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KURZFASSUNG

Die Nachfrage nach leichteren Strukturen zur Reduzierung von Treibhausgasemissionen
(bspw. im Fahrzeugbau oder in der Luftfahrt) ldsst den Bedarf an kohlenstofffaserver-
starkten Kunststoffen stetig steigen. Die automatisierte Herstellung trockener Preforms,
die im Anschluss in Fiillprozessen verarbeitet werden, hat einen signifikanten Einfluss
auf die Faserorientierung innerhalb des finalen Bauteils. Ein unerwartetes Versagens-
verhalten kann immer dann auftreten, wenn wihrend des Umformungsprozesses ur-
spriinglich flacher Textilien in die endgiiltige Bauteilgeometrie Defekte in die Preform
induziert werden. Numerische Methoden, die den Umformungsprozess simulieren (be-
zeichnet als Umformsimulation), konnen die Konstruktion der neuen Bauteile unterstiit-
zen, wobei eine umfangreiche Materialcharakterisierung unerlésslich ist, um die Mo-
delle zu kalibrieren. Dabei ist fiir jede Textilart eine eigene Charakterisierung erforder-
lich, um mogliche Defekte wihrend der Umformung genau vorhersagen zu konnen. Da-
her ist es unbedingt erforderlich, Ingenieuren bereits in einer frithen Entwurfsphase
neuer Bauteile numerische Methoden zur Verfiigung zu stellen, die den experimentellen
Charakterisierungsaufwand reduzieren.

In dieser Dissertation wird ein Ansatz entwickelt, der auf zwei unterschiedlichen Mo-
dellierungsskalen basiert. Zuerst wird der Umformungsprozess trockener Textilien auf
der makroskopischen Skala so modelliert, dass er auf ein ganzes Bauteil iibertragen wer-
den kann. Danach wird eine detaillierte Beschreibung der Textilarchitektur auf der Skala
der Filamente implementiert, um deren Verformbarkeit vorherzusagen. Die in dieser Ar-
beit vorgestellten numerischen Methoden werden fiir biaxiale Gelege entwickelt, die
aufgrund ihrer hohen mechanischen Eigenschaften, guten Handhabbarkeit und hohen
Produktionsraten gerne in Hochleistungsbauteilen eingesetzt werden.

Die Umformsimulationsmethode verwendet kommerzielle Softwareldsungen, um den
Umformprozess einer einzelnen Textillage zu modellieren. Unter Verwendung hinter-
legter Materialmodelle werden Anpassungen vorgeschlagen, sodass die Genauigkeit der
Umformsimulation trockener Textilien erhoht wird. Es werden geeignete Charakterisie-
rungsmethoden entwickelt und eine Validierung des Ansatzes anhand einer generischen
Werkzeuggeometrie vorgestellt. Zudem werden Kriterien gebildet, die die Qualitit einer
Preform auf Basis der Simulationsergebnisse quantifizieren. Indem die Materialein-
gangsparameter variiert werden, kann das optimale Verformungsverhalten Textilver-
starkungen fiir einen gegebenen Umformprozess ermittelt werden. Somit ist es méglich,
eine passende Materialauswahl vorzunehmen und den Umformprozess zu optimieren.

Es wird ein Ansatz erarbeitet, der die Modellierung einer groen Vielfalt von Gelegen
auf der Skala der Filamente ermdoglicht, einschlieBlich verschiedener Wirkarchitekturen
oder Faserlagenorientierungen. Die Interaktion zwischen den Filamenten und mit dem
Wirkgarn wird in der Simulation abgebildet. Eine wesentliche Neuheit ist die Einfiih-
rung von Variabilitit in der Orientierung der Filamente. Somit werden alle



Verformungsmechanismen eines Geleges beriicksichtigt und lokale Defekte konnen in
den Faserschichten genau modelliert werden. Diese vollstindig mechanische Textilbe-
schreibung kann dariiber hinaus auch in weiterfithrenden Simulationen verwendet wer-
den, um das mechanische Verhalten des Textils vorherzusagen. Im Zuge dieser Arbeit
werden Untersuchungen zum Scherverhalten sowohl in Abhédngigkeit der Modellgroi3e,
als auch der Variabilitit der Filamentorientierung und des Einflusses der Wirklange vor-
gestellt. Damit wird der Einfluss der Herstellungsparameter der Gelege auf das Verfor-
mungsverhalten des Textils nachgewiesen.
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ABSTRACT

The demand for lighter structures, particularly within the automotive and aerospace sec-
tors, is driving an ever-increasing need for carbon fiber reinforced plastics. For such
materials, the production of dry preforms, used in automated liquid composite molding
processes, is a crucial step that determines the orientation of the fibers within a compo-
nent. Unfavorable mechanical behavior including dramatic failures can occur if defects
are generated during the deformation of originally flat textiles into the final component
geometry. Numerical methods modelling the preforming step (referred to as forming
simulations) can support the design of new components. However, an extensive material
characterization of each textile type is necessary to reach accurate simulation results,
limiting the use of forming simulation in the early design phase of new components.
Thus, it becomes essential to provide engineers with methods that can alleviate the time-
consuming material characterization in order to facilitate the use of forming simulations.

This doctoral thesis proposes an approach based on two distinct modeling scales. First,
the forming simulation of dry textiles is performed at the macroscopic scale to account
for a whole component. Second, a detailed description of the textile architecture is im-
plemented at the scale of the filaments to predict their deformability. The numerical
methods presented in this work are developed for biaxial non-crimp fabrics, which are
popular in high performance applications due to their high stiffness, good handling ca-
pabilities and high production rates.

The presented forming simulation uses commercially available software solutions to
model the preforming process of a single textile ply. Adjustments of material models
already implemented in the simulation software are proposed to increase the accuracy
of the forming simulation. Adequate characterization methods are developed and a val-
idation of the approach is presented using a generic tool geometry. Moreover, criteria
quantifying the quality of a preform based on simulation results have been developed.
A methodology to vary the material input parameters is presented, which enables deriv-
ing the optimal deformation behavior of textiles for a given preforming process.

A framework is developed to model a large variety of non-crimp fabric configurations
at the scale of the filaments, including various stitching architectures and fibrous layer
orientations. The interaction between filaments and with the stitching yarns is repro-
duced in the simulation. One major novelty is the introduction of variability in the ori-
entation of the filaments. With this approach, all deformation mechanisms are consid-
ered and local defects in the fibrous layers can be modelled accurately. This complete
mechanical textile description can be used in further simulations to predict the mechan-
ical behavior of the textile. In this work, studies are presented on the shear behavior of
the textile depending on the virtual sample size, the variability in the filament orientation
and the stitching length, highlighting the influence of manufacturing parameters on the
textile deformability.
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Symbol Unit Description

Lomin mm Smallest element length of the mesh

Lsampte mm Side length of the textile sample

M N.mm/mm  Normalized bending moment

M, N.mm/mm Ell(r);malized bending moment at the locking curva-

Mgiedge kg Mass of the sledge

Mo 5+ N.mm/mm  Normalized bending moment at the softening point

Nchains - Number of chains to model a fibrous layer

Tright> Nefts ) Normal vectors of the elements located on the

fronts Mhack right, left, front and back of the element k

P - Reference plane

o ] Number (?f rep.etiti(.)ns of th.e RVE f.)erpe.ndicglar to
the machine direction and in machine direction

S1, S - Shape functions

Stk mm? Area of the projected triangle k

t mm Thickness

Ti, N/mm? Nominal shear stress

tiayer mm Final thickness of the fibrous layers

tsample mm Initial thickness of the sample

U; mm Displacement of node i

Ugp mm Displacement of the reference point

S mm Displace@ent of the dummy node to apply a shear
deformation to the RVE

Vrame mm/min Crosshead velocity

Voo e Yolume under the elements included in region of
1nterest

Vrk mm?3 Volume under the triangle k

Vrool mm3 Volume under the tool surface

w mm Width of the RVE

Wrabric N.mm/mm? Normalized shear energy

XVi



Symbol Unit Description
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1 Introduction

Environmental initiatives have become increasingly important in our societies. The Eu-
ropean Union (EU) defined a clear environmental strategy in its European Green Deal
in order to significantly reduce the greenhouse gas emissions by 2030 [1, 2] and to
achieve a climate-neutral EU by 2050. A broad action plan has been established to sup-
port this strategy, affecting all economic sectors. Among them, the fuel combustion of
the transport industry, being responsible for 22% of the total CO2-equivalent emissions
in the EU in 2017 [3], has a major role to play in the fulfillment of the objectives set in
the European Green Deal. Although the development of CO2-free energies and of alter-
native fuels is key to improve the sustainability of the transport industry, the use of light
structures contributing to the reduction of the fuel combustion is a key aspect towards a
clean mobility [4].

Due to its unique lightweight potential, the introduction of Carbon Fiber Reinforced
Plastic (CFRP) in structural applications has been constantly increasing over the last
decades. It was identified as a promising substitute to reduce the weight of vehicles and
thus of the greenhouse gas emissions [5]. In the aerospace industry, CFRP crossed the
symbolic 50% weight share of the materials used in aircrafts with the Airbus A350XWB
[6] and Boeing B787 Dreamliner [7]. In addition, this material is extensively used in
automotive structural parts. The example of the BMW i3 is a breakthrough in the auto-
motive industry, within which CFRP components represent almost 50% of the total
weight of the life-module structure [8]. Finally, CFRP is gathering interest for further
application sectors, such as in energies, maritime transport, electronics and for the on-
board hydrogen storage with pressure vessels in aircrafts and vehicles [9, 10].

1.1 Motivation

The increasing demand for CFRP components requires high production rates and, there-
fore, challenges the traditional manufacturing techniques in terms of quantity and repro-
ducibility. An answer to these challenges is the use of dry carbon reinforcements in au-
tomated processes instead of manual processes [11], which are still widespread in the
production of CFRPs (about 32% of the market size in 2019, as reported in [9]). Liquid
Compression Molding (LCM) processes have proven their compatibility with a high de-
gree of automation [12]. For LCM processes, carbon fibers are usually processed into
textiles to increase the production rates of CFRP components. The draping of the carbon
fiber reinforcement textiles into the final shape of the part is a key operation to reach a
high structural performance. The main steps of the draping process are illustrated in
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Fig. 1-1a starting from the dry textiles until the final preform. An example of the result
of a draping process with dry carbon fibers for the production of the BMW 13 is shown
in Fig. 1-1b.

& —

Dry fabric Lay-up

byl

S-S

Preforming Stabilized preform L
(a) (b)

Fig. 1-1: Main steps of a preforming process with dry textiles (a) and example of stabilized
preform in the production of the BMW i3 (b, adapted from [13])

Due to the high anisotropy of fiber reinforced materials, the orientation and rectitude of
the filaments are crucial for the performance of the final part. Various preforming pro-
cesses using rigid or flexible tools can be selected depending on the textile type and on
the complexity of the targeted component. Additional components such as grippers or
blank-holders can help to reduce the defects during the draping process [14]. Even
though different actions can improve the quality of the preforming process, their imple-
mentation with an experimental “trial and error” approach induces high development
and material costs.

The quest for stiffer and lighter parts requires adapted reinforcement textiles. Multilayer
multiaxial Non-Crimp Fabrics (NCFs) are very attractive to the automotive industry
[15]. They are constituted of single or multiple unidirectional fibrous layers bound to-
gether with a binding yarn (usually referred to as “stitching yarn), which enables tai-
loring the stiffness and strength of the laminate. Compared to woven fabrics, the undu-
lation of the fibers is considerably reduced, leading to superior mechanical performance
while offering comparatively good handling capabilities [16]. Moreover, the current
manufacturing techniques of NCFs enable high production rates, which makes them
even more attractive for use in large volume applications. However, the introduction of
the binding yarn induces complex deformation mechanisms during the draping of flat
textiles into the desired part shape [17]. The relative importance of these mechanisms
varies for each individual NCF configuration, resulting in a different deformability of
each textile [18]. For instance, the compaction, shear or bending behavior of the NCF
may vary depending on the textile architecture [19, 20]. The shear deformability is a key
factor in adapting to geometries with a double curvature, whereas the bending stiffness
of the textile strongly influences the generation of wrinkles [21]. As a consequence, each
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textile behaves differently in the draping process and will result in different preform
qualities [22-25].

Numerical models of the forming process can be implemented to verify the manufactur-
ability and support the design of new composite parts. For that purpose, the preforming
process is modeled, including the reinforcement material, the tooling geometry and the
sequence of events. Process parameters are considered in the simulation to accurately
reproduce the forming process conditions. Simulation results can predict the fiber orien-
tations and potential defects in the preform depending on the deformation behavior of
the fibrous material [26]. Thus, numerical methods can be used to develop preforming
processes, to improve their robustness and to predict which fibrous structure is adequate
for a given part geometry. Nevertheless, the models of the textile behavior implemented
in draping simulations require intensive experimental characterization of their deforma-
bility to deliver accurate results. Due to the high variety in the deformability of NCFs,
this material characterization must be performed for any change of the knitting parame-
ters or textile architecture.

An efficient development process of new CFRP parts requires approaches that can en-
sure the manufacturability of the components in the early phases of the design process
[27]. Since the type of textile reinforcement may not be defined at this stage of the de-
velopment process, it is crucial to provide the engineers with simulation methods that
predict the behavior of a large range of textiles with reduced experimental effort. In this
case, predictive models of NCFs can be implemented in order to reduce the costly and
time-intensive material characterization [28]. With predictive capabilities, a virtual char-
acterization can model the deformation of the textile in detail in order to generate a deep
understanding of its behavior during the draping process. Moreover, it enables studying
the influence of manufacturing process parameters in a wide range. For example, the
influence of the stitch length, stitch gauge or stitching pattern on the deformation behav-
ior of the textile can be investigated numerically without expensive manufacture of tex-
tile samples.

1.2 Objectives

The aim of this doctoral thesis is to develop numerical methods to support the design of
new textiles and to identify suitable textile architectures for the manufacture of a given
composite component with NCF reinforcements. An approach on two distinct modeling
scales is adopted.

First, the simulation of the forming process of a whole part (i.e. at the scale of the com-
ponent) shall be proposed. This includes the development of a method able to predict
the quality of a preform. Combined with a flexible way to model the deformability of
the textile, this enables identifying the optimal deformation behavior of a textile for the
forming of a given component. Second, a framework able to predict the deformability
of dry NCFs shall be implemented. This includes a realistic numerical generation of the
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textile geometry (i.e. at the scale of the filaments) based on its manufacturing parameters
and a virtual characterization of its mechanical behavior.

In order to reach these goals, following objectives shall be achieved in this doctoral
thesis:

*  Forming simulation: design of an approach for the development of forming
simulations for dry NCFs using simplified and flexible input parameters. This
includes the application and validation of the approach with a reference NCF.

e Preform quality: development of an automated analysis of forming simulation
results in order to predict the quality of the preform.

*  Numerical “as-manufactured” geometry: development of a framework to pre-
dict and generate a realistic virtual geometry of the textile based on the textile
manufacturing parameters. The virtual description of the NCF shall consider
all relevant deformation mechanisms and local defects of dry NCFs.

*  Virtual shear characterization: development of a virtual testing approach for
the shear characterization of the numerically generated NCF geometries.

1.3 Reference textiles

The methods listed above shall be able to consider various NCF configurations. In order
to support their development and implementation, two fabrics representative of the high
variety of NCF configurations are selected:

«  Biaxial 0°/90° tricot-chain stitched NCF from SGL KUMPERS®.
*  Biaxial #45° tricot stitched NCF from SGL Group®.

The fabrics are illustrated in Fig. 1-2 and their respective characteristics are listed in
Tab. 1-1. In this doctoral thesis they will be referred to as the “0°/90° NCF” and “+45°
NCF”, respectively.

‘,

(a) 0°/90° NCF (b) +45° NCF

Fig. 1-2: NCFs selected for the development of the methods in the context of this doctoral
thesis.

These two NCFs are representative of potential differences between NCF configurations
which result in different deformation behaviors. First, the orientation of the layers influ-
ences the shear behavior: +45° biaxial NCFs show a potential asymmetric shear behavior
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due to the stiffness of the stitching yarn introduced in the bias direction. Moreover, the
stitching pattern may considerably influence the deformation mechanisms of the textile.
Finally, the fibrous layers exhibit local defects at the stitching points with local deviation
of the filament path from the theoretical layer orientation. The type and size of these
defects may also have an influence on the interaction mechanisms in the textile and
modify its mechanical behavior.

Tab. 1-1: Technical data of the “0°/90° NCF” and “+45° NCF”.

Parameter 0°/90° NCF +45° NCF

Designation HPT 310 — C090 SIGRATEX C B310-45-ST-
(90°//0°//P) E214-5¢g

Type of fabric Biaxial carbon NCF Biaxial carbon NCF

Total areal density [g/m?] 300 308

Orientation of the plies [°] 0°/90° +45°/-45°

Filament material SGL Sigrafil SGL Sigrafil
CT24-4.8/240 CT50-4.4/255

Filament count in tow [-] 24 K 50K

Filament tensile modulus [GPa] 240 255

Filament density [g/cm?] 1.81 1.78

Stitching pattern Tricot-chain Tricot

Stitch gauge [needles per inch] 5 5

Stitch length [mm] 2.8 2.2

Stitching yarn PES 7.6 tex PES 5.0 tex

1.4 Outline

This work is divided in seven chapters. A schematic presentation of the research activi-
ties 1s shown in Fig. 1-3, highlighting the connections between the different chapters.

Chapter 1 introduces the motivation of this doctoral thesis and presents the overall aim
of the work. It leads to the definition of four detailed objectives. Each objective will be
considered in a different chapter (chapter 3 to chapter 6). Also, the textile material used
for the demonstration of the numerical methods is detailed.

Chapter 2 gives an overview of the state of the art related to the global aim of the work.
It focuses first on the challenges associated with the automated manufacture of CFRP
with NCFs. The mechanical behavior of dry NCFs is a central part of this chapter since
it influences the defects induced in the preform during the draping process. Afterwards,
the experimental methods to characterize dry textiles for the development of an accurate
draping simulation are analyzed and particular attention is paid to their suitability for
NCFs. Then, the chapter presents numerical methods able to describe dry NCFs from
the microscopic to the macroscopic scale. Their applicability to model the preforming
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process and to predict the mechanical behavior of NCFs are reviewed with examples
from the literature.

Chapter 3 proposes the development and validation of a forming simulation able to
predict the results of the preforming process with dry NCFs in an industrial context. It
includes the development of a method using commercially available models and numer-
ical solvers to model the shear and the bending behavior of a dry NCF as well as the
relevant parts of the preforming process. An appropriate experimental characterization
is performed to generate the inputs for the material model and interaction parameters.
The validation of the approach is proposed through forming experiments with a generic
stamp geometry. Quantitative validation criteria are used to compare the simulation with
the experimental results (e.g. the orientation of the fibers and the final geometry of the
preform).

Chapter 4 is dedicated to the analysis of forming simulation results. Criteria and corre-
sponding objective functions are developed to identify the shear deformation and the
occurrence of wrinkles in the simulation. With this method, numerical investigations are
performed to identify the influence of the material behavior on the preform quality. The
shear and bending deformability of the NCFs are used as variables for parametric stud-
ies. Their impact is observed on the shear deformation and wrinkling behavior. Finally,
outcomes of these investigations that should be considered in the development or selec-
tion of adequate textiles are summarized.

In Chapter 5, a framework able to model dry NCFs at the scale of the filaments is de-
tailed in order to achieve predictive capabilities. The orientation variability is measured
on the two reference NCFs. Based on these measurements, a method to model the “as-
manufactured” geometry of dry NCFs is presented, in which the orientation of the fila-
ment may deviate from the theoretical orientation of the layer. This enables predicting
the onset of local defects in the fibrous layers. An extended comparison between the
numerically generated NCFs with the real material is proposed focusing on the filament
orientation and size of the defects. In addition, a method to calibrate numerical parame-
ters is introduced, using the thickness of the NCF as comparison criterion.

Chapter 6 describes the development of a virtual test bench to characterize and predict
the shear behavior of a dry NCF using its virtual “as-manufactured” description at the
scale of the filaments. Firstly, the kinematic behavior of the textile is validated using the
orientation of the fibrous layers and the sliding of the stitching yarn depending on the
applied shear deformation. Secondly, the shear torque is used to evaluate the mechanical
behavior of the NCF with a focus on the predicted asymmetric shear behavior. Thirdly,
the influence and importance of the variability in the fibrous layers is highlighted.
Fourthly, the evolution of the shear torque and asymmetric behavior depending on the
stitch length is tested virtually.

In Chapter 7, the work performed and the results achieved in this doctoral thesis are
analyzed with regards to their respective objectives. Conclusion on the methods are
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drawn and major outcomes are summarized. A connection between the developed form-
ing simulation methods and the virtual shear characterization is proposed to highlight
the potential applications of this work in the context of textile development. This chapter
delivers a critical discussion on the usability of each method and associated challenges
for industrial applications. Further work is proposed based on this doctoral thesis to-
wards the vision of virtual textile development.

Chapter 1: Research aim

,,Development of numerical methods to support the design of new textiles and to identify suitable
textile architectures for the manufacture of a given composite component with NCFs”

v

Chapter 2: State of the art

- Manufacturing of composites with NCF reinforcements
- Mechanical characterization of dry textiles

- Numerical methods for virtual textile development

I

v v

Macroscopic scale / Scale of the component Microscopic scale / Scale of the filaments

Chapter 3: Development of the forming
simulation framework

Chapter 4: Numerical prediction of the

Chapter 5: Numerical description of the
textile geometry

Chapter 6: Virtual shear characterization

preform quality

\ 4

!

Chapter 7: Conclusions, potential application of the multiscale approach and future works

Stitch length 1.1mm Stitch length 2.2mm

Fig. 1-3: Research activities and outline of the thesis






2 State of the art

This chapters gives an overview of all key aspects required to achieve the objectives of
this doctoral thesis. First, the challenges related to the manufacture of Carbon Fiber Re-
inforced Plastics (CFRPs) with Non-Crimp Fabrics (NCFs) are outlined. Then, the ex-
perimental methods to characterize the friction and mechanical behavior of dry textiles
for preforming applications are reviewed. Finally, the numerical methods to model dry
NCFs are presented with a focus on their suitability for forming simulations and on their
prediction capabilities.

2.1 Manufacturing of composites with NCF
reinforcements

Composite materials are constituted of continuous or discontinuous reinforcements em-
bedded in a matrix that protects the fibers and transfers the load between the filaments
[29]. Different materials can be used for the filaments (glass, carbon, aramid, metal)
depending on the required performance and type of loads applied to the structure. The
high specific properties of carbon filaments make them attractive for the production of
high-performance components in which the stiffness and strength are the main decision-
driving factors. The most common matrix materials are types of plastics (thermoset or
thermoplastics), which constitutes more than 50% of the volume in the world-wide com-
posites market in 2019 [9]. Nevertheless, metal or ceramic matrices can be required for
structures subjected to very high temperatures, such as for disk brakes [30].

A large variety of processes can be used to manufacture continuous carbon fiber rein-
forced plastics. Many processes were developed over the last decades to meet the re-
quirements of each industrial field and its associated challenges. These processes range
from manual processes, such as the wet lay-up widely used in the manufacture of sail
planes [31] and from the use of prepregs for the aerospace industry [32], to fully auto-
mated processes of fiber reinforced thermoplastics for the manufacture of brake pedals
used in electric sports car [33].

2.1.1 Automated manufacturing processes

Focusing on the automotive industry, the demand for CFRPs has constantly been in-
creasing since their introduction in the 1950s to reduce the weight of cars [15, 34]. The
associated high production volumes led to new challenges in terms of production rates.
For example, the use of thermoset resins, widespread in the aerospace industry (which
require curing times of many hours [35]), is not applicable to the automotive
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requirements. Thus, processes with low cycle times of a few minutes per part are re-
quired [36]. The use of liquid composite molding processes offers a high degree of au-
tomatization, mandatory to meet those requirements. Among them, the Resin Transfer
Molding (RTM) process used for the manufacture of BMW 13 parts relies on the use of
preforms — dry fibrous material previously shaped to the final component geometry —
infused with a thermoset resin and cured at high temperatures (see Fig. 2-1) [37]. High
performance part can be achieved with high Fiber Volume Fraction (FVF) and good
surface quality. Variants of the RTM process are described in the literature (e.g. high-
pressure RTM or compression RTM [38]) to further reduce the cycle times and increase
the part performance.

Mold
\

Transfer of the stabilized Injection of the resin Curing of the resin Demolding of
preform in the mold the cured part

<3
©“
=

Fig. 2-1: Ilustration of a Resin Transfer Molding (RTM) process adapted from [39].

All those processes rely on the use of dry preforms shaped at the geometry of the final
component. One can differentiate the production of preforms in a direct or a sequential
preforming process. A direct preforming, such as the braiding process, shapes the pre-
form to its final shape in a single process. The sequential preforming mainly uses textiles
that are first cut, then stacked and subsequently formed into a three-dimensional geom-
etry close to the final component geometry. This step is usually called the “draping pro-
cess”. A binding material can be applied to the textile e.g. as a powder to maintain the
preform in the final shape. In this case, the binder must be activated at high temperature
to diffuse the binding material in the fibrous layers. After cooling of the preforms and,
thus, consolidation of the binder, the preform is stabilized. This increases the handling
capabilities of the preform and facilitates its transfer to the filling station [40].

The use of textile preforming enables a parallelization of all processes and reduces the
manufacturing time of single parts. Moreover, all steps of the manufacturing process can
be automated as shown by the production line of the rear axle spring leaf of the Volvo
XC90. A production rate of 500,000 parts per years are expected using fully automated
processes [41].
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2.1.2 NCFs as textile reinforcements

2.1.2.1 Definition

In order to manufacture fibrous reinforcements, rovings — group of many thousands of
filaments — are bound together using different techniques to generate a planar fabric
(weaving, knitting, braiding, etc.). Depending on the manufacturing processes of the
textile, it results in various filament architectures that influence the stability of the pre-
form (i.e. handling properties) and the mechanical performance of the final part. Thus,
the selection of the adequate textile requires an extensive study based on the composite
manufacturing process, the geometry of the component and the required lay-up. [40]

Woven fabrics are produced by the weaving of rovings. The resulting planar textiles are
constituted of two perpendicular filament orientations (i.e. warp and wefts). The stability
of the woven fabrics is ensured by the interlacing of the filaments. The resulting fibrous
architecture exhibits an undulation of the filaments that depends on the weaving pattern.
Patterns with higher entanglements increase the preform stability but reduce the perfor-
mance of the part due to filament undulation. [42]

Another textile manufacturing process was introduced for the production of carbon re-
inforcement textiles, in which a supplementary yarn is used and knitted in different
shapes to maintain the filaments. The warp-knitted multiaxial multilayer fabrics — also
called Non-Crimp Fabrics (NCFs) — are the predominant type of knitted textiles used
for the manufacture of composites. In this case, different unidirectional layers of fila-
ments are bound together. Different quantities of layers with different orientations can
be manufactured; unidirectional (a single layer), biaxial (two layers, usually with 0°/90°
or +45° orientation), quadriaxial (in a quasi-isotropic lay-up) or even in combination
with fibrous mats (see Fig. 2-2) can be found [43]. This process enables high production
rates since a large number of layers can be processed at once. Manufacturing rates up to
180 m/h are reported by LIBA Textilmaschinenfabrik GmbH [44] against a maximum
of 42 m/h! for a woven fabric manufactured with the DORNIER Plrapier weaving ma-
chine [45]. Compared to woven fabrics, the filaments do not exhibit out-of-plane undu-
lation, leading to higher mechanical properties of the composite parts [46]. As a conse-
quence, NCF reinforcements have the highest share in CFRP production for structural
automotive applications [47].

! Calculated with the maximum speed and a yarn width of 2 mm
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Unidirectional layers of filaments
with various orientations

Fig. 2-2: Schematic of a warp-knitted NCF adapted from [48].

NCFs are defined according to the standard EN 13473 [49] by

» the fibrous nature of the layers and respective areal density,
. the fiber direction of the layers,

e the nature of the binding yarn and areal density,

*  and the stitching pattern.

Note that the 0° direction is defined as the machine feeding direction.

2.1.2.2 Manufacturing steps

The manufacture of a NCF requires various steps that may influence the textile quality
and the resulting mechanical properties of the part. A large number of patents were pub-
lished on NCF manufacturing techniques. An extensive presentation and the details of
these processes can be found in [48]. This subsection gives an overview of the manufac-
turing process steps with a focus on the warp-knitting process and modern knitting ma-
chines such as the COP MAX 5 from Karl Mayer Textilmaschinenfabrik GmbH illus-
trated in Fig. 2-3.

Knitting Weft insertion

Coating Insertion additional
/Batching material

Fig. 2-3: Modern knitting machine COP MAX 5 from Karl Mayer for the manufacture of
warp-knitted NCFs [50].

First, the filament rovings must be spread in flat layers to meet the desired areal weight.
The use of rovings made of a large number of filaments (superior than 46k filaments —
usually called “heavy tows” [51]) increases the economic efficiency of the knitting
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process but requires an advanced spreading process to generate thin layers with uniform
distribution of the filaments. It can be done either directly at the knitting machine or in
a separate step. In the latter case, wide tapes are spread and subsequently laid on the
transport chain to build the stacking sequence of the NCF with the desired fiber orienta-
tions. In the case of the use of wide tapes, special care must be taken to avoid gaps or
overlaps in the process. The stack is clamped on the transport chain and moved to the
knitting unit, in which the layers are bound together with a knitting yarn — often referred
to as “stitching yarn”. The knitting unit is constituted of movable guides and needles.
The principle of the knitting process is shown in Fig. 2-4a for a warp-knitting process.
In this case, the yarn is fed through a guide. The knitting needles move up and down
through the textile and the guide moves simultaneously around the needles. This creates
loops on the back side of the fabric in the transportation direction (i.e. in the machine
direction). Different knitting patterns (usually referred in the literature to as “stitching
pattern”) can be produced depending on the moving sequence of the guides. Common
stitching patterns used for the manufacture of NCFs are illustrated in Fig. 2-4b, showing
the chain, tricot or tricot-chain patterns. A detailed description of the knitting patterns
and their coding be found in [52]. At the end of the knitting process, a chemical binder
can be spread directly on the textile to facilitate the handling of the future preform [53,
54].

Yarn for
the new loop

Guide

Yarn of the

previous loop

N

T

Chain Tricot Tricot-chain
(b)

Fig. 2-4: Steps of the warp-knitting process (a, adapted from [52]) and common knitting pat-
terns (b).
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2.1.3 Behavior of NCFs during draping

2.1.3.1 Deformation mechanisms

During the draping of reinforcement textiles, the fibrous structure is subjected to com-
plex deformations in order to adapt to the final three-dimensional geometry of the com-
ponent. Due to the high stiffness of the fibers, the structure of the filament layers is
modified to accommodate different geometries. In order to adapt to doubly curved sur-
faces, a combination of in-plane shear and bending deformation of the NCF is necessary.
In addition, compaction, tensile and out-of-plane shear stresses or inter-layer sliding
might be generated depending on the preforming process [55]. The introduction of the
binding yarn induces complex deformation mechanisms, which influence the mechani-
cal behavior of the textile. These global deformations of the textile are obtained through
combined movements and deformations of the filaments and of the stitching yarn [17],
involving various interactions that can be gathered into three groups:

* Inter-filament: relative translations or rotations of the filaments. This corre-
sponds to interactions of filaments within the same layer and with adjacent
layers.

* Inter-stitch: interaction of the stitching yarns with themselves and with the
adjacent yarns due the loops that are generated during the knitting process.
This leads to tension in the yarns and potential relative sliding movements.

*  Stitch-to-filament: interaction between the stitching yarn and the filaments of
the fibrous layers. It is responsible for the cohesion of the layers and the sta-
bility of the NCF.

The relative importance of each interaction mechanism varies for each individual NCF
configuration, resulting in different deformation behaviors of the textile [18].

2.1.3.2 Shear behavior

A pure shear deformation of a NCF results from relative motions of the filaments within
the layers, without elongation in fiber direction. It generates a modification of the angle
between the layers, which is defined as the “shear angle”. In the case of layer orientations
deviating from the machine and orthogonal directions (i.e. in the case layers different
from 0° and 90°-layers), a pure shear induces a length change in the machine direction.
This results in an extension or contraction of the stitching yarn loops. A shear defor-
mation leading to an extension in machine direction is referred to as a “positive shear”.
It induces a high tension in the stitching yarn to accommodate the elongation. On the
contrary, a contraction in machine direction corresponds to a “negative shear” defor-
mation [17]. As shown in Fig. 2-5a, a buckling of the stitching yarn is generally observed
leading to looser loops on the back side of the textile [56]. These two types of defor-
mations require different levels of energy, leading to a potential asymmetric shear be-
havior. Fig. 2-5b illustrates the difference of force required to shear a biaxial #45° NCF
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in positive and negative directions, showing a clear difference in shear forces. Maximum
ratios between positive and negative shear forces of five or more can be found in the
literature [18, 57, 58]. In addition, potential breakage of the stitching may be observed
due to the extension of the stitching loops and induced tensile stress [56].

Extension of the
T stitching loops

Positive shear 200 T T T T T T
| |—Positive shear
/_» Negative shear
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—_
W
(e

Shear force [N]

Contraction of the 50

\\+ stitching loops
T T T T T
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Negative shear 0 10 20 30 40 50 60 70
Shear angle [°]

(a) b)

Fig. 2-5: Shear directions for a +45° biaxial NCF (a) and example of forces required to shear
the textile depending on the direction of the shear deformation (b, adapted from
[57D).
The results shown in (b) correspond to the shear characterization of a +45° biaxial NCF
with a chain stitching pattern presented by Long et al. in [57].

While the orientation of the fibrous layers determines whether the shear behavior is po-
tentially asymmetric, the stitching pattern significantly influences the shear behavior.
This has been extensively investigated and reported in various studies. A few examples
are detailed here to emphasize the interactions between the parameters of the stitching
architecture and the mechanical behavior of the fabrics. Lomov et al. [18] investigated
the shear behavior of two NCFs: a #45° NCF with a tricot pattern and a 0°/90° with a
tricot-chain stitching pattern. It was found that the textile with tricot-chain pattern leads
to lower shear forces. It was attributed by the authors to the layer orientations and the
tricot-stitching pattern that facilitate the sliding of the tows. This type of deformation
was also observed experimentally by Bel et al. [23] for a 0/90° NCF with a tricot pattern.
Furthermore, the influence of the stitching pattern was studied by Stolyarov et al. [59]
for 0°/90° NCFs and concluded that the density of the stitching pattern increases the
shear stiffness. An experimental study on the influence of the stitch length was per-
formed by Steer [60] for a +45°NCF with a tricot stitching pattern. He found that the
forces required to shear the sample in positive direction increases with the stitching
length. Moreover, he reported higher forces in negative shear than in positive shear di-
rection for the shortest stitch length (stitch length of 1.5 mm and a stitch gauge of 5 mm).
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Krieger et al. [61] and Kong et al. [62] found that the stitching parameters influence the
shear force at higher shear angles only.

