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Abstract

Technical textiles are increasingly being engineered and used in challenging applica-
tions, in areas such as safety, biomedical devices, architecture and others, where they
must meet stringent demands including excellent and predictable load bearing capa-
bilities. They also form the bases for one of the most widespread group of composite
materials, fibre reinforced polymer-matrix composites (PMCs), which comprise materi-
als made of stiff and strong fibres generally available in textile form and selected for
their structural potential, combined with a polymer matrix that gives parts their shape.
Manufacturing processes for PMCs and technical textiles, as well as parts and advanced
textile structures must be engineered, ideally through simulation, and therefore diverse
properties of the textiles, textile reinforcements and PMC materials must be available
for predictive simulation. Knowing the detailed geometry of technical textiles is essential
to predicting accurately the processing and performance properties of textiles and PMC
parts. In turn, the geometry taken by a textile or a reinforcement textile is linked in an
intricate manner to its constitutive behaviour.

This thesis proposes, investigates and validates a general numerical tool for the in-
tegrated and comprehensive analysis of textile geometry and constitutive behaviour as
required toward engineering applications featuring technical textiles and textile reinforce-
ments. The tool shall be general with regards to the textiles modelled and the loading
cases applied. Specifically, the work aims at fulfilling the following objectives: 1) devel-
oping and implementing dedicated simulation software for modelling textiles subjected
to various load cases; 2) providing, through simulation, geometric descriptions for differ-
ent textiles subjected to different load cases namely compaction, relaxation and shear;

3) predicting the constitutive behaviour of the textiles undergoing said load cases; 4)
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identifying parameters affecting the textile geometry and constitutive behaviour under
evolving loading; 5) validating simulation results with experimental trials; and 6) demon-
strating the applicability of the simulation procedure to textile reinforcements featuring
large numbers of small fibres as used in PMCs.

As a starting point, the effects of reinforcement configuration on the in-plane perme-
ability of textile reinforcements, through-thickness thermal conductivity of PMCs and
in-plane stiffness of unidirectional and bidirectional PMCs were quantified systematically
and correlated with specific geometric parameters. Variability was quantified for each
property at a constant fibre volume fraction. It was observed that variability differed
strongly between properties; as such, the simulated behaviour can be related to vari-
ability levels seen in experimental measurements. The effects of the geometry of textile
reinforcements on the aforementioned processing and performance properties of the tex-
tiles and PMCs made from these textiles was demonstrated and validated, but only for
simple cases as thorough and credible geometric models were not available at the onset
of this work. Outcomes of this work were published in a peer-reviewed journal [101].

Through this thesis it was demonstrated that predicting changes in textile geometry
prior and during loading is feasible using the proposed particle-based modelling method.
The particle-based modelling method relies on discrete mechanics and offers an alterna-
tive to more traditional methods based on continuum mechanics. Specifically it alleviates
issues caused by large strains and management of intricate, evolving contact present in
finite element simulations. The particle-based modelling method enables credible, in-
tricate modelling of the geometry of textiles at the mesoscopic scale as well as faithful
mechanical modelling under load. Changes to textile geometry and configuration due
to the normal compaction pressure, stress relaxation, in-plane shear and other types of

loads were successfully predicted.
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During simulation, particles were moved randomly until a stable state of minimum
strain energy in the system was reached; as particles moved upon iteration, the configura-
tion of fibres in the textile changed under constant boundary conditions. Then boundary
conditions were altered corresponding to strains imposed on the textile, and the system
was iterated again towards a new state of minimum strain energy. The Metropolis al-
gorithm of the Monte Carlo method was adopted in this specific implementation. The
method relies on a statistical approach implemented in computational algorithms. In ad-
dition to geometrical modelling, the proposed particle-based modelling method enables
the prediction of major elements of the constitutive behaviour of textiles and textile rein-
forcements. In fact, prediction of the constitutive behaviour is integral to the prediction
of the meso-scale geometry.

Simulation results obtained from the proposed particle-based modelling method were
validated experimentally for yarns, single-layer textiles and multi-layer textiles undergo-
ing compaction. Validation work showed that the particle-based modelling method repli-
cates reality very faithfully, and it also showed the suitability of including Gutowski’s
function along with Hertz’ function for representing lateral compaction of yarns. The
procedure and results were accepted in final form for publication in a peer reviewed
journal [104].

The capability of the proposed particle-based modelling method towards replicating
the time-dependent relaxation and reconfiguration of woven textiles subjected to com-
paction loading was investigated. The capability, which was demonstrated for single and
double-layers of plain woven textiles, is intrinsic to the modelling method. The method
is unique in the fact that in contrary to work previously reported in the literature, it
models the compaction and the relaxation seamlessly in the same simulations and en-

vironment. This work is being finalised towards submission for publication in a peer



reviewed journal [103].

The proposed particle-based modelling method was also used for modelling in-plane
shear in woven textiles. Simulation results were validated experimentally for a single-
layer plain woven textile. Validation work showed that the particle-based modelling
method reproduces experimental data and published trends very well. A novel algorithm
for modelling friction was introduced, leading to results being obtained from a signifi-
cantly less computationally demanding procedure in these simulations. This work was
submitted for publication in a peer reviewed journal [102].

Finally the thesis discusses early work towards the application of the method to
carbon fibre fabrics through the description of expansion algorithm (EA) to be used in
modelling textiles made of yarns featuring very large numbers of fibres. Furthermore,
additional modelling work is presented towards further manufacturing process involving
technical textiles, namely textile bending and punching. The latter part is presented as

early steps towards future work.
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Chapter 1

Introduction

1.1 Composite materials

Composites are engineered materials made of two or more constituent materials that, once
combined, offer specific advantages when compared with the constituent materials taken
separately. Each constituent of a composite material has its own physical properties; once
constituent materials are combined these properties can be used towards an intended
purpose. One of the most widespread group of composite materials, fibre-reinforced
polymer-matrix composite (PMCs), comprises materials made of stiff and strong fibres
selected for their structural potential and combined with a polymer matrix that gives
parts their shape.

Fibre-reinforced PMCs have found numerous applications because of their superior
specific structural properties. They are lightweight and are easily put into shape com-
pared to most conventional structural materials. Fibre-reinforced PMCs are also rela-
tively inexpensive to produce, especially in limited series given generally low equipment
costs [17,120].

PMC parts are made using a number of PMC manufacturing processes. Resin trans-
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fer moulding (RTM) and vacuum-assisted resin transfer moulding (VARTM) are two
commonly used PMC manufacturing processes, where a curable polymeric resin is in-
jected through a shaped textile reinforcement called preform, itself previously loaded in
a mould. In these processes the dry textile preform is generally laid in a rigid lower part
mould. Unless this lower part mould is flat, shaping the preform to the mould generally
involves imparting large in-plane shear strains to the preform [93]. The upper mould
part is rigid in RTM, and it consists of a sealed flexible bag in VARTM. In RTM the
resin is pumped into the cavity under positive pressure. In VARTM vacuum is applied
to the mould cavity from vent ports so that resin is drawn into the preform. In both
cases, mechanical pressure from the mould (RTM) or vacuum (VARTM) drawn on the
resin compacts the preform along the normal to its plane. Once the preform is saturated
with infused resin the inlets are closed and the resin is allowed to polymerize, or cure.

The shaping operation, compaction pressure and resin pressure inside RTM and
VARTM moulds affect the configuration of yarns in the preform. The preforming and
composite manufacturing processes result in in-plane shear and compaction of the pre-
form, imparting both elastic and permanent deformations as well as flattening of yarns
in textile unit cells; it also results in the nesting and inter-layer packing of textile layers.
Therefore, actual preform geometry at the level of the yarns and textile unit cells is
complex.

PMC manufacturing processes and PMC part performance need to be engineered,
ideally through simulation, and therefore diverse properties of the preforms and PMC
material must be available for predictive simulation. Some of these properties are strongly
influenced by yarn configuration, hence the latter should be known; knowing the detailed
geometry of preforms is essential to predicting the processing and performance of pre-

forms and PMC parts. Preform and PMC material properties should be derived by
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simulation, and software tools for doing this should be available for the numerous types
of textile reinforcements that are available or that could be produced. However, for such
tools to be effective the geometry of the textile reinforcements must be defined very well.

The most common PMC reinforcements are made of carbon, glass or aramid fibres,
combined into yarns featuring a few hundred to a few thousand fibres, and then into
textiles of various types, including randomly oriented short or long fibre mats, 2D and
2.5D weaves, 2D biaxial or triaxial tubular braids, weft knits, warp knits, non-crimp
2D or 2.5D fibre reinforcements assembled by knitting or stitching, 3D braids and 3D
weaves. The geometry and arrangement of yarns in a textile preform play a major role
during PMC manufacturing and in determining the properties of PMC parts.

Prior to PMC manufacturing, fibres and textiles undergo shaping and forming result-
ing in a shaped preform. During the manufacturing of PMC parts the geometry of the
preform is altered due to normal compaction pressure, in-plane shear and other types of
loads applied as part of the PMC manufacturing process. Prediction of these changes
to the geometry prior and during the manufacturing of PMC parts is a critical task in

terms of predicting the processing and performance properties of the PMC part.

1.2 Geometry of preforms

The characterization of preform geometry can be studied at three different scales: a)
the macroscopic scale of a full preform; b) the mesoscopic scale, approximately 1 mm
to 1 cm sized, which is the scale of yarn sections and repeating unit cells (RUC); ¢) the
microscopic scale, approximately 10 um to 100 pm, which is scale of a fibre diameter [113],
Figure 1.1.

Textile reinforcements can be grouped into three major categories known as 2D, 2.5D

and 3D textiles. 2D textiles are most commonly supplied as rolled stock, with individual
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Figure 1.1: Different scale in textiles: a)macroscopic scale; b)mesoscopic scale;
¢)microscopic scale
layers having low thickness and typical surface densities ranging in the few hundred g/m?.
2.5D textiles are generally similar to 2D textiles in terms of topology and interlacing,
and they feature very few or no yarns extending along the normal z direction; they
are essentially thicker, multilayer 2D textiles. 2.5D textiles might contain short fibres
in the third dimension, which act as a toughening system in the inter-laminar zones
of the PMC material. Finally, 3D textiles are thick fabrics that feature extensive yarn
interlacing through the thickness.

The arrangement of yarns at the mesoscopic scale is known as the textile architecture.
In a context of modelling of the geometry of preforms, at this scale yarns may be rep-
resented as homogeneous smooth strands interlocked in different arrangements, Figure
1.2.

2D woven fabrics are amongst the most broadly used textiles in PMC production.
Yarns are typically laid along the warp (0°) and weft (90°) directions and interlace
following different patterns. On the other hand, non-woven fabrics are typically made
of light yarns that extend randomly in all in-plane orientations and are kept together

by small amounts of adhesives called binders. 2D and 3D braiding are suitable ways of
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producing preforms for rods, cylinders and beams. Basic braided preforms are produced
by intertwining three or more yarns in a diagonally overlapping pattern around a mandrel
[86]. Stitching is a fast preform preparation process in which yarns are laid along selected
in-plane directions and a stitching needle is penetrated between them to attach the yarns
together along predefined patterns. Warp and weft knitting are processes where sets of
yarns are arranged with predetermined spacing on a base plate, then a line of yarn
is looped back and forth along the machine direction or width-wise through the yarn

arrays [94]. In the scope of this thesis, plain woven 2D textiles will be explored.

Figure 1.2: Textile architectures for composite reinforcements: a) non-woven, b) 2D plain
weave, ¢) 3D weave, d) non-crimp stitched, e) braid, f) weft knit [111]
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1.3 Geometric and mechanical modelling of textiles
and textile reinforcements

Different mathematical and software models were created for modelling, simulating and
predicting various aspects of the geometry of specific textile reinforcements during PMC
manufacturing, with a given method typically applying at a given scale. Geometric
models are needed if one is to obtain engineering properties for a textile reinforcement,
leading to reliable and repeatable PMC processes. However, the complexity of textile
architectures makes it difficult to predict the geometry of textile reinforcements at the
mesoscopic scale accurately. Microscopic and mesoscopic scale geometries are important
for PMC manufacturing processes because of their effect on compaction, permeability
and void formation, for example. All this makes productive engineering of manufacturing
processes for textiles and PMCs a significant challenge given the large array of textile
reinforcements that are available and/or possible. This challenge is addressed in this
thesis.

To model the constitutive behaviour of textile reinforcements, geometric models are
essential; while these two aspects are mostly discussed and demonstrated separately in
the literature they are closely intertwined, and any change in one will affect the other.
Therefore, in the study of complex textiles both aspects should be considered indistin-
guishable. Any geometric modeller distinct from analytical methods enabling the analysis
of the constitutive behaviour, will produce simplified or generic shapes for forwarding
towards other software for downstream investigations and prediction of processing and
performance properties. In recent years some researchers [6,13,14,22,42,64,66,67] have
tried to bring these two aspects of geometric modelling and mechanical modelling in the

same context, either by feeding geometric models to FEA software in a loop or through
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simple cases of parallel geometric and mechanical modelling procedures. Due to the com-
plexity of textile and reinforcement geometry and mechanical behaviour, there is a need
for a better modelling approach that considers the geometric problem and the mechanical
behaviour of textile and reinforcements in a unified approach. This may be achieved by
using particle-based modelling methods for obtaining the geometry and the constitutive

behaviour of textiles and textile reinforcements used in composites, concurrently.

1.4 Contribution of the thesis

In academia as well as in industry there is a need for a realistic, unified geometric and me-
chanical modelling method for technical textiles and textile reinforcement used in PMC
parts and structures. The particle-based modelling method was developed and validated
for representing the geometry of technical textiles at the microscopic and mesoscopic
scales undergoing different loading conditions. By using the Metropolis, fibre configura-
tions and their constitutive behaviour within a fibre network could be presented algorithm
from first principles.

A multi-module software based on the proposed particle-based modelling method
was developed for the simulation of compaction, relaxation and in-plane shear of tex-
tiles. Results were validated experimentally throughout the thesis for all loading cases.
An extension algorithm was introduced for enabling the particle based modelling method
to be used for technical textiles containing yarns featuring high numbers of fibres. Ini-
tial work towards the modelling of manufacturing processes for technical textiles was

introduced pointing at future developments.
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1.5 Thesis overview

Each chapter investigates different issues pertaining to textile reinforcements modelled
using the proposed particle-based modelling method. Literature reviews relevant to each
subject were included in each chapter.

Chapter 2 provides a comprehensive literature review covering various geometric
modelling methods. It describes some software packages used for modelling the geometry
of textiles, applicable to the manufacturing of technical textiles. Later in this chapter the
algorithm developed herein for modelling the geometry of textile reinforcements subjected
to loading using particle-based modelling is described. Details of the method and energy
terms defined at the microscopic scale are explained. Fibres are modelled as a series
of conjoined particles, and their configurations are determined mechanistically using a
modified Metropolis algorithm and inter-particle strain energy terms. Energy terms
within a fibre and among different fibres in a yarn are described. Modules utilized
in software development are explored and a procedure for reaching equilibrium in the
system is discussed. The method enables intricate geometric modelling of textiles at the
microscopic, mesoscopic and macroscopic scales.

Chapter 3 features a literature survey on relations between the geometric config-
uration of textile reinforcements and their properties. This chapter presents predictive
simulations of the in-plane permeability of dry reinforcements, through-thickness thermal
conductivity of composite and in-plane moduli of composites made from unidirectional
and bidirectional warp-knitted carbon fibre textile reinforcements. The large array of
simulation results obtained for different reinforcement configurations is validated by ex-
perimental results. The chapter demonstrates that processing and performance proper-
ties are affected by reinforcement configuration; the effects are identified and quantified

through systematic variation of the geometric parameters that define the textile config-
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urations. This chapter highlights the different amplitudes of the effects of geometry on
processing and performance properties of both the dry textiles and the composites.

Chapter 4 introduces particle-based modelling for the constitutive behaviour of fibre
yarns and woven textiles subjected to compaction loading. In a preamble to this chapter,
a literature review on known compaction models is presented. Following this, the chapter
describes the method where discrete particle mechanics is used as an alternative to tra-
ditional continuum mechanics. The method enables extensive modelling of the textiles
from first principles, as they are loaded in compaction upon manufacturing. Different
simulation cases for the compaction behaviour are presented. Results are validated by
experiments, which showed excellent agreement.

Chapter 5 features a study of the relaxation of textile reinforcements during and
after compaction. Different scenarios are examined and presented. Simulation results
are compared with experimental results, with trends presented in the literature. This
chapter demonstrates the capability of the particle-based approach towards replicating
the time-dependent relaxation and reconfiguration of woven textiles subjected to com-
paction loading. The capability, which is demonstrated for single and double layers of
plain woven textiles, models the compaction and the relaxation seamlessly in the same
simulations. The relaxation behaviour of textiles is characterized through a series of sim-
ulations characterized by different compaction rates to set target fibre volume fractions
(vf) and pressures (P). A relation between the number of iterations, compaction rate
and lapsing time is drawn. The particle-based modelling method and the simulation
results presented in this chapter predict the actual behaviour of a single layer of textile
undergoing stress relaxation after different compaction rates. The 3D surface geometry
of a plain weave textile was constructed and compared before and after compaction for

evidence of reorganization of fibres and occurrence of relaxation in the textile.



Introduction 10

Chapter 6 investigates the geometry and constitutive behaviour of textiles subjected
to in-plane shear loading using the same particle-based modelling method. In this chap-
ter, the in-plane shear behaviour of textile reinforcements is discussed with respect to
shear angle and locking. In order to characterize the in-plane shear behaviour of wo-
ven textiles, a series of simulations replicating articulated frame in-plane shear tests was
performed. The effects of different boundary conditions at fibre ends upon application
of a displacement field to the particles, and iterations of the positions towards lower
strain energy levels, are reported. From these simulations, load-displacement curves
were constructed; furthermore displacement fields, locking angles and shear stresses are
identified. Results were validated using experimental data; results of simulations and ex-
periments show good agreement as an well as improvement in simulation accuracy over
other modelling techniques.

Chapter 7 discusses applications of the particle-based modelling method to carbon
fibre fabrics through the description of an expansion algorithm (EA) used in modelling
textiles made of yarns featuring very large numbers of fibres. Furthermore, ongoing
modelling developments are presented towards more advanced manufacturing processes
involving technical textiles, namely textile bending, punching and stitching. The chapter

concludes with a discussion, conclusions and recommendations for future work.



Chapter 2

Geometric Modelling Methodology

2.1 Introduction

Geometric models of technical textiles and reinforcements are required as a starting point
for the thorough understanding and modelling of their mechanical behaviour during
PMC manufacturing, either in their initial dry state or as impregnated materials. Such
geometric models would ultimately be used for modelling all steps of manufacturing
processes for composites or other materials based on technical textiles.

This chapter discusses existing geometric models and computational software pro-
grams that are well recognized in the field. Most of these models feature or lead to
generic geometries, and so are restricted in terms of modelling accurately the constitu-
tive behaviour and/or features such as the nesting of textiles layers, for example. In this
thesis, such restrictions are lifted through the proposed new particle-based modelling
approach. Therefore this chapter also provides an extensive presentation of geometric
modelling of textiles using particle-based methods. The algorithm developed in the con-
text of this thesis is explained in depth, and it also covers all modules used towards

particle-based modelling of the geometry and mechanical properties of technical textiles.

11
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2.2 Literature review

2.2.1 Basic analytical models of textile unit cells

Predictive engineering of textile-based PMC manufacturing processes and part perfor-
mance requires that a large array of diverse physical properties of preforms and parts
be identified. Different technical textiles undergoing mechanical loading during manu-
facturing process, say either of preforms or PMC parts, perform differently. Different
properties pertaining to constitutive behaviour, heat transfer, permeability to gases and
fluids, and other physical phenomena depend on the geometry and architecture of the
textile, and therefore the geometry and yarn configurations in textiles and preforms must
be known with sufficient accuracy [18]. In discussing the constitutive behaviour, perfor-
mance and other properties of technical textiles, one should be aware that engineering
PMCs involves the selection and /or the design of textile reinforcements, from a very wide
array of possible fibres, yarns, textile structures, and so forth.

One of the first highly idealized geometric models of a unit cell of plain weave fabric
was presented by Peirce [82]. His study aimed at facilitating general comparisons be-
tween the geometry of various fabrics, and at expressing experimental results through
specifically adapted geometrical models. Peirce’s model features yarns with circular and
incompressible cross-sections. Yarn paths are represented as circular arcs at crossover
points connected by straight line segments as shown in Figure 2.1-a. Peirce successfully
represented very basic compaction behaviour of textile using this proposed geometric
model.

Kemp [52] modified Peirce’s model, describing yarns with either elliptical or racetrack
cross-sections, and modified the yarn paths accordingly. In doing this, Kemp achieved

somewhat more realistic representations of the geometry than Peirce for the woven textile
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that he had selected, Figure 2.1-b. Lin and Newton [63] used a method where yarn paths
were generated using cubic B-splines, with the same cross-section as used in Peirce’s
work. Control points were inserted at crossover and midpoint positions for changing the
yarn paths. A drawback of this method is the need for manual modification of control

point positions.
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Figure 2.1: Evolution of unit cell geometry modelling: a) Peirce [82], b) Kemp [52], c)
Hofstee [45] d) Ning and Chou [77], e) Hearle [109], f) Searles [108]
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Hofstee [45] presented a geometric model of woven unit cells featuring yarns of variable
cross-sections. Every yarn is described by three sets of parameters: in-plane centreline
path, doubly curved horizontal mid-plane and thickness distribution of the cross-sections.
This method enables straightforward determination of individual fibre paths, yarn shape
and unit cell shape. Largely deformed yarns cannot be modelled by this method because
of the assumptions considered. It has been assumed that fibre packing within yarns is
constant.

Ning and Chou [77] developed a highly idealized unit cell model for predicting the
in-plane effective thermal conductivity of plain weave textile as seen in Figure 2.1-d.
Despite the relative crudeness of the model in terms of geometry, good agreement between
predictions of thermal conductivity based on it and experimental results were obtained. It
is known that the thermal conductivity is relatively insensitive to the geometry of the unit
cell [77] and as discussed in this thesis. Therefore, in this case an accurate representation
of the geometry is not as critical as it may be to predict say the permeability, for example.

Shanahan and Hearle [109] presented a geometric model for woven textile unit cells
using lenticular yarn cross-section shape, and they introduced calculation of the consti-
tutive behaviour of fabrics using energy methods, Figure 2.1-e. This geometric model
attempted to avoid short-comings of the racetrack geometric model. The geometry is
a modification from that used in Peirce’s model [82]. Yarn cross-sections are flattened
resulting in a more credible behaviour due to interactions between yarn bending and
yarn flattening.

Another representation of yarn cross-sections and paths was proposed by Searles [108].
Functions representing the upper and lower halves of yarn cross-sections relatively to
centroid line position were introduced; B-splines and polynomial functions were used,

determined by adjusting the models to SEM micrograph of 8 harness satin woven samples,
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Figure 2.1-f. However, the horizontal edges of the cross-sections did not correspond well
with the geometry, when compared with microscopic observations.

Even though these models were meant to approximate real reinforcements, the ge-
ometries are overly simplified for any detailed representation of yarns and textiles at the
mesoscopic and microscopic scales. These geometric models are generic; they can only
ever represent woven textiles, and in most cases only a single layer with yarns at 90°
from one another; yarn sections are mostly constant and yarn paths are over-simplified;
even with a high vy in yarns, large void pockets are seen between the yarns and layers.
Due to the generic nature of these geometric models, low v is expected in the textiles
represented, whether it is single layers and/or stacks of textile layers. The models have
no ability to deform say during preforming, no ability for nesting or yarn spreading, so
it is doubtful that meaningful prediction of physical properties of technical textiles or

PMCs based on these models can be satisfactory.

2.2.2 Textile geometric modelling software packages

More recently, different commercial and open source software packages were developed for
modelling the geometry of textile reinforcements at the mesoscopic scale. The main goal
of these software packages is to enable the modelling of different textile architectures using
the same tools and formalism, hence to lift the restriction to weaves associated with the
simple models described above. These software packages were aimed either at providing a
visual representation of unit cells, or as preprocessors whereby the unit cell models may
be used downstream for calculating textile and/or PMC processing and performance
properties linked with textile mechanics, permeability and PMC mechanical behaviour,
for example. The software packages discussed here are TexGen [112], TechText CAD [44],

Technical Weaver [61] and WiseTex [68].
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TexGen [112] was developed at the University of Nottingham, aiming at modelling
the geometry of virtually any textile structure. It is distributed freely under a general
public license (GPL). TexGen acts as a generic geometric modeller and as a pre-processor
towards physical models for textile mechanics, permeability, mechanics of composite and
others. TexGen includes some key features such as interference detection and correction,
export under several graphic data formats and automated specification of yarn orienta-
tions. After a model is created it can be exported and meshed using third party software.
Virtually any textile can be represented and libraries are available for common textile
types. Figure 2.2 shows a plain weave unit cell generated by the author using TexGen.
In TexGen, yarn paths are represented using either Bezier or cubic interpolations. Dif-
ferent variable yarn cross-sections can be specified manually. Yarns are treated as solid
volumes; therefore no specific modelling at the microscopic scale is featured. Again, Tex-
Gen is strictly a geometric modeller; the models can be made realistic through dedicated

manual work, but their configurations are purely arbitrary.

Figure 2.2: Plain weave RUC generated by the author using TexGen [111]

TechText-CAD [44] is used for defining the geometry of weaves and simple weft-knit
textiles. Starting from input weave and knit parameters and yarn specification, the geom-

etry of textiles in 3D can be visualized and stress-strain curves of textile reinforcements
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can be predicted. Yarn break loads, break extensions, polynomial fits for the yarn stress-
strain curves, and values for bending stiffness and resistance to flattening are stored in
a yarn database. A geometric model of a plain weave textile made by the author using

TechText-CAD is shown in Figure 2.3.

Figure 2.3: Plain weave textile generated by the author using TechText CAD [44]

Another modelling tool for technical textile designers is Technical Weaver by Scot-
Weave [61]. The software models the geometry of different woven fabrics at the meso-
scopic scale, assisting the production of fabrics for industrial and commercial uses. Yarns
can be given different colours to create various visual effects for use in furniture, car inte-
riors, etc. With Technical Weaver, any number of warps and wefts are allowed. Different
yarn cross-section shapes can be created and individual yarn parameters, including weight
and density, can be stored. The software allows fast checking of the overall structure
of a 3D woven textile and of individual areas of interest. Again, textile models created
in this software packages are generic; the geometric models can be made close to the
geometry of real reinforcements with a fair amount of dedicated effort, but geometries
are not determined from first principles.

WiseTex [68] was developed under the leadership of S. Lomov at Katholieke Univer-

siteit Leuven. Contrary to the other software packages discussed above, unit cell models
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created in WiseTex can be generic but they can be also approximated from first prin-
ciple in some cases. In the latter case the simulation algorithm uses a finite element
formulation of the minimum energy principle, calculating equilibrium in zones of yarn
interactions. The mechanical properties of yarns are compared with measurements made
using the Kawabata KES-F system [50]. Feasible models cover a wide range of textile
structures, either in their relaxed state or after having undergone compaction, in-plain
shear or tensile deformations. However, not all structures can be simulated using the FE

formulation. Figure 2.4 shows a geometric model made by the author using WiseTex.

