

with such a refined model than with an idealized one.

By using image processing techniques on microtomographic images, Naouar et al. [23] suc-
cessfully reconstructed the mesostructure of a 2D woven fabric. The analysis was based on
the different orientations of warp and weft yarns, which were separated in the segmentation
process by a methodology based on a structure tensor [27]. However, this approach did not
perform well for the reconstruction of 3D textiles [28], when the tows are held together by
a binding thread. The large contact zones between the binder and the tows of same ori-
entations prevent from separating the two components in the 3D digital image. Therefore,
another technique was devised in Naouar et al. [24] to construct the mesostructural model of
a 3D textile. Texture analysis based on the calculation of Grey Level Co-occurrence matrix
(GLC Matrix) [29] was employed to create a mesostructural model of a representative unit
cell of the 3D orthogonal textile, which was then used in data-driven numerical simulations

of through-thickness compaction.

Investigations reported in the scientific literature up to now show that micro-CT can be ef-
fectively used to reconstruct the mesostructure of composite specimens, which opens up the
possibility of performing data-driven computer simulations of mechanical behavior. How-
ever, only one textile ply was usually reconstructed in the above-mentioned segmentation
approaches, which were not implemented for fabric stacks. In this case, nesting between
neighboring plies still impede an automatic recognition and separation of tows. Moreover, as
presented by Straumit et al. [30], the structure tensor method possesses a constraint on the
lower size of voxels required for Micro-CT images to attain a specific accuracy. According

to this investigation, the standard deviation of the calculated orientation angle for a voxel
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size of 20.5 pm? is nearly ten times larger than for 8.3 pm? voxels. Therefore, although image
processing techniques might still perform well at high resolution in the case of multiple fabric
layers, the scanned specimens seem too small to represent the real geometric textile features

and variability.

A common problem in reconstructed models is that no basic geometric criterion is available to
assess their accuracy. In fact, although a detailed 3D image of the composite mesostructure
represents already much progress, a qualitative assessment of the quality of reconstructed
models might not have been the first concern of investigators [25,31,32], although this task
was carried out by [33] for a limited number of geometric features. In fact, most of the
above-mentioned reconstructed models have been verified indirectly by comparing the results
of mechanical simulations with experiments. No accuracy analysis of geometric features has
yet been carried out. This leads to lack of geometric consistency in the proposed models,
which might create numerical problems or inaccurate results in computer simulations, such

as for example in LCM flow models, which are highly dependent on textile mesostructure.

In summary, the construction of mesostructural geometric models based on existing image

processing techniques bears the following limitations:

1) A relatively high scan resolution is required for accurate segmentation, which limits the

geometric dimensions of observed specimens.

2) One single fabric layer can be successfully reconstructed by existing methods. However,

processing specimens containing a stack of multiple fabric layers remains arduous.

3) Unpredictable and uncontrollable errors are introduced when employing image process-

ing techniques, especially in lower resolution cases.

4) The geometrical accuracy of reconstructed geometric models is seldom assessed.

In order to resolve these issues, this article aims to develop a geometric modeling framework
based on microtomographic scans, called Micro-CT AGM and use the geometric features of

real textile specimens to generate material twins of engineering textiles.

Since no appropriate existing image processing techniques could be found to separate fiber
tows among a stack of fabrics at relatively lower resolution, manual separation is employed
in this article in a novel way by combining three views of observed specimens. Therefore,
high image resolution is no longer necessary like in previous investigations to obtain a precise
mesostructural model, which turns out to be significantly different from the ones obtained

by standard image processing techniques or from textile modeling software. Therefore, the
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dimensions of a scanned fibrous sample can be large enough to include more than a single unit
cell and hence incorporate more representative geometric features of a real material together

with its intrinsic variability.

In addition, the proposed new approach allows distinguishing precisely between fiber tows in
contact even in the case of complex textile configurations, which is not possible by general
image processing techniques at lower resolution (22 pm/pixel) as used in this article. One
particularly instructive example on this matter is provided by a stack of 2D woven fabrics
with significant nesting at a relatively high fiber volume content of around 50%. Finally, a
multiple morphological factor criterion is introduced to assess the model accuracy directly
from a series of selected geometric features. Thus, the relative accuracy of the reconstructed
geometric models can be evaluated with respect to the resolution of the microtomographic
scan directly from their geometric features instead of indirectly from the results of mechanical

simulations.

4.5 Description of Micro-CT Aided Geometric Modeling (Micro-CT AGM)

The different steps of the new Micro-CT Aided Geometric Modeling (Micro-CT AGM) de-
scribed in this paper are illustrated in the schematics of Figure 4.1. Firstly, an original
software was developed to assist in the acquisition of the contour data of tows from the 3D
Micro-CT images. Then, a parametric surface model of the yarns is constructed from a series
of selected representative contours by an interpolation method known as dual kriging [34].
The vector model created by parametric surface kriging is called a vector material twin. The
next step consists of reconstructing a new voxel model of fiber tows from the parametric sur-
face equations of the yarns. During this process, an iterative expansion method is proposed
to prevent neighboring tows to intersect each other after interpolation. By following this
approach, the 3D Micro-CT images are translated into geometric models representative of
the material structure at a given scale and ready to be meshed for data-driven finite element

computer simulations.

4.5.1 Contours of fiber tows

The first task consists of extracting fiber tows from the Micro-CT 3D images to construct a
vector-based mesostructural textile model. The fiber tows must be separated from each other
and labeled. In this article, a manual separation is performed so as to be less dependent on
the scan resolution. This allows analyzing material specimens of larger geometric dimensions.

Although manual separation and quantitative observations on the morphology of fiber tows
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Figure 4.1 Schematics of Micro-CT Aided Geometric Modeling (Micro-CT AGM)

have been widely investigated in the scientific literature (see for example references [3,8,
35-37]), the selection of contour points is generally based on only one view of the image.
This might induce non-negligible errors, especially if the scan resolution is not high enough
or where tows are in close contact. In order to reconstruct mesostructural models that
represent accurately the geometric features of engineering fabrics, precise contours of fiber

tows together with a sufficiently large number of cross-sections are needed.

To facilitate these operations, a software called CompoCT was developed as a platform for
Micro-CT AGM. Figure 4.2a illustrates the three views employed by the software to observe
the scanned textile specimen. Figure 4.2b presents the user interface of the software with the
front view (top left window), side view (top right window) and top view (bottom window)
of the microtomographic voxel 3D image. All the manipulations of the 3D voxel images are
carried out in a local reference coordinate system in voxel unit. To make the observation
and the manual separation easier, the top and side views are scaled down compared to the
front view, which is the main observation view. Two straight cross-lines, whose positions
correspond respectively to slices of the other two views, are placed on each window. Looking
at the top view for example, moving the green line changes the slice appearing in the front
view, while the blue line corresponds to the side view. The slices in the views can also be

changed by moving the sliders under each window.
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Figure 4.2 Micro-CT AGM software — CompoCT : (a) three views are used to observe com-
posite specimens; (b) user interface of the software.
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Since all the operations of the software are based on 2D images corresponding to parallel
2D planes of the 3D volume, a global 3D coordinate system is not absolutely necessary. We
will work in the sequel in a 2D reference system with axes denoted X and Y. However, to
make the latter analysis of geometric features more convenient, a local coordinate system is
assigned to each view whose horizontal axis is denoted X and the orthogonal axis is denoted

Y, while the Z axis stands in the direction of the fiber tows investigated.

Thanks to the three views available, the precision of the selection can be improved, especially
to distinguish between boundaries of contacting tows. Figure 4.3 shows the procedure to
select a point on the contact boundary. It is a bit difficult to distinguish the tow boundary in
the front view, but the voxels of the two tows appear clearly and can be identified in the top
view because of their different orientations. The intersection point of the blue line (slice of
the side view), green line (slice of the front view) with the red curve (contour of the tow on
the top view) is the point to be selected in the front view (see red circle on the front view).
In this article, all the points on the contours used to reconstruct the geometric models were

selected in this way.

Front View

Figure 4.3 Three views based selection of contour points
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4.5.2 Key sections

To reconstruct a fiber tow, the contours need to be selected on several cross-sections along
the orientation of the tow. The sections representing the waviness of the tow together with
contact conditions between tows are defined as key sections to create the parametric surface
model. To be more specific, key sections can be defined as peaks of waviness, at edges of
contact zones between intersecting tows and at additional positions where tows are not in
contact. Figure 4.4 shows one example of key sections selected for one tow. To reconstruct
the weft yarn highlighted in red in Figure 4.4 (side view) without significant deformation, at
least 12 key sections for each waviness period should be selected, which represents a total of
about 36 key sections for the tow. The number of key sections, of course, can be larger to

obtain a more precise reconstruction or for tows undergoing significant deformations.

—— Key section

Front view

Figure 4.4 Key sections used to select the contours of a weft yarn

After having selected data points on the contours of each key section, the contour acquisition
procedure is completed. All the selected points are then interpolated by parametric curve
and surface kriging to generate surface parametric equations of fiber tows. Details on the use

of the parametric kriging are given in Appendix A.

4.5.3 Contour expansion

After employing the parametric curve kriging to interpolate the selected contour points, the
surfaces of fiber tows can be modeled by parametric surface kriging. The possible intersection
of tows remains a problematic issue in the construction of mesostructural textile models by
interpolation ( [2,38]). As a matter of fact, tows in contact or close to one another may
intersect when interpolated. A contour expansion technique is proposed here to solve this

problem.

Imagine the stack of 2D microtomographic images to be a series of superposed pixel canvases
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with all the tow contours drawn on them. All the original pixels are given a first label of
0 to represent the initial matrix. Then an iterative process starts as illustrated in Figure
4.5. In the expansion algorithm, all the tows “grow” one by one from the centroids to their
boundaries with preassigned expansion factors while conserving the same contour shapes.
Since the interaction problems only occur at the boundaries of tows in contact, a large initial
expansion factor is assigned in the first step to directly let the tows expand to a significant
percentage of areas and speed up the algorithm. In this work, the initial expansion factor was
chosen to be 0.85. Thus, after the first iteration, Figure 4.5 shows that 85% of the tow areas
are labeled individually. In the following iterations, the tows expand with small expansion
factor (in this case, 0.05) until 100% of the tow area is labeled, i.e., the total expansion factor
reaches 1 after four iterative steps. During the procedure, the pixels covered by the growing
tow are labeled with the coding numbers of the tows, which are presented in different colors
in Figure 4.5. Once a pixel is labeled by a fiber tow, it cannot be labeled by other tows. Note
that the expansions of tows are conducted one by one in the 3D space, thus the voxel data
are directly updated in a 3D array. By doing this, a clear boundary between the two tows in
contact in the example of Figure 4.5 (the gray and yellow ones) can be obtained at iteration
4, although the original contours of tows intersect at iteration 0. Besides, no intersection is

observed between the tows with different orientations (the yellow and blue ones).

\

R

(a) Iteration = 1 (b) Tteration = 1
< C
(c) Iteration = 2 (d) Tteration = 3

(e) Tteration = 4

Figure 4.5 Illustration of the contour expansion algorithm
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4.6 Criterion of accuracy for the reconstructed geometric model

As mentioned in Section 4.3, when generating material twins, the accuracy of the geometric
models needs to be evaluated. In order to do so, a procedure is proposed as illustrated in Fig-
ure 4.6. Firstly, a voxel reference model and a vector material twin can be reconstructed from
the voxel file of the microtomographic images. Then the vector material twin is transferred to
the voxel material twin which will be compared to the voxel reference model. By introducing
a new multiple factor criterion based on a series of morphological features of fiber tows, the
accuracy of the material twin can be assessed. If the accuracy is acceptable, this validates
the material twin at the resolution level of the microtomographic scan; otherwise, the vector
material twin should be refined. The multiple factor criterion is based on a selected series of
morphological features of fiber tows that are critical to assess the accuracy of the geometric

model and will be detailed hereafter.

Micro-CT images 3 Reference model
(Voxel file) (Voxel model)
Multiple factor Yei S | Material twin
¢ criterion (Verified)
Material twin . Material twin
(Vector model) (Voxel model)
No

Refinement -

Figure 4.6 Schematics of the accuracy assessment procedure for material twins

Note that the voxel reference model and the vector material twin are both generated by
Micro-CT AGM. In this article, the only difference is that the voxel reference model is
reconstructed from a large number of key sections to ensure a higher accuracy. Since this
is highly time consuming, it was used here only to confirm that a reasonable number of key
sections may be used to generate accurate material twins (see Section 4.6.2). Therefore, a
limited number of tows are reconstructed in the reference model used to assess accuracy. In
the future, image processing techniques and deep learning algorithms can be introduced in

the acquisition of tow contour data.



63

4.6.1 Morphological features

In order to assess the accuracy of the reconstructed geometric models, a series of representa-
tive morphological features of fiber tows are introduced. Considering that textile reinforce-
ments follow specific woven patterns, the path of the centroid lines of fiber tows represents
one of the most important features. As mentioned in Section 4.5.1, a local coordinate system
is assigned for each view of the 3D voxel image, in which the fiber direction is oriented along
the Z axis, and the cross-sections of the fiber tow lies in the X — Y plane. Thus, for each

cross-section, the centroid of the contour can be calculated in pixel unit as follows:

(4.1)

(xeve) = Mo Mm)

Moo” Moo

where XC,YC are the pixel coordinates of the centroid of the contour, and M;; denotes

image moments defined by:
oy

where z, y are the pixel coordinates of all the points inside the contour, and I(x,y) the pixel

intensity in the greyscale image.

The shape of the contour is also a key feature in the reconstructed model. The area of the
cross-section being related to the fiber volume content of fiber tows, the pixel area must
also be taken into account. To characterize the shape and orientation of cross-sections, each
contour is fitted with a rectangle to obtain the width and height of the contour as shown in
Figure 4.7. At the same time, an ellipse is fitted to the contour to quantify the angle between
its minor axis and the X axis. This angle is considered as defining the inclination of the

cross-section with respect to the horizontal axis of the image.

The general shape of the cross-section represents another important morphological factor.
The circularity (roundness) C' of the contour is thus introduced to evaluate quantitatively
how close the shape is to a mathematically perfect circle. This measure is achieved by

calculating the circularity index defined as:

B 41 A

C=— (4.3)

where A is the total area and P the perimeter of the contour. For a perfect circle, the

circularity index is equal to 1.

To summarize, the following geometric features will be considered in the forthcoming para-
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Centroid line

Figure 4.7 Morphological features of fiber tows

metric study: the centroid line of fiber tows, the area, width, height, inclination and circu-
larity of contours. The centroid line indicates the longitudinal orientation of the tow. The
area of key contours in pixel unit is directly connected to the volume of the tow (in voxel
unit), and hence to the fiber volume content of the specimen. The width, height and angle of
the representative rectangle and ellipse give information on the average shape of the tow in
the transverse direction, whereas the circularity tells by how much the contour differs from a
perfect circle. This morphological analysis allows evaluating quantitatively the skewness of

tows in their transverse directions.

4.6.2 Number of key sections

Considering all the slices as key sections should give the most precise reconstructed model
with respect to the resolution of the microtomographic scan. However, a compromise is nec-
essary here to create representative and suitable geometric models for computer simulation.
In this article, the reconstructed model is obtained by manual separation of the tows. Hence,
numerous key sections would lead to a rather time-consuming operating procedure. Thus,
the number of selected sections is an important parameter that must be carefully selected.
Figure 4.8 shows two models reconstructed for one fiber tow of 2D woven textiles with differ-
ent numbers of key sections. In fact, the reference tow contains 215 sections, the thickness of
which in voxel unit depends on the resolution of the microtomographic scan. On the other
hand, the approximated tow has only 40 sections. As already discussed in Section 4.5.2; the

numbers of key sections selected here is based on the waviness of the fiber tow.



65

Figure 4.8 Mesostructural models of a single fiber tow constructed from a stack of 501 mi-
crotomographic images with different numbers of key sections: (a) reference fiber tow with
215 sections; (b) approximated fiber tow with 40 sections.

As shown in Figure 4.8, the surface of the approximated tow is virtually smoother than
that of the reference tow. This is mainly caused by two reasons: (1) the variability arising
from the manual separation procedure; and (2) the noise on the boundary of tows induced
by the Micro-CT scan. Whatever segmentation method used, the latter problem cannot be
avoided since it comes from the scanning process. The former one can be solved in several
ways. For example, the geometric features on each slice are fitted by appropriate functions
in the following parametric study. Besides, the nugget effect in kriging, which represents the
variance of the measurement error [34], can also be introduced in the reconstruction process
such as in Madra et al. [39] to smooth the geometric models. Note that smoothing is a critical
issue to ensure that the final geometric models are material twins, namely that they can be

readily used in numerical simulations at reasonable computational cost.

4.6.3 Parametric study

Since waviness is a critical geometric feature of engineering textiles (determined by the fabric
weave pattern), the centroid lines of tows will be the first objective of our analysis. Figure
4.9a and Figure 4.9b show the evolution of the centroid line along the tow orientation for
the two models discussed above. As expected, the centroid line shows a nearly periodic
evolution in the Y direction along the tow orientation, while it nearly remains linear in
the X direction. In order to observe the evolution of geometric features and compare the
accuracy of the geometric models, the raw data must be fitted with proper functions. Thus,
the evolution of the centroid line in the Y direction (Y C') may be fitted by a Fourier series

function, while the centroid line in the X direction (XC') by a polynomial function.

Considering that the weave pattern might affect other geometric features, a correlation anal-
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ysis is performed between the morphological characteristics to find appropriate fits. If XC' or
Y C show a periodic evolution, their gradients (GXC and GY (') should also present similar
periodic evolutions with a quarter-period shift. Considering this might also be the cases for
some other morphologic features, GXC' and GY C will be also taken into account in the
correlation analysis and will be evaluated from the fitted functions of YC' and XC'. Gener-
ally speaking, except for GXC and GY C, the values of other geometric features should be
positive, thus the absolute values of GY C' and GX ' will be the final parameters considered

in the correlation analysis.

Before the correlation analysis, in order to ensure that the contribution of each feature is
equally important, the values of each feature f are normalized on a 0 — 1 scale as follows:
f —min(f)

Frorm = max(f) — min(f) (4.4)

Then the Pearson coefficient of linear correlation p is calculated for each pair of normalized

features f, g as follows:

_cov(fig) _ S (fi— f)gi—9)

O0f0g O0f0g

(4.5)

where N is the number of slices, f, g denote the mean values, and of, 04 are the standard
deviations of the features for all the slices of the tow. Finally, the correlation matrix of geo-
metric features of the reference tow is obtained in Figure 4.10, in which absolute correlation

values p higher than 0.4 are highlighted in red.

The area, height and circularity show a strong correlation with GY'C, while the width is
highly related to X', and the angle to YC. As expected, this analysis confirms that the
fabric weave pattern strongly affects the morphological characteristics. Considering that
the area also exhibits a strong correlation with the width and the height, the evolution of
the centroid line is related to changes in width and height of the tow cross-section, which
further affects the area. Thus, the waviness of the tow is indeed a critical geometric feature.
According to the above analysis, the height, the area, the angle and the circularity should be
fitted by Fourier series functions, while the width can be fitted by polynomials.

After calculating both the correlation matrices of the reference and approximated tows, the
functions employed to fit the curves of geometric features can be determined. Then, the
comparison of the geometric features of the reference and approximated tows can be readily
obtained as illustrated in Figure 4.9. All the features are well fitted, especially the ones

with Fourier series, i.e., the area, the width and Y C' exhibit a significant nearly periodic
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Figure 4.9 Comparison of geometric features between the reference and approximated tows:
the centroid lines (a,b) are very accurate; the fitted areas (c) also (although the raw data
show minor differences at peaks); the height and width (d,e) exhibit a larger variability, but
averaged values remain centered; the angle and circularity (f,g) are well respected
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Figure 4.10 Correlation matrix of geometric features. Scatter plots of variable pairs are given
in the lower part, while Pearson coefficients of linear correlation p are given in the upper
part. The statistical distributions of each morphological feature appear in the diagonal
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trend. As shown in Figure 4.9a, the value of XC' does not remain constant value along the
fiber orientation, because the sample analyzed here is a stack of 2D woven textiles. During
the layup process, the orientations of the fabric layers were not strictly controlled, thus
the orientations of some layers of the preform are not orthogonal to the direction of the
microtomographic observation. Although Figure 4.10 shows that the angle is correlated with
Y C, there is no clear periodicity as shown in Figure 4.9f. This might be because the angle
is also correlated with GXC' (see Figure 4.10). This means that the angle is affected by the
contact between tows as illustrated by the evolution of the centroid line. Finally, Figure 4.9g
shows that the circularity vibrates within a small range, which means that in the case of low

compaction, the shape of tow cross-sections remains stable.

Based on the geometric information of Figure 4.9, a multiple factor morphological criterion
can now be proposed to assess the accuracy of the reconstructed geometric model. Since
the reference tow is the closest model to the real tow for a given resolution of the microto-
mographic scan, it may be regarded as a benchmark to assess the relative precision of the
approximated tow. The geometric features used to evaluate the quality of the reconstructed
geometric model have all different degrees of relative importance. For example, the centroid
line of the reconstructed tow should be as precise as possible, because it is a critical feature
for geometric analyses and numerical simulations related to the weave pattern of the textile.
The correlation between the area, width and height might lead to bias on the assessment if
they are the only considered morphologic features. Their relative influence should be bal-
anced, so that all the geometric features are taken into account to assess the accuracy of the

reconstructed model.

The quality of the approximated tow can be compared to the reference one based on the

errors between the values of their respective geometric features evaluated by:

g <1 B SMAPE(fJ‘,fJ‘)) (46)

Cref

where s/ is the precision of the j" geometric feature, f/ and J?J are the values of the j*
geometric feature for the slices of the tested and reference models respectively, C,. is the error
criterion (20% in this article) and SMAPE(f7, fj) the symmetric mean absolute percentage
error of (f4, f7) calculated by:

o 1 X fij—fz'j
SMAPE(f?, f7) = N;W (4.7)
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where N is the number of slices.

The result of the accuracy assessment for the approximated tow is presented in Figure 4.11.
The precision of each geometric feature is listed on the right, in which the closer we are to 1,
the more precise is the geometric feature. A relative radar chart showing the performance of
the model is presented on the left, where the area indicates the overall precision of the model
considering all the geometric features. Besides, the radar chart can directly show drawbacks
of a reconstructed model since it indicates also the precision of each parameter. In conclusion,
the geometric features of the approximated tow with a limited number of key sections show
a good agreement with the ones of the reference tow. Therefore, in the following analysis, a
limited number of key sections can be used to generate material twins, which will be regarded

as benchmark for further comparisons.

D
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Figure 4.11 Precision of the approximated tow compared to the reference tow

4.7 Reconstruction of the dry preform of 2D woven fabrics

In this section, the methodology proposed to create a material twin from a microtomographic
image is applied to a stack of 2D plain woven glass fabric layers. A geometric model of the
fibrous reinforcement is reconstructed at the mesoscopic scale by Micro-CT AGM (referred
to as the material twin in this article). The reconstructed model is used to analyze the
geometric features of the preform and then is set as reference to assess the accuracy of
another model reconstructed using standard image processing techniques, namely here based

on the structure tensor method (referred to as the “ST model” in this article).

4.7.1 X-ray microtomography

Microtomographic scans of a stack of 2D fabric layers were acquired with a specially devised

cylindrical observation tool. A full description of the experimental setup and measurement
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can be found in [28]. The specimen comprised several circular samples (diameter 25 mm) of a
glass fiber plain weave fabric from Texonic (product number 1.14012). During sample prepa-
ration, the different layers were carefully positioned so that the complete stack possess the
same tows orientation. The sample was scanned at a resolution of 22 um /pixel with a voltage
and intensity of X-ray beam of 180kV and 30 pA, respectively. The X-ray microtomograph
was a Nikon XT H 225 located at Ecole de Technologie Supérieure (ETS) in Montreal. In
order to avoid boundary effects and observe a representative specimen, a region of interest of
15.4 x 3.52 x 11.2pm?® was selected for analysis in the central part of the scanned specimen.
Figure 4.12a shows the region of interest which contains 8 fabric layers with 6, 7 warp yarns

and 4, 5 weft yarns per layer.

(b)

Figure 4.12 Preform of the stack of 2D glass fiber woven fabrics: (a) original microtomo-
graphic image; (b) material twin (voxel model) reconstructed by Micro-CT AGM

4.7.2 DMaterial twin

Different from the geometric models reconstructed in other studies [23,24, 30, 31], in the
voxel model of the preform obtained by the Micro-CT AGM approach, all the fiber tows are
individually labeled as illustrated in Figure 4.12b. Thus, the geometric features, orientation,

size and mechanical properties of each fiber tow can be taken into account for further analysis.

As performed in references [31,40,41], overlap superpositions of the geometric models on the
microtomographic images have been done to visually verify the accuracy. Figure 4.13 shows
an overlap comparison of the material twin with the stack of microtomographic images. The
tows of the material twin are in transparent colors, while the image stack stands in grayscale
with the air phase in light gray and the fibers in dark gray. For the three randomly selected
cross-sections presented on the right, the material twin agrees well with the original image

stack. This proves that the Micro-CT AGM is well suited for the multiple layer preform and
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the resolution of 22 pm/pixel considered here.

Figure 4.13 Overlap comparison of the material twin with microtomographic images. It is
possible to verify the quality by superposing three cross-sections of the reconstructed model
on the original pixel images. If the resulting image would appear fuzzy, this would mean that
the reconstructed model is not representative of the microtomographic scan

4.7.3 Analysis of morphologic features

As a first approximation, we consider that the warp yarns of the 2D woven fabric have similar
geometric features as the weft yarns, thus only the warp yarn will be analyzed here. The
normalized values of the geometric features of a warp yarn in contact with four weft yarns
are presented in Figure 4.14. The periodic evolution of Y C' shows that the waviness of the
tow is determined by the weave pattern of the textile. The height and area exhibit a similar
nearly periodic evolution with a period half that of Y'C, while the width changes without
obvious periodicity.

Five cross-sections of the warp yarn are also specifically analyzed, i.e., the crest A, the troughs
C and E, and two middle positions B and D. At the crest A and the trough C, the area and

the height reach local minimum values, while they increase to local maxima at the middle

positions B and D. According to the images at these positions, the tow is compressed by weft
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yarns at A and C, thus both the height and the area are reduced, while it is not compressed
by any other tow at B and D. From B to E, the width of the yarn decreases to a minimum
value, but the height and area do not decrease to local minima. This is different from the

idealized model, but clearly represents the variability of the real tows.

Normalized value

Slice

Figure 4.14 Analysis of the geometric features of a typical warp yarn in the material twin
model

4.7.4 ST model

The structure tensor is a matrix devised to represent the predominant directions of the gra-
dient in a specific neighborhood of a voxel. Since it can be employed to distinguish between
fiber tows of different general orientations, it is widely used to reconstruct fabric mesostruc-
tural models ( [23,24,31]). However, the precision of the geometric model reconstructed with
the structure tensor was barely investigated, since no criterion of accuracy was considered.
Thus, in this section, the model reconstructed by applying the structure tensor (ST model) is

compared to the material twin based on the proposed multiple factor morphological criterion.
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Following similar steps as in [23], several plugins from Fiji image processing software [42]
have been used, namely OrietationJ [43] and 3D Segmentation [44]. As shown in Figure 4.15,
the warp and weft yarns were segmented in the microtomographic image. The segmentation
procedure will now be briefly described. As illustrated in Figure 4.15b, the plugin Orienta-
tionJ calculates the structure tensor for each pixel and determines the orientation of fiber
tows in the original microtomographic images. Then, a color segmentation plugin is used to
classify the colors into three categories for the warp and weft yarns, and the matrix. Figure
4.15¢ shows the result of color segmentation. The next operation is the binarization which
classifies the pixels into two classes (black and white) based on a threshold value. After that,
a series of morphological operations are carried out and a median filter is implemented to
obtain the final image of Figure 4.15d containing the yarns of similar orientations. Since the
2D woven fabric consists of warp and weft yarns having similar geometric features, only the

warp yarns are reconstructed and compared here.

