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ABSTRACT

The objective of this research was to investigate a novel methodrefsinghe interlaminar
toughening of prepreg composites to improve their fatigue perfoemamith particular

emphasis on theetardatiorof delamination

Thermoplastic polymers droplets were deposited onto a compositeegpraping inkjet
printing. Polymethyl methacrylate) (PMMA) and polyethylene glycol (PEG) were dissolved
in suitablesolvents, creating polymeplutions that coulde depsited mto prepregsubstrates

with excelent volume and position contrdlhe prepreg laminae were then laidtopcreate
complete laminates which contained the toughening polymers exclusively in their interlaminar

regions therefore leaving the bulk matmproperties unchanged.

Both four point bending and tensile mechanical tests were used to evaluate the performance
of printed compositefResultsshowed thamultidirectionallaminates printed with a solution

of 10% by weight 20,000 molecular weidh.) PEGin deionised wategxhibited significant
retardation of delamination, being shown to reduce the rate of delamination by almost half in
comparison to unprinted laminates. Thisrinates also showed increases of tensile strength
and modulus of 4.9% arid®.3% respectively. Whilst laminates printed with PMMA and lower
molecular weight PEG solutions were al$mwn to improve static mechanical properties

they also resulted in greatly increased rates of delamination in cyclic loading.

Scanning electron mioscopy was also used to analyse the delaminated surfaces of tensile
samples. It was found that PMMA did not affect the bulk matrix properties in the interlaminar
region. HoweverPEG wasshown to result in increased matrix toughness and fibre/matrix
bondirg. PEG 20,0001, wasshown to exhibit the greatest increa$dibre/matrix bonding

whilst PEG 1,508, was shown to increase the ductility of the interlaminar matrix to an extent

which was detrimental to the delamination resistarfdaminates.

The workpresented in this thesis generated new understanding of the damage mechanisms
operating at the interlaminar interface of cyclically loaded inkjet printed composites. It also

demonstrated that such printed composites could potentially outperform unpaimigdtes.
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CHAPTER 1: INTRODUCTION

1.1 MOTIVATION

The useand popularityof fibre reinorcedpolymer (FRPompositedias increased in recent
decadesThis is owing to their excellent tensile strength and stifffles. Of these materials,
carbon fibre reinforced composites offer the highest specific stiffness and sttedggitries

such as aerospace, which demand extreme weight savings without compromising
performance, have long bea major driving force end composites research. Botlri#us

and Boeing now manufacture civil aircraft that have fuselages comprising over 50%
composite materials: the A350 XWB and 787 Dreamliner respecfiSgly

Fatigue may be dimed as the decrease afmaterial's loaebearing capacity under cyclic
loading, resulting in failure at stress levels below its normal engineering stréngis
common at one time for designers of composite structures to consider composites,
(specifially carbon fibre reinforcegholymer (CFRP)compositey as immune to fatigye
especially since welllesigned structures tend not to develop fatigue damage below about 60%
of static failure stresgl, 5]. However,it is now firmly established that comgite materials,

like metalssuffer from degradation of material propestignder cyclic loading which mde
described as fatiguén safety critical ndustries sch as aerospadeis gravely important to
understand how fatigue damage develops-seitvice components so that timely repairs and

replacements can be made lefoatastrophic failure occurs.

Fatigue in metals isaell-establishedrea of research, amés been studied for more than a
century. Fatigue in metals often progresses by the initiation of a single crack, which then
extends through the component until failure occurs. The bulk material away from the crack is
generally unchanged throughout th@qess, although the material may harden somewhat.
The mechanisms ofomposite fatiguehowever, are vastly ifferent to those in metals.
Compositesaccumulate damage in a general rather than a loddkahion, and failure does

not always occur byhe promgation of a single macroscopic crack. The matractural
mechanisms of damage accumulation, includingeffbacture matrix cracking fibre/matrix
debonding, transvergay cracking, and delaminatiomccur sometimes independently and
sometimes interaistely, and the predominance of one or ttber may be strongly affected

by both materialariables and testing conditiopd.

