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Abstract

The development and optimisation @utomated fabricpreforming processes is critical for
the adoption of composite materials for low cost, high volume applicatidiss thesis
presents the development of a numerical material model to simulate the forming of 2D fabric
plies into complex 3D shap€ele material model has been used to evaluate the feasibility of
usingmatchedtool forming anddouble diaphragm forming, to marfacture low cost fabric
preforms suitable for liquid moulding process@he esearchhas focused on twomain
aspects(l)fabriccharacterisation and modellirgnd (I1) process simulation and optimisation.
The forming behaviour afoven fabrics andon-crimp fabrics (NCF) has beewestigated to
understand thedeformationmechanisns and the cause of defecis order toseek feasible
solutions for defect reductionA non-orthogonalconstitutive relation has been developéal
capture the nonlinear material behaviour which was implemented in an explicit finite

element model and used teefine the forming process

Results from the material model indicate that pillar stitched NCFs are not as compliant as
woven fabrics of the same areal mass. Theilikeld of defects is therefore higher for the
NCF and the shear behaviour is axisymmetric due to the influence of the stitch yarn. The NCF
material exhibitswo types of wrinklingluring matched tool formingput-of-plane wrinkling

at the ply leve[macroscale wrinkling) induced by excessive shead in-plane wrinklingat

the bundle leve[mesaoscale wrinkling) caused by fibre compressistitch rupture can also
occur at high shear angles, which can lead to further localised wrinklbgc bridgingsthe
dominant defectin largecurvature regionsvhen usingdouble diaphragm forminddDF, and
wrinklingwas found to begenerally lower than in matchetbol forming The model has been

used to successfully identify the cause of all of these defects inphEdrms manufactured

by DDF, and has been used to optimise preform geometry and process parameters to mitigate
these problems.Darts were added to preformsto alleviate fabric bridging and improve
surface conformityusing thetensile stress in the yarn® identify suitable positions and

orientations,minimisngthe effect on the mechanical performance of the component

An optimisation methodology has been developed for placing local-pliestitches on muli

ply preforms by couplingthe FE analysis with a genetic algorithithe stitches enable
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multiple plies to be joined together to aid robotic handling and the optimisation routine
ensures that the placement of the stitches does not adversely affect the formability of the
preform. Resuls indicate that whilsthe inter-ply stitches affect the shear distributicat a
global level, the forrability of a multiply preform can be improved¢dompared to the

unstitched counterparby optimising the pattern of througthickness stitches.

Atwo-stepoptimisation methodwvas alsalevelopedo optimisethe boundary conditions for

a matched tool forming scenariopfng-loaded clampsvere used to provide uplane tension

in the fabric plies during forming, rather than using a blank holder to inducedernisrough
friction, providing an opportunity to reduce preform size and therefore wasiée
optimisation algorithm was used to determine the location and size of the clamps around the
blank perimeter and the stiffness of the attached springs. It was shtwat this method an
effectively homogenise the global shear angle distributioegducing the peak shear angle

compared to using a segmented blank holder.
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Chapter 1Introduction

1.1 Background

Historically, structural applications for carbon fibre composites have been limited teehigh
sports cars and certain niche applications, where the limiting factor has been the high cost of
raw materials and manufacturirid-4]. Currently e use of high performance carb-epoxy
compositesis weltestablishedin racing and road cars such as the McLaren MEQ[5].
Mainstream OEM applications are generally limited to secondary components such as roof
panels (e.g. BMW M[]), closures (e.g. Ford Fodu§) and cosmeticpanels and fitments

such as door mirrors. However, the recent introduction o 8MW i3 electric vehicle has
seen the first carbon fibre intensive vehicle produced and sold for less than £38]00bis

has been achieved by creating a composite upper structure manufactured from relatively

simple resin transfer moulded (RTM) panels.