As mentioned in [30], the precision of the tensor structure calculations depends on the reso-
lution of the microtomographic images. Since the resolution in this study is not as high as
in [23,30], the orientations cannot be accurately calculated on the boundary of the tows. As
shown in Figure 4.15¢, noise exists on the boundary of each fiber tow. Thus the contours of
the tows, which are obtained after a series of morphologic operations to eliminate the noise,
are less precise compared to the results presented in the aforementioned studies. Besides,
the technique based on the structure tensor does not work well for multiple layers of 2D
woven fabrics, because of the significant nesting occurring between fabric layers. This makes
it rather difficult to distinguish between fiber tows of similar orientation when they are in
contact. For example, Figure 4.15¢ shows three blue tows contained in the red contour that
are in contact with each other. The middle tow belongs to one fabric layer and the other two
tows to another layer. This kind of nesting-induced problem complicates the separation of
tows of similar orientations as illustrated in Figure 4.16. In order to evaluate the accuracy of
the reconstructed ST model, only the slices with tows not in contact with other tows will be
considered. Thus, the ST model will be assessed in a piecewise way, then an average value

will be obtained to evaluate the quality of the reconstruction.

4.7.5 Precision of the ST model

In order to assess the precision of the model, three tows are assessed respectively, and then
average values are calculated and compared with the material twin set as benchmark. Accord-
ing to the radar chart presented in Figure 4.17, the model poorly performs in representing the

area, the circularity and XC'. As already mentioned, this is because of the lower resolution
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(a) Original image (b) Orientation

(c) Color segmentation (d) Warp yarns

Figure 4.15 Segmentation of the 2D woven textile to identify the warp yarns using Fiji image
processing software

(a) Original image (b) Binary image

Figure 4.16 Warp yarns in contact cannot be separated
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of the scan and of nesting which prevent from performing a precise segmentation with the
structure tensor. In order to erase the noise on the binary images, the area of tows is eroded
without a strict criterion during the morphological operations. As a result, the height and
width are affected. However, in Figure 4.17, the precision of Y'C' is not as bad as that of XC.
This is because the main waves of the tow occur along the Y axis, hence the variations of
XC are much smaller than that of YC. Consequently, the errors induced by morphological

operations have more significant effects on XC' than on Y C.
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Figure 4.17 Precision of the ST preform model of 2D woven textile compared with the material
twin as benchmark

4.8 Reconstruction of the 3D orthogonal textile

In this section, a preform of 3D orthogonal glass textile is reconstructed at the mesoscopic
scale by Micro-CT AGM. The material twin obtained is used to analyze the geometric features
of the preform and then considered as a reference model to assess the accuracy of a ST model

and a refined textile model based on TexGen software.

4.8.1 X-ray microtomography

A stack of 3D orthogonal glass textile (Texonic TG96N) was scanned at the same resolution
and identical conditions as the 2D fibrous reinforcement previously analyzed, except that
the intensity of the X-ray beam was 40 nA (see Hilal [28] for more information). As before,
a region of interest of 16.5 x 4.95 x 43.22mm? was selected from the central part of the
scanned specimen for analysis to avoid boundary effects and obtain a representative specimen
of material variability. Figure 4.18a shows the preform consisting of 2 layers of fibrous

reinforcement. Each layer contains 12 longitudinal tows, 4 binders and 20 transverse tows.
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\

Lc;;igittfdi nal tow

Figure 4.18 Preform of the 3D glass fiber orthogonal textiles: (a) stack of microtomographic
images; (b) voxel material twin constructed by Micro-CT AGM

4.8.2 DMaterial twin

The voxel model of the preform reconstructed by Micro-CT AGM is shown in Figure 4.18b
with each fiber tow labeled individually. Compared to the stack of 2D plain woven fabrics
studied in Section 4.7, the nesting effect between the fabric layers of the 3D textile is much

less significant.

4.8.3 Analysis of morphological features

Compared with the transverse and longitudinal tows, the shape of the binder changes a lot in
the weave pattern. Thus, the geometric features of the binder are normalized to be analyzed
as illustrated in Figure 4.19. These features show highly periodic evolutions along the binder
orientation, in which the period of Y (' is twice as long as that of the other morphological
characteristics. Four slices are selected to show the cross-sections of the binder at different
positions, namely the crest A, the trough C and the middle points B and D. At the crest
A and the trough C, the binder lies between the two fabric layers, thus it is compressed by
the transverse tows of both layers, leading to a local minimum of height and area and a
local maximum of width. At the middle positions B and D, the binder is compressed by the
longitudinal tows on the right and left sides, thus the width reaches a local minimum. It
should be pointed out that the cross-sections considered here are sections of the tows on the
image slices, thus it is not strictly orthogonal to the centroid line of the tows in several slices,
especially for the binders with significant waviness. This leads to significantly high values of

area and height at the middle positions B and D.
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Figure 4.19 Analysis of the geometric features of the binder of the material twin
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4.8.4 Assessment of the ST model

As presented in [24,30], although the structure tensors can be used to distinguish between
tows of different orientations, in 3D orthogonal textiles, the binders and the tows cannot be
separated easily because they possess similar orientations. As mentioned in Section 4.7.4,
slices where some tows are in contact with each other cannot be used for this assessment.
Thus, in this case, only the longitudinal tows can be compared slice by slice, while the

transverse tows are compared in a piecewise way and the binder cannot be assessed.

Figure 4.20 shows the overlap comparison of the longitudinal tows obtained from the two
models superposed on the original image stack (matrix hidden). It is obvious that the surface
of tows in the ST model is not as smooth as that of the material twin. This is because the
morphologic operations make it difficult to control the quality of contours at such a low
resolution. Thus, the precision of the tow of the ST model varies in the four randomly
selected cross-sections as shown on the right-hand side of Figure 4.20. For sure, further
operations can be performed to optimize the quality of the ST model. However, without a
morphological criterion of accuracy, applying image processing techniques remains a trial-
and-error procedure. Thus, the ST model is directly compared to the material twin after the

same image processing steps as mentioned in Section 4.7.4.

ST model

Figure 4.20 Overlap comparison of the tows of the ST model and the material twin superposed
on the stack of microtomographic images
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As before, three longitudinal and transverse tows are assessed respectively, and an average
evaluation of the two kinds of tows of the ST model is presented in Figure 4.21. Compared
to the transverse tow, the precision of the longitudinal tow is higher. Since the surface of the
tow of the ST model is not as smooth as that of the material twin, the circularity of both
tows is less precise. Compared to the 2D fabric ST model of Figure 4.17, the 3D textile ST
model is much more precise. This means that at such a low resolution, it is more suitable
to apply the structure tensor method to 3D orthogonal textiles than to 2D woven fabrics.
This can be explained by the architecture of the 3D textile, since nearly no nesting exists
between the fabric layers and the wavinesses of the longitudinal and transverse tows remains
limited. However, applying the structure tensor is not the best technique to reconstruct the
mesostructure of 3D textiles for numerical simulations, because as mentioned in [23], the

binder cannot be separated easily from the tows.
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Figure 4.21 Accuracy assessment of the ST model of the 3D orthogonal textile preform
compared with the material twin: (a) longitudinal tows; (b) transverse tows
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4.8.5 Assessment of the refined TexGen model

TexGen [1,2] is a widely employed geometric modeling software for engineering textiles.
The default 3D weave wizard of the software allows creating, with the required geometric
information, a 3D orthogonal textile model as illustrated in Figure 4.22b. Compared to
the material twin of Figure 4.22a, the default TexGen model is too idealized. Thus, a
Python script was developed to construct a refined TexGen model based on the geometric
features obtained from the material twin. The geometric features are extracted along the
tow directions every 10 slices of tows from the material twin, which means that the geometric
information of about 60 slices is used here to construct the refined model. As shown in Figure
4.22¢, the refined model is much more realistic than the default model. It is obvious that
the precision of the default TexGen model is not comparable to that of the refined TexGen
model. Therefore, only the refined TexGen model will be compared to the material twin in

the sequel.

Figure 4.22 Mesostructural models of the 3D orthogonal textile: (a) material twin; (b) default
TexGen model; (c) refined TexGen model

Figure 4.23 shows the accuracy assessment of the refined TexGen model, in which the geomet-
ric features of three binders, longitudinal tows and transverse tows are respectively compared

slice by slice with the material twin. The radar charts show that the width is generally pre-
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cise while the area, height and circularity can be less precise in some cases. This indicates
that the precision of the area is dominated by that of the height and circularity. Besides,
compared to the binder, the precision of the transverse and longitudinal tows is much better.
This can be explained by the way to assign the cross-sections of yarns in TexGen and the

significant waviness of the binder.

In TexGen, the cross-sections need to be assigned for each master node. The geometric
information of the cross-section contains the contour shape (such as rectangle and ellipse) and
the related geometric dimensions (width and height). However, the only input for the material
twin are the contours of tows without any shape definition. Thus, when the geometric
information of the material twin is used to construct the refined TexGen model, it is possible
to assign basic geometric dimensions such as the width and height, but it is difficult to define
a proper shape for each cross-section. Thus, a uniform shape is assigned to each type of
fiber tow. For example, the shapes of the binders, of the longitudinal tows, of the surface
transverse tows and of the internal transverse tows are assigned as ellipse, lenticular cross-
section and power ellipse respectively. Since the shape and geometric dimensions of the
binder cross-sections change acutely along the binder orientation as shown in Figure 4.23a,
inappropriate definition of cross-sectional shapes can severely affect the precision of binders.
On the contrary, the effect is much smaller on the longitudinal and transverse tows, since the

waviness and evolution of their cross-sections remain rather limited.

4.9 Conclusion

In this article, a Micro-CT Aided Geometric Modeling approach (Micro-CT AGM) was pro-
posed to reconstruct mesostructural geometric models of continuous fiber reinforcements
from microtomographic images. A software called CompoCT was developed as a platform
for this specific modeling procedure. In addition, a multiple factor criterion based on a series
of morphological features of fiber tows, was proposed to assess the relative accuracy of the
geometric models created. Following this approach, precise mesostructural geometric models
of a 2D woven fabric and a 3D orthogonal textile were successfully reconstructed at the lower
scanning resolution (22pm/pixel). These models possess several interesting features that
were summarized in a new concept called "material twin", for which a tentative definition
was also proposed. Considering the material twin as a benchmark, a comparison with other
modeling approaches based on image processing or textile modeling such as TexGen [1, 2]
showed that the Micro-CT AGM methodology allows constructing more accurate geometric

models for the resolution considered.

Since Micro-CT AGM is a way to create material twins of built-in accuracy for further use in
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Figure 4.23 Precision of the refined TexGen model of the 3D orthogonal textile compared to
the material twin: (a) binders; (b) longitudinal tows; (c¢) transverse tows.
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data-driven simulations, it can lead to methods to tailor and predict composite mechanical
properties. The geometric information extracted from material twins could be also used as
input in stochastic modeling [36]. Moreover, by combining this approach with multi-scale
modeling (see references [45-47] for example), advanced and automatic computer simulations
taking into account the mesostructure of high performance composites can be carried out,
in which detailed geometric modeling and manual assignment of material properties are no

longer necessary.

In this study, the contours of tows were obtained by manual separation to reconstruct ge-
ometric models from a relatively lower resolution image, requiring significant labor. One
future key issue would be to implement precise automatic or semi-automatic segmentation
approaches at lower resolution to accelerate modeling procedures. Applying the Micro-CT
AGM methodology to simulate and analyze the mechanical behavior of engineering textiles in
compression and shear during composite manufacturing are other interesting topics of future

work, as well as modeling impact behavior or flow properties to predict permeability.

4.10 Acknowledgements

This work has been partially supported by the Department of Mechanical Engineering of
Polytechnique Montreal, the National Natural Science Foundation of China (Grant Nos.
11372231 and 11772238) and by the National Science & Engineering Research Council of
Canada (NSERC) (Discovery Grant). Authors also gratefully acknowledge the Research
Center for High Performance Polymer and Composite Systems (CREPEC), the “Fonds de
recherche du Québec - Nature et technologies” (FRQNT) and the “Fonds National de la
Recherche” (FNR) of Luxembourg for their financial support. Authors would also like to
express their thanks to Nicolas Juillard and Texonic for providing the fiber reinforcements

used in this study.

4.11 Appendix A. Parametric curve and surface kriging

After extracting the contours on a large enough number of key sections, interpolation methods
are used to reconstruct the surface of the whole tow, i.e., parametric curve and surface
kriging [34]. Since a different number of points was selected in each key section, parametric
curve kriging is initially employed to obtain a uniform number of points in all the key sections.
Assuming that the contour of the tow is defined by a set of data points X; = (z,v:),
1 <1¢ < N, that will be used in the interpolation. By selecting an appropriate drift function

L, alp;(t) to represent the average shape of the contour, where p;(t) are the terms that
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depend on the selection of drift function, and a covariance K (h) to model the deviations with
respect to the average shape, the contours of tows can be precisely interpolated by parametric
dual kriging, after which a uniform number of data points can be readily obtained on each

contour.

The parametric equations of the contour can be stated as follows:

x<t>=zf0 ap +Z )

’ (4.8)
in which the parameter ¢; is normalized so that:

0=t <---<;<---<itn=1 (4.9)

and the coefficients af, b(q = z,y) in Eq. (4.8) are the solution of the linear system:
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(4.10)

The contour points on a series of sections of a fiber tow can be used to reconstruct the surface
of the tow by parametric surface kriging [34]. Suppose that each contour is defined by N
points for a total of M cross-sections of the tow. The data points of these contours are
denoted Pj; for 1 <7 < M, 1 < j < N. They will be used to interpolate the surface of the

tow by parametric dual kriging.

For convenience, the kriging profiles are chosen as constant drift with covariance Kj(h) in
the cross-section, and linear drift with covariance Ks(h) in the longitudinal tow direction.
Before using the surface kriging, proper parameter values should be assigned to each data
point such that:

P(si,tj))=PF; (1<i<M,1<j<N) (4.11)

where S and T denote two independent normalized sets of parameters between 0 and 1 along

the longitudinal and transverse tow directions respectively.
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The parametric equation of the surface can be obtained as follows (for convenience, only the

equation for z is presented here):
z(s,t) =ki(s)" - ST P, - T kot) (4.12)

where S, T are the dual kriging matrices in the longitudinal and transverse directions respec-
tively, ki(s), ko(t) are the vectors of the drift and covariance functions, and P, is a matrix

containing the abscissa of points F;;:

1
s=| flsi—sl) 1 (4.13)
1 1 0
_ o
Ky([ti — ;1) '
1 1
_tl ty d
ki(s) = [ Ka(ls—sil) -+ Ki(Js—sul) 1] (4.15)
ki(s) = [ Kot —ti]) - Kollt—tnl) 1 ¢] (4.16)
x(sy,t1) - x(s1,tn) 0 O
P, — 5 - 00 (4.17)
z(sy,t1) o x(sy,tn) 00
0 - 0 00

Finally, the full parametric equation of the tow surface is obtained by applying the same

method to process the y and z coordinates of points P;;.
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5.1 Chapter overview

This chapter presents the article published in Polymer Composites, in which the numerical
and experimental investigations of saturated transverse permeability of 2D woven glass fabrics
were carried out based on the material twins proposed in Chapter 4. Compared to traditional
geometric models, material twins precisely represent the geometric features of the fiber tows
and the nesting between the fabric layers. This provides a more realistic model of mesopores,
which leads to more precise and reliable simulation results. Besides, thanks to the material
variability that can be taken into account in material twin, variations in fiber volume content
and permeability predictions occur in numerical simulations as in experiments with real
fabrics. This inherent characteristic makes the material twins different from the other general
geometric models. In addition, several key issues were considered to improve the existing
experimental procedures and get more reliable and accurate measurement results. Finally,
both the numerical and experimental approaches are employed to discuss the effect of nesting

between fabric layers in saturated transverse permeability measurements.

5.2 Abstract

The through-thickness permeability of fibrous reinforcement is one of the critical parameters
that govern fabrication efficiency and production quality in several Liquid Composite Molding
(LCM) process variants devised to achieve through-thickness impregnation of fibrous rein-
forcements. It is difficult to precisely measure and predict the through-thickness permeability,
because it is simultaneously affected by diverse factors, for example the geometric features
of the test mold, nesting between fabric layers and flow-induced compaction of the fiber bed.
In this article, the saturated through-thickness permeability of 2D woven glass fabrics is in-
vestigated using information provided by mesostructural geometric models reproducing the

real textile architecture. These models are created by Micro-CT Aided Geometric Modeling
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(Micro-CT AGM), a recently proposed technique to analyze three-dimensional images ob-
tained by X-ray microtomography. They are called “material twins” because they reproduce
with assessed accuracy the geometrical configuration of the textile preform, are representa-
tive of material variability and allow performing numerical simulations of flow or mechanical
properties. Computer simulations of steady state through-thickness flows in material twins
were carried out to evaluate the transverse permeability and compared to experiments. Is-
sues concerning material variability due to nesting and the accuracy of through-thickness
permeability measurements were considered and discussed. A good agreement was obtained
between numerical and experimental values of transverse permeability. Both approaches show
a significant influence of the number of layers considered, which can be explained by nesting
between adjacent plies. Numerical simulations also illustrate how nesting significantly affects

material variability.

5.3 Introduction

High performance polymer based composites are widely used in the aerospace and automo-
bile fields, because of their higher strength per unit mass compared to metallic materials.
The design flexibility they provide and long life are also key advantages of these materi-
als. Liquid Composite Molding (LCM) is a generic term regrouping a family of composite
manufacturing processes, in which a liquid thermoset resin is injected in a mold cavity to
saturate a dry preformed fibrous reinforcement. Several LCM process variants were devised
to achieve through-thickness rather than in-plane resin impregnation of the fiber bed, for
example Vacuum Assisted Resin Infusion (VARI) with a distribution medium [1, 2], Com-
pression Resin Transfer Molding (CRTM) [3-5], and Flexible Injection (FI) [6-8]. Thus, the
average length of resin flow paths is considerably decreased, which makes possible to produce
composite parts of large dimension with standard injection equipment. In these processes,
the through-thickness permeability of fibrous reinforcement is a critical factor that governs

part quality and manufacturing efficiency.

In recent years, different experimental approaches have been developed to measure the satu-
rated through-thickness permeability. Klunker et al. [9] used experimental setups with three
slightly different injection and data acquisition systems to study the permeability of fibrous
reinforcements for different injection pressures. Becker and Mitschang [10] built a measure-
ment unit to simultaneously monitor compaction and measure the transverse permeability.
Without using stacks of fabric layers like in other investigations, Drapier et al. [11] designed
a system with fewer fabric plies to study the influence of stitching density on permeability.

A continuous method was also proposed by Ouagne et al. [12,13] to measure in a single test
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the through-thickness permeability as a function of fiber volume content. This approach is
considered to better reflect the coupling phenomena between compaction and the liquid flow
in Resin Film Infusion (RFI). Scholz et al. [14] followed a similar procedure to characterize
the liquid and air permeability. Note that they also used highly permeable grids as surface
layers on the bottom and top of the experimental samples to assist in generating a through-
thickness flow as uniformly unidirectional as possible. According to their findings, the grid
plays a quite important role in saturated through-thickness permeability measurements, es-
pecially for thin samples. Moreover, they found that permeability decreases when more layers
of the same material are stacked. This was explained by the reduction of gaps between fiber

tows in stacked layers induced by nesting [15].

The effect of nesting on through-thickness permeability of fibrous reinforcements was also
investigated in several other studies. Fang et al. [16] and Jiang et al. [17] proposed theoretical
models to predict the transverse permeability of unidirectional and non-crimp fabrics that
were compared to experimental results. This analysis showed that layer shifts and nesting
have a great effect on the permeability of these two types of fabrics. Yang et al. [18] employed
a numerical model of two fabric layers to study the effect of nesting on the through-thickness
permeability of woven fabrics. Sas et al. [19] conducted numerical simulations to investigate
the effects of the stacking sequence and of the misalignment of layers as commonly observed
in practical applications. The results show that the stacking sequence plays a significant role
on the transverse permeability of engineering fabrics. However, these papers do not give a
full picture on the effect of nesting on permeability, because in [16, 18] only two plies were
tested which is not fully representative of real materials, and in [17,19] only unidirectional
fabrics were investigated. The effect of nesting on the transverse permeability of multilayer
woven fabrics still needs to be studied. Thanks to microtomography, it is possible to carry out
this investigation for fibrous reinforcements in their real deformed state under compaction.
Numerical flow simulations will be conducted on three-dimensional geometric material models

obtained from micro-CT scans.

Besides nesting, the through-thickness permeability of fabrics can also be affected by other
factors, such as the deformation of fiber tows resulting from flow-induced compaction [10,20,
21], reinforcement distortions [22,23] and dual-scale flow [24-28]. Affected by these factors
and also the intrinsic features of different fabrics, such as the material and the woven pattern,
the range of saturated transverse permeability can be very large, which generally varies from
107m? (1 [14,18,29-31]), 10~"'m? ( [12,13,19,32]) to 10~'*m? or even lower ( [9-11,20,33]).
No standard procedure has yet been proven to measure the saturated through-thickness
permeability of fibrous reinforcements. Therefore, an international benchmark exercise was

performed recently to compare measurement results of compression and through-thickness
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permeability obtained by 32 different research laboratories. However, as reported in a con-
ference paper of 2018 summing up and comparing the experimental results [34], differences of
about two orders of magnitude were observed between the experimental results of participants
even for the measurement of the same fabrics. Although through-thickness permeability mea-
surements have been routinely performed for some time, these significant discrepancies show
that some experimental issues still need to be clarified. In order to develop an accurate and
robust measurement procedure, it is necessary to take into account the physical phenomena

that come into play in liquid flows through stacks of fibrous reinforcements.

Compared to experiments, numerical simulation is an efficient way to study the permeability
of engineering fabrics to reveal the critical phenomena occurring during the impregnation
in LCM processes both at the mesoscale and microscale levels [19,35-39]. However, the
comparison between numerical predictions of transverse permeability and experiments still
remains a challenge because the mesostructural models are generally constructed by idealized
modeling approaches. Thus, most simulation results cannot take into account the effect of
material variability as in experiments. Since material variability is an intrinsic feature of
fabric stacks, it was always regarded as a critical factor leading to the scatter of experimental
results [22]. However, few appropriate modeling tools are yet available to account for the
variability of engineering fabrics [40]. Some numerical simulations based on the geometric
models generated from microtomographic images allowed investigating the influence of ma-
terial variability on permeability [30,31,41]. However, since the unit cells are extracted at
different locations of the reconstructed model for a certain number of layers, only the spatial
variability of permeability can be studied. It is still not possible to study the variability
induced by nesting or contact between tows, since the tows are not necessarily separated

during image processing.

This article studies the saturated through-thickness permeability of 2D woven fabrics using
both experimental characterization and numerical predictions. The objective is to improve
the comparison between the two approaches by considering in numerical simulations the effect
of nesting in fabric stacks. The original in-situ compaction device developed by Hilal [42] for
microtomographic investigations was used to scan a stack of fabric layers at different levels of
compaction. The recently proposed technique of Micro-CT Aided Geometric Modeling [43]
(Micro-CT AGM) was employed to construct, from X-ray microtomographic voxel images of
fibrous reinforcements, structured geometric models of a stack of 2D woven glass fabrics for
increasing fiber volume contents. These models combine the power of two representations
of complex materials: (1) depending on the resolution of the micro-CT scan, the voxel file
contains observed local details of the material; (2) identifying and numbering fiber tows

provides in the end a structured voxel file for detailed analysis of their geometrical features.
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In addition to providing a better understanding on liquid flows through continuous fiber
composites, this article shows how realistic mesostructural models and numerical simulations

provide relevant information on material variability.

The article is organized as follows. In Section 5.4, three geometric models of the same
textile specimen are generated for different compaction levels, namely for increasing fiber
volume contents. These models are subsequently used to calculate the effective thicknesses
of each fabric ply and investigate the influence of the number of layers on the fiber volume
content of the stack. Section 5.5 describes the experimental setup and methodology followed
to measure the transverse permeability and discusses key issues connected with accuracy.
Section 5.6 gives details on the numerical simulations carried out to predict the through-
thickness permeability. Finally, simulation results are compared to experiments in Section
5.7.

5.4 Geometric models created from microtomographic scans

In this section, Micro-CT Aided Geometric Modeling (Micro-CT AGM) is applied to a stack
of 2D plain woven glass fabric layers to construct mesostructural geometric models of textile
architecture. These models were called “material twins” ! in [43], because they possess the

three following basic properties:

1. Accuracy. - The models reproduce with assessed accuracy the mesoscopic structure of
fiber tows. This is possible thanks to microtomographic observations of the material
structure and to the Micro-CT AGM methodology devised to construct a detailed and
structured geometric model of textile architecture. The structured voxel file created
allows a thorough analysis of the geometric features of the fiber tows contained in the

specimen.

2. Material variability. - Lower resolution micro-CT scans enable to model larger speci-
mens that are more representative of material variability than single unit cells like in

most previous investigations ( [32,44-46)).

3. Numerical simulations. - Because the structure of the material has been identified and
all the tows numbered, it is possible to create finite element meshes of the fibers and/or
of the mesopores between the tows. Hence numerical simulations can be carried out

to predict the mechanical or flow behavior of engineering textiles, thus establishing a

!There is no direct connection here with digital twins, which denote computer models of mechanical
systems based on big data experimental observations.
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connection between material properties and the geometric features of fibrous reinforce-

ments.

Three geometric models of the same fabric are generated for different fiber volume contents.
Based on the geometric features of material twins, the statistical concept of “effective thick-
ness” is introduced to describe precisely the local thickness of nested plies and derive a more

accurate estimation of fiber volume content.

5.4.1 X-ray microtomography

Microtomographic scans of a stack of 2D fabric layers were acquired with a specially devised
cylindrical observation tool [42]. The fabric can be carefully cut with a dye in a press to
provide circular samples of diameter 25.8 mm without falling apart. Since the region of
interest lies inside the yellow dashed rectangles of Figure 5.1, no edge effect due to cutting
may affect the analysis. The specimen includes ten circular samples of a glass fiber plain weave
fabric from Texonic (product number L14012) and two metallic grids (called distribution grids
in the sequel) on the top and bottom surfaces of the sample as illustrated in Figure 5.1a. The
textile specimen is held between these two grids during the compaction experiments as in
the through-thickness injection tests performed to measure the transverse permeability (see
Section 5.5.2). During sample preparation, the different layers were positioned as carefully

as possible, so that all the plies possess identical tow orientation.

The X-ray microtomographic scans were conducted with a Nikon XT H 225 at a resolution of
22 um/pixel with a voltage and intensity of the X-ray beam of 180kV and 30 pA respectively.
Three measurements were carried out on the same sample at different levels of compaction.
In order to avoid edge effects, a rectangular region of interest of area 15.82 x 8.58mm? (around
6 unit cells in the horizontal plane) was selected for analysis in the central part of the scanned

specimen (see Figure 5.1b).

