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Abstract

Abstract

The thesis introduces novel techniques to studgtteets of moulding materials including
different fabric architecture on the strength ofitqnded adhesive joints and how to
improve it. The overall objectives are (i) to deviaboratory techniques which mimic the
pultrusion moulding process using glass fabric aimyl ester resin and other moulding
materials, (ii) to optimise the moulding materiafed maximise the level of adhesion of the
pultrusion and hence to improve the structuratcedficy of the joints and (iii) to determine
critical stresses and failure initiation throughckmess of the composite laminate using

multi-scale modeling.

A laboratory pseudo pultrusion technique was deperlchere, based on moulding of small
laminates (meso-scale). A special moulding jig wesigned and manufactured to
represent pultrusion close mould conditions. Thesovscale laminates were then
sandwiched between aluminum adaptors to form shedr tensile specimens, using
purposely designed bonding jigs. The bonded spatsmvere tested under a monotonic
tensile loading, at ambient laboratory conditiofibe joint strength, were determined in

relation to the fabric organisation for the outgydrs.

Both surface and subsurface fracture of laminatexe optically examined to determine
loci of failure and level of void/micro defects arleir impact on failure load. The

transverse adhesive stresses/loading governs itiegiam of failure near the edge of the
joint and then propagates at the fibre-matrix fiaie, just below the coating layer,
especially in the presence of voids. In the cdsmated specimens the failure of rovings

is deeper beneath the composite surface.

2-D macro, meso and micro-scale numerical model® wenstructed in ABAQUS. The
meso-scale models took into account the multi-thhothickness materials i.e. adhesive,
coating resin, impregnated glass fabric and inteiriar matrix resin. The focus was on the
composite top layer due to determine the peelferse stresses. Good agreements in the
level of transverse and interlaminar stresses feened between the macro and meso-scale
shear models. In addition, micro-scale models basedingle filament/matrix interface
were analysed to determine a more accurate stréle aterfaces including the effect of

voids. Furthermore, a micro-scale model was useéxplain the effect of combined




Abstract

longitudinal/transverse loadings of filament on tlewel of transverse stress on the
composite surface. The findings from these modelp to explain the reason for the lack
of correlation between the tensile and shear meale snodels with reference to transverse

stress.

This study demonstrated the worthiness of the “ggepultrusion” technique to study
pultrusion and adhesion. Among various kinds ofritalarchitecture, the inlaid/random
combination mat (IR) produced the best joint sttengesults and this ought to be
considered by pultruders for top layers of fabnistead of more conventional fabrics. The
study also showed that the Maximum stress theayiges a good failure prediction tool
in relation to composite transverse stress at ¢imeposite surface. Micro-scale models are
very important in determining the actual failureesses and they also help to explain the

mechanics of filament/resin failure under longitaiand transverse loadings.
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Chapter 1

Introduction

1.1 Motivation

Glass fibre reinforced plastic (GFRP) has greaemiil to replace traditional materials
used in structures today. The reasons for thisudeckhe high strength to weight ratio of
FRP composites and excellent corrosion propertiggatne a few. These properties would
provide for a much reduced weight and more efficiparformance which are highly

desired in several critical fields such as the neriaerospace, automotive and civil
industries. However, as stated, the use of thisnahtrequires better understanding into

the crack initiation and propagation process festhmaterials.

This research investigates the possibility of uspujtruded composite planks for the
manufacture of advanced fast ships, ship deckdgési and certain aerospace applications.
Pultruded composites used in macro-scale structimresnodern day applications offer
many advantages over conventional materials. Then reagineering challenge when
designing structures made from composite mateisalse joining process. Commercially
available pultruded composite planks are generaily available in lengths up to 15m,
which makes joining inevitable. However this depenoh the suitability for these
components to be adhesively bonded end-to-end,siméar manner as for a double lap
shear (DLS) joint, often referred to as butt conioec Figure 1.1 shows the concept of
pultrusion application to ship decks. The adhebivit joint in this case would be the most
efficient way to join these planks side-to-side @&md-to-end. The latter is more a critical
connection which is more or less represents a DI, jas illustrated in the figure. Such a
concept could be comparative to aluminium extrusiamich are currently fabricated by
welding in ship constructions. The layers arrangamse this section require optimisation

to suit adhesive bonding (joining), in order todmmpetitive to aluminium extrusions and
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their fabrication by welding.

Figure 1.1: Concept bonded pultruded planks tcaepaluminum decking [147]

The complex nature of delamination within these dmmhjoints results in there being a
limited understanding of the cause of failure. Efiere, the motivation of this research has
arisen from the need to develop meso-scale modblshwepresent critical locations
within DLS joints and cater for the variation inchitecture of the through thickness
materials. This is to enable a better understandfripe failure occurring in macro-scale
models, which otherwise could not be examined omaxro-level due to modelling
difficulties. When composite structures are assksse the macro-scale, areas that are
likely to raise stress concentrations can be oleskrand therefore average failure data can
be predicted. However when analysed on the mede;dte ability to predict how and
why the material failed can be better understodee $chematics below in Figure 1.2
represent models of a DLS joint and its meso-segvalent that are to be analysed
within this research. It may be assumed that ao¥scale falls into 10s of mm in terms of
overlap length, where the meso-scale would be 1@miess. The micro-scale is governed
by the size of different which is about,ik8.
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Figure 1.2: Principle of multi-scale modelling

Thus, as can be observed from the figure abovethtleeigh thickness stress in the meso-
scale model is somewhat different to that fountheamacro-scale model and hence failure
can be better understood by the ability to exarttieestress distribution within each meso

layer.

1.2 Overview

The potential of GFRP, based on weak matrix systeoth as vinyl ester resin for
pultrusions in marine and similar structures, carrdnlised if the structural efficiency of
the adhesive joint for these sections is increakéfitient methods of joining composite
structures are either adhesively bonding or meciadipifastening [1]. The tensile strength
capacity of mechanical fastened joints is 50% ef &ldherend tensile strength. The low
capacity is largely due to local stress concemmatiaused by fasteners. The introduction
of holes in the composite leads to high stress eatnations and hence thicker and heavier
walls. Such high stress concentrations from theegdd the hole can affect the strength of

composite. Mechanical joining is limited by the beg strength of their substrates. In a
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case when one or both of the substrates are coteposesin failure at fastener holes and
the difference in stiffness properties betweenfdstener and composite substrate create
bearing stresses and affect the structural integtithe joint. In addition bolted joints often
require heavy straps or clamps which add to theghweof structure. Therefore joining
techniques used for metals, such as bolting aretimy are not very suitable for joining
composite material and adhesive bonding is the wagtforward, enabling designers to
take full advantages of their properties. Howetas relatively new joining technique is

not fully understood for advanced composites, d@afig@ultrusions.

Adhesive joining is the process in which the conieesmust be joined together with

adhesive through surface adherence (adhesion)néeehal strength (cohesion). Adhesive
bonding does not exhibit high stress concentrationthe same way for bolted joints as
illustrated in Figure 1.3. The quality of adhesbanding to join dissimilar adherends with
minimal stress concentrations has allowed the dessgto use composite materials in
conjunction with other conventional metals [2]. Tieasile strength capacity of adhesively
bonded joint has the potential to reach 70% ofatieerend tensile strength [3]. This is
very significant considering the high longitudinahsile strength of the pultruded section.
It is currently unreasonable to expect better #@% structural efficiency for basic DLS

joints based on commercial GFRP pultrusion. Tlas heen improved to over 50% by
introducing a low viscosity resin coating to thendimg surface prior to bonding plus using
metallic outer adherends [4]. The low viscosityimegrovides good micro-flow on the

surface, resulting in a better wetability betwdes adhesive and the adherend.
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Figure 1.3: Load distribution in different joints:
a). riveted joint, b). adhesive joint [2]

Commercial pultrusion sections often contain uméeciional (UD) reinforcements
(rovings) at the centre of the laminate, with thkims based on random/continuous filament
mat (CFM). Pultrusions may be based entirely onro¥dngs but this is limited to simple
narrow sections/strips that are not suitable foucstires wheretransverse loading is
expected. Figure 1.4 shows typical fabric layersannection with a concept plank profile.
The bulk of the composite material is unidirectioantinuous rovings, sandwiched
between random mats and surface veils. The conigistrand mat improves cross fibre
strength whereas the surface veil improves theaserfinish. A possible replacement for
the random skin mat in large and complex profileshsas this plank could be based either
on combination mats which incorporate 0/@flaid or woven mats on the top of random
mat. The latter is currently used by pultrudergnbance stiffness and strength better than
the random mat. The architecture of fabric laysngiportant for adhesion and this is often
neglected and dictated by the requirement to belathe stiffness and strength in

longitudinal and transverse directions of the maéd sections.
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Figurel.4: Design concept of a large plank profilth a standard
fabric arrangement [8]

1.3 Research objectives

The potential of pultruded composite planks inssesl-skin structures for ships, aircrafts
and similar constructions is good. This howevepetels on the suitability of these long
sections to be jointed end to end by adhesive lngndn the same way as DLS joints. In
this case the outer straps could be based on gliesi@mn materials such as steel or epoxy
based composites which will confine the criticalress locations to the inner

adherend/pultrusion.

This research is related to commercial pultrusi@ulsied from glass fibre and vinyl ester
resin which represent the inner adherend. The weakh compromises the through
thickness strength of the pultrusion (inner adhéyemd hence the joint strength. In order
to improve on this, the architecture of the sectayers and post processing requirements
must be understood and tailored accordingly. Tbesethe aim of this research is to
develop meso-models representing critical locatieitkin DLS joints, allowing variation

in the fabric architecture of through thickness emnats. This is to enable a better
understanding of failure and behaviour of the mal&employed in the pultrusion and its
bonding process. Such an understanding may nothieved on a macro-scale level alone

due to moulding and modelling difficulties for theaterials concerned.

Previous to this work, pseudo pultrusion 120mm Qrith x 3mm laminates based on
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glass fabric and vinyl ester resin were developethe laboratory. These were then cut
into standard adherend dimensions and bonded ib®j@ints including long overlaps. To
understand the joint failure and the architectdrthe surface fabric layer, it was necessary
to produce more laminates more effectively. Theeefn alternative moulding technique
was developed here, based on small laminates (suede). These laminates were
developed for moulding and adhesive bonding ancesgmt local shear and peel stresses
that are expected in DLS joints at specific critiogations.

The research introduces novel techniques to sthey efffects of moulding materials

including fabric architecture on the strength oltquaed joints and how to improve it.

The detailed objectives are:-

to develop a laboratory technique which mimic theuiding (pseudo

pultrusion), based on meso-scale laminates

e to mould the small laminates (10mmx10mmx1.2mm) ahdracterise their

adhesion using shear and tensile adhesive specimens
* to compare and optimise glass fabric architedréop pultrusion layer

* to compare the level of adhesion of pseudo pultrusvith an equivalent

commercial material

* to develop multi-scale numerical models at micresmand macro-scale levels

to determine critical stresses in bonded composite

« to identify suitable failure criteria of bonded fsuded composites which helps

to predict adhesive joint strength.
1.4 Outline and methodology

In the next chapter (Chapter 2), an extensiveditee review is presented. This is related
to the essential background of joint analysis tglounumerical methods. The chapter
describes the related research carried out on csibepmaterials, adhesives, adhesion,
major preparation parameters of adhesive bondird their failures. The pultrusion
process will be explained in detail with regardsalb constitutive materials and their

relevant literature and applications.
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Chapter 3 explains the analytical and experimgmtatedures on various materials used in
this research to obtain essential mechanical ptiegerrule of mixtures, Tsai and Hahn
equations and transversely isotropic material aptioms and experimental testing are
used. The composite material was tested in accoedaith a BS method. The chapter also
describes how the composite and adhesive testmspesi were fabricated. Later, the
details of experimental testing and their relevaesults will follow. Microscopic

observations were also performed to further comptarthis work.

Chapter 4 explains how the meso-scale laminate® wavulded with various fabric
organisations. It also gives details of the medanitesting procedures, including
tabulated results and graphical figures - basedexperimental data which are then
compared. Finally the microscopic observations #amthre modes are presented. In
addition, the bonding, testing and results of mawale DLS joints were added for

comparison with meso-scale joints.

Chapter 5 deals with the multi-scale modellinghad pultruded joints at macro, meso and
micro-scale levels. The main focus, however, isnwdelling of the meso-scale bonded
laminates taking into account their through thidsenaterials. This is in order to better
understand failure within standard DLS joints, whiwas supported by limited analysis
using both macro and micro-scale models. The mscate model is based on a standard
DLS joint and the micro-scale model is based omgle flament-matrix resin interface
under transverse loading. The micro-model alsaubhes the effects of void/micro defects
at the interface and loading mechanism on the &lamThe chapter presents and compares
all the FEA results.

Chapter 6 goes into the discussion of material gnttgs, moulding, adhesive bonding, test
results, numerical modeling and their failure modeslure criteria used in this research
are also discussed in this chapter. This chaptiglairs the FEA results of both shear and
tensile meso-scale model and the difference betvileein results. Good correlation is

shown during the discussion on macro and meso-seatkel comparison. The discussion
on micro-scale model explained the reason for faiload difference between shear and

tensile meso-scale models.
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Finally Chapter 7 presents key conclusions andmeeendations for future research.
1.5 Research management

It was crucial to employ a research managemennigab throughout the research, due to
the limited time scale of the task. Not only digstprovide a structured and logical path to

solving the problem, but it also allowed for theation of events to be closely monitored.

Each week, two meetings were held with my PhD sager which typically lasted for
more than one hour. These discussions allowechtostipervisor to monitor the progress
of the study and were also provided a good timetamunicate any useful ideas or issues

that had occurred within the week.

Furthermore a logbook was kept in order to writevdoany calculations, ideas, or
specifications that were integral to the task. NMamng a well structured logbook was

important when compiling results or when referriagpecific times of events.
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Chapter 2

Literature Review

2.1 Introduction to pultrusion
2.1.1 Process

Traditionally, composite manufacturing methods uselde very labour intensive however
breakthroughs in manufacturing development havaltexs in automated processes that
can produce large quantities of a finished producOne of the most efficient

manufacturing techniques developed is that of thirysion process. The pultrusion

process with all its stages is shown in Figure 2.1.

H SRS
ARSE S
s |
2
Creel
Cuidance plate
Eesin hath
Ferform die
Cure die

Post-cure oven

Pull mnechanism

e = T o B

Cut-off saw

Figure 2.1: The pultrusion process [5]
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With pultrusion the continuous rovings, which areund around spools to conserve
valuable floor space, are drawn through an alignimoard after leaving the spools. This is
to ensure that each roving is straight and sepé#rmate one another. After all the fibres
have been aligned, they are passed with mat threugésin bath. In order to ensure
effective wetting, the strands are passed throusgrias of rollers which cause the rovings

to spread out [6].

This compression action ensures thorough wettinigeirtveen each individual fibre. The

types of resin used commercially are the same @setlypes discussed earlier (section
2.2.1). However, property requirements of pultrudethponents restrict the types of resin
available. For example, pultrusion resins must Haweviscosity, a long enough ‘pot life’

in order to allow the continuous process to finshg also a short curing time so that the
component holds its final shape after exiting thee @he next stage which is when the
fibres enter the die and it is arguably the mogpdrtant stage in the process. This is
because individual fibres coated in resin enter diee and exit as a cured pultruded
component. Therefore, the die must undertake assefiimportant roles if the cured part
Is to be acceptable. For instance, it must mairftane alignment, resist any fibre twisting

and compress the fibres into the desired volumetitna. Finally the part must be cured
before it leaves the die in a relatively short timperiod. After exiting the die, the

component is mechanically drawn out from the dikisTthen enables a radial saw, or
aligned saw teeth to make a clean and precisetquesset intervals along the pultruded

component.

When the impregnated roving enters the mould feedtions are transversely compressed
inside the mould. The exothermic cross-linking tiec (curing) starts as soon as the
peroxide (hardener) decomposition temperatureashed and it proceeds from the mould
surfaces to the centre of the profile. The resils gad cures cause high forces of friction
along the mould wall and in the case of hollow pesf- along the mandrels too. The
continuous roving strands, oriented in a longitatlidirection, absorb the required high
take-off forces. Mould release agents are introduotéo the matrix in order to reduce
friction forces. Cooling sections in the feed zaiethe mould are to keep temperatures

down in the pultrusion direction so as to avoidnpag&ure matrix curing [7] as shown in

11
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Figure 2.2.
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Figure 2.2: Curing process in the mould [7]

The moulds are electrically heated. Sensors, intted into various different mould

sections, afford precise information about the terafure curves in the individual zones
[7] (see Figure 2.3).

" Temperature sensing thermocouples

Zone 1 top heater

Zone Z top heater

\I Die location

Pultrusion machine bed or die table

Figure 2.3: Side view of a die with heaters fit[gf
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If the reached temperatures are known, then the-affkspeed (production rate) may be
optimised between 0.02 and 3m/min. The continugosgss is ensured using caterpillar
take-off units (pull mechanism) or hydraulic clampsese may be operated individually,
jointly, or in parallel. Take-off forces of 6000kand more can thus be attained. Process
speeds may vary considerably depending on the tivakness, the reinforcing structure
and the complexity of the cross section values betw0.02 and 3m/min may be reached
[7]. Although the process is cost effective for ighhvolume production of composite

components, there are some associated disadvantages

» the chosen resin has to be able to cure in a pkeand of time and this in itself
presents a problem due to the fact that quick guresin systems generally
have lower mechanical properties. Furthermore tloegss is often run resin-

rich to account for any fibre irregularity whichaag sacrifices strength [9]

» limitations to the length of a pultruded sectioa #re maximum length that can
fit in the composite manufacturing plant, and morportantly, the longest
plank that can be transported economically. Gelyeratocked pultruded

composite sections are 6m in length

 a mould release agent is necessary during the gioduof the composite
plank, as it is important that the resin does micksn the heated die or in the
oven. This mould release agent must be removedéefthesive bonding can

take place as the adhesive can not adhere properly.

Nevertheless, the pultrusion process offers mamwargdges such as; a high production
rate of up to 5m/min, the ability to recycle anysig the capability of enforcing high
volume fraction ratios which enhance quality and gnocess itself is generally straight
forward. Hence, the process lends itself for mactufing composite planks for bridges,
ship decks and certain aeroplane sections. Howeler,to their anisotropic and fibrous
nature, joining pultruded components end to endamesna challenge. The use of adhesive

bonding between composite adherends offers a vigdilen.

13
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2.2 Materials.

2.2.1 Matrix resin

The polymeric matrix (resin) bonds fibre reinforaamh [10].The constitutive relationship
of the resin matrix has been shown to play an itgmbrole in the delamination resistance
of composite materials by Qriunno et al. [11]. Ikcaoffers environmental protection for
the fibres. Moreover, when the matrix has reachedcured state, it will also act as a
deterrent to crack propagation by providing otloertes for the crack to propagate, without
the entire material failing. There are a varietydifferent resins available for different

applications, as shown in Table 2.1.

- . Tensile ; Heat
_ Specific | Young's | Poisson’s | Tensile | g o | Compressive | oo L.

Iaterial Gravity | Modutus Ratio Strength | a0 Strength Tem

1

(5P a) (TuIFa) () (TIPa) ( o

Polyester 1.21 3.6 0.36 &0 2.5 130 85

WVinyl ester 1.12 3.4 0.36 23 5 120 110

Epoxy 1.20 3.0 0.z7 B ) 130 110

Fhenolic 1.15 3.0 — S0 2 - 120

Table 2.1: Resin comparison [28]

As shown in Table 2.1, epoxy resin has superiorhaeical strength. It is, however,
difficult to process and is the most expensivehef tesins. Due to its low cost, polyester
resin is the most frequently used resin. Vinyl estsin is better than polyester resin as it
allows faster processing speed. Composite matanalsufactured from vinyl ester resin
can be processed five times faster than composaterials manufactured from epoxy
resin. Hence, vinyl ester resin is the obvious chorl he resin system used in this research
Is vinyl ester (Atlac) resin, which is quite simil@ polyesters in that it is cured by radical
initiated polymerisation. It is generally toughdrah polyesters. It exhibits a range of
exceptional properties including excellent chemicasistance, thermal stability, low
viscosity, ease of handling and good mechanicahgth. A drawback of the vinyl ester
resin system is the relatively low fracture tougiméhat it exhibits. However the vinyl
ester resin is derived from the reaction of an gparxd acrylic or methacrylic acid. This

would provide for the production of a range of pedes that can be attained by using

14



Chapter 2: Literature Review

different epoxy resins. Another disadvantage in tls® of vinyl ester resin is the
comparatively high cure shrinkage, which can reagh to 8%. Therefore during
manufacturing of the composite, care was takemdurooling by allowing the composite
to cure uniformly in the oven, thus reducing theeptial of thermal shocks occurring
which would damage the structural integrity [10].

Shrinkage of the matrix system upon curing can e€ahg creation of built in residual
stresses, which may cause the early initiatioratks in the matrix structure upon loading
[12]. This factor was taken into account in thisearch by simply allowing the cured
material to gradually decrease in temperature rath@n subjecting the material to a
sudden temperature change thus risking unaccepsdibbiekage of the cured material,

compromising mechanical properties.
2.2.2 Reinforcement forms

The main types of fibres used in pultrusions aesgland carbon fibres. The most common

type is glass fibre and the most widely used gddgass fibre is E-glass.

Glass fibres have extra features, which are meadidoelow:

high tensile strength

* |low density

* low cost

* high production rates

* non-flammable

* resistant to heat

* good chemical resistance

» relatively insensitive to moisture, able to maintatrength properties over a

wide range of conditions

» good electrical insulation [13].
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Glass fibres are based on silica with additionadles of calcium, boron, sodium, iron and
aluminium. There are many different classificatioofs glass fibre, although for this

research, the type of fibre used was E-Glass.
2.2.2.1 Roving and mats

As the fibres are very stiff in the longitudinatetition, they have a tendency to fail before
the resin. This is especially when the resin hdsgh strains to failure limit. To help
improve the transverse strength of the fibres, gnreybundled together in rovings. Roving
is properly defined as a number of yarns, stramdstows which are collected into a
parallel bundle with little or no twists [10]. Theifferent roving configurations are

available [14], which are illustrated in Figure 2.4

i

I
|

p - p - -, -

a). bl cl.

Figure 2.4: Type of rovings: a). uni-directiona), spun, c). mock [14]
e Uni-directional mat

A uni-directional roving is usually combined togethby a binder or by needling to make a
uni-directional (mat).In uni-directional laminatdl the fibres are aligned parallel to one
other and only offer high strength in the longitali direction ( see Figure 2.5a). It is
simply the resin that provides mechanical strengtthe transverse direction. This fibre
orientation is not suitable for uni-axially loadstluctures due to poor transverse and peel
strength between the laminates. To improve thexgtheof the composite in the transverse
direction, some other fabric/mat can be used asngbmation. This gives the composite

reduced, but equal strength in the longitudinal iadsverse directions.
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*  Woven mats

A woven fabric (see Figure 2.5b) is most common awmdilable in different standard
configurations. It contains rovings in which thegenbetween the warp and weft yarns is
90°. A balanced weave is one in which the number@unt of warp and weft yarns are
equal. The warp is the longitudinal direction, dahd weft is the transverse direction. One
disadvantage of this type of roving is that it ery difficult to impregnate resin at the
cross-overs, as is often the case; the rovingsteach other as shown in Figure 2.5b.

* Inlaid mat

Inlaid fabric contains warp fabric, which are baded with weft fabric and held together
by chain stitching with a fine thread (usually pegdyer as shown in Figure 2.5c). These are
equivalent to a plain weave except that the toves raot crimped. Inlaid fabric is less
common than woven fabric with few standard stylas, the abrasion in inlaid fabric is

lower than in weaving [10].
e Chopped strand mat (CSM) and CFM

A reinforcement mat comprised of randomly disperskedpped fibres (usually 25-50mm
in length) held together with a resinous bindee (B&ure 2.5d). CSM is produced in a
variety of widths, lengths and weights [15]. CFMsigiilar to CSM except the fibre is
continuous and swirled in a random manner [15] BSgare 2.5e).

¢« Combinational mats

Combinational fabrics (mat) usually consist of gelaof chopped fibre mat added to any

fabric e.g. longitudinal, woven, inlaid fabric bgywder bonding, stitching or needling.
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Figure 2.5: Types of mats: a). Uni-directional ¥t b). woven mat [7], ¢). inlaid mat
[10], d). chopped strand mat (CSM), e). continobieefmat (CFM) [7]
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2.2.3 Mould release agent

A pultruded section will be cured about 90% at &éx# of the die, which has a hard
chrome plating to stop wear. A mould release abastto be mixed with the resin, so that
the cured section does not stick to the die. Whersection is heated to initiate curing, the
release agent migrates to the resin at the sudfate profile and if it is not removed prior
to bonding, the efficiency of any adhesive joing de significantly reduced [16]. The
outer surface layer of resin can be removed bydabga This operation may be achievable
in a shipyard but naturally increases manufactudogts. The abrasion of the pultruded
surfaces prior to bonding has shown a modest isergabond strength in some cases [17].
Concern was expressed however, that this couldecausface fabric damage which
compromises bond strength. Abrasion of the surtaceemove the release agent rich
surface also produces a roughened surface finibighwin itself can improve the bond

strength of the material.

A more innovative solution to the problem may beptoduce mould release agent free
pultrusions. It is known that if a section with mall die contact area is to be pultruded
then a mould release agent does not have to be Tisecherospace industry specifies that
small pultruded components must be made withoubaldirelease to facilitate satisfactory
adhesive joint efficiency. For a larger profile aodified process or use of different

materials may make release agent free pultrusissiple:

e it may be possible to produce Teflon coated pulruglies [18]. Lack of die wear
resistance may render this impractical as pultrudies are currently made with a hard
chrome plated surface that has to be replaced aftery few tens of kilometres of

production

* microwave assisted pultrusion allows for a shadtersince cure is initiated prior to the
section entering it [18]. It seems reasonable sume that the pull force required will

be reduced, which may also reduce the need forddmelease agent.
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2.2.4 Surfacing veil and peel ply

Surface veil is based on fine fabric to form anrtaye on profiles, for smooth surface

finish and for environmental protection includes Wadiation attack. Peel ply is a very
fine surface fabric which may be incorporated ia thoulding process. The layer enables
efficient adhesive bond of composites, by peelimgnf the surface prior to applying

adhesive. The peel ply keeps all the glass edges @md smooth. When it is removed,
there are no sharp points or rough edges left [19].

Cowling et al. [20] have reported a 20% increasdond strength of polyester/E-glass
composite joints that are made with a peel plyaaf The improvement was credited to a
flat yet roughened surface finish. The surfacesfinrvas achieved without the broken fibres
that can often result from alternative roughinghteques such as shot blasting or rotary
grinding. Peel ply has the added advantage of amgsar clean bond surface as it can be
removed immediately prior to a joint being madetetlaminar, rather than adhesive,
strength has been shown to limit the joint strengfttpultruded polyester adherends in
double lap shear tests. It is therefore uncleasiiig peel ply, to alter the surface topology,
would increase the achievable bond strength inddse.

2.2.5 Fillers

Chalk (Calcium based) or clay (Aluminium basedefd are nearly always added to the
matrix resin system for pultrusion processes. iEilleot only reduce costs but also aid die
compaction, improve the aesthetics of the surfagehf and conduct heat away from the
composite once the exothermic cure reaction has imgated. The addition of filler can

change the efficiency of resin impregnation (bgaty the resin viscosity) and can change

the general processabilty of the resin [21].

The addition of filler has been shown to improvenposite material properties. The tensile
stiffness and strength of epoxy resin can increasethe addition of filler as can the short
beam shear and 3 point fatigue properties of a ositgp made with filled resin [22].
Further work from Paciornik et al. [23] has condddthat the addition of filler in
composite matrices improves the 3 point bend amattdheam shear performance of
undamaged material. However it was found that ésestance to damage propagation was
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reduced with an increased filler concentration.