Figure 2.4: Plain weave textile generated by the author using WiseTex [68]

WiseTex supports computations for complex textile structures within a relatively
short time for providing the behaviour of these textiles in compression and bending.
This textile geometrical modeller also serves as a base for mesoscale mechanical and per-
meability models for PMC processing and performance prediction: geometrical models
can be fed into third party modelling software to enable computation of local perme-
ability and mechanical properties of the deformed reinforcement, for example. WiseTex
offers significant advances over the software packages mentioned above, as it does predict

deformed textile geometry from first principles in some cases. However, the FE formula-
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tion is only applicable to textiles of simple geometry, and it does not handle large strains
perfectly well. It also involves some limitations in the management of contact between

yarns.

2.2.3 Recent textile geometric models

The above models can not generate descriptions of deformed textile reinforcement struc-
tures subjected to general loading cases, nor can they represent the more complex or
realistic cases, such as higher numbers of layers for example, adequately; they can not
model nesting or other such phenomena associated with such complex textile structures.
Hence they can not be used readily in describing and investigating localized phenomena
related to compaction or other aspects of forming. Also, whilst some of these models
offer interesting insight into the behaviour of fibre contacts in homogeneous assemblies
of fibres subjected to loading scenarios such as compaction or in-plane shear, they are
not yet sufficiently advanced to model the constitutive behaviour of complex, industrial
reinforcements and preforms. Furthermore, the mathematical complexity of the tools
used for specifying the geometry makes them largely unsuitable for simple usage. No
published compaction, relaxation or in-plane shear models can describe the observed
behaviour of the textile reinforcements fully.

To better resolve the geometry and constitutive behaviour of textile reinforcements,
Wang and Sun [127] recently proposed the digital element concept to simulate the evo-
lution of yarn geometry during preform or PMC manufacturing processes, Figure 2.5.
Rigid rod elements connected with frictionless joints represent yarns in a unit cell. Yarn
paths in simple twists and in a 3D braided fabric were simulated by the authors. Zhou
et al. [134] adopted a procedure comparable to finite element analysis in their digital

elements concept. This concept was labelled as multi-chain digital element analysis, and
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two numerical examples were presented in their work. The displacements of fibres inside
a fabric are derived from a global stiffness matrix and boundary conditions. Yarn paths
are defined by the positions of joints. This approach is limited by the amount of fibres
that can be simulated due to computational limitations. Some examples presented in the
author’s work used 19 fibres for each yarn. Sun and Sun [118] also used a digital element,
approach for investigating the micro-structure of a 3D braided rectangular preform. In
the author’s work topological models for yarn interactions and cross-section deformations

were compared with the digital element approach.

Rigid element Frictionless Pin

a)

b)

Figure 2.5: Digital element simulation: a) fibre representation b) yarn representation
with 19 fibres [118]

Miao et al. [74] stated that full scale geometrical modelling of a textile structure
based on digital element analysis would consume huge computational resources. Two
algorithms were presented to overcome the problem of computational limitations. A new
formulation for contact between elements was developed, which is similar to the contact
elements used in ANSYS®. Also, in modelling fibre-to-fibre contact the authors used
node-to-element lengths instead of node-to-node distances, multiplying computational
times by 10 times. Due to this the authors were forced to use smaller numbers of digital

chains in analysing yarn cross-sections, Figure 2.6.
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19 fibres in a yarn

37 fibres in a yarn

52 fibres in a yarn

Figure 2.6: Geometrical modelling of a textile with digital elements containing different
number of fibres within yarns [118]

2.3 Modelling method

The particle-based modelling method presented in this thesis is used for predicting the
geometry and large strain constitutive behaviour of textile reinforcements, say during
preform and PMC manufacturing, at the microscopic and mesoscopic scales. This mod-
elling method aims at presenting a different approach from traditional techniques such
as the finite elements method, analytical methods or empirical methods, offering more
extensive, intricate and accurate representations especially under large strains, as well
as the ability to model the response to various load cases and represent time-dependent
behaviour such as relaxation. Most tools implemented in existing software packages are
used for geometrical modelling of unit cells at the mesoscopic and macroscopic scales;
geometries are primarily generic, or defined from first principles in very few cases. Some
attempts at modelling at the microscopic scale were also made, primarily for visualization
purposes [25].

The particle-based modelling method proposed here is used for modelling fibres at

the microscopic scale, leading to unit cell modelling at the mesoscopic scale. A series
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of particles is used for representing fibres within a fibre assembly; fibre assemblies can
be yarns and/or unit cells. These particles are interconnected through various functions
that represent elements of the physical behaviour of the fibres. Specifically, these func-
tions represent diverse strain energy terms as well as other fibre-to-fibre interactions in
the assembly. During simulation, particles are moved randomly until a stable state of
minimum strain energy in the system is reached; as particles move, the configuration of
fibres in the assembly changes. Then, once iterations are completed, boundary condi-
tions are altered corresponding to strain imposed on the RUC, and the system is iterated
again towards a new state of minimum strain energy.

The Metropolis algorithm of the Monte Carlo method was adopted for use in this
specific implementation of the particle-based modelling method [73]. The particle-based
modelling method relies on a statistical approach implemented in computational algo-
rithms. The particle-based modelling method was written in C++ programming language,
with different modules wrapped onto one core program. The particle-based modelling
method implementation structure was designed so that different software modules may
be modified and developed separately. Various algorithms were developed by the author
to reduce computational time and increase correspondence with realistic geometries.

In addition to geometric modelling, the particle-based modelling method enables the
prediction of major elements of the constitutive behaviour of textile reinforcements. In
fact, prediction of the constitutive behaviour is integral to the prediction of the mesoscale
geometry. In the method implemented, the strain energy is reduced towards a state of
equilibrium, within an assigned computational time through a number of iterations.
Then, the boundary conditions are changed in accordance with a given deformation
and the system is left to re-equilibrate. Compaction, relaxation and shear of textile

reinforcements are some elements of the constitutive behaviour that can be predicted
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using the particle-based modelling method, and so this is done as part of this thesis

work.

2.3.1 Particle interactions

The foundation of the particle-based modelling method lies in the reduction of strain
energy in fibres, defined from particle positions over for the whole textile reinforcement.
The different terms used for calculating interactions between the particles are split in
two groups; intra-fibre terms and inter-fibre terms. Some of these terms are conservative
strain energies, and other terms include non-conservative friction work spent as the
assembly evolves from one configuration to another.

Intra-fibre energy terms include strain energy resulting from tension and compression
of fibres along their axial direction, and bending energy stored in fibres. In this work it
is reasonably assumed that tension and compression of fibres happen in the linear elastic
region, hence the terms are linear elastic strain energies. Inter-fibre energy terms include
elastic energy associated with the lateral contact and compaction of yarns and energy

lost to fibre-to-fibre friction.

2.3.2 Metropolis algorithm

The Metropolis algorithm is a fundamental scientific computing method which has ex-
tensive applications in computational sciences [73]. The algorithm can be applied to
discrete data such as the coordinates of particles. In the current application, using the
Metropolis algorithm allows textiles to undergo large strains, which are difficult to model
using traditional continuum mechanics but can be modelled in a relatively straightfor-
ward manner using particles. Therefore, the Metropolis algorithm constitutes a solid

foundation for the development of textile geometry modelling based on first principles.
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Sampling plays an essential role in Metropolis algorithm. Sampling is defined as selecting
units from a population of interest, so that by studying the sample one may generalize
results back to the population from which it was chosen [30]. In the particle-based mod-
elling method sampling is done from probability distributions of fibre positions in the
3-dimensional space.

In this implementation, the Metropolis algorithm involves iterations of particle posi-
tions summarised into a configuration, which configuration defines the preform geometry
at a given stage. Iterations of particles position is done over physical subspace [a, a] with
a set limitation on the step size, using a uniformly distributed random walk. The notions
and parameters of uniform distribution, step size and random walk are explained below.
A major challenge with this computational method is the time required for iterating
enough particle positions, in models that feature sufficient numbers of particles to make
them appropriately detailed and useful, leading to a configuration of minimum strain
energy stored in the system.

Most Metropolis simulation techniques rely on a random number generator which
generates values over the range (0, 1) that are statically independent, with a distribution
that is uniform over a large period of time. At each step or iteration, the configuration
is changed by adding a small random number to the z, y or z coordinate of a randomly
chosen particle. This results in a change in strain energy between two given configu-
rations before and after the step. The strain energy for each configuration defines the
strength with which it will tend towards equilibrium. After computing the change of
energy resulting from the displacement of a single particle, the result is assessed: if the
energy of the whole system was reduced by the change in configuration, then this new
configuration is accepted and used as a starting state for the next step. If the energy

was not reduced, acceptance may still result from statistical arguments based on a pre-
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defined probability [74], or alternatively the change is rejected; in the current version of
the particle-based modelling method acceptance is based on a Boolean function.

To decrease the computation time needed for assessing changes in system energy a
procedure was added to the algorithm. When a random particle is chosen and the position
of that particle is changed, only the energy terms that involve that specific particle before
and after the change are calculated and compared. During the calculation the energy
terms involving other particles are unchanged, hence ignored. This conceptually simple
procedure has accelerated the algorithm tremendously. The time required for the system
to reach a stable energy level depends on several factors; this time is usually estimated

empirically, Appendix A.

2.3.3 Strain energy terms

Interaction forces between particles which produce stresses and strains within the fibres
making up a textile, were assessed based on strain energy terms. Strain energy terms
defined from particles within a single fibre and labelled as intra-fibre strain energy, as
well as and strain energy terms defined from particles belonging to neighbouring fibres
within a yarn and labelled as inter-fibre strain energy, are explained in the following

sections.

Intra-fibre energy terms

As the fabric is loaded different forces are applied on a single fibre which cause changes
in the strain energy stored in this fibre. Two major components of strain energy arise
from tension/compression in a fibre, and bending of a fibre. The tensile/compressive
axial elastic strain energy is stored as the fibre resists being stretched or compressed

axially. In Equation 2.1, L is the distance between 2 particles when no load is applied,
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Figure 2.7: Intra-fibre strain energy terms

K;; is the fibre stiffness constant, and L;; the distance between particles 7 and j under
loading, Figure 2.7. The force acting on particle j is equal in magnitude but opposite
in direction to the force acting on particle ¢, and so the strain energy stored in the fibre

during tension/compression can be expressed by Equation 2.2:

Fij = —Kij - (Lij — Lo) (2.1)

In a fibre, strain energy in tension/compression is related to the fibres Young’s mod-
ulus F and cross-section area A. Strain energy in a fibre is defined as a function of these

parameters in Equation 2.3, where A is the elongation and equal to L;; — Ly:

AE
Uy =5 A? (2.3)

An angle can be defined between two elements sharing a common particle. Such

an angle 0,5, is shown in Figure 2.7 for a set of three consecutive particles 4, j and £.
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Based on the position vectors of the particles ?z,ﬁ and r_;z, element vectors for the two
elements can be defined as 77; =7 — r_; and 7“7] =77 — r_; The strain energy stored in
a fibre subjected to pure bending, characterized by Young’s modulus E, second moment

of inertia I and length L, is defined as follows:

EI

Uij = 5L Oiji (2.4)

where L = 2 - r;; equal to diameter of fibres.
If the fibre is initially defined as wavy as for example in the work of Gutowski [47] a

value may be assigned to the initial angle, where the bending energy is zero or minimum.

ET

Vi =51

- (Oi55 — 0)? (2.5)
where 0, is the initial angle in radian.

Inter-fibre energy terms

Contact forces between fibres within a yarn may be calculated using Hertz’ contact model
[83], Gutowski’s compaction model [99], or a combination of both.

The stresses and strains arising from the contact of two elastic bodies are related to the
radii of the curved surfaces and to loads applied, along with the material properties of the
contacting bodies. They may be calculated using the Hertzian theory [100]. Figure 2.8
shows two fibres in contact as assemblies of particles. In the most simplified form of Hertz’
equation where both bodies are made of the same materials, E* is the representative
modulus of the two contacting bodies with modulus £ and Poisson’s ratio v:

E

E* = T A= (2.6)
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In the case where fibre radius R is the same for both bodies, R* is half of R and h,
is penetration distance of the two fibres, then Fy is the force generated between the two

contacting fibres required for obtaining penetration distance h,.

4
FH _ g X E*R*O.5hp1.5 (27)

Figure 2.8: Contact between simulated particles of two fibres

Strain energy for the elastic deformation resulting from Hertzian contact can be

determined as follow:

hy

4 8
Uy = / gE*R*0'5hp1’5 - dh,, = 1—5E*R*0-5h,,2-5 (2.8)
0

Gutowski et al. [47] proposed different versions of the equations defining the contact
behaviour of fibres within a fibre assembly of textiles. In Gutowski’s model the fibres are
assumed to show periodic crimp under no force, Figure 2.9; the distance between contacts

is proportional to the compacted volume. The equation for beam bending is applied; fibre
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segments are initially curved and straighten under contact forces, as opposed to localized
deformations of the fibre diameter in Hertz’ model. Gutowski’s model is explained in
length in the author’s other work [98].

Parameters shown in Figure 2.9 include L, the projected length of a fibre segment; d
the fibre diameter, ¢ the deflection at the centre of the fibre, modulus £, second moment
of inertia [ and finally C' as the vertical distance between the lower and upper points
on the fibre centreline. Inter-fibre contact force F is illustrated in the different contact
points.

The relation between the vertical deflection ¢ and the contact force F' at the centre

of the fibre is:

192E1 -6
F = — (2.9)
In this version of the model, length L and deflection § are related to [, l,,;, and [, which

are the actual, minimal and initial heights of a rectangular cuboid encompassing the fibre,

with 3 being a parameter either evaluated by microscopy or fitted to experimental results:

L= 5= lnin)
(2.10)
d=(l,—1)
The resulting model relating the compaction pressure Pg to vy is:
P F o 3BEr  [\/(vy—v,) —1] (2.11)
CTID T [l vp) -1 |

where v, and v, represent the initial and maximum values of v¢. From Gutowski’s
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Figure 2.9: Shape and dimensions of fibres in Gutowski’s model

model the strain energy is calculated by integrating force over distance for the displaced

particle interacting with surrounding fibres:

lo lo

192E1 (I, —1;;)
= Fy-dx = . I dl,; 2.12
UG / ! v / 53 (lz] - lmm)3 ’ ( )

lmin lmin



Geometric modelling methodology 31

where [,,,;, is equal to the fibre diameter. The suitability of jointly using both Hertz’
contact model and Gutowski’s compaction model for fibre assemblies is validated in

Chapter 4.

Friction energy

Other energy terms are present in the system, which must be considered. The presence of
friction may keep fibres from slipping relatively to each other; different resins and sizing
may affect the slippage of fibres relatively to each other. However, whilst elastic strain
energy terms may be calculated for a given static configuration, friction losses only occur
as the fibre assembly goes from one configuration to another. Furthermore, friction terms
are not conservative. Friction contributes to hysteretic losses observed experimentally in
deformed textiles.

In particle-based modelling two methods may be used for managing friction between
fibres in a fibre assembly subjected to loads. In a direct method where two fibres are
in contact and the coefficient of friction is known, all normal forces are calculated using
Hertz” or Gutowski’s models. Displacements at contact points after an iteration are also
calculated. The total energy loss associated with fibre friction between two configurations
is obtained. This energy loss term is added to appropriate strain energy terms defined
from the elastic strains previously mentioned. In this approach, the numerous fibre-
to-fibre contacts within a textile assembly and the storage of their coordinates and all
associated forces require much computationally intensive work. Besides, obtaining a
proper value of the coefficient of friction from trials, assuming that use of a single value
is acceptable, is not trivial.

Alternatively, an indirect method which was featured here proceeds as follows. Fibre



Geometric modelling methodology 32

slippage is restricted due to friction, and so additional energy must be expended to
obtain configurations corresponding to lower levels of stored strain energy compared to
a system devoid of friction. In the absence of friction, a configuration that reduces the
elastic strain energy stored in the textile will be accepted as the new configuration on
an ongoing basis as contacting fibres slip freely relative to each other. In presence of
friction, the same evolution from one configuration to another which corresponds to the
same change in elastic strain energy must be combined with a threshold limit due to
friction. In this work, the indirect approach was used through a percentage applied on
the strain energy in the initial state. As a result, at lower fibre volume fractions when
fewer fibre-to-fibre contacts are present, friction generally does not have a major effect.
However, with increases in fibre volume fraction and number of contacts, strain energy
differences resulting from small displacement have a significant effect as expected for

friction.

2.3.4 Uniform random distribution

As mentioned for the Metropolis algorithm in section 2.3.2, random numbers and random
generators play a major role in Monte Carlo methods. Three basic types of distributed
populations within an area can be identified: uniform, random and clumped distribu-
tions [95]. Simulation results in particle-based modelling method critically depend on
a good uniform random number generator (RNG). A RNG produces a totally indeter-
ministic and periodic sequence of numbers, once its initial state (or seed) is chosen. The
two main assumptions of a sequence being independent and also made of identically dis-
tributed random variables are in a disagreement. There is no easy way to completely
settle these two opposite aspects [54].

A RNG from its initial state S and in n steps, generates output numbers (0,1). The
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output space could be more general but in the current implementation it is a population
of real numbers between 0 and 1, which can be scaled linearly to any other required
domain. As shown in Figure 2.10, randomly generated positions and uniform positions
generated using the Bays-Durham shuffling method (ran2) generator with a long periodic

time (> 2 x 108) actually differ [34].
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Figure 2.10: Particle positions in 2D space: a) randomly generated positions, b) uni-
formly distributed random positions

2.3.5 Random walk

The random walk is defined as a sequence of discrete steps of fixed length in space. In
particle mechanics, as envisaged here, it is the history of positions for a specific particle
during iterations. Each step is defined in all 3 directions z, y and z in a given number
of N as total steps. So the probabilities of having steps along z, y and z can be defined;
and also the probable leaning of a particle toward any direction after a specific number
of steps can be calculated. These probabilities can be calculated in the space for all
particles. If there is no force present and acting on the particles in the walk space,
probability of positions within uniform random generator will be consistent. Figure 2.11

represents a random walk for particles in (a) 2D and (b) 3D space [129].
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Figure 2.11: Random walk in: a)2D and b)3D

2.4 Software development

2.4.1 Implementation

The particle-based modelling method implemented herein uses an object-oriented soft-
ware design and is implemented in the C++ programming language. It consists of C++
class libraries and several interpreted modules, listed as core, render and GUI. Each

module is explained in the following sections.

2.4.2 Core

The core module contains basic calculations and decisions related to the Metropolis
algorithm. It allows executing and communicating with different modules concurrently,
enabling integration with other coded programs, wrappers for visualization and user input
modules. With object-oriented programming, data generated at each stage of imposed
compaction, in-plane shear, etc. can be stored for later use. Core uses cross-platform
extensions which facilitate interaction with other modules programmed in environments

such as Python or Tcl programming languages, for example.
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Figure 2.12: Implementation of computational modules

2.4.3 Render

Most implementations of renders have a similar order of operations. Here, a series of
processing scripts is used for wrapping C++ core for rendering, sing the Visualization
Toolkit (VTK). The VTK is an open-source, freely available software system for 3D
computer graphics, image processing and visualization. VTK consists of a C++ class
library and several interpreted interface layers that use the OpenGL [132] rendering
pipeline. OpenGL provides a powerful but primitive set of rendering commands, which
are then used in object oriented programming. Also, a number of libraries such as
GLUT and GLU exist to simplify programming tasks, which are used occasionally in the
particle-based modelling method. Currently a molecular visualization program, VMD is

used to do the rendering, as a home-grown render remains under development.
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2.5 Equilibrium verification procedure

Through the procedure described in the above sections, strain energy terms for each
particle and selected fibre within an assembly undergoing mechanical loading is quanti-
fied. Also, strain energy terms resulting from fibre-to-fibre contact forces are calculated.

Figure 2.13 represents one fibre inside of a yarn within a textile undergoing compaction.

Textile

Figure 2.13: Selection of individual fibre from textile

The plain woven textile in the figure is compacted through a reduction of distance
between upper and lower boundaries. Contact forces acting on particles associated with a
chosen fibre contact point are recorded. Iterations are performed and once again contact
forces acting on the same particles are recorded. As shown in Figure 2.14 all contact
forces which are represented graphically by vectors are minimized along with changes in

the shape of the fibre.
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Figure 2.14: Equilibrium verification within a fibre assembly

2.6 Summary for procedure of the representation of
textile geometry using particle-based modelling

The particle-based modelling method reported here was used for locating fibre posi-
tions which minimize the total strain energy stored in textile assemblies during PMC
manufacturing processes. Compaction, shear and other loading cases applied on the re-
inforcements lead to a shift in position of particles and fibres, from their original positions
to new ones. Iterations based on the Metropolis algorithm using interaction functions
defined previously provide possible new fibre configurations. In the method, each fibre
is free to find a new configuration in its surrounding space. The goal is to bring the
fibre assembly from an arbitrary initial state, to a state of minimum strain energy in

the system. Then, when strains are applied on the boundaries of the textile domain, the
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iterative process is repeated. It will take time for the system to reach a state of minimum
energy. Applying smaller strains will lead to a stable state within a much shorter time,
similarly to what is seen in real textiles in terms of time dependence.

Different cases of compaction, relaxation and in-plane shear were investigated using
the particle-based modelling method implemented. Results were validated by comparing

with experimental trials as explained further in the following chapters.



Chapter 3

Concurrent simulation of
permeability, thermal conductivity
and modulus for carbon fibre

reinforcements and composites

3.1 Preamble

Chapter 3 features simulations and experimental trials of resin flow through dry carbon
fibre textile reinforcements, as well as simulation and experimental trials of heat transfer
and static loading of unidirectional and bidirectional carbon fibre reinforced composites.
Prior to this study, no systematic investigation of the relation between reinforcement ge-
ometry and these different properties was reported for same geometric models of textile
reinforcements and their composite. The study aims at showing the effect of geometric

models on selected processing and performance properties of reinforcements and compos-

39
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ites. These effects are quantified using a series of simple geometric parameters as input,
defined in the chapter and selected to show the sensitivity of the selected properties
with regards to these geometric parameters. The conclusions drawn in this chapter were
obtained from performing 136 simulations. Considering the number of parameters used
in this study, a systematic parameter selection procedure was implemented in simulation
trials. The geometric parameters having the most effect on the selected responses were
identified. Permeability, conductivity and modulus were affected by different combina-
tions of geometric parameters, as highlighted in this chapter. It is shown through this
preliminary work that changes in reinforcement geometry can have a very strong effect
on some properties such as the permeability, a moderate effect as seen with the thermal
conductivity, or virtually no effect as observed with the modulus. Results presented in

this chapter were published in a peer-reviewed journal paper [101].

3.2 Abstract

The selection of textile reinforcement for manufacturing structural polymer composite
parts requires good knowledge of numerous material properties at the design stage, for
both the various textile reinforcements that may be selected and the composite parts to be
made from these reinforcements. This chapter presents predictive meso-scale simulations
of i) in-plane permeabilities of unidirectional and bidirectional non-woven carbon fibre
textile reinforcements, ii) through-thickness thermal conductivity of composites made
from these reinforcements, and iii) in-plane moduli of composites made from these rein-
forcements. Experimental validation results are presented for all simulated properties.
The effect of the reinforcement configuration on these processing (i) and performance (ii,
iii) properties is quantified through systematic variation of the geometric parameters that

define the configuration, for constant reinforcement surface density (ps) and composite
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fibre volume fraction (vs.). Results are presented for 136 simulations performed using 34
geometric models of reinforcements. The geometric parameters that have the strongest
effects on the permeability, conductivity and modulus are identified. Differences in the
amplitude of these effects observed from simulation correlate well with the different levels

of variability observed experimentally for each property.

3.3 Introduction

The material properties of textile composites that govern their manufacturing and their
performance are strongly influenced by the configuration of the textile carbon fibre re-
inforcement used in manufacturing these composites. Therefore, data quantifying these
processing and performance properties are required at the design stage, so that a textile
reinforcement which is best suited to a specific part and load case may be selected.

Quantifying these data through physical testing for commercially available for com-
mercially available carbon fibre is long and costly. As an alternative, much attention was
devoted to the development of meso-scale simulation tools for textile composite unit cells,
used for predicting such properties from the reinforcement configuration. Meso-scale pre-
dictions were successfully used for mapping trends between a selected processing property
of reinforcements or performance property of composites, and configuration-related pa-
rameters such as the fibre volume fraction vf,., in-plane shear angle or reinforcement
type [27,92,126]. However, the accuracy of geometric models remains an open issue;
hence published work is mostly limited to predicting trends and usually aims at reducing
physical testing through such trend identification, as opposed to superseding it. The
literature focuses mostly on the development of meso-scale simulation methods, with few
examples presented.

In this chapter the in-plane permeabilities of reinforcements to resin K7, and Kr,,
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the through-thickness thermal conductivity of composites kc,, and the in-plane Young’s
moduli of composites Ec, and Ec, are predicted for unit cells of unidirectional and bidi-
rectional non-woven textiles. The work aims at quantifying the effect of reinforcement
configuration on these properties, using established methods appropriate for actual re-
inforcement selection in an industrial context. Therefore, mature prediction methods
based on validated software are used on geometric models of existing reinforcements.

Geometric parameters defining the configuration of these reinforcements were varied.
However, all simulations and measurements were performed on models and materials
with a fibre volume fraction vf. held constant at 55%, ensuring that comparisons are
meaningful and relevant to industrial practice: the fibre volume fraction was kept con-
stant in all cases as the aim of the work is to quantify the effect of the configuration as
opposed to the effect of vf, . The reinforcement surface density (ps) also stayed constant
at 530 g/m? in all simulations, for the same reason.

The tow width tw, vertical inter-tow gap gv, horizontal inter-tow gap gh and tow
cross-section shape were varied using a Taguchi full-factorial simulation plan, Figure 3.1,
and the effects of these parameters on the above processing and performance properties
were quantified through 136 simulations performed on 34 geometric models. The tow
fibre volume fraction vf;, which is the fibre volume fraction defined within the cross-
section of a tow, fluctuated as a dependent variable allowing vf. to remain constant.
Experimental validation results are presented for all properties.

The same geometric models were used in predicting flow, heat transfer and structural
properties. The amplitude of the effects of these geometric parameters on the properties
varied from one property to another. These different amplitudes correlate well with the
different levels of variability observed in measurements of the permeability, conductivity

and stiffness. The geometric parameters most affecting each property at a constant vf.
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were identified.

n=0.3

Figure 3.1: Geometric parameters

From a practical perspective, achieving reproducible manufacturing of textile rein-
forced composite parts which translates into reliable and consistent performance of these
parts, only requires that the geometric parameters of reinforcements that have a strong
effect on the physical properties of the reinforcements and composites be well controlled
during reinforcement manufacturing. The relation between machine settings used in a
textile manufacturing operation and the variability of the carbon fibre reinforcements
produced can be observed directly during their production. However, currently only
meso-scale simulations can identify which geometric parameters of the textile reinforce-
ments must be controlled accurately for achieving reproducible composite processing and

performance.

