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ABSTRACT

Low weight is one of the most important design criteria to be considered during the
selection of the material for different applicatioNgeight saving is necessary in the
applications where the components areniotion Materials for transportation systems

such as higispeed trains, automobiles, aircraft, or mobile components like wind turbine

bl ades need to fulfil the strength requir
thickness and, consequently, weigiccordingly, composite materials offer the

advantage of providing a lighteight structure because of their low density but with a

considerabléncrease in strengtto-weight ratio.

Under different load conditions, static and/or dynamic, lthers of the composite
material may try to debound.This ph&omenon is called delamination aitdis a
common damage mechanism that ends up in a loss of stiffness and strength. This is the
reason why in order tpreventdelamination damage composite materials, treorrect
charactesation andmodelling of the irterlaminar fracturebehaviourcan play an
important role in the design of composite pafike initiation of a delamination does

not mean that there is a catastrophic failure in the material. The delamimatyjonot

grow any furtheror the rest of its g&ice life if the loading condition does not excead
specifiedcrack propagation limitThe design procedure must not only cover the static
interlaminar strength calculation of the component, but also the dynamic interlaminar

strength calculatiorand beable to support maximum load levels and fatigue dynamic
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Vi ABSTRACT

loads withouttotal failure. Good knowledge of interlaminar fractuteehaviourcan
facilitate reliable and efficient design criteria to prevent fmal failure of the

component.

Carbon fibre reinforced woven textiledlaminates arewidely used in aeronautics,
automotive or sport equipment applications due to #wasellentperformanceand low
weight One of the reasons is that as the drapability of these textiles is high compared to
unidirectianal laminates, curved shapes can be manufactured easily. Due to the yarn
alignment in orthotropic directions, woven structures show gogqulaime mechanical
behaviour, but lowdelamination resistance because of poor thrdabgtkness
properties Many authes have seen in their experimental tests thedtdéire toughness

and surface geometry can be affected because of textile sfuwe geometry
characteristics; the inner structure of the woven material has an impact on the
delamination damage evolutiam the laminate.The nestingeffect, for example, which

is the interaction between neighbouring layers of a textile composite laminatee can

strongly linkedto thefracture surface geometry and tihelaminatiorbehaviour.

In this work the internal structureegmetry is linked to the static and dynamic fracture
toughness value3.he analysd properties are the nesting and the unit cell size effect.
The most suitable test methods are proposed for measuringtatie and fatigue
fracture toughness values ftire selectedtextile composite materialThe conclusions
show that fracture behavior of the woven textile composite material changes

depemling on the internal structure.
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1. CHAPTER 1: INTRODUCTION

1.1 GENERAL INTRODUCTION

Today, low weight is one of the most important design criteria to be considered during

the selection of the material for different applicatioMgight saving is necessary in the
applications where the components areniotion Materials for transportatiosystems

such as higispeed trains, automobiles, aircraft, or mobile components like wind turbine

bl ades need to ful fil the strength requir
thickness and, consequently, weigiccordingly, composite materials offethe

advantage of providing a ligheight structure because of their low density but with a

considerabléncrease in strengtto-weight ratio.

Under different load conditions, static and/or dynamic, lthers of the composite
material may try to debound This phenomenon is called delaminatiand it is a
common damage mechanism that ends up in a loss of stiffness and strength. This is the
reason why in order tpreventdelamination damage composite materialgshecorrect
charactesgation and modelling of the interlaminar fracturdehaviourcan play an
important role in the design of composite paifise initiation of a delamination does

not mean that there is a catastrophic failure in the material. The delamimatyonot
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grow any furthefor the resof its servicdife if the loading condition does not exceed
specifiedcrack propagation limitThe design procedure must not only cover the static
interlaminar strength calculation of the component, but also the dynamic interlaminar
strength calculatio, and beable to support maximum load levels and fatigue dynamic
loads withouttotal failure. Good knowledge of interlaminar fractuteehaviourcan
facilitate reliable and efficient design criteria to prevent fimal failure of the

component.

Carbon fibre reinforced woven textildaminatesare widely used in aeronautics,
automotive or sport equipment applications due to #wasellentperformanceand low
weight One of the reasons is that as the drapability of these textiles is high compared to
unidiredional laminates, curved shapes can be manufactured easily. Due to the yarn
alignment in orthotropic directions, woven structures show goqulaime mechanical
behaviour, but lowdelamination resistance because of poor thrdabgtkness
properties Many authors have seen in their experimental tests tattdre toughness

and surface geometry can be affected because of textile sfuwe geometry
characteristics; the inner structure of the woven material has an impact on the
delamination damage evolutiam the laminateThe nestingeffect, for example, which

is the interaction between neighbouring layers of a textile composite laminatee can
strongly linked to the fracture surface geometry and tldelaminationbehaviour.
Current manufacturing processes it take into account the shifting between textile
layers, and consequently the obtained nesting values are ranveonhe entire area and
thickness of a paneThe variability in the nesting value can result in the increase in the
uncertainty of the defaination behaviour of thaiminate The introduction of a suitable
nesting value in the analysis of delamination is a first step in a sensitivity study. In the
subsequent step of the manufacturing process the effect of nesting may be taken into

account fo optimum delamination behaviour of the composite panel.

1.2 PROBLEM STATEMENT

During the design of a textile composite pait, measures should be taken to avoid
delamination failureThe lack of knowledge about the static and dynamic bebawaf
delaminated surfaces makes the final design heavier than it should be. Safety
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requi rements i Rgprooswet htoh ed efsndripgmcektrictibmedei@si a ,
considerably the possibility of obtaining an optimal final p&he lack of awarengs of
material’sdelamination mechaniagsults in a notwfficient design of the components.
Different knowledge areas should beeviewed in order to design efficiently the
componentsin means of avoidance of delaminatioNext points are the key to
undersand thepresentegbroblem

{1 Textile’s internal structure does not follow an ideal and repetitive pattern. There
is a lack of experimentalata orthe geometry of the layers interfaces.

1 The size effect (unit cell size dimension) is another issue to be considered as a
designparameterThetextile geometryscale effect on mechanical properties has
not been anabed.

1 There is no standard for measurisigitic fracture toughness values faxtile
materials The actual standard for static mode land mode 1l onlydeal with
unidirectional fibre reinforced compositeaterials.

1 There is no standard for measurithg delamination fatigue onset and growth
considering mode fracture toughnessalues for textile materialdn 2008 a
standard for measuring the onset was issued, but only for unidirectional fibre
reinforced compositmaterials

1 The interrelationship between the delaminated surface geometry and the fracture
toughness values are btilot studied in depthThe nesting effechas not been

linked yetto the fracturdoughness properties.