Boyd et al. [24] pointed that the filler is emploly® reduce the cost of pultruded items by
increasing the volume of the resin and reducingetkgensive glass reinforcement. They
pointed out that filler tends to have a detrimeeftéct on the mechanical properties of the
joint. Binshan et al. [25] investigated a seriespoftruded profiles made with vinyl
ester/polyester as a resin and glass roving/CFMéworoving as reinforcement. They
concluded that the addition of filler reduced tleedl of void content in the pultruded

composite.

2.3 Applications of pultrusion and adhesive bonding

Pultrusion gives full freedom to engineers to brihgir concepts into practise. The use of
pultrusion, to be able to make a wide variety ainponent parts effectively, has seen a
steady increase in many industries such as thesgare, civil, transportation, renewable

energy and sports.

Airbus A380 adopts pultruded components in partheffuselage sections [26]. Figure 2.6
represents how the use of advanced pultrusion (AD&nployed in the floor beams of the
A380. However joining these pultruded sections &ndnd still remains a challenge in

order to achieve satisfactory joint strength.

Figure 2.6: A380 Fuselage
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This is due to the anisotropic and fibrous naturéhe pultruded material, and hence the
use of adhesives in such an industry has becomeeasiagly important. In the

infrastructures/civil/marine industry, the compesa&nd adhesive bonding includes decks
for both pedestrian and vehicle bridges acrossrwatges, railways and roadways, marine
plies and fenders, pier decking, railings, piped pantoons. Composite reinforcing bars
may be used to replace steel in conventional resefb concrete in order to prevent the

internal corrosion of steel reinforcement [1].

The use of adhesive as a structural fastener essaful in marine industry. An exemplar
application of where adhesively bonded joints cam$ed is in the repair of fissures/cracks
on marine structures such as FSO (Floating StoaageOffloading) vessels and FPSO
(Floating Production Storage and Offloading) vesd@7]. FPSO’s receive crude oll
through flexible pipelines which connect to thelssh(see Figure 2.7).

Figure 2.7: FPSO vessel and pipelines [27]

If a crack is discovered on an FPSO production mmeaye to be partially or completely
halted to allow the safe repair of the crack thiotige traditional method of welding. In
the oil and gas industry it is obvious to see that delay, even for a very short period of
time, could cause a substantial financial losshi® ¢company. By using an adhesively
bonded patch, the repair is much easier and qutokesirry out. Also, a weld repair would
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expose the materials being joined to very high tenaoires; this could be very dangerous
if the area being repaired was, for example, thié dfuan oil tanker. Adhesive bonding
therefore allows a safer method of repair in sygblieations. Also, if a composite material
is used for the patch instead of steel then theré¢hee added benefits of excellent corrosion
resistance, higher strength, lower weight and gretxibility within manufacture with
regard to creating complex shapes and varying tiesges. Shenoi et al. [28] discussed a
practical design of joint, which is suitable foretmepair of working structure. They
suggest a single butt strap adhesive joint perfdrmell in repair as compared to other lap
shear joints with similar metallic adherends su&h auminum, steel, titanium or

composite.

Structural pultruded sections have been used ssfodlgs in certain engineering
applications. A number of composite bridge struesunave been built in the U.S [29]. The
vehicle bridges in the U.S utilise pultruded gigldrat span the length of the bridge and a
modular Deck system; consisting of interlockingtpuded profiles bonded together with
additional face sheets to form a sandwich constmctThe weight reductions achieved
with the use of composites allows for an incredbed weight and reduced construction
costs. Reduced cost and corrosion resistance ldat lencreasing numbers of bridges

utilising composite components in the U.S.

Figure 2.8 shows a typical example of a pultrudeahmosite bridge. The bridge is 24.5m
long and 5m wide and weighs only 12tonnes. Thisesdke bridge about 30 times lighter
than a comparable concrete bridge. The Aberfeldybitdge [30] was built over ten years

ago in Scotland (see Figure 2.9).
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Figure 2.9: Aberfeldy foot bridge in Scotland [31]
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In trains and trams large side panels combiningsteont quality and strength can be
pultruded as shown in [30] Figure 2.10.

Figure 2.10: Train and tram pultruded body par§ [3

Carbon fibre laminates (plates) are successfulsdu® repair and strengthen masonry
beams, columns, buildings and other structuresantusually be embedded or bonded in
place by hand without the need for heavy liftingipgnent. Such repairs can be carried out
much more rapidly than any traditional techniquee(Eigure 2.11).

Figure 2.11: Strengthen and repair of concretesiras [32]
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2.4 Adhesive bonding

Adhesive bonding is desirable in many circumstaroesause it eliminates the stress
concentration factors associated with mechanican®ef joining. Introducing holes into a
structure, in order to accept mechanical fastesigrsficantly, reduces the strength of the
composite and therefore composite materials amregpdandidates for adhesive bonding. In
this section the adhesion and properties of adbsssuch as wetting and surface

preparation are all discussed.
2.4.1 Adhesion

The adhesion in which the adhesive interlock thésgay an interlocking action around the

surface roughness of the parts [33] as shown iarEig.12.

A dhestve

Wm

Part

Figure 2.12: Mechanical Inter-locking [34]

The mechanism of adhesion is not fully understood aeveral theories have been
proposed. The main mechanisms have been proposkthlogh [34] through absorption
theory. This states that the parts are initiallpgol together by intermolecular contact. This
intermolecular contact is achieved through molecideces on the surface of adhesive and
adherend. Kinloch [35] also found that mechanictdrlocking and surface irregularities
are the main source of adhesion. Bickerman [3@jgsests that the mechanical inter-
locking between the bonded surfaces was suffidertave strong interface. Voyutskii
[37] proposed that the adhesive particles dispergistablished the adhesion cross the
interface. Deryaguins [38] suggests that the etattcharge layer at the interface formed

adhesion. Staverman [39] pointed out that the afftesurface forces, due to chemical
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composition at the interface, followed adhesion.

Perhaps the most important factor that can deteritina adhesive’s strength is the ability
of the material to be wetted. Wetting can simplydascribed as the contact between a
fluid and a surface when they are brought into acmntlf a surface is said to have high
surface energy, then a drop of liquid will be séerspread over the surface, or wet the
surface, effectively. On the other hand, if thefate energy is low then the droplet will
remain as a droplet on the surface. Therefore @eroto achieve effective wetting, there
needs to be strong attractions between the adhesdlecules and the substrate surface
[40].

Several authors [41,42] have noticed the wettinabmur and proposed different

hypotheses, which differentiate the wetting featusetween smooth and rough surfaces.
The degree of wetting can be measured by contagle an which the adhesive drop is

plunged on the adherend surface with the assumptiainthe adhesive drop should not
interact with the surface. The size of adhesivg@dsan tens of micro litres, measured by a
goniometer. Such measurements are based on dirégioeceding and advancing contact
angles. The contact angle hysteresis is obtainekkrureceding and advancing contact
angle conditions. Surface roughness and molechianges in the adherend surface with

the interaction of the adhesive are the possilasaes of contact angle hysteresis [41].
2.4.2 Surface preparation

Surface preparation plays an important role iniat’® strength and durability. For the
development of a strong bond joint intermoleculantact at the interface is very
important. Moreover, thorough surface preparatoalso imperative if an acceptable joint
strength is to be achieved. Any sort of contamirgamt ingress into the adhesive and can
have an adverse effect on the overall strengthhef jbint. However, no amount of
preparation will ever completely free a surfacecohtamination, even if the material
surface has been newly machined there may stilh Barface film present due to metal
oxides, carbon dioxide or water vapour [40]. Hwtance, in this study the tensile and
shear specimens were manufactured from aluminiunchMorms a spontaneous oxide

film on its surface, and although not visible te thaked eye, it may cause interfacial

27



Chapter 2: Literature Review

bonding problems between the surface of the alummrand the adhesive.

As stated previously the surface needs to be shah High wettability can occur by

initiating high surface energies on the surfacas Tlan not occur on smooth surfaces and
so the surface of joints often needs to be preparedder to maximize surface energy and
ensure thorough wetting. Some of the methods ofteed are: mechanical abrasion,
sandblasting, acidic etching and solvent degreading some methods are restricted to
composite material. All methods change the chengomposition of the surface as

reported by Pocius [43]. Boone et al. [44] repdrtieat whichever method is chosen all
result in changes in surface tension, surface noegghand surface chemistry, which in turn
affect the bond strength. It has been provenrthaghening the surfaces prior to adhesion
actually enhances the joint strength and the eféédhis is that any loose contaminant
particles are removed from the surface. This ecdmmechanical interlocking with the

adhesive [44]. Bakers [45] proposed improved jainength when the argon ion etching

technique is used for surface cleanliness aftébtast.

Wingfield [46] and Brockmann [47] pointed out the joint bond strength is directly
related to proper surface preparation of the pertde joined. Surface preparation is
important for more than one reason, all of whiahmentioned below:

» surface roughness improvement

* to change the surface chemistry, this is more es leompatible with the

adhesive
* to remove the weak oxide layer from the joint scefa

Sandblasting is unsuitable to prepare a composiface prior to bonding. This is due to
the fact that the extremely harsh abrasion causedabdblasting would have actually
damaged the fibres and therefore the reinforcirtigreaof the composite material. In the

end, this would have reduced the mechanical priegest the composite.

Parkers [48] suggests that in composite adherahésjnitial bond strength is directly
related to the surface preparation to remove afasa contaminations. Guha et al. [49]
conclude that acrylic and urethane adhesives gatteibstrength with only a wipe of the

surface. Also epoxy adhesives give good strength abrasion or flaming the joining
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surface.

Wingfield [46] suggests various surface preparatr@thods for composites, which are as

follows:
» dry clean rag wipe: good to remove surface dust onl

» solvent wipe: solvent wipe is better than dry clegnbut still oil /grease exists

on the surface after the solvent wipe
» abrasion with emery paper: ideal for GFRP compssite
» grit blasting: good for epoxy resin composites
- flame, laser, plasma : good for low surface enéngymoplastic

« peel ply : peel ply is the woven fabric appliedlmnding during manufacturing
and is removed just before bonding to ensure a slédace. But there is some
conflict in the literature about a contaminatioeefrsurface with peel ply as the

peel ply leaves chemicals on the bonding surface.

The pultrusion process requires internal mouldasds and it is essential that the surfaces
are properly prepared prior to coating. The mowkkase agents create a film on the

surface of the profile. It can be removed by usiageral different techniques [50]:

« solvent wiping is the simplest method of surfacepgaration. Several solvents
will attack the mould release films. Some of thasdude xylene, acetone, or

styrene
» abrasion with emery paper is ideal

» sanding will also adequately prepare the surfacewvév¥er, if the surface is
broken, minor imperfections can be exposed andetlhesome quite visible

when paint is applied. A sand and fill primer ibgd to help this situation

» sand-blasting can be used as a surface prepatatibnique, but exhibits the

same problems as sanding.

In the literature more work about surface preparatif aluminium is available than any

other metal. In the case of an oxide layer beimg@nt on an aluminium surface, chemical
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treatment is not recommended due to cost and suc@mplexity [51].

2.5 Joint Analysis

2.5.1 Analytical determination of stress distributi

The stress distribution in an adhesive joint is fimary importance for the
engineer/designer to minimise stress concentraimh assess safety factors. One of the
most common adhesively bonded joint designs uséttumstry, as a quality control test, is
the lap shear joint. Initial work on classical thee about the stresses occurring within a
lap shear joint was carried out by Volkerson [58H &olland & Reissner [54]. Their
analysis was based on closed form solution of ttesses in single lap adhesive bonded
joints. Volkerson’s [52] equation took into accouhe shear induced deformation and
combined them with the tensile expansion of theseglids. This results in a more accurate
shear stress plot, which demonstrated stress pe¢dks free edges of the adhesive with the
low stresses between the edges as seen in Fidilge 2.

=hear
stress

|—>x

Figure 2.13: Volkerson’s shear stress distribuéiaod deformation in a
single lap joint [53]

Goland and Reissner [54] extended Volkerson’s viyrkonsidering the bending moment
effect, associated with the bending of the adher€iglre 2.14 shows that in addition to
the peak shear stresses predicted by Volkersarsuease stresses also peak at both edges

of the bond-line. These end zone peak peels arat stresses govern the strength of the
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joint [55].
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Figure 2.14: Golland and Reissner peel stresglulisibn and deformation in a
single lap joint [53]

Hart-Smith [55] considered the analysis of single joints under the Primary Adhesively
Bonded Structure Technology (PABST). He took the-ear behaviour of the adhesives
and adherends, including composites, into condiideraHe pointed out that the plasticity
in the adhesive lead to further improvement intatjstrength. His analysis simultaneously
determines the edge bending moment and the adh&tsesses while taking into account
the effect of large deflection of free adherends,ignored the effect of large deflection in
the overlap. Other factors like failure modes dretihal effects were also considered.

Adam and Mallick [56], Allman [57] and Chen and @be[58] considered shear and
transverse stress variation through the thickné#isecadherend and adhesive, which were
ignored by Golland and Reissner. Tsai et al. [58tked on laminated composite as an
adherend by considering the shear stresses vattyinggh the thickness and proved that
this method is more compatible with the experimergaults than the classical method
offered by Volkerson [52], Goland and Reissner,)[®enton and Vinson [60] included
the variation of stresses in the adherend, butimahe adhesive layer. Adams and
Mallicks [56] investigation is based on adhesivas#®-plastic behaviour in single and
double lap joints under tensile loading, while sabgd to thermal stress. They conclude

that through thickness peel stresses are alwayshdotmand the main cause of composite
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failure near the interface. Bigwood and Crocombé] [6tudied linear analysis and
suggested an engineering formula for the desighooided joints. Wang and Rose [62]
worked on triaxial stresses in bonded joints thiowgpalytical solutions. Robert [63]
presented a two stage analytical solution to meashe shear and transverse stress
distribution in various types of adhesive bondedtg

Analytical methods have their own limitations inltpuded laminated composites due to
their complex nature, convoluted boundary condgiand the combined effect of various
failure modes. Therefore finite element analyBEA) with a suitable failure criterion can

be used for predicting the failure behaviour oftjuged composite structures.
2.5.2 Numerical determination of stress distribmtio

The use of finite element modelling is an extremedeful numerical analysis technique,
especially when combined with an experimental gapogne. Significant studies encourage
the use of FEA to observe the behaviour of an adhgsint. The meshing of the FEA
model is always debatable, because it is considarathportant factor in two ways, i). for
more accurate results, ii). to estimate the sinaratime required to run the analysis.
There are various techniques which can be useedaoce the simulation time. These
include mesh refinement, submodelling, and symmabyndary conditions. For lap shear
joints, the high stress region exists near the @nthe free edge and submodelling is
normally introduced in such a region [64]. Submbdglis also known as a cut boundary
displacement method. Wahab and Ashcroft [65] usdimedelling in the centre of an
adhesive bondline, which contained all the infoioratabout semi-circular crack.
Symmetrical modelling in FEA only needs a portidrtfee full model. Other authors [66]
used symmetrical model in the analysis of adhesoreded joint. As a result of symmetry,
the simulation domain reduced, at least, by a faaftéwo. The reduction in the simulation

domain could introduce a finer mesh, resulting mrenaccurate results.

Tong et al. [67] pointed out that the stress cotreéion at the edge is mesh dependent in
the absence of adhesive fillet. This mesh depernydalso exists in non-linear analysis as
pointed out by Sheppard et al. [68]. Hattori [69]daGroth [70] noticed that stress
concentration is the main cause of failure in bahpents. Katona and Batterman [71]

analysed the adhesive bonded joints through adtiesarface roughnes®radhan [72]
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analysed the adhesive bonded joint through filgeent analysis. He used a strain energy
method to understand the de-bonding in the cratqedhear joint. Eight interface cracks
were suggested at different locations to studyr thewth along the interface. In addition,
different values of elastic modulus, thicknessesadfierend and adhesive, and overlap
length were studied.

Liu et al. [73] analysed the single-lap adhesive joints with digamadherends under
external bending moments. They pointed out thatdgomrrelation was found between
analytical and FEA at interface stress distributibew important points are concluded in
FEA analysis about the strength of the joint arebéhare as follows:

» the effect of stress singularity is greater at thterface of low Young's
modulus adherend
» the adherend length put nominal effect on the stsegyularity at the interface

» the joint strength increases with the increase @ing’s modulus and thickness
of adhesive

» the adherend length put nominal effect on joirdrsgth.

Liu et al. [74] studied the stress distributionsingle lap riveted adhesive joint by FEA
under the external bending moment. Good agreemenfound between FEA and
experimental results. Three joints, i). single tagted adhesive joints , ii). single lap
riveted joints, iii). single lap adhesive jointseaused in this study . The following

conclusions are made:
« all the joints have comparable strength with thimetherends

* single lap riveted adhesive joints have the higjast strength

* single lap riveted joints have low strength witickhadherends.

Mitra et al. [75] presented numerically (FEA) tiierrfacial stresses and deformation of an
adhesive bonded lap joint under tension. It wasdiothat the transverse stresses are more
dominant and are the cause of failure. They alggest a few critical locations for failure

initiation in the joint. Wooley et al. [76] presext FEA of single lap joints to examine the
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adhesive modulus, overlap length and adhesive Ioedthickness effect on the joint
strength and found good correlation between FEAaralytical results. Delale et al. [77]
proposed a closed form plane strain analysis oksighly bonded joints. These joints
consist of two different orthotropic adherends witbnstant thicknesses. They also
assumed a very thin adhesive without considerirgy ttirough thickness variation of
stresses in the adhesive. They concluded a goadlaton between FEA and analytical
results. Crocombe and Adams [78,79] performed @lplststic investigation of the peel
test. They found that the principal tensile stiashe peel test drives the crack towards the
thin flexible adherend [80]

Sawa et al. [81] analysed a single lap joint witissimilar adherend under tensile load.
They found the stress singularity occurs near ttgeeof interface but it increased with
different factors like: i). low modulus adhereng, small thickness adherend, iii). small
ratio of upper and lower adherend length, iv). vty adhesive bondline , v). thick

adhesive bond line. Good correlation is found betweEA and analytical results.

Representative volume element (RVE) is anotherradtese approach to virtual testing by
a means of computational micromechanics [82,83s @pproach is well suited to measure
the mechanical behaviour of composites. This eklicakes into account the fibres,

matrix and their interfaces.

Totry et al. [84] adopted the representative volwsteament (RVE) approach to compute
the failure locus of a composite. The compositedusethis study was based on 50% Vol
of carbon fibre embedded in an epoxy matrix, whschubjected to transverse compression
and out-of-plane shear loading. Through this ctutste model, they focused on the
interfacial strength of composite and prediction faflure locus. They proposed this
constitutive model presented several advantagestbgestandard experimental approach,
which includes full control of the composite prajees without any uncertainty and scatter.
They conclude that the dominant failure was intsfdecohesion rather the matrix plastic
deformation. The influence of the weak interfacasstrength was much more severe in
shear than in compression. Haj-Ali et al. [85] pegd a 3D micromechanical constitutive
models for pultruded fibre reinforced compositebey considered the two alternating

layers of roving, continuous filament mat and thfdare/matrix constituents within the
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cross section of the pultruded composite.

Fish et al. [86] presented multi-scale damage niodefor composite materials. On the
basis of micromechanical scale, they introduced¢ipeesentative volume element (RVE)
to model the damage initiation and growth of micoggc damage and their effect of
strength. The RVE is small enough to distinguisé thicroscopic heterogeneities, but
sufficiently large to represent the overall behaviof the homogeneous medium.
Gonza'lez et al. [87] presented multi-scale mongllof fracture in fibre reinforced
composites by three point bending of a notched belme multi-scale modelling was
based on an embedded cell approach. The notched Wwaa based on two regions: one
around the notch tip which contained all the dstaf composite micro structures
separately, like matrix (resin), reinforcement antrfaces. While the other region was
surrounding the firstregion, presenting the composite as an isotropimdgzneous
material. This micro-level region around the notth controlled the damage by
considering the matrix plastic deformation, britfiere fracture, voids at fibre/matrix
interface and fibre/matrix frictional sliding. Theeparameters were taken into account in
the simulations to assess their influence on thesststrain curve, failure strength,
ductility and the corresponding failure modes. Thpegposed that this model is ideal for
performing parametrical studies of the influencetloé constitutive properties on the

overall composite properties, which is also implalssio carry out experimentally.
2.6 Failure in bonded composite joints.

It is particularly difficult to identify bonded coposite joint failure modes, but the
American Standard [168] details a method for tigentification and classification. Seven
classes of failure are mentioned below:

+ adhesive failure: failure occurs to be at the adieesdherend interface

* cohesive failure: failure occurs with in the adkesi

» thin layer cohesive failure: failure occurs verpsg to the adhesive adherend

interface

» fibre tear failure: failure occurs within the fibreinforced plastic (FRP) matrix
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» light fibre tear failure: failure occurs with inéhadherend near the surface,

visible on the adhesive with few or no glass fibres

» stock break failure: failure occurs when the segi@amas within the adherend
but outside the bonded region

* mixed mode failure: failure is the mixture of ailtires.

Failure in composite adherends is complex and bélldependent on a variety of factors.
With the use of metallic adherends, the situatidhtve very different due to the isotropic
properties of the material. However, due to theatnopic nature of the material properties
of composite materials, the in-plane and througtktiess strengths of the material will be
different. Delamination failure is generally accaptas the most common mode when
failure occurs in the adherend. Experimental testd theoretical analyses have been
carried out for a wide range of composite laminatdctures, including glass reinforced
polyester, glass reinforced epoxy, carbon reinfbrapoxy, etc. These are well
documented [23]. The remaining dominant charadteres adhesive-bonded joints is the
peel stress developed in association with the séteasses. Like the shear stresses, these
peak at the ends of the joint. While this phenomenas long been known for single-lap
joints, it is only recently that it's impact on imcing laminate failures, in thick double-lap
joints, was recognised. The low interlaminar tenstrength of composite laminates limits
the thickness of the adherends which can be botutgdher efficiently by lap joints. The
interlaminate splits apart locally due to peel stes, thereby destroying the shear transfer
capacity between the inner and outer plies. Thesloads the outer filaments, which break

in tension, and the failure progresses as portrg8&jdn Figure 2.15.
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Figure 2.15: Stages of delamination failure [88]

Understanding of failure mechanisms and behaviourcomposite bonded joints is
important for accurate and reliable failure predict Failure prediction requires complete
understanding of failure initiation, growth and need Analytical methods have their own
limitations in pultruded laminated composites doetheir complex nature, convoluted
boundary conditions and the combined effect oforagifailure modes. Therefore finite
element analysis (FEA) with a suitable failure enitn can be used for predicting the
failure initiation of pultruded composite structsreDifferent failure criteria have been
reported for joints are active in literature, édaximum Stress or Strain criteria, Tsai-Hill,
Tsai-Wu and the Hashin failure criteria etc (se@&mlix D).

Composite bonded strength depends on many paranatdrtheir influence on the failure
prediction and strength was experimentally studi®d many researchers [89-94].
Parameters like surface treatments, adhesivesfilleindline thickness and their variation,
surface ply angles, stacking sequences and enveotainconditions were considered in
these studies. Failure prediction in composite kdngints was considered by many
researchers in previous studies and the majoritg Wased on the failure mode observed

during experimental testing [92-97]. This testingines out that the failure prediction
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method has two types: (i). stress/strain approéiph,fracture mechanics approach. The
stress/strain approach uses failure criterion égpstwhich consider critical stresses and
strains in a bonded joint. This approach for falprediction is quite acceptable as
compared to the fracture mechanics approach indubjaints as this approach is based on
initial crack assumption and it's growth dependsaostrain energy release rate computed
by experiments. Furthermore the fracture mechaajgsroach is not appropriate for

bonded joints as adhesive bonded joints alwaysvi#tilout initial cracking [98].

Many researchers worked on failure prediction arehgth improvement of the composite
bonded joint in the past but ignored the plastibaveour of the adhesive material.
Adhesive plastic behaviour is quite important beeathis influences, the stress and strain
distribution with in the adhesive layer as wellimshe composite adherend adjacent to the
stress concentration region [99].Tong L [100] reépdrthat failure often takes place at the
fibre/matrix interface, adjacent to the adhesiveirdu the strength measurement of
adhesive bonded double lap joints. There is a tdaknderstanding in failure prediction
and strength of adhesively bonded pultruded jointselation to fabric architecture, at
meso level. Keller et al. [101] reported that jdeature was initiated by the combination of
through thickness peel and shear stresses in thesae fillet and in the outer
combinational mat layers of the adherend below jtmet edges. In this research the
pultruded GFRP profiles are based on uni-directioravings to the centre and
combinational mats towards the outer surface. Tmehinational mats are based on CSM
(chopped strand mat) and woven roving. They comduthat ultimate failure always
occurred by delamination in the mat region. Thegdusa new shear-tensile interaction
(STI) testing device for combined shear-tensiledings and introduced the shear-tensile

interaction failure criterion for measuring theanéminar stresses.

Adams et al. [102] pointed out that the cracks pgaped easily through the thickness
direction between the mat layers, where therettie lreinforcement. Final failure occurs
when the surface layer delaminates from the addenerthe overlap region through a

combined peel and shear stress including the temssshear in the composite.

Carlos et al. [103] presented all relevant failargeria for FRP laminates in their studies.
Adams and his co-authors [104-106] performed failanalysis of adhesively bonded
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joints. Their analysis took into consideration bgdometric and material non-linearity in a
plane strain condition. They used a maximum prigcgress or maximum principal strain
failure criterion for the prediction of failure bonded joints. Other authors [107-110] also
used Adam and his co-author's FEA strategy forpiegliction of failure in the adhesive.
Dvorak et al. [111] assumed that the crack inifaé¢ a localised region due to fibre
debonding and matrix cracking. Then this might jpiggie along the fibre or perpendicular
to the fibre axis. They found that the strengthigmificantly improved by reducing the ply
thickness. They also found that the strength adktiplies is initially constant, but it starts

decreasing with pre-existing void/damage.

Sheppard et al. [68] used a localised plastic denzage approach rather than focusing on
a singular point at the ends of the joints to preéthilure in a DLS composite specimen
and reported a reasonable prediction within a 208ér enargin. This would be more
reliable than the simplistic approach of considgtiime maximum stresses at a prescribed
distance away from the point of singularity. Theyserve from the literature [112, 113]
that the adhesive bonded joints do not inhererdlyeha macroscopic crack and failure
could initiate from the material damaged zone. @& Ibasis of these observations, they
suggest that fracture mechanics and material basmttls, which use stress/strain at a
singular point, are not valid for the prediction int strength. This damage zone
approach, introduced by Sheppard et.al is an exiters the singular point approach for
composite failure given by Whitney et al. [114].hét authors [115,116] used the same

approach for failure prediction in an out of plamenposite adherend.

Clark et al. [117] used the same approach on adhésilure and suggested the possibility
of joint failure when the principal stress over tteemage zone exceed the ultimate tensile
strength of the adhesive. Similarly John et al8]1duggest that failure occurs in a bonded
joint, when the stresses in adhesive, at spedifical locations, exceeds the shear yield

stress.
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2.7 Previous research on pultrusion bonding

Boyd et al. [23] pointed that pultruded items haigher probability of interlaminar failure

than conventional composite items. They experimigrizsted two pultruded planks :

* Plank 1: where the outer surface layer is CFM (@aioius Filament Mat),

while the rest of the thickness is made up withuthedirectional fibres.

* Plank 2: where the outer surface layer is needlecmataining woven roving,

while the rest of the through thickness arrangemardg the same as plank 1.

They pointed out that plank 1 has higher ultimatength than the plank 2. Perhaps a
reason for this is the woven roving providing exdti@ength with uni-directional fibres near
the surface of the needle mat panel. They alsoleded that although plank 2 has needle
mat providing extra strength, the Plank 1 with CgMes a stronger joint. Plank 1 was
delaminated between the uni-directional fibres, IsthPlank 2’s delamination occurred
between the woven roving and chopped strand mé&tcaurFinally they concluded that the

needle mat does not increase the butt joint stheoigtomposite materials.