3.4 Literature review

Analytical work investigating relations between the geometric configuration of textiles

and their properties predates high-performance textile composites. However, the in-
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creased use of these materials in load-bearing structures, notably in aerospace engineer-
ing, as well as the resulting need for property quantification has lead to the accelerated
development of textile unit cell geometric modellers [92,126]. In parallel, work aiming
at measuring intricate geometry of reinforcement unit cells and predicting it from first
principles is ongoing [27,74,107].

These textile unit cell modellers have been used for predicting the in-plane permeabil-
ity of carbon fibre reinforcements to resin. Diverse computational methods were proposed
towards this end, featuring varying levels of detail in flow field description [9,131]. The
methods are well described and simulations leading to the identification of trends are
presented in the literature. Investigations of variability were also conducted. However,
few validation results are available [124,125].

Unit cell models were also used for predicting the through-thickness thermal con-
ductivity of textile composites. Ning et al. [76] applied a straightforward calculation to
simple geometric models. Dasgupta et al. [26] proposed more extensive homogenization
method and models for the same purpose. Both groups succeeded at predicting the
effects of vf. and weave style. Gowayed et al. [35] and Bigaud et al. [11] introduced
computational methods and presented trends for kc, as a function of vf. for different
textile reinforcements. Gowayed et al. [35] validated their predictions with an array of
experimental results.

Predictive modelling of structural properties has been presented for different textile
reinforcement types [12,23,75]. Recent published work aims at predicting stiffness and
failure, and focuses heavily on the development of numerical methods for the latter.
Significant progress was achieved in recent years. However, validation data based on
experimental trials remains sparse.

Limited information on the concurrent simulation of different processing and/or per-
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formance properties is available in the literature [126]. No concurrent validated perme-
ability, conductivity and stiffness data, nor data where geometric reinforcement parame-
ters affecting all properties are identified systematically, are available. Limited variability
information generated from simulation at constant uf. is available [131], hence conclusions

about the effect of the meso-scale geometric parameters are generally not made.

3.5 (Geometry and properties

Two carbon fibre reinforcements were modelled in this work. Both materials are made
of identical unidirectional textile layers of parallel carbon tows. Material 1 is a unidirec-
tional laminate with sequence [0°],, where m is the numbers of layers. Material 2 is a
balanced bidirectional laminate with sequence [0°/90°],,. Multiple models were created
for each material based on different geometric parameters; each model was used in simu-
lating flow, heat transfer and structural behaviour. In flow simulations, a material model
effectively represents a textile reinforcement saturated with liquid resin. In simulations
of heat transfer and structural loading a material model represents a composite with
solid resin.

Unit cells of unidirectional material 1 [0°],, and balanced bidirectional material 2
[0°/90°],,, featuring m = 1 and m = 2 layers of reinforcement were modelled. While the
geometry of models was unchanged in simulations of the different properties, appropriate
unit cell boundaries were selected in view of each case. All reinforcement layers had a
surface density (ps) of 530 g/m? and all unit cells had a fibre volume fraction vf,. of
55%. The effects of reinforcement configuration on flow, heat transfer and static loading
properties were quantified by varying the tow width tw (2 and 4 mm), horizontal inter-
tow gap gh (0.2 and 0.4 mm), vertical inter-tow gap gv (0.02 and 0.04 mm) and tow

section shape. Tow height th was kept constant at 0.5 mm in all cell models. All above
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quantities were defined from observations made on actual carbon fibre reinforcements as
described below.

Tow sections were modelled as hyperellipses of power n in the local xs, ys plane as
described in Equation 3.1. The ratio ¢r of tow width to height varied with tw. The tow
cross-section area ta varied with tw and n. The tow fibre volume fraction vf; varied with
the above parameters to ensure that the fibre volume fraction in a unit cell vf. stayed
constant at 55%. Geometrical parameters are illustrated in Figure 3.3; values appear in
Table 3.1 for the 34 unit cell models created for this work.

17 cell models were created for unidirectional material 1 (labelled 1A-1P, 1Z) and 17
for balanced bidirectional material 2 (labelled 2A-2P, 27) corresponding to 2 full-factorial
4-parameter simulation plans with additional models in the centre of the simulation space
(labelled 17, 2Z). The 2 simulation plans evaluate the effect of all geometric parameters
and all their interactions on flow, heat transfer and static loading properties. The vertical
inter-tow gaps correspond to 3 to 5 carbon fibre diameters and the horizontal inter-tow
gaps are representative of reinforcements used in the experiments; hence the models are
credible in representing actual reinforcement geometry. The maximum value of vf,=

0.906 (cases 1G, 2G) corresponds to perfect hexagonal packing of the fibres in the tows.

th x? "
ST U | I R 3.1
Y 2 { (th~tr)2] (3:1)

Tow properties were calculated from available properties of Hexcel T300 PAN-based
carbon fibres and representative epoxy resins listed in Table 3.2 [7,35,88,96]. Axial and
transverse tow permeabilities Kt, and Kt were calculated for each cell model from fibre
diameter d and tow fibre volume fraction vf; using Gebart’s models [33] stated in Equa-
tion 3.2, Equation 3.3. Gebart used adjusted factors to account for differences between

calculated values of permeability and those measured on reinforcements featuring hori-
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Table 3.1: Reinforcement geometry for cell models

cell model th tw(mm) gv(mm) g¢h(mm) fh(mm) sn ta(mm?) of;
1A 2A 0.5 2 0.02 0.2 0.52 0.5 0.785 0.8
1B,2B 05 4 0.02 0.2 0.52 0.5 1.57 0.763
1C,2C 0.5 2 0.04 0.2 0.54 0.5 0.785 0.831
1D,2D 0.5 4 0.04 0.2 0.54 0.5 1.57 0.793
1E,2E 0.5 2 0.02 0.4 0.52 0.5 0.785 0.872
1F2F 0.5 4 0.02 0.4 0.52 0.5 1.57 0.8
1G,2G 0.5 2 0.04 0.4 0.54 0.5 0.785 0.906
1H,2H 05 4 0.04 0.4 0.54 0.5 1.57 0.831
11,21 0.5 2 0.02 0.2 0.52 0.3 0.918 0.684
1J,2J 0.5 4 0.02 0.2 0.52 0.3 1.835 0.653
1K,2K 0.5 2 0.04 0.2 0.54 0.3 0.918 0.71
1L,2L 05 4 0.04 0.2 0.54 0.3 1.835 0.678
1M,2M 0.5 2 0.02 0.4 0.52 0.3 0918 0.746
IN,2N 0.5 4 0.02 0.4 0.52 0.3 1.835 0.684
10,20 0.5 2 0.04 0.4 0.54 0.3 0.918 0.775
1P,2P 0.5 4 0.04 0.4 0.54 0.3 1.835 0.71
172,27 0.5 3 0.03 0.3 0.53 0.4 1.342 0.715

th = tow height
tw = tow width
gv = vertical gap

gh = horizontal gap

fh = model full (1) / half height (2)

sn = tow section power n
ta = tow section area
vfy = tow fibre volume fraction
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zontal inter-tow gaps. Such factors do not apply to tows themselves, hence they were not

used here. Values of ¢ = 53 and €} = 11.54 corresponding to hexagonal fibre packing

were used with maximum tow fibre volume fraction vf,,.. = 0.906. Values of Kt, and

Kt are presented in Table 3.3.

(3.2)
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Table 3.2: Properties of carbon fibres and epoxy resin

Property Units Resin Fibre Ref

Diameter pm - 8 7]

Density g/cm? 1.2 1.8 [7,88]

Viscosity Pa.s 1 - [88]

Conductivity W/mK 0.2 Axial: 8.4 [35,96]
Transverse: (.84

Modulus GPa 5.0 250 [7,88]

5/2
Kt, = C “‘Z’}t - 1] : (g) (3.3)

Tow axial and transverse thermal conductivities kt, and kt, were calculated for each

unit cell from fibre axial and transverse thermal conductivity kf, and kf; and resin thermal
conductivity kr using the rule of mixture by volume shown in Equation 3.4 and Nielsen’s
model [88] for aligned cylinders, shown in Equation 3.5 and Equation 3.6, Equation 3.7
with A = 0.5 and vf,,,, = 0.906. Tow density p; and specific heat Cp, were not required

in these steady-state simulations. Values of kt, and kt; are presented in Table 3.3.

kta =vps kpa+ (1 —vpe) -k (3.4)
1+ABUft

kiy =k, : 3.5

Y {1—B'¢'Uf,t} 3

5 Uafh) — 1

3.6

(kpe/ky) + A (36)
1-— Uyt

qb = 1 + 5 'Uf,t (37)
fymax

Tow axial and transverse Young’s moduli Et, and Et; were calculated for each unit
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Table 3.3: Tow properties for cell models

cell model Kt, (m?) Kt(m?) kt, (W/mK) kt;, (W/mK) Ft, (GPa) FEt, (GPa)

1A 2A 30.3 38.8 6.76 0.626 200.9 23.1
1B,2B 54.9 88.4 6.46 0.579 192 19.8
1C,2C 17.1 15.4 7.01 0.673 208.5 26.8
1D,2D 34.2 46.3 6.7 0.617 199.2 224
1E,2E 6.59 1.85 7.35 0.747 218.7 34.5
1F2F 30.3 38.8 6.76 0.626 200.9 23.1
1G,2G 2.44 0 7.63 0.818 227 44.6
1H,2H 17.1 15.4 7.01 0.673 208.5 26.9
11,21 163 327 5.81 0.495 172.6 15.2
1J,2J 237 494 2.55 0.468 165 13.9
1K,2K 116 223 6.02 0.52 179 16.5
1L,2L 175 355 2.76 0.489 171.1 14.9
1M,2M 70.5 122 6.32 0.559 187.8 18.6
IN,2N 163 327 5.81 0.495 172.6 15.2
10,20 45.9 69.6 6.55 0.593 194.8 20.8
1P,2P 116 223 6.02 0.52 179 16.5
172,27 109 207 6.07 0.525 180.2 16.7

Kt,= Axial tow permeability (10-15 m?)
Kt,= Transverse tow permeability (10-16 m?)
kt,= Axial tow conductivity

kt,= Transverse tow conductivity

Et,= Axial tow modulus

FEt,= Transverse tow modulus

cell from the fibre axial modulus Ef, and resin modulus E, using the rule of mixtures
by volume shown in Equation 3.8 and Tsai’s micromechanical model [96] appearing in
Equation 3.9. Values of Et, and FEt; are presented in Table 3.3. Other structural proper-
ties of the tows were calculated using established models from reference [96]; individual

values are not reported.

Et,a = Uf,t . Ef,a + (1 — Uf,t) . ET (38)
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3.6 Simulations

Tows in models of unidirectional [0°],, composites (17 models: 1A-1P, 17) extend along
z only while tows in the first and second reinforcement layers of bidirectional [0°/90°],,
composites (lower and upper z respectively, 17 models: 2A-2P, 27) extend along z and
y respectively. Simulations performed are: in-plane, steady-state saturated laminar flow
along = and y for [0°],, laminates (1A-1P, 1Z, 34 simulations); in-plane, steady-state
saturated laminar flow along z for [0°/90°],, laminates (2A-2P, 27, 17 simulations);
through-thickness steady-state conductive heat transfer along z for [0°],, and [0°/90°],,
composites (1A-1P, 17, 2A-2P, 27, 34 simulations); static elastic loading along = and y
for [0°],, composites (1A-1P, 1Z, 34 simulations); and static elastic loading along z for
[0°/90°],,, composites (2A-2P, 27, 17 simulations).

Predicted properties are in-plane permeabilities of reinforcements Kr, and Kr,, through-
thickness thermal conductivity of composites kc,, and in-plane Young’s moduli of com-
posites Ec, and Fc,. Full-factorial Taguchi simulation plans were used in all cases as
detailed above. Figure 3.2 shows the evolution of the cell height (th + gv , models 1A-1P,
1Z or 2 (th + gv), models 2A-2P, 2Z) and tow fibre volume fraction vf; and their rela-
tion with input parameters tw (tow width), gv (vertical inter-tow gap), gh (horizontal

inter-tow gap) and n (tow section hyperellipse power).
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Figure 3.2: Geometric parameters th + gv (models 1A-1P, 1Z) or 2 (th + gv) (models
2A-2P, 27) and uf;

All geometric models were created using TexGen v2 [92] and meshed using Gambit™
2.2.30 with 100 000 to 500 000 4-noded tetrahedral elements. Different meshes were
created from the same geometric models for flow, heat transfer and static loading to
better suit boundary conditions and symmetry. Faces normal to axes z, y and z were
labeled xmin, xmazx, ymin, ymazx, zmin and zmaz. Convergence was verified using model
1A in all cases.

Results of contrast analysis generated from Taguchi plans appear in Table 3.4 for all
predicted properties. Significant parameters are listed in each case and their effect is

quantified.
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3.6.1 Resin flow simulations

Steady-state simulations of laminar saturated in-plane flow of resin through reinforce-
ments were conducted using Fluent™ 6.2.16. Typical flow domains for materials 1 and
2 appear in Figure 3.3. Pressures of 10 Pa and 0 Pa were imposed on inlet face zmin (or
ymin) and outlet face xmaz (or ymaz). Other faces were set as walls; these were located

in zones of very slow flow hence cell permeability was unaffected by these walls.

f Outlet Outlet Outlet
f Inlet Inlet Inlet

Figure 3.3: Typical flow domains; a) material 1, flow along z; b) material 1, flow along
y; ¢) material 2

Uniform pressure distributions and velocity fields developed along the flow direction
in all cases simulated in this work. Darcy’s law was used for calculating reinforcement
permeability K7, or Kr, along z or y as shown in (3.10) from the imposed pressure
gradient AP/Ax or AP/Ay and total mass flow rate converted to seepage velocity wu,
or wu, . Resin viscosity p and density ps are specified in Table 3.2.

Kr, AP Kr, AP

oA AP __any A 3.10
! po Az o no Ay (3.10)

A typical flow field appears in Figure 3.4 for flow along axis z through model 1C. Flow
simulation results appear in Figure 3.5. These results clearly show that permeability is

strongly influenced by the reinforcement configuration, in cases where the fibre volume
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fraction vf. is kept constant.
| 2.67e-02

2.14e-02

1.61e-02

.. 1.08e-02
I 5.46e-03
1.46e-04

Figure 3.4: Flow field: velocity vectors collared by amplitude (m/s), cell model 1C, flow
along z

This finding can be related to the large variability that is typically observed for per-
meability measurement performed on reinforcements. It is also informative to compare
variability in the above results with that arising from different nesting patterns for a fab-
ric of constant configuration and wvf. [131], and from varying gaps in fabrics where tows
are not perfectly straight [125], again for a constant vf.. Finally, narrow inter-tow gaps
lead to predicted permeability values that are in line with reported experimental values,
indicating the critical importance of accurate geometrical modelling to flow simulations.

Figure 3.5 also shows a factor of approximately 10 between Kc, and Kc, for material
1 as seen in reported experimental results. Trends in K¢, (= Kc¢,) for [0°/90°],, mate-
rial 2 closely follow those of Ke, for [0°],, material 1 as expected. Analysis of contrasts
for Kc,, [0°],, material 1, Table 3.4, indicates that horizontal gap gh has the strongest
positive effect (increases Kc,). Amplitudes of the positive effect of tow section power
n — resulting in smaller tow sections —, negative effect of tow width tw and positive
effect of vertical gap gv are less than half the amplitude of the effect of gh. All of these

effects clearly indicate that inter-tow channels in the horizontal plane control flow in
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Figure 3.5: Flow simulation results

o4

this case. Analysis of contrasts for K¢,, [0°],, material 1 indicates that both gv and n

have strong positive effects whilst other parameters are not significant. Pressure loss

mostly occurs in gaps between vertical apexes of tows; the geometry of these gaps con-

trols transverse permeability K¢, for material 1. It can be concluded that flow along and

across tows in [0°],,, materials is controlled by inter-tow gaps, with horizontal and vertical

inter-tow gaps dominating flow along and across tows respectively. Analysis of contrasts

obtained with K¢, for [0°/90°],, material 2 shows trends very similar to those observed

with K¢, for [0°],, material 1. This was expected as K¢, values for material 1 are larger

than those of K¢, for the same material, resin flowing though the path of least resistance.
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Figure 3.6: Typical heat transfer domains: material 1, material 2

3.6.2 Heat transfer simulations

Steady-state simulations of through-thickness heat conduction through composites were
conducted using Fluent™ 6.2.16. Typical heat transfer domains appear in Figure 3.6.
Constant temperatures were imposed on lower and upper faces zmin and zmax. Other
boundary faces were set as adiabatic walls. Symmetrical temperature and heat flux fields
developed in all cases. Fourier’s law was used in calculating composite conductivity kc,
along z, stated as Equation 3.11 from imposed temperature gradient AT/Az and the

area-weighted surface heat flux ¢, on faces zmin and zmax.

¢ = _kczE (3.11)

The temperature field for case 2A appears in Figure 3.7. Heat transfer simula-
tion results appear in Figure 3.8. Reinforcement configuration has limited effect on
through-thickness conductivity for a constant fibre volume fraction vf. in the compos-
ite. Whilst published measurements are few this can be correlated with the limited
variability observed experimentally for this property, and explain that published predic-

tions of kc, seem equally successful whether based on complex or simplified geometric
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models [11,26, 35, 76].

l 3.05e+02

3.04e+02

3.03e+02

. 3.02e+02
I 3.01e+02
3.00e+02

Figure 3.7: Temperature field (K), cell model 2A

Model geometry is less critical for conductivity than it is for permeability. Figure 3.8
also shows that values of kc, are virtually identical for [0°],, material 1 and [0°/90°],,
material 2. Tow configuration has a much greater influence than laminating sequence;
having 2 superimposed [0°/90°],, layers in material 2 as opposed to parallel tows in [0°],,
material 1 had virtually no effect on kc, , as expected.

Analyses of contrasts for kc, in [0°],, material 1 and [0°/90°],, material 2, Table 3.4,
lead to nearly identical results. Some effects are counterintuitive: kc, increases most
when hyperellipse section power n goes from 0.3 to 0.5 corresponding to smaller sections
of conductive tow embedded in a larger volume of less conductive matrix. However, at
a constant composite fibre volume fraction vf., tows of smaller section have higher tow
fibre volume fractions vf; resulting in larger transverse tow conductivity kf; and through
thickness composite conductivity kc.. Amplitudes of the negative effect of vertical gap
gv, negative effect of tow width fw and positive effect of horizontal gap gh — through its

relation to vf, — are less than a third of the amplitude of the effect of n.
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Figure 3.8: Heat transfer simulation results
3.6.3 Static loading simulations

Static elastic in-plane loading simulations of materials 1 and 2 were conducted using
Abaqus™ 6.7-1. Static loading domains are identical to heat transfer domains, Figure
3.6. A tensile stress of 10 MPa was imposed along axis x (or y) on faces 2, and
Tmaz (OT Ymin and Ym). Displacements of all nodes on each boundary face along the
face normal were forced equal, hence boundary faces remained straight upon loading.
Symmetrical stress and strain fields developed in all cases. Hooke’s law was used in
calculating composite Young’s moduli E'c, or Ec, along z or y as stated in Equation 3.12,
Equation 3.13 and Equation 3.14 from imposed stress oc, or oc, and axial strains ec, or
€cy .
0Cy

Ec, = (3.12)

ECy
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oc

Ec, = —2 3.13

Cy ec, (3.13)
oL

€Cs, 0y = 7 (3.14)

The stress field for case 1B loaded along z appears in Figure 3.9. Static loading

simulation results appear in Figure 3.10. The reinforcement configuration has virtually

no effect on in-plane Young’s moduli. Only FE¢, for [0°],, material 1 varied slightly with

section power n and tow width tw through their effect on vf; and its relation to Et;. This

expected conclusion for constant fibre volume fraction vf. composites can be correlated

to the low variability levels typically observed on Young’s moduli in testing, which are

usually much lower than variability levels associated with strength. All values were in line

with expectations and predictions of simple micromechanical models for homogeneous

composites. In view of the limited effect of parameters, analyses of contrasts were not

conducted for static loading simulations.

S, Mises
(Avg: 75%)
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Figure 3.9: Von Mises stress field (MPa), cell model 1B, stress along
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Figure 3.10: Static loading simulation results
3.7 Experiments

Flow, heat transfer and static loading experiments were conducted on carbon fibre rein-
forcements and on composites made from unidirectional non-crimp fabric style 1152 from
Fabric Development Inc. The 366.7 g/m? reinforcement available in 7.5 cm wide ribbon
is made of 34 parallel T300-12K carbon warp tows held by light glass weft threads. The
widths of tows and of horizontal inter-tow gaps created by the weft threads are approx-
imately 2 mm and 0.2 mm respectively. Room-temperature epoxy resin Mia-poxy 100
with hardener 95 at 100:24 ratio by mass was used in flow tests and for making the
composites. Viscosity of the mixed resin was 800 cP at 25°C. Cure and post-cure were
conducted under press at controlled thickness.

Permeability measurements were conducted in a 74 mm by 300 mm cavity with

constant thickness of 1.52 mm under an imposed pressure difference of 1 bar, Figure 3.11.
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The purpose-built, non-adjustable cavity had a width slightly lower than that of the
fabric hence race-tracking was avoided. Permeability was measured for [0°]4, [90°]4 and
[0°/90°]5 4-layer preforms with vf. = 55 %. Each measurement was repeated 3 times.
Values of permeability along the flow direction were derived from Darcy’s law as K¢, =
72 x 107 m? £ 1.1 x 1071 m?, Kcy,= 6.5 x 107 m?2 £ 1.2 x 107" m? and Kc¢, = 4.1
x 10719 m? £ 9.4 x 107! m? respectively where the variability number is the standard
deviation. The amplitudes of measured values generally correspond to those obtained
from simulations. Kc, is significantly lower than K¢, for the unidirectional case, and Kc,
for the [0°/90°]s preform is only slightly lower than Kec, for the [0°], preform. Variability

is relatively large as expected.

Figure 3.11: Permeability measurement apparatus

Through-thickness thermal conductivity measurements were conducted on 3 plates us-
ing the Hukseflux THASY'S apparatus available at the Institute for Aerospace Research,
National Research Council of Canada (Ottawa), Figure 3.12. Laminating sequences and

thicknesses were [0°]¢ at 2.29 mm for 2 plates and [0°/90°]; at 1.52 mm for 1 plate.
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All plates had a of. of 55%. A total of 23 measurements were conducted. The mea-
sured through-thickness thermal conductivities kc, derived from Fourier’s law were 0.450
W/mK + 0.001 W/mK;, 0.458 W/mK + 0.002 W/mK and 0.451 W/mK + 0.001 W/mK
where the variability number is the standard deviation. It was clearly apparent that the
laminating sequence had no discernable effect on kc, as expected. Accurate values could
be obtained as the thermal properties of Hexcel T300 carbon fibres are well reported in
the literature. Variability was very low, especially when compared with variability levels

seen with permeability.

Figure 3.12: Hukseflux THASYS transverse permeability measurement apparatus and
samples

Tensile testing was conducted using an Instron 4482 universal testing frame with
samples loaded at 1 mm/min. Samples were not loaded to failure. Laminating sequences
and thicknesses were [0°]¢ at 2.29 mm, [90°]¢ at 2.29 mm and [0°/90°] at 1.52 mm. The
evaluation of variability offered little interest hence one plate was tested in each case.
For the 3 plates a vf, of 55% was used. Values of Young’s modulus along the sample

length were derived from Hooke’s law as Ec, = 131.8 GPa, Ec, = 8.5 GPa and Ec, =



Behaviour analysis of technical textiles 62

72.0 GPa respectively. The measured values are generally in line with those obtained

from simulations.

3.8 Discussion

The geometric models used in the simulations presented here are idealized: tows are
straight, and in each model the tow sections and inter-tow gaps are constant. Further-
more, tows in adjacent layers are perfectly superimposed. Examples of variability for
comparable models were provided by Lomov et al [27,75] and Long et al. [131]. The lev-
els of variability observed in this chapter, for different configurations, may be tempered
by the fact that in reality variability is present within a given reinforcement, though it is
limited in the case of those used in the aerospace sector. Still, it is clear that variability
on permeability data will be significantly larger than it is for other properties.

Inter-tow channel size largely determines preform permeability. It also determines the
relation between the general flow front and the inner impregnation of tows (macro/micro
flow) during filling. This relation was not investigated as all flow simulations were con-
ducted for saturated domains; however, it could be studied systematically in a similar
way. The effect of geometry in transverse flow through unidirectional preforms may
be magnified as small gaps result from the assumed perfect alignment of tows; con-
versely, vertical gap sizes equivalent to 3 to 5 fibre diameters are representative of reality.
Therefore, it is reasonable to assume that whilst the amplitudes of permeability Kc, in
unidirectional preforms are adequate, variability might be somewhat overestimated. The
former assumption is well supported by experimental results. Tow permeability is largely
irrelevant in saturated flow.

Variation in through-thickness conductivity kc, was limited even for different stack-

ing sequences. From a modelling perspective the effect of imperfect tow superimposition
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would be interesting to assess, though simulation results indicate that this is likely to be
minor. Observed effects of vf; and vf. for the realistic situation of a composite of con-
stant vf. produced from reinforcements of constant surface density ps were not intuitive,
showing the value of unit cell modelling.

As expected, static loading simulations led to negligible variability in stiffness. How-
ever, one can safely state that analysis of failure would lead to a different conclusion.
Unit cell modelling of carbon fibre reinforcements makes possible the quantification of
effects that cannot be readily tested. It also enables quantifying the relation between
the reinforcement configuration and selected physical properties pertaining to processing
and performance of the composite materials, the expected variability for these physical
properties. Crucially, it also enables the designer to assess which element of the rein-
forcement configuration must be controlled to a high level of repeatability in order to
ensure reproducible manufacturing and performance of the composite parts. Simulation

results were well corroborated by experiments in all cases.

3.9 Conclusion

Meso-scale simulations of the in-plane permeability, thermal through-thickness conduc-
tivity and in-plane stiffness of unidirectional and bidirectional carbon fibre reinforcements
and composites were presented and validated. The effect of reinforcement configuration
was quantified systematically and assigned to specific geometric parameters. Variability
was quantified for each property at a constant composite fibre volume fraction of.. It
was observed that variability differs strongly between properties; the behaviour can be

related to variability levels seen in experimental measurements.
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Table 3.4: Significant parameters and contrast values ¢

64

# Parameter Contrast value
Kry Permeability along tows, [0°] material 1

1 gh Horizontal inter-tow gap ¢ =+ 8.38 x 10710 m?

2 n Hyperellipse tow section power ¢ =4 392 x 10719 m?

3  tw Tow width ¢ =- 3.58 x 10710 m?

4  gv Vertical inter-tow gap ¢ =4 2.66 x 10719 m?
Kry Permeability across tows, [0°] material 1

1 gv Vertical inter-tow gap =+ 7.84 x 1071 m?

2 n Hyperellipse tow section power =+ 6.04 x 107 m?
Kr, Permeability along axis x, [0°/90°] material 2

1 gh Horizontal inter-tow gap ¢ =+ 4.70 x 10710 m?

2 tw Tow width ¢=- 205 x 10710 m?

3  gv Vertical inter-tow gap ¢ =4 1.87 x 10719 m?

