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ABSTRACT
Woven engineering fabrics generally serve as addmomposite preforms and are an

important class of engineering material. This thégscuses on improving the accuracy of
Computer Aided Engineering (CAE) tools for simuigtithe deformation of such materials
during the press-forming manufacture process. 8pealty, this has involved better
understanding: (i) the material behaviour durindodeation and (ii) the extent and
influence of material variability on forming behaur. To this end, the use of a novel
fabric shear test, the BBE test, capable of charsmg the shear-tension coupling of
engineering fabrics has been used for the firsietim an extensive characterisation
program, involving three different woven enginegrifabrics. Results show a strong
dependence of shear compliance on in-plane tendlonkling behaviour during shear has
also been characterised using two new analysis adstha transmitted backlighting
technique and a tracer line analysis technique.drfset of wrinkling is clearly shown to
be an increasing function of the in-plane tensigpliad to the deforming fabric.
Variability of fibre orientation, otherwise knowrs &ow meander’ can degrade the final
mechanical properties of a textile composite pad @an also influence measurements of
the fabric’'s shear compliance. Accordingly, variigépiof tow orientation in a pre-
consolidated textile composite and three engingdiabrics has been characterised using
two different image processing methods: a simpleauabhmethod and a semi-automated
method.The latter has been found to be a promising toaéims of increasing accuracy
and in reducing manual effort during the charastion process. Modelling tow meander
has also been conducted using a numerical codefab&t, that has been developed
during the course of this work. The code has albbiiee effects of tow meander on shear
compliance to be investigated in numerical simal&iusing a technique of assigning an
initial fibre orientation to each element in a EenElement (FE) mesh before conducting
shear test simulations. The experimentally meassinear-tension coupling has also been
modelled by enhancing a pre-existing Non-Orthogddahstitutive Model (NOCM). A
comparison between model predictions and expermheasults of the sensitivity of this
shear-tension coupling has shown that the modeligee good results. Finally, a novel
geometrically complex 3D forming tool of a kart wthehas been designed and
manufactured for use in experimental and numefarahing studies. The part provides a
challenging modelling problem with which to demoat# the use of the new

computational tools developed during the coursiisfwork.



Definition of Symbols
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a angle between the horizonta) @éxis and tether connecting transverse load tgkan

dy horizontal displacement of the side corner of Regloof BBE test sample whe
undergoing ideal kinematics

d, vertical crosshead displacement

d, measured horizontal displacement of the side cahRegion A of BBE test sample

d, measured vertical displacement of the side corhRegion A of BBE test sample

D distance between the centre of the pulley anditteecorner of Region A of BBE te
samplewhen undergoing ideal kinematics

D measuredlistance between the centre of the pulley anditteecorner of Region A o
BBE test sample

F. transverse force applied to BBE test sample

F friction force measured in the side pulleys duBRE test

Fr material force due to deformation of the samplerduBBE test

Frmis misalignment force due to offset of sample fromaiddignment during BBE test

Fr reaction force measured due to transverse load@BBE test

Fr total force measured during BBE test

L vertical length of the UBE sample

vy vertical velocity of crosshead during BBE test

Vy horizontal velocity of side corner of Region A oBB test sample during ide
kinematics

v, measured vertical velocity of upper corner of Raghoof BBE test sample

v, measured velocity of side corner of Region A of BB& sample

W Width_ _of the UBE sample. Also a convention is uséten referring to the following
quantities:

C length of vertical diagonal across Region C

AC average change in length of vertical diagonal acRegion C

L' measured straight side length of Region A of UB& BBE tests samples

L" measured curved side length of Region A of UBEBB# tests samples

% shear angle in Region A
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Namely, the first subscript for each symbulort, indicates measured or theoretical (ideal) val
the second subscripp, u or b, refers to PF, UBE and BBE tests data respectively. C,,
indicates the measured value of the qua@itiuring UBE tests.

es,

X Arrays that are added to a matrix containing all tiodal coordinates of the
expanding mesh in x axis (see Figure 3.3).

Y Arrays that are added to a matrix containing all tiodal coordinates of the
expanding mesh in y axis (see Figure 3.3).

: The number of elements from the centre of the blanthe right, left, top or
bottom edge of the mesh (e.g. in Figure 831).

' The node number when counting outwards from thetreeaf the blank
towards the outer edge of the mesh along the aértc horizontal mesh
centrelines (e.g1 = 3 for those nodes marked in red in Figure 3.3a).

& An array containing the half lengths of the horizbrliagonal element lengths
(see Figure 3.5b).

br An array containing the half lengths of the veitideagonal element lengths (see
Figure 3.5b).

é An array defined by Eq (3.5) which gradually desesathe stretch/contraction of the
elements towards 0 when moving from the centre tdsvihe left corner of the mesh.

A The peak amplitude of the perturbation.

od Controls the periodicity of the perturbation.

t Parametercan lie between 0 and 5 and controls the waveleafjthe perturbatior
andwyt is an array.

X Thex coordinates of nodes across the entire mesh.

Y They coordinates of nodes across the entire mesh.

FTm The fitness function of the mean of the angle a&cths sheet

MU The measured mean across a given specimen.

M The predicted mean for a mesh of the same area.

Flsq The fitness function for the standard deviatiothef mean inter-tow angle for a given
sampling area

std, The measured value of the standard deviation ofrtben inter-tow angle for a given
sampling area.

std,

The predicted value of the standard deviation efrtiean inter-tow angle for a givé
sampling area.
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FCnu

The criteria of the mean.

(1%

al

FCs The criteria of the standard deviation.

I image intensity

al the first derivative vector of image intensity

G, The shear modulus that related to the shear forceementdF,and shear angl
incrementdd

G, The shear modulus that related to the shear fbgead shear anglé

gll,gf Components of unit covariant base vector; based on an orthogon
frame.g**diagonal component of metric tenseig*.g*.

gé,gg Components of unit covariant base vector; ased on an orthogon

frame.g*" diagonal component of metric tenseig".g*.

al

the inertia forces at time

the damping forces at tinte

the elastic forces at tinte

the externally applied load at timhe

F the force corresponding to the internal elememisses at time
c damping coefficient
M mass
R the effective load vector
U Nodal displacement
U Nodal velocity
U Nodal acceleration
K stiffness matrix
At time increment
Lmin element length
Cq the dilatational wave speed
p material density
E Young’'s modulus
v poisson’s ratio
A cross sectional area per unit length of any typjeah




A

cross sectional area per unit length of the triesent

al

ce
gle

E; the tensile stiffness of typical tow

E, the stiffness of the truss element

Fror the total predicted axial force

Frmpr the predicted material force

Fepr numerically applied transverse force

Vypr the predicted vertical velocity

Vior the predicted horizontal velocity

Fs the shear force

£ warp the tensile strains along the warp fibre directions

E et the tensile strains along the wetft fibre directions

v the average tensile strains along the warp andfibedt directions

(/,ip(g) a polynomial curve fitted from each of the five BBEnulations, the coefficients (¢
which are stored for later reference by the enhdinshear non-orthogon
constututive model

R‘p (g) polynomial functions fitted to eac.h_ratio curvee(nfatiq curve is the input shear for
versus shear angle curves are divided by the geetighear force versus shear an
curves)

Aa’ij the shear stress increment

A6 the shear strain increment

dg‘ij the shear stress derivative

do

Vi
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1. Introduction

The importance of composite materials derives ftbair unique material properties such
as high specific strength and stiffness. The stretmweight ratio and stiffness to weight
ratio are much greater than those of steel andialum. As a result, many advantages of
using composite material in several industrial @ect(aircraft, automotive, sport and
recreation, civil infrastructure and microwave teclogy) have been noticed such as
reduction in fuel consumption, long life span andiér maintenance costs, high energy
absorption in impact events, and high corrosionfatigue resistance. The high strength to
weight ratio and corrosion resistance featuresoaiposite materials make them ideal for
use in aircraft applications. The Boeing 787 makester use of composite materials in its
airframe and primary structure than any previouseiBgp commercial airplane.
Undertaking the design process without preconceideds enabled Boeing engineers to
specify the optimum material for specific applicas throughout the airframe (see Figure
1.1) [1].

-

@ Other :
. ..‘
@ Steel (primarily landing gear) \,\\

Titanium

Aluminum

Advanced Composites

Figure 1.1. The percentage of the different matetiaed in the airframe of Boeing 78 [1]

In the automotive sector, Bentley Motors have catelll research that focussed on
reducing the mass of the main structural componehta vehicle by 60% in order to
achieve lower carbon emissions and lower fuel condion [2]. Another example of
composite material application is in making windbine blades. The challenge in this
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industry is toward increasing the length of thedek Blades of longer length have been

successfully manufactured and some even exceedk8@s13].

Some of the main engineering challenges associatgtth composite material
manufacturing are the high costs associated witoua intensive production and low
productivity rates and also the anisotropic behaviof advanced composites that can
result in design and manufacture problems and fiereéequire the development of novel
computational tools to guide manufacture procesghs. challenge is how to overcome
these limitations. Introducing computer integratedgineering into the design and
manufacture process is an important step. In thepier, an overview of composite
materials and their preforms are presented withathreof describing polymer composites
in general and then focusing on woven engineegids, the latter being the main topic
of this thesis. The composition, processing, ampictt applications of the materials are
outlined. The aim is to provide the reader withide® of the range of composite materials
available and then to define the scope of this stigation. To do this the usual
classification systems for composite materialsused.

1.1 Composite material

A composite is a combination of two or more materian a macro or micro-scale [4].
Composite materials usually consist of both reicdonent and a matrix phase. The
mechanical properties of engineering compositesuapally enhanced when compared to
those of the individual components (the reinforcetrend the matrix). In fibre reinforced
composites the reinforcement is produced from §ibiehe mechanical properties of the
reinforcement tend to be higher than those of th&ir Thus, the stiffness and strength of
fibre-reinforced composites is mainly due to thenfiecement. The usefulness of the
matrix is in gluing and holding the fibres togetlwrorder to transfer the stress between
fibres, and also in acting as a protective skiruadothe fibres by protecting them from
environmental risks such as corrosion and abra3ibere are three main types of matrices:
polymer, metal, and ceramic. The polymer matrixused for applications that require
temperature< 250 °C. Metal matrix is used for applications trequire temperature from
200-800°C and it gives electrical conductivity, tlity, high strength, and high stiffness.

For applications of much higher temperature, reagithigh corrosion resistance, high
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stiffness and high oxidation resistance, the medriof choice are ceramics. However, in

this work, attention is restricted to polymer corsipe.

1.2 Categorization of Composite Materials Based oMatrix

Type
In general, matrices are the means of holding oeteiments together and transfering
stresses to the reinforcements. Polymer compos#iesbe categorized according to their
matrix or the type of reinforcement. Categorizirgyper composites in terms of matrix
type results in two broad categories known as tbeanand thermoplastic composites.
The main types of thermosetting and thermoplastigmers used in polymer composites

are briefly introduced in the following section.

1.2.1 Thermosetting Polymers

There are a number of thermoset matrices as follptesnol-formaldehyde resin,
Duroplast, urea-formaldehyde, Melamine resin, poigies and epoxy resin. Epoxy resin
and curing agent (hardener) are the two comporkatdorm the epoxy thermoset matrix
through a chemical reaction. In fibre and carbanfoeced polymer applications, epoxy is

used as the matrix component. The chemical reacficghe epoxy is shown in Figure 1.2

[5].
0 H H

| |
—(:/—\C—H({r)HzN—((|3)—N—((|3)—NH2

H H H H
epoxy group  + amines (TETA)

Figure 1.2. The chemical reaction of the Epoxy [5]

The main feature of thermosetting polymers is thatresin system requires a chemical
cross-linking step in order to turn the liquid nmatinto a solid polymer. Various

thermosetting resin systems are available inclugintyester, phenolics, polyurethane,
13



silicone, polyimids and epoxy resin. The cheapéshese is polyester resin and the most
expensive tends to be epoxy resin. Despite thgindricost epoxy resins systems are still
widely employed due to their advantages in termbath superior mechanical properties

and their better resistance to alkaline conditi@fjs

Thermosetting resin systems require the additioa airing agent (hardener) to enable the
cure process. The chemical curing time dependsherrdaction rate which can be very
slow (24-28 hours) at low temperature, 27°C, but b& accelerated using chemical
additives or heating [7, 8]. A typical chemical ¢Ban involved in the cure of an epoxy
resin system is shown in figure 1.2 and demon&rttie formation of cross-links that
produce the network of strong covalent interatolmonds that are responsible for the
excellent final mechanical properties typical oerosetting resin systems. Common
types of thermoset matrix are vulcanized rubbeakebte, a phenol-formaldehyde resin,
Duroplast, urea-formaldehyde, Melamine resin, ep@syn, polyimides and cyanate esters
or polycyanurates. However, the most used matrixgliass and carbon reinforced
composite is epoxy resin [5, 9]. The crosslink pbdxy is shown in Figure 1.2. At one end
of the resin, an epoxide group is linked. It isniotated from two components which are
epoxy resin (epichlorohydrin and bisphenol-A) and hardener (tri-ethylene-tetra-
mine (TETA)). The hardener groups react with thexege groups to form a covalent bond
when the resin and hardener compounds are mixéd [10

Polyesters are polymers with repeating carboxylgteups in their backbone chain.
Polyesters are a type of polymer which have caradsygroups at both ends as shown in
Figure 1.3.

Figure 1.3. Repeating carboxylate group [10]
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Figure 1.4 shows the typical esterification readdiahat are used to synthesize the
polyesters. Polyesters are fused by typical estatibn reactions, which can be

generalized by the reaction shown in Figure 1.2.

9 - 0) — ﬁ
RC —X+N:—=|R——C—N >RC —— N+X
| X —

Figure 1.4. The esterification reactions of synitting the polyesters [10]

where N: is a nucleophilic reagent such as OR'. fHte of reaction is dependent on the

structure of R, R', X, and N and on whether a gatas used [9].

Vinyl ester is a type of resin that is synthesibgdtypical esterification reactions. The
esterification reactions are between two compouadsepoxy resin and an unsaturated
monocarboxylic acid. Vinyl ester has propertieshsas strength and thermal shock
resistance midway between polyester and epoxy. fibst broadly utilized vinyl ester

product is the bisphenol-A epoxy based vinyl es#sm that is synthesized by the reaction

of a bisphenol-A glycidylether with methacrylic d@s shown in Figure 1.5 [11].

/O CHs o
HEC‘—\CH—CHZAO—Q—tOO_CHZ_C{'_}Hz . CH—C—coon
Hs H;
l(‘atalyst
Heat
H

P P CHs OH 0
HEC=T,_C_Q_H3('_CH— CHQAO@*&‘@-O—CHZ—é H—C Hz_O_ﬂ~_(|-=(,H2
Hs ‘H,

CH; CH

Figure 1.5. The esterification reactions of synitiag the vinyl ester resin [11]

The advantages of thermosetting polymer resingaeeplified by excellent resistance to
flame, heat, creep, solvents and excellent mecabproperties such as high stiffness and

high impact resistance [12]. Their disadvantagetude long processing time; polyesters
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have a short shelf life as they crystallize ovéoray period of time. Thermoset resins can
degrade at raised temperatures due to moistureioso from the atmosphere, the so
called ‘imide corrosion’ phenomenon, a potentialgpem with polymers that contain an
imide end-group. Thermoset resins cannot be rethelfter the resin gels, and in general
thermoset matrices are more expensive than theastpmatrices.

1.2.2 Thermoplastic Polymers

Thermoplastic polymers have a fundamentally difieremolecular structure to
thermosetting polymers. Unlike thermosetting polygnevhich are highly cross-linked
through covalent chemical bonds, thermoplastic ipelg owe their mechanical properties
to physical bonds. As an example, the moleculaicgire of nylon 6 (gH1:NO), is shown

in Figure 1.6; the high strength of nylon is duestang interatomic van der Waal forces

occurring between the main chains of the polymelemdes.

~

0
NH,.
NH
OH

n

Figure 1.6. The molecular structure of nylon 6 [12]

The physical as opposed to chemical bonds betwegmpr chains in thermoplastic
polymers result in a very different response tongles in temperature. The curing process
of thermoset resin is based on cross-links whid@ntally produce a stiff solid (see Figure
1.7). However, thermoset matrices are inhereniljldodue to the high cross-link densities
which produce high-performance thermoset systemsinD processing thermoplastics
melt and flow as fully reacted polymers that artd iegether by secondary bonds but do
not form cross-linking reactions. Moreover thernagpics can be reprocessed by simply
reheating to the melting temperature, and thenrmefgg since they do not form

irreversible cross-links during processing.
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Figure 1.7. Thermoset and thermoplastic polymercstire before and after processing [10]

The three semi-crystalline thermoplastics polyedtiearketone (PEEK), polyphenylene
sulfide (PPS) and polypropylene (PP) are the mastd uthermoplastic materials in

composites, whereas the most important amorpharstiplastic is polyetherimide (PEI)
o
1]
fo-0-04 {0~}
(@) (b)
]1
—-CH
n
d)

(see Figure 1.8).
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Figure 1.8. The molecular structure of (a) Polysttieerketone (b) Polyphenylene sulphide (c)
Polyetherimide and (d) Polypropylene [10]

PEEK polymers are produced as a result of the ioeactof4,4'-
difluorobenzophenone (R8,).CO with the disodium salt of hydroquinongHz(OH),,
and the disodium salt of hydroquinone is produced deprotonation with sodium

carbonate N&COsas shown in Figure 1.9.
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Figure 1.9. The reaction process of Polyethere#ierie PEEK polymers [10]

PPS is an organic polymer consisting of aromatiggilinked with sulfides as shown in
Figure 1.8b. PP is made under specified heat aegbkpre by polymerizing propylengH
in the presence of a catalyst [13].

1.3 Reinforcement

There are some terms that are used to describd@dherchy or the structure of composite
reinforcement such as fibre, yarn and tow. Fibra fdament made from either natural or
synthetic material and has high length-to-diame#¢io. Tow is a group of fibres with
almost equal length. According to TORAYCA® [14] ttypical number of fibres in a tow
varies from 1000 to 48,000. A yarn is a bundleilairients that are grouped by twisting.
The reinforcement can be classified both in terfrth@® material and the dimensions of the
reinforcement. The former type of classification asnsidered first before discussing
composites in terms of the reinforcement dimens{ers. nano, particulate, short, long or
continuous fibres). Glass, carbon and aramid aee rhost commonly used fibre
reinforcements in composites. Less common are aldibres (such as jute, flax, kenaf and
hemp) due to their lower toughness and lower streegmpared to glass, carbon and
aramid fibres. There are also a number of otheurakfibres that are used for specialist
applications. Since synthetic fibres such as gleeshion and aramid are materials that are
based on the chemical compounds silica and oil, tarde compounds are believed to
waste energy and their prices are always risinggewed attention on the use of natural

fibres has been noted, since natural fibres aneclatnle materials that minimize waste.

Fibre reinforcements in composite materials arenipacategorized into three types
namely: particulate, short or discontinuous fibrel aontinuous fibre (see Figure 1.10).
The particulate reinforcement is characterized pgreximately equal dimension in all

directions. A common example of particulate reinéanent is gravel in concrete. There are
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two types of short fibres: chopped and grindedebrThe length of these fibres is not
always equal and can range from millimetres toioegttes, whereas the diameter of most
fibres is a few microns. Chopped fibre and randoat ane two examples of discontinuous

reinforcements that are randomly orientated [15].

The difference between continuous and discontinueudorcements is their aspect ratio,
I.e. length-to-diameter ratio; continuous reinfonemts have longer (effectively infinite)
aspect ratios compared to discontinuous reinforoésn€ontinuous fibre reinforcement is
usually arranged into three types of structure fgmenidirectional, two directional (2D)

and three directional (3D). If the third directias through the thickness of the fabric
structure this is known as a 3D fabric. Woven fab2D braided, 2D knit and non-crimp
fabrics all have essentially 2D architectures. WI8D woven and 3D knit have 3D
architectures. Woven, knitted, braided and stitdlabdcs are different types of 2D fabrics.

®)

Figure 1.10. (a) continuous fibres (b) discontinaifibres (c) discontinuous nano-fibre, nano-powalitn
different magnifications [16] (d) discontinuous sha@hopped strand (e) continuous chopped strardfina
continuous one direction fibre and (g) continuaus tirection plain fabric (h) continuous bi-direartal
twill fabric (i) continuous bi-directional satinlfaic (j) continuous bi-directional basket fabriadak)

continuous bi-directional stitched fabric [4]
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1.3.1 Woven Fabrics

Woven fabric is the most used type of two-directioreinforcement due to its excellent
stability, draping and stability of the fabric coampd to other weave styles [17]. The
weaving process of woven fabric is performed bgniacing the yarns in the first principal
material direction at 0° (warps) and the yarnshie $econd principal material direction at
90° (fillings or wefts) (see Figure 1.11). The maeing of yarns provides the natural
coherence of the fabric. The formability of the rabi.e. the ability of the fabric to
conform to a complex surface, is in large part aeieed by its weave style. A description
of three types of woven fabrics is presented inféllewing sections.

Figure 1.11. Sketch of theterlacing of warps and wefts [17]

a) Plain Weave

As shown in the Figure 1.12 the interlacementshefwarps and wefts are in criss-cross
pattern. They cross each other under and ovemnattdy. The formability of this fabric is
relatively low and its high degree of tow crimptiee main reason for low mechanical
properties compared to other woven fabrics. Howeavdéras a coherent structure and high
porosity [18, 19].

Figure 1.12. The graphical structure of plain wefagic [18]
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b) Twill Weave

A twill weave is as shown in Figure 1.13. The itdeement of twill weave is produced by
passing the warps under and over two or more vedftsnately i.e. as shown in Figure
1.13. The warp in the first row at the left crosseer two wefts in the first and second
columns while the warp in the second row at thé debsses over the fourth and fifth
columns. The formability and the mechanical praperof twill weave fabrics are higher

than those of plain weave fabrics due to the ladegree of interlacing [18-20].

Figure 1.13. The graphical structure of twill wesifabric [18]

C) Satin Weave

A warp passes over a number of wefts and then umgerweft (Figure 1.14 shows five
harness whith four warps over and one warp undéeg.harnesses are four, five and eight,
which means the warp is over four wefts and under weft in case of five harnesses as
shown in Figure 1.14. This weave style has goooh#dwility and final material properties
when converted into a composite material, which learattributed to the very low tow
crimp resulting from the weaving pattern. Howevéne style’s low stability and
asymmetry needs to be considered. The asymmetsesawne face of the fabric to have
fibre running predominantly in the warp directiomile the other face has fibres running
predominantly in the weft direction. Care must aken in assembling multiple layers of
these fabrics to ensure that stresses are not imtdt the component through this

asymmetric effect [18-20].
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Figure 1.14. The graphical structure of satin wefabeic [18]

1.3.2 Advanced composites

Advanced composites are typically understood tdude continuous fibre reinforcement
with a high degree of fibre alignment embedded iwith matrix material. In terms of
structure, unidirectional reinforcements are comsd the simplest while bi-directional
reinforcements are considered advanced, includigighjhaligned fibres in one direction
for the unidirectional reinforcements and two dii@as for the bidirectional. They can
include both low and high length-to-diameter aspatit fibres. This thesis focuses on two
main themes in relation to advanced composites.i®ar understanding the variability of
the fibre direction in biaxial advanced composiéesl the other is on understanding the
mechanical couplings that occur in woven engingefabrics during forming. It should be
noted that while the work on variability can be e@elly applied to all 2-D biaxial
composites, due to time constraints attention heen lrestricted to just woven fabrics
architectures in this thesis.

1.3.3 Combining reinforcement and matrix phases foadvanced
composites

Prepreg is a result of combining reinforcementsnyafabric or strand mat) and matrix
(thermoset or thermoplastic). This process is naaredmpregnation or prepreg with the
reinforcements impregnated with the given matrigdemhigh temperature and appropriate
pressure. The most useful property of the thermmsgireqg is its potential to be stored for
use later from weeks to months when stored undertéonperature (its shelf life below -

18°C is from 6-12 months). On the other hand, msitey of the thermoplastic prepregs

(commingled fabric) is quite different from procegsof thermoset prepregs. Processing
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of thermoplastic prepregs is based on heating thpregs beyond the melting temperature
of the thermoplastic polymer. The second process ist consolidating which takes place
by cooling down with appropriate pressure. The fsingds of the thermoplastic prepregs

are unlimited when stored in an appropriate envitent (low humidity at room

temperature) [21].

1.4 Forming processes for 2-D textile composites
In general, forming of composite material dependstlte type of composite. Different

forming techniques are used for thermoset and thlastic material composites [22, 23].
Advanced composits can be formed as dry fabricop@d and then impregnated by a resin
infusion process or they can be obtained as pre@ed then formed.

1.4.1 Forming processes for thermoset polymer compibes

Automating the forming of textile composites resuih faster processing, increased
productivity and part quality and a reduction ire thlabour cost. Forming processes of
thermoset polymer composites can be characteriasddbon the process speed. These
consist of low speed open mould processes suclarad-layup and spray-up and faster
closed mould processes such as vacuum infusionryffabric, diaphragm forming,
compression moulding of prepregs, and stamp-forraimtyermoforming. Hand lay-up and
spray-up have similar cycle stages, which incluthpihg the reinforcement (mat strand,
woven fabric, unidirectional cross plies or nomgpi fabric) on the open mould, applying
resin usually by brush or spray, entrapped aireimaved manually by squeezing the
perform using squeegees or rollers, and finallyrésén is cured. This depends on the resin
curing time which can be accelerated by using higleperatures. The vacuum infusion
process cycle involves seven main successive stagesling preparation and cleaning of
the lower plate, loading the fabrics in place (f@icements, peel ply and breather cloth
respectively), placing spiral tubing in the appraf@ place and sealing the resin infusion
bag, forming the part by removing the air usingagauum pump, infusing the resin, and
finally, curing and then de-moulding the part (§@gure 1.15b) [23], [24]. The diaphragm
forming process of thermoset composite is a highess of vacuum infusion process, the
only differences being that the reinforcementspdaeed between two diaphragm films and
the air between the two films is removed beforeniog and finally curing in an autoclave

oven.
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In this thesis a closed mould process was usedalseveral advantages over open mould
processes such as more comfortable and cleaneroemant, higher production rate,

higher part quality, less voids, better mecharpcaperties and consistency.

Spiral Tubing
Resin Inlet (wrapped in peel ply)
Sealant Tape

/ Vacuum Qutlet

T-Fittings

Reinforcement

EnkaFusion
Filter Jacket
Mold

Figure 1.15. Sketch of resin infusion process gef25]

The compression moulding process usually consisésrabber die and a matched punch
or vice versa. A blank holder is also used for giogl in-plane tension stresses to reduce
or even eliminate wrinkling. The compression mouddprocess cycle is reduced to only

two stages: forming the prepreg and the curingestage Figure 1.16).
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Figure 1.16. Compression moulding forming proc@&§ [

The advantage of compression moulding over the wacinfusion process is that the

process of resin infusion is eliminated since tiheppeg material has the resin already
infused in the fabric, thanks to the prepreg pre¢es, 27]. However, the disadvantages of
the compression moulding process include the hiogh af the pre-impregnated fabric. The
consolidation level of the horizontal surfacesha formed part is also much higher than in

the vertical and sloped surfaces as a result cipipdied non-hydrostatic pressure.

1.4.2 Forming Processes of thermoplastic polymer ogosite

Since cost reduction is a major aim in industryagdnaterials such as thermoplastic film
stacks, commingled yarns, commingled fabrics anddeo-impregnated fibre bundles,
which are incompletely impregnated, offer a wayntore proficient manufacturing of

thermoplastic composites. These materials are nyidwaterials between engineering
fabrics and composite parts. Incorporating thentfogrlastic matrix into the yarns is an
important step in processing and offers fabricatmst reduction in textile composite
technology. The most common technique of produgergs with thermoplastic matrix is
commingling. Commingled yarns provide an excellentculation of matrix and

reinforcement before fabrication. The unconsolidatemmingled fabric is formed by
twining filaments of reinforcements and matrix t@guce tows as a combination of the
two materials, which is then woven into a commidgt@abric. The most common

technique was developed by St-Gobain Vetrotex [@8]their product called Twintex-
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commingled glass/PP or PET. This technique is baseextruding filaments of polymers
within filaments of glass. On the other hand, céidated commingled yarns and sheets
are available as sheets and tapes and are procéygsddlly consolidating a UD
impregnated yarn or fabrics in polymer, by heatmghe melting temperature, applying a
pressure and then cooling [29]. In terms of prdogsspeed, stamp forming of pre-
consolidated or dry commingled fabric is considessca fast process and is capable of a
high production rate with small cycle time. A lowsgyeed process is the vacuum bagging

forming technique.
a) Stamp forming techniques

Textile thermoplastic composite can be formed usirggamp forming technique using a
metal tool set (die, punch, and blank-holder). Ttvening stages of stamp forming of
midway materials, e.g. dry commingled fabric or-pomsolidated commingled plate are as
follows. The blank is heated to a temperature Hiyghigher than the melting temperature
of the polymer matrix and then transferred to ttemping unit. Finally, the pre-heated
material is formed and pressure is applied to gquaeagood stacking and consolidation
before cooling the temperature of the blank andttimds [29, 30]. In order to obtain a
product free of wrinkling (due to out-of-plane biiog stresses) and rupturing (due to
redundancy in plane tension stresses), a blankehaictuator is usually used to introduce

frictional traction force between the blank-holgéates and the blank.

The degree of consolidation depends on the geonudtipe part i.e. depends on the
surfaces angle and thickness e.g. high degreensotidation likely to be obtained when
the pressure of a punch is normal to the giverased whereas the degree of consolidation
is expected to reduce gradually when the angle dmtwhe load and the given surface is
decreased from 90° toward 0°. In order to overctmeeproblem a hydrostatic pressure on
all surfaces, regardless to their position, is peed silicon rubber or polyurethane mould
is often used in place of metal tooling (see Fidguder). However, this increases the cycle
time as a result of the lower cooling rate duehi lbwer thermal conductivity. The short

life span of the silicon rubber tool is anotheradigantage of this technique.
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Figure 1.17. Schematic of the stamp forming proaskeating and transferring the intermediate nedte
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b) Vacuum Bagging Forming Process

In terms of forming speed, the cycle time of vacthagging forming is longer than that of
the stamp forming process. Either pre-consolidatadmingled plate or dry commingled
fabric can be used in the vacuum bagging process.basic vacuum bagging processing
steps are as follows: cleaning the single mouldaser applying a high temperature
resistance liquid or a film release agent on théasa, placing the material on the top of
the area where the release agent is applied, placimgh temperature resistance release
film (peel ply) on the top of the material (for gaglease of the material from the mould
after cooling down), placing a breather cloth oa thp of the peel ply (for ensuring all air
Is vacuumed), and then covering and sealing thevisletvacuum bagging film and sealing
tape (see Figure 1.18). The heating stage can he either by putting all the vacuum set
in an oven or heating it in the single metal mowh the temperature increased up to the
melting temperature of the matrix. The final twoagds are consolidation while
maintaining vacuum, which depends on the size hio#triess of the formed part, and then
de-moulding [26].
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Figure 1.18. Vacuum bagging forming process setup

1.5 Deformation Mechanisms in Forming Textile Compsite

During forming, a number of deformation mechanisaike place. They are in-plane shear,
in-plane tension, blank/yarn bending and ply cortipac However, two main sources of
stress generally occur within the forming sheete a® due to strain along the fibre
directions and the other due to in-plane sheathdnliterature, extensive work has been
carried out on the investigation of the in-planeahand tensile stresses that occur during
forming. However, in practice all the deformatioechanisms such as in-plane shear and
in-plane tension occur concurrently. The connecbetween these two mechanisms has
not been extensively investigated and this topia ikey factor in terms of developing

appropriate constitutive models.

1.6 Textile Characterisation Tests

Modelling the draping or forming simulation of tkagineering fabrics and heated textile
composite required characterising the shear anglaiemmechanisms of the material. The
material properties are required for modelling fitrening simulation; therefore, a standard
characterisation testing method is required. Edisésting methods such as the PF and the
UBE tests have some drawbacks. In order to elimitia¢se, an extensive study on their

causes and their possible remedies, or an alteenativel method, is required.
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1.7 Inherent Variability of Woven Textile Composites

Product variability and discard rates of manufaadugoods are closely related to the
inherent variability of the materials from whichethare made. Tow and fibres within
actual advanced composites inevitably containadtleome degree of stochastic deviation
from their ideal architecture. The development ofusate process design tools that can
account for this type of variability is aimed atloeing the cost of the pre-manufacture
assessment and the optimization of parts by mimgidesign iterations and prototyping.
Variability in the architecture of advanced compesican be introduced at numerous
stages in the manufacturing process such as dweaging or stitching of the fabrics, pre-
impregnation of prepregs, pre-consolidation of dagied thermoplastic textile
composites, or handling and cutting of fabrics tfé fabric roll. Understanding the
resulting inherent variability in the architectuseimportant as it can influence subsequent

stages in the manufacturing process.

1.8 The objectives of this work

1. Measurement of the shear-tension coupling of emging fabrics using a novel

testing technique, the BBE test.

2. Investigating the wrinkling behaviour under arliyran-plane tension conditions

using the biaxial technique.

3. Characterisation of the variability of inter-towghes in a range of engineering
fabrics and use of the measured global statisticgeproduce representative
variability with realistic spatial correlations imeshes suitable for use in finite

element forming simulations.

4. Extension of the Non-Orthogonal Constitutive Motielinclude a shear tension-

coupling.

5. Investigation of the effect of variability and shéansion coupling on the stamp

forming process of a novel 3D complex geometry.
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2. Textile Experimental Characterisation

2.1 Introduction

Modelling the forming process for engineering fabriand textile composites using a
mechanical approach, such as the finite elemenhadetrequires characterisation of the
material’s behaviour under large shear deformafidmee shear characterisation methods
(picture frame PF), uniaxial and biaxial bias esten methods UBE and BBE have been
used for characterising and investigating the sheaaviour and wrinkling phenomena of
dry and commingled engineering fabrics. For thesgenals, coupling between in-plane
tension and both shear compliance and the onseftriokling is to be expected. In this
chapter a novel testing technique, the BBE testy&éduated as a means to investigate this
shear-tension coupling and fabric wrinkling. Nowetthods of determining the wrinkling
behaviour are demonstrated. The main difficultyhwthie technique lies in extracting the
material contribution to the recorded signal fromréversal test machine (Zwick Z2) and
in normalising the subsequent data. To do thisexgerimental method is demonstrated
using a plain weave glass fabric, self-reinforcedlypropylene and commingled
glass/polypropylene fabric. BBE test results anmgared against PF and UBE results.

2.2 Review of Previous Work

During the manufacture of composite parts, pressiiftg of engineering fabrics can be
used to create complex geometries, suitable fosesyuent liquid composite moulding and
cure [31]. During the press-forming process, impléension is generally used to mitigate
process-induced defects such as wrinkling andptoesdegree, to control the final fibre
orientation distribution across the component dibeming [32-34]. Tension is controlled

through boundary conditions applied to the perimetehe material using a blank-holder
[33-37]. The shear compliance of dry woven engimgefabrics has been shown to be
related to the in-plane tensions acting alongwwedets of tows within the fabric. This can
be intuitively understood as due to the increasmdal forces acting between overlapping
tows (weave crossovers) which increase interndinglifriction during deformation of the

fabric [32, 38]. Thus, for these materials, blamtder conditions applied during the
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forming process are expected to change the maseslaéar compliance and the fabric’s

forming response, such as its propensity to wrifik 39, 40].