Keller et al. [119] proposed that the joint effiooy could be significantly improved by
strengthening the mat with fibres in the throughkkthess direction. They used a pultruded
rectangular section based on uni-directional ravitigthe centre and a combinational mat
towards the outer surface. The combinational mathesed on CSM (Continuous filament
mat) and woven roving. The ultimate failure by deilsation observed in their research of
approximately 0.5mm offset from the adherend swexfathey proposed that such
delamination could be significantly improved bynfercing the mat region with fibre in
the through thickness direction. They also condiutie adhesive thickness up to 3mm had

small affect on stress distribution.

Zhang et al. [120] tested adhesively bonded jainteposed of pultruded GFRP laminates.
The layers configuration in such pultruded laminates based on combinational mat layer
consisted on CSM (Continuous filament mat) and wawwing as a surface layer and uni-
directional rovings used towards the centre of teat@. They reported the ultimate failure
occurred in the outer mat layers of the GFRP pdédulaminate.

Lee et al. [121] present the experimental invetiigaof adhesively bonded joints. The

40



Chapter 2: Literature Review

joints were made of pultruded GFRP adherends: hgavie same stiffness as the members
that would be used in FRP bridge decks. The puwtlutiherends were made of vinyl ester
resin and glass fibres with orientations d&f 0C°, 45’ and -48. Failure within the
adherend near the interface was observed in mestirspns. They concluded that the
peeling effect is the main cause of failure in aiNwy bonded joints. They suggest that

double lap joints would be more suitable in the FiRBge deck application.

Lee et al. [122] present the experimental invesitigaof pultruded GFRP decks under
static load. Two types of fabric architecture waesed: i). DBT (4%90%/-45%) and ii). LT
(0°/90°). ABAQUS was used for the verification of experimtad results. It was found that
the behaviour of all specimens show linearly etaatid brittle fracture. They concluded
from the experimental results, that DBT deck exkihigher stiffness and strength than LT

specimen.

Previous research [23,101] on lap-shear jointgptdirusions with random outer mats has
shown that failure initiates in the adhesive spdigtfor in the outer mat layers of the
pultruded laminate at the joint edge. Cracks thasily propagate between the mat layers
(usually random mat) where there is little throtlgickness reinforcement and an inherent
stress concentration. Boyd et al. [23] proposedgef bonded joint be used, for pultruded
materials, to eliminate the load in the througttkhess direction. This joint concept was
further studied to measure the joint efficiencyusyng both FEA (finite element analysis)
and TSA (thermoplastic stress analysis) [123,12Zh¢ preparation of the finger joint was
complicated and time consuming in comparison td tifathe butt joint. However, a
pultrusion made entirely from glass UD fabric la/dvas no surface ply as such, so the

delamination mechanism detailed above does notpiake [4].

Failure occurs a few filaments deep into the contp@nd hence the strength of this type
of material could be superior to the more tradaiosandwich lay-up with surface mats.
Failure occurs when the surface layer delaminates the adherend in the overlap region
through a combination of through thickness, ten@iansverse) and shear stresses in the
composite. Failure may also be initiated at therlatninar region between the rovings into

the overlap region of the composite - the formdrakeved to be the most critical [125].
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Herakovich et al. [126] examined the fibre spacarmgl resin rich areas in pultruded
composites and concluded that significant stremgithuction is due to uneven fibre
distribution and spacing between them. Pultrudedpmsites show a non-linear response
during loading, which is due to the nature of de#f@ materials’ lay-up but the major
impact is due to the voids and micro defects. Wahal. [127] studied the tensile
behaviour of a pultruded I-section beam structifeid content is relatively high in
pultruded composites as compared to the compasidele up by other methods. They also
showed a large number of voids at different locetiof an I-beam which affect strength in
both longitudinal and transverse directions. Ontheflimitations of the pultrusion process
is the resin heat transfer problem due to hightexotic curing reactions and low thermal
conductivity. Therefore the variation of temperatduring the process generates voids and
cracks on the pultruded parts quoted by Paciorhikl.e[128]. They pointed out these
defects and cracks due to improper resin heatfeadsaring curing affect the mechanical
properties as well as help to moisture absorptiturt. vinyl ester resin as a matrix with
glass fibre performed well to control the heat $fen problem and variation in temperature

during pultrusion process

Binshan et al. [25] tested a number of pultrudeafil®s to measures their fibre volume
fraction and mass density. Such a profile was basednyl ester / polyester resin system
reinforced with different layers of glass roving; @ and woven roving. They reported the

void content in the pultruded profile to be abotg%.

Ganga Rao et al. [129] have published work on #atofs that should be considered when
designing pultruded adhesive bonded joints e.gint jcefficiency/stiffness, stress
concentration, failure mode. Liu's [130] researdhating to the pultrusion process, is
concerned with the control of the critical procgssameter such as die temperature and
distribution, pull speed, fibre content and resineknatics. Hartley [8] highlights the
general rules of thumb in a pultrusion overview.atidition Hartley has also pointed out
that although vast amounts of research have gawetlire pultrusion process it is still
described as a trial and error type process. Allddtdescription of the pultrusion process
can be found in Peters [6]. However, none of thevabwork has taken adhesion into
consideration. The pultruded sections are largalyed by fastening methods. Barbero et

al. [131] studied the post critical response oftrpded FRP composite under buckling.
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The study focused on pultruded columns.

Pyror and Barker [132] performed a finite elementlgsis of laminated composites.
Herakovich [133] analysed cross ply, angle ply gqudsi-isotropic laminates to explore the
delamination failure. He found that elastic promsrimismatch between composite layers,
iIs the main cause of interlaminar stress enhancemeénch proceeds to delamination
failure. He also concluded that the delaminatiatiation starts with the combination of
both interlaminar shear stress and interlaminansirarse stresses. Pagano et al. [134]
presented some fundamental elements in his workchwbnhanced the interlaminar
strength of composite laminatézagano et al. [135] suggested that the compasitenhte
delaminates due to both interlaminar shear andlamenar transverse stresses. Good
correlation was found with experimental daRappo et al. [136] used interlaminar shear
stresses, while the effect of interlaminar transgestresses was totally ignored in their
theory of laminated composites.

Amar et al. [137] presented a delaminated mod®mposite structures and suggests a few
precautionary measures of how to control the delation and make the structure more
damage tolerant. Kairouz et al. [138] performe@dnFEA of a single lap joint to see the
stacking sequence effect on the overall performasfcthe joint. They found that the
stacking sequence does not have the influenceiohgtength but it does have an effect
on the failure system [139]. Pradhan et al. [14@ppnted a parametric study of adhesively
bonded composite joints, which includes the diffiérstacking sequence, crack locations
and bond length/thickness. The strain energy methasl used to observe the trend of
interlayer debonding and they concluded that the@rsenergy method is sensitive to the
stacking sequence. Ratwani et al. [141] presertedstacking sequence effect on the
damage propagation and failure modes in composmeinktes. They found that the
damage propagation direction depends on the s@daguence. Lakshminarayana et al.
[142] studied the accuracy of finite element madgllof composite material laminates.
Good correlation was found between FEA, analyteal experimental results. Herakovich
[143] studied the influence of layer thickness ba strength of angle ply laminates. He
concluded that the strength and stiffness of thigefiwidth angle ply laminate is improved
with the alternating layer stacking sequences. életed out that the strength of the angle

ply laminate arrangement can be fold higher thandister configuration. Harrison and
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Bader [144] presented the influence of the stackieguence of carbon fibre/epoxy resin
laminate. They showed that the stacking sequenttealiernating configuration exhibited

higher strength than a clustered configuration.
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Chapter 3

Experimental Programme
(Material Properties)

3.1 Introduction

The reliability of bonded joints depends on theititions of the material being used and
the veracity of joint design. Accurate mechanipebperties of all materials used in
bonded joints must be taken into consideration.s&hwill require the properties of all

constituent materials to be determined .

This chapter explains the analytical and experialgmocedures on various materials used
in this research to obtain essential mechanicgbeptees. The three main materials and
their properties used in this research are GFRRrugi@d composite (elastic and
orthotropic), epoxy adhesive Araldite 2015 (elgslmstic) and aluminum (isotropic). The
main constituent materials used in the fabricabibGFRP laminates are based glass fibre
and vinyl ester resin. Since a composite matesialot isotropic, it is impossible to predict
exact properties as there are too many variabias, however, possible to estimate the
properties using the rule of mixtures, Tsai and rHafuations and transversely isotropic
materials assumptions. Another method of deterrgitie mechanical properties of the
composite material is to conduct mechanical tesflimgp composite material was tested in
accordance with British Standards [165]. The adleegroperties are another difficult area
of investigation. This was based on bulk adhesasgicg and testing and a standard steel

butt joint. This also required data from manufaetar

The chapter continues to explain how the compamiig adhesive test specimens were
constructed with the aid of a mould. Later, theadgtof experimental testing and their

relevant results will follow. Microscopic observats were made to further complement
this work.
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3.2 Composite

There are different classifications of glass fibaad it is extremely important to use the
correct fibre, so that it may be best suited to gaeticular application. The main
constituent materials used in the fabrication oRBFcomposite are based on E-glass fibre

roving as a reinforcement and vinyl ester resia bsder.
3.2.1 E- glass fibre

Glass fibres are the most common type of fibreedusa the pultrusion process, due to
their high tensile strength, low density and lovstc[.3]. The composite provider, (Exel
composite Ltd. UK) uses E glass as reinforcement 3izes of glass rovings were used in
this research, namely 4800Tex and 3600Texunit of linear density equal to the massin
grams of 1000 meters of filament or yarn. In addition the mechanical properties and other
characteristics of glass fibre were provided by anuofacturer (Formax UK Limited).
Typically, E-glass individual flament has a diaerebetween 8 and géh. Laboratory
microscopic observation and manufacturer suppligih ¢proved that individual filament

size used in this research were the same (16unetkanas shown in Figure 3.1.

Specimen A wm) Specimen B { wm) Specimen C( wm)
Left Centre | Right || Left Centre | Right Left Centre | Right
168747 | 16722 | 16692|[N16487 | 16462 |16.455|| 16.33¢ | 16.377 | 16.388
Average | 16.720 Average | 16 468 Average | 16.355

Figure 3.1: Microscopic observation of single fikamh

3.2.2 Vinyl ester resin

Vinyl ester resin is commonly used in the pultrasprocess for high production rate and
to control voids: as voids contents are relativegh in pultruded composites as compared

to the composites made up by another method [1ZFg variation of temperature during
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the pultrusion process generates voids. But visggreresin as a matrix with glass fibre as
a reinforcement performs well to control the heansfer rate [23]. These void/micro
defects affect the mechanical properties as wetlefising with moisture absorption. Atlac
Resin 430 was used as a vinyl ester resin with TRIGardener) and TRIG 21 (Initiator)
with the mixing ratio 100:8:8 100 parts resin byigh, 8 parts hardener by weight and 8
parts initiator by weight. This proportion is givbg Exel composite Ltd. UK and the resin
manufacturer. The resin manufacturer (DSM Composaten) provided a stress-strain
curve (see Appendix A6.2) and technical data s{ssst Appendix A6.1), which included
mechanical properties, major applications, procgsand other characteristic.

3.3 Composite properties

GFRP composites were produced with E-Glass fibppked by Formax in the form of
tows or rovings and Atlac 430 resin would norm&ié/mixed with TRIG C (hardener) and
TRIG 21 (initiator) supplied by Exel Composites LtdK. In this research, two
procedures were adopted for the measurement of asitepmaterial properties. These are

mentioned below:

* Analytical procedure based on manual method to thedfibre volume fraction
of laboratory made laminate.
« Experimental procedure based on manufacturing estthy of pultruded straps

provided by the manufacturer (Exel Composite LtH).U

3.3.1 Analytical procedure

The analytical procedure was based on manual egionlof fibre volume fraction in a
single glass roving and meso scale laminate arf Wwete impregnated in the laboratory.

A difference of 1.8% was found between them. Detaie given below:
3.3.1.1 Fibre volume fraction in single E-glass ramg laminate

An analytical procedure was adopted to find theefizolume fraction in order to establish
the longitudinal and transverse modulus of a sir(@lgregnated) glass roving which
would be needed in the numerical model. The crestian of the roving was examined

under the microscope and an image was obtainesh@gn in Figure 3.2. Fand & were
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established by using the rule of mixtures.

Figure 3.2: Polished roving showing number of fikmts presents (image scale)

Calculation of fibre volume fraction in E-glassroving

Average fibre diameter measured = 7mm

Approx momber T4 T2 3 [4 [5 [6 [7 [8 [9 [0 [
of fibreineach 51 [4 | B |15 |24 |17 | 15 | 254 | 245 | 214 | 165

seciion.:

Approx number of fibrein each section:

Total number of fibres counted = X of all sections = 1024

Areaof 1fibre =mr?
= 0.00003848m

Total area of fibres within microscopic image = 1024*0.00003848 = 0.039m

Area of image = 170* 360 = 0.0612f

Therefore, area of matrix material = (0.0612 — 0.039)
=0.0222rh

48



Chapter 3: Experimental Programme (Material Properties)

0.039
0.061z

*100%

Fibre Volume Fraction, V; =

Fibre volume fraction in single E-glass impregnatedoving = 63.7%

Another approach, fibre volume fraction in mesolsdaminate, was also adopted to

further verify the results.
3.3.1.2 Fibre volume fraction in meso-scale laminate

The pultruded meso-scale laminate was made up’/6f @Bminae with special jig (see
Figure 3.3b) quite close to pultrusion mould coiodis. These were then cut into the
required size (20 x 20mm) of small laminate (segufgé 3.3c) using parallel mounted
diamond impregnated circular saw blades mounted lnorizontal axis-milling machine.

The moulding process will be discussed in detailShapter 4.

Figure 3.3: Moulding jig showing: a). impregnatidx), clamping of impregnated rovings,
¢). GFRP pultruded laminate before and after tringni

In order to calculate the fibre and resin weightfion the (20 x 20mm) laminae, shown in
Figure 3.3c, was weighed before and after impregna®he mechanical properties of the
pultruded composite were obtained using the rulenoftures, Tsai and Hahn equations
and transversely isotropic materials assumptionbfetter estimation. The calculation of

fibre volume fraction is shown below:

Calculation of fibre volume fraction in meso-scale laminate

The summary of fibre and matrix weight proportionghe 20 x 20mm small laminate is
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shown below:

Weight of uni-directional roving without resin (ayler) = 40.05%
Weight of uni-directional roving without resin (@yler) = 80.1%

Weight of resin = 19.9%

Material VWeight fraction (%) Yalume Fraction (%)
Fitre 80.1 a}4]

Mlatrix 19.9 35

Table 3.1: Volume and weight fractions of GFRP Iaaei

Most of the composite material calculation is baged the volume fraction of the

constituent. Fibre volume fraction is calculatedad®ws:

W /p;

V. =
f Wf//of+Wm//0m

WhereV, w, p are the volume fraction, weight fraction and densstubscriptf and m
represent fibre and matrix respectively. Matrix slgn p,, = 1.14%mS [163] and

P = 254%m3 [164] were used in fibre volume fraction calculaso
Fibre volume fraction of laminate = 65%

The fibre volume fraction obtained from meso-sdaisinate is somewhat high but may be
acceptable for two reasons:
* the same meso-scale laminate with all materialsngegment was used in the
experimental investigation
» the value is comparable with the manufacturer quotdue, (~ 60-65%). The
rule of mixtures was used to calculate the compagsibperties based on this
fibre volume fraction. The individual material peygies of single glass fibre
and resin are tabulated in Table 3.2.
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single Glass Fibre Vinyl Ester Hesin
E [(GFa) 72 a.h
v 0.2 0.37
N, 2550 1210

Table 3.2: Properties of single glass fibre anthres

Applving the rule of mixtures:

The laminae properties are obtained using the otilmixtures as explained below. The
rule of mixtures is used for orthotropic materiddtp] with various notations for different

directions:

* 1 represents longitudinal (fibre direction)
e 2 represents transverse direction

* 3 represents through thickness direction

It is suitable if the longitudinal direction waskémn along the fibre only for reliable

material properties estimations.

* Longitudinal tensile modulus: ({E

E,=E\V,+EV, (3
» Poisson’s ratio {1)

U12 = Ufo + Ume R (3b)

where

E; is the modulus of elasticity for the fibres

Em is the modulus of elasticity for the matrix (résin
V¢ is the volume fraction of the fibres

Vn is the volume fraction of the matrix (resin)

Tsai and Hahn stress portioning parameter [146]sisd for better value estimation in
transverse directions. These are:
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E,=E L ---- (3¢)

G, =G, — otV - (3d)

o co VitV
2 VLtV G, /G, (3
Where
* Volume fraction of matrix
V, =1-V, - (3f)
* Shear modulus of matrix.
G, = E,/20+v,) ---(39)
» Shear modulus of fibre
G, =E,/2(1+vy) ---- (3h)

Stress partitioning parameteys, #s, and ;e are the additional parameters in the rule of
mixtures to measure the accurate transverse prep@ift laminate introduced by Tsai and
Hahn (1980)#y andys are calculated with the experimentally calculatetles of E;

and Gj;; andzg is calculated through the relation

_3-4u,+G,/G;
41-v,,)

e - (3)

Tsai and Hahn used the assumption of transversetyopic material for calculating the
other transverse properties likg = E3, 013 = v12, G12 = G13, andGgs 023 IS given by the
relation.

G, = E,/2(1+0,,) - (3))

Uy = Ez/(zezs)_l T (3k)

The GFRP laminae properties using the rule of méduTsai and Hahn and transversely

isotropic materials assumption, as mentioned abaneetabulated in Table 3.3. The values
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in this table are calculated from equations (3ak8kusing the following material constant
E¢=72GPa, .= 3GPay; =0.2,v, =0.36, V= 65%, i\, = 35%, G = 30GPa, @ =
1.103GPayy =ns = 0.5,n¢ = 0.63.

Froperty LInits GFREF Laminate
E; GPa 47 Ba
E:=E; GPa 10 .65
(512=013 SFa 2.30
Gz GPa 2.487
Mz = 3 -- 0250
Vaz -- 0.34

Table 3.3: Material properties of GFRP laminae

3.3.2 Experimental procedure

Another method of determining the mechanical progernf the composite material is to
conduct mechanical testing of pultruded sectionufectured at Exel Composite Ltd. UK.
The composite material was tested in accordande British standards [165]. The details
of specimen manufacturing, testing and proceduescrcbing how to get mechanical
properties through manufacturer provided pultrusiection are as follows:

3.3.2.1 Longitudinal properties of pultruded GFRP aminate

A pultruded section manufactured at Exel Compodities UK used the same E-Glass
rovings, which were tested to verify the mechanipabperties obtained through an
analytical procedure. Firstly, an experiment wasdeted on a pultruded composite with
longitudinally aligned fibres to determine the UTS per British Standards [165].
Pultruded composite planks with a dog bone shapefile, of dimensions 25mm wide
and 5 mm thick ( see Figure 3.4 and 3.5), were idealv by Exel Composites Ltd. UK.
These planks were then machined to a uniform tleis&nremoving the surface veil and
continuous strand mat to leave unidirectional brehis also removed the mould release
agent. The final thickness of the unidirectionalmposite strips was 3mm. The
unidirectional pultrusion strips were then cut twe trequired length using a parallel
mounted diamond impregnated circular saw blade teoum a horizontal axis-milling

machine.
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The minimum dimensions for the composite state®ritish Standard test method [165]

are:-
A: Overall minimum length = 200mm
B: Length between end-pieces, minimum = 110mm
C: Width of tensile specimen = 2Bm 0.5
D: Thickness of material, Min = 1mm
Max = 10mm
E: Length of end pieces, minimum = 45mm
i
5
3
15
i
_
F
Figure 3.4: Composite material section Figure 3.5: Composite material pre-

machining

The actual dimensions of the pultruded specimerbeaseen in Figure 3.6. The composite
material was coated (sealed) with low viscosityxgpresin Araldite® AY103/HY951 to
fill voids, reduce surface roughness and to prodadeompatible bonding surface. Steel
plates were then adhered to the composite usiniglite® 2015.

- 45 =|= 110 -t 45—
I

I b 4 |
4

- 200 >
< 110 > |_+_

25

Figure 3.6: Dimensions of pultruded specimens
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These were then gripped in the Instron tensilengstg and pulled at a rate of 0.5mm per
minute at ambient temperature conditions, (abouRXg). Prior to the test, each test
specimen dimension was thoroughly checked. Thesegestional area calculation of each
test specimen gives a rough idea about the faihae of each test specimen. In addition,
the thickness and width of each specimen was me@sising an electronic micrometer
before the experiment. A strain gauge was moutuettie specimen, along the loading
direction. The test was performed on an Instron him&c at a cross head speed of
0.5min/mm. With the aid of data logger, a stresahistcurve was produced as shown in

Figure 3.7.

Strezsz (Mpal | Strain
100.00 0.00191
133.35 0.00255
1EBE.EY 0.00327
200.00 0.00395 200 -

Pultruded GFRP tensile test

233.33 000465
520.00 0.00550 600 4

53533 000897 E

366 57 000748 | = 4qq -

400.00 000816 |

453.533 DopE32| @ oo

4EE 57 0.00962 | =

500.00 0.01030

sanon | 001111 o ' ' . . ; . . :

6B 67 001174 0002 0003 0005 0007 0005 0010 0011 0013 0015
B13.33 00276 .

£33.33 0.01324 Strain

GEE.67 0.01466

Figure 3.7: Stress-strain distribution curve olddifrom tensile test result of pultruded
GFRP specimen

Taking the gradient of the elastic region gives tradient and subsequent Young's
Modulus of Elasticity.

E, = 0,-0,
£, &
£ - 616 33e6 - 366 67¢e6
! 0.0127¢ - 0.0074¢
E, = 47 5GPa

The modulus of elasticity of the composite was waled to be 47.5GPa in the
longitudinal direction. Figure 3.8 shows how thdtqimded GFRP specimen, before and
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after rupture. The figure also shows the delamomatif the UD specimen(see Figure 3.8c).

Figure 3.8: Pultruded tensile test specimens: @howt rupture, b). rupture with static
tensile load, c). severe delamination

The failure load was 52kN, resulting UTS= 693MPdtithhte tensile strength) obtained
by using (Stress = Force / Area) and knowing thatgpecimen was 25mm wide and 3mm

thick gives:

F
g = —

A

52

g =

0.02t * 0.002
o = 693 .3MPa

This is verified in the Fibre force design manuwdahere the UTS is stated (for ~ 60-65% of
fibres volume fraction) as 690N/mimThe tensile modulus, Ewas calculated to be
47.5GPa.

3.3.2.2 Transverse properties of pultruded GFRP lamate

For the unidirectional pultruded GFRP transversesite testing, two approaches were
adopted. Both approaches were used to investipatéransverse behaviour of pultruded
GFRP specimen. Approach 1 applies to the specim#érowt the dog bone shape and
approach 2 with the dog bone shape. Approach likkety to be more expensive and
complicated (extra machining and bonding) and tfexisnens are significantly affected by

pre- machining material degradation before testing.
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Approach 1:

Pultruded GFRP was cut into a section as shownbigld-igure 3.9a. Onward this GFRP
cut section was machined to a final uniform thidsieip to 3mm and bonded using
Araldite® 2015 to steel plates. This was due todize of the pultruded specimen being
too short (see Figure 3.9b). These were then giippéhe Instron Tensile Testing machine
at a constant displacement rate of 0.5mm/min. réigi9c shows the fibre direction in
specimen; perpendicular to the loading directidme Test of the procedure was the same as
that for the longitudinal tensile test. All majoineensions used in approach 1 transverse
tensile test specimen are shown in Appendix A.1.

Fibre Direction

Figure 3.9: Pultruded transverse specimen: a)rymdd section, b). uniform pultruded
laminate bonded between steel straps, c). diaghanvigg fibre direction Vs loading

Failure Load
SReCImEen A s 0 940609 | MPa
Specitnen B — — | 20011733 [ MPa
Specimen G ——/| 18.53360 | MPa

0.05 01& 025 .35 045
Standard Travel (mm)

Figure 3.10: Transverse strength and failure Idgulane pultruded GFRP
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Figure 3.9c displays how the specimens were loa8a@ss Vs displacement curve of
three different specimens (A, B and C) are showrFigure 3.10. Specimen A was
discarded due to premature failure. Specimen BG@rsthowed very close correlation in
terms of failure load and about 8% deviation waseobed between them. A possible
reason for this could be misalignment or specinégrnal defects.

Approach 2:

In this approach a GFRP pultruded plank of dimamsi@00mm long, 25mm wide and
5mm thick by Exel Composite Ltd. UK was cut in 22%mm square composites as shown
in Figure 3.11a.

an

Figure 3.11: Transverse pultruded specimen: ax 25mm square composite, b). dog
bone shaped specimen, c). Failure specimen afier te
The square composite original thickness (5mm) vegt Bnd extra machining was avoided
to overcome the level of pre-material degradatiefole testing. The square composite
was slightly machined to get a dog bone shapedrspadsee Figure 3.11hb).

Similar trend stress-displacement curves were géeerfrom five similar configuration
dog bone specimens as shown in Figure 3.12. Theagedailure load obtained through
this approach was 20.54MPa, which is quite compardb approach 1 (Failure
load=20.11MPa). In addition the transverse stitemdgtthe UD laminates is about 20-22
MPa as claimed by pultrusion manufacturers. Thevalapproaches and strength value (by
pultrusion manufacturers) gives a clear indicattbat the transverse strength cannot
exceed 20-23MPa. However the assumption here isattr@ansverse stress failure within
the composite is within the matrix resin ratherntlthe fibres. The resin manufacturer

claims a tensile strength value of 90MPa. The maaisons for such a large difference are
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the lack of ideal alignment in the transverse dioec and interfaces flaws, including

voids/micro defects.

24 4
22 A
20 4
18 A
16 4

e S 0
T 2.
@10 4 Failure Load
2 g Specimen & —--—|19.20755 | MPa
] ;| Specimen B — —|22 23167 | mMPa
Specimen C——|20.98533 | MPa
4 4 Specimen D 21.33667 | MPa
7 Specimen E -----4 15.92544 | MPa
0 4= : : : : : : \
] 01 02 0.3 04 0s 06 0.7

standard Travel (mim)

Figure 3.12: Transverse strength and failure |daibg bone pultruded GFRP
3.4 Adhesive properties

In this section selection of adhesive and its pridgs used in finite element analysis are
all discussed. Clearly, the use of proper adhdsagemany advantages to offer such as, it
allows excellent joint strength, assemblies of Emand dissimilar adherend and they can
often result in cost reduction [40]. There is noiuersal’ adhesive that will bond every

substrate together, and so the choice of adhesaisvays involved.

3.4.1 Adhesive selection

Araldite® 2015, a two component epoxy paste adleesias chosen for adhesive bonding
in this research. In general, the epoxy based adiwe®ffer strong bond strength and
exhibit good stability. The two part epoxy adhesiaee good candidates for the bonding
of composites instead of single part adhesives.chioece of Araldite® 2015 was based on
the following key properties:

» the adhesive is widely used by many end usersdoding GFRP (Glass fibre
reinforced polymers) to itself and many other idisisrr adherends
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e itis thixotropic and non-sagging up to level ohif thickness

» it offers a resilient bond with high shear and metngth which are particularly
important given the nature of the types of test$opemed it has low shrinkage
properties

* it has a good shelf life and can be stored at remmperature

e it can either be cured at room temperature oreatadéd temperature

» Araldite 2015 exhibits good gap filling properties.

Araldite® 2015 is stored in a refrigerator contedllat the low temperature ofG The
recommended temperature set by the manufactu@8i€. Shelf life established by the
manufacturer at this temperature is 2 years andldhme replaced within 6 months after
being used, prior to the expiry date. The adhepreparation work requires more care;
especially before applying. The adhesive need®tpléiced at room temperature from the
cold temperature, for at least 30mins. This precssessential to promote effective
adherend surface wetting. Araldite® 2015 exhibasdgap filling properties and, so the
first thin coat of adhesive was applied by a knideating procedure and the rest of the
following coats by a normal smooth pressure. Boggiiressure on the joint was applied by

using specially designed bonding jigs.