This research will coverll aspects necessary to improtlee design process of

composite materials made of textile structures.

1.3 RESEARCH OBJETIVES

The objective of this thesis is tmvestigate delamination phenomena of textile
composites, trying to understand the influence of the delaminated surface’s geometry.
The presentedesearcHinks the geometrical structure o&rbonfibre reinforced woven
laminateswith its effect on the quastistatic and fatigue delamination behaviokig(re

1).
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Carbon fibre | _ _ Fatigue
reinforced Internal Quasi-static .
R delamination
woven structure Delamination
laminates L L \
| R

S e e

Figure 1: The areasanalyzedin this research work

In order to obtain answers to the presented problems, the questions defiguaté?

must be solved

4 N

How different is the internal structure of the same textil
woven composite with a different unit cell size?

= —

7N\

How does the unit cell size and the How does the unit cell size and the
nesting/shifting affectthe static fractur nesting/shifting affectthe dynamic
toughness? fracture toughness?

Figure 2: Questions that must be solved during this research

The research objectives are divided in three main areederest, each one related to

different experimental and technical issues

a) Experimental analysis of thegeometricalstructure of textile materials The
internal variability ofgeometricalproperties of textile materials evaluated.
The effect of this variability is linked to the mechanical properties measured
experimentally.

b) Static facture toughness measuremerus textile materialsand the effect of
the internal geometryThe impediment of not having a standard for measuring
mode | and mode Il fracture toughness values has to be ovenglmuifications
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to existing test proceduresire proposedin order toobtain relidle values.
Geometrical parametesselinked to staticfracture values, obtaining the relation
between the controlledhput parameters and theesults from experimental
measurements.

c) Dynamic fracture toughness measuremenéhd the effect of the internal
geometry Standard for fatigue delamination onset and growthmode | for
textiles materials arenot available As for static fracture toughness
measurements, modified test procedures are uSsshmetrical parameters are
linked to dynamic fracture values, obtaining the relation between the controlled

input parameters and the results from experimental measurements.

1.4 OUTLINE OF THE DISSERTATION

The thesismanuscripis dividedinto nine differentparts The first chapter describesth
problem statement and the research objectives. The secorekplaihs the state of the
artandreviews the literaturelhe third part reviews the critical analysis of the literature,
summarises the thesis phases and describes the preliminary wotheflorgestating the
main topic of the research. This preliminary work studies the size effect on the internal

geometry and mechanical property variability of woven composites.

In the fourth chaptethe internal geometry measurement of two woven compasites
analyzed: cross section of the yarns, fiber volume fraction, crimp, misalignment of the
samples, thickness of the plates, nesting value, etc. The chosen textile composites are
produced using the same resin reinforcement and same architecture, buiffeeseat d

yarn size (3K and 12K)The dispersion of measured geometrical parameters is
introduced in a numerical muéicale modeling approach to evaluate the macroscopic
stiffness values. A sensitivity analysis is performed for each geometrical paranteter a
laminate stiffnesses are derived. Thesdiaked to the experimentally obtained elastic
properties by tensile tests. Finally the unit cell size scale effect for measured geometry

variability and experimentally obtained elastic properties are evdluate

The fifth chapter evaluates tfiacture toughness of two woven laminates for different
nesting/shifting values between advanced layers. The analysed woven composites are

manufactured using the same remforcement and same architecture, but have a
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different tow size (3K/12K). Three different nesting/shifting configurations are applied
to the plies at the fracture surface: zero shifting, middle shifting and maximum shifting.
Before being tested, the internal geometry of the material is evaluatethgrsthifting

error is measured. For all these configurations Mode | fracture tests are carried out. The
differences obtained between 3K and 12K cases can be explained by fibre bridging, but
not the differences between the nesting configurations. Dependimg the
nesting/shifting value the delaminated surface waviness is different, and consequently

the fracture toughness is also influenced.

The sixth chapter evaluatefi¢ mode Il fracture toughness file same materialsing

the end notch flexure sep. Corrected Beam Theory with effective crack length
method (CBTE) and Beam Theory including Bending rotations effects method (BTBE)
are evaluated for obtaining mode Il fracture toughness. During dataneastssing, the
importance of the bending angle ofatton and the test configuration is observed to be
important. The results show that crack propagation under mode Il is more stable if the
matrix is evenly distributed on the surface. The nesting does not significantly affect
mode Il fracture toughness wuals, although a greater presence of matrix on the

delaminated area increases its value.

The seventhchapter investigatesi¢ mode | fatigue delamination onset and grofwth
the same materiallhe nesting differences show little effect on the delaminaiimset
fracture energy threshold limits, but normalised results show higher values for the
smaller unit cell size. Analyzing the normalised Paris diagrams it is concluded that the
unit cell size and the nesting configuration does not affect the slopdseféatis plot.
However a smaller unit cell size shifts the normalised Paris diagram to the right. The
northomogeneity of the delaminated surfaces of textile materials leads to irregular

slopes.

Finally, in the last two chaptetiBe main conclusions andtéwe works are discussed.
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2. CHAPTER 2: LITERATURE REVIEW

The first part describes composite structure types, their classifichged on
matrix/reinforcement typend a deeper description of textile reinforced composite
materials.The second part introduces a detailed description of woven structuries, the
internal geometry and mechanical properti€se third part detailsthe deamiration
damage mechanism in quasatic and fatigue load condition&nd finally the fourth

part resumes the behaviour of woven mateviddendelaminatiortakes place

2.1 COMPOSITES STRUCTURES

A composite material is a system created by combining twoooe materials, mixedr
bonded, on a macroscopic scale. The purpose of a composite materiaptsrtally
utilise the properties of the individualonstituentsobtaining enhanced mechanical,
physical or chemical behaviour.Literature providesnany defiitions for composite
materials, but the description by Chawl@l] covers all possible aspect€hawla

consides that a compositmaterialmust fulfil next conditions:

A A composite materidgs manufactured by an artificial process.
A A composite materials composed by two or more phases or physically and/or

chemically different, separated by a defined interface.
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A The properties of the composite material cannot be achieved by the materials

used alone.

2.1.1  Composites classification

In the literatureghere aranany classificatiomof composite materials depending on the
property analged [2, 3]. Figure 3 shows the classificain based on the reinforcement

typeand

Figure 4 showsthe classification based on the matrix matefidtee reinforced types

are distinguished in composite materials: fibeanforced (classified depending on the
length and positioning ofhe fibres), particleeinforced (classified depending on the
size and dispersion in the composite) and structural (where the properties of the
composite are obtained from the stacking sequence of the materials). For fibre or
particle reinforced composgeorganic or inorganic matrices can be used. In structural
sandwich materials, the coreatarial can be madef a honeycomb structure, balsa

wood or foam, among others.