5.4.2 Geometric models created for three increasing fiber volume contents

Figure 5.2 illustrates the geometric models created by Micro-CT AGM for the three increasing
levels of compaction. As indicated, the overall thickness of the specimen decreases by 0.64 mm
from the lowest fiber volume content of 47.4% to the highest one of 54.4%. These geometric
models are different from the ones reconstructed in other studies ( [45-48]), because all the
fiber tows of the fibrous reinforcement are identified and individually labeled. Thus, the
geometric features, orientations and mechanical properties of fiber tows can be taken into

account in the analysis. Since the geometric information comes from the actual configuration



98

_ = > \ Distribution
\ 4 N - e, o
~
~
o>

(b) (b) Top and front views of the microtomographic image

Figure 5.1 X-ray microtomographic scans of the fabric specimen: (a) reconstructed 3D voxel
microtomographic image; (b) top and front views of the cross-sectional planes assigned in (a)
showing the region of interest to generate material twins indicated by the dashed rectangles
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of fiber tows and because of their specific properties, these structured models combining
specific geometric information on fiber tows with a voxel representations of textile architecture
were called material twins in [43]. They provide more precise details and general information
on material variability at the mesoscopic scale compared to standard approaches based on
textile modeling software such as TexGen [49,50] or WiseTex [51,52] for example. At the
same time, similarly to the models generated by textile software, operations such as deletion,
deformation and displacement of fiber tows are possible. This means that different geometric
models can be extracted from one material twin. In the next section, this property is used

to calculate the effective thicknesses of each layer inside the fabric stack.

5.4.3 Effective thickness

The geometric models derived from material twins allow performing mathematical operations
on fiber tows so that their geometric features (such as the centroid line or cross-sectional
area) can be clearly defined (see also [43] for more details). This can be used to calculate the
effective thickness of any subset of n layers from the complete stack. To do so, the top and

bottom surfaces of each fabric layer were generated as follows:

1. determine the centroid lines of each fiber tow;

2. extract the extremum points of all the centroid lines in the thickness direction to de-
termine the crests and troughs, then select the top (bottom) points of contours at the

crests (troughs) respectively;

3. for each fabric layer, classify the top (and bottom) points on the top (and bottom)

surface;

4. apply parametric surface kriging [53| to process the surface points, then generate the

top and bottom surfaces as shown in Figure 5.3a.

After generating these surfaces of each fabric layer, it is possible to calculate the average
thickness between the top and bottom surfaces of any number of superposed plies. Note
that since these surfaces are not necessarily flat, the thickness cannot be readily obtained
from one single measurement. Therefore, the statistical concept of effective thickness is
introduced as the mean value of all the distances between corresponding pixels on the top
and bottom surfaces of the superposed plies. Given the material variability of composites, it
is natural here to use statistics to define representative characteristic parameters of materials

with significant geometric variability. For example, Figure 5.3 illustrates how an effective
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h = 4.25mm,V; = 54.4%

Figure 5.2 Material twins for three different fiber volume contents: the left side shows the
voxel material twins; the right side displays the cross-sections identified in the voxel images
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(a) Definition of the top and bottom surfaces of a three-layer fabric stack
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Figure 5.3 Effective thickness of a three-layer fabric stack: (a) illustration of the top and
bottom surfaces used to determine the effective thickness of a three-layer sample extracted
from the ten-layer stack; (b) the effective thickness is defined as the statistical mean value
(black line) of the distances between the corresponding pixels on the top and bottom surfaces
of a series of fabric layers
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thickness of 1.46 mm was determined for a three-layer stack extracted from the ten-layer

material.

5.4.4 Analysis of fiber volume content
The fiber volume content V; of a stack of fabric layers is calculated by the following equation:

n X Psurf
Ve ——— 2
d h x Puol

in which n is the number of fabric layers, ps,¢ the surface density of the fabric, p,, the

(5.1)

volume density of glass fibers, h the thickness of the sample. As the top and bottom surfaces
of all the fabric layers were determined previously, the fiber volume content can be evaluated
for any number of layers in the stack. To do so, all possible models of n superposed plies,
for 1 < n < 10, were extracted from the specimen. For example, if the layers are numbered
from 1 to 10 from top to bottom, then 8 three-layer models can be considered, namely with
plies 1 to 3, 2to 4, 3to 5, 4to6,5to7, 6to8 7to9 and 8 to 10. Then the effective
thickness and the resulting V; can be calculated for each of these three-layer stacks. Following
this methodology, the effective thickness and fiber volume content were evaluated for each
number of layers (NOL). Figure 5.4 shows the average V; values with error bars obtained
for the three levels of compaction considered. In each case, V; increases with the number of
layers and converges to a constant higher value for increasing compaction levels. This means
that to reach the same V; for two fabric stacks with different numbers of layers, their overall
levels of compaction will be different, especially for a low NOL. Thus the flow properties of
the reinforcing material clearly depend on their level of compaction, and not only on fiber

volume content.

Another particular finding in Figure 5.4 concerns the nearly identical mean values of fiber
volume content obtained for the three compaction levels considered when NOL = 1 (however,
with significantly different error bars). This means that, from a statistical point of view, the
displacements of fiber tows lead to a reduction in the volume of mesopores (i.e., the open
spaces between tows), which finally contributes to increase V; for the whole stack. In order
to better understand, the evolution of fiber volume content for single layer fabrics during

compaction should be further investigated.

5.5 Saturated through-thickness permeability measurements

The saturated through-thickness permeability measurement technique employed in this study

is presented in this section, including the theoretical background, the experimental set-up
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Figure 5.4 Relationship between the fiber volume content V; and the number of layers (NOL)
for the three levels of compaction MT1, MT2, MT3 considered in Figure 5.2

and several issues connected with accuracy, namely the injection pressure, test duration and

the effective thickness of the distribution grids.

5.5.1 Theory

The principle of through-thickness permeability measurements is based on the linear relation-
ship between the pressure drop and the volumetric flow rate in unidirectional flow conditions.

The permeability K, can be obtained from Darcy’s law:

Q_K.AP

A= (5.2)

where @ is the volumetric flow rate, A the flow area of the porous medium, p the viscosity
of the fluid, AP the pressure drop and h the thickness of the preform.

5.5.2 Experimental setup

Figure 5.5 shows the through-thickness permeability test mold. The device consists of a
stainless steel cylindrical mold of diameter 95.25 mm. Following Scholz et al. [14], two highly
permeable metallic grids (called distribution grids as shown in Figure 5.1) are placed on
the top and bottom surfaces of the specimen to generate a unidirectional transverse flow as
uniform as possible. As presented in Eq. (5.2), the volumetric flow rate Q and the flow area

A of the fabric specimen are considered here to calculate the transverse permeability K.
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The textile specimen with the two distribution grids is then placed horizontally between two
circular metallic perforated plates (see Figure 5.6a) to ensure uniform compaction. Shims
are used to control the thickness of the fabric specimen and its total fiber volume content.

The mold is closed by three manually tightened nuts.

. «——Tightening nuts

Fluid surface

Shims

Inner cylinder

i R 2

Outer cylinder

o ALLLTITL FLLLLLLLS s CTTTTLLSSLSSSSTSS, i

|\ |

Metallic perforated

Distribution= plates

grids

Figure 5.5 Schematics of the through-thickness permeability mold

The test liquid is injected from a cylindrical piston (PARKER Series 2MA) assembled on
a universal testing machine with the capability of setting the piston velocity to generate a
stable and constant injection flow rate during the measurement. As carefully checked before
each test, air bubbles are completely squeezed out of the injection system (the piston and
the connected tube), so that the volumetric flow rate remains constant. The liquid enters
the bottom cavity of the mold, passes through the fibrous reinforcement and leaves the mold
through the flow outlet pipe near the top (see Figure 5.6b). The outlet pipe is connected
to a vacuum pump to draw the fluid out and ensure that the liquid surface remains stable
inside the mold. A pressure sensor (Hoskin Scientific E-14 with a range from -1 to 0.6 bar) is
placed at the bottom of the cavity to measure the pressure of the oil flowing into the fibrous

reinforcement.

The experimental procedure can be outlined as follows: the textile specimen with the desired

number of layers is placed in the mold, which is closed with a given shim combination to
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Figure 5.6 (a) Illustration of the metallic perforated plates mentioned in Figure 5.5; (b) top
view of the closed mold showing the outlet of the mold and the outlet pipe connected with
the vacuum pump

compress the specimen and reach the target fiber volume content. The piston is set into
motion at an appropriate velocity to inject the oil into the mold and saturate the specimen
at constant volumetric flow rate. The saturated through-thickness permeability measurement

can then be launched.

Three different flow rates are needed for each permeability measurement. The corresponding
piston velocities are carefully selected to ensure a relatively low pressure to prevent flow-
induced fiber deformation. Figure 5.7a shows a typical pressure profile obtained during a
complete test. Every injection stage at a given velocity lasted about 90s to make sure that
the pressure is stabilized. Thus a stable pressure was obtained for each injection stage.
The starting and end points are labeled on the pressure curve of Figure 5.7a. Note that
the oscillations coming from the pressure sensor remain low compared to the pressure level
attained during each injection stage. The stages at zero pressure correspond to the time
necessary to change the piston velocity on the console panel of the injection system. Based
on the selected periods of the pressure curve and other data appearing in Eq. (5.2), a real-
time average permeability is calculated by Darcy’s law and plotted in Figure 5.7b. The three
average values obtained correspond to the three stable pressure stages appearing in Figure
5.7a. Due to the noise in the signal of the pressure sensor and the mechanical vibration
of the injection system, the curves of Figure 5.7b oscillate around constant values. Thus

it is straightforward to calculate a mean value for each injection stage from the real-time
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Figure 5.7 (a) Typical example of transient pressure during the experiment: the red cir-
cles, green squares and blue triangles show the start and end points of three injection stages
considered as stable to calculate permeability; (b) real-time average through-thickness per-
meability calculated from the pressure data of (a); the red, green and blue curves correspond
to the stabilized injection stages in (a)
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permeability. The final permeability value is computed as the average of the three injection

stages (namely here 5.7 x 107''m? for the selected example).

5.5.3 Material description and experimental conditions

The material of the experiments was mentioned in Section 5.4, namely the glass fiber plain
weave fabric from Texonic (product number L14012) of areal weight 590 g/m?. The test fluid
was silicone oil XIAMETER® PMX-200 100CS (Lot 0008225354). Based on the viscosity
measurements performed by the Technical University of Munich (TUM) for an international
benchmark exercise [34], the following power law was chosen to correct the viscosity of each

measurement based on the temperature recorded during the test:
p =528 x T3 (5.3)

where p is the viscosity (mPa.s) and T the temperature (°C).

To prevent fiber deformation which change permeability during the transverse permeability
tests [9,20,21], low injection pressures were selected for the measurements. Since the flow
rate is controlled by the injection system (and not pressure), the injection velocity is specified
in the tests. The highest injection pressure is around 6000 Pa (for the tests with V; = 56.3%
and NOL = 12), while the injection pressure remains lower than 2000 Pa for most of the
experiments. Since a pressure sensor with a small range of values from —1 to 0.6 bar was

used in the measurements, the accuracy of the obtained pressure data can be confirmed.

In order to study the effect of the number of layers, three sets of fabric samples with different
numbers of layers (NOL) were tested, namely for NOL = 6, NOL = 8 and NOL = 12.
The experiments were performed at three different fiber volume contents for each NOL. All
the tests were repeated three times. Considering that the injection pressure applied in this
investigation is very low, flow-induced compaction was assumed negligible and the fabric
specimens were used for a series of successive experiments. For NOL = 6 and NOL = 8§,
three tests were performed with each fabric specimen for increasing fiber volume contents.
Since the injection pressure was higher with NOL = 12 (see above), a new stack of textile

reinforcement was inserted in the mold for that configuration.

5.5.4 Thickness correction

As illustrated in Figure 5.5, the experimental setup uses a combination of calibrated shims
to control the thickness of the cavity. The latter contains the textile specimen and the two

distribution grids. These metallic grids play an important role to ensure a unidirectional
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transverse flow as uniform as possible through the fibrous reinforcement, but their presence
can change the fiber volume content of the sample. As illustrated in Figure 5.8, if no nesting
occurs between the grid and the fabric layers, the thickness of the textile specimen can
be calculated by using the cavity thickness hcqity, and subtract the thicknesses of the two
distribution grids without compression, which is 2 x 0.57 mm. However, in practice, nesting
occurs between the grids and the top and bottom layers of the fabric stack as shown in Figure
5.9. During compaction, the distribution grids are compressed inside the top and bottom
surfaces of the fabric stack, inducing important local deformations of the fabric layers. This
changes the thickness of the distribution grids and hence, if not taken into account, this
can affect significantly the final value of permeability as a function of fiber volume content.
As illustrated in Figure 5.8, the effective thickness of the distribution grid hpg is defined
as the distance between the surface of the distribution grid and the surface of the fabric
layer at the boundary. Therefore, the effective thickness of the textile specimen can be
calculated as hr = heguity — 2hpe. By using the calculation method of the effective thickness
introduced in Section 5.4.3, the effective thickness of the distribution grid hpg for different
levels of compaction can be evaluated from the geometric models of the ten-layer fabric stack
generated by Micro-CT AGM. Figure 5.9 illustrates the difference in preform thickness that

occurs in case of nesting.

Finally, combining the relationship of Figure 5.4 between the fiber volume content V; and
the number of layers with the evolution of the effective thickness of the distribution grid
with fiber volume content V; in Figure 5.9, the effective thickness of the distribution grids
for fabric stacks with different numbers of layers can be obtained as a function of the fiber
volume content as illustrated in Figure 5.10. The exponential fitting functions giving these
effective thicknesses are listed in Table 5.1. Figure 5.10 shows that the effective thickness
hpe of a distribution grid decreases significantly with the fiber volume fraction (V) of the

fabric stack, while hp¢ slightly increases with the number of layers (NOL).

NOL Fitting function

6  hpr = (3.49 x 1097352V 4 (3.43 x 1071), Ry = 1.00
8  hpr = (2.34 x 10°)e™345Vr 4 (3.44 x 1071), Ry = 1.00
10 hpr = (8.44 x 10°)e™3232Vs 4 (3.41 x 1071), Ry = 1.00

Table 5.1 Fitting curve of the relation between V; and hpg

To illustrate the importance of this correction, a comparison between the experimental re-
sults of transverse permeability with and without thickness correction is presented in Figure
5.11. The same pressure data is used in this analysis for the test with NOL = 8. The
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Figure 5.8 Illustration of the effect of nesting on the calculation of fiber volume content. The
left side shows the case with no nesting between the distribution grids (DG) and the fabric
layers, and the right side shows the case of nesting
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Figure 5.9 Evolution of the effective thickness of the distribution grid for three compaction
levels. On each of the figure panels (a), (b) and (c), the left side illustrates the nesting effect
between the distribution grid and the adjacent fabric layer during compaction; the right
side gives the corresponding effective thickness of the distribution grid. The fiber volume
contents of the ten-layer textile specimen were calculated from the microtomographic images
for the three compaction levels considered and take the following values: (a) Vy = 47.4%; (b)
Vf = 506%, (C) Vf = 54.4%
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Figure 5.10 Relationship between the effective thickness of the distribution grid hpg and the
fiber volume contents V; of fabric stacks with different numbers of layers (NOL)

only difference lies in the calculated thickness of the textile specimens, which leads to huge
differences in fiber volume content for the two results in Figure 5.11. Since the thickness also
affects transverse permeability in Darcy’s law (see Eq. (5.2)), this correction leads to slightly
different permeability values. Therefore, this thickness correction is absolutely necessary to
process accurately transverse permeability measurements, especially when the fabric stacks
are thin and if coarse metallic grids are used as distribution grids to ensure that a thorough

uniform 1D flow is generated.

5.6 Numerical simulations

In this section, the geometric models generated by Micro-CT AGM presented in Section 5.4
are employed to carry out simulations of through-thickness permeability measurements with
VGStudio MAX 3.0 software [54]. A convergence study is conducted to ensure that the model

considered is large enough to get representative simulation results.

5.6.1 Flow model

Predictions of transverse permeability were obtained by performing numerical simulations
with VGStudio MAX 3.0 software [54]. The model is based on the geometric descriptions
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Figure 5.11 Effect of thickness correction on typical permeability measurements for NOL = 8

generated by Micro-CT AGM and the numerical simulation of a steady Stokes flow through
the mesopores of the fibrous reinforcement. The boundary conditions and other parameters
(i.e., fluid properties) used in the simulations are representative of a real experiment. As
illustrated in Figure 5.12, the pressure distribution and the flow paths in the preform can be
evaluated numerically, and then the saturated permeability can be computed. Note that the
mesostructural models do not consider microstructural open spaces inside fiber tows. Hence
the liquid can flow only through the mesopores between fiber tows. These microscopic effects
can usually be neglected in the evaluation of saturated permeability [36], although this might
not be the case for the unsaturated permeability as the micropores are progressively filled up
during mold filling. Thus, the mesoscopic and microscopic scale flows can be decoupled, al-
though it might lead to an underestimation of the predicted permeability. However, since the
highest fiber volume content studied in this article is lower than 55%, this leaves continuous
flow channels between the tows. Hence, we can consider that the permeability is dominated
by the mesoscopic flow with less significant effect of the microscopic impregnation of fiber

tows.
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Figure 5.12 Simulation result showing the pressure distribution and flow paths in the meso-
pores of a mesostructural model generated by Micro-CT AGM (NOL = 10, V; = 47.4%)
obtained with VGStudio MAX 3.0 software. The through-thickness flow is assumed to enter
through the bottom surface of the fabrics stack and leave through the top surface. The top
left, top right, bottom left and bottom right images show respectively the front, side, top
and 3D views of the mesoporous structures of the preform
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5.6.2 Convergence study

In order to prevent an overestimation of the mesopores in the region close to the boundary of
the mesostructural models, regions of interest for the flow analysis need to be selected in the
central parts of the geometric models. However, the cross-section of the simulation domain
should be large enough to ensure that the results are representative of the real material. To
verify this, a convergence study was conducted with the geometric model MT1 considered
in Figure 5.2 by increasing the length and width of the region of interest, while keeping the
maximum height constant in the thickness direction (see Figure 5.13). Since the geometric
model consists of ten plies, significant nesting exists between fabric layers, which makes
difficult to distinguish the number of unit cells in the whole fabric stack. Therefore, the
geometric features (length, width and area) are used here to describe the size of the regions
of interest. When the sample area becomes larger than 60 mm? (around 3 unit cells), the
simulation results converge to a nearly constant value. The largest area in Figure 5.13, namely
11.28 x 8.58mm? (around 4 unit cells), was selected to perform the numerical simulations in

the sequel.

4.5

2.5 A

2.0 1

20 40 60 80 100
Area [mm?]

Figure 5.13 Convergence study of through-thickness permeability calculations with VGStudio
software in regions of interest of increasing cross-sectional areas (NOL = 10, V; = 47.4%)
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5.7 Analysis and discussion of experimental and simulation results

This section presents a comparison of experimental results and numerical predictions of the
transverse permeability of 2D woven fabrics. The two approaches are also used to investigate

the effect of the number of layers on permeability.

5.7.1 Comparison of simulations and experiments

Figure 5.14 shows the comparison of simulation with experiments for NOL = 6 and 8. A
good agreement is found, especially for 8 fabric layers. Since the simulations are conducted
in representative regions extracted from the material twins created with 10 fabric layers, five
combinations of layers for NOL = 6 and three for NOL = 8 have been studied, so that error
bars can be provided for simulation results along the x and y axes. Thus numerical predictions
can also illustrate the variability of the material much like experiments, which was generally
not possible in previous studies [19,35-39]. Meanwhile, differently from other investigations
that assume a uniform distribution of fiber volume content in one fabric stack, the geometric
models used in numerical simulation are constructed from real fabrics so that the nesting and
distortion between fabric layers can be precisely described without any particular assumption.
As illustrated in Figure 5.14, these phenomena can cause significant variations in fiber volume

content and predicted permeability, which explain the overall variability of simulation results.

The variability of experimental results might be explained in the same way, since the orienta-
tion of fibers and the nesting of fabric layers cannot be perfectly controlled during the lay-up
process. However, some differences still exist between simulations and experiments, which
might explain why the variability of experimental results is lower than that of simulations.
For example, all the six-layer and eight-layer representative regions are extracted from the
ten-layer material twins, thus their fiber volume contents cannot be controlled, but only cal-
culated. Meanwhile, some of them do not possess the top and bottom surfaces with highly
local deformation induced by the compression of the distribution grids. However, the fabric
stacks used in the experiments include the effect of top, bottom and middle layers, and the

exact fiber volume content of the stack can be evaluated from the measurements.

5.7.2 Effect of the number of layers on the through-thickness permeability

Figure 5.15 illustrates how the number of fabric layers affects the transverse permeability
from the numerical and experimental points of view. Both results show that permeability

decreases when the number of fabric layers increases. However, this effect gets smaller with
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Figure 5.14 Comparison of simulation results with experiments for two stacks of 6 and 8
fabric layers: (a) NOL = 6; (b) NOL =38
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V. The largest difference can reach 50%, which indicates a significant effect of the number
of layers on permeability. The same conclusion was observed in other investigations [14,17].
However, it is the first time that the effect has been verified for multi-layer 2D woven fabrics
simultaneously in numerical predictions and experimentally. According to these results, it
is not recommended, especially for a low number of fabric layers and fiber volume content,
to use a fixed cavity thickness and change the number of fabric layers to characterize the
saturated transverse permeability as a function of fiber volume content, as commonly seen
in other works [9,20]. Instead, the number of layers should be selected based on practical

requirements, and the fiber volume content controlled by changing the cavity thickness.

5.8 Conclusion

Saturated through-thickness permeability measurements based on unidirectional transverse
injections in a cylindrical test mold were carried out experimentally and reproduced numer-
ically. Several key issues were considered to perform the experiments: (1) highly permeable
metallic distribution grids were placed on the top and bottom surfaces of the preforms to
generate a unidirectional transverse flow as uniform as possible; (2) low injection pressure
was applied to prevent fiber deformation; (3) the effect of nesting between the distribution
grids and the fabric layers was quantified and considered for the calculation of fiber volume
content. The simulations were carried out with mesostructural models generated from 3D
microtomographic images of dry fabric stacks using recently proposed Micro-CT AGM [43].
This allowed extracting from one single scan geometric models for various numbers of fabric
layers, which provides then a quantitative evaluation of the material variability induced by
nesting without undue increase in characterization time (normally a microtomographic scan
can take hours). Overall, simulation results exhibit a good agreement with experiments.
Both approaches confirm that nesting explains why the number of layers in 2D woven fabrics

has a strong influence on the saturated through-thickness permeability.

Although nesting between fabric layers was studied in detail in this work, it is still worth
further investigating this phenomenon to better understand the variability of permeability
experimental results. Only mesoscopic flows were considered here in the numerical simula-
tions. Another interesting application would consist of simulating dual-scale flows through
fibrous reinforcements [24-28]. Moreover, by combining material twins with multiscale mod-
els (see references [55,56] for example), advanced and automated computer simulations taking
into account the mesostructure of fibrous reinforcements could be carried out. Finally, using
material twins to predict the mechanical behavior of textiles in compression and shear in

composite manufacturing are other research topics that can provide useful information for
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high performance composite applications.
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CHAPTER 6 ARTICLE 3 : TRANSVERSE COMPACTION OF 2D GLASS
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GEOMETRIC ANALYSIS

W. Huang, P. Causse, H. Hu*, S. Belouettar, F. Trochu*

Published in Composite Structures, Volume 237, 111929, 1 April 2020

6.1 Chapter overview

This chapter presents the first part of the article in two parts published in Composite Struc-
tures, in which the mesoscopic deformation of multilayered 2D woven fabrics in transverse
compaction is studied. The analyses are based on three material twins of one fabric specimen
at different compaction levels generated in Chapter 5 by using the Micro-CT AGM approach
described in Chapter 4. The evolution of the morphological features of fiber tows was in-
vestigated during compaction. The results show that contacts between fiber tows have a
strong effect on the evolution of their morphological features, which is related to the material
variability of fiber tows in real fabrics. Although the geometric analyses carried out in this
chapter provide a better understanding of the mechanical phenomena occurring during tex-
tile compaction, the results remain qualitative as the deformation of fiber tows is not directly
evaluated. A quantitative deformation analysis of the fabrics will be carried out in Chapter

7.

6.2 Abstract

In Liquid Composite Molding (LCM), compaction of the reinforcement occurs during sev-
eral stages of the entire process, including before and during resin injection, which leads to
significant deformation of the fibrous architecture. This affects not only the manufacturing
process, but also the mechanical properties of final parts. This article aims to study by X-ray
microtomography the mesoscopic deformations of 2D glass woven fabrics under transverse
compaction for a range of fiber volume fractions encountered in high performance composite
applications. The analysis is based on the recently proposed Micro-CT Aided Geometric
Modeling (AGM) technique [1], which is used to create, from the three-dimensional images
of dry textile preforms obtained by microtomography, “material twin” geometric models rep-

resentative of fiber architecture. Three “material twin” mesostructural geometric models of
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a stack of multiple layer 2D woven fabrics are generated from microtomographic images at
different compaction levels. Since all the fiber tows are reconstructed from real fabrics and
are labeled separately, the deformation and displacement of fiber tows during compaction can
be subsequently studied, which is not necessarily possible with other reconstruction meth-
ods. The results show that contacts between fiber tows have an effect on the evolution of
their morphological features, which is related to the material variability of fiber tows in real
fabrics. Tracking of the fiber tows positions also reveals that the vertical displacement of

fiber tows are significant, while their horizontal movements are negligible.

6.3 Introduction

Liquid Composite Molding (LCM) is a generic term regrouping a family of composite manu-
facturing processes, in which a liquid thermoset resin is injected in a mold cavity to saturate
a dry preformed fibrous reinforcement. For processes using rigid tools such as Resin Trans-
fer Molding (RTM), compaction of the reinforcing textile is the main deformation mech-
anism during closure of the mold. Compaction can also be significant during preparation
of the preform in other process variants such as Vacuum Assisted Resin Transfer Molding
(VARTM) [2,3], Compression Resin Transfer Molding (CRTM) [4-6], or Flexible Injection
(FI) [7-9]. Rearrangement and deformation of fibrous reinforcements occur at the mesoscopic
scale during compaction, leading to significant changes in the mesoporous configuration. Thus
the flow paths through the fiber bed, and hence permeability, are strongly affected. The pre-
diction of liquid impregnation in engineering fabrics remains a complex issue because of their
dual-scale porosity [10-14]. The strong interaction between the liquid flow and fiber architec-
ture plays an important role on part quality. Therefore it must be investigated to optimize

manufacturing processes based on resin injection through fibrous reinforcements.