Delamination growing under fatigue is potentially the more critical mode of damage
Although it may nécause total failure of the load bearing capabilities of the composite, it is

usually a precursor to,iseverely impairing mechanical performariée 7]. Therefore, if



delaminationgor the mechanisms which cause delaminatioar)be slowed or arrestdten
the struatire may maintain some integrity, and the working life of the componiinbe

extended

Numerots investigations have been carried out which investigate interlaminar toughened
composites as a potential method of preventing or retarding delamination progression in
composites. However, these methods typically utilise additives which must be added to th
resin systemat the manufacturing stager &liternatively polymer interleamg methods which

can create unevenly distributed amounts of toughening polymer within laminates.

In the work presented in the following chaptersolution containing a thermlaptic polymer

is deposited in a regular array of droplets by inkjet printing onto the surface of a unidirectional
carbon fibre prepreg. A series of these prepreg layers are then laid up into a composite panel,
and are ared in an autoclave. It lsypothessed that these droplets may inhibit fatigue crack
and/or delamination growtin a similar way to existingougheningmethods, but whilst

allowing excellent control over the placement and volumes of polymers added.

Inkjet printing is a nofrcontact, highlyscalable technique, hich can be used to deposit
nanditre volume droplets onto the surface of a substrate in a precise m@8herhis
capability means that droplets may be deposited exclusively where they might be required,

greatly reducing the weight of polymer that must be added to gain the benefits of doing so

1.2 KEY OBJECTIVES

This project investigaghowinkjet printed polymers may be used to toughen fileiaforced
polymer composites, and hathis toughening may be developed further ttuencether
fatigue performanceThis will be investigatedhrougharange ofstatic andcyclic tests The
results from tkese tests iV thenbe analysed to determinghat effect, if any, printing may

have uporfatigue properties. Therefqréne keyobjectives of this resarch ae:

1. To review existing techniques which usgerlaminartougheningParticularlythose
whichfocus on fatigue properties.

2. Toinvestigatehe behaviour of polymer inkghen printed onto a composite prepreg
substrate.

3. To investigate a range of polymer inks, and how thpipperties affect the
performance of printeccompositeswith particular emphasis on fatigue.

4. To understandhe underlyingmicro and macrenechanicaimechanisms of fatigue

which differentiate printed composittfom unprintedcomposits.



1.3 PROJECT NOVELTY

It is anticipated thathie work presented in this thesigll contributeto the understanding of
inkjet printedthermoplastigolymers as a tougheningaehanisnfor composite laminates in
fatigue These includepoly(methyl methacrylate) andarying molecular weights of
poly(ethylene glyol), which have been studied by othersas a toughening agenin

compositesbuttheir effects upon fatigue performance haexerbeforebeen investigated.

Previous attempts to understand fatigue in toughened composites have almost exclusively
focussed ortoughening techniques which use randomly dispersed particolafesds that

must be diffused into the liquid resiibthe manufacturing stagaterleaing techniques have

also been investigated. However, matrix taerghg is usually restricted tow crosslinking
density resin systems, aimderleaving struggles to create an evenly distrithabed constant
morphology oftoughening materialsvithin laminates Also, the mechanical benefits are
usually accompanied by other compromises, such as redsictioterlaminar shear strength.
This work differs greatly in that inkjet printing offers the ability to very accurately control the
dispersion and concentration of the toughening material, allowing fine adjustment of the
composite toughening. It also meahatany standard prepreg mateniahy be used; a highly
desirable option for industries where good control of the layup process isTtaislevel of
control of a toughening additivie unexploredand so it provides extensive opportunities for

proces developments.

1.4 PROJECT LEGACY

The work done in this projestasbuilt uponinitial researchconducted by Zhang-11]. In

this work she investigated several diffet polymer and solvent combinations, with
poly(ethylene glycol) (PEG) in deionised water, and poly(methyl methacrylate) (PMMA) in
dimethylformamide (DMF) producing the most favourable results, as showigume 1.1.

Z h a n g 6fecussenl onkdentifying polymers which could improve the interlaminar fracture
toughness (G) of carbon fibre prepreg coropites, but did not build on tho$edings to

investigate printed composites in realistic testing scenarios.
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Figurel.1: Gic comparison between virgin and printed composite lamimatsuble

cantilever beam tests conducted by Zhgi®j. Error bars represt standard deviation.