2.2.1 Shear In-Plane Tension Coupling

A few attempts to characterise shear-tension cogmiperimentally have been reported;
early investigations involved pre-tensioning thiria prior to placement in a PF rig using
biaxial pre-tensioning devices [41, 42]. These igsidndicated a significant increase in
shear stiffness with increasing pre-tension. Typicdues of the scale factor produced
from results published in the literature are preddn Table 2.1. Note that the scale factor
provides only a rough estimate of the coupling mess using the PF test because large
scatter in the data makes it difficult to determdwedinitive values. Further developments
have since involved fitting a PF rig with load-seklong the side bars allowing the
measurement and control of yarn tension duringtése [43-45]. The latter technique
attempts to address the issue of changing tensiomgl the PF test due to two
contributions: fabric misalignment and changingmgi Improved accuracy might be
expected in the results of [45] as the tensilesstia previous investigations [41, 42, 44,
45] was applied via a pre-tensioning technique eagrthe instrumented PF rig used in

these tests allowed tensioning during the experisaen

A previous attempt to use a biaxial test setup éasare shear-tension coupling has been
reported [46]. Here prescribed displacement bouyndamditions in two orthogonal
directions were used during the test. Shear teropling was reported, though large
scatter in the data and variable transverse loadiming the tests make comparison with
other investigations difficult. Galliot and Luchger [47], [48] recently proposed a new
biaxial experimental and theoretical method of deieing the shear compliance of coated
fabrics. Shear-tension coupling of woven dry engimg fabrics has not yet been
investigated using this technique, though the astBaggest this as possible future work.
Thus, it appears to be generally accepted thatrgbesion coupling in woven engineering
fabrics does exist, though, to date, there has beedefinitive quantitative experimental
characterisation of this coupling. Despite thisahtension coupling has been successfully
introduced into FE simulations; Lee and Cao [490][ modified a non-orthogonal
constitutive model [51, 52], making shear stiffnpasameters a function of tensile strains

along the two fibre directions. Rather than usirgegimental data, input parameters were
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determined from predictions of meso-scale FE sitrana of a plain-weave unit cell. The

meso-scale simulations showed that as the terisdi|® sncreased, the shear resistance also

increased [53]. The size of the coupling used erttodified non-orthogonal constitutive

model is significantly larger than that suggestgdpbevious experimental investigations

using PF tests (see Table 2.1).

Table 2.1. The ratio (coupling factor) of the fagaaeasured during PF, numerical simulations and BB

at different applied values of the force per uaiidth along the edge of the fabric.

Reference and Weave-material | Shear anglgd Applied pretensionq Applied tensions] Approximate  scaldg

source °) (N/mm) (N/mm) factor

Figure 10 [39] Plain-glass 10 Oand 2.8 - 2.8

Figure 10 [39] Plain-glass 20 Oand 2.8 - 21

Figure 5b [54] 2 x 2 twill-glasgy 10 0 and 3.27 (warp) 5.0B 2.0
PP (Weft)

Figure 5b [54] 2 x 2 twill-] 20 0 and 3.27 (warp) 5.0B 1.9
glassPP (Weft)

Figure 15 [43] Plain-glass PP 10 0 and 4 4.8

Figure 15 [43] Plain-glass/PP 20 Oand 4 2.8

Figures 16 and 18 Plain-glass/PP 10 0 and 0.18 3

[44]

Figures 16 and 1% Plain-glass/PP 20 Oand2.1 4.8

(44]

Figure 6 [53] Plain-NOCM 10 0.007 and 0.163 12

Figure 6 [53] Plain-NOCM 20 0.007 and 0.163 20

Figure 2.40 3:1 Plain glass 10 - 0.071 and 1.43 23

specimen

Figure 2.40 3:1] Plain glass 20 - 0.071 and 1.43 36

specimen

Figure 2.42 3:1} Commingled 10 0.071 and 1.43 25

specimen

Figure 2.42 3:1] Commingled 20 0.071 and 1.43 41

specimen

In the current investigation, the ability of a BBEst [55-57] to produce a reliable

experimental characterization of the shear-tenstupling of woven engineering fabrics is

examined and a procedure to extract the materggoresse from the test is proposed.

Results are compared with the more familiar PF BMBE tests. On the other hand,

correctly predicting wrinkling during the formindg engineering fabrics is a difficult issue.

Experimental characterisations of wrinkling of wovery engineering fabrics using both

PF and UBE tests have been performed previoustyingito correlate wrinkling onset to
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the fabric structure using simplified analytical aets [39, 40]. However, it is clear that the
occurrence of wrinkling is not just a function bketfabric structure but also of the stress
field applied to the fabric during forming. Like edr stiffness, the out-of-plane bending
stiffness is likely to be a function of the in-péanensile stress. The current biaxial
technique allows investigation of wrinkling behawiounder arbitrary in-plane tension
conditions and, while it can’t provide a direct cizterization of this bending stiffness [58,

59], the modulus could be inferred using an invenselelling approach.

2.3 Material

Three materials, a typical plain weave dry glassrifa plain weave self-reinforced

polypropylene and twill commingled glass/polypragy® were chosen for the
investigation. For convenience the four materialsduin this investigation will be referred
to as the wrGF, srPP, cgPP and pccgPP (woven rogiags fabric, self-reinforced

polypropylene, commingled glass/polypropylene anateaconsolidated 2x2 twill weave,

co-mingled glass / polypropylene composite). Howewealy three materials, wrGF, srPP
and cgPP were used in Chapter 2. The material’smgtal properties are illustrated in
Table 2.2. The three fabrics are shown in Figuile Phe woven fabrics that used in this
investigation are plain and twill weave. Althougltis weave is more formable than plain

and twill weave, it is not used here due to itdtdggree of asymmetry and low stability.

Table 2.2. The geometrical properties of the wr&PP, cgPP and pccgPP

Material name
Parameters WIGF srPP cgPP pccgPP
Weft tow width (mm) | 2.18 +/-0.038 2.55 +/-0.1 391 0.129 | 5.06 +/-0.45
Warp tow width (mm) | 2.12 +/- 0.052 2.52 +/- 0.06 88+/-0.077 | 5.71 +/-0.59
Areal density (g/f) 311 +/-55 123 +/- 2.7 1485 760
Fabric thickness (mm)] 0.206 +/- 0.017 0.305 +/46.0 1.05 +/- 0.036] 0.57+/-0.015
Warp thickness (mm) 0.101 +/- 0.002 0.152 +/-0.021 | 0.48 +/-0.196| -
Wetft thickness (mm) 0.105 +/- 0.010 0.157 +/- 0.002 0.52 +/-0.008| -
Product code ECK12, Allscot| Armordon Twintex PP| TwinteX T PP
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Figure 2.1. (a) wrGF (b) srPP and (c) cgPP andplecg

2.4 Experimental Setup

A universal test machine (Zwick Z2) with a 250kNadbcell was used to measure the
vertical axial force in all tests and all experirteenvere conducted at a speed of 200
mm/min. Tests were recorded using a digital car{@eenon Powershot A 700) and sample
kinematics were measured manually using the imagé/sis softwarémageJ[60]. Lines
were drawn along individual tows on the sample®rpto testing to facilitate image
analysis. Tests on the two wrGF and srPP were atedun a darkened lab to facilitate a
backlighting technique, whereas tests on the cgR#e wconducted in a well-lit
environment. wrGF and srPP samples were backhgus white screen positioned behind
the setup. The screen was illuminated using foighbispotlights positioned to provide a
strong and even light intensity across the scréemloing so, the translucent nature of
wrGF and srPP could be exploited, allowing ideasfion of wrinkles in subsequent image
analysis of recorded movies; wrinkles appear dark t the increased thickness of the
sample along the line of sight from the cameraht® d¢creen. The opaque nature of the
cgPP meant this method could not be employed fior iaterial. Three repeats were

conducted for each test condition.
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2.4.1 PF Test Setup

One of the most popular methods of characterizing $hear behaviour of textile
composite is the picture frame (PF) test [46, &idwever, this method has drawbacks
[56]. Misalignment of the yarns in the PF rig israjor cause of error. In addition, the
tensile stress that is likely to take place at ¢ctemped edged of the fabric, due to the
influence of the boundary conditions, is anothetdathat might contribute to the increase
in the shear stiffness [23, 44, 62]. On the othard) shear angles higher than 40° can be
obtained using the PF method, whereas this cameiobtained using UBE or BBE tests,
unless with higher transverse force for BBE [42, 55

Three samples have been tested for each matehnialsifie length of the PF rig used here is
170 mm, while the sample length is 130 mm (seerEig.2). The samples are placed and
clamped with care to avoid misalignment. Holes then drilled in the exact position to
avoid distorting the specimens. Prior to placind alamping the sample, cross-lines were
drawn at the centre for further image analysiseAfixing the sample on the machine, a
special purpose rectangular aluminium bar was tsdé@ep it initially squared. This bar
was taken off as soon as the test started. Pristatting the test, a translucent sheet with a
concentrated strong light behind it was hung beltiredspecimens in a dark environment.
Finally, the test was started by pulling the uppemer with a velocity of 200 mm/min
until the last given displacement was reached.

Figure 2.2. Photograph of a PF sample. The crdgseslindicate the direction of the orthogonal tows
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2.4.2 UBE Test Setup

The other popular method of characterizing the ishehaviour of textile composites is the
UBE test [38, 42, 52]. However, this method alse Heawbacks [55]. The UBE test is
much easier to perform than the PF test. Three lesmyere cut for each type of material
with size ratiol = L/W =2, whereL is the length of the specimen awtis the width. The

samples were cut in a way that makes the warpsvefid lie at £ 45° with the clamps (see
Figure 2.3). This arrangement helps to produce guear until a slippage deformation
mechanism takes place. Following this, lines weesvd at the centre of the specimens for
further image analysis as shown in Figure 2.4.rbfepto obtain precise results, care was
taken to ensure that the angle between the marked &t the centre of the sample was
initially 90°. A digital video camera has been ugedecord the tests for further image
processing. The measured shear angles are detdrimime computer screen usingageJ
software [60]. More detailed descriptions of thed?id UBE tests can be found elsewhere
[62-64].

Figure 2.3. Photograph of a UBE sample. RegionB And C indicate areas that, under ideal trellesash
kinematics, would have shear angles of h, h/2 amddpectively. The crossed lines indicate thectiiva of

the orthogonal tows.

2.4.3 BBE Test Setup

The BBE experimental test set-up is shown in Fidlie Despite the difference in lengths
of the longitudinal and transverse clamps showfigure 2.4, specimens were attached
along the same fraction of the perimeter lengtleitimer side of the specimen, as indicated

by the yellow lines drawn along the clamp lengthgigure 2.4. The fabric was cut along
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the remainder of the specimen perimeter and wasftire unconstrained along these
edges.

Pulley

*Weights

Figure 2.4. Experimental setup used for the BBE tasaddition to the two usual longitudinal clamps
connecting the top and bottom of the specimen thightesting machine, there are also two transveaseps
connecting the sides of the specimen to hangingi®i The yellow lines drawn in the photograph ¢atk

the lengths along which the specimen perimetelaimped. The rest of the perimeter is unconstrained.

The effective specimen clamping areas are showdads grey areas in Figure 2.5. A
balanced transverse load was attached to either ciidthe specimen using a set-up
involving nylon fishing line, lightweight aluminiuntransverse clamping plates (45 g
each), and bearing-mounted pulley-wheels. Pullegelisupports were securely clamped
to the test bed using copper mounts and steel slasypports were mounted on shafts
orientated at 45° to reduce the bending momenhatfikture and also to increase the
distance between pulleys and specimen (see Figdjel@creasing the latter reduces the
change in angle of the fishing line during the ,tegdtich has an influence on measured
force results. Transverse loads of 5, 37, 50, 7 H0O N were applied to the wrGF
specimens, 5, 27, 50, 75 and 100 N were appli¢gbdet@gPP specimens during testing and
5, 50 and 100 N were applied to the srPP fabrihdryging appropriate weights on the
nylon fishing line. Two different specimen sizeslaeometries were selected, as shown in
Figure 2.5. The clamping length used along thessioethe specimens is crucial in

determining both the in-plane fibre tensions are kimematics that occur throughout the
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sample during testing and will therefore influertbe force results obtained during the
tests. Figure 2.5a shows a specimen with a sidgtHethree times the clamping length;
Figure 2.5b shows a specimen with side length toues the clamping length. These
values are chosen arbitrarily in order to examheibfluence of sample geometry on test
results. In this investigation the emphasis is a@texdnining whether the BBE test
technique can, first of all, be used to measurbears-tension coupling. For convenience
the two specimen geometries used in this invesbigatill be referred to as the 3:1 and 4:1
specimens (see Figure 2.5a and 2.5b). In Figu&s223 and 2.5, Regions A, B and C
indicate areas that, under ideal trellis shearrketecs, would have shear anglestpf/2
and 0, respectively. Such kinematics follow natyralf the constraint of fibre
inextensibility is coupled with the test boundanditions and the fabric is assumed to

undergo pin-jointed net kinematics, i.e. no inthagip.

Figure 2.5. Two samples sizes are used in the BBt:t(a) 210 x 210 mm with 70 mm clamping distance
here the side length is three times the clampingtle(3:1) (b) 240 x 240 mm with 60 mm clamping
distance; here the side length is four times thenping length (4:1). The effective clamping are@ssiown

in grey.

a) Evaluation of Sample Kinematics

In order to correctly interpret force results antbsequently develop accurate constitutive
models, it is essential to record sample kinematazsirring in each of the three tests. For
consistency the kinematics of all three tests agasured and compared with each other
and also against the ideal predictions of pin-ginnhet kinematics. Data points were
collected every two seconds for image analysise@éwneasures of the sample kinematics
have been monitored. The shear andlg, in Region A is often used as an objective
measure of the shear strain in developing constguhodels for engineering fabrics and
was recorded in all three tests. The cross atéh&re of Region A was used to monitor the
shear angle, though for UBE and BBE tests, oncenkimig made the measurement
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problematic, the angle was taken from the four emrof Region A. Intra-ply slip is
known to occur during UBE tests, resulting in irmged compliance of the sample [63]

(see Figure 2.6).

()

Inter-tow slip 4

Figure 2.6. Two intra-ply slip mechanisms observedBE tests: (a) Inter-tow slip results in an ie&se in
the side length of Region A [65] (b) Crossover sépults in a spreading and shearing of tows and an

increase in the length C.

In order to detect intra-ply slip, additional quéas were monitored during the bias

extension tests; referring to Figure 2.7 and thiendien of symbols section, the lengths

C. C

mu ? mb ?

L, and L., are determined from test videos using the softvraiegel[60].

Cmu andCyyp indicate the measured value of the length of ealriliagonal across region C
during UBE and BBEL, and L, , are measured straight side length of region A BEU
and BBE samples whil&, ,and L, , are measured curved side length of region A of UBE

and BBE samples.

(a) (b)

Figure 2.7. Example images of (a) UBE, and (b) B8& specimens, at particular instants duringrtgsti
The length<,., Crny Emu, L'mb are measured every two seconds using image analygst video

recordings, in order to quantify sample kinemadiasng tests.
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Detection of wrinkling purely through analysis ofD2images is of interest in that it
reduces the need for more elaborate techniquesasuttte use of backlighting (used in this
investigation) or digital image correlation (recggrexpensive equipment and application
of surface patterns on the samples for tracking)thls end the quantities,,and L,,, are
also measured and the ratios between the curvedteaight lines along the perimeter of
Region A in both the UBE and BBE tests, /L, andL,,/L, are used to monitor the
occurrence of wrinkles. The explanation for thisoras illustrated in Figure 2.8, showing
that tows along the edge of Region A tend to renpéamar while those running through
the wrinkle, which usually occurs vertically andtiegly within the centre of Region A,

travel out-of-plane.

Figure 2.8. lllustration showing the exaggeratddafof a wrinkle on the shape of the perimeteRegion
A. The grey ellipse indicates the area undergointgod plane wrinkling. The effect on the perimeiteto

make it curve inwards.

The effect on the 2-D projection of the tows in theage plane is a shortening of tows
running through the wrinkle and a consequent inweudving of the perimeter tows
towards the centre of Region A (see Figure 2.7ré&a observations). Thus, the ratio

L"/I_' begins from unity and increases as wrinkling pesges. A final interesting

quantity to measure during the tests is the rjol. , the current measured curved length

of the perimeter tow divided by its own initial ébretical) value. This ratio is influenced

primarily by (a) the change in length of the towgdo changes in crimp and (b) by inter-
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tow slip. The former tends to decrease the ratidenthe latter increases it (see Figure 2.6)
[63, 65].

For the PF test, the theoretical shear areis calculated using Eq (2.1)

n d
6, =——2arcco (2.2)
tp {\/_ ka}
wheredy is the displacement of the crosshead lgds the side length of the PF rig. For
UBE or BBE tests, Eq 2.1 is modified; instead ohgsthe displacement of the crosshead

to calculate the theoretical shear angle, modifiexplacements were used instead as

follows,

T 1 (dx_ZEmu)
g =—-2arcco$—+———1~ 2.2
Y2 {ﬁ 2L . (2:2)
and

T 1 (dX_ZA_Cmb)
g =—-2arcco$—+>+——— 1% 2.3
© 2 {/ﬁ 2L, 3)

where ACnmy and ACw» represent the average increas€in andCp, measured from the

top and bottom regions of the sample and are fonstof &,, and 8., The purpose of

introducing ACmu and ACwms in Eq (2.2) and (2.3) is to eliminate the stretghiri Region

C when predicting the ideal shear kinematics ini®eé (see Figure 2.7).

b) PF test kinematics

Shear angle kinematics in PF testing are shownigar€ 2.9a, 2.9b and 2.9c where the
measured shear anglsp, is plotted against the theoretical shear angle Figures 2.9a,

2.9c and 2.9e show that the sample kinematics renma@ose to the ideal prediction up to
50°, 30° and 50°. The shear angle was measuredthuntdnset of wrinkling because the
distortion of the image due to the wrinkling pretesh accurate angle characterisation.

Figures 2.9b and 2.9d show the initiation of wreskat around 60° using the transmitted
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backlighting technique. That is not clear in Fig@r8f since no backlit was applied due to

the dark colour of the twill fabric material.
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Figure 2.9. (afnp Vs 8, for PF tests on glass plain-weave fabric (b) imafggheared specimen showing
marked lines used to determine the shear anglé.(a)s 4, for PF tests on self-reinforced polypropylene
plain weave fabric (d) image of sheared specimemwsiy marked lines used to determine the sheareang|
glass plain-weave fabric (€, vs 8, for PF tests on co-mingled twill weave fabrici(ffage of sheared

specimen showing marked lines used to determinstibar angle co-mingled twill -weave fabric

If 8np = 8p the data should fall on the straight line, thusulFé 2.9c shows that for the srPP
plain weave fabric the sample kinematics quicklyedge from ideal kinematics while for
the lighter plain weave glass fabric and co-mingledl weave fabric, the kinematics of
the two latter remain close to the ideal predictignto 56 (see Figure 2.9a and 2.9¢e) The
non-ideal shear kinematics of the self-reinforcedypropylene plain weave fabric is
thought to be due to the nature of the materiak 3jpecific contact areas of the crossed
tapes are much greater in self-reinforced polypepy plain weave fabric than in glass
plain-weave fabric and co-mingled twill weave fabriMoreover, the tapes of self-
reinforced polypropylene plain weave fabric are juse flat tape, unlike the glass plain-

weave fabric and co-mingled twill weave fabric towisere every tow consists of a huge
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number of filaments that make the inter-tow shear @tation between crossed tows much
easier due to the micro-appendages vermicelli &goc with each filament. Image

analysis of shear angle data was stopped aftasribet of wrinkling because the distortion
of the image prevented accurate angle charactensafhe corresponding experimental

shear force versus shear angle cur\Fgéﬂ) are initially approximated from the axial load,

Fm(éi), using Eq (2.4).

____F9)
> 2codm/4-6)2) 24)

Coefficients of & degree polynomial fits to the experimerfald curves for the wrGF and
cgPP results are given in Table 2.3 for furtherindeE numerical simulation in Chapter 4.
The 9" degree polynomial fits were used to ensure optinamturacy when fitting the

experimental for input into the model.

Table 2.3. The experimental shear compliarfees 9" degree polynomial fits’ coefficients of the PF V&G

and cgPP
Fs0

Coefficients WIGF cgPP

1 -5.34E-13 1.19E-12
2 1.27E-10 1.84E-10
3 -1.22E-08 -5.29E-08
4 6.07E-07 4.30E-06
5 -1.62E-05 -1.71E-04
6 2.09E-04 3.65E-03
7 -4.93E-04 -4.08E-02
8 -1.48E-02 2.65E-01
9 1.48E-01 -3.06E-01
10 -5.34E-01 1.31E+00

c) UBE test kinematics

Shear angles for the UBE tests are shown in Figiits3a, 2.10c and 2.10e. Up to 60°, 20°
and 60° of shear (for the three materials), therkiatics in Region A are close to the ideal

43



case, even after the onset of wrinkles, i.e. theritow slip mechanism depicted in Figure
2.6a is prevented from occurring by firm clampirfglte specimen. Note that those ideal
kinematics are determined using Eq. (2.2). Thisaggo removes the extra sample
compliance due to stretching of Region C. If Eql)2vere used instead, the kinematics
would appear to become non-ideal at much earliearshngles. Beyond 60°, 20° and 60°
the shear angles could no longer be measured exgaially due to intense wrinkling. As

dark bands in the sample image indicate (see,Xamele, Figures 2.10b and 2.10d), the
onset of sample wrinkling is at aroufig, = 40° and 10°, much lower than in the PF tests.
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Figure 2.10. (afhp Vs 8, for UBE tests on glass plain-weave fabric (b) imafsheared specimen showing
marked lines used to determine the shear anglé.fo)s 4, for UBE tests on self-reinforced polypropylene
plain weave fabric (d) image of sheared specimemwsty marked lines used to determine the sheaeang|
glass plain-weave fabric (€}, vs 8, for UBE tests on co-mingled twill weave fabric iff)age of sheared

specimen showing marked lines used to determinshbar angle co-mingled twill -weave fabric.

Shear kinematics for the UBE tests are shown inr€i@.10. The kinematics in Region A
are close to ideal to up to 6f shear for the co-mingled twill weave fabric, tap60d of
shear for the glass plain weave fabric and up to &fOshear for the self-reinforced
polypropylene plain weave fabric. Beyond’giitense wrinkling meant that shear angles
could no longer be obtained using image analysen é&om the corners of Region A. The
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co-mingled specimen shows slight asymmetry aboaitcemtral vertical axis (see Figure

2.6b) due to its asymmetric tensile behaviour enwlarp and weft directions [23].

For bias extension tests, the onset of fabric viingkcan also be evaluated from the plot of
the ratioL" ,=L" my versusfm,. Figures 2.11a, 2.11b and 2.11c show the valuggasing
beforet, = 30°, 5° and 409, significantly lower than thaggested by the transmitted light

measurements (see Figures 2.10b and 2.10d).
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Figure 2.11. Ratio of the current curved perimétagth divided by the current straight perimeteigkh of
Region A,L".~L"'mw, (&s shown in Figure 2.7 (a)) as a functiodgffor UBE tests for: (a) glass plain

weave fabric. (b) Self-reinforced polypropyleneiplaeave (c) co-mingled twill weave fabric.

Figure 2.12 shows noticeably different behaviourtleé ratio, L'mU/L'tU, for the three

fabrics. This quantity is a combined measure oéridw slip and fabric crimping. The
ratio is constant with increasir,, for the cgPP twill weave fabric as shown in Figure
2.12c but steadily decreases with increasihg for the wrGF and self-reinforced
polypropylene plain weave as shown in Figure 2424 2.12b which can be attributed to

the high level of crimping and low permeability fitve co-mingled twill weave fabric that

cause increasing,,,which in order increase the, /L, .

If fibre extension is assumed to be negligibles guggests that (a) the inter-tow slip which
has been observed previously [63] in Region A ofevoprepregs is absent, indicating that
woven dry fabrics hold together better during biasting than prepregs, presumably
because they are easier to clamp firmly and fur(beincreasing crimp tends to shorten

the in-plane length of the tows. The latter effisctifficult to model using a continuum

45



approach but is nonetheless relevant to the evatuaf forming predictions where draw-

in of the perimeter of the deformed blank aftersgriorming is used to assess the accuracy
of simulations [66]. Figures 2.12a, 2.12b and 2.A2%&0 show how the rati€,/Cy
increases steadily with increasidg,, probably due to both un-crimping of tows with
increasing in-plane tension and, more importarmtiye to cross-over slip in Region C (see
Figure 2.6b). The heavier co-mingled twill weavbrfa is slightly less prone to cross-over

slip than the lighter glass plain weave fabricutio the difference in this regard is small.
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Figure 2.12. Ratio of the current curved perimégagth, divided by the initial straight perimetength of
Region A,L'~L'n and also the ratio of the current measured lediyided by the initial theoretical length
of Region CC,,/Cy, as a function of,,, for UBE tests for: (a) glass plain weave fabrx). $elf-reinforced

polypropylene plain weave (c) co-mingled twill weafabric.

The corresponding experimental shear force versearsangle curveé,:s,(@) are initially

approximated from the axial Ioa&m(H), using Eq (2.4). A9 degree polynomial fit of the

experimental shear compliandésé coefficients of the UBE wrGF and cgPP results was

produced as illustrated in Table 2.4.
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Table 2.4. The experimental shear compliariée8 9" degree polynomial fits' coefficients of the UBE
wrGF and cgPP

Fs0

Coefficients WrGF cgPP

1 -1.62E-23 2.50E-12
2 4.14E-21 -6.46E-10
3 -4.28E-19 6.79E-08
4 2.33E-17 -3.78E-06
5 1.64E-07 1.22E-04
6 -2.02E-05 -2.32E-03
7 9.44E-04 2.55E-02
8 -1.82E-02 -1.50E-01
9 1.63E-01 4.58E-01
10 0.00E+00 1.97E-02

d) BBE test kinematics

The theoretical shear angle versus the measured ahgledy, (calculated using Eqg. (2.3))
versusfmp for the two specimen geometries are shown in Bigot 3:1 geometry and in
Figure 2.14 for 4:1 geometry. In Region A of botfiesimen geometries, the kinematics are
close to ideal in Figures 2.13 and 2.14a, i.e.ither-tow slip mechanism depicted in
Figure 2.6a is prevented from occurring by firmnetang of the specimen. Image analysis
above 50° for wrGF and cgPP and 10° for srPP wapertormed because force results
were unreliable beyond this shear angle due tadadaring (see Section 1.9). Again there
Is a noticeable difference in the kinematics of tree fabrics. The kinematics in Region
A are close to ideal conditions for the first 26f shear in self-reinforced polypropylene,
and for the first 50of shear in the dry glass plain fabric and co-ri@ddwill weave fabric
(see Figure 2.13c). However, the measured shede afighe co-mingled twill weave
fabric (3:1 BBE with 5N transverse force - Figurel3) is slightly higher than the
theoretical shear angle. This might be due to gyenanetric tensile behaviour in the warp

and weft directions, the heavier fabric’'s greasistance to the sudden changes of in-
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plane tow direction, or assumption that the stmactf twill fabric is more deformable than

plain weave architectures.

On the other hand, there is a noticeable similanityhe kinematics of the 3:1 BBE and 4:1
BBE for the dry glass plain fabric and self-reirdfed polypropylene as shown in Figures
(2.13 and 2.14). Both are close to ideal kinematusthe measured shear angle for 4:1
BBE of self-reinforced polypropylene with 100N tsaerse force (Figure 2.14b) is slightly
lower the theoretical shear angle. This might be wuthe out-of plane buckling that takes

place even when high in-plane tension is applied.
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Figure 2.13. Shear angle kinemati@sy(versusdy,) for 3:1 BBE tests using for the: (a) glass plagave

fabric. (b) Self-reinforced polypropylene plain wedabric (c) co-mingled twill weave fabric
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Figure 2.14. Shear angle kinemati@g,(versusdy,) for 4:1 BBE tests using for the: (a) glass plagave

fabric. (b) self-reinforced polypropylene plain wedabric

The onset of wrinkling was determined by the bagking technique as shown in Figure
2.15 and 2.16. The corresponding shear angle veas filotted versus transverse load in

Figure 2.17. As with the uniaxial tests, the wringl onset can also be determined by
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examining the length of lines drawn on the surfatéhe specimen, e.g., the length ratio
L"m=L'mp Figure 2.18 and 2.19 show this ratio as a functibdy, for the BBE test 3:1

geometry for glass plain weave fabric, self-reinéat polypropylene plain weave fabric
and co-mingled twill weave fabric and for the BRistt4:1 geometry for glass plain weave
fabric and self-reinforced polypropylene plain wedsabric. Again Figures 2.18 and 2.19

show noticeably different behaviour of the ratig, /L,, for the three fabrics. In Figure

2.18, high shear angles up to>&@ere obtained for dry plain glass fabric withoutnkles
but according to the force graphs (Figure 2.228,fabric pulled apart much earlier and
this might be the cause of wrinkling postponemeEnt. self-reinforced polypropylene plain
weave fabric, shear angles up td Wkere obtained and, for co-mingled twill weave fapr
shear angles up to 22vere obtained before the onset of wrinkling. Ie thtter case, the
fabric does not pull apart but it wrinkles. Thisghi be because this material is much
thicker and heavier than the other two materialbiclv require much higher in-plane

tension in order to avoid wrinkles.

Figure 2.19a and 2.19b shows similar trend to Eigud8a and 2.18b, shear angle up to
59° was obtained for dry plain glass fabric beforedheset of wrinkling (see Figure 2.19a)
and up to 11 was obtained for self-reinforced polypropyleneipleveave fabric (see
Figure 2.19b).

(@) (b) (©) (d) (e) ()

Figure 2.15. Backlit images showing onset of wiiimdglin BBE tests. Specimen dimension and transverse
force are given in each of the images. (a)—(c)aspond to the 3:1 specimens, (d)—(f) corresporideta:1

specimens. wrGF
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Figure 2.16. Backlit images showing onset of wiiimdglin BBE tests. Specimen dimension and transverse
force are given in each of the images. (a)—(c)aspond to the 3:1 specimens, (d)—(f) corresporideta:1

specimens. srPP
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Figure 2.17. Wrinkle onset angle versus transvimse for the two geometries of the BBE test arel WHBE
test for: for: (a) glass plain weave fabric (b¥selnforced polypropylene plain fabric (c) co-mied twill
weave fabric. As shown in the legend, techniquel8sgd points) is the wrinkle onset determined gisiire
L"/L' ratio and technique B (open points) is tmset determined using the transmitted backlightireghod
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Figure 2.18. Wrinkling across the specimen can baeitored using the ratib" ,;=L"n, versus,for 3:1
BBE results, the ratio increases with the growtbwfof-plane wrinkles for the (a) glass plain wedabric

(b) self-reinforced polypropylene plain fabric @-mingled twill weave fabric.
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Figure 2.19. Wrinkling across the specimen can baitored using the ratib" ,,;=L", versus,for 4:1
BBE results, the ratio increases with the growtbwfof-plane wrinkles for the (a) glass plain wedabric

(b) self-reinforced polypropylene plain fabric.

The onset of wrinkling is again indicated by therease of the ratio above unity, and the
corresponding shear angles are also compared iare=ig.17. For the purpose of

comparison, results from the UBE tests are alsavehio Figure 2.17. The data show a
clear and significant increase in the shear angteeaonset of wrinkling as the transverse
load is increased. The two methods for determiniggvalue of the wrinkle onset show

similar trends, though the ratio methbteL' is shown to be a more sensitive technique
than the transmitted backlighting method that is agor dry glass plain weave fabric and
self-reinforced polypropylene plain weave fabris for the specimen geometry, there is
no notable difference between the two geometrieddtermining the wrinkling behaviour.

It is interesting to note that PF test resultsrgfglass plain weave fabric indicate the same
wrinkling angle as BBE tests conducted using trars loads of at least 50 N, i.e. around
60°. As no pre-tension was applied to the PF tsipte, this indicates that in-plane fibre

tension increases during the course of the PFd#sttively suppressing the occurrence of
wrinkles. The reason for this is discussed at leng{43-45].

Finally, Figures 2.20 and 2.21 shows the relatigpssibetween the ratios,~=L'y and
Cmt/Ciy, and the anglé,, for a BBE test geometry of 3:1 and 4:1 respecjivesing glass
plain weave fabric, self-reinforced polypropyleraip fabric and co-mingled twill weave
fabric. Once again, a reduction of the ratif,=L"y, below unity indicates an absence of
inter-tow slip in Region A, and a shortening of tineplane length of the tows due to

increased crimping in glass plain weave fabric ael-reinforced polypropylene plain
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fabric (see Figures 2.20 and 2.21). However, thie ta.~=L" fluctuated around unity and
increased a little at the end of the curves fordteningled twill weave fabric (see Figure
2.20c). This might be due to a presence of intarglp. Crossover sligCmy/Cuw, iS seen to
be much more pronounced in the biaxial tests coetptr uniaxial tests (see Fig 12), due
to the higher forces involved. It is also highethe 4:1 specimen than in the 3:1 specimen,
indicating improved specimen integrity as the smeti side length/clamping length ratio
decreases (see Figures 2.20 and 2.21). As expdttedamount of cross-over slip is

directly related to the size of the transversedapplied to the specimens.
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Figure 2.20. Inter-tow slip and tow contraction doerimping can be monitored using the ratig,=L",
while cross-over slip in Region C can be monitausihg the ratioC,,/Cy, versusd,for 3:1 BBE specimen
tests for: for the (a) glass plain weave fabricqglf-reinforced polypropylene plain weave fabiy ¢o-

mingled twill weave fabric
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Figure 2.21. Inter-tow slip and tow contraction doerimping can be monitored using the ratig,=L"y,
while cross-over slip in Region C can be monitausihg the ratioC,,/Cy, versusd,for 3:1 BBE specimen
tests for: for the (a) glass plain weave fabricqglf-reinforced polypropylene plain weave fabgy ¢o-

mingled twill weave fabric.

2.4.4 Analysis of BBE force results

During BBE tests, the total signal recorded by Ibadcell, Fy, is comprised of four

different contributions:
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F =F,+F +F +F (2.5)

whereF, is the material deformation fordg, is the reaction force due E, the transverse
load. F; is the frictional resistance of the system &ng is the force due to misalignment
of the sample in the test set-up. Three repea teste conducted and their averages were
reported for each of five transverse loads: 5,587,75 and 100 N for glass plain weave
fabric and self-reinforced polypropylene plain wedabric and 5, 27, 50, 75 and 100 N for
co-mingled twill weave fabric (see Figure 2.22 8t BBE and Figure 2.23 for 4:1 BBE)
error bars indicate standard deviation. SiRgencludes various force contributions, it is
important to determin&, from Fr. To do this, other contributions should be deteedi

and then subtracted froRy. Such procedures are described in Subsectiors &d.5.7.3.
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Figure 2.22. Total forcds, versus shear anglé,, before removing the contribution from the transeer
loads for 3:1 specimen tests. The applied traneveesds are given in the legend: for the (a) giéais

weave fabric (b) self-reinforced polypropylene plaieave fabric (c) co-mingled twill weave fabric.
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Figure 2.23. Total forcds, versus shear anglé,, before removing the contribution from the transeer
loads for 4:1 specimen tests. The applied traneveexls are given in the legend: for the (a) giéais

weave fabric (b) self-reinforced polypropylene plaieave fabric
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a) Determining the reaction force F,

For ideal kinematicd;; can be related tB. analytically by considering the stress power of
the system [55]. If the side length of RegionlLA,is known, the only information required
to determineF, is dy, the vertical displacement of the test machinessinead (note that
herex indicated the horizontal direction agdndicates the vertical direction). By referring

to Figure 2.24 and using trigonometry it can benghthat,

d
Y= CO{E_QJ —-L' CO{l—Tj (2.6)
2 4 2 4

Figure 2.24. Construction lines showing idealisggtiatics superimposed over image of actual test
specimen. The change in the orientation of thesltmnecting the transverse loads to the siddweof t

specimen is indicated by the angle

Differentiating Eq. (2.6) with respect to time, g8z

. (mT @
=@L'sin ——— 2.7
v, |r(4 2) (2.7)

where vy is the vertical velocity of the test machine chessd. Similarly, using

trigonometry it can be shown that

9y = L’co{ﬁj - L'sin(ﬂ—gj (2.8)
2 4 4 2

where dx is the horizontal displacement of the simi@er of Region A. Differentiating Eq.