3.4.2 Production and testing of adhesive specimens

Mechanical properties of Araldite® 2015 are requiifer the finite element analysis, such
as Young’'s modulus, Poisson’s ratio and tensilensgtth. These properties were
determined in the laboratory by casting the bulkemive into dog bone shaped specimens
and testing them after mounting strain gauges Xptamed later). The purpose of these
tests is to verify the properties provided by mactdrers. The Young’'s modulus of
elasticity provided by the manufacturer (HUNTSMAMas found to be in line with values
derived from these tests. The dimensions of th& bdhesive specimens were similar to
those of British Standard [166] as shown in Fig8uE3 and all other major dimension are

mentioned in Appendix A.3 (see Figure A.3.1).
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Figure 3.13: Dimension of bulk adhesive tensil¢ $ggcimen

It was produced using a silicone rubber mould farenaccurate dimensions and easy
removal of cured specimen without using any moeldase spray (see Figure 3.14). The
steps involved during the fabrication of a silicamdber mould are shown in Appendix
A.2 and Appendix A.2.1 shows the schematic viewsib€one rubber mould fabrication
(see Figure A.2.1). The Araldite 2015 bulk specirfadrication procedure was performed

as follows:-

Clean mould thoroughly with LOCTITE 7063 cleaneroirder to remove all traces of oil
and dirt prior to application of the adhesive
* it was extremely important to make sure that thellchsurface and edges are
free of air bubbles, pits, sink marks and all tyffescratches. Araldite® 2015
was poured into the female mould part using an sidbegun with mixer nozzle
as shown in Figure 3.14a, a spatula was usedréagll adhesive smoothly
onto the mould cavity
« the filled mould was then covered with a male mopddt (see Figure 3.14b)
and clamped at different locations to ensure umifghickness and smooth
surface
» this clamped mould was then placed in a prehedéstrieal convection oven at
85 °C. After 1 hour of curing, the oven was turned affl the mould was left
inside to cool uniformly for 5 hours. This was agaimed at reducing the
possibility of thermal shocks occurring to the spems

« finally, the excess adhesive was carefully trimnodfl by using a sanding
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adaptor attached to a multi-purpose, high speedryotool called the
DREMEL®. The final dimension of the cured specinfsee Figure 3.14c) was
measured using a micrometer to ensure that finatisgen was the right

dimension.

Figure 3.14: Production of bulk adhesive dog bgrecsnen

Rosette type strain gauges (CEA-06-250UW-120 ofHAS Measurements Group UK
Ltd) were used for the strain measurements. A sstedin gauge was used to get clear
output data because of the limitation of bondingcgpand to reduce the probability of
degradation of the bonded surface. Before bondisgrain gauge, the specimen surface
was roughened with fine emery paper. It was cleangd recommended primers and
bonded with the supplier's recommended M-Bond AB=pOXxy strain gauge adhesive.

Figure 3.15: Strain gauge mounted dog bone specimen
a). Longitudinal direction, b). transverse direntio
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Figure 3.15a represents a strain gauge mountedanggtudinal direction, while a strain
gauge in transverse direction is shown in Figudbl3. The best specimens (voids and
defect free) were selected and tested under moicotemsile loading with a Zwick/Roell
tensile testing machine at a constant cross heagdspf 0.5 mm/min at ambient
temperature conditions which are estimated to bmutai8-22C. All specimens were
tested to failure and an established stress-exterairve is displayed in Figure 3.16. In
addition the stresses are plotted against the sworeling strains in bulk araldite as
illustrated in Appendix A.3 (see Figure A.3.3). Al&itron Schlumberger 3531AD data
acquisition system was used for data logging. Alomiated measuring devices were
connected and configured accordingly. The loadtifigom the tensile tester was recorded
by the data logger in terms of voltage (10V=5kN)tWthe application of load, the length
of strain gauge arms changes, producing strairtswibee recorded by the data logger on
three selected channels. Output was displayed ensthneen of the data logger and
simultaneously saved on a floppy disk in the forivaodat file. This was converted to a
.dif file, which was then read and analysed withExel spreadsheet, which are tabulated
in Appendix A.3 (see Table A.3.1).

20 -

15

o
o
=
w10
E Failure Load
A Specimen A ====119,2315| MPa
5 SPECITEN B == — |17 8821 | WPa
Specimen C 13.2345 | MPa
SPECImEn D =s===== 14.6678 | MPa
0 T T T T ]
0 01 0.z 0.3 0.4 0s

Extension (mm)

Figure 3.16: Araldite 2015 stress-extension curgefbulk dog bone specimen

The bulk adhesive specimen tested in the labordéaisd at about 19.23MPa as shown in
Figure 3.16. This represents only 50% of their mmaxn expected strength which is

40MPa according to the manufacturer’s technicah gdaeet (see Appendix A.4). The main
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reason for this difference is void content at thiges of the specimen as shown in
Appendix A.3 (see Figure A.3.2). Therefore, it mspiortant to verify the bulk adhesive
results using the steel butt joint as per Britishn8ards [167]Three butt joint specimens

were fabricated and tested (see Figure 3.17).

*

S0rmm ?
i

|]#
3| | #

S0mm

E

[+— 25 mm—s

Figure 3.17: Steel butt joint
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& 18 = Failure Load
10 - Specimen A = =—=—|34.8215| MPa
Specimen B — —| 22,3266 | MPa
i Shecimen C 350001 MPa
l:l T T T T T
0 0.0l 0.0z 003 0.04 0.05
otrain(%)

Figure 3.18: Stress strain curves from steel lourtt |

These were bonded with Araldite 2015 adhesive Wiimm bondline thickness. These
were tested under monotonic tensile loading withckiRoell tensile testing machine at a
constant cross head speed of 0.5mm/min at amb&mpedrature. Specimen A and
specimen C have comparable and better strengthstierimen B as shown in the stress-
strain curve of Araldite 2015 (see Figure3.18).aldite® 2015 tensile strength using butt
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joint gave 35MPa, much closer to the claim by tingpdier (up to 42.7MPa).

3.4.3 Extrapolation of data

Since the adhesive displays both the plastic aastielregions, these properties had to be
included in the finite element analysis. Therefiiris necessary to produce elasto-plastic
data, based on available test and manufacturerathataelevant engineering assumptions,

as shown below:-

The stress-strain curve for Araldite 2015, the $rdakhed line is the true stress-strain
curve from the Huntsman technical data sheet (ggeeAdix A.4, page A-15 for stress-
strain curve). In order to calculate the straithat adhesive failure load, the true curve is
extrapolated to 40MPa. This is the large-dash [lie final point A (from Appendix A) is
moved to point B, assuming that the stress-straimechas the same functional form which
gives the large-dash line.The extrapolated truesststrain curve is then converted to an

elastic-plastic stress strain curve: the contindmes(see Figure 3.19 and Table 3.4).

+
B
4D_ _____________ "l ————— _:
i _— 1
[ |
yis |
/| A o
|
301------- i B e EEbb bt | - ——- HUNSTMAN DATA SHEET
. Il.rf '_.-"i : ' at 30MPa,2GPa
o - i i
£ /e | ! | — — HUNSTMAN DATA
= [ : i | EXTRAPOLATED
7 !
4 I ! ! i to 40MPa, 2GPa
= ’ | |
i I ' ! | —— PROPERTIES ASSUMING
i i
/ : ! i ELASTIC/PLASTIC
107 f i | | at 40MPa & E=1.8GPa
( | | |
i H i
i H i
i H i
i i i
0 - — !
0 0.02 0.04 0.06
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Figure 3.19: Stress-strain curves for Araldite 2015
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* At 30MPa, strain is 0.044 (see Appendix A.4-datathe
* Properties assuming perfect elastic / perfect iplasdOMPa & 1.8GPa

So, Srain _ 0.044
40xE6 30xE®6

Srain = 0.044 x ———— = 0.06
Ox E

For the elastic plastic model, the adhesive fdils stress of 40MPa. The adhesive is in the
elastic region between a strain of 0 and 0.022erA®t022 the adhesive is in the plastic

region, until 0.06, where it fails. Plastic propestare tabulated in Table 3.4.

Wield Stress (MPa) | Plastic Strain
39,999 0.000
40.000 0022
40.001 0.044
40.002 0.050

Table 3.4: Plastic properties of Araldite 2015

The Poisson’s ratio, 0.37 was obtained from an sigdaéulk specimen test as tabulated in
Appendix A.3 (see Table A.3.1). These adhesivetielpsoperties are quite comparable to
the HUNSTMAN Adhesive data sheet as shown in AppeAd}.

3.5 Coating resin properties

Araldite® AY103 was used as the resin and HY 95fhashardener for coating the surface
prior to bonding. Using the electronic scales amitbiving the manufacturer’'s guidelines
(see Appendix A.5), the mixing ratio of resin/hardeis 10:0.8, 10parts resin by weight
and 0.8parts hardener by weight.
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Chapter 4

Experimental Programme
(Meso laminate)

4.1 Introduction

To understand failure of DLS joints, based on puléd composites, it was necessary to
produce laminates more effectively with various enial arrangements; especially fabric
organisations for surface layers. The fabric wasetdaon two sizes of E-glass rovings,
namely 4800Tex and 3600Tex and both have the sdanmeeht size (16um diameter). In
addition random glass fabric mat of 450gsm was .uBkd matrix resin is vinyl ester resin.
Small laminates (meso-scale) of a size of 20mm mr@0x 1.2mm were moulded and
bonded. These represent local shear and peelesrésst are expected in DLS joints. This
chapter explains how the meso-scale laminates weoellded with various fabric
organisations. It then goes on to explain coating bonding with the aid of specially
designed jigs. It also gives the details of theirtgsprocedures, including tabulated and
graphical figures, based on experimental data wtach then discussed. Finally the
microscopic observations and failure modes areepted. In addition, the bonding, testing
and results of macro-scale DLS model/joints wergeddfor comparison with meso-scale

model/joints.
4.2 Production of specimen and set-up

To produce meso-scale laminates with various fatmganisations, special moulding and
bonding jigs were designed and manufactured toesgmt pultrusion close mould
conditions. All production processes were carriad according to the manufacturer
recommendations including the mixing of resin withrdener, initiator and filler and
application of tension/compression on the glassnp{Type 3600/4800Tex from Formax)

during impregnation. Figure 4.1 shows the detailstte shear and tensile bonded
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specimen, which are to be tested (see Figuresrsl 58 for dimensions). These are not
standard test specimen, but are largely based ear sind butt tensile joints in British
Standard [166]. The moulding and bonding procesdethe meso-scale laminates are

described below:

Tensile adaptor //“ whear adaptor

Bonded specimens

Aluminium
adherend

Aluminium 20mm

adherend
Steel pin

al. b

Figure 4.1: a). tensile, b). shear specimen witip&at
4.2.1 Specification of various fabric organisations

The small laminates were moulded with various falbriganisations (see Figure 4.2), for
the surface layers. The organisation of differeabric layers is important for the
enhancement of adhesion in adhesive bonded joimdstlais is often neglected. The
pultrusion profiles are dictated by the requiremtenbalance the stiffness and strength in
longitudinal and transverse directions of the pualéd sections. Figure 4.2 shows that the
resin impregnated fabric (composite) is separatethin resin layers to allow interlaminar
failure. The outside of the laminates are coatetth wpoxy resin. The details of fabric

organisations used in this research are also showigure 4.2.
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E Langitudinal Ij Epasy D Wirylester
resin

roving coating

ﬁ Random Transwerse
A mat Foving

Figure 4.2: Fabric organisation in meso-laminatéh @poxy coating
Fabric organisations in meso-laminates with epamatiog are as follows:-

e LL: - Two UD rovings mats (4800Tex) stacked at @edtion i.e. along the

loading direction (x-axis).

« LT: - Two UD rovings mats stacked at 0f96i-direction. Same roving size
used in LL (4800Tex).

 RL: - A random mat stacked on the top of UD mabDatirection (4800Tex

rovings).

« WR: - A 0/90 woven rovings mat (3600Tex) stackedtlom top of a random

mat.
* IR: - A0/90 inlaid rovings mat (3600Tex) stackadtbe top of a random mat.
The steps of production are described below:
4.2.2 Laminates moulding

4.2.2.1 Design and manufacturing of moulding jig

In order to mould meso-scale laminates with variousterial arrangements a special

moulding jig was designed and manufactured: takiaige to ensure perfect alignment of
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the roving clamping plates. It also aimed to reduo& content. The moulding jig was

based on two main parts:
» The square base plate made of steel.
* The upper and lower detachable copper mould.

The moulding jig was kept as small as possiblenéke it portable and easy to use. Steel
screw threads and roving clamping plates were steam the base plate, while the copper
mould was fixed in a detachable slot for resin mieg as shown in Figure 4.3. An
engineering drawing of the moulding jig with desadf dimensions is given in Appendix
B.1 (see Figure B.1.1and B.1.2). Further sub pafrts\oulding jigs are shown in Figure

4.3.

Moulding jig
1. Steelbase plate

2. Steel screw threads

3. Copper mould
(upperflower)

4. Roving clamper
(rmoving)

5. Eowving clamper
ifized)

6. Screw threads
clampets

Figure 4.3: Jig used to mould small laminates

The mould is designed to represent pultrusion mgoladitions to provide the following

loading conditions:

* a tensile load scheme is introduced on the imptegneoving by turning the
screw threads in a clockwise direction. This imtpulls the fibres tightly for
proper alignment and reduces the possibility ofebtwisting around one
another

» compressive load was applied on the copper moultiOby kg in the form of a
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steel block. This was used to apply downward presatithe top surface of the
upper copper mould. This is important as it remaikesxcessive resin from the
mould. The process involves various iterations ionsultation with
manufacturer (Exel Composite Ltd. UK).

4.2.2.2. Moulding with various fabric organisations

As stated above, the E-glass was supplied by Fotrthxn the roving sizes, 4800Tex and
3600Tex. Each individual roving was firstly cutad 00mm length as shown in Figure 4.4.
Four glass rovings were then bound together to naakmss section of 20mm wide. The
material included Atlac resin 430 (vinyl ester), [GRC (hardener), TRIG 21 (Initiator) and
other supportive materials like internal mould asle agent and calcium based filler
powder. Atlac 430 was mixed with the TRIG C and GR21, with the mixing ratio
100:8:8, 100 parts resin by weight, 8 parts hardé&yeweight and 8 parts initiator by
weight. This proportion is given by Exel compoditd. UK and resin manufacturer. Resin
manufacturer (DSM Composite resin) provided a te@dindata sheet, which includes
mechanical properties, major application, proce&ssind other characteristics, which are
mentioned in chapter 3 (See Appendix A.6).The filpwder aims to improve the
moulding process and mechanical properties of tingposite.

Nisar et al. [147] observed joint strength improeemby about 5% with the addition of
filler. Park et al. [148] reported that smalletlefi particle size can strengthen the
composite. The roving impregnation into the resirtare is shown in Figure 4.5. It was
very important that some preparatory work was edrout on the mould itself before
moulding started. Firstly, the jig was cleaned wle industrial cleaner LOCTITE 7063
then PTFE sheet was cut to fit inside the coppeti@e to ensure that the resin and

adhesive bits did not bond the copper mould tcsthel base plate.
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Figure 4.4: 3600/4800Tex — E-glass roving

Figure 4.5: E-glass roving impregnation
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Lastly, the entire jig was sprayed with mould reke@agent of thin polytetrafluoroethylene
(PTFE) to guarantee easy release of laminate thiecuring process. Figure 4.6 shows the
moulding steps of small laminates including rovinggregnation. The details of the

moulding jig design are shown in Appendix B.

Figure 4.6: Aspects of laminate moulding: a). mogddjig, b). impregnated rovings in
mould, c). 0/90 impregnated rovings in mould, a@yving clamped and compressed with
upper mould

Two impregnated rovings were placed in a lower eoppould: one perpendicular to the
other (6/9¢° laminate) and fixed with roving clampers as shawFigure 4.6¢c. The screw
threads were tightened until the fibres were seehet almost fully aligned. The copper
upper mould was then placed on top of its lower lsh@ounterpart (see Figure 4.6d) and a
10.5kg weight (in the form of steel block) was usegrovide downward pressure on the
mould. This compressive load is important to cdngsacess resin volume. The composite
was cured in the oven for 45mins at 130°C. To redbe possibility of any thermal shock,
the entire assembly was left in the oven for 3-Gredo cool uniformly; otherwise micro-

cracking may have occurred. After curing, the clamgre undone and the composite was
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easily removed from the mould as shown in Figur@4.
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Figure 4.7: Cured 0’ laminate: a). after moulding, b). after trimming

Excessive edges were trimmed using a diamond dattebtain a 20mm x 20mm square
laminate (see Figure 4.7b). In total, 10 sets Of shecimens with various fabric

organisations were made in this manner: 5 for émsite tests and 5 for the shear tests.
This was to enable a good average to be obtainade $he specimens are quite short in
length, it was important that when they were cusie (20mm x 20mm). The edges were
smooth with little abrasion to the ends of the dibotherwise this may have affected the

strength of the final bonded specimens.

GFRP is extremely abrasive when machined [149] smda special cutting tool was
needed. The tool selected was the departmentallgyarasounted diamond impregnated
circular saw which was mounted in a horizontal axifing machine. Previous studies
indicate that this has proven to be the best me#ivadable and due to the quality of the
surface finish, all specimens were cut in this neanithe image shown in Figure 4.8 is
taken on a microscopic level of the cross sectioone of the composites after it was cut
to size. Little abrasion at the edges of the lataivgas observed as a result of the cutting

process as shown in Figure 4.8.
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Figure 4.8: Microscopic image of laminate section
showing fibre abrasion after cutting

Even so, the composites were still acceptable esetfring produced was so small that it
would not cause any degradation in mechanical gtiheand would later be covered by the
surface coating. Also, since the area of interest w the centre of the composite, these
edges were not of any concern. In order to impiritneequality of adhesion between the
aluminium and composite, this 20 x 20mm laminates ilaen coated with an epoxy

adhesive, prior to the start of bonding.

It is worth mentioning here that the quality of fhboratory laminates is comparable with
those of the manufacturer, in terms of mechanicapgrties and voids content. This is

discussed in detail in Chapter 6.
4.2.3 Laminates coating

To improve the quality of adhesion between adhesngcomposite pultrusion, it has been
proven that it is beneficial to coat the compositex low viscosity epoxy resin and then
cure, before bonding the two adherend jigs togetfdris low viscosity coating
consolidates the fibres on the surface and sulburfih also improves wetablility by
lowering the surface tension and by filling microgic voids between the fibres.
Increasing wetability of the surface increasesatea of contact between the adhesive and
the adherend as well as promoting molecular adhddio The coating also sealed in any

loose fibres caused by cutting as seen in Fig@e 4.

The method adopted to apply the low viscosity resin was as follows:
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A glass bottle was weighed accurately to 0.0000%6g. scales were initialised to zero with
the bottle remaining on them. Approximately 10g egoxy resin Araldite AY103
(Huntsman) was poured (very viscous) into the giasqThe actual mass was 12.6802g).
The scales were initialised again, and then HY B&iener was measured to 0.8g. This
was carried out by drawing HY 951 into a syringd gnadually adding drop by drop (the
actual mass was 0.7983g). The manufacturer’'s rearded resin / hardener ratio is in
between 10:1 and 10:0.8 (see Appendix A.5). Thepar epoxy resin was then mixed by
a shaking process. The viscosity of the coating l&ss than 1mps at Z5. This was then
left to rest for 20mins to allow the adhesive tadrae gel form and to allow the air
bubbles to rise to the top of the jar. This ensuhed the resin was free from air bubbles.
The bubbles could cause problems if directly apptie the composite and cured. The
coating process is straight forward, but carefulstderation must be taken at all times,
otherwise it is difficult to get a smooth coatingrface without bubbles. Figure 4.29c
shows the air bubbles, which were trapped durireg dbating process. To remove any
loose glass fibres, the composite was abradedsiiton carbide cloth (emery cloth). The
composite surface was abraded 10times in one aireahd 10times in the cross direction,
then against the fibres 10times. This also helpgioove the mould release agent used in

the moulding process.

The composite specimens were then cleaned with UDET/063, which is a general

purpose industrial solvent for cleaning and dedngasurfaces. This removed graphite
pencil marks and human finger prints, which contaln One side of the composite was
coated with the epoxy resin using a paint brushs Thated surface was then placed wet
side down onto Teflon coated steel plate to allow tesin to pool out and to ensure a
consistent even coating. The coated specimens there placed in the oven to cure at
100°C for 20mins after which the oven was turnddaofl the specimens were left to cool
for 5hrs. This was again aimed at reducing the ipth$g of thermal shock to the

specimens.
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al. 5}
Figure 4.9: GFRP specimens: a). before and afseén mating, b). edge smoothing

This procedure was repeated for the other sidbetbomposite. Finally the excess epoxy
resin, that was a result of the resin pooling, mashined off using a small rotary sanding
tool called the DREMEL® as shown in Figure 4.9a,Special care was taken not to
damage the composite/coating and ensured thatotilevibrations were minimal. The
thickness of the composite was measured before ateal coating and the average
thickness of coating was 0.162mm with a standardatien of 0.035mm. To assess the
quality and effect of coating, the shear specinvea® tested in the same manner, detailed

in section 4.3.1.
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Figure 4.10: Load-displacement curve for shearigpat
a). before, b). after the application of epoxy caatalso see Figure 4.1)
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Figure 4.10 shows the load-displacement curvexdated and uncoated surface joints.

This clearly indicates the effectiveness of coaprigr to bonding.
4.2.4 Laminates adhesive bonding

4.2.4.1 Design and manufacturing of bonding jig

For the bonding of small laminates, there was adwvdne issue of eccentric alignment
between the upper and lower adherend of both sh&hitensile specimen. C-clamp and
macro jigs (for big joint bonding) were employedaarly fabrication to achieve perfect
eccentricity alignment but significant variationtlween results was found using the same
configuration specimens with these bonding jiggpp@ndix B.2 illustrates the meso-scale
bonding jigs, where as Figure B.2.1 shows the bandif tensile specimens and Figure
B.2.2 shows the bonding of shear specimens witha@yg jig in Appendix B.2.1.
Similarly Appendix B.2.2 illustrates the macro fi§ee Figure B.2.3). Bonding through
these jigs is difficult due to the size of the joamd so help is always required. During the
tightening process continuous help was neededjtstathe specimens by using a spatula
to correct any slippage. This made it very harddgbperfect alignment. After several trial
and error the alignment issue was fixed by desmnpig shown in Figure 4.11. Figure
4.11a shows the tensile bonding jig whilst Figurgl®h shows the shear bonding jig. The
engineering drawing with all major dimensions oftbpgs is explained in Appendix B.2.3
(See Figure B.2.3.1, B.2.3.2 for tensile and FigBu23.3, B.2.3.4 for shear bonding jig).
These jigs are necessary to achieve accurate aignof adhesive joints and uniform
adhesive bondline thickness. Further sub partsoti kensile and shear bonding jigs are

shown in Figure 4.11.
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Tensile bonding jig:

1. Zcrew threads.

2. Male part
housing,

3. Female part
housing.

4. Detachable plate.

5. Laminate holding
slot.

shear honding jig:

1. ZScrew threads.

2. Laminate holding
slot.

3. Adherend jig
holding slot.

4. Detachable slot.

b).

Figure 4.11: Small laminate bonding jig: a). temsipecimens, b). shear specimens
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4.2.4.2 Bonding of laminate

This section explains the adhesive bonding of émeinates to the aluminium adherends.
This involves sandwiching the thin laminates betwego aluminium adherends to form
shear or tensile adhesive bonded specimens (seeeHdl). The bonding process involved
surface preparation, adhesive application, clamping curing. Surface preparation was
carried out to British Standards [150]. The staddgtates that aluminium is required for
proper cleaning prior to bonding. Aluminium hasesythin oxide surface layer that would
firstly need to be removed otherwise there may riterfacial problems between the
adhesive and the aluminium. In addition, Huntsnisil] provided a general guide about

the surface preparation procedure.

The main reasons for surface preparation are ksl

» to remove and prevent any weak boundary layer tveracd (oxidising layer,
grease/oil)

* to maximise the close molecular contact betweerattesive and the adherend
during bonding

» to provide the plane surface, that is microscopjcalugh.

The shear and tensile aluminum adherends werdyligand blasted and the composite
was light abraded prior to bonding. Degreasingsilndaces before and after blasting was
done to avoid the contamination of blasting agamhing to improve blasting efficiency
[152]. Grit size 30/40 mesh was used. A Guysonthldabinet was used for specimen grit
blasting. A blast pressure of 80N/cmas applied through the blast gun. The average
distance between the blast gun and adherend susaseabout 50-70mm from the gun
perpendicular to the blast surface. Blasted adlklersarfaces were cleaned using
compressed air to ensure the removal of all lo@s&ges. Finally the adherend surfaces
were degreased with LOCTITE 7063 cleaner. The eddethe composite were then
marked to aid alignment when bringing the bond axe$ together. The aluminum
adherends were specially designed to ensure tlgdettaasfer directly to the centre of the
composite. Minimum alignment effort was requiredween adherend and composite

during bonding. The details of the adherend catobated in Appendix B.4 (see Figure
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B.4.1) for shear and for tensile (see Figure B.4.Zhe tensile or shear configurations
were bonded to the GFRP specimens using the adhasidite® 2015.

The adhesive was mixed by the means of a mixirexlecattached to the cartridge and
then, through a specially designed adhesive gum,atthesive was squeezed from the
cartridges into a plastic mixing tray. To confirtretadhesive was well mixed, a wooden
spatula was used. The adhesive was then genempglied using a spatula to both faces
of the laminate. One side of upper aluminium adhm@érand lower aluminum adherend
were then placed, and primarily aligned, with thgper adherend using the help of a
marked point made at the edges of the GFRP lamifag schematic details of the shear
and tensile specimens are shown in Figure 4.12thirb.polytetrafluoroethylene (PTFE)

sheeting was applied to one of the aluminum adlgsterhis was to ensure that the bond

area was 10 x 10mm as shown in the figure.
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Tpper aluminium
adherend

GEFEF laminate

Adhesive

Lower aluminium

adherend

a)

Tpper aluminium

adherend

SFEF laminate
Adhesive

PTIFE sheet

Lower aluminium
adherend

b3,

Figure 4.12: Bondsmecimen: a). shear, b). tensile
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The adhesive thickness was physically controlledth®y thickness of the PTFE sheet,
which is 0.15mm. This resulted in a normal bondtimekness of 0.2mm. Finally after the
application of adhesive and the primary attachnoéidherend jigs with the laminate was
complete the space between the top surface ofpgperwadherend and the lower surface of
the lower adherend was measured with a depth metemio make sure the adhesive
bondline had even thickness.was important to ensure that the adhesive wadieap
effectively at the edges to ensure good adhesiberavhigh stresses were likely to occur.

The joint was then assembled in the bonding jig.