4 n Hyperellipse tow section power ¢ =+ 1.76 x 10710 m?
ke, Through-thickness conductivity, [0°] material 1

1 n  Hyperellipse tow section power ¢ =+ 0.0547 W/mK

2 gv Vertical inter-tow gap ¢ =- 0.0170 W/mK

3 tw Tow width ¢ =- 0.0164 W/mK

4  gh Horizontal inter-tow gap ¢ =+ 0.0163 W/mK
ke, Through-thickness conductivity, [0°/90°] material 2

1 n  Hyperellipse tow section power ¢ =+ 0.0509 W/mK

2  tw Tow width ¢ =- 0.0147 W/mK

3 gv Vertical inter-tow gap ¢ =- 0.0129 W/mK

4 gh Horizontal inter-tow gap ¢ =+ 0.0112 W/mK




Chapter 4

Particle-based modelling of the
compaction of fibre yarns and woven

textiles

4.1 Preamble

Chapter 4 contains results obtained from particle-based modelling of textiles subjected
to compaction normal to their plane. An introduction to particle-based modelling, as
explored in chapter 2, was included again for publication purposes. Compaction simu-
lations were executed on aligned fibres and also on single layer and double-layer plain
woven textiles. Selected experimental validation work was performed on woven textiles,
and compared well with simulations. Parameters investigated in this work were the ef-
fect of different contact and lateral yarn compaction models, domain size and relative
positioning of textile layers.

Models aimed at assessing the behaiviour of yarns when loaded in compaction normal

to their axis were Hertz’ contact model along with Gutowski’s compaction model. Suit-

65
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ability of using these models was studied and validated with different materials including
copper fibres as a higher modulus material and Nylon 6/6 fibres as a low modulus ma-
terial. This work introduces realistic geometric modelling of textile reinforcements done
in parallel with modelling of their mechanical behaviour, during compaction. Other ele-
ments of mechanical behaviour are investigated in following chapters. Results reported
in this chapter were accepted in final form for publication in a peer reviewed journal

paper [104].

4.2 Abstract

This paper proposes a particle-based modelling method for predicting the constitutive
behaviour of textiles when subjected to various compressive loading conditions. The
method, which is demonstrated for stacked layers of plain woven textiles, utilizes discrete
mechanics as an alternative to traditional continuum mechanics. Fibres are modelled as a
series of conjoined points, and their configurations are determined mechanistically using
a modified Metropolis algorithm and inter-particle strain energy terms. The implemen-
tation presented in this paper enables intricate geometric modelling of textiles at the
microscopic, mesoscopic and macroscopic scales. It also enables extensive mechanical
modelling of the textiles, from first principles, as they are loaded upon manufacturing
of typical technical textile structures. While this paper focuses on the compaction be-
haviour of weaves, the modelling method is readily adaptable to the analysis of shear,
bending, buckling, punching, relaxation and other loading scenarios applied on a wide
array of textiles of different types. These scenarios will be described in forthcoming
publications.

Comparative data from in silico and in situ testing shows excellent agreement. Results

demonstrate an improvement in simulation accuracy over comparable, prior modelling
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techniques. The method presented here successfully predicts the actual behaviour of

yarns, single layer and double-layer textile stacks in compaction.

4.3 Introduction

Technical textiles and structures such as components for artificial organs, load-bearing
elements in architectural tensile surface structures, preforms used as reinforcements for
high-performance polymer composites, and others are subjected to various shaping and
forming operations at the manufacturing stage, and to a large array of load cases in ser-
vice. The constitutive mechanical behaviour of such textiles is intimately linked to their
construction and internal configuration [85,90], which in turn have a strong influence on
other physical properties such as the thermal conductivity, permeability to fluids, and
others [101]. The geometrical configuration of textiles is altered by normal compaction
pressure (P), affecting operations such as coating and calendering for example. Textile
thickness is reduced; furthermore, the configuration of yarns in the textile is altered.
Elastic and plastic deformations are imparted to the yarns leading to yarn flattening,
shifting within textile layers, and nesting at higher fibre volume fractions (vf). These
factors result in very complex textile geometry at the scale of the yarn and repeating
unit cell. Predetermination of stress-induced geometric changes during manufacturing
or service is crucial to understanding processing behaviour and predicting mechanical
performance; relatively small changes in textile geometry can have major effect on phys-
ical properties. Anticipating such changes also is useful in documenting which aspects
of textile geometry and configuration must be controlled to ensure reproducible physical
properties.

Recent geometric and constitutive models were proposed for heterogeneous fibre as-

semblies featuring yarns and defined textile architectures. Wang and Sun [127] modelled
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individual yarns as a series of rigid elements joined by frictionless pins acting as ball-
joints, to simulate yarn paths in simple twisted yarn assemblies and 3D braids. The
model enabled quantitative analysis on the distribution of yarn orientations and fibre
volume fraction vy in such textiles; vy within yarns and the behaviour of individual fi-
bres were not considered. Simulations were restricted to small numbers of yarns due to
computational restrictions.

Zhou et al. [134] employed a finite-element method using stiffness matrices and bound-
ary conditions defined for multi-chain digital elements, to predict yarn deformations
based on the displacements of joints defined in the simulated yarns. The technique was
limited to small numbers of digital chains within each yarn. Deformations of yarn cross-
sections and paths as well as fluctuations in vy were available as output of simulations
of the braiding process.

Sun and Sun [118] used a similar method for investigating the microstructure and
mechanical properties of 3D braided rectangular preforms, and compared simulation
results with those obtained from topological models featuring yarn interaction, and from
experimental trials. Discrepancies were observed for tensile and shear stiffness, between
experimental results and simulations.

Miao et al. [74] presented algorithms for reducing computational demand while in-
creasing simulation accuracy through targeted use of a coarser digital element mesh. Two
critical issues were addressed in overcoming limitations of the digital element approach.
Firstly, the original shape of a yarn and its influence on the final geometry was investi-
gated and the authors found a negligible effect. Secondly, accuracy associated with the
number of digital elements in a yarn was explored and minimal effect was observed when
compared with experimental results. As with other studies cited above, computational

demand was a difficulty and simulations were limited to small numbers of elements in
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the systems modelled.

Zhou et al. [133] investigated the effect of compression under a vacuum bag on fabric
geometry, using another digital element approach. Fibres within yarns were represented
using digital elements woven into a textile, and the vacuum bag was modelled as a fish-
net type structure. In this work a smoothing method was used for obtaining a solid
model of yarns from fibre distributions. Experimental results showed good agreement
with a number of simulations.

Maze et al. [72] simulated the geometry and compaction of highly porous stacks of
continuous thermoplastic fibres, aiming at modelling the thermal calendaring of non-
woven. Following on the work of Niskanen and Alava [78], fibres with square sections
represented as series of cubes were laid along axes z and y only, in varying proportions.
Fibre sections remained unchanged upon compaction. Non-elongating fibres separated
by statistically set transverse gaps were precluded from moving in the z-y plane upon
compaction, which is appropriate in the context of thermal calendaring where fibres may
fuse together as opposed to sliding past one another upon compaction. Initial v, values
were well below 10%, and the fibre stacks featured no structure at the mesoscopic scale,
in the sense that fibres were not grouped explicitly into yarns as they are in woven fabrics.
The purely geometric compaction algorithm simulated fibre bending through a unified
parameter. The authors report vy values up to 50% upon compaction, resulting from
fibre bending.

While useful in specific applications, the above approaches suffer from limitations.
Most importantly these methods lead to good agreement with experimental results, but
under strictly controlled conditions or for materials that are distinctly different from
those studied here. Furthermore, they are limited to a few selected applications and are

applied to specific cases with precise initial conditions.
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The approach described in this paper aims at overcoming limitations of the prior
methods and at improving computer-based simulation of the geometry and constitutive
behaviour of textile structures, by integrating particle displacements and strain energies
in modelling interactions between system components (fibres), subcomponents (fibre par-
ticles) and the external environment (typically a plate).

Deformation of the fibres results from external, imposed boundary motions as well as
from internal, fibre-to-fibre contacts. Strains in fibres result from relative displacements
of individual fibre particles in the three-dimensional space. Strain energy in fibres results
from physical strains which cause deviations away from a state of lowest energy in the
textile. Displacements, strains and energy may change in a system as a result of a
boundary motion, in response to the application or removal of pressure, or during a
relaxation phase resulting from the stabilisation or removal of a displacement or pressure.

Particle-based modelling provides an accurate and general numerical tool for simulat-
ing the large-strain constitutive behaviour of non-homogeneous or structured textiles, by
accounting for the detailed geometric configuration at fibre scale. In this work, particle-
based modelling simulations of fibre assemblies were used for locating fibre positions
and quantifying fibre interactions that minimize the total strain energy stored in the
textile during compaction. The program used for modelling fibre interactions during
compaction uses several simulation steps wherein each step comprises an iterative series
of calculations modelling the fibre assembly as it is taken from an arbitrarily chosen
initial state to a state wherein the fibres contain minimum strain energy. Specific details
about the algorithm and the manner in which strain energies are calculated appear in
following sections. Briefly, each calculation is based on a modified Metropolis algorithm
adapted to 1) specific interaction functions [72], and 2) a specific acceptance function [78].

Compaction displacements impose evolving boundary conditions for a set of iterative cal-
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culations determining the textile geometry at each step. In addition to the determination
of fibre position shifting, the simulations produce information pertaining to changes in
yarn shapes, contact configurations and forces [73,128].

Additionally, a parallel can be drawn between the iterative process and the time-
dependent relaxation behaviour of textiles. That is, the same modelling method and
framework can also be used for predicting fibre relaxation behaviour at the cessation
of compaction either from removal of pressure, steady-state application of pressure or
constant platen spacing. Modelling the time dependence of particles or fibre interaction
is thus an integral part of the method with only one time-scaling parameter being required
between the number of iterations and relaxation time. This aspect of the constitutive

behaviour will be explored in a forthcoming paper.

4.4 Modelling methodology

Fibres are represented by a series of discrete spherical particles with diameters equal to
the fibre diameter. The relative positions of individual particles in a series collectively
describe the fibre geometry. By tracking the response or displacements of individual
particles interacting with neighbouring particles, the overall behaviour of the system
is modelled. Particle-based modelling differs from traditional continuum mechanics; it
enables more thorough expression of the geometry of discontinuous assemblies making a
textile, especially when subjected to large strains. Changes in strain energy in individual
and interacting fibres are determined in predicting and validating particle displacements

as textiles are compacted.
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4.4.1 Modelling method

A modified Metropolis algorithm [72] with Boolean function [78] was used for enabling
accurate discrete particle modelling of the geometry of textiles. The modified Metropo-
lis algorithm iterates particle positions towards configurations of lower strain energy,
ultimately defining the geometry of the textile under constant boundary conditions. It-
erations on particle positions are performed within a physical subspace [-a, a| with a step
size limitation and uniformly distributed random walk, for a number of particles that is
sufficient for intricate representation of geometrical features. Within each compaction
step and under constant boundary conditions, tentative configuration changes are at-
tempted iteratively by adding a small displacement of random amplitude to the z, y and
z coordinate of a randomly chosen particle. This results in a strain energy differential
between configurations before and after the displacement. If the differential is negative
and strain energy is reduced in response to the displacement of the single particle, the
new configuration is validated and becomes the initial state for the next iteration, still
under the same boundary conditions. Conversely if the strain energy remains constant
or increases, the new configuration may still be accepted if the result satisfies statistical
arguments using predefined probabilities [99] based on a Boolean decision function. The
number of iterations required for the system to reach a stable state of lower strain energy
depends on several factors and is usually estimated empirically. Afterwards, boundary
conditions are changed to reflect on-going compaction and the iterative procedure is

repeated.

4.4.2 Strain energy terms

Compaction of the textile as described above induces interaction forces between the

particles, producing stresses and strains within the fibres. Strain energy results from 1)
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relative displacement between particles within a single fibre (intra-fibre strain energy),
and ii) fibre deformations resulting specifically from interactions between neighbouring

fibres in a yarn (inter-fibre strain energy).

Intra-fibre strain energy

For each fibre, particle displacement leads to changes in the fibre’s strain energy which
can be associated to axial tension, axial compression or bending stresses; fibre torsion is
disregarded and radial fibre compression is discussed in the next section. For each fibre
segment, strain energy in axial tension or compression is a function of Young’s modulus
E, fibre cross-section A, and actual and initial distances between 2 particles L,,, and L,

Figure 4.1. In Equation 4.1, values of £ and A are embedded into axial stiffness K,,,.

Ln -k

Figure 4.1: Tension/compression axial strain energy between two particles (right) and
bending strain energy between three particles (left)

Uy = —0.5Kn - (Lyn — L)? (4.1)
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where K,,, = AE/L

Bending strain energy is calculated using angle 0;;; defined between particles ¢ and
k framing particle j as illustrated in Figure 4.1; strain energy is calculated for both
halves of segments #j and jk adjacent to particle j. The strain energy stored in a fibre
characterized by Young’s modulus F, second moment of area I for circular fibres and
total length between 3 particles 2L when subjected to pure bending is defined in Equation
4.2.

Up=— (1 —0)? (4.2)

where L = (L;; + Ljx)/2

It should be noted that the above equation calculates bending strain energy in 2
neighbouring half-segments. In the implementation, when particle j is moved the angle
0i;r changes, as do angles 6p;; and 6;;. The change in bending energy over all half-
segments involved is calculated along with other energy terms, and then the energy

differential is evaluated.

Inter-fibre strain energy: Hertz’ model

Contact forces between two elastic bodies with curved surfaces may be calculated using
the Hertzian theory [100] where E* is the representative modulus of the two contacting

bodies with modulus F and Poisson’s ratio v, as defined by Hertz:

. E
B = i (4.3)

and h is the penetration distance for two fibres of radius r, Figure 4.2. For fibres

having the same radius, the contact distance is:
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Figure 4.2: Contact between the curved surfaces of two fibres

h=2r—d (if d<2r)
(4.4)
h=0 (if d>2r)

Hertz’ contact force Fy and strain energy Uy for the elastic radial compression is

given as [89]:

4
Fy = g.E*TO'5h1‘5 (4.5)
4 05,15 8 i 05725

Inter-fibre strain energy: Gutowski’s model

Contact forces between curvilinear fibres within a fibre assembly such as a yarn may also
be calculated using Gutowski’s compaction model [47]. Gutowski’s compaction model

states that instead of being perfectly straight individual fibres within yarns are wavy. A
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fibre sub-domain with radius r, projected length L, modulus £ and second moment of
area [ submitted to 3-point bending as a result of inter-fibre contact force F is illustrated
in Figure 4.3. The relation between vertical deflection ¢ and the contact force F' at the

centre of the fibre is:

5= (4.7)

Figure 4.3: Fibre segments and encompassing prisms in Gutowski’s model

Projected length L and deflection ¢ are related to other dimensions as follows:

§=(l,—1)

(4.8)

where [, l,,;, and [, are the actual, minimal and initial height of a rectangular cuboid
encompassing the fibre and S is a parameter either evaluated by microscopy or fitted to
experimental results. It is assumed that [,,;, is equal to 2. The width w of the cuboid is
assumed to stay equal to its height at all times during compaction. The model relating

the compaction pressure Py calculated from the above to vy is:
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p, = 1= _3ET {\/?_ ] (4.9)

where v, and v, represent the initial and maximum values of v; ; whilst in its basic form
Gutowski’s model would not allow values of v; higher than /4, parameters v, and v,
are used as fitted parameters. From Gutowski’s model the strain energy is calculated
by integrating force over distance for the displaced particle interacting with surrounding
fibres; for a displaced particle separated by distance [;; with l,,;, < l;; < l,, strain energy

is calculated as:

192E1 (I, — L))
Vo = /Fij = g (Lij — lmj’n)g i (4.10)

where [, is the initial distance between particle centres and l,,;, is the fibre diameter.
Again, tentative positions are maintained if Ug is reduced. Gutowski’s model is equiva-
lent to the beam bending equation, with reducing span; it has been used successfully in

many occurrences [19,39,83].

Calculation of compaction pressure P and fibre volume fraction vy

Compaction is simulated by progressively reducing the domain height. Fibres located
near the upper boundary are displaced accordingly, total strain energy is minimized
iteratively, and P is recalculated at each step by summing vertical components of forces
applying on the horizontal boundary.

Values of vy are obtained in two ways in this work. v; calculation method 1 proceeds
by identifying fibres crossing a rectangular plane and adding individual cross-section

areas, accounting for any angle between the normal to the plane and the local fibre
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direction. Plane height corresponds to domain height and plane width is, at most, the
minimum width that encompasses all fibres. The sum of section areas is then divided by
the plane area. vy calculation method 2 proceeds by calculating the volume of all fibres
whilst neglecting compaction of individual fibres as per Hertz” model, and dividing by

the volume of the smallest rectangular cuboid encompassing all fibres.

4.5 Simulations and validation experiments

Three series of simulations of increasing complexity were performed; only the latter two
were validated by experimental results as this was not relevant for the first series.

Series 1 features 2 cases where two superimposed fibres are compacted between two
platens. Lateral fibre displacements are restricted. Interaction forces between the two
fibres are modelled using either the Hertz' contact function (series 1.1) or the Hertz’
contact function and Gutowski’s function combined (series 1.2). The purpose of series 1
is to verify that the modelling environment replicates the basic functions accurately, and
show the difference in behaviour for the 2 functions.

Series 2 features 3 cases where yarn compaction is studied. The purpose is to as-
sess the deformation of compacted yarns, especially lateral displacement as well as yarn
widening and flattening. The statistical nature of the simulations is investigated by con-
ducting groups of identical simulations for each case. Yarn compaction is studied for
a single yarn with restrictions on lateral fibre displacement (series 2.1), a single yarn
with no restrictions on lateral fibre displacement (series 2.2) and 2 superimposed yarns
laid perpendicularly (series 2.3). Fibre diameters were measured using a micrometer; 50
samples were used. Diameter of Nylon 6/6 and copper fibres were 299 + 1 ym and 297 +
2 pm respectively. Tensile tests were performed using an Instron 4482 universal testing

frame equipped with a 1 kN load cell; 10 samples with gauge length of approximately
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100 mm were used. Young’s moduli of Nylon 6/6 and copper fibres were 1.05 + 0.02 GPa
and 117 + 3 GPa. Compaction tests were performed using the same Instron frame and
cell. Aligned copper and Nylon 6/6 fibres were compacted between a lower rectangular
cavity measuring 2.5 mm by 40 mm and flat cover, enabling compaction of aligned fibres

in a laterally constrained domain corresponding to series 2.1, Figure 4.4 .

Upper mould ——

o gmen

Fibre bundle ——

Lower mould

Figure 4.4: Compaction rig for single yarn with restrictions on lateral fibre displacement

It should be noted that whilst use of copper fibres in textile applications is limited,
the fibres were used in this work for the following reasons: i) use of Gutowski’s model is
validated for fibres with significantly different stiffness, and likely different waviness; ii)
copper and Nylon 6/6 fibres used in this work have diameters that are both similar and
sufficiently large for enabling modelling of each fibre individually; iii) copper modulus
is closer to that of high-stiffness structural fibres, which are a primary target in the
development of the model; iv) copper textiles are used as lightning protection devices in
polymer composite structures, in line with the author’s background.

Series 3 features 2 cases where the compaction of a single layer of plain weave textile is
studied. The purpose is to look at yarn deformation and reorganisation within a textile,

and at the joint effect of boundary conditions and domain size. Again the statistical
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nature of the simulations is investigated. Single layer compaction is studied for a single
unit cell within an extended textile domain (series 3.1) and the full domain (series 3.2).
Validation was conducted by manufacturing 30 textile samples measuring 100 mm x 100
mm, Figure 4.5, and testing using the aforementioned Instron frame and cell. Yarns in
each sample contained 30 monofilament Nylon 6/6 fibres, with 5 mm yarn spacing in
both directions. Other characteristics of the fibres and textile samples appear in Table

4.1.

i
A MR

Figure 4.5: Manufactured textile with Nylon 6/6

Table 4.1: Characteristics of fibres and textiles

Properties Number of samples
Fibre diameter (2r) 0.296 £+ 0.001 mm 50
Fibre density 1.172 4 0.001 g/cm? 20
Initial vy of preform 25+ 31 % 10
Surface density of preform 0.117 4 0.001 g/cm? 10
Number of fibres in yarn 30 20

Two parallel 40mm x 40mm platens were carefully mounted and aligned in the frame,

ensuring uniform compaction, Figure 4.6. Stiffness of the platens and frame were mea-
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sured and any platen assembly deformation was removed from the raw compaction data.
First, 10 different tests were conducted on single-layer samples, with 5 consecutive com-
paction cycles performed on 1 of these 10 samples. In half of these tests the sample was
aligned at 45° from platen edges to verify any orientation effect. Then, 10 different tests
were conducted on superimposed, double-layer samples. In 5 of these latter tests, yarns
in both textile layers were superimposed as far as practically possible; in the 5 other

tests, yarns in both textile layers were staggered as far as practically possible. In all

cases, a compaction speed of 0.5 mm/min was used.

!Jpper moulg

.~ Lower mould

Figure 4.6: Compaction rig with a single layer textile

4.5.1 Series 1: fibre compaction

This section features series 1.1 and 1.2. Two parallel and superimposed Nylon 6/6 fibres
with 300 pm diameter and 1 GPa Young’s modulus were compacted between platens.
Lateral displacements were precluded through rigid side domain boundaries with domain
width equal to fibre diameter. Series 1.1 used Hertz’ contact function whilst series 1.2

included both Hertz’ and Gutowski’s functions.
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Simulation results for series 1.1 and 1.2 appear in Figure 4.7, along with predic-
tions from Hertz’ equation only and Gutowski’s equation only. Data points identified as
calculation results in Figure 4.7 were obtained from equations 5 and 6; in the case of
Gutowski’s model, parameters 5 = 200, v, = 0.25 and v, = 0.80 were selected as first
estimates from past experience, as these curves aimed at validating implementation in

the simulation software and were not to be fitted to experimental results.
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Figure 4.7: Results of the compaction of two superimposed fibres with lateral constrains
(series 1)

For series 1.1 contacts between parallel fibres and a rapid build-up in pressure corre-
sponding to deformation of actual fibre cross-sections start at a vy = m/4 as expected for
square fibre packing. For series 1.2, P increases more gradually with v; with non-zero

values seen at lower vy as suggested in several prior studies [19,47]. Higher values of
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pressure are achieved at vy values lower than /4, hence Gutowski’s function takes clear
precedence over Hertz’ in predicting the compaction behaviour at these relatively low
pressures, where radial compaction of the fibres will be negligible. Significant changes in

pressure start at around 65% vy ; 1 MPa is reached at approximately 73% vy .

4.5.2 Series 2: yarn compaction

This section features series 2.1, 2.2 and 2.3.

For series 2.1, simulations were performed where various single yarns made of 30
fibres of copper and Nylon 6/6 were compacted between two parallel platens. Lateral
boundaries were present, forbidding lateral displacement of fibres beyond the initial yarn
width, Figure 4.8. Strain energy terms arising from axial tension/compression, bending
and lateral compaction were present. Firstly, copper yarns were simulated where yarn

compaction was modelled using either Hertz’ or Hertz’ and Gutowski’s functions.

Figure 4.8: Single yarn compaction with restrictions on lateral fibre displacement (series
2.1)
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Comparison with experimental results led to including Gutowski’s function for mod-
elling compaction as discussed below. Secondly, Nylon 6/6 yarns were simulated where
yarn compaction was modelled using Hertz’ and Gutowski’s functions. Comparison with
experimental results validated that choice as discussed below. Two Nylon 6/6 fibre
lengths were simulated to assess the effect of this parameter. The numbers of fibres in
yarns and of particles in fibres were selected from early trials, with a view of obtain-
ing yarns exhibiting progressive compaction behaviour within acceptable simulation run
times. The numbers compare favourably with those used in published work [39,47].

Yarns made of 30 copper fibres with 300 pym diameter and laid in hexagonal ar-
rangements were simulated, first using Hertz’ function and then using both Hertz’ and
Gutowski’s functions for modelling compaction. Copper fibre modulus was set at 117
GPa. Simulations were performed with 100 000 iterations per compaction step; values
of the compaction step and maximum particle displacement were both 0.001 um when
using Hertz” function, or 0.1 um when using Hertz’ and Gutowski’s functions. Initial
distance between platens was 1.2 mm when using Hertz’ function, or 1.9 mm when using
Hertz’ and Gutowski’s functions. Gutowski parameters were § = 450, v, = 0.42 and v,
= 0.80 for copper fibres. 5 identical simulations were repeated for each of these series,
featuring fibres made of 20 particles corresponding to a length of 6 mm.

In simulations of copper fibres where only Hertz’ function was employed, P was
null up to a vy of 0.718 and rose rapidly afterwards. This value differs from /4 seen
in series 1.1 because of the hexagonal fibre packing and domain shape; as the lateral
boundaries preclude lateral fibre motion, the value of vy at which P increases depends
on the dimensions of the domain. More generally, simulation results do not correlate the
trend seen with experimental results, Figure 4.9.

Simulations of copper fibres where Gutowski’s function was employed lead to a com-
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Figure 4.9: Results of single copper yarn compaction with lateral restrictions (series 2.1)

paction behaviour matching experimental results much more closely upon selecting ap-
propriate parameter values. Hertz’ function assumes perfectly straight fibres; experimen-
tal evidence shows that real fibres do not conform to this idealised geometry. In view
of these results, yarns made of 30 Nylon 6/6 fibres with 300 ym diameter and laid in
hexagonal arrangements were simulated. Fibres were made of either 20 or 40 particles
corresponding to lengths of 6 and 12 mm respectively. The number of iterations, com-
paction step, maximum particle displacement and initial distance between platens were
unchanged. Gutowski parameters were § = 200, v, = 0.28 and v, = 0.79 for Nylon 6/6
fibres. 5 simulations with identical initial states were performed for each fibre length.
Simulation results for Nylon 6/6 were validated experimentally. As shown in Figure 4.10,
simulations replicated experimental results very well especially at higher pressures, and

no discernible effect of length could be identified.
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Figure 4.10: Results of single Nylon 6/6 yarn compaction with lateral restrictions (series
2.1)

In series 2.2, simulations were performed where a single yarn made of 34 Nylon 6/6 fi-
bres was compacted between two parallel platens. The higher number of fibres was used in
creating a representative, generic yarn cross-section. No lateral boundaries were present
thereby allowing lateral displacement and rearrangement of fibres during compaction,
leading to lateral expansion of the yarn beyond its initial width, Figure 4.11. Strain
energy terms arising from axial tension/compression, bending and lateral compaction
were present. The latter was simulated using both Hertz’ and Gutowski’s functions with
the same parameters as above; the modulus, number of iterations, compaction step and
maximum particle displacement were unchanged. Initial distance between platens was
higher at 2.3 mm to ensure null forces between fibres at the onset of simulations. 10

simulations with identical initial states were repeated for this series.
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Figure 4.11: Single yarn compaction without restrictions on lateral fibre displacement
(series 2.2)

Although particle selection and displacements were random, the resulting compaction
behaviour was very similar for 8 simulations with a thickness at 1 MPa corresponding
to approximately 2 fibre diameters, Figure 4.12. In these simulations, misalignment
of fibres during compaction produced some fibre entanglement which limited further
compaction. Small variations in results for these 8 simulations may be further reduced
by using increased numbers of particles and fibres. However, it must be noted that
1 simulation featured no entanglement, leading to a completely flattened yarn with a
final thickness close to 300 pum and limited pressure build-up beforehand. Furthermore,
1 other simulation lead to 3 fibres being entangled with a final thickness of the order
of 900 pm. Such behaviour is to be expected in statistical modelling, and its relative
importance reduces as more fibres, longer fibres, more yarns and more realistic boundary
conditions are introduced.