Short fibre (random)

Fibre reinforced Long fibre(unidirectiona

e

Long fibre (textiles)

Composite
material Dispersed
Particles
reinforced
Large particles

Structural

Figure 3: Classification of composite materials depending othe reinforce type

The reason why composite materials are widelydusedifferent applications is that
they display competitive advantagewith respect to other tygeof materials. The
lightness, corrosion resistance and high specific stiffness/dtreagiies make them
suitable for many applications, includingautomotive aeronautial, railway

transportation, wind energy or building industry. Althougimsiderablemprovements
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have been made in the analysis of damage andlifenigehaviour, researcheneed to
understand and contrall possible failure mechanigsin composite materials.

Thermoset

Organic matrix

Thermoplastic

Matrix + fibre

Matrix + particle Metalic

Ceramic

Inorganic matrix

Carbon

Composite

materials Cementitic

Honeycomb

Sandwich

Structural Balsa wood
Laminates

Figure 4: Classification of composite materials depending on the matrix type

For high stiffness/strength requirements, for instaimcaircraft structures, the most
widely used compositeeinforced material is carbon fibre. The Boeing T8&/aircraft

is composeaf 50% composite, 20% aluminium, 15% titanium, 10% steel and the rest
of other materialsKigure 5). Carbon composites are usedtba fuselage, wings, tail,
doors, and interior parts. The Boeing 787 ciB0% composite by volume, makifig

possible to create a lighter aircraft.

Advanced Compasite Use

carbon laminate
carbon sandwich
other composites
aluminum
titanium

Figure 5: Composite conent of the New Boeing 7874]

Historically, small and medium sizevind turbine blades have been made using
fibreglass/epoxy prepegs. Each blade is made of two shell sections, which are bonded
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onto a precured spar. As wind turbine manufacturers are building larger turbines (above
5 MW) and new turbine concepts areing hunchedonto the market €.g. offshore),

they need texplore new materials and designsorder to optimge the weight of the
components.The LM [5] blade manufactimg company, for examplds currently
creating a new design concdysed on a combination of gladsré and carbon fibre,
which can be defined as a hybrid composite concgfihough carbon fibre cost is
higher than glasBbre, the lightness obtained helps to mirsenthe loads on the nacelle

and the towerthusimproving efficiency. The high specific stiffness/strength of carbon
fibore compared to glass, aramid or natural fibores makes them suitabieany

applications. The carbon fibre properties @naracterised by

Low density.

High specific stiffness/strengttjth very little plastic deformatian

High fatigue strength.

High temperature resistance (mechanical properties at 100°C remain the
same).

+ Moisture resistance.

- Low impact resistance.

- Low wear resistance.

- High cost.

+ + + +

Carbonfibres can beembedded in a therosetor thermoplastic matrix. In most cases
thermosets arm a liquid or semiliquid state at room temperaty@nd a curing process

is needed in order to soligithem(this process is irreversible). Thermoset matrices do
not melt at high tempatures, thematerialwould degrade Thermoplastic matrices are
usually tougher, easier to recycle and lighter than thermosets, but a high viscosity
hampers goodnpregnation with the fibres.

The classification diagram iRigure 3 shows that fibres can have different structures
inside the composite material: short fibres, long unidirectional fibres or long textile
fibres (Figure 6). For randomly placed short fibres, the composite material displays a
quastisotropic behaviour and the mechanical properties obtained are lower than for
other structures (unidirectionar textile) made of the same kind of fibres. In
unidirectional (UD) composite materials the fibre longitudinal direction shows much
higher stiffness and strength value than the transversal direction. UD composite
materials are in most cases stacked mirates, where the lower transversal properties

can be improved by applying UD layers in differenentationy° q).
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A laminate is constructed by adding two or more layers of material together (UD,
textiles or random fibre layers). The laminates, for example, can be manufactured by
means of hand layp of the layers in an open mould, by curing prepeg layers in an

autoclare, or by applying pressure on a hot press.

The textile reinforcement creates a hierarchical structure in which ties &lke grouped
into strands (yarnforming a periodic configuration. Depending dme textile structure
and repetitive patterspecifial for the composite material, the properties obtaicmad

be isotropic,orthotropicor anisotropic One of the characteristics of textile composites
that differentiate thie behaviour from UDlaminates is the crimp of the yarns. The
advantages ovetJD composites are better drapability, impact and delamination
strength, although the waviness of the fibers in the textile results in a loyania

stiffness and strength.

This thesis project focuses on textile fiveenforced composite.
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Figure 6: Short fibres, long unidirectional fibres and long textile fibres

2.1.2  Textile-reinforced composite materials

Textiles are charactsad by a unit cell, which is the smallest repetitive pattern that can
be distinguishednside the structurelhe squares irFigure 7 represent the unit cell for

each differentype of woven material

Textile technologies allovthreedimensional reinforcement® be manufacturedn

which the fibres are distributed along three main directions.

Textile architectures are also distinguished by the number of main dimensions in which
the textile stretches. When thgarns (bunch of fibresdre extended only in the plane,
this is known as twalimensional or 2D architecture. When the fabric ya®sin the

direction perpendicular to the main plane, tbgtile architecture is known as three
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dimensional 3D textile composites can achieve betéffness and strength out of the
plane thantextile laminated compositesvhere delamination damage can affect the
overall behaviour of the compond#t.

—l! I-l.l'
". L4 l'l“ l
] ot [
: & 1= d b ,_l

a) Plain b) Twill c) Satin

Figure 7: Three types of woverstructures and the repetitive unit cells.

Textiles are built fromthese basic manufacturing technigs. weaving, braiding,
knitting and stitching.

Weaving A weaveis the architectw in which two types of threadsalled warp and

weft, are intertwinedThe yarns oriented in the manufacturing directi@ame called

the warp and thgarnsthat run across from side to side are the weft or filliige

vast majority of twedimensional woven fibreglass and carbimme that are used as
reinforcement in the teé¢ composite materiaindustry are madeusing this
technique[7]. Figure 8 shows the rain subarchitectures in 2D weaving structures,
which are distinguished in the sequence used to weave the warp and weft. This
sequence haa clearinfluence on the mechanical properties of fimeshed part in
service and in the drapability or deformati@uring piocessing of composite
material The plain woven textile reinforcement is most commonly used each warp

passes over the first frame and below repeaté&idyi(e7a).
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Figure 8: Woven structure

3D woven architectures have additional strands in the direction away from the main

plane. There are a variety of salthitectures. The main ones are the angterlock

followed byorthogonal weavingHigure9).