The launch of the BMW i3 hasarted a revolution in the way vehicles are designed and
manufactured from composite materials. BMW have since adopted carbon fibre for structural
components on the new 2016-Series, including the-Billar, cant rails, sills and header rail

[2], which has an annual production volume in excess of 70,000ppa. This increase in
composites consumption is being driven predominantly by fuel efficiency and low carbon
emissions regulations, requiring lightweight composite parts to replace metaponents. It

is reported that the North American automotive composite materials market will reach
US$7.2 billion by 2019, growing at more than 4% CAGR. Research efforts in this area will open
up the market to wider applications by reducing the cost pairwhich advanced composite
materials become viable. A conservative estimate would is that by 2020, 50,000 vehicles per
year could contain up to 500 Euros of structural composite material each (Jaguar Land Rover
predict 300,000 conventional vehicles pgrar in the near future) at a value of 12 million
Euros, and 5 million vehicles with 100 Euros of composite by the year 2030, a total in excess
of 500 million euros. This would be consistent with the Automotive Council UK's lightweight
vehicle and powertran roadmap which predicts carbon composite materials in boedies

white ramping up from 2017 to 2039].
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Currently,wider application of composite materials in the automotive industry is limited by
the long manufacturing cycle times required to produce finished components. Research into
carbon fibreproduction has reduced the cost of raw materials by reducing the amount of
energyconsunption [10, 11] and by using lower cost precursdik?]. The development of
GayddzNAy 3¢ fAljdZAR SLREASE KI &s, usihgahyh prelssOrgd £ A G | (]
resin transfer moulding13]. However, the main production bottleeck remains to be the
preforming cycle, whicls required to convert flat 2D fibre fabrics into complex 3D shapes.
Whilst highly automated fibre deposition processes for preform production exist, these are
generally only suitable for large, simple curvature components typically found in the
aerospaceindustry [14, 15], rather than the more gemetrically complex, intricate
components found in the automotive sector. This project aims to understand the challenges
faced when trying to form composite parts for medium volume applications (30,000ppa). The
outcomes from this project will also enablest reductions through reduced material wastage

and increased structural optimisation through efficient material utilisation.

1.2 Theme definition

Theaim of this project is tsimulateand optimiseadvanced preforming technologider
producing high-quality 3 preformsusing automated processedNumerical simulation is
employed to assigh the understandingof fabric material behaviouduring forming, in order

to predict the onset of defects, such as wrinkles. This information will be used to drive process
developments in an attempt to produce a nshape 3D preform, with zero wastage and no

touch kbour.
The primaryobjectivesof this project focus on two aspects:

I.  Material characterisation and modellinGharacterisehe drapeability oflifferent fabric
types (includng woven fabric anchon-crimp fabric NCH) and develogorresponding
constitutive relations to take account of either symmetricaslymmetricoehaviours

II.  Process simulation and optimisatidbesign processing scenasiand optimise forming
parameters to either improve forming qualjtgr facilitate automaed fabrichandling

for different types offibre architecture
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1.3 Outline of thesis

This project was implemented to develop an effective and efficient methodology for
predicng the forming behaviourof different fabric architecturesand to refine the

preformingmanufacturing process.

A lterature review (inChapter 2 is conduatd to summarise the milestones on fabric forming
research. A range of typical fabrics are investigated to understand the dominant forming
mechanism@&andthe cause of defectdn addition state-of-the-art preforming processes are
compared to understand thedifferent capabilities andimitations on fabric preformingA
series okeyfactors and parameters are identifiddr automatd manufacturing in orderto
control forming quality and improve robot handlinthis chapter provides an overview of the
gapsin the current knowledge and an outline tife approach to be taken in this thesis to

meet the aims and objectige

Chapter 3presents and validate a constitutive model for describing the deformation
behaviour of a pillastitched NCFaccountng for the rotation of the carbon fibre yarns and
the direction-dependent contribution of the intraly stitches Its implementation in explicit
Finite Element (FE) simulations enables the prediction of mseate defect formation during
preforming based on macrscale observations. The model is first validated using data from
the literature for a plain weave comngted glass/PP materitd verify that the constitutive

relation is correct for baxial fabrics.

