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Abstract

The effects of pre-existing damage on the mode of failure andgyeresorption
characteristics of Non-Crimp Fabric (NCF) and biaxially brditidoular sections under axial
loading were considered. Loading rate effects were incorporatedsbgg at quasi-static
rates and impact rates up to 7hrend the pre-existing damage was simulated through stress
concentrations and out-of-plane impact damage. Circular and squaretigeomere tested,

and a range of NCF and braided fibre architectures were investigated.

A number of failure modes were exhibited. NCF tubes were seghatpat static and impact
rates; at impact rates a reduction in Specific Energy Absorg8EA) was recorded. Braided
tubes failed in a combination of buckling and splaying at statics.rateder dynamic
conditions all braided samples splayed and where a change in fabgde was seen, SEA
was increased. Both NCF and biaxially braided tubes have been shovier ta wiuch lower
SEA than Continuous Filament Random Mat (CoFRM) samples.

A threshold size of damage was observed, where, typically, belowhteahold the SEA was
unaffected by the damage, and above that size the tube would faillgldied NCF tubes
exhibited an improved damage tolerance over CoFRM and braided sampdesraided
tubes showed a poor damage tolerance at quasi-static rates altésuigh suggest that the

architectures with high axial fibre content will have a higher damage toéeranc

It has been shown that modelling damaged areas of tubes as a @itaogbnservative
approach to finding failure levels. Peak stress was seen to bdothaant factor in
determining loading at global failure as samples could fail dvemngh the crushing stress is
less than the failure stress. Previous work upon Interlaminar Skreaigth (ILSS) and SEA
has been investigated and shown to overestimate energy absorption far spegimens and
found to apply only to samples that fail by progressive crush or &atgtion; for those that

do fail in this mode a link between ILSS and SEA has been stated.
A technique for determining SEA and for predicting the effect 8C& on failure mode of

composite tubes has been proposed using UCS (Ultimate Compresgngttgtdata and

SCF (Stress Concentration Factor) data.

Vi
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Glossary

ACC

Binder

BS

CAl
CoFRM
CRP
CSM
Curing
DCB
E-glass
ESEM
FRP
Filament
GRP
IFW
ILSS

Initiator

Isotropic

Load Cell

Preform

Automotive Composites Consortium

Cohesive substance used for ensuring fibres in a reinforcpreémm
remain ordered

British Standard
Compression After Impact

Continuous Filament Random Mat

Carbon Reinforced Plastics

Chopped Strand Mat

Process of polymerization of the resin changing it from liquid to solid
Double Cantilever Beam test

Electrical glass, most common type of glass used in reinforesement
Environmental Scanning Electron Microscope

Fibre Reinforced Plastic

Single Fibre

Glass Reinforced Plastics

Instrumented Falling Weight

Interlaminar Shear Stress

Also known as Trigger, external or integrated feattoeinduce
progressive crush in a specimen

A material having uniform properties in every direction

In this study a piezoelectric element that compressgproduces an
electrical signal under load

Arrangement of fibres shaped to fit the mould cavity
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Quasi-static Tests undertaken at a low rate to approximatgate behavior of a

sample
Reinforcement Fibres used to provide the strength in a composite
RTM Resin Transfer Moulding
SEA Specific Energy Absorption
SRIM Structural Reaction Injection Moulding
SSCS Steady State Crushing Stress

Stress Concentration A geometric feature providing a stress raiseructargt e.g. a hole

SCF Stress Concentration Factor (also defined:as K

Stress Whitening The area of damaged composite around the impactfsaingferred
to as damage zone

Thermoplastic A polymeric material softened by the action of hrdthardened by

cooling in a reversible process

Thermoset A polymeric material hardened by an irreversible chemictbreac
Tow A group of filaments bunched together

UCS Ultimate Compressive Strength

Warp The direction along the roll of reinforcement material

Weft The direction across a roll of material

Wet-out Contact between fibre surface and matrix after polymerisation.



Nomenclature

O » 9

o

Es

Ex ory

OD

Pmax

Acceleration

Characteristic length
Cross-sectional Area

Mean circumference of shell (p25)
Diameter of hole

Diameter of tube

Elastic or Young’'s modulus

Specific Energy Absorption

Elastic or Young’'s modulus in x or y directions

Force

Fracture toughness

In-plane shear modulus in y-x plane
Acceleration due to gravity

Stress Concentration Factor
Fracture Toughness

Length

Mass

Outer Diameter

Maximum stable crushing force
Inner radius of tube

Adhesive energy per unit area of layers
radius of hole

Crush distance (p25)

S.I1.Units
ms

m

m
Pa
kJ kg

Pa

GPa
Ms

kg

mm

kJ
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Oc

Oc

Ofor0

Op

HUs1

HUS2

Tmax

related shell shortening corresponding with formation of centre
intra-wall crack

relative shell shortening corresponding to completion

of wedge formation

Tube wall thickness m

Speed ms

Volume Fraction (Fibre)

Poisson’s ratio

Width of square tube m
Energy absorped (p25) J
Strain

Stress Pa
Tensile fracture stress MPa
Critical Stress MPa
Crush Stress (p156) MPa
Failure Stress MPa
Peak Stress MPa
Fibre Angle

Density kgri?

Friction coefficient between platen and fronds
Friction coefficient between wedge and fronds
Shear Stress MPa

Max Shear Stress MPa

Xi



1.0 Introduction

Composite materials are typically constructed from high moduhre fieinforcement in a
brittle matrix, which as a composite structure will displayngicantly improved properties
over the individual constituents. It is the fibres, in the reinforcermehitecture, that provide
the main load bearing component and these can be arranged in manRarayesm fabrics

such as Compound Filament Random Mat (CoFRM) or Chopped Strand Mat (CSiMgwffe
cost and a degree of in plane isotropy, whilst unidirectional falofies high in-plane

strengths and are useful for applications where the direction ofo#ltk is known. For

example, by manufacturing a tube with the fibres woven into “aasgle, the torsional
stiffness will be greatly improved due to the fibres lying along the load path.

Typically, composites have been of the carbon/epoxy type and have showmachznces
over metallic materials due to high specific strengths. Theased use of composites has,
however, been hindered by the high cost associated with the labour inter@siuéacturing
process and the cost of the raw materials themselves. Initralhdom fabrics gained
popularity but recently the drive for improved properties and reducechasded to further
research into braided and Non-Crimp Fabrics (NCF). These offer pbtét net-shaped

preforms, reduced manufacture times and a reduction in labour cost.

The automotive sector has been a major influence in the developmenstoéftective
composites in recent years. The need for increased fuel efficieogpled with decreased
weight and increasing safety requirements, has led to compositgscbasidered for energy
absorbing structural components in transport applications. The prohibititeotahe
traditional aerospace composites has restricted use to the highmyaerce automotive field
but it is hoped that the newer cheaper manufacturing methods wéhseicomposites use
and allow optimised designs to be created in complex shapes.

A structures ability to absorb impact energy efficiently vih@owing the occupant to
survive is known as crashworthiness, which is increasingly impomaatitomotive design
and manufacture. Tests such as the Euro NCAP [1] bring safetyuandability into the

public perception and are increasingly becoming criteria for difteating one car over

another. The established means of comparing suitability of strucimesomposites for



crashworthiness applications is through the specific energy absofpieY) of the structure.
The SEA is measured in kJ/kg and defines how much energy is absorbdey gdematerial

and is a useful tool in comparing how different materials perfooon.aRypical sample the
energy absorbed by the element is the area under the load defeestren(Figure 1, Figure
2). If the mass of the crushed length is known, then the SEA can pb sialculated by
dividing the energy absorbed by the crushed mass.

In a typical car, the primary energy absorber is the bumperabb@bs the energy of the low
speed, small energy impacts, typically from a parking incidenhigkter speeds, it is the job
of a specific structure, the crumple zone, to absorb the energy whplaet whilst ensuring
the occupants survive through preserving the passenger cell intagdtyreducing the

deceleration forces felt by the occupant.

The motivating factor for application of these materials igtgafThe Euro NCAP test
(mentioned earlier) is undertaken at a speed of 40mph (17J8ifise frontal impact is
offset so effectively only half of a car’'s frontal structurdl @bsorb the energy. A typical
family car may have a mass of 1300kg equating to approximately 20%klechéo be
absorbed in an impact. For a structure with a higher SEA, the equivadess will be smaller
than a structure with a lower SEA to absorb the same level ofj)\eriReducing mass is
beneficial in improving performance and fuel economy but also reducesnitent of energy
needed to be absorbed in an impact; a 100kg reduction in mass reducesdiieabsorption
requirement by 15.8kJ.

Composites have the potential to absorb significantly higher amouatseafy than metallic
elements through the crushing failure mode. Traditionally, metalgs@d in crashworthiness
applications; they absorb energy by plastic deformation through prvgréskling (Figure
1) which leads to high levels of deceleration felt by the occupaatieyH2] describes metal
tubes as being able to crush only to 50% of their original length dttee téolding mode
before bottoming out and the load increasing sharply, whereas Jonesj8paetestroke
efficiency (crush length before bottoming out, the point at which the ilkaeases rapidly)
for steel tubes to be in the region of 75%. For CoFRM materialstithiee efficiency has been
reported to be over 80% [4]. Typical values of SEA for metalliccstires are 45 kJ.Kgfor
steel and 60 kJ.Kgfor aluminium alloys [5].
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Figure 1 Progressive failure of axially compressed metal tube and its forcesglacement

curve[6]

In an ideal energy absorber the load will rise steadilyttikaches a maximum crushing load.
The absorber will then continue to absorb energy at this level Untieaenergy of the impact
has been dissipated. The constant load and hence constant deceleratdoredeto be the

minimum possible to reduce damaging deceleration effects on the occupant.

Composites can fail in a similar manner to an ideal energy ladrsan initiator allows the
load to rise steadily till it reaches the steady statehargdoad. Due to their nature and mode
of failure, composites have the potential to be able to crush faradegmproportion of their

length before the material compacting causes the load to rise signifi¢dagtiye( 2).



Composite Energy Absorber

Load

|deal Energy Absorber

v

Displacement

Figure 2 Load Displacement Graph For Energy Absorbers

Currently, there exists a large library of data regardingirlated composites in this
application, however, there is a much smaller resource covering dperfpes of braided
composites and other machine made fabrics, such as woven and Non Coiap CF).

Recently, there has been an effort to increase the understandimgro&thanical properties

both statically and dynamically.

There are significant gaps in the knowledge of the effects chglaimn composite specimens,
in both braided and NCF fabrics. The effects of geometry and layeupo& fully understood.
If these types of fabrics are to be considered for practicalggrebsorbers, due to the
possibilities offered in reducing cost and improving mechanical prepeotier traditional

composites, then further investigation is required.

Ribeaux[7] investigated the effects of stress concentrations amaigeaupon CoFRM tubes.
Typically these were wound on a pre-forming machine in a spir&rpasee Figure 3),
which is an impractical method for manufacture of large compssitetures. The inherently
low in-plane properties make this type of material unsuitable f@argy management

properties.



Inner Mandrel

Fibre

Figure 3 Fibre Rolled in a Spiral Pattern

NCF fabrics offer potential for use in energy management stesctin this study NCF tubes
were manufactured in a similar way to the CoFRM tubes, witHilthe preformed around a
mandrel. In high volume applications, NCF structures can easily hafataured in a press
and then joined to form the required shape (see Figure 4). Other esuttat#rials include
biaxial and triaxial braids due to their high in-plane properties and method of mareifactur

Flange

Pressed
Side

Figure 4 Typical Press Manufactured Component



The first aim of this work is to provide an understanding of the tsffgicnon-service damage
upon composite energy absorbers and to establish performance guidelmeserice
damage refers to damage that occurs when the energy absono¢rused for its primary
purpose. This could be a hole drilled in the tube wall to provide a fotdhgcating point for
another component, a stone chip thrown up from the road impacting with tigg ebsorber,
or a mechanic dropping a tool onto the component. To represent stress rediocsnin this
study, a hole was drilled through the wall thickness of the tube perpéardic the major axis
of the tube. Non-service damage was replicated by impacting deeokithe tubes with a

hemispherical tup attached to a falling weight.

It has been well established in the literature, e.g. Hull [8], ¢hahging any one variable
(matrix, fibre, t/D ratio, rate etc) can affect the SEdngficantly and that these variables are
often independent of one another. This, therefore, required a large nursherpés in order
to assess the contribution of any one individual factor.

Large tubes were used to investigate the effect of the natdxarchitecture upon the energy
absorption of samples braided with cost effective automotive gratlencéibre tows. The
dimensions are described later. These large tubes have previouslysheen to be
impractical for dynamic testing [7] so smaller diameter tubese manufactured in order to
test at dynamic rates (i.e. test rates tmsd above). With the corresponding reduction in size
of tube, the tow size of the braided fibre needed to be reduced in omrlesure wet-out and
correct sizing. One of the aims is to test cost effectivatisols so glass/polyester tubes were
used. In order to examine the effects of geometry, square sawgresmanufactured with
NCF.



The specimens tested in this project were crushed between twielpgmaund steel crush
platens. A 45 bevel chamfer was machined onto the samples to act as amirtitiahduce

progressive crush (see Figure 5 for illustration). Without anyatoitithe samples would fail
globally by compressive shear, rendering them useless for erggpaon purposes. Under
axial compression, the sample will crush the length of the chamifer load will steadily

increase until a peak load is reached and then reduce slightsteady state load. From this
steady state load, the Steady State Crushing Stress (S&@3)eccalculated. A similar

process is observed for both quasi-static (d)rasd dynamic (5m3 test rates.

Axial Loading
«—— Top Crush Platten
Chamier +—Tubular Specimen
45

— Bottom Crush Platten

Figure 5 Schematic of Test Sample

The tube will continue to crush progressively unless a stress raipresent (in this study a
hole or area of impact damage) and these can cause local buckfasgt nacture (global
collapse) to occur (see Figure 6).



Axial Loading

«— Top Crush Platten

+— Tubular Specimen

Hole 4
( > ' Fast Fracture Cracks

—

— Bottom Crush Platten

Figure 6 Specimen Showing Global (Fast Fracture) Failure

In order to predict whether a sample will fail analytical moets have been investigated.
Ribeaux [7] investigated Ultimate Compressive Strength (U@8)reted that samples that
failed globally appeared to crush at a greater percentage diGi¥e Here this study is

extended to compare the failure stress associated with gldbat fand the peak stress of the

samples.

Daniel et al [9] have linked Inter Laminar Shear Strength JUSBSSEA and suggest that this
is a key parameter in determining SEA. In this study ILSS wmaasured for tubular
specimens and compared to the SEA level to assess the valithigirofonclusions. SEA is
important because from this value, the crushing stress can beatadicul information about

the mass of the tube is available.

Methods for determining the Stress Concentration factor around the hlagke been
investigated and evaluated in comparison to the experimental résatimparison of impact

damage and hole size has been undertaken.

This work aims to provide a clearer understanding of when structultdailxand if this can

be predicted using simple analytical methods.



2.0 Literature Review

The key parameter for an impact or crashworthiness structarergy absorption level. This

Is used as the yardstick by which structures and materiatoamgared and is known as the
Specific Energy Absorption.

2.1. Energy Absorption

A typical ideal energy absorber, described by Harte et al[10]aHasg flat load deflection
curve where the absorber crushes plastically at a constant Foyaee( 7) Tubes, shells and
honeycombs provide a failure mode satisfying this.

Fpl
pl b
N
g vV
: /
7 :
() displacement, u y*  (p) displacement, u  u

Figure 7: a) An ideal energy absorber, b) Typical force deflection curve of praical
energy absorber. [10]

Where F = plateau force, fux = peak collapse force = average crush force

Mamalis[11] amongst others [12] have investigated energy absorptigiaga fibre/vinyl-
ester hour-glass shaped tubular specimens and noted that mean posgd¢oashand energy
absorbed are mainly affected by the crushing length (the lengtialckspént the specimens
crush over. see displacement u, Figure 7), whilst the axial lengtimeofshell has no
significant effect on these crashworthiness characteristiesr dbservations suggest that the
contribution of frictional conditions between wedge/fronds and fronds/platgnitute to the
energy absorption capability of the structure.



Mamalis et al [13] also describes the 3 distinct stages of the ideal detorpatiern;

» Stage 1, initially the specimen behaves elastically and therieesl to a peak value
then falls abruptly. At this stage, an intra-wall crack is fdnat the end of the shell

adjacent to the loading area.

« Stage 2, the load increases with increasing deflection assbaidkethe formation of
lamina bundles bending inwards and outwards. A triangular debris wedgenisd
due to the friction between bent bundles and the platen. The wedge dornsati

complete when the load starts oscillating.

« Stage 3, stable crush with the formation of inward and outward frona$ wpread
radially in the form of a mushrooming failure. The external frond=lde axial splits
due to the developed tension. Axial fibres bend inwards or outwards without
fracturing whilst fibres aligned in the hoop direction can only expandasds by
fracturing and inwards by fracturing or buckling. Delamination occsara eesult of

shear and tensile separation between plies.

Another contributing factor to energy absorption is friction. LaananerBahikbasi[14], in

looking at the energy absorption of composites stiffeners, noted up to ansééase in
energy absorption capability when the specimens crush on a rough, thethea smooth
surface. However, much of their work was undertaken on analysis gildkst specimens,
though their work with angled sections and channels showed they crushsinitaa mode

to the flat plate specimens. Others [15, 16] have also investigate@ffect of surface
roughness on the platen and noted that friction can account for more thahehahergy

absorption capability of the structure.

10



2.2. Modes of Failure of Composite Tubes

Composites are inherently brittle and show little plastic defoomaThe elastic energy,
which is stored before the fracture, becomes the surface enetbg dfactured parts and
kinetic energy of the fractured parts. Fragmentation of the maktébre breakage, matrix
breakage interfacial debonding, delamination and crack nucleation andhgevevtall
involved during a collapse of a component, causing a complex problem foibolesthe
material behaviour [17-22].

Three modes of crushing failure for composites have been identified iterature. Mamalis

et al [11] define these as;

* Mode |, Progressive crushing with micro-fragmentation of the congasiaterial,
associated with a large amount of crush energy

* Mode II, Brittle fracture of the component, resulting in catastrofpicre with little

energy absorption

* Mode lll, Progressive folding and hinges formed similar to the angsbehaviour of thin-

walled metal and plastic tubes, showing a medium energy absorbing capacity.

In a later paper, Mamalis et al [19], define Mode Il as loballuckling and Mode Ill as
Mid-length collapse, both being unstable failure modes. They suggeseéthubes are likely
to fail by local tube wall buckling. Delamination between the pieas occur, however this is
often attributed to be due to micro structural defects of the corapuatterial [23] and can be

seen in many of the failure modes.

The progressive crush mode, mode |, features splaying initiated layrarar wedge of
highly compacted and fragmented debris forced axially through thevaibeThis is referred
to as the debris wedge and is formed during crushing of the tripgeng the crush, the
debris wedge deflects delaminated strips from the wall outward in the form of fidijds
Hull [24] reported that the splaying mode is observed in structuresicmgt a high
percentage of axial fibres.

11



Figure 8 Splaying Crush Mode Schematic (Redrawn from [24])

Factors contributing to energy dissipation (see Figure 8) [24] include:

N

Propagation of mode | opening crack at the apex of the Debris Wedge
Frictional resistance to penetration of the debris wedge betimézmal and
external fronds

Delamination in fronds deflected through a small radius of curvhyutiee debris
wedge

Multiple transverse cracking through individual plies caused by #éxiamage at
the delamination

Frictional sliding resistance between adjacent plies

Frictional resistance between fronds and crush platen.

Propagation of axial splits between fronds. The spacing is goverribe Inyitial
external curvature of the tube

Multiple longitudinal cracking through the individual plies of the fronds
facilitating transverse flattening. (Not shown on figure)

Fibre breakage (Not shown on figure)
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Of these factors, five are fracture mechanisms and threefriat®nal processes. As
mentioned in the previous section, it has been noted that frictionatsetfan account for
50% of the total energy absorption. Work undertaken by Berry [25] and[Z&dlound that

these fracture mechanisms account for approximately 1/3 of thel@mzegy absorption of
fibre glass and filament wound composite tubes. Farley [2, 27-29] pade® that, for the
splaying mode of failure, the principle mode of energy absorption asighr matrix crack

growth.

Thornton [30, 31], Jimenez et al [32], Hull and Coppola [33, 34] and Cooper [35] have a
looked at the effects of the geometry of the crush initiator upon.tpesitiator is essential

in promoting a stable crush mode of failure. Without an initiatorr{gger), the composite
will fail globally through a fast fracture failure, thus itlMniot perform as an energy absorber.
Types of initiator include integrated bevel tulip and notch triggersexternal methods
including plug/external ring initiators to force the tube to crush tertain manner. These
latter methods have been seen to significantly increase theyaesagrption capability of the
crushed tubes [36].

The buckling/folding failure mode associated with axially crushethlmebes can also be
seen observed in certain composite specimens. These are predombmaiutyd tubular

specimens with shallow fibre angles or purely tubular specimens with purdlfilardaa.
Work has been undertaken on the through thickness effects and Dani¢dlehale noted

that an important way of improving the energy absorption propertied tmmposites during

crushing is to increase the inter-laminar and through-thickness strengths ofehalma
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2.3. Engineered Fabrics

Whilst work has been undertaken to reduce the manufacturing timelibibtmal carbon fibre
composites, (e.g. Mills[37]) bigger improvements lie in the adoption maichine-
manufactured, engineered fabrics. These textile based fabricgpotémntial for reduced cost
through savings in manufacturing costs. Increased automation of thg lpyecess is
possible, reducing the reliance on expensive hand labour. Potentially,exadifegrics offer
increases in interlaminar strength properties and delaminatidmugh it is generally
considered that a reduction in in-plane stiffness and strength prepmsters because of the

undulation of the fibre paths [38].

2.3.1. Non Crimp Fabric (NCF)

NCF fabrics are made from stitching layers of fibres togettypically, in two or more
different directions (see Figure 9). NCF fabrics have the potettiamprove damage
resistance of laminates over traditional methods due to stitchimtst wffering benefits in
reducing manufacturing costs as a result of the rapid lay-down ofdberial in comparison
with prepreg composites [39]. Drapier and Wisnom [40] suggest thatdstereduction
improvement in NCF fabrics comes from the easier handling angplgyocess and the use
of cheaper tows. Bibo et al [39, 41, 42] compare the cost of prepregatlasiand NCF
fabrics for a simple300x600mm plate. They suggest that the labowatobe cut in half and

the total cost could be reduced by about 35% when materials costs are taken into account.
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Figure 9: Typical Non Crimp Fabric[40]

Yang et al[43] investigated the stitching density. They observedtitating density affected
the bending behaviour; higher stitching density lowered the bending stra8rgir results
indicate that NCF laminates have a compressive strength of up %o Higher than
comparable sized woven composites, as a result of decreased waninkssfibres. The

stitching also been shown to improve the delamination resistance.

The stitching pattern and tension have been shown to affect the wavirthesfibre tows in
the preform, (Leif et al[44]) and results imply that the streragid stiffness of the composite
are insensitive to the stitch pattern for tensile and compressive loading.

Bibo et al[39, 41, 42] suggest that the primary strength reducingr fagsing from impact
damage is internal delamination fractures, at least during cesipneloading. However,
surface damage does occur, with fibre volume fraction being the donfaaamt controlling

penetration impact. They also note that NCF laminates arévedjahotch insensitive and

laminates, with both small and large holes, exhibit similar net section compresength.

The fracture mechanisms in NCF fabrics are shear/transaesalelamination fractures,

influenced by the fabric architecture. The small changes in ntesttse create a complex
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network of paths and tow-nestings providing crack bridges which matytheipropagation

of fractures.

Lundstrom[45] and Drapier [46] have investigated permeability of NGfposites and
suggest that neither the stacking sequence nor stitching pattkrencd the transverse
permeability, but it is the stitching density that has the &rgéluence — an important factor
in the ability to produce consistent high quality composites, as tHs haetermine

manufacturing conditions

The EU funded TECABS [47], (The Technologies for Carbon-fibre reinforo@dular
Automotive Body Structures) project looked at creating a costtieegutomotive floor pan
for large volume (~50 per day) production. 24k tows of carbon fibre wichest into an
NCF fabric. These were then preformed in a press to form thegaopreforms. The NCF
preforms were assembled in an injection mould together with braid#drms and foam
cores for the structural chassis rails and sills. The fioalr fpan was produced by injecting
epoxy resin into the mould using a special high-speed low-cost rassfdr moulding

(RTM) process (see Figure 10).

This shows the benefits of both braided and NCF fabrics and how theyneomlai structure.

The results of this study can be applied directly to their work.
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2.3.2. Braided Fabrics

Braided composites are manufactured using a textile manufacteghgique. Bundles of
fibres or tows are braided together using a machine to form bada-axial braids. Biaxial
braids only consist of the braid fibres, whereas tri-axial bitzage the addition of interwoven

axial tows.