It is worth observing the evolution of vy for series 2.2 where the domain is devoid of
lateral boundaries and fibres are not confined to a fixed volume. Figure 4.13 shows values

of vy calculated using method 1 detailed above, over a series of different cross-section
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Figure 4.12: Results of 5 compaction trials for yarn without lateral restrictions (series
2.2)

planes normal to axis z. For each reinforcement thickness, 500 cross-section planes were
used, with height and width corresponding to domain height and half-domain width,
respectively. Whilst vy is essentially constant between thicknesses 1.00 mm and 0.62
mm, inter-fibre distance stays mostly constant whilst yarn width increases resulting in an
increase in compaction force. At lower thicknesses inter-fibre distances reduce, increasing
the pressure markedly. Figure 4.14 shows vy variation within a yarn at thickness = 0.63
mm; vy fluctuations are well contained around an average value.

In series 2.3, simulations were performed where 2 superimposed perpendicular yarns
each made of 34 Nylon 6/6 were compacted between two parallel platens, Figure 4.15. No
lateral boundaries were present. The strain energy terms, Gutowski’s parameters, mod-
ulus, number of iterations, compaction step and maximum particle displacements were

unchanged. Initial distance between platens was 5.0 mm. 5 simulations with identical
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Figure 4.13: Values of vy over different cross-section planes normal to axis z (series 2.2)

initial states were repeated for this case.

Due to the yarns being perpendicular, fibres in the crossover zone cannot interpene-
trate hence they create effective boundaries to relative vertical displacement. In the sim-
ulations, compaction proceeded until yarns reached a thickness approximately equivalent
to 2 fibres for each yarn, with orthogonalily effectively maintained and no possibility of
further compaction at relatively low pressures. Local deformations were observed where
yarn compaction was more extensive at the crossover, demonstrating that the simula-
tion environment can predict local deformation which is prevalent in actual cases. No
curves of P as a function of v are presented because of the domain shape; however, good

consistency was seen for the 5 simulations performed.
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Figure 4.14: v; variation within a yarn at thickness = 0.63 mm (series 2.2)

4.5.3 Series 3: textile compaction

This section features series 3.1 and 3.2.

In series 3.1, simulations were performed where single unit cells of plain woven textile
made of 30 Nylon 6/6 fibres were compacted between two parallel platens as shown in
Figure 4.16. Unit cells featured 2 yarns in each direction and 4 crossovers. Simulations
were performed both with and without lateral boundaries along the z and z axes. Series
3.2 featured larger textile domains with 4 yarns in each direction and 16 crossovers; no
lateral boundaries were used.

Simulations of smaller domains in series 3.1 aimed at reducing run times. Parameter
values for series 3.1 were unchanged from those used in series 2.3. Values of P and vy
were calculated over a smaller volume measuring 5 mm along axes z and z and extending
over the domain thickness as shown in Figure 4.16.

For series 3.1 with lateral boundaries, the side walls restrict the flattening of yarns
along their limited length and induce some lateral bending. For series 3.1 without lateral

boundaries, individual fibres can escape laterally. In both cases the compaction behaviour
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Figure 4.15: Compaction of crossed yarns without restrictions on lateral fibre displace-
ment (series 2.3)

remains generally realistic in the sense that it corresponds to experimental results; for the
textile simulated and tested pressure generally increased from a vy value of 0.36. However,
unacceptable fluctuations in the P-vy curves are present, Figure 4.17; domains simulated
are limited in extent, hence displacements and interactions of individual fibres remain
visible in the overall compaction curve. Figure 4.18 shows extreme fibre deformations
for both scenarios.

In series 3.2, single-layer and double-layer stacks of textiles featuring multiple plain
woven unit cells were simulated. All parameters were identical to those used in series
3.1. Values of P and vy were calculated over larger domains, Figure 4.19. Results
shown in Figure 4.20 for the single-layer case matched experimental results well and
fluctuations were much reduced, showing the beneficial effect of the larger simulation
domain. Following this, double-layer stacks of the same textile were also simulated,
firstly with perfectly aligned yarns and secondly with yarns that were perfectly staggered

in both directions. The aim of these latter simulations was to investigate the ability of
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P-v; calculation

Figure 4.16: Single unit cell of plain woven textile (series 3.1)

the particle-based modelling method at replicating nesting. Figure 4.21 shows initial
configurations for the two cases. In the latter case, a higher vy results at lower P due
to the shifted layers; also, a more equally distributed v; is observed in the perfectly

staggered preform, Figure 4.22.

4.6 Conclusion

A particle-based modelling method enabling the accurate modelling of the geometry and
constitutive behaviour of textile assemblies was developed. Simulation results were val-
idated experimentally for yarns, single-layer textiles and multi-layer textiles. Numerous
cases and parameters were investigated including fibre length, fibre properties, restric-
tions and boundary conditions as well as domain size. Validation work shows that the
particle-based modelling method replicates reality very well, and for the specific case of

compaction it also shows the need for including Gutowski’s function along with Hertz’
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Figure 4.17: P as a function of v in a single unit cell of plain woven textile (series 3.1)

function. The modelling enables very thorough understanding of the behaviour of the
textile and the deformation that it undergoes as it is loaded.

Real textiles may contain several thousand yarns, with each yarn containing thou-
sands of fibres. In this paper, relatively large but nevertheless restricted numbers of
fibres were used for demonstrating the concept and capabilities of the method. The
software developed can be used for modelling a vast array of different textile structure
subjected to varied, complex loading cases. An algorithm enabling the representation
of much larger numbers of physical fibres within yarns from the use of a limited num-
ber of particle-based fibres in the models is being developed and will be presented in

forthcoming publications.
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Figure 4.18: Extreme fibre deformations for both scenarios of: a) with lateral boundaries,
b) without lateral boundaries (series 3.1)
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a) b)
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Figure 4.19: Simulations of single-layer with multiple unit cells in plain woven textile:
a)3D view, b) 2D view (series 3.2)
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Figure 4.20: P as a function of vy in a single layer plain woven textile (series 3.2)
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Figure 4.21: Simulations of double-layer plain woven textile with multiple unit cells:
a)perfectly aligned yarns, b) perfectly staggered yarns
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Figure 4.22: Fibre volume fraction of double-layer textile: a) perfectly aligned yarns, b)
perfectly staggered yarns



Chapter 5

Particle-based modelling of
relaxation and reconfiguration in

woven textiles

5.1 Preamble

This chapter describes time-dependent relaxation and reconfiguration of woven textiles
during and after compaction using the particle-based modelling method. Time-dependent
relaxation simulations were performed on single plain woven textile reinforcements. Se-
lected experimental trials conducted with different compaction rates and iteration num-
bers were performed for woven textiles and compared with simulations. The particle-
based modelling method enables modelling of both compaction and relaxation in the
same simulations and environment. The same parameters investigated in previously re-
ported compaction modelling work were also used in this study, such as contact model
parameters, step sizes in random walks and iteration procedures. The time-dependent

relaxation behaviour of textile reinforcements can be related to iteration numbers dur-
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ing and after compaction within the particle-based modelling framework. This leads to
a credible explanation of the time-dependent behaviour of textile reinforcements. This
study and chapter contents will be submitted for publication in a peer-reviewed jour-

nal [103].

5.2 Abstract

This paper demonstrates the capability of particle-based modelling towards replicating
the time-dependent relaxation and reconfiguration of woven textiles subjected to com-
paction loading normal to their plane. The capability, which is demonstrated for single
and double-layer of plain weave textiles, is intrinsic to the particle-based method which
utilizes discrete mechanics as an alternative to traditional continuum mechanics. The
method is unique in the fact that in contrary to work previously reported in the literature,
it can model the compaction and the relaxation seamlessly, in the same simulations.
Fibres are modelled as a series of conjoined points and their configurations are de-
termined from first principles using a modified Metropolis algorithm and inter-particle
strain energy terms. Whilst this paper focuses on the relaxation and reconfiguration
behaviour of weaves, the modelling method is readily adaptable to the analysis of com-
paction [104], shear [102], bending, punching and other loading scenarios, for a wide
array of textiles of different types. In order to characterize the relaxation behaviour of
textiles, a series of simulations featuring different compaction rates as well as different
target fibre volume fractions (vy) or pressures were performed. From these simulations,
compaction and relaxation curves were constructed with vy and ¢ as the independent
variables. A relation between compaction pressure and compaction rate was also drawn.
Comparative data from simulations and different analytical models are investigated.

Results demonstrate convincingly the new mechanistic approach to simulating of stress
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relaxation. The method presented in this paper predicts successfully the actual be-
haviour of a single layer of textile undergoing stress relaxation, for different compaction
rates. Whilst the compaction behaviour is obtained by quantifying loads obtained after
a number of iterations for each set of boundary conditions, the relaxation and reorga-
nization behaviour is informed from results obtained upon iterating, whereby iterations

are effectively assimilated to time.

5.3 Introduction

The loading of textile reinforcements normal to their plane can be separated for analysis
into three distinct phases, namely compaction, relaxation and load removal, Figure 5.1.
In the first phase, the distance between loading platens (h,) is reduced and textile rein-
forcements are compacted, resulting in increases in both fibre volume fraction (vy) and
pressure (P) recorded on the platens.

In the second phase, platen distance is held constant and consequently vy remains
unchanged, but P decreases as a result of rearrangement of fibres occurring over time.
The reduction of P recorded on the platens is termed relaxation. The amount of relax-
ation is influenced by fibre and textile properties and by processing parameters. Fibre
and textile properties include fibre modulus, friction properties and the architecture of
the textile reinforcement. Processing parameters include the rate of compaction during
the compaction phase, maximum P and v; at onset of relaxation, and relaxation time.
Accordingly, compaction and relaxation are not two separate incidences but rather they
are interrelated within composites manufacturing process. Unified modelling of com-
paction and relaxation either in parallel where relaxation occurs during compaction, or
in series where relaxation occurs after compaction is a worthwhile approach but it is

hardly discussed in concrete, physically meaningful terms; this forms the main focus of
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this paper.

In the third phase, platen distance (h,) returns to its initial value and the textile
reinforcement is unloaded, resulting in decreases in both vy and P recorded on the
platens. In most manufacturing operations all three phases are performed and so the

study of each phase is important.

\Compaction Relaxation Load removal
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Figure 5.1: Evolution of h,, vy and P during 3 phases of textile processing

The constitutive mechanical behaviour of technical textiles is intimately linked to the
textile architecture and fibre configuration, which refers to the level of alignment of fibres
within yarns and so to the position of fibres with respect to each other [46,121]. Architec-
ture and configuration of the textile have a strong influence on its physical properties in

the original and deformed states, such as the permeability to fluid, thermal conductivity
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and others [101]. The geometrical configuration of the textile is altered by normal com-
paction pressure (P) and by the rate of compaction. Recoverable and non-recoverable
deformations are imparted to the yarns leading to changes in fibre configuration, yarn
shape and average thickness of textile layers. Any change of configuration within a tex-
tile produced by stresses imparted upon manufacturing operations or in service is crucial
to understanding the processing behaviour and predicting the mechanical performance
of the textile. Predicting such changes is also useful in documenting which aspects of
textile geometry and configuration must be controlled to ensure reproducible physical
properties in the textile. The compaction and relaxation of textiles were studied exten-
sively during the last decades but there remains a lack in terms of modelling these two
phenomena simultaneously following a unified mechanistic approach.

N. Pearce and J. Summerscales [81] conducted compaction experiments on plain wo-
ven glass fibre reinforcements. Tests were conducted on 1 to 5 layers of fabric to maximum
target pressures of 100, 200 or 300 kPa at a compaction rate of 0.05 mm/min. Once sam-
ples were compacted to the target pressure, compaction platens were held for 5 minutes
inducing relaxation, and then released. Samples were compacted to the target pressure
10 times successively in each test. Compaction and relaxation data were fitted to power
laws. The authors observed that relaxation occurred under even the lowest selected com-
paction rate, and that relaxation was linearly proportional to the fibre volume fraction
increase. Relaxation increased with target pressure and with the addition of fabric layers.
The authors stated that higher volume fractions may be achieved by allowing relaxation
to occur prior to applying maximum mould closing force.

Y. Luo and I. Verpoest [71] studied the compaction and relaxation behaviour of
Multimat®, a glass reinforcement consisting of a layer of weft knit fabric sandwiched

between two layers of random mat fabric, and compared with woven, mat and knit
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fabrics. The knit and the mat layers in Multimat® are stitched together. 1 and 2 layers
of Multimat® fabric were compacted along with 2 and 4 layers of mat and woven fabrics
and 1 layer of knit fabric. Compaction pressure ranged from 10 to 700 kPa with a
compaction rate of 0.5 mm/min. All reinforcements were compacted in discrete steps to
a certain thickness and left to relax for 5 minutes, after which time a further compaction
step was applied and so forth up to the target pressure. Relaxation was explained
in terms of fabric stiffness and volumetric dissipation energy. Volumetric energy was
obtained from the area under the curve of compaction load as a function of thickness,
and volumetric dissipation energy was defined as the difference between energy values
before and after relaxation. Significant relaxation was observed for the Multimat®, mat
and woven fabrics as a result of high stiffness or high volumetric dissipation energy.
Relaxation was negligible for the knit fabric because of low stiffness and low volumetric
dissipation energy.

S. Bickerton and M.J. Buntain [10] studied the compaction and relaxation behaviour
of continuous glass filament mat (CFM) and chopped strand glass mat (CSM) in the
dry and wet. Compaction tests were performed at 25 mm/min for dry fabrics and
8 mm/min for wet fabrics. Two compaction scenarios were followed, labelled as the
static scenario and the dynamic scenario. In the static scenario reinforcements were
compressed in steps to progressively higher vy up to 0.50, stress being allowed to relax
for 10 minutes in each step. In the dynamic scenario reinforcements were compacted
to a target v; in a single, continuous step after which compaction platens were held to
enable relaxation. A single elastic model in the form of a 4" order polynomial did not
lead to good agreement to experimental results. An extension to the single elastic model
was proposed in the absence of a comprehensive time-dependent model. This proposed

extension, called the mixed elastic model, represented experimental data well for dry and



Relaxation modelling of technical textiles 105

saturated reinforcements subjected to static or dynamic loading.

P. A. Kelly et al. [51] performed two series of tests and compared results with pre-
dictions from their nonlinear relaxation model. Test samples consisted of eight layers of
glass fibre continuous filament mat (CEM). In a first test series, samples were compacted
to a vy of 0.35 at rates of 0.035, 0.5, 2, 5 and 100 mm/min. In a second test series,
samples were compacted at rate of 2 mm/min to vy of 0.25 and 0.45. In both series,
after undergoing compaction the samples were held at a constant target fibre volume
fraction for 57 seconds to allow relaxation, where T is the time taken for compaction.
Tests conducted at compaction rates of 0.035 and 100 mm/min constituted two extremes
where in the first one most relaxation happens during compaction and in the latter one
relaxation occurs essentially after compaction. These two extreme cases were performed
to assess feasible and practical compaction rates. The model developed by the authors
was based on a linear generalized Maxwell model featuring a free spring element and
multiple Maxwell units. Six different fitting parameters were fed to the model as input.
Modelling did not consider the number of layers or any nesting explicitly. Experimental
results for dry and saturated textiles could be replicated by the model presented, to some
extent. Phenomena governing compaction and relaxation differ and so the model with
set parameters could be applied to either compaction or relaxation.

G. Francucci et al. [32] studied the behaviour of a plain weave fabric made of jute
subjected to compaction and relaxation. Stacks of six layers with stacking sequence
0°/90° were compacted at rates of 0.5, 5 and 50 mm/min to vy of 0.35, 0.45 and 0.55, dry
and saturated with a mix of water and glycerine. After compaction the samples were held
at their final thickness for 10 minutes to study their relaxation behaviour. Tests were
repeated three times. The dependency of maximum compaction pressure, permanent

deformation and stress relaxation on the fibre volume fraction and compaction rate was
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investigated. Faster compaction led to higher compaction pressure at a given vy and
to more stress relaxation. As the fibre volume fraction recorded at a given compaction
pressure decreased under different compaction rates, stress relaxation increased.

Y. R. Kim et al. [53] studied the compaction and relaxation behaviour of cloth, mat
and unidirectional glass and carbon fabrics, dry and lubricated. Compaction rates were
set to 0.5, 2.0 and 5.0 mm/min and maximum compaction pressure was 8.6 MPa. Sam-
ples consisted of stacks of 20 and 40 layers; pressure was recorded as a function of fibre
volume fraction and time. The authors stated that the relaxation behaviour was depen-
dent on textile structure, compaction rate and fibre volume fraction. Lower compaction
rates provided more time for the reconfiguration of fibres, resulting in more relaxation.
Furthermore, with an increase in compaction rate to a set target pressure, relaxation
was increased. Relaxation was less prevalent in textiles characterized by better fibre
alignment; random mats and plain weaves showed more relaxation than unidirectional
fabrics. Relaxation data for these fabrics was fitted very faithfully using a 5 element
Maxwell-Wiechert rheological model [2]. Dryness increased fibre misalignments, contact
points and resistance to movement; this resulted in lower fibre volume fractions at a
given pressure for the dry fabrics.

R. A. Saunders [105] performed compaction tests on dry and resin impregnated plain
woven glass fabrics. Stacks were laid along alternating 0°/90° and £45° orientation in 5,
10 and 20 layers. Compaction rates were set at 0.05, 0.10, 0.50 and 1.00 mm/min with a
maximum target pressure of 1768 kPa. A power law relationship expressing compaction
pressure as a function of fibre volume fraction was applied successfully, with different
parameters used for different numbers of textile layers. Compaction rates within the
range 0.05 to 1.00 mm/min yielded no significant differences in compaction pressure for

dry fabrics. Changes in the compaction rate affected the compaction curves of resin im-
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pregnated preforms, which behaved in a time-dependent manner. Compaction rate was
also an important parameter influencing relaxation. The authors studied the microstruc-
ture of resin cured samples and characterized the average distance between layers, crimp
amplitude and wavelength of yarns as well as the area and other geometrical parameters
of yarn cross-sections, at different compression pressures and rates. With a reduction of
compaction rate, pressure on the resin impregnated reinforcement was transferred to the
fibres and the compaction curve moved towards that of the dry reinforcement. It was also
seen that nesting was present even at very low pressures which could affect relaxation,
and that individual yarn amplitude and height decreased due to compaction.

R.A. Saunders et al. [106] studied the time-dependent compaction behaviour of a resin
impregnated plain woven glass fabric under different compaction rates. Assemblies of 20
fabric layers were saturated with non-curing polyester resin and compacted using two
rates of 0.05 and 1.0 mm/min, to a maximum pressure of 840 kPa. Compaction hysteresis
and relaxation tests were also performed. Results showed that power-law relations are
appropriate for modelling the loading curve for dry compaction. Compaction hysteresis
and pressure relaxation tests showed time-dependant behaviour for dry and wet textiles.
Finally, additional tests revealed that the relaxation time was longer on the first cycle of
dry compaction compared with further cycles.

F. Robitaille and R. Gauvin [90] presented a review of published experimental data
related to the compaction and relaxation of random mats and woven reinforcements.
The number of textile layers, number of compaction cycles, compaction speed, presence
of a lubricant, temperature, stacking sequence, level of fibre alignment and level of ini-
tial compaction pressure were discussed. Compaction and relaxation data for 3, 6 and
12 layers of glass woven reinforcement compacted at rates of 2 and 5 mm/min over 1

to 7 cycles, both dry and saturated, were used. Relaxation from different maximum
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pressures was studied. The authors showed comparisons between experimental curves
and identified general trends for compaction and relaxation results. Less relaxation was
observed at higher initial compaction pressure levels, and more relaxation was observed
after higher compaction rates. The authors reported more relaxation as the number of
layers increased for both random mats and woven materials.

M. Nziengui et al. [79] studied the time-dependent behaviour of textiles during liquid
composite moulding. 10, 15 and 20 layers of dry and glycerine-saturated mat were
compacted at rates of 1.5, 2.0, 2.5 and 3.0 mm/min. Experimental trials also compared 10
layers of twill, plain woven and unidirectional textiles compacted at 3 mm/min. Finally,
results obtained with 20 layers of mat were compared with Zener, Burger and Maxwell
rheological models. In the case of the mat reinforcement, increases in the number of layers
lead to an increase in relaxation. The authors observed that higher compaction rates led
to shorter relaxation times, whilst relaxation increased at higher compaction rates. They
also observed less resistance to deformation during compaction of wet reinforcements
compared to dry stacks, leading to lower pressures at a given v under higher compaction
rates. Rheological models, particularly the Maxwell model, showed good agreement with
experimental results.

F. Robitaille and R. Gauvin [91] investigated the compaction and relaxation be-
haviour of three H,O-saturated woven reinforcements; a bidirectional twill woven, a
bidirectional plain weave and a non-crimp stitched glass. Successive loading cycles were
applied to the reinforcements. Each cycle featured three sequential steps: compaction,
relaxation and retrieval of the load. Processing parameters investigated were the number
of layers, holding time, compaction rate and number of cycles. The latter two param-
eters showed the most pronounced effects on the compaction and relaxation behaviour.

This emphasized the role of reorganization of the fibre network in defining the mechani-
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cal properties of the reinforcements. Effects of the reorganization of fibres on successive
compaction cycles were observed. Also, relaxation decreased as the number of layers rose
for both random mats and woven materials.

D. Sajn et al. [97] investigated the effect of fabric elasticity on stress relaxation.
Different proportions of Lycra® were added in yarns leading to different levels of elasticity
in fabrics. Results of experimental trials were compared to different mechanical models
sourced from the literature. Relaxation models were fitted to experimental relaxation
curves for 1 hour and 24 hour relaxation times. Six twill weave fabrics made of wool and
Lycra® yarns, with different values of thickness, mass and yarn density were used. Fabrics
were compacted to a maximum pressure of 1 MPa, maintained under the same strain and
let to relax. A single Maxwell model did not show agreement with experimental data.
3 Kelvin models connected in series and a general 3 component Maxwell model with a
parallel non-linear spring best fitted experimental data. Relaxation occurred mainly in
the first 15 minutes, with 15.6% to 21.5% decreases from maximum pressures observed
for all fabrics. After 15 more minutes relaxation decreased only by additional 2.0%.
Relaxation was most pronounced with highest Lycra® amounts. A higher number of
components within the Maxwell model led to better fit to relaxation data.

S. Lee et al. [60] studied the relaxation behaviour of dry reinforcement textiles for
the resin transfer moulding process. 5 different textiles were used, namely a glass ran-
dom mat, glass woven, aramid woven, carbon woven and hybrid aramid/glass woven.
Compaction was carried out up to a force of 20 kN for 5, 10 and 20 layers of textile at
a rate of 1 mm/min. The compaction platens were held stationary for 5 min to induce
relaxation. Hysteresis curves were obtained from experimental trials conducted on the
plain woven fabric. Time-dependent behaviour and significant stress relaxation occurred

non-linearly. A Maxwell model was used for modelling the time-dependent behaviour of
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the textile stacks. Results were compared to those of experiments and FEA simulations.
Discrepancies between values obtained from models, FEA simulations and experimental
trials were linked to geometrical approximations and nesting effects.

A. Somashekar et al. [116] modelled the relaxation behaviour of glass fibre reinforce-
ments subjected to constant compaction strain using a generalized 5 component Maxwell
model. Stacks of 6, 8 and 10 layers of biaxial stitched fabric, chopped strand mat, con-
tinuous filament mat and plain weave fabric were tested at compaction rates of 2 and 5
mm/min to target maximum fibre volume fractions ranging from 0.28 to 0.65. Different
relaxation times were observed for the different reinforcements, ranging between 600 min
and 1620 min depending on fabric architecture. The 5 components Maxwell model con-
sisted of 2 parallel Maxwell models in parallel with a spring. It was shown that this model
could predict the relaxation of the reinforcements, without accounting for the effects of
the compaction rate, number of layers and dry or wet state of the reinforcements.

J. Echaabi et al. [31] studied the compaction and relaxation of textiles during liquid
composite moulding. 20 layers of random mat and twill reinforcement textiles were com-
pacted at a rate of 3 mm/min to 45% and 55% target maximum fibre volume fractions,
in dry and saturated states. The relaxation behaviour of the textiles was compared with
Zener, Burger and Maxwell rheological models. The Maxwell model showed good agree-
ment with compaction and relaxation experiments. Relaxation time decreased in the
saturated state and increased with the fibre volume fraction.

S. Aranda et al. [4] investigated the effect of temperature on the compaction and
relaxation of 8 layers of non-crimp carbon fibre reinforcement (445°/0°/-45°). A com-
paction rate of 0.5 mm/min was applied up to a maximum pressure of 200 kPa. When the
maximum pressure was reached, the platens were held steady and pressure was recorded

as a function of time. A 24% reduction in pressure was observed after 10 min under



Relaxation modelling of technical textiles 111

constant vy for the textile at room temperature; this increased to 28% at 60 C° and 37%
at 120 C°.

The above results and trends arise from experimental trials and/or rheological mod-
els, and they suffer from limitations in applicability and generalization due to the large
number of fitting parameters that they entail. However, they can be very useful in spe-
cific applications. Most importantly, the references cited above focus on compaction and
on relaxation individually, and they are limited to specific cases. The particle-based
modelling method proposed here aims at overcoming the limitations of rheological mod-
elling by predicting the actual geometry of textile structures, as well as their constitutive
behaviour based on the representation of actual physical phenomena.

Particle-based modelling provides a general numerical tool for simulating the large-
strain constitutive behaviour of non-homogeneous or structured textiles upon loading
and in time. Minimizing the total strain energy stored in the textile under set boundary
conditions lies at the core of the method. Details of algorithms used for the calculation
of strain energy terms appear in previous paper [104] and they are revisited briefly in
the following section. As discussed above, the textile reinforcement architecture, fibre
properties, compaction rate, pressure at the onset of relaxation and relaxation time
have major effects on the relaxation of textiles during and after compaction. In this
paper, these processing parameters are investigated through simulations validated by
experimental trials, using the particle-based modelling method.

In modelling the relaxation, a parallel is established between the number of iterations
and time. The iterative process and the time-dependent relaxation behaviour of textiles
show very similar behaviour. This feature is used in predicting fibre relaxation, both
during and after compaction either at set pressure, steady-state vy or constant platen

spacing.
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5.4 Modelling method

Fibres in a textile are represented as series of discrete spherical particles with diameters
equal to the fibre diameter. Tracking the individual particles as loads or displacements
are imposed enables the representation of the geometry and behaviour of the yarns and
textile. The modified Metropolis algorithm [73] iterates particle positions towards a
configuration of lower strain energy, ultimately defining the geometry of the textile, under
constant boundary conditions. Iterations of particle positions are performed within a
predefined physical subspace limitation and uniformly distributed random walk. In each
iteration, by adding a small displacement of random amplitude to the coordinate of a
randomly chosen particle the strain energy of the system is changed. If the strain energy
differential before and after iteration is negative and strain energy is reduced, the new
configuration becomes the initial state for the next iteration. Conversely if the strain
energy remains constant or increases, the new configuration is rejected and the iterative
procedure is repeated from the initial configuration. The number of iterations required
for the system to reach a stable state of lower strain energy depends on several factors.