Chapter 4seeks to understanthe opportunities oféred by locally stitching multiple fabric
plies together to create a single preform blank, which can be formed into a complex 3D shape.
This aims to reduce preform assembly time in the tool andaaidmateddeposition of the

ply stack. A genetic algorithms implemented to determine the optimum position of local

stitches, in order to improve preform quality for multigdies with differentorientations.

Chapter 5aims to optimisethe draw-in of the blank during formingysing springloaded
clamps around the perimeter to control-plane tension. This arrangement enables the blank
to be heated more easily prior to forming and offers more flexibilityerms of controlling
material drawin, as the sprindoading for each clamp can be controlled independenitly.

also provides an opportunity to reduce preform size and therefore wadte. optimisation
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procedure seeks to determine the optimum locatiordasize of each clamp and the stiffness

of each spring to minimise the globalptane shear angle of the fabric.

Anoveldoublediaphragm formingprocesssintroduced inChapter &o form dryfabrics This
creates an opportunity to form parts quickigbout5 minutes) using low cost tooling and at
low pressures. The diaphragms create tension in the fabric, therefore mechanical blank
holders can be avoided and nehaped parts can be created with no wastalyeimerical
simulation is employed to understand amgtimise the diaphragm forming processsing

experimental datao validate the model and confirm defecbservatiors.

Conclusions are drawn to summarise the primary discoveries fordbéarch and to provide

guidelines for design, analysis and optimisatfor industrial applicationGhapter 7.
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Chapter 2Literature Review

2.1 Introduction

This Chaptereviews the literature for a range @ommonfabric architectures and forming
methods, n order to understand the dominant formirmgechanisms and the cause of critical
defectsin formed composite componentdRecent forming simulation developments have
also been reviewed to understand the challenges faced when trying to predict the forming
behaviour of technical textiles over complex 3D geometries. A summary at the end of this
chapter provides an overview of the gaps in the current knowledge and an outline of the

approach to be taken to meet the aims and objectives defingdhapter 1

2.2 Fabric reinforcements

2.2.1 Fabric Architecture

The termdfabrice employed here describes an interlaced architecture mainly constructed by
yarns and sometimes assembled bydiés.Fibre convertors areapable of delivering high
quality fabrics at production rates of up to several hundkedhr using modern machinery
from automated processs such as weaving and knittifig]. Driving dowrcost isthe primary
driver for adopting ofthe-shelf fabric productsfrom commercial supplierswhich are
relatively eag to handle and form into complicated geometries. Fabrics offer a good balance
in termsof the cost of raw materials and ease of manufactutth@gh material wasigecan

be as high as 40%, due to poor utilisation for complex comporjéiitd.8]. Whilstthere are
many different kinds of fabridd.9], only 2Dwovenfabricsand norcrimpfabrics(NCFare of

interest in the current work, as thegrewidely usedn industryto produce3Dcomponents

As shown irFigure2.1, the architecture o woven fabric isstablished by interlacingarns,
enabling necessary dafmation during forming. fle yarnsundulate over/under each other
creating crimp, which reducdbke reinforcement efficiency of the fibres when moulded. Gaps
can also form at fibre crossvers, whichcan be the cause of stress raisers, but also provide
possible space®r the tows to deform during fabric shearingihe formability ofa woven

fabric istherefore affected by itsweavepattern [20]. Although plain weave(seeFigure2.1
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(a)) produce a more stable architecture tofacilitate material handlingthe side effectis
reducedformability because of the greater number of fibfdbre interactions(seeFigure

2.1(b))[20].