Axial yarn

Braid yams

W

]
|

Transverse

/ £
YAVAATAY Wi Axial

Figure 11 Tri-axial Braid Schematic Showing Axial and Braid Tows [38]

The architecture of a tri-axial braid is illustrated in Fegdrl and described by Falzon et al
[48]. It comprises of three interlaced tows, or yarns. Two setheotows are in the bias
direction, known as the braider tows (which are braided in a 2x2 pafté}hird axial tow
runs in the longitudinal direction and is interwoven between the othebrader tows. The

orientation of the braider tow to the axial tow is known as the braid angle.
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2.3.2.1. Properties of Braided Composites

The advantages of braided fabrics are stated by Mourittz 49 250]. Braided preforms have
higher levels of conformability, drapability, torsional stability atdictural integrity, which
makes it possible to produce composite structures with intricateegaes to near-net-shape.
This can lower the manufacturing cost considerably because the aaidabtic handling
and material scrap is reduced, as is the need for extensivenmgchnd joining. Other
people (e.g.[51]) have investigated manufacture of braided tubes withcmas and have
reported some success but this is an inconsistent process with pdoc@mlstent sample

quality.

Work by Swanson and Smith [38], on in-plane strength properties of +45 braided
carbon/epoxy cylindrical specimens, describes 2-D braided compositémveng lower
strength in the axial direction fibres and significantly lowteerggths in the braid direction
fibres than laminar composites in tensile testing. They notethibadxial strength of braids
appears to be up to 30% lower than comparable laminates constructednirdirectional
fibores and only part of this was due to different volume fractions. mbset significant
strength loss occurs in the braid yarns where they were achi@wfg- 70% drop in value.
Depending upon the application this may be significant, although mostusaluelements

carry loads in a singular direction.

Both results are echoed by the research of Falzon and Herzbergtd&uggest that the
reason for the loss of strength may be due to fibre damage indidéngrprocess and fibre
waviness, although this does not affect Poisson’s ratio (the reasupthat this is a ratio
between transverse strain and longitudinal strain, which cancetdltrence of fibore damage
and fibre waviness on each strain). In their tests, they found tleere weduction in tensile
strength, due to damage in the braiding process, of up to 20%. In compréssyofgund
similar results with a decrease in strength of up to 40% dependihg specimens used. The
reason for this was attributed to a change in failure mechanssmrhicro buckling to kink
band formation. This mode of failure occurs at lower load levels tkdsicing the

compressive strength of the samples.
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In regards to Poisson’s ratio, Sun and Qiao[52] noted that Poisson’deateases with braid
angle, and added that it increases non linearly with volume fractlen.adidition of axial

fibres increases tensile strength and tensile modulus. They bageanalysis on an idealized
unit cell of an assembly of unidirectional laminae with unique filsrentations. Each lamina

was treated as being transversely isotropic.

Neumeister et al [53] found that weaving can enhance longitudinaigiredespite
introducing higher fibre stresses and fibre defects. They disctwtrfibre strength is
important because global failure is initiated from clustersndfvidual failed fibres, and
failure is often associated with shear splitting from weakiorsy flaws or defects.
Importantly, the composite strength relies on the capacity otrhetise to restrict growth of
shear cracks linking weakened regions. In braided composites, theeiawarg provides this
structure, and they are geometrically uniform, showing less arigt mechanical properties

than laminate materials.

Work on interlaminar fracture toughness by Mouritz et al[49] suggést that this may be

affected by fibre angle but that further work is required to establish a link.
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Tang and Postle[54] introduce the concept of normalized pitch length),(N##tich
represents the structural parameters of the braid and isccrieabe the volume fraction
required. From decreasing functions of this NPL, the braiding anglde afnit cells of the
braid can be derived. The NPL can be designed from knowledge of theafidrenatrix
properties. This allows the braided composite to be designed to reexih@ engineering
properties. They also say that the fibre volume fraction can becfgedising these models,

which has been linked to energy absorption.

In 2-D braiding, the tows are intertwined with a wave like undulatioith \B/D braiding, the

fibores have a more complicated arrangement and crimp. This amangeould create
irregular and possibly looser packing. This should lower the moduli anderdsistrength of
the composite. Thus, crimp needs to be minimised in straight axal Kuo et al discuss
this.[55] They continue to say that when two tows are in contact theviiméower tension

undergoes more deformation and thus tensioning is critical. When thesfabe removed
from the forming fixture, the tension is removed and the fabrics besemsitive to external
influences. They conclude that theoretical and experimental datatadat pitch length (the
distance between two similar points in the braid) and braid dieet @éfie moduli marginally,

even though shorter pitch lengths result in a denser fabric. Theraathllus tends to be
influenced by the axial tows. De-bonding and sliding in the earlg sitafpading can reduce

the flexural properties.

Smith and Swanson [56] note that the architecture with the most uny@ammwidths and
spacing exhibit the highest braid-direction failure strain and dhatitectures with larger
yarns exhibit higher strain variations. They also agree tha Wawiness affects the strengths
of the material, but suggest that spacing of the fixed yarastaffe local compliance directly,
and since strength is controlled by ultimate fibre-directionrsthanges in compliance cause
changes in strain variation, providing an explanation for the lower gavdadlure strains in

braided composites.

Further work has shown that braided tubes demonstrate higher shegihstired resistance to
torsional instability due to interweaving of the braid fibres as dhdig Karbhari and
Haller[57]. These cause local fragmentation and tearing insteémhgitudinal tearing and

interlayer splitting seen in fabric samples.

21



Wu[58] and Pandey and Hahn [59, 60] have investigated 4-step braided comzosites,
suggest their suitability for load bearing applications, but thesensre complex to
manufacture and are not covered in this study

Wang and Wang[61] looked at the microstructure properties of braidadstabhey noted

that although several methods for deriving effective properties aldoracomposites exist,
they involve considerable simplification of the true microstructureyTdeveloped a model
using volume averaging of stiffness or volume averaging of compli@ecbaiques to better
create the complex structure of a braided composite, and althoughcdhgyosed the

structure from the same basic units, the compositions were diffeoe larger structures
hence the properties were different. They concluded that the presaarwhole does not have

uniform properties, as the cells in the interior regions are different to those on thertesunda
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2.3.2.2. Energy Absorption and Failure Mode

For braided composites, failure mode, energy absorption and fibre enatdtare all linked.

Karbhari et al [62, 63] noted that an increase in the number of braiged lin the preform
increases the amount of energy absorption for the tube. The momneféicchitecture they
found was using a tri-axial braid with carbon fibres in the adii@ction. Chiu and Liu[64,

65] in their work have noted that different materials and arrangsndemionstrate different
failure modes and state that carbon tubes can absorb more energshirtests, but Kevlar
provides better post crush integrity. They conclude that the condtveset in the braiding
fibres resist the centre wall crack opening and the splayingontl$. The axial fibres are

dominant in energy absorption and the braid fibres affect the crushing failure modes.

Harte and Fleck [66, 67] observed that the failure mode of a braideevasbelosely related
to fibre angle. For a fibre angle of less thar? 8% tubes were found to fail by micro
buckling. Micro-buckling is a local instability property of the metemvolving rotation of
approximately 20 fibres within a narrow width. This mode depends on tpkane shear
strength of the composite in the axial direction reaching a thaednatl. For angles greater
than 35, the mode of failure was predominantly diamond shape buckling (Figurevhi2h
involved localised buckling along diagonal lines on the surface of tiedeyl This pattern
propagates along the cylinder until the entire length has collapséigh?er fibre angles they
found that elastic modulus, tensile strength and compressive strengthbdt ductility and

energy absorption increase.

Others including Chiu et al [65] and Falzon and Herzberg [48] have igatest the failure
modes associated with braided tubes and found three different failolesmsplaying,
folding, and spiral curling. They note that, predominantly carbon tubebyfaplaying and
microfracture whereas Kevlar fails through a buckling mode due tm¢heased ductility of
the Kevlar fibres. In a tri-axial braid, they note that the bngidibres control the mode of
failure, but that the axial fibres that carry the majoritytied load. The worst post crush

integrity occurred with the splaying mode and the best with the folding mode.
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Figure 12: Four possible modes of buckling for braided tubes. (a) Fibre nmabuckling,

(b) diamond shape buckling, (c) concertina buckling and (d) Euler macralckling [66].

The failure pattern under quasi-static loading was noted to be ailynion-linear elastic
response followed by a sudden drop in the stress at the onset ofianégddistmation. The
initial drop is associated with the matrix cracking. In the stedaregion, the braid is
flattening and sliding over the axial fibres in the damaged regkursher drops, they note,

are due to propagation of shear fracture through the thickness of the specimen.[68]

Smith and Swanson[69] looked at strength design with the aim ofrgesatailure prediction
that would hold for all braid architectures, however, they note evemindses this has not
been achieved. With their results they suggest that the failopemies can be correlated by
using failure strain values in the axial and braid fibres. The figat®n of properties can

then be found using procedures for investigating laminates.
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2.4.

2.4.1. Energy Absorption Calculation

Predictive Techniques for Calculating SEA

Mamalis[11] proposed a theoretical calculation to obtain the enésyylzed for a structure.

It is based upon summing the energies dissipated via friction betweavedge and fronds,

the energy absorbed by the fronds bending, the energy associatedasktiprmpagation and

energy dissipated through axial splitting (equation (1)).
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Where k= constant. 0.07,

W = Energy absorped

oy = Tensile fracture stress,

t = Wall thickness,

C = mean circumference of shell,

usi= Friction coefficient between platen
and fronds,

us>= Friction coefficient between wedge
and fronds,
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R.s=Adhesive energy per unit area of
layers,

G = Fracture toughness,

© = Semi-angle of the wedge

s = Crush distance

s1 = related shell shortening corresponding
with formation of centre intra-wall crack

s, = relative shell shortening corresponding
to completion of wedge formation



This theoretical model predicts the mean post-crushing load and ealesggbed to within
+10% of the experimental results presented in the paper, althoughsubggst that the
dynamic results are over estimated by 20% compared to the (btec attributed to higher
dynamic friction coefficients). They finish by saying that thelyms predicts that the debris
wedge supports the majority of the crush load.
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2.4.2. Interlaminar Shear Strength

In his work for NASA, Farley[70] investigated the effect of volufrection on mechanical
response of tubes. He concluded that as fibre volume fraction ingréfesepacing between
the fibres in the matrix decreases. This results in highetdnaar stresses and as a result,

lower interlaminar strength causing failure by laminar bending and splayingeos.la

Interlaminar shear is an important property of laminated strischeeause they display weak
matrix dominated properties. ILS stresses develop due to a misnmatthie mechanical
properties between laminae and develop at free edges, notches, phandopsnded and
bolted joints [71]. Delamination is critical in many composite applbns. ILSS (Inter
Laminar Shear Strength) is often measured using the short beam(SB&) test or three-
point bend test ASTM D2344 (see schematic of apparatus Figure 13).
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Figure 13Schematic of SBS method configuration [72]

The SBS test has its disadvantages and drawbacks. Concerns widstlagse because of
the highly localised damage caused by the loading rollers. The mithaldo criticised

because a pure shear stress state is not induced anywhere héth@stt specimen, and the
material can fail in compression or tension. Rosselli and Safadtepropose use of an

Interlaminar Shear Device (ISD), which can be seen in Figure fhidadvantage of this
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method is that it measures the shear strength parallel tdbtbalirection. This shearing load
corresponds directly to mode Il fracture, which involves sliding or amglshear, and tests
have shown that the ISD gives a simpler and more defined shess distribution. (See

Figure 15, Figure 16)
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Figure 14 Schematic of ISD apparatus [72]
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Figure 15 Shear stress contour plot of SBS model [72]
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Figure 16 Shear stress contour plot of ISD model [72]

ILSS is described as being a key parameter in controllingufegtrocess and hence energy
absorption of a composite by Daniel et al [9, 73]. They used a gesthich measured the
crush behaviour of a plate (Figure 17) giving the Steady State GguSkiess (SSCS). This
rig used anti-buckle guides to ensure that all samples could not buwckr the test

conditions.
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A range of materials were tested, and the volume fractions kegteto approximately 50%.
The interlaminar shear strength was measured using the shortsheammethod described
earlier. When plotting a graph of SSCS against ILSS for eanplsathey noted that SSCS
rose linearly as ILSS was increased. Their findings sugbestlltSS or through thickness
properties control the fracture process and hence the energy absofgtierstructure. They
restrict this relationship to laminates with similar volumacfions, resins, fibres, laminate
thicknesses of the order of 3-4mm, and suggest that if the failode rohanges to a
fragmentation mode this relationship could change. They conclude thauteeo improved

crush resistance may lie in increasing the through-thickness pespbyt stitching or other

methods.
In their later study [73] Daniel et al looked at the effectdL&S upon tape and woven

carbon/epoxy prepreg laminates, and again found a clear correlaticeebdt. SS and SSCS
(Figure 18).
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Figure 18 Graph of SSCS (Nm.4g) vs. Interlaminar Shear Strength (MPa) for all
specimens from [73]

Here they include a trend line where an ILSS of 43 MPa givesS&5f approximately
100Nm.g"; and an ILSS of 50MPa gives an SSCS of 110Nm.g

Using these approximate values, an equation of the line can be found:

SSCS= 14xILSS+ 385
2)
It is interesting to note that the line does not pass through the @rey WhenILSS= 0,
SSCS- 38.5 Nm.g).

The importance of interlaminar shear strength properties on thgyeadesorption was linked
to the fracture mechanisms operating during the crushing processjoh split is formed
through the centre of the laminate, the centre wall crack. Tliwsathe material to form
fronds that bend and microcrack to either side under the action of thedajopte induced by

the loading platen and frictional effects at the frond-platen boundary.
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In explanation as to why ILSS is a dominant factor, they suggespassible that the primary
mechanism of energy absorption is the extensive fragmentation ¢drtineate that occurs
during the bending stage of deformation. Here the material is defpramder the action
frictional forces set up with the loading platen. At this stalgee forientation and in-plane
modulus become relatively unimportant. The amount of energy absorbedheréfore
depend on the amount of stored elastic energy prior to bending fraotureencing in the
laminate and this in turn will be controlled by the interlaminaasksé&rength. The ILSS will
control the extent that the laminate splits and this will detegriine radius of curvature of the
fronds as they bend out from the laminate. If the interlaminar stesargth is low, then a
long split will occur and the frond will only be forced to sustaielatively low crack density
in order to conform to the deformation. If the ILSS is high then a eetsplit will occur and
a greater local crack density will be required to facilithie bending of the frond during the

crushing process.
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2.5. Induced Damage

Recent studies have begun to investigate the effects of stvassntrations and impact
damage. Ribeaux [7] in his work upon CoFRM glass fibre/polyester trdqmsted a
threshold level for induced damage, below which the damage causesaffedats on the
energy absorption capability of the tube. Above this value the induced earaages the
structure to fail globally reducing the energy absorption capalsigpificantly. Ribeaux
suggested that, as a means of predicting failure, the sampidailxh globally had a SSCS,
which was a higher percentage of the Ultimate CompressivesSttiCS) than those that

crushed progressively.

Holes are necessary for many purposes; bolt holes are importaateanften used to join

structures or to mount components onto structures. The manufacture ofabeheohselves

can cause defects such as delaminations, chip-outs of the fibiReeetson [74] and others
have looked at methods of machining and note the importance of hole maruéactwse of

sharp drill bits.

2.5.1. Holes and Stress Concentrations

For analysis, a hole is treated as a stress concentration andnhassociated stress
concentration factor (SCF) ortKvhere K is defined as the ratio of maximum stress in the
presence of a geometric irregularity to the stress that weusd at the same point was the

irregularity not present.

Much research has been undertaken into the effects of circulardmolemtches in flat plates
e.g. [75] however, relatively little has been undertaken on the effdéctise holes upon
composite cylinders. Lekkerkerker [76] investigated the stressbdistm around a circular
holes in a cylindrical shell. His analysis is based upon thin 8temly where the stresses are

described by two functions of the geodesic coordinates x and y.
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He defines an explicit paramejer which is a function of the radius of the hole, the thickness

and diameter of the cylinder. It used as a parameter in his meahanalysis to calculated

the membrane stresses around circular holes in cylindrical shells.

It is given by
_412a-0) a
2 JoR
3
Where

a = radius of hole in shell
and R = Inner radius of shell (also defined as Radius of middleceuofapipe in other

literature)

This value also is used to provide bounds by which the analysis can degtehvith respect

to hole size, cylinder size and thickness. For valueg &fl his test results agree with the
theoretical results. For the tension and torsional cases, hisrelsol that ag: increases the
membrane stress increases. Frgme1 the increase is linear. The bending stress also
increases until it reaches a plateau. The bending stress iatattas being positive if it is a
tensile stress at the outside of the cylinder. The theorete=allts diverge from the
experimental g =1; this means that theory is overestimating the membraneestresshe

cylinder, and possibly the magnitude of the bending stress. This ntesngroviding a

conservative stress concentration factor.

Bull [77] used Lekkerkerker's work as a basis for experimental iaité Element analysis of
circular holes in circular shells. The earliest work in thefsimplified the solution to that of
an infinite plate containing a cut out subject to an appropriates gys¢em at infinity. The
assumption was that the curvature of the shell has little affecstress concentration
(Houghton and Rothwell [78]). The next development took the plate and benfortnt a
panel. The loads were applied via stiff end plates, which avoided behdipgel as a unit.
The results compared reasonably well with flat plate theorgrasas R/a was large and the
loading system did not bend the panel as a whole. Bull's work used a numistrictioas to
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arrive at specimen dimensions. Thin shell theory required R/t>20.tRyndy, values had to

be such that results could be compared to existing data. The sheelldeasf sufficient length
that stresses induced by the hole are negligible at the end pip#heThree loading cases
were used, axial compression, 3-point bending and torsional testing. Himmtent analysis
with a model of 1805 degrees of freedom gave the theoretical dataombleisions of this
work are that the addition of a hole in a shell introduces bending antinareenstresses that
are not present in a cylindrical shell without a hole. As theratiR, increases the effects of
the hole are unconfined to the area within a small radial distemmoea hole. If R/a < 4 then

curvature of shell will induce additional stresses above those found in a flat platevaike.

Van Tooren et al [79] expanded the theory to look at the effects whtaue on the stress
distributions of cylinders with a circular cut-out. They were came@rwith windows in

aeroplane fuselages and the effects of stress upon composite sastuctures. They used
shallow shell theory and Lekkerkerker's work as a basis for thaik.w They suggest the
main difference between curved and flat isotropic plates weakerethdig is the occurrence
of-out-of plane bending. They model the cylindrical shell as a sgi@ll i.e. the plate is

modelled as an infinite plate with a constant curvature.

Their results suggest that increasing the curvature incré@sésngential stresses around the
cut-out, due to an increase in membrane and bending stresses. The meestlgases
increase with increasing curvature because the cross sectieaabfathe cylinder becomes
smaller for a smaller radius. They conclude cut-outs cause $arggs-concentrations and
their magnitude is highly dependant on the curvature parameter. Importang cylindrical
application, the stress concentration is considerably higher than eéqguavalent flat plate

with an equivalent loading.

Quinn and Dulieu-Barton [80] and their work on determination of Stress Gwatien
Factors (SCFs) furthered this study. They used thermoela®gs sinalysis to obtain SCFs
for a variety of holes in cylinders. They use both SPATE (StRegtern Analysis by the
measurement of Thermal Emissions) and Deltatherm (a prophetynal stress analysis
system) to analyse the specimens. Their work confirms othearcasthat maximum SCF
increases with increasing hole size. With oblique holes they foundhthatress distribution

around the oblique hole was similar regardless of loading case and condnma@ssion and
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bending gives a larger SCF than those from uniaxial compressiensdort. They state that
predictions of the maximum SCF at holes in cylinders using fle pllata showed good
agreement with thermoelastic results.

Wu and Mu[81, 82] have looked into stress concentrations for cylinders ivatitac holes in
tension. They state that the failure stress, taking into accountrélss-sectional area, is
typically much less than the UTS of the same material wittfeithotch or the hole. They

predict failure using SCF /{#without considering cracks around the hole.
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Figure 19: A pipe with a hole under uniaxial tension[81]

In cylinders and pipes the hole is located on the circular surfabe afylinder rather than on

a flat surface. The effects of curvature need to be considerednFsotropic cylinder with

% << \/% and under axial loading, see Figure 19, the S€psiat 1 and 2 are given by:

3 — 1 d*
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Krien=34 *|||' — 3D
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T.Le.n ml ? E
(4)
Savin’s SCF Equations from [81] are given in (4)
Wherem = 1
v

For the cylinder under uniaxial tension, the SCkes @lculated by the SCFs of the finite-
width isotropic plates multiplied by the ratios of:
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They conclude that the SCFs only depend on the dimension ratio defifedhadet diameter

to plate width for plates, or the hole diameter to cylinder diameter for cylinders.

Kaltakci [83] determined stress concentrations around circular csitf@uainisotropic glass-
epoxy and graphite-epoxy composites using Modified Distortion Energy saieHill failure
theories. In orthotropic and anisotropic plates containing circular hbke&ilure takes place
as a result of various stress components including stress conoeantfatr an isotropic plate
the failure is usually due to the stress concentration. Hisrobsezavealed that the strength of
composite plates is considerably affected by the orientation dbaldeto the fibres and that
the stress concentration is affected considerably by the fibeatation angle. For cases
where the load was parallel to the fibre orientation angle thatimegeffects of circular cut-
outs on the plates’ strength were found to be the maximum. He alsbthatehe maximum
stress concentration factor and its location are not always depesddimé magnitude and

location of the stress causing failure.

Pandita et al [84] used a strain concentration method to calculateetbsestaround the holes,
and compared the stress concentration found with this to the theoveticalcalculated by
earlier solutions. Yao et al [85] studied eccentric holes and notedhthanfluence of hole
diameter is much larger than off-set distance on the stress-stlationship of the composite

material.

Cowley and Beaumont [86] used Penetrant-enhanced radiography to obselage dam
resulting from SCFs in polymer composites. Here damaged specivegassoaked in an
appropriate penetrant, which impregnates any matrix micro-cracksnterfacial ply
delaminations. A clear image of the individual modes could be seen gfrdlys. At elevated
temperature, fracture stress was seen to decrease and thkeygledrtbat weakening of the
un-notched section of the laminate coupon was the dominant mode, which ovéneode

blunting effect of the notch by enhanced splitting at the tip.
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When looking at the effect of a filled hole in a composite Wilsamet al [87] observed that
the filled hole can restrict the microbuckling of fibres, givindpigher strain to failure in
compressive loads. They suggest that current designs are consebetause of this. If the
loading is compression, higher design strains than those used candbeedudthey note that
the extent to which this result is used depends on close attentiotaitatieolerancing. They
suggest that losing a bolt, misaligning a bolt or making the hajerlavould be dramatic in
components subjected to an extreme compressive loading, with a redocicain to failure
of up to 50%.

39



2.5.2. Impact Damage

Polymer matrix composites are known to be susceptible to intermahgda caused by
transverse loads even under low-velocity impacts. The composites cdaimaged on the
surface; importantly they can be damaged below the surface &tywebt light impacts
causing barely visible damage. Whilst reviewing the low veloctipact properties of
composites, Richardson and Wisheart[88] note that poor post impact cangetgangth is
their biggest weakness. This is due to local instabilitiestregutrom delaminations causing
a large decrease in compressive strength. It is the eashickt these delaminations are

caused that is the problem.

Four failure modes have been identified in low-velocity impact [88-90].

1) Matrix mode. Cracking occurs parallel to the fibres due todensiompression or
shear, induced often by a low-velocity impact.

2) Delamination mode — Usually produced by interlaminar stressgsck running in
the resin rich area between each ply of material usually aoguafter a threshold
level

3) Fibre mode — occurs under the impactor due to indentation effect®aaily high
stresses; in tension is seen as fibre breakage and in compression buckling.

4) Penetration — here the impactor will completely perforate the impactegesurf

Penetration and delamination have been described as the primary modamage in

impacted composite structures [91, 92]. In high velocity impacts, thadior can completely
penetrate the structure without creating a large delamination €omem et al [93] note that
for carbon-fibore laminates the damage produced with a low speed penduasn
approximately twice the size produced by a gas-gun projectile, betihightae same kinetic
energy. In a constant energy situation, a low velocity impact aviteavy object induces an
overall target response, whereas a high velocity impact byha pigjectile induces local
target deformation, resulting in energy dissipated over a muchesraeda close to the point

of impact [91].
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Naik and Meduri [94, 95] state that the through-thickness reinforceme3id @bmposites
makes them more resistant to delamination, they display bedistarece to crack propagation

and less notch sensitivity when compared to laminated compositesu3éey Interlaminar

BRBRRNAE
Y i =
Zt Zc 823 %1
(6)

Here, o3, 123 and t3; are the stress components and 7z, &d $; are the corresponding

failure function I, where,

strength values. T and ¢ subscripts refer to tensile and compreailes. This equation is
based upon a through-thickness quadratic failure criterion as proposeckwgrfiagace
[96]. The delamination initiation occurs when the value of | just elsceaity. They observe
that a rational mixing of uni-directional and woven fabric layerfpshén decreasing the
overall failure function, indicating that mixed composites are nuammage resistant, and
conclude that 3-dimensional woven composites have superior impact daesgfance

properties.

This superior damage resistance has been seen in braided tubesKbublresi et al and
others [97-99] have noted, the effect of damage prior to crushing is significant, Figure
4  ESLEEL S I ML B ERNL AN ST L
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Figure 20: Schematic representation of relationship between energy abgdion and

deformation level for tubular samples [97]
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They tested a range of cylindrical samples, all moulded with -@sigr resin. Their fibres
were glass, carbon and Kevlar and they used combinations of thesei@h el triaxially
braided +48 samples. The samples were damaged by impacting with a droptyweftch
left micro-cracking in an elliptical region around the point of cant@beir results note that
carbon fibre composites generically have significantly lower da@malerance than glass or
Kevlar reinforced composites. In the tests, tri-axial braids sip@ater damage because of

propagation along axial yarns.