Mesoscopic simulations of transverse compaction have attracted recent interest. Geometric
modeling approaches have been developed using textile modelling software such as Tex-
Gen [15,16] or WiseTex [17,18], which have been applied in different topics [19-23]. Methods
based on the multi-chain digital element approach have also been implemented [24-28]. Green
et al. [29,30] proposed a numerical procedure to construct mesostructural geometric mod-
els of fabrics for simulation by combining TexGen idealized models with multi-chain digital
elements. Nguyen et al. [31] followed the method developed by Hivet and Boisse [32] to
generate mesostructural geometric models of 2D woven fabrics to simulate transverse com-
paction. Numerical simulations with a hypoelastic material law based on fiber rotation were
in good agreement with experiments. In another approach based on the discrete homoge-
nization method of Goda et al. [33], Rahali et al. [34] could predict the effective mechanical
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properties of 2.5D and 3D interlock textiles. Zhang et al. [35] developed a meso-scale finite
element-based model to predict the mechanical responses and the failure locus under uniaxial
and biaxial loadings. However, these approaches are based on idealized geometric models,
and hence cannot describe mesostructural changes in fiber architecture, namely study in
detail how fiber tows are deformed under compaction. Assumptions and simplifications are
usually necessary for numerical simulations, which reduce the computational cost, facilitate
the modeling process and provide computer predictions. However, these simplifications may
prevent the investigations of some phenomena occurring in real applications, especially in

the case of mesoscopic and microscopic issues.

A direct study of the mesoscopic deformation of fibrous reinforcements can also be con-
ducted by microscopic observations such as X-ray micro-computed tomography (Micro-CT).
With this technique, it is possible to measure, model and analyze the geometric structure of
fiber tows. Desplentere et al. [36] and Schell et al. [37,38] were among the first to demon-
strate the potential of Micro-CT to characterize the geometric features of 3D textiles at the
mesoscopic scale. Pazmino et al. [39] manually measured geometric features of fiber tows
from microtomographic images to study the shear of a single layer of non-crimp 3D orthog-
onal woven fabric. Naouar et al. [40,41] successfully reconstructed mesostructural geometric
models of a 2D woven fabric and 3D orthogonal textile from microtomographic images. The
same approach was followed by Wang et al. [42] to study the longitudinal compression and
Poisson ratio of fiber yarns. Badel et al. [43] conducted both numerical simulations and
tomographic analyses of 2D woven fabrics under biaxial tension and in-plane shear deforma-
tion. Combined with digital volume correlation, Mendoza et al. [44] proposed a technique to
characterize quantitatively the distortions of woven composites, which was recently employed
to measure yarn deformations induced by the manufacturing process [45]. However, no re-
search investigation has been reported up to now concerning deformation analyses based on
mesostructural models of fabrics with fiber tows separated by these simplified approaches at

different compaction levels.

This article aims to study the mesoscopic deformation of dry 2D glass woven fabrics under
transverse compaction by modeling the fiber tows. The original in-situ compaction device
developed by Hilal [46] to perform microtomographic measurements was used to scan a stack
of 2D glass woven fabric layers at different compaction levels. “Material twin” geometric
models of the fibrous reinforcement were created from X-ray microtomographic voxel images
following the recently proposed approach called Micro-CT Aided Geometric Modeling [1]
(Micro-CT AGM). Three “material twin” mesostructural geometric models of multi-layer
2D woven fabrics were generated from microtomographic images at different compaction

levels (and not only a manual reconstruction from a limited number of slices like other
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investigators [36,39,47,48]). Since all the fiber tows are reconstructed from real fabrics
and are labeled separately in the material twin geometric model, it is possible to analyze
the geometric features of fiber tows to study directly their deformations at the mesoscopic
scale. Note that changes in the mesoporous empty domains complementary to the fibrous
reinforcement (known as flow channels in LCM) play a key role in the impregnation process
as a result of the deformation of fiber tows. Therefore, it is possible to apply the approach
proposed here to analyze also the evolution of mesopores during compaction as done by most
other investigators [37,38,49-51]. However, note that it is not possible for them to analyze

the deformations of fiber tows.

In summary, recalling the definition of material twins in [1], their three main features can be

stated up as follows:

1. The mesoscopic structure of fiber tows is reproduced with assessed accuracy.

2. The fiber tows are identified and labeled in the voxel image, thus enabling a thorough

voxel based analysis of their geometrical features.

3. Material variability is taken into account, which allows conducting representative nu-

merical simulations of mechanical or flow properties.

Note that these models were proved effective to assess the accuracy of textile architecture [1],

and in particular predict the saturated transverse permeability of 2D woven fabrics [52].

This investigation is presented in two parts:

1. Part I studies the evolution of the morphological features and the displacements of fiber
tows under through-thickness compaction based on material twins geometric models
representative of textile preforms. Statistical analyses of tow geometric features are

also performed to evaluate material variability.

2. Part II proposes a new approach to follow the motion of points on the surfaces of fiber
tows during compaction. This provides a quantitative evaluation of the mesoscopic
deformations of fiber tows resulting from contact between tows or from nesting between

fabric layers.

The structure of Part I is organized as follows. In Section 6.4, material twin geometric models
of the same textile specimen are generated for three increasing compaction levels, namely
for fiber volume contents between 47% and 55%), which lie in the range of high performance

composite applications. In Section 6.5, the evolution of the morphological features of one
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fiber tow is analyzed during transverse compaction. This shows how Micro-CT can analyze
the geometric structure of a single tow. In Section 6.6, the geometric features of tows are
evaluated statistically for different compaction levels. Section 6.7 studies the motion of the
central lines of tows. Finally, the conclusion in Section 6.8 introduces Part 11, which presents

a new way to describe the mesoscopic deformations of textile preforms from Micro-CT images.

6.4 Material twin based geometric models

In a recent work on the saturated transverse permeability of engineering fabrics [52], the
Micro-CT Aided Geometric Modeling (Micro-CT AGM) technique [1] was implemented for
a stack of 2D plain glass woven fabrics to construct material twin geometric models for three
different fiber volume contents. The specimen comprised several circular samples (diameter
25.2 mm) of a glass fiber plain weave fabrics from Texonic (product number 114012, the
characteristics of the material are listed in Table 6.1). X-ray microtomography was conducted
with a Nikon XT H 225 at a resolution of 22 pm/pixel with a voltage and intensity of the X-
ray beam of 180 kV and 30 1A respectively. Three measurements were carried out on the same
sample at different levels of compaction. In order to avoid boundary effects, a rectangular
region of interest of area 15.82 x 8.58mm? was selected for analysis in the central part of the
scanned specimen. Meanwhile, since the top and bottom fabric layers are in contact with
metallic grids (see Figures 1 and 2 in [52]) to support the stack in the compaction device, the
fiber tows exhibit significant local deformations which are not representative of the general
compaction behavior of the fiber bed. Hence, only the middle eight layers of the ten-layer
stack will be analyzed in this study (namely from the second to the ninth layer).

Figure 6.1 shows perspective views of the three material twins created to investigate the
mesoscopic deformations of fiber tows under transverse compaction. For convenience, the
geometric models generated for the three levels of compaction considered in this analysis will
be referred to in the sequel as MT1, MT2 and MT3.

Table 6.1 Characteristics of the 2D glass woven fabrics 1.14012

Fiber Linear density Surface  Volume
Strands per

Material  diameter contimetor of strands density  density
() (10~°kg/m)  (kg/m?) (kg/m?)
Glass fiber 13 Warp: 4 735 0.590 2550

Weft: 3.7
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Figure 6.1 Material twins for three different fiber volume contents
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In this article, the fiber tows are identified and individually labeled in the reconstructed
mesostructural model. Hence the approach based on “material twin” geometric models of
real textile preforms will allow to study in detail the evolution of the geometric features,
orientations, changes in shape and displacements of fiber tows. This kind of analysis is
different from microtomographic investigations based on standard image processing tech-
niques [37,38,49-51], which provide only models of mesopores at a specific fiber volume

content, without any analysis on how fiber tows are deformed and displaced.

6.5 Morphological analysis of one single tow

Figure 6.2 shows the morphological features of fiber tows analyzed in [1] to assess the accuracy
of the reconstructed geometric models. This evaluation is based on a multiple factor criterion
and includes the seven following morphological features: local coordinates of the centroid
point, the area, height, width, angle and circularity of tow cross-sections. The shape and
skewness of the transverse cross-sections of fiber tows can be evaluated quantitatively by an
analysis based on the above mentioned morphological features. The first stage consists of

describing the procedure followed for one weft tow.

Centroid line

Figure 6.2 Morphological features of fiber tows

Figure 6.3 illustrates the morphological features of a typical weft tow extracted from the
material twins at the three compaction levels MT1, MT2, MT3 illustrated in Figure 6.1.
All these features exhibit a nearly periodic behavior in the tow direction and change during
compaction. In Figure 6.3, four typical cross-sections A, B, C and D of the fiber tow are
identified. Note that a detailed evolution of their contours is illustrated in Figure 6.4 for
the three compaction levels considered. Let us begin by reviewing in Figure 6.3 the changes

under compaction of the following five morphological features of fiber tows:

1. For larger compaction levels, the area of the tow decreases in sections A and C, where
it comes in contact with its neighbors, while it increases slightly in the middle positions

(sections B and D), where the tow is barely compressed.
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2. As expected, the height tends to decrease with compaction in the contact regions (sec-
tions A and C), but it increases in the middle positions (sections B and D). Again, this
is understandable as the tows are squeezed, deformed and may even be slightly twisted

in the contact zones as shown by the evolution of the angle.

3. On the contrary to the area and height, the width increases everywhere with com-
paction, which means that all tow cross-sections are affected by compression even if
not in direct contact with other tows. This can be explained by the structure of fiber
bundles, which are made of long and continuous filaments. Although the contact be-
tween tows can enhance local effects on some features such as the area, height and
circularity, compression has an influence on all the fiber bundles, and not only in con-

tact regions between tows.

4. The angle of the fiber tow increases also slightly with compaction, especially at some
crests and troughs. This indicates that local contact forces between tows cause the
fiber bundles to twist during compaction. However, the maximum change in angle is

about 4 degrees, thus the twist is not significant.

5. The circularity (roundness) of the contour evaluates quantitatively how close the shape
is to a mathematically perfect circle. (For a perfect circle, the circularity index is equal
to 1.) As shown in Figure 6.3, circularity obviously decreases at the crests and troughs,
which further illustrates how contact between tows leads to local deformations and

distortion.

Figure 6.4 displays the four cross-sections of the weft tow for the three levels of compaction.
A local coordinate system in pixel units is introduced for each cross-section, in which the
coordinates of the centroids points are set as (0,0). At the crest A and trough C, the
deformation of the contour is more significant where it comes in contact with other fiber
tows, but this is not the case at the middle positions B and D. Since the contours of cross-
sections can be easily acquired from the material twin geometric models, it will be possible
to track the displacement of contour points to evaluate quantitatively in Part II the local

deformations of fiber tows.

6.6 Statistical analysis of morphological features

By comparing the geometric features of each slice of fiber tows in MT2 and MT3 with MT1,
the evolution of geometric features can be analyzed statistically by evaluating relative changes

with the equation Af = (f—f1)/f1, where f stands for one geometric feature in configurations
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Figure 6.3 Variations of the morphological features of a weft tow in the tow direction for the
three compaction levels MT1, MT2, MT3 of Figure 6.1



Y [pixel]

Y [pixel]

Y [pixel]

Y [pixel]

0 20 40
X [pixel]

(a) Cross-section A (slice=50) at three compaction levels

—_— MT1
- MT2
MT3

-40 -20 0 20 40
X [pixel]
(b) Cross-section B (slice=100) at three compaction levels

X [pixel]
(¢) Cross-section C (slice=150) at three compaction levels

40

X [pixel]
(d) Cross-section D (slice=200) at three compaction levels

135
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B, C and D identified in Figure 6.3



136

MT2 or MT3, and f; is the same geometric feature in the reference configuration MT1. The
maximum, minimum and average values of Af can be calculated. Consequently, statistical

results can be obtained on the evolution of the geometric features of fiber tows.

Warp42}

Figure 6.5 Fiber tows selected for statistical analysis to follow the evolution of morphological
features at different compaction levels

As an illustration, three warp and three weft tows were randomly selected in different fabric
layers of the stack (see Figure 6.5). Figure 6.6a gives statistical results on the geometric
features of the warp tows at different compaction levels with average values of the relative
changes Af of geometrical features and error bars to show extreme values. The area and
the height both decrease under compaction, although the mean value does not present a
obvious trend with the compaction level, for example from MT2 to MT3, they increase for
Warp2, nearly keep the same for Warp22, but decrease distinctly for Warp42. This can be
explained by the material variability of real fabrics, which can be assessed in material twins.
However, the boundaries of these two geometric features generally tend to become wider with
compaction, which indicate that some parts are compressed to be thinner while some other

parts expand during the process.

The evolution of the width is quite clear. For MT2, the mean value is around 0, while
it increases obviously at MT3 for each warp tow presented in Figure 6.6a. It means that
when the fiber volume content is high enough, namely the compaction level is quite high,
the Poisson effect starts to become significant to make the fiber tows expand in horizontal

direction.

The drastic change of the mean value of circularity indicates a severe deformation of the fiber

tows, during which the cross-sections of fiber tows become less regular. Especially for Warp2
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Figure 6.6 Statistical analysis to follow the evolution of the morphological features of indi-
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at MT3, the lowest value nearly reaches —24%, it means that some cross-sections become
extremely irregular during compaction. In the contrary, the angle barely changes, especially
for Warp22 and Warp42, in which the value of angle nearly keeps zero during compaction.
Although the change of the angle is larger in Warp2, the upper boundary is still lower than
5%.

As shown in Figure 6.6b, the evolution of the geometric features is rather similar for the weft
tows although a noticeable difference exists for MT2. In that case, the changes are quite
small for most of the geometric features, which differs from the warp tows, especially for the
area, height and circularity. This might be caused by the difference between the inherent
properties of warp and weft tows (see Table 6.1), namely the strands per centimeter (thus
the initial height and width of the fiber tows) or the woven pattern. The other possible
reason might just be the particularity of the three selected weft tows. Therefore, a statistical

analysis based on the whole fabric stack needs to be conducted.

By conducting the statistical analysis illustrated in Figure 6.6 for all fiber tows in MT2 and
MT3, average values Af,

the average, maximum and minimum values of the values A f

mean, Mean of Af are calculated for every tow. After determining

means & statistical analysis is
carried out for the whole fabric stack as illustrated in Figure 6.7. The result is quite similar
to the ones of individual tows reported in Figure 6.6. This means that although the effect
of material variability on the geometric features exists during compaction as illustrated in
Figure 6.6, the fiber tows in the fabric stack deform in a similar fashion, especially when the

compaction level is high.

For these two types of fiber tows, the evolution of several geometric features are similar
during compaction, while the area, height and circularity show obvious differences in MT?2.
The mean value of most of the geometric features change slightly at MT2 for weft tows, and
reach the same level as the ones of warp tows at MT3. This lag in the evolution of geometric
features is similar to the finding in Figure 6.6b, which indicates that the phenomena does not
only exist in individual tows which might be induced by material variability, but it exists in
the whole fabric stack. It appears that additional studies are required in the future in order

to explain this phenomenon.

Although the area and height change considerably during compaction, the width is barely
modified, especially for the tows in MT2. Thus, the area and height are mainly affected
during compaction since fiber tows are compressed in the height direction, while the influence
of Poisson effect on the width is less obvious. Moreover, the width changes a little in MT2,
but more significantly in M'T3; which suggests that Poisson effect is more significant in the

fabric stack at higher fiber volume contents.
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Figure 6.7 Statistical analysis showing the evolution of the morphological features of all the
warp and weft tows at different levels of compaction

Similar to the finding in Figure 6.6, the maximum change in angle is still less than 5%,
namely around 4 degrees, while the mean value nearly keeps zero for the whole stack. This
means that the rotation of fiber tows is negligible during transverse compaction. On the
contrary, circularity exhibits a significant difference at the two levels of compaction MT2 and
MT3, which indicates that the shapes of cross-sections become less regular. This might be
explained by complex contact configurations between the fiber tows of real fabrics, which will

be further investigated in Part II.

6.7 Displacement of fiber tows

Besides the deformation of fiber tows, their movement during transverse compaction is an-
other important issue that can be evaluated from Micro-CT images. In this section, the
displacement of the central lines of fiber tows is investigated during compaction. Figure
6.8 displays the central lines derived from material twins for the three levels of compaction
considered. Because of nesting induced during the lay-up process, the central lines are not ori-
ented exactly in the same direction. During the transverse compaction process, no significant

rotation or distortion of central lines is observed.

In order to analyze the displacements of central lines, the centroids in the same cross-section

defined by the red dashed rectangles in Figure 6.8 are extracted from the geometric models
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and plotted in the upper part of Figure 6.9. At the bottom of the stack, the centroids barely
move, while significant displacements appear at the top. This can be explained by the bottom
layer, which is regarded as a fixed reference in the transverse direction. During compaction,
the top layers move downward and the displacements of the centroids of cross-sections are

larger in the upper layers.

The second layer from the top (the blue dashed line) is extracted for further analysis. The
X and Y coordinates in the cross-section are the horizontal and vertical axes of the local
reference system in pixel units that will be introduced in detail in Part II. The centroids move
about 25 pixels in the vertical direction, but only 2 or 3 pixels in the horizontal direction.
Thus, the vertical displacements of fiber tows at this layer are more significant than their

horizontal movements.

By calculating the movements of centroids of all the tows in each cross-section, the mean
value of the displacements of the fiber tows located in different layers are obtained. In
2D woven fabrics, because of the woven pattern, the displacements of warp tows should be
similar to the ones of weft tows, thus only the warp tows are analyzed here. As shown
in Figure 6.10, both displacements AX and AY exist during compaction, but the vertical
displacement AY is much larger than the horizontal displacement AX. AY presents an
obvious trend with different fabric layer, namely changes from —25 pixels at the top (first)
layer to around 0 at the bottom (eight) layer for MT3, while the change of AX does not
display a strong relationship with the change of layer, it remains around 0 and —1 for MT2 and
MT3 respectively. Therefore, for the whole stack, especially for the upper layers, the vertical

displacement of fiber tows are significant, while their horizontal movements are negligible.

6.8 Conclusion

In this study three mesostructural models were created by Micro-CT AGM [1] from microto-
mographic images of a stack of 2D glass woven fabrics at different levels of compaction. This
allowed to study the mesoscopic deformations of the fibrous reinforcement based on the real

fabric architecture.

In Part I, the evolution of the morphological features of fiber tows was investigated during
compaction. The results show that contacts between fiber tows have an effect on the evolution
of their morphological features, which is related to the material variability of fiber tows
in real fabrics. Statistical analyses were also carried out to study the average behavior
of all the fiber tows during compaction. The geometric features of fabric stacks change

under compaction in a consistent way. Tracking of the fiber tows positions also reveals that
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Figure 6.8 Central lines of fiber tows at three compaction levels. The red dashed rectangles
indicate the cross-sections (slice = 0) of the material twins
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Figure 6.9 Displacement of centroids in the cross-section introduced in Figure 6.8. The blue
dashed line in the upper part of the figure indicates the second fabric layer in the eight-layer
stack whose centroid displacements are further analyzed in the lower part
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Figure 6.10 Mean value of the centroid displacements of the warp tows located in different
layers

the vertical displacement of fiber tows are significant, while their horizontal movements are

negligible.

Although the geometric analyses carried out in Part I provide a better understanding of
mechanical phenomena occurring during textile compaction, the results remain qualitative
as the deformation of fiber tows is not directly evaluated. In Part II, a new approach will
be proposed to follow the displacements of contour points on the cross-sections of fiber tows
at different levels of compaction. This will provide quantitative information on the textile
mesoscopic deformations resulting from contacts between tows and from nesting between
fabric layers. Based on material twin geometric models, it will be possible in future work to
conduct numerical simulations to predict more accurately the material or flow properties of

continuous fiber composites.
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7.1 Chapter overview

This chapter presents the second part of the article in two parts published in Composite
Structures, which provides an analytical tool to analyze quantitatively the mesoscopic de-
formation of fiber tows at the mesoscopic scale based on material twins. According to the
morphological analysis of fiber deformations during compaction presented in Chapter 6, a
new correlation approach was proposed to trace the motion of contour points on the surfaces
of fiber tows in the material twins created at different levels of compaction. The mesoscopic
deformations of fiber tows were subsequently calculated and analyzed. The effect of contact
between different layers appears to be more important than the interaction between warp

and weft tows in the same layer.

7.2 Abstract

In Liquid Composite Molding (LCM), compaction of the reinforcement occurs during several
stages of the entire process, including before and during resin injection, which leads to signifi-
cant deformations of fibrous architecture. This article aims to study by X-ray microtomogra-
phy the mesoscopic deformations of 2D glass woven fabrics under transverse compaction for
a range of fiber volume fractions encountered in high performance composite applications. In
Part I, material twin geometric models of dry fibrous reinforcements were created at different
levels of compaction to study the evolution of the morphological features and displacements
of fiber tows when compressed during processing. Part II proposes a new approach to track
the motion of contour points on cross-sections of fiber tows during compaction. This will
allow investigating more precisely the behavior of fiber tows by calculating their mesoscopic
deformations. In particular, it will also be possible to study in more details the effect of
contacts between tows and of nesting between fabric plies on the mesoscopic deformations of

textile preforms during compression.
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7.3 Introduction

In Part I, material twin geometric models were generated from microtomographic images at
different levels of compaction and statistical analyses were carried out to evaluate quanti-
tatively the evolution of the morphological features and displacements of fiber tows when
compressed during processing. Material twins are geometric models of continuous fiber com-
posites different from those created in other studies [1-6] which describe only the mesoporous
structure of fibrous reinforcements with unseparated fiber tows. Those models remain qual-
itative and hence of limited interest, because the modifications of fiber architecture during
compaction cannot be predicted. However, in material twins, the fiber tows of textile preforms
are identified and individually labeled. This allows studying the mesoscopic deformations of
fiber architecture under compaction. Note that these models turned out also to be effective

in predicting the saturated transverse permeability of 2D woven fabrics [7].

One difficulty to assess material deformation by image analysis is to correlate the displace-
ments of material points on the images at different stages of deformation. Digital Image
Correlation (DIC) and Digital Volume Correlation (DVC) have been applied to process the
images obtained by various observation techniques to analyze material deformations [8-14].
These approaches were developed to analyze pixel or voxel data from a series of digital images
and have proved to be accurate and widely applied in mechanical analyses at the macroscopic
scale. However, applications to composites at the mesoscopic or microscopic scales started
only a few years [8,12-14]. Compared with analysis at the macroscopic scale, more random
noise arises in the images obtained from microtomographic scans. This leads to difficulties in
accurately correlating the points on the images before and after deformation by using DIC

or DVC, which may affect the quality of results.

The material twins generated from microtomographic images don’t contain only raw voxel
information, since tows are identified and labeled, they also provide a detailed mesostructural
geometric model of fiber architecture with enhanced predictive capability compared to purely
mesoporous models, in which only the mesopores are modeled. The first goal of Part II
is to propose in Section 7.4 a new correlation technique to track the motion of contour
points on cross-sections of fiber tows during compaction. This approach is not based on
pixel intensity, thus the accuracy is not significantly affected by the noise induced during
microtomographic scans. In Section 7.5, material twins allow evaluating quantitatively the
mesoscopic deformations of fiber tows. In section 7.6, the proposed approach is used to study

in more details the effect of contacts between tows and of nesting between fabric layers.
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7.4 Approach to calculate the deformation of fiber tows

The evolution of the geometric features of fiber tows during compaction was investigated for
four typical cross-sections in Part I. However, this kind of morphological analysis, although
it provides a better understanding of deformations under compaction, remains qualitative
and hence its predictive capability is limited. In this section, a new approach is proposed to
determine the displacements of contour points in the cross-sections of fiber tows at different

levels of compaction. This allows subsequently calculating the deformations of fiber tows.

7.4.1 Correlation of contour points

Figure 7.1 shows the schematics of correlating contour points at different levels of compaction.
Suppose that a rectangle of width W; and height H; is compressed into a rectangle of width
W; and height Hs, whose left top corner (the red point) is the contour point of the tow to
be tracked. The angle coordinate is defined as the angle between the horizontal axis and
the line connecting the contour point and the centroid (blue point). This angle decreases
with compaction (¢, > 6s), thus the angle coordinate cannot be directly used to correlate
the points. However, by scaling the rectangles at these two stages of compaction to a same
unit square, the angle coordinates #; and 6 are both converted to #3. Then the contour
points on the edges of the two scaled rectangles are numbered according to their respective
positions. For example, the points in the left corners are numbered as the first correlated
points, then the edges are divided into several parts and all the points can be numbered
in order. Therefore, contour points having the same normalized angle coordinates during
compaction will be correlated. Note that the scaling procedure is just used here to correlate
the contour points. Thus, the calculation of displacements presented in the following sections

is based on original cross-sections.

Note that the rectangle shape of cross section is presented in Figure 7.1 solely as an illustra-
tion, in order to provide a clearer description of the method. In fact, such approach is equally
applicable to any arbitrary section. This approach ignores the possible rotation of contours
in cross-sections orthogonal to the fiber direction. This may be considered as acceptable,
because the maximum rotation of the cross-sections was found in Part I not to exceed 4
degrees. If the rotation is larger, taking into account the rotation of each cross-section in the

morphological analysis is possible and would give a more precise correlation.
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Compress
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Figure 7.1 Schematics of correlating contour points at different levels of compaction
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7.4.2 Displacement of contour points

After correlating contour points for different levels of compaction, their displacements can be
tracked. As mentioned in Part I, both rigid movements of tows and relative displacements of
contour points occur during compaction. Considering that the deformation of cross-sections
only depends on the relative displacements of contour points, rigid movements of tows can

be eliminated. Therefore, relative displacements may be calculated as follows:

1. Compare the positions of correlated points on the contours at different stages of com-

paction and calculate the absolute displacement U, of a contour point.

2. Compare the positions of centroids at different stages of compaction and calculate the

rigid displacement U, of the contour.

3. Subtract the rigid displacement U, from the absolute displacement U, to obtain the

relative displacement U of contour points.

Figure 7.2 presents three scaled contours with several correlated points at different levels of
compaction. All the centroids of the contours are located at the origin (0,0) to eliminate
rigid displacements. The displacements of correlated points are indicated by red arrows. In
the upper right part of the tow boundary, contour points move towards the centroid, while

contour points in the lower right part move outwards.

0.6 1

0.4
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0.0 1

Scaled Y
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—0.4 -0.2 0.0 0.2 0.4
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Figure 7.2 Scaled contours of one cross-section at three compaction levels. The relative
movements of contour points during compaction are illustrated by red arrows. The angle
coordinate # of one contour point in MT3 is also represented in the figure.

Before calculating the deformations of fiber tows, the global and local coordinate systems
need to be introduced. In Figure 7.3a, the global coordinate system (z,y,z) is presented

in the lower left and the local coordinate systems (X,Y, Z) of the weft and warp tows are
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plotted in red and yellow respectively. The X —Y plane defines the cross-section of the fiber

tow orthogonal to the Z axis in the fiber direction.

Since the deformations of fiber tows are calculated in their cross-sections, defining the dis-
placements of contour points with respect to a local coordinate system is more appropriate
for the following deformation analysis. As illustrated in Figure 7.3b, the displacements along
the local coordinate axes X, Y are defined as the positive horizontal and vertical displace-
ments Ux and Uy respectively. Note that only the displacements of the contour points on
the tow surfaces are calculated. In order to calculate the points inside the fiber tows, the

method needs to be further developed.