(a) Plain weave (b) Twill weave (c) Satin weave

Figure2.1: Typical woven fabrics

Non-crimp fabris (NCF)are produced by assembling UD crirdpee fibre plies through
stitching, sewing, knitting and/or chemicalitding. As shown iRigure2.2, there is no crimp
of the main reinforcing fibres, which offers improvedglane stiffness compared with a
woven fabric and mechanical properties approaching those of unidirectional matg2igls
In generalNCFs are nasformableaswoven fabricsput they are of particular interest for
automated preforming processes, ey are very stable during handlifig0]. NCFs are often
constructed as muhaxial materials (i.e. 0/90/0 or 45/645), as it is an efficient way of

depositing a large areal density of fibre in the minimunmioer of plies.

Figure2.2: Typical norcrimp fabrics (NCFs).

BiaxialNCIs are the main interest in this thesis. Biaxial NCF reinforcements are composed of
two layers of fibres, typically at 0°/90° or £45°, which are connected together by through
thickness stitches. The int@ay stitch pattern can be selected to improve stability

preventing unwanted shear deformation during handling. The dominant forming mechanism
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of a biaxial NCF fabric isptane shear deformation, similar to other-@irectional materials
(such as woven fabrics). However, the mechanisms of shear areediffas the mesoscopic
architecture of an NCF is established by introducing +ptyastitches rather than interlacing

the primary yarns. Both straining of the-ilane segments of the intrply stitches and
rotation of the primary yarns contributes toé&shear behaviour of the NCF at the macroscale.
Inter-yarn friction provides some resistance to shear deformationing yarn rotation The
orientation of the inplane segments of the stitches relative to the primary yarn direction can
lead to asymmetrictgear behaviour, which may be undesirable for real components, as it may
be difficult to avoid defects during forming2]. Positive and nesfive shear terms are
commonly referred to in the literature to indicate when thepfane segment of the stitch
yarn is in tension or compression respectiv§], as shown irFigure2.3. The influence of

the intra-ply stitches on the shear stiffness can be significant®(#&r fabrics) under positive
shear, as it is dominated by the tensile propertiéshe stitch yarn. The #plane segments of

the stitch are likely to fail at high strains (induced by large shear angles), causing irreversible
damage to the fabric and a sudden reduction in the shear stifffieds In negative shear,
NCFs tend to exhibit the same phenomena as woven fabrics when-fflaria segments of

the stitch are loaded in the compressive direct{@d]. In general, there is low shear stiffness

up to shear angles of ~30° when the main shear resistance mode is friction between the
primary yarns, followed by a rapichdrease of the shear stiffness with the onset and

intensification of the lateral compression of the fibre bundles.

Figure2.3: Schematic showing the difference between pti¢e and negative shear

2.2.2 Forming mechanisms

Fabricsundergo large deformationto conformto the target geometryduring the forming

process.The formability of fabric materials ignainly derived from the deformation ofthe
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reinforcement whichcan beprimarily represented byn-plane tension, irplane shear and
out-of-plane bendingin macro scale The macrescale behaviour of the representative
material cell indicate typical nonlinearity and irreversibility in the form of nominally
equivalent stresstrain curves, whichindicate the complex interaction mechanism tfie
internal mesa/micro-structure. The equivalent tensile modulus is significant along both
primary fibre directionsbut is negligiblein terms of theout-of-plane bendingesistance
Addtionally, the shear modulus is also quite small éinerefore large deformation ipossible.
Rotation of the yarnsoccursuntil the locking anglds achievedwhich correspond to the

onset of wrinkling.

2.2.2.1 In-Plane shear

The in-plane sheamodulus Gof the fabric is much smaller than thensile modulus E
(E/G<0001); therefore thein-plane shear moddominates theformability. Forming 2D fabric
preformsinto complex 3D shapeequires large shear deformatigpwhich occur due téibre
reorientation.The yarns rotate and slip, and simultaneoyshyersecting yarns compact each
other at their crossoveras shown irFigure2.4. The shear rigidity isherefore dependent on
the change inmesascalegeometry (yarn compaction) and the int@y yarnyarn slippage
(including warpweft, warpwarp and weftweft) during yan rotation, which can cause yarn

spreading and bunching.