2.5.2.1. Impact Damage Detection

For characterisation and detection of damage a number of techniguesed; from simple
observation with the naked eye to Thermoelastic Stress AnalysssteChnique uses a small
infrared detector to measure small surface changes in teomeerptoduced when a
component undergoes cyclic loading. These changes in stress caatdxd tcekhe sum of the
principal stresses using a calibration constant. Cunningham et al§tl@igd this technique
and highlight the importance of the surface layer upon the thermoaieatings. With a
resin-rich epoxy layer the thermoelastic signal becomes aidanat the global stiffness of
the coupon, and hence the ply lay-up, and not the orientation of the surtake. £&1d Pavier
[101] looked at using x-rays with a penetrant added to the composéesadtire to measure
damage. They note that an opaque penetrant, such as zinc iodide, ignpablyes the
contrast of the damaged area. Olsson et al [102] used digital esdkbgraphy to measure
strain fields in the laminates in order to validate an inversaadenhere elastic properties of

inclusions are determined by matching computed and measured displacements.

Scaling affects in samples have also been considered by SwansoraftD8thers. The
structural response of structures often needs to be studied expealiynesat for cost, time
and convenience reasons it is desirable to use scaled models inexipesenents. The
problem arises how the results obtained apply to the final prototypemDation depends on
absolute size of the structure and damage area, and propagationrieddyeenergy release
rates, as expected with fracture mechanics considerations rajlor accurate scaling
predictions. Fibre breakage is more complex and it has been sutestehis could be
predicted using fibre direction stress or strain. Data from Swaji®3] suggests that the size
of the specimen does not have a large effect on fibre valueess$ sir strain over the range
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of samples tested, but that the applied strains are under-predideager specimens using
linear analysis.

2.5.2.2. Fracture and Crack Growth

In tension Edgren et al [104] label the damage in 4 categoriestudimgl cracks; half
cracks; whole cracks; and double cracks (see Figure 21).
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Figure 21. Schematic showing 4 crack types in NCF laminates [104].

Their specimens were constructed from 0-90 NCF carbon/vinyl-estendtes and cut into
230x23x1mm thick strips. Their results showed half cracks were codtaire single fibre
bundle and occur first at a strain of approx 0.4% and dominate over cdlckrigpes. The
other crack types initiated at strains of > 0.5%. Their expersngmbwed that damage has
little effect in longitudinal modulus, but a large effect on Poissamtio. They show
mechanical degradation is ruled by Crack Opening Displacement }(C&id this is
dominated by the small half cracks in thé 8&er. This is beneficial as resulting reductions

in mechanical properties are less than those expected for ‘prepreg’ composites.
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Fracture toughness and crack growth are also important in danwgih.gwVith increasing
rate crack growth was found to change from an unstable stick-shpen#& a continuous
manner The damage zone can be described through assuming chacat#agtta. The

fracture toughnes<¥; is calculated from equation (7)

K.=0 L+a
(7)
WhereL is original crack length. The critical value of stresss given by
KC
a'c = -
N a L+ ai
(8)

By substituting L = 0, the tensile strength for laminateslsutated, when combined they can

be written as

9)
If a graph is plotted of the above, the slope giaethe characteristic length of the curves,
from which the fracture toughness can be calculated. Xiaoping[£0%] conclude thak.

increases with increasing loading rate.
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2.5.2.3. Compression After Impact (CAl) Strength

Falzon and Herzberg [106] have undertaken work on the strength of compdisitempact

of carbon/epoxy 045 triaxially braided flat plaques.. They investigated the damage
resistance and tolerance of braid after a low-medium energy (GpmnT) impact test. The
samples were then tested compressively to measure their Cermoprédter Impact (CAl)
strength. They note after visual inspection, that the damage viraly ohze to delamination of
the plies. On the surface of the specimens there was evidenompfessive cracking, as an
indentation in the samples impacted with energy exceeding 3J/mntheyadhote that the

cracks propagate along the fibre directions, but stop at tow crossover points.

In modelling the CAI they assumed the damage area does notacgripad, thus can be
treated as an elliptical hole, as the damage behaviour isrsimitaat observed by specimens
with a hole in compression. They used a simple closed form solutibntwa different
failure criteria to approximate the CAIl. The two models usedewike point stress and
average stress models. They note that comparison between predittectasured CAl are
within 10% of each other. In a later paper, Khondker [107] idealised tha&ctnn a woven
composite as a hole in order to calculate the CAl. Corum et ab|98Jused the assumption

that impact-induced defects introduce the same strength reduction as a hole oktszeam

CAl is also improved by increasing translaminar reinforcement-11108, examples include
through interleaving or stitching through the laminate thickness. Watka{108] noted this
in their work on improving impact resistance of carbon fibre/epoxy egeptaques. They
describe a composite structure as absorbing an impact in tweedtfieays; firstly through
absorption of energy through the creation of damaged areas and secaraltyelastic non-
failure response. This second way of temporarily storing the ernmatpntially offers the
greatest potential of reducing damage during impact. Three methedsbkan used to
increase impact resistance, toughened resins, short fibre additiontemebving materials.
Both Toughened resins and interleaving work by limiting crack growthercomposite. This
occurs through plastic deformation, by incorporating materials teatighly elastic into the
composite. They note benefits of translaminar reinforcement inahadeaising CAIl by up to
50% and increasing Mode 1 fracture toughness by a factor of 30 but tleey detrease in

in-plane stiffness, tensile and compressive properties. The additem iaterleaf generates
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highly localised damage compared to an un-reinforced laminateifeagignificant global
damage with little local damage to the impact zone. Masterspid@®H impact resistance of
graphite/epoxy systems to improve by up to 80% through the abilityiofexteaf to alter the
pattern of impact damage development. Here transverse cracks deitbloghe lamina but
are arrested at the laminar interfaces. The interleaf la$os to reduce impact-induced
delamination. Mode | and Mode Il interlaminar fracture toughnesalsoeincreased by up to
10 times as seen by Larsson[110], who noted stitching reduces in-plaike $é&rength by 20-
25% and modulus of elasticity by nearly 15% but increases delamimatgrgy of impact by

up to 20 times compared to unstitched laminates.

2.5.2.4. Improving Impact Resistance

Ribeaux [7] and Warrior et al [111] studied the effects of indertey upon the energy
absorption of tubes. They noted that the Mode | fracture toughnegswes increased.
However, there was a decrease in energy absorption of a CoFRMithbeterleaves, under
axial loading, of between 18 to 48%. Ribeaux[7] attributed this to a ttedum the
coefficient of friction in the crush zone (from 0.36 to 0.22 in the santpled with the
addition of interleaves). The introduction of interleaves also reducesditkeslip in the crush
zone and brought about a smoother load response. The effects upon energiabserpt
also altered. At higher rates the energy absorption was seporéase, reversing the trend
seen in non-interleaved samples, and an improvement in the damagec®l@raamples by
up to 9 times was observed. Zhong and Jang [112] found that the total ebsoybped
increased by 3 times in the interleaved samples over the contcohgpe however, this is the
energy absorbed during impact with a projectile rather than an tetpdacbe which is
subsequently then crushed.

Wisheart[88] and others [112, 113] suggest toughened resins or thermoplassciudi®m to
reducing delamination and impact effects, but it is the fibresgbl®s that have the greatest
bearing on the impact. Much work has been performed in this area upone] Iplatthere is
little work on more complex geometry such as tubes. If these metineds gain widespread

acceptance then more progress is required in these areas.
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Explosives and ballistic work has been studied frequently [114-116]. Taalfl&t] have
looked at explosive impact work on specimens. They use a rubber buffeg specimens to
decrease the blast wave, and they used a transducer to meassueef@ed blast velocity. A
Scanning Electron Microscope (SEM) is used to investigate dasiageand mechanism.
Under static loading the form of damage is delamination and craoksgate in a zigzag
pattern. They state that after the blast wave transfersetsgecimen, a tension wave is
reflected on the back. This produces a triangle shaped damage réggd®EM results reveal
carbon epoxy damage mechanisms include fibre debonding, delamination and &intkiag
fibres. The braided bundles exhibited failure across the bundle widthigptrahe fibre or
boundary until a crossover point was reached. Glass fibre compositesdsimver impact
damage to carbon-fibore composites, which was explained by glass haxmginterface
bonding. This increased the crack propagating path and absorption energy ceraseate
stress concentration, all of which aid impact resistance during their explesise t
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2.6. Strain Rate Effects

Impacts can be classified into three categories; low veloopgact, high velocity impact and
hyper velocity impact. An impact can be classified as low veldicihe contact period of the
impactor is longer than the time period of the lowest vibrational (speeds in the range of
0-150ms&") [117, 118]. In low velocity impact, the stress waves generated alifvean the
impact point have time to reach the edges of the structure cduiadprational response. It

is this low velocity impact that is investigated in this study.

Much of the previous work on strain rate involves laminate and ducttilimenaterials, but
recently strain rate effects have begun to be investigated motle types of composites.
Typically, a split Hopkinson’s pressure bar (SHPB) is used or neatldns on this [119-
122], although other methods have been used such as Ballistic Testia,hgdraulic

machines, and instrumented falling weight (IFW) or drop towers [4, 123].

Results have noted that the compression strengths and failure ateistsongly dependant
on the specimen geometry, considerable increases in strength ffmesstoccur with the
increase in strain rate and that the high strain rate resp@sséund to be highly material
dependant. This was noted by Akil et al and others [121, 122] who observdtethaddulus
was more strain rate sensitive in the through-thickness directidst\va higher strain rate
sensitive failure was found in the in-plane direction. They attribtitesl to the matrix
dominated properties in the through thickness direction stating thatrtie rate sensitive

mechanical behaviour is attributed to the strain rate sensitive matrix pegperti

391/s

Figure 22. Optical Micrographs of stitched satin weave laminate loaded in filirection
at differing rates [120]
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Hosur et al[120] noted that peak stress and modulus were higher foridynading when
compared to static loading in case of both stitched and unstitchedapldisatin weave
samples, but failure strain was found to be 2-3 times higher inafas&tic loading. An

example of their experimental results can be seen in Figure 22.

Khan et al [124] looked at the effects of rate upon the resin. Tadiedtpolyester and vinyl-
ester resins and suggest that an increase of up to 40% in masin@ssiwere observed with
increasing strain rate, that modulus remains constant at stinp to 0.18, and rose
linearly between rates of 0:1d0 10s'. The cubic specimens tested initially deformed in a
linear elastic manner, followed by the onset of in-elastic behavamrsgribed as visco-
elasticity. At higher strain rates the polyester fracturgsshattering in a brittle manner,
coinciding with a rapid drop in stress level suggesting the polyestenable to relax at
higher rates. Their results also suggest that rule of mixtsres poor way of predicting
strength of a material as it does not take into account voids,nfilsti@ interface strength,

fibre orientation and discontinuity of fibres.
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2.7. Applications

Aerospace has been the traditional application for composite nimtdiee challenge is to
introduce composites into affordable everyday usage. High-end automativesigollowed
the aerospace trend of labour intensive, hand lay-up carbon fibre. An exaftplis is the
Lamborghini Murcielago, which uses an entire carbon/epoxy body excepthéoroof
structure. In this application the use of composites allows forightveaving of 34kg or 40%

over its predecessor [71].

As noted earlier, composites are ideal for crashworthiness appigkaFor effective use as a
crash energy absorber, any structure must be designed to absorb ianargyntrolled
manner such that the deceleration is less than 20g, where gelsration due to gravity.
Above this the brain can be irreversibly damaged due to movements tinsig&ull cavity
[6]. Savage et al [117] describe such a situation. In Formula 1 npmidras impact between
a BAR Formula 1 car and a barrier at a speed of 182mph createk dopd of 32g. The

composite crash structures absorbed this energy and allowed the driver to walk away unhur

For use in a more mainstream automotive application, Hamada[125] bhendesd composite

| beams to possess suitable bending properties for use as side nmepaloers, and with the
introduction of a trigger, progressive crush characteristics. dielaedes that | beams are
useful energy impact absorbers in lateral and frontal conditionatdnwork Hamada [126]
clarifies his results; the structure of braided I-beams amabde for progressive crushing
because axial fibres are constrained by the braid fibre. Braidedsbare noted to possess
excellent bending properties compared to conventional aluminium, and th@éta to axial
ratio) of fibres can be greatly varied and optimised for braidedcpbosites, contributing to
design flexibility. An optimum value of (H/A) for a (0/90) tube isgygested to be a ratio of
0.25.
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A non automotive use of composites in a crashworthiness application helfcopter sub-
floor structures [127, 128]. The chief concern for crashworthy sub-floogrdésito absorb
maximum energy within the limited space available, while keefhiagpeak loads transmitted
to occupants to a minimum, i.e. the same requirements as an autoonasivestructure (see

Figure 23 for an example).

Figure 23 Typical Composite Helicopter Structure [127]

Dreschsler and others [129, 130] suggest that CFRP and GFRP afdestir use in

automotive, rail and aerospace crashworthiness applications. Thes@aisatith high SEA

levels above steel and aluminium are strong candidates for bumpes, lmeash boxes, front
members and rockers. To make composites more attractive to QEfgeél Equipment

Manufacturers), feasible components must provide sophisticated funatioaddition to

weight reduction and provide cost reductions compared to state of theraspace grade
materials.
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Composites use is seen in the Aston Martin Vanquish (Figure 24), whe&hcarbon fibre
extensively for structural and crashworthiness applications alahgtine BMW M3 and the
Mercedes Mclaren SLR. Composites have been traditionally ghasssfandom & CSM
composites, but aerospace technology was adopted for motor sport inlgh&988’s with
prepreg carbon/epoxy systems appearing in high-end road cars. Toggabsite structures

are tubular beams for crash, impact and body chassis members usually produced from carbon.

¥ Carbon Fibre/Composite malerials

Figure 24 Aston Martin Vanquish Showing Composite Materials Use [131]
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2.8. Summary of Literature Review

Architecture

Many results have shown that stacking sequence and fibre architeaturaffect SEA

significantly.
ILSS

Daniel et al[9] suggest that ILSS is a key parameter iarahting SEA. There are problems
with their work as the method used to obtain their experimentalisldtar simple plate

geometry and the effects of failure mode are ignored. Theirigdsased upon a rig that
ensures all samples fail by splaying which is not seen inlalilar specimens. This suggests

there is further scope for work to be undertaken to establish the validity of their theory.
Rate

The works of Fernie[4] and others[132] on the effect of rate upon SEAnaonclusive.
Generally the change in rate affects the energy absorption algMdr33] but in certain cases
the energy absorption increases with rate and in others appeaes tat gerate of 5nifs The
first result can be attributed in some cases to a change matie of failure but the second

seems to be an anomaly.

SCF’s

The effects of notches and holes have been investigated, but no dessyorrefects of
stress concentration factors have been properly established for campbgs; and there

appears to be some disagreement in the literature how to aplohg soal conversion factors
to damaged areas of composite materials.
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Impact

Data has been given for CoFRM tubes regarding damage and thresieddd beit how this
applies to other reinforcement architectures is unclear. Commoticpracto assume that a
damaged area is equivalent to a hole of a similar size; howvtaigers overly simplistic and
tends to overestimate the effects of the damaged zone. In additidictipres of how a

material will fail with damage have not been investigated for tubular specimens

These areas will be investigated in this study.
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3.0 Experimental Methods

In order to investigate the issues mentioned in the previous sectigntzer of experimental

investigations needed to be undertaken. This chapter describes the methods used.

The majority of this work was crush testing of composite tubes.i@taik and dynamic test
conditions were used, fibre volume fractions were calculated fdr &ype of tube, failure
modes were observed with digital cameras, high-speed digitalr@asiraed through micro-
graphing. Ultimate Compressive Strength (UCS) testing was ahkeéertand finally ILSS

testing was undertaken.
3.1. Experimental Conditions

Similar work for CoFRM tubes was presented by Ribeaux [7]. He prddgless/polyester
circular and square tubes, tested at a quasi-static rate antd Bhes samples were pre-
damaged and the effects of the damage were investigated. Thisisgd as a basis for
comparison for this study. To ensure the validity of any comparisormeghreand specimen
dimensions were kept to the specifications he used. These are described lateheptieis

3.2. Materials

As a result of the through-stitching process, the tow sizes anthgpadhe plies of the NCF

vary between the layers, thus allowing for a number of different fibre orientations.

(a) - Axial wetft fibres on the outside of the outer layer, 0-90

(b) - Weft Fibres circumferentially on outside of the outer layer, 90-0

(c) - Weft Fibres circumferentially on inside of the outer layer, 90-0 AxiatQ&O)
(d) - Axial weft fibres on the outside of the outer layer, 0-90 Hoop Outer (HO),

(e) - Fibres orientated at %4t the major axis of the tube
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3.2.1. Reinforcements

The NCF fabrics used were Brunswick Technologies Inc. (BTI) ELT&88nced 990° E-
glass non-crimp fabric of density 566 gn283 gn¥ of fibre in each axis). During the
performing process a thermoplastic additive (7% by mass DSkkrilgoxil 940) was added

as a binder to aid the performing process.

The carbon fibres used in braiding the large tubes were Tena%&3lSwith linear density of
1600 tex and 24000 filaments. The glass fibres used in braiding thetshesdlwere Hybon

2002 600 tex E-glass continuous filament rovings

Other reinforcement materials used were CoFRM E-glass, avital mass of 450¢gMm
(Verotex Ltd. U750-450), along with a quasi-unidirectional E-glassdaBTl ELPB 567
with density 567g.

The interleaf film used was plastic urethane (Sarna-Xiro XAF36a40400grif) with a film

thickness of 8am.

3.2.2. Matrix

The polyester matrix used was unnaccelerated orthophthalic poliRestdrold Norpol 420-
100 (41-45% styrene content) supplied by K&C Mouldings, with 0.5% Akzo-Nobed M-
accelerator and 1% Akzo-Nobel methyl ethyl ketone peroxide (MEK&#ar®x M50

catalyst.
The vinyl-ester matrix used with the carbon tubes was rubber nobdifsgphenol-A epoxy
based (Reichold Dion 9500, supplied by K&C mouldings) cured by 1.25% Butanox LPT

catalyst and 0.5% NL-51P accelerator.

The epoxy matrix for the carbon tubes was Crystic Kollernox D5136isdppy Scott-Bader
with curing agent Crystic Kollercure D5130 at a ratio of 100 parts D5136 to 26 parts D5130.
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3.3. Specimen Geometry

Previous work by Curtis[134] and Duckett [135] upon tubes with an outer diammkte
88.9mm and a wall thickness of 4mm produced samples that absorbed approximateig 2900J
30mm under quasi-static test conditions. These dimensions were usie foreliminary
specimens for investigating the failure modes of braided carbon. Hovesveliscussed by
Ribeaux, this size of tube is impractical for testing at dynaates. The drop tower available
had a maximum payload of 45kg, which at a height of 1.27m (equating tb&mid..2mph)
gives potential drop energy of 561J i.e. significantly less thannéeyye absorbed by Curtis
and Duckett’'s specimens. In order to ensure steady state crush, eq@bebxiB30mm of crush

is required. To maximise SEA a D/t ratio of 16 is required. TédsRibeaux to use tubing
with an outer diameter of 38.1mm and a wall thickness of 2mm, used asdic size for the

majority of the E-glass tubes in this study.
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3.4. Manufacturing

The circular tube moulds were originally manufactured with the autardrel made from
bright seamless steel hydraulic tubing with inner diameters ofa8&1®88.1mm for the large
and small tubes respectively. The wall thickness of the largs tuhder test was 4mm, and
for both the circular and square glass tubes it was 2mm. In ordamowde these wall
thicknesses, the inner mandrels were manufactured with a groundestfinigb. Two end
caps hold the mandrels concentrically, ensuring a uniform cavity ahdhge mould. (see
Figure 25)

Inlet l Outlet

Specimen

\\

/

-

—
T

Outer Inner
Mandrel Mandrel

Figure 25 Schematic of Tube Mould

The design of the tube moulds allows for a 500mm long composite tubentarhgactured.
This enables five 80mm samples to be cut from the tube with enoughtspese for volume
fraction test work.

Existing square tube moulds were utilised for the manufacture ofesgilass tube samples

(Ribeaux [7]). The moulds produced a square tube with a uniform wath#sgs of 2mm and

width of 30mm in lengths of 500mm.
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3.4.1. Fibre Volume Fraction

Presented here are the results for the fibre volume fractidghddarge carbon tubes (Table 1)
and the small glass tube data (Table 2, Table 3). Included is the mahtagers of fibre for

each tube.
Table 1 Large Carbon Tube Data
Volume Fraction Proportion axial
Fibre architecture No of layers %) to braid %
(approx)
Biaxial +30 7 37.0 -
Biaxial +45 4 27.6 -
Biaxial £45 + Interply 443 39.0 39
Biaxial +60 4 44.9 -
Biaxial £75 3 47.1 -
Triaxial £45 4 32.3 31
Triaxial 45 + Interply 3+2 34.4 47

The numbers of layers of braid were chosen to ensure that thezenwaesin rich outer

layers in the specimens (see section 3.4.3 for more information).

Table 2 Small Glass NCF Tube Data

Volume Fraction

Fibre architecture No of layers
(%)
NCF 0-90 3 33.1
NCF 90-0 3 31.3
NCF £45 3 30.3
NCF 0-90 (HO) 3 33.1
NCF 90-0 (AO) 3 31.3
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Table 3 Small Glass Braided Tube Data

Volume Fraction  Proportion axial to braid

Fibre architecture No of layers
(%) % (approx)
Biaxial £30 7 334 -
Biaxial 45 5 37.3 -
Biaxial £60 4 41.3 -
Triaxial 0+30 6 31.3 37
Triaxial 045 31
Triaxial 060 4 42.2 24

This data was obtained by carrying out resin burn off tests on saroptefrom tubular

specimens using an established method [7] similar to ASTM stamizs84-94. Samples
were typically in the range of 3-5g and were weighed to an agcofat 0.01g using a mass
balance. The glass samples were placed in an electric fuoracern-off oven) at 62 for

1 hour to remove the resin. Samples were then weighed again andranasas calculated

using the following calculations:

Mass of Residue / Mass of Specimen * 100 = Fibre Mass Fraction (20)
Mass of Residue / Density of Fibres = Volume of Fibres 11
Volume of Fibres / Volume of Specimen * 100 = Fibre Volume Fraction (12)

The specimens were measured to provide dimensions to calculate uheeyahd at least 6
samples of each type were tested to ensure the effect ofiorartzetween tubes was

negligible (see Table 4 for constituent information).

Table 4 Fibre and Resin Density Data

Material Type Density (kg/f
Norpol 420-100 polyester Resin 1100
Tenax STS carbon fibre 1790
Density of E-glass 2600
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3.4.2. Preforming of NCF Fabric Tubes

The inner and outer mandrels were prepared by applying a minimunveofcdiats of
Chemlease PMR-90 release agent to surfaces to ease remthafinfshed composites from

the tube moulds.

The fibre was cut to size, 350 x 500mm for the small tubes givieg tlayers of fabric in a
2mm wall space cavity, and weighed. 7% by mass of the binder waagpked to the fabric

and heated.

This part of the manufacturing process evolved from work by [136, 137] orupsessroller
techniques. A pre-forming rig was used to allow the fibre to bedahto the inner mandrel
directly, with toggle clamps to clamp the mandrel down onto a spogded roller. This

compresses the preform whilst enabling easy assembly and disassembly.
Heat from a hot air gun and pressure from the roller consolidated the preform.
The preform was then removed from the rig and inserted into theroateirel. The end-caps

were fitted and tightened to ensure there was no leakage. Oeafgyvgere used to provide

sealing all around the preform.
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3.4.3. Manufacture of Braided Preforms

The braiding follows a slightly different process to the NCF i€gbrEnd fittings were
manufactured to allow the inner mandrels to pass through the braidatmgnealhe mandrels
were coated with mould releasing agent as before and then filsréra@ed directly onto
them. The braiding machine used was a single axis 48 carriglingranachine with the
ability to braid triaxially with the addition of 24 axial fiboré8nce complete the moulds were

once again put together ready for injection.

Three different types of preform were created for the laB$9tm) carbon tubes. The
original biaxial type, a triaxial type with 24 axial fibre®wen into the braid fibre and a third
type with 55 axial fibres (interply) laid between the layers of braided fisezsKigure 26).

Figure 26 48 Carrier single axis braiding machine with carbon fibre and 55 axial fibes
connected.
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Figure 27 Braiding of @38.1mm E-Glass Tube

The lay up of these braided tubes was a function of machine variableasspeed of braider
and speed of mandrel, and physical dimensions of the mandrel and bramdjngrhus
coverage of the mandrel was different at differing braid anglsslting in differing pitch

lengths. In order to ensure a full cavity different numbers of layers were required

Figure 27 through to Figure 30 an example of the braiding process Wi#84mm E-glass
tube can be seen.

For further methods of braided composite manufacture see Appendixided@omposite
Manufacturing
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Figure 29 Spools and Carriers
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Figure 30 Braiding of @38.1mm E-Glass Tube
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3.4.4. Moulding

Tubes were moulding using the Resin Transfer Moulding (RTM) technajueoom
temperature. The inlet of the tube mould is connected to a presswenpaning the mixed
resin. The resin is forced through at pressure. The outlet is ventedasphiere with a bucket
to catch the resin flushed through. The pressure required to foraestheéhrough was in the
range of 2.5 bar, for some NCF fabrics, up to 6 bar, for the high filortertt braided fabrics.
The moulds filled in approximately 7 minutes and resin was flushedghrfor a further 20
minutes to ensure there were no voids or air pockets left in the cibepdse mouldings
were cured overnight at room temperature and post-cured for 2 houf€a\8€chematic of

the moulding process can be seen in Figure 31.