(@)  Angle interlock (b) Orthogonal 3D weaving

Figure 9: 3D Weaving

In generalthe mechanical properties of wavarchitecture are governed [3]:

)l

Textile structure parameters: type of architecture, thread size, space
between thdibres fibre orientation, volume fraadn offibres, etc.

Global parameters: the orientation of tiileres or fibre volume fraction

and matrix in the composite.

Woven fabrics exhibit good stability in the direction of the warp and weft and they

offer a highfibre volume ratio.

Braiding: Braiding is a proces<reated by intertwined twisted coils from

numerically controlled movemeant The yarns are interlaced at angles ranging

between 10° and 80ffbresat O °can also be included
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(a) (b)

Figure 10: (a) 2D Braiding architecture manufacturing, (b) a detail of the yarn displacement

As shown inFigure 10a, the textile pattern ismanufactured on a mandrel
Depending on the geometry of the mandrel, different tubular prefeansbe
obtained Figure10b shows a typical pattern of 2D braiding architecture. This type
of architecture has been used for some time to strengthen golf clubs, aircraft
propellers, and masts of ships or bridff#s The 3D braided architecture is mainly
used to manufacture preforms for reinforcing bdgpe profiles[6]. Braided
architecture is particularly suited to torsisasigance shear deformation and
impact[7]. However, these architectures offer a poor performance ageinsson

or compression in theanufacturinglirection.

Knitting: There are twovariations:warp knitting Eigure 11a) and weft knitting
(Figure 11b). Weft-knitting is created from a singlgarn that is forned in
successive curves with tmeovement of theneedle in the transverse direction row
by row. In warp knitting, unlike weft knitting, the fabric consists of multyzens

so the manufacturing process is more complex. However, warp knitting achieve
superior mechanical properties to those of weft knitf2jgIn knitting, the threads

take amuch largedegree of curvature &min other textile architecturessa result,

this architecture usually has a lower stiffness at rest (weaving and braiding).
However, it has the advantage tlitats highly conformable. Therefore, it is ideal

for preformshaving a structural functiorthat is not too demandingvhen it is

adapted to very compleshapesiuring the process of forming and consolidation.
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(a) Weft knitting (b) Warp knitting

Figure 11 Knitting types depending on the manufacturing process

Stitching: The stitching process is the simplest and cheapest of all the basic
weavingtechnigues Roughly, itconsists of sewingusinga needle and thread

stack of twedimensionaltextiles to obtain a threelimensionalstructure The
stitching has certain advages over other architectures. The possibility of using
standard twalimensional fabrics that are commonly usethmcomposite industry
allows greater flexibility in component manufacture The process is highly
automated and therefomelatively fast, ecnomic production processe&an be
developedHowever, the stitching also has its disadvantages compared to other 3D
architectures. The main one is the reduction of mechanical properties in the plane of
the preformWhenthe needlguncturedlifferent tissues, localamage igenerated

in the fibres that changesmechanical architecture. This reduction may be
exacerbated further by the bends and through the interstices produced by this
technique in twedimensional tissueAfter impregnating ad consolidating the
reinforcement with thenatrix, these gapsrodu@ concentrations of resin whieine

potentially prone to crack initiatidr].

2.2 WOVEN STRUCTURE

This section investigatesoven laminate structure$he properties tharestudied are
divided into threemai n part s: specification of t he

mechanicabehaviour andlamagean wovenlaminates

2.2.1  Woven structure geometry

Woven structure properties are highly dependent on the waviness of the yarns in the

material. The crimp percentage of the yarns

(curved shape) to the lengthfabric '@ R % = 5 Go Eq.

Vo

M. OLAVE, Quasistatic and fatigue delaminati@haracterisatiofor carbon ibre reinforced woven laminates



34 LITERATURE REVIEW

1). The crimpdepends orfabric thickness, mechanical and fibre volume fraction.

turn, the performance of the fabric depends on c(iangure12).

Granow =% Eq.1

Vo

L

Lo

|

Figure 12: Crimp percentage is obtained by k. and L, measurement.

Crimp value depends onthe nesting effect between advanced Ilayers; the
accommodation of yarns between each other can lead to a repositioning of the yarns in
the other direction. Yarn thickness, yarn width and spacing length between advanced
yarns are also important for specifgithe nesting effect in the woven structufe(re

13).

Yarn thickness

spacing %(am width
I | 1

Figure 13: Geometry properties of the woven structure

Lomov [9] specifies the nested position using the varid@lewhich is calculated from
the minimum distance between centre planes of the layeosnov cnsides two
identical layers, with one layer shifted relatite the other. When there is no nesting
beween layers, the nesting distance is equal to the layer thicidedhe distance ()
between the face surface of the botton layer and #lc& burface of the top layer is
calculated by Eq.2,Eq. 3and Eqg4 (Figure 14). Thedwanddw parameters represent
the shifting between layer pitien in both directionsdy ).

1 Q=17 O+ Qaw +Q o duw do Eq.2

QD=5 GO Eq.3
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Q@A) = h(@a) + 5 Eq.4
"Q, "Q= Face and back surfacetbt fabric.

&, &,= Face and back surface coordinate.

The nesting distanc&Y) is the value that minimizes the distancéEqg. 5).

1°0=0 Eq.5

he (x,y)

Figure 14: Face and back surface ttances atposition (x)

2.2.2  Woven structures” internal variability

The importance of the internal geometry of the structure is crwtiahanalysing the
behaviar of the material during loading conditions. The scatter of the geometrical
structure in textile compositeaterials can lead also to a scatter of physical properties.
This is the reason why the knowledge of the correlation between the source of
variability and the resulting behaviois essential for controlling the manufacturing
process and consequently theali material properties. Significant features such as
mechanical elastic properties, formability, permeability, initial failure and damage
progression are very sensitive to the variability of the internal geometry structure. Many
authors [10-13] found a direct relation between fabric structure and material
permeabity values. As an example HogH)] defined the nesting of layers as the major
source of variations in permeability values for fabric composite materials. Endruweit et
al. [11] investigated the influence of variability of reinforcement geometry (for
example, variation of fiber orientations, fiber &ngariation in a nofcrimp fabric) on
permeability measurements. Related to other propertiesd&s[14] found significant
variations in the formability due to the effect of misalignment of yarns and local unit

cell size in prampregnated woven textiles.
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In most of the mathematical models an ideal repetitive unit cellnfechanical
charactesation is used, without realng how important the difference between the real
structure and a model can be. Variables such &s ¥illume fraction, defects related to

the manufacturing process or misalignment afebwith respecto the load application

axis create scatter in the mechanical properties that are measured experimentally.
Directionality and misalignment is the paramount factor for the scatter in the properties
on theloading direction. John et 4lL5] pointed to the orientation of the yarn relative to
the loading axis as the most critical variable while calculating the tensile properties.
When there is an unintentional misalignment of small angles betweeapgiied load

and the sample orientation, the stiffness and strength propertiesfentedf Vallons

[16] found stiffness and strength changes for a biaxiatanonp fabric composite at
small offaxis angles (below 5°). The observed changes were higher for the strength
property han for stiffness values. Pinlj@7] concluded that in advanced composites,
local microstructural defects, suchs filre misalignments seem to be initiation of
kinking. From the normally distributed fibangle variations, Endruweit1] calculated

the permeability changes in textile materials. Increasing fibhgle variations for resin
injection simulations, times for complete filling of theould increase. Loendersloot