(2.8) with respect to time, gives,
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v, =6l co{z—gj (2.9)
4 2

where vy is the horizontal velocity of the side corner oédion A. If zero friction is
assumed in the pulley wheel, then the force exdrethe fishing-line is simpl¥.. In the
ideal case, the force acting on the side corneRegion A is directed co-linearly along the
direction of the fishing-line. By resolving bothetlvelocity of the side corners, and the
tensile force acting along the fishing-line, intamd y components, the power exerted in
moving the transverse load can be calculated andted with the power required to pull
the crosshead, i.e.

\Y : \
Fv, =2F_ cosa.—* + 2F_ sina .-~ (2.10)
rVy c 2 c 2

where the angle that the fishing-line makes withhbrizontalp, can be found as

d

a = arcta Y 2.11
'EZD + dXJ 1)

where the lengthD, is horizontal distance between the centre ofpiiieey wheel and the

corner of Region A (see Figure 2.24). Rearrangigg(E.10) gives

F = F{ﬁcosa +sinaJ (2.12)

Vy

As expected, whem = 0, Eqg. (2.12) predicts, = F.. However, when testing actual
specimens Egs. (2.11) and (2.12) are no longer \eithe specimen undergoes only a
rough approximation of ideal kinematics, as showrSection 2.4.4 (a). Thusy can no
longer be derived frondy, and the upward velocity of the centre of the speci is no
longer given byw/2. This means that the horizontal and vertical sigfocomponents of
the side corner of Region A have to be measuredgusnage analysis. To distinguish
actual quantities from ideal ones, a * supersdsipised, i.eD’, dy, d'y, Vx andv y, for the
motion of the side corner of Region A. These quistiare obtained by measuring the
displacement of the side corner of Region A inxtady directions as a function of time,
fitting polynomial functions and then differentiagi these functions. The resulting
polynomials for the displacements and velocities tteen be introduced in Eq. (2.13) and
(2.14) to determiné&,, i.e.
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F = FC(V X cosx +ﬂsinaj (2.13)

q
D+ *x] 12)
b) Determining the friction force, F¢

Using a stiff four-truss linkage with no frictiom the joints (achieved by inserting a square
linkage of carbon yarns) the reaction for€e, due to the transverse load,;, can be
measured. Any difference between the theoretieiption and the measured force can be
assigned to friction in the system and is maintgitaited to the friction of the pulley wheel
bearing. This friction was characterized for seveemsverse loads;, as a function ofl,

thereby producing a polynomial surface plotFe(see Figure 2.25).
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Figure 2.25. Polynomial surface fit of the frictiarce as a function of the transverse load andstread

displacement. The friction force is used in Eq.t¢4)ind the material force.

A polynomial fitted to this surface using Matlab®'given by Eq. (2.15). Results for this
set-up suggest thd&i; is only a small percentage of the total signad,,e<4% for 5 N

transverse force, <10% for 50 N transverse foreck<drb% for 100 N transverse force.

F, =—066+ 7.8x107°F_ + 7.9><10_2dy

(2.15)
+38x10™*F2 +30x10™*F.d, - 12x107°d?

whereF; is the friction force in the pulley§, is the transverse force aniis the axial

displacement. OncE; known, it can be subtracted frdf, see Eq. (2.5), leaving onBy,
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and Fnis as unknowns. Here we assume the misalignment,fétge for both specimen
geometries, can be neglected. Future work is pthtmeheck this assumption. Finalfy,
versusfmp curves for the various transverse loads are gwdtigures 2.26 and 2.27. The
results reveal a strong shear—tension coupling amedof very similar form to those
predicted numerically in [53]. The correspondingpestmental shear force versus shear
angle curvesF! («9) are initially approximated from the axial Ianﬂ(H), using Eq (2.4).
The superscript is the experiment number € 1 to 5) with each experiment using a
different transverse load € 1 corresponds to 5N&2 corresponds to 37 or 50N etc). B 9
degree polynomial was used to fit the experimesttialar compliancE's-6 coefficients of
the BBE 3:1 test. The wrGF and cgPP results wesdymed, as illustrated in Tables 2.5

and 2.6 respectively, for further use in the FE atoal simulations.
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Table 2.5. the experimental shear compliari€e® 9" degree polynomial fits’ coefficients of the BBEL3:

wrGF with different transverse forces

Fs0
Fe(N)

Coefficients 5 27 50 75 100

1 1.04E-12 1.35E-12 2.35E-12 1.95E-12 -1.60E-12
2 -3.23E-10 -4.71E-10 -8.43E-10 -7.61E-10 4.40E-10
3 4.12E-08 6.41E-08 1.17E-07 1.12E-07 -4.67E-08
4 -2.79E-06 -4.49E-06 -8.32E-06 -8.47E-06 2.26E-06
5 1.09E-04 1.78E-04 3.34E-04 3.62E-04 -3.98E-05
6 -2.49E-03 -4.08E-03 -7.68E-03 -8.94E-03 -3.34E-04
7 3.17E-02 5.17E-02 9.78E-02 1.22E-01 1.91E-02
8 -2.03E-01 -3.29E-01 -6.20E-01 -8.27E-01 -1.87E-01
9 6.92E-01 1.20E+00 2.15E+00 3.19E+00 2.84E+00
10 -5.06E-02 0.00E+00 0.00E+00 1.03E-01 -6.54E-03

Table 2.6. the experimental shear compliaried 9" degree polynomial fits’ coefficients of the BBEL3:

cgPP with different transverse forces

Fs0
Fc(N)

Coefficients 5 37 50 75 100

1 -3.20E-14 3.51E-17 3.12E-17 2.71E-17 2.32E-17
2 8.19E-12 -1.33E-14 -1.17E-14 -1.01E-14 -8.59E-15
3 -8.44E-10 2.51E-12 2.22E-12 1.93E-12 1.64E-12
4 4.36E-08 -3.09E-10 -2.72E-10 -2.34E-10 -1.96E-10
5 -1.08E-06 3.33E-08 2.97E-08 2.60E-08 2.23E-08
6 4.05E-06 -2.56E-06 -2.18E-06 -1.79E-06 -1.41E-06
7 6.17E-04 3.13E-04 2.92E-04 2.70E-04 2.49E-04
8 -7.58E-03 2.76E-03 6.92E-03 1.11E-02 1.52E-02
9 2.78E-02 3.87E-01 7.84E-01 1.18E+00 1.58E+00
10 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
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Figure 2.26. Material forcé;,,, of 3:1 BBE as a function ifi,,;, for various transverse loads;(= 5, 37, 50,
75 and 100 N for glass and self-reinforced plaiaweefabrics ané. = 5, 27, 50, 75 and 100 N for co-
mingled twill weave fabric) for the (a) glass plaweave fabric (b) self-reinforced polypropyleneiplaeave

fabric (c) co-mingled twill weave fabric.
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Figure 2.27. Material forcé;,,, of 4:1 BBE as a function ifi,,, for various transverse loads.(= 5, 37, 50,
75 and 100 N for glass and self-reinforced plaiaweefabrics) for the (a) glass plain weave falvicself-

reinforced polypropylene plain weave fabric

Test data obtained using the 100 N transverseldeadme unreliable at high shear angles
due to tearing of the specimens and demonstratdirthts of the test technique. To
quantitatively compare the size of the coupling hwithat measured in previous
investigations, the ratio of the material fordg, of glass plain weave fabric and co-
mingled twill weave fabric, at 10° and 20° for 8@ specimen is calculated and given in
Table 2.1. The force per unit length is estimatgdlividing the transverse force by the
clamping length along the edge of the specimenoslng to Table 2.1 and referring to

results of [53] an increase in applied in-planesiem by a factor of 23 (i.e. 0.163/0.007)
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results in an increased shear force of about 1@stiat 10° and 20 times at 20°. In the
current investigation, an increase of in-plane itemdy a factor of 20 results in an
increased shear force of 23 times for glass plaaws fabric and 25 times for co-mingled
twill weave fabric at 10° and 36 times for glasaiplweave fabric and 41 times for
commingled at 20°. Considering the rough approxwnatused in this comparison, the
agreement is reasonable and provides experimeatidhtion of the multi-scale modelling

strategy employed in [53].

2.5 Comparison of PF, UBE and BBE test results

In Figures 2.28 and 2.29, normalised material foeseilts versus measured shear angle of
BBE tests with a 5 N transverse load have been acedpwith PF and UBE test results
using side length and energy normalisation metbodhie three materials.
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Figure 2.28. Normalized load as afunction of thesueed shear angle of the PF, UBE and BBE tesks wit
the latter using a transverse load of 5 N. Thestlests are normalised by the side length of Regjida)
glass plain weave fabric (b) self-reinforced potpylene plain weave fabric (c) co-mingled twill wea

fabric.

60



500 225 S S 12000

o 200 = , —r
UBE energy norm 11— enerey norm
400 — UBE energy norm 175 —BBE4:1 gri’ergynorm, 10000 ggss-l f:er;ynorm
—BBE 3:1 energy norm — BBE 3:1 energy norm -
§ 300 —BBE 4:1 energy norm 150 "S\ 8000 """""
= 125 RN
< S 100 2 6000
g 200 < .
S / A & 4000
100 74 i 2000 /
A 25 vy
0 £ 0 o L /1////
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
0,9 O (9 0, (9
(a) (b) (©)

Figure 2.29. Normalized load as a function of treasured shear angle of the PF, UBE and BBE te#ts wi
the latter using a transverse load of 5 N. Twoedéht normalisation procedures have been useded9$ t
normalised by the side length of Region A while tHeE and BBE tests are normalised using an energy

method described in Harrison, et al. [56], [67]diss plain weave fabric (b) self-reinforced pobgylene

plain weave fabric (c) co-mingled twill weave fabri

PF results of glass plain weave fabric and setffoeced polypropylene plain weave fabric
represent the average of the lowest three residts(nallest shear force) among six repeat
tests for glass plain weave fabric and three refeesas for self-reinforced polypropylene
plain weave fabric. Three of the repeat sampleshef glass plain weave fabric were
discarded due to obvious contributions of clampednolary effects to the measured force.
On the other hand, UBE results of co-mingled twidave fabric represent the average of
the lowest three results [42, 46]. This clear défee in the wrGF and cgPP material
behaviour could be attributed to the structure ranging pattern. To compare the force
results of the three different tests, a normalsatechnique has to be used. In Figure 2.28,
the data are normalised simply by dividing with ®ide length of Region A, while in
Figure 2.29. an energy normalization technique kdpesl in [55, 67] (which does not
account for a shear—tension coupling) is applietheoUBE and BBE results. The latter
technique aims to account for the contribution&®kegion B to the measured force, and it
produces accurate results as long as shear—tecsigiing effects are negligible. This is
seen to be the case for the PF and UBE tests ashiear angles, where the data produces
an almost perfect match. As the shear angle ineseabove 25° in glass plain weave
fabric, the UBE test results increase at a fast#r, probably due to the steadily increasing
in-plane tension in the fabric of the UBE testcbmtrast, glass plain weave fabric tows in
the PF test are ‘shielded’ from tensile stresseshbyside bars of the PF, at least in the
absence of misalignment or crimping effects [43k0iAthe UBE test results in co-mingled
twill weave fabric increase at a slower rate thiam PF results. This might be due to a
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presence of misalignment or side boundary conditibect [42, 46]. The BBE test results
of glass plain weave fabric show a significantetiéince from both the PF and UBE tensile
data. This is due to the higher in-plane stresgpsreenced by the tows in the samples, as
a result of using a 5 N transverse load and lasgerspecimens. On the other hand, the PF
test results of self-reinforced polypropylene plaave fabric and co-mingled twill weave
fabric demonstrate a considerable raise over ther divo tests results, and this might be as
a result of misalignment and rigid boundary comditeffects. Thus, it can be seen that for
low in-plane stresses, the results of the threts ta® close but quickly begin to diverge as
the in-plane tension in the fabric increases, whghio be expected if a shear—tension

coupling exists.

The normalised results of material force versusswesl shear angle of the BBE tests
using a 5 N transverse load, the PF method, and)Bte test, based on side length and
energy normalisation methods for the co-mingledlltwieave fabric has been also
compared against the normalised results of PF a@BH tésts conducted by [41] for the

same material (see Figure 2.30).
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Figure 2.30. Comparing the normalized load as fonatf the measured shear angle of the PF, UBE and
BBE tests with the latter using a transverse |d&l W that obtained in this work (colour curvesparst the
benchmarked results in [41]. (a) the three testmatised by the side length of region A (b) PF testlt
was normalised by side length of region A and tiBElnd BBE test results were normalised using an

energy method.
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The UBE and BBE test results for the two normalsatechniques were located within
the same range of the benchmarked results (seeeR2g80a and 2.30b). However, there is
a significant gap between the current normalisedrd®alt and the benchmarked results
[41]. The reason for this large discrepancy isrityethe strict boundary condition of the PF
device where it has been found impossible to prepegtension and tow meander when

fixing a given sample to the PF rig [44, 45].

2.6 Conclusions

BBE testing is shown to be an accurate method afagdterising wrinkling onset and fabric
shear compliance versus in-plane tension for wovierxial engineering fabrics. Such
characterisation is extremely difficult to condugding regular PF or UBE tests. The
technigue requires a very simple experimental satupanalysis can be performed using
freely available image analysis software. Two mdghof monitoring wrinkling have been
demonstrated: observing changes in the transmhisexklighting intensity through the
samples and by analysis of tracer lines markedherspecimens prior to testing. Results
show similar trends: an approximate doubling of wWrenkle shear angle with increasing
in-plane tension. The transmitted backlighting msiey has been found to be less sensitive
than the analysis of tracer lines in determiningiding onset. The latter technique has the
added advantage of being useful for both transhi@g. glass, and opaque, e.g. carbon,
fabrics. A strong dependence of shear complianceireplane tension has been
demonstrated with the measured shear force inogdsi a factor of about 30 to 40 times
at a shear angle of 20° when comparing data mehsisiag a small (5 N) compared to a
high (100 N) transverse load. Comparison of shearef versus shear angle data with
equivalent numerical results generated by otheraretiers is good [50]. The test is a first
step towards a reliable method for parameter ifieation of shear—tension coupled
constitutive models [53] and can be used inverseljit out-of-plane bending stiffness
model parameters [32, 59]. Normalisation of resuli;ig an energy method [55, 67] for
comparison with PF and UBE tests, show the equicalef the tests when low in-plane
tensions are applied. Specimen geometry was foundnfluence the deformation
kinematics of the samples with the 3:1 specimerdihgl together better than the 4:1
specimen. The 3:1 specimen created larger shea f@rsus measured shear angle results
than the 4:1 specimen, despite being of smallat toka. It can be concluded that the BBE
test technique is an effective method of measusoty the fabric’s shear—tension coupling
and the onset of wrinkling, at least for plain we@&ngineering fabrics. However, a method
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of normalising the test results for any given samgéometry must be developed if the

unique underlying material response of the falsritoibe accurately characterised.
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3. Characterisation and Modelling
Variability of Tow Orientation in
Engineering Fabrics and Textile
Composite

3.1 Introduction

Variability of tow orientation is unavoidable foraxial engineering fabrics and their
composites. Since the mechanical behaviour of threderials is strongly dependent on the
fibre direction, variability should be considereddamodelled as exactly as possible for
more realistic estimation of their forming and isibn behaviour and their final composite
mechanical properties. In this study, a pre-exgstiomerical code implemented in Matlab,
‘MeshGen’ [68, 69] has been enhanced to introdume napabilities to model realistic
full-field variability of the tow directions acrodtat sheets of biaxial engineering fabrics
and woven textile composites. The original MeshGégorithm [68] is based on pin-
jointed net kinematics and can produce a mesh bitrary perimeter shapes with
variability in vertical and horizontal directionspitable for subsequent computational
analysis such as finite element forming simulatiaiile the shear angle in each element
is varied, the side-length of all unit cells withtime mesh is constant. This simplification
ensures that spurious tensile stresses are notagededuring deformation of the mesh
during forming simulations. The directional varidtli that can be generated from
MeshGen [68] is achieved by stretching the givershmeertically or horizontally, which
results in producing a mesh with unrealistic vahghi.e. the MeshGen [68] is unable to
simulate the actual variability characteristics ksuas wavy tows and variability with
normal distribution that mimic the inherent variapiin actual engineering fabrics and
their composite. Consequently, an improvement efdhisting MeshGen algorithm [68]
has been carried out here to obtain a means olpirgl mesh with realistic variability.
Variability is controlled using six parameters tlan take on arbitrary values within
certain ranges, allowing flexibility in mesh gerteya. The distribution of tow angles
within a pre-consolidated glass-polypropylene cosigo and commingled
glass/polypropylene, self-reinforced polypropylerend glass fabrics has been
characterized over various length scales. Repramuof the same statistical variability of
tow orientation as measured from these materialcsessfully achieved by combining

theVariFab code with a simple genetic algorithm.
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3.2 Review of Previous Work

Product variability and discard rates of manufaatugoods are closely related to the
inherent variability of the materials from whichethare made. Tow and fibres within
actual advanced composites inevitably containagtlsome degree of stochastic deviation
away from their ideal architecture. The developnwrdccurate process design tools that
can account for this type of variability is aimadeducing the cost of the pre-manufacture
assessment and optimization of parts by minimiglegign iterations and prototyping.
Variability in the architecture of advanced compesican be introduced at numerous
stages in the manufacture process such as weavingitohing of the fabrics, pre-
impregnation of prepregs, pre-consolidation of dagled thermoplastic textile
composites or handling and cutting of fabrics dfé tfabric roll. Understanding the
resulting inherent variability in the architectui® important in that it can influence
subsequent stages in the manufacture process. leamplude (i) variable infusion times
and flow front irregularities [70-72] and possilft@mation of dry spots due to variable
nesting [73] (ii) earlier wrinkling onset and vaia final tow orientations during sheet
forming [74-76] (iii) variable final mechanical grerties such as stiffness [77, 78]
compressive strength [79] or fatigue life [80] &g changes in physical properties such
as variable thermal conductivity [81]. The lengttale over which variability has been
characterized ranges from the entire sheet dovibr orientations at the micro-scale, and
the importance of considering not just global stats but also spatial correlations of

variability has been discussed [70, 75, 78].

Endruweit, et al. [71] and Endruweit [82] used mandigital image analysis to measure
tow directions across the surfaces of four differ&D engineering fabrics taken directly
from the roll, including a non-crimp fabric and ¢krwoven fabrics. Variability of tow
direction was correlated with the mobility of thebfic, a property related to the relative
spacing between tows. Normal distributions werenéhuhe loosely structured non-crimp
fabric showed the most variability with a standaeliation of 7.9 about the average,
much higher than for the two more tightly packetiadbness satin weaves and the plain
weave, with mean inter-tow angles and correspondtagdard deviations of 90.1 0.4,
89.4 +0.5 and 91.2 +1°7respectively. Automated and semi-automated Folinege
processing techniques have been applied in thegnétn of weave patterns [83] and to

analyse the spectrum of frequencies within theeflvaviness of uniaxial composites [77,
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84]. Characterisation techniques to analyse feldfivariability have also been developed
for both uniaxial composites [85] and textiles [8B]. Skordos and Sutcliffe [75] used a
combined Fourier transform and image correlatiopragch to investigate variability
across the surface of a carbon/epoxy 5-harnessnvonepreg. Fourier transforms of the
grey-scale image provided initial estimates of lotaw directions and subsequent
correlation techniques were used to refine thisrnegeé and characterize tow spacing over
small areas of just a few unit cells. By gatheiimigrmation for 460 samples taken from a
total area of 395 x 350 mm, they were able to usawdocorrelation method to pick out
long-range variations in tow directions acrosséhére area of the sheet. Gan, et al. [86]
recently developed a backlighting optical technidqaeinvestigate the variability of a
woven and stitched fabric, identifying the centrofdtow crossover regions using built-in
filtering techniques and a polar search algorittonldcate position and direction of
neighbouring cells. Measurements across a samgéeadrup to 100 x 100mm allowed the
determination of a full-field map of tow orientat® Data collection was approximately 50
times faster than equivalent manual analysis aneated standard deviations in warp and
weft orientations of approximately for the woven fabric and 2.5or the stitched fabric.
Stochastic variation in interlock 3-D weaves usimigro-CT has also been performed [78,
87]. For practical reasons, volumetric imaging tegbhes are usually limited to relatively
small specimen dimensions. Representative sampleasuring up to 8 x 25 mm
containing 5 warp and 12 weft tows were characteri87]. Meso-scale variations in tow
direction of up to Swere recorded while much longer-range misalignmemasured by

visual analysis, was much lower at around jdst 1

Measured variability has been incorporated intoutaions and analytical predictions
using a variety of techniques and at different terggales. For liquid infusion simulations
Endruweit, et al. [71], [81] used a Monte Carloheique to randomly assign variable tow
angles across the finite element mesh to indiviélerhents using statistics measured from
actual fabrics. The method ignored the continuityow direction between elements and so
was later replaced by an analytical method emptpymn spectral expansion of
trigonometric functions to implement spatial coatan of tow direction from one element
to the next [70]. For forming simulations, Long,at[74] used a Monte Carlo method to
introduce a Gaussian distribution with a standadation of 5 into the generator paths of
kinematic draping simulations. The technique autoraly ensured continuity in tow
directions across the part. The technique of inicoty variability during draping, as

opposed to beginning with an initial sheet contegnfull-field tow angle variability is
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subtly different to the actual forming scenario., ¥ al. [76] attempted to avoid this by
using the finite element method and adopted a ain@pproach to [71, 81]. However,
assigning the shear angle in a stochastic manmesedadiscontinuity and disturbances in
the tow-paths, leading to spurious tensile loadsnduforming simulations. Skordos and
Sutcliffe [75] used a two-parameter stochastic psscto generate a mesh with equivalent
global statistics and importantly, with equivalespatial correlations of tow angle
variability as those measured in experiments. drig has also been introduced into
simulations at the meso-scale [72, 78, 80] takinlyaatage of the development of
dedicated textile modeling codes. So far, thisalality has focused on representative
volume elements rather than long-range variabdityow paths. The aim of the current
work is to: (a) characterize the variability ofentow angles in a range of engineering
fabrics and (b) use the measured global statistiagproduce representative variability
with realistic spatial correlations, in meshes ahlg for use in finite element forming

simulations.

3.3 Material

Four materials have been analyzed in this investigaa textile composite and three
different engineering fabrics pccgPP, srPP, wrGiF@PP (see Table 2.2 and Figure 2.1).
Variability in these materials is analysed at dif& length-scales and, in particular for the
glass fabric, following various types of handlidjne square samples measuring 300x300
mm were carefully cut with scissors from each makerhe pre-consolidated composite is
frozen in place and so the cutting process hasitwence on tow distribution. The srPP
fabric has a small yield stress and high sheastasie at room temperature and likewise is
unaffected by careful cutting; both accurately espnt ‘off-the-roll’ states of the fabric.
The glass fabric is very compliant and cutting odtrces variability despite careful
handling. One set of nine samples cut from thesghaas carefully handled, and the
variability measured in these sheets is a comlnatf off-the-roll variability plus
variability due to careful cutting/handling. Thehet set was cut then intentionally
mishandled to introduce further distortions. In rdpiso, the specimen shape became
slightly irregular. These samples represent thaltre$ careless handling and can be used
to explore the full range of tow directional vaiildlp one might possibly see in composites

manufactured textile composites.
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3.4 Manual Image Processing and Statistical Analysi

In order to determine the statistical distributmfrtow angles, hand-drawn grids following
the tows of the samples (see Figure 3.1a) were tasddtermine the nodal coordinates of
the corners of each grid-cell, using an image amlgode Ifnage) [60]. Subsequently,
nodal and element matrices were input into a M&3tlatnde, generating a mesh consisting
of quadrilateral elements (see Figure 3.1b). Thydeaat the left bottom corner of each cell

was automatically determined and was output astadriam (see Figure 3.2).

(@) (b)

Figure 3.1. (a) Image of variability in an actu@bD3x 300mm textile sample (b) Image of the meshipced

from the Matlab code.
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Figure 3.2. Image of typical distribution of angfesm 1 of the specimens

Note that variability in the side length of the tueell is ignored [75]. This simplification is

required later when generating a regular mesh [daitéor pin-jointed net kinematics.
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Because the pccgPP, srPP and cgPP fabric wereistotteld by cutting, the statistics of
the 300 x 300mm samples could be used to prodwcdistribution for a ‘large’ sample
measuring 900 x 900mm. On the contrary, the cutprmacess influenced glass fabric
specimens. Discontinuities introduced in the spabarelation of the tows at the location
of the cut sample boundaries meant that statiftica larger sample of glass fabric could
not be determined from the statistics measured ftom smaller samples. Normal
distribution curves were fitted to the histogranfsatl fabrics and images of all the
specimens were further subdivided to allow analgsismaller length scales. In doing so,
the global statistical variability was charactedzes a function of length scale. For clarity,
only the fitted distributions representing the 90900 and 300 x 300mm sample sizes are
shown in Figure 3.3a, 3.3b and 3.3e while only36@x300mm sample sizes are shown in
Figure 3.3c and 3.3d.
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Figure 3.3. Shear angle distributions for (a) pdegp) srPP 'off-the-roll', (c) wrGF exposed to diary, (d)
wrGF 'off-the-roll' and (e) cgPP

Various simple metrics can be used to charactéresatatistical variability as a function of

sample area. Here the standard deviation of ther nméar-tow angle versus sampling area

is considered. The smallest sampling area usekignirnivestigation is the area of the unit

cells marked on the sheets, about 20 x 20mm focéneposite and the srPP fabric, 16 x

16mm for the glass fabric and about 12.5x12.5 mmcfyPP. The measured inter-tow
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angle of each cell is considered to be the meanevhdr that cell and so the standard
deviation of all the means at this length scakbésstandard deviation of all the cells in the
entire sheet (the red distribution in Figures 3338b and 3.3e). The largest subdivision of
the full sheet considered here is that of the 3@D8mm samples. The mean inter-tow
angle at this scale is given by the fitted disttidos for these samples. By subdividing the
300 x 300mm samples further into halves (dividimg $quares using horizontal divisions),
quarters and eights (again by dividing horizon)aliyhe standard deviation at several
intermediate length scales can be determined. ®Bef&ulthe srPP (Figure 3.4a), pccgPP
(Figure 3.4b), wrGF 'off-the-roll' (Figure 3.4c)dangPP (Figure 3.4d) fabric are plotted in
Figure 3.4 (blue points).
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Figure 3.4. The standard deviation of the meanrsiegle measured for several length scales. Thédesna
sampling area is that of the grid marked directiytiee textile. The largest is 11@f the total area of the
sheet. (a) srPP, (b) pccgPP, (c) wrGF 'off-the-amitl (d) cgPP

In order to have confidence in the statistical détas important to quantify any other
sources of variability that could be included ire tmeasurements. The total measured
variability is a combination of three distinct soes: (i) the error involved in determining
the nodal positions on the hand drawn grid, (i@ émror involved in tracing the tow paths
when drawing the grid and, (iii) the actual ‘reafariability inherent in the sample.

71



Determining the latter is the objective of the gsad, while the first two sources (i) and (ii)

are effectively ‘noise’ that can obscure the intthdheasurement.

To understand the relative importance of the nosapared to the desired measurement, a
simple, two-step experiment was conducted usingeacpnsolidated glass/PP specimen

measuring 300 x 300 mm.

Step 1: Determining the variability inherent in regang the nodal co-ordinates from the

hand-drawn grid. To do this, the same grid was tsedpeatedly determine the cell shear
angle statistics of the sample on five separatasions. As the sample is a solid composite
and the same grid was used on each occasion, ittee @l statistics should be reproduced
in each set of measurements. Thus, any varialilithe statistical results, such as in the
average shear angle of the sample, can be atwilengrely to source (i) as described

above.

Step 2: Determining the combined variability irgr@rin both measuring the nodal co-
ordinates from the hand-drawn grid and in drawimg grid on the sample. To do this, a
grid was drawn on the sample, the nodal coordinat® measured as described above
then the grid was wiped clean from the specimere piocess was repeated five times.
Variability in the statistical results, such astire average shear angle of the sample,
following this procedure is a result of both sowr€g and (ii) above. By comparing the
results of Steps 1 and 2 and also the statisisailts taken from different physical samples
(e.g. Figure 3.4), an understanding of both theaand the real sample variability can be
determined. Figure 3.5a shows the average sheb imngach grid-cell (numbered 1-120),
measured in Step 1 while Figure 3.5b shows the s#atee measured from Step 2. The
error bars indicate the standard deviation of theas angle calculated from the five
different measurements on a given cell. Resultsbsaanalysed at both large and small
length scales. At the large scale, the mean shagle adetermined from all five
measurements of the average shear angle acrospeianen is 97.571°. The standard
deviation of these 5 average results is 0.013°s Tdan be compared to equivalent
measurements of 97.724° and 0.164° determinedeap 3t As expected more variation
appears in Step 2 compared to Step 1. These staddaiations can be compared to those

measured between different physical samples; ferléhst variable material srPP this is
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around 0.4°, see Figure 3.4a while for the mostabée material pccgPP this is around
7.5°. Thus, for the larger area measurementsnibeastated that most of the measurement
noise comes from drawing the grid onto the specirren the least variable material this
noise is significant, contributing about 40% of tmeasured signal, while for the most
variable material the measurement noise is insgant, contributing about 2% of the
measured signal. Looking at the smaller scales diear from Figure 3.5 that the error in
determining the shear angle in any given cell iatirely large. The average standard
deviation in the cell shear angle measurementsdfauistep 1 is 2.23° whereas in Step 2 it
is 2.58°. This indicates that almost 90% of thesaait the smaller length scale comes from
source (i). This is apparent in Figure 3.1 whiclovgs the woven fabric and equivalent
mesh side by side, and reveals a similar but ineftacThis small scale noise is also
apparent in Figure 3.4, indicated by the sharpingée standard deviation at the smallest
length scales. The reason why this variability shas at the larger scale is that the error
cancels when averaged over larger areas. For egaiphe shear angle measured in one
cell is too large due to the in correct positionofga nodal point, this produces an equal
and opposite change in the shear angle in the beiging cell and, when angles are
averaged together, the error cancels. This meansatbrage shear angle taken over a
number of cells is insensitive to type (i) errohig explains why the standard deviation of

the average shear angle is relatively small whesidering larger areas.
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Figure 3.5. Statistical measurements of the sheglean cells 1 to 120 of a grid marked on a pre-
consolidated glass/PP specimen measuring 300 xn89(a) the grid was marked on the specimen onek, an
shear angles were determined 5 times (b) the gaglmarked on the specimen, shear angles were

determined, the grid was wiped off of the specintbha,process was repeated 5 times. Error barstin(ap

and (b) indicate the standard deviation of the &isneements in each cell.
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3.5 Automated Mesh Generation

A MatLab code MeshGen code [74] was designed taywe finite element meshes
consisting of mutually constrained truss elemergprésenting the high tensile stiffness
fibres) and membrane elements (representing thar gfireperties of the fabric) as that
described in [76], suitable for use in finite elethédrming simulations written previously
at the University of Glasgow, predominantly by [68he code is based on a kinematic
algorithm that uses the same geometry-based matitemas other pin-jointed net
kinematic codes [74]. The code produces variablbiyyintroducing variable horizontal
stretching/contraction of elements along the hariabcentreline of the mesh (see Figure
3.6a). In this section a brief overview of the ftiocality of this code is provided as
MeshGen provides the starting point for novel wodnducted on the topic of variable
mesh generation in this thesis. The MeshGen codébles to produce three blank shapes
(rectangle, circle and polygon) with regular (nai&haility) and irregular (with variability)

meshes using a range of orientations of the prateiaterial directions.

Figure 3.6. (a) Mesh with horizontal stretchingetdments along the centreline. In this instanceetieno
vertical perturbation of nodes along the horizontaitreline [68] (b) Mesh with both horizontal sttgng of
elements along the centreline and a vertical ateddbperturbation along the nodes of the horizcantd

vertical centrelines.

A mesh is generated from the origin outwards. Ftioislarge mesh a region with arbitrary

perimeter shape can be selected at arbitrary posif{see Figure 3.7).
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Figure 3.7. Selected regions that can be cut otiteofarger mesh

An enhanced version of the code has been develapddhamed Varifab. The Varifab
code produces variability by introducing additiopedrturbation of the nodes along the
length of the horizontal and vertical centrelinessshown in Figure 3.6b, which shows
clearly that the vertical and the horizontal cdiries are wavy, whereas the centrelines
shown in Figure 3.6a are straight lines. Furthgsromement on the Varifab code has been
carried out using simple genetic algorithm to awtoally reproduce the actual variability
measured from real textiles. The genetic algoritode name is Varifat. The starting
point for mesh generation performed in this thésithe MeshGen code [68, 69], though
significant enhancements to the code have since ioeglemented during this work. The
aim of enhancing MeshGen was to produce a softaapable of automatically predicting
realistic stochastic fibre angle distributions d$anito those reported in Section 3.5. The
first task was to understand the source code fosh@en written in the MatLab
programming environment. This proved challenging thuthe absence of clear supporting
documentation. Following study of the code, a sngbherent explanation of the theory
governing the original algorithm proved possiblee tatter is presented, together with a

description of the new enhancements implementédeishGen in this section.

The first enhancement of the MeshGen code performeithis work was to introduce

additional perturbations of the nodes along thegtlenof the horizontal and vertical

centerlines (see Figure 3.6b). The new code Vadtaleloped by the author was to reflect
the new variable nature of the meshes that coulprédicted using the code following the
enhancements performed in this work. Varifab preducariability by two methods (see
Figure 3.6): (a) by introducing horizontal stretgdficontraction of elements along the
horizontal centerline of the mesh [69] and (b) biyraducing additional perturbations of
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the nodes along the length of the horizontal antca centrelines. The intention is to use
these meshes in forming simulations such thatvtioedirections of material anisotropy are

aligned along the sides of the elements in the reagt{34, 75, 88, 89].

Perturbations of type (a) and (b) are transmittethé rest of the mesh via pin-jointed net
kinematics. Changing the amount of stretching, #s@damplitude and wavelength of the
perturbations can control the degree of variabilkdymesh containing this variability is

generated from the origin outwards. From this largesh a region with arbitrary perimeter
shape can be selected at arbitrary position (sgeréi3.7). This latter feature permits

further control of the variability within the mesh.

The follows subsections show the implementationghef two codes ‘MeshGen’ and
‘Varifab’. Implementation of stretching of mesh (Be5en), implementation of
perturbation of mesh by the author ‘Varifab’ andplementation of genetic algorithm by

the author ‘Varifab™.

3.5.1 Implementation of stretching of mesh in Meshén

The side length of the elements, and position of the perimeter of the mesh areabéas
input by the user. The degree of stretching/cotibmcalong the horizontal centerline is

also controlled by the user by specifying the dreddength, s, of elements at the centre
of the mesh (see Figure 3.8a). Note Waty, <2A . Coordinates of nodes on the

outermost upper left edge (indicated by filled jmmints in Figure 3.8) are determined
using Egs (3.1) and (3.2):
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Figure 3.8. Varifab’s geometrical parameters ofsatch of stretched sheet of fabric, (b) reguiat a

irregular fabric unit cell.
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whereX andY are arrays that are added to a matrix containlinfpeanodal coordinates of
the expanding mesh (see Figure 3r6)s the number of elements from the centre of the
blank to either the right, left, top or bottom edgehe mesh (e.g. in Figure 31654),i is

the node number when counting outwards from théreef the blank towards the outer
edge of the mesh along the vertical or horizontaeklmcentrelines (e.qn = 3 for those
nodes marked in red in Figure 3.3®)is an array containing the half lengths of the

horizontal diagonal element lengths (see Figurb)3.8
2a, :{(/JA _\/E/\)gkﬂ +\/§/\} (3.3)

b, is an array containing the half lengths of thetigal diagonal element lengths (see
Figure 3.8b):
/\2 -a 2

2, = | =" (3.4)

and ¢ is an array defined by Eq (3.5) which graduallgrdases the stretch/contraction of

the elements towards O when moving from the cdantsards the left corner of the mesh

k 2
£ = 1—(n—_1j k=0,1,--,n-1 (3.5)

where n=3. So far in this description, the horizontal andtical diagonals of the cells
(the blue lines in Figure 3.6) remain straightdieg to a limited degree of variability in

the resulting mesh.