Considering that the shape of the cross-sections of fiber tows are close to ellipse and the
centroid lines of the fiber tows have been already obtained in Part I, it is more proper to
describe the deformation of fiber tows under the polar coordinate system for 2D cases or
the cylindrical coordinate system for 3D cases. Therefore, the radial displacement U, on
the contour is used to describe the local expansion or compression of the fiber tow, which is
calculated based on the horizontal and vertical displacements Ux and Uy as shown in Figure
7.3b:

U, = Uxcost) + Uy sint (7.1)

To accurately describe the deformation of fiber tows, scaled contours are equally divided by
360 points, with one contour point chosen for each degree of the angle coordinate 6. The
relative radial displacement U, is calculated for each point as presented in Figure 7.4 for typ-
ical weft tow in MT3. Because the material twins are low resolution voxel models generated
from microtomographic images, the contours are not perfectly smooth. This explains the
oscillation of the original displacement data in Figure 7.4. Therefore the displacements are
smoothed in this figure by Savitzky-Golay filter [15].

As shown in Figure 7.4, there are two zones clearly presenting negative radial displacement,
namely around 6§ = 90° and # = 270°. This means that the top and bottom parts of the
cross-section are highly compressed. Meanwhile, on the sides of these two compressed zones,
positive displacements appear, indicating that fiber tows tend to expand along the radial

direction in these regions.

7.4.3 Deformation of fiber tows

The proposed approach allows calculating the displacements of contour points for all the
cross-sections of the fiber tow. So the displacement fields of the fiber tow can be obtained as

illustrated in Figure 7.5. Although the displacements are calculated for each cross-section, the
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(b) Positive horizontal and vertical displacements of contour points

Figure 7.3 (a) The global coordinate system (z,y, z) is defined on the lower left side, and
the local coordinate systems (X, Y, Z) of the weft and warp tows are represented in red and
yellow respectively; (b) positive displacements of a contour point with respect to the local
coordinates
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Figure 7.4 Relative radial displacement U, of contour points in a weft tow for the third
compaction level considered in Figure 6.1 of Part I (MT3)

displacement fields remain smooth along the fiber tow. This results from the material twin
generated by dual kriging interpolation [16] and the iterative expansion approach proposed
in [17]. Besides, as presented by Madra et al. [18], the surface of fiber tows can be further
smoothed by introducing the nugget effect into kriging, which could improve the smoothing

accuracy of calculations.

Up [Imm]
-1.1e-01  -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 1.0e-01
| | |

Figure 7.5 Relative radial displacement fields of a weft tow for the third compaction level
considered in Figure 6.1 of Part [(MT3)

Note that the accuracy of Micro-CT AGM [17] is evaluated with respect to the resolution of
the microtomographic scan. In other words, for a certain scanning resolution, this approach,
together with the multiple factor morphological criterion introduced in [17], gives a material
twin of relatively high accuracy. However, the accuracy of the deformation calculated by
material twins relies on the scan resolution. A more accurate reconstruction of the contour
can be obtained at higher resolution. This could be recommended when generating the

material twins for the deformation analysis. However, if the resolution is too high, the
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geometric dimensions of scanned samples will be restrained, hence probably too small to
reflect material variability. Optimizing the scan resolution to keep both the absolute accuracy
of the reconstructed model, while remaining representative of material variability, could be

a topic of future work.

7.4.4 Evolution of the deformations in fiber tows

In this work, we are only interested in the deformation induced during transverse compaction,
thus the mesostructural model MT1 considered in Figure 6.1 of Part I, for which nearly no
transverse compression is applied on the fabric stack, is considered as a reference with zero
deformation. Therefore, only the deformations of MT2 and MT3 will be analyzed. In order
to observe the evolution of deformations, the relative displacement field of one weft tow
is presented in Figure 7.6 with the same scale bar at different compaction levels. Several
zones of the MT2 tow show slightly compressed deformations, which become more severe in
MT3. Note that there is no obvious incorrect zone in the result (for example a compressed
region in MT2 that would suddenly change to an expansion zone in MT3) even though the
displacements of the two models were computed independently. Such consistency suggests
that the evolution of the displacement with different compaction levels is well described by

the proposed method.

-5.0e-02 -0.03 -002-001 0 001 002 3.9e-02
|

Figure 7.6 Evolution of the relative radial displacement fields of a weft tow during compaction

During sample preparation, the different layers were positioned as carefully as possible.
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Therefore, without considering nesting between fabric layers, the fiber tows in neighbor-
ing layers are in contact at the crests or troughs. This explains why significant displacement
mainly appears at the crests and troughs of the fiber tow (but not necessarily all), which is

similar to the fiber tow presented in Figure 7.5.

The compression zones are mainly located at the center part of the surface along the fiber
tow, while the expansion appears at their sides. The reason might be that the fiber tow is a
bundle of fiber filaments, thus during transverse compaction, the filaments of the fiber tow are
rearranged and squeezed to accommodate the compression at the microscopic scale [19,20].
As a result, the fiber tow deforms at the mesoscopic scale in the contact zones with other
tows. Some fibers near the highly compressed zones move in horizontal direction, leading to

an expansion in the vicinity of the contact areas.

The fiber tow also should expand in the horizontal direction at the edges due to the Poisson
effect. However, because fiber tows remain in contact with each other, the displacement is
restrained at the horizontal edges. Thus, the contact between fiber tows has an influence on

the deformation of the entire mesostructure. This will be further discussed Section 7.6.

7.5 Deformation of the fabric stack

In this section, the above-proposed approach is implemented to calculate the deformations
of all the fiber tows in the fabric stack. The radial displacement fields of MT2 and MT3
are presented in Figure 7.7a and b, while their expanded views are displayed in Figure 7.7c
and d separately. In each layer, the deformation exhibits strong local effects, which means
that the displacement field of fiber tows is not uniform. Overall, the behavior previously
discussed is visible in most of the tows. Compressed zones generally exist in the middle on
the fiber bundles and are surrounded by regions of slight expansion. However, the intensity
of this phenomenon can vary greatly along the fiber tow and between different tows. For
example, for the first ply, the fiber tows on the right part severely deform under compression,
compared to the ones on the left part. Therefore, the deformation distribution (linked to the
pressure distribution) is not uniform in the layer. This kind of in-plane local effects are also
different between layers, namely not all the fiber tows at the right part deforms severely for
each layer. For example, for the fifth and sixth plies, the fiber tows located in the center of

the stack exhibit the most significant deformations.

Comparing the deformation of the fiber tows in different layers, the fiber tows in the first,
fifth and sixth plies deforms more severely than the tows in other layers. These differences in

the deformation distribution strongly suggest that the pressure distribution differs between



1

61

Up [mm]

10601
lo,os
—0.02

0 0
-0.02
-0.05
I: -0.04 I:
72002 -1.1e-01

(a) Relative radial displacement U, of MT2 (b) Relative radial displacement U, of MT3

Up [mm]

6.5e-02
I: 0.04

2
:

Layer 1
Layer 1

Layer 8
U, [mm]
6.58-02 Up [mm]
I 0.04 1.0e-01
0.02 I 0.05

0

-0.02
-0.04
-T.2e-02

(c¢) Expanded view of relative radial displacement (d) Expanded view of relative radial displacement
U, of MT2 U, of MT3

Al
A

Figure 7.7 Relative radial displacements of contour points in the weft and warp tows of the
middle eight layers of the two material twins MT2 and MT3 considered in Figure 6.1 of Part

|



162

the layers. The local effects in the layer and the differences between the layers illustrate
the material variability of real fabrics, a typical result obtained with material twins. They
are induced by many factors, and the contact between fiber tows might be one of the most

essential reasons. This effect will be studied in details in the following section.

7.6 Effect of contacts between tows on fiber deformation

In order to analyze the effect of contacts between fiber tows and of nesting between fabric
layers, two sets of fabric layers are specifically studied in the material twins, namely layers 2
and 3, and layers 5 and 6. As shown in Figure 7.8a and b, layers 3 and 6 were analyzed and
their deformations calculated, while layers 2 and 5 are the top layers which were considered
to illustrate the contact between fiber tows. As discussed in [7] and illustrated in Figure
7.8b, although during sample preparation, the different layers were positioned as carefully as
possible, the orientation of fibers cannot be perfectly controlled, significant nesting occurs
between layers 5 and 6. This leads to the contact between fiber tows being rather complex.
On the other hand, the fiber tows in layers 2 and 3 display basically the same orientation
and are well aligned so that nearly no nesting exists between these two fabric layers. In this
section, the selected examples will be used to analyze the effect of contact and nesting on

the deformation of fiber tows.

Considering that the warp and weft tows of the 2D woven fabrics studied in this article have
similar geometric features, only the deformations of the warp tows of layer 3 (the analyzed
layer in Figure 7.8a) are analyzed and presented in Figure 7.9. Since nearly no nesting exists
between the layers 2 and 3, the warp tows of layer 3 are only in contact with the weft tows
of the layers 2 and 3. Therefore, the warp tows of layer 2 (the top layer in Figure 7.8a) are
not considered. The transparent blue and brown tows are the weft tows in the analyzed layer
and the top layer respectively, which corresponds to the layer colors of Figure 7.8. The blue
or red rectangles are displayed in Figure 7.9 as examples to emphasize the zones with most
significant deformation that are respectively in contact with the weft tows of the same layer

and the ones of the top layer.

The compressive radial deformation U, occurs in regions of the tow where contact exists with
the other tows. Moreover, the compressive deformations where warp tows are in contact with
weft tows in the top layer are more severe than the parts in contact with the ones in the
same layer. In the studied domain, around six zones are compressed by the weft tows in the
top layer to deform more severely than -0.08 mm, while only two zones deform significantly
by the compression of the weft tows in the same layer. This suggests that the compression

transferred between fabric layers is larger than the one transferred between fiber tows in the
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same layer. Similar observations exist in the warp tows of layer 6 as illustrated in Figure
7.10, in which there are more zones deforming severely by the contact with tows located in

layer 5.

Since significant nesting exists between layers 5 and 6, while no nesting occurs between layers
3 and 4, the distribution of the compressive radial deformation in layer 6 is quite different
from the one in layer 3. Most zones of the warp tows of layer 3 are in contact with the weft
tows of layer 2 as shown in Figure 7.9, thus the middle parts of the surfaces of the warp
tows are compressed to deform in vertical direction. The warp tows of layer 6 are in contact
with both the warp and weft tows in layer 5 due to the nesting. As illustrated in the zoomed
views of Figure 7.10c, the warp tows of the layer 5 compress the warp tows of layer 6 at many
regions. Therefore, the compressive radial deformation is no longer located in the middle of
the surface, but in any zones of the warp tows in contact with other tows. By comparing
the displacement distributions in Figure 7.9 and Figure 7.10, it can be concluded that the
nesting between fabric layers leads to more complex contact between fiber tows, which further
determines the different deformation distributions in fabric layers. This might be one of the
sources of variability in transverse compressibility measurements using a stack of fabrics, since
the orientation of fibers cannot be perfectly controlled during the measurements, resulting in

nesting between fabric layers.

7.7 Conclusion

In this study, the mesoscopic deformations of 2D glass woven fabrics under transverse com-
paction was analyzed by X-ray microtomography. Material twins are created by Micro-CT
AGM [17], a recently proposed technique from microtomographic images of the fabric stack
at different levels of compaction [7]. In Part II, a new approach was proposed to track the
movements of contour points on the surfaces of fiber tows at different levels of compaction.

The mesoscopic deformations of fiber tows were subsequently calculated and analyzed.

Overall, the analyses show a general pattern for fiber tow deformation during compaction
with compression in the contact regions and expansion of the fiber tows near the contacting
zones. Moreover, the effect of contact between different layers appears to be more important
than the interaction between warp and weft tows located in the same layer. This suggests
than the forces transferred inside one ply and between layers are different during transverse
compaction of 2D woven fabrics. However, the results are strongly affected by the material
variability at different scales: within the same fiber tow, between different tows and between
different layers. The effects of contacts between fiber tows are notably highly influenced by the

nesting of adjacent fabric layers. This consequently affects the mechanical behavior of fabrics
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and might explain the high variability encountered in measurement results of transverse

compressibility as it is difficult to control nesting during this kind of test.

The accuracy of tow deformations is affected by several factors such as the scan resolution,
the errors induced by microtomography and the post-processing procedure used to evaluate
the deformations of fiber tows. In order to get more accurate mesoscopic deformations, the
related parameters and procedures need to be optimized. Comparing the results presented
here with those obtained from DIC or DVC would be a meaningful future work. It would be
also of great interest to compare the experimental deformations with numerical predictions.
By combining material twins with multiscale models (see references [21-24] for example),
applying appropriate techniques to smoothen and mesh the fiber tows with reasonable num-
ber of elements [25] and considering the compression of fiber filaments at the microscopic
scale [19], computer simulations of transverse compaction taking into account the dual-scale

architecture of fibrous reinforcements could be carried out.
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CHAPTER 8 ARTICLE 5 : A FOURIER BASED REDUCED MODEL FOR
WRINKLING ANALYSIS OF CIRCULAR MEMBRANES

W. Huang, Q. Huang, Y. Liu, J. Yang, H. Hu*, F. Trochu, P. Causse

Published in Computer Methods in Applied Mechanics and Engineering,
Volume 345, 1114-1137, 1 March 2019

8.1 Chapter overview

In Chapters 4 to 7, experimental approaches and numerical tools were developed to study
the mechanical and flow properties of fibrous reinforcements based on material twins. One
objective of the thesis is to provide tools to study the possible defects in composite parts
manufactured by LCM processes using deformable membranes (such as VARTM and FI).
Thus besides the factors related to fiber architecture, process related issues also need to
be considered. As mentioned in Section 1.2.3, both local and global wrinkling phenomena
might appear in VARTM and FI processes. This chapter presents the article published in
Computer Methods in Applied Mechanics and Engineering, which introduces the development
of the Fourier based reduced model for the wrinkling analysis of circular membranes. The
efficiency and accuracy of this approach is verified by comparing the numerical simulations
with calculations carried out with ABAQUS. Besides, several wrinkling problems in circular
membranes under different loads are also discussed to reveal the mechanisms of wrinkling.
This article enriches the family of the Fourier-based reduced models, which provides an

efficient way to study wrinkling problems in the deformable membranes used LCM processes.

8.2 Abstract

As a soft material with an almost negligible bending stiffness, a membrane may easily lose
its mechanical stability. To capture its entire instability process, intensive computation is re-
quired, especially in the case of short wave length. The objective of this paper is to construct
an efficient model to simulate and study the instability phenomena of circular membranes.
By using the method of Fourier series with slowly variable coefficients in the circumferential
direction, a new family of one-dimensional reduced finite elements are developed to study the
three-dimensional problems. The nonlinear system is solved by the Asymptotic Numerical
Method(ANM), which is reliable and efficient for tracing the bifurcation points and post-
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buckling equilibrium path compared with other classical non-linear solution algorithms. The
accuracy and efficiency of the reduced model is verified by simulating the instability phenom-
ena in stretched annular membranes and a compressed circular plate. The relation between
critical loads and bifurcation patterns and the evolution of stress components in the entire
wrinkling process are discussed. This study provides new simulation schemes to explore the

instability in circular membranes under complex loadings and boundary conditions.

8.3 Introduction

Membrane structures have been widely used in aerospace and civil engineering, such as solar
sail, large membrane roof and wall, because of their high performance in resisting external
tensional loads with much lighter weight compared with traditional structures [1]. In recent
years, various kinds of membrane structures have been developed and applied in different
engineering fields to meet specific requirements. For example, through mounting electroni-
cal elements on membrane structures [2], various kinds of stretchable electronics have been
fabricated, including stretchable batteries [3], supercapacitors [4] and wireless epidermal sen-
sors [5], which provide superior mechanical properties inaccessible in traditional electron-
ics. Recent studies found wide existence of membrane structures in biological organism [6],
which play essential roles in realizing specific functions, such as morphogenesis of bacterial
biofilms [7], cell spreading [8], and deformation of red blood cell [9]. In some composite manu-
facturing processes, such as Vacuum Assisted Resin Transfer Molding (VARTM) [10-12] and
Flexible Injection (FI) [13,14], membranes play a key roles in inducing the through-thickness

impregnation for faster composite manufacturing process.

As a soft material with an almost negligible bending stiffness, a membrane easily loses its
mechanical stability and wrinkles when subject to in-plane compressive stress. Such phe-
nomena are widely observed both in nature and engineering. One of common example is the
wrinkles emerging in the direction perpendicular to tensional direction in clamped rectangu-
lar elastic membrane [15], which can be explained by the strain incompatibility due to the
Poisson effect. Additionally, as presented in Li et al. [16], membrane wrinkling can be also

observed in film-substrate system.

Wrinkling can have significant effects on the mechanical and optical properties of membranes
[17,18]. This can lead to undesired problems in some engineering applications, such as the
production defects in strip conveying process [19] and deep drawing process [20]. To explore
the mechanism for the instability in membranes, a large amount of modeling methods have
been proposed. In a pioneering work, Wagner [21] developed a tension field theory, which

assumed that there was no in-plane compressive stress throughout the membrane. This
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approach involves a uniaxial tension field with only one nonzero principal stress component,
which is perpendicular to the wrinkled direction. To model partly wrinkled membranes,
Pipkin [22] proposed a relaxed energy density to replace the strain energy function in tension
field theory. This approach was then employed by Pipkin [23] to study the wrinkling of
pressurized membranes. By introducing a modified deformation tensor based on a fictive non-
wrinkled mode, [24] further considered the effects of large deformation and anisotropy in their
model, which is capable to precisely describe the stress situation of anisotropic membrane. [25]
transformed the wrinkling conditions of Roddeman [24] into a reference configuration to
determine the stress state, and implemented the algorithm into a FE code for analyzing

general wrinkling problem.

Although the essential reason for membrane wrinkling is the negligible bending stiffness and
the in-plane compressive stress, the occurrence and evolution of the wrinkles differ among
structures with different geometric shapes and materials distributions. For example, wrinkles
in annular membrane usually show periodic oscillation in the circumferential direction due
to its axisymmetry, while those in rectangular domain are highly dependent on specific loads
and boundary conditions. The wrinkling problems in annular and circular membranes have
been widely studied. Plaut [26] analyzed the large unwrinkled axisymmetric deformations
of circular membranes under several different loadings using three theories, including Gen-
eralized Reissner theory, Reissner theory, Féppl-von Karman (FvK) theory. The analytical
solutions of wrinkling phenomena in annular membranes under different boundary conditions
were thoroughly studied by Coman and Haughton [27], Coman [28,29]. Géminard et al. [30]
experimentally investigated the main features of wrinkles that form in a pre-stretched an-
nular membrane under axisymmetric traction at the center. Wang et al. [31] proposed a
theoretical model to predict the wrinkling and post-buckling behaviors, which is verified by

experimental measurement.

Most studies mentioned above are based on analytical solutions, which correctly predict the
critical wrinkling loads and modes and stress distribution before bifurcation. However, the
post-buckling analysis is also very important, because it is essential to predict and control
the evolution of wrinkles in its engineering application. The finite element method has been
proved to be the most robust method to capture the complex evolution of wrinkles and stress
distribution. For example, Argyris et al. [32] developed a TRIC (TRlangular Composite)
element with aim to model post-buckling of shells based on the natural mode finite element
method. Combescure [33,34] developed a new computational scheme which permits to con-
sider the effects of initial geometrical imperfection on the post-buckling behaviors. However,
these methods either present intensive computation especially for the case with small wave

length or suffer the difficulties of choosing a proper imperfection.
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In order to reduce the computation for the case of small wrinkle wave length and meanwhile
ease the sensitivity of post-buckling behaviors to the applied geometric imperfection, Damil
and Potier-Ferry [35] proposed a reduced-order FE model based on the Fourier expansion
of the displacement field. This approach showed good performance in both accuracy and
efficiency for many kinds of instability problems, such as rectangular membranes [36-38],
rectangular sandwich plates [39-41], and thin films on compliant substrates [42]. Besides,
because the reduced model is based on the Fourier expansion, it can accurately trace the
specific instability pattern without introducing imperfection in the initial model. In order to
model the wrinkling phenomena of circular membranes, it is natural to consider the geomet-
ric axisymmetric property of membranes [43,44]. However, the deformations in instability
phenomena are not axisymmetric, therefore general axisymmetric elements are no longer ap-
plicable. The objective of this study is to develop a one-dimensional reduced order model
based on the approach proposed by Damil and Potier-Ferry [35] to model three-dimensional
wrinkling problems in circular membranes. The accuracy and efficiency of the reduced model
are verified by comparing the simulation results with the ABAQUS and analytical results.
Based on the modeling results of the reduced model, the instability mechanism of circular
membranes for different geometries and loading conditions are thoroughly investigated. The
developed model can be extended to simulate and investigate other instability phenomena
in circular domain, such as wrinkling in film-substrate system [45-47], buckling of sandwich
plates [48-50] or functionally graded plates [51-53].

This paper is structured as follows. In section 8.4, several basic equations are reviewed. In
section 8.5, the finite element procedure is described, and the one-dimensional reduced model
is constructed in cylindrical coordinates. From section 8.6 to section 8.9, the accuracy and
efficiency of the reduced model are verified, and the various instability phenomena in circular
domain are investigated by the reduced model. The paper ends with a discussion on main

conclusions and future work.

8.4 Basic equations

As mentioned above, the bending stiffness should be taken into account to solve membrane
wrinkling problems. Two types of stresses are considered including the bending stress caused
by the flexion of the membrane and the membrane in-plane stress determined by the con-
ditions of static equilibrium. Let u, v, w denote respectively the radial, circumferential and
transversal components of the mid-plane displacement in cylindrical coordinates p (p > 0)

and 6 (2 > 6 > 0). The linear strain in the circular domain can be divided into membrane
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strains €7 and bending strains €’ (see [54]):
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Quadratic membrane strains €, measure the variation of strain state in an infinitely small
increment, and thus enable to predict buckling (see [34]). These nonlinear strains can be

expressed as follows:
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Instability problems in a circular domain are axisymmetric before buckling, which means

(b) (8.2)

the in-plane shear strain is zero and only the radial and circumferential normal strains com-
ponents exist. However, when wrinkles occur, these problems are no longer axisymmetric.

Thus, the in-plane shear strain should also be accounted for. The strains could be combined
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as follows:
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In this paper, the material behavior is assumed to be linear elastic, although the methodology

is also valid for nonlinear constitutive laws. The constitutive relations can be expressed as:
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where F is Young’s modulus and u is Poisson’s ratio.

By combining the geometric equations (8.1) and (8.2) with the constitutive relations Eq.
(8.4), the internal work of the membrane occupying the region w can be divided into two

parts, including a membrane term due to stretching and a bending contribution:
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in which the membrane elasticity tensor and the bending elasticity tensor are represented by

the following matrices:
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where h is the membrane thickness.

8.5 Reduced model for instability problems in circular domain

In this section, the method of Fourier series with slowly variable coefficients is briefly reviewed
first. Then the finite element procedure is described to construct the one-dimensional reduced

model. Finally, the nonlinear system is solved by the Asymptotic Numerical Method.
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8.5.1 The method of Fourier series with slowly variable coefficients

The common instability modes observed in membranes are periodic or nearly periodic along
wave length direction. To exploit this periodicity, Damil et al. [36,37] proposed an efficient
reduced model by expanding the rapidly varying displacement field of the full shell model
into Fourier series and taking the slowly variable Fourier coefficients as new macroscopic
unknowns [35]. For example, U(z) is assumed to be the vector of the unknown displacements
of the full shell model in Cartesian coordinates, which rapidly varies along the x-axis. It can

be transformed into the Fourier series:

+oo
U(z) = ), U, (2)e™@, (8.7)
where i is the imaginary unit and the Fourier coefficients U,,(x) denote the new macroscopic
unknowns and vary slowly over a period [z, z 4+ 27 /@Q)] of oscillation with a preassigned wave
number (). At least two functions, the mean field Uy(z) and the envelope field of the spatial

fluctuation Uy (z), are needed to describe the nearly periodic patterns of the displacement
U(z) as suggested in [35](see Fig. 8.1).

Similar to the Fourier transformation in Cartesian coordinate system, the unknown displace-
ment field of the circular membrane with periodic instability patterns in the circumferential

direction can be expressed as follows:

“+o0
U(p,0) = > Ul(p)e™?, (8.8)
where @ is a preassigned integer wave-parameter(Q) € N) representing the wave number of
the wrinkles in the circumferential direction. The unknown field U(p,#) is decoupled into

imQ0 in the circumferential direction, that is to say, the

U,.(p) in the radial direction and e
envelopes of the unknown field are independent of the angle # and are thus axisymmetric.
As a result, the original wrinkling analysis is simplified from a two dimensional problem to
a one-dimensional one, where all the unknown fields are changed with the radius p. In this
paper, only two harmonics, namely Uy (p) and U, (p), are considered, which has been proved

to be effective to solve instability problems in membranes [38,42,55].

8.5.2 Energy equations

To employ the method of Fourier series with slowly variable coefficients, the calculation rules

proposed by Damil and Potier-Ferry [35] should be introduced. Given two Fourier coefficients
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Mean field + amplitude

Figure 8.1 Diagram of the method of Fourier series with slowly variable coefficients
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a(p) and b(p) as in Eq. (8.8), the following identities hold:

[ alooio= [ 3 ol wlo)ip (5.9)

<Zz> = (a')n = (ddp + imQ) am = () +iMmQa,, (8.10)
2

(Z;Z) = (a")m = ((i) + imQ) = ()" + 2imQ(am) — m*Q%d2,, (8.11)

O o

in which i is the imaginary unit, () the preassigned wave number and m denotes the mth
order harmonic. After introducing Egs. (8.9)-(8.12), the geometric equations can be deduced
from Egs. (8.1) and (8.2) as follows:

ou, 1 & OWy, OWpp—y,  OUp OUppy—p, OV, Oy,
=Ty t2 2\ oy tap oy 0
4 n=-—1 P P P P 14 P
*w,, |
m| _imQ0
R G
€om = | —— ) —nim-—-n WnWm—n T UnUm—n T UpUm—n
P 207
2 (2@, — p20m ) | emer (8.14)
p* " op ’ '
ov v 14 0wy, Oy, — OV
’ o p P nz_:l Op p dp
Owy, :
+2 <12mem - iQmew> ]e‘on, (8.15)
p dp
in which m = —1,0, 1, because only two harmonics are considered as mentioned previously.

As shown in Egs. (8.13)-(8.15), oscillations in the circumferential direction occur for the
non-zero order strain. However, the integration of the strain energy over the entire domain
does not oscillate, which means the internal work should be 0 order without any exponential

term. Therefore, the oscillation terms could be diminished in the internal virtual work.