[18] found that the impregnation and mechanical behmviare affected by the
misalignment of the fite bundles, those initial misalignments can be aiit8°. Liu

[19] evaluated the average and standard deviatidhe misalignment angles in carbon
epoxy pultrusions for different fife volume fraction values. Depending on therdib
volume fraction and the size of the mould used during the manufacturing process the
mean value of the average misalignment anglehes values up t®.5° and the

standard deviatiomariedfrom 1.2° to 4.3Yespect to the desired orientation

The internal geometry variability has been studied by several authors using mainly
optical methods. Desplentef20] compared the suitability of two methods, an optical
microscopy and Xay micraCT, for measuring stochastic parameters of the geometry
for 2D and 3D woven textile preforms. The conclusions showed no significant
differences between both methods. The standard deviations found were close to 16%

while measuring yarn thicknessidth and spacing.

Charmpis[2]] et al. defined the lack of micromechanical data measemés as a big

problem while evaluating the results for stochastic finite element methods. This work is
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an attempt to overcome the problem examining and evaluating the micromechanical
characteristics of the material. The main objective of the presentgiessdo analge

the variability of the internal geometry of two woven structures and to evaluate how this
scatter affects the macroscopic mechanical properties. First the measurements of
geometrical parameters are arsaly by means of optical microscophe evaluation of

how different an ideal geometrical model of a textile woven unit cell can be from the
real inner structure is described. Then the elastic properties are evaluated from a
numerical multiscale model simulation having as input data thesomegnents carried

out in the first part and taking into account their identified variability. The properties
obtained are compared to the values obtained experimentally during tensile tests.

2.2.3  Woven structure mechanical and damage behaviour

Static behaviouand degradation of woven structures had been studied by many authors
[22-24], showing a repetitive damage evolution pattern. In woven laminates at low
applied strains damage starts as fibreatrix debonding, and pgresses creating
transverse ima-yarn cracks. When these cracks develop until they reach an edge
delamirations between orthogonal yarn interfaces takece. In woven composite
materials, three damage levels are linked to the global mechanical behaviour of the
structure: micro level (fike-matrix debonding), meso level (transverse cracking of the
fibre bundle or crack in the matrixrigure 15) and macro level (delamination at the
fibre bundle boundarie§P5-28]. In order to evaluate the properties of woven materials,
different authors[26, 28-30] have developed analytical and numerical methods to

calculate the mechanical properties and final strength values of woven structures

Figure 15: Intra yarn and matrix crack in a woven structure (IKERLAN)
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The importance of the internal geometry of the structure is crucial whilesartatire
behaviour of the material during loading condition. Main featusash as mechanical
elastic properties, formability, initial failure and damage progression are very sensitive
to the variability of the internal geometry struct{it&]. Variables such as fibe volume
fraction, defects related to the manufacturing process, nesting between layers or
misalignment of fibresvith respect to the load application axis, create a scatter in the
mechanical propedgs measured. John et.al., for examplaEntedto the orentation of

the tow relative to the loading axis as the most critical variatblen calculating the

tensile properties

The nesting of reinforcements in textile laminatesinstanceis linked to permeability

and mechanical properties and influences laminate thickness and fibre volume fraction.
Lomov [9] observed thatvhen the number of layers in a laminais increasedthe
thickness per layer decreases, increasing the fibre volume fraction for the given pressure
for larger numbers of layers stacked together. Nesting has different behaviour in phase
or out of phase configations, showing differences in laminate stiffness depending on
the positioning of the nested layers. Lomov also analyzed the wide scatter of
permeability due to random nesting in woven laminates. Woo and3phobtained
nonsymmetricalscatterdistributions of the elastic moduli (320%) having the same
samplewidth but with nesting variations. Naik et.dl30] foundthatthe shifting creates

an increase in strength of %10. Vaidya et[32] found that nestingreates bridging
between the laminate layers that prevents the delamination damage meciamism
functioning This delamination delay creates better strength propertide material.

2.3 DELAMINATION

2.3.1  Delamination mechanisms
Delamination is a failure mad where, due to cyclic, impact d@hermal/chemical
shrinkage stresseshe layers of a structure separate, creating a loss of mechanical
properties[33]. Delamination failure can also ba&rise during manufacturingthe
shrinkage of the matrix durinthe curing process can lead to shear stresses in the
interlayer. Structural discontinuities can also &esource of delamination; stress

concentrations near holes, notches or-gilyp areas camproducean initial crack.
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Bolotin defined two kinds ofdelaminations Kigure 16, Figure 17): internal

delamination and external delamination.
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Figure 16: Internal and external delamination

Figure 17: Internal delamination in a laminate at » distance to the surface

Internal delamination takes place in the inner plies of the laminate, far from the surface
layers,and tries to separate the laminateitwo parts. Although the strength of the
laminate is considerably affected, there is still an interaction between the deformations
of the parts that are separated by oheteation. External delaminatiomkes placanea

the surface layer. Contrary to what happangternal delaminations, deformation of

the rest of the laminate does dfiectthe behaviourof the separated layer.

Depending on the acceptable damage vahexified for a delaminatiorthe design of

conposite structures can be divided@enms oftwo strategie$34]:

A No-growth design criterigsafe life) the loading does not exceed crack giow
threshold.
A Damage tolerant design crite(iail safe) the loading can exceed crack growth

threshold, but without a catastrophic failure.

Both design criteria need a good understanding of the dabedig&iourin the material,
although the second onequires more accurate knowledge of damage evolution to
obtain a reliable designn order to acquire this knowledge, tbelamination damage
mechanism in plastics and reinforced materials I@en studied since ear30Oth
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century because of its big influemon thebehaviourand final failure of the structures
[35-4Q.