Afterwards, boundary conditions are changed to reflect on-going processing; distance
between platens may be reduced for compaction, held steady for relaxation or increased
for load removal. The iterative procedure is repeated in the defined boundaries. Given
the nature of the modelling method, the number of iterations required for reaching a
stable state follows trends that are comparable but differ in amplitude for each textile

that is investigated within this paper.

5.4.1 Strain energy terms

Any relative displacement between particles that results from either changes in bound-

aries or iteration under stable boundaries, produces strains and stresses within the fibres
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represented by these particles. Changes in strain energy result from i) relative displace-
ment between particles within a single fibre leading to changes in intra-fibre strain energy,
and ii) fibre deformations resulting specifically from interactions between neighbouring
fibres, leading to changes in inter-fibre strain energy.

For each fibre, particle displacement leads to changes in the fibre’s strain energy which
can be associated with axial tension, axial compression or bending stresses; fibre torsion
is neglected. For each fibre segment, strain energy in axial tension or compression is a
function of the fibre’s Young’s modulus F and cross-section A. Bending strain energy
is calculated using angle 0, defined between particles ¢ and %k framing particle j; the
change in bending energy for the total length of both segments involved is calculated
along with other energy terms, and then the energy differential is evaluated.

Contact forces between curvilinear fibres within a fibre assembly such as a yarn may
be calculated using Gutowski’s compaction model [19]. Selection of this function was
investigated previously and discussed at length [104]; it was shown to be suitable for
particle-based modelling of textiles. Gutowski’s compaction model states that instead of
being perfectly straight individual fibres within yarns are wavy. (8 is a fitting parameter
in Gutowski’s function either evaluated by microscopy or fitted to experimental results.
It is assumed that [,,;,, the minimum distance between two particles, is equal to 2r.

From Gutowski’s model the strain energy is calculated by integrating force over dis-
tance for the displaced particle interacting with surrounding fibres; for a particle sepa-

rated by distance [;; with l,,;, < l;; <, , strain energy is calculated as:

192E1 (I, — 1))
Ve = /Fij = B3 . (lij — lmjn)3 by (5:1)

where [, is the initial distance between particle centres. Gutowski’s model is equivalent to

the beam bending equation with reducing span; it has been used successfully [19,39,104]
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in many occurrences.

5.5 Simulations and validation experiments

In this work, 6 series of experiments A-1 to A-5 were performed with the aim of identifying
the parameters affecting P, v and relaxation time for compaction followed by relaxation.
The experimental series also aimed at assessing the effect of the compaction rate on
pressure and fibre volume fraction at the onset and during relaxation.

6 series of simulations B-1 to B-6 were also performed with the aim of replicating some
of the effects and trends observed in the aforementioned experiments. Compaction rates
and relaxation times were related to the number of iteration cycles. Images extracted
from a simulation of the compaction of a single layer plain woven textile are shown in

Figure 5.2.

Figure 5.2: Simulation of single-layer of plain woven textile featuring multiple unit cells:
a) before compaction, b) after compaction, at the onset of relaxation
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Table 5.1: Characteristics of fibres and textiles

Properties Number of samples
Fibre diameter (2r) 0.296 4+ 0.001 mm 50
Fibre density 1.172 4 0.001 g/cm? 20
Initial vy of preform 25+ 31 % 10
Surface density of preform 0.117 4= 0.001 g/cm? 10

Experimental trials were conducting using a plain woven textile made of yarns con-
taining 30 monofilament Nylon 6/6 fibres, with 5 mm yarn spacing in both directions.
Diameter of the Nylon 6/6 fibres was measured at 296 + 1 pum using a micrometre. An
Instron 4482 universal testing frame equipped with a 1 kN load cell was used for com-
paction and relaxation experiments. Young’s modulus of Nylon 6/6 fibres was measured
at 1.05 £+ 0.02 GPa. Characteristics of the fibres and textile samples appear in Table
5.1.

Textile samples were compacted between two parallel platens mounted and aligned
in the Instron frame, ensuring uniform compaction, Figure 5.3. Upper platen dimensions
were measured at 40 mm X 40 mm. The effect of any platen and frame assembly
deformation was measured by conducting dry compaction runs performed with no textile
sample placed between the platens, and removed from the raw compaction data in tests
where textiles were compacted. Tests were conducted on single and double layer samples.
Samples were aligned at 45° from platen edges to reduce any orientation edge effect.
Compaction rates of 2.0, 1.0 and 0.5 mm/min were used.

In simulations, virtual samples were compacted and then held to constant thickness
reached at a designated target maximum pressure level, to enable relaxation. Textiles
featuring yarns made of 30 virtual Nylon 6/6 fibres with 300 um diameter were simulated,
with yarns virtually woven into a plain weave textile. Fibres featured 60 particles along
their length. The numbers of iterations were unchanged in each step but changed for

different compaction rates. Compaction steps were set to 0.1 um and pressure was
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Lower platen

Figure 5.3: Compaction/relaxation platens with single layer textile

recorded as a function of h at each 100 steps. Maximum particle displacement or random
walk step was set to 1.0 um. Gutowski’s parameters were f= 200, v, = 0.28 and v, =

0.79 for Nylon 6/6 fibres as identified in previous work [104].

5.5.1 Experimental trails

6 experimental series A-1 to A-6 were performed.

Experimental series A-1 featured 5 distinct trials with compaction followed by relax-
ation of textile samples. Compaction rate was 1.0 mm/min and pressure on compaction
platens was recorded as function of time. Textile samples were compacted and then held
to a maximum vy of 0.5 in series A-1 to allow for relaxation to occur, Figure 5.4. All
5 tests were similar and showed typical compaction and relaxation behaviour with mi-
nor scatter. After the compaction stage, textile relaxed through a reduction in pressure
amounting to 0.05 MPa which is approximately 10% of the maximum target pressure,
after 360 seconds of relaxation time. From the same series pressure as a function of vy

is presented for one trial, Figure 5.5.
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Figure 5.4: Compaction and relaxation of single layer plain woven textile samples (series
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Figure 5.5: P as a function of v; during compaction and relaxation of a single layer plain
woven textile sample (series A-1)
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Experimental series A-2 featured 3 cases where compaction rates were 2.0, 1.0 and
0.5 mm/min for cases A-2.1, A-2.2 and A-2.3 respectively, Figure 5.6. Maximum target
pressure was set to 0.45 £ 0.001 MPa. Textile samples were compacted to the maximum
pressure and then held to the thickness reached at that pressure to enable relaxation,
Figure 5.6. At higher compaction rates the slope of the curve of pressure as a function

of time increased. Relaxation periods were kept constant at 360 seconds for all 3 cases

regardless of the compaction rate.
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Figure 5.6: Compaction and relaxation of single layer plain woven textiles at different
compaction rates, target pressure P=0.45 MPa (series A-2)
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Fibre volume fractions results where single layer plain woven textiles were compacted
at different rates to the same target pressure show differences in v; although the max-
imum pressures reached in the compaction phase were the same, Figure 5.7. This may
be caused by more relaxation and fibre network reorganization getting sufficient time to

occur at lower compaction rates during the compaction phase.
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Figure 5.7: vy as a function of time for single layer plain woven textiles subjected to
different compaction rates with target pressure P=0.45 MPa (series A-2)

Quantification of relaxation was performed by calculating the difference between the
maximum pressure at the onset of relaxation and the pressure after relaxation occurred
over a set time. More relaxation was observed with higher compaction rates. As men-
tioned above, at the lower compaction rates most relaxation occurred during the com-

paction phase and as a result, relaxation occurring afterwards is less, Figure 5.8.
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Figure 5.8: Relaxation of single layer plain woven textiles subjected to different com-
paction rates (series A-2)

Experimental series A-3 featured 3 cases where compaction rates were 2.0, 1.0 and
0.5 mm/min for cases A-3.1, A-3.2 and A-3.3 respectively. Maximum target v; was
limited to 0.53. Textile samples were compacted and then held to the target maximum
vy to allow relaxation to occur, Figure 5.9. At higher compaction rates, higher pressures
were observed at a given vy. A very interesting similarity was observed between the 3
relaxation curves, despite the different compaction rates. Where compaction rate was
higher, say in case A-3.1, more relaxation occurred during the relaxation phase as a
result of limited relaxation taking place during the compaction phase. However, it is
worth noting that in all 3 cases, the textiles relaxed to the same final pressure level in
the same allowed relaxation time.

Fibre volume fraction results for textiles samples subjected to different compaction
rates towards a target vy reach the same vy from different onset pressures, Figure 5.10,

as expected.
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Figure 5.9: Compaction and relaxation of single layer plain woven textiles at different
compaction rates, target v;=0.53 (series A-3)
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Figure 5.10: v; as a function of time for single layer plain woven textiles subjected to
different compaction rates with target v;=0.53 (series A-3)



Relaxation modelling of technical textiles 122

Quantification of relaxation was done using the same procedure described above,
Figure 5.11. More relaxation was observed at higher compaction rates; as mentioned
above, with higher rates of compaction most relaxation occurred after the compaction

phase, and as a result relaxation after the compaction phase shows higher values.
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Figure 5.11: Relaxation of single layer plain woven textiles subjected to different com-
paction rates (series A-3)

Experimental series A-4 featured 3 cases with compaction rate set at 1.0 mm/min
in all cases. Maximum target pressures were set to 0.40, 0.50 and 0.60 MPa for cases
A-4.1, A-4.2 and A-4.3 respectively. Textile samples were compacted and then held at
the thickness reached at maximum target pressures, to allow relaxation, Figure 5.12.

Quantification of relaxation is reported in Figure 5.13. More relaxation was observed
for higher maximum target compaction pressures, for the same compaction rate. very in-
terestingly, relaxation was essentially constant in terms of proportions, standing between

12% to 13% of the target pressures.
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Figure 5.12: Compaction and relaxation of single layer plain woven textiles at one com-
paction rate for different target P (series A-4)
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Experimental series A-5 featured one case with compaction rate set to 1.0 mm/min.
Maximum target pressure was limited to 0.55 MPa. The textile sample was compacted
and then load was removed to investigate the complete loading cycle as well as any

non-linear behaviour.
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Figure 5.14: Compaction and load removal of single layer plain woven textile (series A-5)

Compaction and load removal done on a textile enables reorganization of the fibres
and yarns within the textile. To investigate this matter more closely, the topography
of the surface of the sample before and after loading was obtained as presented in Fig-
ure 5.15.

The surface topography of a layer of textile before compaction was recorded using a
3D KEYENCE microscope VHX-2000. Coordinates normal to the textile plane could be
obtained using 300x magnification. The same textile sample was positioned within the
compaction set-up and compacted to a pressure of 0.6 MPa, once. After compaction,

the textile was secured and positioned again under the microscope. The same topog-
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raphy measurement method, and then again after subjecting the sample to a further
100 compaction cycles, was applied. Results show clearly that the non-compacted textile
features more surface irregularity and roughness from a configuration where the fibre net-
work has not undergone reorganization, compared to the compacted textile layer which
has a smoother top surface. Clearly a higher vy values may be achieved using pre-
compaction prior to any PCM manufacturing process. On the other hand, tomography
showed that for this particular case, compacting for 1 cycle or 100 cycles did not change

the topography of the textile surface significantly.
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Figure 5.15: Topography of textile surface: a) before compaction, b) after 100 cycles of
compaction and load removal
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5.5.2 Simulation trials

6 simulation series were performed in attempting to replicate the findings obtained
through physical testing.

Simulation series B-1 featured the compaction of 3 virtual samples where the numbers
of iterations between each compaction step were 2 x 107, 5 x 107 and 10 x 107 for cases
B-1.1, B-1.2 and B-1.3 respectively. Maximum target pressure was set to 0.50 MPa. Due
to procedure by which compaction is effected, with displacement being the controlled
variable, maximum pressures feature some minor fluctuations from case to case. These
series were performed so as to identify the number of iterations that would best replicate
experimental compaction results reported previously, Figure 5.16. In this way, a first
correlation between time and numbers of iterations is established. It is worth notifying
that the curve fit is generally excellent over the whole curve, and so this correlation can
credibly be deemed as valid for the whole simulation.

This series of simulations enabled the identification of an appropriate number of
iterations to be performed at each step. Setting the number of iterations to 5 x 107 (Case
B-1.2) between each compaction step of 1.0 ym offered the best match with experimental
trials at a compaction rate of 1 mm/min. When the number of iteration was lower than
5 x 107 (Case B-1.1), compaction pressure built up at lower fibre volume fractions which
is expected from the experimental trials as a similar trend was observed experimentally
with higher compaction rates. Conversely, a higher number of iterations (Case B-1.3) led
to compaction pressure values that were lower at the same vy, which was also expected

from comparable experimental compaction results obtained at lower compaction rates.
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Figure 5.16: Compaction of a virtual single layer plain woven textile using different

iteration numbers, and experimental trial (series B-1 vs. A-1)

In case B-1.2 the textile was allowed to iterate at constant height for a much higher

number of iteration cycles after the compaction phase. This enabled relaxation oc-

currence, demonstrating the capability of the proposed simulation method to replicate

relaxation as an intrinsic feature, Figure 5.17. This figure demonstrates that pressure

increased mostly linearly up to vy of 0.37, and beyond that pressure increased in a non-

linear manner. From a vy of approximately 0.5 pressure increased mostly linearly again

as a function of vy.
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Figure 5.17: Compaction and relaxation of virtual single layer plain woven textile (series
B-1.2)

Simulation series B-2 featured a single case where the number of iterations between
each compaction step was set to 2 x 107, similar to case B-1.1 during its compaction
phase, Figure 5.18. The virtual sample was compacted, with relaxation started at 0.20,
0.40, 0.6, 0.8, 1.0 MPa in cases B-2.1 to B-2.5, respectively, Figure 5.19. This series
of simulations were performed to quantify the effect of initial pressure on subsequent
relaxation.

More relaxation was observed at higher maximum compaction pressures. Relaxation
taking place from higher pressures also required more time to reach stable pressure levels.
This may be caused by the fact that less relaxation takes place during the compaction
phase in such cases. Relaxation from the highest pressure of 1.0 MPa was very large,

suggesting an unrealistic number of iterations for this virtual sample in high pressures.
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Figure 5.18: Compaction and relaxation of virtual single layer plain woven textile (series

B-2.5)
1.2
------- From 0.2 MPa
- === From 0.4 MPa
. = = From 0.6 MPa
_ = From 0.8 MPa
g 0.8 N From 1.0 MPa
5 0.6 S
.}_E N < — — —
© - - —— L Y L. ——
o TS - - N
204 K il
02 o]
0.0 ' |
0 500 1000 1500 2000

Number of iterations (x107)

Figure 5.19: Relaxation of virtual single layer plain woven textile from various onset

pressure P (series B-1.1)
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Simulation series B-3 features 3 cases where the number of iterations between each

compaction step were 2 x 107, 5 x 107 and 10 x 107 for cases B-3.1, B-3.2 and B-3.3

respectively. The maximum pressure was set to 0.5 MPa. Virtual samples were com-

pacted and then held to the constant thickness reached at maximum pressure, enabling

relaxation.
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Figure 5.20: Compaction and relaxation of virtual single layer plain woven textiles sub-
jected to different number of iterations with the same target P=0.5 MPa (series B-3)

Small numbers of iterations corresponding to very fast compaction (case B-3.1) in-

clude large relaxation levels about 50% after the compaction phase, as a consequence of

pressure build-up at low v; during the compaction phase. Therefore, higher numbers of

iterations are probably more advisable. This paralleled what was seen in experimental

trials; less relaxation during compaction leads to more relaxation after the compaction

phase when using higher compaction rates.
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As seen in Figure 5.21, relaxation experienced by the virtual textiles was reduced
with an increase of iteration numbers. It is interesting, even for experimental trials that
the effect of the compaction rate features a plateau in terms of number of iterations,

beyond which relaxation is essentially constant.
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Figure 5.21: Relaxation of virtual single layer plain woven textiles subjected to different
numbers of iterations (series B-3)

Fibre volume fraction results where virtual single layer plain woven textiles were
compacted using different numbers of iterations toward the same target pressure showed
differences in vy although the maximum pressures reached in the compaction phase were
the same, Figure 5.22. Higher vy may be caused by more relaxation and fibre network
reorganization at higher numbers of iterations, comparable to experimental trials using

lesser compaction rates.
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Figure 5.22: vy as a function of the number of iterations for virtual single layer plain
woven textiles subjected to different iteration number for target P=0.5 MPa (series B-3)

Simulation series B-4 featured 3 cases similar to series B-3 where iteration numbers
between each compaction step were set to 2 x 107, 5 x 107 and 10 x 107 for cases B-4.1,
B-4.2 and B-4.3 respectively. The maximum target v; was set to 0.50. Virtual samples
were compacted and then held to the constant thickness reached at the maximum vy,
enabling relaxation.

Small numbers of iteration or very fast compaction rates resulted in a large pressure
peak in early stages of the compaction phase corresponding to low levels of vy. This
was paralleled with observations in the experiment trails with fast compaction rates.
Regardless of this large pressure peak, relaxation after the compaction phase for case
B-4.1 continued beyond the set simulation period. This case may reach a stable pressure
condition after a longer time, which was not practical in these simulations. In spite of

differences in initial pressures at on onset of relaxation phase for cases B-4.2 and B-4.3,
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stable pressures were reached after a short iterative period, in both cases.
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Figure 5.23: Compaction and relaxation of virtual single layer plain woven textile sub-
jected to different iteration numbers for target v;=0.5 (series B-4)

As seen in Figure 5.24, the amount of relaxation experienced by the virtual textiles
was reduced with an increase in iteration numbers. Relaxation levels in cases B-4.2 and
B-4.3 were commensurate with those observed in experimental trials. Case B-4.1 showed
more relaxation as previously discussed.

Fibre volume fraction results where virtual single layer plain woven textiles were
compacted subjected to different iteration numbers to the same target vy are presented

in Figure 5.25.
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Figure 5.24: Relaxation of virtual single layer plain woven textiles for various numbers
of iterations and target vy (series B-4)
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Figure 5.25: vy as a function of number of iterations for virtual single layer plain woven
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Simulation series B-5 featured a single case with the number of iterations set to 5x 107.
Maximum pressure was limited to 1.10 MPa. The virtual textile sample was compacted
and then load was removed to simulate a complete loading cycle similar to experimental
trials, Figure 5.26.

This simulation series presents the linear and non-linear behaviours upon loading and
load removal for the textile simulate using the particle-based modelling method, similar
to those observed in experimental trials. Also, clearly the results show that after load
removal, reorganization of fibres within yarns lowers the pressures that may be achieved

at higher vy, similarly to experimental trials.
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Figure 5.26: Compaction and load removal of virtual single layer plain woven textile
(series B-5)
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Simulation series B-6 featured two cases where the number of iterations was set to
10 x 107. Maximum pressures were targeted to 0.50 MPa. This series included double-
layer stacks of textiles with perfectly aligned yarns and with yarns that were perfectly
staggered in both directions. Samples were compacted then allowed to relax. During
the compaction phase of the double-layer stack of textile with perfectly aligned yarns,
pressure increased from lower fibre volume fractions compared with the stack featuring

yarns that were perfectly staggered, Figure 5.26.

0.6

— = Case B- 6.1- two layers, aligned
05

Case B- 6.2- two layers, staggered

Pressure (MPa)
o o o
(V) w I

o
.
T

0.0 ' '
0 0.1 0.2 0.3 0.4 0.5 0.6

Fibre volume fraction

Figure 5.27: P as a function of v; in a double-layer aligned and staggered plain woven
textile in compaction phase

Figure 5.28 shows isometric views of initial and compacted configurations for the two
cases. Also, yarn cross-section in the centre of the layers are presented for both cases.
From these geometric representations obtained from the particle-based modelling method
it is seen that, in case B-6.1 yarns were flattened on top of each other unlike in case B-6.2
where yarns were moved along with changing cross-section shapes. This clearly replicates

the nesting behaviour of layers as expected and investigated earlier [101]. This figure
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also shows isometric views of initial configurations for the two cases. In the latter case,

a higher P appear at lower vy due to the staggered layers.

Figure 5.28: Geometric representation of compaction and relaxation of virtual double-
layer plain woven textiles subjected to different layering for target P=0.5 MPa (series
B-6)

After the compaction phase in both B-6 cases, virtual samples were held to the con-
stant thickness reached at maximum target pressure, enabling relaxation, Figure 5.29.
More relaxation resulted in case B-6.1. This paralleled with what was expected in phys-
ical reality, as shifting yarns and filling inter yarn gaps during compaction resulted in
late pressure build-up. Nesting can be compared to relaxation taking place during the
compaction phase for case B-6.2, and this leads to lower relaxation taking place after the

compaction phase. Relaxation in case B-6.1 continued beyond the set simulation time
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and suggested yarns flattening as well as yarns shifting into the gaps between layers.
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Figure 5.29: Compaction and relaxation of virtual double layer plain woven textiles
subjected to different stacking for target P=0.5 MPa (series B-6)

5.6 Conclusion

Using the particle-based method for modelling the relaxation behaviour of technical tex-
tiles was investigated. Simulation results were validated experimentally in many cases.
Validation work showed that the particle-based modelling method replicates the relax-
ation behaviour of textiles very well. Modelling enables the prediction of the relaxation
behaviour of textiles during and after compaction phase.

The particle-based modelling method developed can be used for relaxation modelling
of different textile structures and numbers of layers. The procedure for enabling the
representation of time-dependent behaviour of textiles by drawing a parallel with the

number of iterations was introduced.



Chapter 6

Particle-based modelling of in-plane

shear of textiles

6.1 Preamble

Chapter 6 contains the results obtained from particle-based modelling of woven textiles
subjected to in-plane shear. In-plane shear simulations of woven textiles were performed
on a plain woven textile, following compaction and relaxation covered in prior chapters.
Selected simulations performed on virtual woven textiles were validated with experimen-
tal trials. Parameters used in previous chapters were used, again, such as the same yarn
contact models and same Nylon 6/6 within yarns. New boundary conditions were intro-
duced replicating shear the frame rig, along with other parameters such as the shear force
and locking angles used in defining the in-plane shear behaviour of textile reinforcements.
Two different algorithms were introduced and assessed, for modelling friction, resulting in
the choice of a less computationally demanding procedure in simulations. work presented

in this chapter was submitted for publication in a peer-reviewed journal [102].

140
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6.2 Abstract

Prediction of the geometry and constitutive behaviour of textiles subjected to in-plane
shear loading using a particle-based modelling method is investigated in this chapter.
Plain weave textiles featuring fibres represented as a series of conjoined particles are
modelled using discrete mechanics as an alternative to traditional continuum mechanics.
The configurations of individual fibres are obtained from first principles, minimising
strain energy terms via a modified Metropolis algorithm.

In previous work [104], modelling of both the geometry and constitutive behaviour
of textiles at the microscopic, mesoscopic and macroscopic scales using a particle-based
method was reported and the compaction behaviour of woven textiles was predicted with
good levels of accuracy. In this work, the particle-based approach enables prediction of
in-plane shear behaviour of the textiles from first principles during loading as it would
occur in technical textile structures. Other elements of constitutive behaviour such as
bending and buckling and punching may be predicted for different types of textile using
this method. Such scenarios will be reported in forthcoming publications.

In order to characterize the in-plane shear behaviour of woven textiles, a series of sim-
ulations replicating articulated frame in-plane shear tests were performed. The effects
of different boundary conditions at fibre ends upon application of a displacement field
to the particles, and iterations of the positions toward lower strain energy levels, are re-
ported. From these simulations, load-displacement curves were constructed; furthermore
displacement fields, locking angles and shear stresses were identified. Results of simula-
tions and experiments performed on woven textiles subjected to in-plane shear showed
good agreement as well as improvement in simulation accuracy over other modelling

techniques.
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6.3 Introduction

Textiles are subjected to different load cases upon service, resulting in deformations which
may include in-plane shear, bending, in-plane tension and out-of-plane compression.
Deformations, displacements and the resulting textile configuration may be defined at
the mesoscopic and macroscopic scales.

In-plane shear is the dominant deformation mode that occurs upon wrinkle-free drap-
ing of textiles on surfaces featuring double curvatures. Conversely, in-plane shear is not
prevalent when draping textiles over surfaces which exhibit single curvature; over such
surfaces the textile will bend so as to conform to the supporting surface [62,70].

In-plane shear of woven textiles is characterised by the relative rotation of warp
and weft yarns at crossovers. A woven textile is illustrated in Figure 6.1, both in the

undeformed state and as it might appear after in-plane shear.

a) b) Shear direction

»

Weft

Warp

Figure 6.1: Textiles: a) undeformed, b) after in-plane shear

The constitutive behaviour of a textile subjected to in-plane shear can be quantified

experimentally through articulated frame testing or bias-extension testing [20]. The



In-plane shear modelling of technical textiles 143

articulated frame test apparatus consists of four links of equal length connected by low
friction pivots so as to form a square that will be deformed into a rhombus as the test
proceeds and two opposing pivots are pulled away from each other. A textile sample
is mounted between grips on each link. Extension of the frame imparts shear to the
textile as detailed in section 6.4 of this chapter. The bias-extension test probes the in-
plane shear behaviour of a textile sample subjected to axial extension with yarns initially
aligned at 45° from the extension axis. Realignment of yarns in the sample is observed
upon extension, with pure shear imparted over the central section of the sample only [16].

In-plane shear characteristics of woven textiles and a comparison of articulated frame
and bias-extension testing were reported by Harrison et al. [43]. A normalization pro-
cedure for bias-extension results was developed for enabling direct comparison of re-
sults obtained from both methods. Analysis of experimental results obtained from each
method indicated that deformations induced upon articulated frame testing are more
consistent and better related to the sample boundary conditions than their counterpart
induced upon bias-extension testing. In so doing, the importance of boundary conditions
at frame edges and bias-extension testing grips during tests was emphasised.

Sharma et al. [110] investigated the in-plane shear behaviour of dry woven textiles
upon draping. Deformations were measured from images collected in articulated frame
tests. The authors noted that the increase in shear force is associated with an increase
in friction forces at yarn cross-overs resulting from reduced yarn crimp.

The maximum in-plane shear angle of a textile is defined as the in-plane shear de-
formation angle that the textile can withstand before wrinkles appear and major out-
of-plane deformations occur over its surface. The angle defined between the warp and
weft yarns that characterises the onset of wrinkling is termed the locking angle. In cases

where the warp and weft yarns are initially perpendicular, the locking angle and the
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maximum in-plane shear angle are numerically similar; both are function of textile ar-
chitecture and material properties [14,18]. Generally the angle can be detected by visual
inspection [115]. Alternatively, it may be identified on a curve of the shear force as a
function of the shear angle as the intersection of the tangent to the curve at its steepest
slope and the horizontal axis [5]. In a plain weave textile the ratio of the yarn width to
yarn spacing largely contributes to determining the locking angle between warp and weft
yarns [87].

Harrison et al. [1] used biaxial bias-extension testing to investigate coupling between
in-plane shear and tension, and textile wrinkling. Biaxial bias-extension testing was
proven as an accurate method of characterising wrinkling and in-plane shear for woven
textiles. This technique uses a straightforward experimental set-up and analysis proce-
dures based on readily available image analysis software.