In this work, periodic instability phenomena of circular film structures are investigated, where
the oscillations of u(p,#) and v(p,d) can be neglected compared to w(p,d) in the overall
instability mode. Thus it can be assumed that u(p, ) = ug(p) and v(p, ) = vo(p). For the
transverse displacement w(p, @), the mean field wy(p) and the real envelope field w.(p) are

taken into consideration, i.e. w(p,d) = wo(p) +wi(p)e'?? +w_1(p)e 9. Here w1 (p), w_1(p)
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can be expressed as wi(p) = r(p)e'?, w_i(p) = r(p)e™¢, where r(p) is the real part and ¢ the
angle of phase modulation. Taking the phase modulation in consideration, the model might
be able to solve other more complex instability problems in circular membranes, such as a
circular membrane under shear load [31]. To simplify the work, the angle ¢ is assumed to
be constant and equal to +” More details on the discussion about the phase modulation is
presented by Liu et al. [39]. After introducing these displacement assumptions, the unknown

vector (q) can be expressed as follows:

Oy O owy  0%wy ow, 0O*w
_ o 270 — = ) 8.16
<q> < Ug, ap , Vo, apa Wy, 8,0 ) apQ , Wi, ap ; 3p2 ( )
The generalized strain vectors are expressed as {&’}, , in which m = —1,0,1 denotes the

strains of —1%, 0%, 1% orders. Since {&}_, and {&}, are a pair of complex conjugates,
which can be regarded as the same in the following derivation. Thus, only {&}, and {&’},

are presented as follows:

€00+ €po
€go + €do
A I CUR ) :{{VWM%W%}
620 {’Yb}o
Ggo
26290

1

_ ([H]O 1A (q)]o> {a},

(8.17)

m q
€p1 + €p1
m q
€1 + €g1

(&}, - 2 (6%1:— 6p91> _ { {7m}{1,;;_}{7q}1 }

€

(8.18)

pl
b
€o1

b
2€ 001

1 ) 1
— (1H), + A ) {ap +i (H), + 5 [A (@),) {a}
where the matrix [H|, (t = 0, 1, 2) represents the linear parts of the strains without unknown
terms, while the matrix [A (q)], (¢ = 0, 1,2) represents the quadratic nonlinear parts of the

strains with the unknown terms, presented in Table 8.1.



181

Table 8.1 Non-zero elements of the generalized strains related matrices

Matrix (6x10) Non-zero elements

H), e Sk S
12=5 (0= (16=50 (1L.0=5 (21)=3

[A (q)], E273§=§2 (2.8)=22m  (31)=m  (32)=—2 (33)=-2u
3,4)=2%
! pOp

H], (410)=-1 (58)=%  (5,9)=—1

[A(9)], (1,6)=5  (1,9)=

_Q —_2Q
[H]Q (678)—p2 (6,9)— 0
(A (a)l; (36)=22  (3,8)=92%m

The internal virtual work of the circular membrane in Eq. (8.5) can be deduced as:

oo =5 ]

+ [(W"h + () [T " + ) + (), 1] {7”}1]

[ M) L (™ + () + (v7), [L] {'7”}0]

dw) . (8.19)

Since the body forces are neglected in this paper, the external virtual work of the circular

membrane can be written as:

War(5q) = / [ X (o) {£} d. (8.20)

which is due to a generalized force vector A{f} with A\ € R being a load parameter. Finally,
substituting Eqgs. (8.17) and (8.18) into Eq. (8.19), and using the principle of virtual work:

q/Vng((SQ) = Wert(5q)7 (821)
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the governing equations can be deduced as:

(5q) { I/ [(T[H]o T [A(@)) S} + 2 ("[H], + [A@)]) {Sh
+2 ("[H]: + [Aq)):) {S}Q] dw — / /w M) dw} —0, (8.22)

(8} = 0] (H + S A@)) a.

in which the subscript ¢ = 0, 1, 2 stands for the notation of relevant matrix, and the elastic

coefficient matrix can be written as follows:
D] = ("R [L7)[Ry] + 7[Ry [LY)[Ry]) (3.23)

in which [R,,] (for the membrane strains) and [Ry] (for the bending strains) can be written

as follows:
100000 000100
Rn]=]101 00001, [R=]000010 (8.24)
001000 000001

8.5.3 Discretization

The finite element method is used to solve the nonlinear system of Eq. (8.22). In membrane
problems, both the radial and circumferential displacements have only the first order partial
derivatives, while the second order partial derivatives appear in the transverse displacements.
Normally, the Lagrangian interpolation is employed for v and v, and the Hermite interpolation
for w. However, considering the possible membrane locking problem as presented in Reddy
[56], Choe et al. [57] suggest to use Hermite interpolation for all the displacement components.
Therefore, a two-node 1D element with 8 degrees of freedom at each node is used. The vector

of shape functions can be written as follows:

<F><<1—5>2<2+§> le(l-€)(1-8 (1+8°2-9 Ze<—1+52><1+£>>. (8.25)
4 ’ 8 ’ 4 ’ 8

in which le denotes the length of the element. Considering the unknowns in Eq. (8.26), the

element nodal displacements vector (q°) can be expressed as:

I i T T T 7 I T I T
(q) = < ; Oug ;9 ; Owy ; Ow o Oug o v T dw, I Owy >
- 0> 0> 05

8/)7 (9[)7 w, 87[)7 Wy, ap* Ug s a[) Vo » 07/)7 Wy 8p> Wy 3[)
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then Eq. (8.26) can be expressed as a discretized form:

{a} = [G]{a"}, (8.27)

in which, the 10 x 16 matrix of shape functions [G] can be written as:

[T, 0 0 0 0 0 0 |
Tpe, 0 0 0 0 0 0
0 0 Tee 0O 0 0 0
0 0Tge, 0 0 0 0

Qo] 0 0 0 0Ty 0 0 | (3.25)

0 0 0 0 Ty, 0 0
00 0 0 0 Tg, 0 0
0 0 0 0 0 0 Ty
0 0 0 0 0 0 Ty,

0 0 0 0 0 0 Ty,

where subscripts following commas denote partial derivatives and the vector (I'ge) is as

follows:

(Tge) = (T(1), T(2), 0, 0, 0, 0, 0, 0, T'(3), T(4) ). (8.29)

Substituting the discretized unknown {q} in Eq. (8.27) into Eq. (8.22), the governing

equations can be converted into the following form:

300 || ("B (S + 2 B(a ) (Sh + 27 Bl (S)s) sdp — AEY] =0

(8} = 0] (1Bl + 5 Bula))) {a}

(8.30)
where
[B(a)]: = [Bi): + [Bu(a)]s,
[Bi]: = [H]:[G],
(8.31)
[Bnl(q@)]tl = [A(q)]:[G],
() = [ TICHE)pp

8.5.4 Implementation of the ANM

In this section, we introduce the solution procedure of the governing equation by the Asymp-
totic Numerical Method (ANM) proposed by Cochelin et al. [58]. This method offers sev-
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eral advantages in terms of computational efficiency and reliability compared with classical
non-linear solution algorithms, such as the Newton-Raphson or the arc-length method. For
example, the arc-length step size in the ANM is fully adaptive, and the global stiffness matrix

inversion is calculated only once in each step.

Let {S}; and {q°} are assembled vectors of {S,}; and {qy}(p = 1,2,3---), then solution
(q°U+D) 87+ A+1) at the step j + 1 can be asymptotically expanded as

(8} ={8H + L o(S, ) = {SH + {1+ o(Sake oo (8.32)
{a'} =l + X 07{ag) = {a} +afai) +a{ash +--- (8.33)
A=N + zn:lap/\p =N+ah+a A+, (8.34)
a = (af) ?{qe} —{aV)+ M (A=), (8.35)

in which, (q%,S’, \) is the solution at the step j and « is the path parameter. The parameter
a used here was proposed by Cochelin et al. [58], whose stability and validity have been
verified. Substituting the asymptotic solutions of Eqs. (8.32)-(8.35) into Egs. (8.30) and
(8.31), the governing equations are transformed into a set of equivalent equations, which can
be grouped into order 1 and order p. The general form for the equations for order 1 can be

expressed as:

> (60 [ ("Bla?)lo{S1}o + TBulaf)o{SK + 2 Bla?)1 {81

e

+2" Bu(a)i {SH + 2" B(a?)]2{S1}2 + 2" Bu(a)2{S}3) pdp = 3 (5a°) M{f°},

{Si}e = [D][B<qej)]t{QT}>
1= (af) {ai} + AL

(8.36)
Here, {q¢} is the only unknown vector to be solved. The terms 7[B,;(qf)],{S}] can be

rewritten as:

"Bu(ai)l {SH="IG][S}[G]{af}, (8.37)

in which, the non-zero elements of transform matrices [S]} (t = 0,1, 2) are listed in Table 8.2.

Submitting Eq. (8.37) into Eq. (8.36), the governing equation can be written in a more

simplified form:

Y (6a°) ([k(a®, Sy){a5} — M{f}) =0, (8.38)

e
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Table 8.2 Non-zero elements of the transform matrices

Matrix (6x10) Non-zero elements
(171):%55 (174):%S§ (2a2):S{ (2a3):_%5§ (3a2):_%5§
SK (33)=%S) (D=18] (49=5] 66)=8  (38=2%S5)
(9,9)=257
Eii (6,9)=51  (9,6)=51
514 (6.8)=255 (8,6)=25]
in which, [k(q® S;)] is the element stiffness matrix,
le . ~
k(a®, S| = /0 ("B(a?)o[D]B(a)o + "[G][SK[G]
+27[B(q¥)]:[D][B(a)} + 2" [G][S}{[G]
+2"[B(q))2[D]B(a”)]2 + 2" [G][S}(G]) pdp. (8.39)

After combining all the element matrices and vectors, the final equation of order 1 can be

obtained:

[K(a% S:){Qi} = Mi{F}, (8.40)
in which, [K(q® S;)] is the global stiffness matrix, {Q;} the global displacement vector and
{F} the global load vector.

Similar to order 1, the governing equations of order p can be expressed as:

> (60 [ ("B o{S, o + T Bualalo {8 + 27 [B(a)i{S,

e

+2" [Byu(ag) i {SH + 2" B(a?)]2{S1}2 + 2" [Bu(ag)l={S}3) pdp

= > (0a) (A (£} + {£" o + 2{£5" h + 2{8 ) (8.41)
{Sy} = [DIB(a?)){as} + {Sy'}, .

0= (af) {a;} + M,

where

(), == 5 [ ("Butai108,0) s
{s}'}, = ;[D] S (Bl )

r=1

(8.42)
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There are some additional terms in Eq. (8.41) compared with Eq. (8.36). They are nonlinear

force terms and are moved to the right side of the equation.

>~ (0a%) ([k(a?, S)l{agy = A{fy — {E" ) —2{eN" ) —2{E""} ) =0,  (8.43)

e

in which, the element nonlinear force vector {fIfN L}t can be expressed as:

eNL enl le T ej nl
{fp }t = {fp }t - /0 ( [B(@?)]{S, }t) pdp. (8.44)
After combining all the element matrices, the final equation of order p can be derived as:

K(a*, SOHQy} = M{F} + {F}'}, (8.45)

in which [K(q% S;)] is the global stiffness matrix, that is the same as the one of order 1.
{Q,} is the global displacement vector, {F} the global load vector, and {F}'} the global
nonlinear force vector. Due to the same stiffness matrix for the equations at different orders,

only one inversion of the stiffness matrix is needed in each step.

After solving all the orders in one step, the results {Q,}(p>1) can be submitted into Eq.
(8.33):

{QF ={Q} + > o"{Q} ={QF + a{Qu} + o™ {Qa} + -, (8.46)
p=1
in which the maximum value of the path parameter « is defined as [58]:
1
NACTAESE .
o= (i) 540

where ( is the precision parameter, which is preliminarily assigned by the user.

8.6 Annular membrane under in-plane radial tensile load

In this section, the instability problem of an annular membrane under radial traction is
studied. As shown in Fig. 8.2, the external edge of the membrane is simply supported, while
the transverse displacement of the internal edge is fixed. A uniformly distributed radial
tensile load is applied along the internal edge. The wrinkling pattern, bifurcation curve etc.
obtained by the Fourier reduced model are compared with the 3D finite element model in
ABAQUS (referred to as the ‘full shell model’ in this paper) to verify the accuracy and
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efficiency of the reduced model. Then, the buckling and post-buckling behaviors, such as
evolution of wrinkles and stress are analyzed based on the simulation of the reduced model.

The material properties and geometric dimensions of the membrane are listed in Table. 8.3.

Figure 8.2 An annular membrane under in-plane radial tensile load along the internal edge

Table 8.3 Material properties and geometric dimensions of the annular membrane

Young’s Poisson’s ratio Thickness Internal radius Exte?nal

modulus h(mm) Ripy (mm) radius

E(MP&) s ot React (mm)
69, 000 0.3 1 400 1000

8.6.1 Verification

Let X and Y be the half-waves in the radial direction and waves in the circumferential direc-
tion, respectively, and RXCY represent the buckling modes with different wave numbers. By
using both the reduced model and the full shell model to predict the bifurcation loads of the
mode R1C'13 with various numbers of elements, a mesh convergence study is performed to
determine the minimum number of elements for the discretization. As shown in Table. 8.4,
in the convergence test of the reduced model, the reference is the result with 16 elements. It
is precise enough to use 4 elements in the reduced model to simulate the phenomenon in this
section. However, if the wrinkles arise in both the radial and circumferential directions, for
example the problem investigated in section 8.9, higher number of elements is necessary. As
shown in Table. 8.5, in the convergence test of the full shell model, the reference is the result
with 16 elements and 60 elements in the radial and circumferential direction respectively, and
the lowest critical buckling mode of the example is R1C'13. When the number of elements

used in the circumferential direction is lower than 52, the full shell model cannot correctly
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predict the lowest buckling mode, although the results are precise. Thus, considering the
accuracy, at least 52 x 8 elements are needed to discretize the full shell model. The corre-
sponding 3D deformed shapes are given in Fig. 8.3, in which the two simulation results show

almost the same buckling mode.

Table 8.4 Error of the bifurcation load predicted by the reduced model with respect to the
number of elements in the radial direction

Number of elements 2 3 4 5 6 16
Bifurcation load (N/mm) 46.178 43.874 43.423 43.319 43.290 43.261
Relative error 6.74% 1.42% 037% 0.13% 0.06% ——

Table 8.5 Error of the bifurcation load and lowest buckling mode predicted by the full shell
model with respect to the number of elements in the radial and circumferential directions

Elements in the radial direction Elements in the circumferential direction
Number of elements 4 6 8 10 16 28 36 44 52 60
Bifurcation load (N/mm) 45370  43.817 43453 43.343 43.274 44421 43.733  43.557 43.488 43.274
Relative error 4.84% 1.25% 041% 0.16% ——— 2.65% 1.06% 0.65% 049% ———
Lowest buckling mode R1C13 R1C13 R1C13 R1C13 RI1C13 R1C12 R1C12 R1C12 R1C13 RI1C13

To trigger the post-buckling analysis in ABAQUS, the geometric imperfection, consisting of
the interested buckling eigenmodes obtained by the linear buckling analysis (BUCKLE), is
introduced in the initial state of the annular membrane by multiplying by a scale factor k.
This factor is taken as about 0.0001% — 0.01% of the membrane thickness h to get accurate
instability curves and precise bifurcation points in this paper. In contrast, a simpler initial
perturbation, namely a uniform transverse force about 1076 of the applied load F, is applied

in the reduced model.

The bifurcation curves of R1C'13 calculated by the two models are illustrated in Fig. 8.4.
As shown in the table in the figure, there is nearly no difference between the critical loads
obtained by the full shell model(F M) and reduced model(RM). Even in the post-buckling
process when transverse displacement reaches the same magnitude as the membrane thick-
ness, the reduced model still performs well. As shown in the zoomed inset near the bifurcation
point, the reduced model with ANM solver tracks the loading path precisely and smoothly
compared with the full shell model. Besides, thanks to the ANM solver, the calculation
steps of the reduced model are much fewer compared to the full shell model. Meanwhile, the
reduced model only required 40 degrees of freedom (DOFs), about 0.2% of the full model, to
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(a)

Figure 8.3 Instability pattern R1C'13 of the annular membrane under radial tensile load
predicted by two different models: (a) the reduced model; (b) the full shell mod

obtain accurate enough results. Therefore, the reduced model shows a significant improve-

ment in computational efficiency regarding to the number of loading steps and number of
DOFs.

Fig. 8.5 presents the relative transverse displacements at the bifurcation point along the
radial direction simulated by the two models. In order to obtain smooth deflection curve based
on the displacement data in the radial direction, dual kriging [59] was used to interpolate the

nodes. As seen in Fig. 8.5, the two groups of results show a good agreement.

8.6.2 Stress distribution

Here, we further discuss the stress distribution obtained by the reduced model. As shown
in Fig. 8.6, the circumferential stress of the membrane simulated by the two models in the
post-buckling stage is periodic around the circumference. The minimum value of the stress,

i.e., the maximum compressive stress, is located near the internal edge.

In order to verify the stress results, the evolution of the circumferential and radial stress
components on the top and bottom surface of the crest are given in Fig. 8.7. It can be seen
that the reduced model performs well in predicting the stresses in the entire loading process.
Before the bifurcation point, the two stresses on the top and bottom surfaces are the same
and vary linearly with the increase of tensile load. Near the bifurcation point, the membrane
buckles to accommodate the in-plane strain incompatibility generated by the negative radial

displacement. As a consequence, one surface of the membrane starts to be stretched while
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Figure 8.4 Bifurcation analysis of the annular membrane under radial tensile load along the

internal edge

w
Winax

Relative transverse displacement

1.0 A1

o
=S
A

0.6 1

0.4 1

0.2 1

0.0 A

O Full shell model
= Reduced model

400

500

600 700
Radial coordinate p (mm)

800

Figure 8.5 Transverse displacements in the radial direction of the cross section § = 0 at the

bifurcation point



191

(a)

Figure 8.6 Circumferential stress distribution in the post-buckling stage simulated by the two
models: (a) reduced model; (b) full shell model

the other one gets further compressed. As shown in the Fig. 8.7, at the crest, the stress on
the top surface increases with the load, while the one on the bottom surface decreases. It
should be noted that the compressive stress on the top surface does not change to the tensile

stress immediately, until the load reaches a specific value.

8.7 Annular membrane under transverse load

As shown in Fig. 8.8, the reduced model is used to simulate a pure bending problem, which
is an annular membrane under transverse load, to verify that the model is able to precisely
simulate the flexion of the membrane. Linear shell element (S4R) and quadratic shell element
(S8R5) are used in ABAQUS to simulate the deformation of the annular membrane under
transverse compressive load as references to verify the reduced model in this example. In
order to investigate the membrane locking phenomenon, reduced models with two different
discretization schemes are compared: one is the scheme used in the present article, i.e.,
all displacement unknowns are interpolated by the Hermite shape function (Reduced model
(Hermite) in Fig. 8.9); another one is to use the linear Lagrange interpolation for radial
and circumferential displacements ug and vy, and the Hermite interpolation for transverse

displacements wy and w; (Reduced model (Lagrange) in Fig. 8.9).

As shown in Fig. 8.9 the reduced model (Hermite) precisely simulates the evolution of both
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Figure 8.8 An annular membrane under transverse load along the internal edge
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transverse and radial displacements. Therefore, the reduced model (Hermite) proposed in
the present article is verified for the simulation of the bending of an annular membrane.
However, it can be seen that the reduced model (Lagrange) does not precisely simulate the
deformation, especially for the radial displacement. It is obvious that the reduced model
(Lagrange) is stiffer than the reduced model (Hermite). This phenomenon is known as the
membrane locking as mentioned in [56], in which Reddy suggested to use the linear and the
Hermite cubic interpolation for v and w, respectively, and the reduced integration to avoid the
membrane locking. In the present article, we followed the suggestion of [57] to use the Hermite
interpolation for all the displacements in the reduced model, also avoiding the membrane
locking problems. It should be noted that the effect of membrane locking phenomenon is

more severe for the radial displacement compared to the transverse displacement.
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Vi —B Full shell model (S8R5) 251 — Full shell model (S8R5)
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Figure 8.9 Evolution of displacements at p = R;,;: (a) transverse displacement; (b) radial
displacement

8.8 Annular membrane under diagonal tensile load

After the validation of the reduced model under in-plane and out-of-plane loads, the reduced
model is used to simulate a more complex example, which is an annular membrane under
diagonal radial tensile load along the internal edge as shown in Fig. 8.10. This example is
selected to verify that the model is able to simulate the instability phenomenon consisting
of a local wrinkling and a global bending. The applied force is decomposed into a horizontal

component and a vertical one.

This example is modified based on the wrinkling in a stretched thin sheet under lateral
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pressure and a similar example can be found in Vermorel et al. [60], where the dynamic
effects were considered. The angle between the diagonal tensile load and the initial mid-

surface is around 6° in this example.

Figure 8.10 An annular membrane under diagonal radial tensile load along the internal edge

Fig. 8.11 shows the deformation of the annular membrane, which is composed of a uniform
bending wy and a local instability w;. The relationship between the displacements and the
load is illustrated in Fig. 8.12. As shown in Fig. 8.12a, the radial displacement u, increases
when F' < 62.6N/mm, and it tends to decrease linearly after F' > 386.5N/mm. The reason
might be that the bending stiffness of the thin sheet is negligible compared with the in-plane
stiffness, which means that deformation stage for F' < 62.6 N/mm represents a pure bending
mode. Therefore, at this stage, the global bending w, appears while the in-plane deformation
is negligible, as shown in Fig. 8.12b, leading to a positive radial displacement 1. When wy
reaches the lowest value around 66.5mm with the load around 2518 N/mm, the membrane
deforms into a shape with an angle about 6° with respect to the horizontal plane, which is
close to the angle of diagonal tensile load. As shown in Fig. 8.12c¢, w; starts to increase
significantly after the same point, which means the wrinkling phenomenon occurs. Therefore
the bifurcation point is around 2518 N/mm. As shown in Fig. 8.12, after bifurcation point,
wyp increases slightly and tends to remain in the same level, while w; increases significantly.
The deformation of this example can be summarized as follows: the sheet deforms to an angle
close to the angle of the diagonal load, which can produce high enough in-plane tensile stresses
to resist the external load; then the diagonal tensile load lies in the plane of the deformed
membrane, which would generate the same instability pattern as the in-plane tensile load

example discussed in section 8.6.

Fig. 8.13 shows the stress evolution of the membrane in the entire process. It can be seen
that after the bifurcation point the evolution of both the radial and circumferential stresses
on the top and bottom surfaces is similar to the trend obtained in the example discussed in

section 8.6.2. However, it should be noted that the circumferential stress increases at the
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Figure 8.11 Deformation of the annular membrane under diagonal radial tensile load with an
angle around 6°

beginning stage and gets the highest value around F' = 175N/mm, then decreases to negative
value, which differs from the one discussed in section 8.6.2. This can be explained as follows.

From Egs. (8.1) and (8.2), the radial and circumferential strains can be written as:

Cou 1 [(aw () (o0)] ot
ep_ﬁp 2 [\ Op dp op ZapQ’
=5\ ") T 22|\ 90 a0 " a0 "

There is an axisymmetric bending before the bifurcation, which means u(p) and w(p) should

_ L (Pw  Ow
Zp2 062 p@p '

(8.48)

be considered. As shown in Fig. 8.13, the stresses on the top and bottom surfaces are

nearly the same before bifurcation, therefore the terms related to z can be neglected. After

2
1 [u
introducing the constitutive relationship and neglecting the terms of second order 5 ()

p

ou\ 2
and g (;) , the circumferential stress oy can be simplied from Eq. (8.48) as follows:
I

E

Og ~

(8.49)

As analyzed above, radial displacement ug is positive when F < 428 N/mm, and bending
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Figure 8.12 Evolution of displacements of the crest: (a) radial displacement wg; (b) transverse

displacement wy; (c) transverse displacement w,



197

displacement wy is uniform, which leads to the increasing positive circumferential stress at
the early stage. When F' > 175N/mm, the slope of w tends to decline gently while the
radial displacement u stops increasing and tends to decrease linearly as a function of F.
Therefore, the circumferential stress starts to decrease. When the circumferential stress
reaches a specific negative value, the wrinkling occurs. After the bifurcation point, the stress

evolution is similar to the one discussed in section 8.6.2.
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Figure 8.13 Evolutions of stresses on the top and bottom surfaces of the crest: (a) circum-
ferential stresses; (b) radial stresses

8.9 Circular plate under in-plane radial compressive load

A circular plate under uniform compressive load along the external edge, as shown in Fig.8.14,
is investigated in this section to verify that the reduced model can be employed in the
instability problems of circular thin plates. The analytical solution of the example obtained
by Alfutov [61] is introduced as a benchmark for our result. The stress distribution in
the entire process is simulated by using the reduced model. The material properties and

geometric dimensions are given in Table. 8.6.

Table 8.6 Material properties and geometric dimensions of the circular plate

Young’s modulus
E(MPa)

69, 000

Poisson’s ratio 4 Thickness h(mm)  Radius R(mm)

0.3 10 1000
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Figure 8.14 A circular plate under radial compressive load along the external edge

8.9.1 Verification

In this example, there is a uniform distribution of compressive stress in the entire field.
The von Karman nonlinear equation is applied based on the assumption that the transverse

displacement is small compared to the in-plane dimensions of the plate before bifurcation:

# 10 1 0%\ [w 10w 10w O*w (10w 1 0%w
B I (e R e I i 3 e e
op*>  pdp p*0602) \Op* pOp = p*00?  op? pOp  p*00?

(8.50)

Then submitting the expansion function of w(p, ) (Eq. (8.8)) and introducing the loading

condition, the following expansion form can be derived:

=0,
(8.51)

and @ is the preassigned circumferential wave number as men-

( d? 1d m2Q2> <d2wm n }dwm B m2Q2wm> nr <d2wm 1dw, m*Q%*w,y,

dp*>  pdp  p? dp*>  p dp p? dp>  p dp p?

in which m = 0,1, k? = 4

tioned above. Both the eigenfunctions and eigenvalues can be obtained from the solutions
of the equation, in which the smallest eigenvalue is related to the critical load of the lowest

instability pattern.

Eq. (8.51) is the famous Bessel’s differential equation, which has solutions named Bessel
functions of the first kind, denoted as J,,,o(kp), in the case of an integer m(@). As derived by
Alfutov [61], the roots kp of J,o+1(kp) = 0 are the eigenvalues of related instability patterns,
and several of them are listed in Table 8.7. The columns are named as the first roots, the
second roots and the third roots respectively, which represent the numbers of half-wave in the
radial direction, while the rows represent the circumferential wave numbers (). The critical

compressive loads can be obtained based on these roots by using k? = 4.

D

(kp)*D
R?

Fip = (8.52)



Table 8.7 The roots value of the first kind Bessel Function

Q First roots Second roots Third roots
0 3.8317 7.0155 10.1734
1 5.1356 8.4172 11.6198
2 6.3801 9.7610 13.0152
3 7.5883 11.0647 14.3725
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The instability patterns R1C3 and R3C'5 simulated by the reduced model and the full shell
model are presented in Fig. 8.15. The reduced model precisely describes the instability

patterns, no matter if the wrinkles arise in the radial or in the circumferential directions.

Fig. 8.16 shows the comparison of solutions among the analytical method, the full shell

model and the reduced model, which are in good agreement. In this example, for the case

h
— = 1072, the accuracy of the model is acceptable. However, based on more calculations

for the case with larger thickness (the results are not shown here), the difference between
the reduced model and other models become significant, especially for the high instability
patterns. This is because the reduced model is based on several basic assumptions valid only
for thin plates. Therefore, the assumptions are no longer accurate enough for the kinematics

of the reduced model when the thickness gets to a certain level.

8.9.2 Stress distribution

The evolution of the stress distribution on the top and bottom surface of the crest for the
instability pattern R3C'5 is shown in Fig. 8.17. As mentioned above, before the bifurcation,
there is a uniform distribution of compressive stress in the entire field. As shown in Fig.
8.17, the radial and circumferential stresses are the same negative value at the linear stage.
When wrinkles occur, the stresses on the top surface increase while the ones on the bottom
surface decrease. Meanwhile, it can be seen that although the radial stresses show the same
change as circumferential stresses, but they are lower in the post-buckling process. The
stress redistribution can be observed with the increase of load, which might cause multiple
bifurcations [62].