3.5.2 Implementation of enhanced perturbation of me&h in VariFab

To increase the degree of variability, a perturlmatan be added to Egs (3.1) and (3.2).
The wavelength and vertical amplitude of the pesdtidn is controlled using a sinusoidal

function:
3 (t)= Asin(a,t) (3.6)

whereA is the peak amplitude of the perturbation andl controls the periodicity of the

perturbation. The value dfcan lie between 0 and 5 and controls the waveleafjthe

perturbation andyt is an array;
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@=—" k=012.j-1 (3.7)

of size equal to the number of all nodes within bienk (number of nodesp. The

perturbed X,y) coordinates of each node can be determined Ejsg(3.8) and (3.9)

X e = X, + Asin(awt) (3.10)
Yoo =Y, + Asin(a,t) (3.9)
where

X - X

0< A< e m'” l<awt<bm
10

whereXy andYy are coordinates of nodes across the entire mdsbhware determined by a

mapping technique once the upper left corner has lpenerated as described in Section

3.2.

3.5.3 Implementation of genetic algorithm to creat&/ariFab®*

An important goal of this work is to ensure thatriahility generated by the code
accurately reflects the actual variability measuiredn real textiles (see Figure 3.4). To
this end, ‘Varifaf™ has been designed using a genetic algorithm tmnaatically
reproduce the same statistical distribution andiapeorrelations of shear angles observed
in actual engineering fabrics and textile compasiteix parameters are explored by the
code including the stretched/contracted horizodiagonal lengthcoordinates for the
origin of the mesh and the amplitude and periodtr@ perturbation. According to
conventional genetic code nomenclature, any giwtroginput parameters is named an,
‘individual’, ‘chromosome’ or ‘state’ [90]. The cbmosomes are thus comprised of a
single row array including the parameters mentioradabve. Each individual in a
chromosome is named a ‘gene’ and is generatechdbma to lie within a predetermined
range. Determination of the best individual chroome from an arbitrary number of first
generation chromosomes (typically 50) is based elacion criteria that use so-called
‘fitness’ or ‘objective’ functions [90]; see EQgs.1® & 3.11). These functions are used to
reproduce a blank with the same statistical globaktions as the measured data. The first

fithess function is based on the mean inter-toweaagross the sheet:
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b | (3.10)

where FT ,, is the fitness function of the mean of the angl®ss the sheetnu , is the

measured mean across a given specimennagds the predicted mean for a mesh of the

same area. The second function is based on thdasthdeviation of the means measured

at various length scales, as discussed in Sectton 3

I |std ,, —std , | (311
std ‘ std ‘

m

whereFT ., Is the fitness function for the standard deviatbthe mean inter-tow angle
for a given sampling areastd ,, is the measured value of this quantity a‘ﬁdp is the

predicted value of this quantity. By summing th@dss functions (Eqs 3.10 & 3.11) the
best individual is selected by choosing the oné& wie smallest total value, a reproduction
techniqgue known as the Mutation technique [90].shswn in Figure 3.9 the red spot
indicate the statistics that obtained from chargitey the variability (the standard

deviation of the shear angle as function in themwahe shear angi#d = f(mu,)), the

blue stars are the first generation chromosomesgteen stars are the updated second
generation chromosomes and the small yellow spetshe discarded second generation
chromosomes. The second generation chromosomekeapng updated until the two
criteria are satisfied (Figure 3.9). The time ohwergence is based on the number of
stopping criteria and the complexity of the problefine flow chart of ‘Varifaf™ is

shown in Figure 3.10.
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Figure 3.9. First and second generation chromos@eesration and updating
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Figure 3.10. Flowchart process of Vari€ab

In this work, two fitness limit criteria have beeonsidered, Egs. (3.12 & 3.13).

FCppy =|mu,, = mu,| (3.12)

FC,, = ‘stdm - stdp\ (3.13)

whereFCp, is the criterion of the mean afCqis the criterion of the standard deviation.
Egs (3.11 and 3.13) can be used to incorporate atatass various length scales. When
analyzing the large 900 x 900mm sheets of glasstBRposite and srPP fabric,
convergence has been obtained when up to 3 fifnessons have been used in any one
simulation. In each case, two primary fitness fiomg, Eq (3.10) and Eq (3.11), involving
data measured at the smallest scale, have beentogether, with one more fitness

function also based on Eq (3.11) but using datasored at a larger scale [90-96].

81



3.6 Comparison of experimental and numerical resu$t

Comparison of experiment (Figure 3.4) and numempcatlictions is shown in Figure 3.11.
Excellent agreement (< 0.066 % difference in gldatistical measures) is achieved when
the two primary fitness functions plus & 3itness function, based on the standard
deviation of means of the 300 x 300, or 300 x 150sampling sizes, is used. When tffe 3
fitness function is based on smaller sampling sid&® x150mm or 150 x 75mm) the
convergence is less accurate. Comparison betweenglidss/PP composite and two
predictions is shown in Figure 3.12. Results shawilar long-range correlations in the
variability, with the glass/PP composite possessingavelength and amplitude of about
900mm and 25mm while the two predictions have wenvgths and amplitudes of 660mm
and 23mm and 1160mm and 36mm, respectively. Eraps lstandard deviation of 4
measurements) show both these parameters varysatressheets. Results demonstrate
that the pin-jointed net kinematic coupled with thebal statistics imposes a strong
restriction on possible deformations, resultinghe prediction of realistic tow orientations
across the sheet. As more fitness functions aredadbe code becomes more deterministic
and convergence becomes more difficult. To comgendarther possible modes of
deformation could be added to the code, for exanipjeusing a spectral expansion of
several arbitrary wavelengths and amplitudes terdghe the perturbation. This would
allow the simultaneous use of more target functitmsapture more information. More

deformation modes would also improve the convergemhis is deferred to future work.

% 25 ( ) % 8.1 (b) T
a L —
é 2 gefee] e Experiment [~ _§ 78 [ i Experimenti‘ =
S 15 { - Predicted | S — [ * predicted |
g3 &3 |
-EE 1 5 =75 [ R
(3] © im i
2 05 T - A _r% 7.3 .
© * H
a0 aogq B2
0 0.02 0.04 006 008 0.1 0 002 0.04 006 008 01
Area (m2) Area (m2)
3.5 3.5 C
G " _— G
5 2.8 (c) + Experiment 5 2.8 (d) + Experiment
% 2 2.1 - = Predicted % @ 21 = Predicted
o g ] o3 =
D= 14| ¢ e . v TZ= 14 =
@ © * -
E £ : !
§ o7 § o7
n 177]
0 0
0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1
Area (m2) Area (m2)

Figure 3.11. The measured results (Figure 3.4) ematpaginst the predicted results (a) srPP, (gpe¢(c)
wrGF 'off-the-roll' and (d) cgPP
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using the two primary functions with th& Based on the 300 x 300mm sample size.

As a second comparison, Figure 3.13a shows a nmeslicfed using statistics measured
from one of the mishandled 300 x 300 mm glass speas (see Figure 3.3d), for which
the mean inter-tow angle is about 10Bigure 3.13b shows the comparison between the
measured and fitted statistics (circular point®)ngl with the statistics of the predicted
mesh (blue line). Good agreement between the mecsund predicted variability is again
achieved. Repeating simulations produces differe@thes but with equally good fits to

the measured statistics.
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3.7 Semi-Automated Image Processing Method

3.7.1 Introduction and Review of Previous Work

The manual image analysis discussed in Sectiorof3tbis chapter is a time consuming
technique because the three steps of the manuedégue for 300 x 300 mm specimen
consume the following time: hand-drawn grids foliogv the tows of the samples (see
Figure 3.1a) take about one hour, determining tidahcoordinates of the corners of each
grid-cell (using e.gimageJsoftware [60]) take about 45 minutes, and gensgatie nodal
and element matrices take about 30 minutes. Toedserthe effort and time, and to
increase the accuracy, automating this procesedsssary. A few researches related to
this problem have been carried out previously 86,

The technique that was used by Skordos and Setdlif] to determine the orientation
variability across the surface of a carbon/epoxpaBiess woven prepreg can be
considered as a semi-automated technique, sineg fiave been drawn (on the centre of
each image of the four hundred and sixty images @8x20 grid with 15mm spacing
images), and superimposed on the tows at the cehttee images as the first step. Then
the orientation was obtained automatically using Fourier transform approach. Fourier
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transforms of the grey-scale image provided inigstimates of local tow directions, and
subsequent correlation techniques were used toerdfiis estimate and characterise tow

spacing over small areas of just a few unit cells.

On the other hand, Gan, et al. [86] used a fulljormated method to investigate the
variability in tow orientations, tow width and togpacing of three types of composite
reinforcements: randomly orientated chopped straatl, a balanced plain weave fabric
and a biaxial stitched fabric. The method is basedonverting the colour images to gray-
scale images (in which the pixels are within thegeaof 0 - 225) to simplify the process,
and then partitioning the source intensity (themsity of the whole image) to transmitted
intensity and blocked intensity using the gray shreommand available in Matlab. The
transmitted intensity is the bright intensity oétbpaces between the tows and the blocked
intensity is the darker intensity of the crossedsoFrom the blocked intensity of the tow
cross-over regions, the tow orientation were deitggthby considered each tow cross over
region as one separate node, and then the spataltation was determined from the
position of the adjacent nodes as shown in Figuréc3

@ o) (©
// s 6 ..O
../ P @
e V/,—// /
Szm: _____ // L ®
//

Figure 3.14. Procedures for determining tow widgrgcing and orientation automatically (a) a greglesof
plain weave fabric, (b) subtracting the cross-aegions and determining the tow width and spadicigThe

nodes obtained from the tow cross over regions.

In this work, a semi-automated method has beenlaje®e to reduce efforts and time, and
to increase accuracy. A numerical code, ‘PreMelshg been written within Matld to
characterize full-field variability of the tow doBons across flat sheets of biaxial
engineering fabrics and woven textile compositdge flame semi-automated comes from
the fact that the step of determining the coordisait each corner of each unit cell (see
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Figure 3.1a) and the step of generating the nodaldmnates of the corners of each grid-
cell are automated and takes about one hour to lebengHowever, the step of drawing
points rather than lines is a manual process tha$ fPaint software [97] as described in
Section 5.1 of this chapter (see Figure 3.15). &ltfh there is no significant difference in
the time duration between the two methods, the -seit@mated method saves effort in
determining the coordinates at each corner of eadhcell, and the step of generating the

nodal coordinates of the corners of each grid-cell.

The periodic structure of engineering fabrics lkeg element for characterising variability
based on detecting the edges of each unit celgusilyge detecting methods [98-100]. In
order to do this, an edge detection operationtisdiced in the '‘PreMesh’ Matlab code.

While some fabrics show large contrast when phafoiged, making it possible to view the
textile architecture easily, others show much lelsgious patterns, as shown in Figure
3.15. For the fabric shown in Figure 3.15a the ati@rization process of the orientation
variability might possibly be fully automated ithe coordinates of every unit cell might
possibly be detected through edge detection. Honvetteer types of fabrics are much less
distinct showing no clear periodic structure (segufe 3.15b for example). As a result, the
variability characterization process for textilemgmosites and engineering fabrics can be
difficult. Here, a semi-automated method is devetb@mnd has been found to reduce
manual effort by approximately 66% percent when gared to the fully manual process

described in Section 3.5.

(b)

Figure 3.15. (a) Warp and weft of different colouiintensity [50] (b) fabric of blur image, distinighing
the warp and weft is difficult ( Figure 2.1 (d) g&P)
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3.7.2 Background Theory of Edge Detection

The operation of detecting the edges of an imagased on manipulating the basic unit in
an image, a 'pixel'. The numeric characteristicaroimage are the number of pixels that
are processed in the computer memory as bytes(Byt¢s). The image can be in grey or
colour scale. Images with grey scale consist of b5} — one byte/pixel, whereas images
with colour scale consists of red, green and bhlewrs with — three bytes/pixel (RGB of
values 0 - 255). Edges in an image are distingdidne several factors, for example
disconnection between surfaces, intensity of gmalesand lighting disconnection [99,
101, 102]. As shown in Figures 2.1b, 2.1c, and &.Warps always appear very light while
wefts always have a dark gray character. By takibtg account this fact, an image can be

de-composed into two threshold images namely: wanpswefts.

The techniques of determining edges in an imagetlaefirst and second derivative
techniques. The first derivative of pixels acrossraage results in detecting the edges in
the image from the pixels with values greater than specified threshold. The simplest
edge detection operation is based on grey scaldiegta The gradient of the intensity

functionl of an image is presented by the first derivatigetorll = [f (x, y) [40].

_G_W
0X

dl = al (3.14)

| dy |

ol
Wherea— is the first derivative of the intensity functiomthe x direction in an image and
X

al . : - : : y N :
— s the first derivative of the intensity functiamthe y direction. The magnitude of the

oy

intensity function is given below as:

o1 =[0f (x,y) =\/(w.j +(Miyj (3.15)
X oy

The orientatiorf expresses the degree of the intensity of the edges
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of (x,y)

_oy

of (x,y) i
ox

y

@ =arcta (3.16)

Robert's Cross operator is considered to be theleghand the quickest 2D spatial
approximation gradient operator on an image [108f convolution kernel, which is a
matrix of principles that identify how the adjacgmtels effect a given pixel's state in an
image’s edges, gives a good approximation of #mévdtives of the operator as shown
below [41, 42].

0 1

of (x.y) _ } .
ox -1 0
of (xy) _[1 O

= A8

oy 0 _} 18)

For higher grey scale, Prewitt operators are u$hd.3x3 convolution kernels are shown
below [102, 104, 105].

-1 0 1
afE;)((,y): -1 0 1 (3.19)
-1 0 1
-1 -1 -1
wz 0 0 0 (3.20)
Y l1 o1 1

Sobel operation is also used to detect edges dehgyey scale and for edges running on

horizontal and vertical directions [104-106].

10 1
MY -l 1 ¢ 2 (3.21)
19)4
-10 1
-1 -2 -1
ATV _l g o o (3.22)
oy
11 1
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3.7.3 Methodology of Semi-Automated Technique

The first step of characterising the inherent \ality of any engineering fabric using the
semi-automated method is by cutting a square méeagineering fabric to an appropriate
size, and drawing points on each corner of the aglis as shown in Figure 3.16. Drawing
the points can be done directly on the fabric usmagker pen or by taking a photo and
then drawing points using MS Paint (Microsoft Paottware) [106].

Figure 3.16. Drawing points on the crossed yarnsamfen roving glass fabric sheet

Images can be in colour or grey scale as mentieagier; non-grey scale image consists
of three colour matrices, each matrix corresponthtee intensities for each pixel: red,
green and blue intensities. The second step isecbing images from colour scale to gray
scale by detaching the green intensity of everglpaxd these results in a gray scale image
with intensity that is represented between 0 arflel ZBe conversion of the image has been
conducted by usinggb2gray function available in Matlab, and then the brigigs was
increased to a higher level by multiplying the gieale matrix (I) by an appropriate factor.
This was done to hide all the features of the nedtand show the black spots (see Figure
3.17).
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Figure 3.17. Increasing the brightness of woverthémage to a suitable level

In order to determine the edges of the black ppitits ‘Roberts Cross edge detecting
method’ has been used; a differential operator agethitially proposed by Bovik [107].

The Robert’s operator is based on the gradient maiy see Eq. (3.14). The kernel
masks, Eqgs (3.17) and (3.18), are applied on thgsgale image. Well-defined edges are
detected by considering the following propertigsintage’s edges and background should
be obvious i.e. very little or completely no noiseontributed and (ii) an appropriate level
of intensity for the edges should take place he. level of the intensity of edges in an

image must be as apparent as possible for recogriii human vision [69].

Once the edges are detected (see Figure 3.18)milesdion of the central coordinate of
each circular point has to be carried out usivgooundaries a pre-defined function
available in MatlaB". This function is used to determine the coordimateeach point on
the outer perimeter of a given region in a binangge.
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Figure 3.18. The binary image and the detectedsedijthe points.

Next, an average of the coordinates of all poinisrasinding the perimeter of the
approximate circular shape was calculated to ol#aimgle coordinate at the centre of the
shape. These co-ordinates represent corner nodgsanfrilateral elements (see Figure
3.19). Using the nodal points, the node and elemmsitices were determined to create a
mesh. Using this information, the mean and thedstahdeviation of the shear angle could
be calculated. The programming steps of the ‘PrélVasde are shown in the flow chart in
Figure 3.20.

The statistics of two 300 x 300mm samples of cgidRi¢ exposed to frequent handling
were characterized using the semi-automated medinddthe manual image processing
method. Normal distribution curves of the semi-ausited method and the manual image
processing method were fitted to the histogramgheftwo samples as shown in Figure
3.19. As can be seen from Figure 3.21, there igrafisant difference of the probability

density and the standard deviation of the sheateabgtween the manual and semi-
automated method. However the mean of the shede afghe two methods are close.

These differences are attributed to the methocdetdrdhining the coordinates of each black
spot in Figure 3.16. The semi-automated method asenaccurate in determining the

coordinates since it based on averaging the coatesnof all the points at the edges of
each geometrical shape, which is the result oktlgee detection method (see Figure 3.18)

and this results in a single point at the centrthefgeometrical shape. However, since the
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manual method of assigning the coordinate of edatklspot is based on the user’s focus

and skills, the coordinates are more difficult &defmine accurately.
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Figure 3.19. Image of the mesh produced from thd_acode PreMesh
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Figure 3.20. The flow chart of edge detection pssagsing Roberts edge detection method
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Figure 3.21. Shear angle distributions calculatgdgithe semi-automated method for cgPP exposed to

handling

3.8 Conclusions

Image analysis has been performed to investigatedhability of the tow orientation in a
textile composite and two engineering fabrics. Tiesults show a broad range of
variability and the least and most distorted matsrshow standard deviations of about 2
and 8 respectively. A numerical code based on pin-jainteet kinematics has been
enhanced by introducing additional perturbationsth&f nodes along the length of the
horizontal and vertical centrelines to produce issial variability ‘Varifab’. A simple

genetic algorithm was developed to reproduce fallfinter-tow angle of the measured
global and spatial inherent variability of four maals (engineering fabrics and textile
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composite). By combining this code into a genetigoathm, realistic tow angle

distributions have been predicted based only oplsistatistical metrics as the input data.

Finally, a novel semi-automated image processinthoteused to characterise the inherent
variability of engineering fabrics and textile coosjie and based on the edge detecting
technigue has been developed to increase accunacyoasave time and effort. The new
method is very promising in terms of increasinguaacy and saving manual effort.
However, there is no significant reduction in tichee to the algorithm that is used to find

the appropriate nodes of each element.
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4. Modelling the Effect of Tow Meander
on the Shear Compliance and the
Shear-Tension Coupling of Woven
Engineering Fabrics

4.1 Introduction

In this chapter, two developments in modelling fleeming behaviour of advanced
composites have been implemented in finite elemsentulations. The first development
has been to incorporate the effect of fibre migatgnt into large strain shear simulations.
This has involved taking the output of the VariPalwode described in Chapter 3 and
using this to automatically generate variable énldlement meshes and associated input
files suitable for use with a pre-existing non-ogbnal constitutive model (NOCM)
implemented in Abaqus Expli¢if [108-110]. Shear characterisation tests, includdfg
UBE and BBE tests have all been simulated usirgtddhnique. The second development
is designed to enhance the shear part of the NOSMIGCM) by incorporating the
experimentally measured influence of tension orasltempliance (see Chapter 2). The
enhanced constitutive model (ES-NOCM) is impleméntssing the original NOCM
material user subroutine as a starting point. Beftescribing this work a review of the

relevant literature on the modelling of advanceshposites during forming is provided.

Textile composites can be modelled using two magipr@aches: the kinematic (or
mapping) approach and the mechanical approachmtie difference between these two
approaches lies in the fact that no constitutivelehes needed for the kinematic approach
since information on stresses and deformationsnaterequired, whereas constitutive

models are required for the mechanical approach.
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4.2 Review of Kinematic Modelling for Forming of Advanced
Composites

The first attempts to model forming of textile comsfies was carried out using kinematic
models or ‘pin-jointed net’ algorithms. This apptbais used extensively in industry to
simulate the forming of textile composite [111, LIPhe basic principle of this approach
is that; the structure of the material is modelsdan inextensible pin-jointed net. Draping
is usually achieved by picking a starting pointtbe fibre generator paths, and from this
point the entire local fibre mapping is obtainedngstrigonometry strategies. Trellis

deformation can be measured by calculating theedmgfiween the fibre directions. Using a
kinematic mapping approach, the overall shear deiton across 3D parts can be
computed by specifying the geometrical shape ofpire, the initial contact point on the

part from which to drape the sheet and the inrgdérence orientations of the principal
material directions. Nevertheless this approach gossiders the kinematics of the fabric
with no possibility to predict the mechanical st&s Moreover, the solution can vary

dramatically depending on the given starting poimpath of the two generator lines [113].

4.3 Review of Mechanical Modelling for Forming of Alvanced
Composites

The mechanical approach is used to model the stefarmation mechanism of textile
composites and engineering fabric materials dutfiregdraping and forming processes. In
this approach, a constitutive model is requiredctculating the mechanical behaviour of
the material and to include a realistic boundanydtiion. The advantage of this method is
that the mechanical behaviour of the material i dnaping or forming process can be
represented accurately. However, the complexitgadtulating the non-linear behaviour
and the contact conditions results in large CPlesimompared to the kinematic method.
Modelling the forming processes of textile fabrman be considered across a range of
length scales. Different FE approaches have bdepted as a result of the multi-scale
nature of the textile architecture. These are gu#ssified into continuous and discrete
approaches [114-116].
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4.3.1 Discrete Approach

One type of mechanical approach used in modellexgilé composite material is the
‘discrete’ or ‘meso-structural’ (the non-homogeng€owapproach. Boisse, et al. [116]
defined the modelling as discrete only if the yaras slide past one another. At the meso-
scale, warp and weft yarns can be modelled usimgcad textile modelling codes, for
example, Wisetex [117] or Texgen [118, 119] or ewsing standard commercial solid
modelling codes [120, 121]. Solid models are gdedraand can be imported into
commercial finite element software [122, 123], émample, Abaqus. Despite the fact that
this method is expensive in terms of time and cdatpn, simulation of a complete model
of the PF test using this unit cell model has beeriormed [114]. Moreover, Creech and
Pickett [124], [125] modelled an entire part frohe tmeso-scale level for an non-crimp
fabric NCF as well as plain, twill 2/1 and twill2iveave fabrics. Ballhause, et al. [126]
invented the ‘Discrete Element Method’ which is diser modelling a fabric and fabric
reinforced matrix. In this method the yarns are altstwed to slide past one other, and the
unit cells are modelled as concentrated mass pwaititselements interacted between these
points, where the role of different elements repnés the relevant microstructure

behaviour.

Attempt to model every individual fibre at the nuscopic level have also been carried out
[127-132]. This method is more expensive than tieeipus mentioned method in terms of
time and computation. The modelling of a rope using method was carried out recently

by Vu [133], and this is the first attempt at mdiel a simple braided synthetic rope.

Advantages of this bottom-up approach are as falowoading and material
characteristics such as yarn geometry, yarn derfgitg material and weave style can be
modified easily and their influence on the macrpscdoehaviour can be predicted. This
approach could eventually reduce or even elimittegeneed to perform experimental tests.
Defects or undesirable deformation mechanisms aschrinkling and intraply slip can be
predicted more realistically than using homogensattinuum-based methods. The ability
to alter the yarn geometry could one day providesry useful facility for manufacturing
new fabrics with innovative structures. The vast@ase in computational speed suggests a

promising future for this approach.

98



4.3.2 Continuum Approach

In this approach the fabric sheet is assumed toraeés a continuum. Most materials can
be considered as being a continuum at some lewelh as metals in plasticity theory and
composite materials consisting of matrix and reicément fibres in laminate theory. One
of the main advantages of using a continuum appraathat the textile composite can be
modelled using standard structural elements suameasbrane or shell elements, which
significantly reduces computational requirementsgared to a discrete approach. To do
this, the mechanical and kinematical behaviourhsas the change of the reinforcement
orientations during shear, have to be consideréaimihe constitutive model.

Defining a stress tensor at a point in a fabricas possible without considering a fabric as
a continuum. This approach involves using a fewpsiiging assumptions. Nevertheless,
plausible local mechanical properties of the reicdment can be conveyed using
continuous constitutive models. The effectivendsthe approach improves as the ‘intra’
and ‘inter-yarn’ sliding and slipping becomes ngtjlie. Since textile composite forming
is generally a one-way process, elastic continuppraaches are generally valid as a first
approximation when modelling engineering fabricgsmte the fact that their true
behaviour is more accurately described by dissipatprocesses such as plastic
deformation (dry fabrics). Still, some researchease developed visco-elastic models for
pre-impregnated materials [134-136] while othersvehadeveloped elastic-plastic
constitutive models for composite materials undergoth loading and unloading cycles
[137-141]. Elastic continuum approaches for largilss can be classified into two
categories: hyper- and hypo-elastic approachesy mMechanical model for bi-directional
fabrics must be able to track the change in filrection during deformation.

a) Hyperelasticity

A hyperelastic material has a strain energy fumcsioch that the material derivative of this
function is equal to the stress power per unit radult is useful for modelling rubber-like

materials that can undergo large elastic deformati@nd is path-independent and fully
reversible [142]. Engineering fabrics and reinfarqgolymers composites are materials
that exhibit anisotropic linear elastic behaviouor finite deformation. The anisotropic

behaviour in engineering textiles is a result o tvo families of fibres. When these
materials are subjected to finite deformationsyificant changes occur in the directions of
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anisotropy. The strain energy function per unitunoé is often some scalar-valued
function of the deformation gradient, in the twaedtion anisotropy invariants of the

structural tensor [143].

Boisse, et al. [114] and Aimene, et al. [143] wéne first to develop a hyperelastic
constitutive model for woven engineering fabricheTstrain energy function in their
constitutive model is a function of the right Caydbreen strain tensor and the two
components of the structure tensor (the two yarectons). It consists of the summation
of two tensile energy functions and one in-planesashenergy function [144].
Consequently, the strain energy function proposed ifunction of three mathematical
invariants chosen based on the deformation meatanithe tension in the two directions
of the reinforcements and the in-plane shear dedttom. The tension and in-plane shear
are uncoupled in this model. Good agreement betwezexperimental and the predicted
results can be achieved using this approach. Rergj, [145] also recently developed a
similar anisotropic fibre reinforced hyperelastiaterial model for woven engineering
fabrics. The mathematical procedures used to dpuéle constitutive model were similar
to that followed in [114, 143]. Vidal-Salle, et dll46] studied the capability and the
limitations of the hyperelastic model developed[114, 143] by conducting a virtual
forming test of a hemisphere geometry. Despitddbethat out-of-plane bending stiffness
was not taken into account in this particular iigagion, the local out-of-plane-buckling

and stretching were well represented.

b) Hypo-elasticity (Non-orthogonal Constitutive Mocels)

A hypoelastic material is defined as one wherediness rate is a homogeneous linear
function of the strain rate. The stress is histdependent. Different examples of hypo-

elastic approaches are reviewed in the followsetlsrgsections.

Several non-orthogonal constitutive models foritexdomposites and their preforms have
been developed to predict the mechanical respons@gdforming and to track the

anisotropy of the yarns through large deformati&2s 108, 110, 147]. The approach was
demonstrated initially by Yu, et al. [108]. The nebds based on continuum theory by

analysing the stresses along the principal matelirgictions. The macro-scale material
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properties of a plain-weave textile can be obtaiinech a repeat unit cell of the material’s
meso-structure. The shear and the tensile stiffoese fabric are predicted based on the
covariant reference frame associated with the firections. These fibre directions are
tracked during deformation and care is taken whmtating the stresses in order to ensure
objectivity of the stress predictions. In the natihogonal constitutive model the shear and
tension are uncoupled. Essentially the full constie model is the sum of two separate
sub-models, one relating to the tensile stressestalstretching of the fibres, the other
relating to the shear stresses due to the trélearsng of the fabric. Further improvements
of the model were implemented by Yu, et al. [1@B§ effect of shear compliance and the
weave structure of woven fabric were taken intooaot. Use of the refined constitutive
model was demonstrated in the forming simulatiorwolven FRT. The refined model
[109] was found to be more accurate in predictimnkling compared to the previous

version of the model [108].

The model was subsequently modified in Yu, et &l0] for the asymmetric shear
behaviour of the non-crimp fabrics. The asymmesryile to the structure of the fabric
stitching which creates a very different shear oesp in the positive and negative shear
directions. More details of the derivation of thheear part of the non-orthogonal
constitutive model were carried out previously1i(Q]. The shear constitutive equation on

the non-orthogonal constitutive model is shown fege4.1).

4o, | |0 0 2G,9;9; +G,(9:9; -9:95) ([0

Ao=| 40, |=|0 0 2G,g7g; +G,(9;9; -9:9;)||0 (4.1)
4o, | [0 O G1(9:9; - 9:9;) 48
1(dF

G -—J)J_ s 11 +F 11 11_1 42

) h{dng ~at(g )} (4.2)
F

Gzz(ﬁj g4 (4.3)

Where G, and G, are the shear modulus th&trelated to the shear foradf and shear
angle df (see Eq. (4.2)) ard, related to the shear forcg,and shear anglé (see Eq.
(4.3)). ¢ ,9°,0;andg?components of unit covariant base vector; gnd g based on a

orthogonal frameg**diagonal component of metric tensarg' .g".
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Later in 2006 [148], [88] and [33] replaced thedién contribution of the NOCM with
linear elastic truss elements. The approach of thodgehe fibre reinforcement with truss
elements was adopted previously [149-151]. The vatitin for this alteration was related
to numerical stability. Cherouat and Billoét [35¢m@ perhaps the first to develop a FE
meso-model of pre-impregnated composite materialgua combination of two finite
elements: truss elements to model the isotropiclimear behaviour of warp and weft and
membrane elements to model the isotropic viscaelashaviour of resin. Duhovic, et al.
[152] also used this approach in developing a FBehof a stitched woven fabric material
by a combination of truss and shell elements, bad/arns properties were modelled using
the truss element while the yarn shear, yarn gjidamd yarn compression were modelled
using the shell element. The effect of differeitthing patters on the deformation of the
woven material was investigated by conducting a emof forming experiments and
simulations. A new stitching element was develofgethodel the interaction between the
shell element (fabric) and stitching element thtowgpnnecting the nodes of stitching
element with the nodes of the shell element. Thedipted shear deformation results

presented quite good agreements with the experahginéar deformation results.

Willems [23] also found the tensile part of the NK@Cdoes not work properly, therefore a
new model was developed the tensile affine elastidel T-AEM. The two elements (the

truss and the membrane elements) were mutuallytreamsd by sharing common nodes
(see Figure 4.1). The model [148] was used in deteng optimum forming strategies to

reduce or eliminate wrinkles [153], enabling theru® optimize forming parameters such
as stamping rate, blank-holder holding force peofillank size and forming temperature.
This combination of membrane and truss elemenftenaeferred to as a 'semi discrete'

approach.

Node

\ Truss Element

Membrane or

Shell Element

Figure 4.1. A semi-discrete finite element modellapproach
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Peng and Cao [51] developed a non-orthogonal datigg model similar to that
developed by [108, 110]. The main difference betwde models of Yu, et al. [108],
[110] and that of Peng and Cao [51] is that in ¥ual. [108], [110] the stiffness matrix
components in the model are obtained by considéhadabric’s meso-structure. Whereas
in Peng and Cao [51] the material matrix componests obtained by fitting to

experimental data. Both approaches use continuaorytio track the fibre directions.

C) Hypoelastic Model for Uni and Bi-directional Conposite Material

Hagege, et al. [154] also employed a hypo-elagtigr@ach to model the tows within
knitted composite reinforcements undergoing largairss. The approach was used to
model one principal material direction and used tb&tion tensor to compute the
rotational derivative in order to update the lagdérence frame. The orthogonal axes were
updated using the rotation reinforcement tensopikeethe angle between the orthogonal
axes intact. The approach was extended to accourtivb reinforcement directions by
Khan, et al. [155]. Here the two directions of teeforcement were non-orthogonal due
to changes in the angle between the material dretduring forming (in-plane shear).
The Lie time derivative [144] was used to deterntimerate of change of the stress tensor
and to track the principal material directions. Tieesses on the two principal material
directions tracked and calculated on the updataahds during test. The covariaptand
contra-varianty affine frames are used to develop the stressitlignr The frames; and

¢ are orthogonal with respect to each other i.enthed Kronecker delta=0 when i=j. The
stresses with respect to its orientation are catedl in the appropriate mixed frame and

transferred to the Apaqus Explicit working framelet end of each increment.

d) Rate-Dependent Viscous Modelling

A viscous rate/temperature constitutive model fadelling the mechanical behaviour of
viscous textile composites have been developed ®4]] It is also called the model multi-
scale energy model. The model is based on a suematithe shear energies dissipated
during shearing of the textile composite. The maadeal predict the shear behaviour at any
rate and temperature by relating the propertigbeaarheological behaviour of the matrix,
and the fibre geometrical and mechanical properlibs viscosity parameters of the epoxy
resin that was used in the model was obtained swpatally by characterising it as a

function of shear strain rate and temperature.ifjpet data required for the MSEM is the
103



epoxy resin rheological parameters and the fabeenwetrical data such as tow width,
space between tows, fibre volume fraction, and imawlume fraction. Validation of the
model has been carried out by [134] on thermomlaatid thermoset prepregs with
different rates and temperatures. Good agreemanbden achieved between experimental
and predicted results.

Harrison, et al. [88] investigated the performantéwo macro shear models; the NOCM
[108-110] and his stress power model [148, 156]ictviis based on viscous assumptions
implemented within two finite element codes (imgliand explicit) for viscous textile
composites. The predicted results from the MSEM4dstiorce vs. shear angle vs. shear
strain rate) at specified temperatures are useidpag data fed into the two models by
means of an interface numerical tool. Using thierfiace between the two macro shear
models and MSEM, one can successfully simulateeffext of rate change on the viscous

textile rate-dependant material by using PF tesukitions.

4.4 Explicit Finite Element Solving Techniques

Explicit and implicit techniques of direct integmat methods are used to solve finite
element equations. In terms of solution accurabg, implicit finite element method
provides more accurate solution of the equilibriveguation. However, it is
computationally expensive and has some convergefffeulties when contact is
introduced in the forming simulation. On the othand, the explicit finite element method
is more stable for contact problems, less compiatly expensive, and suitable for non-
linear problems with large deformation. Howevercannot provide a solution that is as
accurate as solution from the implicit method. Aseault, the explicit finite element
method is considered as the appropriate finite etgnanalysis technique in forming
problems. Throughout this research, the explicittdi element method was used in all
finite element simulation [157]. The governing etia of the explicit finite element

technique is
F.(t)+ Fo (t)+ Fc(t) = R(t) (4.4)

where, F(t) are the inertia forces at timieF, (t) are the damping forces at timer,(t)
are the elastic forces at timand R(t) is the externally applied load at tiheEq. (4.4) is

to be satisfied at the discrete times e0gAf, 24t, 34t,...... , tAL, t, t+4t...). Although in
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static analysisgit is used too, inertia forces and damping forceshatencluded. The basic
procedures for obtaining the solutions at the disctimes e.qg.0( A4t, 24t, 34t, t-At, t,

t+4t...) are as follows: the dynamic explicit method issdxh on the explicit central-
difference integration rule where the equationsmattion are integrated with respect to

time using these rules:

M'U+C'U+F=R equilibrium equation at tinte (4.5)
‘U =1/24t ("YU - ““U) (4.6)
U =1/(4)? ("YU - 2'U - T4U) (4.7)

where'F is the force corresponding to the internal elenstrasses at time C' 'U is the
damping forces at time M'U is the inertia force at time and 'R is the externally
applied load at timé. Eq. 4.6 shows the velocity at tinh@nd it was expanded to obtain

the acceleration in Eqg. 4.7.