During the shear deformation, the thickness of the textile increases due to the reduction
of the projected area. Experiments on the thickness change were performed by Lomov
et al. [18], showing that the evolution of the thickness can be approximated based on a
constant volume calculation for low shear angles. Nevertheless, they observed a buck-
ling of the filaments and of the stitching yarn at high shear angles, leading to higher
thicknesses than expected. Similar observations of local buckling were published by
Krieger et al. [61], as illustrated in Fig. 2-6. This buckling is due to the reduction of the
distance between the stitching points; and to the tension in the stitching yarn that pre-
vents further rotation of the filaments.

Filaments \‘

Stitching yarn —> §§

Buckling of
the filaments

Increase of the shear angle

Fig. 2-6: Local buckling of NCF filaments during shear adapted from [61].

2.1.3.3 Bending behavior

The bending behavior of a dry textile significantly influences the wrinkling behavior
during preforming. Boisse et al. [63] demonstrated numerically the influence of the
bending behavior on the forming result. Therefore, a detailed knowledge of the bending
behavior of the textile is necessary for accurate forming predictions. The bending stiff-
ness of a dry textile is very low compared to the tensile modulus of the fibers and no
direct relation can be made between them due to the potential slippage of the filaments.
Various experiments were published on the bending behavior of dry NCFs. A typical
result from Bilbao et al. [64] is illustrated in Fig. 2-7, in which the bending moment is
measured depending on the applied curvature for full loading and unloading cycle. First,
a strong non-linear behavior of the fabric can be observed in the first loading phase.
Moreover, a hysteresis can be noticed since the unloading curves do not follows the
loading curve. This is may be attributed to the non-reversible slippage of the filaments
[19, 64-66].

Lomov et al. investigated in [19] the bending behavior of various NCFs. They observed
that the stitching pattern does not directly influence the bending behavior. However,
they concluded that the tightness of the filaments within the fibrous layers and any mech-
anism preventing their relative displacement considerably influence the bending stiff-
ness of the NCFs, and thus their drapeability.
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Fig. 2-7: Representative bending behavior of a dry NCF for a full load-unload pure bending
cycle adapted from [64].
This experimental result was obtained with a pure bending deformation applied to a dry
2.5D carbon fabric, as presented by Bilbao et al. in [64].

2.1.4 Defects of NCFs

The high mechanical performance of CFRP structures derives from the high strength
and high stiffness of the carbon filaments, whereas the matrix ensures a transfer of the
load between the filaments. Therefore, the local architecture of the filaments is a key
parameter to achieve a high stiffness and strength of the material. During the whole
manufacturing process, from the production of the filaments until the final assembly,
different operations can alter the material properties [67]. Here, a focus is put on the
defects resulting from the production of the textile and from the preforming step.

Fibrous layers of NCFs exhibit local defects at the stitching points, locally deviating the
filaments from their theoretical orientation. As illustrated in Fig. 2-8, the defects can be
continuous gaps that connect many stitching points (referred to as “channels”) or local
fish-eye distortions, commonly defined as “cracks”. These defects are generated during
the knitting process when the needle penetrates the fibrous mat. The type and size of
these defects may have an influence on the interaction mechanisms, modifying the me-
chanical behavior of the dry textile. Moreover, the local defects have an influence on
filling behavior, since channels are created in which the resin can propagate faster. Fi-
nally, the resulting resin-rich regions and the local deviation of the filaments from the
intended path may impact the performance and the strength of the structure. [68]

Schneider reported in [69] the classification of the defects defined by the “Airbus Indus-
try Material Specifications” to quantify the quality of the textile during the production.
Thresholds on the criteria are usually defined in material specifications and depend on
the manufacturer or application fields.
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A non-exhaustive list of the defects is presented hereafter:

. Defects in the fibrous mats: gaps, waviness, wrinkles, filament breakage.
*  Defects related to the stitching yarns: missing loops, yarn breakage.

. External material on the textile, such as fuzz balls.
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Fig. 2-8: Local defects in the fibrous layers of NCFs: channels (a, adapted from [52]) and
cracks (b, adapted from [70]).

In the preforming step, the macroscopic deformation of the fabric results from relative
displacements of the fibers and deformation of the stitching yarn. This may lead to local
defects, such as the deviation of the filaments from their intended path. Due to the ani-
sotropic properties of fiber reinforced textiles, the achievement of the desired final ori-
entation of the filaments represents the main challenge of the draping process. For ex-
ample, Jones showed that a deviation of 10° of the filaments in an unidirectional graph-
ite-epoxy material leads to a stiffness reduction of more than 50% [71]. Moreover, mis-
alignment of the filaments can change the failure mechanisms of the structure, leading
to an early and unexpected failure of the component [46].

Further defects can be generated during the preforming step, as listed in [15, 23, 72-74].
Defects relevant for the development of NCF are listed hereafter and partly illustrated
in Fig. 2-9:

*  Wrinkles: out-of-plane deformation of the textile leading to a geometrical de-
viation of the preform or local accumulation of material.

*  Waviness: local in-plane waviness of many filaments in the textile.

*  Gaps: local absence of filaments due to compaction or distortion of the fibrous
mat.

*  Tow buckling: local out-of-plane buckling of many filaments between two
stitching points.

*  Tow sliding: sliding of a group of filaments due to a weak interaction between
the stitching yarn and the filaments.

*  Breakage of the stitching yarn due to high tensile stress in the yarn.
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(a) Wrinkles (b) Tow buckling

Fig. 2-9: Typical defects of NCF generated during the draping process.

The occurrence of these defects depends on many material parameters, such as the fiber
orientation or the stitch architecture, as shown in [22, 23, 61, 75, 76] and [S1]. Different
methods can be used in the draping process to reduce them. For instance, the use of
grippers, blank-holders, local stitches or local cuts in the preforms can improve the
drapeability of the textile [14, 77-81].

2.2 Mechanical characterization of dry textiles

First studies aiming at the characterization of the mechanical behavior of textiles were
published by Peirce. His objective was to correlate the feel of a textile material with
mechanical properties that can be quantitatively investigated to support the development
of new textiles [82]. With the same objective, diverse characterization methods were
developed and adapted to standards (e.g. the DIN EN 53362 for the characterization of
the bending rigidity [83]). Nevertheless, these methods are not always suitable for the
mechanical characterization of textile reinforcements. This section proposes a review of
methods to experimentally investigate the behavior of textiles in the context of the pre-
forming process.

2.2.1 Friction behavior

The characterization of the friction behavior requires the application of a homogeneous
contact pressure on the interface that is being characterized. A relative displacement
between the contact pairs must be generated while the force required for the displace-
ment is measured. Two friction coefficients can be determined according to the standard
DIN EN 14882 [84] (see Fig. 2-10):

- Static friction coefficient pug: relation between the tangential and normal force
required to initiate a relative displacement at the contact interface.

- Dynamic friction coefficient p,: relation between the normal and tangential
force required to maintain a relative displacement with a constant velocity at
the contact interface.
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Fig. 2-10:  Difference between the static and dynamic friction forces, adapted from ASTM
G115-98 [85].

According to these requirements, various test methods were developed. First, the “in-
clined plane” method described by Dong et al. [86] uses the own weight of a sledge to
generate a contact pressure and a tangential force (see Fig. 2-11a). The static friction
coefficient can be calculated based on the inclination angle. To measure the dynamic
friction coefficient, the angle of the inclined plane must be precisely controlled to ensure
a constant sliding velocity. This method is very attractive to measure the static friction
because it only involves rudimentary equipment. Nevertheless, the measure of a dy-
namic friction coefficient is only possible with precise controlling devices. Also, the
contact pressure at the interface results from the weight of the sledge and from the incli-
nation.

The “sliding sledge” or “horizontal plane” method described in the standards DIN EN
14882 [84] and ASTM D1894-01 [87] is a common test for the characterization of the
friction behavior of textiles. As illustrated in Fig. 2-11b, the contact pressure results
from the weight of the sledge. It can be adjusted to characterize the friction behavior at
various contact pressures. The sledge is pulled over a horizontal plane at a prescribed
velocity. The measure of the force depending on the sliding displacement allows for
calculation of the static and dynamic friction coefficients precisely. This method has
been used in various studies to characterize the friction behavior of dry textiles at room
temperature [88—90]. This test principle was adapted to perform tests at different tem-
peratures (e.g. as developed by Margossian [91]), enabling the characterization of the
interface of carbon reinforced thermoplastic materials. The main drawback reported on
this method is the torque generated at the front of the sledge due to the distance between
the anchor of the sledge and the contact interface. The torque leads to an inhomogeneity
of the contact pressure and, in the case of interfaces with high friction coefficients, to a
lifting of the rear part of the sledge.

The “pull-out” and “pull-though” methods are improvements of the sliding sledge tests
that involve the simultaneous characterization of two interfaces (ref. Fig. 2-11c and
Fig. 2-11d). In this configuration, the spurious torque described above vanishes and a
pure tangential force is generated. The test method is referred to as “pull-out” if the
contact area reduces when the sledge is pulled through the testing device. Various test
setups were developed to characterize the friction coefficient of prepreg materials at
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different pressures, temperatures and sliding velocities [88, 92, 93]. The main challenge
lies in the generation and conservation of a predefined contact pressure.

Contact surface T Applied force F F

Rope
Own P

/ Pulley  Sledge
weight P

} Inclination F e mimsese <
[T |
(a) (b) (d)
Fig. 2-11:  Usual experimental methods for the characterization of the friction behavior of tex-

tiles: inclined plane (a), sliding sledge (b), pull-out (c) and pull-through (d) methods.

2.2.2 Shear behavior

The shear deformation is the predominant deformation mode during the forming of tex-
tiles. It has been extensively investigated in the last decades [94]. Experimental setups
developed to characterize the shear properties of dry fabrics can be divided into two
categories.

2.2.2.1 Direct shear deformation

The first category refers to setups that directly apply a pure shear deformation to a textile
sample. These experimental devices are referred to as Picture Frame (PF) test setups. A
schematic of shear tests with a PF test device is proposed in Fig. 2-12.

T F frame

Arms of the
sample

Reference configuration Deformed configuration

Fig. 2-12:  Details of the picture frame device and working principle of picture frame tests

A PF test device is generally constituted of a rigid frame with frictionless articulations.
The controlled displacement of one articulation enables the application of a defined pure
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shear deformation to the textile sample. The shear angle y of the frame is related to the
displacement of the crosshead df,qm, as follows:

(2-1)

y = g — 2 cos—1 <\/E lframe + dframe)

2 lframe

where lfrqme corresponds to the length of the frame, i.e. to distance between the pivots
of the frame. The force Fy;.qme measured at the load cell depends on the frame geometry

and on the sample size. A common approach to present the experimental results of PF
tests is to calculate the normalized shear force Fygpyic using the side length of the sample

lsample [95]:

_ Fframe lframe 1
Frapric = 2 T 7 (2-2)
lsample 2 cos (Z — 7)

A large number of studies were published over the last years on the shear characteriza-
tion of various reinforcement materials with the PF method, such as dry woven fabrics
[96], dry NCFs [18], woven fabric reinforced thermoplastic sheets [97] or unidirectional
fiber reinforced thermoplastic sheets [91]. Although the PF test method is widely used
to characterize the shear behavior of textile reinforcements, this method is still not stand-
ardized and various aspects of the test method (such as the geometry and features of the
frame, the preparation of the sample or the test parameters) still differ from one research
institute to the other. Peng et al. [98] developed an approach to compare the results of
the shear characterization of woven textiles performed with different picture frame rigs
and various sample dimensions. The methodology is based on the work done by the
forces applied on the frame to shear the sample. This method was applied in a benchmark
gathering seven research institutes to investigate the behavior of three different woven
textiles, as published in [96]. The results have shown a high variability between the re-
sults, which has been attributed to the influence of the clamping force and to the sample
preparation. One main drawbacks of the PF test setup reported in the literature is the
large influence of the filament orientation: due to the high stiffness of the filament, a
misalignment of the textile sample relative to the edges of the PF setup yields high ten-
sile stresses in the filaments. This may result in slippage of the filaments in the clamps
and non-realistic high shear forces. Evolutions of the PF equipment were proposed to
control the force induced between two opposite edges of the frame during the experi-
ment. The method was applied on woven textiles in refs [95, 99]. On the one hand, it
has shown that the tension in the yarn increases during the shear tests. On the other hand,
it was observed that the application of a pretension on the sample influences the shear
behavior of the textile. Another drawback of the PF is the kink introduced in the fila-
ments at the boundaries due to the fixation of the rotational movement of the filaments
in the clamp: the filaments are forced to remain perpendicular to the rigid frame while
to onset of a pure shear angle requires an evolution of this angle. This leads to potential
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wrinkles at the clamp (as reported in the characterization of unidirectional tapes [88]).
In addition, Cao et al. [96] reported that this kink introduces an influence of the size of
the sheared field on the shear properties of the fabric. Orawattanasrikul [100] developed
a dedicated clamping system using needles to enable a rotation of the filaments at the
clamp. Similarly, Dangora et al. [101] proposed to reduce the shear stiffness of the arms
of the sample to reduce the influence of the clamping system on the measurement.

2.2.2.2 Indirect shear deformation

The second category refers to working principles that apply an indirect shear defor-
mation to the sample (i.e. the shear deformation in the textile results from external
loads). The most common method for the characterization of biaxial textiles is the “bias
extension test”. In this case, a rectangular sample cut in a +45° configuration is clamped
at both ends and a uniaxial extension is applied in its bias direction, as illustrated in
Fig. 2-13. The deformation results in a pure shear deformation in the middle zone of the
sample only if the following three assumptions are verified: [102]

1. The filaments are inextensible.
2. The filaments rotate without sliding.
3. The deformation is homogeneous in each zone without significant transitions.

Rigid clamps No shear Half shear
deformation deformation
Pulling
force
‘F ibers oriented Pure shear
in +45° directions deformation
Reference configuration Deformed configuration

Fig. 2-13: Working principle of the bias extension test method adapted from [102].

Unlike the PF test method, the bias extension test method only requires simple equip-
ment. Also, this method is less prone to spurious tension in the filaments due to the free
edges of the sample. The bias extension test method was extensively used for the char-
acterization of woven fabrics in which the yarn crossovers act as pivot joints [102]. Nev-
ertheless, sliding of the yarns at the crossovers can still occur. This was observed by
Harrison et al. [103] during the characterization of thermoplastic prepregs at high tem-
perature. This leads to a non-homogenous distribution of the shear deformation and re-
quires advanced equipment to measure the effective shear deformation [104]. The ap-
plicability of this method to biaxial NCFs is even more challenging since the filament
layers are only bound together through the stitching yarn. An extended study of the de-
formation behavior of NCFs in bias extension tests was published by Bel et al. [23],
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reporting significant sliding of the yarns depending on the textile configuration. More
recently, Pourtier et al. [105] presented a new method to analyze the test results of NCFs
by including potential slippage in the sample kinematic. Nevertheless, it was shown that
the occurrence of the slippage leads to a high dependency of the results on the sample
width.

2.2.3 Bending behavior

Although many standards can be found on the characterization of bending behavior, they
are mostly only suitable for stiff structures. Due to the soft properties of the fabric, stand-
ard bending devices, such as the “3-point bending test” of the DIN EN ISO 14125 [106],
are not applicable to reinforcement textiles. A first characterization method of soft ma-
terials and plastic foils was presented by Peirce in 1930 [82] in which bending defor-
mation of a sample is generated using its own weight. This method, referred to as the
“single cantilever” test method, has been adapted in the standard DIN 53362 [83]. A
sample of the material is moved horizontally in order to progressively increase its free
length until a total deflection of 41.5° is achieved (see Fig. 2-14a). The bending stiffness
can be calculated using mathematical equations introduced by Peirce. This testing
method relies on very simple equipment to obtain information on the bending character-
istics of the textile easily. Nevertheless, the experiments are challenging for materials
exhibiting highly non-linear behavior, which leads to a sudden kink of the sample at the
clamping or a twist of the free end [107]. As a consequence, it is difficult to reach an
exact deflection of 41.5°. Further methods were proposed by Peirce in [82] for textile
not suitable to the single cantilever test method. He introduced various hanging loops,
in which both ends of the sample are clamped and juxtaposed at various angles, as illus-
trated in Fig. 2-14b to Fig. 2-14d. In all configurations, the loop is placed vertically and
deforms under its own weight. The height of the loop can be readily used as an indicator
of the bending rigidity of the textile. The calculation of the bending stiffness as presented
by Peirce relies on the strong assumption of linear elastic bending behavior, which was
often refuted for dry textiles, as reported in [19, 64-66].

m <—— Clamps

Textile
sample

Plane inclined
by 41.5°

(a) Single cantilever (b) Pear loop (c) Ring loop (d) Heart loop

Fig. 2-14:  Illustration of the bending characterization methods proposed by Pierce in [82] for
the characterization of soft materials: cantilever (a) and hanging loops (pear (b), ring
(c) and heart (d) loops).
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The measure of the bending rigidity depending on the curvatures is mandatory in order
to calibrate advanced bending models. The different test setups published on that topic
can be separated into three groups.

The first setups were derived from modifications of the single cantilever tests. Clapp et
al [108] proposed a method to generate the bending moment-curvature relation of fabrics
by recording the shape of the specimen in a cantilever configuration. The correlation of
the sample deformation with the calculation of the bending moment distribution enables
the characterization of the bending behavior for non-linear materials. Nevertheless, the
induced curvatures strongly depend on the stiffness of the material. Based on a similar
approach, Bilbao et al. [64] developed a characterization method able to generate higher
curvatures, even for stiffer material. Their test device generates a succession of cantile-
ver tests with an increasing free length. The shape of the specimen is recorded at the
equilibrium of each free length. Supplementary weight can be added to the sample to
increase the curvature for stiffer materials. The characterization of the hysteresis is also
possible with the correlation of the deformation history induced in the various test steps.
Since the stiffness of the material is a priori not known, many test configurations with
different supplementary masses may be required to generate the full bending moment
vs. curvature relationship. Also, difficulties to compute the curvature of the sample were
reported, leading to a high scatter of the results. Contrary to the previous configurations,
Dangora et al. [107] proposed to hang a textile sample vertically and to apply a prede-
fined horizontal force at the tip. With this method, the curvature remains small (about
1.0 m™"), which is not representative of the curvature in the formation of wrinkles during
the preforming process. In order to generate higher curvatures in a continuous defor-
mation process, Krollmann et al. [K1] developed a cantilever test bench with a rotating
clamp to apply the deformation to the tip of the sample. This method was used to char-
acterize soft materials [109]. However, the localization of the curvature near the clamps
reduces the usability of this setup for dry textiles. A similar test principle was developed
by Sachs [110] for the characterization of thermoplastic unidirectional tapes at high tem-
peratures. A free translation of the specimen in the clamp is introduced to adapt the
change in length of the deformed part. The calculation of the bending properties relies
on the calculation of the curvature and, thus, on assumptions on the material behavior.

The second group of experimental approaches aims at the application of a pure bending
load to the sample. The application of a pure bending load is challenging since it requires
a precise control of the clamps. The Kawabata Evaluation Systems for Fabric Bending
(KES-FB) has been used to study the bending behavior of textile for many years. In this
case, both the rotation and distance of the clamps are precisely controlled to apply a
circular arc to the sample, whose radius corresponds to the radius of curvature [66]. The
KES-FB enables to record a full load-unload cycle up to high curvatures and has been
successfully used to investigate the bending behavior of various reinforcement textiles
[64, 68]. The control of the clamp requires sophisticated equipment. Moreover, the free
length of the sample is small (1 cm reported in [19]), which may lead to high variability
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in the results if the unit cell of the textile exhibits the same order of magnitude as the
free length.

Supplementary setups were proposed in which a bending deformation is induced through
complex and combined stress states. Wang et al. [111] applied a compressive load on a
small sample of unidirectional uncured prepregs. The global buckling of the sample in-
duced a deformation used to investigate the viscous bending behavior of the material. It
allows the generation of a large range of curvatures and the measure of the resulting
forces. Nevertheless, a manual operation is necessary to induce the global buckling of
the sample. Similarly, Dangora et al. [107] developed a test device to generate wrinkles
with various curvatures in a textile, referred to as the “double compression” test method.
This approach enables studying the onset of wrinkles and comparing their precise shape
with simulation results. However, the measure of the required forces is not possible and,
thus, is not applicable to the characterization of the bending stiffness.

2.3 Numerical methods for virtual textile
development applied to the preforming
process

The development of solutions to improve the preforming quality exclusively using ex-
perimental approaches induces high development time and cost to find the adequate tex-
tiles and corresponding process parameters. Numerical methods can significantly reduce
the need for expensive tooling, can avoid the manufacture of textile coupons and can
decrease the number of experimental trials. These methods can be implemented with
different levels of detail. This section firstly introduces the modeling scales of dry NCFs.
Since this doctoral thesis addresses the prediction of the preforming quality on the one
hand and the prediction of the textile deformability on the other hand, the applicability
of the modeling scales with regard to these objectives are review separately. As a result,
numerical approaches modeling the forming process are presented in a second part and
the methods to predict the mechanical behavior of dry NCFs are reviewed in a third part.

2.3.1 Modeling the structure of dry NCFs

Three main modeling scales can be identified to numerically describe dry NCFs depend-
ing on their discretization level.

2.3.1.1 Macroscopic scale

The macroscopic scale homogenizes the properties of the reinforcement with a contin-
uum description (i.e. without any discontinuity). The textile is usually modeled as a 2D
medium, as shown in Fig. 2-15. Thereby, tensile, compressive, shear and bending defor-
mation can be modeled. Inner deformation mechanisms such as tow slippage and further
interactions cannot be represented numerically and must be considered in the
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constitutive equations. Moreover, sliding between the textile layers and contact with the
tools can be modeled with various interaction laws [21, 56, 72, 112].

Fig. 2-15:  Tllustration of the macroscopic simulation scale for a stack with multiple layers.

2.3.1.2 Mesoscopic scales

The discretization of the fibrous mat modeling the textile architecture is referred to as
“mesoscopic approach”. This modeling scale is easily defined for woven textile, in
which the textile architecture refers to the tows generated during the weaving process.
Nevertheless, NCFs are constituted of different unidirectional layers without any inter-
lacing of the filaments of various layers. Moreover, it includes a supplementary compo-
nent: the stitching yarn. As a result, two mesoscopic scales are introduced in this doctoral
thesis.

The first mesoscopic level corresponds to approaches discretizing a multiaxial NCF with
continuum elements per layer, as proposed by Bel et al. [113] and illustrated in Fig. 2-16.
Note that the stitching yarn is modeled separately. This enables accounting for inter-
layer and stitch-to-filament interactions. Tow-sliding can be simulated with this method.

Contact with friction Qe di t
threshold and sliding tr?;?llguizfr:r:h&l
in fibers directions clements
Bar element
(a) (b)

Fig. 2-16:  Illustration of the mesoscopic scale in which the layers of a NCF are modeled with
continuum elements (adapted from [113]): discretization of the NCF in shell an bar
elements (a) and resulting model of a rectangular NCF sample (b).

In the second mesoscopic modeling scale, the mesoscopic structure of each layer is mod-
eled. It results in the simulation of filament tows and of the respective interactions be-
tween these tows. Different methods can be found in the literature to generate a
mesoscopic geometry of dry textiles. First, mesoscopic models can be extracted from
experimental measurements of the textile architecture. An approach modeling woven
fabrics based on X-ray computed tomography was presented by Naour et al. [114]. The
main advantage of this method is the high fidelity of the numerical model. However,
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experimentally extracted geometries require high effort in the segmentation of the results
and local adaption of the structure may be necessary to ensure a periodic model.

Another approach is the generation of idealized mesoscopic NCF geometries based on
the stitching pattern. While studies were published assuming a perfect and rectangular
description of the tows [17, 115] (see Fig. 2-17a), two programs are available to generate
realistic mesoscopic structures of NCFs.

* The software TexGen was developed by the university of Nottingham [116—
118]. The generation of the model requires a few parameters to create the stitch-
ing yarn and the fibrous structure. A large variety of stitching pattern can be
implemented. A 90°/0° NCF with a tricot pattern is depicted in Fig. 2-17b.

* The software Wisetex from the KU Leuven [119] is able to produce unit-cells of
a large number of NCFs based on parameters of the fibrous layers, on the stitch-
ing architecture and on experimental measurements. Moreover, local cracks in
the fibrous mats are considered. The experiments required to generate a realistic
mesoscopic unit-cell of the material are presented in [68]. For instance, the ratio
between the crack length and crack width must be measured on the preform but
suggestions for different NCF architectures are proposed if the required param-
eters cannot be measured. An example of the models generated with WiseTex is
illustrated in Fig. 2-17c.

The geometries modeled with TexGen and WiseTex can be exported to simulation soft-
ware packages to predict the mechanical behavior of the preform, its permeability or the
mechanical performance of the textile composite material. Nevertheless, the definition
of tows and their discretization remains a challenge for NCFs with non-orthogonal layer
orientations (e.g. for a #45° NCF) if the ratio between the stitch gauge and length is not
appropriately selected.

= e

(©)

Fig. 2-17:  Generation of mesoscopic geometries of NCFs discretizing the layers in tows without
defects (a, adapted from [17]) and with defects using TexGen (b, adapted from [118])
and WiseTex (c, adapted from [68]).

2.3.1.3 Microscopic scale

The third main discretization level of a dry textile is the “microscopic scale” [120]. The
objective of this discretization level is to model the interactions between the filaments
within the tows and the interactions with the stitching yarn. As a result, all interaction
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mechanisms listed in section 2.1.3.1 are modeled. Usually, the microscopic scale is de-
fined as the consideration of each filament separately [71]. Such approach would include
a non-feasibly large number of elements to model a unit-cell of the textile architecture.
To consider all interaction mechanisms of a NCF with realistic computation effort, an
intermediate discretization level is introduced in the literature: the multifilament ap-
proach (also called “discrete approach”). Here, the tows of the layers are discretized with
Digital Chain Elements (DCEs), and a reasonable number of filaments are grouped in
one chain. Green et al [121] reported the discretization of a 12k yarn with 19 to 91 chains
and concluded that an optimal discretization of a yarn with their approach shall include
about 61 chains. Based on these conclusions, Thompson et al. [122] reported a group of
155 filaments in one chain to model the fibrous layers of NCFs. Note that the multifila-
ment approach corresponds to the usual description of the microscopic scale if each el-
ement models a single real filament only. An example of the simulation of a tow at the
microscopic scale are illustrated in Fig. 2-18a.

Fig. 2-18:  Discretization of a fibrous tow using the multifilament approach (a, adapted from
[116]) and geometry of a woven fabric at the microscopic level (b, adapted from
[123]).

First multifilament approaches of dry textiles using DCE were presented by Zhou et al.
[124]. They consist in chains of rod-elements connected with frictionless pins. The fric-
tionless hinges between the rod-elements ensure a free rotation at the connecting nodes.
It is assumed that the forces induced by the bending deformation of the single filaments
are negligible compared to the forces induced by the interactions within the textile. The
modeling technique was used to study the geometry of woven fabrics and braids through
a detailed stepwise manufacturing process, leading to high computation time. More re-
cently, Huang et al. [125] proposed to start from an idealized geometry of the weaving
pattern and applied tension to the yarns to generate a realistic woven geometry. This
approach enables reducing the computation time while reaching a realistic model of the
microscopic geometry. However, this method is limited to textile architectures with a
high level of interlacing, such as 3D-woven fabrics. In addition, Durville proposed the
modeling of reinforcement textiles at refined scale. In [123] many filaments are merged
in a single element. Using an enriched kinematic beam model, it allows accounting for
the bending stiffness and the deformation of the cross-section of filament bundles. The
approach presented by Durville is based on a progressive resolution of interpenetration
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of the bundles to generate the textile geometries, as shown in Fig. 2-18b for a plain
weave fabric. The calculation method relies on an implicit integration scheme, which
requires intensive development efforts of the contact algorithms to reach a reasonable
convergence rate with commercial Finite Element (FE) solvers.

Discrete modeling approaches have been mostly applied to fibrous material with woven
or braided architectures. Thompson et al. [122] proposed a workflow to predict the
mesoscopic geometry of the tows of a biaxial 0°/90° NCF with the use of the multifila-
ment approach (see Fig. 2-19). The virtual description of the NCF was generated starting
from an idealized periodic alignment of the chains with predefined gaps between the
tows. A negative temperature was subsequently applied to the stitching yarn to repro-
duce the manufacturing process.

Before yarn pretension

After yarn pretension

(b)

Fig. 2-19:  Isometric view of the initial geometry of a NCF at the microscopic level (a) and side
view of the model before and after pretension of the stitching yarn (b) adapted from
[122].

2.3.2 Simulation of the forming process

Forming simulations (also referred to as draping simulations) find applications at many
stages of the development process. The main goal of these numerical approaches is to
describe the deformation of the textile during the forming process in order to support the
development of new components as well as adequate manufacturing processes. By con-
sideration of the textile deformability, it is possible to study the manufacturability of a
given geometry in the early design phase. Also, simulations in which all components of
the forming process are considered allow studying numerically the compatibility of var-
1ous manufacturing processes with the reinforcement textile and the component geome-
try. For example, a stamping process with rigid elements can be compared with a dia-
phragm process involving flexible tools. In addition, numerical analyses enable the in-
vestigation of the influence of a large set of process parameters and their optimization
to reduce the forming defects.

Many numerical approaches have been developed over the last decades to model the
deformation process of a textile into its final 3D geometry. These approaches can be
divided into two categories. The first category, referred to as “kinematic approach”, is a
purely analytical approach that only relies on geometric parameters of the textile. The
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second category uses the Finite Element Methods (FEM) to model the whole preforming
process and account for the mechanical behavior of the textiles. A review of these cate-
gories with their respective applicability to the prediction of the preforming quality of
reinforcement textiles is proposed here. Note that careful attention will be paid during
the review of the methods to study their applicability to the simulation of NCFs.

2.3.2.1 Kinematic approach

The first kinematic approaches were developed for the clothing industry in order to study
how a textile can adapt to a given surface geometry [126]. It is a simple method that
enables predicting the shear deformation that a textile undergoes. The main assumption
of the kinematic approach is that the textile is assimilated to a regular mesh constituted
of rigid bars that can rotate freely at the connection points. In order to predict the result
of the preforming step, a mapping of the final component geometry is performed: start-
ing at a given point, the surface is iteratively mapped along two prescribed directions
with the single condition that the distance between two points of the mesh remains con-
stant (ref Fig. 2-20a). Thus, the shear deformation can be directly measured by the de-
formation of the cells of the mesh, as shown in Fig. 2-20b. [127]

Draping directions Shear angle [°]

surface f(x, y, z)

() (b)

Fig. 2-20:  Illustration of the kinematic algorithm (a, adapted from [128]) and example of a kin-
ematic draping result with their draping directions (b, adapted from [127]).

Kinematic approaches are implemented in numerous commercially available software
packages such as in Catia V5 from Dassault Systemes (module “Composites Part De-
sign”) [129-131]. They are very popular in the industry to assist the development of new
components since they require a reduced number of inputs and compute in a few sec-
onds. The distribution of the shear angle is a useful information that can be used to prove
the manufacturability of a geometry. For instance, the shear angle can be compared to a
maximum shear angle that a textile can deform (usually referenced to as “shear locking”
[57]). If higher shear deformations are necessary, the textile is more likely to create
wrinkles and generate defects. Moreover, the alignment of the filaments can be derived
from the deformed mesh. Thereby, the manufacturability of the designed lay-up can be
investigated and potential deviation be identified in a very early design phase. [27]

Nevertheless, the analytical descriptions neglect the material properties and process pa-
rameters. The rigidity of the textile is not considered and important deformation
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mechanisms are not modeled. Moreover, textiles like NFCs or unidirectional textile lay-
ers do not exhibit any rotation point and involve complex deformation mechanisms.
Evolutions of the kinematic approach can be found in the literature in order to account
for the textile stiffness and diverse process parameters [132—134]. As an example, Long
et al. [135] proposed a method in which the shear strain energy required to deform the
mesh is calculated based on experimental shear data. This method is able to account for
the asymmetric shear behavior of NCFs and improvements considering the friction with
the blank-holder showed the influence of the blank-holder force on the forming result of
NCFs [136]. Although the approach is very attractive to assist the development of new
structures, the prediction capability is limited since the occurrence of defects such as
wrinkles are neglected. Moreover, process parameters and interactions with the forming
tools are not considered.

2.3.2.2 Finite element approaches

Further approaches have been developed aiming at a detailed description of the process
and of the material. The simulation is commonly performed with the use of FEM to
describe the preforming process and solve the respective partial differential equations.
In those cases, the consideration of the material behavior plays a central role. FE ap-
proaches are very attractive compared to kinematic approaches since they are able to
consider the deformation mechanisms of a textile and are a realistic representation of the
manufacturing process. The interaction with the tools and further components, such as
grippers and blank-holders, can be considered and investigated. Also, the evolution of
the forming process over time is modeled, which enables accounting for the whole his-
tory of the material deformation. Simulations accounting for the evolution of the tem-
perature, the hysteresis of the material behavior or the sequence of the preforming pro-
cess have been recently published [137, 138].

As introduced above, the description of the textile can be done at various scales: macro-
scopic, mesoscopic and microscopic scales. Depending on the level of detail, they can
predict the occurrence of defects in the fibrous mat (e.g. gaps, undulation) or bigger
geometrical deformation such as wrinkles and folds. The deformation mechanisms that
are modeled and their resulting interactions depend on the discretization level.

Macroscopic approach

The deformation behavior of a textile is very complex and depends on its fibrous archi-
tecture. Compared to usual materials, reinforcement textiles exhibit a very high tensile
stiffness in the filament direction and comparable very low shear or bending stiffnesses.
As a result, conventional constitutive equations are not directly adapted to describe the
behavior of reinforcement textiles in the preforming step and special care must be taken
in order to decouple the deformation mechanisms [139]. Thus, different material models
have been developed depending on the textile that were investigated. A non-exhaustive
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review of macroscopic simulations is proposed here with a focus on their applicability
to dry NCFs.

A large number of studies performed at the macroscopic scales have been published over
the last decades using commercially available FE software packages with dedicated ma-
terial or interaction models. The software package ABAQUS from Dassault Systéemes /
SIMULIA is widely used in industrial applications and is strongly integrated in the port-
folio of Dassault Systemes [140]. Using explicit solvers, various studies of the forming
behavior of NCFs with ABAQUS were published [56, 80, 141, 142]. On the one hand,
forming simulations of dry textiles can be modeled with the material models *FABRIC
or *VFABRIC which use non-orthogonal constitutive equations to model the behavior
of woven textiles [143]. On the other hand, user subroutines can be implemented if the
constitutive equations already available are not sufficient to accurately describe the
forming process. This offers a high flexibility of the software for forming simulations.
One application case is illustrated in Fig. 2-21a, in which the influence of local cuts in
the textile was studied.