A modest clamping force was applied to the testigpens. This ensured the adhesive was
distributed evenly and at a constant thickness.jdimés were already eccentrically aligned
by using a specially designed bonding jig as showhigure 4.13. Once sufficient force
was applied through screw threads, the clampingviig placed into an oven at°85for
1hr. This was to ensure the specimen temperatutieeitoondline was about &D. After
1hr, the oven door was left open and was allowecbtd naturally for at least 5hrs. This
was in order to reduce the risk of residual stresssused by rapid cooling. Due to
tightening the jig, excess adhesive had spewedheusides of the specimens, particularly
on the upper adherend (see Figure 4.14). It wasritapt to remove this excess adhesive
as it would have caused localised stiffening arotihedges and affect the results. The
DREMMEL® grinding tool was used to remove the excadhesive, especially from the

edges of the shear specimens.
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Figure 4.13: Curved bonded specimen in bonding jig:
a). tensile specimens, b). shear specimens
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Figure 4.14: Bonded specimens showing 20 x 20mnmizie bonded between adherend
jig: @). tensile specimen, b). shear specimen

4.3 Experimental testing and results

4.3.1. Experimental testing

The shear and tensile specimens were tested undeotamic tensile loading with the
Zwick/Roell tensile testing machine. This is a dans rate displacement machine. All
experimental tests were performed at a constassdread speed of 0.5mm/min at ambient
temperature. Figures 4.15a, b show the tensileshedr specimens with clamping and
alignment adaptors during testing. The clampingpéals were used to ensure the
specimens were more effectively held in the terntgi#ting machine. Details of shear and
tensile clamping adopters are shown in Appendix B2 Figure B.3.1 and B.3.2). As
discussed earlier the alignment issue was overdonsme extent by proper design of
shear and tensile aluminum adherends. Further mégh was controlled through an

alignment adapter used, when inserting new speacnadéier the end of each test. The
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details of the alignment adaptor are shown in AplpeB.3.3 (see Figure B.3.3). To secure
the bonded specimens during clamping to the adgpteo high strength steel pins were
used instead of screws. This reduced the posyilmfita twisting affect on the bonded

laminate, which would occur during the tighteninigsorews. Steel pins were chosen on
the basis that high shear stresses would manifesihd the holes and therefore it was
important to ensure that the pins were strongem tha specimens in order to guarantee

that they did not yield at any point during thet.tes

Figure 4.15: Meso-scale specimen during clampitgtiesting machine:
a). tensile, b). shear specimen

An external extensometer was attached along th& gwerlap (see Figure 4.15) for
displacement measurement. Besides the externalsoxtester, there was also a cross-head
extensometer in the testing machine. Slight desain reading was found between both
extensometers, so the reading obtained from buiixtensometer was ignored. The steps

of test procedure are as follows:

« the experiments were conducted at room temperdtaigout 18-22C). All
dimensions of testing specimen were checked anessacy calculations done
prior to the start of testing to avoid unusual wlisance. The calculation of the
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cross-sectional area of each specimen, prior totgshelps to get a rough idea
about yield load

* prior to the start of the test, the width and thiegs of each specimen was

measured, as this data is used as an input intestiag machine software

» to ensure thorough visual inspection that the eatxis of both test specimens

and testing machine grips are aligned

» the machine grips were tightened uniformly to avaigpage between grip and

specimen

» all devices, including software installed PC, wereecked and calibrated

accordingly
» the cross head speed was set at 0.5mm/min.

Typical graphs for shear and tensile LL specimeashown in Figure 4.16 and 4.17. Both
graphs show the force—displacement curve of thugeobfive specimens. In addition the

average failure load is also mentioned in figut@saphs for other test specimens are
shown in Appendix B.6. Figure B.6.1.1 to B.6.1.4 &hear (see Appendix B.6.1) and
Figures B.6.2.1 to B.6.2.4 for tensile specimees &ppendix B.6.2).

87



Chapter 4: Experimental Programme (Meso laminate)

=
=
hga]
[yl
[
o g Failure Load
E Specimen & ----- 2510 | kM
E Specimen B 2.345 | kN
Specimen © —— | 2.225 | kN
Average 2.4 kM
0 T T T T T )
1] 02 04 0E (1= 1 1.2

Extension {mm)

Figure 4.16: Failure load Vs extension curve ofdhear specimen
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Figure 4.17: Failure load Vs extension curve oftehsile specimen

88



Chapter 4: Experimental Programme (Meso laminate)

4.3.2. Experimental results

Table 4.1, Table 4.2 and Figure 4.18 summarisedsalts of experimental testing of both

shear and tensile specimens.

Npecimen type
Units | LL | LT | RL | WR | IR
Laminate thickness without coating mm | 1.07 | 106 | 1.05 | 1.06 | 1.06
Latninate thickness with coating tn | 139 | 138 [ 1.38 | 1.38 | 1.39
Thickness of coating (one side) tn | 016 | 016 | 0165 [ 0,16 | 0.165
Thickness of adhesive mm | 0.23 | 021 | 020 | 0,23 | 0.22
Fatlure load L 24 | 206 | 16 | 22 2.6
Mamrmum extension rn | 104 | 098 | 0079 | 1.03 | 1.05
Standard dewnation kM 0.2 | 027|015 01 0.1
Average strength LMPa | 24 20 19 22 ]
Fihre content UD Unr-diectional) | gowol | 65 o o o o
Random onwol | -- -- fi3 fi3 fi3

Table 4.1: Experimental results of shear specimen

Specimen type
Inits | LL LT | RL | WE | IR
Lammate thickness without coating mm | 1.07 | 1.05 | 1.06 | 1.06 | 1.07

Latninate thickness with coating mm | 139 | 1.38 | 1.39 | 1.38 | 1.38
Thickness of coating (one side) tn | 016 | 0L165) 0165 | 016 | 0.16
Thickness of adhestve mm | 020 | 0023 | 020 | 021 | 020
Falure load kN 1.4 14 (10 | 14 1.8
IMazmum extension mm | 069 | 0.64 [ 041 | 0.57 | 0.73
Standard dewation L 015 | 019 | 024 | 0.1 0.1
Average strength MPa | 14 14 10 14 15

UD (Uni-dwrectional) | oqwol | 65 | 5 | 65 | 65 | 65
Random wewal | -- -- fi3 fi3 fi3

Fibre content

Table 4.2: Experirtad results of tensile specimen
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The following remarks are relevant:

« all the values used in tables and figures werentaseaverage values of three

out of five specimens

» consistency in adhesive thickness in all specinvess achieved with the help

of the bonding jig. The thickness varied betwedi.03mm

» different configurations laminates were achievewratrial and error with less
variation in thicknesses with the help of a mouidjiy, balanced pulling and

compressive force on the roving. The thicknesseddbetween 0.03-0.04mm

» the results clearly demonstrate that the LL comfigjon have a higher failure
load in both shear and tensile specimens than LdrRIn Most like the LL
specimen have double strength in a longitudinadtion. Other reasons are
given in the discussion chapter

» the RL configuration have significantly lower fakuloads than others in both
shear and tensile specimens. A possible reasoheigpdor longitudinal and
transverse strength of random fabric. Further tietae given in the discussion

chapter

» the IR specimens exhibited the highest strengthb@ith the tensile and shear

specimens

» the shear strength improvement of the IR model &lerLL, LT and WR are
about 62%, 10%, 26% and 18% respectively. Perhansgusmaller Tex
rovings, as well as having UD fabric along the iogddirection in the case of

IR, is the reason for this improvement

» the tensile strength improvement of IR over RL, LI, and WR is about 28%
and the improvement of IR over RL is about 44%. Taesile failure is
possibly less sensitive to the roving orientatiant more so for the random

fabric

* a significant difference in failure load was foubdtween shear and tensile
testing results, because the tensile specimeniie samsitive to testing than the

shear specimen. Shear specimen has combined shetdraasverse loading,
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which suppress transverse stresses in compositethéuensile specimen is

dominated by transverse loading only

another possibility for this difference is tiesue of voids that were evident
from the microscopic examination. Voids are perhapse critical to failure in

tension than in shear loading. When the composite® subjected to shear
loading, some areas of the specimens would actielyinder compression.
These compressive forces would close up any vaidsh&nce the specimens

would be more resilient to failure

although the standard deviations are relativelyllsfoe many specimens (see

Figure 4.18) they were discarded due to poor mogldt an early stage

the causes for the results deviations are likelypeothe effects of voids and

possible misalignments of specimens

IR and WR specimens exhibit less failure load demathan LL, LT, RL
specimens (see Figure 4.18). A likely reason islthal T, RL specimens used
higher Tex roving (4800Tex) and IR and WR specimamesbased on smaller
Tex roving (3600Tex)

higher Tex roving had a higher population of vottian smaller Tex. This

conclusion was made after several microscopic ebhsens

the average tensile and shear strength in the &esnare obtained from

dividing the failure load by the bond area or teéachination area beneath it.
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Figure 4.18: Failure strength variation of mesaiiefshear bonded joint
with respect to different fibre architecture
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4.4  Failure mechanism

The joints were designed and produced to ensutddihare initiates at specific locations,
nearer the edge of the joints. However, it is erely difficult to determine the exact locus
of failure because this often happens in a brithel sudden manner. Examination of

fracture surfaces of the specimens suggests tyyes of failure, which are as follows:-

* intralaminar - transverse (out-of-plane or peeljufa within the laminate
surface just below the coating resin layer. Thigdterred to as transverse

failure

e interlaminar - transverse and shear failure at rbmn separating the two

layers/plies. These is referred to as interlamiagure

* longitudinal - tensile failure along the laminaféis is may be limited to WR

and RL shear specimens.
4.4.1. Failure of shear specimens

As mentioned previously, in the experimental setfdpFE tape was used on one of the
aluminium adherends so that the bond area of thgosite was restricted to 10 x 10mm.
This appeared to be successful for most of theisees which showed a failure occuring
only within this restricted area. Figures 4.19-42®w the failure surfaces of different
shear specimens . Therefore edge effects were agstonbe minimised in that respect.
The images below show all fracture modes (intrate@miinterlaminar and mixed). The

shear joints were designed to ensure that failoigaies at the edge of the joints, as
indicated on the figures. Due to the adhesive ngastrong interface, failure proceeds
below the coating layer and then propagates daapefilaments of the composite upper
ply. This is perhaps due to voids/micro defectdilmre/matrix interface failure. The LL

specimen failed in intralaminar mode at the surf@aeel as shown in Figure 4.19. Some
specimens delaminated by the intralaminar fracaseshown in Figure 4.20 for LT

specimens. In LT, the longitudinal roving as a acefroving, takes a high proportion of the

loading as compared to the transverse rovings lieitea
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| Fatlure
imitiation

-3 | Failure
| iutiation

Figure 4.20: Intralaminar fracture mode of LT spaen

94



Chapter 4: Experimental Programme (Meso laminate)

The RL specimen showed an intralaminar failure m@ee Figure 4.21) and this is likely
due to the random fabric being quite weak in trens¥ directions. This, along with many
other factors (see discussion), was more thanylite® cause of the specimen failing at
such a low load. Interlaminar failure modes wersembed in IR and WR specimens as
shown in Figure 4.22 and 4.23.

s | Failure
— | mitiation

Figure 4.21: Intralamineadture mode of RL specimen
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Figure 4.22: Interlaminar fracture mad&VR specimen
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Figure 4.23: Interlaminar fracture mode of IR spsan
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4.4.2. Failure of tensile specimens

The failure surfaces for the tensile specimensshogvn in Figures 4.24-4.28. Again most
of these specimens showed intralaminar failure in LT, RL (see Figure 4.24, 4.25,

4.26). The WR and IR specimens seem to have féijedhixed mode, perhaps mostly
interlaminar (see Figure 4.27, 4.28). Delaminati@s limited to the 10x10mm area. This
was achieved by reducing the edge effect in theileespecimens. Even though the failure
mode in the tensile specimens was similar to skgacimens, the failure load in the tensile
specimens was significantly lower than shear spewesnAs seen from Table 4.2 the
failure loads of the five fabric organisations hsmime variation. A likely reason, as
discussed previously, is that tensile specimensnaee sensitive to testing then shear
specimens. The shear specimens have combined ahdatransverse loading, which

reduce the effect of transverse stresses on coteposhilst tensile specimens are

dominated by transverse loading only.

Figure 4.24: Intralaminar fracture mode of LL speen
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Figure 4.25: Intralaminar fracture mode of LT spaen

Figure 4.26: Intralaminar fracture mode of RL sp&n
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Figure 4.27: Interlaminar fracture mode of WR spem

Figure 4.28: Interlaminar fracture mode of IR té&specimen

99



Chapter 4: Experimental Programme (Meso laminate)

4.5 Microscopic investigation

Following on from the experimental work, microsaopivestigations were utilised to gain
a better understanding of how the specimens failady aimed to examine the possibility
of any voids or any other defect that may have edysemature failure in some of the

specimens.

Firstly the surface topology of the coated specsngas examined in order to see if it had
filled in any surface flaws on the GFRP specimeiibe images in Figure 4.29 show the
effects of the surface coating. As seen from tlgré, the coated specimen is
homogenous and the surface topology is smooth. Memigure 4.29c shows small air
bubbles trapped on the surface.

-

200
-

.

Figure 4.29: Microscopic images: a). before, b¢rtihe application of epoxy coating, c).
air bubbles on coating surface

On the other hand, although the coating was aimditliag any surface flaws, there was
no doubt that each GFRP specimen would not beofreab-surface flaws which may have
a more damaging affect. As a consequence, it masrntant to examine both the cured
laminate and the fractured samples under the nuopes This helped to investigate to
what extent these sub-surface flaws have contbute the brittle fracture of the

specimens.

The microscopic image shown in Figure 4.30 is thiésped section cut from the cured LL
laminate before fracture. The figure shows the gares of voids/micro-defects in pseudo

GFRP composites. The highlighted circle indicateisl vrectangles are resin rich areas and
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ovals are defects. It can be deduced that the eizét®se voids are quite significant when
compared to the size of a single filament. In addjtthere are resin rich areas which
signify irregular packing of the fibres. The oval igure 4.31 indicates another kind of
voids around the fibres. Figure 4.32 shows typiadlire in laminate. These failure modes
are influenced by voids/micro defects within theréd/matrix interface as shown in Figure
4.31.

Figure 4.31: Closer microscopic image of crossigecthrough the thickness of LL

laminate
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Figure 4.32: Fracture mode within laminate
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4.6 Macro-scale DLS joints

4.6.1 Production of specimens

A DLS joint was bonded and tested. Figure 4.33 shthe details of the joint. The inner
adherend is based on pultrusion provided by Exeh@isite Ltd.

2001mm

e SOrmn— e TSm——

F 3
Y

Inner Adherend Cater A dherend
{GFRP) (Steel)

Figure 4.33: Geometry of DLS hybrid joint

A composite section with a '"dog bone shape’ peofif dimension 25mm wide and 5mm
thick (see Figure 4.34 and 4.35) was provided lgyrttanufacturer. These sections were
then machined to a uniform thickness, removingsiiréace veil and continuous strand mat
to leave unidirectional fibres. This also removied tould release agent.

>y
5
3
15
_¥
_
A
Figure 4.34: Composite material section  Figure 4.35: Composite material pre-

machining

The final thickness of the uni-directional compesstrips was 3mm. The uni-directional
GFRP adherends were then cut to the required lamgtig a parallel mounted diamond
impregnated circular saw blade mounted in a hot&axis-milling machine. The method
adopted for coating the macro-scale joint was #mes as the method used for the meso-
scale joint (see section 4.2.3). Aspects of thetimgaare shown in Figure 4.36. The

thickness of the composite was measured before adtedl coating, and the average
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thickness of coating was 0.144mm with a standandatien of 0.035mm. The exact

thickness of each specimen is tabulated in Tallle 4.

Cuter Average thickness Ll Standard | Fibre
Failure o

adherend load dewiation | content
Compostte | Coating | Steel | Adhesve

Uitz mrn tatn tntr tntn kM kM (Wawt)
yiy 3.05 0.125 3.01 0.25
E 311 0.1770 3.00 022

U TET 3er [ ois0 | a0l | 0.0 19.94 | 0403 65
D 3.08 0.130 302 0.26

Table 4.3: Summary of experimental results of Dhift]

Figure 4.36: Aspects of resin coating: a) prepamatb) resin application,
c). cured adherend

The adhesive bonding procedure of the macro-sch jbBint was exactly the same as the
meso-scale joint. The surface preparation procedasewell explained in section 4.2.4.2.
The steel surface was prepared by grit blastingdsmeasing. Following the application
of the adhesive, the joints were assembled in &iape designed jig, namely macro

bonding jig, in Appendix B.5 (See Appendix B.5.tHking care to ensure good alignment.
A clamping force was applied to four test specimensis ensured the adhesive was
distributed evenly and at a constant thickness.jd@inés were continually realigned during

this clamping procedure.
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4.6.2. Testing and failure examination

The mechanical testing was carried out using a K\Rigell Z250 tensile testing machine
under a constant cross head speed of 0.5mm/mimbteat temperature. Figure 4.37
shows the test results for four specimens, withllsmagiation in failure load. The average
failure load is about 20kN. The examination of thikure surface in Figure 4.38 indicates
adherend failure at subsurface the (just belowctaing) — similar to failure in LL meso-

scale shear joints in section 4.4.

Failure load
Specimen & ----- 20,285 kN
on | [Specimen B 19420 kN
Specimen © —— | 19,669 kN L
Specimen D — — | 20.371] kN ’:;.F’
— Average 19,936 kM S
= e
=2 L
B Z
=] S
— 10 4
: #
i
I,
1] T
0 1 o2 3
Extension {rmm)

Figure 4.37: Failure load Vs extension curve of Dhift
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Compostte delarmnation
Composite
adherend
Steel
adherend
Fibrous layer on top of adhesive

Figure 4.38: Failure of DLS joint

Figure 4.39 shows the microscopic images of polistextions cut from the manufacturer
pultruded composite. These show defects and tkeel lincluding voids (highlighted in
circle), resin rich areas (highlighted in ovalsgatefects in rectangles. It can be deduced
from the figure that the level of voids/micro ddfeds comparable with the pseudo

pultruded composite made in a laboratory.
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Figure 4.39: Microscopic images of cross sectidmeutgh the thickness of manufacturer
pultrusion
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Chapter 5

Finite Element Analysis

5.1 Introduction

The chapter deals with the multi-scale modellingpoftruded joints at macro, meso and
micro-scale levels. The main focus, however, isnwdelling of the meso-scale bonded
laminates discussed in the previous chapter takity account their through thickness
materials i.e. adhesive, coating resin, impregnaieds fabric and interlaminar matrix
resin. The main aim of the modelling is to detemnthe critical stresses, especially
transverse/peel at meso-scale level under tensileshear failure loads. This is in order to
better understand failure within standard DLS j@intvhich was supported by limited
analysis using both macro and micro-scale moddis. macro-scale model is based on a
standard DLS joint and the micro-scale model is2asn a single filament - matrix resin
interface under transverse loading. The micro-matse includes the effects of void/micro
defects at the interface and loading mechanisnmherfitament. The chapter presents and

compares all the FEA results.
5.2 Introduction to finite element analysis

Finite element analysis (FEA) is an excellent waylétermine the stress distributions and
failure in adhesive joints. Significant studies 31866] on adhesive joints encourage the
use of FEA to observe the behaviour of adhesivetgoand compared with the results,
which are obtained experimentally or analytically. this research FEA models were
constructed in Abaqus/CAE Version 6.7-1. The desioms of Abaqus/CAE application

are given in Appendix C.
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5.3 Meso-scale models

This section will introduce the modelling of the soescale laminate and joints by

considering the various fabric organisations thiolagninate thickness to determine local
failure stresses that are expected in DLS joint® properties of these materials are given
in Table 5.1, which includes data from manufacturenechanical testing and calculation

methods. Details are in Chapter 3.

PROPERTY Units | 5255 iyl Comp | o | e dite Coating) Aluml | gjeel
Young's modulus | GFa T2 3 43 1487 2 3 72 210
Poisson's ratio - 0.2 036 | 0.26 023 0.36 0.37 0.3 0.3
Tensile strength | LiPa| -- 90 | /OO - 40 30 120 | 300
Transverse strength| LPa| -- - 20

Table 5.1: Materials properties

The FEA models assumed orthotropic properties foe& GFRP, elastic-full plastic

properties for the adhesive and elastic propefbiethe brittle vinyl ester and epoxy resins.
As discussed earlier, the small laminates were heddeith various fabric organisations
namely LL, LT, RL, WR and IR. Brief descriptionsg@n) of these fabric arrangements

are as follows:

e LL: - Two UD rovings mat (4800Tex) stacked at Oedtion i.e. along the

loading direction (x-axis)

« LT: - Two UD rovings mat stacked at Ofi-direction. Same roving size used
in LL (4800Tex)

e RL: - A random mat stacked on the top of UD maOatirection (4800Tex

rovings)

« WR: - A 0/90 woven rovings mat (3600Tex) stackedtlom top of a random
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mat

 IR: - A 0/90 inlaid (non-crimp) rovings mat (360))estacked on the top of a

random mat.

5.3.1 Shear models

The shear models (and specimens) are based orittheadherend shear test (TAST)
configuration as shown in Figure 5.1. The figurghtights the details of the five shear
models as well as the dimensions of multi-layehexmeso-scale laminate, along with the

assigned boundary conditions.

The 2-D models include the through thickness malterie. adhesive, coating resin, matrix
resin, and impregnated roving. The impregnatedngwas based on a vinyl ester resin
system, reinforced with E-glass rovings and ma¢ (B&ble 5.1). The load was taken to be
the failure load which was obtained experimentalllgere was no symmetry in the shear
models, so the boundary conditions were applietherfull shear models (see Figure 5.1).
The boundary conditions at the edges signify tlzenping mechanisms, restraining the
aluminium from displacing in the ‘y’ direction. AdsFigure 5.1 shows the location of the
PTFE sheet that was applied in the experimentdlsisaThis is simply modelled as a gap
with the corresponding thickness of the sheet. fAsementioned, this was to prevent any
adhesion occurring around the edges of the lameradeto ensure adhesion only occurred

in the designated 10 x 10mm area.
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Figure 5.1: Schematic showing the location of falarrangements in shear model with

detail dimension and boundary conditions (not &lesc
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Figure 5.2 shows contours of transverse stresspgifliced from the analysis of a shear
model and highlights that adhesion only occurrethendesignated 10 x 10mm area. This

also shows absence of any edge effects in the &&jias intended in the experiments.

2 5,522
[Aug: 753
1 +5.751a+07

+7.515e+07
T +5.27%9e+07
+3.043e+07
+32.807e+07
+2.571e+07
T +1.335e+07
T +2.914e+03
=1.13Te+07

— -2.373e+07
- -3.60%e+07
-4.8453e+07
=&, 081e+07

R
\ e Critical
/ \ . region

o -
" PTFE

m ,*I Steet gap

-‘-\.
e
| ] Srmall
1 larninate

Figure 5.2: Typical FEA transverse stress contoushear model

The adhesive bondline thickness was modelled amn®.2and the coating resin was
modelled at 0.1mm. The adhesive and the resin dierded into two elements to allow
for determination of through thickness stressesshivigzing is quite important in FEA and
the optimisation was obtained when no significaiffecence was noticed in the load-
displacement curve with progressive load of the elmdElement aspects ratio of 1:10 to
1:2 were considered for the mesh nearer the mattgdse The final mesh was based on a

minimum ratio of 1:5.
5.3.2 Tensile models

This section aims to discuss the tensile modelsgiwivas aimed at simulating the tensile
test performed in section 4.3 (see Chapter 4).details of the tensile models are the same

of those used in the shear models except for Igadnd boundary conditions. Figure 5.3
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gives the basic dimensions of the models, alony Wie assigned boundary conditions.
The figure also shows the various fabric configora that were considered as a surface
layer. These are used to examine the effects efiradt the fabric arrangements on through
thickness failure stresses. The classificationaghdayer is mentioned in section 5.3. The
dimensions and materials’ properties of the terlSH& models are the same ones which
were used in the shear models. The 2-D models 8gsutle plane strain quadrilateral,
reduced integration element type CPEBR. Each nadewo degrees of freedom in the x
and y directions.
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)
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Figure 5.3: Schematic showing the location of falarrangements in tensile model with
detail dimension and boundary conditions (not &lec

114



Chapter 5: Finite Element Analysis

For further details on the tensile model, Figuré $hows a quarter of the tensile model
with the boundary conditions applied. The boundamyditions applied along section C-C
imply that this bottom edge was constrained in X3¥ plane. This was designed to
simulate the effect of the clamping within the jawrs the Zwick testing machine. The
boundary conditions applied along section A-A tstriet any movement in the x- direction
which ensured that the analysis was purely tengite.stated previously, the different
failure loads were obtained with various fabricaagements tensile models through the
experimental testing. Such loads were appliechesd numerical models to examine how

the stresses varied throughout each of the abaw&itent layers.

al

R TS S
meﬂ % 2

o I
E.--""ri‘“‘_“_fa §3'1—_
=" : Zmm
45mm ,:_E____E.___-q:-c .
1

Figure 5.4: Tensile model with quarter FE modelang layers sequences in laminate and
symmetrical boundary conditions (not to scale)

The adhesive bondline thickness was modelled amn®.2and the coating resin was
modelled at 0.1mm whilst the thickness of the ingpaged roving was modelled at 0.5mm.
The adhesive and the resin were divided into twemehts and the roving into four
elements to allow determination of through thiclsesesses as illustrated in Figure 5.6.
Figure 5.5, shows typical FEA contours of transsessress of a tensile model, which
shows a critical stress region. Again, the figuneves absence of any edge effects in the

laminate, as intended in the experiments.
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Figure 5.5: Typical FEA maximum transverse stresgaur for tensile model

The figure highlights transverse stress regionsravlibe load was applied through the
upper aluminium adherend. Hence the FEA contoatslate the expectations of high
transverse and shear stresses at the edges ofotitegnd joint (not to the edges of
composite). In addition, the layers immediatelyaaépnt to this region will obviously be

highly affected and delamination would be highlysgible. In the tensile models, both left
and right, edges behave in a similar manner, doréacan initiate at either edge. These
contours shows that the transverse stresses arg tistributed evenly throughout each
layer and failure would be likely to occur withihig region. In general since the FEA
contours do not provide a complete understandindaidire initiation all layers were

checked individually especially in multi layered tergals.
5.3.3Critical stress locations and failure

Figures 5.6 and 5.7 show critical stress locatifmsfailure initiation for the shear and

tensile models, respectively. These locations arfeliows:
* location 1: interface of the adhesive with themesating

e location 2: laminate top surface; within the top3mm just below the epoxy

coating
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* |ocation 3: interlaminar location at about 0.6 melow the surface, i.e. in the

matrix resin between the two composite layers.

Locations 2 and 3 are considered more criticalr afteroscopic examination of fracture

specimens.

The fracture surfaces of the laminates within thended specimens suggest three

possibilities of failure modes, which are as folfow

e intralaminar transverse (out-of-plane or peel) ui@l within the laminate
surface/immediate subsurface just below the coagnsmp layer. This is referred

to as transverse failure

e interlaminar transverse and shear failure at th&nreseparating the two

layers/plies. This is referred to as interlamiralufe

* longitudinal tensile failure along the laminate.is’'is may be limited to WR

and RL shear specimens.

The stresses are taken at a prescribed distan@ed®im from the point of singularity,
especially for adhesive at location 1. This nomuiiatance is used for both the meso and
macro-scale model to obtain comparative stressegallhe designations of stresses are as

follows:
» S11 presents the longitudinal stresses, along X{#@baqus coordinate 1)
e S22 presents the transverse stresses, along YtAkmsqus coordinate 2)
* S12 presents the shear stresses, in the X-Y phdve(s plane 1-2).

These stresses will be used in conjunction withldications 1, 2 and 3, for examples as

follows:-
e S22/1 refers to peel/transverse stress in locdti@uhesive)

e S12/2 refers to shear stress in location 2 (neaposite surface)
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o S22/3 refers to transverse (peel) stress in locaBdnterlaminar within the

composite at matrix resin.

The failure criteria for the laminates are basdidegion Maximum Stress Theory or criteria
for failure initiation. These are explained in sewt6.3. Therefore two indices are

considered here and as follows:-

o index 1 iz based on the Maximum Stress criterion for tension, using this

equation

| onl| 27, (1)

F,is taken to be 200Pa based on transverse strength of laminate (see Table 5.10. & 4

corresponds to transverse stresses S, at composite surface/subsurface near to interface.

For example for LL model {see Table 5.2)

Index 1= 25 =125
20

o index 2 iz based on the Hashin failure criterion for matris faillure in tension,

using this equation;

2 2
e R U (2)
¥, 5 '

Similarly T, iz taken to be 20MPa based on transverse strength of laminate
(see Table 5.1% and 5 1z 26MPa based on shear strength of laminate & 2

and Tz corresponds to transverse and shear stresses within composite at matrix resin.

For example for LL shear model (see Table 5.2)

2 ]
12.4 15.3
Index 2 = | 122 LIl
cx [20]+[E4] 112
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Figure 5.6: Shear model: a), FEA meshed modetrhical stress locations
at different interfaces within the laminate
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Figure 5.7: Tensile model: a), FEA meshed modelctitjcal stress locations
at different interfaces within the laminate
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5.3.4 Numerical results

Numerical results of both shear and tensile FEA elodre presented in this section. As
discussed in last section, five different fabrigamisations namely LL, LT, RL, WR and
IR were used in both shear and tensile models.ifignt variations in failure loads were
observed between the shear and tensile modelsn@ktetwo sections give the details of
the stresses through the thickness of the lamiratéslure load for all shear and tensile
models. Good correlation was found between FEA expkrimental results for the LL
shear model/specimen. Figure 5.8 shows a goodragreebetween FEA and experimental
load-displacement curves. The FEA curve seems\e tiee same load extension relation
with the experimental up to displacement of 0.8mAndifference in displacement to

failure is about 20%.