Thepol y mer siokbjuveré printed ¢ntoa cadbon fibre prepreg substrate in a regular

hexagonal array, which was then laid up in the usual manner to foompgosite laminate

that containegbolymer dropletsn its interaminar region, as shown Figurel.2. However,

Zhangos work was unable to determine with certa
printed onto prepreg substrates. Particularly, whether they dissolved into the surrounding

matrix, or if they remained as discreet droplets.

| L L‘PW‘,I“ L

Figurel.2: a) A printed hexagonal pattern on carbon fibregreg.b) lllustration of how
printedprepreg laminae ataid up to make a laminate containingeiiéminar droplets

Zhang conducted doubtantilever beam (DCB) tests in order to establish the interlaminar
mode |fracture toughness (§ of printed compositesit was found that the interlaminar



fracture toughness of theinted laminatesvere increasd by up to 4%. The increase wax

a similar magnitude to that observed in previous work by Yasaedretwdilichthermoplastic
toughening materials were appligB]. The most significant increase inc@®vas found usig

a 10% PMMA in DMF ink printed ont€YCOM® 977-2-35-12KHTS268-300 prepreg
However, although mode | fractuprovides a very simple and reliable method of testing
interlaminar fracture toughness, most reakld failures do not occur in modeldading
Typically, mode |l is the dominaribading method. In mode |, laminates tend to fracture
within the bulk matrixin theinterlaminar region. But in mode I, failure tends to occur at the
fibre/matrix interfacan the interlaminar regiarAnd therefore DCBésts tend to test the best
case scenario for interlaminar toughened laminates.

The work presenteih this thesis expands on this new methadying focus from simplistic
interlaminar fracture tests to cyclic testing regimes whichnawee representative ofeal

world structures. tlis anticipated that this work will lead to new understanding of the
performance of inkjet printed composites, with particular emphasis on the characterisation of
performance in fatigue.






CHAPTER 2: LITERATURE REVIEW

This chapter diagsses the fundamental principlecessary to understand the work presented
in following chapters. It also presents relevant experimental data from other authors, and

discussed gaps in the literature.

2.1 COMPOSITE MATERIALS

Composite materials are definedtas or more materials that are combimedrder to create

a material that has optimised propertigsthe interaction of its constituent components. For

example, irsteel reinforced concrete st e e | rods are used to i mproc
low tensile strength and ductilityPolymer compositework in much the same way, with

various types oghort or long fibres or particlesnbedded in a polymer matfi¥]. The fibres

are usually made from a material withhigh stiffness and/or tensile strength. The role of the

polymer matrix is tagive the fibres rigidity, keeping them aligned in the direction of loading,

and also to distribute loads evenly between fibres.

2.1.1 Fibres

Polymer composites are often used because of theispagificstiffness and strengtffhose
containing continuous filess tend to have the highest of these properties, so these are generally

the most frequently used high performance applications such as aircraft and automobiles.

Continuous fibres may then also be spilt into unidirectional and woven categories. In
unidirectional composites, all fibres run parallel to one another. This maximises load carrying
capabilitiesand stiffnessn the fibre directionbut limits the perpendicular strength almost to

that of the matrix materialn structures where loading is multiéctional, it is necessary to

laminate multiple layers as shownRigure2.1, so that fibres can be oriented in the directions

of multiple loads.Laminates must be designed carefully though, agithef f er i ng Poi s
ratios or djacent laminador @lies) may encourage delaminations to develop. This will be

explained further irsection2.3.1.3



Figure2.1: Exploded view of a laminatepastruction consisting of unidirectional pligg

Fibres may also be woven to create fabridse advantage of this method of manufacture is
that the resulting fabric has good strength in both directions in which the fibres are running.
They are also more flexible thamidirectional fibre budles, so they can be moulded much
more easilynto complex shapes. This flexibility comes from the way in which the firas
around each other to create the weave. This is illustratéidume2.2a, which shows a model

of a weave, constructed from fibre bundl®ghen tension is placed upon the fabric, the fibre
bundles will straighten slightly. Because of this, woven fabrics do not have the same level of
stiffness as unidirectional onddis straightening also places stressethe fibresvhere they
bridge perpendicular ones. fikite element modetepresentation of this is shown kigure

2.2b.