The research laboratory LaMCoS from the INSA Lyon developed the code PLASFIB
dedicated to forming simulations of textile reinforcement [144]. It bases on explicit solv-
ers, and various material models were developed to predict the forming result of dry
reinforcements [145] or prepregs [138, 146]. A refined model accounting for the influ-
ence of the stitching yarn on the deformation modes has recently been proposed by Steer
et al. [147] in which the deformation energy induced by the deformation of the stitching
threads and the inter-stitch interactions is computed analytically (see Fig. 2-21b). Even
though this code is commercially available, its use requires a high level of expertise.

Shear angle [°]

I+60

Shear angle [°]

+27
125
+20

i 15
io 410
| 45
l 0
5
-60 i,

(b)

Fig. 2-21:  Forming simulation of single plies of NCF's at the macroscopic scale according to
Steer (a, adapted from [60]) and study of the influence of local cuts on the preform-
ing result (b, adapted from [80]).

ESI Group proposes a platform for the virtual manufacturing of CFRP components. The
included package PAM-FORM focuses on the simulation of the forming process. The
material model MAT140 released after 2015 offers a high flexibility to model the be-
havior of dry and prepreg textiles [148—150]. A recent approach developed by Kaiser et
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al. [151] enables modeling the behavior of textile through a coupling with simplified
unit-cells.

Contrary to the other solutions reviewed in this paragraph, the software package Ani-
Form from AniForm Engineering B.V. uses an implicit solver to model the forming
process. The solver is based on the work published by Ten Thije et al. [152]. A large
number of material models is available depending on the fibrous architecture (including
dry NCFs) [153].

Further studies were published on the forming of dry textiles with other software pack-
ages such as LS-DYNA [154]. Dorr et al. [155] presented a detailed analysis of usual
software packages (AniForm, ABAQUS, PAM-FORM and LS-DYNA) and their re-
spective features available for forming simulations of unidirectional thermoplastic tapes.

Mesoscopic approaches

The mesoscopic level of detail models the architecture of the fibrous layers, which
makes it very interesting to gain information on the local defects during the preforming
process. Studies published on the forming process at mesoscopic scale of NCFs have
shown the ability of the approach to model the tow sliding or occurrence of gaps. Also,
local compaction of the fibrous mat can be simulated.

Focusing on the tow sliding observed experimentally [23], Bel et al. developed a
mesoscopic approach in which the layers of NCFs are modeled with continuum ele-
ments. This method is not able to reproduce all defects in the fibrous mat but proposes
an efficient way to calculate the tow siding [113], as illustrated in Fig. 2-22.
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Fig. 2-22:  Simulation of the forming process of a NCF ply at the mesoscopic scale with contin-
uum elements for each fibrous layer adapted from [113].

Models in which the fibrous layers are discretized in tows with idealized geometries
were applied to forming simulations. Creech and Pickett published in 2006 [17] a study
to link the result of forming simulations with the failure analysis of a CFRP part. The
tows and the stitching yarns were modeled with volumetric and bars elements, respec-
tively. Limitations were shown in the constitutive modeling of the tow, which was not
able to decouple the deformation modes. Similarly, Sirtautas et al. [115] proposed a
mesoscopic approach to extract information from the forming process for subsequent
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filling simulation (see Fig. 2-23a). Dedicated care was taken to model the gaps between
the tows for accurate representation of the permeability of the textile. Finally, Pham et
al. [156, 157] modeled the tows with beam elements to reduce the computational effort
and apply this level of details to an industrial forming process. The forces calculated in
each tow allow identifying critical locations of the textile. The comparison with results
obtained using a macroscopic approach and experimental trials showed promising re-
sults.

Studies aiming at a more realistic description of the tow geometry were suggested by
Vorobiov et al. for the forming simulation of unidirectional NCFs [158]. The well-de-
fined tows of the fibrous structure were discretized with volumetric elements. The ma-
terial behavior of the tows was calibrated through virtual characterization at the tow
level, focusing on the transverse compaction behavior. On the contrary, Thompson et al.
proposed a discretization of tows with shell elements to reduce the quantity of elements
[122]. This method was applied to the forming of a single layer of biaxial NCF over a
tetrahedron, as illustrated in Fig. 2-23b. The outer surface of the tows is modeled to
accurately reproduce the geometry of the tows and compute the contacts during preform-
ing. A realistic mechanical behavior of the tows is achieved using two dimensional sup-
ports in the hollow structure of the outer shell elements. Nevertheless, the high level of
refinement induces high computation time and reduces the usability of this simulation
scale for industrial applications.

(a) (b)

Fig. 2-23:  Forming simulation results of NCFs at the mesoscopic scale with a discretization of
the tows with volumetric elements (a, adapted from [115]) and shell elements (b,
adapted from [122]).

Microscopic approaches

At this high level of refinement, interaction within the tows can be modeled more accu-
rately. Also, in the case of NCFs, interactions with the stitching yarn are reproduced and
defects in fibrous layers can be introduced. The main advantage of microscopic ap-
proaches is that further defects induced during the preforming process can be modeled.
For instance, local buckling of the filaments resulting in an in-plane or out-of-plane
waviness during the preforming can be calculated [159-161]. An example of
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microscopic forming simulation of a 3D angle-interlock textile is illustrated in Fig. 2-24.
Nevertheless, simulating the forming of a whole component is not feasible due to the
high number of elements and contact surfaces.

—

(a) (b)

Fig. 2-24:  Forming simulation of a 3D angle-interlock textile at the microscopic scale (adapted
from [159]).

2.3.3 Prediction of the mechanical behavior of dry
NCFs

The development of numerical approaches to model the complex behavior of NCFs rep-
resents an attractive method to understand and predict their deformation behavior. With
a numerical approach, it is possible to investigate interactions between manufacturing
parameters and to reduce the costly experimental trials listed in section 2.2. Moreover,
complex loading conditions — such as a combined shear and compaction deformation
— can be applied virtually with a reduced effort compared to the development of ad-
vanced experimental devices. This subsection reviews the modeling scales introduced
in section 2.3.1 and their suitability for the prediction of the mechanical behavior of dry
NCFs.

2.3.3.1 Macroscopic scale

Since the macroscopic scale homogenizes the behavior of the textile, time-consuming
material characterization is required to generate the appropriate inputs. Nevertheless,
relative influences of the stitching patterns can be predicted based on the deformation
behavior of the stitching yarn. For instance, Krieger et al. [61] developed an analytical
approach using the stitching yarn strain to predict the asymmetric behavior of the textile.
It only uses the characteristics of the stitching architecture. Furthermore, Wiggers [162]
and Steer et al. [147] proposed different methods to calculate the energies resulting from
the deformation of the stitching yarn and from the interaction with the fibrous layers.
These energies can be combined or superimposed to the behavior of the fibrous mats to
predict the behavior of NCFs at the macroscopic scale with varying stitching architec-
tures.
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2.3.3.2 Mesoscopic scale

Since the mesoscopic scale considers the fibrous architecture, it is possible to calculate
the interaction forces in the textile. Peng et al. [98] developed a numerical analysis of
the shear behavior on unit cells of woven fabrics at the mesoscopic scale. They modeled
the boundary conditions of the picture frame on the unit cell to reproduce the experi-
mental conditions, leading to rigid lateral surfaces. Similarly, Lin et al. [117] studied the
influence of boundary conditions on the shear behavior of woven fabrics at the
mesoscopic scale. They showed that the intra-tow shear induced by the clamping of the
picture frame has a significant influence on the shear force.

The investigation of the behavior of NCFs at the mesoscopic scale was mainly per-
formed on a whole sample in order to model the experimental trials directly rather than
at the unit-cell level [17, 115, 122, 163]. Examples of bending and bias extension tests
are illustrated in Fig. 2-25. Despite an enhanced description of the deformation mecha-
nisms, a homogenization of the tow behavior is still necessary to gain results on part
level within an acceptable computation time. This makes this approach inflexible, as
adaptions are necessary for any new NCF configuration even with only slight changes
(e.g. other stitch length).

, 0mm
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/ 10 mm
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(a) b)

Fig. 2-25:  Virtual characterization of dry NCFs at the mesoscopic scale: bending characteriza-
tion (a, adapted from [115]) and simulation of a bias extension test (b, adapted from

[17D).

2.3.3.3 Microscopic scale

This level of refinement models explicitly the relative motion between the filaments.
The predictive capabilities are improved, since the homogenization is reduced to a
smaller number of real filaments and all relevant interaction mechanisms are considered.

Such approaches have been mainly reported for the virtual characterization of textiles
with well-defined tows. Durville published numerical investigations of woven fabrics
modeled at the level of the filaments. [120, 123]. The unit cells of the fabric are simu-
lated based on the repetition of the waving pattern in which each tow is discretized with
48 chains of enhanced beam elements. Dedicated boundary conditions were developed
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to relate the displacements of each chain in a tow with a reference point at the border of
the unit cell. This relation constrains the average displacement of the nodes of a tow.
With this approach, the macroscopic deformation of the unit-cell is applied on the refer-
ence points while local deformation of the tow is possible. Virtual characterization was
proposed for various deformation modes. Fig. 2-26a and Fig. 2-26b show the results of
virtual bending and shear characterization. This framework was also applied to the sim-
ulation of rovings for braided textiles in order to study their compression behavior [164].

Daelemans et al. [165] published a study on the tensile and shear behavior of 3D woven
textiles using the DCE approach in an explicit integration scheme (ABAQUS/Explicit).
Although the bending stiffness of the chains was neglected, a good correlation with ex-
perimental results was achieved. Moreover, a realistic initial bending stiffness of the
textile was reached.

A similar approach was proposed by Sherburn in order to predict the behavior of fibrous
tows [116]. It was adapted to predict the behavior of a unit-cell of woven fabrics for a
shear deformation, as illustrated in Fig. 2-26¢. The simulation is performed on a quarter
of the unit-cell based on the symmetry of the pattern to reduce the computational effort.
The boundary conditions applied to the numerical filaments ensure a moment-free rota-
tion and a symmetric displacement with respect to the midplane of the tow.

A further discrete modeling technique of textiles was proposed by Green et al. to study
the compaction behavior of 3D woven textiles using conventional beam elements [121].
However, merging many filaments in one conventional beam element would lead to an
overestimation of the bending stiffness. To tackle this problem, Green et al. used an
elastic-plastic model in order to reduce the bending stiffness of the bundles when a de-
flection threshold is exceeded. The geometry of the simulation results correlated well
with computed tomography scans even though they concluded that this approach is not
able to reproduce the forces in the woven fabric accurately when deformed. Moreover,
the results are sensitive to the yield strength used to reduce the bending stiffness of the
chains.

Fig. 2-26:  Virtual characterization at the microscopic level with multifilament approach to
study the bending (a, adapted from [120]) and shear behavior of woven textiles (b,
adapted from [123] and c, adapted from [116]).

Applied to the simulation of NCFs, discrete modeling approaches enable to account for
the inter-filament, the inter-stitch and the stitch-to-filament interactions. Moreover, the
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local defects listed in section 2.1.4 (e.g. cracks and channels) can be reproduced. To the
author’s knowledge, the study presented by Thompson et al. in [122] is the only work
published so far focusing on the application of discrete modeling to NCFs. Nevertheless,
their approach is limited to NCFs constituted of 0° and 90°-layers, in which well-defined
tows can be identified. Moreover, the elements used to discretize the fibrous layers and
the stitching yarns rely on the elastic-plastic model introduced by Green et al. [121]. As
a result, the multifilament approach of the NCF presented by Thompson et al. is not able
to predict the forces induced in the material during the deformation. Also, the assump-
tion of periodic and perfect alignment of the chains does not account for local deviations
of the chain orientation from the idealized path. Therefore, it fails to model the occur-
rence of various local defects and, thus, might underestimate interactions in the textile.






3 Development of a forming simulation
framework for dry NCFs

Numerical descriptions of the preforming step can support the development of manufac-
turing processes by reducing conventional experimental trial and error approaches. The
aim of this chapter is to develop a simulation framework able to study and predict the
forming behavior of dry NCFs. First, the numerical approach is selected according to
the following objectives of the framework:

1. Simulation of a whole component in an industrial context. The whole simula-
tion approach, including iteration loops, should be possible in a usual duration
of under 12 hours.

2. Description of defects induced during the preforming step.

3. Use of simulation software packages able to model the behavior of dry textiles
using only “built-in” solutions.

4. Possibility to integrate the forming simulation in a conventional scripting en-
vironment (e.g. Python).

Then, a methodology is proposed to develop and calibrate the material models. Finally,
the accuracy of the simulation approach is validated with experimental trials performed
using a generic demonstrator geometry. Since the preforming step of reinforcement tex-
tiles is a complex process including different physical phenomena, the draping results
and the accuracy of the simulation might be influenced by a large number of parameters.
In order to reduce the modeling complexity while efficiently proving the ability of the
whole framework to numerically predict the preforming behavior, following restrictions
are applied in this doctoral thesis:

*  Forming at room temperature without previous activation of the binder.

*  Forming of a single NCF ply.

e Use of solid metallic tools.

*  Forming experiments are performed with a low velocity in order to reduce the
influence of strain-rate material dependencies.

The demonstration of the framework is done using the +45° NCF material presented in
section 1.3. This material exhibits a higher complexity than the 0°/90° NCF due to its
potential asymmetric shear behavior.

41
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3.1 Selection of the approach

The kinematic approach is well established in the industry due to its high computation
efficiency in predicting the shear deformation of the textile. However, the outputs
achievable with this approach are not suitable for the objectives listed above, since only
the fiber orientation can be observed. Therefore, FE based approaches describing the
mechanical behavior of the textile reinforcement are selected. According to the review
of the modeling scales presented in section 2.3 and the objectives of this doctoral thesis,
the macroscopic FE approach is identified as the most suitable simulation scale to study
the preforming process of dry NCFs. Even though single simulation results at the
mesoscopic scale can be reached in 12 hours, iterations and optimization procedures are
not feasible. As a consequence, the preforming induced defect considered in this study
are the shear deformation, the fiber orientation and the occurrence of wrinkles.

The material model and corresponding calibration procedures must be adequately se-
lected for the development of a macroscopic forming simulation framework. As re-
viewed in section 2.3.1.1, many software packages propose solutions to model the form-
ing process of dry textiles. Since the present work aims to develop a method suitable in
an industrial context, commercially available software packages are favored against ac-
ademic solutions that require dedicated expertise to perform forming simulations. The
software package selected for this doctoral thesis is ABAQUS from Dassault Systémes
/ SIMULIA [140]. It is a common FE software package widely adopted in the industry
for various applications, such as structural analyses, crash simulations or simulation of
manufacturing processes. Moreover, the built-in material model *FABRIC, able to
model textile reinforcements, is readily available. Nevertheless, dedicated adaptions of
the input data may be required to accurately model the bending behavior of dry NCFs.

One main advantage of multipurpose FE software packages is the possibility to rely on
different built-in material behaviors and interaction algorithms. Moreover, the extensive
documentation, support and available examples with ABAQUS solvers is a significant
benefit. Also, dedicated user subroutines can easily be integrated in the analysis in order
to compensate gaps or enhance the built-in solutions. Finally, ABAQUS pre and post
processing commands (e.g. the generation of a model geometry or extraction of specific
results) rely on the open-source software Python, which has been ranked 3™ by the TI-
OBE index in January 2021 [166] . As a consequence, ABAQUS modules can easily be
integrated in a reliable scripting environment.

3.2 Development of the material model

3.2.1 Description of the *FABRIC material model

The commercially available software package ABAQUS/Explicit from Dassault Sys-
temes / SIMULIA offers a material model *FABRIC suitable for the simulation of
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textiles [143]. The numerical framework is implemented to model the behavior of ma-
terials that exhibit two main directions which do not remain orthogonal during the de-
formation. Applied to a 2D woven fabric, these two main directions correspond to the
warp and weft yarn directions. In the present work, the main directions are assimilated
to the fiber orientations to generalize the applicability of the *FABRIC model. The def-
inition of the material behavior can be divided into three components: the behavior in
the first and second fiber direction, as well as the behavior relative to the change in angle
between the fiber directions. The stress-strain relationship of the material can be imple-
mented following two concepts:

»  Test-data relation for each component separately.
*  Constitutive equations implemented in a user subroutine *VFABRIC. This
enables the consideration of interrelations between the components.

The use of test-data relations allows for the inclusion of a large number of phenomena:
plasticity, damage, strain-rate dependency, etc. Also, each component can be defined
separately in tension and compression, enabling the definition of an asymmetric shear
behavior. Using test-data relations, the behavior of each component is defined inde-
pendently and no interaction between them is possible. On the contrary, the definition
of constitutive equations is more flexible and many dependencies between the three
components can be implemented. For instance, a tensile-shear dependency could be de-
fined, as presented in [167]. Interactions between the tensile and in-plane shear proper-
ties of a biaxial NCFs can be induced by the increase of interaction mechanisms within
the textile. Nevertheless, this dependency is difficult to investigate experimentally and
is expected to remain small in NCFs compared to other textiles that have interlacing
filaments from many layer orientations, such as in woven fabrics. Therefore, interactions
between in-plane shear and tensile deformations will be neglected in this doctoral thesis.

3.2.2 Review of bending modeling approaches with
*FABRIC

The material model *FABRIC can be used with either membrane or shell elements. In
order to accurately model the bending behavior, elements exhibiting rotational degrees
of freedoms (i.e. shell elements) are necessary. Using either test-dated based relations
or constitutive equations, the calculation of the out-of-plane deformation with *FABRIC
material model is based on the in-plane properties of each component. The high tensile
modulus of the filaments would yield non-realistic bending properties if conventional
integration computation methods of the in-plane properties were used, as is done in the
shell elements of ABAQUS/Explicit. A direct decoupling of the in-plane and out-of-
plane behaviors is not possible with the use of the material model *FABRIC.

The implementation of a material model that decouples the in-plane and out-of-plane
mechanical behaviors was presented by Dorr et al. [168] with newly developed user
subroutines for the simulation of thermoplastic fiber reinforced tapes. They used two
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distinct kinetically coupled meshes to model the membrane and bending behavior sepa-
rately.

Other approaches readily usable with conventional shell elements introduce a lower
compression modulus to reduce the bending stiffness of the material, as presented by Yu
et al [169]. In this case, the neutral axis of the material is shifted toward the stiffer region,
leading to an asymmetric stress-strain relationship for a pure bending deformation, as
illustrated in Fig. 3-1. The distance between the neutral axis and the mid-plane z, de-
pends on the E-Moduli of the two materials, as given in Eq. (3-1). The relation between
the bending moment per unit width' M and the curvature k is expressed in Eq. (3-2):

tEcomp + Etens — 2\/ EcompEtens (3-1)

2(Ecomp - Etens)

Zg =

K

M
24

(Etens (6% + 3t220 — 420®) + Ecomp (t3 — 322 + 425°))  (3-2)

where Etens and Eyppy correspond respectively to the tensile and compressive moduli
of the bending behavior, and ¢ to the thickness of the textile.

Compression | Tension

Neutral axis -t/2

Mid-plane t/2 /

Fig. 3-1: Illustration of the stress-strain relationship for a pure bending moment applied to a
material with a lower compression modulus than the tensile modulus, adapted from
[169].

zZ

This method was successfully applied in diverse studies to model the deformation be-
havior of dry textiles (e.g. in [107] to model the bending behavior of a woven textile). A
priori, this approach is compatible with the *FABRIC material model since the stress-
strain relationship in compression can be defined independently from the tensile behav-
ior. Nevertheless, the bending stiffness of dry fabrics exhibit a strong non-linear

!'In the following, the specification “per unit with” will be omitted for convenience and only “bending
moment” will be used.
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behavior as reported in section 2.2.3. Therefore, the “bi-material” approach from Yu et
al. in [169] must be adapted to improve the description of the bending behavior.

3.2.3 Development of a bi-linear bi-material model

A bi-linear curve is introduced in the compression part of the stress-strain relationship
in order to accurately model the loss of stiffness of the material at higher curvatures.
Moreover, a locking angle is defined to avoid non-realistic localized high curvatures and
to prevent a collapse of the elements. The resulting stress-strain relationship of the ma-
terial model, referred to as “Bi-Linear Bi-Material (BLBM) model”, is illustrated in
Fig. 3-2. Following parameters are introduced:

e Ei.pns: tensile modulus.

*  Eomp: compression modulus until the onset of the softening.
*  Esyp:: compression modulus of the plateau.

* &5t compressive strain at the onset of the softening.

*  &ock. compressive strain at the onset of the locking of the bending defor-

mation.
o
£ lock Esoft ‘) Etens
; i €
Ecomp
o B
i \
Elock KA
Fig. 3-2: Stress-strain relationship of the bi-linear bi-material model.

At the onset of the softening — referred to as the softening point — the curvature K, rt
is related to the parameters of the models due to Kirchhoff—Love theory as follows:

t
Esoft = Ksoft (E - ZO) (3-3)
From Egs. (3-1) and (3-3), it ensues:
Esoft Ecomp - Etens

Ksoft = (3-4)

t _Etens + Ecomp Etens
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3.2.3.1 k| < Kyope

At small curvatures (i.e. until the curvature kg, is reached) the BLBM model corre-

sponds to the model from Yu et al. [169]. Thus, the bending moment M and the curvature
Kk follow the linear relation given by Eqgs. (3-1) and (3-2).

3.2.3.2 K| = Ksop¢

The bending moment at the softening point M, s, can be calculated using the equilib-
rium of the moments applied to the cross section:

N| =+

Zo
Msoft = Ksoft f " Etensz(z — zp)dz + f EcompZ(Z — Zo)dz (3-5)
_t Zo
Using Eq. (3-4):

Esoft (Ecomp - Etens) ’

t 24(_Etens +\/ EcompEtens)
4 3t2Z0(_Ecomp + Etens) n 420?,)

Ecomp - Etens

t3(Ecomp + Etens)
Msoft =

Ecomp - Etens

(3-6)

3.2.3.3 Ksoft < 1| < Kiock

At curvatures larger than kg, s, the relation between M and k becomes non-linear. The
distribution of the stress is characterized by two variables:

*  The neutral axis z,.
e The axis of softening z,.

These variables can be calculated using the equilibrium of the forces applied on the cross
section. It ensues:

t t
(Ecompgsoft - Esoftgsoft + Esoftkf-l_ Etens’c?)
K(Esoft - Etens)

20 (k) = (3-7)

and

Esoft

zp(k) = + 2o (3-8)
Note that the neutral axis z, and the axis of softening z, depend on the curvature applied

to the material. Again, the relation between M and y is calculated using the equilibrium
of the moments:
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Zy Zp(K)
M = f . Etensz(z - 2, (K))dz + f Ecompz(z — 7, (K))dz
_t 2o
t
2
+ f Egopez(z — 20(x))dz (3-9)
Zp (K)

n (Ecomp - gsoft)gsoft (tz _ 4Zp(K)2),

VKsoft < || < Kiock

According to the previous equations, the stress distribution over the thickness in the
material can be illustrated as shown in Fig. 3-3.
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Fig. 3-3: Ilustration of the stress-strain relationship for a pure bending moment applied to a
material described with the BLBM model, in the case of ks, < |K| < Kyock-

3.2.34 k= Kiock

The locking curvature is a parameter that depends on the mesh size. It is calculated based
on the characteristic length of the mesh elements [,; used to discretize the textile in the

simulation:
V2
Kiock = 73— (3-10)
lel
The corresponding compression strain €, at the locking curvature is given by:
V2 [t
Eock = 7\ 5 — Zo(K10ck) (3-11)
lo; \2

with z,(k;pc) calculated according to Eq. (3-9). The bending moment M, directly
results from Egs. (3-7) to (3-10).
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3.2.3.5 |l€| > Kiock

At curvatures larger than k;,.; the compression modulus Ejycx = Etens 1S used in the
stress-strain relationship to avoid a non-physical collapse of the elements. It leads to a
sudden increase of the bending moment, which can be calculated using the equilibrium
relations as proposed in the previous sections.

3.2.3.6 Bending moment-curvature relationship

Fig. 3-4 illustrates typical moment-curvature relationships resulting from the BLBM
model for curvatures smaller than the locking curvature. The linear part and the onset of
the softened behavior are clearly identified in the diagram (the softening point is shown
with dashed lines). The softening occurs in two steps. First, a strong non-linear behavior
can be observed directly after the softening point. Then, it is followed by an approxi-
mately linear portion. Different curves were generated according to the input parameters
listed in Tab. 3-1 in order to highlight their influence on the moment-curvature relation-
ship.

0.04 ; T : T : T
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— Case 2
g 0.03 - Case 3 |
E L Softening point
; Cases 1 and 2
= 0.02F
=
Q
=
§ ______
0.01 | | i
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I Case 3
|
0.00 11 L 1 L 1 L
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Curvature [mm™]
Fig. 3-4: Examples of the moment-curvature relationship according to the BLBM model for

curvatures smaller than the locking curvature.
The input parameters of the cases illustrated in this figure are detailed in Tab. 3-1.

The influence of the compression modulus Ej, . is highlighted by Case I and Case 2.
Here, the onset of the softened behavior is located at the same curvature
(Ksort=0.0083 mm!). The linear regime of the softened part is reached faster in Case 2
than in Case 1, due to the smaller difference between E.,p;, and Eg,f,. The difference
between Case I and Case 3 shows two BLBM models with a different softening point.
It can be observed that the curves are almost parallel after onset of the softened behavior
even though the linear regime is achieved at a smaller curvature in Case 3. Finally, it
can be concluded that the behavior of the BLBM model is coherent with experiments
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reported in the literature and with the characteristic shape of the bending behavior of dry
textiles shown in section 2.1.3.3.

Tab. 3-1: Parameters of the BLBM model for the generation of the bending moment-curvature
relationships illustrated in Fig. 3-4.

Designation Case 1 Case 2 Case 3
Eiens [GPa] 2.0 2.0 2.0
Ecomp [MPa] 20 20 20
Egort [MPa] 1.0 8.0 1.0
&sort [-] 5.0E-3 5.0E-3 3.0E-3
Thickness [mm] 0.66 0.66 0.66

3.3 Calibration of the material model

Experimental characterization methods are used to investigate the material behavior de-
pending on environmental and loading conditions. The description of the material be-
havior results in the formulation of a material model that relates the applied deformation
with the resulting forces. In the context of Finite Element Analysis (FEA), the parame-
ters of a material model are usually referred to as the “material card”. The experimental
characterization must be performed with regard to the considered deformation mecha-
nisms and modeled physical phenomena.

According to the selected macroscopic simulation approach and the restrictions of this
doctoral thesis, following properties must be thoroughly investigated:

*  Frictional behavior between the metallic tool and the textile
* In-plane shear behavior of the textile
*  Out-of-plane bending behavior of the textile

3.3.1 Frictional behavior

The sliding sledge configuration developed by Leutz [88] was improved to characterize
the frictional behavior of the NCF at room temperature. The pulley was shifted upwards
in order to reduce the moment generated at the front of the sledge, as illustrated in
Fig. 3-5. With this adaptation the force is applied to the anchor with an angle a;,,p,
chosen so that the moment applied to the sledge vanishes at the middle of the sliding
distance. The distance between the pulley and the sledge was increased to the maximum
distance allowed by the testing device to reduce the variation of @,y during the move-
ment of the sledge. Note that the vertical component of the force applied to the sledge
reduces the vertical force. This must be considered in the calculation of the friction co-
efficient as follows:
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y= Fsledge * COS Uyppe (3-12)
Msiedge- 9 — Fsledge * sin Urope

where Fgpq4e corresponds to the force applied to the sledge by the rope and mgeq4e the

mass of the sledge. The angle of the rope at the beginning of the experiment is calculated
at Arope,omm= 8.58° and increases tO &rope180mm=22.4° for a cumulated sliding
distance of 180 mm.

T Applied force F,qq,

Rope .
Pulley Middle of the
sliding distance

Sledge Start
i Contact surface configuration
Final —_ .~ ¢ ——— v

configuration el I e T T N -

Fig. 3-5: Experimental method for the characterization of the frictional behavior to reduce
the moment applied on the sledge.

Due to the different surface properties and the powder binder present on the front surface
of the textile, the frictional behavior was tested parallel and perpendicular to the fiber
orientation at the front and back surfaces of the textile. This results in four test configu-
rations designated as follows:

*  Face of the textile in contact with the metallic plate (“front” or “back™).
*  Sliding direction of the sledge with respect to the fiber orientation (0° or 90°).

The sledge used for these experiments has a contact surface of 150x100 mm? and a total
weight of 1.21 kg. The experiments were performed at a constant sliding velocity of
100 mm/min and repeated three times for each configuration. A stainless-steel plate rep-
resentative of the material of forming tools was used in the experiments.

The friction tests were performed in the context of a student thesis [S2]. Fig. 3-6a illus-
trates the force measured at the crosshead of one representative test. This diagram can
be divided into two parts:

- The first part corresponds to an increase of the load applied to the sledge until
onset of the displacement, often referred to as the “stick” phase. The end of the
first part corresponds to the static friction coefficient pg

- The second part represents the force required to apply a constant sliding to the
sledge, which is used to calculate the dynamic friction coefficient p
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Fig. 3-6: Test result of a sample representative of the friction characterization: raw measure-

ment of the force at the crosshead (a) and calculated friction coefficient depending

on the crosshead displacement (b).

The static and dynamic friction coefficients are computed separately for each repetition
and illustrated in Fig. 3-7a. The mean coefficient of each configuration is shown in
Fig. 3-7b and listed in Tab. 3-2 along with their corresponding standard deviations. First,
a recurrent difference between the static and dynamic friction coefficients can be ob-
served in all configurations. The dynamic friction coefficient is 6.9% smaller than the
static friction coefficient?>. Moreover, the friction coefficients are higher when sliding

2 This difference corresponds to the mean of the differences between the dynamic and static coefficients

of all configurations.
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perpendicular to the fiber direction, with an increase of dynamic friction coefficient of
19% and 14% for the front and back faces, respectively. A possible explanation is that
the filaments can slide over microscopic irregularities of the steel plate when they are
aligned with the sliding direction. On the contrary, sliding perpendicular to the fiber
orientation would lead to a higher adhesion to the steel plate. Finally, no significant
difference between the friction coefficients of the front and back faces were observed.
As aresult, higher dependency of the frictional behavior can be observed on the sliding
direction, which should be considered in priority in the interface modeling of the draping
simulation.
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Fig. 3-7: Results of the experimental characterization of the frictional behavior (a) and sum-

mary of the results for each configuration (b).
The error bars represent the minimum and maximum values of the respective test series.
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Tab. 3-2: Summary of the results of the friction characterization.
Static coefficient Dynamic coefficient
Mean Min Max Mean Min Max
Front || 0.322 0.278 0.353 0.302 0.265 0.333
Front L 0.382 0.366 0.401 0.359 0.338 0.377
Back || 0.334 0.328 0.337 0.303 0.296 0.309
Back L 0.369 0.343 0.383 0.346 0.332 0.358

3.3.2 Shear behavior

Due to the reduced applicability of the bias extension test method to NCFs (ref. section
2.2.2.2), the PF test method was preferred to characterize the shear behavior of the dry
NCF. The experiments were performed using the PF device illustrated in Fig. 3-8a,
which was previously developed by Leutz [88] at the Chair of Carbon Composites of
the Technical University of Munich (TUM-LCC).

Arms with removed
transverse filaments

NCF Sample

Clamps with
rubber strips

Weight applying
the pretension

(a) b)

Fig. 3-8: Ilustration of the picture frame test rig developed by Leutz [88] (a) and improved
preparation of the test specimen (b).

Different measures were taken during the sample preparation to improve the robustness
of the experiments. Firstly, the filament in transverse direction and the stitching yarn
were removed in the arms of the sample. This reduces the influence of the region outside
the sheared zone on the shear behavior. This measure was also presented by the Hong
Kong University of Science and Technology in the benchmark of the shear behavior of
woven fabrics published in [96]. With this modification of the samples, the shear stiff-
ness of the outer regions is reduced, leading to an increased homogeneity of the
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deformation in the sheared zone [18]. The second measure tackles the misorientation
and tension in the filaments. A predefined tension of 0.021 N/mm was applied to the
sample using a dead weight mounted at the edges of the sample before the clamps of the
PF device are closed (see Fig. 3-8b). Although the pretension is not controlled during
the test, this procedure enables adjusting the filament orientation and reduces the miso-
rientation of the filaments within the frame.

According to the ABAQUS user manual [143], the material model *FABRIC based on
test-data relations requires the calculation of a “nominal shear stress” T;, defined as
follows:

in(ZE_Y
_ Frrame lframe Sin (4— 2) (3-13)
- lsample2 tsample

where, tsampie 1 the initial thickness of the sample. It was measured to 0.66 mm by
Bichlmaier in [S2] according to the standard DIN EN ISO 5084 [170].

Note the relation between T, and Fygppic (normalized shear force, see Eq. (2-2)):

cos(y)
T, = Ffabric (3-14)

sample

The influence of test parameters, such as the width of the sample, the pretension of the
filaments or the crosshead velocity, were extensively investigated in [S2]. A sample
width of 175 mm has been identified as the optimum size to reduce the influence of the
boundary effects. For the development of the simulation approach presented in this doc-
toral thesis, the experiments were performed at room temperature and at a constant cross-
head velocity Vfyqme of 100 mm/min. The tests were repeated three times in each shear
direction. The relevant parameters are listed in Tab. 3-3.

Tab. 3-3:  Experimental parameters of the shear characterization.
Parameter Unit Value
Ltrame mm 201.5
lsample mm 175
Vrame mm/min 100
tsample mm 0.66

The shear characterization was performed in the context of a student thesis [S2]. In this
section, the results of the PF tests are illustrated using the normalized shear force Frqppic-
Note that different opinions can be found in the literature on the loading cycle that should
be used for the characterization of dry textiles [18, 95]. Since the forming behavior of
the textile is of interest, only the first loading cycle of the sample is considered here.
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This choice is supported by the study presented in [S3], showing that forming simula-
tions performed with the second loading cycle only result in a non-realistic forming be-
havior.

The results of the shear characterization in positive and negative shear directions are
presented in Fig. 3-9a and Fig. 3-9b, respectively. Considering that the material model
*FABRIC requires a single table for each shear direction, respective mean curves were
calculated based on the three repetitions. The mean curves are also illustrated in Fig. 3-9.
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Fig. 3-9: Results of the shear characterization in positive (a) and negative (b) shear directions

with respective mean curves.