— e e e
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(a) Shear Mode (b) Woven Fabric (c) Non-Crimp Fabric

Figure2.4: In-plane shear mode and mechanisms respectively for woven fabric and NCF.

For 2D woven fabrics, the interlaced yarn structure amma-ply slippage between yarns

provides the shearresistarce during forming (se&igure2.4(b)), where the former starts
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dominating the shear behaviour after a ceimizsshear deformation (about 3@or the specific
fabrics as shown ifrigure2.5(a)), namely shear locking. The shear ststssin curve is

symmetric; therefore only one test is required in either tpesitive or negative shear

directions.
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Figure2.5: Shear behaviour curves for fabrics. Negative shear angle represents deformation perpendicular to
the stitch.[24]

For NCFs, both the intialy slippage between primary yarns and the stretching of fixture
stitches (intra-ply) may contribute to the shear resistance (segure2.4(c)) The stitches
provide an orientatiordependent contribution tdhe equivalent shear modulusf the fabric.

The compressive stiffness of the stitch is negligible, but the tensile component dominates the
shear responsat the macroscaleHowever, theensile stiffnes®f the stitch only influences

the shear compliance of the fabria one direction, whichmay lead to asymmetricshear
behaviour of NCFs as shownHRmure2.5(b) depending on the stitch pattetnThe stitches

used to fix the fibre architecturare the primary cause of shear locking on NCFs, since they
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are able to constrain the intelow movement and enhance theesistane after a certain
shear angleby lockingup the yarns. Theailure of stitctes along the axial direction can
alleviate the shear locking effediut may lead to othetlefects such as ladderingor example
the threshold valudor the NCF materialgh postive shearin Figure2.5(b), (about 50) is

smaller than the one in negative shear (about)efue tolocalstitch failures

Compaedto the tensile modulusthe equivalent shear resistance is very small before tagki
which then increases dramatically to exhibit the mesoscopic shear locking mechaassm

shown inFigure2.5.

2.2.2.2 In-Plane tension

The macroscopic #plane tensile modés determined by the redistribution andangationof
yarns at the meso/micro scalgas shown irFigure2.6. The stresstrain curve alonghe fibre
direction may sbw a nonlinear relatioship, whichvaries with the ratio of tensile forces
between two fibre orientationsas shown irrigure2.7. For 2D woven fabrics, this nonlinearity
is derived from the undulation of yarns (sé@ure2.6(b)); while, for NCFs, this feature is
mainly generated from the undulated stitch yarns, whaek less significant due to their nen

crimp mesoscopic architecture (s€egure2.6(c)).
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Figure2.6: In-plane tensile/compression mode and mechanisms respectively for woven fabric and NCF.
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Figure 2.7: Biaxial tensile behaviour surface for a balanced glass plain weave fabric obtained from
experimental results[25]

When a fabrids loaded in tensionthe undulaing yarns (or stitch yarns in NCFs) tend to
straighten, resulting ina characteristiclshapeto the stressstrain curve(i.e. only nonlinear
at the beginning)seeFigure2.7). However, thisis a biaxialphenomenon because ashe
undulation decreases in one direction it tends to increase in the other dire¢sieaFigure
2.6), which can lead tosome difficulties in modelling fabric formingHowever, this
nonlinearity cangenerallybe ignored when the material is flat (i.e. small undulation of
primary yarns) so tht the Young@ modulus alonghe fibre direction can be assumed to be

linear without significantly compromising precisif6].

2.2.2.3 Out-of-plane bending

The outof-plane bending stiffness is significantly lower thhe in-plane stiffnessasyarns
can slide relative to each other (i.e. intpdy slippage)[24]. Although the equivalent
macroscopic deformation is almost the same for different fabrics, themdingmechanisms
are slightly differentas shown irFigure2.8. The bending stiffnes$or 2D woven fabricss
derived from the elongation of the undulated yarmnghichis independenbf the direction of
bending (sedigure2.8(b)). Thebending stiffnesef NCFslependson the direction of bending

however(seeFigure2.8(c)), as the ply is effectively unbalanced dit&econstruction.