Boisse et al. [14] studied the occurrence of wrinkling upon textile forming. The
authors noted that wrinkles affected the bending stiffness adversely. A simplified formu-
lation of virtual internal work involving tension, in-plane shear and bending moments was
applied to woven repeating unit cell (RUC) for simulating the onset of wrinkling. It was
found that the bending stiffness largely determined wrinkle occurrence and geometry.

In further work, Boisse et al. [15] conducted finite element simulations of woven unit
cells subjected to in-plane shear. The study was carried out using an explicit dynamic
approach based on a simplified dynamic equation which accounted for tension and in-
plane shear strain energy terms. Simulation results were compared to those of articulated
frame experiments. The authors concluded that in-plane shear stiffness has a major effect
on the appearance of wrinkles and on the value of the locking angle. During simulation
it was assumed that in-plane shear and bending stiffness were independent of in-plane

tension. The proposed finite element analysis did not consider the effect of yarn twist on
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bending stiffness.

Potluri et al. [84] reported an improved method for measuring the shear properties of
textiles using a wide strip bias-extension test and compared this to conventional narrow
strip bias-extension testing. Results of the proposed method were in close agreement with
those obtained from the Kawabata Evaluation System (KES). Yarn deformations were
measured and confirmed through two independent techniques, namely optical scanning
and a strain-freezing technique. The authors stated that yarn deformations included
upon bias-extension differ from those normally expected in pure shear. It was observed
that yarn thickness increased initially, whilst after the locking angle was reached the yarn
thickness started to decrease with individual yarn width remaining constant.

Lomov and Verpoest [69] studied the in-plane shear behaviour of plain, twill and
5-harness satin glass textiles using finite element analysis (FEA) models incorporating
friction, compression and bending of the yarns. The models used non-linear tension,
bending and compaction properties of the yarns, a coefficient of friction at yarn crossovers
and the fabric weave structure as input data; all quantities were measured. The authors
observed that pretension of textile samples in the picture frame was a major contributor
to result variability. Furthermore, it was observed that shear-tension coupling had a
strong influence on geometric configuration during draping simulations. The authors
noted that the entire shear behaviour is of significance to the response of textiles to
draping, rather than the single value of the locking angle.

Badel et al. [6] aimed at quantifying changes to textile permeability resulting from
draping the textile over a curved surface. The authors simulated the in-plane shear
behaviour of a RUC of plain woven textile using FEA. A feature specific to the simulations
was the use of periodic boundary condition in large deformations. Also, although yarns

were modelled as continuous entities their fibrous, orthotropic nature was taken into
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account through a fitting parameter introduced in material properties. Simulation results
were in good agreement with the experimental shear curves.

Willems et al. [130] used digital image correlation techniques to assess macro scale de-
formations in different glass and carbon textiles subjected to shear testing, with three dif-
ferent sample in-plane preloads. The effects of material, textile architecture and preloads
on shear behaviour were discussed. It was demonstrated that the author’s correlation
technique can characterize textile deformation well. Also, the influence of sample con-
figuration and pretension on the shear behaviour was highlighted. Substantial increase
in shear force was recorded with a rise in sample tension. Also, inconsistencies in data
were detected upon articulated picture frame testing resulting from minimal yarns mis-
alignments.

Lomov et al. [65] used an optical extensometer in improving the accuracy of strain
measurements during textile deformation at the microscopic and mesoscopic scales. The
approach permitted the measurement of the deformed shape of draped textiles in three
dimensions, and of local shear angles. The data was used in validating drape models
and predicting the performance of consolidated composite parts using FEA. The authors
stated that the proposed optical full-field strain techniques is a preferred technique for
ensuring that deformation measurements performed during tensile or in-plane shear tests
of textiles are of high accuracy, with possible limitations for textiles with uneven or rough
surfaces.

Launay et al. [58] proposed an experimental device for measuring the warp and weft
tensions in woven textiles undergoing an articulated frame test. Reduction of tensions
decreased the values of shear load measured during articulated frame tests significantly.
In finite element simulations performed by the authors it was assumed that in-plane shear

strain energy is independent of initial yarn tension; however, the authors demonstrated
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the effect of initial tension on shear force experimentally. Initial tension was identified
as a significant parameter in wrinkle formation during processing.

Cao et al. [20] presented a comprehensive study on experimental methods and bench-
mark results for characterizing in-plane shear in woven textiles. Advantages and lim-
itations of existing experimental and associated modelling approaches were discussed.
In-plane shear testing of textiles using articulated frame and bias-extension setups were
conducted for both balanced and unbalanced fabrics, and compared. The authors’ work
constitutes a benchmark toward the understanding of strengths and limitations of ex-
perimental and modelling approaches.

Finally, as noted by Vanclooster et al. [123] determining the mechanical properties
and deformation behaviour of textiles subjected to in-plane shear or undergoing draping
requires substantial skill and is time consuming; the associated high costs justify the
development of advanced predictive techniques.

The particle-based modelling method proposed in this paper enables accurate intri-
cate modelling of the geometry and mechanical behaviour of textiles subjected to in-plane
shear at the microscopic, mesoscopic and macroscopic scale. Particle-based modelling
constitutes a powerful whilst general numerical tool for simulating the large-strain con-
stitutive behaviour of non-homogeneous or structured textiles, by accounting for the
detailed geometric configuration at fibre scale during deformation as shown in the fol-

lowing sections.

6.4 Modelling methodology

In keeping with the modelling methodology reported previously [104], individual fibres
making up textile domains submitted to in-plane shear are represented by series of dis-

crete spherical particles with diameters equal to the nominal fibre diameter. Positions
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of the particles describe the geometry of fibres within yarns. Changes in strain energy
resulting from displacements of individual particles as well as from interactions with
neighbouring particles enable the modelling of the overall behaviour of the textile when

subjected to large in-plane shear strains.

6.4.1 Modelling method

As a simulation of textile in-plane shear proceeds, individual particles are displaced ran-
domly under fixed boundary conditions in an iterative procedure until a stable state
of minimum strain energy in the system is reached. As particles move whilst bound-
ary conditions remain unchanged, the configuration of fibres evolves. Once a stable
state is reached, boundary conditions are altered corresponding to shear strain imposed
on the textile, and the individual positions are iterated again under altered but fixed
boundary conditions, randomly, towards a new state of minimum strain energy. The
non-conservative behaviour associated with friction, which was demonstrated to play an
important role in defining the in-plane shear behaviour as discussed above, is modelled
through the inclusion of a threshold of acceptance applied on new particle configurations
reflecting energy loss as discussed later in this section.

In this implementation, a modified Metropolis algorithm manages iterations of par-
ticle positions which collectively are referred to as configurations and define the textile
geometry. Iterations of particle positions are done over physical subspace [a, a] using a
set limitation on the step size and a uniformly distributed random walk. A random num-
ber generator is used in this implementation for generating values over the range (0, 1)
that are statistically independent, with a distribution that is uniform over an extended
period of time. Within each iterative procedure performed under constant boundary

conditions representing the articulated frame, the configuration is changed by adding a
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small random displacement to the z, y or z coordinate of a randomly chosen particle.
This results in a change in strain energy between two given configurations defined before
and after the iterative step.

A practical aspect of this computational method is the time required for iterating
enough particle positions, in models that feature sufficient numbers of particles to make
them appropriately detailed and useful reliably, leading to a configuration of minimum
strain energy stored in the textile. The time required for the system to reach a stable, low
level of energy depends on several factors including the number of particles, initial fibre
volume fraction and friction within particles assemblies; this time is usually estimated
from experience.

The total strain energy stored in the particle assembly will progressively diminish
towards equilibrium. After computing the change in energy resulting from the displace-
ment of a single particle, the result is assessed. If strain energy in the whole system was
reduced the new configuration is accepted and used as the initial state for the next step.
If strain energy was not reduced acceptance may still result from statistical arguments
based on a predefined probability [100]; alternatively the change may be rejected. In both
cases the new configuration becomes the initial state for the next iteration. Following
convergence, boundary conditions are changed to reflect ongoing shear, and the iterative
procedure is repeated.

An important physical parameter in the system is friction, which partially restricts
fibres from slipping relatively to each other. Whilst conservative strain energy terms
associated with elastic loading may be calculated for a given static configuration, non-
conservative friction losses occur only as the fibre assembly goes from one configuration
to another. Friction also contributes to hysteretic losses observed experimentally in

deformed textiles, most notably for in-plane shear.
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Two approaches to managing friction may be considered in particle-based modelling.
In a direct approach, normal forces between pairs of contacting fibres are determined at
every contact point. Displacements at all contact points in the fibre assembly are also
calculated. Knowing these forces and displacements, a total energy loss associated with
fibre friction between two configurations is obtained. This energy term is subtracted from
appropriate strain energy terms defined from previously mentioned elastic strains. This
direct approach requires highly computationally intensive work due to number of contact
points involved. Also, a proper value of the coefficient of friction must be introduced
from trials, and the determination of this is not trivial.

The alternative indirect approach proceeds as follows. In the absence of friction,
contacting fibres slip freely relative to each other and resulting configurations are dictated
only by the ensuing reduction in total elastic strain energy stored in the assembly at a
given fibre volume fraction, as discussed above. In the presence of friction, fibre slippage
is impeded and as a result, additional energy must be expensed for evolving towards
configurations corresponding to the same fibre volume fraction as for a system devoid
of friction. This is integrated in the algorithm by altering the strain energy threshold
conducting to a tentative configuration being accepted upon iteration. When no friction
is present, upon iteration generally any tentative configuration that reduces the elastic
strain energy stored in the textile is accepted as the new configuration on an ongoing
basis. On the other hand, when friction is present, evolution from one configuration to
another requires that some of the initial elastic strain energy must be expensed through
friction. The energy balance will only remain favourable if final configurations with lower
strain energy levels are accepted.

This approch, this is implemented through a percentage applied on the strain energy

in the initial state, which remains constant through the entire simulation. As a result,
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at lower fibre volume fractions when fewer contacts are present, friction generally does
not have a major effect. However, with increases in fibre volume fraction and number of
contacts, strain energy differences resulting from small displacement have a significant

effect as expected for friction.

6.4.2 Yarn configurations and tension upon in-plane shear of

textiles

During in-plane shear of a textile the area covered by the textile is reduced leading to
an increase in vy under constant thickness. Inter-yarn spacings defined perpendicularly
between neighbouring warp yarns and between neighbouring weft yarns respectively both

decrease, eventually leading to lateral compaction of the yarns, Figure 6.2.

Frame hinge

Warp yarn

Frame edge

Weft yarn

Yarn spacing A/ ’

(initial)

Yarn spacing
(reduced)

Figure 6.2: Simulation of 16 crossovers of plane woven textile undergoing in-plane shear
in articulated frame configuration

Shear can also increase yarn crimp as yarns get thicker with less inter-yarn space

available for yarns weaving back and forth between either surfaces of the textile. Finally,
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as crossovers are no longer defined by yarns crossing at 90°, yarn sections effectively
rotate around yarn axes. All these effects can lead to tensioning of the yarns and of
the fibres within them. The critical question of clamping and boundary conditions is
closely related to yarn and fibre tensioning; this is revisited in section 6.5.2 further in
this chapter. Finally, increased yarn and fibre tension results in increased friction at yarn

crossovers, which is neither elastic nor conservative.

6.4.3 Strain energy terms

Imposing in-plane shear strain to a textile as described above prompts changes in yarn
configuration leading to particle displacements, and to fibre strains and stresses. Intra-
fibre and inter-fibre strain energies refer to strain energy terms defined for a single fibre
and from interactions between neighbouring fibres respectively.

Changes in axial tension, axial compression and/or bending stresses within a fibre
change its strain energy. Strain energy term Uy arising from axial tension/compression
is a function of fibre material’s Young’s modulus F, fibre cross-section area A, and dis-
tances between 2 particles [, and [ under and without loading respectively, Equation 6.1,
Figure 6.3. Bending strain energy Up is calculated from the angle ¢ defined between
three successive particles with second moment of area I for circular fibres, Equation 6.2,

assuming an initially straight fibre as represented by angle .

AE ,

Uy = 5 (lap — 1) (6.1)
EI ,

_ o 2

U= o (n = 0) (6:2)

Contact forces between curvilinear fibres within a yarn may be calculated using Hertz’
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lab
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Figure 6.3: Distance and angle between neighbouring particles within a fibre, enabling
calculation of axial and bending strain energy terms
contact model [83] and/or Gutowski’s compaction model [99]. In Gutowski’s compaction
model the fibres within yarns are wavy instead of being perfectly straight, Figure 6.4.
The suitability of jointly using both Hertz’ fibre compaction model and Gutowski’s com-
paction model for fibre assemblies as done here was validated by the authors in a previous
work [104].

The strain energy resulting from inter-fibre contacts and yarn compaction described
by Gutowski’s model is calculated from the contact forces between neighbouring fibres

F;;, integrating these forces over the particle’s displacement:

192E1 (I, — 1))
Ug= | F;; -dr = . L dl;; 6.3
“ / ! v BS (llj - lmzn)3 ! ( )

In Gutowski’s model, particles other than immediate neighbours in the same fibre
are separated by distance l;;, with l,,;, < l;; <[, where [, is the initial distance between
particle centres and [l,,;, is the fibre diameter. [ is a fitting parameter either evalu-
ated by microscopy or fitted to experimental results. Gutowski’s model is equivalent to

the beam bending equation with reducing span; it has been used successfully in many
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Figure 6.4: Schematic representation of fibres and their deflection in Gutowski’s com-
paction model

occurrences [19,39,83,99] and validated in [104] for the system discussed here.

6.5 In-plane shear simulation methodology

In-plane shear simulations that replicated the articulated frame test method based on
the algorithm described previously were performed. Ends of each individual fibre were
positioned within planes representing the edges of the frame. In all simulations, all fibres
in the balanced fabrics had the same initial free length between edges. In-plane shear
was induced by progressively reducing angle 20 defined between the two upper edges of

the articulated frame, Figure 6.2, with the shear angle o defined as:

a=p—20 (6.4)
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and angle ¢ being the angle between the initial warp and weft directions, which is usually
90°.

Edge and fibre ends were displaced in discreet steps, between which the total strain
energy was minimized iteratively. The total shear force was recalculated at each step for
the stabilised system by summing the edge-wise components of forces computed directly
from strains generated in individual fibres on the frame edges, as detailed in the following
section 6.5.1.

Two different methods were investigated for imposing initial displacements to the
particles upon changes in boundary conditions during the simulated articulated frame
tests. In the first method, particles located on the boundaries were displaced whilst other
particles were left unmoved initially, to be displaced only through the iterative procedure,
Figure 6.5a. Whilst this method is consistent with edge displacements in an articulated
frame test, it imposes large displacements to a very small number of particles leading
to high and localised strains in fibres. As a consequence, in the iterative procedure
a large number of particles must undergo large displacements and within a reasonable
computational time, most particles get limited chance to be displaced toward a minimum
strain energy configuration.

In a second method which was used in simulations reported in this chapter, a full dis-
placement field is imposed to all particles within the boundaries as shown in Figure 6.5b.
The particles are displaced as a function of their positions relative to the centre of the do-
main and iterations towards lower strain energies are executed afterwards. This method
is significantly more effective in terms of computational time even with larger numbers

of particles present within the boundaries.
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Figure 6.5: Imposed displacements applied to: a) boundary particles, b) all particles

6.5.1 Shear angle and shear forces

The shear angle « is a macroscopic measure of shear defined at the scale of the sample,
corresponding to the departure from an initial 90° angle defined between the two upper
edges of the articulated shear frame. It can also be viewed as the departure from 90°
between the nominal warp and weft orientations. The angle « is initially 0° and increases
upon shearing. Values of o during a test are determined from the vertical displacement
of the top hinge, Equation 6.5, where d is the hinge displacement from its initial position

and L f,qme is the length of shear frame edges, Figure 6.6.

\/iLframe + d

=90° — 2 cos™"
“ cos 2Lframe

(6.5)

Upon testing, the force F required for shearing the fabric can be calculated from the

measured pulling force F' as follows:
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Figure 6.6: Shear angle and shear forces
F
F,=— 6.6
2cos (6:6)

In simulations the shear force F, was calculated from the summation of edge-wise
projections Fj; of individual fibre tension forces FY; acting on the frame edges, for all
fibres; in Figure 6.6 fibre force F); acting on the frame edge at point A is expressed as its
normal component F),; and edge-wise component F,;. Within simulations, confirmation
may be obtained by calculating the pulling force F' from the summation of the vertical
components of all fibre forces Fy;. Validation against experimental results is then done

through values of F.
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6.5.2 Boundary conditions

Four different sets of boundary conditions may be imposed for attaching fibres to the
frame edges during in-plane shear simulations. All four condition sets were implemented
and evaluated for a plain weave unit cell. The four condition sets are labelled as: a) fixed
segments, b) fixed pivots, ¢)pivots unlimited in edge plane and d)pivots limited in edge

plane. The four sets of boundary conditions shown in Figure 6.7 are described below.

"

A
T

Figure 6.7: Four different boundary conditions: a) fixed segments, b) fixed pivots, c)
pivots unlimited in edge plane, d) pivots limited in edge plane
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The fixed segment condition (a) corresponds to fibres built into the frame edges,
with all displacements and rotations restricted. Whilst this boundary condition will
correspond to experimental reality in idealized cases where fibres are clamped perfectly
into the testing frame, it induces difficulties especially for smaller domains as bending
stiffness forces the fibres to extend normal to the frame edges during shearing, effectively

leading to parasitic fibre extension. In experimental trials this problem is alleviated by
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using larger samples but in any case it will have an unwelcome influence on results.
The fixed pivot condition (b) aims at correcting the above situation by attaching
fibres to the frame edges through pivots. The fibre ends can rotate but any displacement
in or out of the plane of the frame edges is precluded. In doing so, fibre ends may form
an angle with frame edges just like warp and weft yarns form an angle at crossovers
during a test, leading to in-plane shear that is more uniform over the surface of the
fabric. For small shear angles and yarns where fibres are not in very close proximity
this works reasonably well, but when shear angles increase and fibres come close to each
other, eventually contacting, the fibres are compressed laterally and very high parasitic

forces ensue. This also has a very large effect on fibre strain, Figure 6.8.

Figure 6.8: Simulation of unit cell with fixed pivots boundary condition; top view unit
cell on shear, 3D view and problematic zones

The pivots unlimited in edge plane condition (c¢) aims at correcting both situations
described above by attaching fibres to the frame edges through pivots that can rotate
freely and may be displaced in the plane of frame edges, without any restrictions. Like

condition (b), this works well at small shear angles but as the shear angle increases, the



In-plane shear modelling of technical textiles 160

free movement of the pivots leads to unit cells that are distorted and not sheared to the

extent intended. Negligible or no shear force is recorded, Figure 6.9.

Figure 6.9: Simulation of unit cell with pivots unlimited in edge plane boundary condi-
tion; top view unit cell on shear, 3D view and problematic zones

The pivot limited in edge plane boundary condition (d) represents fibres attached to
the frame edges through pivots that can rotate freely and may be displaced in the plane
of frame edges, within the initial area defining the associated edge plane. The height
and width of all boundary areas corresponds to the initial dimensions of the edge planes,
and they remain unchanged during a simulation. Simply put, fibre ends can move in the
domain boundaries, or edge planes, as needed for reaching lower states of strain energy;
given that domain boundaries extend exactly along the centreline of yarns or exactly at
mid-distance between yarns, they are effectively constrained by neighbouring fibres and

yarns, as happens in experimental reality.
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6.6 Articulated frame in-plane shear testing

The accuracy of particle-based simulations of the in-plane shearing of woven textiles was
benchmarked by producing and physically testing a series of textile samples. Samples
were manufactured from yarn featuring 30 monofilament Nylon 6/6 fibres with Young’s
modulus measured at 1.05 + 0.02 GPa. The characteristics of the fibres and textiles

appear in Table 6.1.

Table 6.1: Characteristics of fibres and textiles

Properties Number of samples
Fibre diameter (2r) 0.296 £ 0.001 mm 50
Fibre density 1.172 4 0.001 g/cm? 20
Initial v of preform 25+ 31 % 10
Surface density of preform 0.117 4= 0.001 g/cm? 10

An articulated frame used for in-plane shear characterisation is shown in Figure 6.10.
The frame featured four aluminium edges connected together by four ball bearing pivots.
The upper and lower pivots were connected to an Instron 4482 universal testing frame
with pin-type load cell mounts. Displacement speed was set to 1 mm/min and the load
cell had a capacity of 1 kN. As the traverse of the universal testing frame pulled the upper
and lower pivots away from each other at a constant rate, the angle between the two
upper edges of the articulated frame 20 decreased at the hinge, and the textile sample
was sheared.

In order to minimize the effect of clamping whereby yarns may be construed as more
or less effectively built in the frame edges with rotation mostly prevented at fibre level,
and also to avoid any possible interaction of the textile piece with the pivots, the four
corners of larger square pieces of textile were cut off prior to shearing so as to generate
a cross-shaped sample. It should be noted that aforementioned issues with yarn bending

near the frame edges as a result of attachment largely corresponding to built-in conditions
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Bearing pivot

Figure 6.10: Initial and deformed configurations of articulated frame

in the experimental set-up, which are typically alleviated by using cross-shaped samples,
were resolved in simulations through the careful selection of boundary conditions as
discussed in section 6.5.2.

The load-displacement behaviour of the empty frame devoid of any textile sample
was measured. Recorded forces were deducted from forces measured during regular in-
plane shear tests, cancelling any contributions of the frame to the load. Textile samples
were mounted in the frame, Figure 6.11, and 5 repeats of each in-plane shear test were
performed, Figure 6.12. All tests were carried out to a shear angle of 52°, at which point
wrinkles appeared on the surface of samples. It should be noted that since wrinkling
starts very progressively, it is difficult to identify a unique point separating un-wrinkled

and wrinkled states. The initiation of wrinkling is approximated by visual inspection
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from the side direction if the central region of the sample.

120
100 |
80 |
z
60 |
S
(@]
LL
40 |
20 |
0 1 1 1 1 1
0 10 20 30 40 50 60

Shear angle a (deg)

Figure 6.11: Force F' as function of shear angle o from experimental trials

In-plane shear testing of the aforementioned Nylon 6/6 textile samples showed a
mostly linear increase in shear force F' until approximately 32°. Past that angle, shear
force increased following a generally exponential trend.

All results were normalized to obtain normalised shear force Fy and enable compari-
son with results available from literature, Figure 6.13. Shear force data were normalized
to the side length of the textile samples in simulations and in experiments; in simulations
this length is L fyqme whilst in experiments in corresponds to the length of any side of the
sample’s central square zone. Normalization is typically performed in analysing in-plane

shear results due to the use of various frame sizes used by different researchers [20].
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Figure 6.12: Nylon 6/6 textile sample undergoing in-plane shear test in articulated frame
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Figure 6.13: Normalized shear force Fly as a function of shear angle o obtained from

experimental trials
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6.7 Simulations of in-plane shear: mechanical be-
haviour

Particle-based simulations of in-plane shear of woven textiles were performed, replicating
the articulated frame test in various conditions. Larger plain woven textile domains
were modelled initially in simulations that featured 4 yarns in both the weft and warp
directions leading to 16 crossovers; but mostly, equivalent unit cell domains of the same
textile featuring 2 yarns in both the weft and warp directions were modelled in further
simulations. Both domains are illustrated in Figure 6.14. The boundaries of the larger
domain run along planes defined at mid-distance between yarns, so that these planes do
not cut through yarns along the yarn paths. On the contrary, boundaries of the smaller
domain run along planes that include the yarn paths, effectively sectioning the yarns in a
symmetrical manner. In all cases, every yarn featured nominally 30 Nylon 6/6 fibres with
300 pum diameter and 1 GPa Young’s modulus. Half-yarns modelled in the smaller unit
cell domain actually featured 15 fibres made of the same material. Gutowski parameters
were 5 = 200, v, = 0.28 and v, = 0.79 for Nylon 6/6 fibres as determined in previous
work [104]. Lengths of virtual shear frame edges L fyqme were 17.150 mm and 4.550 mm
for the larger and smaller domains respectively as described above. Numbers of iterations
under constant boundary conditions were 2 x 10° and 5 x 10° for the larger and smaller
domains respectively, and simulated domains were extended by 0.1 mm at each step in
both cases. In all simulations the pivot limited in edge plane boundary condition (d)
was used as described in section 6.5.2.

This section probes the mechanical behaviour of simulated woven textiles undergoing
in-plane shear. Specifically, simulations 1A and 1B probe the effect of domain size as

discussed above. Simulations 2A, 2B, and 2C probe the effect of fibre tension. Simu-
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Figure 6.14: Larger and smaller domains used towards virtual in-plane shear simulations
1A and 1B

lations 3A, 3B and 3C probe the effect of friction. Finally, simulations 4A, 4B and 4C

probe the effect of bending stiffness.

6.7.1 Effect of domain size: simulations 1A and 1B

Simulations 1A and 1B aimed at comparing results obtained with the larger and smaller
domains as described above. Results for normalized in-plane shear force as a function
of shear angle replicated those from experimental trials very faithfully as shown in Fig-
ure 6.15. The outcome of these simulations and experiments lead to further simulations
being conducted using smaller domains featuring fewer fibres, requiring less computa-
tional resources. In-plane shear simulations for the smaller domain were repeated five
times with the same parameters and negligible variability was observed as shown in

Figure 6.15.
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Figure 6.15: Normalized shear force Fy as function of shear angle o for simulations 1A
and 1B and experimental trials

6.7.2 Effect of fibre tension: simulations 2A, 2B and 2C

Simulations 2A, 2B and 2C aimed at quantifying the effect of tensioning the fibres prior
to in-plane shear. Three different unit cell models featuring different initial levels of
fibre tension but otherwise identical positions of fibre ends on the virtual frame edges,
boundary conditions and parameters were studied. Fibre tension was induced as follows.
All 3 cases started with the same initial geometry defined by particle positions; particle
spacing in this initial, unique configuration was typically 330 gm. The 3 cases were
differentiated by modifying equilibrium distance [ as defined in Equation 6.1; values of [
in simulations 2A, 2B and 2C were 330 pm, 320 ym and 310 pm respectively. Prior to

shearing, the above domains were subjected to 5 x 10° iteration cycles leading to tension
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building in the fibres, until stable strain energy levels were reach with tensioned fibres;

in-plane shear was imposed afterwards.
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Figure 6.16: Effect of initial fibre tension on in-plane shear simulation results for simu-
lations 2A, 2B and 2C, compared with experimental results

The normalised shear force Fy as a function of shear angle a increased substantially
with an increase in fibre tension, Figure 6.16. Previous research work [69] has shown
that pretension of the textile sample in an articulated frame had a similar, major ef-
fect on shear force, which was confirmed here. Particle-based modelling enabled the

quantification of this effect.
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6.7.3 Effect of fibre friction: simulations 3A, 3B and 3C

Simulations 3A, 3B and 3C aimed at quantifying the independent effect of friction during
in-plane shear. Three unit cell models characterised by different values of the friction
parameter F'P introduced in section 6.4.1 but otherwise identical were studied. Values
of FP in simulations 3A, 3B and 3C were 0.000, 0.001 and 0.005 respectively; all other
parameters were unchanged.