Outlet

/

Tube Mould
Air Inlet \

Resin 2.5 — 6 bar
| |

‘\/// Mixed Resin
| /4 | 7

Pressure Pot Inlet Bucket

Figure 31 RTM Moulding Process
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3.5. Sample Preparation

The specimens were cut from the tube using a diamond tipped cutiintp sa length of
80mm. A 48 chamfer was machined using a lathe onto one end of each specinctasma

stable crush initiator.

Holes were machined with spur drills of diameters 5, 10 and 16mmiahtpasitions of 15,

25 or 45 mm relative to the chamfered end (see Figure 32). Dals kegularly replaced to
avoid causing extra damage, such as delaminations, tearing of filagsx damage, to the
specimens (see section 2.5.1.). The rigs used for the impact daresgeised to hold the

specimens in position whilst drilling.

+/- 60° tows Weft

(a) +/- 60 biaxial braid
(b) 0-90 NCF
(c) 90-0 NCF

o
NISINISINININININ|

(a) ()

Figure 32 Graphical representation of tube structure with holes (all dnensions in mm).

Impact damage was applied by dropping a fixed weight from a cadrbkight using a
Rosand Instrumented Falling Weight Tower (IFWT). A hemispherigpl of diameter
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12.7mm was used as the impactor. Stepped energy levels were chasederio find a
threshold level at which the tube would fail catastrophically. Theldewvere in the range 1.5
— 15J. The sample was fixed in a rig that ensured there was tiorraththe tube and the

sample could be positioned accurately (see Figure 33).

Figure 33 Sample and impact fixture

The mass of the impactor and fixture was 5.792kg. Using the formulaofential energy,

assuming all energy is transferred / absorbed by the specimen on impact:

Impact energy = mass of impactor x acceleration due to gravity x drop height
(13)

The impact damage was applied at 30mm from the chamfered end.
In reference to non-service damage, a 500g spanner dropped from a hé&mghtviif have an

impact energy of 4.9J, a small stone chipping, kicked up by a car, a#th ofi 15g travelling
at 70mph (31.1 mY will have an associated energy of 7.25J.
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3.6. Test Methods

3.6.1. Quasi-Static Tube Crush

The large tubes were crushed quasi-statically at a rate afnAfim using an Instron 8500
servo hydraulic testing machine with a 1000kN load-cell (Figure 35).sBneples were
crushed onto a ground steel platen and load and displacement data evdedrem a PC

directly from the testing machine. All samples were crushed 50mm.

At least 3 samples of each type were tested to ensure thatsaryg with sample quality were

minimised and a more accurate average could be used.

The data presented for SEA in section 4.0 is the mean from tlsésalteng with the standard
deviation for these samples from that mean value. The mean crushweedsalculated by
finding the average crush load after the first 5mm of crush. Téte5inm was discounted to

remove the effects of the chamfer.

SEA was determined by firstly using the trapezium rule to fimel drea under the load-
displacement curve between each time step and hence the energpe@dtsdhat time step.
These were then added together to calculate the energy absorlikd $ample. This was
then divided by the by the mass of the crushed length to give the SEA iit.kJ.kg
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Figure 34 Instron 8500 Control Unit with ESH Servo-Hydraulic Test Machine

The small section tubes were crushed quasi-statically at 10mnusing an Instron 1195
electro-mechanical loading frame with a 100kN load cell (seer&ig5). Data was collected

and processed in the same way as the large tubes.
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Figure 35 Instron 1195 with sample under Quasi-Static Testing

3.6.2. Dynamic Tube Crush

The Dynamic tests were carried out using the Rosand IFW5, insttedhéalling weight
machine at an impact speed of 5m/s (see Figure 37). The machitsedilowed impacts in
the range of 2-7m/s to be tested. Energy levels were changed Ing addss to the drop

fixture, to ensure a minimum of 30mm of crush.

A Kodak HS4540 high-speed video-imaging camera was used to observe dyaiunéc
modes. The equipment was loaned from the instrument pool of the Engineedifthysical
Sciences Research Council (EPSRC). The camera frame aateset to 4500 frames per

second.
The test rig used (see Figure 37) was designed for previous wibrka Wistler 9051A 120kN

load cell pre-tensioned between the crush platen and the base. Thelll@as pre-tensioned

with a load of 5kN to reduce vibration in the system.
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The sample was attached to the drop weight using cyanoacrylare Ibefng raised to the

correct height.

Figure 36 IFW5 Tower in use

The force and time data were collected on a PC using an Instlataetecording system at a

rate of 40 kHz and processed in a similar way to the quasi-static test data.

This is an established method utilised by Ribeaux[7] Fernie [4] Dud&5] and Warrior et
al [138] using the data collected by the Instrunet, which was thdmefystocessed by PC.
Initially the Force and Time data was calculated from the-tedidoutputs, and knowing the
masses of the falling sample and impactor, the accelerateachtpoint was calculated from
Newton’s third law, F=m.a, this data in turn was used to calctleevelocity at each
corresponding point, from which the displacement was calculated. Thardadisplacement
data was then plotted to create the load displacement curves ssetion 4.0. The SEA was
obtained in a similar manner to the quasi-static tubes by fusilyg the trapezium rule to
calculate the energy absorbed, then dividing this by the mass otifed length to give the
SEA.
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At least 3 samples of each type were tested. The data peesen&EA in section 4.0 is the

mean and the standard deviation from the mean for these samples.

Sample Attached to

Load|Cell Impactor

Ground Crush Platten

Instrunet Data Cable

Figure 37 Dynamic Crush Test Rig

3.6.3. Ultimate Compressive Strength (UCS)

Tubular samples were tested in a similar manner to those tagtRibeaux[7]. The samples
were placed under compression between two ground crush platens. In ooitaitothe
ultimate compressive strength for the sample types the specimeeasnanufactured with no
chamfer so that the tubes would fail globally rather than crush.sdimgles were tested at
both 10mm.mift and 5m&%.compressively using the Instron 1195 and Rosand IFWT
respectively (both described earlier). The test was judged torelete once the sample
failed globally. The sample failed at the ultimate compreskiad of the specimen. This
maximum load divided by the closed sectional area of the tube gavgC8e Tests were
undertaken both quasi-statically and dynamically.
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3.6.4. Interlaminar Shear Stress Testing

This used the method described by Rosselli and Santare [72] forgHarmhar shear device.
It involves shearing a specimen to failure along the direction kdi by applying a
compressive load to the ends of the beam. The aim is to measshe#nestrength in a plane
parallel to the fibre direction. This mode corresponds directly to ntioffacture, which
involves sliding or in-plane shear. The original rig involved an offsad lon the lever arm
(see Figure 14). A modified rig was designed and manufactured sadilis of the test arm
matched that of the large tube wall (@88.9mm) with the load applredtlgi over the test
piece to simply the analysis (Figure 38).

T Load Arm

Pivot e
\ / Load Nose

Static Nose

Sample

Sy

Figure 38 Schematic of ILSS device

The rig was designed to fit in an Instron 1195 loading frame. This wwaldde the correct

loading rate required; 10mm/min, the same as the quasi-static testing fond SEA data.
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Slices were cut from the @88.9mm tube samples, and then theseveregsut into smaller
samples for testing. (Figure 39)

‘ w
|
—y

Figure 39 ILSS Sample

The initial sample size wds= 15mm,w = 10mm.

The samples were fixed to the static platform using cyan@dergpplied on the rear surface.
The load nose was positioned so that it just touched the lower letlye sdmple block. For
samples with & < 4mm, a shim was required to ensure that the loaded edge mads conta

with the centre of the sample. At least 6 samples of each type were tested.

ILSS was calculated using:

(14)
Where Thmaxis interlaminar shear strengtR; is the load on the specimen at failure, w is the

width of the specimen arlds the length of the specimen.

The shear strength is calculated from equation (14) . It asstatethé shear stress through
the specimen is uniform, hence the sample fails simultaneousiyl abints within the
delamination area, which requires a homogenous stress distribution samdpée without
defects, which Rosselli and Santare[72] admit is almost impossilpeactice, but it does

give a quick estimate of the average shear stress.

75



After initial testing it was found a number of samples begarrushcrather than shear; i.e.
there was no homogenous shear stress, only a crushing stress. Ito ondierce shear, the
shear area needed to be reduced or the contact area increasadingdhe latter would have

increased the shear area also, so it was decided to reducegthe &ecimen dimensions of
w =10 and = 10mm were then tested.

Load Nose Load Applied

Loading

Arm

Static load-nose

Figure 40 ILSS Rig under Setup
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3.6.5. Stress Concentration Factors (SCF)

Using the methods described by Quinn and Barton [80] the stress coneerfretor can be
found by thermal analysis. A range of test specimens were mamefh@nd cut to a length

of 70mm.

The specimens were loaded in an Instron 8802 servo-hydraulic machineloatliag
frequency of 10Hz with a mean load of 2.3kN = 1.15kN (thus a dynamic loading).

The Delta-therm System was used to measure the stressedisEli Thermoelastic Stress
Analysis (TSA) to produce a full-field stress map by imageggerature changes with a
sensitive infrared camera (Figure 41). All materials chaegepérature when loaded in
compression or tension. These temperature changes are then related dum of the
principle stresses by means of a calibration constant whiclfuiscton of the material used

and the infra-red detector characteristics.
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Figure 41 TSA Apparatus
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3.6.6. Test Matrix

The following test matrix (Table 5) shows the fibre, resin andntations used for the

majority of the tube crush work.

Table 5 Crush Testing Matrix

Tube Geometry Reinforcement Resin  Orientation Hole size pys(i)':i?)n Irlr;pzlaécl:t

Type Material mm mm J
238.1 O NCF Glass P 0-90 5,10,16 15,25,45 36,9
?38.1 @] NCF Glass P 90-0 5,10, 16 25 15,3,6,9
@38.1 @] NCF Glass P A-0 5,10, 16 25 15,3,6,9
238.1 O NCF Glass P +-45 5, 10, 16 25 15,3,6,9
238.1 O Braid Glass P Biaxial 30 5, 10, 16 25 39,9
238.1 0] Braid Glass P Biaxial 60 5, 10, 16 25 3%, 9
238.1 0] Braid Glass P Triaxial 60 5, 10, 16 25 3%, 9
30x30 | NCF Glass P 0-90 5,10, 16 25 15,3,6,9
288.9 O Braid  Carbon \% Biaxial 30 16 30
©088.9 o] Braid Carbon  P/V/E  Biaxial 45
©088.9 o] Braid  Carbon Vv Biaxial 60 16 30
©288.9 o) Braid  Carbon v Biaxial 75
©288.9 o) Braid Carbon  P/V/E  Triaxial 45

Resin types: P - Polyester, V - Vinylester, E - Bpo

Note the glass samples were 2mm wall thickness, the braidedncavere 4mm wall

thickness.
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3.7. Post Test Procedures

3.7.1. Microscopy of Crush zone

To understand the failure mechanisms of the specimens an imabe ofush zone was
required. To achieve this, the samples were cast in resin wimtr load using clear
polyester casting resin initiated by 2% Butanox M50. Once curedathples was removed
from the casting pot, sectioned through the damage zone using a diapwed cutting

wheel and then trimmed before being re-potted in 40mm diametengastis. Finally, the

samples were cut and polished to a 13mm thickness, using a Strperspplshing machine
(Figure 42). This was fitted with Silicon Carbide paper with gizes in the range of 240-

2500 grit. Aluminia additive helped to ensure a smooth final finish.

Figure 42 Struers Dap-7 polishing machine
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To obtain a complete image of the crush zone a minimum of 30 imagesrequired; these
were collected using a Zeiss microscope and Aphelion Imaging aseft(frigure 43). The

resulting digital images could then be collated to produce a collage of the amghliezone.

=] reth s
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Figure 43 Zeiss microscope and Aphelion imaging software

3.7.2. Validation of Braided Carbon Samples

In order to establish the validity of the performance of the carbondings| a biaxial £+45
flat plague was moulded with vinyl-ester resin. This was used dopan testing to find
tensile stiffness. The experimental results were comparetetretical results calculated
using laminate theory and the Rule of Mixtures, and were found teitién acceptable

boundaries, see appendix 0
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4.0 Results

This chapter looks at the experimental findings for the testing described in chapter 3.0.
Firstly, it considers the large braided tube work and looks at éarades. Then it examines
the tube results and develops an understanding of material propeitieg, faodes, and

threshold levels associated with different forms of damage. Thshiblid level is defined as
the level at which the failure mode changes from progressiveddid global failure, and is
often associated with a standard deviation of > 10% [99]. Below tlEshbid level the tube

will crush and absorb energy as if undamaged. Whilst above thighevelbe will see a drop

in SEA.
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4.1. Carbon tubes

The carbon tubes were crushed at a quasi-static rate of 10mm/neirfollowing section
looks at the effects of changing the resin type upon crush mode ang ehsogption. The
effects of changing the braid type are investigated and thesfilbglection involves changing
the fibre angles in the braid. The data presented in the tabiestse mean SEA and the

standard deviation from that mean unless stated.

4.1.1. Resin Comparison with Biaxial Tubes

The results present below are for biaxial braided carbon tubes mwitiethree different

resin types, tested quasi-statically (Table 6)

Table 6 Biaxially Braided Carbon Data with Different Resins

_ Fibre angle . SEA kJ/kg
Fibre Type Resin
) (std Dev %)
Biaxial 45 P 34.8 (11.4)
Biaxial 45 Vv 47.3 (6.3)
Biaxial 45 E 54.8 (1.4)

" Where; P = Polyester, V= Vinyl-ester and E = Epoxy

The Load displacement curves for these samples can be seen em#aqnd examples of the

samples post crush can be seen in Figure 45.
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Figure 44 Load Displacement Curve for Biaxially Braided Carbon Tubes Showing R
Effects.

Figure 45 - Polyester and Vinylester Tubes Post Crush
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These were all manufactured with a fibre angle of %id®ach layer. The dominant mode of
failure amongst the biaxial tubes was buckling, initially the @stgr and polyester tubes

began to splay, but after 10-12 mm of crush they began to buckle.

The polyester tubes failed at both ends of the specimen. The vinyldsts created a small
debris wedge during crush, but the majority of the fibres remainadtiahd undamaged
during the crush. The epoxy tubes failed through a pure buckling modeuné failo debris

wedge was observed and all the fibres appeared to be intact. Frgmostherush images

(Figure 46) it can be see that the epoxy exhibits a concerf@aftyding/buckling mode

which is very similar to the modes of failure seen in the metal tubes testechi®y[Bgr

Figure 46 - Epoxy Biaxial tubes during crush and post crush

The epoxy tubes showed the highest value of energy absorption, 54.8kJ/kg svlsioh i

increase of 36.5% over the value for polyester of 34.8kJ/kg. (see

Table 6)
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4.1.2. Braid Type.

This section of results is concerned with the braid type. Resultsdxially braided tubes at
an angle of 45were presented in the previous section. The braid types used iadiis aire
triaxially braided tubes, biaxially braided tubes with the additiomvaél (inter-ply) fibres
between each layer of biaxial braid and triaxially braided tuwbisthe inter-ply fibres. Each

type of braid was tested with all 3 types of resin (see Table 7).

Table 7 Braided Carbon Data for Different Braid Types with Different Resns

Fibre Type Fibre angle) SEA kJ/kg (std Dev %)
Polyester Vinylester Epoxy
Triaxial 45 37.7 (3.7) 44.6 (6.9) 56.7 (8.4)
Biaxial + interply 45 36.7 (3.8) 45.1 (1.5) 50.8 (5.4)
Triaxial+ Interply 45 34.5 (4.4) 41.8 (3.1) 54.4 (1.9)

4.1.2.1. Triaxial Tubes

The specimens again were braided to an angle’ind&ach layer. The tube specimens failed
by a mixture of failure modes. There was some buckling in the @begen by the load
displacement curve showing the large peaks and troughs. However, ioféhehsamples a
debris wedge was created, although a high percentage of ther&bramed intact after the
crush, and fronds developed on the outer layers giving the appearanceyofgsplhe

percentage of axial to braid fibres was approximately 20%.

The Load displacement curves for these samples can be seen em4iqd examples of the

samples post crush can be seen in Figure 48
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Figure 47 Load Displacement Curve for Triaxially Braided+45 Carbon Tubes

Figure 48 - Vinyl Ester Triaxial Tube Post Crush
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Figure 49 - Epoxy Tri-axial tube during crush and post crush

In a similar trend to the biaxial tubes, the epoxy tubes provided ghestienergy absorption
followed by vinylester and polyester. However, the values of SEA obtahewed only a

slight increase on the biaxial results (~3%) (see Figure 49 for images).
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4.1.2.2. Biaxial and Inter-ply

All the biaxial tubes with interplay fibres failed through a gplg mode. Fronds were created
suggesting that the mode of failure has changed from buckling tayangpmode. The braid
fibres showed some evidence of damage; however, the axial intiorely were intact after
the crush. The inner layer was forced up inside of the tube in aihsges. The epoxy tubes
again showed the highest energy absorption, followed by vinylester are$ieolyT he overall

energy absorption levels were similar to those obtained for dlgand biaxially braided
tubes.
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Figure 50 Carbon Biaxially Braided Tubes with Interply Fibres

From the load deflection curve (Figure 50) in comparison with Figuné ¢eh be seen that
the trace is quite different. The load rises steadily asiadi by the chamfer to a peak load
and then falls to a steady state load. This peak is due to thalyrftbres increasing the in-

plane strength of the composite considerably; a decrease in |dad ofagnitude is not seen
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for the biaxial tubes because of the lower axial strength. Lookititeasteady state load the
biaxial tubes have a trace consistent with a buckling mode ofefaikdrereas the tubes with
the addition of axial fibres show a much smoother trace with empéaks and troughs,
usually associated with a splaying mode of failure (for sangded~igure 50). In comparing
peak loads with the biaxial tubes the addition of axial fibres fgignily increases the
maximum load. Without the axial fibres the peak load for the epoxy tubes semofximum

of 90kN, when the axial fibres are added this increases to 110kN.

Figure 51 - Polyester and Epoxy tubes post crush
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4.1.2.3. Triaxial with Inter-ply

These tubes all failed in a similar manner to the biaxiallydied tubes with the interply layer.
The tubes initially splayed and then continued to form large fronds thoatighe crush. A
debris wedge was formed inside the fronds, mainly from the braekfidihe axial inter-ply
fibres were again clearly visible and undamaged after the drigire 52 shows the load

displacement curves for these samples.
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Figure 52 — Carbon Triaxially Braided tubes with Interply

The Polyester tubes showed the lowest level of energy absorptiorihgitepoxy again the

highest (vinyl-ester and polyester samples can be seen in Figure 53).
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Figure 53 - Vinyl ester and Epoxy tubes post crush

There was no significant change in the level of energy absorptiard®teach of the braid
architectures or between the different failure modes assodcidgttedhem, only between the

different resin systems.
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4.1.3. Braid Angle

This section involves biaxial carbon samples braided at differefgsarigable 8 provides the

SEA data for these.

Table 8 Braided Carbon Data for Different Braid Angles

_ Fibre angle ) SEA kJ/kg
Fibre Type Resin

@) (std Dev %)

Biaxial 30 \Y 45.9 (0.9)

Biaxial 45 \Y 47.3 (6.3)

Biaxial 60 Vv 43.6 (8.6)

Biaxial 75 Vv 34.1 (5.0)

The load displacement curves for these can be seen in Figure 54.
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Figure 54 — Carbon Braid Angle Comparison



Each tube crushed differently. The°30be crushed with a hybrid buckling/splaying mode,
with a debris wedge created and clearly visible fronds formed ooutiee layer (Figure 55).
The 45 tube again splayed initially, but there was some evidence of bucKlneg60 tubes
failed by buckling, and 2 specimens developed cracks parallel to tes filod around the

circumference; one of the specimens began to crush/buckle at this point (Figure 56).

In terms of energy absorption, the highest SEA of 47.3kJ.kg was selem #4% samples.

The +30 and the 60 tubes were within 8.5% of this value. This value suggests that the
failure is dominated by the matrix, and that fibre angle has & mnaller effect on energy
absorption. The P5tubes however, showed a much lower SEA. This was attributed to poor
wet out due to the higher fibre content. The mode of failure wadasitoi the 60 tubes, a

concertina type buckling.

Figure 55 Biaxial 30 tube post crush
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Figure 56 Biaxial 60 tube Post Crush Showing Buckling/Folding
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4.1.4. Damage Analysis

A preliminary study was undertaken to compare the effects of twultespre-damage to a
undamaged tube. This was accomplished by drilling a 16mm diametehbie side of a
specimen at 25mm from the chamfer. One sample of each type ofvasberushed quasi-
statically to evaluate the effects of the hole. The data septed in Table 9. There is no
standard deviation presented for the samples with a 16mm hole as ordgropke of each

braid type was tested.

Table 9- Data Table for Specimens with Holes

) Fibre angle . Hole size SEA kJ/kg
Fibre Type Resin
) (mm) (std Dev %)
Biaxial 30 Vv - 45.9 (0.9)
Biaxial 30 \% 16 44.1
Biaxial 60 Vv - 43.6 (8.6)
Biaxial 60 Vv 16 40.41

The following figures (Figure 58, Figure 59 & Figure 60) show theemfice in failure
modes for the samples. The biaxial 30 tubes showed more splayingagneihtation, the
sample cracked at the edge of the minor axis edge of the holeapatjated along the tows

down to the crush zone. The undamaged section can clearly be seen in Figure 58.

These results show that there is no significant change in SBAedetthe damaged
specimens and the undamaged specimens for either of these bragdvatigldifferent crush
modes although the effects of the hole can clearly be seen iolithweirig figures. It would
appear that this size of hole at this position has little effequasi static crush upon these
tubes, although buckling can be seen clearly in the biaxial £60 tulieseihiat the hole. This

effect can be seen in the load displacement curves (Figure 57).
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Figure 57 Load Displacement Curves for Samples With and Without Holes
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Figure 58 - + 30 Biaxially braided tube with 16 mm hole post crush
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Figure 59 -1 60 Biaxially braided tube with hole during crush, showing

cracking/buckling across tube from edge of hole
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Figure 60 - £60 Biaxially braided tube with hole post crush showing buckling failure
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4.2. Glass Tubes

This section looks at the bulk of the test work that involved glass .tllhes tests were
undertaken with the @38.1mm tubes and the square 30x30mm tubes at a tfoasitstaf
10mm min® and a dynamic rate of 5fhsThe first sub-sections look at undamaged tubes and
compares the fibre type, rate and resin effects. The followingségtions look at the effects
of non-service damage through stress concentrations and impact damageof improving

the damage tolerance through interleaves is investigated andithat@ltompressive stress is

measured.

At this point, it is useful to note that in this section a numberfédrdint failure modes have
been seen. These were classified by Warrior et al [98, 99, 139)fdingous filament
random mat glass/polyester and NCF composites. In their studi¢sbésefailed in 3 distinct
and different modes: Failure mode 1 - this was the well-known pigeesrushing mode
displayed by composites; Failure mode 2 - this was an undesiraitiel dailure, before
steady-state crushing load was reached, typically caused byoaghhthickness crack
originated at the damage zone, and propagating circumferentiafiingathe tube to split and
collapse; Failure mode 3 - progressive crushing was establisheal laodl drop-off in load
was observed in the vicinity of the damage zone. This drop-off wger [lHran one that could
be attributed to just the reduction in crushing area of the tube, buigmaker than the large
decrease seen in failure mode 2. Cracking was seen, but wdsngiglf and the load

recovered to the steady-state condition after the crush zone passed through the damaged a
In this study these definitions of the failure modes will continuddoused. They were
determined through observation of the sample under test and the shape lo&dit

displacement curve.

These failure modes are illustrated on a load displacement cufigure 61 from [98] and
Figure 62
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Figure 61 Load versus displacement curve for 0-90 NCF tubes, showing characteristic
failure modes; mode 1, in samples C1&C2, mode 2 (global failure) in sample C4 and
mode 3 (local failure) in sample C3 from [98]

Figure 62 Showing (a) Mode 2 failure and (b) Mode 3 failure
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4.2.1. Sample Classification

In order to simplify classifying and describing the tubes in talded figures, and

alphanumeric numbering system was developed for the small glass tubes.

The prefix refers to the geometry and type of fabric used:

C - Circular sample from 0-90 NCF

CiL - Circular sample from 0-90 NCF with interleaf
Co0 - Circular sample from 90-0 NCF

C45 - Circular sample from +45 NCF

Q - Square sample from 0-90 NCF

CB30 - Circular +30 biaxial braided sample

CB60 - Circular +60 biaxial braided sample

CT60 - Circular 0+60triaxial braided sample

The next information refers to type of damage

M - Undamaged sample

5m - Sample with 5mm hole

16m - Sample with 16mm hole

3J - Sample with 3J impact damage
9J - Sample with 9J impact damage

The numbers after the letter refer to the position of the damage

15 - 15mm from chamfer

30 - 30mm from chamfer

The final letter, where applicable, refers to quasi-static testing (Shandy testing (D)
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4.2.2. Architecture and Rate Effects

The mean SEA results, standard deviations and failure modes aatpdesm Table 10. The
information regarding layers and volume fraction can be found in Table 2.