A similar behavior can be observed in the positive and negative directions. After a linear
increase of the shear force, a non-linear part can be observed until a maximum force is
reached at a shear angle of approximately 10°. Between shear angles of 10° and 40°, a
significant decrease of the shear force is identified in positive direction. This can be
attributed to an accommodation of the extension of the stitching yarn on the back face
by the transversal displacement (compression) of the yarns on the front face or to the
breakage of the binder network at the surface of the textile. Finally, an increase of the
shear force is shown at shear angles larger than 40°. This is explained by the loading of
the stitching yarn combined with the transverse contact between the filaments and the
stitching yarns that restrain the shear deformation of the layers.

A significant asymmetric behavior is found. The ratio between the shear forces in posi-
tive and negative directions reaches its maximum at a shear angle of 11.5° and is calcu-
lated at 3.35. Note that no difference is noticeable between the positive and negative
shear forces for small shear deformations (smaller than 1°). It may be due to a slack in
the stitching yarn that requires an extension larger than the initial slack to show a signif-
icant contribution to the shear force.
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During the shear deformation the onset of local buckling was observed (corresponding
to the loops illustrated in Fig. 2-6 as reported by Krieger et al. in [61]. The onset of the
first buckles was detected in the range of 5° to 8° shear angle.

The nominal shear stress T;, for each shear direction is calculated using the respective
mean curves with Eq. (3-14).

3.3.3 Bending behavior

A method to calibrate the BLBM bending model with simple equipment is proposed.
First, the experimental method is presented. Due to the complex behavior of textiles,
various curvatures must be applied to the textile while accurately measuring the reaction
forces. Then, the calibration of the model input parameters is performed using an indirect
approach. To that purpose, the bending test is simulated and the results are compared
with the experimental results using criteria on the deformed geometry and on the reac-
tion force. Finally, an optimization strategy is implemented to calibrate the input param-
eters of the material models.

3.3.3.1 Experimental method

In order to calibrate the material model, the bending moment-curvature relationship
must be measured experimentally. According to the complexity of pure bending test
devices, the generation of a pure bending deformation is not further considered in this
thesis. Therefore, the experimental method must be able to fulfill following objectives:

1. Generate an adequate range of curvatures representative of the deformation
during preforming.

2. Observe and extract the deformed geometry of the sample.

3. Measure the forces applied to the sample (i.e. the reaction forces).

The test method consists of the buckling of a rectangular textile sample on a planar sur-
face. For this experiment, a sample is constituted of two strips of textile cut along the
fiber orientation and joined with a soft tape (ref. Fig. 3-10a). The tape ensures a pivot
articulation between the two strips, which facilitates the handling of the sample in order
to avoid any deformation of the sample prior to the bending experiment. First, the sample
is fold at its pivot, clamped at the free end, and hang vertically (as illustrated in
Fig. 3-10b). This step resembles the pear loop configuration described by Peirce in [82].
Then, the sample is formed over a horizontal plate in order to generate various curvatures
in the sample (see, Fig. 3-10c). The experiment is stopped when a sufficient contact
length between the strips and the horizontal plate is reached, as shown in Fig. 3-10d.
The shape of the sample is recorded with a digital camera and the reaction force is meas-
ured at the clamp or at the horizontal plate.
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Textile strips cut along the fiber direction
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Fig. 3-10:  Working principle of the bending tests for material calibration: sample preparation
(a) and successive steps of the experiment (b) to (d).

This rather simple method fulfills the three objectives listed above. The main advantage
is that rudimentary devices can be used to generate the displacement as long as the final
configuration is precisely achieved and recorded in each experiment. Also, the reaction
force can be measured with a precise weighing scale or with a load cell. Depending on
the bending behavior of the textile, the final configuration can be adapted to generate
different curvatures. In this doctoral thesis, the test method uses manual sliders for the
linear displacement and a weighing scale for the reaction force measurement. The test
setup was partly developed in [S4] and adapted in [S5]. The final device is shown in
Fig. 3-11. Spacers are used to precisely determine the final position of the clamp. Note
that sand paper was applied to the horizontal plate in order to avoid any slippage of the
sample at the contact surface with the plate.

In the development of this test method, a dedicated attention was paid to the load intro-
duction of the textile to reduce the influence of transversal forces. As reported in [S4]
and [S5], deformation of the textile induced by local transverse contacts may lead to
local buckling of the filament and, thus, to a localization of bending deformation that
can hardly be considered in forming simulations. Here, the contact surface between the
two strips at the upper clamp stabilizes the textile. In addition, the distributed contact
with the horizontal plate ensures a smooth distribution and transition of the transverse
force. The clamp designed for this test bench is divided into two parts. The first part
maintains the sample in the folded configuration while being hung to the test bench. The



58 Development of a forming simulation framework for dry NCFs

second part of the clamp is applied to the sample shortly before the start of the experi-
ment (configuration showed in Fig. 3-10b) to ensure that the remaining free length of
the sample — especially near the clamp — was not deformed prior to the experiment
(e.g. during the preparation of the sample).

Linear guides

Device for
sample preparation

| Weighing scale
— Digital camera

Fig. 3-11:  Experimental bending test setup for the calibration of the bending behavior of dry
textiles.

The textile strips have a width of 100 mm and a free length of 125 mm each. The final
distance between the clamp and the horizontal plane is set to 75 mm. The front face of
the NCF is placed at the external face of the sample and, thus, comes into contact with
the horizontal plate. The final configuration of a representative test result is shown in
Fig. 3-12.

Fig. 3-12:  Final configuration of a bending experiment with a +45° NCF sample.

The geometry of the sample in the final configuration is recorded with a digital camera.
The deformed geometry is manually extracted with a minimum of hundred points dis-
tributed over the whole sample length and the deflection is separately computed for each
side of the sample. In order to reduce the influence of spurious waviness at the contact
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of the plate, the extraction of the sample geometry is stopped 2 mm before the plate
(along the vertical axis).

The main drawback is the potential asymmetric deformation of the sample if the textile
strips were deformed prior to the experiment or if the contact of the tip with the horizon-
tal plate is not exactly aligned with the clamp. Thus, specific criteria for the acceptability
of tests must be defined. In order to discard experiments with non-symmetric defor-
mations, i.e. not in accordance with the test requirements, a threshold is set on the finale
shape of the sample. To that end, the difference between the deflection of the left and
right parts is computed at a height of 37.5 mm. The test result is discarded if the differ-
ence exceeds 15% of the mean deflection at this height. Finally, the mean deflection of
the left and right parts is computed for each of these experiments.

3.3.3.2 Experimental results

Nine experimental trials were performed. According to the symmetric deformation cri-
terion, five repetitions were selected for the characterization of the textile behavior. The
corresponding results are listed in Tab. 3-4. The resulting left/right mean deflection of
each experiment is illustrated in Fig. 3-13a along with the mean value of all experiments.
The curvature calculated with the mean result of all experiments is shown in Fig. 3-13b.

Tab. 3-4: Test results of the bending experiments according to the selection criterion
Serie ID Reaction force [mN] Left to right deflection difference [ %]
1 179 13.7
2 182 13.2
3 224 8.95
5 159 491
8 167 8.68
Mean 182

An initial curvature is observed near the clamps and decreases until a straight part at the
mid height of the deformed sample. A subsequent localization of the curvature is ob-
served, which reaches a maximum of 0.11 mm! at a vertical axis of 64.5 mm. This cor-
responds to a minimum radius of curvature of 9.28 mm. As a consequence, the experi-
mental approach is able to generate a large range of curvatures with a localization of the
deformation, which is representative of a local wrinkle.

In addition, the results show a small variability between the experiments. A maximum
deviation of 2.4 mm is measured at a vertical axis of 40.1 mm, which corresponds to
8.3% of the mean deflection at this position.
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Fig. 3-13:  Results of the mean left/right deflection for each bending experiment and computed
mean value of all experiments (a) and experimental curvature calculated with the
mean result (b).

3.3.3.3 Indirect calibration

Due to the high complexity of the deformation and of the stress state induced in the
textile sample, an indirect approach is proposed. Here, the experiments are numerically
simulated using the material model introduced in section 3.2.

In order to calibrate the material card (i.e. inputs of the material model), simulations are
performed with various model inputs. The respective comparison of the numerical re-
sults with the experiments enables the identification of the most suitable set of parame-
ters. Therefore, the indirect approach can be assimilated to a structural optimization
problem. As presented in [171], a structural optimization problem consists of the struc-
tural model (or structural analysis), the optimization model and the optimization algo-
rithm.

Structural model:

According to the symmetry of the material and of the test setup, the model of the exper-
iments is reduced to a quarter of the sample. The upper edge of the sample is fully
clamped and a pivot articulation is defined at the lower tip. The deformation of the sam-
ples is applied through vertical displacement of the clamp until the final configuration
is reached. The simulation is performed using the explicit solver ABAQUS/Explicit.

The FEA is based on the solver ABAQUS/Explicit. This integration scheme involves a
large number of successive integration step to model the whole process. This is an effi-
cient method to account for large displacements and non-linearity but the accuracy of
the simulation is directly related to the size of the increments. Thereby, the increment
size must remain smaller than the critical increment size At,, which is calculated based
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on the mesh size, the stiffness of the material and its density. It ensures that the fastest
deformation only propagates to the subsequent element in one increment. An approxi-
mate calculation of the critical increment size neglecting damping parameters is given
in Eq. (3-19).

1-—-2v
A, ~ Ly, P22 (3-15)
E
with L,,;, the smallest element length of the mesh, p the density, v the Poisson’s ratio
and E the elastic modulus of the material.

Explicit integration schemes are principally dedicated to model transient cases with
highly dynamic deformations and short durations, such as for impact analysis [172]. The
use of the explicit integration scheme for the simulation of the forming experiment re-
quires the introduction of scaling factors to increase the size of the critical time step and
reduce the number of increments required to model the whole process. Based on (3-15)
different methods can be proposed:

*  Reduce the stiffness of the material.

* Increase the density of the material.

*  Increase the mesh size.

* Increase the displacement velocity to reduce the number of increments re-
quired for the whole simulation.

In the context of this doctoral thesis, the tensile stiffness and the density of the material
are varied to increase the critical time step.

First, the tensile stiffness of the textile is reduced. Due to its fibrous structure, the textile
exhibits a high tensile stiffness in filament direction compared to the shear and bending
stiffness. Thus, the tensile stiffness can be reduced as long as it remains significantly
higher than the shear and bending stiffness. Due to the low velocity of the stamp, the
deformations can be approximated as quasi-static deformations. Therefore, the mass can
be increased to reduce the computation time but it is necessary to ensure that the kine-
matic energy involved in the model remains small compared to the other energies [173].
The final parameters selected for the simulation are listed in Tab. 3-5. These parameters
were optimized to increase the critical time step while maintaining their influence on the
final result negligible. The optimization of the calculation duration is presented in [S5],
which results in a total duration of one hour on one Central Processing Unit (CPU).
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Tab. 3-5: Input parameters of the structural model of the indirect bending calibration
Variable Unit Value
Eiens [GPa] 2.0
L [mm] 2.5
p [ton/mm?3] 1.93E-07
At, [s] 2.21E-05

Optimization model:

The design of an optimization model covers the definition of the objectives, the variables
and their boundaries. The objective functions are defined as the quantified comparison
between the simulation and experimental results. Two objective functions are required
for the absolute characterization of the bending model parameters:

*  The shapes of the final state are compared in order to characterize the relative
evolution of the bending rigidity depending on the curvature (i.e. to calibrate
the non-linearity of the material). To that end, the area between the deformed
mesh geometry of the simulation and the experimental curves is calculated for
each experiment, referred to as A4;, were i corresponds to the test ID. The mean
value A,0qn Of all experiments is computed.

e The comparison of the reaction force (measured on the horizontal plate) be-
tween the simulation Fj;,, and the mean experimental result F,,, ensures the
absolute calibration of the parameters.

The use of multiple objective functions for the indirect parameter calibration is analo-
gous to a multi-criteria optimization. One common approach presented in [174] relies
on the minimization of the Euclidian norm of the normalized distance d; between the
simulation result j and the reference point, defined as follows:

|d;| = /dA,jz +d,;° (3-16)

with
A A
dA,j meanl;lj* (3_17)
Fsimj — F*
dr | S”"'} - (3-18)

where A*and F™* correspond to the reference area and the reference force, respectively.

The reference force F* is defined as the mean force of the experimental results. Accord-
ing to Tab. 3-4, F*= 182 mN.
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The reference area A* is zero in the ideal case. Nevertheless, a zero area can be achieved
only in the perfect case where all experimental results are exactly the same. Due to the
variations previously observed, the reference area is defined as the lowest result achiev-
able with the set of experimental results. To that end, a separate optimization was per-
formed to find the deflection curve that minimizes the area A,,04,. Using a curve dis-
cretized in fifty points, it was found that A*= 34.4 mm?.

The variables of the optimization problems are the three parameters of the material mod-
els: Ecomps Esofts €soft- The boundaries of the variables are set according to Tab. 3-6.
They derive from a previous manual calibration of the parameters presented in [S3],
which uses experimental results of single cantilever tests.

Tab. 3-6: Boundaries of the optimization variables for the indirect characterization of the
bending model.

Variable Minimum Maximum
Ecomp [MPa] 5 100

Esofc [MPa] 0.1 5

Esoft [-] 2.50E-04 5.00E-03

Optimization algorithm:

Due to the high duration of a single simulation, a response surface method is used to
find the optimum material parameters with a sampling of the parameters based on a
stochastic Design of Experiments (DoE). The response of the numerical model is ob-
served for different sets of input parameters, which are distributed within the design
space. Since this method only provides an estimation of the optimum solution, a suffi-
ciently high number of input sets shall be used. In addition, the distribution of the sets
of input parameters is performed using the Latin Hypercube Sampling (LHS) method,
which is a stochastic approach that randomly distributes the input parameters within the
design space with improved filling properties [175]. The distribution is performed using
the LHS method with space-filling option available in the python library DOEPY [176]
to generate 500 sets of input parameters.

The response surface method offers the advantage of easier parallelization of the FEA
since the input configurations are defined at the beginning of the DoE study and do not
depend on previous configurations to generate the following set of inputs.

Results

The results of the DoE study are shown in Fig. 3-14. The normalized distances of the
objective functions d4 and df are illustrated for each set of inputs.
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Fig. 3-14:  Result of the DoE study implemented with 500 sets of inputs for the calibration of
the bending model.

A wide range of results was achieved showing a strong density around the reference
configuration. According to the minimization of the normalized distance d;, the set of
parameters DoE_354 is identified as the best set from all five hundred configurations.
Fig. 3-15 illustrates the comparison of the deformed shape between the simulation and
the experimental results. The input parameters and the results of the objectives functions
Amean and Fg;,, are listed in Tab. 3-7. It can be observed that 4,4, increases of only
5.2% compared to the reference area. Moreover, the relative error of the reaction force
is smaller than 4% and the simulation result lies within the range of experimental results.
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Fig. 3-15:  Comparison of the deformed shape of the samples between the simulation result
DoE_354 and the experiments.
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Tab. 3-7: Input parameters of the set DoE_354 and results of the objective functions

Variable Unit Value
Ecomp [MPa] 20.2
Esoft [MPa] 0.925
Esoft [-] 3.90E-03
Apean [mm?] 36.1

Fsim [mN] 175

Further observations

In order to emphasize the importance of both objective functions and, thus, of fitting
both the forces and the deformations, two further results of the DoE study are observed.
Firstly, DoE_127 (identified as a red triangle in Fig. 3-14) delivers a good fit of the final
shape of the sample (comparable to that of DoE_354), whereas the reaction force
strongly deviates from experimental results. Similarly, DoE_160 (identified as the red
cross in Fig. 3-14) delivers the best fit of the reaction force but fails to reproduce the
geometry of the final shape. The input parameters and the corresponding results are
listed in Tab. 3-8. The moment-curvature relationships of those input sets are illustrated
in Fig. 3-16 along with their respective final deformed shapes.

Tab. 3-8: Input parameters of selected sets of the DoE study, corresponding normalized dis-
tances of the objective functions and Euclidian distance to the reference point.

DoE ID Ecomp Egofe Esoft d, dp |d|
[MPa] [MPa] [-] [-] [-] [-]

354 20.2 0.925 3.93E-03 5.21E-2 391E-2 6.51E-2

127 98.7 1.88 3.90E-03 0.127 2.30 2.30

160 43.6 0.267 2.51E-03 2.90 2.02E-3 2.90

Although the moment of the parameters DoE_160 is larger than that of DoE_354 for all
curvature values, the strong localization of the curvature creates a low reaction force
close to the experimental result (i.e. close to DoE_354). On the contrary, the geometry
of the simulation result DoE_127 is very close to the deformed shape of the sample but
the forces are strongly overestimated (factor 3.3 between the reaction forces). As a con-
sequence, using the input parameters of DoE_127 would significantly overestimate the
absolute bending stiffness of the textile, which emphasizes the importance of both crite-
ria.
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Fig. 3-16:  Resulting deflections (a) and bending moment-curvature relationships (b) of simula-
tion results with various input parameters.
The dotted lines in diagram (b) show the softening points (i.e. onset of the non-linear be-
havior) of the respective bending moment-curvature relationships.

3.3.3.4 Conclusion

A method was presented to calibrate the bending properties of soft materials that exhibit
a strong non-linear behavior, such as dry NCFs. The experimental principle is based on
a forming experiment that induces a large range of curvatures in the sample. The meas-
urement of the reaction force and the extraction of the final sample geometry enables an
indirect calibration of the material models. A sampling of five hundred configurations
was performed using the LHS method. The best configuration was identified based on
the normalized distance of objectives on the deformed geometry and on the reaction
force. Moreover, it was shown that the consideration of the deformed geometry and the
resulting force is crucial for the calibration. The material parameters of the best result
and the corresponding characteristics are listed in Tab. 3-9. These parameters will be
used in the subsequent sections to describe the bending behavior of the +45° NCF.
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Tab. 3-9: Summary of the bending characterization with the BLBM bending model.

Variable Unit Value
Ecomp [MPa] 20.2
Esoft [MPa] 0.925
Esoft [-] 3.90E-03
Mo pt [mN.mm/mm] 10.5
Ksoft [m] 6.56

3.4 Validation of the forming simulation
approach

Numerical simulations of the forming behavior of textile are useful at different steps of
the development of a new component. Nevertheless, the accuracy of the simulation ap-
proach is primordial to draw the right conclusions and support the development process.
Therefore, an intermediate step aiming at the validation of the simulation approach is
necessary. This subsection focuses on the validation of the developed approach to accu-
rately predict the deformation behavior of the textile applied to the forming of a generic
component geometry. First, the forming experiments and the corresponding simulation
model are described. Afterwards, the validation criteria are defined. Finally, experi-
mental and simulation results are compared to assess the accuracy of the simulation ap-
proach.

3.4.1 Forming experiment

The forming process selected in this doctoral thesis is a stamping process with one punch
pushed through the textile and a blank-holder, as depicted in Fig. 3-17. Since there is no
opposite mold, the deformed geometry results from a combination of forces induced by
the punch, the blank-holder and the base plate only. Here, the blank-holder is able to
move vertically, applying a constant force to the textile due to its own weight. This setup
allows for observations of the deformed geometry of the textile during the whole exper-
iment without releasing any force or removing components. Therefore, various criteria
can be used to validate the simulation approach.

The geometry of the punch is a hemisphere with a radius of 63.5 cm. The deformation
of the textile over the hemisphere induces double curvatures in the textile, which is rep-
resentative of industrial part shapes. Moreover, the deformation of textiles over a hemi-
spheric geometry involve large shear and bending deformations to accommodate the
surface. Therefore, this geometry enables an accurate validation of the shear and bending
behaviors. The circular blank-holder has an internal and external radius of 90 mm and
120 mm respectively and weights 1.65 kg. The experiments were carried out on square
samples of single plies of NCFs with a geometry of a 350x350 mm? aligned with the
fiber orientations (i.e. the direction of the loops of the stitching yarns is aligned with the
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diagonal of the sample). This setup can highlight and quantify the asymmetry of the
preform deformation. The experiments were performed at room temperature and with
constant punch velocity of 100 mm/min in the context of a master’s thesis [S3].

Linear sliding

Textile sample

i

Blank-holder

[
EE

Base plate

Punching direction T Fangh

(a) (b)

Fig. 3-17:  Experimental forming setup of the hemisphere punching test bench (a) and example
of a forming experiment (b).

3.4.2 Simulation model

In order to validate the simulation approach, the experimental process must be repro-
duced numerically. The selected macroscopic scale models all components, interactions
and process parameters. Due to the high stiffness of the metallic parts (blank-holder,
ground plate and stamp) compared to the deformability of the textile, only the outer
surfaces of the metallic parts in contact with the textile are considered. They are modeled
as rigid surfaces. The weight of the blank-holder is applied as an external force to the
blank-holder to reduce the dynamic effects. The textile is modeled with the *FABRIC
material model presented in section 3.2 using the calibrated input parameters of sections
3.3.2 and 3.3.3. The stamp velocity is adapted in order to optimize the calculation and
to reduce dynamic effects. The resulting parameters are listed in Tab. 3-10. They lead to
a total computation duration of about twelve hours on four CPUs. More details on the
optimization of the material and processes parameters can be found in [S3].

Tab. 3-10:  Input parameters for the validation of the simulation approach.

Variable Unit Value
Etens [GPa] 2.0

Ley [mm] 5.0

D [ton/mm?3] 4.84E-08
At [s] 2.22E-05

The interaction between the textile and the metallic part is modeled with an anisotropic
friction model. This model was released in the version ABAQUS2017, which accounts
for differences in friction coefficients depending on the material orientation and relative
displacement directions [177]. The input parameters are derived from the material and
interface characterization presented in section 3.3.1.
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3.4.3 Validation criteria

A large number of comparison criteria are used to prove the ability of the simulation
method to predict the fiber orientation, reproduce the asymmetric shear deformation,
locate the onset of wrinkles and predict the forces involved in the process.

3.4.3.1 Fiber orientation

. Due to the anisotropic properties of composite parts, deviations of the fiber orientation
from the designed path can considerably impact the part performance. Therefore, the
prediction of the fiber orientation is the most important output of the forming simulation
and is selected as the first criterion. To that end, a procedure to measure and compare
the fiber orientation on the surface of the textile was developed. The experimental meas-
urements were performed using an optical sensor FScan from the Profactor GmbH [178,
179]. The sensor measures the direction of the filaments on the surface of the preform
and the results are computed over an area of 12.5x30 mm?2 with a resolution of 15 pum/px.
The mean value over this area is used to characterize the fiber orientation of the surface.
A total of twenty-five Regions Of Interest (ROIs) were defined to study the distribution
of the fiber orientation in different regions of the preform, as shown in Fig. 3-18a and
listed in appendix a.

The ROIs are defined tangential to the surface of the textile. The measurement field of
the sensor is aligned with the projection of the y-axis presented in Fig. 3-18a (corre-
sponds to the fiber orientation of the upper layer before forming). This projection is used
as reference in order to measure the fiber orientation and quantify the variations. There-
fore, all angles are measured in the respective planes of the ROIs and are referred to as
“azimuthal angle” in the following. The ROIs are located along the symmetry plane of
the setup (x-axis and y-axis) and in the regions of high shear deformation. Changes of
fiber orientation along the intersection of the symmetry planes and asymmetric defor-
mation in the sheared zones would be a first evidence of the asymmetric shear behavior
of the textile. More details on the locations and orientations of the ROIs can be found in
[S3].

The optical sensor is mounted on a robot to ensure a precise and reproducible positioning
of the sensor. As the textile surface is accessible during the whole experiments, the
measurements can be performed before forming and at different stages of the forming
process (here at 49.7 mm and 65 mm forming stroke). The final setup is illustrated in
Fig. 3-18b. The azimuthal angle of the simulation is computed with a similar procedure
for each ROI. First, an algorithm searches the mesh elements located within the ROI.
Then, the fiber direction of each element is projected onto the surface of the ROI. Fi-
nally, the azimuthal angle is calculated, defined as the mean direction of all projected
directions. More details on the procedure to compare the results of the simulation with
the experiments can be found in [S6].
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Fig. 3-18:  Definition of the ROIs for the comparison of the fiber orientation (a) and experi-
mental setup with the F-Scan sensor (b).

3.4.3.2 Textile draw-in

The shape of the outer part of the preform and the respective draw-in is a common cri-
terion for the comparison of forming simulations with experimental results. The textile
draw-in highlights the cumulated deformation, and thus enables verifying the defor-
mation behavior of the whole sample. In this section, the draw-in is used in order to
quantify the asymmetric deformation of the textile. To that end, pictures of the final
shape of the preforms were recorded and the projected distance between each corner and
the center of the setup was measured using image post-treatment. The draw-in of a cor-
ner k, referred to as dic y, is defined as the change in length between the initial and final
configuration. The corners are labelled as presented in Fig. 3-19. The draw-in ratio
dirqtio — quantifying the asymmetric deformation — is given by:

 digy +digs

di .. = —&l = 763 _
lTath dic’z + dic’4 (3 19)

3.4.3.3 Wrinkling profile

The third criterion targets the onset of wrinkles in the inner part of the blank-holder. In
this region, the balance between bending and shear stiffness is essential to predict the
onset of out-of-plane deformations. During the experiments, a line at a height of 21 mm
is projected on the textile surface with linear lasers. Pictures of the preforms were rec-
orded at the final stage of the experiments. The distance d,, between the center of the
setup and the red line was manually measured in the pictures with a polar angle pitch of
2.5° (see Fig. 3-19 for the definition of the polar angle 6y, ).
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This procedure is close to the experimental approach proposed by Arnold et al. [180], in
which the 3D deformation geometry of the whole textile surface was recorded. Here, the
size and location of the wrinkles can be identified efficiently.

diC,4
\ Corner 4

di
Corner 1 / ‘a1

Projected line

/ oer 3

di,; Corner 2 \dic2

Fig. 3-19:  Measurement of the corner draw-in of the preform and definition of the parameters
to quantify the wrinkling profile.

3.4.3.4 Forces involved in the process

The last criterion identifies the level of forces involved during the forming process. The
vertical lift of the blank-holder and the reaction force on the stamp were measured during
the experiments. Theses quantities are complementary, since the blank-holder applies a
defined force to the textile due to its own weight and the stamp imposes the forming
deformation. Note that the reaction force and the blank-holder displacement result from
the stiffness of the textile, the onset of wrinkles and the friction between the textile and
the metallic parts.

3.4.4 Results

Experimental trials were performed in order to generate three results for each criterion.
Various test setups were required to obtain the necessary data. Here, four test configu-
rations were used, leading to a total of twelve experimental trials.

Pictures of the final shapes of the three experimental trials used for the geometrical cri-
teria (Series 1 to 3) are illustrated in Fig. 3-20 along with the simulation result.
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(c) Serie 3 (d) Simulation result

Fig. 3-20:  Pictures of the finale state of the experimental forming trials used for the geomet-
rical criteria (a to c¢) and illustration of the corresponding forming simulation result

(d).

3.4.4.1 Reaction force and blank-holder displacement

The reaction force and the vertical lift of the blank-holder are illustrated in Fig. 3-21
depending on the forming stroke (i.e. vertical displacement of the stamp). The experi-
mental measurements of the reaction force show a bilinear behavior for all repetitions,
with a kink at about 23 mm stamp displacement. This kink can be attributed to the non-
linear bending behavior of the textile. The bilinear evolution of the force is also observed
in the simulation but the kink is located at a stamp displacement of ca. 35 mm. A good
correlation can be observed between the experimental and simulation results until the
kink of the experimental curves. For larger stamp displacements, the simulation slightly
overestimates the reaction force. The difference increases progressively until the kink in
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the simulation result and remains constant afterwards. A mean force of 11.9 N is meas-
ured at the end of the forming experiments and 14.5 N is reached in the simulation.

The results of the blank-holder displacement reveal large differences between the simu-
lation and experiments. A bilinear behavior of the simulation result is also identified
with a kink at a stamp displacement of 35 mm. Above those values, the blank-holder
displacement is significantly overestimated, with a final difference of 7.0 mm. A rea-
sonable explanation for those deviations may be that the simulation fails to predict the
flattening of wrinkles or overestimates the bending stiffness for larger curvatures. Po-
tential friction in the guide of the blank-holder may also contribute to the overestimation
of the vertical lift.

These two criteria show that the simulation is able to predict the bilinear evolution of
the reaction force on the stamp. Nevertheless, the significant differences between the
simulation and experimental results suggest that the calibrated material model overesti-
mates the bending stiffness for large curvatures and that the softening of the bending
stiffness should be shifted towards smaller curvatures. The deviation of the blank-holder
lift is an important result for the subsequent validation criteria focusing on the geomet-
rical deformations, since the geometry is partly defined by the blank-holder.
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Fig. 3-21:  Comparison between the reaction force on the stamp (a) and lift of the blank-holder
(b) depending on the forming stroke of the experimental and simulation results.

3.4.4.2 Fiber orientation

Fig. 3-22 illustrates an example of the optical measurements of the filament directions
(before and after post-treatment of the data) in order to determine the fiber orientation
of the upper layer only. Local defects, particles and local filament buckling are also
excluded from the data using the polar and specular values of the pixels.
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Fig. 3-22:  Azimuthal results of the optical measurement of the filament directions before post-
treatment (a), results of the filtering (b) and final azimuthal results after post-treat-
ment (c).

Fig. 3-23a and Fig. 3-23b illustrate the measured azimuthal angles along the projected
x-axis and y-axis at the end of the forming experiment, respectively. In the case of a
textile with symmetric shear behavior, change of the fiber angle would be only measured
in the sheared zones and not on the principal axes of the setup. Therefore, the azimuthal
angles measured along the x-axis and y-axis indicate an asymmetric shear behavior.
Fig. 3-23c and Fig. 3-23d show the azimuthal angle in the region of positive and nega-
tive shear at the final forming stroke, respectively. In the region of positive shear, an
azimuthal angle of about 8° is measured at the outermost ROIs, while angles up to 20°
are reached in the region of negative shear deformation. The difference of absolute val-
ues between the azimuthal angles in the zone of high shear deformation is a further evi-
dence of non-symmetric shear behavior.

At the final forming stroke, the variation of the measurements between each repetition
reveals a maximum difference of 5.63°, which is obtained in the ROI 22 (outermost ROI
in the region of negative shear and area with the highest shear deformations). Neverthe-
less, the mean maximum difference between the three repetitions is 1.14°, which is close
to the precision of the optical sensor (it is showed in [178] that 95% of the measurements
are located in an range of +0.8° for flat samples of dry textiles). Differences measured
between the negative and positive projected locations may exhibit spatial variability of
the textile behavior, potential pre-shearing of the textile, misalignment of the sample or
non-symmetric onset of the wrinkles.

The comparison of the azimuthal angles between the simulation results and the experi-
mental measurements shows a very good correlation. The largest deviation between the
simulation and the mean value of the experimental results is observed at ROI 7 with a
difference of 3.92°. This ROl is located along the fiber orientation of the upper layer at
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a coordinate along the y-axis of -53 mm. It can be explained by the occurrence of a large
wrinkle at this location, which introduces a supplementary rotation angle and influences
the projection of the local filament orientation (ref Fig. 3-20 and section 3.4.4.3). The
mean difference between the simulation result and the respective mean values of the
three experiments is 1.25°, with a standard deviation of 0.89°.

Fig. 3-23e represents the evolution of the azimuthal angle measured at ROI 24 (region
with negative shear deformation) depending on the forming stroke. It is used to evaluate
the ability of the simulation framework to predict the behavior of the textile during the
whole forming process. An increase of the azimuthal angle is observed in the experi-
mental and simulation results, with a difference between them smaller than 1.0°. Note
that direct conclusions on the evolution of the shear angle are not possible due to the
different orientations of the ROIs for each forming stroke.

The differences observed between the experimental and simulation results corresponds
to usual variability and tolerances for the fiber orientation (e.g. +1° in guidelines for the
preparation of sample [181] or +5° for the production of composite parts with dry fiber
reinforcements in the aerospace industry [46, 182]). As a result, it can be concluded that
the simulation method is able to accurately predict the fiber orientation of the textile.
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3.4.4.3 Textile draw-in

Fig. 3-24 illustrates the draw-in results for each corner. The results of the draw-ins and
corresponding draw-in ratios, as introduced in Eq. (3-19), are listed in Tab. 3-11. The
draw-in of the corners located in the region of positive shear (i.e. corners 1 and 3) is
significantly larger than the draw-in of the corners 2 and 4. A mean draw-in ratio of 2.8
is reached in the experiments. This is evidence of the asymmetric shear stiffness, which
induces larger shear deformation in the region of negative shear and, therefore, to a
smaller cumulated draw-in. The deviations between the measurements can be explained
by the difference of the deformation behavior of each corner. In Fig. 3-25 it can be seen
that some corners bend downwards, while other bend upwards or remain straight. In
order to increase the robustness of this criteria, a large blank-holder surface can be used
(e.g. as introduced by Krieger et al. in [183]).

The simulation results show a slight underestimation of the draw-in. Nevertheless, the
asymmetric behavior of the textile is accurately predicted and remains in the experi-
mental scatter. A possible explanation for the smaller draw-in is the difference in blank-
holder lift. Since the blank-holder is lifted to a higher distance from the ground plate, it
results in a smaller deformation of the textile and, therefore, to a smaller corner draw-
in.

Tab. 3-11:  Results of the corner draw-in and corresponding draw-in ratios.

Draw-in Samplel Sample2 Sample3  Mean value ex- Simulation
periments

Corner 1 [mm)] 21.5 21.7 19.2 20.8 16.7

Corner 2 [mm)] 8.37 7.59 8.83 8.26 6.44

Corner 3 [mm] 18.9 23.6 23.5 22.0 18.3

Corner 4 [mm)] 4.50 5.65 10.5 6.88 7.05

Draw-in ratio [-] 3.14 3.42 2.21 2.83 2.59

||:| Serie 1 [0 Serie 2 [l Serie 3 B2 Simulation

25

20
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Corner draw-in [mm]
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Fig. 3-24:  Comparison of the corner draw-in of the experimental and simulation results.
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3.4.4.4 Wrinkling profile

The distance between the center of the setup and the contour of the laser projected on
the surface of the textile is illustrated in Fig. 3-25, along with the simulation results. The
diagrams are divided in four zones, representing each quadrant of the setup. Moreover,
it is indicated for each corner of the sample if the corner deforms downwards, upwards,
or if no bending of the corner can be observed. First of all, it can be observed in the
experiments that the deformation of the corners (i.e. the deformation of the textile out-
side the blank-holder) is not reproducible, excepted for the first quadrant. Therefore, it
is considered that the use of the corner deflection is not a robust criterion to validate the
simulation results. The mean distance between the center of the setup and the contour is
measured to 73.5 mm. From the experimental results it can be observed that the regions
with positive shear deformations lead to a recurrent onset of large wrinkles. On the con-
trary, a non-reproducible onset of wrinkles (with small amplitudes or localized defor-
mations) is found in the regions with negative shear deformations. Because of the vari-
able number and amplitude of the wrinkles, further conclusions on the geometrical de-
formations cannot be drawn.