8.10 Conclusions

Based on the method of Fourier series with slowly variable coefficients [35] and the asymptotic
numerical method [58], a one-dimensional reduced model is constructed to model circumfer-

ential periodic instability patterns in circular domains. The reduced model is verified to be
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Figure 8.15 Instability patterns of the circular plate under compressive load along the external
edge predicted by two different models: (a) reduced model R1C3; (b) full shell model R1C'3;
(¢) reduced model R3C5; (d) full shell model R3C5
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Figure 8.16 Critical loads of different instability patterns predicted by analytical solutions
and numerical simulations

efficient and accurate by comparing its results with those of ABAQUS for an annular mem-
brane under various loads. With reduction of 99.8% DOFs, the reduced model still precisely
simulate the evolution of displacement and stress. Furthermore, the wrinkling patterns are
predicted without introducing imperfection to the initial model. Since the Hermite interpola-
tion is used for all the displacements, the reduced model is accurate in the simulation of pure
bending example without membrane locking problem. In the examples of annular membrane
under diagonal stretch and circular plate under in-plane compression, the reduced model
simulates the complex deformations and evolutions of stresses in different post-buckling pro-
cesses. Therefore, the reduced model shows the potential to precisely predict the buckling
patterns and efficiently simulate the post-buckling processes of various wrinkling phenomena

in circular domain.

Further modification can be made to extend the application scope of the reduced model.
For example, the Fourier expansion on the radial displacement can be considered to make it
easier to trace radial wrinkle patterns with large wave number. The phase modulation in the
macroscopic unknowns is another important factor to be considered, which enables modeling
more complex wrinkle patterns such as the one produced by shear loads [31]. The proposed

modeling method is also promising to model other periodic instability problems in circular
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domains, such as circular film-substrate systems [47], circular sandwich plates [49] or circular
functionally graded shells [52,63-65].
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CHAPTER 9 ARTICLE 6 : WRINKLING ANALYSIS OF CIRCULAR
MEMBRANES BY A FOURIER BASED REDUCED MODEL

W. Huang, W. Yan, R. Xu, Q. Huang*, J. Yang*, F. Trochu, H. Hu

Submitted to Thin-Walled Structures on 14 July 2020

9.1 Chapter overview

Chapter 8 developed a Fourier based reduced model for efficient and accurate numerical
simulations of wrinkling problems in circular membranes. Due to the fact that only two
harmonics (namely 0" and £1° orders) are considered in the reduced model, it is necessary
to select the wave number before simulations. This chapter presents the article submitted to
Thin-Walled Structures, in which the reduced model is further improved by accounting for
several Fourier harmonics. The improved reduced model can automatically choose the lowest
instability pattern to ensure the system to be in a state of minimum energy, which facilitates
the study of cases with unknown wrinkling patterns. The instability mechanisms of an
annular membrane under in-plane stretching is investigated, indicating that the appearance

of wrinkles in circular membranes does not depend on Poisson’s effect.

9.2 Abstract

As a soft material with an almost negligible bending stiffness, membranes may easily lose
their mechanical stability. Generally, the wave lengths of the wrinkles are quite small, leading
to the intensive computation in numerical simulations. To deal with the issue, a Fourier based
reduced model is recently developed by [1] showing good performance in both accuracy and
efficiency for the simulation of circular membrane wrinkling. The objective of this paper is
to improve the reduced model by accounting for several Fourier harmonics, then employ it to
study the wrinkling phenomenon in the circular domain. By accounting for several Fourier
harmonics, the reduced model can automatically distinguish the lowest instability pattern,
which facilitates the study of the cases of unknown wrinkling patterns. The instability
mechanisms of an annular membrane under in-plane stretching is also investigated. The
results show that the appearance of the wrinkles in circular membranes does not rely on
the Poisson’s effect, although the value of Poisson’s ratio and the geometric dimensions have

great influence on the wrinkling patterns. Finally, the instability problem of a circular thin
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plate under the in-plane compression is studied. The effects of the boundary condition and

the wrinkling pattern on the crest position and the critical load are investigated.

9.3 Introduction

Membrane structures have been widely used in aerospace and civil engineering, because of
their high performance in resisting tensional loads with much lighter weight compared with
traditional structures. In recent years, the application of membrane structures has been
broaden to different engineering fields. In order to meet specific structures, various kinds of
membrane structures have been designed. For example, by assembling electronical elements
on membranes [2], various stretchable electronics are fabricated, including stretchable organic
electrochemical transistors [3], supercapacitors [4] and wireless epidermal sensors [5]. They
present superior mechanical and wearable properties inaccessible in traditional electronics.
In some composite manufacturing processes, such as Flexible Injection (FI) [6] and Vacuum
Assisted Resin Transfer Molding (VARTM) [7], membranes play a key roles in inducing the
through-thickness compaction [8,9] and impregnation [10] for faster manufacturing process

of woven fabric reinforced composites [11].

Membranes easily lose the mechanical stability and wrinkles when subject to in-plane com-
pressive stress [12—-14] due to their almost negligible bending stiffness. Such phenomena have
significant effects on the mechanical and optical properties of membranes, leading to unde-
sired problems in engineering applications, such as the production defects in strip conveying
process [15] and deep drawing process [16]. To explore the mechanism for the instability in
membranes, a large amount of analytical studies [17-20], experimental analyses [21,22] and
numerical simulations [23-28] have been conducted. The finite element method has been
proved to be a robust and efficient way to capture the complex evolution of wrinkles and
stress distribution. However, the general FE models either present intensive computation
especially for the case with small wave length or suffer the difficulties of choosing a proper

imperfection.

In order to deal with the issues, Damil and Potier-Ferry [29] proposed a reduced-order FE
model based on the Fourier expansion of the displacement field. This approach reduce the
computation and ease the sensitivity of post-buckling behaviors to the applied geometric
imperfection, and have been adopted to study various kinds of instability problems, such
as rectangular membranes [30-33], rectangular sandwich plates [34-36], and thin films on
compliant substrates [37]. Recently, Huang et al. [1] employed this approach to develop a
reduced model to study the wrinkling problems in circular membranes, which shows good

performance in both accuracy and efficiency. However, only two harmonics (namely 0" and
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+1% orders) are considered in the reduced model. This paper aims at improving the reduced
model by accounting for several Fourier harmonics to facilitates the selection of the unknown
lowest instability pattern. The reduced model is used to investigate the instability mechanism
of the stretched annular membrane. Moreover, the effects of Poisson’s ratio and the geometric
dimensions on the wrinkling patterns are also discussed. Finally, the instability problem of

a circular thin plate under the in-plane compression is studied.

This paper is structured as follows. In section 9.4, the finite element procedure is described,
and the reduced model is constructed in cylindrical coordinates. In section 9.5 and section 9.6,
the model is used to study the wrinkling phenomena of the stretched annular membrane and

the compressed circular thin plate. The paper ends with a discussion on main conclusions.

9.4 Reduced model for instability problems in circular domain

In this section, first basic equations are reviewed; then the method of Fourier series with slowly
variable coefficients is briefly reviewed; after that, the finite element procedure to construct
the reduced model is described; finally, the nonlinear system is solved by the Asymptotic
Numerical Method.
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9.4.1 Basic functions

The geometric relation is divided into linear and non-linear parts, in which the linear strain

in the circular domain is formed of membrane strains €] and bending strains €}; (see [38]):

m  Ou

6p = %’ ((I)

m 1 [Ov

69_p<88+u>’ (b)

o L[ (o N

P2 1op  p\og A

(9.1)
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62 = _67,02’ (d)
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€p = p2 002 pap 3 (6)
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where u, v, w denote respectively the radial, circumferential and transversal components

of the mid-plane displacement in cylindrical coordinates p (p > 0) and 6 (2r > 6 > 0).
Quadratic membrane strains egj measuring the variation of strain state in an infinitely small

increment [26] are expressed as follows:
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The strains are then combined as follows:

€p e;” EZ eg
{7} =% e = e otz €4 + €
m b q (93)
Voo 2€p9 2€p9 2609

= {v"}+ 7"} + {+},

In this paper, the material behavior is assumed to be linear elastic. However, note that
the methodology is also valid for nonlinear constitutive laws. The constitutive relations are

expressed as:

E
ey (€ + peo) ,

E
Op = 1 _E]/»LZ (69 -+ MEP) s (94)
Tpo = m%e,

where F is Young’s modulus and p is Poisson’s ratio. The internal work of the membrane
occupying the region w is divided into two parts, including a membrane term due to stretching

and a bending contribution:

mnt - Wmem + r[/Vbena
W = [[ (7™ + ) L7 ("} + {(27}) deo, (9.5)

2w, = [ () U] {7}

in which the two elasticity tensors [L™] and {Lb} are written as:

1 0 1 0
L™ = Eh lf 0 L] = ol lf 0 (9.6)
R T e | ’ |
00 5 00 5

where h is the membrane thickness.

9.4.2 The method of Fourier series with slowly variable coefficients

The common instability modes observed in membranes are periodic or nearly periodic along
wave length direction. To exploit this periodicity, Damil and Potier-Ferry [29] proposed
the method of Fourier series with slowly variable coefficients to expand the rapidly varying

displacement field of the full shell model into Fourier series and to consider the slowly variable
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Fourier coefficients as new unknowns. The method has been widely adopted to generate
the efficient reduced model in Cartesian coordinates to study the wrinkling phenomena in
rectangular domains [30-37]. The method was recently employed by Huang et al. [1] to
construct the reduced model to study the wrinkling phenomena in circular domains. The
unknown displacement field of the circular membrane with periodic instability patterns in

the circumferential direction is expressed as follows (see Fig. 9.1):

Up) = 3> Un(ple™®. (0.7

m=—00

where i is the imaginary unit, m denotes the m'* order harmonic, and @ (Q € N) is a pre-
assigned integer wave-parameter presenting the wave number of the wrinkles in the circum-

imQ0 in the circumferential

ferential direction. The unknown field U(p, ) is decoupled into e
direction and U,,(p) in the radial direction. As a result, the original wrinkling analysis is
simplified to a one-dimensional problem, where all the unknown fields are changed with the

radius p.

Mean field + amplitude

Figure 9.1 Diagram of the method of Fourier series with slowly variable coefficients
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9.4.3 Energy equations

The calculation rules proposed by [29] is introduced to construct the reduced model. Given

two Fourier coefficients a(p) and b(p) as in Eq. (9.7), the following identities hold:

/OL a(p)b(p)dp = OL J_on_:o m (P)0—m (p)dp, (9.8)
da / . d . o 1 .

(i), = @ = (G +m@) an = an) 10 o
d*a w4 im 2a (a4 %m0 — m20%d?

(dp2>m — (") = (dp ~ Q) m = (am)" + 2imQ(am) m (9.10)

(ab)y, = JFZO:O Anbim—n. (9.11)

after introducing Eqs. (9.8)-(9.11), the geometric equations are deduced from Egs. (9.1) and
(9.2) as follows:

e :[aum 1 i <8wn Wy Oy Oy, Dy, 3Umn)
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+ % <12mem — iQmew> ]eler, (9.14)
p dp

in which n; is the Fourier expansion orders considered for the reduced model. In the current
work, considering that only the transverse displacement w shows obvious periodic oscillation
in the circumferential direction, it is assumed that u(p, #) = ug(p) and v(p, @) = vo(p). For the
transverse displacement w(p, #), several Fourier harmonics are considered, which is different

from the previous work [1]. After introducing these displacement assumptions, the unknown
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vector (q) is expressed as follows:

Oy vy owy  0*wy Owy,  Pwn,
—— vy, —— Wy, —— e W, ,
ap 07 ap 07 ap Y apQ Y J 8p apQ

(@) = <o,
(9.15)
The generalized strain vectors are expressed as {&}, (m = 0,1,2, ...), the strain of m' order.

{@@}7\n| and {5’}|n| (n=1,2,3,...) are a pair of complex conjugates that are regarded as the

same in the following derivation. {&'}, and {&’}, are written as follows:

e+ €no
€50 + €60
- { 26 [ {0 son)
b
€50 {7}, (9.16)
b
€90
26290
1
(110, + 5 [A @), ) {a}
e’p’; + ezn
o+ €,
2 (€5bn T €oon "
{&}, = (peb p9) :{ {b}
€6
262(,”
1 ) 1
= (11, + 5A@D ) {a} +1 (191, + 5 o (@],) {a}.
where the matrix [H|,, [H], and [J#] represents the linear parts of the strains without

unknown terms, while the matrix [A (q)],, [A (q)], and [& (q)]

nonlinear parts of the strains with the unknown terms presented in Table 9.1, in which r €

represent the quadratic

n n

[n—n;,n;] and n; is the number of Fourier orders considered for the transverse displacement
w. The operator of addition assignment “+=" indicates adding another value to the element’s

value and assigning the new value to the element.
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Matrix

Non-zero elements
(6 x (7 +3n;))

], (1.2)=1 @1=; (3.3)=—1 (3.4)=1
(4,7)=—1 (5,6)=—1
u v ow,. u
(1,2) = o Q=% el =G 2=
A (alo (273)2%( (2,5+3yr1)+:% (3,1):% 3,2)=—10
(3,3)=—"5" (3,4)=1
H], (47+3n)=—1 (55+30)="F  (56+3n)=—1
OWjn—r —r(n—r)Q%w nenr
(A (a)], (1,6 + 3|r|)+=""4" (2,5+3|r|)+:[(33#
2], (6,5 + 3n)="% (6.6 + 3n)=— 22
rQOW|,_p rQuy,
[ (a)], (375+3|7’|)+:# (3,6+3|n—r\)+:%

The internal virtual work of the circular membrane in Eq. (9.5) is deduced as:

1

5|+ G + 1) + (), [ (),

+ ; [((7’% + (v, L ({7, + ) + () [ {vb}n] dw) .
(0.

18)

After substituting Eqs. (9.16) and (9.17) into Eq. (9.18), and adopting the principle of

virtual work:

rI/th<5Q) = Wemt(gq)7 (9
the governing equations are deduced as:
o) { [ | ("1 + [ G@in) (530 + 23 (I + [AGaL) (S),
+9 2 (") + [ ()], {y}n] do — | /w ME) dw} — 0, o

(St = (D] (), + 5(A (@) ) {a,
(#}, = ) (1], + 5lof(@).) {al,

19)

20)

where AM{f} is a generalized force vector with A € R being a load parameter, and the elastic
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coeflicient matrix is written as follows:
D] = ("R™[L"R"] + T [RY[LY[RY]), (9.21)

in which [R™] (for the membrane strains) and [R?] (for the bending strains) are written as

follows:
1 00000 000100
R™=|010000|, [R]=[0000T10 (9.22)
001 00O 0 00 O0O01

9.4.4 Discretization

Similar to the discretization procedure in the previous work [1], Hermite interpolation is
employed for all the displacement components to prevent the possible membrane locking
problem. Since n; Fourier expansion orders are considered for the transverse displacement
w in the current work, a two-node 1D element with (6 + 2 X n;) degrees of freedom at each

node is adopted. The vector of shape functions can be written as follows:

<F>:<<1—g)2(2+§) le(1-¢)(1-8 (1+&°(@2-¢ le(—1+£2)(1+§)>_ (9.23)
4 ’ 8 ’ 4 ’ 8

in which le denotes the length of element. Considering the unknowns in Eq. (9.15), the

element nodal displacements vector (q°) can be expressed as:

I
< ul, %“5, I %”5, wl, 88—“)5, ol (9;%-7 il 8{;517 ol ag({f’
(@) = 9 ;;1 P w!! p P P (9'24>
I Wo I nj
0> a n;o ap )

then Eq. (9.15) is expressed as a discretized form:

{a} = [G]{a"}, (9.25)
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(12 4 4n;) matrix of shape functions [G] can be written as:

(9.26)

where subscripts following commas denote partial derivatives and the vector (I'ge) is as

follows:

<qu>

(T(1), @2, 0, ..

0, T(3), T(4) ).

(9.27)

in which 4 + 2n; zeros exist between I'(2) and I'(3). Substituting the discretized unknown

{q} in Eq. (9.25) into Eq. (9.20), the governing equations can be converted into the following

form:

(S}, = D] (B, +

where

X 6a) | [ (“Blanfsho 23 1B
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(9.28)

(9.29)
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in which ¢ € [0,n;]. The asymptotic numerical method proposed by [39] is used to solve the
set of equations. Details on the use of the ANM for the resolution of non-linear equations

are given in 9.8.

9.5 Annular membrane under in-plane tensile load

In this section, the reduced model accounting for several Fourier coefficients, which is dif-
ferent from the model used in [1], is firstly employed to study the instability phenomena of
the annular membrane under radial tensile load (see Fig. 9.2). The external edge of the
membrane is simply supported and the transverse displacement of the internal edge is fixed,
while a uniformly distributed radial tensile load is applied along the internal edge. Then a
discussion is conducted on the difference between wrinkling mechanism of the annular mem-
brane and that of the rectangular membrane under unidirectionally tensile load. The effects
of the Poisson’s ratio and the geometric dimensions on the wrinkling pattern are also investi-
gated. The material properties and geometric dimensions of the annular membrane are listed
in Table 9.2.

Rint

(a) (b)

Figure 9.2 An annular membrane under in-plane radial tensile load along the internal edge

Table 9.2 Material properties and geometric dimensions of the annular membranes

Young's Poisson’s Thickness Exte‘rnal Inteljnal Instability
modulus ratio h(mm) radius radius pattern
E(MPa) H Reyi(mm) Ripi(mm)
390 R1C12
69, 000 0.3 1 1000 100 RICT3

9.5.1 Verification

RXCY represents the buckling modes with different wave numbers, in which X and Y denote

the half-waves in the radial direction and waves in the circumferential direction, respectively.
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Since the geometric dimensions plays an important role in membrane buckling [32], the
annular membranes of different internal radius are studied, whose lowest instability patterns
are different as shown in Table 9.2. By using the reduced model to predict the bifurcation
loads of the mode R1C'12 with various numbers of elements, a mesh convergence study is
performed to determine the minimum number of elements for the discretization. The model
with seven Fourier coefficients (namely the highest order harmonic is 6 in Eq. (9.7)) is
adopted for the study, while the preassigned wave number () = 2. Fig. 9.3 presents the
result of the convergence study, the transverse displacement W is the summation of all the
harmonics. It is precise enough to use 4 elements in the reduced model to simulate the

phenomenon in this section.

—¥— Reduced model neje =2
0.8 1 —@= Reduced model neje = 4
=g Reduced model nee =8 /

Reduced model nee =16 /
"

0.6
0.4

0.2 A

Transverse displacement W(mm)

P
0.0 1 WSR2V .

0 20 40 60 80 100 120 140
Load F(N/mm)

Figure 9.3 Convergence study of the reduced model with respect to the number of elements
in the radial direction

In order to verify the accuracy of the reduced model, a simulation is conducted based on 3D
finite element model in ABAQUS (referred to as the ‘full shell model’ in this paper), and the
result is regarded as the benchmark. The convergence test of the full shell model has been
done in [1], and 52 x 8 elements are employed to discretize the full shell model. Fig. 9.4
shows the deformed shapes of the annular membranes predicted by the both models, and the

two simulation results show almost the same buckling mode R1C12.

Usually, only the zero harmonic Uy (mean field) and the first harmonic U; (envelope of
the oscillation) are adopted [1,29,32,34,35]. When applying those reduced models, it is
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Figure 9.4 Instability pattern R1C'12 of the annular membrane under radial tensile load
predicted by two different models: (a) the reduced model; (b) the full shell model

necessary to preassign a proper wave number () to obtain the interested wrinkling patterns.
For example, in order to obtain R1C'12, the wave number needs to be () = 12. As introduced
by [37], the lowest buckling mode of thin films on compliant substrates can be automatically
predicted by the model accounting for several Fourier harmonics. To verify that the model
constructed in the current study is able to realize the same function, the reduced model
accounting for seven Fourier harmonics is adopted to simulate the R1C12 cases, while the

wave numbers are set to be ) =2 and Q) = 3.

The bifurcation curves of R1C'12 calculated by the reduced model and the full shell model
are illustrated in Fig. 9.4, in which W,, denotes the transverse displacement of the m! order
harmonic. No matter () = 2 or ) = 3, the result of the reduced model is quite precise. Even
in the post-buckling process when W reaches the same magnitude as the membrane thickness,
the reduced model still performs well. Besides, although seven harmonics are considered here
for the transverse displacement W, the reduced model is highly efficient and only requires 90
degrees of freedom (DOFs), about 0.5% of the full shell model (DOFs = 16640). Note that
the only difference between Fig. 9.4a and 9.4b is the main fluctuation harmonic. To be more
specific, the transverse displacement of 6'* harmonic changes significantly after bifurcation
point when ) = 2, while the one of 4 harmonic increases obviously when @ = 3. Both
cases obtain the wrinkling pattern R1C'12 and predict the same bifurcation curve. Therefore,
for the simulation of annular membrane wrinkling, the reduced model with several Fourier
harmonics automatically chooses the proper Fourier coefficient to ensure the system to be in

a state of minimum energy.

Even though the automatic selection of the fluctuation harmonic facilitates the study of the
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Figure 9.5 Bifurcation curves of R1C'12 obtained by the full shell model and the reduced
models with different preassigned wave numbers ()
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cases of unknown wrinkling patterns, the reduced model might be ineffective for some cases,
for example, when the wave number @) of the wrinkling pattern R1C'Y is a prime number.
For the case of R;,; = 400 shown in Table 9.2, the lowest instability pattern is R1C'13. Two
reduced models can be used to simulate this case: 1) the model accounting only the 0 and
1%t when Q = 13; 2) the model accounting from the 0% to the 13" harmonics when @ = 1.
The first one is discussed in [1], and the second one is adopted to predict the bifurcation
curve as shown in Fig. 9.6. The transverse displacements of the 0* to 12" harmonics keep
constant for the whole process, while only W3 increases significantly after bifurcation point.
The reduced model still chooses the correct main fluctuation harmonic, although the usage
of fourteen Fourier coefficients diminish its efficiency. In the following section, the stress
evolution of the annular membrane is investigated to provide an enhanced understanding of

the instability mechanism.

O Full shell model
=Je- Reduced model W3

© © ©
IS o ©
1 L L

o
N

Transverse displacement W(mm)

Reduced model W, ~ W,

I—I—L-I— ——a
6I0 8I0

100

0.0 A

0 20 40
Load F(N/mm)

Figure 9.6 Bifurcation curve of R1C'13 obtained by the full shell model and by the reduced
model accounting fourteen harmonics when the wave number @) = 1
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9.5.2 Instability mechanisms

From Eqs. (9.1) and (9.2), the complete form of the radial and circumferential strains are

expressed as follows:

_ou 1 ‘lwl %QJF w\*| _ Pw
Ep_ﬁp 2 |1\ 9p dp p op?’
= ,\a0 ") T2z |\ o8 o0 " a0 "

Before the bifurcation point, the deformation of the annular membrane is axisymmetric in

L (Pw Ow
2\aer " Pap)

(9.30)

the linear stage. Thus the circumferential displacement v and the derivative of the radial

ou
displacement % are negligible. Based on the assumption that the membrane is perfectly
plane before the loss of stability, the terms related to the transverse displacement w can also
be neglected. Then Eq. (9.30) is simplified as follows:

_ w1 (ou)’
Ep_ﬁp 2\dp) "’

(9.31)

Considering that the compressive circumferential stress is the origin of the wrinkling for the
numerical cases discussed above. Therefore, for the following analysis, only the circumferen-
tial stress is studied. After introducing Eq. (9.31) into the constitutive relationship, in which

the shear strain is neglected, the circumferential stress is deduced as follows:

09:1_M2(€9+u6p)

_ B Ju 1w\t 0w (0u)] 932
=2 |p 2\p) Mo T2\0p) |
u

As shown in Fig. 9.7, Y and p— are of the same order of magnitude being much smaller than
p

dp

2 2
1 0
1. After neglecting the terms of second order 3 <u> and g <8u> , 0g can be simplified as
P p



227

follows:

h a“] . (9.33)

E

T [p R
This shows that the main effective term of circumferential stress oy is the radial displacement
u. The similar conclusion can be obtained from the famous Lamé’s equations and many
other studies [17-19]. Fig. 9.7 presents that when a tensile load at the internal edge causes a
negative radial displacement u, a compressive zone appears near the internal edge no matter
if the Poisson’s ratio of the material is positive, zero or even negative. This implies that
the wrinkling phenomena in circular membranes is not highly sensitive to Poisson’s effect.
This also explains why no wrinkle appears if the internal edge is fixed while the external
edge is stretched in the radial direction, which is an simple but practical way to prevent the

wrinkling problems of annular membranes.
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Figure 9.7 Evolution of the two terms related to the radial displacements in Eq. (9.33) along
the radial direction

Since the instability pattern is highly sensitive to the stress distribution, the reduced model
is used to simulate the stress. Fig. 9.8 illustrates the redistribution of circumferential stress,
and the evolution of the stresses on the top and bottom surfaces of the crest during the
whole process. The movement and deformation of an arc line AB is presented to describe
the appearance of wrinkling in Fig. 9.8a. In order to clearly illustrate the mechanism, a

deformation scaling factor is used to visually enlarge the deformation. Due to the tensile load,
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the line AB moves towards the internal edge. Before the bifurcation point, the compressive
stresses on the top and bottom surfaces are the same and vary linearly with the increase of the
tensile load. Suppose that when the line AB moves to A’B’, it reaches the bifurcation point,
thus the line A’B’ buckles to accommodate the in-plane strain incompatibility generated
by the negative radial displacement. As the consequence, the top surface of the membrane
starts to be stretched while the bottom surface gets further compressed. From an intuitive
perspective, the circle’s circumference decreases from the external to the internal edges, thus
when the arc AB moves towards A’B’, it must shrink in the plane or buckle out of the plane

to meet the geometric constraint.

As discussed above, the relationship between the displacement and circumferential stresses
plays a key role in the instability process. As shown in Fig. 9.9, the wave length and the
wave number of circumferential stress are the same as those of the transverse displacement.
Meanwhile, when comparing the transverse displacement and the circumferential stress on the
top surface, their phases are the same, whereas when compared to the stress on the bottom,
the phase differs by half a period. Therefore, the top surface of the crest and the bottom
surface of the trough around the circumference tend to be stretched in the post-buckling

stage.

This wrinkling phenomenon is different from the similar reference example in Cartesian co-
ordinates, which is the rectangular membrane under an in-plane uniaxial tensile load [14,32].
Although these two examples both describe unidirectionally stretched membranes with lat-
eral wrinkling, their instability mechanisms are different. The negative radial displacement is
the origin of the circumferential compressive stress of the annular membrane, which is on the
load direction and does not depend on the Poisson effect. But the main reason causing the
compressive stress of the rectangular membrane is the shrinkage along the lateral direction
vertical to the tensile load, which is induced by Poisson’s effect as illustrated in Fig. 9.10.
The figure also presents a membrane of negative Poisson’s ratio under an in-plane uniaxial
tensile load. The small transverse displacements existing in the example of y = —0.3 is
because the rectangular membrane cases are simulated by ABAQUS. It is necessary here to
introduce very small initial imperfections related to the buckling patterns before performing
the numerical simulations. Although the transverse displacement is negligible compared with
the obvious ones in the example of u = 0.3, the distribution of the displacement U, shows
that the membrane expands in the lateral direction under the tensile load in the negative
Poisson’s ratio case. No compressive stress exists in the zone of interest and thus no wrinkle
appears. However, as mentioned above, the wrinkles always appear in the annular membrane

no matter if the Poisson’s ratio is positive or negative.
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9.5.3 Effect of geometric dimensions

As mentioned above, even though the automatic selection of the fluctuation harmonic fa-
cilitates the study of cases with unknown wrinkling patterns, the reduced model might be
ineffective in some cases. The lowest instability pattern is affected by many factors, e.g.,
boundary conditions, geometric dimensions and material properties. In order to overcome
this drawback, the relationship between the geometric dimensions and the lowest instability
patterns is investigated by the reduced model in this section. A MATLAB script is devel-
oped to simulate the cases with increasing internal radius R;,; to automatically judge the
lowest instability patterns. As shown in Fig. 9.11 and Fig. 9.12, two important attributes
are presented, namely the circumferential wave number () and the critical load Fp;¢. Since
Poisson’s ratio also affects the lowest instability pattern as a material property, the results

with three different Poisson’s ratios are compared.