Depending on the deformation zone on the crack tip and the statessf &rgpes of
crack propagation modes are distinguishieédyre 18): Mode | (opening mode), Model

II (Sliding mode) andMode Il (tearing mode).Fractures in which tev or more modes

e
)

MODE | MODE Il MODE Il
OPENING MODE SLIDING MODE TEARING MODE

are operative arealledmixed-mode fractures.

Figure 18: Mode propagation types

2.3.2  Experimental measurements

The tests needed to charaderdelamination in laminated structarare reviewed in

this chapterThe delamination initiation and growth measurement techniques are also
analysedStandard testand alternative satp will be explained for mode mode Il and
mixed modes (I/ll). Tests for mode Il are not amsaty in this chapter wke to the
experimentaldifficulties in introducing pure mode Ill loadinf4l]. Brunner [42]
reviewed fracture toughness measurenstandard tests for fibneeinforced polymer

matrix composite and analyze also new developments for new standard test procedures.
Mode |

The opening (mode 1) test method is accepted by the international standard
organsations ASTM and 1ISQ43, 44]. There is no specific standafak mode | test for

textile or nonunidirectional materialsThe common specimen shape is the Double
Cantiever Beam (DCB)(Figure 19), where a nossticking thin film (below 18m) is
inserted as starter of the crackigure 20). When the machine starts loading the
specimen, the crack starts opening and crack length development is measured optically.
These standard tests are limited to uséaiic measurements. For mode |, sometimes
fibre bridging andfibre breakage is observad fibre reinforced composite materials.
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For fatigue tests, an ASTM procedure for mode | dynamic loading is defined for crack
initiation measuremenb]. Tensiontension loading is applied to the specimen having
constant amplitude and for different G values. The procedure does not take into account
fatigue propagation dhe crack, but these aspgwteremeasuredy other author§46-

48].

Figure 19: DCB testloading condition [49]

Figure 20: Mode | DCB testdetail from one side[50]

Mode Il

For measuring mode Il fracture toughness there are different test configurations: end
notch flexure (ENF), four point end notch flexure (4ENF) or end loaded split test (ELS)
(Figure 21) are used[50, 51]. An international standar{52] was developd for
determining mode Il fracture toughness of unidirectional fibre reinforced materials
based on ENF configuration. Another new stand&8si using the calibrated erddaded

split (G-ELS) test was established simultaneou3lye ingability of ENF and the fact

that there is noenough knowledge about the effect of frictidaring the test makes
difficult to conceive an international standard. For mode Il fracture toughness
measurement four point end notch flexure (4ENF) test was defined by Martin and

Davidson[54]. The test can overcome the difficulties during ENF test. For fatigue tests
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on mode Il ENF was used by Begujbb], but more recent works are using 4E[N6,

57).

[ §
Y

Figure 21: End loaded test st-up [50]

Mixed mode I/1l

A widely used test in determining the fracture toughmésaixed mode (IH) is called
MMB and DMMB (Double) Mixed Mode Bending, which is included as a standard test
method[49, 58]. This test combines thedouble cantilever beam (DCB) test loading
mode | and the endotch flexure test loading mode(HRigure22).

Figure 22: DMMB test for obtaining fracture toughness under mode | and II.

Delamination initiation and growth measurement under mode | fatique

In the last few years different autholsve carried out delaminatiorevolution

measurements using techniques that were not used before for this puUtp®saost
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common way of anabng crackpropagationis by visual definition of crackront or
measuring the compliance changes during the fatigue tests.

The better understanding of the initiation mechanism can lead to an improvertient
material and as a resujtincreasedstrength against crack initiatioDavijani [59]
studied the initiation of delamination using@usticemission(AE) techniqueg60, 61].

The source of AE events depends on the material and energy release phenoraesa that
taking place at thparticularmoment. The materials anlg/sed for interlaminar fracture
toughness behaviour measurement &@ @nd woven/woven (with different patterns).
The test carried out was a Double Clener Beam (DCB), one sensor is near the pre
delaminated area and the otlsra more dstantlocation (50mmfurther away). He
considered the sentry function, which is the logarithmic ratio between the strain energy
and the acoustic energy. Stji62] usedan embedded opticdibre in the delaminated
surface to quantify the fibre bridging contribution to the delamination fracture
toughness during static and fatigue double cantilever beam test ([83B) The
embeddedptical fibore measures strain distribution in the delamination front tip and
along the surface, which is used to calculate the energy release rate (ERR). The fibre
bridging effectobserved in tests included in a cohesive element model by a traction
sepaation law. The model shows two different parts whenpitepagatiorhas ocurred

at the interface: the first part with the fracture of the polymer matrix that corresigond
the initial ERR and a second part related to the fibre bridging effelddbwing the
maximum stress of the bridging tractions. Ldfiger Bragg GratingFBG) are suitable
tools for detecting the crack tip position in composiéples under Mixed Mode
Bending[64]

2.4 DELAMINATION IN WOVEN MATERIAL

The failure mode of delamination in composites creates a loss of stiffness and strength
that leads to an accelerated degradation of the material. In laminated materials, the
application of repeated cyclic stresgéstigue Iading) can drastically decreatiee

capability of carrying load forces.

The relationship betweethe textile structure of the layers in a laminaed fracture
toughnesshas been studiedy many authors. Briscofg5] for exampleanalysed the

influence of fabric weave and fabric surface texture for mode | interlaminar toughness
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in aramid/epoxy laminateS.he resultsof tests carried out by Briscoe showed higher
fracture toughness for coarse fabric than for fine fabHespointed out thahe fracture
performancecan belinked to local fibreresin distribution at the interface. The
delamination damageehaviourof woven laminates iaffectedby matrixrich areas and

the migration of fibres to resin zones. The lack of matrix rich areas at fracture surfaces
reduces matrix contribution to composite toughness. On the other drantcreasen

fibre migration to resifrich areas increaseahe toughness as fibre bridgifigrmation
takes placeAlif [66] also found thatilbre bridgingwas happeningn fracture surfaces

of twill and satin weavebut he did not come across theffect in plain weave
structure. Alif analysed the interaction between weave pattern structure and fracture
behaviour in plain, twill, 8Hsatin and 5Hksatin carbon/epoxy composite. For
transversely oriented yarisom the delamination fronthigher frature resistanceras
observed, while resistance in longitudinally oriented yaraslower. Fracturesurfaces

of debonded fibrewere observed by Optical and SEM micrographs, where differences

between crack propagation direction and surface structumesdistinguisted

The manufacturing process can also be a source of variability in the delamination
behaviour of a woven laminatelunston[40] analysed the fracture toughness of two
identical materials but manufactureddifferent places; one by Hexel and the other by
NASA. Data obtained showed that Nasa samples were di% tougher than Hexcel
samples. The geometry evaluation could demonstrate that in NASA material the fibre

nesting between advanced layers was mudhehithan in Hexel material.