Table 10 Undamaged Small Tube Test Data

Fibre Type  Test Ref. Quasi-static Failure  Dynamic  Failure % decrease
SEA (kJ/kg) mode SEA (kJ/kg) mode in SEA with
(std. Dev %) (std. Dev %) rate
NCF 0-90 COom 39.0 (2.7) 1 32.7 (2.4) 1 16.2
NCF 0-90 QOm 39.8 (6.9) 1 28.9 (4.6) 1 27.4
NCF 90-0 C90m 50.4 (1.4) 1 39.8 (5.8) 1 21.1
NCF +45 C45m 55.4 (8.0) 1 29.6 (7.7) 1 46.6
Braid +30  CB300m 44.1 (1.1) 1 30.7 (22.7) 1 30.4
Braid +45  CB450m 38.8 (3.8) 1 48.4 (1.4) 1 -24.7
Braid £60 CB600m 45.1 (23.0) 1&3 52.6 (5.1) 1 -16.6
CoFRM CoOm 74.6 (3.8) 1 70.2 (4.0) 1 5.8

*Data from [98, 138]

The undamaged NCF tubes under static and dynamic testing, failedgoggsive crushing in
the splaying mode. The 0-90 tubes (C1) split into 5 or more fronds. The fexhdsted

significant elastic energy and sprung-back upon removal of the |dael static SEA was
39.0kJ/kg, with a standard deviation over the three test samples dhd®s8%. The 90-0
(C901) tubes also split into fronds, however, there was significanttauevaf the fronds and
the elastic spring-back seen in the 0-90 tubes was not displayed enavéisevisually more
resin break-up and fibre damage in the fronds, — consequently the SEégvass- 50.4kJ/kg
with a standard deviation of 1.4%. The hoop fibres on the external lagex 80-0 tubes had
the effect of constraining the axial fibres, forcing the tube rigsit progressively and
restricting splaying seen in the 0-90 orientation tubes — resultiggeater accumulation of

intralaminar damage giving a higher SEA.
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Figure 63 Load Displacement Curve for NCF tubes

Comparing the 0-90 and the 90-0 architectures quasi-statically, Fertoad displacement
curves (Figure 63), it can be can see that the 90-0 samples claushgaer average load of
18-20 kN whereas the 0-90 tubes crush at a load of approximately 15kisltang stress of
75.4-83.8MPa for 90-0 samples and 62.8 MPa for 0-90 samples). At dynamj¢hatessin
was seen to pulverize leaving the fibres unsupported and more ablentm,defsulting in a
lower SEA (reduced by 16% and 21% for 0-90 and 90-0 respectively). Qatsalst the
NCF = 45 tubes showed a splaying mode of crush similar to the 90-Oaitbedsorbed 55.4
kJ/kg of energy (with a deviation of 8.0%), the highest seen for tlie N@ dynamically, the
mode of failure is very different. The fibres are unconstrained jglagt apart in a spectacular
shaped failure absorbing low levels of energy, SEA = 29.6kJ/kg, (a i@dwft46.6% in
SEA). (Figure 64)
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Figure 64 Modes of failure of NCF tubes, clockwise from top left, a) 0-90 tube, b)-80

tube, c) £ 45 dynamically loaded d} 45 Quasi-statically loaded

The square tubes split at the corners, where a stress conoenteturs, into 4 fronds, see
Figure 65. Under quasi-static loading the square samples gave aiwmdar SEA to the
circular tubes (39.8kJ/kg). Under dynamic loading the reduction in SEAQfmn was
approximately 27.1%, quasi-static to dynamic, which was a largerttizé seen in the 0-90
or 90-0 circular section tubes.
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Figure 65 Mode of Failure of Square NCF tube

A range of failure modes were seen in the braided tubes. The be80ednd +45 tubes
failed progressively under quasi-static loading with a mixturéocdl folding/buckling and
splaying - the outer fronds splayed whilst the inner fronds folded andeoluckhe stroke
efficiency was reduced in this mode as the buckles stacked up, prahihitther crush.
Splaying dominated the crush zone morphology in the 60 tubes, where folknywy seen
on the inner diameter. For the undamaged braid80 #ube, CB301, the static SEA was
44.1kJ/kg with a standard deviation over the three test samples of 1.1%4%dubes
(CB451) the static SEA was 38.8kJ/kg with a deviation of 3.8%, and forut@® {CB601)
static SEA was 45.1kJ/kg with a deviation of 23 % - the high standsiatide indicates the
change in crush zone morphology between the three test samples. Astguasates the
braid angle had little effect on SEA (see Figure 66).
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Figure 66 Energy Absorption at Rate for Different Braid Angles
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Figure 67 Braided +30 Tube under Quasi-Static Loading
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Dynamically, the modes of failure changed for the braided tubes. #heard +60 tubes
splayed in a more progressive manner without buckling and folding. Thisndysalaying

mode increased the SEA. Figure 67 shows the +30 braided sample uhdentisons. The

crush zone morphology fat30 showed more splaying, but with some folding on the inner
diameter. Dynamically there was a noticeable difference i 8Ethe 3 angles. +30 had the
lowest SEA of 30.7kJ/kg, +45 was 48.4kJ/kg and £60 was 52.6kJ/kg, although this could be
attributed to volume fraction effects here it appears to be aidanof angle influenced

crushing mode.
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4.2.3. Higher Rate Effects

Testing was undertaken using the IFW5 drop tower to establish weet e changing rate
had upon the energy absorption to give a clearer understanding than ttrétedeby
Fernie[4].

The previous section shows the difference between the 0-90 and 90-0 N@Gfatamns at
quasi-static and 5rifs To expand on these velocities, values in the range of 2-Wvese
tested. A Triaxial 0+60 tube was used to test the highest performing braided fabrics

(comparing the quasi-static performance from Table 10 and Table 11 illustrajes thi

Table 11 SEA Data for Rate Testing

Velocity SEA
(msh) kJ/kg (std Dev %)
NCF 0-90 NCF 90-0 0+60
0 39.0 (2.7) 50.4 (1.4) 53.8 (0.5)
2 32.6 (5.8) 40.3 (0.9) 50.3 (0.9)
3 31.0(14.2) 39.9 (4.4) 50.3 (2.7)
4 31.0 (9.7) 40.2 (9.6) 50.6 (2.2)
5 31.1(2.4) 39.8 (5.8) 50.1 (5.8)
6 31.2(10.1) 40.4 (3.3) 51.2 (1.8)
7 30.4 (4.2)  40.4(0.93) 51.2 (1.4)

The limits of the available equipment meant that the maximum itielaitainable was 7nils
(approximately 15.8 mph).
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Figure 68 SEA vs Testing Rate

Looking at the SEA vs Rate curve (Figure 68) we can observe thatitha drop in load
between 0 and 2rifs As suggested earlier this could be due to the effects of e re
pulverising and allowing the fibres to deform rather than crush. Affisrinitial drop the
energy absorption appears to reach a steady state and shows nodiaphap to the test
limits. This is an important result suggesting that the resiitesting at 5ms$ will give an
indication of the performance at higher rates. This could provide abkigconomical
experimental level for testing “real-life” automotive impac#dthough further testing is

required to assess the validity of this conclusion.
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4.2.4. Resin Comparison

The SEA data for small NCF/epoxy tubes can be found in Table 12, wieengrefix CE

refers to a NCF tube with Epoxy resin.

Table 12 Data for Epoxy and Polyester Resin Comparisons

Fibre Type Test Quasi-static  Failure  Dynamic  Failure %
Reference SEA (kJ/kg) mode SEA (kJ/kg) mode decrease
(std. Dev %) (std. Dev %)
NCF 90-0 C900m 50.4 (1.4) 1 39.8 (5.8) 1 211
NCF 90-0 CE900m 69.9 (9.2) 1 50.6 (6.6) 1 27.6
%diff 27.8 213
NCF +45 C450m 55.4 (8.0) 1 29.6 (7.7) 1 46.6
NCF 45 CE450m 57.1 (5.9) 1 42.6 (6.0) 1 25.4
%diff 3.0 30.5

The load displacement curves for the dynamically tested samples can be searei6%.ig
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Figure 69 Dynamic Load Displacement Curve for Resin Comparison

Using epoxy resin causes a significant improvement in SEAatt sates (up 27.8% for the
90-0 orientation and 3% for the 45 orientation). This agrees with thdtgeof the large
carbon tube tests; however, these tests did not show the effectfeténdiresins at rate.
From these results it can be seen that the SEA is again indpoguasing epoxy (21.3% and
30.5% increases for 90-0 and +45 respectively). Importantly thesesreshdiv that at
dynamic rates there is still a significant drop in SEA, 27.6 %2&% over the quasi-static
values for the epoxy tubes. However, with the +45 orientation the dropdmias much less
severe with the epoxy resin, a splaying type failure was sekthare was more evidence of

fibre damage present rather than the spectacular splaying failure seen yatigraksin.
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4.2.5. Micrographs.

The optical micrographs give a visual insight into the crush zone adeé of failure, which
allows the ways of energy absorption to be investigated. The naptogywere taken for a
range of samples at quasi-static and dynamic rates. Where pabsldamples were potted
whilst crush load was maintained to preserve the crush zone morpholthgytett. This was
achieved by applying a constant load with the Instron 1195 after a datisitest. For the
dynamic samples not picking up the mass carrier on the Rosand IfgvTaaynamic test

had the same effect. An overview of each sample can be seen in Figure 70

From the micrographs it can be seen that all the samples esinilidr basic properties seen
in the schematic of the splaying crush mode (Ribeaux [7]). The debdge and centre wall
crack, associated with the splaying mode of failure, are visibleany samples. Greater
curvature is seen in the quasi-static samples and there is mesire break-up and
fragmentation can be observed in the dynamic samples, showing fugheement with
Ribeaux.[7]
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(c) NCF 45 Quasi-static
(d) 0-90 Dynamic
(e) 90-0 Dynamic
() NCF 45 Dynamic
(d) (e) ® (g) Biaxial 30 Quasi-static
(h) Biaxial 60 Quasi-static
(i) Triaxial 60 Quasi-static
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Figure 70 Potted Samples for Micrography

From Figure 70 samples (a), (d) and (g) show large amounts ¢t edpang-back in the

outer fronds.

In general there is much more fibre damage and fragmentation anngrefronds than the

outer layers, see Figure 71 to Figure 88.
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Dimensions in mm

0-90 Dynamic

Figure 71 Micrographs of NCF 0-90 tube at Quasi-Static and Dynamic Rates
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Fibre Damagge
Frond

Cracks

Figure 72 Micrograph of NCF 0-90 crush zone under Quasi-Static testing
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Fibre Damage in

Figure 73 Micrograph of NCF 0-90 crush zone Under Dynamic Testing
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Dimensions in mm

90-0 Dynamic

Inner

Figure 74 Micrographs of NCF 90-0 tube at Quasi-Static and Dynamic Rates
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Centre Wall Crack . : ._.‘ _ Cracks

Debris

Figure 75 Micrograph of NCF 90-0 Crush Zone under Quasi-Static Testing
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Mode 1 Crack
growth

Debris

Fibre D:
Frond

Figure 76 Micrograph of NCF 90-0 Crush Zone under Dynamic Testing
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NCF 45 QS

NCF 45 dynamic Dimensions in mm ‘ Outer

Figure 77 Micrographs of NCF £45 tube at Quasi-Static and Dynamic Rates
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Mode 1 Crack
growth

Fibre Damage in

Frond vith

Figure 78 Micrograph of NCF +45 Crush Zone under Quasi-Static Testing
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Mode 1 Crack
growth

Cracks

Fronds with little
fibre damage

Figure 79 Micrograph of NCF +45 Crush Zone under Dynamic Testing
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Dimensions in mm

— I — Biaxial 30 Dynamic

Intact fibres with less breakage

Figure 80 Micrographs of Biaxial £30 tube at Quasi-Static and Dynamic Rates
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130 Crush Zone under Quasi-Static Testing

Figure 81 Micrograph of Biaxial
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ronds with
ibre damage

Figure 82 Micrograph of Biaxial £30 Crush Zone under Dynamic Testing
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Biaxial 60 QS

Outer

Dimensions in mm

Figure 83 Micrographs of Biaxial £60 tube at Quasi-Static and Dynamic Rates
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Debris

Fronds with little
fibore damage

Figure 84 Micrograph of Biaxial +60 Crush Zone under Quasi-Static Testing
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Figure 85 Micrograph of Biaxial £60 Crush Zone under Dynamic Testing
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Triaxial 60 QS

Dimensions in mm

Triaxial 60 Dynamic

Outer

Figure 86 Micrographs of Triaxial 0£60 tube at Quasi-Static and Dynamic Rates
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Mode 1 Crack
growth

Cracks

Fronds with fibre
damage

Figure 87 Micrograph of Triaxial £60 Crush Zone under Quasi-Static Testing
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Fronds with fibre
damage

Figure 88 Micrograph of Triaxial £60 Crush Zone under Dynamic Testing
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In the NCF 0-90 samples, Figure 71, it can be seen that the owepfaipe NCF fabric just
splays, playing a very small part in the energy absorption prece#tsi very small amounts
of fibore damage and resin fragmentation, compared to the inner frbatshow large
amounts of resin and fibre damage. Also evident is the elastigdpaick in these samples

with some cracking seen in the fronds.

The NCF 90-0 samples, Figure 74, show much more resin fragmentatitormeie fibre
damage evident in the fronds. All layers of the tube participateifuthe crush process, due
to the external hoop fibres restraining the axial fibres and negligplaying, and give one
reason why the energy absorption of this orientation is higher. \fighallfailure mode seen
in these samples is very similar in shape to that experienc&ibleaux[7] in his CoFRM
tubes. In these samples a much larger centre wall crack caeebe This is significantly

higher than any cracking associated with the NCF 0-90 samples.

The Micrographs of the dynamic NCF +45 sample, Figure 77, shows ¢keofaresin
fragmentation and the intact individual tows after the crush. The-gtads sample is similar

to the NCF 90-0 sample, thus explaining why the energy absorption levels are similar.

The biaxial +30 samples, Figure 80, show a large number of cratks crush zone on the
edge of the fibre tows, there is some evidence that the inner fsbodsmore fibre damage
and resin fragmentation. Dynamically very little fibre damageseen, and there is little
evidence of buckling. This lack of fiore damage explains the lowek S&en by these

samples.

Both sets of Biaxial £60 tubes, Figure 83, show evidence of some buukling inner layers

of the tube and splaying on the outer layers. There is much mardreggnentation and fibre
damage apparent than in the Biaxial £30 tubes. This explains the kigigy absorptions
seen, especially at the higher rate. There is a much laegéreovall crack evident quasi-
statically in both Biaxial £60 and Triaxial £60 samples. TheXial +60 tubes show a similar
failure mode to the Biaxial +60 tubes quasi statically. On theritayers there is slightly
more fibre damage, a possible reason why the energy absorptiomes. idynamically no

buckling or folding can be seen and the failure mode is much closeattsden in CoFRM

and the 90-0 NCF samples.
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4.2.6. Ultimate Compressive Stress

Data for the UCS with undamaged (virgin) tubes is presented in Table 13.

Table 13 UCS Data For Undamaged Tubes

Fibre Type Chart Quasi-static Quasi-static Dynamic  Dynamic
Ref UCS Crushing UCS Crushing
MPa Stress MPa Stress
MPa MPa
NCF 0-90 0-90 139.1(5.9) 62.8(2.7)  133.7(13.50.3(2.4)
NCF 90-0 90-0 207.6(5.6) 83.8(1.4)) 170.2(10.82.8(5.8)
NCF AO AO 148.8(12.8) 71.2(1.6)  147.5(15.1)71.2(9.2)
NCF HO HO 165.4(22.9) 88.0(2.2) 160.1(36.9p4.4(4.1)
NCF +45 +45 102.2(18.0) 83.8(8.0)  110.3(11.2%0.3(7.7)
Braid +30 B30 128.9(4.7) 73.3(1.1) 143.2(9.8) 54.4(22.7)
Braid +45 B45 118.3(0.1) 67.0(3.8) 122.5(14.8)79.6(1.4)
Braid +60 B60 106.2(3.4) 88.0(23.0) 125.2(9.8) 92.1(5.1)
Triaxial £30 T30 155.1(3.5) NA 221.7(4.3) NA
Triaxial 45  T45 137.1(2.3) NA 161.6(3.0) NA
Triaxial +60 T60 136.4(7.7) 98.4(0.5) 114.0(5.7)  90.0(5.8)

All samples were 80mm long circular @38.1mm glass/polyester samples.

In the table NCF AO refers to fibre orientation (c) from eecB.2, page 55 and NCF HO

refers to fibre orientation (d) from section 3.2, page 55.

The UCS data can also be seen in Figure 89
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Figure 90 Average Crushing Stress as Percentage of Ultimate CompressiveeSs

The majority of the samples exhibit an increase in UCS with By looking at Figure 90 and
Figure 89 it can be seen that in the most part the results obtayneel with those found by
Fernie [4] and Ribeaux[7]; Fernie found increase of up to 46% in U@Strate. Here the O-
90, 90-0 and T60 samples show a decrease in UCS with rate, which caitdtheged to a

change in the mode of failure.

From Figure 90 it can be seen that when the average crushirgisttigided by the UCS,
the dynamically tested samples show a lower percentage thauadbkestatic samples. This
means that they crush at a lower load compared to the ultimateressive load of the
sample. The samples B45 and T60 appear to be an exception to this trend, WD Wadues

distorted by a lower measured dynamic UCS
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4.2.7. Stress Concentrations

This section is split into theoretical and experimental sectidmes experimental sections look
at the effect of a hole drilled through the thickness of the tube upoentdrgy absorption
capability of the tube. The theoretical sections look at the stressentration factors

associated with these holes.

In the present work, the stress concentration/damage is repressntadhole, drilled

perpendicular to the axis of the tube.

4.2.7.1. Holes

Hole sizes of 5mm up to 16mm diameter were tested. InitiahgeBy Warrior and Ribeaux
[99] suggested that these levels would provide a suitable level @ggato allow the tube to

fail in an unstable manner.

4.2.7.1.1. Initial testing

The results presented here are the initial testing with the OG0 orientation. Holes were
drilled at positions of 15 and 45 mm from the chamfer. The testingin@ertaken at 2 rates,

quasi-statically at 10mm mifnand dynamically at 5rifs The results can be seen in Table 14.
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Table 14 SEA Data for Initial Testing with Holes

Test Hole Hole  Quasi-static Failure Dynamic  Failure

Reference Location Diamete SEA (kJ/kg) mode SEA (kJ/kg) mode
/mm /mm  (std. Dev %) (std. Dev %)

COm NA NA 39.0 (2.7) 1 32.7 (2.4) 1
C10mi15 15 @10 36.0 (1.4) 2+1 31.1(7.6) 1+2
C16m15 15 J16 33.0 (8.4) 2 28.9 (3.5) 2
C10m25 25 @10 36.4 (6.5) 3 29.1 (5.9) 3+1
C10m45 45 @10 41.6 (1.3) 1+3 30.8 (9.0) 1+3

The undamaged specimens crushed progressively with a stable sphaglagf failure. Long

fronds were created and a small debris wedge was formed.
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Figure 91 Load Displacement Curve for Holes at 15mm Tested Quasi-statically
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Load (kN)

All the specimens with holes of diameter 16mm failed with tineesaode of global failure, a
crack was formed at the edge of each hole where the streskigh@st. This crack then
propagated around the circumference of the tube in a quick and catastrapinier. This

caused the tube to split and collapse. The load fell to a smdll Weten the crush reached
15mm i.e. the position of the crack where the fracture surfaces mietrush platen, the tube
again began to absorb energy, and fronds were formed and a stablmadgstvas achieved.

The load displacement curve can be seen in Figure 91.
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Figure 92 Load Displacement Curve for Holes at 15mm Tested Dynamically

Dynamically the SEA decreases by up to 21% for an undamaged specimereduces 12%
for the damaged specimens. The threshold levels for damage #dee between static and
dynamic tests, however, only one of the tubes with a 10mm hole fadbdligl at dynamic
rates, compared to two specimens statically. Figure 92 showsaithelisplacement curve for
the dynamic samples.
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The effects of the damage appear to be more localised duringntidytests, i.e. the effects
of the damage are less pronounced at dynamic rates.
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Figure 93 Load Displacement Curve for Holes along Tube

Only one specimen with a hole at 45mm showed any effect from thelhdales case, there
was a small drop in load 10mm before the centre of the hole. Thesp@mens showed no
effect. The specimens failed statically and dynamically simalar way. Again, the dynamic

energy absorption was lower than the static.

These results show that holes of this size only cause a locablen&ilure near the hole.

This is illustrated in Figure 93.
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4.2.7.1.2. Holes at 25mm from Chamfer

This section shows the results of different sizes holes drill28ram from the chamfered end
of the tube. The majority of the data is for circular section {ub@sever one set of data is

present for square sectioned tubes constructed from 0-90 NCF (see Table 15).

Table 15 Data for NCF Samples with Holes at 25mm from Chamfer

Fibre Type Test Hole Quasi-static  Failure Dynamic Failure
Reference Diamete SEA (kJ/kg) mode SEA (kJ/kg) ~mode
/mm (Std. Dev %) (Std. Dev %)
NCF 0-90 COm 0 39.0 (2.7) 1 32.7 (2.4) 1
NCF 0-90 C5m @5 40.9 (1.9) 1 31.8(1.2) 1
NCF 0-90 C10m @10 36.4 (6.5) 3&1 30.6 (5.9) 1&3
NCF 0-90 C16m 716 23.2 (5.8) 2 23.9 (5.1) 2
NCF 0-90 QOm 0 39.8 (6.9) 1 28.9 (4.6) 1
NCF 0-90 Q5m @5 41.2 (8.4) 1 30.0 (2.9) 1
NCF 0-90 Q10m @10 35.7 (12.7) 1&3 31.5(3.9) 1
NCF 0-90 Q16m 16 21.7 (7.2) 2 29.3 (9.7) 1&3
NCF 90-0 C900m 0 50.4 (1.4) 1 39.8 (5.8) 1
NCF 90-0 C905m @5 57.1 (5.9) 1 40.3 (0.9) 1
NCF 90-0 C9010m @10 28.2 (14.5) 2 39.4 (2.3) 1&3
NCF 90-0 C9016m 716 31.0(1.2) 2 27.4 (5.4) 2
NCF +/-45 C450m 0 55.4 (8.0) 1 29.6 (7.7) 1
NCF +/-45 C455m @5 53.3 (5.0) 1 27.7 (9.2) 1
NCF +/-45 C4510m @10 48.5 (1.9) 2 30.7 (4.2) 1&2
NCF +/-45 C4516m @16 30.8 (42.2) 2 17.5 (25.0) 2

Where C denotes Circular cross-section and Q der8ijaare cross-sectional tubes

When tested with the effects of the stress-concentration, the 86 samples with a 5mm
hole failed progressively by mode 1 failure. The samples showedha isicrease in SEA
over the samples without any damage (as a result of the reduttioass due to the hole).
Dynamically, the behavior was similar. The 5mm holes caused @mhal reduction in SEA

and all failed progressively.

142



The samples with 20mm holes crushed under quasi-static loading witktwre of failure
modes. Two of the samples with holes crushed with a mode 3 fadeed Ibad drop-off) and

the other sample crushed progressively in a mode 1 (undamaged tube) failure (Se@45igur
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Figure 94 Load Displacement Curve for NCF 0-90 with Holes at 25mm under Quasi-

static Loading

Dynamically, the 10mm hole samples failed predominantly through a intadeire, but with
1 of the samples at 25mm failing in mode 3, however, the drop in S&AaHK. In all of the
samples tested the specimens with 16mm holes all failed gldbadlye 2), under both static
and dynamic loadings. As soon as the maximum load was reachedk proagated around
the circumference of the tube causing global failure (see Fafi)reThis is typical behaviour
of a sample above the threshold level. Failure occurred at the edige dhmage zone - a

stress-induced crack was formed and quickly propagated parallel to the fibre angles
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(b)
Figure 95 NCF 0-90 Tubes with Holes, Samples C5m (a), C10m (b), and C16m (c),

Under Dynamic Loading

144



The 90-0 samples dynamically followed the same pattern as theulb&$. Quasi-statically
the only difference was the samples with 10mm holes now failedllyialb@ mode 2 failure
(see Figure 96). The 45 samples failed quasi-statically tme seay as the 90-0 tubes.
Samples with 5 mm holes crushed progressively and those with 10mnfdi@dsgylobally.
Two of the samples with 10mm holes, dynamically, crushed progresaivélihe third failed
globally. An illustration of the failure mode for the +45 NCF sarmmplan be seen in Figure
97.
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Figure 96 Load Displacement Curve for NCF 90-0 with Holes at 25mm under Quasi-
static Loading

For a tube of this geometry, where D/t = 19, a single hole of 16rameder, i.e. D/d =2.375,
will cause global failure in all samples. For the NCF spesgr@5mm hole, D/d = 7.6, causes
no effect on SEA quasi-statically or dynamically. A D/d of 3.8, armOnole, appears to be
the threshold for the NCF tubes
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Figure 97 NCF 45 Sample C4516m under Quasi-static Loading

For the square samples, the pattern was very similar. Quasakyathe samples with 5mm
holes all failed progressively and two of samples with 10mm halesdfprogressively with
only small drops in load near the hole, again due to reduction in artbe. # sample there
was a slightly larger decrease in load, and the sample did caderefully. The 16mm hole
samples again failed globally, with the crack progressing tedheer of the tube, then down

the next side until the section broke away (Figure 98).