Any method that uses the equilibrium equation iett to obtain the solution for the
response at time + At is termed an explicit integration method. The img@ot point to
note is that there is no need to set-up a stiffnestsix, K, in the explicit method. Using

equations (4.5-4.7) we can directly obtain equakqn(4.8) as shown below.

(A_;M +2_2tcvj vay 2R (4.8)

Since there are three equations (4.5-4.7) and thnk@owns™U ,""*U and U, the
three unknowns can be solved for, whiids the effective load vector, and the hat means

that there are a large number of terms to be takeraccount, namely those corresponding

to the inertia and damping in the system.

‘R='R-'F +%M'U —(ﬁ M +ﬁcj“"u (4.9)

where éM‘Uis an inertia contribution and—[%MJ“A‘U is another inertia

contribution, and the damping contribution—'rEz—ZtC’j“"U . The method is used when

M and C' are diagonal because in this case Eq).i@decoupled as shown in Eq. (4.10).
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t+At - 1 D
Ui=| T R (4.10)

—— m +—c¢C
Aﬁm'zm”

The individual displacement components or the disginent at each degree of freedom

can be calculated one after another. OnceRhis evaluated from Eq. (4.9), when all the
M and C are diagonal, then we substitute the iddiai components of the vect®

corresponding to the degree of freedomm Eq. (4.10). Finally, the nodal displacement

"4y, is calculated. An important point to note is ttfare is no need to set-up a stiffness

matrix K for this approach [157, 158].

The time increment siz4t is estimated by dividing the smallest element flemg the mesh

over the dilatational wave speeg

t = Lmn (4.11)
Cd
c, = |A+2H (4.12)
0

wherep is the density of the materia) and 2 can be defined for isotropic elastic

material as shown in Eqgs (4.13) and (4.14).

_ Ev
ﬂ:zé%ﬂ (4.14)

whereE andv are Young’s modulus and Poisson’s ratio.

In an explicit dynamic analysis very small timepstecan lead to long computation times.
An efficient way of reducing the computation time by increasing the punch speed.
However, this might generate inertial effects eugrealistic material deformation or high
frequency of numerical oscillations due to the Higant increase in the inertia,

Momentum = mass x velocity, which means that theztia increases as the velocity is
increased. In order to reduce or even eliminatsettoscillations damping is required [159-
162].
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4.5 Effect of Tow Meander on the apparent Shear Coptiance
of Woven Engineering Fabrics

Variability of shear results is often observed witesting engineering fabrics due to both
deformation of the specimen prior to testing andaignment when placing the fabric in
the test machine. Tow meander can be present whbitfiabric, even when taken directly
off the roll from the material supplier [21, 39,3l6Various researchers have investigated
the effects of specimen misalignment on shearéssits produced using a PF test. Lussier
and Chen [164] conducted an experimental studywam different engineering fabrics;
satin and plain weave. This study concentratechereffect of misalignment on PF shear
compliance. They found that the shear compliancereased significantly as the
misalignment angle increased from 0 to 5°. Lateend® and Cao [51] carried out
experimental and virtual PF tests with differengi@d®s of misalignment again due to small
rotations of the test specimen. As expected, therded shear compliance was found to
increase with the degree of misalignment for bogheeimental and the numerical results.
Launay, et al. [44] discussed how increasing crihping PF tests can result in large
tensile stresses in the fibre directions and pitesea modified PF rig able to control
tension in the fabric’s two reinforcement direcgoBy relaxing tensions in warp and weft
tows as the test proceeds the shear complianceuneeassing this modified PF rig was
found to converge on results obtained from UBEste&hother suggestion to reduce the
effect of misalignment on shear compliance wasntbgg@roposed by Milani, et al. [165]
who suggested a modified PF specimen geometry. sitategy of the test relies on
reducing the extent of the clamping length. Theashesults of the modified test were
closer to those produced using the UBE test, itidigahat the modified geometry is less
sensitive to sample misalignments. Recently Konaitli Milani [166] developed a finite
element meso-scale model to explore the effectgadftions in the geometrical (yarn
spacing, width, and height and fibre misalignmeam)l material properties (longitudinal
and transverse stiffness and the friction coefficieetween the warp and weft yarns) on
the fabric’s shear stiffness. They concluded fabrisalignment is by far the most
important source of variability on the measuredasltempliance of the fabric.

Note that most previous numerical studies on tHecef of misalignment have been
performed by simply rotating the specimen with exspto the PF rig. In practice it is
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known that misalignment error is due to both rotatof the specimen and the inherent
variability of tow directions in the fabric. Thetter cause of misalignment makes it very
difficult to align the specimen with the PF rig. i@equently Wang [21] introduced a step
of straightening prepreg samples before testingufe showed how repeatability can be
improved by this process. Unfortunately, this pohae is not possible for consolidated

thermoplastic materials.

To investigate the effect of tow meander on theaslsempliance, a method of introducing
realistic tow meander into finite element simulatois demonstrated here and used to
investigate the effect on PF, UBE and BBE sheais tessults. Actual tow directional
variability has been characterized for a plain veedsy glass fabric wrGF and commingled
glass/polypropylene fabric cgPP using an imageyaisaimethod and these data have been

used to model tow meander using Varffain Chapter 3 and also in [163].

4.5.1 Predicting the effect of Misalignment on SheaCompliances

Tow meander of several real engineering fabricgh Isiraight off-the-roll and after
handling, was characterised in Chapter 3. Using dtaistical information obtained
through this characterisation, a method of reprodycealistic tow meander across a finite
element mesh has been developed and implementebeirsoftware Varifaf®, also
reported in Chapter 3. In this chapter, variablesimes based on the tow meander data for
both (wrGF and cgPP) have been generated. The N{Q0O84110] with shear and tension
material parameters given in Table (2-5 in Cha@)eis now utilized to predict the shear
force versus shear angle curves from the three mmgsirtant shear characterisation tests.
The aim is to investigate the likely influence owt meander on the resulting shear force

versus shear angle results.

a) Assigning Initial Orientation

To properly account for tow meander in the numésgaulations, a method of assigning
the initial fibre directions to each element in tfeite element mesh is required. To
illustrate the method, an example of one mutuatigstrained element, consisting of both
membrane and truss elements are considered (se® Biga). The initial shear anglgof
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every element is predicted by calculating the arggeveen the two principal material
directions in the NOCM using Eqg. (4.15).

¥ y
A 'y b, b4

L

a a; T Iaz

a;

(2) (b) (c)

Figure 4.2. The structure of a combined elementh@)nitial orientation at 0/90° (b) misalignmexitthe
initial orientation with shear anglé > 0° and (b) misalignment of the initial orientatiwith shear angl® <
0°.

o = acodab, +ab,) (4.15)
2 Ja’+a, b’ +b)

whereé, is the angle betweemandb, a; andb; are the horizontal componentsabandb
anda, andb, are the vertical componentsafndb as shown in Figure 4.2. The numerical
technique of generating realistic tow meander actbhe specimen to reproduce a blank
with the same global statistical variations asrieasured data is described in Chapter 3,
Section 3.6. Once a large mesh of size 900 x 90Gsrproduced, with the same statistical
global variations as the measured data, the mesh(dadal co-ordinates, fibre directions
and element shear angles) are saved in a datdbaseer to investigate the effect of tow
meander on shear compliance when testing the sabree fin different shear tests, the
initial sheet is used to cut several test specinfi@ensach of the different characterisation
tests. The appropriate blank shape is cut fromatge blank using a simple Matlab code
named ‘BlankCut.m’. The procedure for cutting testtspecimen or blank is as follows: (i)
call the figure corresponding to the large shegtaésign the appropriate coordinates for
the required blank and (iii) cut the required bldrdm the large blank using ‘BlankCut.m’
code (see Figure 4.3).
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Figure 4.3. Cutting specimens of PF, UBE and BBiEstérom large sheet Cutting blanks from large mesh

sheet

Once the required sample size is cut from the laxgmerical blank (as shown in Figure
4.3), the vector components;( &, b; andb,) of the element’s left and bottom sides as
written within the element’s local reference frafméth origin at the bottom left corner of
the element - see Figure 4.2) of each elementamguted automatically. Since each
membrane element in the mesh (see Figure 4.3) Hdfeeent initial shear angle it has to
be defined as a unique element set within the Abaoput file. To do this a Matlab code
‘InitAngle.m’ has been written to generate two gepa input files hat.inpandsec.inp.
Themat.inpinput file defines the initial side length compate@,, &, by andb,) for each
membrane element while treec.inpinput file defines the section of each membrane
element and assigns the element set (containinghasone membrane element) with a
unique name for each element set. The input filegreen included in the main input files

of the simulations.

The fibre reinforcement was modelled using a sinip[@ linear elastic constitutive model
in the truss elements. The shear part was mode#ied) the shear part of the NOCM. To
model the test using the NOCM, a polynomial fitth@ shear force versus shear angle
curve is used as the input to determine the méiteshear compliance. These input curves
were obtained from the experimental t§§tkapter 2). The NOCM used in this particular
investigation has no coupling between in-planeitenand shear compliance and so the

model is unable to accurately model the actual test
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In the following section PF, UBE and BBE tests mm@delled. Each test simulation is run
three times with a unique specimen for each sinmratThe specimen for each repeat
simulation contains a unique degree of randomlygassl tow meander, generated using
Varifab®. In so doing the influence of specimen variabilyinvestigated for both the
wrGF and cgPP materials.

b) Modelling PF Test with Realistic tow meander

Abaqus/Explicit finite element software is usecctmduct all FE simulation of this work.
The PF rig used in this investigation was origynatianufactured and modelled by Whyte
[167]. The rig was modelled with four arms, eacle containing 698 R3D4 rigid elements.
The four arms are connected to each other by cemmelements of type ‘Cardan’ [159].
Connection type Cardan provides a rotational commedetween two nodes where the
relative rotation between the nodes is parametdrige Cardan (or Bryant) angles. The
blanks were modelled as mutually constrained tarss membrane structural elements
(120 truss elements and 100 membrane elements)tri$e elements represent the fibre
reinforcement while the membrane elements reprebenshear resistance of the fabric.
Three numerical blanks for each material (wrGF egiélP) are cut from the predicted large
blanks with mesh variability (see Figure 4.4). Hmes of the PF blanks are corresponding
to those experimental PF specimens used in Chapter

(@) (b)

Figure 4.4. (a) Example of PF specimen with mestakbdity and (b) PF rig constructed of rigid body

elements
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Shear material properties are obtained by fittihng tepresentative experimental shear
force-shear angle curves with 9 degree polynomiattions (Eqs. 4.16 and 4.17) to the
two materials wrGF and cgPP respectively (the aociefits of the two polynomials shown
in Table 2.3 in Chapter 2).

F, =-5.3400E-130° + 1.2700E-106° - 1.2200E-086" +6.0700E-076° - 1.6200E-056° +
2.0870E-0460" - 4.9340E-046° - 1.4800E-0260° + 1.4790E-016 - 5.3370E-03

(4.16)

F, =1.1900E-126° + 1.8400E-106° - 5.2900E-086" +4.3000E-060° - 1.7089E-040° +
3.6527E-030" - 4.0834E-026° + 2.6452E-0167 - 3.0563E-016 - 1.5347E-02

(4.17)

The tensile part in the NOCM was modelled by lirelastic truss elements. A simple
approximate homogenisation method has been usezhltolate truss dimensions and

mechanical properties. Using Eq. (4.18):

A_E (4.18)
A E

whereA; is the cross sectional area per unit length oktias of either the warp tows of a
typical dry glass fabric and commingled glass/podyelene (e.g. ~0.000086 per metre
and 0.000288 fmper metre) and, is the combined cross sectional area per unitteofy
the truss elements in the me#&h,is the tensile stiffness of typical glass towg(&0-73
GPa [156, 166, 168-171] afd is the stiffness of the truss elements used irFthenesh.

The truss properties chosen for the truss elentents (stiffness = 6 GPa for wrGF and 14
Gpa for cgPP, length= 0.0135 m, circular crossiseat area 0.0000025° gives an area
per unit lengthA,, of 0.0001925rhfor wrGF and cgPP) produce a sheet with a tensile
response between about 2.2 and 5.4 times lowerahattual woven glass fabric 3.2 and
7.8 times lower than the commingled glass/polyplepy fabric. For simplicity the non-
linear tensile behaviour in the tows due to falsrimp (see for example [23, 172, 173]) is
neglected. In this investigation, decreasing timsite modulus of the truss elements in this
way has been found to produce improved performavioen modelling a shear-tension
coupling and also tends to reduce simulation timiesn using the explicit FE method (due
to the Courant stability condition). Previous resbars have also used this technique to
improve computational efficiency [23, 174]. If thssdone, care has to be taken to ensure
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this reduction in stiffness has a negligible inflae on the final complex forming
simulation predictions. For example, in one formaage study, Willems [23] found that
reducing the tensile stiffness by factor of 20 eaua 2° of change in the resulting shear
deformation predictions. Poisson’s ratio is assunedbe 0.0 for wrGF and cgPP
respectively. The boundary conditions are modediedeing similar though slightly more
strict than in actual PF tests; the blank is cladnjpethe PF rig using tie constraints, which
means it cannot slip at all. The bottom joint ire thg was constrained in the three
translational and the three rotational degreegeddom while a displacement of 90 mm
was applied to the upper joint in tgedirection with constraints on the translation loé t
right and left joints inz direction with a free rotation condition arounct thaxis. Three
predicted shear force-shear angle curvgg, with variability are compared against the
experimentaF-0m, of the two materials as illustrated in Figures dnfsl 4.6 respectively.
In the figure legendExp indicates the experimental results almBeg indicates the
predicted result using the irregular test specimé&hs error bar on the experimental result

is a standard division of three repeated PF tests.

80 .

— Exp
70 —— IrRegl

—=— IrReg2 £
60 —— IrReg3 7 ’

o |

R e e

Sl )
20 ------------ | ..
10 o Y

0 10 20 30 40 50 60
&, ()

Figure 4.5. Experimental and predicted results withntation variability=s-6, of PF for wrGF. In the figure
legendExpindicates the experimental results &ritegindicates the predicted result using the irregtdat

specimens.
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Figure 4.6. Experimental and predicted results wrthntation variabilityFs-6, of PF for cgPP. In the figure
legendExpindicates the experimental results dritegindicates the predicted result using the irregtdat

specimens.

The predicted meamy, and the standard deviatisid, of the angles between the tows of

the three samples cut from large sheet are illiestrien Table 4.1.

Table 4.1. The normal distribution statistics & three samples cut from the large sheet of theteserials

Sample Name WrGF cgPP

my, std, my, std,
IrRegl 90.07105 2.626733 88.66158 3.041468
IrReg2 86.04687 1.464828 87.72888 2.265209
IrReg3 90.0221 2.4766 88.95081 3.072438

The closest predicted result to the representathperimental result ifReg2andIrReg3
in the first case. However the predicted resulkarhplelrReg], that has statistics close to
no variability i.e. mu,=90° andstd,=0, is far from the representative experimentaiiltes

(see Figure 4.5). The predicted results of sarrplegl andIrReg3are not close to each
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other even though the statistics are almost idain{gee Figure 4.5). Tow meander can
reduce or increase the apparent shear resistamdbe Isecond case (Figure 4.6) all the
predicted results are close to each other and ttodee representative experimental result,

which a result of the close variability of the tareamplesi(Regl-3 see Table 4.1.

C) Modelling the UBE Test with tow meander

The FE simulation of the UBE is performed by madeglithe UBE blanks with a mutually

constraints 392 truss elements and 176 membraneeets. The size of the blank is the
same as the size of the actual sample, 220 x 11{seenFigure 2.3 in Chapter 2). Three
numerical blanks for each material (wrGF and cgBi) cut from the predicted large
blanks with mesh variability (see Figure 4.7).

Figure 4.7. (a) Blank of hybrid mesh with mesh ahiity

The shear material properties are obtained byditthe representative experimental shear
force-shear angle curve of the UBE test with @egree polynomials fitted to the
experimental data (see Table 2.4). The truss ptiepechosen for the truss elements here
(stiffness = 6 GPa for wrGF and 14 Gpa for cgPRgtle= 0.01296 m, circular cross-
sectional area 0.000004* gives an area per unit lengty, of 0.00009 rh for dry glass
plain fabric and for commingled glass/polypropelgmpduce a sheet with a tensile
response between about 4.76 and 11.58 times Itwaaran actual woven glass fabric and
6.84 and 16.68 times lower than the commingledsgbasypropylene fabric. The boundary
conditions are modelled as being similar to theia@ctuniaxial extension test. The upper
node set (see Figure 4.8) was free to move in tsitipe y direction with a constant

displacement of 45 mm while constraining the offnar degrees of freedom. The bottom
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node set was free to move in the negayivdirection with a constant displacement of 45

mm while constraining the other five degrees oédi@m (see Figure 4.8).

° e
Upper node se
§, Mises
+4.58e+05
+4.20e+05
+3.82e+05
+3.dde+05
(a) ( +3.06e+05
+2.67e+05
+2.20e+05
+1.91e+05
+1.53e+05
+1.15e+05
+7.65e+04
+3.83e+04
+1.52e+02
Bottom node se

Figure 4.8. (a) Sketch of UBE blank show the upgret bottom node sets. (b) Deformed mesh of UBE

simulation

The predicted~; versus#, shear results of the UBE test with no mesh vaiigbsdhow
large differences compared to the experimentalltse$or the two materials as shown in
Figure 4.9a and 4.10a. This might due to the doution from region B (see Figure 2.3 in
Chapter 2) (or could possibly be due to error witthe NOCM, though exploring this
possibility would require an in-depth study of tR®OCM and is beyond the scope of this
investigation). In order to obtain good agreemestivieen the predicted and experimental
results a normalization method is required [67]e Hlormalization technique used here is
based on iterating the input curve in order to eshithe correct final result from the
simulation. By correctly normalising the experinantniaxial bias-extension curves, the
numerical simulations should produce approximatbly same shear force versus shear
angle predictions as those observed in experim&ntdo this an approximate procedure is
used here by the following a simple iterative mdth@ the input shear force versus shear
angle curves are divided by the predicted sheaefeersus shear angle curves to produce

a ratio (also a function of the shear angle) aswshn Figure 4.9b and 4.10b, (ii)

polynomial functions,R:D (8) are fitted to each ratio curve, (iii) input cusvare multiplied

by the ratio curves to produce a next generatianpaft curves, (iv) the process is repeated
until reasonable agreement between numerical UBE peedictions and experimental
results is obtained. Normally around three iteraticare required before reasonable
agreement between experimental and predicted seswdis achieved. Shear material
properties are obtained by fitting the represeveaéixperimental normalised shear force-
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shear angle curves with 9 degree polynomial fitgs(E.19 and 4.20) of the two materials
wrGF and cgPP respectively for further use in Finfag simulations in Chapter 5. The

coefficients of the curve fitting are illustratedTable 4.2.
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Figure 4.9. (a) The predicted and experimeRt&ad, of wrGF, the predicte#-6, obtained using un-
normalized experiment#l.-6, input shear properties, (b) the ration of the irghear force versus shear angle

curves which divided by the predicted shear fomesws shear angle curves
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Figure 4.10. The predicted and experimeRtad, of the cgPP, the predictéd-g, obtained using un-
normalized experiment&l.-f,input shear properties, (b) the ration of the irghgtar force versus shear angle

curves which divided by the predicted shear foresws shear angle curves

F, =1.74E-246°-3.70E-216° +7.89E-190" -7.11E-176° + 2.59E-086°

(4.19)
-3.81E-066* +2.03E-046° - 4.29E-036% +5.10E-020 +0

F, =1.70E-120° - 4.24E-100° + 4.39E-080" - 2.46E-066° + 8.13E-056°

(4.20)
-1.60E-030* +1.84E-020° - 1.12E-016° + 3.30E-010 + 4.16E-03
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Table 4.2. the coefficients of the UBE normaliskdas compliances of wrGF and cgPP

Coefficients wrGF cgPP

1 4.51E-23 -1.11E-13
2 -1.25E-20 3.25E-11
3 1.48E-18 -3.73E-09
4 -9.85E-17 2.10E-07
5 1.81E-08 -5.79E-06
6 -2.67E-06 6.25E-05
7 0.000142 0.000246
8 -0.003 -0.00935
9 0.035669 0.07959
10 -1E-06 -0.00001

Three predicted shear force-shear angle cufvel with variability compared against the

experimentaF.-6 of the two materials are illustrated in Figurekl4and 4.12 respectively.
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Figure 4.11. Experimental and predicted with oaéion variabilityF<-6, of the UBE of wrGF.
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Figure 4.12. Experimental and predicted with oaéion variabilityFs-8, of the UBE of cgPP

The predicted meamy, and the standard deviatisid, of the angles between the tows of

the three samples cut from the large sheet arsrtited in Table 4.3.

Table 4.3. The normal distribution statistics & three samples cut from the large sheet of theteserials

wrGF cgPP
Sample Name my, std, my, std,
IrRegl 86.32 0.56 92.70 1.27
IrReg2 91.88 2.19 91.98 2.72
IrReg3 87.46 0.76 86.97 1.65

The closest predicted results to the representaimerimental result ardRegl and
IrReg3in the first case. However, the predicted resubahplelrReg2that has very little
variability, is far from the representative expegmtal result (see Figure 4.11), nevertheless
it is still in the error bars’ range. That indicatéhat themu, of the representative
experimental result is less than the ideal, (the mu, of the representative experimental
result < 90°). In the second case (Figure 4.12) dlosest predicted result to the
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representative experimental resuliriReg 3that has statisticgiy,=92.70° andstd,=2.16
(see Table 4.3). It can be concluded that the sepitative experimental result is more than
the idealmu, (the mu, of the representative experimental result > 909)ictv indicated

that the sample might be exposed to stretchingisinandling horizontally before testing.

d) Modelling the BBE Test with Realistic Orientatian Variability

The BBE test which formed the subject of Chaptea demonstrated interesting potential
as a new method to characterise the shear behaviowoven engineering fabrics [175].
The state of stress in the specimen of the BBEiseshlike that of the PF or UBE tests.
For a well aligned specimen the deformation in ad&finvolves just trellis shear with no
strain along the fibre directions (neglecting tiffeas of increasing crimp, as discussed by
Hivet and Duong [43]. Thus the shear complianceéhef material obtained from a well-
aligned PF test is measured in the absence ofameplension. In contrast, the BBE test

gives the possibility of measuring the couplingimsn shear and in-plane tension.

One aspect of uncertainty discussed in the origgmpkrimental investigation on the BBE
test [175] was the possible effect of sample ngsatient, due to sample rotation and tow
meander, on the results of the test. One concemtha any error due to misalignment
might be amplified when greater transverse forcesevapplied to the specimen, due to
greater contributions to the measured force framsite stresses along the fibre directions.
Though considered unlikely, it was suggested that tould be a possible alternative
reason for the apparent increase in fabric shesstamce of the specimen with increasing

in-plane tension.

A BBE test with sample dimensions measuring 210x2b® and a clamping length of 70
mm is modelled using mutually-constrained truss @r@brane structural elements (572
truss and 264 membrane elements) sharing the sameraodes of the unit cell [88].
Simulations are conducted in two steps (i) applcadf a combined transverse fordg,
equal to the loads used in [163] (5, 37, 50, 75H0@N) to nodes at the edge of the central
section of the right and left sides of the blaRlegion C in [163], see Figure 4.13)) and
(if) pulling the sample from the upper and lowentrally located node sets at the middle
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of the top and bottom side lengths of the blankrésponding to the edge of Region C in
[163]) (see Figure 4.13).

T 1 T ' Upper node set

Left node set

Pt

—. Right node set

Lower node set 1 1 l l

Figure 4.13. The three different deformations oBfand C regions of the BBE FE model with force
boundary conditions applied to the right and leéntrally located node sets and vertical displaem

applied to the upper and lower centrally locatedensets.

Output from the simulations includes the total jpotstl axial force,Fry (pr is an
indication of prediction in all the following symis), which is the combined vertical force
of each node in the upper or lower central nodgSgure 4.13)Fry is a result of two
contributions: one from the materi&,, and another from the reaction forég, caused
by the applied transverse (or clamping) foFeg. As with the experiments discussed in
Chapter 2, in order to extract the material foppast processing of the results is required.
Fipr can be related tBe,r through consideration of the power of the systeee (Eq. (4.22)
and see Figure 4.14).

I:Tpr = I:mpr + I:rpr (423'
FeorV,
— _ Cpr_Xpr 4.2
Frpr V. ( 2

whereVy,, is the vertical velocity of the blank at its up@erd lower edges and, is the

horizontal velocity of the blank at both its sidiges
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Figure 4.14. The distances moved vertically andizbaotally by the corners of Region A and the reattnd

transverse forces;,, andFc.

While methods of modelling the shear-tension couplhave been reported recently by
Abdiwi, et al. [176], the original NOCM is used keand, for now, an approximate method
of modelling the test is employed, using 5 différpnlynomial shear force versus shear
angle input curves to model the shear resistanceedsh of the 5 transverse loading
conditions (see Chapter 2) (5, 37, 50, 75 and 1faONvrPP and 5, 27, 50, 75 and 100N
for cgPP). The truss properties chosen for thestalesments here (stiffness = 6 GPa for
WrGF and 14 Gpa for cgPP, length= 0.012375 m, kiratross-sectional area 0.000064
gives an area per unit lengthy,, of 7.143e-5 rh for dry glass plain fabric and for
commingled glass/polypropylene) produce a shedt vattensile response between about
5.56 and 13.53 times lower than an actual wovessgfabric and 8.63 and 21.02 times
lower than the commingled glass/polypropylene faln order to obtain good agreement
between the experimental and predicted results,nthasured shear force versus shear
angle Fs-0, experimental shear compliances need to be noretaliHarrison [177]
recently developed a theoretical technique for rabzimg the BBE results; future work
will involve application of this method to enablprd and accurate normalization of BBE
test results for use in a shear-tension coupledeindnl this work, the same normalization
method as used in (subsection 4.5.1 (c) in Chaptdnas been employed. Using that
process a good agreement between the experimemapradictedFs-6, was achieved
after about 2 to 3 iterations. The resulting cagfits of the 8 and 9" order polynomial
input curves found using this iterative normaliaatprocess, for each of the tests are listed
in (Table 4.4 and 4.5) of the two materials wrGH agPP respectively.
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Table 4.4. the coefficients of the BBE normalishda compliances of wrGF with different transvemsees

Fep(N)
Coefficients 5 37 50 75 100
1 -2.4E-09 2.04E-07 4.6E-07 2.75E-07 7.96E-08
2 6.9E-08 -2.9E-05 -7.8E-05 -4.7E-05 -8.7E-06
3 7.88E-05 0.001638 0.005313 0.003571 0.001155
4 -0.00303 -0.03595 -0.15645 -0.12609 -0.06912
5 0.077822 0.584837 2.211267 2.276088 2.087169
6 0 -1E-07 -0.0001 -0.0001 -0.0001

Table 4.5. the coefficients of the BBE normalishdas compliances of cgPP with different transvéosees

Fe(N)

Coefficients 5 37 50 75 100

1 1.06E-12 1.28E-12 2.13E-12 3.58E-12 4.25E-12

2 -2.74E-10 -3.29E-10 -5.49E-10 -0.24E-10 -1.10E-09
3 2.92E-08 3.50E-08 5.84E-08 9.83E-08 1.17E-07

4 -1.66E-06 -1.99E-06 -3.32E-06 -5.59E-06 -6.64E-06
5 5.51E-05 6.61E-05 1.10E-04 1.86E-04 2.20E-04

6 -1.09E-03 -1.31E-03 -2.18E-03 -3.67E-03 -4.36E-03
7 1.27E-02 1.53E-02 2.55E-02 4.29E-02 5.09E-02

8 -8.58E-02 -1.03E-01 -1.72E-01 -2.89E-01 -3.43E-01
9 5.51E-01 6.61E-01 1.10E+00 1.86E+00 2.20E+00
10 -1.10E-01 -1.32E-01 -2.19E-01 -3.70E-01 -4.39E-0

Three numerical blanks that were cut from the mtedilarge blanks with mesh variability
(see assigning initial orientation section) (segufe 4.15), are used in the BBE FE
simulation to investigate the effect of realistiteatation variability on shear compliance.
The predicted meamu and the standard deviatietd of the angles between the tows of
the three samples (cut from the large sheet) felimushe BBE simulations are illustrated in
Table 4.6.
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Table 4.6. The normal distribution statistics oé tthree samples that cut from the large sheet eftwio

materials
Sample Name wrGF cgPP

my, std, my, std,
IrRegl 89.43 2.22 87.90 2.48
IrReg2 90.13 2.30 87.96 2.54
IrReg3 91.57 2.27 91.20 3.01

The BBE predicted shear compliances with differenentation variability of the two

materials are illustrated in Figures (4.16-4.25%)wWoGF and cgPP respectively.

Figure 4.15. Blank of hybrid mesh with mesh vatiapi
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Figure 4.16. Experimental and predicted shear ciampés of BBE with 5N transverse force with ori¢iota
variability of wrGF
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Figure 4.17. Experimental and predicted shear ciampes of BBE with 37N transverse force with
orientation variability of wrGF
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Figure 4.18. Experimental and predicted shear ciampés of BBE with 50N transverse force with

orientation variability of wrGF
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Figure 4.19. Experimental and predicted shear ciampés of BBE with 75N transverse force with

orientation variability of wrGF.
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Figure 4.20. Experimental and predicted shear ciampes of BBE with 100N transverse force with

orientation variability of wrGF.
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Figure 4.21. Experimental and predicted shear ciampés of BBE with 5N transverse force with ori¢iota
variability of cgPP.
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Figure 4.22. Experimental and predicted shear ciampés of BBE with 27N transverse force with

orientation variability of cgPP.
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Figure 4.23. Experimental and predicted shear ciampés of BBE with 50N transverse force with

orientation variability of cgPP.
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Figure 4.24. Experimental and predicted shear ciampés of BBE with 75N transverse force with

orientation variability of cgPP.
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Figure 4.25. Experimental and predicted shear ciampes of BBE with 100N transverse force with

orientation variability of cgPP.

129



Simulation results show thalrRegl and IrReg2 are close to the representative
experimental result whildrReg3 is further away, presumably as this test specimen
contains a greater amount of pre-shear in the djgoesnse of shearing induced by the test
than the other two samples. The predictions arsistamnt with error bars measured in the
actual experimental tests, suggesting that tow nlezas a likely cause of variability in the
BBE tests, a conclusion in agreement with thosendoby Hivet and Duong [43] and
Milani, et al. [165] for PF tests. The absoluteesi# the variability in predictions increases
with the transverse load; this is also to be exgmkes higher input shear force versus shear
angle curves were fitted to each of the tests. tbhhemeander is shown to produce both
higher and lower predictions than the experimeatale, suggesting that tow directional
variability is not the cause for the increase imrahresistance attributed to the shear-
tension coupling [175], i.e. the shear tension doggs a real effect and is not attributable

to tow directional misalignment.

4.6 Modelling the Shear-Tension Coupling of Woven
Engineering Fabrics

The deformation kinematics of engineering fabriagriy the forming process is
dominated by trellis shear. However, tension algaghs also occurs as a result of the
blank-holder load applied around the perimeterhef forming blank. Coupling between
shear and in-plane tensile stresses is expectagwen engineering fabrics [32, 50, 53].
As such, consideration of the shear—tension cogplimhen formulating constitutive
models, can possibly result in improved accuracsuibbsequent simulations of the forming
process both in terms of shear angle and wrinkhireglictions. With the exception of Lee,
et al. [50] all of the current constitutive modéds engineering fabrics assume no coupling
between the shear resistance and the tensioraioria filthough there is strong evidence to
suggest that such a coupling does exist, e.g. baptér 2 [175]. In order to incorporate
coupling in forming simulation, the shear componehtan existing Non-Orthogonal
Constitutive Model (S-NOCM) [109, 110] has beenarded. The new method involves
linking the shear compliance in the S-NOCM, whicasworiginally just a function of the
shear angleF=f(#), with both the shear angle and the tensile stseaf@ng the fibre
directions.

The FE model uses the same combination of mutuatigstrained truss elements

(representing the high tensile stiffness fibres) amembrane elements (representing the

130



shear properties of the fabric) as that describefdaction 4.3.2 (b) (see Figure 4.1). The
truss element properties for BBE simulations wewergin Section 4.5.5. The membrane
elements have a initial thickness of 0.0002 m af®D m for GPa for wrGF and cgPP
respectively with a Poisson’s ratio of 0. The sh&egsses within the membrane elements
are modelled using an enhanced version of the gfeawf the original Non-Orthogonal
Constitutive Model [114, 116, 151] (S-NOCM), asdadissed in the following section. By
replacing the tensile part of the original Non-@gbnal Constitutive Model (T-NOCM)
[114, 116, 151] with truss elements, the stredd fgthin the membrane elements can be
completely de-coupled from the tensile stressesroog along the fibre directions within
the membrane element. The shear stress in the raamiglements can consequently be
precisely controlled as a function of any of thetestdependent variables defined within the
user-subroutine used to implement the constitutiglel (e.g. shear angle, angular shear
rate, temperature or strain along the fibre dioed). This strategy has been used recently
to create a rate-dependent or viscous constitutivelel for thermoplastic advanced
composites [35, 114, 178]. The original implemenotatof the S-NOCM VUMAT user-
subroutine has been modified in order to implenzesiear-tension coupled version of the
model, as described in the next section.

4.6.1 Implementation of Shear-Tension Coupling infte S-NOCM

Implementation of the shear-tension coupled S-NOG@Molves linking the shear
parameters in the original S-NOCM model with thestke stresses (or equivalently the
tensile strains) acting along the warp and weftefilirections in the fabric. Like the shear
angle, the tensile strains are accessible as dégendent variables within the Abadis
user-subroutine. In this section, a method of pcodythe same shear-tension coupling in
the numerical model as that measured in actual wargyineering fabrics is described.
The technigue involves a four stage process, &snsl

Stage onanvolves simulating the BBE test; details of tlotual experiments of wrGF and

cgPP can be found in (Chapter 2). A BBE test samile dimensions 210 x 210 mm, and
a clamping length of 70 mm is modelled (see Figug®) using mutually constrained truss
and membrane structural elements (572 truss andr8dbrane elements) as shown in

Figure 4.1. Simulations are conducted in two st&§isp one involves application of a
constant transverse loa#, , equal to the loads used in (Chapter 2) (5, 3775Gnd 100N
for wrGF and 5, 27, 50, 75 and 100N for cgPP). Sin@erscript is the experiment number
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(i =1 to 5), with each experiment using a differeahsverse load & 1 corresponds to

5N, i=2 corresponds to 37N etc). The transverse loagpsied to nodes at the edge of the
central section of the right and left sides of bitenk (Region C in , see Figure 4.26). Step
two involves applying a displacement controlled dary condition on the upper and
lower centrally located node-sets at the middi¢heftop and bottom side lengths of the
blank (corresponding to the edge of Region C irb[,13ee Figure 4.26. The corresponding
experimental shear force versus shear angle cuivdg), measured on a plain weave
glass engineering fabric wrGF and a commingled sgtedypropelene fabric cgPP were

used as input curves in the standard S-NOCM to wanthese preliminary simulations,

here @ is the shear angle at the centre of Region A Esgere 4.26).F, (6?) are initially

approximated from the axial Ioa(ﬂ:m(ﬁ), [175] using EqQ. (4.23). In Stage 4 of the fitting

process, this estimate is improved using a simpienalisation procedure.

____F.(6)
> 2coqrm/4-6/2) 423)

Note that, to determinEy, contributions to the measured total axial forfeég, from the
reaction forcefF,, which is caused by application of the transvetamping loadfF., must
first be removed before applying Eq. (4.20). Thethod of doing this for experimental
results is described in [175]. To do this for thenerical results, see Section 4.5.5 in this
chapter, Eqgs. (4.18 and 4.19).