Although the bending stiffness is necessary to predietlisticwrinkling features[27], the
membrane assumption is stiliitablefor thin fabricg2§], since theonset of wrinkling defe&
primarily depend®ncompressre and inplane shear stiffnesseather than bending stiffness

[29].
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Figure2.8: Out-of-plane bending mode and mechanisms respectively for woven fabric and NCF.

2.2.3 Defect mechanisms

Defects which occur during fabric forming may significantlyeduce the mechanical
performance ofthe final product Wrinkling is one othe most commordefectsthat occurs
during forming; others include fibre misalignment alogal variations in local fibre volume
fraction due to fbre spreading or bunchin@0]. In particular, stitch damage is an additional
defectmode for NCFsbut this may not be critical if the primary yarns are unaffectEade

maindefect modedor woven and NCF fabriese summaries ifable2.1.

Table2.1: Typical defect modes derived from fabric forming.

Defect Magro§cale Megospale Gaps/voids .
mode wrinkling wrinkling (Laddering) Stitch damage
(ply fq[ds) | (undle Iogp) '
i SRS 1]
Phenomena]

Transverse yarn | Longitudinal yarn Intra-ply yarn

Longitudinal

Mechanism| compaction compression (intrsar-)alc Ir:)%eF stitch extension
(shear locking) (yarn buckling) inpF:)de) (stitch failure)

Fibre compressive Fibre tensile
Shear angle |stress/strain/energy Stitch stress

Measure (locking angle) | (critical buckling s.tram/stre.ss (stitch strength)
: (fibre spacing)
strain/energy)
Applicable Woven Fabric & NCF NCF only
materials

Shear deformation is themost important mechanismgoverningthe forming of a fabric
reinforcement[19, 24, 31, 32]. The shear angle can be employed as a measure of @rinkl

initiation, induced by the compaction of intersecting yarnshe transverse direction. As the
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shear anglencrease, the localin-plane shear and compressieaergiesincrease Once the
locking angleis exceeded additional energy is stored by ply wrinkling or yarn kung.
However, inplane tension may alter wrinkling onset angle, which depends on the type of
fabric. For woven fabrg; the in-plane tensionmay change the undulation of the yarns,
resulting in the variation ofarn rotational constraint; while, for NCR$e yarns are not
crimped and the irplane tension do not significantly affect the shear angle corresponding to

the initiation of wrinkling.

Thespreading anapeningof yarns (laddering) is a defect induced by tensile deformatan.
the mescascale, thetension along one fibre direction leads the redistribution ofload to
crossingtransversefibres. The tensile strain/stresat the macroscalecan be used aan
appropriate measure of this defect. lbgcurrencerelies on the mesg@eometry ofthe fabric
(i.e. the width, spacing and undulation of yarns), interfacial properties (i.e.-fibre/yarn-
yarn friction and slippage) and constituent properties (i.e. tensile/buckésgtanceof yarn

and tensile resistance of stitches).

The fundamental differerein the fibre architecture caused by the inclusion of the stitch yarn
means that the mechanisms for defect formation in NCFs are somewhat different to those in
woven materials. lplane fibre buckling22] and outof-plane fibre wrinkling33] are still the

most common mechanisnes with woven fabrigsout fibre pultout, stitch thread failure and
inter-layer sliding have also been reportg&#f]. The change in fabric surface area during shear
means that the spaces between the yarns decrease. When adjacent yarns make contact,
further compaction is rasicted when the locking angle is reachedausing compressive
stresses that are released by eoft-plane wrinkling[33]. Most wrinkles occur where large
shear deformation occurs. However, in actual forming scenarios, where fabricidrav
controlled though blank holders, wrinkles have been reporte@@ions where the local shear
angle was small and therefore the locking angle had not been red@adThis is related to