The simulation result shows a clear distinction between the regions of positive and neg-
ative shear. In the first and third quadrant (positive shear), large wrinkles with an ampli-
tude larger than 10 mm can be observed. In the contrary, only small wrinkles with an
amplitude smaller than 5 mm are generated in the second and fourth quadrant (negative
shear). The mean distance is measured to 78.3 mm, which is significantly larger than the
experimental results. This can be also explained by the difference in blank-holder lift
observed in section 3.4.4.1. It can be concluded that the simulation is able to accurately
predict the regions in which large wrinkles are likely to occur. Therefore, the simulation
can be used to identify critical regions of wrinkling.
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Fig. 3-25:  Distance between the axis of the stamp and the contour of the outer surface of the
preform at a height of 21 mm: experimental (a to ¢) and simulation results (d).
The range of the polar angles are divided in four regions corresponding to the four quadrants
of the textile. The deformation of each corner is added to the diagram for easier interpreta-
tion of the results.

3.5 Conclusion

A forming simulation was developed using the commercially available software package
ABAQUS. The material model *FABRIC is selected to reproduce the deformation be-
havior of a dry NCF. A bi-linear bi-material model was proposed in order to account for
the bending behavior without development of new constitutive equations. It describes
the material using one linear material for tensile deformations and a bi-linear soft mate-
rial in compression. With this approach, the non-linear bending behavior of dry textile
can be accurately approximated with only three parameters.
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A calibration of the friction, shear and bending parameters was performed. The friction
measurements between the textile and metallic surfaces have shown an anisotropic fric-
tional behavior. The friction coefficient for sliding in fiber direction was smaller than
for sliding perpendicular to the filament direction. The anisotropic behavior was imple-
mented using the anisotropic surface interaction properties available in ABAQUS. The
asymmetric shear behavior of the textile was observed, which is due to the different
contribution of the stitching yarn in positive and negative shear directions. In that case,
the forces required to shear the fabric with a positive shear was about three times higher
than for negative shear. The experimental curves for both shear directions were discre-
tized and implemented in the simulation. In order to calibrate the parameters of the bend-
ing model, a new testing device was developed. A buckling of the textile is selected as
test principle in order to generate a bending deformation. The new setup enables the
observation of the textile deformation in order to study localizations of the curvature.
Moreover, it is possible to measure the reaction force on the sample with rudimentary
equipment. Thus, the non-linear behavior of the material can be adequately character-
ized. The calibration of the parameters was performed with an indirect approach by com-
paring simulation and experimental results for a large number of input parameter sets.
Nevertheless, variability was observed in the experimental results and a threshold on the
deflection was set to discard non-symmetric deformations. In order to increase the re-
peatability of the test and the precision of the measurement, this test method can be
adapted in a universal test machine. This would also enable controlling the displacement
velocity and measure the reaction force during the whole deformation process of the
sample.

Finally, an extended validation of the forming simulation was performed using criteria
on the fiber orientation of the upper layer, on the geometrical deformation of the fabric,
on the reaction forces generated on the stamp and on the vertical lift of the blank-holder.
A good correlation of the fiber orientation was found between the experiments and the
simulation. Due to some wrinkles in the simulation results, the projection of the fiber
orientation has led to deviations at the outermost regions of interest. In further validation
studies, it is recommended to mainly consider regions with reduced wrinkling. The
asymmetric shear deformation, characterized by the corner draw-in, was accurately re-
produced. The observation of the wrinkling behavior has shown a large variability in the
experimental results. Therefore, an exact comparison of the wrinkle size and respective
amplitude was not further considered. Nevertheless, the simulation method was able to
locate the critical regions where wrinkling may occur. Although deviations were ob-
served in the vertical lift of the blank-holder, the reaction forces measured on the stamp
have shown a better correlation. These deviations can be attributed to a lack of charac-
terization of the bending behavior at high curvatures. To that end, the bending charac-
terization method could be adapted with various sample length to improve the robustness
of the calibration method for higher curvatures.
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The material card and interaction parameters resulting from this extent characterization
is presented in appendix b. It can be concluded that the approach developed in this chap-
ter is able to accurately predict the forming behavior of dry NCFs. Moreover, the use of
flexible input parameters offers a high flexibility of the simulation for further investiga-
tions on the influence of material parameters on the forming results.






4 Numerical prediction of the preform
quality

Forming simulations can be used to improve composite manufacturing processes, iden-
tify relevant process parameters or adapt the design of components according to manu-
facturing limitations. Compared to experimental trials, the flexibility of forming simu-
lations enables extensive studies at reduced cost in order to investigate the influence of
material parameters on the forming behavior. Although the manufacturability of textile
materials for each material configuration is not guaranteed at this stage, it is possible to
establish requirements on the textile deformability that can improve the quality of the
preforming process.

This chapter focuses on the development of an automated framework able to predict the
preform quality based on forming simulation results. First, definitions of the preform
quality and methods to identify defects are reviewed. Afterwards, the objectives of the
framework are presented and the corresponding criteria are developed to measure the
quality of the preform based on simulation results only. Then, the method is applied to
a generic demonstrator geometry to identify the influence of the shear and bending be-
haviors on the preforming results. Finally, important outcomes of this study are summa-
rized and guidelines for textile development are derived.

The content of this chapter is partly derived from [K2].

4.1 Background

4.1.1 Definitions of the preform quality

The quality of a preform can be defined according to various criteria, depending on the
objectives that a preform must fulfill:

*  Fiber orientation: the design of lightweight components with carbon fiber re-
inforced material relies on their strong anisotropic behavior to optimize the
mechanical performance. Thus, the proper orientation of the filaments in the
final component is a central parameter that must be considered during the
manufacturing process. In order to support the design of the process, forming
simulations combined with optimization algorithms have been widely inves-
tigated [27, 184]. They are used to define the cut-out, the orientation of the
fibrous layers or to optimize the process parameters.
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*  Mechanical properties of the final component: local defects of the fibrous ar-
chitecture may significantly reduce the performance of the composite part. For
example, it has been shown in different studies that waviness of the filaments
might reduce the stiffness of the part [185—187] but can also change the failure
modes, resulting in unexpected and critical failure of the structure [46, 188,
189].

*  Stability of the preform: a high stability of the preform increases the handling
capabilities between the process steps in automated manufacturing processes.
This definition is generally applied to a stack made of many plies, in which
the thermal management of the preforming process plays a central role [76,
190].

In the context of this doctoral thesis, the quality of a preform is defined based on the
occurrence of local defects in the fibrous layers. An extensive overview of the effects
leading to fiber waviness in composite structures was published by Thor et al. [191].
The waviness can be a result of the textile architecture, the filament type, the design of
the preforms, the preforming process or even mismatch of thermal deformations during
the injection process. Illustrations of local fiber waviness can be found in Fig. 4-1a, in
which waviness is identified at the corner of a thick preform consolidated using a vac-
uum bagging process. Moreover, forming induced waviness resulting from the forming
of a thick stack of unidirectional prepreg tapes is illustrated in Fig. 4-1b.

() (b)

Fig. 4-1: Illustration of fiber waviness generated in thick preforms at the corner (a, adapted
from [186]) and in the flat region of a CFRP part (b, adapted from [192]).

4.1.2 Ildentification of defects in the simulation

As presented in chapter 2, the numerical description of textiles can be performed at var-
ious scales. Depending on the level of discretization, various defects can be reproduced
and directly identified.

The most efficient method to model the mechanical behavior of the textile is the macro-
scopic approach. Since the whole textile is modeled with one continuum, only macro-
scopic-level-defects can be described. First, it is possible to predict the change of angle
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between the directions of the textile layers, defined as the shear angle. The quantification
of the shear deformation can be done using either the maximal shear angle reached in
the preform [193], or its distribution over a predefined zone. for the numerical optimi-
zation of inter-ply stitching points in woven preforms, as presented by Chen et al [81].
The identification of wrinkles is the second defect that can be described with macro-
scopic approaches. To identify them, one can compute the local deviation between the
position of the textile and the tool geometry, as used to compensate the tool geometry to
avoid resin rich regions in an RTM process (module “Die Spotting” in PAM-FORM
[194]). Another solution to identify wrinkles is to compute the local curvature of the
fabric based on the node coordinates of the simulation result [195]. In addition, a study
presented by Chen et al. [56] has shown relations between in-plane fiber waviness ob-
served on experimental results and the stress state in fiber direction predicted with a
macroscopic forming simulation. However, no total equivalency between them could be
determined. Finally, a recent approach coupling macroscopic and mesoscopic analyses
was developed by Iwata et al. [196]. It combines the computational efficiency of mac-
roscopic forming simulations with the ability to predict the local architecture of the tex-
tile offered by a mesoscopic analysis (gaps, tow buckling, etc.).

4.2 Objectives

The objective of the present chapter is to improve the quality of the preform based on
simulation results only. An automated approach is proposed to relate the simulation re-
sults with the expected preform quality. In the context of industrial applications, forming
simulations at mesoscopic or microscopic scale are not suitable due to their high com-
putation time. Therefore, the preforming quality shall be quantified based on macro-
scopic forming simulation results. The fiber waviness is identified as critical defects and
deformations likely to induce fiber waviness in the preform will be tackled in this chap-
ter.

Although shear deformations are necessary to accommodate surfaces with double cur-
vatures, their occurrence should be minimized. First, shear deformations lead to an in-
crease of the textile thickness. This can be shown analytically due to the conservation of
the filament volume and the reduction of the sheared area [18]. Even though the variation
of the textile thickness is a priori not a defect, its local variation over the component
geometry may generate defects during the manufacturing process. During the closure of
the molds in RTM processes, the preform is compressed to the final FVF. Various com-
paction states are induced if the preform exhibits thickness variations and, thus, gener-
ates an out-of-plane waviness of the filaments. Moreover, the shear of NCFs may gen-
erate local buckling of filament bundles for larger shear angles, resulting in a high level
of fiber waviness as observed in section 3.3.2 or reported in [61].

The onset of out-of-plane deformations, whether it is a spurious localized wrinkle or a
deviation from the theoretical geometry, also results in a waviness of the filaments.
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During the closing of the tool before resin injection, the wrinkles (i.e. the exceeding
material) are pushed together. In the case of small wrinkles, this may result in a local
increase of the preform thickness and, thus. to fiber waviness. Moreover, folds of the
textiles can be produced due to large wrinkles.

As a result, the occurrence of shear and out-of-plane deformations must be minimized.
In this doctoral thesis, an automated method is developed to identify these deformations
in the simulation results. The approach is subsequently applied to identify the influence
of the material deformability on the preform quality. The influence of the shear and the
bending stiffnesses is studied and resulting requirements on the textile deformability are
specified.

4.3 Definition of the criteria

The criteria defined in this section measure the preform quality of simulation results.
Since the quality is related to the final part performance, the criteria are computed using
only the elements located in the region corresponding to the final component at the end
of the simulation. The set of these elements is referred to as (lgo;. As a consequence, the
preform quality is a local measure and wrinkles or shear deformations outside this region
do not influence the preform quality.

The criteria defined in this subsection were partly implemented in the context of a stu-
dent thesis [S7].

4.3.1 Shear deformation

The shear deformation is identified in the simulation based on the output variable EFAB-
RICI12. It indicates the change of angle between the two directions of the fibrous layers.
Therefore, the shear angle y in the textile can be directly quantified for each mesh ele-
ment using this output. In order to derive a single measure from the shear deformation
of a large number of mesh elements, different information can be used:

*  Maximum absolute shear angle: This can be used to reduce the extreme defor-
mations. Nevertheless, this criterion may spread the shear deformation over a
larger surface of the component.

*  Averaged shear angle: This criterion can reduce the overall shear deformation
but allows local severe deformations that can generate dramatic defects in the
preform.

In order to target both aspects, the set (.4, Which contains 20% of all elements in
Qror, includes the following subsets:

*  10% of those elements in {go; which have the highest shear deformation in
the positive direction.
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. 10% of those elements in (0z,; which have the highest shear deformation in
the negative direction.

The shear objective fs is computed as the mean of the absolute values of shear defor-
mation of all elements in Qgpeq,-- It is normalized as follows:

f _ max (fS(FDV)) —fs
s max (fS(FDV)) — min (fS(FDV))

(4-1)

where I'py is the set of all design variables investigated.

4.3.2 Out-of-plane deformation

Two criteria are necessary to identify out-of-plane deformations and, thus, wrinkles in
the preform. First, large wrinkles (i.e. significant deviation from the ideal part geometry
with low curvatures) are identified. To that end, the volume under the textile is calcu-
lated based on the nodal coordinates of the deformed mesh. Ideally, the preform lays
exactly on the tool surface and the volume under the deformed textile corresponds to
that of the tool geometry. In order to calculate the volume between the preform and a
reference plane P, the point cloud constituted of the node of Qpy; is first tessellated
using the Delaunay triangulation algorithm available in the Python library Scipy [197].
Each triangle is subsequently projected onto the reference plane, as illustrated in
Fig. 4-2a. The area of the projected triangle k, referred to as S ;, can be calculated using
the cross product of the projected edges as follows:

P,P, A P,P,

> (4-2)

ST,k =

Then, the volume Vr is calculated by multiplying Sy with the distance hj between
the barycenter of the triangle and its projection on the reference plane. The criterion used
to quantify the geometrical deviation f, is the difference between the volume under all
elements of (lp,; and the corresponding volume under the tool Vr,;:

fr = z (St X hie) = Vrool (4-3)

k€QRor

The second geometrical criterion tackles the onset of localized wrinkles. These out-of-
plane deformations have large curvatures but do not change the volume under the pre-
form significantly. The criterion f5 is introduced to quantify the angle between adjacent
elements and, thus, identify the regions with high curvatures. First, a normal vector is
calculated for each mesh element. Then, for each element k, the mean angle between
the normal vectors (ref. Fig. 4-2b) is derived according to Eq. (4-4). The resulting quan-
tity — referred to as the element angle ¢, — is assigned to the central element.
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B COS_l(ﬁright : ﬁleft) + COS_l(ﬁfront ' ﬁback) (4-4)

P = >

The element set Q4 g5 is introduced. It contains 20% of the elements in Qg and takes

those with the highest element angles. The criterion fp is the mean value of the element
angles in (g, 1¢5. This approach accounts for both the extreme and the global values of
the small wrinkles.

Finally, a single scalar value f;;, is derived from f;; and f5 to quantify the wrinkling of
the textile. To that end, the criteria are normalized based on the respective maximum
and minimum values computed from the set of all design variables ['py,. It results:

f- -4 maX(fV(FDV)) - fv ta maX(fB (FDV)) —fB
v max(fy(Tpy)) — min(fy (Tpy)) g max(f3(Tpy)) — min(fz(Tpy))

(4-5)

where a, and ag are the weighting factors of the objectives f; and fg, respectively. In
this thesis, the weighting factors are set to 0.5 in order to account for localized wrinkles
and large geometrical deviations equally.

Triangle k -

Element k

Reference
plane P

(a) b)

Fig. 4-2: Calculation of the volume under the mesh elements in order to identify large wrin-
kles (a) and definition of the normal vectors used to compute element angles (b).

4.4 Applications

The applications of the simulation framework investigate the importance of the material
behavior on the preform quality. Although it is recognized that the bending stiffness and
the shear behavior influence the wrinkling [21, 198], their respective impacts on the
shear deformation, geometrical deviations and local curvatures must be quantified. To
that end, a complex stamp geometry representative of usual composite parts is selected.
First, the forming process and the simulation parameters are presented. Then, the evolu-
tion of the criteria is observed depending on the ratio between the shear and bending
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stiffness. Afterwards, an in-depth study is proposed on the influence of the shear and
bending behaviors separately to increase the overall preform quality.

4.4.1 Forming simulation model

In this subsection, the criteria are applied to the forming process designed by Eisenhauer
and Drechsler [199]. The geometry of the stamp (called “Pole Peak™” geometry) is con-
stituted of a half-hemisphere on one end, of a pyramid on the other end, and of a transi-
tion geometry (see Fig. 4-3). This process is selected due to the complexity and diversity
of the geometric features. The blank-holder follows the contour of the stamp base, on
which a large range of forces can be applied. For this study, the blank-holder is modeled
as a unique part, to which a constant force of 70 N is applied. The simulation parameters
to model the forming process are listed in Tab. 4-1.

Tab. 4-1: Simulation parameters of the forming process with a “Pole Peak’ stamp geometry.
Parameter Unit Value
Mesh element size mm 5.0
Forming duration S 5.0
Stamp stroke mm 72
Blank-holder force N 70
Density of fabric material tons/mm?3 4.84E-07

Note that the stamp, the blank-holder and the ground plate are modeled as rigid bodies.
For all applications in this chapter, the reference configuration is defined as the forming
simulation result using the material and interaction parameters calibrated in chapter 3.
Finally, the region used to compute the criteria of the preform quality is defined as the
inner region of the blank-holder.

Blank-holder —— >

Transition geometry

Pyramid Stamp

Fig. 4-3: Ilustration of the forming process with the ‘“Pole Peak” stamp geometry.

The simulation result of the reference configuration is illustrated in Fig. 4-4, in which
the wrinkling profile is shown at height of 25 mm. The asymmetric deformation of the
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preform can be clearly recognized in the corners. Also, large wrinkles can be observed
on the side of the pyramid in which the textile is sheared in positive direction, whereas
only small wrinkles are generated in the zone of negative shear. This correlates well with
the observations made in the previous chapter. In order to compare the results of the
subsequent applications, the objective criteria computed with the reference configura-
tion are listed in Tab. 4-2.

Tab. 4-2: Results of the objective functions for the reference configuration.
[s[°] fs[°] fv [dm?]
22.9 17.2 2.27
Shear angle [rad]
+5.65¢-01
+4.43e-01

+3.21e-01
+1.99¢-01
+7.73e-02
-4.45e-02
-1.66e-01
-2.88e-01
-4.10e-01
-5.32e-01
-6.54e-01
-7.76e-01
-8.97e-01

Fig. 4-4: Simulation results of the reference configuration.
The red line shows the contour of the outer surface of the preform at a height of 25 mm.

4.4.2 Case study 1: influence of both shear and bend-
ing stiffness

4.4.2.1 Design variables

A parametric variation of the shear and bending input parameters is proposed in order
to analyze the influence of the balance between the shear and bending stiffness. To that
end, the shear and bending behaviors of the reference configuration are scaled according
to factors Cspeqr and Chenaing- Each data point of the shear input curve as defined in Eq.
(3-13) is scaled according to the factor Cgpeq,-- Note that the curves of the negative and
positive shear directions are scaled using the same factor. In order to vary the stiffness
of the BLBM bending model, only the parameters E;omy, and Eg, ¢, are scaled according
to the factor Cpenging. The parameter &g,5¢, Which characterizes the onset of the non-
linearity, is adapted according to Eq. (3-4) to keep the softening point at a constant cur-
vature Kgorr= 6.56 m! for all design variables.

Both scaling factors vary between 0.1 and 2.0 to propose a large number of material
configurations. The shear and bending input parameters of the extreme cases are
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illustrated in appendix c. The design space of the scaling factors is covered using a full
factorial design with sixteen equally spaced levels for each parameter, leading to a total
of 225 configurations. This defines the set of the design variables ['sg.

4.4.2.2 Results

The results of the normalized objective functions fg and fy, are shown in Fig. 4-5 de-
pending on the shear (horizontally) and bending (vertically) scaling factors. The maxi-
mum and minimum results of the respective objective functions are listed in Tab. 4-3.

Tab. 4-3: Extreme results of the objective functions for the set of design variables I'sz (applica-
tion case study 1).
fs(Tsp) [°] f8(Tsp) [°] fv(Tsp) [dm?]
Minimum 8.16 11.4 2.21
Maximum 28.6 31.0 2.35

- I !
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0.5 1.0 1

CBending
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*
I

0.5 1.0 1.5 2.0 .5 2.0
CShear CShear
(a) Shear deformation characterized by f; (b) Wrinkles characterized by f;/
Fig. 4-5: Results of the normalized objective functions for shear deformations (a) and wrin-

kling (b) from case study 1, depending on the shear and bending scaling factors.
The black point in the diagram indicates the reference configuration.

It can be observed that the criteria quantifying the shear deformation and the wrinkles
are conflicting objectives: a higher shear stiffness combined with a low bending stiffness
reduces the shear deformation but promotes the onset of wrinkles. On the contrary, a
low shear stiffness associated with a high bending stiffness causes the compliance of the
textile with larger shear deformations. These two cases are illustrated in Fig. 4-6a and
Fig. 4-6d, showing the large differences in shear deformation and wrinkling in the sim-
ulation results.
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The contour plots of Fig. 4-5 show that both criteria follow the same dependency on the
scaling factors. Therefore, it would be possible to define a path Chenging = f(Cshear)

along which neither the criterion fs nor f, vary significantly. Thus, it is possible to
achieve the same quality of the preform if the shear stiffness and the bending stiffness
are scaled accordingly. For example, the selection of a textile with a higher shear stiff-
ness can be compensated with a softer bending stiffnesses. This highlights the im-
portance of the balance between shear and bending stiffness to control the shear defor-
mation of the textile and the onset of wrinkles during preforming. More generally, it
argues that the selection of an adequate textile requires the investigation of the shear and
bending stiffnesses simultaneously.

Finally, it can be observed that for Cgpeq-< 0.25 (i.e. at very low shear stiffness) the
objective functions have a smaller dependency on the bending stiffness. In this case, the
textile mainly complies to the stamp geometry through shear deformation. Nevertheless,
it can be observed that a low bending stiffness is still necessary to adapt sharp edges of
the stamp geometry. Otherwise, the textile smoothens the deformation at sharp corners,
as shown in Fig. 4-6 by the black contour at a height of 25 mm. In Fig. 4-6¢ the shear
deformation is slightly reduced compared to Fig. 4-6a and small wrinkles are detected
but the sharp edges of the stamp can be adapted by the textile.
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(©) Cspear = 0.1 Cbending =0.24 (d) Cspear = 2.0; Cbending =0.24
Fig. 4-6: Forming simulation results of four configurations close to the boundaries of the de-
sign space.

4.4.3 Case study 2: influence of the shear stiffness

It is common knowledge that the stitching yarn influences the shear stiffness. Besides
the influence on the ratio between the positive and negative forces, the stitching pattern,
stitch length and stitch gauge influence the whole shear behavior. The shape of the shear
force-shear angle relationship strongly differs between NCF configurations. Thus, it is
necessary to study the influence of the shape of the curves on the preforming quality to
support the development or the selection of adequate textiles. As a consequence, a large
range of characteristic shapes of shear input curves shall be considered. For example, a
linear increase over a large range of shear angles, a potential decrease after a first peak,
or the onset of a locking towards high shear angles should be investigated.

4.4.3.1 Design variables

Chen et. al [56] investigated the influence of the stitching yarn on the shear stiffness of
a #45° biaxial NCF. They performed different picture frame tests on a dry NCF before
and after removal of the stitching yarn. They showed that the force necessary to shear
the textile in negative direction equals the force to shear the textile of which the stitching
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yarn was previously removed. Therefore, the shear stiffness in negative direction can be
assimilated to the minimum shear stiffness of the fibrous layers.

Based on these outcomes, the normalized shear force in positive direction Frgpricy 18
generated based on the normalized shear force in negative direction Fygpyic— With dif-
ferent ratios. As illustrated in Fig. 4-7a, the characterization of the reference material
showed that the asymmetric ratio (defined as the ratio between Frgprict and Frgpric—)

varies between 1.23 and 3.35. In order to generate a large set of potential shear behav-
iors, the curve is divided into two regions.

*  The first region ends at the shear angle yy,= 11.5° (defined as point M). It
corresponds to the segment in which the asymmetric ratio increases monoto-
nously. Note that the maximum asymmetric ratio is reached at y.

*  The second region ends at the maximum shear angle yy= 45° (defined as point
N). Two scaling factors Cy) and C,py are introduced to set the scaling of the
positive shear force Frqpric4+ at the end of each region (i.e. at points M and N).
The interpolation of the scaling factors is obtained by means of two shape
functions s; and s, defined as follows:

1,vy € [0,11.5°]
Sl ==

1 o Aco (4-6)
_ﬁ(y - 45),V]/ S [115 ,45 ]
0,Vy € [0°,11.5°
S, =

1 e (4-7)
335 — 115), vy € [115°,45°]

The shape functions are illustrated in Fig. 4-7b. Note that in the region [y, Yn] they
resemble the functions used to interpolate the results between nodes in the case of FEA
with first order polynomials.

Finally, the positive shear force Frqpric4 18 calculated as follows:

Ffabric+ (Y) = Ffabric— (Y) X (CSM' S1 (V) + CSN' S> (Y)) (4'8)

The scaling factors vary between 1.0 and 5.0. The design space of the scaling factors is
covered using a full factorial design. Sixteen levels are selected to sample the parameter
sets, resulting in a total of 289 configurations (referred to as [g.). Fig. 4-7c illustrates
the resulting shear forces for two sets of scaling factors.
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Fig. 4-7: Shear behavior of the reference configuration (a), definition of the shape functions

(b) and examples of shear curves generated with two sets of scaling factors (c).
The experimental curves illustrated in (a) are derived from the experimental results de-
scribed in chapter 3 and represent the mean values of each shear direction.

4.4.3.2 Results

The results of the respective objective functions before normalization are listed in
Tab. 4-4. The results of this application case study are shown in Fig. 4-8 depending on
the scaling factor Csy, (horizontally) and C,py (vertically).
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Tab. 4-4: Extreme results of the objective functions for the set of design variables I's. (applica-
tion case study 2)

fs(Tse) [°] fe(Ts) [°] fv(Tsc) [dm?]
Minimum 19.7 11.9 2.24
Maximum 27.0 22.3 2.30

S —

T | |
0 01 02 04 05 06 07 09 1.0

3 4 5
CsM
(a) Shear deformation characterized by f; (b) Wrinkles characterized by ﬁ;
Fig. 4-8: Results of the normalized objective functions for shear (a) and wrinkling (b) from

case study 2, focusing on the shape of the input curves of the shear behavior.

Here again, it can be found that the shear and wrinkling objective functions are conflict-
ing objectives. Moreover, it can be observed that both objective functions only depend
on Cy), if this scaling factor is higher than 3. It suggests that the level of shear defor-
mation is only defined by this first part of the shear curve if the shear stiffness at small
angles is high. For low initial shear stiffnesses, a slight dependency on the scaling factor
Csn can be detected but the impact on the objective functions remains small.

The simulations results obtained with the extreme sets of scaling factors
[Cspy=1.0; Csy=5.0] and [Csp=5.0; Cgy= 1.0] are shown in Fig. 4-9a and Fig. 4-9b, re-
spectively. First, it can be observed that the asymmetric deformation of the textile is
significantly higher in the case [Cgp= 5.0; Csy= 1.0]. Furthermore, the maximum posi-
tive shear deformation is reduced by 31% and the maximum negative shear deformation
is increased by 20% compared to the values computed with the scaling factors
[Csp=1.0; Cgy=5.0].
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Fig. 4-9: Forming simulation results obtained with two extreme couples of scaling factors.

Based on these observations, it can be derived that the quality of the preform is mainly
defined by the shear behavior of the textile for small shear angles. This can be justified
by the fact that the textile either shears or generates out-of-plane wrinkles and do not
switch between these two deformation modes. Only a sudden increase of the shear stiff-
ness at large angles would change the shear deformation into wrinkles, as it is found at
the shear locking of woven textiles [57]. This also confirms the importance of the bal-
ance between shear and bending stiffness highlighted previously.

4.4.4 Case study 3: influence of the bending behavior

The complex bending behavior of dry textiles lead to a localization of the wrinkles that
strongly depends on the non-linear moment-curvature relationship. Using the BLBM
model introduced in section 3.2.3, it is possible to simultaneously vary the curvature of
the softening point and the magnitude of the non-linearity (i.e. stiffness difference before
and after the onset of the softening). Knowledge about the influence of the non-linear
behavior on the quality of the preform is a crucial parameter for the selection of a textile.

4.4.41 Design variables

In order to focus on the non-linear behavior and on the softening point of the bending
moment-curvature relationship, only the parameters &g, ¢ and Eg, ¢, of the BLBM model
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are investigated. The remaining parameters are directly derived from the reference con-
figuration. Therefore, the parameters Etepngs and E¢yypy, — responsible for the first linear
part of the curve — remain constant in all configurations. Only the curvature kg,f; at
which the softening starts is shifted and calculated according to Eq. (3-4). The bounda-
ries of the design space and resulting curvatures of the softening points are listed in
Tab. 4-5. The full factorial configuration for this study has seventeen levels, inducing a
design variable set [z constituted of 289 configurations.

Tab. 4-5: Boundaries of the design variables (application case study 3)

Esoft [-] Esoft [MPa] Ksoft [mI]
Minimum 1x10* 0.1 0.167
Maximum 8x103 5 13.3

4.4.4.2 Results

The results of this case study are shown in Fig. 4-10 depending on the compressive strain
at the onset of the softening &g,¢, (horizontally) and on the compression modulus after

softening E, ¢ (vertically). The results of the respective objective functions before nor-
malization are listed in Tab. 4-6.

T T | T
0 01 03 04 05 06 08 09 1

2.0x107 4.0x107 6.0x107 8.0x107 2.0x107 4.0x107 6.0x107 8.0x1073

Esoft Esoﬁ‘
(a) Shear deformation characterized by f; (b) Wrinkles characterized by ]?;/

Fig. 4-10: Results of the normalized objective functions for shear (a) and wrinkling (b) from
case study 3, focusing on the influence of the non-linear bending behavior.
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Tab. 4-6: Extreme results of the objective functions for the set of design variables I'sp (applica-
tion case study 3)

[s (Tsp) [°] [s (Tsp) [] fV(FBB) [dm3]
Minimum 11.3 13.6 2.25
Maximum 25.2 29.3 2.30

It can be observed that the shear deformation shows a stronger dependency on &g, ¢, and
Eso ¢ for the lower values of the design space than the out-of-plane deformations. More

precisely, the normalized shear objective function fs is higher than 0.8 in more than 80%
of the design points. Both variables &g,7; and Es,s; show the same influence on the
criteria: their increase leads to high shear and low wrinkling objective functions. In order
to facilitate the interpretation of the results, four simulation results were extracted from
configurations located close to the boundaries of the design space. The corresponding
design variables are listed in Tab. 4-7 and their respective moment-curvature relation-
ships are illustrated in appendix d. The textile shapes of the simulation results are shown
in Fig. 4-11. The figures highlight the zones in which the softening of the BLBM model
is reached in at least one fiber direction.

Tab. 4-7:  Parameters of the BLBM model of the four configurations illustrated in Fig. 4-11.

Designation B18 B31 B256 B269
Eiens [GPa] 2.00 2.00 2.00 2.00
Ecomp [MPa] 20.2 20.2 20.2 20.2
Egort [MPa] 0.406 0.406 4.69 4.69
Esort -] 0.593E-3 7.01E-3 0.593E-3 7.01E-3
Ksope [M'] 0.990 11.7 0.990 11.7

Asillustrated in Fig. 4-11a and Fig. 4-11c (i.e. at &g, ,= 0.593x10°?) the softening of the
bending behavior is reached almost in the whole textile. The compression modulus E, ¢
has a significant influence on the wrinkling behavior. It can be observed that the ampli-
tude of the wrinkles is slightly increased in Fig. 4-11a compared to Fig. 4-11c. However,
a high compression modulus E, s, increases the width of the wrinkles and significantly
reduces their rate of occurrence. According to Fig.4-11b and Fig.4-11d (i.e. at
Esoft= 7.01x107%), only elements located in regions where a high curvature is imposed
(i.e. near the blank-holder, at the edges of the pyramid or in the hemisphere part of the
stamp) achieve curvatures higher than k.. Here again, a higher value of Es,; reduces
the number of the wrinkles and smoothens the geometry. Note that the level of shear is
almost constant for the four selected configurations, excepted for the configuration
showed in Fig. 4-11a (&505t= 0.593x1073, E,, rt= 0.046 MPa) that exhibits a strong wrin-
kling.

Based on these results, it can be concluded that, due to the imposed geometry of the
stamp, a wide region of the textile is forced to reach the softening part of the bending
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behavior independently from the material parameter g, ¢.. Thus, the bending rigidity of
the textile at high curvature is a key parameter of the material model. Moreover, a larger
curvature of the softening point (i.e. a higher value of &, ) reduces the number of wrin-

kles. Strong localizations of the deformation are still possible and only a higher com-
pression modulus E,; is able to smoothen the out-of-plane deformations.

K< Ksofi K> Ksofi

(a) 505t = 0.593 X 1073; Egop, = 4.69 MPa (b) &s0p¢ = 7.01 X 1073; Egor, = 4.69 MPa

(€) €0t = 0.593 X 1073; Egor, = 0.406 MPa (d) €g0p¢ = 7.01 X 1073; Egof, = 0.406 MPa

Fig. 4-11:  Forming simulation results of four configurations close to the boundaries of the de-
sign space with identification of the elements for which the bending softening is
reached in the final state of the forming process.

4.5 Outcomes for textile development

This chapter presented a method to measure the quality of a preform based on numerical
results of a macroscopic forming simulation. Two deformation modes were identified to
compute the objective functions. Firstly, the shear deformation was considered since
high shear deformations change the architecture of the textile and might lead to waviness
in the final component. Secondly, the out-of-plane deformations should be minimized
to avoid wrinkles or folds in the final component. Their quantification was based on the
local curvature for localized wrinkles and on the volume under the textile for large geo-
metrical deviations.
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This method was successfully applied to a stamping process, in which the stamp geom-
etry is constituted of a half hemisphere and a pyramid with sharper edges. With this
forming simulation, the influence of several material parameters was investigated on the
preform quality, which increases understanding of the process. According to the objec-
tive functions introduced in this chapter, the following outcomes should be considered
during the development or selection of adequate textiles:

*  The balance between shear and bending forces is crucial for the deformation
of the textile. Moreover, a combined increase of the shear and the bending
stiffnesses can lead to comparable results if their ratio is appropriately se-
lected. Applied to the development of a textile, these observations suggest that
it is possible to compensate an increase of the shear stiffness by influencing
its bending stiffness. For example, if the desired stitching pattern of the textile
changes the shear stiffness, the preform quality could be improved with dedi-
cated measures to adapt the bending stiffness of the textile.

e The initial shear stiffness of the textile (here for shear angles smaller than
11.5°) is essential for the final preform quality. A high initial stiffness would
promote the onset of wrinkles, becoming the principal deformation mode to
accommodate the stamp geometry. On the contrary, a reduced initial stiffness
might lead to an overall strong shear deformation. The shear stiffness at higher
shear angles reduces the maximum shear deformation but its influence is re-
duced to localized deformations. Considering that the shear objective function
is computed using the highest shear deformation with a total of 20% of the
elements, the influence of local maxima is restrained. With an increased un-
derstanding about the importance of the shear stiffness at low shear angles, it
is possible to narrow the range of shear angles crucial for the selection of the
textile. For instance, this method can identify the angles above which a locking
of the shear behavior might be acceptable.

e The curvature at which the non-linearity of the bending moment-curvature re-
lationships starts directly influences the number of wrinkles. At constant ini-
tial bending stiffness, a later start of the softening reduces their quantity. Nev-
ertheless, the maximum curvature in the wrinkles is directly influenced by the
magnitude of the softening. A high compression modulus after softening
avoids localized kinks and smoothen the overall textile deformation. Thus, a
reduced bending stiffness might be preferred if the stamp geometry (i.e. the
final component) have sharp edges.