As shown in Fig. 9.11a, with the increase of %"j, () varies as an exponential function

Rin
Q= AePRei + C. This facilitates the selection of the lowest instability pattern according to

%. Note that the higher Poisson’s ratio the material has, the more rapidly the wave number

ext

increases. Therefore, the coefficients of the exponential function are related to Poisson’s ratio,
and their relationship is presented in Fig. 9.11b. The parameters A and C are well fitted
by linear functions, while B is precisely fitted by an exponential function. Combining this
function with the reduced model, the lowest instability patterns of unknown cases can be
assigned automatically. Note that only the Poisson’s ratio is considered here, the other factors

should be taken into consideration in the future to improve the applicability of the model.

Fig. 9.12 shows the evolution of the critical tensile load with the increase of the radius ratio

%. For the case p = 0.3, the critical instability load Fj;; presents an interesting "U" shape.

With the decrease of Poisson’s ratio, the curve tends to take a "L" shape, especially when
i = —0.3. When %"i < 0.10, the critical instability load Fj;; decreases sharply with %"i.
Then all the curves tend to reach their plateau stages. This means that when the radius

ratio lies in this plateau range, one cannot prevent wrinkling by changing the radius ratio,

since the critical instability load remains at a low level. When %"i = 0.30, the curve with
i = 0.3 starts to increase continuously. The critical tensile load increases significantly when

%’“ﬁ > (0.4, due to the rapid increase of the wave number with the radius ratio as shown in Fig.

9.11. The curve with p = 0.0 starts to increase significantly when % = 0.60, while the curve
with ¢ = —0.3 remains stable in the range of 0.1 < % < 0.7. Therefore, when it comes to
improving the wrinkling resistance by changing the radius ratio, it is much easier with the
annular membrane of high Poisson’s ratio than the one of low Poisson’s ratio. Therefore,

in practical applications, using the annular membranes of high Poisson’s ratios and low (or
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Figure 9.11 Relationship between the radius ratio and the wave number of the lowest insta-
bility pattern: (a) circumferential wave number is a function of radius ratio; (b) coefficients

of the exponential function are the functions of
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high) radius ratios, is a simple, but effective, way to improve the wrinkling resistance, which

is also mentioned in [17].
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Figure 9.12 Relationship between the radius ratio and the critical instability load of the
lowest instability pattern

9.5.4 Effect of Poisson’s ratio

As discussed above, the wrinkling phenomena always arise when the annular membrane is
stretched at the internal edge no matter if the Poisson’s ratio is negative or positive. However,
the value of Poisson’s ratio should somehow affect wrinkling. Therefore, in this section, the

effect of Poisson’s ratio is further investigated.

Table 9.3 displays both the lowest instability patterns, which corresponds to the lowest
critical loads, and the specific instability pattern R1C13 of five Poisson’s ratios decreasing
from 0.40 to —0.40. The critical load of the same instability pattern R1C'13 decreases from
100.48N/mm to 11.89N/mm, and the circumferential wave number of the lowest instability

pattern decreases from 17 to 7. The critical instability load Fy;; of R1C13 does not mono-
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tonically decrease with Poisson’s ratio u. When p = —0.4, the critical load of instability
of R1C13 is F;y = 11.89N/mm, which is higher than Fj;y = 11.88N/mm in the case of
i = —0.30. R1C13 is the higher instability pattern when p < 0.3 and the lowest instability
pattern when p = 0.3, but becomes the higher instability pattern again when p > 0.3.

Table 9.3 Instability patterns for different Poisson’s ratio p

Poisson’s ratio . Tensile load
B Instability patterns F(N/mm)
0.40 R1C17 (Lowest pattern) 100.48
) R1C13 (Higher pattern) 131.22
0.30 R1C13 (Lowest pattern) 43.17
0.00 R1C8 (Lowest pattern) 11.22
) R1C13 (Higher pattern) 15.51
0.30 R1C7 (Lowest pattern) 7.06
) R1C13 (Higher pattern) 11.88
0.40 R1C7 (Lowest pattern) 6.57
’ R1C13 (Higher pattern) 11.89

To further analyze the results, other calculation for Poisson’s ratios p ranging from —0.45
to 0.40 with the interval of 0.05 are carried out. As discussed above, the main effective
term of circumferential stress is the radial displacement. Therefore, the relationship between
the critical load and the radial displacement at the internal edge is studied. As shown in
Fig. 9.13, both the critical load Fy;y and the radial displacement u vary as the functions of
Poisson’s ratio. When p < —0.40, the critical instability load decreases with Poisson’s ratio
1; whereas when p > —0.40, it increases. Except in the case of = 0.30, the critical load
Fyiy of R1C13 is always higher than that of the lowest instability pattern. A similar trend
can be observed in the curve of the radial displacement w;,; at the internal edge, but u;,,

remains nearly constant when p < —0.40.

9.5.5 Summary

The above discussion shows that the reduced model accounting for several Fourier harmonics
provides accurate and computationally efficient results to simulate the entire instability pro-
cess. Meanwhile, the proper lowest wrinkling pattern can be automatically selected with the
reduced model. Moreover, the instability mechanism of the annular membrane under tensile
load at the internal edge is discussed as the appearance of wrinkles in this example is not

determined by Poisson’s ratio. An exponential function related to the geometric dimensions
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and Poisson’s ratio is developed to predict the wave number of the lowest instability pattern

so as to further improve the reduced model.

9.6 Solution for circular plate buckling problem

As shown in Fig.9.14, a circular plate under the uniform compressive load along the external
edge is investigated in this section. The transverse displacement and stress distribution are
predicted with the reduced model. The material properties and geometric dimensions are

given in Table 9.4.

Figure 9.14 A circular plate under radial compressive load along the external edge

Table 9.4 Material properties and geometric dimensions of the circular plate

Young’s modulus E
(MPa)

69, 000 0.3 10 1000

Poisson’s ratio p Thickness h (mm) Radius R (mm)

9.6.1 Transverse displacement

The relationship between the critical load and the position of the crest is investigated here,
because they are both related to the instability pattern. The instability patterns of waves in
the circumferential direction and several half-waves in the radial direction are simulated by
the reduced model, such as R1C3 and R3C5 presented in Fig. 9.15.

Fig. 9.16 shows the transverse displacement distributions in the radial direction for the
cases of different instability patterns and boundary conditions. As shown in Fig. 9.16a,
the circumferential wave number changes from 3 to 9, while the crest position moves to
the external edge. On the contrary, as shown in Fig. 9.16b, when the radial wave number

increases from 1 to 4, the crest position moves to the internal edge. Besides, in both figures,
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(a) R1C3 (b) R3C5

Figure 9.15 Instability patterns of circular plates under compressive load along the external
edge predicted by the reduced model

the crest is closer to the internal edge when the edge of the plate is clamped compared to
simply supported boundaries. Therefore, the relative location of the crest is affected by both

the wave numbers in the two directions and the boundary conditions.

Fig. 9.17 quantitatively shows the relationship between the wave number and the crest
position discussed above. The half-wave number in the radial direction and the wave number
in the circumferential direction change from 1 to 9 simultaneously. Under different boundary
conditions, the crest position varies as well as the exponential function of the wave number
in both directions. For each case, the position always converges to a constant value with the
increase of the wave number. These functions make it possible to directly predict the crest
position of different instability pattern according to the wave number.

,Ocrest .
1S

The relationship between the critical load Fj;r and the relative location of the crest

2 F..
% related to the critical load is

used for the analysis, which is not affected by the geometric dimensions. The results of four

quantitatively analyzed in Fig. 9.18. The eigenvalue

different cases are well fitted by exponential functions. Using the same idea to analyze other
more complex examples without analytical solutions, it might be a rapid and effective way
to predict the critical loads of instability by measuring the positions of crests with special

optical devices, e.g., digital image correlation (DIC) measurement systems.
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9.6.2 Stress distributions

The instability pattern R3C5 is simulated by the reduced model to study the stress distri-
butions. As shown in Fig. 9.19, near the bifurcation point, both stresses exhibit a periodic
pattern in the circumferential direction and a nearly periodic one in the radial direction. The
region of maximum circumferential stress appears in the vicinity of the center, while there

does not seem to be any unique region of maximum radial stress.

(a) (b)

Figure 9.19 Stress distributions on the top surface near the bifurcation point: (a) circumfer-
ential stress distribution; (b) radial stress distribution

As shown in Fig. 9.20 for the instability pattern R3C5, both the radial and circumferential
stresses present nearly periodic pattern in the radial direction. The stresses on the top surface
tend to be higher at the peak, while the ones on the bottom surface tend to be higher at
the trough. Therefore, the direction of the transverse displacement determines the surface
to be stretched, i.e., the top surface of the crest and the bottom surface of the trough tend
to be stretched in the post-buckling stage. The amplitude of the radial stress remains at
the same level, while that of the circumferential stress decreases in the radial direction. The
explanation could be connected with the wave lengths of the radial wrinkles which are nearly
the same along the radial direction, while the ones of the circumferential wrinkles change

along the radial direction.
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Figure 9.20 Transverse displacements and stresses in the radial direction near the bifurcation

point
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9.7 Conclusions

Based on the recently developed approach [1], a improved reduced model accounting for
several Fourier harmonics is constructed to solve circumferential periodic instability problems
of circular thin-walled structures. For the simulation of annular membrane wrinkling, the
reduced model automatically chooses the lowest instability pattern to ensure the system
to be in a state with minimum energy, which facilitates the study of cases with unknown
wrinkling patterns. The instability mechanisms of a stretched annular membrane have been
investigated. The results show that the appearance of wrinkles in circular membranes does
not rely on Poisson’s effect, which is different from a similar reference example in Cartesian
coordinates, namely a rectangular membrane under in-plane uniaxial tensile load [14, 32].
However, the value of Poisson’s ratio and the geometric dimensions have a great influence
on wrinkling patterns. Finally, the instability problem of a circular thin plate under the
in-plane compression was investigated. The relative location of the crest is affected by both
the wave numbers in the two directions and the boundary conditions. It always converges to

a constant value with the increase of the wave number.

Acknowledgements

This work has been supported by the National Natural Science Foundation of China (Grant
Nos. 11920101002 and 11772238). The authors also acknowledge the financial support of the
National Science & Engineering Research Council of Canada (NSERC).

9.8 Appendix A. Implementation of the ANM

The established nonlinear system is solved by the Asymptotic Numerical Method (ANM)
proposed by [39]. Suppose that {S}, (t € [0,n,]), {<}n (n € [1,n;]) and {q°} are the
assembly of the vectors {S,}¢, {#,}n and {qy} (p =1,2,3---). The solution at the end of
step j is assumed to be known to determine the solution at the end of step (j + 1). Thus the
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unknowns vectors can be expressed as:

Sy ={8} + z 0'{8,} = {SH +a{Si} + XS} + - (9.34)
[Fh (P + Z L b = APV + [P+ Fofu o, (939)
{a} ={ay + z o faty = {aY +afat} + aMash+ - (9.36)
A =N+ fjlo/up =N tad\ +aPhg+ -, (9.37)

a =(qj) z{qe} —{a¥) + M (A= N), (9.38)

in which « is the path parameter. Substituting the approached solutions of Eqs. (9.34)-
(9.38) into Egs. (9.28) and (9.29), a complete expansion form of governing equations can be

deduced. Then each calculation step can be separated into order 1 and order p (p>2):
Order 1

> (oar) /ZB{T[B(qej)]o{Sl}o+T[Bnl(0h {S}o+22[ Dl Sihn + " Bua(a)] S},

e

123" 1B} + [m<qf>]n{y};]}pdp:zwq%{fe},

{S1}» = [D][B(q9)].{asf},
{Z1}n = [DI[B(q9)]{as},
1= (af) {af} + 1.

(9.39)

Note that {q°} is the known vector and {q¢} is the unknown vector. The terms 7 [By;(q¢)]:{S}
and 7[8B,,(q5)].{}), are rewritten as:

{ "Bu(af)){S}H =" [GIISHIG){qS}, (9.40)

HBu(ap) (S}, =" (GG}
where ¢ € [0,n;], n € [1,n;] and the non-zero elements of transform matrices [S]! and [57}%

are listed in Table 9.5, in which r € [n — n;,n;]. Submitting Eq. (9.40) into Eq. (9.39), the

following equation with element matrices is obtained:

> (6a°) ([k(a%, Si, &) {as} — Mi{f}) =0, (9.41)

e



in which, [k(q°, S;,#,)] is the element stiffness matrix,

Table 9.5 Elements of the transform matrices [S]Z and [&]]
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(9.42)

Matrix

Non-zero elements
((7+3n;) x (74 3n;))

- L)=% (14)="5 (22)=5 (23)=—2

ST (33)=2% (44)=5 (32)=—% (41)=%
(5+3|r, 5+3|r|)+_’"QS (6+3|r|,6+3|r])+=5]

1S)7 (5+3[r] 53[0 — r|)+="""025%  (6+3]r|.6+3|n — r|)+=5]

% (5-+3|r],6+3Jn — r|)+="2% (6+3Jn — r|,5+3]r])+="2%

After combining all the element matrices and vectors, the final equation of order 1 can be

obtained:

[K(a%, S, Zn){Qu} = M{F},

(9.43)

where [K(q®, S, #,,)] is the global stiffness matrix, {Q:} the global displacement vector and

{F} the global load vector.

Order p
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The governing equations of order p is written as following:

S (o) /ZB{T[Bmej)]o{sp}o+T[Bm<qp (K23 VIR (5, + 7 B S

e

#2351 () + Bl oo
=3 (6 lAp{fG} (£} + 2; ({f;”l}n + {9;"1}71)],

{Sp}: = DIB(aY)|{a;} + {Szl}t,
{Zp}n = [D][B(aY)]u{ay} + {5’;”}” :
0= (af) {ag} + MMy,

(9.44)
in which -
{1} = —Zl/o ("Builay_)l{Sp}:) pdp,
(1), = SIS Batas )l {as)
pﬁl le (9.45)
(#i, =~ [ (1Bulas)u{2)) oo
(77}, = 401 Sy, (o).

Some additional terms exist in Eq. (9.44) compared to Eq. (9.39), which are non-linear force

terms and are moved to the right side of the equation.

X (6a) [Ikta” S e -ME - {857, 2 3 (064 (254, ) = 0. 0.0

e

in which, the element nonlinear force vectors {f;N L}t and {f ZN L} are written as:
n

{f;NL}t _ {f;nl}t B /Ole (T[ (qej)]t{sgl}t) pdp,

, (9.47)
(g = {F5) [ ((BaAF) o

After combining all the element matrices, the final equation of order p can be derived as:

K(a, St Zn){Q,} = M{F} + {F}'}, (9.48)

in which [K(q® S;,#,)] is the global stiffness matrix, that is the same as the one in the first
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order. {Q,} is the global displacement vector, {F} the global load vector, and {Fp'} the

global nonlinear force vector.

After solving all the orders in one step, the results {Q,}(p>1) are submitted into Eq. (9.36):

{QP ={QY + > aM{Q,} = {QF + o{Qu} + X {Qu} + -, (9.49)
p=1
where the maximum value of the path parameter « is defined as the same principle as in [39],
1
Q| )n -1
a= (¢ @ . (9.50)
( 1Qn. |

where ( is the precise parameter initially assigned by the user.
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CHAPTER 10 GENERAL DISCUSSION

This chapter provides a general discussion on the work carried out and presented in this
thesis. To structure the discussion, four key issues were addressed in detail: generation of
digital material twins, evaluation and account for material variability in composites, analyses

based on digital material twins and simulation of membrane wrinkling in LCM processes.

10.1 Generation of digital material twins

Thanks to microtomographic observations of the material structure and to the Micro-CT
AGM methodology, a new concept called “digital material twin” was proposed to construct
a detailed and structured geometric model of textile architecture. To facilitate the opera-
tions required to achieve this goal, an original software called CompoCT was developed as a
platform for Micro-CT AGM. It provides three views of the specimen, thus the accuracy of
selection can be improved to identify tows, especially to distinguish between the boundaries
of contacting tows. This is different from the manual separation carried out in other stud-
ies [1-5], in which the selection of contour points is generally based on only one view of the

image.

During the reconstruction, the possible intersection of tows remains a problematic issue. As a
matter of fact, tows in contact or close to one another may intersect when interpolated. This
might lead to numerical problems during simulations. By employing the iterative expansion
approach proposed in the current work, this problem can be solved. A clear boundary between
two tows in contact can be obtained, although the original contours of tows intersect at the
initial iteration state. Besides, no intersection is observed between the tows with different
orientations. Following this approach voxel models of digital material twins were successfully

generated for further analysis.

10.2 Evaluation and account for material variability in composites

The digital material twin created is a structured voxel file, in which all fiber tows are iden-
tified. This allows carrying out a thorough analysis of the geometric features of the fiber
tows contained in the specimen. Since the model is generated from the real fabric, it takes
into account the statistical variability of the material structure. Therefore, the numerical
predictions of saturated through-thickness permeability also illustrate the variability of the

material much like experiments, which was generally not possible in previous studies [6-11].
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Handling material variability is a distinctive feature of digital material twin, which provides
a novel way to study and account for the variability in experiments. For example, in the
international Benchmark III [12], a huge difference was observed among the results obtained
by different research teams. Several possible sources of errors have been proposed, but
none of them was investigated quantitatively. From the results presented in Chapter 5, the
nesting between fabric layers can significantly affect permeability results. This is related
to the mesostructure of fibrous reinforcements resulting from the uncontrollable variability
during lay-up. Digital material twins provide a way to quantitatively study the effects of
mesostructure on the flow properties of fibrous reinforcements. Besides, in the analysis of
transverse compaction, local effects in single layers and differences between layers illustrate
the material variability of real fabrics, a typical result obtained with digital material twins.
Therefore, material variability plays a very important role as it affects the mechanical and

flow properties of fibrous reinforcements.

10.3 Analyses based on digital material twins

In order to quantitatively analyze the deformation of fiber tows during compaction based on
microtomographic images, it is necessary to correlate the displacements of material points on
the images at different stages of deformation. Digital Image Correlation (DIC) and Digital
Volume Correlation (DVC) are widely used to process the images obtained by various ob-
servation techniques to analyze material deformations. However, when these approaches are
used to process microtomographic images, the accuracy cannot be confirmed, since random
noise arises in the images obtained from microtomographic scans. The correlation approach
developed in the current work is not only based on voxel data like in other approaches, but
it also uses the geometric information of the fiber tows extracted from the digital material
twin. This additional information provides also a possibility to improve the accuracy of the
correlation approach. Note that, in the current work, this approach ignores the possible ro-
tation of contours in cross-sections orthogonal to the fiber direction. This may be considered
as acceptable, because the maximum rotation of the cross-sections was found not to exceed

4 degrees. However, this could be taken into account in the future.

10.4 Simulations of membrane wrinkling in LCM processes

As mentioned before, other factors can also lead to defects in final composites parts during
manufacture. In VARTM and FI, membranes play a key role to induce through-thickness

impregnation for faster composite manufacturing processes. However, as a soft material with
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an almost negligible bending stiffness, a membrane easily loses its mechanical stability and
wrinkles when subject to in-plane compressive stress. In this work, a reduced computational
model was developed to efficiently and accurately simulate the whole wrinkling processes in
circular membranes. Although this reduced model was developed initially for membranes, it
can be improved and extended to study the wrinkling phenomena of other structures. Al-
though the essential reason for membrane wrinkling is the negligible bending stiffness and the
in-plane compressive stress, the occurrence and evolution of wrinkles differ among structures
of different materials and geometric shapes. The resin under the deformable membrane can
be regarded as the soft substrate, which may affect the wrinkling phenomena in the mem-
brane on top of the fiber bed. Moreover, both global and local wrinkles might appear in the
membrane, for example global wrinkling in the transverse direction for a rectangular mem-
brane and local wrinkling in specific parts of circular membranes. Therefore, it is necessary
to integrate the reduced model developed in the current work together with other reduced

models [13-16] to simulate the complex coupled wrinkling phenomena in LCM processes.
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CHAPTER 11 CONCLUSION AND RECOMMENDATIONS

This chapter provides a general synthesis of the work. The approach adopted and the results
are first summed up. Then the limitations of the current work and recommendations for

future work are discussed.

11.1 Summary of Works

First, a Micro-CT Aided Geometric Modeling approach (Micro-CT AGM) was proposed to
reconstruct mesostructural geometric models of continuous fiber reinforcements from micro-
tomographic images. A new concept called “digital material twin” was proposed to provide
a detailed morphological description of the material structure, which possesses several in-
teresting features: (1) the mesoscopic structure of fiber tows is reproduced with assessed
accuracy; (2) the fiber tows are identified and labeled in the voxel image, thus enabling a
thorough voxel based analysis of their geometrical features; (3) material variability is taken
into account, which allows conducting representative numerical simulations of mechanical or

flow properties.

A new software called CompoCT was developed as a platform for this specific modeling
procedure. In addition, a multiple factor criterion based on a series of morphological features
of fiber tows, was proposed to assess the accuracy of the geometric models created with respect
to the original Micro-CT scan. Following this approach, precise mesostructural geometric
models of a 2D woven fabric and a 3D orthogonal textile were successfully reconstructed at

a relatively low scanning resolution.

Thanks to digital material twins, it is possible to carry out virtual permeability measure-
ments of woven fabrics. To verify the virtual permeability evaluation, existing experimental

measurement procedures were improved by considering several key issues, namely:

1) Highly permeable metallic distribution grids were placed on the top and bottom surfaces

of the preforms to generate a unidirectional transverse flow as uniform as possible.
2) Low injection pressure was applied to prevent fiber deformation.

3) The effect of nesting between the distribution grids and the fabric layers was quantified

and considered in the calculation of fiber volume content.

Overall, simulation results exhibit a good agreement with experiments. Besides, numerical

results show that digital material twins can assess the material variability of real fabrics. This
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provides a powerful tool to reveal potential sources of variability observed in the transverse

permeability measurements.

Based on three digital material twins created for increasing fiber volume contents, the evo-
lution of the morphological features of fiber tows was investigated. The results show that
contacts between fiber tows have an effect on the evolution of their morphological features.
In order to quantitatively assess the mesoscopic deformations of fiber tows and discuss the
effect of nesting on the mechanical behavior of fabrics under transverse compaction, a new
correlation approach was proposed to track the movements of contour points on the surfaces
of fiber tows at different levels of compaction. Overall, the analyses show a general pattern
of fiber tow deformation during compaction with compression in the contact regions and
expansion of the tows near the contacting zones. Moreover, the effect of contact between dif-
ferent layers appears to be more important than the interaction between warp and weft tows
located in the same layer. Besides, contact between fiber tows is highly influenced by nesting
of adjacent fabric layers. This consequently affects the mechanical behavior of fabrics and
might explain the high variability encountered in measurements of transverse compressibility

as nesting is always difficult to control.

Based on the method of Fourier series with slowly variable coefficients and the asymptotic
numerical method, a one-dimensional reduced model was constructed to model circumfer-
ential periodic instability patterns in circular domains. The reduced model was verified to
be efficient and accurate by comparing its results with those of ABAQUS for an annular
membrane under various loads. Besides, the reduced model shows the potential to precisely
predict buckling patterns and efficiently simulate the post-buckling process of various wrin-
kling phenomena in circular domains. Therefore, it can not only predict the critical wrinkling
load, but also simulate the stress distribution for the entire process. The development of the
model enriches the Fourier-based reduced model family. It provides also an effective and

precise tool to investigate wrinkling in LCM processes with a deformable membrane.

11.2 Contributions

Based on the work mentioned, this thesis brings several original contributions:

1. A new concept named “digital material twin” was proposed. This concept provides a

detailed morphological description of the material structure.

2. A novel geometric modeling approach (Micro-CT AGM) was devised to generate digital
material twins of woven fibrous reinforcements. A new software called CompoCT was

developed to carry out the tasks related to this purpose.
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3. Based on digital material twins, an accurate measurement approach was proposed to
measure the saturated permeability of fibrous reinforcements both numerically and

experimentally.

4. A new contour point correlation method was developed to track the contour points of
material twins, which provides a tool to analyze the deformation of fiber tows at the

mesoscopic scale.

5. A Fourier based reduced model was constructed for efficient and accurate analysis of

membrane wrinkling in LCM processes.

In general, several numerical and experimental procedures were developed at different scales
to analyze critical mechanical issues in LCM processes, especially for transverse flows such
as in VARTM and FI. This work should improve the numerical predictions of composite
manufacturing processes based on transverse liquid impregnation and contribute to develop

more efficient LCM processes with improved part quality.

11.3 Limitations & Recommendations

Although the proposed new approach is comprehensive and systematic, certain limitations
exist in its current implementation. One of the most critical limitation is connected with
the contours of tows that must be obtained manually to reconstruct geometric models from
a relatively lower resolution image, hence requiring significant time. One future key issue
would be to implement precise automatic or semi-automatic segmentation approaches at

lower resolution to accelerate the creation of the digital material twins.

Although the numerical prediction of the saturated transverse permeability shows a good
agreement with experimental measurements, only mesoscopic flows were considered in the
current work. This might lead to non-negligible errors in the prediction at low fiber volume
content or for some textiles with a special microscopic architecture. Moreover, the unsat-
urated permeability that occurs in liquid impregnation processes has not yet been studied
with digital material twins. Therefore, an interesting application would consist of simulating
dual-scale flows through fibrous reinforcements. To that end, digital material twins could be

used also to generate sub-mesoscopic or microscopic flow model.

When evaluating the mesoscopic deformations of fiber tows based on material twins, only
the radial displacements of contour points on the tow surfaces are calculated, the internal
deformation or the strain distribution of the entire fiber tows are not discussed in the thesis.
Considering that Digital Image Correlation (DIC) and Digital Volume Correlation (DVC) can
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be used to calculate the strain field on the 3D images, it would be interesting to investigate the
possibility of combining the correlation approach proposed here with DIC or DVC to obtain a
precise strain distribution in the fabric. Meanwhile, if pressure (or stress) measurement device
is embedded in the in-situ compaction device, it is possible to further analyze the mechanical
behavior and stress distribution of fabrics under compaction. Moreover, by designing new
in-situ loading and observation devices, the mechanical behavior of fibrous reinforcements

under different loading conditions can be investigated in the framework of the thesis.

Finally, the Fourier-based reduced model can be used to analyze several examples with simple
boundary conditions. However, as a basic tool, this model can be improved to be more general
in the future by introducing new approaches, for example the Arlequin bridging technique,
a multi-scale method in which different models are crossed and glued together. The final
objective is to efficiently simulate the stress distribution in deformable membranes during

the entire manufacturing process, thus enabling to control the level of wrinkles.
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