A major effect on the normalised shear force FN results as a function of shear angle
a was observed as shown in Figure 6.17. An increase in FP led to a significant increase
of the shear force for a given value of the shear angle a, replicating expected trends.

Again, particle-based modelling enabled the prediction of the phenomenon.
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Figure 6.17: Effect of friction parameter FP on in-plane shear simulation results for
simulations 3A, 3B and 3C
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6.7.4 Effect of bending stiffness: simulations 4A, 4B and 4C

Simulations 4A, 4B and 4C aimed at quantifying the independent effect of bending
stiffness, under the following rationale. Literature suggests that bending stiffness affects
in-plane shear properties of textiles [14,15], essentially based on the fact that a yarn taken
as a whole typically has a higher stiffness than the added stiffness of the fibres making
up this yarn. The hypothesis is that yarn bending stiffness lies somewhere between
the algebraic addition of individual fibre stiffness terms and the stiffness that would be
obtained by considering that the dry yarn bends as a solid unit, as a beam would. Under
particle-based modelling this issue was apprehended by introducing a bending stiffness

parameter BP multiplying the bending energy term UB as defined in Equation 6.2.
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Figure 6.18: Effect of bending stiffness parameter BP on in-plane shear simulation results
for simulations 4A, 4B and 4C
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An effect on the normalised shear force Fiy was observed as shown in Figure 6.18. An
increase in BP led to an increase in shear force, despite the relatively minor contribution

of fibre bending to the total strain energy of the system.

6.8 Simulation of in-plane shear: evolution of geom-
etry

Particle-based simulations of in-plane shear of woven textiles undergoing articulated
frame tests showed clear effects on the geometry of textiles and yarns, which are dis-
cussed in this section. Selected parameters quantifying the geometry of plain woven
textile domains were recorded during simulations, and their evolution was probed. Pa-
rameters shown in Figure 6.19 are the textile thickness, yarn centre spacing, inter-yarn
gap, and yarn section dimensions. It should be noted that in the balanced textiles sim-
ulated, width and thickness of yarns extending along the warp and weft are expected to
be generally similar along with inter-yarn gap and yarn centre spacing; inter-yarn gap
and yarn section dimensions are reported for different planes within the unit cell domain.
Results were extracted from simulations 1A and 1B first presented in section 6.7.1.
Figure 6.20 shows the evolution of yarn centre spacing obtained from simulations
1A and 1B along with analytical values (Ljf.qme - sina) which, in macroscopic terms,
correspond to the spacing defined as the distance perpendicular to the centrelines of 2
neighbouring yarns. Simulation results presented in the figure were obtained by identi-
fying the highest particles in two parallel yarns and calculating the horizontal distance
between these particles defined in a plane that is perpendicular to the relevant frame
edge, for yarns extending in a single direction and for the 2 central yarns only in the

case of simulation 1A. For the 5 simulations 1B it was found that yarn centre spacing
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Figure 6.19: Parameters quantifying the cross-section of a unit cell in sheared fixture

curves superimposed. Figure 6.22 shows that yarn spacing data obtained from simula-
tions 1B evolved smoothly. Data from simulation 1A showed limited fluctuations around
the same trend, with discrete steps on the curve corresponding to the relevant particles
being associated with different fibres at different values of angle a. Both cases repli-
cated the analytical trend very faithfully. These results can be related to the increase in
shear force in general terms and provide further evidence of the suitability of the smaller
domain as used in simulations 1B for predicting in-plane shear behaviour accurately.
Textile thickness was probed as it is an important parameter to processing and per-
formance of technical textiles. Thickness was defined as the vertical distance between the
lowest and highest particles found within a domain as it is sheared. Figure 6.21 shows
that the unrestricted thickness of the textile in simulations 1B increased under in-plane
shear, in a manner consistent with generally reported behaviour. For the simulated tex-
tile, thickness starts increasing mostly around a shear angle v of 15°, with a generally
linear trend beyond that value. Figure 6.21 also shows the simulated yarn centre spac-
ing for the same simulation as reported in Figure 6.20 for comparison purposes. The

decrease in spacing leads to reorganisation of the fibres within yarns and translates into
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an increase in thickness.

Figure 6.22 shows yarn centre spacing and yarn gap evaluated in 2 different planes
as shown in Figure 6.23. At the onset of shearing the reduction in yarn centre spacing
is mostly compensated by a reduction in yarn gap; effectively, yarns are getting closer
without major changes to their widths. However, for shear angle values a beyond 30°,
always in the context of the parameters used for simulations 1B, the reduction in yarn
centre spacing accelerates whilst the reduction in yarn gaps progressively slows down.
Hence at this stage of shearing yarn widths must decrease. As seen in Figure 6.24, the
decrease in yarn centre spacing is also compensated through an increase in yarn thickness.
Figure 6.24 also shows that for all practical purposes yarn gaps become null around «
= 43°, which was previously identified as the value of the locking angle in Figure 6.13.
Finally, it is observed that the evolution of inter-yarn gap does not vary significantly for
the 2 planes probed.

Quantification of the effect of in-plane shear on yarn width and thickness is shown
in Figure 6.24. The curves show that increases in yarn thickness and decreases in yarn
width become more prominent around the locking angle, which is consistent with other
trends discussed above. Most of the trends which were simulated in this work were

observed experimentally as reported in other research work, notably [84].
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Figure 6.22: Yarn centre spacing and inter-yarn gaps as a function of shear angle «, for
simulation 1B

6.9 Conclusion

A particle-based modelling method was used for modelling in-plane shear in woven tex-
tiles. Simulation results were validated experimentally for a unit cell of a single-layer
plain woven textile and for a larger domain of the same textile. Several cases were
investigated to enable comparisons with further experimental results available in the
published literature including the probing of fibre tension, fibre friction and the effect
of yarn bending stiffness on the in-plane shear behaviour. Validation work shows that
the particle-based modelling method reproduces experimental data reality and trends
reported in literature very well. A new algorithm for modelling friction led to results
being obtained from a less computationally demanding procedure. Changes in the width

and thickness of yarns upon shearing could be related with the locking angle.
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for simulation 1B



Chapter 7

Discussion and Conclusion

7.1 Introduction

This chapter discusses further developments in the form of a proposed expansion algo-
rithm and of additional modelling work aimed at more complex textile manufacturing
and assembly operations. The expansion algorithm (EA) constitutes the link which
enables the particle-based modelling method developed in this thesis to apply to com-
posites manufacturing, where textile reinforcements feature glass or carbon yarns within
large numbers of fibres, say 3 to 12 thousand or more. Brief examples of application
to advanced textile manufacturing operations are presented as early work, to show the
ability of the particle-based modelling method to document industrial problems. Both
the algorithm and additional modelling work are proposed in the context of applying this
thesis work to modelling the engineering of advanced preforms for polymer composite
manufacturing. The chapter concludes by revisiting the most important findings reached

in this thesis; recommendations for future work are made.

177
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7.2 Expansion algorithm

Applying the particle-based modelling method described herein to textile reinforcements
where yarns feature thousands of fibres was investigated, leading to the development of
the expansion algorithm described herein. Through the expansion algorithm, one may
generate curves representing the constitutive behaviour of such reinforcements using
simulations featuring less fibres in an otherwise unchanged domain. Each fibre modelled
for usage in the context of the expansion algorithm represents a number of actual physical
fibres with different dimensions and properties; the constitutive behaviour of these larger
fibres is adapted so as to replicate the behaviour of a number of actual fibres. The larger
modelled fibres are labelled as EFA-fibres. EA-fibres have a circular cross-section, the
diameter of which is larger than that of the individual, physical fibres that each EA-fibre
represents. Material properties are altered appropriately as highlighted below. Other

elements of the simulations remain essentially unchanged.

7.2.1 Intra-fibre strain energy terms for EFA-fibres

The two major components of intra-fibre strain energy in EA-fibres are the axial ten-
sion/compression term and the bending term, as discussed for physical fibres in previous
chapters. Fundamentally, the expansion algorithm aims at replacing n real, smaller phys-
ical fibres of radius r with N EFA-fibres of larger radius R, where both the total volume of
fibre material and volume of the domain remain the same. Both fibre assemblies should
have the same axial and bending stiffnesses at the same fibre volume fraction, hence the
aim is to store the same amount of strain energy for the same elongation and curvature,
respectively. If this is achieved, it is foreseen that friction can be processed as described
in previous chapters, without change. The expression for axial tensile/compressive elastic

strain energy, Equation 7.1, is unchanged:
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 E-Agpa

Ua
2L

A2 (7.1)

The adjusted diameter of the FA-fibre is used in the equation, hence elongating one
EA-fibre by a given length is equivalent to elongating n/N physical, smaller fibres by the
same length.

In an FA-fibre, strain energy in axial tension/compression U, is a function of Young’s
modulus F, which is not changed when going from physical to FA-fibres. Strain energy
is also relates to the distance between particles which will be larger than for physical
fibres in typical models. However, in computation the value of L may or may not be
changed compared to values characterising actual fibres; this value can be determined
independently of the diameter without bringing specific computational difficulties or
issues. Finally, given the fact that the fibre volume fraction, and so the volume of
material, are made to stay the same when N larger fibres of radius R are replacing n
smaller physical fibres of radius r, the total cross-section of all fibres must stay the same

and so:

Uy = Uy,
o (7.2)
N-R>=n-r?
The strain energy stored in an FA-fibre subjected to pure bending is defined by

the equivalent Young’s modulus F, second moment of inertia I and segment length L,

Equation 7.3:

Uiy = —— Osji (7.3)

where 0,5, is the bending angle as discussed in previous chapters.

Bending of each physical and EFA-fibre is reasonably assumed to take place indepen-
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dently around their individual neutral axes, and so Ig4 is affected only by the diameter
increase. Therefore, I, will be altered for EA-fibre diameter in the expansion algorithm.
As stated above, when replacing a large number of physical fibres by a smaller number
of EA-fibres within a physical domain of identical dimensions, It desired to maintain a
constant value for vy.

Meanwhile, for both cases of simulation with physical fibres and EA-fibres the follow-
ing equation needs to be satisfied, on the grounds that bending one EA-fibre around a
given radius should require the same amount of strain energy as bending n/N physical
fibres having the same length L and made of the same material, around the same bending
radius. If the moments of inertia in bending of the physical and EA-fibres are labelled

as I, and [, respectively, then:

( IEA:ZIT

T R* n wr

- . 7.4
4 N 4 (7.4)
R* on
Lt TN
Here a difficulty arises; as stated before, to maintain vy constant one must have:
R? n
— == 7.5
TN (7.5)

which is obviously incompatible with the above equation. The solution adopted consists
in using a different value of Young’s modulus for FA-fibres that is specific to the strain
energy bending term only and is not used in the axial tension/compression term.
The increase in total bending stiffness when going from n fibres of readies r to N
fibres of radius R is effectively too large by a factor of:
R n

= (7.6)
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and so the solution consists in dividing the Young’s modulus E,, by n/N in the bending

strain energy equation only. As such the following equation is applied:

Em : [E'A

Vi="0r

6> (7.7)

with

En=E-N/n (7.8)

Reducing the modulus by n/N will lead to the same bending strain energy being
imparted as if bending the same mass of physical fibres extending over the same length.

This will be discussed through an example in forthcoming sections.

7.2.2 Inter-fibre strain energy terms for EA-fibres

The expansion algorithm makes it possible to use less, larger fibres for predicting the
mechanical behaviour of textiles featuring large numbers of smaller fibres, such as textile
reinforcement used in manufacturing composites. Textiles modelled using the expansion
algorithm feature FEA-fibres, the centrelines of which are further apart than those of
the more numerous physical fibres that they aim to represent within the same domain.
Hence, pressures generated must stay the same as if using the actual number of physical
fibres at a given vy.

The following discussion concerns the case of an assembly of parallel fibres being
compacted; aiming at discussing early developments towards the expansion algorithm.
Pressure say on the top surface of a domain results from individual fibres contacting this
surface, resulting in contact forces. As the domain is compacted and fibres reorganize, it
can be shown that the relation between representative numbers of columns and rows of

parallel fibres in the domain is independent of fibre diameter, a most useful characteristic
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in the present case as it enables direct scaling independently of vy; this is demonstrated
through an example in the following pages.

Put more simply, if it is reasonably assumed that the average distance between 2
fibre centrelines is independent of direction, then reducing the number of fibres from
n physical fibres to N FEA-fibres does not change the way in which the proportion of
fibres contacting say the top surface of the domain to the total number of fibres in the
domain evolves as compaction proceeds. Whilst the argument has yet to be formalised
and generalised, it is used here on basis of discussing. As a result early development as
stated above, forces between individual pairs of fibres must be increased as they are less
numerous, both to compensate higher distances in Gutowski’s model and the smaller
number of fibres contacting say the top surface and contributing to pressure. This will
be done by altering Gutowski’s model as shown below.

As Gutowski’s model uses the distance between the centrelines of two neighbouring
fibres as its main input parameter, a relation between this distance, the number of
fibres in a domain, and the domain size must be established towards the aforementioned
objective. Again, the simpler development proposed here is based on parallel fibres; it is
worth noting that it will still be widely applicable to more complex cases, especially in
the context of the expansion algorithm, as fundamentally it applies to yarn as opposed
to textiles.

The relation is established by reasonably assuming, as a starting point, that parallel
fibres will align in a triangular or hexagonal configuration as this maximises the distance
between neighbouring fibres at a given vy, hence minimising any strain energy term
associated with lateral compaction of the yarn. Whilst insightful geometric arguments
can be made and demonstrated about boundary conditions leading to networks of parallel

fibres that are more stable for constant vy and domain size. If the domains are relatively
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wider, for larger numbers of fibres the effect of boundary conditions becomes negligible
and the number of triangles in the fibre network tends toward the double of the number
of fibres. So, given a domain size and a number of fibres the dimensions of the triangular
defining the network of parallel fibres that will lead to a state of smaller strain energy
can be obtained, and so the distance between 2 neighbouring fibres can be calculated
directly. The ratio of the distance fo vy stays constant for different numbers of fibres
hence here again, direct scaling may be applied. Distances are multiplied by a factor
in Gutowski’s model, and so multiplying forces by 72 constitutes the needed scaling.
As explained in prior chapters, Gutowski’s equation is:
_192EI (-

lij)
FG B 63 (llj - lmzn)3 (79)

In Equation 7.9 above, the only parameter that changes for a network of FA-fibres is
inter-fibre distances, and / which can be processed as explained above for bending. As a

result, if all dimensions are multiplied by 7 equal to reduction factor n/N, Equation 7.9

will be modified for FA-fibres:

192E1 v - (lo — lZJ)
= . 7.10
TR (L — bn)? (7.10)
and then one shall increase the force generated within EI-fibres by 72 to obtain same
forces generated as with the actual number of physical fibres. Reducing the number

of fibres does not change the way in which the proportion of fibres contacting the top

surface to the total number of fibres in the assembly evolves as compaction proceeds.
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7.3 Demonstration

The expansion algorithm is demonstrated through two scenarios that are developed and
compared. These scenarios were established for the compaction of textiles but shall be
extended to other mechanical loadings cases in future development work. In the first
scenario, 1000 parallel physical fibres contained in a domain measuring 10 mm by 10
mm are compacted to a final height of 5 mm. In the second scenario, the same domain
measuring 10 mm by 10 mm, contains 100 parallel FA-fibres which are compacted to
the same final height of 5 mm, Figure 7.1. Domain width stays constant in both cases,
for the minimum strain energy to be stored in all cases, it is assumed fibres aligned in
hexagonal/triangle arrangements. In Figure 7.1 the numbers given on the top and on the
left of domains are representative of numbers of columns and lines of fibres respectively,
assuming equal average distances in the horizontal and vertical directions.

As mentioned above,decreasing the number of fibres from the first scenario to the
second does not change the way in which the proportion of fibres contacting the top sur-
face to the total number of fibres changes as compaction proceeds. In the first scenario,
approximately 32 fibres should be contacting the top surface at the onset of compaction
and this number would increase to approximately 45 after compaction. In the second
scenario, approximately 10 fibres should be contacting the top compaction platen at the
onset of compaction and this number would increase to approximately 14 after com-
paction, if one reasonably assumes that minimum strain energy is sustained throughout
the compaction. Ratios of the number of fibres in contact with the top platen and vy in

both scenarios are constant. Results for both scenarios are summarized in Table 7.1.
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Figure 7.1: Schematic for two scenarios
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Table 7.1: Results of two scenarios

186

Properties Scenario 1 Scenario 2
Actual fibres FEA-fibres
vy at start of compaction 0.30 0.30
vy at end of compaction 0.60 0.60
Number of triangles 2000 200
Fibre radius (r) 0.0309 mm 0.0977 mm
Total cross-section of fibres (A) 30 mm? 30 mm?
Fibres distance before compaction (1) | 0.1414 mm 0.4472 mm
Fibres distance after compaction (1) | 0.1 mm 0.3162 mm
Moment of inertia of single fibre (I) | 7.16 x 10~ "mm* 7.16 x 105 mm*
Moment of inertia of total domain (I) | 0.7162 mm* 7.1620 mm*
: : : E-A E-Apa
t by t — A - A?
Strain energy by tension/compression 5T 5T
) . E-T , (0.1E) - Iga ,
Strain energy by bending > 0 — L 0
192ET (I, —1;) | 192ETga (I, — 1)

Inter fibre force by Gutowski’s model

53 (lw _ lmzn)3

53 . 72(lz‘j - lmin)3
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7.4 Modelling of manufacturing operations

Technical textiles undergo a diverse range of manufacturing operations tied to their end-
use. Early modelling works for such manufacturing operations is presented and discussed
briefly in this section. Manufacturing operations may be listed as bending, punching,
stitching or forming for example. Such operations were not modelled for querying the
mechanical properties of textiles as in previous chapters, but rather the simulations were
developed to present forward-looking capabilities of the particle-based modelling method

which is the subject of this thesis.

7.4.1 Textile bending

Bending simulations were performed using single unit cells and single layers plain woven
textiles featuring multiple unit cells. Both virtual samples were made of yarns featuring
30 Nylon 6/6 fibres. Unit cells featured 2 yarns in each direction and 4 crossovers. The
larger textile domains included 4 yarns in each direction and 16 crossovers. Simulations
were performed where virtual samples were placed between two rigid half-platens con-
nected through a linear pivot, on each side of the samples. Both pivot lines for both
platens were parallel. Lateral boundaries were imposed to maintain sample dimensions
along that direction. Selected deformation states appear in Figure 7.2 for both cases.

Matters of specific interest in these cases include friction and relative displacements
of fibres and yarns in and near the corner, any fibre buckling occurring at the inner side
of the corner, and also the possibility of shifting between yarns either side of the corner
and the possible influence of nesting in multi-layers. All these matters will warrant
further investigation, which will be made possible by the proposed modelling method
and software.

A similar procedure was used for simulating the manufacturing of a 3D profile, corre-
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Figure 7.2: Selected deformation states in simulations of bending for: a) a single unit
cell, b) plain woven textile

sponding say to an integrated T-section in an advanced textile structure. Notably, both
the bending of top two textile layers and the compaction of all layers could be performed
concurrently, achieving a 3D profile with higher v; as would be obtained in the actual
process, Figure 7.3. This T-section profile may be assembled further by stitching the

different layers, so as to keep the integrity of the profile after mechanical loading.
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Figure 7.3: T-section profile undergoing concurrent bending and compaction

7.4.2 Textile punching for assembly through stitching

After forming stacks of textiles into a desired shape and form, it may be required to
maintain this shape hence enabling its handling for further processes such as matrix
injection, coating, calendering, etc. Maintaining the shape may achieved through the
application of liquid or mechanical binders. Mechanical binding may also be preformed
through different approaches for instance tufting and stitching. Such mechanical binding
processes require that a needle passes completely through the textile stack. Passing nee-
dles of possibly different sizes and orientations through a textile stack is named punching,
and it is very rarely discussed in scientific terms in the open literature.

A series of early punching simulations were performed over small domains to study
and replicate the punching of textiles in different conditions. First, punching was per-
formed on a single layer of plain woven textile with a frictionless needle penetrating
perpendicular to the textile plane, Figure 7.4. The tip of the needle featured a 15° angle.

Interaction between fibres and needle, as well as the blunt tip angle pushed some fibres
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laterally and caused defects in the textile. Punching was performed at the cross-over of
two yarns to best demonstrate the ability of simulating the process. Other cases of punch-
ing were also performed on compacted and sheared single layers, and on double-layers

textiles, Figure 7.5.

Figure 7.5: Punching performed for different cases of compacted and sheared single
layers, and a double-layer textile

The most advanced, current stitching techniques performed on textile assemblies

require access only to one side of the textile stack, with penetration by the needles
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occurring at different angles to the plane of the textile. In this last simulation, the
textile was punched at angle of 60° to its plane, to illustrate further capabilities of the

modelling method and software, Figure 7.6.

Figure 7.6: Punching virtual textile at 90° and 60° from its plane

The above simulations show, in a succinct manner, the potential of the simulation
method and software in replicating the physical behaviour of textiles subjected to a very
large array of loading scenarios, potentially leading to the identification and quantifica-
tion of problematic ones such as, say, bending around tight corners; such scenarios will

be studied as future work.

7.5 Discussion

The objective of this thesis was to provide and to validate realistic, unified geometric
and mechanical modelling methods for technical textiles and reinforcements. This aim

was achieved in this thesis, supported by validation through experimental trials.
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7.5.1 Geometric modelling

The particle-based modelling method was developed for representing the geometry of
technical textiles in microscopic and mesoscopic scales, say at fibre and yarn levels.
The method was used in locating fibre positions which minimize the total strain energy
stored in a textile assembly. Any mechanical loading displaces particles which make
up the fibres, from their original positions to new positions, resulting in changes in
the geometry of the technical textile. By using the Metropolis algorithm, a very well
established procedure, along with a set of rules, new fibre configurations could be derived.
The main driver of this procedure consists in reaching a minimum state of strain energy
in the system. A substantial iterative process takes place during simulations to reach this
state of minimum strain energy. The particle-based modelling method was implemented
in a multi-module software, and different cases of textiles were created. Yarn and textile
models were also used for defining geometries used afterwards in mechanical modelling

of the constitutive behaviour.

7.5.2 Mechanical modelling

The particle-based modelling method was also developed with the aim of predicting the
constitutive behaviour of textile assemblies. Models of yarns, single-layer textiles and
multi-layer textiles subjected to various loading scenarios were simulated. The main
components of strain energy in the system were grouped as intra-fibre and inter-fibre en-
ergy terms. Inter-fibre energy terms were described using Gutowski’s model along with
Hertz function, for stresses in contacting solids. Simulation results for compaction, re-
laxation and in-plane shear of textiles were validated experimentally. The particle-based
modelling method replicated reality faithfully. An extension algorithm is in development,

enabling the particle based modelling method to be used for technical textiles containing
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yarns featuring high numbers of fibres.

In the course of in-plane shear of textiles, the effects of fibre tension, fibre friction and
yarn bending stiffness on the in-plane shear behaviour were quantified. Friction between
fibres was simulated using a direct and an indirect method. In the direct approach,
normal forces between pairs of contacting fibres and displacements at all contact points
were used in determining total energy loss associated with fibre friction during a change
of configuration. This direct approach required an accurate value of the coefficient of
friction and intensive computational resources. In the indirect approach, in the presence
of friction fibre slippage is impeded and as a result, additional energy must be expensed
for evolving towards configurations corresponding to the same fibre volume fraction as
for a system devoid of friction. As a result, the strain energy threshold conducting to a
tentative configuration being accepted upon iteration and the ensuing evolution between
configurations involves that some of the initial elastic strain energy must be expensed
through overcoming friction. The indirect method led to results being obtained using a
less computationally demanding procedure, and it was used throughout the thesis.

In the last chapter of this thesis, the modelling of manufacturing processes for techni-
cal textiles is introduced in a qualitative manner. This subject shall be investigated in a
systematic way as future work, but work has already identified interesting points for the

particle-based modelling method that bring it to real, practical and complex applications.

7.6 Conclusion

The following conclusions were reached through this thesis work:

e The effects of geometry on the in-plane permeability of dry reinforcements, through-
thickness thermal conductivity of composites and in-plane moduli of composite were

investigated.
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e Geometric modelling of technical textiles of any architecture, properties and fibre

and yarn characteristics was conducted at the microscopic and mesoscopic scales.

e Technical textile geometries were represented prior to, during and after mechanical

loading, and investigated for their quantitative characteristics.

e The particle-based modelling method for the constitutive behaviour of fibre yarns

and woven textiles subjected to compaction loading was introduced.

e Pressure as a function of fibre volume fraction of yarns, single layers and double
layers of textiles subjected to compaction and relaxation was predicted. Local
fibre volume fractions defined using the particle-based modelling method are more

accurate due to scale at which modelling is done.

e Relaxation of the fibre network during and after compaction was modelled and
a parallel between the number of iterations, compaction rate and relaxation time
was provided. The 3D surface geometry of a plain weave textile showed similar
reorganization of fibres and occurrence of relaxation in the textile, as predicted by

simulations.

e In-plane shear using the articulated frame test procedure was modelled using the
particle-based modelling method. The shear angle and locking angle were presented
as a function of shear force. Simulations and experiments showed an improvement

in simulation accuracy over other modelling techniques.

e An expansion algorithm (EA) was introduced as early work towards modelling
textiles made of yarns featuring very large numbers of fibres. This algorithm is
under development, aiming primarily towards textile reinforcements used in PMC

manufacturing.
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e Advanced manufacturing processes of textile bending and punching were modelled

using the particle-based modelling method, and showed very promising results.

7.7 Future work

The following points pertaining to geometric modelling may be explored in further re-

search:

e Geometric models presented here are limited to 2D woven textiles, and future
exploration of 3D textiles may show more complete capabilities of the particle-
based modelling method as well as predict behaviour for materials before they are

physically made.

e Providing interfaces for geometric models to be used in commercial software, to

validate and use the results of particle-based modelling may hold much potential.

e Micrography and puC'T" observation shall be used to further characterise textiles

utilized in geometric modelling validation.

e Further simulation and experimental validation work is warranted, extending the
results of the investigation conducted in this thesis to larger scales and a wider

array of textile architectures.

The following points pertaining to mechanical modelling may be explored in further

research:

e Samples in this thesis were limited to two layers of woven textile; simulation of
the compaction and relaxation for stacks featuring many nested layers and orienta-
tions would provide additional insightful results from the particle-based modelling

method.



Discussion and Conclusion 196

e The simulation procedure was improved in terms of the application of displace-
ments on particles upon changes in boundary conditions; this led to simulations
being completed much quicker, and will be employed systematically for further

simulations from now on.

e Friction is a critically important issue in mechanical modelling, especially for in-
plane shear. Two methods were provided and represented the validation trials
well, but this subject warrants more exploration and the creation of a database for

friction for different materials.

e During the compaction and relaxation of textile reinforcements, one cycle of com-
paction followed by relaxation was performed throughout this thesis. Although
this showed a good match with experimental results, trials featuring many cycles

are needed for investigating the cyclic loading of textiles.

e The modelling of manufacturing processes showed much promise, but it is at early
stages of development. Various stitching tensions and patterns are critically im-

portant to advanced preforms, and constitute one major priority for future work.
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