Under dynamic testing, the square samples performed much better. harishi0mm holes
had very little effect on the mode of failure, these sampleswhed progressively with only
a slight drop in load at the hole in one of the Q10m samples. Witlardper Isized hole, all
samples failed progressively, although 1 of them failed localipadle 3 failure. The load-

displacement curve can be seen in Figure 99.
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Figure 99 Load Displacement Curve for Square NCF 0-90 under Dynamic Loading
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Table 16 Data For Braided Samples With Holes at 25mm From Chamfer

Fibre Type Test Hole Quasi-static  Failure Dynamic Failure
Reference Diamete SEA (kJ/kg) mode SEA (kJ/kg) mode
/mm (Std. Dev %) (Std. Dev %)
Braid +-30 CB30m 0 44.1 (1.1) 1 30.7 (22.7) 1
Braid £30 CB305m @5 29.6 (12.9) 1&2 33.9(9.1) 1
Braid £30 CB3010m @10 32.6 (12.4) 2 32.8 (8.8) 1
Braid £30 CB3016m 716 27.7 (16.4) 2 27.1(19.1) 2&1
Braid +45 CB450m 0 38.8 (3.8) 1 48.4 (1.4) 1
Braid +45 CB455m a5 32.6 (28.2) 2 46.9 (4.1) 1
Braid +45 CB4510m @10 34.5 (10.0) 2 45.7 (4.0) 1
Braid +45 CB4516m 716 27.5(13.0) 2 31.6 (1.2) 2
Braid +60 CB600m 0 45.1 (23.0) 1&3 52.6 (5.1) 1
Braid +60 CB605m @5 33.8(8.9) 3 41.9 (10.7) 3&1
Braid+-60  CB6010m @10 30.8 (14.7) 2 30.3(8.1) 2&3
Braid +60 CB6016m @16 29.1(4.6) 2 26.7 (15.1) 2
Braid 0t60  CT600m 0 53.8 (0.5) 1 48.7 (3.9) 1
Braid Gt60 CT605m a5 48.2 (23.8) 1&3 47.7 (4.1) 1
Braid 360 CT6010m @10 36.2 (15.8) 2 28.4 (20.1) 2&1

Quasi-statically the behaviour of the braided tubes with 10mm and 16nes Wak similar
(see Table 16 for SEA data). All braided samples failed glolétly cracks starting at the
edge of the hole. The cracks followed fibre orientations (Figure HeDp@pagated along the
tows. Some cracks propagated downwards to the damage zone, othesgewete form in

line with the fabric orientation with one side propagating upwards to the top crush platen.

The specimens with 5mm holes behaved differently. For+8@etubes, 2 samples failed
progressively in a mode 1 failure, and 1 sample failed globaltyu¢€i101). All samples
failed globally for thet45 tubes, and all samples showed a local drop off in load fai6the
tubes. The addition of the axial fibres into the braid (Braid 0+60) appedave improved
the damage tolerance over &0 tubes. Now 2 samples show no effects from the hole and
the third shows only a small decrease in load. The Energy absomptbsoi improved over
the+60 tubes.
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Figure 100 Braided Samples CB3010m, CB605m and CB3016m Showing Mode 2

Failure

Figure 101 Braided Sample CB3010m, Showing Mode 2 Failure

Dynamically all the samples with 5mm holes failed progresgieiode 1 failure) however,

2 samples 0£60 had a local drop off in load around the hole (mode 3 failure). When the hole
size was increased to 10mm, all of the samples crushed proghke$sivine +45 tubes and

the +30 tubes. In the case of ta€0 tubes 2 samples failed globally and 1 sample failed
progressively in mode 3. At a hole size of 16mm all#b@ and+45 samples failed globally.

2 samples failed globally and one crushed progressively wittBth&ubes.
Quasi-statically the threshold value for the first onset of globalndesired failure for the

braided tubes is D/d = 7.6, dynamically for #89 and the45 the threshold has improved to

a value less than D/d =3.8.
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Table 17 Data For CoFRM Samples With Holes at 25mm From Chamfer From [7]

Fibre Type Test Hole Quasi-static  Failure Dynamic Failure
Reference Diamete SEA (kJ/kg) mode SEA (kJ/kg) mode

/mm (Std. Dev %) (Std. Dev %)
CoFRM? CoOm 0 74.6 (3.8) 1 70.2 (4.0) 1
CoFRM Co5m @5 58.7 (39.7) 1&2 69.7 (6.7) 1
CoFRM Co10m @10 22.0 (24.7) 2 56.7 (10.4) 3
CoFRM Co16m @16 22.3 (52.6) 2 20.1 (28.4) 2

Comparing the threshold damage levels, at which the sample begiasl 1o a non-
progressive manner, for the circular NCF 0-90 tube staticallyhtteshold is a 10mm hole,
D/d = 3.8 this is half that seen by a similar CoFRM tube whichahlatl = 7.6. Dynamically
this threshold is the same, although more samples failed proghgssivggesting an
improved damage tolerance at the higher rates. Staticallyetudts are the same for the
square tubes; the threshold is again 10mm with a W/d of 3.0. Dynanficalkever, there is
no effect on the crush mode at this level. The threshold level isased to a hole size of
16mm (W/d = 1.875) at this level only one of the samples failed gjol3dils is a significant
improvement over the CoFRM results of [140] which show the threshold soWal = 6,

although the SEA levels are lower.
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4.2.7.2. Failure Stress Comparison

Whilst looking at the effects of stress concentrations it igulse ascertain the level of
maximum stresses for the samples tested. The UCS for an urethispaecimen has been
presented earlier, and both the peak stress and crushing stress foagediapecimens can
be estimated simply from the load displacement data. This inflammiat presented in Table
18 for quasi-static testing and Table 19 for dynamic testing. Rimediof failure was a
desired outcome so in order to investigate any trends in the dajkolia failure stress of a
sample with a 16mm hole was measured. This enabled a stress isompgarbe made
between samples with a stress concentration and without. This draofi¢tole was chosen
because all specimens failed in a Mode 2 failure mode quasisitagtand predominantly by
a mode 2 failure type dynamically. This is presented as the Mode 2 UCS below.

Table 18 Quasi-Static Stress Data

Fibre Type Ref Quasi-static Peak Stress  Crushing Mode 2
UCS MPa Stress UCS
MPa MPa MPa
Undamaged Undamaged Undamaged 16mm hole
NCF 0-90 0-90 139.1 71.1 59.3 43.2
NCF 90-0 90-0 207.6 85.6 81.5 76.7
NCF AO AO 148.8 111.1 88.0 714
NCF 45 45 102.2 82.5 83.8 74.0
Braid +30 B30 128.9 94.1 73.3 64.8
Braid +60 B60 106.2 88.0 88.0 58.1
Triaxial £60 T60 136.4 104.8 98.4 80.3
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Table 19 Dynamic Stress Data

Fibre Type Ref Dynamic Peak Stress  Crushing Mode 2
UCS MPa Stress UCS
MPa MPa MPa
Undamaged Undamaged Undamaged 16mm hole
NCF 0-90 0-90 133.7 68.2 50.3 60.0
NCF 90-0 90-0 170.2 105.1 62.8 89.6
NCF AO AO 175.8 85.0 54.4 66.8
NCF 45 +45 110.3 73.7 50.6 75.4
Braid £30 B30 143.2 84.7 54.4 79.6
Braid £60 B60 125.2 99.1 92.1 63.3
Triaxial 60 T60 114.0 93.3 90.0 74.4
250
BUCS
B Peak Stress
200 B Crushing Stress |
B Mode 2 Failure Stress
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Figure 102Quasi-static Stress Comparison
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Figure 103 Dynamic Stress Comparison

Ribeaux [7] suggested that it was the crushing stress thatagauslication of the failure
mode. In his results, for the samples that failed globally, an undahtae of that type

crushed at a higher proportion of the UCS.

For global failure the quasi-static results presented herar@~if2) suggest that the crushing
stress is required to be higher than the Mode 2 failure stressreshits show that the

crushing stress in all cases is higher than the failure stress for the samtipla 16mm hole.

This is illustrated in Figure 104, which shows a sampled undergoingegedgg crush and a

sample showing Mode 2 global failure. Here it can be seen that tiengyesrese. is higher

than the peak failure stress
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Figure 104 Crushing Stress and Failure Stress Comparison from Quasi-statResults.

The samples tested by Ribeaux[7] had no peak stress becauseoafahmiplane strength of

the CoFRM tubes, therefore peak stress = crushing stress.

This result is not valid for all the samples presented in thidystExamining the dynamic
results in Figure 103 it can be seen that the crushing stresgnicantly lower than the

mode 2 failure stress. If Ribeaux’s [7] result were to be agpphen samples would not fail
globally if it were the crushing stress that determined glédualre. The results presented

here do however show that a number samples fail globally, thus contradicting this theory.

If the peak stress is considered, then both quasi-statically and idgtgrit is significantly
higher than the crushing stress for the samples testing hareathbe attributed to the higher
in-plane properties of the NCF and braided fabrics. As the peak sresached before the

crushing stress it must be this that determines mode 2 failure.

Figure 103 shows the peak stresss higher than the mode 2 failure stressalso illustrated

in the stress displacement curve Figure 105. From this figuranitlso be seen that as the
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failure stresss is greater than the crushing stresthe sample should not fail globally if we
apply Ribeaux’s[7] theory. As global failure occurs this must be triggered bydkesfress.

4
Stress o, Peak Stress
o, 1 o. Crushing Stress

o; Mode 2 Failure Stress

»
>

Displacement

Figure 105 Stress Comparison for Samples with High In-Plane Properties

Thus for the majority of samples if the peak stress is gréaa the mode 2 failure stress the
sample will collapse globally in a mode 2 failure. If the pea&sstis less than the mode 2

failure stress the sample will crush progressively.
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4.2.7.3. Experimental Determination of Stress Conogration Factors

The previous section gave an indication of whether or not a tube wougdoladlly, but still
did not show in what failure mode. Considering the SC¥ &Kd crushing stresg may give
an answer. Multiplying the crushing stress by the stress contemtfactor will give a
theoretical maximum value of stress. If this is compared t&J®8, which is the maximum
strength of the tube, then if it is greater the tube will giobally, if it is less the tube will
crush progressively. This is summarised by equation (15), which is pcopsshe Mode 2

failure criteria.

o, *K'>UCS
(15)

Whereocis crushing stress and UCS is measured experimentally.

In determining SCF there are a number of analytical and numenietilods in existence
(some of which are described in Appendix 3d). Here a novel approach usedall Béress
Analysis (TSA) to try to establish the SCF for a cross-section of sampiegHrs study.

Importantly, the tubes in the study are of brittle nature resuiting redistribution of load
after initial failure thus the SCF can be used as a guide itbatd global failure. A FEA
study on composites tubes (described in Appendix 3) showed that the ma$iGrites on
the outside surface of the tube and thus can be measured by an el¢tror. The SCFs
were determined by thermal analysis using the Delta-TherrtersysThe camera was
calibrated using a cold plate at°C8and a hot plate at 38 to verify that the camera sensor

was reading the temperature values correctly.
The analysis was based upon the following equation [100] for Isotropic tubes :
A(al + 02) =AS
(16)

WhereA = Calibration Constant ardl = Output from detector.

o1 = Stress parallel to loading direction and-= Stress perpendicular to loading direction

156



For a sample with plane stress and no hole, the calibration consteah Ae found by
rearranging the equation, as the applied stress and the output ofettterdate known. This

value of A can be used for the other samples of that type with a hole.

Importantly Quinn and Barton[80] state that on the surface of thedeyliat the rim of the
hole there is only one principle stress, tangential to the hole.niéa@ms that the value of
stress measured at the edge of the hole is the stress duepi@gsbece of the hole in the
direction of the applied load. Thus it is possible to determine theb$@kermo-elastic stress

analysis.

This can be applied directly to the CoFRM samples. For the N@plea Cunningham et al
[100] show for a sample with axial fibres on the outer layer oapp ando, = 0, for a sample

with fibres at 90 to the applied load, = gappando; = 0.

For the NCF samples the Thermal Stress orthotropic equationo(t)Santulli et al [141]
needs to be applied.

ANao, +a,0,)= AS

Wherea, is the thermal expansion coefficient parallel ergendicular to the loading

direction.

One of the unknown terms is removed whagr O org; = 0 for the NCF 0-90 and NCF 90-0
orientations respectively. Thusdd/now becomes the constant for each material to be
determined. Once this is determined from a sampleno hole, the stress for a sample with a
hole can be measured. If this is divided by thdiegstress, then this ratio will be the SCF

for that sample

The results for SCF can be seen in Table 20.
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Table 20 SCF Values from Thermal Analysis

Tube Type SCF at hole size
smm 10mm
CoFRM 2mm 2.77 2.83
CoFRM 4mm 2.63 2.70
NCF 0-90 2.28 2.42
NCF 90-0 2.18 2.44
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Figure 106 Output Images (S in equation 16) from Delta-Therm Software for Samgs:
(a) Co10m, (b) C10m, (c) C9010m, and (d) CB4510m
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Figure 107 Typical Plot of Output Detector Data (s) Across Tube (Where distae is in

mm and distance 0 is the edge of the tube).

The full detector outputs (Figure 106) were used to produce the plotaofFigtire 107). This

plot of data is a horizontal line drawn from one edge of the tube tothlee through the hole
at its widest point. The Deltavision software then plots all thectier output values at each
point along this line. The minimum point is where the maximum st@ssentration occurs,
at the edge of the hole in all cases. This value is used in lthéat@n to obtain a value for
the stress at the edge of the hole. This can be divided by the agipdiesl to give the stress

concentration factor.

The plots of the Delta-Therm images clearly show the positioth®fmaximum stress
concentration is at the edge of the hole &tt6Ghe tube axis. The minimum value is seen to
be at the top and bottom edges of the hole along the tubes majorrarisFigure 106 the
pattern of the stresses in each of the tubes is similar, althbeghare slight variations seen

with each type of fibre architecture.
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Importantly, although the resin, the fibre material, and the tubetectlre are the same the
SCF values vary with fibre architecture. This is in agreemetit Toubal et al[142] and

Kaltakci’s [83] results, that stress concentration factors are highly depenrdébte angle.

Table 21 SCF Comparison

Hole size Theoretical Thermal

Savin  Roark CoFRM NCF 0-90 NCF 90-0

5 mm 3.21 3.16 2.77 2.28 2.18

10 mm 3.85 3.50 2.83 2.42 2.44
16 mm 5.19 4.14

From Table 21 it can be seen that the values of SCF are afsficaigtly lower then those

predicted by Savin’s equation and the formula for stress concentrétoart a hole from
Roark[143].

Table 22 SCF and UCS Table for 5mm Hole after TSA

Hole size CoFRM NCF 0-90 NCF 90-0
Q-s Dynamic Q-S Dynamic Q-s Dynamic
SCF 2.77 2.77 2.28 2.28 2.18 2.18
oc(MPa) 99.1 86.1 60.3 51.7 90.5 64.6
oc X SCF (MPa) 2744 238.6 137.5 117.8 197.2 140.8
UCS (MPa) 174.9 234 139.1 133 208 170
% Difference -56.9 -2.0 1.2 114 5.2 17.2

From Table 22 the difference between UCS aga SCF gives negative values for CoFRM
at quasi-static rates and dynamic rates. Quasi-statib&@lzoFRM samples fail in a mode 2
type failure, dynamically they fail in a mode 3 type failure. §xssatically the difference

between UCS andc x SCF is -56.9% (the minus sign indicating global failure, as ¥CS

lower) and dynamically it is -2.0%. The much smaller differerticdyaamic rates can be
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attributed to mode 3 failure, i.e. when the difference is small agatime the sample will fail
by mode 3 failure, when it is large and negative it will fail by mode 2 failure.

The NCF specimens show positive values of the difference betweBrablds: x SCF. This

implies that there are no failures at quasi-static or dynaates. This is close to the
experimental observations seen previously. All the results are predictedlgorrec

Table 23 SCF and UCS Table for 10mm Hole after TSA

Hole size CoFRM NCF 0-90 NCF 90-0
Q-S Dynamic Q-S Dynamic Q-S Dynamic
SCF 2.83 2.83 2.42 2.42 2.44 2.44
oc(MPa) 99.1 86.1 60.3 51.7 90.5 64.6
oc X SCF (MPa) 280.4 243.8 145.9 125.1 220.7 157.6
UCS (MPa) 174.9 234 139.1 133 208 170
%Difference (MPa) -60.3 -4.2 -4.9 6.0 -6.1 7.3

Again, from Table 23 negative values are produced for the differebhoede UCS andc x
SCF for CoFRM at quasi-static rates and dynamic rates. Gtamially the CoFRM samples
fail in a mode 2 type failure, dynamically they fail in a modegy& failure. Quasi-statically
the difference between UCS and x SCF is -60.3% (the minus sign indicating failure, as
UCS is lower) and dynamically it is -4.2%.

The NCF specimens show small negative values of the differetwedreUCS andc x SCF

at quasi-static rates. The respective values are -4.9% and -6.1%xpé&emental results
show that the 0-90 tubes fail by mode 3 failure and the 90-0 specinidnsifeode 2 failure.
The larger difference for the 90-0 tube suggests a greater ofddiure. At dynamic rates,
the difference between UCS asgx SCF is positive and small. This implies that there are no
failures at this rate. This is close to the experimental ghsens seen; one sample of each

type fails in a mode 3 failure, although for both samples the drop in load is very small.
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Thus, the majority of the results are predicted correctly. Tuggests that equation (15) is
valid.

Using the results above and the experimental data the following failureacciéeribe created.

If (1— aa‘igF].loo > 0 then the sample will crush progressively (mode 1 failure)

(17)

If (1— Jaig':].loo > -5 but < 0 then the sample will fail by a mode 3 failure mode

(18)

If (1— Uaiglzj.loo < -5 then the sample will fail globally in mode 2 failure.

(19)
The mode 1 and mode 2 failure types are predicted easily, howeveouhds for mode 3
failure are small, in this case 5%. This lies within expenitaleerrors, and errors within the

TSA analysis, thus further samples are required to expand the ohidgéa. However even
taking into account the possible errors this is still a useful result.
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4.2.8. Impact Damage

This section concerns the experimental work associated with irdpaGige. Impact damage
Is important because it simulates damage that could occur durimgeser during
manufacturing conditions. Damage was created by an out-of-plane jrapiagt an impactor
tup with a hemispherical end of diameter 12mm. Energy levels of 1.58,) 3&hd 9J were
delivered on an instrumented falling weight drop tower with a ma$s8&fy attached. The
samples were tested at 10mm.thand 5m3g.

4.2.8.1. Impact Damage at 45mm from Chamfer

The first set of data is for the NCF 0-90 tubes with an impaéb@mm from the chamfered

end of the sample.

Table 24 SEA Data for NCF 0-90 Tubes with Impact Damage at 45mm from Chamfer

Test Impact Damage Size  Quasi-static  Quasi- Dynamic Dynamic
Reference Level /mm SEA (kJ/kg) static SEA (kJ/kg) Failure
(axial x hoop)  (Std. Dev %) Failure (Std. Dev %) mode
mode
COm None 0 39.0 (2.7) 1 32.7 (2.4) 1
C1.5J45  1.5] 20x15 41.4 (11.0) 1 31.5 (4.9) 1
C3J45 3J 32x18 25.3 (49.9) 2&1 28.1 (3.4) 1
C6J45 6J 45x25 18.7 (9.0) 2 29.6 (6.4) 1
C9J45 9J 50x30 17.2 (7.9) 2 28.0 (7.4) 3&1

The damage due to impact zone size noted in Table 24 was based omgeetion of the
damage zone and is restricted to the extent of the stressimbitetypically the damage zone

shape was ellipsoidal, with the major axis aligned axially and the minor ecasnéerential.

An impact of 1.5J caused a zone of delamination and in-plane matrixgdamall samples,
with no visible penetration from the tup (see Figure 108). Increasengrtergy to 3J caused
an increase in the size of the delamination area and evidencdialfaad circumferential

cracking from the point of impact on the outer and inner surfaces tifilitke Impact damage
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of 6J increased the damage zone and cracking size and some protruierimorer surface
of the tube was seen. The impact of 9J caused a further incnedskimination zone with
significant circular cracking around the impact zone - therealgasvisible penetration on the

surface of the order of 1mm and a corresponding protrusion on the inner surface of the tube.

Figure 108 Samples C3J45, C6J45 and C9J45 Showing Increasing Area of Stress
Whitening.

Quasi-statically the threshold damage level (i.e. the firapgabegins to fail in an undesired
manner) is 3J with 2 of the samples failing by a mode 2 typeréaihode. Interestingly the
samples with 1.5J of impact damage have a slightly higher SEAhkeaundamaged samples,
it is noted that the deviation is relatively large, so this coul@tbé@uted to experimental
errors or a particularly high performing sample. However, witrddmage being so far away
from the crush zone, samples that may fail if they were ctostie chamfer are restricted, so
further positions were required to be tested.
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The threshold level for damage dynamically has increased to Shei.eamples can take 3x
the impact energy before failing undesirably. Looking at the loadadispient curves (Figure
109) for the dynamic loading, there is a small reduction in load W&d samples towards
the end of crush, associated with Mode 3 failure. This drop in load at 4mggests that

these only fail when the crush zone interacts with the widesbpdre damage zone. Thus if
the crushing had progressed further the effects seen would be,goeatehis damage zone
was located closer to the chamfer then the effects would be esgbar on the load

displacement curves.

Figure 110 NCF Sample C9J45 under Dynamic Loading Showing Mode 3 Failure
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4.2.8.2. Impact Damage at 30mm from Chamfer

In the literature impact damage is often treated and modellbdiag a cut-out or hole with
diameter of similar size to the damage zone [48, 93, 106]. To investiges theory,
comparisons need to be undertaken with the stress concentration/hole nwedction

4.2.7.1.2 to establish its validity. The centreline of the damage wasdntov80mm to

enhance interaction with crush zone effects. The dataset for plaetitiamaged specimens is

in Table 25.

Table 25 SEA Data for NCF Samples with Impact Damage at 30mm from Chamfer

Fibre Type Test Impact Damage Size  Quasi-static  Quasi- Dynamic  Dynamic
Ref Level /mm SEA (kJ/kg) static SEA (kJ/kg) Failure
(axial x hoop)  (Std. Dev %) Failure (Std. Dev %) mode
mode
NCF 0-90 cOom  None 0 39.0 (2.7) 1 32.7 (2.4) 1
NCF 0-90 C1.5J 1.5J 20x15 38.8 (9.8) 1&3 31.1(3.00 1
NCF 0-90 C3J 3J 32x18 21.0 (16.4) 2 31.7 (7.0) 1
NCF 0-90 C6J 6J 45x25 20.3 (11.9) 31.7 (0.9) 1
NCF 0-90 Cc9aJ 9J 50x30 21.4 (13.9) 24.1 (15.0) 2&3
NCF 0-90 QOm None 0 39.8 (6.9) 1 28.9 (4.6) 1
NCF 0-90 Q1.5J 1.5J 22x20 40.6 (1.5) 1 29.4 (5.6) 1
NCF 0-90 Q3J 3J 35x25 31.8 (12.2) 1&2 29.8(6.1) 31&
NCF 0-90 Q6J 6J 44x30 21.7 (9.1) 2 27.3 (6.9) 3&1
NCF 0-90 Q9J 9J 48x30 26.3 (23.5) 2 29.9 (4.0) 1&3
NCF90-0 C900m None 0 50.4 (1.4) 1 39.8 (5.8) 1
NCF 90-0 C901.5J 1.5J 22x20 44.7 (34.1) 1&2 446351 1
NCF 90-0 C903J 3J 33x21 46.1 (25.0) 1&2 40.2(1.0) 1
NCF 90-0 C906J 6J 52x28 34.8 (44.5) 2&1 37.5(8.8) 1&3
NCF 90-0 C909J 9J 57x30 39.5 (22.2) 2&1 36.5(9.1) 3&1
NCF +/-45  C450m  None 0 55.4 (8.0) 1 29.6 (7.7) 1
NCF +/-45  C451.5]  1.5J 20x15 43.7 (15.8) 1,2,3 88.8) 1
NCF +/-45 C453J 3J 28x20 28.8 (39.7) 2 27.6 (4.5) 1
NCF +/-45 C456J 6J 36x26 19.8 (21.5) 2 28.7 (21.7) 1&2
NCF +/-45 C459J 9J 45x28 27.1 (12.0) 2 29.1(94) d 2

Where C denotes Circular cross-section and Q der8xrjgare cross-section
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When tested with the impact-damage, the 0-90 tubes showed a threshalgedavel of 3J
guasi-statically and 9J dynamically, although one sample at 1.5J egppeahow a decrease
in load around the damage zone and was classed as mode 3 failsréowthied the SEA
measured slightly. Typically, above the threshold level, failure oeduat the edge of the
damage zone - a stress-induced crack was formed and quickly propageadel to the

fibres.

Figure 111 Circular NCF Samples C1.5J (a) and C6J (b) under Quasi-Static Loading

Comparing the samples with impact damage at 45mm and 30mm, it caero¢hat similar
patterns occur dynamically and quasi-statically. The samplésdainage at 30mm seem to
perform marginally worse under both loading conditions. This can bduattd to the
position of the damage zone. Under mode 3 failure, the effect of dammagEA appears to
be greater closer to the chamfer. Conversely, for mode 2 fdiareftect on SEA is greater
the further away from the chamfer, partially due to the load hdessytime to recover after

the crush zone passes through the damage zone.
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The 90-0 tubes showed a threshold level of 1.5J quasi-statically and 6dichiha
(although at this level the failure was only local (failure m8geand only in one of the three
samples). Comparing the load displacement curve for NCF 0-90 (Hig@jeand NCF 90-0
(Figure 113), the peak load for the undamaged 90-0 sample is much ¢B&Ata vs.
22MPa) and the steady-state crushing load is higher (~18MPa vs. 15MPa)
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Figure 113 Load Displacement Curve for NCF 90-0
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The shape of the damage zone/area of stress whitening wasrdifi@r the NCF +45 tubes.
The shape was less elliptical and more rectangular, espeatidifig higher impact values (see
Figure 114). The NCF %45 tubes had threshold levels of 1.5J quasi-Btatoal 6J

dynamically.