—_
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Figure 5.8: Load-extension curve of experimental BEA results
of meso-scale LL shear model

5.3.4.1 Shear models results

The shear models were designed to show the effeximbined shear and tensile loading
on through thickness failure stresses in small hamte. The aluminium adherends
sandwiching the laminate are actually moving in agie directions. This creates a
bending moment as well as shear traction loadinthatright free edge of the joint as
illustrated in Figure 5.2. These combined loadiogsse through thickness failure stresses

in the laminate. The stress distributions in sheadels for the five fabric arrangements

120



Chapter 5: Finite Element Analysis

are shown in Figures 5.9-5.13. The various stresseespond to failure load (from
experiments of the joints) are given along thetj@minate. The max transverse (S22/2)
stresses in the composite nearer the edge of ihie gspecially at location 2, seem to be
the most critical values in relation to the stréngt the composite. The transverse stresses
(S22/1), in adhesive, are consistently high forrafidels (LL, LT, RL, WR and IR).
However, the adhesive failure could not occur beeairess values are within the elastic
limit of the adhesive (40MPa). Also the shear siees(S12/2, S12/3) at locations 2 and 3

are low and considerably safe as compared to thresppnding transverse stresses.

40

35 S22 - =122

(1]
=
N

30 e — - — 51213

Stress (MPa)

Distance along joint (mm)

Figure 5.9: Stress distributions in LL shear mddek section 5.3.3)
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Figure 5.10: Stress distributions in LT shear mddeé section 5.3.3)
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Figure 5.11: Stress distributions in RL shear m¢sle¢ section 5.3.3)
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Figure 5.12: Stress distributions in WR shear m¢sk section 5.3.3)
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Figure 5.13: Stress distributions in IR shear md@se¢ section 5.3.3)
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Summary and failure criteria in shear models

Table 5.2 gives the summary of maximum stressestatal locations together with failure
loads, failure indices and failure modes (see grcii.3.3).The underlined stress values
indicate that failure could have taken place agsalt of these stresses. The underlined
values for the LL model indicate the possibilityesther transverse failure (intralaminar at
location 2) or interlaminar failure (at location 3jJowever, the transverse failure could be
more dominant. Similarly, due to transverse strgstgee nature of failure in LT model is
transverse at a few filaments deep. In additioe, BRL model has the possibility of
transverse and/ tensile failure (longitudinal)atdtion 2. Likely reasons for this are poor
transverse and tensile/longitudinal strength ofrdrelom mat, as shown in Table 5.2. The
WR model shows all the possibilities of failure Itk interlaminar failure is likely due to
the crimped nature of woven fabric which could coompise the resin strength in location
3. Finally, the IR model has possibility of bothrisverse and interlaminar failure. Perhaps
the interlaminar failure occurs due to higher trxamse stresses at location 3 (S22/2).0Other

details on these results are discussed in Chapter 6

Typefload|Load |[S22f1511 /251272522 /25123522 /3 Index1|Index2 | Possible
bt MPa |MPa |MPa [MPa |MPa [MPa (Max [Coupled)| failures

theory)
LL 24 | o0 |1610 | 136 |25 | 153|124 | 125 | 117 |nTransverse
mlntetlamitiar
LT 206 | 282 | 1410129 | 210 | 140 | 7.5 1.05 083  |aTransverse
RL 1.6 224 1620 | 114 | 196 | 8.7 112 0.93 0.2 'Tfﬂ-ﬂS_VErSE
mTensile
m Transverse
WR 22 | 254 il 132 | 210 | 140 | a3 1.05 093  |alnterlaminar]
nTensile
IR 26 | 220 | 2230|143 | 220 | 140 | 193 110 176 [mTransverse

mlntetlamitiar

Table 5.2: Summary of failure loads and maximurasstes in various shear models

( see section 5.3.3.)

The table shows that failure index 1 seems to gigber values in LL, LT, RL, and WR,

which again suggests that failure is largely goedrby the transverse stresses in location
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2. Failure index 2 seems to give a higher valulRimodel, suggesting the possibility of

interlaminar failure in location 3, i.e. in the ik®etween rovings.

Final summary points are as follows:-

 LL provides a higher strength than the LT and Rbri@ organisation. LL
exhibited double the tensile strength than LT arid iRodel. LL could even

produce a higher joint strength should a thinngmg (smaller Tex) be used

» RL fabric arrangement has significantly lower fedlload than other models. The

possible reason is the poor longitudinal and trarsa/strength of random fabric

» strength improvement of IR model over RL, LL, LTdaWVR are about 62%,
10%, 26% and 18% respectively. The reason for ithigrovement is the UD
roving used as surface layer along the loadingctioe and it is based on smaller

Tex

 LL, LT, RL resulted in a higher strength scattercomparison to WR and IR
fabric arrangements and this is perhaps due to Vogh defects associated with

the higher Tex

 index 1 in LL, LT, RL, WR models seems more domimgtfor laminates
transverse failure and index 2 is dominating innRdel shows interlaminate

failure.
5.3.4.2 Tensile models results

The specimen and hence laminates are subjectedreo tpnsion which induces direct
tensile/transverse stresses into the laminategcesly nearer the edges of the joint. The
stress distributions at the critical locations tbe various models are shown in Figures
5.14-5.18. The distance along the joint is takeon@l the x-axis of the bonded
specimen/model, as shown in Figure 5.7a. .Theseeat location 1, 2 and 3 (see section
5.3.3) are taken at the corresponding nodes aloadl®mm distance. The node stresses
were extracted longitudinally along this region feach layer of the laminate. The
transverse stresses (S22/1) in the adhesive ateghest for all models, but these are well

within the elastic limit of the adhesive (40MPa)wtver, transverse stresses S22/2 and
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S22/3 (below the adhesive) remain the most critaoad therefore both transverse and
interlaminar failure are possible. The shear sé®sse negligible. In addition the failure
stresses here are considerably lower that the algnitvcases for the shear model. This will

be discussed in Chapter 6.
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Figure 5.14: Stress distributions in LL tensile rab@ee section 5.3.3)
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Summary and failure criteria for tensile model

Table 5.3 gives the summary of FEA results of tleximum stresses and failure loads for
various tensile models. Although the failure iiba and trend at each fabric arrangement
in the tensile model are similar to the shear ma@éure load was comparatively lower.
The details of failure possibilities mentioned iable 5.3 are given in Section 5.3.3.

TypefLoad| Load 522;"151IIZSIZIESZZIZSIZISSZZIS Index1{Index2 | Possible
kM |MPa |[MPa |MPa |MPa MPa [MPa (Max ((Coupled)| failures
theory)
L 133 m Transverse
1.4 201 ) 70 a0 | 157 | 24 13z 078 031 lalntertaminar
LT 1.4 152 | 58 A0 145 | 21 QF 0.3 026 [wTransverse
RL 10 | 131 | 24 | 42 | 112 |19 73 | 058 017 [mTransverse
T

WR 14 1209 54 55 153 a8 141 0.77 053 - ransve.rse
—_ -_— =L nlntetlamitiar

IR 12 | 33| 69 | 72 | 181 |35 | 192 | qop | ngs [LLransvesse
—  |mintetlaminar

Table 5.3: Summary of failure loads and maximurasstes in various tensile models

Again, underlined values represent the criticasgrvalues obtained from FEA at specific
locations, which may cause failure. According testh values, the probable nature of
failure in LT and RL models was transverse. Sinylahere are possibilities of both
transverse and interlaminar failure in the LL modBait again the transverse failure could
be dominating. The failure load for the RL modelswsignificantly lower than other
models and likely reasons for this are the poogitoidinal and transverse strength of the

random mat. Other details are given in the disousshapter.

As mentioned earlier, the tensile model is moresisiee to loading than the shear model

and a possible reason for this is the differencténnature of loading. Shear models have
combined shear and transverse loading on lamimdtesh could suppress the transverse
component that appeared at the edge. On the o#imel, ithe tensile model is subjected to

pure tension which places the fabric under diremnidverse stresses. Further explanation
for difference is given in the micro-scale modelgsection 5.5.1).
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Failure index 1 seems to give higher values for LT, RL and WR models, which may
suggest intralaminar failure due to transversessé® Whilst the failure index 2 seems to
give higher value in the IR model, suggesting ttalure might occur at interlaminar

location between two composite layers.

Final summary points for the tensile models areobews:-

* LL provides more strength than the LT and RL falaiangements. The LL
could even produce a higher joint strength shouttimner roving (smaller

Tex) be used

* RL fabric organisation has significantly lower tai load than other models.
Possible reasons are poor longitudinal and trassvetrength of random

fabric. Other possibilities are given in discussohiapter

* IR fabric organisation has higher strength thawhoven with random mat
WR

* the improvement of IR over LL, LT and WR is abou8% and the
improvement of IR over RL is about 44%. The tensgepossibly less
sensitive to the roving orientation but more sotha random fabric

* LL, LT and RL resulted in a higher strength scaittecomparison to WR and
IR fabric arrangements and this is perhaps duégto Void defects associated

with the large Tex

e index 1 for LL, LT, RL and WR models seems more aw@mting and shows
Interlaminar failure. Index 2 is dominating in IRodel shows laminate

interlaminate failure.

» the tensile models failed at considerably lowezsstes in comparison with the

shear equivalent.
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5.4 Macro-scale model

Figure 5.19 shows the DLS joint and 2-D FEA moddie figure also gives details of

constituent materials. The inner adherend is based pultrusion which has the same
properties of the LL laminates and the outer aditeie based on mild steel. Both the steel
and adhesive were modelled as elasto-plastic ictnmaterial and the composite was
modelled as an orthotropic material. The load veken to be the failure load which was
observed experimentally. The 2-D models used 8-ipdalee strain quadrilateral, reduced
integration element type CPE8R. The element chmethe mesh enabled a finer mesh to
form around deformed edges due to these elemefasmdeg better under bending than

other types of elements.
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Figure 5.19: FEA model of DLS joint with all posldimensions and symmetrical
boundary conditions (not to scale)
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In order to reduce computation time, and to singgiife model, symmetry was used. It is
possible to model the double lap strap joint asiartgr model as in Figure 5.19, taking
care to set the correct boundary conditions. Theil load was applied as a stress to the
left hand side of the model. The lower edge ofrtleglel is constrained in the y-direction,
as the composite inner adherend has been split losvmiddle. The steel outer adherend
is fixed in the x-direction to symbolise that it ame continuous piece of steel. The full
tensile load should be transmitted through thel steter adherend. A detailed mesh was
assigned to the FEA model. As discussed earliglyréaoccurs at the edges of the
adherend and high stresses occur in both the aghasd the composite and this leads to

the biased mesh as shown in Figure 5.20.

A fine mesh is important as Abaqus calculates tinesses at Gauss points, and then
extrapolates these stresses back to the nodes.tlterefore necessary to have a high
density of elements in areas of interest. This giwenuch more accurate indication of the

actual stresses. A detailed view of the mesh Kgare 5.20.

The smallest element in Figure 5.20 is 0.1mm. Tias doubles in size from 0.1—0.2—
0.4—0.8—1.6—3.2 and then the elements continuecanatant length of 3.2mm for the
remainder of the model. In the vertical directithe outer steel adherend has 4 elements of
equal heights, the adhesive has 5 elements of dwpights and the inner composite
adherend has an element 0.1mm below the surfaee,@8mm below the surface. The
importance of this mesh is to analyse the stressethe adhesive and the stresses

immediately subsurface in the composite.
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Figure 5.20: FEA quarter meshed model of DLS joint

5.4.1 Ciritical stress location and failure

Three critical locations named locations 1, 2 amdeBe suggested for the DLS model, just

like the meso-scale models. These locations anersitoFigure 5.21 are as follows:

location 1: interface of adhesive with coating mesi

location 2: laminate top surface; within the topSmm just below the epoxy
coating

location 3: interlaminar location at about 0.6mmolbe the surface of the
composite.

Locations 2 and 3 are considered more criticalr afteroscopic examination of fracture

specimens. In addition the modes of failure antlfaiindices are the same used for the
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meso-scale models.

2 (0.05mm) | Fteel \
3 (0.Emm) coating resin
/1

i ‘} I‘}Cnmpnsite

Figure 5.21: Possible failure initiation locationpultruded DLS joint

5.4.2. Numerical results

The DLS model was loaded with its correspondingmedcal failure load. To plot stress

vs. displacement curves, every node was selected.allowed stress and strain data to be
taken along paths created at critical stress loeatiwhich are mentioned in Figure 5.21.
Both the shear and transverse stresses of theiaelleesl composite were examined as

these stresses are often the primary cause oaiflnesfin pultruded bonded joints.

a0 S22 ------ S22 — - — $12/3
| 52273

Stresz (MPa)

Diztance along joint (mm)

Figure 5.22: FEA results of DLS model:
transverse (S22) and shear (S12) stresses aakliteation ( see Figure 5.21)

The model has the possibility of both transverse iaterlaminar failure as seen in Figure
5.22. However transverse failure at location 2 eeas further towards final failure,
because the transverse stresses (S22/2) at lo@atuene higher than (S22/3) at location 3.
The microscopic image of the DLS model/joint in pteat 4 (see section 4.6.2 .... Figure
4.38) shows failure in a DLS joint. Figure 5.22 wisdhat the transverse stresses (S22/1) in
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adhesive were high, but the stress value was stielamit of adhesive (40MPa).

Summary and failure criteriafor DLS

Table 5.4 gives the summary of FEA results abogitnilaximum stresses and failure loads
of the DLS model. The details of failure possti@é mentioned in Table 5.4 are given in
section 5.3.3. All the stresses in Table 5.4 wakert at 0.05mm offset from the edge to

overcome the stress singularity effect.

TypefLoad|Load [S22/1511/2512f2522/2512/3522 3 Indexl|IndexZ | Possible

kW |MPa [MPa |MPa |MPa [MPa [MPa (Mazx (Coupled)| failures
theory)

2 Emm m Tratsverse

overlap | 200 | 35.5 | 358 [13.3 | 235 | 9.5 [138 | 118 | 056 [gpi - —

Table 5.4: FEA results summary of failure loads arakimum stresses in
DLS models

Underlined values in Table 5.4 represent the alitstress values. It is probable that the
nature of failure in the DLS model was intralaminat few filaments deep at top
surface/immediate subsurface of composite. Theswase (S22/2) stress is higher than the
strength (see Table 5.4). The strong interfacehat durface shifts the failure a few
filaments deep below the composite surface. Otkasans will be discussed later in

Chapter 6. The adhesive was not considered asahgverse stresses were below 40MPa.

Finally, failure index 1 for this model shows a gy value, therefore suggesting that
failure would take place at composite subsurfacetduransverse stresses. Other possible

failure criterion in this case is Tsai-Hill, whietill be discussed in Chapter 6.
5.5 Micro-scale models

The macro and meso-scale models help to deterrheauerage failure stresses but they
will not be able to quantify an in-depth failureesario in a single fibre/matrix interface.
Based on above observations, mostly macro and swse-specimens (shear/tensile) have

failed at the composite surface or immediate sdasara few filaments deep. This failure
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occurs for three reasons:

» strong interface with surface coating
* significant voids contents in composite

« fibre/matrix weak interface with voids around tlieré.

To further explore this intralaminar (transversa)lure, the modelling approach was
extended to a micro-scale level to determine acttaaisverse stresses at fibre-matrix
interfaces. Two micro-scale FEA models are simdldtere to reveal that the failure in the
composite adherend is ultimately governed by trarses stresses at filament-matrix

interface level.
5.5.1 Single filament models

Two 2-D micro-scale models were constructed in Alsags shown in Figures 5.23 and
5.24. The models used an 8-node plane strain datsiél, reduced integration (CPE8R)
element type. Both models are constructed withnglsiglass filament (16pm dia.) and
interfacing matrix resin. Different sizes/lengtlisjds/defects up to 10pum were considered,
as observed from the microscopic examinations dioty SEM. The first model applies a
constant transverse loading and symmetry boundamgittons on surrounding resin, are
shown in Figure 5.23. The load applied at the féamis based on the transverse failure
stress of the composite adherend which is aboutP2ZbMhe micro-scale model also

allows for the inclusion of cavitations (voids)achange of filament diameters.

The second model was similarly based on a sind@mént-matrix interface under

combined loading (longitudinal/transverse), ratiian single loading (transverse) like in a
micro-scale first model as shown in Figure 5.24isTaims to explain the effect of

combined longitudinal/transverse loadings of filaten the level of transverse stress in
the matrix beneath it. This mechanism represeniecas of the DLS joint’'s behaviour

where UD (LL) top fabric is used. The fibre withime top fabric will be loaded in tension

(F1), while the adhesive introduces the transviemszes (F2). A loading range of O to 50N
was considered for F1 and 0.5-1.5N for F2.
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Figure 5.23: Single filament/matrix model under stamt transverse loading with
symmetric boundary conditions on matrix

Figure 5.24: Single filament/matrix model under stamt transverse with varying
longitudinal loading
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5.5.2 Numerical results

The resin transverse stresses at the filamentxmatgrface are shown in Figures 5.25 and
5.26 for first and second models, respectively. 3inesses in first model are much higher
than the equivalent stresses in the standard DL®ewso-scale models. The micro-scale
model explains why the transverse stresses witi@nratrix could be very significant and
comparable with the manufacturer quoted value foe tesin (90MPa), which was
mentioned in Section 5.3, Table 5.1. Realisticdlyg apparent transverse strength of the
UD laminates here is about 20-22MPa as quoted higugion manufacturers and obtained
from a laboratory test. The main reasons for sutdrge difference are the lack of ideal

alignment in the transverse direction and the fibegrix interfaces flaws including voids.
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Figure 5.25: Single filament/matrix model: effeftvoid size with
different fibre diameter on transverse stress

So FEA micro-scale models were constructed whicluded two single filament models
with different diameters (10um and 16um ) and fat@ng matrix resin with the different
lengths defects/voids i.e. (up to 10um) observenfrthe microscopic examinations
including SEM. The details of the single filamenicro-scale models and the effect of

different void sizes on transverse stresses arthundingle fibre are shown in Figure 5.25.
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The figure shows the transverse stress as a funofigoids length with 16m dia (single
filament diameter) and the same trend was obsemtd 10um. Stress level is become
high about 15% when single filament diameter triowd from 16 to 10m.The load
applied at the filament based on transverse fastness of the composite adherend which
is 25MPa in this case. The figure also shows thestrerse stress response in composites at
micro-scale level at different void sizes at thestnaritical locations. In fact this explains
that the transverse stress within the matrix cdnddsery significant (about 88MPa). This
stress is within the bulk vinyl ester strength pded by the manufacturer (90MPa). It is
clear that void defect can easily take the relftil@w transverse stress (from macro and
meso-scale models) into a much higher/actual vdfuéact the micro-scale modelling is
the way forward to determine the actual failurestrin bonded composite joints and will

also enable adhesion improvement.

The second model is based on a single fibre-regerface where the filament/fibre is
subjected to combined tensile and transverse Igadifhis aims to explain the effect of
combined longitudinal/transverse loadings of filaten the level of transverse stress in
the matrix beneath it. This mechanism represermiscs of DLS joints behaviour where
LL top fabric is used. The top fabric will be loaden tension (F1) while the adhesive
introduces the peeling forces (F2). A nominal lngdange of 0 to 50N was considered
for F1 and 0.5-1.5N was considered for F1.

The analysis shows that the F1 forces suppressahsverse stresses/forces, as illustrated
in Figure 5.26. This finding helps to explain tleason for the lack of correlation between
tension and shear meso-scale models with refeftenfeglure load and transverse stresses
at composite surface/immediate surface SRa&e Table 5.2 and Table 5.3), especially at
LL fabric arrangements. The former does not exlslghificant tensile loading along the
top fabric layer.
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Figure 5.26: Single flament/matrix model: stressribution in resin
under combined tensile and shear loading.

The micro-scale modelling is the way forward toedetine the actual failure stresses and
their locations in bonded composite joints. Thif aliso enable adhesion improvement by
explaining the mechanics of single fibre/resin uiel under combined longitudinal and
transverse loadings as well as the effect of vaidthe interfaces. However, the major
challenge here is devising an experimental teclnigumeasure transverse strength at

micro-scale level.
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Chapter 6

Discussion

6.1 Properties of materials

Several dog bone and butt joint specimens were niadé¢he calculation of Young's
modulus and Poisson’s ratio of the adhesive. Bt tdutheir thixotropic nature, most of
the specimens were discarded as air became trappmény of them. The presence of
even tiny air bubbles would cause a differencesgults. Five out of ten specimens of bulk
adhesive and butt joint specimens were selectetefbing, those apparently bubble- free.
Some of the results were also discarded due to highble contents, as this always
compromises the failure strength and strain (sgar€iA.3.2). The tests showed that the
Young’s modulus and Poisson ratio values werena With the manufacturer's data. The
Araldite 2015 is known to have elasto-plastic praps but this was not shown from the
tests. This is partially to do with the quality thfe cast as well as cure conditions. It is
cured at the maximum recommended cure 8€8@ther than usual cure temperatures of
25-40°C. Therefore it was important to produce elasts{tgproperties for the numerical
analysis, using supplier data in conjunction web kests and engineering assumptions.
The adhesive failed at 35MPa obtained from the [mittt lab test. Huntsman quoted
42.5MPa and also mentioned the true failure swé8®MPa with 0.044 strain. In order to
calculate the strain at the adhesive failure Idle€ true curve was extrapolated to 40MPa.
After interpolation in chapter 3 (see Section 3.4tlBe adhesive failure strain was 0.06 at
40MPa. So the adhesive is in the elastic regiowdsen a strain of 0 and 0.022. After 0.022
the adhesive is in the plastic region, until 0\@6gere it fails. There are still contradictory
views about adhesive properties in the literature.

The fibre volume fraction obtained from the analgtiapproach (see section 3.3.1.2) is

somewhat high but is acceptable, as the valuengpacable with the manufacturer quoted

141



Chapter 6: Discussion

value (~ 60-65%). The mechanical properties of ghkruded composite were obtained
using rule of mixtures [145], Tsai and Hahn equai{il46] and the transversely isotropic
materials assumption for better estimation. The haecal properties obtained from
calculations are quite comparable with the valumiokd from the mechanical testing of
the pultruded composite provided by Exel Compdsite UK.

The transverse strength properties of 20-23MPaghmvere from the short test specimens,
(see Figure 3.12 ) are somehow lower than whabrmnally quoted by the pultruders.
They often quote a value of 50MPa but in a privdiseussion they agreed with the test
results from this study. In addition to the tragrse strength, shear strength was also
estimated from average test results for the sheesimens. This was also assumed to be
20MPa. The properties of the materials, especitiy transverse strength of the

composite, require a study on their own.

It is common to use a burn off test to determireeftbre fraction of a composite. However
in this research a more practical analytical apghoawas adopted. This was based on
manual calculation of a fibre fraction in a singlass roving and meso scale laminate, both
were impregnated in the laboratory. A difference 108% was found between them.
Details of the calculations are given in chaptése® section 3.3.1).

6.2 Pseudo pultrusion

As discussed earlier, the composite moulding proewvas provided by Exel Composite
Ltd. UK and a lot of attempts were made in the tabmy to achieve comparable

laminates. The main challenge was to properly apby materials and moulding

conditions which were provided by the manufactuBath roving tension and compressive
pressure play an important role in controlling theality of the laminate. Roving

tensioning reduces the possibility of fibre twigtiand ensures a good alignment. The
compressive pressure on rovings or mats (repregeatclosed-die condition) helps drain
out the excess resin from the mould and consolittaelayers. Balanced pressure on
roving/mat using an 10.5kg deadweight gave muchkebeesults than using a smaller
weight (see Figure 3.3.c). This resulted in smdathinates with almost aligned fibres and

minimum resin loss during the moulding operatioflse moulding process was however
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extremely difficult despite the guidance from thamafacturer. The specially designed
mould helped to obtain:-

» proper aligned fibres

» correct fibre content

» properly cured resin

* no broken fibres

» fully wetting of fibres

* minimum voids, defects and areas of pre-delaminatio

The fibre volume fraction of up to 65% is somewhigth from a pultrusion point of view.
This may be due to error in weighing a small amaifmhaterials. This high proportion of
fibore may further reduce the proportion of matresin in pultrusion due to pulling and
compressive pressure on composite. This matrix mesluction affects the surface leading
to pinhole defects or exposure of fibre. This hogrewas eliminated by coating the
surfaces with low viscosity epoxy resin coatingptompt adhesion. Figure 6.1 shows a

laminate surface with a lack of matrix resin.
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Figure 6.1: Micrographs showing surface defectSHRP laminate

The microscopic examinations of a “pseudo pultridiesninate and its equivalent
pultruded composite (manufactured by Exel Compsditel. UK) show similar levels of
micro defects and voids. Both composites havesémee constituent materials and mixing
ratios. As mentioned earlier, this final pseuddtrpsion was achieved after a trial and
error process by following the manufacture’s gurmel Figure 6.2 shows a close
comparison between the manufacturer and pseudaugpiolt. It gives a good indication of
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the quality of the laboratory moulded laminates.

Figure 6.2: Micrographs showing defects in GFRPitates:
a). manufactured pultrusion, b). pseudo pultrusion

Moulding attempts were made in an early stage dotl @ specimens were discarded due

to poor quality, using visual examination. There amumber of reasons for the specimens
rejection. These are:

* a large amount of air being trapped in individualing and also in between
resin spaced layer between two rovings

* uneven specimen surfaces and interlayer damagediieking to the mould
despite the use of PTFE mould release materialhdf composite section
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sticks to the mould, then it could cause lengthwder-layer cracks in the
composite. To overcome this problem, the mould etesnfered at the edges
to allow it to be separated by gently sliding twayesvdrivers between the

upper and lower mould
« the thickness of laminate varied from one end &oather

 some areas of cured composite are less translycewlicating that some

fibres have better wetting than others.

As discussed earlier during the moulding procesaintaining the balance between the
tensile and compression loading on the roving wate ghallenging. Even little variation

in such pressure could change the fibre/matrix qmign. Several specimens were
discarded during balancing the right proportionwsen roving pulling and compression.
Some important points about moulding pressure engs laminates are as follows:

* less roving pulling will increase the fibre volunfeaction in laminate,

because of curviness and twisting of fibres

* |oose fibre laminate have extra resin between dibmad which catch air
bubbles during moulding (see Figure 6.3)

* uneven fibre distribution due to loose fibres imiaate( see Figure 6.4)

» extra pulling of the roving will drain out most tfe resin and fibre appears
on the laminate’s surface (see Figure 6.1). Thig becovered with surface

coating later on

» extra pulling of the roving could cause delamingtat fibre/matrix interface

and resin. This may also cause residual stresses

» there is a high probability of internal fibre dareaduring extra pulling of the

roving (see Figure 6.5).
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Figure 6.3: Image showing air bubbles trapped $mre

Figure 6.4: Image showing uneven fibre distribution

Figure 6.5: Image showing the fibre damage witlmaegtilling force during moulding
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6.3 Adhesive bonding

Final bonding jigs were designed after the re-desm of early stage jigs for bonding of

both macro and meso-scale joints. These jigs edspreper adherends alignment and
consistency of adhesive bondline thickness. Theseissues could lead to a premature
failure. Early stage bonding jigs required carefdlignment during clamping. Figure 6.6

shows defected shear and tensile specimens.

As discussed earlier, shear and tensile bondingradds were aluminium. Aluminium
surfaces are highly reactive leading to the foraratf a thin oxide layer. This requires the
time between grit-blasting and adhesive bondingdoery short, say less than one hour.

The formation of an oxide layer causes adhesiveréaas shown in Figure 6.7.