It is important to note that these outcomes are applicable to this precise geometry and
forming process. Although the application case is representative of an industrial compo-
nent geometry, the manufacturing of a component with other geometrical features or
using a different forming process changes the boundary conditions and, thus, influences
the outcomes of the analysis. Nevertheless, the framework presented in this chapter
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details a method with guidelines to support the selection or the development of a textile
that can be applied to any material and forming process.

Finally, this method can be used in further studies to optimize process parameters, such
as the blank-holder forces or to optimize the locations and forces of grippers. In that
case, optimization methods adapted to multi-objectives shall be used to compute a single
scalar based on the shear and wrinkling objective functions.



5 Numerical description of NCFs at the
microscopic scale

The previous chapters have shown that requirements can be defined on the textile de-
formability in order to reduce the defects during the preforming process. However, find-
ing the adequate textile architecture that corresponds to a target deformability using an
experimental approach would require the extensive manufacture of textile samples and
their subsequent experimental characterization. Therefore, the development of numeri-
cal approaches modeling the complex behavior of NCFs represents an attractive method
to understand and predict their deformation behavior at reduced costs. The objective of
this chapter is to develop a model describing the filament architecture and interaction
mechanisms of NCFs that can be used in further simulation steps to predict the mechan-
ical behavior of a large range of NCF configurations.

Numerical methods developed in order to model textiles at the microscopic scales were
reviewed in chapter 2. Limitations of these methods were identified, especially on the
lack of defect prediction in the fibrous layers. Furthermore, they were restricted to the
simulation of textiles with well-defined yarns. As a consequence, further development
is necessary to apply these methods to any NCF configuration — including layer orienta-
tions that do not exhibit a purely periodic structure at the filament level, as is generally
the case for +45°-layers. Moreover, allowing local deviations of the filament orientation
from the theoretical orientation is essential for accurate reproduction of the local defects
in the fibrous layers.

This chapter proposes a new method to apply the microscopic modeling approach to a
large panel of NCFs and model their “as-manufactured” geometries. The variability of
the filament orientation is modeled, resulting in fibrous layers that account for the en-
tanglement of the filaments and the local defects in the fibrous mat. The three-dimen-
sional generation of the numerical model is based on the manufacturing parameters of
the knitting unit and on the orientation distribution in the fibrous mat before the knitting
process instead of usual geometrical inputs generated by micrographs or computed-to-
mography. Moreover, the proposed method is able to model any layer orientation and
stitching pattern.

First, an experimental quantification of the filament orientation distribution and local
defects is proposed. Then, the approach modeling the fibrous structure of the NCF in-
cluding the variability of the filament orientation is detailed, applied and validated with
the reference textiles presented in section 1.3 (#45° and 0°/90° NCFs). Finally,

103



104 Numerical description of NCFs at the microscopic scale

guidelines to adjust numerical parameters of the method is presented based on thickness
measurement of the textiles.

The content of this chapter is partly derived from [P1].

5.1 Investigation of the NCF fibrous layers

5.1.1 Distribution of the filament orientation

A characterization of the distribution of the filament directions was first performed to
quantify the actual deviation of the filaments from the theoretical path and to study local
defects in various NCF configurations. The orientation measurements were performed
using an optical F-Scan Sensor from Profactor GmbH [178] on both sides of the 0°/90°
and +45° NCFs (i.e. reference textiles). In this way, each layer can be observed sepa-
rately. The results are depicted in Fig 5-1, showing the local deviation of the filament
orientation from the layer orientation (defined as the median value of the data). Note that
the stitching yarn and the underlying fibrous layers are excluded from the measurement
in order to consider each layer separately using the procedure introduced in section
3.4.4.2. This also emphasizes the local defects in the fibrous layers. In the 0°/90° NCF,
the filaments should theoretically align with the stitching points, resulting in channels
only. Nevertheless, it can be observed in Fig 5-1a that a few filaments of the 0°-layers
are crossing the channels between the stitching points and that cracks are generated in
the 90°-layer (see Fig 5-1b). Therefore, the types of defects not only depend on the
orientation of the layers with regard to the stitching points but also on the distribution of
the filaments resulting from the spreading and laying processes (i.e. the waviness and
fiber misalignment present in the fibrous layers prior to the knitting process). Moreover,
cracks are observed in both layers of the +45° NCF, as illustrated in Fig 5-1c and
Fig 5-1d.

The distributions of the local deviations from the layer orientations are illustrated in
Fig. 5-2. While comparable distributions are measured on both +45° and -45°-layers,
significant differences can be observed for the 0°/90° NCF. The 0°-layer shows a nar-
rower distribution than the 90°-layer, which correlates well with the previous observa-
tion of the local defects. Therefore, the types of defects are closely related to the orien-
tation distribution of the fibrous layers. Moreover, it is expected that a greater spread of
the filament orientation distribution leads to a higher degree of entanglement of the fil-
aments (i.e. inter-filament interactions) and to an increased interaction with the stitching
yarn. As a result, it is expected that the filament orientation distribution influences the
overall deformation mechanisms of the textile and must be modeled accurately in the
numerical description of the textile.
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5.1.2 Size of the defects

The size of the local defects was measured in each layer with a minimum of forty
measures per layer. As illustrated in Fig. 5-3, the width of the channels in the 0°-layer
of the 0°/90° NCF was evaluated in the middle of the tricot segments. Due to the pres-
ence of the stitching yarn, the width of the cracks in the 90°-layer could not be evaluated
accurately. Therefore, only the crack length of the 90°-layer was measured. In the +45°
NCF, cracks are observed in both layers. As shown in Fig 5-1, the fibrous mat of the
+45°-layer covers the stitching yarns at some locations and prevent the measure of any
defect. This happened in 35% of the selected locations. In this case, further points were
selected to achieve a minimum of forty measures in each layer.

The results of the defect measurement are listed in Tab. 5-1. The local defect in the
fibrous layers vary considerably in width and length. In addition, the angular tilt of the
loops was investigated in the -45°-layer to quantify their deviation from the machine
direction. A mean angle of 14.9° with a standard deviation of 1.3° was determined.
These experimental observations will be used to validate the numerical approach. Note
that they correlate well with the results reported by Lomov et al. in [68], where the cracks

induced in various NCFs and the angular tilt of the stitching loops were extensively
characterized.

(a) Channel in a 0°-layer (b) Crack in a 45°-layer

Fig. 5-3: Measurement procedure of the defect size of a channel (a) and crack (b).

Tab. 5-1: Size of the local defects measured on the NCFs.

Designation Layer Defect type Characteristic 1[\:1?:]1 value fi:)z:lnfl;:;l]devia-
0°/90° NCF 0° channels width 0.50 0.24
0°/90° NCF 90° cracks length 2.30 0.70
+45° NCF 45° cracks length 3.19 0.81
+45° NCF 45° cracks width 0.21 0.09
+45° NCF -45° cracks length 3.58 0.89

+45° NCF -45° cracks width 0.22 0.09
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5.2 Generation of the “as-manufactured”
geometry

5.2.1 Numerical description of the filaments

In this doctoral thesis, digital chains using truss elements have been implemented in the
commercially available finite element software package ABAQUS/Explicit. Using this
type of elements, the bending stiffness of the chains is neglected. Within this approach,
the forces result from the axial deformation of the truss elements and from friction be-
tween the chains. The contact between the chain elements is computed using a penalty
method that introduces a numerical stiffness at the contact between two elements to
compute the forces at the interface. The corresponding penalty stiffness is calculated by
the solver to minimize the penetration of the elements while reducing the impact on the
critical time increment of the explicit calculation [200]. A conventional Coulomb fric-
tion law is used to calculate the frictional forces. Moreover, it is expected that the defor-
mation behavior of the textile in thickness direction mainly derives from the rearrange-
ment and relative displacement of the filaments. Since these DCE have a constant cross-
section, the discretization level of the fibrous mat should be sufficiently refined to re-
produce the rearrangement and interaction between the chains accurately. This approach
is especially attractive because it reduces the number of degrees of freedom and requires
few inputs.

5.2.2 Generation of the fibrous mat

Depending on the manufacturing technique and the layer orientation, uniformly distrib-
uted fibrous layers are used during the knitting process to manufacture the NCFs. In this
case, the needles do not penetrate the layers between precisely laid tows but pierce the
fibrous mat [201]. Therefore, it is proposed to generate fibrous layers homogeneously
distributed in order to consider a wide variety of multiaxial NCFs and to reproduce the
manufacturing process accurately.

In a first step, the variability of the filament directions is introduced with digital chains
initially modeled as straight lines with an angle, which is randomly sampled using a
Gaussian distribution located at the reference layer orientation. Each chain is modeled
at a different out-of-plane coordinate' to avoid any non-physical interpenetration of the
chains. If a chain crosses the border of the modeled volume element, it is projected onto
the corresponding face on the other side of the volume element (see Fig. 5-4a). Hence,
the number of digital chains is kept constant for any cross section of the modeled fibrous
mat. Subsequently, a simulation step using two rigid plates is necessary to compact the

U A supplementary gap of 1% of the chain diameter is introduced between the upper and lower out-of-
plane coordinates of the chain surfaces
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chains to the final homogeneous fibrous mat. Thereby, the displacement of the end-
nodes of the chains is allowed in the vertical direction only. This simulation step offers
an efficient resolution of the potential interpenetration with an explicit solver and leads
to the onset of undulation and entanglement of the chains — as illustrated in Fig. 5-4b.
The compaction stops once the distance between the plates reaches a predefined value.
Since the thickness of the NCF material in a relaxed state is a priori not known, a coef-
ficient similar to the FVF is introduced to characterize the packing state of the relaxed
material. The thickness t;,,., of the generated layers after compression is calculated as

follows:

t = A (5-1)
tayer Piayer * Pr
where A corresponds to the areal weight of the layers, ¢4y, 18 the prescribed FVF and
py the density of the filaments. The thickness of the fibrous mat before the stitching is

calculated based on an overall FVF of ¢;4y,¢-= 20%.

Continuation of the chain

(a) Generation of the chains (b) Compression and onset
without interpenetration of the entanglement
Fig. 5-4: Resolution of the interpenetration in fibrous layers including variability in the fila-

ment orientation.

In the case of a purely periodic material (i.e. without variability), the chains are directly
distributed homogeneously in a volume with the final thickness t;4y,. Since the knitting
process induces local shifting of the filament directions from the reference path, the
sampling of the homogeneous fibrous layers cannot directly rely on the distributions
presented in Fig. 5-3. Therefore, various standard deviations are implemented and only
the orientation of the chains of the final “as-manufactured” geometry are compared to
the experimental results. Fig. 5-5 shows the resulting architecture of the fibrous layer
for an exemplary 0°-layer without variability and with normally distributed filament ori-
entations featuring standard deviations of 0.3°, 1.0° and 3.0° respectively. It can be ob-
served that the standard deviation significantly influences the interlacing of the chains
and confirms the ability of the approach reproducing the entanglement of filaments.
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(c) o= 1.0° (d) 05=3.0°

Fig. 5-5: Fibrous layers homogeneously generated without variability of the filament orienta-
tion (a) as well as with Gaussian distributed filament orientation featuring standard
deviations from 0.3° (b) to 3.0° (d).

5.2.3 Averaged periodic boundary conditions

Due to the high refinement scale of the presented approach, the simulation of a whole
textile sample usually required in mechanical characterization would lead to unfeasible
calculation times. Therefore, a representative substructure is modeled using adequate
boundary conditions to reproduce the behavior of the whole sample. The manufacturing
process of multiaxial NCFs is a continuous process in which the knitting process leads
to a periodic network of the stitching yarns [201]. Depending on the stitching pattern,
the knitting cycle repeats, for example, after each cycle (pillar pattern), two cycles (tricot
pattern) or four cycles (tricot-chain pattern). In this approach, the textile is modeled with
a RVE based on the periodicity of the stitching pattern. The smallest RVE, defined as
the smallest repetitive unit cell of the stitching yarn network, is referred to as the “ele-
mentary RVE”. The size of the RVE can be derived from repetitions of the elementary
RVE and denoted 7y, X 17, where 1y, and 17, correspond to the number of repetitions
perpendicular to the machine direction and in machine direction, respectively.

After introduction of the variability, the generated digital chains do not exhibit any pe-
riodicity at the edge of the RVE. Therefore, appropriate boundary conditions must be
applied to the fibrous layer to ensure the representativeness of the model for a continuous
textile. The implementation of symmetric boundary conditions would enable a free
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movement of the chains at the boundary causing their non-physical rearrangement. On
the contrary, fixing the transverse displacement of the end nodes would add an artificial
transverse stiffness and would not be able to represent the onset of larger defects, such
as gaps in a 0°-layer. Therefore, it is proposed to implement averaged periodic boundary
conditions. To that end, a discretization of the RVE with a regular rectangular mesh is
introduced at its boundaries, as illustrated in Fig. 5-6. Reference Points (RPs) are defined
subsequently in the middle of each mesh element. The end nodes of the digital chains
located in each mesh element are connected to the corresponding RP with averaged dis-
placement boundary conditions as follows:

n ul
gy = ) = (5-2)
i=1

where ugpp represents the displacement of the reference point, u; the displacement of
node i, and n the total number of nodes in the mesh element.

\

Contact surface

Mesh element
with reference point

2 46 8

g iy

13 5 79

Fig. 5-6: Regular rectangular mesh defined at the boundary of the RVE with corresponding
reference points and contact surfaces.
For better clarity, only the lateral surfaces are illustrated.

Since the mesh of the RPs is regular, usual periodic boundary conditions can be applied
to the RPs. Thereby, the displacement of periodic nodes, i.e. nodes at corresponding
positions on opposed cross sections, are constrained to be equal. The size of the mesh
elements is an important parameter of the model and is calculated to ensure that, on
average, one end-node is located in a mesh element. This approach is selected to enable
a direct comparison with a purely periodic material, which corresponds in this case to
the application of usual periodic boundary conditions. If no end-node is located in a
mesh element, the element is merged progressively with the closest non-empty element.
Thereby, the size of the mesh elements may change but still remains periodic. Moreover,
contact surfaces are introduced to all faces of the volume boundary to model the fictive
neighboring material and restrain the chains within the modeled volume. Note that stand-
ard periodic boundary conditions are applied to the stitching yarn chains since the RVE
size correlates with the periodicity of the pattern. Using this approach, the overall
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periodicity of the material is ensured while allowing relative movements of the digital
chains within the RVE. Moreover, any global deformation of the RVE can be generated
by applying relative displacements to the RPs and, thus, enables a virtual characteriza-
tion of the material.

5.2.4 Stepwise model generation

The manufacturing process must be reproduced accurately in order to generate a realistic
mechanical model of the textile — referred to as the “as-manufactured” geometry. In this
thesis, a stepwise generation of the “as-manufactured” geometry is achieved through a
fully automated framework that connects pre-treatment, simulation and post-treatment
operations. The flowchart of Fig. 5-7 illustrates the connections between the input file,
the main python scripts used for the pre and post-treatment operations as well as the
intermediate simulation steps. The input parameters required for the whole framework
are listed in a single text file divided in many categories, depending on the simulation
steps for which the input parameters are required. The first python script “main_Ran-
domFiberBed.py” defines all parameters related to the fibrous layers, which includes the
number of chains and the sampling of the orientations of the chains. Compaction plates
are generated to compress the chains to the required thickness before knitting. The re-
sulting uniformly distributed layers are shown in Fig. 5-8a.The second python script
“main_Penetration.py” generates the knitting needles at all stitching points. The periodic
mesh and all subsets required for the averaged periodic boundary conditions are defined
in this script. The piercing of the fibrous layers by the needles occurs simultaneously at
all stitching points and in a single step. Thereby, the digital chains are pushed apart when
the needles penetrate the layers, as shown in Fig. 5-8b. The stitching yarns are intro-
duced in the third python script “main_StitchPretension.py”. The yarns are initially mod-
eled with simplified geometries using sharp edges at the location of the piercing points
(see Fig. 5-8c). Since the digital chains of the stitching yarn have no bending stiffness,
the sharp geometries do not induce stress concentrations. The third simulation step con-
sists in the pretension of the stitching yarn. To that end, a negative thermal load is ap-
plied to the stitching yarn chains to reproduce the tension induced by the knitting unit
during the stitching process, as illustrated in Fig. 5-8d. This procedure reproduces the
defects induced during the knitting process and accounts for manufacturing parameters
(e.g. the tension in the stitching yarn) with reduced computational cost compared to a
simulation of the whole knitting process. Moreover, the simulation approach is applica-
ble using conventional contact algorithms and avoids potential numerical issues due to
the resolution of contact overclosure.
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Fig. 5-8: Detailed view of the stepwise generation of the ‘“as-manufactured” geometry.
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5.2.5 Simulation parameters

Due to the high number of filaments in the textile, it is not possible to model each of
them separately. Therefore, many filaments are grouped in a single digital chain. In order
to generate comparable models with varying refinement levels, the volume of filaments
is first calculated based on the areal weight of each layer and on the density of the fila-
ments. A packing coefficient @ .p4in 1S introduced as suggested in [202] to account for
the packing of the filaments in the relaxed state. This numerical parameter can be ap-
proximated as a FVF in each chain (see Fig. 5-9).

Digital chain element

OO O
OO0 OOO
O O Filament OO

(a) Pchain— 0.33 (b) Pchain— 0.53 (C) Dchain= 0.907

Fig. 5-9: Illustration of the packing coefficient of filaments in a digital chain.

Then, the number of chains n.p4;ns required for the simulation of a fibrous layer is cal-
culated according to Eq. (5-3) depending on the layer orientation 6,4, the DCE diam-
eter D.pqin and the width of the RVE w.

A-w  4cos(0)ayer)
Nchains = - > (5-3)
Pf " Pchain T * Dopgin

The number of chains is subsequently rounded up, requiring a slight decrease of the DCE
diameter according to Eq. (5-3). The input diameter of the DCEs modeling the filaments
is set to 69 um, which represents a good compromise between calculation time and dis-
cretization level. With these parameters, each digital chain models about forty-nine fil-
aments. It should be noted that the stiffness and the density of the chains are calculated
depending on the packing coefficient and, thus, depending on the number of filaments
grouped in the chains. Moreover, mass scaling is introduced in order to speed up the
simulation (initial critical increment size larger than 4x107 sec). Tab. 5-2 summarizes
the input parameters used for the numerical description of the NCFs. Although the stitch-
ing yarns are also constituted of many filaments, they are modeled with one single digital
chain. According to [68], the actual diameter of the stitching yarn varies spatially due to
the various compaction states of the yarns (i.e. compacted at the loops or flattened at the
top surface). Nevertheless, a unique cross-section of the stitching yarn is assumed in the
whole model, since the location of the chain elements may change during the application
of the stitching yarn pretension. In order to model the stitching yarn at the region of
inter-stitch interactions accurately, the diameter of the chain is calculated assuming a
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hexagonal packing, as suggested in [68]. The friction coefficients between the chains is
set to a constant value of 0.3. It is representative of the values that can be found in studies
focusing on the characterization of friction of carbon filaments at tow or filament level

[203-205].

Tab.5-2:  Input parameters for the numerical description of the NCFs
0°/90° NCF +45° NCF
Filaments Young’s modulus [GPa] 120 127.5
Density [g/cm?] 0.905 0.890
Diameter [um] 69 69
Packing coefficient [-] 0.5 0.5
Mesh length [mm] 0.2 0.2
Fibrous layers Layer thickness before stitching [mm] 0.41 0.43

Standard deviation for the sampling [°]

1.15 (0°-layer)*
4.0 (90°-layer)*

2.0 (+45°-layer)
2.0 (-45°-layer)

Stitching yarn

Young’s Modulus [GPa]
Density [g/cm?]

Diameter of the chains [um]
Mesh length [mm]

Magnitude pretension [%]

1.81
1.25
88
0.1
16

1.81
1.25
71
0.1
17

* these parameters are not applicable to the simulations performed in section 5.3.1

5.3 Validation of the fibrous layers

5.3.1 Numerical description of NCFs with variability of
the filament orientation

The influence of the layer orientations and of the standard deviation of the Gaussian
distribution used to sample the orientation of the chains is studied on the defects in the
fibrous mats. First, various “as-manufactured” geometries of the 0°/90° NCF are illus-
trated in Fig. 5-10. The simulations are based on the parameters listed in Tab. 5-2 with
different orientation variability in the layers (from a purely periodic fibrous mat up to a
standard deviation of 3.0°). It can be determined that the purely periodic material
(Fig. 5-10a) exhibit straight chains and that only channels are formed. With increasing
variability (see Fig. 5-10b to Fig. 5-10d), the channels are closing progressively, starting
from a few filaments crossing the channels and evolving to localized cracks. This corre-
lates well with the conclusions drawn from the scans of the textile presented in section
5.1.1. Moreover, the onset of the gap over the whole length of the RVE shows the capa-
bility of the averaged periodic boundary condition to model local defects that propagate
periodically beyond the RVE.
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(a) Periodic (b)o =0.3° (c)o =1.0° (d)o =3.0°

Fig. 5-10:  Elementary RVEs of the ‘“as-manufactured” geometries of a 0°/90° biaxial NCF us-
ing purely periodic chains (a) as well as with increasing standard deviations of the
sampling (b to d).

The numerical description of the +45° NCF material is illustrated in Fig. 5-11, where
local cracks can be observed at the stitching points and a waviness is induced in the path
of the chains. This shows that the modeling approach is able to reproduce various types
of defects already using the elementary RVE. A detailed comparison is proposed in the
following subsections to assess the accuracy of the simulation approach.

(a) Front face (b) Back face

Fig. 5-11:  Elementary RVE of the “as-manufactured’” geometry of the +45° NCF.

5.3.2 Comparison of the filament orientations

The comparison of the simulation results with real samples is performed using larger
models, namely 2x2 and 3x3 RVEs for the 0°/90° and +45° NCF, respectively.

First, the chain orientation is compared with the experimental distributions presented in
section 5.1.1 to validate the modeling approach of the fibrous mats. In order to compare
the final distributions of the chain orientations, the orientation of all DCEs is computed
and projected onto a 2D-plane parallel to the virtual textile. This allows for a direct
comparison of the results, as illustrated in Fig. 5-12. Since a random sampling of the
chain orientation is used, the final orientation distribution of the numerical results is the
mean distribution from three independent calculations. The standard deviation of the
Gaussian distributions used to generate the two “as-manufactured” geometries are listed
in Tab. 5-2. A good correlation with the experimental distributions can be observed,
which confirms the ability of the simulation method to model the variability in the
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filament orientation of a textile. A further conclusion is that the standard deviation is a
predominant input that can be used to model differences between two fibrous layers in
a same NCF material. Nevertheless, slight differences are seen between the simulation
and experimental results. For example, the distributions of the 0°/90° NCF can repro-
duce the peaks accurately, while small deviations occur for angles larger than 5°. Further
information on the filament orientation before the stitching process would increase the
accuracy of the sampling distribution and, thus, the final distribution of the filament
orientations.
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Fig. 5-12:  Comparison of the DCE orientation (Sim.) with the measurement on the samples
(Exp.) of the 0°/90° (a) and +45° NCFs (b).

5.3.3 Comparison of the local defects

A comparison of the local defects points out the ability of the method to model various
deviations induced by the stitching yarn. Using the reflection properties of the carbon
filaments, it is possible to emphasize the defects in the NCFs as shown in Fig. 5-13 and
Fig. 5-14.
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(b) Comparison of the 90°-layer

Fig. 5-13:  Comparison of the overall defect formation in the 0°-layer (a) and 90°-layer (b) be-
tween the 0°/90° NCF samples (left) and simulation results (right).

As stated in section 5.1.2, a large variability of the defect size is observed in the fibrous
layers. In the 0°/90° NCEF, the type of defects of the “as-manufactured” geometry are
well captured in the model (see Fig. 5-13). Channels are induced in the 0°-layer with
filaments crossing from one tow to the neighboring one, while regular localized cracks
are formed at the stitching points in the 90°-layer. On the front face of the +45° NCF
(i.e. 45°-layer) the same characteristics as those from real samples can be observed: at
some stitching points almost no defects are noticeable while fish eye deformation with
a length of several millimeters can be observed at the neighboring stitching point (ref.
Fig. 5-14a). On the contrary, the back face (i.e. -45°-layer) shows a regular formation of
fish eye defects throughout the layer with various dimensions, as illustrated in
Fig. 5-14b.
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(b) Comparison of the -45°-layer

Fig. 5-14:  Comparison of the overall defect formation in the 45°-layer (a) and -45°-layer (b) be-
tween the £45° NCF samples (left) and simulation results (right).

The procedure presented in section 5.1.2 to measure the size of the defects was applied
to the simulation results. The measured defect sizes are listed in Tab. 5-3 and a compar-
ison between the experimental and numerical results is proposed in Fig. 5-15.

A good correlation of the mean values and their respective scatter can be observed. The
size of the defects measured in the simulation of the +45° NCF is slightly underesti-
mated. Nevertheless, larger defects are generated in the -45°-layers than in the +45°-
layers, an effect that corresponds to the experimental observations. Moreover, the cracks
were not observable in the +45°-layer at 31% of the stitching points. This variability in
the defect visibility correlates well with the #45° NCF samples.

The defect length of the cracks generated in the 90°-layers is in complete agreement with
the experimental data. In the 0°-layer, the width of the channels is underestimated while
the scatter in the simulation results is significantly smaller than in experiments. It should
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be noted that the DCEs have a diameter of 69 um, which constitutes about 45% of the
crack width in the #45° NCF and 20% of the channel width of the 0°-layers. Thus, a
single chain can have a considerable influence on the defect width and further refinement
of the fibrous mat could increase the accuracy of the defect size. Also, the assumption
of a tight packing in the chain elements of the stitching yarn throughout the model might
lead to an underestimation of the defect size. Indeed, a reduced packing coefficient
would yield larger stitching yarn and, thus, might increase the size of the defects. Finally,
the angular tilt of the loops is measured in the simulation to 6.7° with a standard devia-
tion of 3.1°. The numerical angular tilt is significantly smaller than in experiments (ca.
45% of the experimental values). Nevertheless, it shows that the simulation approach is
able to capture deviations of the loop orientation from the theoretical alignment.

Tab. 5-3: Measured local defects on the simulation results.
Designation Layer Defect type Characteristic Mean value [mm] St.a ndard devi-
ation [mm]
0°/90° NCF 0° channels width 0,31 0,10
0°/90° NCF 90° cracks length 1,97 0,47
+45° NCF 45° cracks length 2,08 0,83
+45° NCF 45° cracks width 0,12 0,05
+45° NCF -45° cracks length 2,62 1,13
+45° NCF -45° cracks width 0,17 0,05
||:| Experiments [l Simulations ||:| Experiments [l Simulations
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Fig. 5-15:  Comparison of the defect width (a) and length (b) between the measurements per-
formed on the NCF's samples and on simulation results.
The error bars represent one pooled standard deviation.
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5.4 Calibration of the NCF thickness

In addition to the in-plane architecture validated in the previous sections, a calibration
in thickness direction is necessary to generate realistic “as-manufactured” NCF geome-
tries. Note that the approach introduced above is based on two parameters that directly
influence the thickness of the material:

e The thickness of the layers before knitting t;4,,¢, defines the compaction state
of the fibrous layers before the knitting process and is characterized by its FVF

(player-

*  The number of chains n.p4;ns depends on the packing coefficient in the chains
®chain- Although the areal weight of the NCFs is kept constant, the number of
chains necessary to model the fibrous layers vary according to Eq. (5-3).

While the first parameter may be calibrated experimentally before the knitting process,
the second parameter is a numerical parameter used to compute an equivalent thickness
if many filaments are grouped in the digital chains. In this subsection, it is proposed to
investigate the influence of both parameters on the resulting thickness of the material.
Moreover, guidelines are defined to calibrate them for further applications.

5.4.1 Experimental compaction of the dry NCFs

Compaction experiments were performed on single NCF plies in order to investigate the
thickness of the textile. Note that the compaction of a single ply requires advanced ex-
perimental devices, in which the distance between the compaction plates is controlled
precisely. A misalignment of the compaction plates or geometrical variation of the plate
surfaces would induce non-realistic compaction results. To that end, a rotational rheom-
eter MCR 302 from Anton Paar GmbH was used with parallel platens. The experiments
were performed at room temperature with a constant gap closing velocity of 10 um/sec
until a pressure higher than 20 kPa is reached. The circular platen used for these exper-
iments has a diameter of 25 mm. Thus, the compacted area represents the area of 8.6
elementary RVEs of the 0°/90° NCF and 22 elementary RVEs of the £45° NCF. The
experimental setup is shown in Fig. 5-16.

In this section, the thickness of the NCFs is assimilated to the gap thickness (i.e. free
space between the upper platen and the base plate of the rheometer) at a compaction
pressure of 1 £ 0.01 kPa, as required in the standard DIN EN ISO 5084 [170] to measure
the thickness of textiles.
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Fig. 5-16:  Experimental setup to measure the thickness at 1.0 kPa of the reference NCFs

The results of the thickness measurements with the 0°/90° and +45 NCFs are listed in
Tab. 5-4. Even though both textiles have a similar areal weight (308 and 300 g/m?), it is
observed that the mean thickness of the 0°/90° NCF is 29% higher than the thickness of
the +45° NCF. This can be explained by the generation of tows between the stitching
points in the 0° and 90°-layers, locally increasing the thickness of the material. Moreo-
ver, different spreading techniques of the filament rovings may have influenced the layer
architectures and, thus, the thickness of the textile. Also, the scatter — defined as the
difference between the maximum and the minimum values — corresponds to 5.6% of
the mean value for the 0°/90° NCF and 8.4% for the +45° NCF.

Tab. 5-4: Experimental gap thickness at a compaction pressure of 1 + 0.01 kPa.

0/90° NCF [mm] #45° NCF [mm]
Sample 1 0.870 0.637
Sample 2 0.853 0.662
Sample 3 0.825 0.650
Sample 4 0.823 0.629
Sample 5 - 0.684
Mean 0.843 0.652

5.4.2 Virtual compaction

A python script “main_CompactionTruss.py” automatically imports the “as-manufac-
tured” geometries and prepares the simulation model. The compaction experiments are
reproduced using two rigid and infinite plates. The gap between the plates is reduced
progressively with a constant plate velocity until a final FVF of 40%. In order to speed-
up the calculation while keeping the dynamical effects negligible, the total duration of
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the virtual experiment is set to five seconds. This results in gap closing velocities be-
tween 215 pm/sec and 42.9 um/sec. The pressure is computed using the area of the RVE
and the reaction forces of the plates. Hence, the numerical thickness is calculated in a
similar manner as the experimental thickness, allowing a direct comparison of the re-
sults.

First of all, compaction simulations were performed with various RVE sizes in order to
identify the dependency of the thickness on RVE sizes. The configurations and corre-
sponding results are detailed in appendix e. It was concluded that elementary RVEs are
adapted for the simulation of the 0°/90° NCFs but 2x2 RVEs are required for the analysis
of the +45° NCF.

The influence of the layer thickness before the knitting process ¢4y and of the packing

coefficients @ pqin 18 investigated numerically using a full factorial approach with five
levels for each parameter. This results in twenty-five configurations for each NCF. The
boundaries of the numerical parameters are listed in Tab. 5-5. Note that the upper limit
of @ nain corresponds to a hexagonal packing, which is the maximum physical packing
coefficient for circular cross-sections. Furthermore, the simulations must be repeated
due to the stochastic generation of the filament orientations that introduces variability in
results. Here, the simulations are performed five times for each configuration.

Tab. 5-5: Boundaries of the numerical parameters for virtual thickness measurement
0/90 NCF +45°NCF
‘player ['] P chain ['] (player ['] P chain [']
Minimum 0.15 0.4 0.30 0.5
Maximum 0.25 0.907 0.60 0.907

The response surfaces illustrated in Fig. 5-17 and Fig. 5-18 are computed using the mean
results of each configuration for the 0°/90° NCF and +45°NCEF, respectively. The corre-
sponding maximum, minimum and mean experimental results are plot on the response
surfaces. The results of the 0°/90° NCF show a linear decrease of the thickness with
respect to the packing coefficient and to the FVF of the fibrous layers. Moreover, with
a minimum packing coefficient of 40%, FVFs smaller than 22% are required to equal
the experimental thickness. On the contrary, the results of the 245°NCF show that the
thickness decreases strongly with the FVF of the layers for values smaller than 40% and
a plateau is reached afterwards. The experimental values show that a minimum packing
coefficient of 74% is necessary to achieve numerical “as-manufactured” geometries of
the £45°NCF with an adequate thickness.
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Fig. 5-17:  Results of the virtual thickness measurement of the 0°/90° NCF.
The mean results of the 5 simulations are shown in the diagram (ref. Appendix f for the
detailed results of each configuration). The mean and extreme experimental values are
shown as contours on the response surface.
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Fig. 5-18:  Results of the virtual thickness measurement of the +45° NCF.
The mean results of the 5 simulations are shown in the diagram (ref. Appendix f for the
detailed results of each configuration). The mean and extreme experimental values are
shown as contours on the response surface

Since the filaments are in a relaxed state, the packing coefficient ¢p4;n should target
low values. As a consequence, a packing coefficient @ pnqin="75% 1is selected for the
generation of the “as-manufactured” NCF geometries. Subsequently, a fit of the mean
thickness values of the simulation and experimental results is performed to identify the
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adequate input parameters ¢,;4y¢r. Since high values of ¢4y, lead to higher computa-
tional effort in the first simulation steps (due to the increased contacts of the chains), the
lowest value for ¢4, Will be selected if many solutions are found. Note that the scatter
of the experimental results may have a strong influence on the selection of the coeffi-
cients, especially for the #+45° NCF where the experimentally measured thicknesses
cover a wide range of potential input configurations. The resulting coefficients are listed
in Tab. 5-6 for both reference textiles.

Tab. 5-6: Definition of the coefficients @;,y,-s and @ pqip for the simulation of the reference

NCFs according to the experimental and virtual investigations of the textile thick-
ness.