Upper Node Set

Left Node Set o@D D oRicht Node Set

Lower Node Set

Figure 4.26. The BBE FE model. Force boundary dam are applied to the right and left, centrally
located node sets and vertical displacement boyrmtanditions are applied to the upper and lowetredip
located node sets. The colour legend indicateshiar angle. The three different deformations aoayin

Regions A, B and C of the test specimen are clegsiple. The shear angle in Region A is taken fithm

highlighted element.
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Stage twoinvolves determining the average tensile straisalong the warp and weft

fibre directions,¢ ., and €, as a function of the shear angle ifer 1 to 5. The tensile

warp
strains are given as state-dependent variablegwiite VUMAT user-subroutine and have

been verified to be the same as the tensile stradesirring along the truss elements
bounding the corresponding membrane element. Thkage tensile strain across the entire
specimen along the two fibre directions is deteadias a function of the shear angle in

from a selection of elements across both

weft

Region A, by taking an average of,,, and ¢,

Regions A and B. The average fibre tensile stajlatted for each value of the transverse
loads, F!, as a function of the shear angle and a polynoauiale is fitted to the data from
each of the five simulations(/‘p(e), the coefficients of which are stored for latefierence

by the enhanced S-NOCM code during the course @fsimulations (thg subscript

indicates this is a fitted polynomial function). dd) each shear force input cur\Rgi,(H)

has a corresponding average fibre strain cwyéﬂ).

Stage threeinvolves implementing the shear-tension couplingthe VUMAT user-
subroutine. To do this, code has been added witt@roriginal VUMAT user-subroutine
for the S-NOCM to compare the value &f in each membrane element at each time
increment against the valueSlpt (9) using the shear angle within the element (alsergiv
as a state dependent variable in the VUMAT userauine). Depending on the value of

¥, the code assigns the appropriate shear forceeDlFrS\'(H) to the element using the

algorithm given in the flow chart Figure 4.27. T$ieear stress within the element is then
determined using the S-NOCM.
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Figure 4.27. The flow chart of shear-tension cougpklgorithm which runs for each membrane element a

every time increment during a simulation.

Thus the shear force input curve is now a functbmoth the shear angle and the fibre
strain within the membrane element. The proceskisdrated in Figure 4.28, which shows
actual shear force data measured in experimentsyalnes of the average tensile strain
along the fibre directions predicted in the FE datians of the BBE test (see Figure 28).
The process of assigning the appropriate sheae feecsus shear angle curve is described
and illustrated in Figure 4.28 using a specificregbe. Note that in Figure 4.28, only data
correspnding to tranvserse loads of 5, 50 and l@@Nshown in order to simplify the

figure.

Consider an element that has a shear angle ‘cat4imet. The average tensile straiff,
inside the element is determined, in this casevétee is 0.03. An orange point indicates
the @, ¥) co-ordinate in Figure 4.28. The algorithm showrTable 4.7 is run to determine
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where the average tensile strain in the elemg&nties in relation to the average tensile

strain versus shear angle polynomial cur\4e§(9) (plotted as black lines in Figure 4.28).

Once the appropriate polynomial is identified asdigned to the element (the assignment
is indicated by a blue arrow in Figure 4.28), irstbase = 3 for the 50N transverse load,

then the corresponding shear force versus shede angye, F! («9) (plotted as red lines in
Figure 4.28) is also assigned to the element, ateitby a red arrow in Figure 4.28; («9)

is used to determine the shear stiffness of thenlon@ne element using the S-NOCM, as

has previously been described in detail in [110].

Figure 4.28. Shear force plotted against the shiegle,8, and the average fibre straiy, Black lines
indicate the average tensile strain versus shegde alynomial curves plotted irf() 2-D space, red lines

indicate the corresponding shear force versus strgge curves, plotted in thé, (¢, Fs) 3-D space.

At this point it is possible to compare the resoftshe coupled S-NOCM, or ‘CS-NOCM’,
against the experimental input data, as showngnrgi4.29. Here, experimental data from
(Chapter 2 of wrGF) are plotted as thin continuluss with error bars (a different colour
for each transverse load) and numerical predictemesplotted as thick continuous lines
(the same colour as the corresponding experimeuntak). Agreement between numerical
prediction and experimental input curve is quiterpat this stage as the experimental shear
force input curves supplied to the code are notngetnalised. A theoretical method to
normalise BBE test results for materials with aomsty shear-tension coupling was
described in detail in [177]. The method requirastom software to retrieve the

underlying normalised data via an automated itegatirocess. Future work will involve
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use of this theory for accurate and fast normatisatFor now, a simpler approximate

normalisation technique is described in the fitafys, stage 4, of the fitting process.

500
—Exp3SN
—Exp37N
400 |—Exp30N
—Exp 75N
— Exp 100N
2 300 —Pre 5N
N —Pre37N
S —Pre 50N
~ 200 —Pre 75N
100
0

0 10 20 30 40 50 60 70
a¢°)

Figure 4.29. Comparison between the experimenthttaa predicted results using non normaliEgd of
BBE 3:1 in the CS-NOCM

Stage 4involves normalising the experimental input cunssh that the numerical

simulations produce approximately the same sheaae feersus shear angle predictions as
those observed in experiments. To do this, noreglisput shear curves are obtained by
the following iterative method: (i) the input shefarce versus shear angle curves are
divided by the predicted shear force versus shegleacurves to produce a ratio (also a

function of the shear angle), (ii) polynomial fuiocts, Rip (9) are fitted to each ratio curve,

(i) input curves are multiplied by the ratio ces/to produce a next generation of input
curves, (iv) the process is repeated until readeradreement between numerical BBE test
predictions and experimental results is obtainedrnilly around three iterations are
required. Figure 4.30 and 4.31 show the comparisetwveen the original experimental
results and the final predicted shear force veshigar angle curves after conducting this
normalisation process for wrGF and cgPP. The ageaetmetween numerical predictions
and experimental data is clearly improved compaodeigure 4.29. The shear compliance
F'<-6 and the strain functions;/-6 coefficients of BBE 3:1 FE simulation using coungli
NOCM are illustrated in Tables 4.8-4.11 for wrGk agPP respectively.
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Figure 4.30. Comparison between the experimenthtlaa predicted results of wrGF using the CS-NOCM

and normalizedF<6 input curves from the BBE 3:1 simulations.

1000 S
000 ||—BEwsN | W | (-
800 _EzSON
700 —Exp 75N
= 000 [—Ewp100N
< 500 H—PresN
L‘E 400 —Pre 27N
— Pre 50N
300 — Pre 75N
200 — Pre 100N
100 |

0 10 20 30 40 50 60 70
o)

Figure 4.31. Comparison between the experimenthttaa predicted results of cgPP using the CS-NOCM

and normalizedF<6 input curves from the BBE 3:1 simulations
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Table 4.8. The coefficients of the BBE normaliséetaa compliances of wrGF with different transverse

forces
Fs0
Fe(N)

Coefficients | 5 37 50 75 100 125

1 6.52E-15 1.18E-12 -7.00E-14| -2.34E-1]  -2.99E-1p 2.39E-12
2 -1.86E-12 | -3.47E-10 | 3.86E-11 7.54E-10 9.12E-1¢ 20E-10
3 2.17E-10 4.17E-08 -7.87E-09] -1.00E-04  -1.14E-Of 8.90E-08
4 -1.33E-08 | -2.66E-06 | 7.86E-07 7.12E-06 7.58E-04 80B5:06
5 4.60E-07 9.77E-05 -4.23E-05| -2.91E-04  -2.86E-Op 2.14E-04
6 -9.11E-06 | -2.08E-03 | 1.25E-03 6.86E-03 6.18E-03 51B-03
7 1.01E-04 2.48E-02 -1.966-02| -8.96E-04  -7.30E-Op 5.17E-02
8 -4.74E-04 | -1.40E-01 | 1.58E-01 5.90E-01 4.36E-01 05B-01
9 4.78E-03 6.98E-01 3.55E-01 -4.02E-0]  4.46E-01 2H+DO
10 0.00E+00 | 0.00E+00 | 0.00E+00|  0.00E+0( 0.00E+00  OBB:00

Table 4.9. The coefficients of the BBE strain fumetas function in shear angle of wrGF with diffetre

transverse forces

¥.-0
Fe(N)
Coefficients | 5 37 50 75 100 125
1 4.04E-07 9.48E-08 4.42E-08 -8.31E-04  -3.28E-0f .19B-07
2 -7.58E-05 | -2.74E-05 | -1.37E-05| 1.98E-05 8.32E-04 .08R-04
3 5.93E-03 3.27E-03 1.75E-03 -1.96E-09  -8.79E-0B .198-02
4 -254E-01 | -2.09E-01 | -1.19E-01| 1.04E-01 5.02E-01 .24E+00
5 6.55E+00 | 7.75E+00 | 4.75E+00| -3.12E+0p  -1.66E+(1 .08E+01
6 -1.036+02 | -1.70E+02| -1.13E+04  4.91E+01 3.17E+0R .77H+02
7 9.68E+02 | 2.16E+03 | 1.61E+03| -2.31E+0p  -3.18E+(3 .028B+03
8 -4.79E+03 | -1.44E+04| -1.23E+04 -2.60E+OB  1.28E+0W3.73E+04
9 1.18E+04 | 5.04E+04 | 5.38E+04|  4.58E+04 2.73E+0}4  8HtB3
10 1.12E+04 | 8.76E+04 | 1.20E+05|  1.82E+01 2.44E+06  3B3:05
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Table 4.10. The coefficients of the BBE normalisggtar compliances of cgPP with different transverse

forces
Fs0
Fe(N)
Coefficients 5 27 50 75 100

1 1.04E-12 1.35E-12 2.35E-12 1.95E-12 -1.60E-12
2 -3.23E-10 -4.71E-10 -8.43E-10 -7.61E-10 4.40E-10
3 4.12E-08 6.41E-08 1.17E-07 1.12E-07 -4.67E-08
4 -2.79E-06 -4.49E-06 -8.32E-06 -8.47E-06 2.26E-06
5 1.09E-04 1.78E-04 3.34E-04 3.62E-04 -3.98E-05
6 -2.49E-03 -4.08E-03 -7.68E-03 -8.94E-03 -3.34E-04
7 3.17E-02 5.17E-02 9.78E-02 1.22E-01 1.91E-02
8 -2.03E-01 -3.29E-01 -6.20E-01 -8.27E-01 -1.87E-01
9 6.92E-01 1.20E+00 2.15E+00 3.19E+00 2.84E+00
10 -5.06E-02 0.00E+00 0.00E+00 1.03E-01 -6.54E-03

Table 4.11. The coefficients of the BBE strain fiime as function in shear angle of cgPP with défar

transverse forces

Pin-0
Fe(N)
Coefficients 5 27 50 75 100

5.25E-07 -1.75E-07 1.43E-08 3.49E-07 4.14E-06
-1.28E-04 5.08E-05 -2.00E-06 -6.50E-05 -8.49E-04
1.30E-02 -5.78E-03 2.46E-04 5.01E-03 7.30E-02
-7.16E-01 3.38E-01 -2.86E-02 -2.15E-01 -3.40E+00
2.30E+01 -1.10E+01 1.91E+00 6.00E+00 9.29E+01
-4.33E+02 2.00E+02 -6.52E+01 -1.18E+02 -1.50E+03
4.50E+03 -1.90E+03 1.14E+03 1.58E+03 1.37E+04
-2.27E+04 7.62E+03 -9.69E+03 -1.23E+04 -6.45E+04
4.13E+04 -5.26E+02 3.97E+04 5.40E+04 1.44E+05
3.23E+03 2.61E+04 4.78E+04 7.27E+04 9.94E+04
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To test the effectiveness of the modelling apprdaahfinal BBE simulations of wrGF are
conducted, this time using transverse loads inorgdsearly in time from 5N to 100N
rather than using constant transverse loads. lar&ig.32a and 4.32b the grey curves are
experimental results originally reported in [173%ldathe black curves are the numerical
predictions following the approximate normalisatiprocess decribed in Stage 4, when
applying constant transverse loads of 5, 37, B0arfd 100N (the same information is
shown in Figure 4.30). The blue curves in Figu24d.and 4.32b are the results predicted
by the CS-NOCM when increasing transverse loadsjapéed over the course of the test.
In Figures 4.32c and 4.32d the applied transvevad Is plotted againgl rather than

against time, creating slightly non-linear profiles

] [] wl® /)
/- /

% 300 //‘// % %/
= 200 /’// = 200 7
100 égéf/ > 4 100 %/éfj > 4
0 é 0 %
0 10 20 30 40 50 60 70 0O 10 20 30 40 50 o0 70
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~ 40 < 40
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Figure 4.32. Evaluation of the coupled S-NOCM gajl (b) the faint grey lines are the experimergsiilts
from [175], the black lines are the normalised preégns shown in Figure 4.6 and the blue linesthee
predicted results when an increasing transverskitoapplied to the sides of the specimen. Thestranse

loading profiles are shown in (c) and (d) respetyiv

As expected the axial force predictions of the ecbd shear-tension CS-NOCM, made

using increasing transverse loads, move acrossntimmalised numerical predictions
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generated using constant transverse loads (th& blagwes). The different transverse load
versus shear angle profiles, (), shown in Figures 4.32c and 4.32d, produce differe

axial force predictions, as can be seen by comgaigures 4.32a and 4.32b. The result in
Figure 4.32a is close to that which might be exgaétom the woven glass fabric used in
the experimental investigation [175]. However, whihe result of Figure 4.32b appears
correct until around 3 an unrealistic softening is apparent above thé&as angle. Thus,
at this point the predictions of the model havenbfeind to be qualitively correct under
simple loading conditions though can show unexpgketiehaviour under more complex

loading. Possible explanations for the unexpectedigtions could be related to the choice

of elements used to create the average strain sungée). The resulting predictions have

been found to be sensitive to this choice; futumrkwmay involve using a more refined
mesh to model the BBE test and use a larger safedf elements to examine this
sensitivity, the normalisation technique used iis thork. The very simple normalisation
procedure used here takes no account of the skresioh coupling in the fabric. A more
rigorous method was recently proposed in [177]ufutwork will aim to employ this
method to improve accuracy and reduce the uncgytainthe shape of the input curves
passed to the CS-NOCM, the method of calculatiegsthess increment at each time step.
A tangent stiffness matrix has been used to deterithis stress increment, i.e.
Ao =%A9 (4.24)
de
The linearisation process is known to reduce thesigeity of the technique of using
multiple input curves to control the shear comptaf the membrane elements, a point
discussed in detail in [88]. Nevertheless, thedis®d increment was used in this first
attempt to model to the shear-tension couplinghasmethod has the advantage of being
particularly robust. Future work will focus on ingming the sensitivity of the approach,
using the methods described in [88].

Despite the irregularities in the predictions o€ tehear-tension coupled model under
certain in-plane loading conditions, it is cleaattthe technique proposed here produces a
shear-tension coupling similar to that seen ina@atdperiments. Future work will focus on
improving the accuracy of the method, though thelehpredictions are considered to be

sufficiently accurate at this stage to begin toneix& the question of whether or not, and

141



also under which conditions, the influence of aashiension coupling on the shear angle

and wrinkling predictions of complex forming simtitas is important.

4.7 Conclusion

A method of incorporating realistic tow meanderoirghear test simulations has been
demonstrated. Results suggest tow meander is dicign cause of variability observed in
actual BBE tests. Further, because the varialplibduces both decreases and increases in
the measured force, it is apparent that tow meaisdEmost certainly not the cause of the
increase in shear resistance observed in the gegr characterization experimental tests
or, in other words, these simulations suggest flearstension coupling observed in [175]

is a real effect and not the result of sample ngeatent or tow meander.

A method of modelling the coupling between sheanmgitance and in-plane tension in
woven engineering fabrics has been demonstrated. niéthod is similar to that used
previously to create rate-dependent ‘viscous’ behavusing a hypo-elastic model [88]
though here the average in-plane strain along wwe tow directions, rather than the
angular shear rate, is used to control the seleafothe shear force versus shear angle
curve for use in the non-orthogonal constitutivedeloused to relate the shear force and
shear stress) [50, 53]. A simple normalisation pdate has been proposed. The sensitivity
of the modelling approach is assessed and fougtvéoreasonable results, clearly showing
a coupling between shear compliance and in-planessts and strains in the fibre
directions. Future work will involve refining theadelling and normalisation process in
order to improve the accuracy of the predictiorfse $hear-tension coupled model will be
used to evaluate the importance of a shear-teresiopling on the predictions of complex

forming simulations.
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5. Forming Simulation of Woven
Engineering Fabric

5.1 Introduction

The main aim of forming simulations is the virtwgdtimisation of forming processes and
ultimately the optimisation of the parts’ final nfiamical properties through exploration of
different forming conditions and fabric layups. Taen is to eliminate the empirical trial
and error method, which can be very costly. Defettsh as wrinkling and the final
deformation of the material can be predicted in tlesign stage by using optimised
models. A number of useful outputs can be obtafr@d forming simulations, such as the
fibre directions, which are crucial in determinitite mechanical properties of the final
formed part and are also key elements in determitiie permeability for liquid moulding

of engineering fabric preforms. Process induce@atsfcan also be predicted, such as the

onset and propagation of wrinkling and the teadghthe fabric [111, 179-182].

In this chapter, novel kart wheel forming tools wetesigned and manufactured in the
School of Engineering workshop at the Universityadésgow, to conduct forming tests on
wrGF and cgPP weave fabric material. Then, FE fogrsimulations of the kart wheel
were performed of 0/90 and 45 orientations usiwg shear constitutive models: the
shear non-orthogonal constitutive model S-NOCM t&coupling shear non-orthogonal
constructive model, CS-NOCM. The effect of inhereatiability has been also taken into
account by using orientation variability measureahf the two fabrics, as described in
Chapter 3, and then usindarifab® to automatically generate variable finite element
meshes used in the FE forming simulations. Afteat,tha comparison between
experimental, predicted shear deformation resudisguthe S-NOCM and predicted shear
deformation results using CS-NOCM at specified fioces on the deformed parts were
carried out. Finally, a sensitivity study of theegicted shear deformations due to the
alteration in the material and the process paraméshear compliance, tension stiffness,

blank-holder force, punch velocity and coefficieffriction) is reported.
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In the following sections a review of prior invegttions of the numerical modelling of the
forming of advanced composites with complex geoietis provided in order to give an

historical overview of the main innovations andreut state of the art in this field.

5.2 Review of interesting developments in advance&bmposite
forming

In investigating the validity, efficiency and limation of the numerical modelling
approaches that are used in modelling textile caitpdorming, researchers have utilized
different geometries, such as a hemisphere [34, 13® 168, 183-189], double-dome [53,
113, 170, 174, 190-194] , pilot helmet [153, 1996]1 cylinder [32, 197, 198], car hood
[199] , cone-shapes [200], aerospace part [20&fraliedron [202], square box [111], an
industrial complex part [203], a helicopter parD42 and a complex multi-cavity part
[152] (see Figure 5.1). All the geometries cont@muble curvatures providing useful case
studies in exploring the potential and limitatiomisdifferent constitutive models under
different forming conditions. Particularly extensimumerical and experimental studies
have been carried out using hemispherical and dodirine geometries [34, 53, 113, 146,
152, 168, 170, 174, 183-194]. Much of the recentchenarking work concentrates on
using the double dome geometry [53, 113, 170, 190;194], due to some advantages of
this geometry over the previous hemisphere bendhng@ometry. For example, a
hemisphere has one possible initial contact poihiclv gives just one possible shear
deformation result using either a kinematic or nagatal forming approach. In contrast,
many initial contact points are possible on doutidene geometry, which creates issues
when using a kinematic forming approach in thated#nt shear deformation results are
produced for every starting contact point. The pddvantage of double dome geometry is
the possibility of investigating the material propes of the deformed part by cutting a
piece of consolidated material from the flat suegadhat run along the sides of the
geometry (see Figure 5.1b).
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Figure 5.1. Shapes of different geometries were uséorming of advanced composite (a) hemisphere
[183], (b) double-dome [174], (c) pilot helmet [15&]) cylinder [32], (e) car hood [199], (f) cos&apes
[205], (g) aerospace part [200], (h) tetrahedrdil]2(i) square box [111], (j) an industrial compleart
[202], (k) a helicopter part [203] and (I) complelti-cavity part [152]

Various researchers have investigated the effdatlifferent constitutive models on local
shear deformation and the draw-in shape of the $mmerical textile composite parts [34,
146, 152, 168, 183-189]. An early attempt to motle draping of fabric over a
hemispherical mould was carried out by Dong, et [&B4] using an hypoelastic

constitutive model. Their updated material modeliok tracked fibre directions,

145



successfully modelled the draw-in shape and tharstieformation, whereas significant
discrepancies were observed when using a non-updadterial model. Yu, et al. [108],
[109, 110] used a hypoelastic model in a formingwation of asymmetric NCF material
using a hemispherical (die and punch) model. Tipeemental shear deformation
results were compared with the model predictiongl dhey found that there were
significant differences between the experimentatults and the predicted shear
deformation on certain position of the hemispheka. hypoelastic constitutive model
similar to that developed by [108-110] was devetbjixy Badel, et al. [168] for the
numerical forming simulation of a textile compostger a hemispherical mould. The
experimental draw-in shape and shear deformatiore we a good correlation with the
predicted results, and the out-of plane wrinklingswalso predicted accurately. Later,
Sadough, et al. [187] conducted a simulation ofuargr hemisphere using the non-
orthogonal constitutive model of Peng and Cao [9lje predicted results were not
compared against experimental results. However,paoison of the predictions of their
explicit and implicit based FE models showed idmaitresults though the computational
time of the implicit code was about twenty timesaer than that of the explicit code. In
2007 Skordos, et al. [188] used a visco-elastic eh¢tl51] to simulate the effect of
different strain rates and in-plane tension on skeé&éormation and out-of plane buckling.
The model predicts the shear deformation field,nil@imum value of shear strain and the
onset of out-of plane buckling successfully. Howevine model underestimated the
maximum wrinkling. Lin, et al. [34] utilized the @dictive rate/temperature-dependent
model of Harrison, et al. [206] which was novethiat shear force vs. shear angle vs. shear
rate input data were predicted from the fibre wwdufraction, yarn width and matrix
rheology [134] and incorporated in the numericatimfsation simulation of textile
composite forming. The effect of a localised logdaondition on the blank holder and the
effect of size and temperature of the blank on klimig and shear deformation distribution
of a hemisphere were predicted. Optimising the ilmadlistribution on the segmented
blank-holder perimeter and use of appropriate teaipee were found to be key factors in
reducing or eliminating wrinkling. In order to optise the numerical forming process of a
textile composite, Vanclooster, et al. [189] inamgted a predictive frictional model
implemented in the VFRIC user subroutine in Abagixplicit, based on experimental
viscous tool/ply and ply/ply traction tests for netlthg the fabric/tool and tool/tool contact
in the hypoelastic constitutive model that was tlgwed by Willems [23] through FE
simulation. Numerical multilayer forming of dry fab was investigated and the predicted
draw-in shape was found to be very close to theex@ntal draw-in shape. Later in 2011

Thije ten [207] conducted experimental forming onultiMayered unidirectional
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carbon/polyetherketoneketone laminates with a ggasiopic {0/90/45/-45}S lay-up and

woven 8HS/PPS laminates at 360USing a steel punch and cold rubber die. The sihck
unidirectional multi-layered laminate was modellgsing one blank in which a single
element could incorporate several different fibneeations in order to provide fast and
accurate forming simulations, however this meth@ns that predictions of delamination
between UD layers is not possible. Neverthelessypasison between the experimental
and predicted results of the fibre distribution aheé wrinkling pattern show a good

agreement.

In 2006 Creech and Pickett [124] took advantageodflern high performance computers
to model every individual tow and stitch of dry Xie non-crimp fabrics at the meso-scale
level. Their meso-scale model was used to simtletdorming of impregnated composite
on a hemispherical mould. The meso-model demoestranore accurate fabric
deformation mechanisms than both kinematic mappamgl mechanical continuum
approaches, and excellent agreement of the sh&anagion of the deformed hemisphere
part between the experimental and predicted formirager Boisse, et al. [114], [208]
modelled a simple unit cell consisting of few shelements with 216 Dofs. The
reinforcements (fibres, yarns, and unit cells ofvero or knit) were considered as a set of
elements. The reinforcements were linked togethercbntact or springs, and were
explicitly described. The interaction contact bedwethe yarns and the rotations with
respect to each other were all taken into accdurg.model has been validated by carrying
out a PF and a hemispherical forming simulatiore predicted results show natural yarn

slippage, lateral yarn compaction, and wrinklinge(&igure 5.2).

Figure 5.2. Numerically deformed hemispherical paihg the 216 Dof shell element FE model

The model of Cherouat and Billoét [35] was validaby conducting a draping simulation
on rectangular and circular tables and a forminguation on a hemispherical dome. The
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simulations showed good agreement with the tesitees predicting wrinkling and shear
deformation. Subsequent, in 2005 Sharma and Setfli51] developed a model similar to
that of Cherouat and Billoét [35]; the differens@s to replace the membrane element

with a truss element connected diagonally to thiécad nodes.

The hyperelastic model of [143] was also used twassfully simulate the asymmetrical

behaviour of an unbalanced fabric by taking intccamt the differences in the tensile

behaviour of the two principal directions of the teral (see Figure 5.3). Figures 5.4

shows the draw-in shapes modelled with and withehdar compliances. The draw-in

shapes predicted with shear stiffness shown inregyb.4e and 5.4f more closely predict
the experimental draw-in shapes as shown in figbs and 5.4b than those without shear
stiffness shown in figures 5.4c and 5.4d [143].

Figure 5.3. The draw-in-in hemispherical shapearf-orimp fabric using the hyperelastic model (a)

experimental (b) numerical [143]
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(a) (b)

(e) (f)

Figure 5.4. (a) The experimental hemispherical wétt 0/90° (b) The experimental hemispherical path
+45° (c) The predicted hemispherical part with 6/80d without shear compliance (d) The predicted
hemispherical part with +45° and without shear cbhamge (e) The predicted hemispherical part wig00/

and with shear compliance (f) The predicted hen@siphl part with +45° and with shear compliance3jL4

The double-dome benchmark geometry was providelddog Motor Company (Dearborn,
Michigan, U.S.A.) to benchmark the potential, eéfrcy, and limitation of different FE
software modelling approaches as applied to thaifay of a double-dome geometry [50].
The double dome geometry was proposed in a WovertiBeark Exercise initiated at
ESAFORM in 2003. A number of researchers [53, 1T7&, 174, 190-194] have used the
double-dome benchmark geometry in their work tcestigate the limitation and validity
of their constructive models and to optimise thenatical forming process of textile

composites.

Willems [23], [193] and [194] conducted numericalrhing simulations of co-mingled
glass-PP weave on a hemisphere and double domeeggoior optimizing the forming
parameters using two constitutive models: the afélastic model with the non-orthogonal
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constitutive model (T-AEM /S-NOCM) and the affinkagtic model with the shear elastic
model (T-AEM/S-AEM). Shear deformation results ofrhing simulations obtained from
both models agree well with the experimental rasédr the material with maximum
tensile strain < 1.5%, however only the T-AEM/SAEMmonstrates reasonable shear
deformation results when examining 10 times maetctable material.

Since the mechanical approaches of modelling theemahbehaviour of textile composite
based on FE method are computationally expensitegive good predictions, and the
mapping approaches are poor in terms of predi¢tiegdeformation especially on moulds
that have complex curvatures but are computatiprfalét, an intermediate mechanical
approach that can take the advantages of eachagbtpmas introduced by Sharma and
Sutcliffe [196] and named the progressive drapeanddcordingly, the proposed model is
an enhanced mechanical model of truss elementsmethbrane forces included and with
low computational cost. Draping simulation has besplied on an hemispherical
helicopter pilot helmet using the mapping fish agproach [209], and the results indicated
that the enhanced model is able to perform an ateudraping when compared to
experimental results, especially on the curvaturéase around the ears of the helmet. The
results from the progressive drape model were fdarite more accurate than a kinematic

model.

Later Vanclooster, et al. [113] and Vancloosterale{192] also performed a comparative
study between the kinematic and mechanical dragppgoaches [41]. They concluded that
the shear deformation results predicted from tinerkiatic mapping approach were not in
good agreement with the measured results when unstmical forming arrangements are
used. By contrast, the mechanical approach procduoasre precise prediction and appears

to be the best technique in terms of draping sitiraria

Khan, et al. [190], Khan, et al. [155] and Khan,att [170] conducted experimental
forming tests of dry woven fabric on double domadbenarked moulds and numerical
forming simulations using their hypoelastic congiite model [155, 170]. The predicted
draw-in shape and the shear deformation of theiggeztiforming simulation were found to
be in good agreement with the experimental resBksg and Rehman [191] validated the

non-orthogonal constitutive hypoelastic model depetl by Peng and Cao [51] by
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conducting forming simulations of balanced plainawe composite with two initial
orientations 0/90° and +45° on a benchmark doublea mould. The predicted draw-in
shape and the shear deformation results from theortbhogonal constitutive model were

found to be in good agreement with the experimaetllits.

Lee, et al. [50] was the first to perform a mactals forming simulation of a balanced
commingled glass/polypropylene plain weave fabncdouble-dome mould using a non-
orthogonal model that incorporated a shear-tensaupling. Predicted shear deformation
results, punch force histories and draw-in shape ftoupled and non-coupled constitutive
models were compared, and they found that the tresimg the shear-tension coupling

model was such that the shear deformation decreaskthe punch force increased [53].

Recently Harrison, et al. [174] has carried outezkpental and numerical forming tests of
0/90° pre-consolidated unidirectional cross-ply atbed thermoplastic composite on a
benchmark double-dome moulds using the Stress Poovestitutive model [88]. In-plane
tension is applied on the tested blanks in the mx@atal and predicted forming
simulation using clips and springs rather thanamlblholder due to the need to heat the
entire part, a goal that is difficult when usingarit-holder. The predicted shear
deformation results at points 11-20 (the locatiaeed by Khan, et al. [170] for the 0/90
sheet orientation case) were compared with thererpatal results obtained by Khan, et
al. [170]. Also, results obtained using woven fapdifferent boundary conditions and
blank shape were compared to results of Harrigbral. [174]. The predicted shear
deformation results at points 1-10 were in closea@gent with the experimental results,

whereas only approximate agreement was obseryealrdgs 11-20 (see Figure 5.5).
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Figure 5.5. (a) The predicted shear deformationargrplot (b) Shear deformation of double-dome frann
[174]
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Long, et al. [195] used a simple finite element eldd51], which consists of five truss
elements (four elements on the perimeter of thesquare cell model with the tension in
the tows, whereas the fifth element is in the hmrial diagonal and models the shear
compliance) in modelling a woven carbon/epoxy pegpnelicopter pilot helmet using a
thermoforming approach. The thermoforming approacladopted from the metal and
plastic thermoforming processes and uses a soptisti segmented blank-holder. The
segmented blank-holder when integrated with a Pirgenetic algorithm was used in
optimising the pressure distribution so as to obtaiformed part free from, or with
reduced, wrinkling. By allowing the peripheral ekemis to be subjected to compressive
deformation, the out-of plane buckling was modell@gtimising the pressure distribution
profile on the 0/90° and +45° woven blank perimaisng a genetic algorithm method
leads to decreasing the maximum wrinkling defororafrom 20% to 14% and 15% to 8%
for both cases respectively (see Figures 5.6 afd 5.

Wrinkling %train Wrinklingﬂstrain
| 002 002
‘ 004 r 004
006 Lk 0,08
-0.08 _".i E =-0.08
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Figure 5.6. The 0/90° formed part (a) with non-ojsied blank-holder force (b) with optimised blarder

force[195]
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Figure 5.7. The £45° formed part (a) with non-opsied blank-holder force (b) with optimised blanKdey
force [195]
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Studies of optimising the prediction potential loé tformed part profile and wrinkling has
been carried out by [32, 111, 181, 182, 197]. Xwale[59] and later, in 2005 Boisse, et al.
[111], [181, 182] used a semi-discrete approadtetnonstrate the importance of correctly
predicting the out-of-plane buckling. Hamila andi€®e [181] have added a shear
compliance to the semi-discrete model and then wcted a draping simulation on a
cylindrical geometry to predict wrinkling, which pgars very clearly when shear
compliance was added see Figure 5.8b. Wrinkling wais predicted when the shear

compliance was not added (see Figures 5.8a).

(a) (b)

Figure 5.8. The final formed draw-in shape of thepgd shape on cylinder (a) with just tensile coamgle
included and (b) with tensile and shear compliaft8s].

Inflation of two air bags has been simulated bysodering the following three cases in
modelling the material of the bags: tensile stifs@enly, tensile and shear stiffnesses, and
tensile, shear and bending stiffnesses (see Fiy9)e[182]. As can be seen clearly from
Figure 5.9a, in shapes 1 and 2 with only tensilmm@nce, there are no wrinkles. In
Figure 5.9b, shapes 1 and 2 with tensile and stwapliances have wrinkling, whereas in
Figure 5.9c, shapes 1 and 2 with tensile, shearbanding compliances, have wrinkling

and they appear to be more realistic.
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Figure 5.9. Three different constitutive modelénttate the airbags (a) only the tensile compliafiethe

tensile and the shear compliances (c) the tersdiegr and bending compliances [202].

Draping simulation of fabric on a circular cylindal mould using the previously

mentioned three constitutive models was also caoig in [202] (see Figure 5.10).

(.)' (b). (c.
Figure 5.10. Three different constitutive modelsdoaping a fabric blank on cylindrical mould (ajlypthe

tensile compliance (b) the tensile and the sheaptiances (c) the tensile, shear and bending camgpdis
[197, 202]

Further improvement of the semi-discrete approddi | 181, 182, 197, 202] has been
performed by Boisse, et al. [32]. However, the makenodel that includes tensile, shear,
and bending stiffness shows the shape of the vasnkiore naturally (see Figure 5.11 b)
when compared to the experimentally deformed ¢ Figure 5.11a). While the shape
seems to be far from the natural appearance whedirge compliance is absent (see

Figures 5.11c and 5.11d) [32].
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Figure 5.11. Three different constitutive modelsfe@ming the hemisphere (a) virtual formed pds), ¢nly
the tensile compliance, (c) tensile and the sheaptiances and (d) tensile, shear and bending dangas
(32]

5.3 Design and manufacture of an advanced composiart
wheel using press forming

The aim of the current work on complex formingas(i) use the pre-existing S-NOCM
(with the mutually constrained structural truss/rbeamme elements) to design a useful
component of high geometric complexity (beyond pinedictive capability of kinematic
codes), (i) manufacture the component based orptedictions of forming simulations
(iif) evaluate the predictions of the original S-8® and the predictions of the CS-NOCM
(see Chapter 4) and (iv) introduce variability ifitoming simulations. In so doing, the
goal is to demonstrate the potential improvementsagcuracy and robustness of the
mechanical modelling approach over the more comkine@matic (or mapping) approach
and also to understand the importance of the dieeaion coupling and initial material
variability on final forming predictions. To the $teof the author's knowledge, this is the
first occasion in which a mechanical forming co@ds been used to optimise the design of

a complex component.

The Carbon Revolution Company introduced to theketathe first one-piece carbon fibre
wheel (see Figure 5.12). There are some advantagascarbon fibre wheel such as
‘increasing acceleration, improved steering, hargdlind response, improved mechanical

grip, reducing road noise and reducing fuel congionp[210].
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Figure 5.12. The world’s first one piece carborfilvheels for automotive and aerospace applicafiy]

An advanced composite car wheel was also introdiiged Japanese company (Weds
Sport) [211]. The weight of one wheel is just 2.§§B.08 pounds). The cost of one set is
from $10,000 to $12,000. The high cost of the wheelttributed to the high cost of the
manufacturing process, which depends on skilledodabi.e. a non-automated
manufacturing process. In order to reduce the aistsuch products, automated

manufacturing processes such as stamp formingtodsel used.

Manufacture of a kart wheel offers a challenginbject for textile composite forming and

can therefore serve as an excellent case studywtiith to evaluate mechanical forming
predictions. An initial 6-rib geometry of the kavheel was suggested by [212], inspired
by the nylon kart wheel shown in Figure 5.13.