Figure2.2: a) A representation of a complex 3D intarkong woven fabric compositgl4] b)
A finite element model of woven composite showing stresses placed on fibre bundles when
under tensile loadinpL5]

Various materials are used in compositgerials including: metals, natural fibres, polymers,
glass, carbon etc. Each material has its own inherent advantagestréBigith stiffness,
weight, and cost areften the main factors considered when choosing which material to use.



The Ashby plot shown ifigure2.3 is an important reference wheesigning structures. It
shows where engineering composites lie with respect to more traditional matiecatsbe
seen here, thahey possess very higpecific strength (and stiffnessyWood may also be
consideredibre composite materigl andarealso shown here to have very good strength to

weight properties.
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Figure2.3: Ashby plot comparing commonly used engineering matdriéls

The most commnly used fibre types are glass, aramid, and carbon. Glass is by far the most
prolific of these Glass fibres come in several varieties, but the most commdaigess and
S-glass. Eglass, which is aluminborosilicate glassmakes up most of the glasibres
produced globally. This is because it has good strength, stiffness, chemical resistance, and is
relatively cheap. It is however, susceptible to chloride ion attack, and so is a poor choice for
marine applicationgl?]. S-glass(S standing for streng}his usuallymade from magnesium
aluminosilicate glasglLg]. It is used in applications where chemicadistance and electrical
insulationare neededand alsovherehigher strength and stiffness tharglass are required.

S-glass has around 1% higher strength and stiffness thaigl&ss[18]. However, it is



geneally much more expensive thandiass due to factors such e cost of materials,
processes, and production quantitiegpical glass reinforced polymeromposite properties
are shown irmable2.1.

Aramid fibres(often colloquially known by their DuPontdnd name, KevIl®), area range

of organic polymeffibres processed from polyamifi&9]. They have a higher strengaind
stiffnessthan glass fibres, and like glass, have good chemésttance and electrical
insulation. They arealso very resistant to abrasion and have good vibration damping
characteristic§2(]. It also has thaestheti@dvantage that being an organic polyntleey are
easy to colour, and so are often used where designers wish to add visu@h#aiost of
aramid fibres is higher than glass thoughdditionally, their mechanical propertieseaalso
compromised byJV light and heat, losing 780% of their tensile strength at F7[21].
Typical aramid fibre reinforced polymer composite properties are also shdvablie?2.1.

Carbon fibres are made frorarbon in its graphitic allotrop&@he process for making carbon

fibres is part chemical and part mechanical. A precursor, usually polyacrylonitrile GtAN)
doitchg is drawn out into long strandsid then heated arrabically. This heating expetaost

of the noncarbon atoms, leaving tightly packed graphite layers as shokigune2.4. They
dominate the aerospace market, having excellent strength and stiffness; exceeding that of both
glass and aramids. The cost of carbon fitheadh, is much higher than either glass or aramid.
Unlike glass fibres, carbon fibres have a broad range of stiffness values, which is highly
dictated by their precursor and thermal treatmditree different types of carbon fibre
composites are shown Trable2.1, showing some of the range which their properties may
span Some of the limitations of carbon fibres are thmiv impact resistance and susceptibility

to chemical attack in the presence of oxypE3d). The major limiting factofor carban fibres

being implemented in everyday design is their c8#iss is a much cheaper alternative, so

the cost of making structurdmilkier is still less than using more expensive carbon fibres.
Carbon would be used in cases whaegght is critical, suchsin aerospace, where fuel costs

and environmental obligations are increasingly forcing manufacturers to become more
efficient. Car bon f i breos extremely hi gh strength/ sti

manufacturers are willing to payhigher initial epenseo reduce fuel usage.
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Table2.1: Typical properties of unidirectional compositeish varying fibre reinforcements

Barbero[19]
E-Glass| S-Glass| Kevlar Carbon | Carbon | Carbon
-Epoxy | -Epoxy | 4 9 E | T300 T800 IM7
-Epoxy | -914C | -39002 | -8552
Density (g/cc) } 2.076 1.993 1.380 - - 1.55
Modulus
Longitudinal = 45 55 75.8 138 155.8 171.4
(GPa)
Ultimate

Tensile Strength
o F1 1020 1620 1380 1500 2698 | 2326.2
Longitudinal
(MPa)