0/90 NCF +45°NCF
¢layer ['] 0.16 0.52
Pchain [-] 0.75 0.75

5.5 Conclusion

A numerical mechanical description of dry NCFs at the microscopic scale was devel-
oped in this chapter. This method can be applied to describe a wide range of NCF archi-
tectures with realistic description of the local defects in the fibrous layers. Its applica-
bility was demonstrated on two different configurations (0°/90° and +45° biaxial NCFs).
Variability in the filament orientation distribution was observed on two specimens and
introduced in the simulation in order to model all interaction mechanisms within the
textile (inter-filament, inter-stitch and stitch-to-filament interactions). A stepwise gen-
eration of the numerical “as-manufactured” geometry considers the main manufacturing
steps and models the manufacturing process induced local defects in the fibrous mats.
Averaged periodic boundary conditions were developed to ensure an overall periodicity
of the model while allowing reorientation of the chains at the smallest scale.

Varying the orientation distribution in the model, a correlation was found with the type
of local defects induced at the stitching points. Also, the comparison of the filament
orientation with the simulation results showed a good correlation and the detailed com-
parison of the local defects (cracks and channels) confirmed that the induced defects
correlate with the experimental observations. Thus, the presented quantitative compari-
son validates the ability of the simulation to reproduce the local defects and the orienta-
tion variability of the fibrous layers.

Finally, a calibration of the thickness of the fibrous layers before the knitting process
and of the packing coefficient in the digital chains was performed. Compaction experi-
ments were carried out on single NCF plies to evaluate the thickness of the textile at a
pressure of 1.0 kPa. A large virtual parametric study was conducted to calibrate the sim-
ulation input parameters. A constant value for the packing coefficient was selected for
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both NCFs and the thickness of the layers before knitting was adjusted to fit the experi-
mental results.

The final input parameters of the reference textiles are listed in Tab. 5-7. Note that these
parameters can be used as a guideline for similar textile configurations if the calibration
of the filament orientation, of the defects, or of the thickness cannot be performed.

The presented approach is a mechanical description of dry textiles that includes all rel-
evant interaction mechanisms. Hence, this framework can be easily integrated in further

simulations to predict the mechanical behavior of any NCF configuration.

Tab. 5-7: Summary of the input parameters for the simulation of the “as-manufactured” ge-
ometries of the reference NCFs with adequate defect and thickness description
0°/90° NCF +45° NCF

Filaments Young’s modulus [GPa] 120 127.5

Density [g/cm?] 0.905 0.890

Diameter [um] 69 69

Packing coefficient [-] 0.75 0.75

Mesh length [mm] 0.2 0.2
Fibrous layers ~ Layer thickness before stitching [mm] 0.52 0.16

FVF of the layers before stitching [-] 0.16 0.52

Standard deviation for the sampling [°]

1.15 (0°-layer)
4.0 (90°-layer)

2.0 (+45°-layer)
2.0 (-45°-layer)

Stitching yarn

Young’s Modulus [GPa]

1.81

1.81

Density [g/cm?] 1.25 1.25
Diameter of the chains [pm] 88 71
Mesh length [mm] 0.1 0.1
Magnitude pretension [%] 16 17







6 Virtual shear characterization of NCFs

The objective of a virtual testing environment is to numerically investigate the properties
of a material. Compared to conventional experimental approaches, a virtual approach
can study the impact of a larger number of material configurations. Also, the quantifica-
tion of interactions between manufacturing parameters is possible.

In the present doctoral thesis, the shear behavior of NCFs is investigated. An accurate
shear stiffness is crucial for the prediction of the filament orientation and of local defects
during the preforming process. As shown previously, the shear behavior of a NCF is
closely related to knitting parameters, such as the stitch gauge or stich width. As a con-
sequence, a virtual framework able to predict the shear behavior of NCFs is a strong
benefit in the development of new composite parts.

The current chapter concentrates on the development of the virtual shear characterization
of biaxial NCFs using the virtual NCF geometries presented in chapter 5. The focus is
put on the characterization of the £45° NCF due to its higher complexity compared to
the 0°/90° NCF. First, the method to apply adequate shear deformations to the virtual
NCF geometries is described. The adaptions of the methods required for the virtual shear
characterization of NCFs with 0° and 90°-layers are detailed in Appendix g. Second, a
validation of the kinematic behavior is presented. It is based on the measure of the shear
angle of the virtual textile and on a comparison between experimental and numerical
stitch sliding measurements. Third, a study on the influence of the RVE size on the shear
behavior is performed to identify adequate RVEs for subsequent investigations. Fourth,
the relation between the shear behavior and the orientation variability of the chains in
the fibrous layers is examined. Fifth, the framework is applied to NCFs with different
stitch lengths to study the dependency of the shear behavior on the stitch architecture.
The simulations of this chapter are based on the reference parameters listed in Tab. 5-7.

6.1 Methodology of the virtual shear
characterization

6.1.1 Normalization of shear forces

The shear angle of a biaxial textile is usually defined as the change of the angle between
the orientations of the layers. The shear behavior can be investigated experimentally
using various test setups, as reported in section 2.2.2. Nevertheless, the force required
to shear the textile depends on the sample size and a method to compare experimental

127
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results with simulation results (which are performed on reduced textile models) must be
used. To that end, two common measures are found:

*  The shear force Fyqpric in N/mm (normalized using the width of the sheared
zone of the sample). It is assimilated to the force induced in each arm of the
picture frame rig (i.e. aligned with the filament orientation). As recommended
by Peng et al. in [98], the shear force is normalized by the sample width if
different sample geometries are compared. Nevertheless, this approach con-
siders that the sheared field is a square (i.e. has equal side lengths).

*  The shear torque Crqpyric iIn N.mm/mm? (normalized using the area of the sam-
ple). It is a scalar that is directly derived from the shear energy and does not
assume any sample geometry.

The shear torque Cyqpric 1s selected in this chapter to measure the shear behavior. Since
models of NCFs based on the periodicity of the stitching pattern lead to various rectan-
gular shapes and sizes, the use of the normalized shear torque provides a direct compar-
ison between the results of different RVE shapes and sizes.

The shear torque is related to the shear energy normalized by the surface of the sample
Wrabric(y) as follows:

Y
Wfabric()/) :f Cfabric(g)dg (6-1)
0

where ¥ is the current shear angle applied to the textile.

Note the direct relation between the normalized shear torque and normalized shear force
in the case of picture frame tests with square sheared fields:

Cfabric (V) = Ffabric ) COS(Y) (6-2)

The shear energy can be obtained using the history output E}, from ABAQUS, which
calculates the work of external forces required to deform the simulation model. There-
fore, Crapric 1s derived as follows:

dE, 1

Crapric(¥) = &y wxl

(6-3)

where w and [ are the width and length of the RVE, respectively.

6.1.2 Generation of a virtual shear deformation

The numerical definition of the textile presented in chapter 5 requires the boundaries of
the model to be aligned with the machine directions. Since the layers of biaxial +45°
NCFs are not aligned with the boundaries of the RVE, the shear of £45° NCFs resembles
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the bias extension test method. Hence, the pure shear deformation of a layer is obtained
through a combined extension and contraction of the RVE depending on the RVE size
and on the layer orientations (see Fig. 6-1).

RVE before ,
shear deformation KXaisp(Y")

X disp ()/)

——>!

Ydisp ( )/)

(a) b)

Fig. 6-1: Identification of the RVE deformation in x (a) and y (b) directions of a +45° NCF in
the case of positive (orange) and negative (blue) shear deformations.

The deformation of the RVE in x and y directions is related to the shear angle y as
follows:

Xaisp(¥) = w (cos (g) — sin (g) — 1) (6-4)
Yaisp(¥) =1 (cos (g) + sin (g) - 1) (6-5)

The shear deformation is applied to the RVE using the reference points of the regular
mesh of the RVE. To that purpose, the displacement Ugyeqr12 Of @ dummy node is in-
cluded in the equations of the periodic boundary conditions:

Ugppz = Ugp1 T Usheari2 (6-6)

where the subscripts 1 and 2 correspond to two opposite faces of the RVE boundaries.

The displacement Ugpeq12 1S given by Egs. (6-4) and (6-5). It is the same displacement
for all RPs of paired opposite faces of the RVE boundaries. The RPs remain free to move
along the boundary faces of the RVE (ensuring the mesoscopic periodicity of the fibrous
mat). The displacements of the end nodes of the stitching yarns are fully periodic.

Note that the virtual neighboring RVEs are modeled with lateral rigid surfaces, as illus-
trated in Fig. 5-6. Therefore, the lateral surfaces must follow the deformation of the RVE
during the virtual characterization.
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Two python scripts “main_Shear_neg.py” and “main_Shear_pos.py” were developed to
automatically import the “as-manufactured” geometries and prepare the simulation mod-
els for a full virtual shear characterization. Since the positive and negative shear defor-
mation are performed in separate simulations, they can be solved independently and in
parallel.

6.2 Validation of the kinematic behavior

The ability of the simulation to reproduce the kinematic behavior of the textile is demon-
strated in this section. To that end, the evolution of the shear angle is compared to the
theoretical shear deformation. Moreover, the stitch sliding is used as a validation crite-
rion to demonstrate that the simulation can reproduce the deformation mechanisms of
biaxial NCFs.

6.2.1 Shear deformation

The validation of the shear deformation is performed with a 2x2 RVE. Fig. 6-2 illustrates
the “as-manufactured” geometry of the NCF and the respective deformed geometries at
applied shear angles of +30° and -30°.

First, an overall change of the directions of the chains is observed, which correlates with
the onset of a shear angle in the textile. The geometry with negative shear deformation
(see Fig. 6-2b) shows a significant compression of the loops. Moreover, the angle of the
loops increases compared to the reference configuration. On the contrary, the stitching
yarn is stretched in positive shear deformations (cf Fig. 6-2¢). The loops are extended
and align with the machine direction. A periodic displacement of the stitching yarn can
be observed at the border of the model, highlighting the periodic sliding of the yarn. In
both shear directions, local waviness (i.e. buckling) of the chains can be detected. Due
to the absence of bending stiffness of the chains, the buckling is localized in zig-zag
shapes. Even though the exact deformation of the chains differs from the out-of-plane
deformations observed in section 3.3.2, this approach can help identifying critical re-
gions and a potential onset of defects.
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(c) Positive shear deformation (+30°)

Fig. 6-2: Simulation results of the +45° NCF modeled with a 2x2 RVE before deformation (a),
at a negative shear angle of -30° (b) and at a positive shear angle of +30° (c).
The front faces are illustrated on the left side and the back faces on the right side.

The deformation is applied to the RVE using the periodic mesh of the reference points.
Thus, the shear deformation of the layers results from the overall deformation of the
RVE. In order to measure the virtual shear angle, the directions of all DCEs of the layers
are extracted at different stages of the simulation. The angle of a layer is defined as the
median orientation of its elements.
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The simulations were performed five times due to the stochastic approach used to dis-
tribute the orientation of the chains. The results of the virtual shear angle for positive
and negative shear deformations are illustrated in Fig. 6-3.
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Fig. 6-3: Results of the virtual shear deformation of the NCF for positive and negative shear
deformations.

It can be observed that the virtual shear angle correlates with the applied deformation.
The measured virtual shear deformation is smaller than the applied shear deformation at
low shear angles and slightly exceeds it afterwards. This can be explained by the use of
mass scaling to speed-up the calculation. Nevertheless, the difference between the ap-
plied shear angle and the mean value from the five simulation results is smaller than 1.5°
until £27° shear angle. A maximum difference of 2.0° is reached at -30° shear angle
(corresponding to a relative error of 6.6%). As a result, the virtual shear deformation of
the NCF is considered to be equal to the applied shear deformation.

6.2.2 Stitch sliding

Wiggers [162] showed the occurrence of stitch sliding on a sheared sample and pointed
out that the stitch passes from the back side to the front side. Thereby, a change in length
of the stitch segments is accommodated, which ensures a uniform tension in the stitching
yarns. Analytical calculations of the strain in the stitching yarn generally assume a free
sliding of the yarn [61, 206]. However, the increase in tension may reduce the sliding,
leading to a higher shear resistance. It results that a simulation aiming at the investigation
of the mechanical behavior of dry NCFs must adequately reproduce the sliding of the
stitching yarn during the shear deformation.
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6.2.2.1 Experimental quantification of the stitch sliding

Experimental method
The content of this subsection is partly derived from [K3].

A PF testing rig is used to induce a controlled shear deformation in the textile, as shown
in Fig. 6-4a. This method presents the advantage that each tow is clamped at the frame,
ensuring a controlled inter-tow shear deformation.

Based on the stitch architecture (stitch gauge of 5.08 mm and stitch length of 4.4 mm),
analytical calculations can predict the elongation of the stitch segments in bias direction.
In the case of a positive shear deformation, it shows that the stitching yarn should pass
from the back side to the front side in order to compensate the segment elongation. In
order to study the stitch movement, a portion of the stitching yarns on the back side of
the samples was colored black while the front face remained uncolored (see Fig. 6-4b
and Fig. 6-4c). Hence, the stitching yarn movement can be observed if the uncolored
regions on the back face elongate. It should be noted that regions with a length of ca.
0.5 mm are intentionally left uncolored on the back face of the sample to enable
measures right from the beginning of the experiments.

Fig. 6-4: Ilustration of the experimental setup (a), front face of the NCF with uncolored
stitching yarns (b) and back face with colored regions of the stitching yarns before
testing (c).

A digital microscope MIRAZOOM" MZ902 with a resolution of 3,488x2,616 px2 was
used to record the back face of the samples on an approximate area of 33x25 mm? as
shown in Fig. 6-4a. An automatic image post-treatment of the microscope pictures was
implemented to study the length of the uncolored region at various shear angles of the
sample.

First of all, a separation between the uncolored stitch regions and the rest of the sample
is required. A direct segmentation of the image with threshold is not possible because of
the reflection of the carbon fibers (see Fig. 6-5a). Therefore, an opening morphological
operator [207] is used with a square structural element of Spx. The result of the segmen-
tation with threshold after image opening is illustrated in Fig. 6-5b. One can observe that
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the uncolored region is discontinuous, which is mainly due to the image noise. A subse-
quent closing morphological operator closes the gaps and connects the small regions
(ref. Fig. 6-5¢).

(b) (c)

Fig. 6-5: Original microscope picture (a), segmented image after opening (b) and subsequent
closing operations (c).

The dye introduced in the stitching yarn resulted in an elliptical shape of the uncolored
regions, which appears on the front side as the stitching yarn is drawn through the fiber
bed. In order to measure automatically these uncolored regions, the white spots were
fitted with ellipses. The sliding distance is calculated as the increase of the major axis of
the fitted ellipse between successive pictures. With this approach, the stitching yarn
strain is neglected since any lengthening of the uncolored regions is attributed to a slid-
ing of the yarn. A high scatter of the sliding distance was observed throughout the sam-
ple. Therefore, the elongation of the uncolored regions is measured at many spots in
each picture (minimum of nine spots) and the mean value is calculated for each sample.

Results

The raw pictures of a same stitch segment recorded at various shear angles (0°, 10° and
27°) are illustrated in Fig. 6-6a. The results after segmentation and application of mor-
phological operators are shown in Fig. 6-6b. The overlays of Fig. 6-6a and Fig. 6-6b
with the corresponding fitted ellipses are depicted in Fig. 6-6c¢.

The results of the stitch sliding measurements are presented in Fig. 6-7. A total stitch
sliding of approximately 0.45 mm is measured at the maximum shear deformation (30°
shear angle), which corresponds to 20% of the initial segment length of the stitching
pattern. The assumption of a stitch sliding is verified and matches well with the results
presented by Wiggers [16]. Moreover, it can be observed that the sliding distance corre-
lates with the theoretical segment elongation up to 22° shear angle (calculated by multi-
plying the percentage elongation of the diagonal frame length with the original segment
length). Afterwards, the slope progressively reduces. This can be explained by the in-
creased inter-stitch friction combined with a form closure of entangled stitching yarn
loops occurring at high shear angles (i.e. when the segments are completely stretched).
With increasing dominance of the inter-stitch friction, the free movement of the yarn is
inhibited at the crossovers and potentially leads to an inhomogeneous distribution of the
tension in the stitching yarns.
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Before testing (0° shear angle) 10° shear angle 27° shear angle
Fig. 6-6: Image analysis (raw picture (a), image after post-treatment (b) and fitted ellipse (c))
of a same stitch segment before testing (i.e. 0° shear angle), at 10° and 27° shear an-
gle.
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Fig. 6-7: Comparison between the measured sliding distance and the theoretical segment elon-

gation depending on the shear angle.

6.2.2.2 Validation of the simulation results

A comparable approach was adopted to measure the stitch sliding of the simulation re-
sults showed in section 6.2.1. Due to the tricot stitching pattern of the NCF, a 2x2 RVE
is constituted of eight crossovers at which the sliding can be measured. The mean value
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of the eight measures is calculated for each simulation result. The sliding distance is
defined as the change in projected length between the nodes at the apex and the nodes
initially located at a distance of 0.5 mm from the apex (see Fig. 6-8a). Note that the
middle point from the left and right parts of the loops is used to measure the sliding
distance. Fig. 6-8b and Fig. 6-8c¢ illustrate the results at 15° and 30° shear angle, respec-
tively. A significant sliding is noticeable. Moreover, a rotation of the element at the apex
can be seen in Fig. 6-8c, which is due to the interpenetration of the chains when the
tension in the stitching yarn is high. The slight movement at the apex may lead to a
difference of sliding between the left and right part of the loop for large shear defor-
mations. Nevertheless, the difference is expected to remain smaller than half the length
of the element of the apex (approximatively 70 um).

(a) (b) (©)

Fig. 6-8: Measure of the numerical stitch sliding of the simulation results: reference length (a)
and corresponding lengths at a shear deformation of 15° (b) and 30° (c¢).
For better clarity, the fibrous layers are not illustrated.

The results of the stitching sliding for each simulation are plotted in Fig. 6-9. It can be
observed that the stitch sliding accommodates the elongation of the stitch segment and
an excellent correlation is found with the experimental results until a shear angle of 15°.
It progressively deviates from the theoretical elongation at larger shear angles and a
slight difference with experimental results can be noticed. The deviation is mainly due
to the fact that the numerical sliding of the stitching yarn is already reduced at a shear
deformation of 15° instead of 22° in the experiments. It can be attributed to the discreti-
zation of the yarn with numerical truss elements, which induces a higher interlocking of
the stitching yarn and prevents a free sliding.

The maximum deviation between the simulation and experimental mean values is meas-
ured to 0.04 mm at the shear deformation of 30°. This difference remains small com-
pared to the diameters of the chains (71 um) and to the length of the chain elements
(0.1 mm). The simulations were stopped at a shear angle of 30° due to an observed loss
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of contact between the numerical chains of the stitching yarn for shear angles larger than
30°. This is also attributed to the chain interlocking and the high penetration of the chains
due to the penalty stiffness of the interaction model.
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Fig. 6-9: Comparison between the experimental and numerical stitch sliding distance.

It can be concluded that the main deformation mechanisms are well reproduced by the
numerical model. Also, it is expected that the simulation slightly overestimates the shear
forces due to the interlock of the stitching yarn that results in higher extensional forces.

6.3 Numerical investigation of the mechanical
behavior

It was identified in chapter 4 that the shear behavior until a shear angle of 11.5° has a
major influence on the draping results of the +45° NCF. Thus, the shear torque Csqpric
measured at a shear deformation of 11.5° is used to quantify the influence of numerical
and physical parameters on the virtual shear behavior. Moreover, specific attention is
paid on the asymmetric behavior of the NCF.

The introduction of a stochastic approach to sample the orientation of the chains leads
to variability of the simulation results, which requires many repetitions of the virtual
characterization to calculate a representative mean value. Simulations were performed
in order to obtain five results for each configuration (each simulation using a different
“as-manufactured” geometry).

Note that spurious non-representative stresses were observed in some simulation results.
On the one hand, these stresses can result from the sampling of the orientations of the
chains, during which one chain may be generated with a large deviation from the
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theoretical orientation. Thus, high tensile stresses are induced during the shear defor-
mation, leading to non-realistically high shear forces. On the other hand, the lack of
bending stiffness of the truss elements combined with the averaged periodic boundary
conditions can lead to a folding of small elements at the corners. This induces non-phys-
ical forces that invalidate the simulation results. A method was developed to identify
non-realistic simulation results (see Appendix g) and to restart them from the beginning
with a new sampling of the orientations (i.e. with a new “as-manufactured” geometry).

6.3.1 Influence of the size of the RVE

The approach developed to model the textile at the level of the filaments reduces the
textile to RVEs, whose dimensions are based on the periodicity of the stitching pattern.
Even though the boundary conditions ensure an average periodicity of the fibrous layers,
the impact of the RVE size must be studied in order to evaluate its influence on the shear
behavior and to derive guidelines for further investigations.

To that end, the virtual shear characterization was performed on different configurations
ranging from 1x1 to 5x5 RVEs, as listed in Tab. 6-1. Three examples are illustrated in
Fig. 6-10. Local defects (cracks) are observed in all “as-manufactured” geometries.

(a) 1x1 RVE

(b) 3x3 RVE (c) 5x5 RVE

Fig. 6-10:  Examples of the RVEs generated in order to study the influence of the RVE size on
the shear behavior: 1x1 (a), 3x3 (b) and 5x5 RVE:s (c¢).

The results of this study are illustrated in Fig. 6-11, in which the results derived from all
simulations of each configuration are plotted in order to facilitate the interpretation of
the data. First, it can be observed that the normalized shear torque increases with the size
of the RVE. Moreover, a high scatter of the results is shown in all configurations. The
variation of the shear stiffness with the RVE size can be justified by the larger number
of filaments in the unit cell. It raises the probability of local defects and filaments
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deviating from the theoretical direction, both of which intensify the interactions in the
textile and, thus, increase the shear stiffness. A plateau is reached in negative direction
for RVEs larger than 358 mm?2 (i.e. larger than 4x4 RVEs). In positive direction the re-
duction of the slope and the distribution of the data points suggest a slight convergence
after 4x4 RVEs.

The mean values of the repetitions and the resulting asymmetric ratio for each configu-
ration are presented in Tab. 6-1. The evolution of the asymmetric ratio, defined as the
ratio between the positive and negative shear torque at 11.5°, is shown in Fig. 6-12.
Apart from the 1x1 RVE, the ratio varies between 4.9 and 7.6 and no significant influ-
ence of the size of the RVE can be observed on the asymmetric ratio. The numerical
NCFs show a higher asymmetric shear behavior than reported in chapter 3, where it was
measured to 3.35. This means that the influence of the stitching yarn is overestimated in
the simulation. It can be justified by different factors that increase the forces induced by
the stitching yarn in a positive shear deformation:

*  The discretization of the stitching yarn in numerical elements leads to inter-
locking of the elements. This prevents stitch sliding and induce higher tension
in the yarn, as observed in the previous section.

*  Merging all filaments of the stitching yarn into a single chain does not allow
deformations (i.e. flattening) of the yarn cross-section, which might lead to
higher interactions at the surface of the fibrous layers.

*  The use of an overestimated friction coefficient of the stitching yarn.

Moreover, the binder present on the surface of the textile may increase the force required
to shear the fibrous layers, reducing the influence of the stitching yarn on the shear
forces.

The high computation times engendered by large RVEs suggest that the smallest ac-
ceptable RVEs should be selected. Using 4 CPUs, it was found that the computation
time increases by approximately a factor of 4 for the simulation of a 4x4 RVE (30 hours)
compared to a 2x2 RVE (7 hours). It can be concluded that simulations aiming at the
calculation of absolute values must be performed with models larger than 4x4 RVEs,
while studies on relative influences of the stitching yarn on the asymmetric ratio can be
performed with 2x2 RVE:s.
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Tab. 6-1: Configurations and respective results of the numerical study on the influence of the
RVE size on the shear behavior of the +45° NCF.
RVEsize RVE Area  Mean Cyqp,ic(11.5°)  Mean Cgqpyic(—11.5°)  Asymmetric ratio
[mm?] [mN/mm] [mN/mm] [-]
1x1 22.4 19.7 0.485 40.5
2x2 89.4 14.4 2.00 7.22
3x3 201 29.1 5.90 4.92
4x4 358 65.6 12.1 5.44
5x5 559 87.1 11.5 7.56
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Fig. 6-11:  Normalized shear torque measured at a shear deformation of 11.5° in positive (a)
and negative (b) directions depending on the RVE size.
The red surface represents the range of the results from the maximum and minimum values
for each configuration.
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6.3.2 Influence of the orientation variability

It was previously found that variability of the orientation of the chains is necessary to
accurately model the orientation distribution of the filaments and reproduce local defects
in the fibrous layers. In a pure shear deformation, deviations of the filament from the
theoretical #45° directions lead to an extension or contraction of the chain length. This
induces tensile or compressive forces in the chains, impacting the shear behavior of the
whole textile. Moreover, it changes the magnitude of the inter-filament, inter-stitch and
stitch-to-filament interactions.

The influence of the variability in the fibrous layers on the shear behavior is investigated
in this subsection. The standard deviation of the Gaussian distribution used to sample
the orientation of the digital chains is varied from 0° to 4.0°, as listed in Tab. 6-2. Even
though a standard deviation of 0° results in filaments aligned in +45° or -45° directions,
the fibrous mats are not periodic, as the considered ratio between the stitch length and
stitch gauge is not compatible with +45° filament orientations. Two ‘“as-manufactured
geometries” (i.e. virtual fabrics before shear characterization) generated with standard
deviations of 0° and 4.0° are illustrated in Fig. 6-13. The fabric without variability shows
fibrous layers with filaments remaining mostly parallel after the pretension of the stitch-
ing yarn. Local deviations from the +45° directions are only observed close to the stitch-
ing points. Note that local distortions in the fibrous mat are only generated in the direc-
tion in which the stitching yarn is pulling. This highlights the weak interactions between
the chains in this configuration. On the contrary, strong deviations from the +45° direc-
tions are noticed in Fig. 6-13b (highlighted by the red chain). Moreover, a waviness of
the chain is observed. It results from the entanglement with other chains and suggests a
higher level of interactions between the chains than in Fig. 6-13a.

(a) gz = 0° (b) o, = 4.0°

Fig. 6-13:  Virtual NCFs (before virtual shear characterization) generated with various stand-
ard deviations of the Gaussian distribution used to sample used to sample the orien-
tation of the digital chains.

One chain of the +45° layer is highlight in each picture to show the influence of the varia-
bility in the fibrous architecture of the layers.
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The results of the virtual shear characterization are illustrated in Fig. 6-14. The mean
results and the corresponding shear asymmetric ratios are listed in Tab. 6-2. As ex-
pected, the normalized shear torque increases with the standard deviation used to sample
the orientation of the digital chains. Nevertheless, it is shown that the shear torque re-
mains constant for low standard deviations (below 1.0°). With increasing variability, the
dependency is noticeably stronger. This is justified by a higher degree of entanglement
of the chains and superior interaction forces in the virtual fabric. In addition, tensile
stresses induced in chains deviating from the theoretical path generate higher shear tor-
ques. Note that the scatter of the results increases with the standard deviation, which can
be explained by a higher probability of chains deviating considerably from the theoreti-
cal path.

The shear asymmetric ratio shows a slight growth along the standard deviation. This
means that the orientation variability influences the contribution of the stitching yarn
and not only the forces generated in the fibrous layers. This can be attributed to a higher
magnitude of the stitch-to-filaments interactions. As a consequence, the orientation var-
iability of the chains increases the contribution of the stitching yarn on the shear torque.

This study suggests that the standard deviation used to sample the orientation of the
digital chains is a key parameter of the numerical description of the NCF towards accu-
rate predictions of the shear behavior. As a result, it is recommended to pay particular
attention in the calibration of the orientation variability, as it was proposed in section
53.2.

Tab. 6-2: Configurations and respective results of the numerical study on the influence of the
orientation variability on the shear behavior of the +45° NCF.

Standard deviation Mean Cjqpyic(11.5°) Mean Cgpyic(—11.5°) Asymmetric ratio
[°] [mN/mm] [mN/mm] [-]

0° 4.33 0.897 4.83

0.5° 5.51 1.14 4.85

1.0° 6.38 1.14 5.59

2.0° 14.4 2.00 7.22

3.0° 45.1 7.88 5.73

4.0° 75.4 10.4 7.29
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Fig. 6-14:  Normalized shear torque measured at a shear deformation of 11.5° in positive (a)
and negative (b) directions depending on the standard deviation used to sample the
orientation of the chains modeling the fibrous layers.

The red surface represents the range of the results from the maximum and minimum values
for each configuration.
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Fig. 6-15:  Evolution of the shear asymmetric ratio depending on the standard deviation used to
sample the orientation of the chains modeling the fibrous layers.

6.3.3 Influence of the stitch length

The main advantage of virtual approaches is the ability to study a large range of manu-
facturing parameters with reduced effort. So, the cost intensive production of the sam-
ples and their mechanical characterizations can be alleviated.

The architecture of the stitching pattern was identified in chapter 2 as a key parameter
for the shear stiffness of biaxial NCFs. In this subsection, the influence of the stitch
length on the shear torque and on the asymmetric ratio is investigated. Note that such
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studies can be extended to further parameters of the stitch architecture (such as the stitch
gauge or the stitching pattern).

The reference stitch length of the +45° NCF is 2.2 mm. Configurations with one shorter
and one longer stitch length are investigated, as listed in Tab. 6-3 and illustrated in
Fig. 6-16. The angles of the overlapping part of the stitching yarn — which corresponds
to the angle between two successive stitching points of a same yarn (ref. Fig. 6-16) —
are calculated and listed in Tab. 6-3. It enables a direct comparison of the simulation
results with the approach presented by Krieger et al. in [61]. Note that the number of
repetitions of the stitching pattern in the machine direction is adapted in order to keep a
consistent RVE size. This leads to a 4x2 RVE for the shortest stitch length and a 1x2
RVE for the longest.

Fig. 6-16:  Virtual NCFs (before virtual shear characterization) with a constant stitch gauge of
5.08 mm and stitch lengths of 1.1 mm (a), 2.2 mm (b) and 4.4 mm (c).

The results of the virtual shear characterization are illustrated in Fig. 6-17 and summa-
rized in Tab. 6-3. First, it is found that the shear torque in positive direction increases
with the stitch length. On the contrary, the shear torque in the negative shear direction
decreases with the stitch length. A significant drop of the shear torque in negative shear
direction is observed for stitch lengths larger than 1.1 mm, whereas no significant dif-
ference can be observed between the results obtained with stitch lengths of 2.2 mm and
4.4 mm.

Fig. 6-18 shows the evolution of the asymmetric ratio. The configuration with a stitch
length of 1.1 mm has an asymmetric ratio of 0.033. Asymmetric ratios smaller than 1
mean that the shear force required to shear the fabric in negative direction is higher than
in positive direction. With 1.1 mm stitch length, the shear torque measured in negative
direction is thirty-one times higher than in positive direction. The asymmetric ratio in-
creases with the stitch length and is already larger than 1 with a stitch length of 2.2 mm.

These observations correlate with the results found in the literature. On the one hand,
Steer reported in [60] that higher forces were measured in negative than in positive shear
direction for a £45° NCF with a very short stitch length. On the other hand, Krieger et
al. published in [61] that there is a specific ratio between the stitch length and stitch
gauge at which the behavior of a +a NCF is symmetric (i.e. has an asymmetric ratio of
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1) because no strain is generated in the stitching yarn in both shear directions. According
to this theory, a symmetric behavior is reached with a stitch angle of 68.5° for +45°
biaxial NCFs. With a stitch gauge of 5.08 mm, it would correspond to a stitch length of
2.0 mm. It correlates with the simulation results of the virtual shear characterization
showed in Fig. 6-18, in which an asymmetric ratio of 1 is predicted for a stitch length
between 1.1 mm and 2.2 mm.

As a consequence, this study shows that the simulation approach developed in this doc-
toral thesis is able to investigate the influence of the stitch architecture on the shear
behavior. Thus, it can reduce the experimental effort during the development of adequate
textile architectures.

Tab. 6-3: Configurations and respective results of the numerical study on the influence of the
stitch length on the shear behavior of the +45° NCF.

Stitch length [mm] 1.1 2.2 4.4
Stitch angle [°] 77.8 66.6 49.1
Mean Cfgpyic(11.5°) [mN/mm] 4.95 14.4 126
Mean Cygpyic(—11.5°) [mN/mm] 152 2.00 1.84
Asymmetric ratio [-] 3.26E-2 7.22 68.3
Shear direction of highest torque Negative Positive Positive
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Fig. 6-17:  Normalized shear torque measured at a shear deformation of 11.5° in positive (a)
and negative (b) directions depending on the stitch length.
The red surface represents the range of the results from the maximum and minimum values
for each configuration.
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Fig. 6-18:  Evolution of the shear asymmetric ratio depending on the stitch length.

6.4 Conclusion

An approach was established in this chapter to virtually characterize the shear behavior
of a +45° NCF. A pure shear deformation was applied to the numerical description of
NCFs (developed in chapter 5) using the reference points of the periodic mesh.

Firstly, the kinematic behavior of the virtual textile was validated with experimental
investigations on the stitch sliding. A method to quantify the stitch sliding depending on
the shear deformation was applied to the +45° NCF with a picture frame testing rig. A
significant stitch sliding was observed compared to the original stitch length. Moreover,
the correlation between the sliding distance and the theoretical segment elongation up
to a shear angle of 22° supports the hypothesis of free stitch movement at the crossovers.
For larger shear angles, this movement is progressively impeded due to the high degree
of interaction of the stitching yarn at entangled loops once the stitch segments are
straightened. A consistent method was used to quantify the stitch sliding in the simula-
tion. An excellent correlation with the experiments was found for shear angles up to 15°.
In the simulation, the stitch sliding is impeded at smaller angle due to the numerical
discretization of the stitching yarn and the resulting interlocking. The elongation of the
stitch segments must be adapted through additional extension of the stitching yarns. This
validates the deformation mechanisms of the numerical model but suggests that higher
shear forces might be observed in the simulation for shear angles larger than 15°.

Secondly, the shear torque was identified as an adequate measure of the shear behavior
since it is neither related to the geometry of the sample nor to the loading conditions.
The shear torque is normalized using the area of the RVE. According to the observations
made in chapter 4, a focus is put on the shear torque at a shear deformation of £11.5°
and on the shear asymmetric ratio. A study on the influence of the RVE size suggested
a convergence of the normalized shear torque for samples larger than 4x4 RVEs (mean-
ing that the smallest unit-cell defined by the periodicity of the stitching pattern is
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repeated four times in and perpendicular to the machine direction). Nevertheless, a con-
vergence of the shear asymmetric ratio was observed starting from 2x2 RVEs. As a re-
sult, 2x2 RVE models are defined as reference models for virtual investigations aiming
at relative results. It is recommended to perform simulations with models larger than
4x4 RVE:s if one wishes to calculate absolute values.