Kim [67] linked delamination failure mechanisms taking place in woven mateoals
angleply prepeg tapes. He pointexit that propagation fracture toughness for 0°/0°
interfacein an angleply laminateis much lower than for 0°/90° interfaces woven
fabric laminates. In the fabric materitdie delamination crack interaavith matrix-rich
areas and the woven structure increasing fracture resistiheedelaminated wavy
surfaces for woven structures weae@alysed using Scanning Acoustic Microscopy
(SAM) (Figure 23). In a similar way,Gill [68] also saw thathe toughnesw/as higher
when therewere more 90° oriented tows the direction of the propagatian 5HS
woven structuresdue to the 0°/90thierfaces created on the surfade foundthat the
fibre volume fraction variation lisan effect on mode | delamination behaviour in 5SHS

wovenmaterials as the fibreontentincreased, the mode | toughness increased.
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crack fronts

crack propagating direction
——
Figure 23: 3D perspective for a delaminated plane [Kim0O]

Some authors reabd that a wavy surface is obtained in the fractured surface in textile
laminates[56, 67, 69]. Shindo [56, 57] pointed tothe heterogeneity of the woven
materials as the reason why a non smooth delamination surface is obtained ith a 4
times higher toughness valu¢han for a smooth delamination surfadée resirrich

regions betwen the fabric increase this value. Espinf@&} used cohesi elements to
analyse an impacinduced delamination in woven materials, taking into account the
heterogeneity of the material leading to wave dispersion. The heterogeneity of the
composite materials leads to dispersion and scattering of stress waves during impact,
which is why he moded#ld interfaces with flat and different types of waviness. Fracture
interfaces aremodelled flat and wavy to simulate differences between surface
structures. The interface waviness introduces a degree of coupling of mode | and mode
I failure during delaming@on.

The effect of wavy fracture surfaces has been studied numerically mainly using
cohesive elementsZavattieri[70, 71], for example,simulated a sinusoidal interface
morphology by cohesive elements. He pointaat that crack propagation along
interfaces isaffectedby the roughness profile of the interface topography, as previous
works also showefli72]. Applying a remote mode | loading to sixteen different surface
interfaces, crack initiation and propagation were compared. His researcadooube

idea that the manipulation of the surfaceighnessn a material(by hot rolling, grit
blasting, etc) inreases interface toughndfise topography of the surfaces affected the
valug. The surfaces created are patterned sinusoidal interface morphology. To evaluate
the effects of the sinusoidal npdrology on the macroscopic fracture toughness at the

interface, thebehaviourof the crack is observed when a remote mode | loading is
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applied. The models of the materials used are élplststic or perfectly elastic
materials. Crack propagation is moddllas a cohege traction separation law in
ABAQUS/Sandard. Previous works also studied the mixed mode effects due to the
sinusoidal interfacial delamination curvatyré?]. Gao et al[73] also usedcohesive
elementdo studythe crack propagation under mode | with sinusoidal waviness between
two semiinfinite models.Theyconcluded that the wavinessdapositiveeffect on the

surface tougheningalue

In a recent piece of worki [74] investigated the effects of hiechical wavy
morphology of a delaminated surface on the interfacial fracture toughness under mode |
and mode Il using a cohesive zone model (ABAQUS). The proposed wavy
morphologiedisplayeda better interfacial fracture toughness tharingderface with a

flat surface He modelled the surface with a sinusoidal shape, and this surface is also
modelled with a smaller scale sinusoidal wavy shdpgute 24). Interfacial friction

also plays an important rolea mode Il fracture toughness, increasing mode Il fracture
toughness for the same sinusoidal interfacial delaminatiorpointed out that the
guantitative relation between delaminated surface geometryractdre toughness ta

not beerinvestigated

Figure 24: Double sinusoidal fracture surface defined by Li.

Although most of the authors used cohesive elements for modelling the delamination
surface, some researchers found otHirratives.Benzergafor instance[ 75 did not

use cohesive elements for modelling the fracture surface, he spehdi@uterface by
means oflD elements(springs)covering the whole surfacé&enzega developech

model based on a mixadode failure criterion using an elastic and damagesabi@ace

for analysing the delamination growth in woven composite laminates. Those elements
follow a nonlinear force deformation rule that can support a damage variable when the

maximum stress criterion is exceeded.
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Most recent works introdecnew variables into the fraat® toughness behaviour in
woven laminates, such as environmental conditioBBindo [56] described the
correlation between energy releases amdperature effect (cryogenic temperatures)
under mode Il delamination fatigue loading for woven glass -fibirforced polymer
composites. The experimental -sgt used was a foypoint bend enghotched flexure
(4ENF). The results showed thiie delaminatio rate is lower at lower temperatures
and that in static and fatigue the delamination growth is governed by the same
mechanism. The fracture surfaces analysed had a wavy route due to the woven fabric
architecture. In order to correlate the experimentah deith a numerical modeka
Virtual Crack closure technique (VCCT) was used for determining energy release rate.
In a laterpiece ofwork Shindo[57] investigated the mixethode I/ll delamination
fatigue loading for woven glass fibreinforced polymer composites at different
temperaturesand the experimental sep used in this case was a mixaedde bending

test (MMB). The solution obtained for mode Il is similar to the sofutbtained for

mixed mode; the cryogenic temperatures increases fracture toughness between layers.

2.5 CONCLUSIONS

In this chapter a literature review has been done. The subjects related to the thesis
proposal are analysed: composite material classificat@omie-reinforced composites,
woven structures” internal geometry and delamination mechanisms. Rheahlyorks

dealing withthe delamination in wovestructures are described.
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3. CHAPTER 3: THESIS PROPOSAL

3.1 CRITICAL ANALYSIS OF THE LITERATURE

Delamination between textile layers is a comndamagemechanismthat tendsto
occur in woven laminate structuresvhere the layers are bondeditvout any
reinforcement in theout of plane directionMost of the authors have ansdy the
delamination behaviour experimentally, trying to link the textile geometry with the
fracture toughness value. In woven structahesnesting value has been showrexert

a greateffect on fracture toughness valaad on the fracture surface geometoyt
nobody has evaluated this phenomenion depth As current textile laminate
manufacturing processes do not monitor the shifting éetwayers, the nesting values
in the laminates are unknown. The variability of the nestitigpducesan uncertainty
into the fracture toughness behaviour of the material and this aspect has not been
studied in the literature.