Finally, the effect of coating the laminates witie iow viscosity epoxy resin proved to be
very effective as shown in Figure 4.10 (see Chaglerand this is in-line with the

recommendation by Hashim [4].

a). bl

Figure 6.6: Upper and lower adherend misalignmentshear, b). tensile specimen
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oxzide layer

Figure 6.7: Weak adhesive interface with aluminuthesiend due to oxide layer

6.4 Test results

Table 4.1 and Figure 4.18 summaries the test sgeswhich were obtained from

experimental tests of the shear specimen, are dpekw:
» the results demonstrate that the IR specimens katlithe highest strength

» the shear strength improvement of IR over RL, LL,dand WR are about 62%,
10%, 26% and 18% respectively. Perhaps using smigdbe rovings as well as
having UD fabric along the loading direction, iretbase of IR, are the reasons
for this improvement

* although the standard deviations of failure load eglatively small, many
specimens were discarded due to poor moulding etdy stage

» the average tensile and shear strength in the &esnare obtained from
dividing the failure load by the bond area or teéadination area beneath it.
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Table 4.2 and Figure 4.18 show the following pqimtghich were obtained from
experimental tests of the tensile specimen:

» the results demonstrate that the IR specimens gadlithe highest strength

* the tensile strength improvement of IR over LL, &fd WR is about 28% and
the improvement of IR over RL is about 44%. Thestienfailure is perhaps

less sensitive to the roving orientation but maréos the random fabric

» although the standard deviations of failure load eglatively small, many

specimens were discarded due to poor moulding atdy stage.

A significant difference in failure load was foubdtween shear and tensile testing results
and possible reasons are as follows:

« the tensile specimens are more sensitive to tetiiaug the shear specimens.
In the latter, both longitudinal and transverse borad loadings exist. The
longitudinal loading may help to suppress the effgfctransverse stresses.
These are the main cause for the delamination psodédne tensile specimens
are dominated by the transverse loading and hdwckiv strength. This will
be discussed further in section 6.9.

* voids are perhaps more critical for tensile speaiti@an shear specimen. This
is because, as stated earlier that when the cotepamie subjected to shear
loading, some areas of the shear specimen wouldalfctbe under
compression. Compressive forces would actuallgeclap any voids and

hence the specimen would be more resilient torilu

The IR and WR specimens exhibited, lower failudldeviations than the LL, LT and RL
specimens (see Figure 4.18). A likely reason i$ tha LL, LT and RL specimens are
based on a larger roving (4800Tex) than the IR \AfRl specimens (3600Tex). The RL
exhibited low strength due to the low stiffnessténgth of the random fabric.

The tensile LT specimens failed at lower loads th&nspecimens. This is perhaps
unexpected considering that the through thickngfeess is the same. However, having

two rovings at 90degrees to each other could affbet resin impregnation during
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moulding, hence weakening the interface betweertvibdayers.

From visual inspection of fractured specimens, i@ncbe seen that failure
(transverse/interlaminar/tensile.... see section ¥.fgking place within the composite, but
this is not always the case. A few specimens wihesive failure were found and
discarded. These specimens failed prematurely.ilitessasons for adhesive failure are as

follows:

» weaker interface with the oxide layer on aluminagtherend (see Figure 6.7)

» uneven adhesive bondline ( see Figure 6.8).

Figure 6.8: Uneven adhesive bondline

6.5 Modes of failure

It is particularly difficult to identify bonded coposite joint failure modes, but the
American Standard [168] gives the details forrtigentification and classification. Seven
classes of failure are mentioned by the American@ird and these are mentioned in the
literature review (see section 2.6). Some of theesmf failure that are likely to be present

in this particular research are summarised below:

» fibre tear failure (interlaminar): failure occursitv in the fibre reinforced
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plastic (FRP) matrix

» light fibre tear failure (intralaminar): failure ogrs within the adherend near the

surface, visible on the adhesive with few or nsglfibres
* mixed mode failure: failure is the mixture of abdyath failures

Examination of fracture joints can allow determioatof the modes of failure that have
occurred, although in some cases there may bereadaf more than one. In these cases,
the mechanism of the failure is more difficult &tablish. It is possible that more than one
mechanism could have occurred simultaneously, big more likely that there was an
initiating failure mode. The initial failure modemains more important in this research,

due to the use of small specimens.

Limiting the bond area to 10mmx10mm was intendeelitninate laminate edge effects. It
is more likely that failure was initiated from thght edge of the shear joint as it was
aimed for from the design of the shear specimere @ay assume that the PTFE sheeting
to the right-hand side of the joint (see Figure) 3d&ms a crack which contributes to
failure, but this may not be the case, due to Hatively thick bond line (0.2mm). In
addition, the free end of the upper aluminum adiens not under load. The failure
surfaces for the macro and meso-scale specimead-(gares 4.38 and 4.19) showed that
the transverse adhesive stresses/loading govermitiaion of failure at the fibre-matrix
interface, just below the laminate surface/immedsatbsurface, especially in the presence

of voids.

The microscopic studies of the composite failunéage confirm the multi-defect nature of
the bonded laminates, mainly due to the presenamids and micro cracks (see section
4.5, chapter 4). Figure 6.9 shows an edge view bhetured shear specimen (LL) at
different magnifications using SEM. It shows di#fat loci of failure at micro-scale level

and the reasons are:
+ failure due to embedded voids/micro defects inrésn

+ failure close to or at the fibre matrix interfaasedo weak interface.

The images in Figure 6.9(a, b, c¢) indicate thathbfatilures are dominated by resin

weakness. Residue of resin particles are lefherfibres as shown in Figure 6.9(d).
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Figure 6.9: Scanning electron micrographs (SEM)dvarse failure in GPRP laminates at
different magnification after final rupture
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6.6 Failure criteria

Failure prediction requires complete understandingilure initiation, growth and modes.

Analytical methods have their own limitations inltpuded laminated composites due to
their complex nature, convoluted boundary condgiand the combined effect of various
failure modes. Therefore finite element analyBEEA) with a suitable failure criterion can

be used for predicting the failure initiation oflpuded composite structures. Different
failure criteria have been reported for joints iterbture, e.g. Maximum Stress or Strain
criteria, Tsai-Hill, Tsai-Wu and Hashin failure tetiia etc (see Appendix D). The Keller-
Shear-Tensile interaction failure criterion is uded pultruded composites and this is
based on the Hashin quadratic interactive ply-bdaibdre criteria [157]. The problems of

carrying out reasonable tests and the lack of bigli@xperimental data have made it

difficult to resolve this issue [158].

Out of all failure criteria which are mentioned a&bpthe Hashin and Maximum stress
failure criterion has been recommended for failum@ation through the thickness of

pultruded composites. The transverse stresseseatdmposite surface and immediate
subsurface remain critical to composites includmgtrusions. Perhaps the Maximum
Stress criterion is more relevant. On the otherdh&aking the interlaminar stress values,
the Hashin criterion for matrix failure could alsalicate failure initiation.

Failure indices used in this research were usezkémnine failure through existing failure
criterion. Index 1 is based on the Maximum Stregsr@a for tension, using the following
equation;

| 0| = F,0r ¥, (1)

Coupled index 2 is based on the Hashin failureegatfor matrix failure in tension, using

this equation;

2 ]
S| 12l g (2)
¥, 5. '
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Other possible failure criterion for macro scaleDjoint is Tsai-Hill, which states that
failure will occur within uni-directional laminaéherefore by extracting the maximum
S11, S22 and S12 values at location 2 and using theequation 3 to observe the failure

occur in uni-directional laminate.

] ] ]
[ﬂ] +[522J _[5‘11-;5*22}[312] - ()
X ¥ X 5

The maximum stress approach is perhaps most sidgteddhesive bonded composites,

therefore the failure in the composite may be based

*  maximum peel stress of the adhesive as an inditatoomposite transverse

stress

* maximum stress of the composite in a point veryrneathe point of

singularity (material and geometrical singularities
* maximum stress over a small zone of the composieean the joint edge

» the short specimens in this research, where b@®H&P is used , may justify

the maximum stress to compare the various specimens
6.7 Meso-scale modelling

As discussed earlier the overall aim of these neodelo develop a better understanding of
the failure of pultruded composites, with referet@@arious fabric arrangements. Several
attempts were made at mesh refinement during théehlmog of the 2-D plane strain
models, before settling on one meshing level farusation convergence. Submodelling
was not adopted in this research due to the sizemadel. In addition, a 3-D model
approach was also used but this faced convergeralfdems at failure load. Possible
reasons for this are the thin fabric layer and nt@roperties. Extensive experimental
work has been done in this research and future wlookild focus on further FEA analysis,
including 3-D modelling of woven and inlaid fabri@his section attempts to give
explanations for the different stresses at thefresponding locations for different shear
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and tensile models.
6.7.1 Shear models

As mentioned before, the shear specimens/jointse wiesigned to ensure that failure
Initiates near the right-hand edge of the joingsslaown in Figure 6.10.

i
[ 1|0 e

i
-

AL Y | AL

Figure 6.10: FEA shear model: a). model geometti Wi laminate, b). contour plot in
shear model showing critical location (transvetsess)

Although high adhesive stresses appeared to thédetl side, nearer the interface with
the aluminum upper adherend, it was just within sfiength and strain limits of the
adhesive.

The distributions of the shear and transverse sseethrough the thickness of laminate
section A-A for the shear model/joint are shownHFigure 6.11. The vertical section
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includes the upper resin layer (see Figure 6.18b)mentioned earlier that the transverse
stresses was quite high at the resin as shown goré-i6.11. However, the critical
transverse stress is at about 0.05mm at the cotepsgisurface. This is believed to be the

main cause of delamination.
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Figure 6.11: FEA results of stresses distributithmsugh thickness of shear model

Table 5.2 summarised the numerical result of sheatels with reference to the maximum
stresses nearer the edge at different locationssd lralues were taken at 0.05mm offset
from the edge, just to avoid the peak stressesalosterial and geometrical singularities.
The underlined stress values suggest criticalstetaken through critical stress locations,
which were shown in section 5.3.3 (see Figure 3.b¢ table also gives the possibilities of

joint failure.
From that table, further remarks may be made: -
» the level of transverse adhesive stresses S2jinafailure remains within the
elastic limit of the adhesive (below 40MPa)

» the transverse composite stresses S22/2 at fddurall models at the surface

(location 2) are in the range of 20-25MPa

» the shear composite stresses S12/2 away from tpesedr all models were

also high but unlike S22/2 were less critical &t $hrface
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the possibility of both transverse and interlamifalures exist in LL model.

Using a large Tex roving perhaps leads to highveomhtent

again transverse failure at location 2 was obsemedtie LT model. Possible
reasons are:

= the higher transverse stresses (S22/2) at location
= the bi-directional nature of the laminate

= surface bonded roving based on a large Tex rovifigere is also
possibility of high population of voids

the possibilities of all failure modes (transveirgeftlaminar/tensile) exist in the
RL model, due to the random mat. However, trangv/&ure was dominating,
as seen from the optical image in chapter 4 sedtidri (see Figure 4.21). The

reasons are as follows:
= the transverse stresses at location 2 were high
= random mat has a poor longitudinal and transversagth

the WR model shows all possibilities of failureatisverse/interlaminar/tensile),
but mostly interlaminar failure is expected. Altlghuthe transverse stresses
(S22/2) at location 2 were higher, the failure t&ufto the location 3. The
crimped nature of woven fabric in terms of weft amdp directions could be
responsible for this. Perhaps this requires 3-Ddetimg for a better
understanding

the possibility of both (transverse/interlaminaildre modes exist in IR model
but interlaminar failure dominates. Although thansverse stresses (S22/2,

S22/3) were almost the same. The possible reaserasdollows:

» the top surface was made with an inlaid9®) mat, based on small
roving size (3600Tex). As discussed previously, [B&x could improve

resin impregnation and reduce voids inclusion

= the small size roving meant that tensile stres§ZSdas high which may

have helped to suppress the transverse stressgs S22
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= the content of voids might have been high at ioca8, in between two

composite layers, rather than top surface

= optical images in chapter 4 section 4.4.1, Figur234present good

picture of failure in an IR model.

» failure index 1 seems to give higher values for LI, RL, and WR, which
may suggest, that the transverse failure would fd&ee at location 2. Whilst
failure index 2 seems to give a higher value fer R model. This may suggest

that interlaminar failure may occur at locatione8een two composite layers.

6.7.2 Tensile models

In the tensile models, transverse/peel stressekigheat both edges (left and right) just
below the adhesive bondline as shown in the stes®ur in Figure 6.12. Therefore the
joint failure is expected to initiate due to highrtsverse/peel stress just below the well-
consolidated resin coating layer, a few filamen¢éem below the composite surface at
location 2. The damage may also initiate at theriaminar location between two

composite layers, where is a resin-rich matrix tayarting two layers into the overlap

region of the composite (location 3). The opticakhges of the tensile model in Figures
4.24, 4.25 and 4.26, show transverse failure intronbshe specimens. The delamination
observed was thought to be caused by the weak/mhatex interface and presence of
voids. Figures 4.27 and 4.28 show interlaminawfailand the delamination observed in
matrix layer in between two composite layers dugh® matrix strength in transverse

direction and the presence of voids.
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Figure 6.12: FEA tensile model: a). model geomeiitir LL laminate, b). contour plot in
shear model showing critical location (transvetsess)

The distributions of the transverse and shear sggethrough the thickness (section A-A
.... Figure 6.12b) for the LL tensile model are shawifrigure 6.13. Again the transverse
stresses are quite high near the interfaces, ikestihn the case of the shear LL model,
where the critical location is at about 0.05 mnolethe composite surface.
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Figure 6.13: FEA results of stresses distributithmeugh thickness of tensile model
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However, these stresses are significantly lowen ttese experienced by the LL shear
model (Figure 6.11). The main difference is that ihear model displayed a significant
S11/2 tensile stress along the fibres. As indicdteire this stress component seems to

suppress the transverse stress. This will be decLis details in Section 6.9.

Table 5.3 summarised the numerical result of tensibdels with reference to maximum
stresses nearer the edge at different locatiors.uhkerlined stress values suggest critical
stresses taken through critical stress locatidrese are shown in section 5.3.3 (see Figure
5.7). The table also gives the possibilities ohjdailure. From the table, the following

remarks may be made: -

e the level of transverse adhesive stresses S22fdirdtfailure remains well
below the elastic limit of the adhesive ( 40MPa)

« the transverse composite stresses S22/2 for alelmade in the range of 14-

18MPa, well below the equivalent stresses in theshéar model

e S22/2 in the LT model is slightly lower than LL fdre same failure load and
through thickness stiffness. However, having twedibéctional layers of
rovings may cause a difference in Poisson’s raffiects. This is worthy of

further investigation

» the RL model seems to have failed at a much lovesisterse stress S22/2 than
all other models. This suggests that the transv&reagth of random fabric is
very low and should not be used at a top layetbfmrdable pultrusions. This

requires further material testing

« the WR model shows both possibilities of failure des
(transverse/interlaminar), but mostly interlamiriailure proceeds. Although
the transverse stresses ( S22/2) at location 2 igheer but the failure shifted

to the location 3, due to following reasons:

= the crimp nature of woven fabric in terms of wefidawrap could be
responsible for this. This makes it difficult talfat sub-surface level and

probably shifts the failure between two layersaings

= the surface roving was based on small Tex roviegdihg to less
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population of voids/micro defects

= the presence of voids/micro defects in the matetween two layers

(location 3).

» The WR, LL and LT models failed at about the saossland produced more or
less the same transverse stresses S22/2 which teeemain cause of failure.
However, WR exhibited a higher interlaminer strésshaps the nature of woven
fabric (crimped) requires 3-D models for future wor

* the possibility of both transverse/interlaminarlfe@s exists in IR model but
interlaminar failure exceeds. Although the transeestresses (S22/2, S22/3) were
almost the same. Optical images in chapter 4 sedtid.2 (Figure 4.28) present

failure of the IR model. Possible reasons are bevfs:

= the top surface was made with inlaid mat, which Wwased on smaller

Tex roving (3600 Tex) and hence lower voids content

= the content of voids might be high at location 3
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6.8 Correlations

Good agreement was found between the FEA resultsméwro and meso-scale models,
with respect to composite transverse/peel stresgefocation 2 and 3. The work
demonstrated the importance of having a detailedutih thickness model of laminate.
This enabled a better understanding of failure tedbehaviour of adhesively bonded,
pultruded composites. The numerical results arewaging in terms of failure stress
correlation in relation to peel stresses of the posite. A maximum scatter of 20% may be
found in the level of failure stress among the masd macro-scale models, taking both
experimental and numerical results into considenatThis is very good considering the
complexity of the composite material and delamoratstresses. These stress values are
also within the range of transverse strength of dbmposite for both shear and tensile
meso-scale models (see Table 5.2 & 5.3). Furthemtre level of scatter in the
experimental results is relatively small. This ecuse many low strength specimens were

discarded due to poor moulding or bonding at aly séage of this study.

The stresses for the LL/Shear and LL/Tensile modedscompared with the DLS macro-
scale model which was based entirely on UD roviofgbe same volume fibre fraction and

materials. Table 6.1 presents the maximum normdl simear stresses in the various

locations.
Type/Load Load S22/1| S1172 | S12/2 | S22/2|S12/3 | 52243
kN MPa MPa MPa MPa MPa MPa
DLS joint 20 355 358 233 235 9.5 140
LL/Shear 2.4 30.0 161.0 236 25 153 124
LL/Tensile 1.4 0.1 70 6.0 157 2.4 132

Table 6.1: Correlation between macro and meso-scatiel
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The table shows that the macro and meso-scale shedels produced similar shear
stresses at the composite surface (location 2) aydwm the edges. However, the peel
adhesive stress is higher for the DLS model. Thsile stress S11/2 on the other hand is
significantly different between the two models. TVedue of 358MPa however, is well
below the tensile strength of the composite adlte(6A0MPa). This may suggest that the
single lap shear joint used here (TAST) may notheebest representation for double lap

joints in pultrusion, some literature referredhs as a butt joint [28].

The most relevant comparison here is the maximamstrerse stresses which are shown in
Figure 6.14 for the two shear models. The curvabhefstress distributions along the joint
are at locations 2 and 3. These indicate a clogelation for maximum transverse stresses
nearer the edge of the joints/models. These anthtiie suggest that the difference in the
maximum transverse stresses between the two atddbads is less than 6%. Stresses in
location 3 for the two models (0.6mm below the acel are not that close. Assuming that
failure is due to S22/2 in both models, it is siglgd that the meso-scale model here is a

very effective tool to study adhesion in large shmat joints.
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Figure 6.14: FEA through thickness stress distitluat different offset 0.05mm and
0.6mm on: a). macro-scale DLS model, b). meso-ddaimodel
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Ideally the correlation should be extended to idelother models i.e. LT, RL, WR and IR.
In fact the lack of test results for equivalent Djothts was the main reason to exclude
this. The only pultrusion strips which were obtainéfrom the manufacturer for
comparisons were the UD strips (equivalent to L&¢difor the DLS joints. Considering
the excellent performance of the IR model, equivaieaterials were requested but this is
outside the time of this project. The IR is a tgdeombination mat which may prove to be

the way forward for bondable pultrusions.

However, comparing the two correlated models (LH &.S) with the LL/Tensile model,

gives a difference over 40% in the transverse stieat failure loads. These clearly donot
correlate. This trend seen again in Figures 6.1 @Gah3 for the through thickness shear
and transverse stresses. Once again having thetepscimen with low S11/2 (see Table
6.1) is perhaps the main reason for such a larffereince. This suggests that the
transverse failure stress requires further invattg and hence a micro-scale model was

needed to understand this.
6.9 Micro-scale modelling

In the micro-scale analysis, two models were coegtid in Abaqus and further details are
given in chapter 5 (see section 5.5.1). The sigtiss filament of diameter ~16um, with
matrix resin, is considered as a single filamentenm the first model. Different sizes of

voids, up to 10um are considered here to explaim #ffect on strength.

Figure 5.25 showed the transverse stress responsariposites at a micro-scale level at
different void sizes at the most critical locatiofhs fact, this explains that the transverse
stress within the matrix could be very significdabout 88MPa). This is well within the
bulk vinyl ester strength provided by the manufeet90MPa). It is clear that voids/micro
defects can easily take the relatively low transgestress of about 20-22MPa (from macro
and meso-scale models) and also provided by thaifaetarers. The aim of the second
model (see Figure 5.26) is to explain the effectcombined longitudinal/transverse
loadings of filament on the level of transverseesdr in the matrix beneath it. The
mechanism in Figure 6.15 represents aspects ohditd /resin interface behaviour within

DLS joints and where LL top fabric is used. The fapric will be loaded in tension

165



Chapter 6: Discussion

(Ftensig While the adhesive introduces the peeling fofggnlvers). The whole mechanism

will give a better picture of the difference betweshear and tensile models. The diagram

shows that fnsie SUPPresses the transverse stresses resulted feaenk This combined

loading produced another normal componegt,f, which was added in&nas shown in

equation 1. The analysis shows that thgsfktend to suppress the transverse stresses, as

shown in Table 6.2. This finding helps to expldie treason for the lack of correlation

between LL/Tensile and LL/Shear meso-scale modéls reference to S22/2 (see table

6.1)
Ftransverse = Fresin + qu:uwn (1)
Ftransverse
//N
Fresin i
FtE—'I‘IS“E “ ¥ T
F tensile

down

Figure 6.15: Fibre/matrix interface mechanism

Ftransverse Ftransverse FtransverSEE

( 0.5H) ( 1.0 (1510
| e g | Men2|p | ™
tensile (MPs) tensile (MP3) tensile (P4
0 9 0 15.08 0 2711
10 R 10 16.81 10 25,85
20 .3 20 15.55 20 24 59
30 5.2 a0 14.29 30 23.33
40 37 40 12.03 40 22.06
50 27 50 1177 50 208

*d Transverse stress

Table 6.2: Transverse Stresses in resin under cadhensile and shear loading
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In fact, the tensile micro-scale modelling is theywviorward to determine the actual failure
stresses in bonded composite joints. This willoaenable the study of adhesion
characterisation and improvement. The major chg#enhowever, is devising an
experimental technique to perform the test and oredasansverse strength at a micro-scale
level and this is considered as future work. lumsikely that an actual interface model is
feasible due to the cost associated with micro-raeicis problems of this nature. However,
a scale-model might be the way forward and woulquire dimensional analysis to

establish.
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Chapter 7

Conclusions and
Recommendations

7.1 Conclusions

The “pseudo-pultrusion” has proven to be an eféectiechnique in producing small
laminates with different fabric arrangements. Sanobimg these laminates between
metallic adherends enables the study of their adhes shear and tension. This enabled a
good comparison and optimization of the variousri@@larrangements. However, more
moulding and adhesive bonding parameters need toitsdered, including the effects of
Tex size, size of filaments, volume fraction anpetyf adhesives. The effect of moulding
conditions in terms of fibre tension and clampingymalso have an influence on the
adhesion of the laminate, mainly through the chagpgiolume fraction. The mould
conditions could lead to residual stresses in éingifate that may affect the adhesion test
results. The study demonstrated the validity of theeudo-pultrusion” technique in
relation to the LL laminates in terms of the levéldefects, fibre distribution (see Figure
6.2) and also in term of failure stress correla®ee Figure 6.14). However, the validity of
the technique in relation to the IR and other m&sale laminates requires verification

through the moulding of a large scale pultrusionr@anufacturers.

The experimental results demonstrated the effantis® of combining the 0/90nlaid
rovings with random mat (IR). This resulted in gher strength than the woven equivalent
(WR), recently used by pultruders, both in sheat in tension modes. The inlaid fabric
would also result in a more uniform surface fin{gbn-crimp) in comparison with woven

or random equivalents.

LL provides a higher longitudinal stiffness than BfRd RL due to fibre orientation in
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relation to specimens’ loading direction. In adztfitithis produced higher strength as
shown in Table 5.2 (see Chapter 5). The strenfgth.@ould even produce a higher joint
strength should a thinner roving (smaller Tex) lseds However, the LL resulted in a
higher strength scatter in comparison to the othleric arrangements and this is perhaps
due to high void defects associated with the larg& roving. In addition, LL fabric

architecture has very limited practical applicasion

Due to the geometry, loading and boundary conditiointhe meso-scale shear models the
composite transverse stress is maximum just belwvftee edge to the right of the

adhesive bondline. Therefore failure is expectedntbate in this region due to high

transverse/peel stress just below the well-conatdil resin coating layer, a few filaments
deep below the composite surface. This may beregfdp as intralaminar failure because
of fibre/matrix interface failure or failure due tmids/micro defects. This damage could
also initiate at the interlaminar location betwekea fabric layers (mats), where there is a

resin-rich matrix layer parting two layers into tnerlap region of the composite.

The determination of the transverse stresses are amallenging in pultruded composites.
This is due to the complex nature of the mateagtup. The low aspect ratio of fibre
through the thickness of laminate and voids/micefedts puts the major effect on the
enhancement of through thickness transverse/peesssis. Under these situations the
Maximum Stress or Hashin failure criteria are reownded for prediction of failure

initiation in adhesive bonded pultruded joints. Towner is perhaps more accurate.

Finally, the following specific conclusions may ibede:

* having detailed through thickness layers in the ewral modeling of
composites enables a better understanding of éailand behaviour of

adhesively bonded pultruded composites

» the concept of moulding meso-scale laminates iy worthwhile tool to
investigate material parameters without the neetheald large laminates. It
also allows detailed through thickness modellingl atcounts for failure

stresses

* the IR top fabric layer which is based on a rekfivsmall size Tex rovings

produced the highest joint strength both in shedrtansion joints compared to
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other fabrics. The shear IR joints produced a gttermprovement of over 50%

in comparison to the RL

* a good numerical correlation of failure stresses wlatained using 2-D models
for the macro-scale DLS and meso-scale LL/Shearetsod maximum scatter
of 20% in level of failure stress is very good, siiering the complexity of the

composite material and their delamination stresses

* the transverse stresses in the macro and meso+scalels dictate composite
failure within bonded joints. It seems that the hhaxm Stress failure criterion,
with respect to the maximum transverse composriesst is more relevant to

bonded composite joints than other failure criteria

» the micro-scale models are very important in deiteimg the actual failure
stresses. These also help to explain the mechariddament/resin failure
under combined longitudinal and transverse loadmgsvell as the effect of

voids at the interfaces.

7.2 Recommendations

Although the strength of adhesively bonded pultclgEnts could already be improved
through this research, there are still areas fothéun research. More experimental and
numerical work is recommended to optimize the nmaterfor adhesion and get a better
understanding of the behaviour of adhesively bonpldtruded joints. Future work may

include the following areas.

» the validity of the “pseudo-pultrusion” techniguerielation to the IR requires

verification through comparing with large scaletpugion by the manufacturer

» to measure the structural efficiency of pultrusidsased on IR fabric, as top
layers taking into consideration joint geometry ahdal adhesive system to

enhance the joint efficiency

» extensive experimental work has been done in #search and future work

should focus on further FEA analysis, including 3¥iddelling of woven and
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inlaid fabric with different Tex sizes

« further work is needed on the tensile meso-scatenaicro-scale modelling to

determine the actual failure stresses in bondedoosite joints

« to study effects of voids shape, size and locasind filament diameters on

adhesion

e to devise an experimental technique to measureuesse strength at a micro-
scale level. For cost reasons, an up scale-modgitrbe the way forward. This

will require dimensional analysis.
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A.2 Silicone rubber mould fabrication

The following steps followed during the fabricatiohsilicon rubber mould and their

schematic views are shown in Figure A.1.1.

a). Moulding gate glued with aluminium dumbbell gbd specimen.

b). Placed all glued specimen with equal spaceooden box.

c¢). Manual mixing of MCP SILICONE RUBBER (TYPE KE3QOT) and catalyst of
mixing ratio by weight is 10:1 in jar at |€&s10min until get homogeneous
mixture.

d). Mixture jar in vacuum oven to remove all air.

e). Poured all mixture in wooden box and put agaiiaccum oven to remove all
remaining air.

f). Wooden box in vacuum oven.

g). Finally cured in oven at 80 for 2hrs.
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A.2.1 Silicone rubber mould fabrication

Figure A.2.1: Schematic view of silicone rubber mad fabrication
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A2.2

MCP SILICONE RUBBER technical data shedt{1300T)

MCP SILICONE RUBBER

MCPO

EQUIPMERNT

DATA SHEET: TYPE KE-1300T

TYPE KE-1300T
COLOUR TRAMSPARENT
MIXING RATIO By wieight 1 1
POT LIFE Mixed (25°C) 120 ming
VISCOSITY Poize (25°C) L0
CURING TIME Hours (25°C) 24
SPECTFIC GRAVITY 25°C, cured 1.08
HARDNESS (115 'A'") 250 41
TENSILE STRENGTH Kaflem’® 45
ELOMNGATION AT % 30H)
FRACTUIRE
TEAR STRENGTH Kefiem’ 17
LINEAR SHRINKAGE i

i "I 5 b i

Lured 20¢ a -

e o
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A.3 Adhesive bulk specimen
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Figure A.3.1:

Adhesive bulk tensile test specimen
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Appendix A: Material Properties

The ratio of strains measured normal and paratlethe load directions was taken as
Poisson’s ratio and ratio of stress and axial stggves Young's modulus. The average
calculated by Young's modulus and Poisson’s rasidadulated in Table A.3.1 is in line
with the value reported by adhesive supplier. FegaAr3.2 illustrates linear stress-strain
curve obtained from bulk Araldite® 2015.