the magnitude of the blank holder force, which affects the level of local shear deformation.
However, if the stitches are in compression, the stitches become loose during fabric shear,
removing the restriction placed on the yarn. Tharrys are therefore free to move and the
sample increases in thickness as the test area decreases, rather than buckling. Lomov et al.
[21] showed that the thickness of the sheared fabric generally increases following the

assumption of a constant volume. Bias extension testing of NCF has shown that additional
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deformation mechanisis can occur during fabric shear, such as fibre slifg#y 35].
Hemisphere tests indicate that intgarn sliding leads to ply deterioration, with only one
primary fibre direction remaining in some regions. The slip distance is depéron the
stiffness and preension of the stitching thread. If the stiffness is high, the slip distance is
negligible and the NCF deformation resembles that of a woven fabric. Fibre slippage is not

observed during picture frame testing however, due ttfetent boundary conditions.

2.2.4 Material characterisation

Non-standardtest methods areavailableto characterise the properties of fabric materials
[36]. Theoutcomeof the material characterisatiophaseis toprovide readyto-use datahat
can bedirectly implemented innumerical moded, for supporting the development of

preforming techniques.

2.2.4.1 In-plane shear test

Pictureframe tess and bias extension testare different testing methods to characterigbe

shear behaviouof fabrics, providingthe nonlinear shear modulus and locking angle.

(1) The pcture frame test is implemented using a square-juimted frameas shown irfFigure
2.9(a) andrigure2.10(a). The fabric sample is placed witkdmiectional yarns parallel to
the frame arms respectively andll ends are clamped by the frameA vertical
displacement isapplied to the top vertex bthe frame via thecrossheadf the testing
machine and the corresponding force is recorded by a load cell. A-wmailerstood
relationship between the force and shear angle has alreadgnbestablished to
characterise the homogeneous shear behaviour bamedhe geometric parameters of
frame and sampleThree different normalisation methodshave been introduced to
compare the testing data from different groups using different sizes of picture frames
usingenergybasedmethods (including length normalisain, area normalisation and
modified length normalisation]19, 36, 37]. Peng etal [36, 38] concludedthat the
modified length normalisation method can provide a more consistent material behaviour
if tests areperformed using differenspecimersizes

(2) The bas extension test is conducted orrectangular sample as shown kiigure2.9(b)
and Figure2.10(b). Thelength/width ratio should be no less than 2 and both warp and

weft yarns should be initially placed at45° to the tensile loading directionA
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displacement is imposed perpendicular to the clamped edge and the driving force is
recorded by a load cell. The shear angle has to be measured by image analysis, such as
DIC (Digital Image Correlatid®p-41]. However, unlikehe picture frame test, the shear

force from bias extension isalculaed from an iteration equatior{36] rather than an

explicit expression.

Figure2.9: Testing rigs of irplane shear behaviour. (a) Picture frame test rigs froiiffekent groups (left)[36]:
Hong Kong University of Sciemcand Technolog (HKUST)University of Massachusetts Lowel{UML),
University ofTwente (UT),Katholieke Universiteit Leuve (KUL)Laboratoirede Mécanique des Systémes et
des Procédé$l MSP)University of Nottingham(UN); (b) Bias extension test rigight). [39]

The rig design for shear testing is aimed at replicating the boundary condition of pure shear
imposed on an equivalently homogenised madThe pcture frame test takes account of the
whole material regionwhere the test curve indicates an overall behaviour of the material
field (seeFigure2.10(a)) Forthe bias extension sample, there are three typical regions
undergoing different loading statuses and only the middle area Sgere 2.10(b)) is
subjeckd to pure shear[41]. As shown inFigure2.10, the areas in red are the regions
expected taundergopure sheafor both approacheand all the homogenised materiabmts

in these regionare expectdto be under the same shear conditerHowever, for NCFs, this
condition is not always satisfied, since stitches staiting locallyand this propagates as the
shear deformationincrease. Once thefailure of any stitch occurs, the deformation is not

uniformly distributed and the subsequent curvepresents the average responsghus, the

material behaviourecorded afterstitch failure maybe spurious

























































































































































































































































































































