(2}

Figure 114 +45 NCF tube with a) 1.5J, b) 3J, and c) 9J of damage

Under quasi-static loading, the square tubes showed a very sintiampt the circular
tubes. The samples with 1.5J damage crushed progressively and showtsttsdrein the
damage zone and crush zone interacting. The samples with 6J and @ ddirfailed
globally by mode 2. At the damage level of 3J one of the sampldsedrpsogressively and
the others failed globally.

Dynamically the samples with 1.5J damage failed progressiveéldJ/fone of the samples
failed in the vicinity of the damage zone (mode 3). The other 2dfgl®gressively.
Increasing the damage level to 6J caused 2 of the samplesitotfalvicinity of the damage
whilst the & failed progressively. At 9J damage the reverse occurred. Twrecsamples

failed progressively with the'd3failing globally near the damage zone.
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Figure 115 NCF Samples Q3J (a) and Q9J (b) under Quasi-static Loading

At levels of 6J and above, the square samples appeared to split patrthkk corners into
fronds with the faces splaying. However, in some samples the ddnfege appeared to

buckle with one of the folds occurring across the minor axis of thegkmmone (see Figure
115).
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Figure 116 Square NCF Sample with Impact Damage under Dynamic Loading

The square samples perform slightly better than the circutdiosesamples under these
conditions. No samples failed at 1.5J, compared to 1 failing in a moge 3dilure for the
circular section. This is attributed to the corners of the squaeedroviding a discontinuity
causing cracks to be constrained to the face. Unlike the CoFRM thkekigher in-plane
strength of the NCF means that the geometric stress adiger corner does not influence the

mode of failure. The load displacement curve is shown in Figure 116

The next set of samples used braided architectures impactedsanteemanner as the NCF

samples. This data is presented in Table 26.
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Table 26 Impact Data for Braided Tubes

Fibre Type Test Impact Damage Size  Quasi-static  Quasi- Dynamic  Dynamic
Reference Level /mm SEA (kJ/kg) static  SEA (kJ/kg) Failure
(axial x hoop)  (Std. Dev %) Failure (Std. Dev %) mode
mode
Braid £30  CB300m  None 0 44.1 (1.1) 1 30.7 (16.7) 1
Braid #30  CB301.5J 1.5J 22x13 37.7 (17.5) 1&2 30.8) 1
Braid +30 CB303J 3J 28x16 36.3 (5.4) 1&2 296 (7.1) 1
Braid +30 CB306J 6J 43x24 31.0 (19.9) 2 31.5(6.1) 1&3
Braid +30 CB309J 9J 49x26 38.6 (5.7) 2 31.6 (5.4) &31
Braid +45*  CB450m  None 0 38.8 (3.8) 1 48.4 (1.4) 1
Braid +45* CB451.5] 1.5 24x18 32.6 (28.2) 2 46.8) 1
Braid +45*  CB453J 3J 33x23 34.5 (10.0) 2 479(2.0) 1
Braid +45*  CB456J 6J 40x24 27.5 (13.0) 2 389(8.6) 2
Braid +45*  CB459J] 9J 49x27 28.0 (29.0) 2 39.4(185 2
Braid +60 CB600m  None 0 45.1 (23.0) 1&3 52.6 (5.1) 1
Braid +60 CB601.5J 1.5J 12x16 35.7 (4.8) 2 39.69p9 1&3
Braid +60 CB603J 3J 19x22 24.7 (11.5) 2 35.8 (4.6) 2&3
Braid +60 CB606J 6J 21x27 29.1 (14.0) 2 31.4(11.8) 2
Braid +60 CB609J 9J 24x30 27.4(9.1) 2 32.2(6.7) &32
Braid 0£60 CT600m  None 0 53.8 (0.5) 1 48.7 (3.9) 1
Braid 0+60 CT601.5J  1.5J 17x16 37.5(9.5) 2&3 43.7) 1
Braid 0+60  CT603J 3J 26x20 36.2 (29.2) 422 (11.1 3&1
Braid 0+60 CT606J 6J 35x25 35.0 (11.5) 30.3(8.4) 2&3
Braid 0+60 CT609J 9J 43x27 36.0 (17.7) 2 29.1 (178 2

"Data taken from [98]

The area of stress whitening again varied with the fibre afgle¢se braided glass tubes. The
+30 tubes showed an elliptical shape with the major axis pa@lieé major axis of the tube.
The biaxial +45 tubes have been reported as showing a more rectamgyarwith the major
axis axially and the minor axis circumferential. The damaxges Zor the braided +60 tubes
was rectangular in shape with the major axis circumfereatidl the area of damage was

smaller than in all other tubes (Figure 117).
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Figure 117 Impacted samples with (a) +30 with 1.5J damage, (b) +60 with 6J damage
and (c) 0£60 with 3J damage

Quasi-statically the braided samples all failed with a lokeghold level of 1.5J. For the +45
tubes this represented a decrease in SEA over an undamaged tubexifregiply 29%. For
the £60 tube, this reduction was 45%. Dynamically the threshold levelswaificantly
increased - the £30 and 45 tubes displayed the same threshold valu#hoBighathe £30
tube was more robust at damage levels above the threshold (seeslpadednent curves
Figure 118 - Figure 120). Only one sample at each level failed bidbalthe +30 tubes,
whereas all samples fail for the +45 tubes. At an angle of +60, the sashpled a threshold
damage level of 1.5J, with an SEA of 39.6kJ/kg. Although the threshold legsdsthe same
for the biaxial £60 and the triaxial 060 tube, the latter again stcan improvement in

damage tolerance with fewer samples failing globally at each level.
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Literature [48, 93, 106] has proposed that an area of damage can bd &®at cut-out or
hole of the same size, here taking our results with a NCF 0-901tidepf damage cause a
similar mode of failure (i.e. progressive crush) to a 5-10mm holende@eupon the sample
architecture and 3J can be considered the equivalent of a 10-16mm halg. thsi

dimensions of the area of the stress whitening, the formula for the area of an®llipse

4

, Where a and b are the major and minor axes of the damage zone.

For a 1.5J impact Areaz (25 x 15) / 4 = 294.5 mmfor a 5mm hole the area is 19.6 fam
the area of the stress whitening is approximately 15 timedegréhat of the equivalent hole.
Equating this to a 10mm hole gives an area of 78 5mmaning the area of stress whitening
is at least 3.8 times the area of the equivalent hole. For apattirArea =t. (32 x 18) / 4 =
452.4 mm, for a 10mm hole the area is 78.5Mmie area of the stress whitening here is 5.8
times larger than the 10mm hole. For a 16mm hole, the area is 20%,&uich is 2.2 times
smaller than the area of stress whitening. Looking at the 6J irApa& =n. (45 x 25) / 4 =
883.6 comparing to a 16 mm hole the area of stress whitening is 4.4 times larger.

Taking the smallest ratio between areas of holes and impacgdatha area of the stress
whitening is at least 2.2 times greater than the area ofgineadent hole; in reality this is
probably conservative as this is the upper boundary and the actual equrasiterdould
possibly lie between 2.2 and 5.8 depending upon the fibre architecture. Thestsuthat
using a hole the same area as the damaged zone in calculatilbrmoduce a very

conservative estimate for failure levels and damage effects predictions.

Dividing the area of the damage zone by a factor of 2.2 could producevieapestimates,
which could be used to calculate an equivalent hole size. This equivalent hoknsizeeused
in calculations for stress concentrations, and to help give an indication hetteewor not the
damaged sample will fail. It should be noted however that this valdegendant upon the
sample architecture. Even in this study for many of the sampldadtoe of 2.2 is still very

conservative.
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4.2.9. Compression After Impact Strength (CAl)

Compression After Impact strength (CAl) has been studied in thmtlire [106, 107]
modelling the damage as firstly a circular area of damagksecondly as an elliptical area of
damage. The formulae presented in these papers can be used ttedbBn@Al strength for

the tubes in this study.

Ocai — 2
o, 2+&+3&-(Ky-3(5&-78)
(20)
Where,
oo
4= (r +a0)
(21)
and
E E
Ky =1+ |2 | -u,+—=
E, 2G,,
(22)

oo = Undamaged Compressive Strength= radius of circular damage, = characteristic
distance, where subscripts x and y refer to perpendicular and ptralie loading directions

in the composite.

Equations (20) — (22) are for the CAI Strength to Undamaged Compr&isavgth Ratio for
tubes with a circular area of damage from [107]
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The corresponding equations for an elliptical area of damage from [106] are:

(A%)-(A + 1)-(5% 2. &% -1+ /12>

+ 3 )
L(EZ 1) +/12)2]M52+«/52 1+A2> }

7'/12'{1

UCA|= UO' 1+

7 4

(E2-)+ )] (£

(23)
where,
4P
a (24)
a
Ea+b
0
(25)
/2-a>2
K=Ky A’ (12-A)J 2 /2_a>2 (1) \W
T T/ Ak 2-1+(/171)-7 -
(-4 [ (1-2) \W (11)'J . l2a)?
1+ (A" -1)- >
\W
7 (2 o . 2] > '/2-a22 2-a|® 2 _/z-a22
A (w) <KT> 1 /1] 1+ (A 1)\ ) <W> 1+ (A 1)\W>
.+ 5
(26)

Wherel denotes the hole aspect ratio of the major and minor diameaeasdzb
respectivelyfy is a characteristic length to be determined empirically; W is the width of the
panel;Kr is the stress concentration factor for a finite width pa€lis the stress

concentration factor for a infinitely wide panel which is expressed in equation (22)
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Using the observed measurements of damage, and taking the chetradégrgth of 5.91mm
for the braided samples in [106],the ratios can be calculated, modiiéntybes as a flat
plate of width 119.69mm.

In order to calculate the value of in-plane shear mod@ysin equation 22, two methods
have been used to calculdbe,, firstly a simple micro mechanics approach (equations (27) —
(29)) and a semi empirical method based upon a Halphin-Tsai equati(3g) i& (31) as
described from [144] and material data produced by Turner [145]. The wal®e,fis used

for Gy, assuming that the fibres parallel to the loading direction do notapsagnificant part

in contributing to shear modulus. It should be noted that this will onlyaqvapproximation

of the true value of &, as the 90fibres will contribute to any stiffness or strength values and

Gi2value used will only be truly accurate for unidirectional composites.

1 _Vf Vm
[ — + -
G, & Vq (27)
Ef Em
G= G=
f 2./1+ Vf> m 2<1+V>
\ m (28) (29)
Where subscriptsrefers to fibrem to matrix andL2 refers to the composite
Cra_ (&0
G ‘1-npV
m \ f> (30)
Where reinforcing factof = 1 and
A
\Cn
(T
m

Table 27 shows the calculated values of In-plane Shear Modulus usinfyatatdable 28

and equations 27-31.
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Table 27 In-Plane Shear Modulus

Fibre Type G/GPa Gy/GPa
Mechanics of Halphin-Tsai
materials
CoFRM 3.27
NCF 0-90 1.92 2.47
NCF 90-0 1.87 2.38

*Measured experimentally by [111]

Table 28 Values used in Calculating In-Plane Shear Modulus

Property NCF 0-90 NCF 90-0
Vi 0.331 0.313
E, (GPaf 24.4 24.6
E« (GPa} 24.6 24.4
E/(GPaf 85 85
En(GPaf 3.4 3.4
Viy 0.3 0.3
v 0.2 0.2
Vi 0.3 0.3

! measured experimentally by [145] for samples with identical fibre type¥;an@.39

2 Values from Table 3.1 [144}assumed value

Table 29 shows the data for the calculated CAl ratio for CoOFRM samples.

Table 29 Compression After Impact Strength Ratio for CoFRM

Fibre Type Impact Damage Size ocalloo ocalloo
Level/J /mm Circular Elliptical

(axial x hoop)

CoFRM 15 15x13 0.77 0.65
CoFRM 3 24x18 0.68 0.53
CoFRM 6 38x22 0.60 0.45
CoFRM 9 39x26 0.58 0.41
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ocallo, Elliptical in Table 29 and Table 30 was calculated for the dathis study using
equations 1 through 5 from Falzon and Herzberg [1664/c, was calculated using the
equations presented earlier in this section. Table 30 shows thepoowasy data for the

calculated CAl ratio for NCF samples.

Table 30 Compression After Impact Strength Ratio for NCF

Fibre Type Impact Damage Size ocalo, ocalloo ocalloo ocalloo
Level /mm Circular  Elliptical Circular Elliptical
/1J (axial x hoop) Halphin-Tsai Halphin-Tsai

NCF 0-90 1.5 20x15 0.74 0.60 0.73 0.59
NCF 0-90 3 32x18 0.66 0.50 0.65 0.50
NCF 0-90 6 45x25 0.58 0.41 0.58 0.41
NCF 0-90 9 50x30 0.55 0.39 0.54 0.38
NCF 90-0 15 22x20 0.70 0.56 0.69 0.55
NCF 90-0 3 33x21 0.64 0.48 0.63 0.47
NCF 90-0 6 52x28 0.55 0.39 0.55 0.38
NCF 90-0 9 57x30 0.54 0.37 0.53 0.37

The values fobcal/o, circular andocal/o, elliptical used the mechanics of material data for
G,y (equations 27-2%nd the values foscal/o, circular Halphin-Tsai andcal/o, elliptical
Halphin-Tsai used the Halphin-Tsai data f8g,.(equations 30 & 31). Circular refers to
equations 20-22 modelling the damage as a circular area, and allipters to equations 23-

26 modelling the damage as an elliptical area

The ratios presented here suggest that CoFRM will performr adter impact than NCF
samples. Using the Halphin-Tsai equation to produce valuesfphad the effect of

decreasing theca/o, ratio.

Thus if shear modulus is increased #lag /o, ratio decreases. Looking at the values for NCF
0-90 with 1.5J of damage (Table 30), a 28% increase in the value use€g, foetween
ocallo, Circular andscal/o, circular Halphin-Tsai, results in a maximum of a 1.4% decrease
ocallo, for a circular area of damage. This suggests that the in-plee@@ modulus does not

have a major effect upon the valuesdgx/co.
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Table 31 shows the experimental datadgk andc, as measured in this studysa is taken
as the maximum strength of an impacted sample under quasiestagit ands, is for the

undamaged samples. The CoFRM data is extrapolated from results produced by Ribeaux [7]

Table 31 Measured Compression After Impact Strength Ratios

Fibre Type Impact Damage Size Gcal Go ocalloo
Level /mm IMPa /IMPa [
/1J (axial x hoop)

CoFRM 15 15x13 108.31 174.9 0.62

CoFRM 3 24x18 97.26 174.9 0.56

CoFRM 6 38x22 79.58 174.9 0.45

CoFRM 9 39x26 75.16 174.9 0.43
NCF 0-90 15 20x15 101.69 139.1 0.73
NCF 0-90 3 32x18 86.68 139.1 0.62
NCF 0-90 6 45x25 75.11 139.1 0.54
NCF 0-90 9 50x30 62.27 139.1 0.45
NCF 90-0 15 22x20 127.24 207.6 0.61
NCF 90-0 3 33x21 123.87 207.6 0.60
NCF 90-0 6 52x28 114.80 207.6 0.55
NCF 90-0 9 57x30 103.82 207.6 0.50

Comparing Table 29 -Table 31 it can be seen that a good agreemesathed between the
experimental and the elliptical calculated values for the CoFfitdds. The 0-90 NCF tubes
show good agreement with circular Halphin-Tsai values at low darsiags, but appear to
overestimate CAI slightly at higher impact levels. The NCF09fubes show closest
agreement with the circular calculated values using the Halg@nefjuation to calculate in-
plane shear modulus, especially at higher impact levels.

There is still a significant error between the calculatedexpatrimental values for the NCF
materials at certain damage levels. This error could possibigdueed using a measured in-
plane shear modulus or one calculated by other means, or perhaps by cisargcteristic

length unique to each fibre type and architecture.
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If the failure modes for each tube type are examined; the caéiselly crushed CoFRM
samples had a threshold of 1.5J, the NCF samples had a threshold of 3J.

Thus the values of the-a/c, ratio corresponding to the threshold level of failure are at 65 for
the CoFRM, 0.65 for the NCF 0-90 and 0.63 for NCF 90-0 from the theoretloakv&sing
the experimental values then these become 0.62, 0.62 and 0.60 respectively.

If these levels are matched to the failure modes of the spesitihe following criteria can be

determined from the theoretical data.

ocalloo> 0.65 no failure will occur (32)
0.55 <ocalo,< 0.65 First onset of failure, mixture of modes 1,2 & 3 (33)
ocallop,< 0.55 Mode 2 failure (34)

Looking at the experimental data these bounds become

ocalloo> 0.62 no failure will occur (35)
0.55 <ocalo,< 0.62 First onset of failure, mixture of modes 1,2 & 3 (36)
ocallop,< 0.55 Mode 2 failure (37)

It should be noted that the NCF 90-0 1.5J samples disagree with this hoasdbey show
no failure, but they have a ratio of 0.61.
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4.2.10. Interlaminar Shear Strength

The interlaminar shear strength was calculated using the rdatallfSS rig, and SEA was
plotted against this for each sample (Figure 121). The data pr$emeewas obtained under

quasi-static conditions

Daniel et al
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Figure 121 SEA vs Interlaminar Shear Strength

In Figure 121 the error bars refer to max and min SEA values, with the plotted points showing

the average. From the above figure, it can be seen that 4of the points that fail inng splayi
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mode lie on a line. However, if all the points that do not buckle are considered then these lie

near to a trend line, produced by using a least squares fit, of

y=1%+19.9.
(38)
The theory proposed by Daniel et al [73] stated that ILSS is rtiporiant factor in
determining energy absorption. However, their testing method ensuredll thatnples failed
by the same mode, whereas here the mode of failure is dependant upon tkeesi@miakion.
As the SEA data was obtained by crushing tubes (a more realsyiof obtaining energy
absorption when comparing to real life automotive crash applicatibashatiure mode, as

documented earlier, has a significant effect on energy absorption.

The samples lying close to the line are those that splay anth enus progressive

fragmentation mode e.g. NCF fabrics and CoFRM samples. Those tlkég, ldbe pure axial

unidirectional and the biaxially braided +45 tube, lie away from itie [The unidirectional

hoop tube lies away from the line also. Here there is no axmdbreement so the tube splits
into rings, which absorb little energy in a stacking style duf@i The only real energy
absorption is through the fragmentation of the matrix between each ring.

Looking at Daniel et al and their theory, it cannot explain the squaF&kM tube that has a
similar ILSS to the CoFRM 2mm tube on the graph, but a significaoiber SEA. This
would create another point significantly distant from the others.egnation of the line that
their points lie upon isy = 1.4% + 38.5. Figure 121 suggests that this equation will

overestimate the SEA significantly when compared o the results for the tubesashterd.

Thus it can be concluded that ILSS is only a significant factatetermining the SEA for
tubes that fail by splaying or fragmentation. It does not apply tee tties fail through other

failure modes.

Using the equation of the ling,= 1.3x + 19.9, if the ILSS is a known value, then for a

sample that crushes progressively the SEA can be simply calculated from:

SEA (kJ.kg") = 1.3 x ILSS (MPa) + 19.9
(39)
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In investigating SEA, mass per unit length of sample and crusigsira pattern emerges. If

SEA is multiplied by mass per unit length of sample the crush load is obtained.

Fe (N) = SEA (kJ.kg). M, (kg
(40)

The crushing load can simply be divided by the area of the tube in toradalculate the

crushing stress.

oc=FR/a
(41)
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4.2.11. Interleaf

A thermo-plastic interleaf was added in order to improve the dart@geance of the
composite tubes. The addition of a thermoplastic interleaf has beem dbowmcrease
interlaminar fracture toughness and thus affect performance. Tdigateghis, the interleaf
was added during the performing process between each ply in tlspeesnens, and holes

were drilled at 25mm from the chamfered end to investigate the threshold farkige.le

Table 32 SEA Data for NCF 0-90 with Interleaf and Holes

Fibre Type Test Hole Quasi-static  Failure  Dynamic Failure
Reference Diamete SEA (kJ/kg) mode SEA (kJ/kg) mode
/mm (Std. Dev %) (Std. Dev %)
NCF 0-90 comil 0 32.7(3.7) 1 31.6 (2.1) 1
NCF 0-90 C5mil @5 34.4 (4.2) 1 32.6 (3.1) 1
NCF 0-90 C10mil @10 21.9 (1.1) 2 30.4 (7.3) 3+1
NCF 0-90 c16mil @16 21.7 (8.1) 2 25.9 (8.2) 2

The results for the quasi-statically crushed tubes with infede@ a similar pattern to those
tubes without (Table 32).. The threshold level for holes is again 10mm, #hswalue all

specimens falil.

Dynamically the threshold level is still 20mm, however, only one othhee samples failed
in testing. This shows an improvement over static tubes and the tithestunterleaf. From
the load displacement curve (Figure 122) it can be seen that tpeesamith a 5mm hole fail
in a mode 1 mode, the samples with 20mm fail progressively in modé Bi@ samples with

16mm fail globally in mode 2.

There is a drop in load between the static samples without aftentel the samples with
interleaf. This is in the region of 10%. For the results presentdRili®aux [7] the drop in
load seen with the addition of an interleaf results in a reducti@E# of 28.6%. Ribeaux
attributed this reduction in SEA to the presence of the interéghfcing the coefficient of
friction between the sample and the crush platen from 0.36 to 0.22.
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This effect is not seen dynamically in the NCF tubes as botiplearwith and without an
interleaf crush at the same load, the samples with an inteHeaf a lower peak load and the
load displacement curve is smoother (Figure 122), however, dynami@l§o-RM samples

still show a decrease of ~21% in SEA with the addition of an interleaf.
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Figure 122 Load Displacement Curve for Samples with Interleaf under Dynani

Loading
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Figure 123 Interleaf sample C10mil under Dynamic Loading

The results for the quasi-statically crushed tubes with aneafesind impact damage form a
similar pattern to those tubes without (Table 33).

Table 33 SEA Data for NCF 0-90 with Interleaf and Impact Damage

Fibre Type Test Damage Quasi-static Failure  Dynamic Failure
Reference size /mm SEA (kJ/kg) mode SEA (kJ/kg) mode
(Std. Dev %) (Std. Dev %)
NCF 0-90 COmil 0 32.7 (3.7) 1 31.6 (2.1) 1
NCF 0-90 C3Jil 22x18 33.3(1.1) 1 30.26 (3.0) 1
NCF 0-90 caJil 26x24 31.1 (24.3) 1+2 31.6 (3.8) 1
NCF 0-90 CaJil 48x28 19.5 (10.5) 2 32.2 (3.6) 1
NCF 0-90 C124Jil 50x30 20.4 (5.7) 2 29.3 (19.6) 1+2
NCF 0-90 C154il 56x36 19.2 (14.3) 2 27.7 (2.1) 2
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Figure 124 Interleaf sample C12Jil under Dynamic Loading
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Figure 125 Load Displacement Curve for Samples with Interleaf and Impact Daage

The size of the damaged area caused by the impact with the $ugswally reduced in size
with addition of the interleaf (Table 33). A 9J impact in the tubth witerleaf caused a
similar damage size in a tube without interleaf as an ingfa@d. This effect has been noted
before in literature [109, 113].

The tubes with interleaf crush in a similar mode to the tubd®wuit The threshold level for
impact statically is increased from 3Jj to 6J over the samptbsut interleaf. An example of

a sample crushing can be seen in Figure 124.

Dynamically the threshold level is increased, from 9J for a tutieut interleaf to 12J to a

sample with interleaf. This is illustrated in Figure 125.
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Again, there is a drop in load between the static samples withieuteaf and the samples
with interleaf. This is in the region of 10% and is still not seen dynamically.

The addition of interleaf reduces the SEA seen for the tubes batalstaand dynamically.
This was seen by Ribeaux [7] and Sohn et al [146] who observed a redaoa@mpressive
strength of the composite samples tested with interleaf. Tieist dfas also been reported by
Watrrior et al[111] who note that the mode | fracture toughnessnsaised with the addition
of thermoplastic interleaf. This information suggests that edéris not a suitable for in
crashworthiness applications where energy absorption is of paramopottance, but is
suited to applications where damage tolerance is more critical.
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5.0 Conclusions

The first major conclusion to be drawn from this work was thatdbim Isystem was the most
significant factor affecting energy absorption for the largdaa tubes. The variations in

SEA were all small between different fibre angles and achites, but large between the
polyester, vinyl-ester and epoxy resins tested here. A sirmglad tvas observed for the glass

NCF tubes, suggesting for maximum performance, epoxy resins need to be used.