The fracture surface in wewn laminates has a wavy geometry, which can be different
depending on the textilebs geometry struct
fracture morphologies numerically using cohesive elements, and orient the delamination
phenomena to the fracture gedres obtained bysurface treatment techniques

However nobody has introduced geometrical characteristiegoven laminates, such
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as nesting or woven size, into numerical simulations of the fracture sutfadat is
further observed that experimental investigatiotheffatigue delamination behaviour is

lessdevelopedhan the static delamination behaviour.

These are the reasons WAY woven laminate structuresestudied in greater detail in

this thesis proposalue to the need to understand the delamination failure that affects
their overall mechanical behaviour. As a short conclusion of the textile types described
in this chapter, 2D woven composites offer less design flexibility than knitted or braided
strucures. The properties in the warp (0°) and weft (90°) directions due to better fibre
alignment and higher fibre volume fractions provide 2D woven structures with superior
mechanical propertieglowever, as mentioned previously, the difficulty to overcome is
the low delamination resistance because of poor thrthigkness properties when the

2D woven structure is stacked in a laminate.

The experimental relationship between nesting in woven laminates and static fracture
toughness has beeatightly studiedby some authors, showing tougher values as the
nesting increases. In contrast, the fatigue delamination behaviour linked witbstirey

in woven structures has not yet been studied. For static fracture toughness
measurements there are moseandarcsed procedures than for fatigue fracture
toughness measurements. Each author tries to overcome the difficulties of measuring
fatigue delamination by applying the set up, loading conditions and techniques most

suitable for the purposes in each case.

The main contbution of this workis the analysis othe effect ofnestingvaluein static

anddynamic toughness for a carboginforced woven material usirige same suicture

with different tow sizeNest i ng and the structurebds scal e
is related with interlaminar fracture surface wavinesghe wavy surface geometry

linked to the interlaminar fracture toughness ¥asven materials. The variability of

nesting values introded by current manufacturing processesneasured in order to

evduate the real fracture toughness dispersion in real woven textile laminates.

The final aim of this thesis proposal is the introduction oba design paramet, the
nesting into the design and manufacturing procaasth the introduction of the nesting
value as a new design criteria and a new modelling parametéo)ltveing advantages

canbe obtainedin areasvhich are sensitive to damaghe most suitable nesting value
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can be selected by increasing fracture toughness values and directly avoiding
catastrophic damage. As a result, the reliability of the compomeptsves

3.2 THESIS PHASES
The phases of the thesis can be divided fiour stages:

i.  Preliminary work Geometry and mechanical property variability
measurements itwo woven structures. e controlled input parameters are
theunit cell size of the woven twill structure: 3K and 12K

ii.  Internal geometry variability internal properties amaeasured and the results
are linked to the tensile mechanical properties.

iii.  Static fracture toughness mearementtaking into accountthe nesting
effect Experimental charactedtion of quaststatic fracture toughnessor
woven laminateswith different conditions of nesting are carried outA
specific manufacturing concept has been set up for accurate poodot
samples.

- Manufacturing the materialwith different fracture surface
geometries.

- Static fracture toughness measurements in Mode |

- Static fracture toughness measurements in Made Il

iv.  Dynamic fracture toughness Experimental charactesdtion of mode |
fatigue fracture toughnestor woven laminates with different nesting values

(onsetand growth)

3.3 PRELIMINARY WORK: Size effect on the internal geometry and mechanical

property variability of woven composites

This preliminary worktries tounderstad the effectthat introduces the size effect in
textile materialsThe analytical and numerical modefwesented in the literatuideal

with textile materials in a similar way even when the size is completely different. The
materials used in this research only differ in the unit cell size, having all other properties

in both materials as close as possible. The most difficult isstiesgboint is to really
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compare only the size effect, having in all other parameters and tests conditions similar
requisites and propertieBhe questions that are answered in this preliminary work are:

1 Does unit cell size affect the tensile mechanicaperoes and internal damage?
1 How different is the internal structure of the same textile woven composite with
a different unit cell size?
The assumption that the unit cell size of woven materials can lead to differences in the
internal geometry and propes isanalysednext. This first stage also helped to learn
about the manufacturing process, tensile/fatigséstand damage inspection techniques

in composite materialgigure25 shows the steps that will be explained in this chapter.

RO Variability
geometry =

measurement L Sxaluaies

Material 3K 12K

Manufacturing Samples
|9 .,

Conclusion:

Damage L 1 ' Size effect
evaluation

L

Tensile tests

Mechanical
L properties

Figure 25: Scope of this chapter

3.3.1 Materials and experimental methodology

The material used is made using HexPly® M10.1 prepféfswith T700S carbon
fibers. Prepeg material, which is stored in a freezer®t°C, is cut with 300x300mm
measure. The layers are @gtad without taking into account the shifting between the
textile geometry: a radom nesting structure is applied to the material. The conditions
defined in the autoclave for the curing process are 5 bar of pressure, at 120°C for 1
hour. The complete cycle Ias2 hours, half an hour to reach the required temperature,
one hour at 12@ and half an houfor cooling. The selected textile composites are
manufacturedusing the same resin, the same ftrend the same twill 2/2 woven
architecture, but having different yarn sizegure 26). One fabric has 3000 filaments
per yarn (3K) and the other 12000 filaments per yarn (12K)limbar dimension of the
repetitive unit cell for 12K material is more than two tinegerthan the repsdive unit

cell for 3K. The reason why two structures are chosen is that we want tceatiady

scale effect on the variability of the geometrical properties of the measured inner
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structure. 3K material has 13 layers and 12K material 9 layers. The appmxima
thickness value from the specifications of the supplier is 3@ fibre volume
fraction is measuredsing aburnout test. The fibreontentis calculated measuring the
weight of the samples just before and after removing the matrix using sulphidric ac
(Figure27).

The specimens for cross sectbnbservations are cut out of the composite plate using

a diamond saw with the 0° cut plane orientation (warp direction). The samples are
polished using sandpaper with roughnesses from 320 to 4000 in the automatic polishing
machine (TF250). The prepared ssosections are observed under an optical camera
(Microscopio Leica). The images are ppsbcessed and anabd usingthe image

manager software of the microscope antionse developed programs.

In most cases the number of measurements of the interomleyy parameters (yarn
cross section dimensions etc) carried out for 12K material is lower than for 3K material.
The main reason is the unit cell geometry scale difference between both structures; the
number of unit cells suitable for measuring is mom@ntkwo times lower at the same

specimen dimension for 12K than for 3K.

Figure 26: Manufacturing process in the autoclave in KU Leuven facilities

Figure 27: Sample with the acid for at least 20minutes on the sand oven for removing the matrix
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