(@) (b)

Figure 5.13. A plastic Kart wheel (a) one halftod twheel (b) the two halves of the wheel
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5.3.1 Kart wheel design considerations

The objectives when designing the tooling are tmiehte tearing and wrinkling in the
formed part and to maximise the number of ribs rtleo to provide increased structural
integrity. The aim is to manufacture two identidalves of the wheel; these will
subsequently be fastened together (see Figure )5.TBhbs, the geometry has to be such
that the two halves can be easily mated togethier ahanufacturing. There are two
constraints that must be adhered to when desighmgnould tooling: (i) the tooling must
be tapered with no vertical edges in order to alédacking and consolidation of multiple
formed layers and (ii) all the corners and edgestrba filleted and rounded to avoid high
strain regions when forming the sheet and to fatdi easy extraction and release of the

part from the mould.

5.3.2 Preliminary simulations of possible kart whelegeometries

A virtual trial and error approach has been usedetermine the optimum composite kart
wheel geometry. In order to satisfy the design wharations mentioned earlier, a number
of CAD forming tools have been built with differemimbers of ribs and rib side angles (to
make the rib sides taper). The tools (die, punahl@dank-holder) are imported to Abaqus
Explicit. The best tool design in terms of formékiland the formed wheel's expected
stiffness was chosen. Four possible geometries Ibeee evaluated using the code with the
aim of choosing the best geometry for subsequenmtufaature. The simulations were
conducted in two steps, (i) the blank holder fonaes applied in the first step. The blank
holder force was 1000N (ii) the punch moves dowrioton the blank. The wrGF shear
compliance of UBE tests (Table 4.2 in Chapter 4) @msion material properties of wrGF
(see Section 4.5.1 (c) in Chapter 4) were usedhmmluct the simulations. The predicted
shear deformation of the four geometries (geom@)ywith three straight ribs, geometry
(b) with four straight ribs, geometry (c) with fiaraight ribs and geometry (d) with eight
ribs with tapered angle = 5° and hole at the cenlre tapering and hole were found to

reduce the shear angle significantly (see Figurk$-5.17)).
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Figure 5.15. The shear angle contour plot of fabiart Wheel
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Figure 5.16. The shear angle contour plot of fibekiart Wheel

Figure 5.17. The shear angle contour plot of eidjist deformed composite Kart Wheel

In terms of stiffness and formability, the wheeltweight ribs and a hole at the centre
(Figure 5.17) was considered to be the best desigen compared to the other three
geometries due to two reasons: (i) the eight tapeabs make the part stiffer and (ii) the
predicted shear deformation was the lowest comptueitie other three cases (Figures
5.14-5.17). Based on these results, a set of nditclade/female kart wheel moulding tools

was manufactured (see Section 5.3.3).
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5.3.3 Experimental forming setup and process condiin

a) Machining of tooling

Tooling for a kart wheel with eight taper ribs Hasen designed and manufactured (see
Figure 5.18). A heating system is embedded withia tooling for heating up the
thermoplastic or thermoset composite (consolidatate, commingled fabric or prepreg).
This comprises four cartridge heaters in both nzald female tools and one cartridge
heater in the long central pin. Cooling is achiebgdcirculating cold water or air inside
the female and male tools for faster consolidaitioiine mould (see Figure 5.19). However,
the water cooling system has not been used in tieerd work due to strict safety

concerns.

Figure 5.18. CAD assemblies and parts of Kart Whealld (a) female mould (b) male mould and (c) pin.
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Figure 5.19. Water cooling system of (a) the male @) female tool

A segmented blank-holder first introduced by Ad4213] and used by Lin, et al. [34] has
been re-manufactured for producing symmetric angmasetric boundary conditions
during forming (see Figure 5.20).

Figure 5.20. CAD assembly of the segmented blariéteno
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b) Steady State Thermal FE Simulations of the Fornmig Tools

Thermal simulations were performed in order to us@ad the thermal response of the
tooling prior to manufacture. The purpose of theritimal simulation is to visualize the
temperature field, which should be almost homogeramross the tooling surface, and to
predict the heating time. The required simulati@urxary conditions are the specified
temperatureT=T(Jt), the surface heat flux=q(dt) per unit area, and the surface
convectiong=f(T-T°) where f=f(Jt) is the film coefficient andr’= T°(Jt) is the sink
temperaturet is time anddis the position [214]. The input data are: thekgemperature
of the female tool, male tool, pin and the bottolate of the blank-holder is set as room
temperature which was presumed to be 20° C=293f khe whole surface except places
in direct contact with the cartridge heaters. Th®le surface has a film coefficient of 34.0
W/m?K and the temperature of the heaters is 200° C=4&73A surface heat flux of -1

W/m2 is applied to the whole surface. A temperatlis&ibution is shown in Figure 5.21.

Figure 5.21. The temperature distribution contdat pf (a) the female tool (die) (b) male tool (pti, (c)
long-pin and (d) the bottom plate of the blank-leold
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5.3.4 Experimental forming procedure

Two materials have been analyzed in this investigat the commingled
glass/polypropylene twill weave fabric, cgPP, amel plain weave dry glass fabric, wrGF,

described in Chapter 2 (see Section 2.3 for détails
The forming of the kart wheel part is based on mlmer of basic procedures.

1. Cut out square sheets measuring 350 x 350 mm of material with orientations
of 0/90° and +45°.

2. Measure the inherent variability by drawing linedldwing the tows of the

samples.

3. Create a grid pattern for subsequent image analysis

The image analysis involved using the mouse-cusadentify the corners of every grid
cell within thelmageJimage processing environment [60]. The measuratissts (the
average of the shear angle and the standard dmjiatie used as input data féarifab®”

to produce FE meshes of mutually constrained memebead truss elements containing
equivalent variability to the actual sheets. Theasg fabric is then placed within the
segmented blank holder (Figure 5.20) and the bleoiller force is applied by the eight
sets of springs and pads onto an aluminium presfigtiebution plate, measuring 15 mm
thick, which enables the blank holder load and ld@ttibution to be varied. After this, the
blank holder bottom plate is connected to the ldiege (see Figure 5.22).
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Segmente
blank-hold

Figure 5.22. The forming station of the segmentaditholder, the punch and the die

Both the wrGF and cgPP fabrics have been formedguiie stamp-forming process.
However, since wrGF is eventually consolidated gisanthermoset matrix, whereas the
cgPP is consolidated by heating and cooling itsntleplastic matrix, the procedures for

performing the experiments on the two materialsd#ferent.

a) Procedure for forming the cgPP material and obsged defects

The first step involves forming the central holengghe pin and consolidating the material
within the hole by heating up the pin and the dieng (the cartridge heaters) to heat the
pin to 200 C°, maintaining the temperature for aldduminutes. The reason for forming

the hole first using the long-pin and then formihg rest of the part using the full punch is
due to the complexity of the geometry, which cauvesmaterial to tear and pull apart

when trying to form the entire geometry in a singtess-forming step using the full punch
(see Figure 5.23).
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Pull apart

Figure 5.23. Pull apart of cgPP deformed part ugtiegfull punch in a single forming step

After forming the central hole, the system is cdale room temperature by switching off

the heaters and leaving the blank in the mouldbmut 30 minutes. The next step involves
replacing the pin with the main punch and forming test of the blank. The remainder of
the blank is partially consolidated by heating guwnch up to 200 C° before cooling to

room temperature by leaving it for about one hawtar a load about 26000 N. Figure 5.24
shows the formed blank from above while still i tmould. The pin and punch speed is
200 mm/min and the blank holder force 125 N on gy&d. The blank holder force used
for this material cgPP is much higher than thatluse wrGF because cgPP is stiffer and
thicker than wrGF.
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A .

Figure 5.24. Formed part after removing from thaulis

To prevent yarn slipping after forming, blue adkediape was placed on three sides of a
formed sample’s perimeter, the other fourth sides \mlready stitched by the fabric’s
supplier (see Figure 5.25). However, it was foumat use of a stitched fabric perimeter
caused severe fabric fracture and opening in Ieedlregions of the formed part, as shown
in Figure 5.25.

Local fracture

Blue tape

(b)

Figure 5.25. (a) Formed part with tapering andlisti&ching (b) local fracture and opening of tlerhed
part
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b) Procedures of forming the wrGF material and obseved defects

First of all, a liquid PVA release agent (ALLSCOWps applied to all surfaces of the
blank-holder (Figure 5.20), pin (Figure 5.18c), plin(Figure 5.18b) and die (Figure
5.18a). The blank was then formed in two steps.fiFbestep involved forming the central
hole using the pin and then applying epoxy resirthenformed material within the hole,
after which it is left to cure overnight. The sedatep involved replacing the pin (Figure
5.18c) with the main punch (Figure 5.18b) and fowgnihe rest of the part, and then
applying epoxy resin before again leaving it toecarernight. The pin and punch speed

was 200 mm/min and the blank-holder force 12.5 Nwery pad.

The blank-holder force is a crucial parameter alayga key role in forming, excessive
blank-holder force cause tearing (the pin tool giesugh the blank) (see Figure 5.26a).
Insufficient blank-holder force permits wrinklingge Figure 5.26b).

(@) Wrinkling

Figure 5.26. (a) Tearing of blank due to excesblaek holder force (b) wrinkling due to insufficienlank-

holder force

5.3.5 Analysis of the experimental results

A brief review of the common methods of measurihgas deformation after forming
advanced composites and engineering fabrics ovaplex geometries is provided before
reporting the shear deformations measured in thigestigation. Three methods of

measuring shear deformations for advanced compgosite reported in the literature
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including manual, fibre volume fraction, visual aheeformation, grid deformatioand

digital image correlation measurements [215-218].
a) Manual shear deformation measurement

The engineering strain of a woven cloth has beeasored manually using manual shear
deformation measurements [112, 219]. In this metihedshear deformation is measured
directly from the deformed part using simple equamtnsuch as protractor and triangles.
However, this method is normally reserved for sengleometries and becomes time

consuming for complex geometries.
b) Visual shear deformation measurement

The visual method was used by both Long, et al5][Hhd Lin, et al. [34]. This method

involves drawing lines along the orthogonal towfobe forming to generate a grid. After
forming the shear deformation can be evaluatedalligun the visual method used by Van
Der Weeen [220] and Souter [221] a picture of tredljgted deformed part is laid over the
photo of the experimentally deformed part to féaté direct comparison.

C) Digital image correlation measurement

Digital image correlation (DIC) is an optical straneasurement method used to measure
displacement and strains across a surface usingetoemation gradient tensor obtained
from correlated images. Measurement of the dispiace and the strains can be performed
using commercial 3D digital image correlation sysee.g. ARAMIS and LIMESS
systems [23] and LaMCoS [222]. The general comptef any 3D DIC measurement
systems are two CCD cameras and image correlatfiwase. The two CCD cameras
capture grey scale images of the item during dedition and calculate the reference and
spatial displacement field of the item. The disptaent can be calculated by comparing
the position (the coordinate) of a particular isgation of the grid to subsequent images
using an image correlation algorithm [23, 222]. T3i@ DIC process of measuring the
deformation starts by painting a grid or sprayingpackle pattern on the specimen. The
current coordinates of the four corners of evellyinea 3D formed part can be determined
by the grid intersection points. As a final poitite (X,y,z) coordinates of every point of
intersected lines in the grid is extracted usinggmcorrelation software and then the shear
angle can be calculated as the dot product of életovs [23, 222].
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5.4 Numerical Simulations: Model Setup and Forming

The FE software Abaqus Explicit was used to molelgroblem due to the technique’s
ability to analyse complex and changing contacddams. The forming setup (see Figure
5.27) consists of a 350x350 mm square blank of alliyticonstrained elements with
guadrilateral membrane elements (M4D4R) measurm2gniZm and truss elements (T3D2)
along the perimeter of each membrane element (set#08 4.3.2 (b)). The die, punch and
pin were all modelled using three and four noddgidl body elements (R3D4 and R3D3).
The reason for using three nodes rigid elements3RiBDsome regions instead of using
four nodes rigid elements R3D4 in all the regioristtee geometries was due to the
complexity of the geometries. A deformable blankdieo was modelled using quadrilateral
membrane elements (M4D4R); the pressure loadinghertop of the blank holder was
distributed across eight node sets as shown inr&igL28 (this technique has been used
before by Lin, et al. [34].

Die

Figure 5.27. FE forming model setup

Figure 5.28. The deformable blank holder with logdbositions on eight node sets
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For the wrGF and cgPP the density of truss elentert80 and 1500 kg/frespectively
and the density of membrane elements = 400 and kGO respectively. The densities
were chosen after several attempts to obtain ssitdesmulations with no excessive and
unrealistic element distortion. The friction coeifint between tools and the blank was 0.3.
Simulations of the eight-ribbed wheel were conddicite three steps (different to the
preliminary simulation procedure to determine polgskart wheel geometries, see Section
5.1.1). The three steps are as follows: (i) thebolaolder force is applied, either 12.5 or
125 N on each pad for the wrGF and cgPP mateeaijsectively, (i) the pin moves down
to form the central hole in the middle of the blamikh a velocity of 15 m/s and (iii) the
rest of the blank is formed by moving the full pbralown with a velocity of 10 m/s. The
velocities were chosen after several attempts taimkthe optimum simulation speed.
Speeding up the simulations by decreasing the atioul time and increasing punch speed
or scaling the mass by either increasing mateeakiy or reducing the modulus reduces
the computational cost. However, there are cefiaiits that must not be exceeded by
ensuring the ratio of the kinetic energy to intémr@ergy is less than 10% [223]. This was

verified in all simulations.

The reason for conducting three simulation stepshi® eight ribbed wheel rather than two
(such as with the preliminary simulations, see i8acb.1.1) was because, in the case of
the preliminary simulations, the full punch travas just 40 mm and there was no central
hole for the first three cases (Figures 5.14-5.1869) simulate the eight ribbed wheel to a
depth of 50 mm, (the depth of the actual plastieethsee Figure 5.13) three simulation
steps had to be introduced in order to preventkhng, pulling apart (see Figure 5.23),
bridging and element distortion in the simulations.

5.4.1 Model parameters

Commingled glass/polypropylene fabric (cgPP) and plain weave glass fabric (wrGF)
were used to perform numerical forming tests. Twastitutive models, the original S-
NOCM and the enhanced CS-NOCM have been used, lsagtef 4. The truss stiffness
properties in tension and the cross sectional tmeavrGF and cgPP are equal to those
used in Chapter 4 Section 4.5.1 (d), taking intooaat the mesh density i.e. the tensile
stiffnesses were decreased regarding to elemegthlehe shear coefficients for the S-
NOCM were obtained from the UBE tests while thefiicients for the CS-NOCM were
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obtained from the BBE tests. The polynomial coédfits are given in Tables 4.8 and 4.10
of Chapter 4. This procedure is intended to discoueether the results obtained from the
new BBE test method, incorporated within the enkdn€S-NOCM, make a difference to
the predictions of the complex forming simulations.

The FE forming simulation was conducted using twiial blank orientations, namely,

0/90° and *45°, corresponding to the orientatioesduin the forming experiments. In
addition, the blanks were initially meshed with variability using meshes consisting of
mutually constrained membrane/truss elements getkersing Meshgen (Chapter 3 and
[68, 163]). Later, variable meshes created usingifast” were used in the forming

simulations (Chapter 3 and [163]).

5.4.2 Simulations of Eight-Ribbed Wheel

An evaluation of the CS-NOCM compared to the S-NO@NMpredicting the deformation
of the wrGF and cgPP on the eight-ribbed kart wigeptesented in the following sections.
Numerical forming simulations of wrGF and cgPP gstwo initial blank orientations

(0°/90° and + 45°, see Figure 5.29) for four caseiss will be investigated, namely:

1. forming simulation with no mesh variability usingetoriginal S-NOCM

N

. forming simulation with mesh variability using tbaginal S-NOCM

w

forming simulation with no mesh variability usingetenhanced CS-NOCM
4. forming simulation with mesh variability using theupling enhanced CS-NOCM

Results of each of these case studies are compatkdgainst each other and against the
experimental results. Afterwards a sensitivity gtusl presented in which the effects of

blank-holder force, friction coefficient, punch speand shear compliances, on the
predicted deformation are investigated.
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Figure 5.29. FE simulation of (a) 0/90° initial emtation (b) £45° initial orientation.

5.5 Comparison between Experiments and Numerical
Predictions

Note that in order to permit direct comparison iofitdation predictions, the limits of the
colour legend in all simulations in the followingctions are the same as the legend in
Figure 5.29.

5.5.1 0/90° non-variable mesh predictions with unntified S-NOCM

FE forming simulations of the cgPP and wrGF usirgh@ x 350 mm blank with a 0/90°
non-variable mesh were carried out using the calg8BiNOCM with shear resistance input
curves measured by the UBE test (see Table 4.2zhapter 4). Simulating the cgPP and
wrGF with a 0/90° non-variable mesh using the aagi S-NOCM and mutually
constrained truss/membrane elements was initialipd to cause severe element distortion
during the early stages of the simulation. Variadesas to eliminate excessive element
distortion such as increasing the mesh densitygdiuicing artificial damping, reducing the

blank/tool friction coefficient and increasing massling by increasing the density were
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attempted. Only by increasing the mass scalingotthi membrane and truss elements by a
factor of 10 could reasonable results be obtaifbd.ratio between the internal and kinetic
energies have subsequently been checked and ard fowbe less than 10%, indicating

that inertial effects are still negligible.

Sensitivity study of the effects of mass scalingstiear deformation was conducted in
Section 5.6.4.

Contour plots of typical shear angle predictiontai& Dependent Variable 6 in the user
subroutine) for the two materials are depictedigufes 5.30 and 5.31 alongside the actual
experimentally formed fabrics. The predicted ané #xperimental shear angles are
measured in 12 different locations of each quastethe four quarters of the deformed
wheels (the upper right quarter URQ, the upperdetirter ULQ, the lower right quarter
LRQ and the lower left quarter LLQ) (see FigureZ).3An average of each shear angle at
corresponding locations of the four quarters ateutated (the experimental and predicted
shear angles are given in Table A.1 and Table A2ppendix A). A simple measurement
technigue was used to obtain results, with phofothe formed parts taken anchageJ
software [60] used to measure the shear anglerésghi33 and 5.34 show a quantitative
comparison of the predicted shear angle with theeemental results of the formed textile
composite wheel. The co-ordinates of the pointshef four quarters used to make the
comparisons are given explicitly in Table A.3 inpgmdix A. Since the simulations were
initially performed using non-variable meshes wathuniform blank holder force on all
eight pads, as expected, symmetrically deformeds pare obtained in the numerical
simulations. In the subsequent figurdsxp’ is short for experimental results ariefe’ is
short for predicted results. Lines between pointsli subsequent figures of the shear angle

vs. points were included just for visual clarity.
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a bz
Figure 5.30. (a) The contcgur)plot of the predicdbdar angle SDV6 (b) the experimental forme(d aetal
(cgPP).

(i
Figure 5.31. (a) The contour plot of the predicdbdar angle SDV6 (b) the experimental formed kaeel/
(wrGF).
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Figure 5.32. (a) The four quarters of the formeae®it{b) the 12 locations from which the shear anglee

measured

50
40
30
20

Points

Figure 5.33. Comparison between experimental aedigied shear angle with 0/90° non-variable mesh
using the S-NOCM (cgPP).
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Figure 5.34. Comparison between experimental aedigied shear angle with 0/90° non-variable mesh
using the S-NOCM (wrGF).

Comparison between experimental and predicted klvadr deformation with 0/90° non-
variable mesh using the S-NOCM show significaniataon (see Figures 5.34 and 5.35)
I.e. most of the shear angles are not in good aggee Significant gaps between the
experimental and predicted shear angles can belycleaen in eight points out of the
twelve points. This discrepancy can be attributeddrious possible differences between
the simulations and the experiments, including ifgant differences in the material
response, such as a lack of shear-tension couplithgg S-NOCM and the simplified linear
tensile behaviour in the truss elements compardldetmon-linear coupled tensile response
of the fabric [23, 172]. Numerical issues couldoab®e to blame, such as the use of the
fixed mass scaling option, which decreases the atettipnal time and prevents element
distortion but increases the material density gctor of 10. This increase might affect
the predicted results in a negative way even thahglkinetic energy is still 1ess than 10%
of the internal energy. In the ensuing investigatithe significance of these influences is

examined.
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5.5.2 #45° non-variable mesh predictions with unmatled S-NOCM

FE forming simulations of the cgPP and wrGF usirgh@ x 350 mm blank with a £45°
non-variable mesh were carried out using the calggiNOCM with shear resistance input
curves measured by the UBE test (see Table 4.2hapt@r 4). Again severe element
distortion in the early stages of the simulatiosimjilar to the case considered in Section
5.5.1, was encountered when simulating both thé®cgi®d the wrGF. The solution was
again to increase the fixed mass scaling of botmbnane and truss elements, though this
time a factor of 20 was required to avoid excessleenent distortion. The contour plots of
the predicted shear angle (SDV6) are depicted gures 5.35 and 5.36 alongside the
actual experimentally formed fabrics. Again, thepenmental shear angles are measured
in 12 different locations of each quarter of théodmed wheels (the upper right quarter
URQ, the upper left quarter ULQ, the lower rightager LRQ and the lower left quarter
LLQ) (see Figure 5.37). An average of each shegleaat corresponding locations from all
four quarters is calculated (the experimental aratlipted shear angles are illustrated in
Table A.4 and Table A.5 in Appendix A). Figures &.8nd 5.39 show a quantitative
comparison of the predicted and measured sheaesanbihe co-ordinates of the points of
the four quarters used to make the comparisonsgiaen explicitly in Table A.6 in
Appendix A. The simulation results also indicatenkiing of the sheet in the same regions
as in the experimentally formed parts. The formtha& predicted wrinkles is different to
those observed in the actual parts, a point thgtlmeaexplained due to the absence of out-
of-plane bending stiffness in the simulations, whemploy membrane rather than shell

elements.

Figure 5.35. (a) Conto@plot of the predicted steewle (SDV6) (b) the experin{é)tal formed kart elhe
(cgPP).
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a b
Figure 5.36. (a) The contcgur)plot of the predicddbhdar angle SDV6 (b) the exp(erl)mental formed kheel/
(wrGF).

Figure 5.37. (a) The four quarters of the formeee®it{b) the 12 locations from which the shear anglee

measured
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Figure 5.38. Comparison between experimental aedigted shear angle with +45° non-variable meshgusi
the S-NOCM (cgPP).

Y,

Points

Figure 5.39. Comparison between experimental aedigted shear angle with +45° non-variable meshgusi
the S-NOCM (wrGF).

Again, comparison between experimental and predlicdeal shear deformation with a

+45° non-variable mesh using the S-NOCM (see Fgbr88 and 5.39) shows significant
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differences and the possible reasons for theserdiftes, discussed in Section 5.5.1, apply

here also.

5.5.3 0/90° non-variable mesh predictions with enimeed CS-NOCM

FE forming simulations of the cgPP and wrGF usirRb@ x 350 mm blank with a 0/90°
non-variable mesh were carried out using the erdthi@S-NOCM with shear resistance
input curves initially obtained from a BBE test athetn normalised for use in the CS-
NOCM (see Tables 4.8 and 4.10 of Chapter 4). Smamtly, the simulations in this case
were completed without the need to use fixed meabng (see Sections 5.5.1 and 5.5.2).
The contour plots of the predicted shear angle (&DAfe depicted in Figures 5.40 and
5.41. The contour plots in Figures 5.40a and 5#éee obtained using the CS-NOCM,
while the contour plots in Figures 5.40b and 5.4MHpe obtained using the S-NOCM, the
latter are identical to Figures 5.30a and 5.31a amdincluded here to facilitate direct
comparison of results. The predicted shear angége measured using the same technique
described in Section 5.5.1 from just one quartethef simulation (see Figure 5.32, the
coordinates of the measurement points are givefiaible A.3 in Appendix A). The
experimental shear angles were obtained previoasygdescribed in Section 5.5.1 (see
Tables A.1 and A.2 in Appendix 1). Numerical valdiesthe predicted shear angles of the
cgPP and wrGF simulations are given in Table A.Appendix A. Figures 5.42 and 5.43
show quantitative comparisons of the predicted ishegles obtained using the CS-NOCM
with those obtained using the S-NOCM (see Secti@nl}p alongside the experimental
results of the formed textile composite wheel. he tthe figures, Exp’ is short for
experimental result,Pre CS-NOCM’is short for predicted result obtained using CS-
NOCM and Pre S-NOCM'is short for predicted result obtained using S-MOGimilar
notation is used in the subsequent figures. Figh42 and 5.43 suggest that the predicted
results of the CS-NOCM are improved compared todheesponding results obtained
from the S-NOCM . This improvement might be atttémito either the inclusion of the
shear-tension coupling and associated improvedr steda measured using the BBE test
(see Chapter 2) or possibly due to the absenceas$ iscaling, which was only included in
the previous simulations in order to produce reablm results. It is concluded that
because of the more realistic shear behaviour gextiiby the CS-NOCM, the latter is
better than the unmodified S-NOCM in terms of nun@rconvergence in that it requires

less manipulation of the simulation parametersrdento produce a valid result.
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Figure 5.40. Contour plot of the predicted shegleawith a 0/90° non-variable mesh (a) using the CS
NOCM coupled model (b) using the S-NOCM (repeatedhfFigure 5.30a to ease comparison) (cgPP).

Figure 5.41. Contour plot of the predicted sheglea®DV6 with a 0/90° non-variable mesh (a) usimg t
CS-NOCM coupled model (b) using the S-NOCM (repa:fitem Figure 5.30a to ease comparison). (WrGF).
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Figure 5.42. Comparison between experimental aedigied shear angle with a 0/90° non-variable mesh
using both the CS-NOCM and S-NOCM (repeated frogufé 5.33 to ease comparison) (cgPP).
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Figure 5.43. Comparison between experimental aedigted shear angle with a 0/90° non-variable mesh
using the CS-NOCM and S-NOCM (repeated from FiguBd to ease comparison) (wrGF).
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5.5.4 *45° non-variable mesh predictions with enhaed CS-NOCM

FE forming simulation of the cgPP and wrGF using58 x 350 mm blank with a £45°
non-variable mesh were carried out using the erdth@S-NOCM with shear resistance
input curves initially obtained from a BBE test atieén normalised for use in the CS-
NOCM (see Table 8 of Chapter 4). The simulationghis case were also completed
without the need to add a fixed mass scaling fatee Sections 5.5.1 and 5.5.2). The
contour plots of the predicted shear angle (SD\6)depicted in Figures 5.44 and 5.45.
The contour plots in Figures 5.44a and 5.45a weétaimed using the CS-NOCM, while
the contour plots in Figures 5.44b and 5.44b wdrtained using the S-NOCM and are
identical to those in Figure 5.35a and 5.36a. Tteglipted shear angles were measured
using the same technique used in Section 5.5.1 fustnone quarter URQ (see Figure
5.37, the coordinates of measurement points inURE) are given in Table A.6 in
Appendix A). Experimental shear angle data weraiobtl previously, see Section 5.5.2
(see Tables A.4 and A.5 in appendix 1) (the nurakxialues of predicted shear angles of
the cgPP and wrGF are given in Table A.8 in appeAJi Figures 5.46 and 5.47 show a
guantitative comparison of the predicted sheareogtained using the CS-NOCM with
the predicted shear angle obtained using the S-N@&#&dtion 5.5.1) alongside with the
experimental results of the formed textile compmositheel. As in Section 5.5.3 the
predicted results of CS-NOCM (see Figures 5.46 add) are improved considerably
compared to the corresponding results obtainedqusly from S-NOCM (Section 5.5.1).

o L -

Figure 5.44. Contour plot of the predicted sheagleawith a +45° non-variable mesh (a) using the CS-
NOCM coupled model (b) using the S-NOCM (repeatechfFigure 5.30a to ease comparison) (cgPP).
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(a)

Figure 5.45. Contour plot of the predicted sheglawith a £+45° non-variable mesh (a) using the CS-
NOCM coupled model (b) using the S-NOCM (repeatedhfFigure 5.30a to ease comparison) (WrGF).
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Figure 5.46. Comparison between experimental aedigied shear angle with £45° non-variable meshgusi
the CS-NOCM and S-NOCM (from Figure 5.38 and repe&d ease comparison) (cgPP).
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Figure 5.47. Comparison between experimental aedigied shear angle with £45° non-variable meshgusi
the CS-NOCM and S-NOCM (from Figure 5.39 and repé&d ease comparison) (WrGF).

5.5.5 0/90° variable mesh predictions with enhancedS-NOCM

FE forming simulations of cgPP and wrGF using 35858 mm blanks with 0/90° variable
mesh were carried out using the coupling model @E5NI. The variability of inter-tow
angles of two 350 x 350 mm blanks with 0/90° omioih (see Figure 5.48) was
characterised using a manual image processing th€de® Section 3.4). The measured
shear angle statistics (Table 5.1) were used @mtergPP and wrGF blanks with the same

statistical data using the Varifébcode (see Section 3.5.3).

The average side length of the cells in the twopasn(Figure 5.48) is 10.2 and 13.4 mm
for cgPP and wrGF respectively. Since the wheehggry is very complex, the optimum

element side length for forming the wheel usingsiulation was found to be about 2mm
(small enough to capture the geometric complexithout mesh penetration though the
tooling, but large enough to reduce simulation #ini@ manageable levels). In order to
obtain the orientation variability of the two fatsi on this length scale, linear

extrapolations of the variability determined at tVeoge lengths scales, for each of the
fabrics, was used to provide a rough estimate.rdieroto generate two relations, one for

each fabric, statistical distributions measurechgigwo different grid spacing for each
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fabric were used, namely, 10.2 and 10.2x2 for gifleRcand 13.4 and 13.4x2 mm for the
wrGF. The orientation variability for the two sarapl with larger length scale was
measured by considering four cells as one largkr(®ee Figure 5.49). The orientation
variability statistics of the cgPP and wrGF sampléh larger cells are given in Table 5.2.

--';ﬂ"'j 1..- AT

Figure 5.48. Example images of the variability seeactual 350 x 350 mm textile samples. Average gr
side lengths of 10.2 and 13.4 mm were marked fohn eall of the cgPP (left) and wrGF (right) fabrics

Table 5.1. The orientation variability statistidstlee 350 x 350 mm cgPP and wrGF samples with 18r&i

13.40 mm average side length

cgPP WrGF
mu std mu std
91.48 2.37 94.45 3.27
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Figure 5.49. Close up of Figure 5.48, showing madeke variability in an actual 350 x 350 mm téti
samples with 10.2x2 and 13.4x2 mm average sidetgoge cell = 4 smaller cells for cgPP (left) amdF
(right) )
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Table 5.2. The orientation variability statistids3®0 x 350 mm cgPP and wrGf samples with 10.21In@ a

13.40x2 mm average side length

cgPP WrGF
mu std mu std
91.36 2.71 94.26 3.71

Linear relations of the average shear amgleas a function of the cell side lendthare
shown in Egs. (5.1 & 5.2), and the linear relatiohghe standard deviation of the shear
anglestd as a function of the cell side lendthare shown in Egs. (5.3 & 5.4) for the cgPP
and wrGF materials respectively. The equationsbased on the data in Tables 5.1 and
5.2.

mu=0.0139_+91.342 Ap
mu=0.0164_ + 94235 Ap
std=-0.0408_ + 2.7914 (5.3)
std=-0.0384_ +3.7882 (5.4)

The orientation variability statistics of the cgBfd wrGF samples with cell side length
equal to 2 mm are calculated using Egs. (5.1 tp & given in Table 5.3, the effect of
extrapolating the results is quite small, suggestimat for these two samples there is only a

small sensitivity of the variability with lengthale.

Table 5.3. The orientation variability statistids3®0 x 350 mm cgPP and wrGf samples with 2 mmayer

side length.

cgPP WrGF

mu std mu std
91.62 1.96 94.67 2.74
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Two blanks (membrane + truss elements) measurii@gx3850 mm with a 2 mm side
length of the membrane elements for both the cgiRPvaGF were modelled using the

Varifab®*

code and using the data in Table 5.3 as inputnpetexrs. Note that in these
complex forming simulations and those of the nedtisns, the initial angle within the
user subroutine in each elementisi@. the actual shear angle has not been isgidlas it
was in the variable meshes of the shear tests apt€h4 (by assigning each element to its
own element set). This omission is for reasons wHctrality; the computational
requirements are significantly increased when u#iing) approach and grow quickly with
the number of elements within the FE mesh. Thuesaghproach to include variability used
in this chapter is a first step. More accurate jotexhs could be made in the future by
initialising the shear angle in each element, tioagsignificant increase in the currently

available computational resource is required.

To be specific, the Abaqus simulation files (odag,pstt, message, abq...... ) become very
large in terms of memory size, the simulation caketseveral days and even then no
solution is guaranteed (there is often a lack @fveogence). Thus, assigning initial shear
angle variability in each element can make the Htman slow and the final Abaqus
simulation files very large. For example, evendasmall number of elements, such as the
BBE simulation of Chapter 4 which employed just 26dmbrane elements and 570 truss
elements, with initial variability, the size of thi@al output files is 711 MB compared to
55MB without variability, about 13 times greaterorGidering that forming simulations
without initial variability produce .odb filesthe ABAQUS output database filabout 5 GB in
size, the capacity with initial variability can b&pected to be about 65 GB, assuming that
a linear extrapolation is possible.

Returning to the variable simulations in this cleapthe shear properties are those used for
the CS-NOCM (see Section 4.6.1) for the cgPP ar@@Famaterials as listed in Tables 4.8
and 4.10. The blank-holder forces are again 100@Nc§PP and 100N for wrGF. The
contour plot of the predicted shear angle (SDV6hwiariable and non-variable mesh
(from Section 5.5.3, Figures 5.40a and 5.41a f&®fRcgnd wrGF respectively), and a photo
of the experimentally deformed part, are depictedrigures 5.50 and 5.51 for cgPP and
wrGF respectively. Figures 5.52 and 5.53 show a paoison between the average
experimental and predicted shear deformation ftoefdur quarters of the cgPP and wrGF

materials respectively (see also Tables A.9 an® Adpendix A). Due to the variability in
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the initial mesh, the shear deformation of the defx part was measured from four
quarters, at different 12 locations. The coordisatkethe 12 locations of the shear angle in
the four quarters are illustrated in Tables A.3Appendix A. In the subsequent figures,
‘Exp’ is short for experimental resultfre CS-NOCM-NVis short for predicted results
obtained using CS-NOCM with non-variable mesh aRce ‘CS-NOCM-V’is short for
predicted results obtained using CS-NOCM with @ganesh.

Figure 5.50. Contour plot of the predicted shea@lenf cgPP deformed part with a 0/90° initial oketion

using (a) non-variable mesh (repeated from Figu#8&to ease comparison), (b) variable mesh arthéc)

experimental deformed part
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Figure 5.51. Contour plot of the predicted shea@lenf wrGF deformed part with a 0/90° initial artation

using (a) non-variable mesh (repeated from Figu4é&to ease comparison), (b) variable mesh anthéc)

experimental deformed part
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Figure 5.52. Comparison between the averaged ewpatal and predicted shear deformation from the fou
quarters of the cgPP with 0/90° variable mesh (8eNOCM-V) and non-variable mesh (Pre CS-NOCM-

NV from Figure 5.42 and repeated to ease compagrison
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Figure 5.53. Comparison between the averaged ewpatal and predicted shear deformation from the fou
quarters of the wrGF with 0/90° variable mesh (B&NOCM-V) and non-variable mesh (Pre CS-NOCM-

NV from Figure 5.43 and repeated to ease compagrison
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5.5.6 +45° variable mesh predictions with enhancedS-NOCM

FE forming simulations of cgPP and wrGF using 35868 mm blanks with +45° variable
mesh were carried out using the enhanced CS-NOQGM. variability of the inter-tow
angles of two 350 x 350 mm blanks with +45° oriéiota (see Figure 5.54) was
characterised using a manual image processing oh¢tlee Section 3.4), and the measured
shear angle statistics (Table 5.4) were used @temrgPP and wrGF blanks with the same
statistical data using the Varifébcode (see Section 3.5.3).