Figure A.3.2: Adhesive dog bone specimen with tragir bubble in circle
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Appendix A: Material Properties

Load (M) | &xial Strain (S]] Trans Strain (%] | Poisson Ratia| Stress(hIPa) | E(Gpa)
1] 0.0002 0.00025 1.25 0 0.0
100 0.05346 0.0252 0.30 2.02 2.4
200 n.1ave 0.0361 0.30 4,03 2.2
300 0.3017 0.0856 0.2a 6.07 2.0
450 0.449 0.1183 0.24 9.11 1.9
300 0.6005 0.1498 0.25 10,12 1.7
320 0.6295 0.1502 0.24 10,53 1.7
240 0.63583 0.1763 0.25 11.13 1.6
E00 0.7321 0.2171 0.2a 12,15 lE
630 0.8711 0.2475 0.28 13.16 1.5
E20 0.9 0.2567 0.29 12.77 1.5
700 0,32 0.2726 0.30 14,17 1.5
850 1.0999 0.3593 0.32 1721 lE
00 1.1715 0.4045 0.35 15,22 1.6
250 1.2005 0.4609 0.3a 19,23 16

Table A.3.1: Data measured from bulk adhesive speauen

20
15
o
o
£ 10 4
o
ol
E
in
5 u
04 04 0.3 ns 07 0.4 1.1 13
Strain (%)

Figure A.3.3: Stress-strain curve obtained from bt adhesive dog-bone specimen
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A.4 HUNSTMAN technical data sheet (Araldite 2015)

HUNTSMAN

Structural Adhesives

Araldite® 2015 (AV 5308 | HV 5309-1)
Two component epoxy paste adhesive

Key properties

= Thixobrapic

®  Tougharsed adhesive

+=  Gag filling. non sagging up to 10mm thicknass
= Suitabde for SMC and GRP bonding

= High ahaar and peel strengih

Description

Arakive ML e g o componant, Mem Sempemie oamg pase adhisien hing o msBent bond. B W
iestapic and non sopging up 1 Almen ecknese 1 i pamiculary selasds dor S and GRA Benuding

Typical produst
data

Proponty 2OAS A& AV 5300 HNSE [HY 5308-1) | Miked Adhasbm
Cionr (uransdy reulial pasta N el e passs
Sipechic gravity 14 T4 td

‘anaity ol 259°C (Paz) Sbvoimpic ot Wisedregric

Pt Life (500 gm ot 2550 - - 30 - 40 minctee

Processing

Frolreatsrsm

The seangili and dacscitty of a bardod ol mn Sepordam on RO WElvedl of Be cufaces 0Ee bonded
Al Ihs vty It o sutnces shoid B cinned with 0 good dog ke el sich as aoeiond, Bo-grops
Vo plralics) éx glhie proprieiany degiasing agents inonder b Tamews all Inioes of od, grease and did
Liow prnde pleskal, goenlkng (petrol| of gsii thnnens stoukd o
The: stroegiail Anel monl curabie joins @oe eliiened by sifar mechosicaly abiadng or chemically eiching
TRERENET) U degrnased maridoes. Alviding should be dollowed by @ wooond degreasing ireaimen|

b il

Mix ratio Pat by waight Parts by woluma
Adaidine 2015 4 HE 160
Araidie 2015 E el 100

Tha regin ami derenner shoukd b blardid el g lonm o Fomogenegus mis

Hezin e hivdenar i sleo svaindio in cannidges insampaeming mbsess and can ba Appbad =5 roady 10 usa
auhesian with i sd of The ool recommended By Humtamen Advancid Malaimk

Applicazion of adhesio
This reainchamenet mie & appled sth n spafula, i Tk prodoassed sed ey jeind sudsces

# liryir o adheshen 005 fo 0 10mim thick wil nomaly impad e gresses Ino shear ssrengih i [ jaint

The jainl componinis shild B srssmbied and clampd ik saen i the adtesie his b aeelad, An even
SINTAC] pressune oilg hil the jon| ares wil grsun o

June 2004

Pufllicaton Mo, A 234 & GE Paga 1of 4
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Advanced Materials
Material Testing
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Appendix A: Material Properties

A.5 CIBA-GEIGY technical data sheet (AY 103/AY 105)

CIBA-GEIGY

dune 1980 |Instruction Sheet o, & 28k

"Araldite AY 103 and AY 105
with Hardener HY 951 or HY 956

Epoxy resin adhesives Instructions for use
Four sotant-fron apoxy resin adbesives of medium Protraatment
dasoadty torbonding matald, catamica: glass; aibber, Diegreass the surlaces to be bonded. Certaln matarials
FAAICH: G2 Ak o Pt ICBa i ML G Bithee S Hha will alen Fequing abrasion or chemecal etehing. Detailed
by mermation i given in CIBA-GEIGY Instruction Manual
Araldite AY 103 - a plasticised liqud epaxy rmesin Mo, A 15 Arakdile Bonding — Surface Prepanstion and
Araldita AY 105 — an unmoddied Bouid aposy resin Pratreatmanis.
with aither ei the hardenars:
Hardener HY B51 — a liquid of low viscosity Wistures Fars [ TE———
Harderer HY 856 — & liguid of modarabely ow wiscosity —1"‘"'" A ,_.?.:_"Hi TIII
4 ; . Amkiin
mnﬂ:ﬂr;:?:&:;;jaﬁ?‘ww D;ﬂmﬂl Hardarer HY 551 8-10 =12
ra g 5 al high mech
strength which ara resistant to chemical attack and oAl Xy 1;mu ;Ii.l;ﬂ
prcvvicn full aleatrical insuldion. ey = : _
i 3 Amickin A 108 100 100
The essential differance betwesn 1ha twe resins — mixed
with Hardener HY 851 or HY 556 — is; | Marderwr V061 | 10-13 12;" [
4. Asakln A¥ 105 100 ¥
Araldite AY 103 develops axcelien boad strength when |
curad at room esrparabure. Haaiehet 191y = o 1

Arabdite AY 105 requings haal 10 achiesa 8 cuna, bul gives
additional sirenglh at elevaled temoaralures.

Approvals

Arghdite AY 103 wilh Hardensar HY 951 can be released
Bgainst Procuremant Exacutive, Ministry of Delence
Specification DTD B00/4355 for bonding metal to matal,
Argidita AY 103 with Hardarar HY 951 can akso ba
supplied o conborm to the standard of guality a by
thia Direciorate of Guality Asswanca/Technical Suppor
&8 galined n Agreed Firm's Scheduls AFS 774, Araldite
A 105 with Hardaner HY #51 can ikewlss be suppied to
confamm o AFS 859, The teilowing products can ba
supplad indeidually to confonm 1o Agread Firm's
Schedules;

Araldite AY 105. .. AFS 10144
Hardenar HY 358, . . AF5 1228
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Appendix A: Material Properties

Mixing

Wi resin and hardener togedhar at room lemparature,
stirring thoroughty,

Mote bn cold woather Arlcite A% 105 5 viscous anid Gilicul 1
e, This & ovenoomin by warming Amakiite AY 105 paor o mg
\zabout 0T

Usable life
A 50 gram quantity of ressn-hardenser mixbure has usabie
(1.4

| Temperaturs | Araldite AY 103 Argidite AY 105
{of mixtures | + HY 881 or HY 9586 + HY 961 or HY 956

| .25 1152 hours Ah-s0 minutes
Lor 4G 35— 45 minuses 2030 minutes
or B A 15 minutes o8 10 minubss

Bul, owirg 1o th beaad enaratad by the sxoshanmic
reaclion betwean resin and hardener, tha usabile lite will
b nerticaably shortenad if mona than 250 grams of
raxture i aliowed toostand In one compact mass — eg.in
2 midng baaker or simdar "Dulk’ contairer. To minimise
exathermic temporature rlsa, which is tha cause of this
shorening of usabla I, the haat panaratad miust be
rapidly conducted away. Tha following procedurs s
sugpastad whan mixing large quantities:

Dwvicla Bhs risctune o sevemd small corinirsrs of Qo Bie g
Shaliorw Comitnires ao that B mikiuns sproads oot 1 & thin by
E-_—'IU e, A shaliow potthana BRsin B recomemonded srcs
this slows Furdenad resin s 10 b sarssnad sbnply by
Hering. Whare thans is nak of mepoains b damp &, conlaimes
muzt be coverod - sod Moistuns Pick-up balow. Dividing o
Epeiading out Bha MEXILRD INCreasos 1R SUMEo:b-voilime rikio
wmr_mﬁrqdnuuuun of haat ganarabed by e fein-Fiedenar
raaction

Sinon usable life is imited, It ks good praciics la prepare
anly tha quantay of mixture nesded o immedale usa -
ar 1o use aUTomAac mixking-dispenging squipment.
Application

Spread a thin layer of adhasive by spatula, brush or roder
o Dot the sureces o ba bonded and close the joint
prafarabiy S8 SO00 85 Possiie — maximum gHin
assamaly tma i 1 hour. Keap the jeint ightly clarmped or
otteareiss supponed wihile fha adbesive cures.

Curing
Cours the adhashes for at lsast;

Temperature | Araldite AY 103 | Araidite AY 105
of ouring + HY @51 or HY 958, + HY 951 or HY 956

250 24 hours |=
[ B hioles 12 hours
or GG 3 howrg 3 hoarn
or 100°C 20 minuty 20 mirnrhes

Bonda ol sxsellnt strangth are abtained by curing
rocen bermperatune (hraldie AY 103) or o 40°C (Araldie
AY 105) but 10 cbtain aptimum propartics the adhesive
should be ghen a short post-cune a1 a highar
ternperature, Albow qutra lims for the joint assemigly to
reach the required temparature.

Notes

Molsture pick-up

Hardanars HY 951 and HY 956 & hygroscapic = iy
abaoi motiue when axpossd 1o darme sir, The

hardanees and uncursd rsin-hardenes mixkures ans in
consaguenca advessety aftacted by high atrmosphers
humidity, which, when the mixiue &= appied as a thin

temperatures., which prolong curing, aggranvate this
affnct, The mixtures should net be prepared or applied in
wrk araas exposed to high simospherc hunmdity
combined with low ambiant temperaiue, Te make the
oifeat of molst ar lass sevena, the mixture should ba
allowed ta stand” in the mixing baakar - covanad with I
— &4 thal the resin-hardener maction is waell under way
wihan the mincune i used.

* Blancing lime far mixhns ot room Temparahee:
Araldite LY 100 + HY 851 or HY 058
Arukdite AY 105 + HY 881 or HY 958

1520 mimuing
Gl Dmineios
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Appendix A: Material Properties

Properties
Fesin-hardener | Arsldite Araldite | Araldite Araldite
milxture AY 103+ AY 103+ AY 108+ AY 105+
HY 251 HY 856 | HY 851 HY 856
Initial viscosity at 25°C Pas 05-10 o8-8 | 1-5-30 20-3-5
Cured adhesive
Shear strength® at —80°C
Cure: 1 hour at 120°C MPa 14-5 125 14:5 12.5
Shear strength® at 20°C
Cure; 24 hours s 20°C MPa 175 175 - -
12 hours at  40°C MPa 175 176 175 176
20 mins. at 100°C MPa 18-5 195 185 185
Shear strength® at 90°C
Cure: 20 mins. at 100°C MPa 20 20 B-5 &5
1 hoiir &t 120°C MPa 8 28 125 125
Deflection temperatura G 45=-60 45-60 BS5=80r BE=80t
B5 2782 method 1214
Coefficient of expansion linean™C 285 25-100 85-T0 B5-TD
ASTM D £96-70 ® 10 o L ® 1 =10t
Modulus of slasticity GFRa 2.7=30 F0=-3-3 3-B-4-2 33-37
B5 2782 mothod 3354
* Average shear sirength of a 091 mm BS L152 alumirdum alioy lap joint (12:5 mm overlap « 25 mm wide),
1 Awerage deflecton emparatuna sftar curing for 3 hears ot 80°C. Profongad cunng above G07 will give a deflection
temparature approachineg 100°C [with HY 956) or sbove 100°C fwith HY 951} For example:
System Curing schedule Deflection temperature
AY 105 + HY 8561 16 h at 25°C + V& hat 120°C B5-100°C
(i N 3hat 60°C + 2hat120°C 125-130°C
AY 105 + HY 958 16 h at 28°C + 1o h at 120°C 85-100"C
A3hat8rC + 2hat120°C B5-100°C |

Wilh Araldite AY 103 4 HY 951 or HY 986 cuning schadubes mone extensive than 3 hoars 81 60°C oo not substantially
Improse dedlection lempsaratra,

CIBA-GEIGY

Al Exageed ou Rl paneeT i e o gt e Ciba-Geigy Plastics

umwhmmummm.&ﬂmwh Duniord Gambridga

s o clamge ai-Sutabiy o lance thamon o condeions of use ke A CRZ 40

castricis qur coniol. No mhakbe i any cOvtTack Eng

wnkans auTwpmaks B in WG por Consirusd as tho Tz (Q223) B3 1A

i o8 Y B A iRt oy g T Todue: 81101 CIOYPL G
Fauez (23] BABa04

o A2 JUME 1960 M. A 2. Pori s, OO0
FLBAGETY sk
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A.6 DSM Composite resin

A.6.1 technical data sheet (Atlac 430)

Product data

D5M Composite Resins

Atlac 430

Chemicaliphysical nature

Atlt 430 Is a vinylester basad on

Bisphenol A epoxide, dissoled in shrens,

Abiac 230 nas a medivn reactivity and a medium
isoosily

Major applications

Allae 430 is infended for glass fike rainforced parts
With enproved meshanical geopertes, that raquing
autstanding chemical resistance (lanks, vessals and
apparslus, corfgsion protacton, hydraulic
angineeing. renovation of sewage systems)
Lamsnates made from Atlas 430 show excelsnt
long-term hiest resistance and high reskstanca to
dynamis leads.

Approwvals

Curad unreinforces Allaes 430 conforms 1o it
1310 acoording (o DIN 16848/2 and is classified in
groug 5 Bccording 1o DIM 1882001

Properties of the liquid resin (specifications)
Propery Ranga

Uinit ™
‘Wi eeiiby. ) T 440 - SO0 [rFan =
Cokonr, Lico 200 ho-55 |G told
Solids contant, IR B0 - B L] =n
AT B chaar |zams
Cure time bom 2810 35°C . 1017 van s
Curw time fom 257G 10 pesk, |18 -28 van for.d
Faak tompermiume 140- 185 [ v

Remarks

I\"I's':;'@“'l' measuwemenl: S 21100 5 '.'23"(:

Reactiviy delerminoc wih 2.0 g Butanck LPT {AKZ0
Makbed) and 1,0 g Acoelarisr ML 48P [AHF0-MNobeal) added
te 100 g rasin

Praparties of the liquid resin mE'cul values)
Property Value [T

Doy, 247 appr. T0ED [
Refrachive indea 1.5675 1%
Flagh poini appr. 33 | e
Ao value, B such T g KOsy (2408
Slabidky, no init, detk, 25°C 15 e

Typical values of cast unfilled resin

Ut el
Denaity, 20°C 1145 =
| Tansile: strength 9% Eal bt
Wiod, of slasticity in fermlon (3.6 S LT il
Elorgaiion i bease .1 b3 Lol
Fhaorsl sirength 150 s CEREL
Mad. of slastioly in bandirg {34 FiFa LR
Elongation in s 5 L =0 e
Impact M. - unnabeed ap, LT o im
Heal delecton mmp. (HOT} 108 T 0 P
i_m Iransition emp (Tg)  [130 c i Shais

Curing conditions

Cured with 1 mi Butanax LPT (AKZ0-Nooel) and 0.5 mi Co-
ock saluticn {1 % Co in styrene ) added to 100 g resin, Cured
24 h ot room bamgerature snd 24 hoal BIGC,

Fer HOT and Todyn post-curing 24 h at 120°C

Procossing

Atlac 430 normedy exhibils ack-free cure. However,
the surface may not ba cured completety. To ensure
lack froe cuning of sufaces exposed fo Bir, sultable
edditives (&.g. paraffin solution) should be added.
The final state of cure may further be optimised by
past-curing at elevaied tomperaturas (&.g. 80 or

100 *C) for saveral hours. Post-curing is aspecially
recarmmonded if parts made from Allsc 430

are intended for contact with chemicals,

Allec 430 may ba cured wsing MEK-Perodde with & low
content of hdrogen peroxide (8.9, Butanax LPT,
ARZO-Mobal; MEKP-LA 3, Paroxid Chemie GrmtH),
with CHP, and cumans hydroparoceds (8., Trgonox
238, ARZO-Mobal; Luperox Gu 80 VE. EN Atocham)

Version: D103852.1
Dt & hiom) Sepluminer 2000

Thm Fapimpriarciy

R e
Lol = e i d———
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A.6.2 Stress-strain curve of Atlac 430

TR =1
| y
i
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o A F
g
:.: i /."
o &0 i
| S
. I rd
20 1 ;
] ¥
| /'
A PRSI T W AL S (SR NS S S T
1 2 3 - 5

Strain in %

Allac 430 casting (080-C-18-03-07) according ta 150 537

Cured with 1 ml Butanox LPT (AKZO0-Nobel) and 0.5 ml Co-oct. solution (1 % Cain
shyrene) added 10 100 g resin,

Past cure: 240 80°C,
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Appendix B : Experimental Programme

Appendix B
Experimental Programme

B.1. Engineering Drawings of meso-scale laminateldiag jig
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Figure B.1.1: Meso-scale moulding jig ( Full Asseni)
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Figure B.1.2: Meso-scale moulding jig (Exploded vig)
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B.2. Meso-scale joint bonding

B.2.1. C-clamp as a bonding jig

[ ————

Figure B.2.1: Tensile specimen bonding

Figure B.2.2: Shear specimen bonding
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B.2.2. Macro bonding jig

Figure B.2.3: Macro bonding jig
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B.2.3. Engineering drawing of advance bonding jig
B.2.3.1. Tensile bonding jig
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Figure B.2.3.1: Tensile bonding jig (Exploded view)
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Figure B.2.3.2: Tensile bonding jig (Full assembly)
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B.2.3.2. Shear bonding jig
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Figure B.2.3.3: Shear bonding jig (Exploded view)
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Figure B.2.3.4: Shear bonding jig (Full assembly)
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B.3. Engineering Drawings of Clamping Adaptor

B.3.1.Tensile clamping adaptor
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Figure B.3.1: Tensile clamping adaptor

B-9



Appendix B : Experimental Programme

B.3.2. Shear clamping adaptor
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Figure B.3.2: Shear clamping adaptor
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B.3.3. Alignment adaptor
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Figure B.3.3: Shear-tensile adaptor
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B.4. Engineering Drawings of adherend

B.4.1. Shear aluminium adherend
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Figure B.4.1: Shear adherend jig
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REVISION HISTORY
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Figure B.4.2: Tensile adherend jig
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B.5. Macro-scale joint bonding
B.5.1. Macro bonding jig

Figure B.5.1: Macro bonding jig
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B.6 Experimental results

B.6.1 Shear specimen

3 -
— 2
=
=
-
[y ]
[} .
o 1 g Failure Load
5 Spacimen & ----- 2225 | kM
E Specimen B 2012 | kM
Specimen C —— | 1.921 | kN
Average 206 | kM
I:I T T T T T 1
0 0.z 0.4 0E 0.8 1 1.2
Extensian {mm)

Figure B.6.1.1: Failure load Vs extension curve dfT shear specimen
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= T T -
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o ) Failure Load
_.% 05 Specimen & ----- 2.250 | kN
R : Specimen B 2221 | kM
SpecimenC —— | 2.210 | kN
Average 2.20 | kN
] T T T )
0 0z 0.4 0E (IR
Extensian {mm)

Figure B.6.1.2: Failure load Vs extension curve dRL shear specimen
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Failure load (k)

2 £

11 r Failure Load
Specimen & ----- 2.250 | kM
Specimen B 2221 | kM
o Specimenc —— [ 2.210 | kM
- Average 220 | kM

n] T T T T T )
0 0z 0.4 [R5] 08 1 12

Extension (mm)

Figure B.6.1.3: Failure load Vs extension cve of WR shear specimen

Failure load (kM)
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2 m
,e*f Failure Load
1 1 , Specimen & ----- 2,875 | kN
Specimen B 2585 | LN
" Specimen C —— [ 2491 | kM
= Average 2 60 kM
] T T T T T )
0 0.z 0.4 e s 1 1.2

Extension {rmrm)

Figure B.6.1.4: Failure load Vs extension curve dR shear specimen
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B.6.2 Tensile specimen

16 q
1.2 4
=
o4,
= 08 -
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= Specimen A ----- 1.575 | kN
E 0.4 Specimen B 1310 | kN
Specimen C —— | 1610 | kN
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D T T T
] 0z 0.4 06

Extension {rmm)

Figure B.6.2.1: Failure load Vs extension curve dfT tensile specimen
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Figure B.6.2.2: Failure load Vs extension curve dRL tensile specimen
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Falure load (k)

16 -

1.2 4

0.5

0.4 4

Failure Load
Specimen & ----- 1.426 | kM
Specimen B 1.335 | kM
Specimen C —— | 1.400 | kM
Average 1.4 LN
0z 0.4 06

Extension {rmrm)

Figure B.6.2.3: Failure load Vs extension curve VR tensile specimen

Falure load (kM)

2 -
15 L
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Failure Load
0s Specimen & ----- 1.791 | kM
' Specimen B 1885 | kN
SpecimenC —— [ 1210 [ EN
Average 1.8 LM
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0 0.2 0.4 oG ns

Extension {rmm)

Figure B.6.2.4: Failure load Vs extension curve dR tensile specimen
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Appendix C

Finite Element Analysis

ABAQUS/CAE is an all-purpose finite element anatysool with enormous range of
engineering simulation programs capable of modgllinder varying conditions. The FEA
based on three distinct stages, preprocessingaiomnand post-processing are shown in

Figure 5.1.

Pre-processing

ABACQUS/CAE 671

!

Input log file

oh.ihp

Simulation
ABAQUS
Standard/Faplicit

¥

Output log file

joh.odh, joh. dat
job.res, job. fil

v

Post-processing

ABAQUS
CAEMNIewer

Figure 5.1: Three stages in finite element analysis

In pre-processing, the FE model is created eitnaplgcally by using ABAQUS/CAE or
through log file. Model log file can be generatadectly using text editor by a more

experienced user, even though preprocessing wbphgral interface is more straight
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forward. In simulation, the FE model, which wasatesl in either ABAQUS/CAE or as
log file was solved. During simulation running, rlent displacements are considered from
the nodal displacement and finally stresses amulzded from element displacement. The
output of simulation in the form of displacementdastresses were then ready to post-
processing. Simulation time is varying from joljdab; totally depend on the complexity of
model and the speed of computer being used. Ingrosessing, the user could evaluate
the simulation results. This evaluation is normatlyn out with the interface of
visualization module of ABAQUS/CAE. This visualizat module scans the binary data
and converts into graphical output. ABAQUS/CAE hdifferent option for results
displacement, for example colour contour plotspldisement plot, X-Y plot for both stress
and displacement. X-Y plot data may also be expofte additional processing by

Microsoft Excel.

- .dat

M= IES

Text Editor

A

s .5ta

. ABAQUS
Anp | ISOLVER

y

ABAQUS/CAE >

s msg

+ Lcae

€ Ls .odb
|

Print Fesults

Figure 5.2: ABAQUS file environment

Temporary and permanent files were generated dgimglation. The schematic view of

ABAQUS file environment is shown in Figure 5.2.
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(-inp)

(.res)

(.sta)

(.log)

(.msgQ)
(.odb)

The Input file contains all exact numbeéinstructions.
The restart file, ABAQUS itself resttire solution from where it went
off from previous simulation.
The status file, contains all recabdut progress of simulation and
nonlinear analysis including steapgl number of increments.
The log file, contains all record afnomands together with CPU
processing time.
The message file, contains all recbmbaithe progress of simulation.

The output data base file, contaimeadbrd read from the visualisation
modul

C-3



Appendix D : Failure Criteria

Appendix D

Failure Criteria

Tsai-Wu Failure Criterion [ Tsai & Wu, 1971]

Tsai-Wu failure criterion [159] identifies the fark initiation and its growth correctly
within the laminate but does not identify the felumodes, such as fibre, matrix, or
fibre/matrix delamination as failure mode. Failusedetected in a particular layer of
element by element failure; causes the correspgnelements laminate stiffness changes
according to material property degradation modshki-Wu criteria, failure occurs when

the following criterion is satisfied in any onetbg lamina.

F=YFo+Y YFo0,=10
=1

ij
i izl j=1

In-plane modes of failure are the main focus heet.us assume that, (Longitudinal),
o22(Transverse), ant, (In-plane shear) are the in-plane stresses witteériamina and in-

plane strength along longitudinaX;(Xc), transverse'; Y and shea& with T and C
represents tension and compression respectively BndF;; is the tensor strength factor

that depends on ultimate stress values, which>greessed as

— 2 2 2 _
F(all’ 022' TlZ) - I:10-11 + I:20-22 + Fllall + I:220-22 + 2F12011022 + I:661—12 - 10

_ 1 _1 1
2T S R =5 XXX
1 1 1 1 1
F="-— F=o - Fu =
1TX, X, 27y, Y, XX

Hashin Failure Criterion. [Hashin, 1973]

D-1



Appendix D : Failure Criteria

Hashin failure criterion [157] identifies that faik takes place when the failure index

exceeds unity for the subsequent failure modeag &s that the materials are elastic
[40,145]. Let us assume that; (Longitudinal),c; (Transverse), and, (In-plane shear)

are the in-plane stresses within the lamina analane strength along longitudinai; (Xc).

transverse Y;, Yy and shearS with T and C represents tension and compression

respectively [160].
1. Fibre failure:

2 2
(Tensile) (%J + (ij =10  Fibre breakage (0;; 2 0)

1%
(Compressive)—x—11 =10 Fibre buckling (g,, <0)

c

2. Matrix failure:

2 2
(Tensile) (%j + [ij =10 Matrix creaking (022 > O)

t

S

C

2 2
(Compressive)[%} +(ij =10  Matrix creaking (o,, <0)

c

Tsai-Hill failure criterion [161] :

Failure takes place within uni-directional lamirvaleen the calculated value equals, or

exceeds 1.

WhereX;, X., & are the tensile, compressive and shear strendémmfha.
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Principal stressesfailure criterion:

Failure takes place in any isotropic material |t adhesive, coating resin and matrix
resin, when the maximum in plane principal stresgreater than the material’s yield

stress.

_ 2
P12 = (011202?) + \/ G 2022) +715° 28,

Maximum Stresses failure criterion:

Maximum stress failure criterion has been usedsiairopic material failure [162] without
the interaction of other stress components. Fathkes place when any of the stress

components reaches its corresponding limits. i.e.

|0, = X, 0rX,
|0, 2 YorY,

7,|2S,
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