Thirdly, the influence of the orientation variability in the fibrous layers was analyzed. It
was found that the shear torque heightens with the standard deviation used to sample the
orientation of the filaments due to higher level of interactions within the layers and of
the chains with the stitching yarns. The intensification of the shear forces is also due to
tensile stresses induced in the chains if their orientations deviate from the +45° direc-
tions. In addition, a slight increase of the asymmetric shear ratio was observed, which
suggests that the influence of the stitching yarn increases with the variability in the fi-
brous layer. This study highlights the importance of the calibration of the orientation of
the chains to accurately predict the shear behavior of the textile.

Fourthly, the influence of the stitch architecture was examined. The stitch length was
reduced and increased by a factor of two compared to the original length. The simulation
results showed an augmentation of the shear torque in positive shear direction with the
stitch length. On the contrary, the shear torque for negative shear deformations is higher
for shorter stitch lengths. Moreover, it was found that the configuration with the shortest
stitch length (1.1 mm) requires a higher shear torque in negative direction than in posi-
tive direction. The results are in complete agreement with experimental studies pub-
lished by other researchers.

A high scatter of the simulation results was observed in all configurations. This can be
justified by the high tensile stiffness of the chains and induced stresses if the chains are
not exactly oriented in the £45° directions (which result from the variability of the ori-
entations in the fibrous material or from local deviations near the stitching points). Even
though these effects are also observed in experimental trials with picture frame setups,
the use of large samples reduce the influence of the boundary conditions and, thus, the
scattering of the results. Moreover, a sliding in the clamps of misaligned filaments can-
not be excluded in the experiments, reducing the high tensile stresses. This is not possi-
ble with the boundary conditions of the presented simulation method. As a consequence,
the simulation is more sensitive to spurious forces and it is recommended to increase the
number of simulation results per configuration.

The developed virtual characterization approach of biaxial NCFs represents a significant
advantage for the investigation of relative changes of the shear behavior depending on
the textile configurations. These numerical simulations can alleviate expensive experi-
mental investigations to evaluate the influence of manufacturing parameters on the shear
behavior of the textile.






7 Conclusions, potential application of the
multiscale approach and future works

The large variety of NCF configurations and their resulting varying mechanical behav-
iors require high experimental effort in the selection and design of suitable textiles for
the production of new composite parts. This doctoral thesis aimed at the development of
methods able to support the design of new textiles for composite manufacturing. To that
end, two main research goals have been defined. First, a simulation framework to predict
the quality of the preforming process was targeted in order to find optimal deformation
behaviors of the textile. Second, a numerical description of NCFs able to predict the
shear behavior of dry NCFs was developed in order to study the influence of the textile
architecture on the shear behavior of the textile.

The main results of these respective goals are discussed in the following sections and
potential sources of improvement are identified. Moreover, a connection between the
forming simulation and the virtual shear characterization is proposed to highlight the
benefits of the multiscale approach presented in this doctoral thesis. Finally, future
works and potential applications of the methods are detailed.

7.1 Identification of optimal deformation
behaviors

Development of a macroscopic forming simulation

The forming process of dry NCFs was modeled using a macroscopic approach. It de-
scribes the textile reinforcement as a continuum and accounts for the material behavior
to predict the shear and out-of-plane deformations of textiles (such as wrinkles or folds).
Process parameters and interactions with other components were considered. The form-
ing simulation was developed using the commercially available software package
ABAQUS. The weak bending rigidity of dry textiles compared to their tensile stiffness
required adaptions of the available *FABRIC material model. To that end, a bi-linear
bi-material approach was introduced, which considers various elastic moduli in tension
and compression directions. As such, the bending stiffness can be adequately reduced
using standard shell formulations. Moreover, a bi-linear compressive stress-strain rela-
tionship allows for approximation of the non-linear bending behavior of textile rein-
forcements. This approach is an efficient method to model the deformation behavior of
dry textiles for composite manufacturing at reduced development costs and using avail-
able constitutive equations.

149
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The calibration of the material model and of the interaction properties was presented.
An experimental method for the characterization of the bending parameters was devel-
oped using rudimentary equipment. It is based on the buckling of a textile sample to
generate a bending deformation representative of the out-of-plane deformations in form-
ing processes. The combined acquisition of the deformed geometry and of the reaction
force during the experiments delivers the data for an indirect calibration of the input
parameters. The experiments were simulated with a large number of input parameter sets
(a total of 500 sets were generated) to calibrate the bending model. The best set was
identified based on criteria defined on the reaction force and on the deformed geometry.
This promising approach needs further developments to reduce the variability observed
in the experiments. For example, the use of universal test machines and of an automatic
extraction of the sample geometries can significantly reduce the experimental scatter.
With a controlled displacement of the sample and a continuous recording of the de-
formed sample geometry, potential strain-rate dependencies of the material could be ob-
served. In addition, the generation of a surrogate model using the high number of simu-
lation results could enable a better fit of the experimental results.

A validation of the forming simulation was presented using a hemispherical stamp ge-
ometry. Criteria on the fiber orientation, on the wrinkling behavior and on the corner
draw-in have validated the ability of the simulation to predict the deformed geometry of
the textile. Nevertheless, the simulation failed to predict the stamp force and the blank-
holder displacement in the second half of the stamping process. This would suggest that
the calibration of the bending behavior at high curvatures was not sufficiently considered
in the characterization. As a result, further work is recommended to increase the robust-
ness of the calibration method at high curvatures.

Finally, the forming simulation approach shall be enhanced to the simulation of preforms
with many plies. Since simulations of multiple plies with their respective interactions
considerably increase the computation times, the development of smeared descriptions
of the preform is recommended.

Influence of the material behavior on the preform quality

A method to measure the quality of the preforming process based on simulation results
was proposed in chapter 4. Thereby, the shear deformation, the onset of wrinkles and
geometrical deviations of the textile from the stamp geometry were used in order to
automatically measure the quality of the numerical preform.

These criteria were applied to a “Pole-Peak” stamp geometry and the influence of mate-
rial parameters was extensively studied. It was found that the balance between the shear
and bending stiffnesses is crucial for the preform quality, and that adequate change of
the shear stiffness can compensate an unfavorable bending rigidity. Moreover, the im-
portance of the shear stiffness at small shear angles (smaller than 11.5°) was highlighted.
Finally, it was shown that the non-linear bending behavior of the textile has a predomi-
nant influence on the wrinkles and, thus, on the quality of the preforming process.
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Since the stamp and the blank-holder geometries influence the deformation of the textile,
it is expected that the guidelines derived in chapter 4 can vary with the tool geometries
or forming processes. Moreover, further conclusions on the preform quality require ex-
tensive studies to quantify the influence of defects on the part performance and define
adequate thresholds on the objective functions.

7.2 Prediction of the shear behavior of dry NCFs

Numerical description of NCFs at the scale of the filaments

Simulations aiming to predict the shear behavior of the textile must accurately reproduce
all relevant deformation mechanisms. Due to the contribution of the stitching yarn to the
rigidity of NCFs and its interaction with the fibrous layers, numerical descriptions of the
textile at microscopic level were selected. A framework able to describe any NCF con-
figuration was developed. It models the stitching yarns and the fibrous layers with digital
chains. A stochastic distribution of the orientation of the chains was used to accurately
reproduce the distribution of the filaments and the local defects in the textile. The size
of the model is based on the stitching pattern and on its periodicity. Averaged periodic
boundary conditions were developed to account for the mesoscopic periodicity of the
fibrous layers.

The in-plane geometry of the virtual textile was validated based on the size of the local
defects and on the orientation distributions of the layers. The thickness of the textile was
used to calibrate the number of filaments modeled in one digital chain and to define the
fiber volume fraction of the fibrous layers before the knitting process. During the cali-
bration of the input parameters, it was found that the magnitude of pretension of the
stitching yarn influences the orientation of the loops, the size of the defects and thereby
the orientation of the chains. Therefore, extended investigations of the pretension in the
stitching yarn may be performed to improve the accuracy of the description. Moreover,
the entanglement of the chains characterized by the out-of-plane waviness of the fila-
ments can be validated using X-ray computed tomography.

Since this framework is based on mechanical simulations that account for all defor-
mation mechanisms of dry NCFs, it can be used in further simulations to predict various
properties of the textile.

Virtual shear characterization

The shear characterization of the virtually generated NCFs was performed. The kine-
matic behavior of the virtual NCFs was analyzed through comparisons of the shear an-
gles between the applied and measured deformation. Moreover, the stitch sliding was
selected to validate the deformation behavior of the virtual textile. The mechanical be-
havior of the virtual NCFs was quantified using the normalized shear torque at a shear
deformation of +11.5°. It was observed that the size of the virtual sample influences the
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shear behavior. It was concluded that studies on the asymmetric shear ratio can be per-
formed with models repeating the stitching pattern two times in each direction. How-
ever, larger models are necessary to achieve a convergence of the absolute results in
each shear direction. Moreover, the influence of the distribution of the chain orientations
was examined, showing a significant impact on the deformability of the textile. The
framework was also used to study the influence of the stitch length. The results showed
that the stitch length is a key factor to adjust the shear stiffness of a textile. Furthermore,
a significant impact on the asymmetric ratio was observed, correlating with the results
and theories of other researchers. Similar investigations with the variation of further
manufacturing parameters can deliver essential results for the development of new tex-
tiles.

Nevertheless, the simulation overpredicts the asymmetric shear ratio and failed to model
the shear deformation of the reference material at shear angles larger than 30°. On the
one hand, it is supposed that the contribution of the stitching yarn is overestimated due
to the discretization of the yarn in truss elements. Thus, shorter elements may reduce the
interlocking of the elements at the loop crossovers. On the other hand, the simulation of
the stitching yarn with multiple chains or elements with enhanced kinematic relations
(modeling the deformation of the cross section) could improve the accuracy of the sim-
ulation results.

The main limitation of the virtual shear characterization is the restriction to relative com-
parisons of the simulation results. Further work is required to achieve realistic absolute
values of the shear forces. It was found in a supplementary study (not presented in this
work) that the number of chains used to model the fibrous layers heightens the shear
torque. This is justified by the increase of the number of contact surfaces between the
chains of the fibrous layers. This suggests that the entanglement of the chains should be
further calibrated or that interaction models should be developed to alleviate this de-
pendency.

In the future, the bending stiffness of the digital chains can be introduced in the frame-
work if the forces resulting from bending deformations of the chains cannot be neglected
compared to the axial forces and interaction forces. In that case, the bending stiffness of
the chains must be thoroughly studied to achieve a realistic deformation behavior de-
pending on the number of filaments modeled in each chain. Approaches implemented
with the solver ABAQUS/Explicit were studied in [S8], [S9] and [S10]. Even though
they presented promising results, numerical instabilities raised due to the weak bending
stiffness of the chains could not be solved in the context of this doctoral thesis. Methods
based on new elements or other constitutive equations should be considered.
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7.3 Potential application of the multiscale
approach: example of the stitch length

In this subsection, a study presents a potential application of the methods developed in
this doctoral thesis. By connecting the forming simulation at the macroscopic scale
(chapters 3 and 4) with the virtual shear characterization at the microscopic scale (chap-
ters 5 and 6), the influence of textile configurations on the preform quality can be pre-
dicted. In the following, the example of the stitch length is investigated.

To that end, input behaviors of three #45° biaxial NCF configurations (stitch lengths of
1.1 mm, 2.2 mm, and 4.4 mm) are generated for the simulation of the “Pole-Peak”
stamping process (ref. section 4.4.1). The shear input curves for the forming simulations
are derived from the results of the virtual shear characterization, as follows:

*  The experimentally measured shear behavior of the +45° NCF (i.e. stitch
length of 2.2 mm) in positive direction is taken as the reference curve (see
Fig. 3-9a).

*  The material behavior for positive shear deformation of the NCFs with stitch
lengths of 1.1 mm and 4.4 mm is scaled from the reference curve according to
the predicted evolution of the normalized shear torque illustrated in
Fig. 6-17a.

*  The material behavior for negative shear deformation of all NCFs is scaled
from the experimental curve of the +45° NCF in negative direction (see
Fig. 3-9b) according to the predicted evolution of the asymmetric shear ratio
from Fig. 6-18.

Note that the input parameters of the bending behavior are kept constant for all NCF
configurations.

The forming simulation results of the three NCF configurations are presented in Fig. 7-1.
The strong asymmetric deformation is found in all simulation results. The forming pro-
cess with the smallest stitch length promotes a positive shear deformation in the textile,
whereas stitch lengths of 2.2 mm and 4.4 mm show higher shear deformations in nega-
tive direction. These observations correlate with the evolution of the asymmetric shear
ratio, which is smaller than 1 for a stitch length of 1.1 mm and larger for the other con-
figurations.

The quality of the respective preforms is measured using the criteria developed in chap-
ter 4 on the shear deformation and on the onset of wrinkles. The results are illustrated in
Fig. 7-2. The strongest wrinkling and smallest shear deformations are reached with a
stitch length of 1.1 mm. This is explained by the high shear stiffness of this configura-
tion, promoting the onset of wrinkles to accommodate the stamp geometry. Focusing on
the stitch lengths of 2.2 mm and 4.4 mm, it is important to note the opposite evolution
of the local curvatures and geometrical deviations (criteria used to calculate the wrin-
kling objective function). The longest stitch length leads to a slight increase of the
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wrinkling objective function, which is in accordance with the stronger wrinkling of the
preform observed in the regions of positive shear deformations (see Fig. 7-1c).

Important findings about the expected deformations in the textile depending on the stitch
length were derived. This study is an example of potential applications of the methods
developed in this work to support the design of new textiles and to select adequate tex-
tiles improving the quality of the preforming process.

) > : S > g . ;
Shear angle [rad] ||~ [

(a) Stitch length 1.1 mm (b) Stitch length 2.2 mm (c) Stitch length 4.4 mm

Fig. 7-1: Results of forming simulations using the virtual shear characterization to generate
the shear input parameters of NCFs with various stitch lengths.
The black line shows the contour of the outer surface of the preform at a height of 25 mm.
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Fig. 7-2:
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Criteria measuring the quality of the preform of forming simulations using the vir-
tual shear characterization to generate the shear input parameters of NCFs with var-
ious stitch lengths.

The winkling objective function is defined as the mean value of the geometrical deviations
and local curvatures.

7.4 Future applications towards virtual textile

development

This thesis is part of a long-term vision towards a virtual textile development. In the
future, following improvements of the presented methods shall be considered:

Extension of the virtual characterization: the method presented in this doctoral
thesis focused on the shear behavior of the textile. Since the stitching pattern
can influence the bending behavior further, the virtual characterization of the
bending rigidity shall be considered. The boundary conditions of a bending
deformation can be introduced using the periodic mesh of reference points but
improvements are required in the case of beam elements to constraint the ro-
tational degrees of freedom. In addition, the simulation of combined loading
conditions (e.g. combined shear and tensile loads) can replace complex test
setups to understand potential interactions between deformation modes.

Automated workflow: a relation between the methods developed at the mac-
roscopic scale (forming simulation) and at the microscopic scale (virtual shear
characterization) was presented in section 7.3 for two stitch lengths. In the
future, an automated coupling should be developed to identify adequate ma-
terials for different forming processes and for new component geometries.
Due to the high computing times of the virtual shear characterization and need
for many simulation results to achieve representative values, the use of dedi-
cated optimization methods is recommended. For example, surrogate models



156 Conclusions, potential application of the multiscale approach and future works

of the textile behavior — constructed based on simulation results of the virtual
characterization — can be used to identify optimal textile architectures.

*  Multiscale forming simulation: local irregularities in composite materials can
lead to the failure of the whole structure due to stress concentrations, out-of-
plane stresses and unexpected failure modes. As a result, local defects have a
global influence on the whole design of the components. A recent work pub-
lished by Iwata et al. [196] reported a coupled meso-macro forming analysis,
in which the deformation field of a macroscopic forming simulation with wo-
ven fabrics is used to compute local defects in critical regions with mesoscopic
simulation. Such approach could be adapted to the forming of NCFs through
a coupling of microscopic analyses (using the developed virtual description of
NCFs) with macroscopic forming simulations. This would enable the calcula-
tion of the overall textile deformation while accurately predicting local defects
in critical regions.

Defects and variability during the preforming of textiles influence the subsequent man-
ufacturing steps. As a consequence, the development of robust manufacturing processes
requires the consideration of defects induced in the previous steps with a realistic de-
scription of the textile, rather than using ideal geometries of the preforms. Simulation
methods can describe each process step but the consideration of defects and variability
in the textile requires extensive supplementary experimental characterizations. As a re-
sult, the developed framework is valuable to predict further textile properties:

*  Compaction of the preform: in resin transfer molding processes, the preform
is placed in the tool and compacted to the final geometry for the injection of
the resin. Local geometrical deviations of the preform are compressed, leading
to various defects in the textile (such as gaps or waviness). The compaction
stiffness of the preform plays an essential role in the distribution of the forces
and resulting fiber volume fraction. The virtual characterization framework of
the compaction behavior can support the calibration of macroscopic models
as presented in [208] and can accurately predict the compaction state of the
textile. Note that improvements of the contact models may be required to ac-
count for the strain-rate dependency of the textile compaction behavior.

*  Permeability of the textile: the permeability of the textile influences the flow
front of the resin during the injection process. An accurate description of the
filling process is mandatory in order to develop adequate filling strategies,
which aim at a full impregnation of the textile. Since the permeability of the
textile strongly depends on the textile architecture, on its compaction state and
on the microstructure of the filaments, extensive experimental characteriza-
tion studies are required [209]. Even though virtual characterizations of the
textile permeability were published in the recent years [210, 211], they rely on
inputs from cost-intensive X-ray computed tomography or assume ideal ar-
chitectures. The method presented in this doctoral thesis is able to predict the
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“as-manufactured” geometry of NCFs with an accurate description of local
defects. Hence, a connection of this method with a virtual characterization of
the textile permeability could considerably reduce the effort of experimental
characterizations. Moreover, the virtual characterization framework could be
used to generate a realistic geometry of the textile at various compacted states
(i.e. for a large range of fiber volume fractions) and with various deformation
states (e.g. with a shear deformation). The virtual characterization can com-
plement the experimental characterization of the textile permeability and,
thus, improve the accuracy of the filling simulations.
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A Appendix

a Definition of the ROIs for the comparison of
the fiber orientation

The validation of the forming simulation approach presented in chapter 3 was performed
using various criteria. In this appendix, the ROIs defined to compare the fiber orientation
at the surface of the textile samples with the simulation results are presented. Fig. A-1
gives a detailed overview of the ROIs and their respective coordinates are listed in
Tab. A-1.

Legend
Fiber orientation of the upper layer  « Center of the ROI Projected surface of the ROI
Y
Region with negative shear 4
\ 24 3 L6
21 5 15
| 20 14,
13 12 11 |1 8§ 9 10
X
| 1 7 |
| 5 &
18 24
19, 6 25
} | /L Inner edge of
| 7 | the blank-holder
>/ .
Region with positive shear

Fig. A-1: Identification of the ROIs for the comparison of the fiber orientation at the surface
of the textile samples from the forming experiments.
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Tab. A-1: Coordinates of the ROIs

Label of the ROI x-coordinate [mm] y-coordinate [mm]
1 0.0 0.0

2 0.0 19.5
3 0.0 37.2
4 0.0 52.9
5 0.0 -19.5
6 0.0 -37.2
7 0.0 -52.9
8 19.5 0.0

9 37.2 0.0
10 53.0 0.0
11 -19.5 0.0
12 -37.2 0.0
13 -53.0 0.0
14 13.9 13.9
15 26.4 26.4
16 40.3 40.3
17 -13.9 -13.9
18 -26.4 -26.4
19 -40.3 -40.3
20 -13.9 -13.9
21 -26.4 -26.4
22 -38.5 -38.5
23 13.9 13.9
24 26.4 26.4
25 38.5 38.5
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b *FABRIC material card of the +45° NCF

The *FABRIC material card, resulting from the material calibration of the +45° NCF
presented in chapter 3, is detailed here. For better clarity, the input parameters of the
shear behavior are reduced to twenty data points for each shear direction.

*Material, name=Material-Fabric

*Density

4.84e-08,

*Damping, beta=3e-06

*Fabric, stress free initial slack=yes

*Uniaxial, Component=1

*Loading data, regularize=off, type=elastic, direction=compression
0.000E+00, 0.000E+00

7.958E-02, 3.934E-03

2.436E-01, 1.813E-01

1.638E+03, 1.000E+00

*Loading data, regularize=off, type=elastic, direction=tension
0.00E+00, 0.00E+00

2.00E+03, 1.00E+00

*Uniaxial, Component=2

*Loading data, regularize=off, type=elastic, direction=compression
0.000E+00, 0.000E+00

7.958E-02, 3.934E-03

2.436E-01, 1.813E-01

1.638E+03, 1.000E+00

*Loading data, regularize=off, type=elastic, direction=tension
0.00E+00, 0.00E+00

2.00E+03, 1.00E+00

*Uniaxial, Component=Shear

*Loading data, regularize=off, direction=compression
.00E+00,0.00E+00

.22E-03,3.35E-03

.60E-02,1.01E-02

.02E-02,1.68E-02

.30E-02,2.36E-02

.54E-02,3.38E-02

.70E-02,4.40E-02

.91E-02,6.47E-02

.11E-02,8.56E-02

w N N N NN 0O O
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3.30E-02,1.
3.46E-02,1.
3.61E-02,1.
3.68E-02,1.
3.59E-02,2.
3.45E-02,2.
3.29E-02,3.
3.07E-02,4.
2.87E-02,4.
2.77E-02,5.
2.62E-02,6.
2.53E-02,7.
2.65E-02,8.

*Loading data, regularize=off, direction=tension

0.00,0.00

1.02E-02, 3.
.01E-02,1.
.61E-02,1.
.10E-02,2.
.77E-02,3.
.53E-02,4.
.47E-02,6.
.36E-02,8.
.93E-02,1.
.11E-01,1.
.18E-01,1.
.22E-01,1.
.20E-01,2.
.13E-01,2.
.04E-01,3.
.36E-02,4.
.40E-02,4.
.45E-02,5.
.49E-02,6.
.92E-02,7.
.02E-02,8.

[N © 2 B« ) N B e o B e A e T T R RN < S o B © ) W ~ S OV T UV IR NS N V)

07E-01
28E-01
50E-01
79E-01
32E-01
86E-01
43E-01
01E-01
63E-01
28E-01
38E-01
61E-01
91E-01

35E-03
01E-02
68E-02
36E-02
38E-02
40E-02
47E-02
56E-02
07E-01
28E-01
50E-01
79E-01
32E-01
86E-01
43E-01
01E-01
63E-01
28E-01
38E-01
61E-01
91E-01
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¢ Case study 1: shear and bending input
parameters of the extreme cases
This appendix presents the shear and bending curves of the extreme sets of input param-

eters from case study 1 (ref. section 4.4.2). This corresponds to shear scaling factors
Cshear of 0.1 and 2.0, and bending scaling factors Chenging of 0.1 and 2.0.

Cghea= 2.0, positive  ---- Cg .= 2.0, negative
Cypear= 0.1, positive —— Cg,.,= 0.1, negative
025 T T T T
T 020} ]
£
Z.
é 0.15 | .
5
Z 010} .
=
g I bt
=) A
0.05F.~" T
z ;
0.00 ' : ; :
0 10 20 30 40
Shear angle [°]
Fig. A-2: Shear input curves of the case study 1 calculated with the extreme values of the shear

scaling factor Cgjpqp-

- Cbending: 0.1 Cbending: 2.0
0.04 T T T T T T

0.03 .

Softening point

0.02 / Cbending: 2.0 i

Moment [N.mm/mm)]

0.01 . . .
Softening point

/ Cbending= 0.1
0.00 ——rwar 1 . 1

L 1 L
0.00 0.01 0.02 0.03 0.04

Curvature [mm™']

Fig. A-3: Bending-moment relationships of the case study 1 calculated with the extreme values
of the bending scaling factor Cpepging-
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d Case study 3: bending moment-curvature
relationships

This appendix presents the parameters of the four configurations illustrating the influ-
ence of the bending behavior on the forming simulation from Fig. 4-11. The bending
moment-curvature relationships of these four sets of input parameters and of the refer-
ence configuration are shown in Fig. A-4. For ease of interpretation, the input parame-
ters are listed in Tab. A-2 with the respective curvatures and normalized bending mo-
ments at each softening point.

Tab. A-2:  Parameters of the BLBM model of the four configurations illustrated in Fig. 4-11.

Designation B18 B31 B256 B269 Reference
Eions [GPa] 2.00 2.00 2.00 2.00 2.00
Ecomp [MPa] 20.2 20.2 20.2 20.2 20.2
Egorr [MPa] 0.406 0.406 4.69 4.69 0.925
Esort [-] 0.593E-3 7.01E-3 0.593E-3 7.01E-3 3.90E-03
Ksofe [m'] 0.990 11.7 0.990 11.7 10.5
Mg, fe [mMN.mm/mm] 1.58 18.7 1.58 18.7 6.56
0.06 T T T T T T T T T T T T T T
- |— B256 B269 ;
0.05|— — B18 B31 4
£ L | — Reference
= L 4
= 0.04
&
Z 003}
S 0.02r
=
0.01 ¢
1 1 1 1 1 1 1

0.00 &— : : : : : : :
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Curvature [mm™]
Fig. A-4: Bending moment-curvature relationships of the four sets of input parameters used in

section 4.4.4 and of the reference configuration (resulting from the calibration pre-
sented in chapter 3).
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e Influence of the RVE size on the virtual
material thickness

The numerical description of the NCFs at the scale of the filaments introduced in chap-
ter 5 reduces the textile geometry to RVEs. The size of the RVEs is based on the periodic
repetition of the stitching pattern of the textiles. In order to investigate the influence of
the RVE size on the thickness of the numerical “as-manufactured” geometry, virtual
compaction experiments were performed. Note that the thickness of the textile is defined
in this doctoral thesis as the gap between two parallel and rigid plates when a compaction
pressure of 1.0 kPa is applied. The area of the RVE is increased until it equals the area
of the platens used in the experiments (i.e. 491 mm?). The configurations used for this
study are listed in Tab. A-3. Moreover, the input parameters for both textiles are sum-
marized in Tab. A-4. The simulations are performed five times for each RVE size since
the stochastic distribution of the chain orientation introduces variability in the thickness
of the virtual textiles.

The resulting thicknesses depending on the RVE size are illustrated in Fig. A-5. Firstly,
it can be observed that the RVE size of the 0°/90°NCF has no significant influence on
the thickness. Only the scatter of the results changes (reduction of the scattering for
simulations with large RVEs). Note that the difference between the maximum and min-
imum thicknesses of the 1x1 RVE corresponds to 6.7% of the mean value, which is
comparable with that of the experimental results (5.6%, see section 5.4.1).

Secondly, a convergence of the thickness is noticed in the simulation results of the +45°
NCEF for RVE areas greater than 89.4 mm? (i.e. larger than 2x2 RVEs, see Fig. A-5b). A
reduction of the scatter is also observed with increasing RVE size. For the 2x2 RVE, the
maximum difference between the results equals 7.4% of the mean value, which is
smaller than the scattering of the experimental results.

Tab. A-3:  RVE configurations used to investigate the influence of the RVE size on the virtual
textile thickness.

0°/90° NCF +45° NCF
Repetitions (1, X 1) Area [mm?] Repetitions (1, X 1) Area [mm?]
1x1 56.9 1x1 224
1x2 114 2x2 89.4
2x2 228 3x3 201
2x4 455 4x4 358
5x5 559

Based on these observations and in order to reduce the computing time, the 1x1 RVE is
identified as the optimal configuration for the virtual thickness measurement of the
0°/90° NCF. Similarly, 2x2 RVEs are recommended for the +45° NCF.
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Fig. A-5: Thickness at 1.0 kPa of the 0°/90° NCF (a) and £45° NCF (b) depending on the area

of the RVE.

Tab. A-4:  Input parameters of the simulation for the investigation of the influence of the RVE

size on the textile thickness.
0°/90° NCF +45° NCF

Filaments Young’s modulus [GPa] 120 127.5

Density [g/cm?] 0.905 0.890

Diameter [um] 69 69

Packing coefficient [-] 0.83 0.83

Mesh length [mm)] 0.2 0.2
Fibrous layers Layer thickness before stitching [mm] 0.20 0.21

Standard deviation for the sampling [°]

1.15 (0°-layer)
4.0 (90°-layer)

2.0 (+45°-layer)
2.0 (-45°-layer)

Stitching yarn

Young’s Modulus [GPa]
Density [g/cm?]

Diameter of the chains [um]
Mesh length [mm)]
Magnitude pretension [%]
Stitching pattern

Stitch gauge [mm]

Stitch length [mm]

1.81

1.25

88

0.1

16
Tricot-chain
5.08

2.8

1.81
1.25
71

0.1

17
Tricot
5.08
22
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f Results of the sensitivity analysis of the
virtual thickness measurement

The parametric investigation of the virtual textile thickness is performed depending on
the parameters @;qy ¢ and @ pqin. A full factorial design matrix with five levels for each

parameter was determined. The resulting configurations are listed in Tab. A-5 for the
0°/90° and +45° NCFs. The simulations were performed five times for each configura-
tion of each material. The results are illustrated in Fig. A-6 and Fig. A-7, in which the
set of design parameters are identified using their respective identification numbers.

Tab. A-5:  Detail of the configurations for the parametric analysis of the virtual thickness.

0°/90° NCF +45° NCF
Configuration ID Player [-] @ chain [-] Player [-] P chain [-]
0 0.15 0.4 0.3 0.5

1 0.175 0.4 0.375 0.5

2 0.2 0.4 0.45 0.5

3 0.225 0.4 0.525 0.5

4 0.25 0.4 0.6 0.5

5 0.15 0.52675 0.3 0.60175
6 0.175 0.52675 0.375 0.60175
7 0.2 0.52675 0.45 0.60175
8 0.225 0.52675 0.525 0.60175
9 0.25 0.52675 0.6 0.60175
10 0.15 0.6535 0.3 0.7035
11 0.175 0.6535 0.375 0.7035
12 0.2 0.6535 0.45 0.7035
13 0.225 0.6535 0.525 0.7035
14 0.25 0.6535 0.6 0.7035
15 0.15 0.78025 0.3 0.80525
16 0.175 0.78025 0.375 0.80525
17 0.2 0.78025 0.45 0.80525
18 0.225 0.78025 0.525 0.80525
19 0.25 0.78025 0.6 0.80525
20 0.15 0.907 0.3 0.907
21 0.175 0.907 0.375 0.907
22 0.2 0.907 0.45 0.907
23 0.225 0.907 0.525 0.907
24 0.25 0.907 0.6 0.907
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Fig. A-6: Results of the virtual thickness measurements for each repetition and configuration

of the 0°/90°NCEF listed in Tab. A-5.
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Fig. A-7: Results of the virtual thickness measurement for each repetition and configuration of

the +45°NCF listed in Tab. A-5.
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g Virtual shear deformation of NCFs with 0°
and 90°-layers

In the case of NCFs exclusively constituted of 0° and 90°-layers, the boundaries of the
RVE align with the layer orientations. Therefore, the deformation of the RVE shown in
Fig. A-8 corresponds to the usual definitions of the shear deformations. Note that a sim-
ple shear deformation is applied to the RVE in order to reduce the kinetic energy of the
model.

RVE before
shear deformation

X disp (y)

(b)

Fig. A-8: Identification of the RVE boundaries (a), as well as x and y deformations of the back
face of a NCF with 0° and 90°-layers for an applied shear angle y.

As a result, the front boundary of the RVE remains fixed, the left and right boundaries
are rotating, whereas the back boundary is translating. The displacements of the back
boundary of the RVE in x and y directions are related to the shear angle y as follows:

Xaisp(¥) = Lsin(y) ; (A-1)

Yaisp(¥) = 1(1 = cos(y)) (A-2)
The shear deformation is applied to the back boundary of the RVE using the reference

points of the regular mesh of the RVE. To that purpose, the displacement Ugspeqr pack OF
a dummy node is included in the equations of the periodic boundary conditions:

URp,back = URP,front + Ushearback (A-3)

where the subscripts “front” and “back” correspond to the front and back boundaries of
the RVE, respectively.
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Constraints are applied to the RPs of the left boundary in order to ensure a displacement
of the RPs along the rotated boundary of the RVE. This can be done using kinematic
couplings available in ABAQUS. Periodic displacements between the RPs of the right
and lefts boundaries ensure a mesoscopic periodicity of the fibrous mat.
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h Identification procedure of non-realistic
results of the virtual shear characterization

The method developed to model NCFs at the microscopic scale uses a stochastic process
to sample the orientations of the digital chains. Due to the high stiffness of the digital
chains, deviations of the chain orientation from the theoretical path can result in high
tensile stresses and in a significant increase of the shear force. Even though this varia-
bility can be observed experimentally, it is considered that a small number of DCEs
should not influence the behavior of the whole RVE. As a consequence, a method was
developed to identify non-representative simulation results.

In the case of a 1x1 RVE with reference parameters (listed in Tab. 5-7), the virtual de-
scriptions of the +45° NCFs are constituted of 224 digital chains. It is considered that a
virtual shear test result is representative if the high tensile stresses are located at least in
more than one digital chain (i.e. in more than 0.5% of the elements). The simulation
result is accepted if the tensile stress in more than 0.5% of the elements is above a thresh-
old set to 10% of the maximum tensile stress. This means that the ratio between the
99.5™ percentile and the maximum stress in the model must be greater than 0.1.

This identification procedure also applies for simulations with larger RVEs.

Two cases are illustrated in Fig. A-9 to highlight the results of the identification proce-
dure. The result shown in Fig. A-9a has a high ratio, showing that the high tensile
stresses of the model are achieved in a large number of chains. On the contrary, Fig. A-
9b shows a simulation result in which high tensile stresses are only located in one chain
(i.e. in less than 0.5% of the model).

S, S11
(Avg: 75%)
6.78

S, S11
(Avg: 75%)

Ratio = 0.45 Ratio = 0.09
Simulation result accepted Simulation result rejected
Fig. A-9: Examples of tensile stresses during virtual shear characterization and ratios between

the 99.5" percentile and the maximum tensile stress in the respective models.
Elements with tensile stresses lower than 10% of the maximum tensile stress are colored
black.
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Due to the lack of bending rigidity of numerical chains modeled with truss elements,
spurious deformations of small chains can be observed at the corner of the model. The
high stresses induced in the elements result in non-realistic energies and invalidate the
simulation results. Since the high stresses are only located in a few elements, the selec-
tion procedure described above is able to identify these spurious effects. In the case
illustrated in Fig. A-10, the ratio between the 99.5" percentile and the maximum tensile
stress is calculated at 0.03, which is significantly smaller than the threshold.

S, S11
(Avg: 75%)

Fig. A-10:  Example of spurious localized stresses at the corner of a simulation result during vir-
tual shear characterization.

Elements with tensile stresses smaller than 10% of the maximum tensile stress are colored
black.
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