Figure 5.54. Example images of the variability sieactual 350 x 350 mm textile samples. Average si
lengths of 10.00 and 13.50 mm were marked for eatitof the cgPP (left) and wrGF (right)

Table 5.4. The orientation variability statistidstlee 350 x 350 mm cgPP and wrGF samples with 18r@D
13.50 mm average side length

cgPP WrGF
mu std mu std
9491 2.83 91.73 5.47

The average side length of the cells in the twomesn(Figure 5.54) is 10.00 and 13.50
mm for cgPP and wrGF respectively. The element lgidgth is 2 mm as in Section 5.5.5.
The orientation variability of the two fabrics dmg length scale were obtained using same
procedures followed in Section 5.5.5. The orientatrariability statistics of the cgPP and
wrGF samples with larger cells are given in Tabke 5
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Table 5.5. The orientation variability statistids3®0 x 350 mm cgPP and wrGf samples with 10.002 a

13.50x2 mm average side length

cgPP WrGF
mu std mu std
95.12 2.01 91.58 2.37

Linear relations of the average shear amgleas a function of the cell side lendthare
shown in Egs. (5.5, 5.6), and the linear relatiohgshe standard deviation of the shear
anglestd as a function of the cell side lendthare shown in Egs. (5.7 and 5.8) for the
cgPP and wrGF materials respectively. The equatimadased on the data in Tables 5.4
and 5.5.

mu=0.0119]_+ 94891 it
mu=-0.0063_ + 91749 (5.6)
std=-0.0457 + 2925 1.
std=-0.124_+ 5721 8%

The orientation variability statistics of the cgBfd wrGF samples with cell side length
equal 2 mm are calculated using Eqgs. (5.5 to 58) given in Table 5.6, the effect of
extrapolating the results is quite small suggedtiag for these two samples there is only a

small sensitivity of the variability with lengthale.

Table 5.6. The orientation variability statistids3®0 x 350 mm cgPP and wrGf samples with 2 mmayer

side length.

cgPP WrGF

mu std mu std
95.00 2.47 91.66 4.04
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Two blanks (membrane + truss elements) measuri@gc3»0 mm with 2 mm side length
of the membrane elements of cgPP and wrGF were Ifeddasing Varifa§* code and

using the data in Table 5.6 as input parameters.

The shear properties for these simulations arenafase used for the coupled model (see
Section 4.6.1) for the cgPP and wrGF materialéisted in Tables 4.8 and 4.10. The blank
holder forces are again 1000N for cgPP and 100NwigdF. The contour plot of the
predicted shear angle (SDV6) with variable and wamable mesh (Section 5.5.4, Figures
5.44a and 5.45a for cgPP and wrGF respectively) amhoto of the experimentally
deformed part are depicted in Figures 5.55 and %056:gPP and wrGF respectively.
Figures 5.57 and 5.58 show a comparison betweenatlegaged experimental and
predicted shear deformation from the four quar@frsghe cgPP and wrGF materials
respectively (see also Tables A.11 and A.12 AppeAdi The shear deformation of the
deformed part was measured from four quarters? atifferent locations. The coordinates
of the 12 locations of the shear angle in the fquarters are given in Tables A.6 in

Appendix A.
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Figure 5.55. Contour plot of the predicted shea@lenf cgPP deformed part with a +45° initial ottion
using (a) non-variable mesh (from Figure 5.44arapeated to ease comparison), (b) variable mesiicand

the experimental deformed part
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Figure 5.56. Contour plot of the predicted shegleanf wrGF deformed part with a £45° initial ortation
using (a) non-variable mesh (from Figure 5.45 (&) @epeated to ease comparison), (b) variable exegh

(c) the experimental deformed part
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Figure 5.57. Comparison between the averaged ewpatal and predicted shear deformation from the fou
guarters of the cgPP with +45° variable mesh (F3eNOCM-V) and non-variable mesh (Pre CS-NOCM-

NV repeated from Figure 5.42 to ease comparison).
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Figure 5.58. Comparison between the averaged ewpatal and predicted shear deformation from the fou
quarters of the wrGF with +45° variable mesh (P&NIOCM-V) and non-variable mesh (Pre CS-NOCM-

NV repeated from Figure 5.43 to ease comparison).
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Comparison of the local shear deformation betweerptedicted and experimental results
of cgPP and wrGF with variable and non-variable meswith two initial fibre orientations

0/90° and £45° has been carried out (see FiguBZsdnd 5.53 for 0/90° and 5.57 and 5.58
for £45°). In general, good agreement between thadipted and experimental results can
be observed (see Figures 5.52 and 5.53 for 0/995&V and 5.58 for +45°) and in these
cases error bars can now be included in the siroolagsults. At most measurement points
the error bars overlap, however there are stillatians at some points. Moreover, there is
no stable trend for the predicted results of thealkde and non-variable meshes(see
Figures 5.52 and 5.53 for 0/90° and 5.57 and 506&45°); in some cases the predicted
results of the non-variable mesh are closer toettgerimental results than those of the

variable mesh and vice versa.

Nevertheless, comparison of both the global andidbal shear deformation of the CS-
NOCM appear to be quite good. Further enhancemmaisstill be possible in the future
by incorporating factors such as bending stiffneéls, nonlinearity and biaxial tension
coupling of the warps and wefts tows and by monglfiriction contact between the tool
and ply more accurately using the VFRIC user suioteult should be noted however that
all these changes will lead to increases in sirmaraime but should be facilitated by the

ever improving speed of computers.

5.5.7 The Effects of Different Tensile Stiffness iWarp and Weft
Directions on Draw-in Shape

The differences in the draw-in shapes of the ptedi@and experimental results for the
cgPP fabric (see Figures 5.50 and 5.55) may wellatigebuted to the significant

differences in the crimp of the warp and weft tomisich produce non-linear and coupled
tensile stiffness in the two tow directions (se8,[224]). To examine this hypothesis, FE
simulations have been conducted using differensilerstiffness in the warp and weft

directions, i.e. assigning different tensile prajgsrto the truss elements in the horizontal
and vertical directions. This has been done byirgpthe truss elements in the horizontal
and vertical directions into two different elemesdts using an in-house Matlab code
‘TensionAsymmetric.m’, and then assigning two digigt linear elastic stiffness values to
the two different truss element sets using thedsséiction keyword. Simulations of the
wheel have been performed using Young's Moduluheftruss elements in the horizontal
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and vertical direction of 16GPa and 2.26GPa and 9YB&ar compliance as illustrated in
Table 4.2. Predictions for the two orientations0¢d0 and +/- 45are shown in Figure
5.59.

It can be seen clearly from Figure 5.59 that assggdifferent tensile stiffness in the warp
and weft direction produces an asymmetric perimstape for the +/- £xcase which is
much closer to the cgPP experimentally formed carepb By comparing the predicted
perimeter shape in Figure 5.59 with those in Fig&dO0, 5.41, 5.44, 5.45, 5.50, 5.51, 5.55
and 5.56, it can be concluded that tensile stifnesa key factor in modelling the exact
draw-in shape of fabrics with different weave stylend asymmetric crimp. However,
while improvements can be obtained by using unlaldrstiffness properties for the truss
elements, accurate modelling of the wheel part aaba achieved by simply using linear
elastic properties. The nonlinear coupled tensdbaliour of woven engineering fabrics
has been measured previously by [23, 111], Boetsal, [172], [224]. Thus, more accurate
predictions could perhaps be provided by, for eXamg hyperelastic model containing a
mechanical coupling of the stiffness in the twadilirections, as suggested in [145]. This

could provide an interesting and useful focus tufe work.

@) _ _ (b)

Figure 5.59. New draw-in shape of the deformed Wpa# using different warp and weft tensile stiés (a)

deformed part with 0/90° initial orientation ang ¢eformed part with +45° initial orientation.
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5.6 Influence of Material and Process Parameters o8hear
Deformation

Before closing this complex forming investigationfinal sensitivity study has been
conducted to explore the influence of several factm forming predictions. Material and

process parameters considered in this sensitititlysnclude:
1. blank-holder force,
2. friction coefficient between tools and blank,
3. shear compliance,

4. mass scaling

5.6.1 Effect of Blank Holder Force

One of the very important factors in the formingogess is the blank-holder force.

Wrinkling propagation and reduction mainly depeadsseveral parameters; one of them is
blank-holder force. However, since excessivelyeasing or decreasing the blank-holder
force can cause tearing of the sheet (see Fig@Gapor wrinkling (see Figure 5.26b), an
optimized blank-holder force is an important issnethe forming process. In order to

investigate the effect of different blank-holderdes on local shear deformation, an FE
simulation has been carried out using the CS-NO@Mtavo blank-holder forces of 500N

and 1000N for the two orientations of 0/90° and *td5 the cgPP material. The contour
plots of the two cases are quite similar as ilatsw in Figures 5.60 and 5.61. 500N, the
local shear deformation results are close to tlidskOOON (as shown in Figures 5.62 and
5.63). Thus, it appears that halving the blank-bofatessure has only a small influence on

the fabric’s shear behaviour.
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Figure 5.60. The contour plot of the shear defolwnadf cgPP with 0/90° non-variable mesh using CS-
NOCM (a) BHF = 1000N (from Figure 5.40 (a) and reee to ease comparison) and (b) BHF = 500N

Figure 5.61. The contour plot of the shear defoiwnadf cgPP with £45° non-variable mesh using tite C
NOCM (a) BHF = 1000N (repeated from Figure 5.44d tnease comparison) and (b) BHF = 500N
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Figure 5.63. Comparison between the predicted stefarmation of cgPP with initial orientation of 34

using a non-variable mesh for two different BHF§ 3®d 1000N
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5.6.2 Effect of Friction Coefficient

The Coulomb friction model provided in Abaqus famtact analysis was used to model
friction between tools and blank during the formsigiulations. Two different values of

friction coefficient were used in the forming siratibns of cgPP with two orientations

0/90° and £45° respectively. The friction coeffitie used in the simulations are 0.3 and
0.5 with 1000N blank-holder force. The contour pbthe local shear deformation of the
numerical forming process of cgPP for the two foistcoefficients 0.3 and 0.5 are shown
in Figures 5.64 and 5.65 for 0/90° and +45° inibakntations respectively. Figures 5.66
and 5.67 show the local shear deformation of tHePcgith 0/90° and +45° non-variable

meshes using CS-NOCM respectively. Figures 5.665a6d suggest the results are quite
sensitive to changes in friction, which is an urestpd result given that this should be
equivalent to a change in the blank-holder pressamd that the shear angle distribution
was found to be insensitive to the latter. Thisita®quires further investigation but has to

the deferred to future work due to time constraints

Figure 5.64. The contour plot of the shear defoimnabf cgPP with 0/90° non-variable mesh using the

coupling model (a) friction coefficient = 0.3 (bjdtion coefficient = 0.5
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Figure 5.65. The contour plot of the shear defoimnadf cgPP with +45° non-variable mesh using the

coupling model (a) friction coefficient = 0.3 (bjdtion coefficient = 0.5
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Figure 5.66. Comparison between the predicted shefarmations of cgPP with 0/90° using a non-vdeab
mesh of two different friction coefficients withalexperimental results
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Figure 5.67. Comparison between the predicted stefarmations of cgPP with +45° using a non-vagabl

mesh of two different friction coefficients withalexperimental results

5.6.3 Effect of Different Shear Compliances

This section explores the effect of changing theasttompliance of the cgPP material on
local shear deformation. Both the CS-NOCM and S-IMO@odels were used in the
following forming simulations. Two simulations ugitthe S-NOCM, one with a high and
another with a low shear compliance, taken from BRE tests with 100 and 5 N
transverse force (see Table 4.10 in Chapter 4 baen conducted and compared against
another forming simulation using the CS-NOCM (seél&s 4.10 in Chapter 4). Note that
because both these input curves are of highenss$ than the UBE input shear curves
used in the Sections 5.5.1 and 5.5.2, it was fabhatlithe simulations could be run without
the need for mass scaling (only for a £45° nonaldeé mesh) and therefore permit a more
valid comparison with the CS-NOCM predictions. Fg%.68 shows a contour plot of the
predicted shear deformation of cgPP with a +45°-vamable mesh using (a) low shear
compliance (BBE with 5 N transverse force) usinglSEM, (b) high shear compliance
(BBE with 100 N transverse force) using S-NOCM daofa coupled shear compliance
using the CS-NOCM (repeated from Figure 5.44a se @mmparison). The distribution of
shear deformation is clearly different for the threases as can be seen in Figure 5.68.
However, the shear angle distribution of the hipeas compliance (BBE with 100 N

transverse force) Figure 5.68a is quite close & ghear distribution of coupling shear
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compliance Figure 5.68c, which is to be expectedesthe applied blank holder force is
high and more likely to use a high shear compliancthe coupling model. Figure 5.69
shows a comparison between locally predicted resulsing the different shear
compliances with the experimental results. The ishempliances that have been used in
the comparison are high and low BBE shear compdisi8BE with 5 and 100 N transverse
force) using S-NOCM and coupling shear complianseg Table 4.10 Chapter 4)) using
CS-NOCM. In Figure 5.69Pre S-NOCM-H-BBEIis short for predicted results obtained
using S-NOCM with high BBE shear compliance BBEhMIOO N transverse force) and
‘Pre S-NOCM-L-BBE'is short for predicted results obtained using SaNOwith low
BBE shear compliance BBE with 5 N transverse force)

(a) (b)

Figure 5.68. The contour plot of the predicted slagle SDV6 with +45° non-variable mesh usinglday
shear compliance (BBE with 5 N transverse fordg) high shear compliance (BBE with 100 N transverse

force) and (c) coupling shear compliance.
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Figure 5.69. Comparison between the predicted stefarmations of cgPP non-variable mesh with +45°
using the two constitutive models (S-NOCM with (hignd low BBE shear compliances) and CS-NOCM

with coupling shear compliances (see table 4.1(phat)) with the experimental results

The shear deformation obtained by using high BB&asltompliance in the S-NOCM is

close to the shear deformation obtained by usingloty shear compliances (see Table
4.10 Chapter 4) in the CS-NOCM which is to be expasince the applied blank holder
force is high (1000 N) and more likely to use hgiiear compliance in the CS-NOCM.

5.6.4 Effect of Mass Scaling on Shear Deformation

This section explores the effect of changing thessnscaling of cgPP material on local
shear deformation. The CS-NOCM model was usedanfdiowing forming simulations
of cgPP with a +45° non-variable mesh using theushempliance properties of BBE with
5N transverse force (see Table 4.10 Chapter 4)p $wulations have been conducted
with fixed mass scaling factor (MSF) = 5 and 10e Bhear deformation results at certain
positions were compared against the predicted teesldtained earlier in Section 5.6.3
using low BBE with 5N transverse force with zero M%igure 5.70 shows a contour plot
of the predicted shear deformation of the thre@xals can be seen clearly from Figure
5.70, increasing the mass scaling factor decrahsedraw-in shape and reduces the values
of shear deformation across out the blank.

207



Figure 5.70. The contour plot of the predicted slaegle SDV6 with +45° non-variable mesh usingM&F
= 0 (repeated from Figure 5.68a and to ease cosmgyi(b) MSF =5 and (c) MSF = 10.
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Figure 5.71. Comparison between the predicted stefarmations of cgPP non-variable mesh with +45°
using using (a) MSF = 0 (repeated from Figure 5&8&to ease comparison), (b) MSF =5 and (c) MSF =
10

Figure 5.71 shows a comparison between predictedltseobtained by using different

mass scaling factors. As can be seen clearly frigur€ 5.71 including mass scaling has
noticeable effect on shear deformation. As the nszsding increased the discrepancy
between the predicted and experimental results a@ increased which indicates that
mass scaling has a negative effect on shear defiormaredictions. The S-NOCM

simulations which used the UBE test result as gutimequired mass-scaling in order to
run to completion, see Section 5.5. In contrasbs¢éhconducted using the CS-NOCM
required no such mass scaling. This sensitivitglystshows that the inclusion of mass
scaling leads to an adverse influence on the pied& However, given that this was the
only way found to run the simulations using the UBRut curves, use of the mass scaling
was considered justified. Nevertheless, the infb@enf mass scaling on the predictions

should be born in mind when comparing the resualSdction 5.5.

5.7 Conclusion

In this chapter, novel tooling for a kart wheelg(dpunch and blank-holder) was designed
and manufactured. FE forming simulations of the Wdreel using two materials, cgPP and
wrGF, have been conducted. The performance of ifferent constitutive models for the
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shear behaviour of the fabrics (S-NOCM and CS-NOGMplemented in membrane
elements have been evaluated in complex forminglaions. Blank initial orientations of
0/90° and £45° have been considered. Inherenthbilityaof fibre orientation in the initial
blank has been modelled using the output of theifAfarcode (see Chapter 3). The
numerical results using the coupled model (CS-NOGRYw improved agreement with
the experimental results in comparison with predins of the original S-NOCM using the
UBE shear force measurements. However, the expetainand numerical draw-in shape
of the wheel with both orientations and for botmsiitutive models are not in good
agreement even when variable meshes, which masthéstically the inherent variability
of the virtual fabric samples, are used. This @pancy is believed to be due to the use of
a simple linear elastic model to represent theilessiffness of the tows, a method that
fails to take into account the complex biaxial dowpbehaviour of warps and wefts tows
due to their crimp. In terms of time and effodyrhing the actual cgPP wheels was much
quicker and easier than forming the wrGF wheels.example, the process of forming and
extracting the cgPP wheel from the mould took almmé hour, whereas the process of
forming and extracting the wrGF wheel took aboula¥s due to the tedious and time-
consuming resin curing process and difficulty wheettracting the part from the mould.
Finally, the sensitivity of the CS-NOCM to diffetterfriction coefficients, shear
compliances and blank holder force on the kart Witgening simulations when using the
cgPP data with a non-variable mesh was investigateel results show that there is a slight
variation between the numerical results and theenpental results when the blank-holder
force is reduced and the friction coefficient isreased. On the other hand, a noticeable
variation from the experimental result can be sdearly when low BBE shear compliance
was used, however the predicted result was versecto the experimental results when
high BBE shear compliance was used, which is ergesince the applied blank holder
force is high and more likely to use a high sheampgliance in the coupling model.
Increasing mass scaling factor has negative effiedhe simulation such as decreases the
amount of draw-in shape and the shear deformatigrse from the experimental shear

deformation.
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6. Achievements, Conclusions and Future
Developments

6.1 Achievements

Shear tests on three types of fabrics have bedarped using three shear test methods,
the PF, UBE and BBE tests. A coupling between anpltension and shear resistance has
been characterised using the BBE test for threeewdnraxial engineering fabrics (wrGF,
srPP and cgPP). Two novel analysis techniques, Igathe transmitted backlighting
intensity technique and the analysis of tracersligehnique have been used in determining

wrinkling onset and propagation during all threeattest methods.

Characterisation of the variability of the tow atiation in a pre-consolidated glass/PP
textile composite (prccgPP) and three engineewbgids (wrGF, srPP and cgPP) has been
performed using a simple manual image processirtgode The measured global statistics
of the variability of the tow orientation have beagsed in reproducing representative
variability with realistic spatial correlations fimite element meshes consisting of mutually
constrained truss elements (representing the taghkile stiffness fibres) and membrane
elements (representing the shear properties ofathréc) suitable for use in finite element
forming simulations. This has been accomplishedguaicomputer code, Varifah, which

is based on pin-jointed net kinematics. The codsbls to reproduce variability in the full-
field inter-tow angle based on the measured inhievanability using a simple genetic
algorithm programming technique called ‘Varifdb Finally, a semi-automated image
processing technique has been developed, based edge detection method that can
reduce the amount of labour involved in manual ienagalysis and can produce a more

accurate characterisation.

Investigating the effect of misalignment (tow meandon shear compliance has been
carried out by incorporating realistic tow meanoido shear test simulations of PF, UBE
and BBE test using a method of assigning the Irfibae directions to each element in the
finite element mesh. Further, a method of modellihg coupling between shear

compliance and in-plane tension in woven engingdiabrics has been demonstrated. The
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method is based on incorporating the observed ghaaion coupling in the shear part of
the original non-orthogonal constitutive model (&GM). The enhanced model was
named the coupled non-orthogonal constitutive m@gd&NOCM). The method is similar
to that used previously to create rate-dependastdus’ behaviour using a hypo-elastic
model [88] though here the average in-plane staémmg the two tow directions, rather
than the angular shear rate, is used to controsetection of the shear force versus shear
angle curve for use in the non-orthogonal constikumodel NOCM (used to relate the
shear force and shear stress) [50, 53]. Furthernaosample normalisation procedure has
been proposed when validating the CS-NOCM agaihst eéxperimental results by

conducing BBE simulations with different transveosewrGF and cgPP.

A novel 3D geometrically complex forming tool bdsen a kart wheel design has been
manufactured for use in experimental and numefimahing tests. A segmented blank-
holder, similar to that first introduced by Adan24 8] and used by Lin, et al. [34] has also
been re-manufactured to produce symmetric and agymiinboundary conditions during
forming. An internal mould heating and cooling gysthave been incorporated within the
tooling, for quick forming and consolidation. Prito that, steady state thermal FE
simulations of the forming tools were performeditmlerstand the thermal response of the
tooling and to visualize the temperature field. Tager should be almost homogenous
across the tooling surface during forming and cbdation experiments. Experimental
forming of two different materials, wrGF and cgPWere conducted. FE forming
simulations of the same materials in four case istudvere conducted in order to
understand the influence of the measured sheaeteasupling and variability on forming
predictions. The effects of different tensile stgéses in the warp and weft directions on
the draw-in shape were also investigated for thePcépr 0/90° and +45° non-variable
mesh predictions using the enhanced CS-NOCM. Kinalkensitivity study of the blank-
holder force, friction coefficient between toolsddblank and different shear compliances
is verified on the kart wheel-forming simulation mdn-variable mesh with the enhanced
CS-NOCM.
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6.2 Conclusions

A strong dependence of shear compliance on in-gim&on has been demonstrated with
the measured shear force increasing by a factabofit 30 to 40 times at a shear angle of
20° when comparing data measured using a small)(Saspared to a high (100 N)
transverse load. The transmitted backlighting isitgn technique of characterising
wrinkling propagation has been found to be lessifiga than the analysis of tracer lines
in determining wrinkling onset. The latter techreghas the added advantage of being
useful for both translucent and opaque fabrics,ugho both methods can provide
reasonable results The BBE test technique was fdonde an effective method of
measuring a woven fabric’s shear-tension couplmdyits wrinkling-onset shear angle as a

function of in-plane tension.

Comparison of experimental and predicted tow dioeetl variability generated by
‘Varifab’ shows excellent agreement with the stated distribution of shear angles
observed in actual engineering fabrics and texidmposites. Furthermore, not only the
same statistical distribution of the shear angleseweproduced but the spatial correlations
of the shear angles observed in actual engineéalmmcs and textile composites were also
reproduced successfully. The inherent variabilitggPP fabric, when exposed to frequent
handling, was characterised using a semi-automatetl a manual image processing
method. The semi-automated method was found toxbyemeely promising in terms of
increasing accuracy and saving manual effort. Hawnethe slow speed of the algorithm

meant that long run times of several hours weraired for the analysis.

Results of the effect of misalignment on shear danpes suggest that tow meander and
sample misalignment are the main causes of vatalmbserved in PF, UBE and BBE
tests. Further, because the variability produceth lecreases and increases in the
measured force, it is apparent that sample misalén is almost certainly not the cause of
the increase in shear resistance observed in tee #8hear characterization experimental
tests (Chapter 2). In other words, these simulatismggest the shear tension coupling
observed in [175] is a real effect and not the Itesfti sample misalignment or tow
meander. A numerical method of modelling the sheasion coupling in woven
engineering fabrics, the so called enhanced CS-N®@#lbeen found to give reasonable

results when modelling the BBE shear test, cleaHgwing a coupling between shear
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compliance and in-plane strains in the fibre dices. When evaluating complex forming
simulation predictions using a very complex formirigol, comparison between
experimental and predicted local shear deformatising both a 0/90° and a +45° non-
variable mesh showed that the S-NOCM, with a UB&aslinput curve, showed relatively
poor agreement at most of the measured pointontrast, a similar comparison between
experimental and predicted local shear deformatrtben using 0/90° and +45° variable
and non-variable meshes together with the enha@®dNOCM showed much better
agreement at most of the measured points. Furtiencal investigations suggested that
the input shear data is the key factor in this mepment of predictions. Simulations
incorporating the entire set of BBE test data Yia €S-NOCM produced much better
predictions than those incorporating just the misster UBE data via the S-NOCM. No
obvious improvement in the comparison of experirakeahd numerical results was found
when variable meshes were used, though the inttotuof variability did allow the
prediction of error bars on the simulation predict. The latter were of comparable size to

the experimentally measured error bars.

6.3 Future Developments

Improvements to the BBE test method could be aelidoy consolidating Region C of the
test specimen to prevent stretching and intra-piy during the tests; it would be
interesting to see how this affects the resultsraowd much extra effort would be required.
A further interesting test for model evaluation gses could be the gradual increase of
the transverse load versus the shear angle.

The ‘Varifa® code may be further developed to include moreefis functions to
reproduce ever more realistic tow orientations,ugto this would inevitably require
powerful computational resources to run the codeother option is to use a spectral
expansion of several arbitrary wavelengths and andags to determine the perturbation
and stretch along the centre of the digital mesharder to explore further possible modes

of in-plane deformation across the fabric.

The CS-NOCM could be improved further by refinirige tmodelling and normalisation

process in order to improve the accuracy of théiptens. The model could be then used
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to evaluate the importance of shear-tension cogpbn the predictions of complex
forming simulations involving both high and low jptane tensions. For example, it would
be interesting to compare the behaviour of the mwtlen draped over a hemisphere with

no in-plane tension applied.

A disadvantage of using metal tooling is that thesolidation of the horizontal surfaces in
the formed part is much better than that of theéies@rand highly inclined surfaces within
the tooling. To overcome this problem a hydrostptiessure on all surfaces regardless to
their position is needed. A silicon rubber or pegthane punch could be used in place of

metal one to achieve this goal.
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Appendix A

Table A.1. Experimental and predicted shear deftomeof a deformed part using non-variable mesh of
cgPP with 0/90° initial orientation

Points Experimental Shear Angle (°) Error Bar Predicted Shear Angle (°)
1 -36 9.6 -13.4
2 -29.2 5.7 -9.1
3 -12.1 3.3 -18.5
4 -6 0 -3.9
5 -0.8 1.6 -0.4
6 13.7 4.6 0.1

7 8.6 4.7 12.6
8 18.7 31 26.2
9 14.5 3.0 4.4
10 21.6 45 3.2
11 29.7 74 26.0
12 30.5 6.6 27.0

Table A.2. Experimental and predicted shear deftiomaf a deformed part using a non-variable mesh o
wrGF with 0/90° initial orientation

Predicted Shear Angle (°)

Points Experimental Shear Angle (°) Error Bar

1 -42.9 7.6 -8.4
2 -13.0 3.5 -5.4
3 -11.0 4.2 -7.2
4 1.7 15 5.0
5 13.2 4.8 0.3
6 18.6 3.7 3.2
7 17.2 10.4 30.7
8 36.4 5.6 20.7
9 17.5 45 2.0
10 24.1 5.6 7.0
11 49.7 4.1 41.5
12 23.1 5.4 25.7
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Table A.3. The co-ordinates of the 12 points inhesaingle quarter of the four quarters used to nthke
comparisons of wheel with 0/90°

URQ ULQ LRQ LLQ

Points X (mm) Y (mm) X (mm) Y (mm) X (mm) Y (mm) X (mm) Ymm)

1 120.4 12.1 -120.4 12.1 120.4 -12.1 -120.4 -12.1
2 46.3 24.8 -46.3 24.8 46.3 -24.8 -46.3 -24.8
3 14.00 52.3 -14.00 52.3 14.00 -52.3 -14.00 -52.3
4 0.00 0.00 0.00 0.00 0.00 -0.00 -0.00 -0.00
5 138.2 132.2 -138.2 132.2 138.2 -132.2 -138.2 232
6 106.6 114.6 -106.6 114.6 106.6 -114.6 -106.6 414
7 25.3 88.8 -25.3 88.8 25.3 -88.8 -25.3 -88.8
8 64.7 97.0 -64.7 97.0 64.7 -97.0 -64.7 -97.0
9 131.2 96.5 -131.2 96.5 131.2 -96.5 -131.2 -96.5
10 93.8 91.0 -93.8 91.0 93.8 -91.0 -93.8 -91.0
11 77.2 59.3 -77.2 59.3 77.2 -59.3 -77.2 -59.3
12 113.9 42.9 -113.9 42.9 113.9 -42.9 -113.9 -42.9

Table A.4. Experimental and predicted shear deftomeof a deformed part using non-variable mesh of

cgPP with £45° initial orientation

Points Experimental Shear Angle (°) Error Bar Predicted Shear Angle (°)
1 -39.5 3.785939 -17.56
2 -14.875 9.077215 -11.02
3 -11.75 11.17661 -10.92
4 -16.875 4.289036 -6.73
5 25 3.109126 24.06
6 13.875 4.40407 8.40
7 15 1.825742 1.94
8 23.375 3.68273 24.09
9 12.33333 7.234178 27.21
10 32.25 2.217356 22.22
11 15.875 7.920175 -15.52
12 34.875 6.956711 20.87
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Table A.5. Experimental and predicted shear deftiomaof a deformed part using a non-variable mefsh o
wrGF with £45° initial orientation

Predicted Shear Angle (°)
Points Experimental Shear Angle (°) Error Bar
1 -45.25 4.112988 -28.29
2 -21.125 6.433959 -30.43
3 -8.25 13.76893 -32.71
4 -6.00 0.816497 -11.16
5 7.25 8.098354 10.73
6 1.00 7.071068 30.23
7 8.333333 4.725816 3.86
8 1.75 11.37614 29.00
9 -4.83333 -4.83333 18.81
10 38 4.396969 27.51
11 -8 14.08013 1.67
12 40.125 6.860211 35.81

Table A.6. The co-ordinates of the 12 points inheaingle quarter of the four quarters used to nthke
comparisons of wheel with +45°

URQ uLQ LRQ LLQ

Points X (mm) | Y (mm) X (mm) Y (mm) X (mm) Y (mm) X (mm) Ymm)

1 107.5 16.4 -107.5 16.4 107.5 -16.4 -107.5 -16.4
2 89.9 48.3 -89.9 48.3 89.9 -48.3 -89.9 -48.3
3 1235 70.2 -123.5 70.2 1235 -70.2 -123.5 -70.2
4 15.7 45.8 -15.7 45.8 15.7 -45.8 -15.7 -45.8
5 70.2 118.2 -70.2 118.2 70.2 -118.2 -70.2 -118.2
6 55.3 55.0 -55.3 55.0 55.3 -55.0 -55.3 -55.0
7 38.6 18.7 -38.6 18.7 38.6 -18.7 -38.6 -18.7
8 354 70.1 -35.4 70.1 354 -70.1 -35.4 -70.1
9 12.4 12.7 -12.4 12.7 12.4 -12.7 -12.4 -12.7
10 16.2 66.4 -16.2 66.4 16.2 -66.4 -16.2 -66.4
11 78.5 62.1 -78.5 62.1 78.5 -62.1 -78.5 -62.1
12 12.1 78.5 -12.1 78.5 12.1 -78.5 -12.1 -78.5
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Table A.7. Predicted shear deformation of cgPPvanaF deformed parts of non-variable meshes usieg th

CS-NOCM with 0/90¢ initial orientation

Predicted Shear Angle (°) of cgPP

Predicted Shear Angle (°) of wrGF

Points

1 -39.00 -30.30
2 -20.00 -14.37
3 -12.00 -13.10
4 -3.50 2.15

5 -2.00 -8.69

6 7.00 13.63
7 3.00 21.62
8 25.00 26.11
9 13.00 10.12
10 17.00 24.87
11 30.00 46.06
12 32.00 27.02

Table A.8. Predicted shear deformation of cgPPvant&F deformed parts of non-variable meshes usieg th

CS-NOCM with #45°¢ initial orientation

Predicted Shear Angle (°) of cgPP

Predicted Shear Angle (°) of wrGF

Points

1 -38.00 -38.28
2 -20.00 -19.40
3 -18.00 -16.85
4 -17.00 -5.23
5 0.00 19.05
6 11.00 -2.55
7 15.50 10.27
8 20.50 16.20
9 19.00 -8.33
10 25.00 36.74
11 28.00 8.16
12 34.00 42.75
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Table A.9. Predicted shear deformation of cgPPrdedd parts of variable meshes using the CS-NOCM wit

0/90° initial orientation

Points URQ ULQ LRQ LLQ Average Stdv
1 -44.70 -21 -20 -25.08 -27.7 115
2 -16.29 -17 -15 -15.15 -15.9 1.0
3 -12.09 -13.5 -15 -14.37 -13.7 13
4 -2.04 -1.2 -1.5 -1.71 -1.6 0.4
5 -1.54 -2 -1.2 1.33 -0.9 1.5
6 3.02 25 3 0.61 2.3 11
7 -2.93 -3.5 -2 -1.97 -2.6 0.7
8 26.72 27.5 25 27.45 26.7 1.2
9 17.07 18 17 15.16 16.8 1.2
10 17.13 15 16.5 23.90 18.1 3.9
11 29.40 33 28.5 26.19 29.3 2.8
12 31.15 28 20 31.21 27.6 53

Table A.10. Predicted shear deformation of wrGFoda&d parts of variable meshes using the CS-NOCM

with 0/90° initial orientation

Points URQ ULQ LRQ LLQ Average Stdv
1 -29.4 -25.3 -32 -40.63 -31.8 6.5
2 -9.0 -9.5 -8.5 -9.97 -9.2 0.6
3 -5.2 -8.5 -10.1 9.1 -8.2 2.1
4 2.4 1.5 2.1 1.66 1.9 0.4
5 -2.5 -2.8 -3.2 -2.17 -2.7 0.4
6 21.4 14.6 10.5 16.19 15.7 45
7 215 18.2 20.2 6.83 16.7 6.7
8 28.1 25.7 28.4 35.76 29.5 4.4
9 20.8 15.4 10.6 -13.41 8.3 15.1
10 31.0 25.8 255 32.05 28.6 34
11 46.3 42.7 48.5 49.22 46.7 2.9
12 26.6 22.1 23.5 14.97 21.8 4.9
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Table A.11. Predicted shear deformation of cgPPrdefd parts of variable meshes using the CS-NOCM
with £45° initial orientation

Points URQ ULQ LRQ LLQ Average Stdv
1 -42.3 -40 -27 -40.0 -37.3 7.0
2 -21.2 -22 -24 -24.3 -22.9 15
3 -17.2 -23 -21 -18.2 -19.9 2.6
4 -16.6 -13 -11.5 -15.3 -14.1 2.3
5 16.7 18 22 14.9 17.9 3.0
6 10.8 15 12 144 131 2.0
7 16.2 15 16.5 14.1 15.5 11
8 229 23 25.5 25.2 24.2 1.4
9 16.3 18 20 17.3 17.9 1.6
10 34.1 38 375 35.6 36.3 18
11 27.2 24 28 25.6 26.2 18
12 41.1 38 40 37.7 39.2 1.6

Table A.12. Predicted shear deformation of wrGFodwa&d parts of variable meshes using the CS-NOCM
with £45° initial orientation

Points URQ ULQ LRQ LLQ Average Stdv

1 -41.54 -23 -32.5 -41.40 -34.6 8.8
2 -19.44 -23 -20 -23.91 -21.6 2.2
3 -18.30 -22 -21 -17.19 -19.6 2.3
4 -10.00 -8 -6 -5.23 -7.3 21
5 19.03 22 21 19.20 20.3 1.4
6 -2.55 -5 7 7.15 1.7 6.3
7 10.85 5 9 3.50 7.1 34
8 17.11 20 22 -1.03 14.5 10.6
9 -8.46 -6 -7 -3.55 -6.3 21
10 36.62 43 42.5 33.13 38.8 4.8
11 7.45 10 15.5 -20.74 3.1 16.2
12 43.56 45 40 42.09 42.7 21
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