Clearly fibre orientation and architecture still have a sigaift effect on failure mode and
hence energy absorption, but in previous work by Daniel at al[147] theysuggested to be
less important than through thickness properties in determining Sk#el& al[147] stated
that the orientation of the structure can be ignored in determininngyealsorption if fibre
volume fraction and coupon width are similar. The results presenteduggest that failure
mode is still the dominant factor in controlling SEA. Daniel & edsults are only valid for
samples that crush progressively and the nature of their test estigmsured this. The
predictive method for obtaining SEA from ILSS, originally proposed hyi®at al [73], has

been refined and its validity to tubular geometries and specimens has been edtablishe

In this study, it has been shown that samples fail in a number efatiff failure modes.
When a graph of SEA vs ILSS was plotted the samples that crusbgekgsively all fell

close to a linear relationship. The samples that buckled, globalbcalty, displayed a low
SEA but a high ILSS (the ILSS has little effect upon SEA duioinckling). This implies that
orientation is a factor that influences crushing mode, which in turarmadfect upon energy
absorption. However it is useful to reiterate that a lineatioekhip appears to apply for

samples that do not buckle, in agreement with Daniel et al [73].

Significantly this study has shown that the NCF and biaxiallydedhreinforcements tested
have offered relatively low SEA levels — notably lower than thesen dor the CoFRM
samples in [7] and slightly lower than the accepted SEA valuegdel and aluminium tubes
of similar geometry. This could be attributed to the relatively fibre volume fractions of
the tubes tested here (NCF ~30%). It has been well establishetid¢hais a link between
fibre volume fraction and SEA, noting that in this study generall#meples with the higher

fibore volume fractions had the higher SEA value whilst the reductioiSEA between
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CoFRM and NCF was attributed to higher in-plane strengths and kbwargh thickness
properties of the NCF allowing the crushing process to occur at a lower load.

The fibre orientation or stacking sequences, in this study, has been tehaffett the failure
mode and SEA dramatically. Due to the stitching process of the fall@te, a number of

possible orientations could be tested using the same material.

When investigating tube architecture with the same fibre aothrts little difference was
seen between SEA's for the circular and square architectusssnped here (39.0kJ/kg versus
39.8kJ/kg); both failed in a similar manner at a similar load. Rbead Warrior [140]
recorded a different result. In their testing SEA decreased whanging from a circular
section to a square section - a decrease of 21% was recordedatifilesed this drop to
geometric stress raisers at the corners and a reduction in dtempaserial properties. Here
the geometric stress raiser has less of an effect due tlisttentinuous nature of the NCF
fabric, where the gaps between the fibre tows create a cosipéss distribution not seen in

the CoFRM fabrics. This complex distribution of stresses negates the efféntscorner.

Testing rate results showed that there was an initial drop Anf&Eall samples in the range
of 0-1ms' (The NCF 90-0 orientation showed the largest decrease in SBAatit and the
triaxial braided 060 showed the smallest drop). After the irdiggirease in SEA, the level
then remained steady for all samples up to the limit of the egsipment, 7m& No
downward trends were seen during this section of testing, suggdésisngattern would
continue at higher rates. This result is important as it eskeslithat testing at 5thias the
potential to simulate testing at higher rates; i.e. resultsnaatat this rate are valid for higher
velocities and the complexity/cost of equipment required can be refaltealigh this needs
to be treated with caution as the response cannot safely be mtddictzllistic rates, and

possibly even at automotive rates, so further testing at is required to verigsthit3.r

A second predictive technique for identifying the failure mode ohglawith a SCF or area
of damage has been introduced. The introduction of a stress concentagifound to have
a significant effect on the failure mode. The previously reportezshiotd level effect was
observed, where a change in the mode of failure occurred, from progresssh to global
fracture, initiated at the stress concentration and was se@pliota NCF at both static and
impact rates and in braids at impact rates. Quasi-statitiadlycircular NCF 0-90 tubes had a

198



threshold level of 20mm (D/d = 3.8); this is twice the size of $kanh by a similar COFRM
tube which had a D/d = 7.6 [139]. The step sizes in this study weges Emd a smaller step-

size may provide a more representative value of the threshold level.

The NCF +45 and NCF 90-0 both showed a reduced tolerance to damage &0 thées
and the braided tubes showed a further reduction in tolerance than theaNpkes. Quasi-
statically, the braided circular tubes had a threshold level of Gatthgugh the biaxial +30

tubes however did appear to show a small improvement in damage tolerance.

The square NCF tubes behaved in a similar manner to the cirpel@amens; the threshold
was again 10mm with a W/d of 3.0. Dynamically there was no effie¢he crush mode at
this level - the threshold level was increased to a hole sizénof (W/d = 1.875), and at this
level only one of the samples failed globally. This was a sgmti improvement over the
CoFRM results of [140] which show the threshold to be a W/d = 6. Téist ie important

for automotive applications as it shows that a square geometrnpavibrm as well as a
circular geometry when damaged, and shows a significant improvémeatage tolerance

over the CoFRM samples from [7].

At dynamic rates, the damage tolerance of all tubes was ssctedlthough the threshold
levels for NCF tubes remained the same, fewer samples ofyg@ctvere failing. The braided
tubes showed a significant improvement dynamically. The £30 and +45 eéxbdsted the
highest tolerance to damage of the braided tubes with a thresholdiz®lef 16mm. This
data indicated that higher axial fibre content limited damage rggsign around the

circumference of the tube, increasing stability.

Out-of-plane impact was seen to have a significant effect orrttedh mode, in a similar
manner to that reported for a stress concentration. The previousliecegmeshold damage
size effect was seen to apply to NCF tubes at both staticngpaki rates and in braids at
impact rates. Quasi-statically, the circular NCF 0-90 tubesahtémteshold level of 3J - an
increase in tolerance over the previously reported CoFRM value of138]1 The 90-0 and
/.45 NCF tubes showed a static threshold level similar to the CoFRidsi-statically, the
braided circular tubes had a threshold level of 1.5J, although the Bis3@atubes appeared

to show a small improvement in damage tolerance.
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Dynamically, the threshold value for a circular 0-90 tube was iseteto 9J. For the square
tubes, the threshold was more difficult to ascertain because tdddlebuckling observed,
This occurred at 6J and above but only had a slight effect on theeSEIA At a level of 9J
the tubes show a greater reduction in SEA. The threshold valuesdthatl samples were

seen to improve with rate, agreeing with previously reported results.

In order to try and predict undesirable failure of samples previoud ¥y@uggested crushing
stress as the factor determining. If the crushing stress sfthele was lower than the mode

2 failure stress then progressive crush would occur (observed in many samples uialyfs st

Importantly in this study it was noted that a number of sampliédased even though the
crushing stress was lower than the failure stress. In comgaengrush response traces, the
high in-plane strengths of the NCF and braided fabrics gave aedifféooking load-
displacement curve to that associated with the CoFRM fabric.oHagerises steadily, initiated
by the chamfer, to a peak value, where the structure is takingatkienom load. The sample
then fails and the load relaxes to the steady-state crushess stthis peak stress in most
cases was significantly higher than the crushing stress|yctesmn in the dynamic samples.
(The samples tested by Ribeaux[7] had no peak stress, so peak stress = crus$jing stres

It was observed that if the peak stress was greater thaeuleof stress required to cause
global or mode 2 failure, then the sample would collapse globallymode 2 failure. If the
peak stress was less than this failure stress level the sample would crushsprelby.

Thus a novel approach in predicting the failure mode of a sample W@Favas suggested
in this study, it was proposed that the crushing stress multipliglebsCF would give a
factored value of stress. If this number were compared to the iU@&yld give an indication

of when the tube would falil. If the calculated stress value sgréhan the UCS the tube will
fail globally, and if it is less the tube will crush progreslsiv&his gave us the Mode 2 failure

criteria (equation (15)):

o, *K!>UCS

The results of this equation give a good indication to the failure mmb@desample under

crush, and will indicate when a sample will fail globally due to the crushing.stress
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Existing formulae for stress concentration factors have been igatest and found to be
conservative when compared to experimental results, whilst not tait;ngccount the tube
and fibre architectures of the composites (many of the formulae eveginally derived for
use with metallic tubes). The complex architecture of a comptsite means that an
experimental method of establishing the stress concentration, suble #isermal method

method described gives suitable results.

Using thermal analysis to establish the SCF is a techniqueopsiwviunused with composite
tubes. Whilst it has it drawbacks in terms of temperatureteftee to the detector array, and
testing conditions [80], it never-the-less offers a quick and eaiyothéor establishing the
SCF of hole or notch in a composite specimen. Using this new approabtato the SCF
from the thermal analysis and evaluating this SCF againstimqregal observations from
earlier in the study along with the failure criteria equation féllewing failure criteria were
established (equations (17)-(19)):

If (1— UaigFj.loo > 0 then the sample will crush progressively (mode 1 failure)
If (1— UGEEF}loo > -5 then the sample will fail by a mode 3 failure mode
If [1— UG(S:CS:FJJOO < -5 then the sample will fail globally in mode 2 failure.

The mode 1 and mode 2 failure types are predicted easily, howeveouhds for mode 3
failure are small, in this case 5%. This lies within expenileerrors, and errors within the
TSA analysis, thus further samples are required to expand the ohidgéa. However even

taking into account the possible errors this is provides a useful and powerful result.

Whilst Literature [48, 93, 106] has proposed that an area of damage taeatbd as a cut-out
or hole of the same size, the results presented here have showuimsthata conservative
estimate, and that a tube with damage can still perform imigasiway to a tube with no
damage. A better estimate will be produced by dividing the ar¢éaecoflamage zone by a

factor (proposed here to be a minimum of 2.2) and then simply calculb&ngew hole size
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this equates to. This equivalent hole size can be used in calcufatigtiess concentrations,
and will give a quick indication as to whether or not the damaged samipfail, crucial in a

workshop strip where the part cannot be removed from a complex structure.

Applying the CAI strength equations to the samples in this study gaw®re accurate
method for prediction of failure of a sample with impact damages Tl strength gives the
failure strength of the sample. So for a damaged area theefélanl can be predicted. The
large volume of data collected in this study allows a useful cosgmebetween experimental
and theoretical results to be made. Importantly, in a similartedlge criteria produced for
failure modes with a stress concentration factor, comparing therimental results and the
CAl data, failure criteria could be produced using the values fosdkhés, ratio.(equations
(32)-(34)

ocalloo> 0.65 no failure will occur
0.55 <o6cafo,< 0.65 First onset of failure, mixture of modes 1, 2 & 3
ocallop,< 0.55 Mode 2 failure

Although these are useful and important results for prediction oeponse of a damaged
tube, they must be used with some caution. Due to time constraintspEtmealata for these
equations was calculated from material properties using assumpéiead upon the makeup
of the structure in order to calculate values for the in-plane sktemmgth. Whilst the

characteristic length was taken from the literature, this védes not vary significantly from

the number used and the material properties calculated were ctinserBased upon these
values, the results from the above equations will not be completriyade although they do
show a reasonable agreement with the experimental results dbtairikis study. Using

measured values for all the parameters will increase theramgycof the predictions, and
possibly increase the failure bounds, importantly for each maspeaimen type they need to

be calculated only once.

There are a number of directions the work in this study could be egtemdiebuilt upon.
Testing at automotive rates would allow an improved understanding effduts of damage
upon automotive impacts and to validate testing at’5arsl establish if this gives a true

representation of testing at higher rates.
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Further crash testing upon automotive style structural rails walljdefstablish a correlation

between these and the large existing data set based upon simple structures.

The TSA work could be extended to encompass a wider sample ranggingctlifferent

geometries, resins and architectures that would improve the accuracy of anyieoaclus
Further testing of carbon tubes would allow the effects of filmkitacture to be investigated

with different sized tubes and validate the results presented suggesting that fibre

architecture has little affect upon energy absorption when compared to resin type.
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Appendix

Appendix 1: Braided Composite Manufacturing

Problems still exist with the manufacture of braided composites. Maximum size of
preform depends on the size of the braiding machine, and for largeistsusuch as aircraft
components, these are very large, complex and expensive. The makbhmssltes require

long set-up times, and production runs are short due to the small size of the spools.

The method of manufacturing the tubes also affects the tube quaaigeB tubes require a
form of shaped inner mandrel to braid upon. The quality of tube was foundréasac by

Browne et al [148]using steel rather than foam cores.

For large composites for use in automotive applications, thereetuation in fibre cost with
increasing tow size. When used in conjunction with automated braidingimaacand
efficient moulding techniques the material becomes more econoyrieadlible. However in
order to meet the same thickness criteria, the laminateshawstfewer laminae. This could
cause problems with delamination effects[149]

A further method of manufacturing rods and tubes is the pultrusion prdesssgbed by
Hamada et al[150]. The system consists of a resin impregnatoiehizeated die, puller and
cutter. The fibres are pulled through and impregnated with resin.arbdpen tightly woven
into the preform shape and cured. Few voids are formed, and a high filngeviohction can
be achieved. The process produces parts continuously and automaticallipegndlaim,

cheaply.
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Figure 126: Schematic drawing of the braiding pultrusion system.[150]

This system has also been investigated for producing rods, and maozatlyrec
thermoplastics.[151](see Figure 126). In this application, a sheath rofidpkastic matrix
material, which protects the fibres from mechanical damage,ctvedry hybrid fibre used.
The main source of the wear on the fibres comes from the braidiwggs; damage to the
fibres occurs due to mechanical friction in the bobbins and rolls. Fesyreetubes or pipe
applications, the braiding angle is set t8.5he fibre angle is set by the ratio of the rotation
speed of the bobbins and the pull speed through the system, as welldeentbeer of the

core.

Kuo and Chen[152] suggested an innovative way of improving the braiding ormsefoy
introducing pultruded rods as axial reinforcements. The advantages pfaless are: crimp
in the axial and braid in the interior of the composite is almosirated, the fabric is more
consistent, the fabrics are rigid and there is increased rggdination in RTM moulding.
They note that the rods must be stiff in order to resist distomidghe fabric interior, but
flexible enough to allow the yarn carriers to travel between tHdmay suggest that smaller
rods are preferable as long as they meet the minimum requgreiyriHowever, they note a
few limitations; bending of the rods is required in braiding, so laogls cannot be used
reducing the practicality of this process. They also say non gitspets are impossible to
produce with this set-up. Although the orientation allows for favouralaleiries regarding
resin infiltration, resin pockets may appear that are weak istirgscracks and damage. The

drawbacks here suggest that this process has too many limitations for miairsgipdaation.
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Furthermore complicated braid structures have been investigated Kay ®&taal[153] and
Tada et al [154]. They note that a large braiding machine is eggwinich will be ineffective

for braiding small composite parts.

Appendix 2: Predicted In-Plane Axial and TransverseTensile Stiffness of
+45° Braided Carbon/Vinyl Ester Using Rule of Mixtures and Laminate

Theory.

In order to establish the quality of samples produced by the braiding@mding process a

theoretical calculation was chosen to enable a comparison to be made.
Assumptions:
* Fibres are straight containing no kinks
« Laminate is made up of separate layers containing unidirectional fibres nttimeelr
braided layers
* There are no fibres in the on axis direction

Data:

Laminate properties:

Vs = Fibre Volume Fraction = 27.64%
T = Laminate Thickness =4mm
0 = Braid Angle =50

Fibre properties:

Eis = Axial Modulus = 240GPa
Ey = Transverse Modulus= 8.2GPa
Gt = Shear Modulus = 4.8GPa
Vi = Poisson’s Ratio =0.3
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Matrix properties:

En = Elastic Modulus = 4.6GPa
Vi = Poisson’s Ratio =0.35
E
Gn = Shear Modulus =M =1.7GPa
2(1L+V,)
Calculation:

As fibre tows are all the same size, thereforethinekness of each layer does not need to be

calculated
Now calculate lamina properties based on the RiulMixtures:

E,=E,V, +E_(1-V,) =(240x10 x 0.2764) + [4.6x1Dx (1-0.02764)]

= 66.336x10+ 3.33x10 = 69.66Gpa
-1
VvV, @1-V - *
E, - Ve, @=V) { 02764 (@ 0.2764)} ~5.24Gpa
E,, = 82x10"9  46x10M9
—_ 1 — -1
G, = Vi, @-Vi) :[ 02764 , (1 0.2764)} ~2.07Gpa
G, G, 48x1009  31x10M9

v, =V,v, +v_(1-V,) =0.2764 x 0.3 + (1-0.2764) x 0.350:336

v, = % = (5.24x18 x 0.336)/ 69.66x1D =0.0253
11
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Using the Laminate Theory's stiffness matrix:

o, C11C12C1s &
g, = C12C22C2 &,

g, C16C26Ces || €3

For the lamina containing axial fibres (although there are nd &kras these values are

required to calculate the off axis values)

Cu=—"1 =70.26GPa Ces =G, =2.07GPa

14
1--28
V12

o E22

Cx = =5.28GPa Cer =0

1_ VZl

VlZ

22111 =1 78GPa Ce2 =0

For the laminae containing the off-ax&=< 5C°) fibres

OffC,, =C,,cos' 9 +[2(C,, + 2C,;)sin*# cos & ]+C,,sin* I =16.7Gpa
OffC,, = (C,, +C,, —4C,,) cos’ dsin*§ + C,(cos' Isin* J) =28.0Gpa
OffC,, =C,,sin*$ +[2(C,, +2C,;)sin*# cos & ]+C,,cos' S =17.2Gpa
offC,, =(C,, +C,, —2C,, —2C,,)sin’# cos' g +C(sin*S +cos'? ) =17.5GPa

OffC,, =(C,; —C,, —2C,,)sind cosd +(C,,—C,, +2C,)(sin®°F cos? ) ) =14.3GPa

OffC,, =(C,, —C,, —2C,,)cosd sin®*$ +(C, —-C,, +2C,)(cos’d sind ) ) =18.7GPa
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Adding the contributions from the different laminae gives:

A,=OffC,T = 16.67x4 =66.74x16
A, =OffC,,T = 27.97x4 411.87x16
A, =O0ffC,T = 17.22x4 +68.88x16
A, =OffC,T = 17.52x4 =70.07x16
A, =OffC,T = 1432x4  57.15x16
A, =OffC,T = 18.72x4 =4.89x16
Therefore:

Axial stiffness of Specimen

E,= Lt Sl T As =6.08 GPa
Aot

Transverse stiffness of Specimen

E,=—2= 22 AuP ~ Ay =10.2 GPa
At

The experimental value of axial stiffness obtained varies fromo5682 GPa depending on
the exact point used to calculate the value of E from the stress/curve (Figure 127). This

is a minimum of 17.4% decrease over the theoretical specimens.

Therefore the experimental and the theoretical values agrethdbeetical lies, mid way

between the upper and lower possible values taken from the graph.

This suggests that the samples produced are of suitable quality.
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Figure 127 Stress/Strain Curve for Biaxial £45 Carbon/Vinyl-ester Tensile @nple
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Appendix 3 Theoretical Work — Stress Concentrations

As described earlier the equations described in Wu and Mu [81] based eldarkerker’s
work can be applied to the samples under study here as long as dhenfplconditions are
met.

Firstly, they state thag << \/% must be met.

In our case for a 5mm holg = S
D 38

and ,/E = 2 =0.324
D V38
d 10

so the criteria is met, however, for a 10mm heD4e= 38 = 0.263 this is possibly still within

=0.132

the bounds acceptable under their criteria, howevébmm hole (0.421) is not.

Using Equation (33)

2 2

KL g4 J’o’(m_zl)_f_f_d_

m 8 Dt
(42)

(Wherem= 1 wherev is poissions ratio, and is equal to 0.3 for thesgerials [7])
v

Table 34 Values Used in Calculation

Symbol Value
d (diameter of hole) 5mm
D (diameter of tube) 38mm
t (thickness of tube) 2mm
m 3.33
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The stress concentration factors can be calculated using vadued &ble 34 and presented
in Table 35.

Table 35 Stress Concentration Factors for Isotropic Cylinder

Hole size K
Smm 3.21
10mm 3.85
16mm 5.19

If it is proposed that, the crushing stress multiplied by thesst@scentration factor gives us
a maximum value of stress, and if this is compared to the UCGSiftiteis greater the tube

will fail globally, or if it is less the tube will crush progressively.

Equation 1 Mode 2 failure Criteria

o, *K'>UCS
(15)

Whereocis crushing stress and UCS is measured experimentally.

Using the data presented earlier in Table 18 with equation 15 the data in Table 36 is produced.

Table 36 Failure Criteria Data

. _ oc oc* K ucs
Material Type Hole size K
MPa MPa MPa
NCF 0-90 5mm 3.21 62.8 201.59 139.1
CoFRM (QS) 5mm 3.21 106.1 340.58 174.9
CoFRM (Dyn) 5mm 3.21 88.42 283.83 234
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For the NCF 0-90 tubesc * K* is approximately 1.5 times the size of the measured value. If
the numbers and theory are correct then they indicate that theesaitghil globally. From

our experimental testing we know that this type of tube with a Shahes crushes
progressively under quasi-static conditions. For the CoFRM samplesyuthbers again
suggest that the sample will fail globally under quasi-st&sting. The results presented
show that there was global failure reported in one sample déteis Dynamically, the UCS

is still smaller than the calculated figure suggesting dmapse will fail globally. The test
results show that these sample crushes progressively under dyc@amditions, thus this
suggests that these using calculations cause a conservativdovalue stress concentration
factor to be produced.

Quinn and Barton [80] have also suggested that many analytical metieod® conservative
in their estimation of stress concentration factor, because falt dfd ratios the curvature

does not play a significant role.

The next criticism that could be applied is that the tubes arallngbtropic. If the data was
for a metallic tube then this equation could be used with greateraay. The composite
NCF samples are orthotropic. The different in-plane properties cfaitmples will affect the

stress concentration factor.

For an infinite orthotropic plate Wu and Mu propose the SCF to be

/E E
K'Fo,g,p,u :1+\/2[ Ey_UYX+2(3y J
X "=yx
(43)

WhereE, andEy are Young’s modulus in x and y directions &gl is shear modulus in Xx-y

plane.

They then propose to multiply the SCF of the finite isotropic plateaty of the cylindrical
isotopic SCF to the plate Isotropic SCF to account for the cylmdeitect, and then by the
ratio of the orthotropic to isotropic plate values to account for theo@oteffect. This has the

effect of increasing the overall SCF not reducing it.
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Equation 2 Formula for Stress Concentration factors about a hole from Roark [143]

2 3
w=aretsiz) ol otela)
D+2t D+2t D+2t

(44)
. D
Valid for <09 and < 045
D+2t D+2t
(45)
And where:
C =3 (46)
2
C, =2773+1529 D -4.379 D 47)
D+2t D+2t
D D Y
C, =-0421-12782 +22781 (48)
D+2t D+2t
D D Y
C, =16.841+1667 —-40.007 (49)
D+2t D+2t

In this case the first criterion is not met a[ss,a = 0.905 thus is just slightly over the

boundary. The second criterion is met for all valaéd under test.
For any holeC, = 3C, =0.572, C, = 6.663 C, = -0.826

Applying to the holes sizes used in this study:
For the 5mm hole Kt = 3.16, for a 10mm hole Kt 5@Band for a 16mm hole Kt = 4.14

These values show a reduction in SCF over the sgdteduced by Savin’'s equation ((4)
). These are still too high to produce results friva proposed equation that agree with the

experimental observations.

FEA analysis, by Katherine Grenville-Jones at Theversity of Nottingham [155] upon a
thin walled cylinder of Diameter 203.2mm, height860m and thickness 10.16mm was
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undertaken with holes of diameter 7.62, 30.48, 76.2, and 127mm. The analysis was based
upon Linear Elastic Analysis and the mesh used small elementsdathe hole and larger

square elements away from the hole. The following values of SCF were calclikzés 37)

Table 37 SCF Values from FEA

d/D K*
0.038 2.938
0.150 3.292
0.375 3.870
0.625 4.375

These values can be plotted and a comparison between the previousciiesgeations can

be shown.
9
8 _|
7 _
6
5 —
LL
?
4
3
2 ——Savin
—— Roark
1 —— FEA
0 T T T T T T
0 0.1 0.2 0.3 04 0.5 0.6 0.7

d/D ratio

Figure 128 Comparison of Theoretical Values
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At low values of d/D all 3 methods give a similar value for Skdwever, at d/D >2 they
begin to diverge with the numbers produced from Savin’'s equation deviagngnost.
However, the FEA data still is based upon an isotropic cylinder thuagpplication can only

be used as a guide.

Both Toubal et al[142] and Kaltakci’'s [83] results suggest thassttoncentration factors are
highly dependant on fibre angle. Noting that when the loading is patall¢he fibre
orientation angles the stress concentrations are at a maxirmeynalso conclude that the
maximum stress concentration and its location are not dependant drefisevghich causes
failure. Kaltacki used the Tsai-Hill failure criteria andrdky-Von Mises distortion energy
theory to gain an analytical value for stress concentrations. Wéeyin the range of 2.24 for
9(° to a maximum of 2.48 for°ibres, to compare with his FEA results, which gave SCFs in

a range of 2.73 to 4 for fibre angles from 0 t8.90

This suggests that for the tubes in this study the stress catmantwill vary considerably
and is highly dependant upon fibre architecture. Thus the NCF 0-90 tubleavella different
SCF to an NCF 90-0 tube and an NCF +45 tube, suggesting a possibléocabsalifferent

threshold damage levels seen in the specimens.

Looking at Quinn and Barton’s results [80]for a cylinder in tension withiD = 0.125 they
measure the SCF to be 2.22. This value is comparable to the 5mm iwle @A132).

Interestingly they show a variation between compressive and teatiles for SCF values at
the cylinder surface. For a cylinder with 2 holes drilled on oppogits ©f the sample in
tension the SCF is 2.35, in compression they record a decrease o 3QEB. The value of

2.22 is for a cylinder in tension.
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