Ultimate

TensileStrain
u 1.29 1.68 1.45 1.087 1.68 1.62

Longitudinal
(%)
In-plane Shear
Gz 55 7.6 2.07 55 5.14 5.29
Modulus GP3
Fibre

axis

Figure2.4: lllustration of the structure of carbon fibres in cresstionconsisting of folded
graphite layer$22)
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2.1.2 Matrices

The matrix is the eleant of a composite which bonds the load carrying elements. It transfers
loads between fibreandprotects them from abrasion and environmental danieajeo plays

an important role in etermining the mechanical performance of the compositduding
carying much of the intralaminar and transverse load2gj. It alsohas a large effectpon
interlaminarand shear behaviour, which in turn can affect delamination initiation when
subject to static or cyclic loadinf.is therefore a primary conaethat the matrix should have
good strength and stiffness, but should also have a high level of toughness and resistance to
delamination It is however, difficult to achieve all of this, as these propertiesuaually
mutually exclusiveThis is a problen which the work described in tHellowing chapters
investigatesintroducing softer, tougher rigial where crack initiation was more likely to
occur,and leaving the bulk, stronger antbre brittle matrix to provide stiffness and load

transfer.

Matrix materials are as varied as fibrés.general, any material that che infused into the

fibres, and that can transfer loads between them is a viable matrix material. These include
polymers, metals and ceramics. By far the most compfothese are polymer atrices.
Because the matrix negi be a solid, liquid resswhich can be subjected to a thermal curing

cycleare the preferred matersabs melted thermoplastics are difficult to process

Resin is a generic term used to descalpwlymer and/or reas additive or catalysEpoxy

resins are the most commypmusedof these. They generally consist of a polymer containing
epoxide groupéone oxgen atom and two carbon atoms, as shoviigare2.5), and acuring
agentf24, 25]. Epoxy chemistrys a broad subjecind beyond thisrhited section to explain

fully. But in principle, any molecule containing a reactive hydrogen may reactthéth
epoxide groups of the epoxy resin. Common classes of hardeners for epoxy resins include

amines, acids, acid anhydrglghenols, alcohols and thi$R5).

)

VAV

C

RN

Figure2.5: Chemical structure of an epoxide grd@g|
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When cured, epoxy resins form thermoset polymdrarethe polymer chains are crosslinked
and locked in plac§25]. Crosslinking is theoupling of one polymer chain to anothirto
threedimensional networkdn thernoplastics the mlymer chains are independent of each
other, and can move as such, resulting in reduced stiffmesstrengthln thermosetshere

is an electrophilic attack on the oxygen atom in the epoxide gbwapking one of its ©
bonds, and abwing it to joinwith otherepoxide groupE28]. The formation of polymer chains
is not limited to linear molecules, and so can branch and interacvtivéhchains, eveually

forming a rigidly linked polymer structure.

2.1.3 Manufacturing Methods

There are numerous way of manufacturing coritposaterialsEach one has advantages and
disadvantagedt has previously been mentioned that the key competing factors are cost and
performance. Manufacturing methods are no exception to this.

2.1.3.1 Fibre Volume Fraction

Fibre volume fraction is a verynportant factor indeciding an appropriate manufacturing
method becaudbe fibres are the major load bearing componamdthereforea higher fibre
volume fraction will result in a higher specific strendththe case of the 972 resin system
used in the work presented in later chaptdrs tensile strength jsist 2.5% of that of the
completed composite. Therefore, excess resin isyhidéirimental where high strength to

weight ratio is required.

Thevolume(V) of a composite element can be described as

where the subscripfsm, andv refer to fibres, matrix, and voidshis is often simplified tp

as void contentare often negligible.
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Because volume may be described as

:lQ

2.3

wheremis mass, angl is density It may beconcludel that

a w0 w0 24

The fibre volume fraction can never be 100% as fibred terhave a near circular cress
section.Figure 2.6 shows a representative diagram of fibres with a circulassa®ection

packed as tightly as theoretically possible.

|:> ' 3-12R
/xR

Figure2.6: Unit cell dimensions of a collectiavf close packed, circular cresection fibres

WhereR is radiusIn this case

H‘Y 13
— Tomywpb 25

wQ — -
oY  ¢lo

Of course this is only applicable for perfectly cylindrical fibres in a unidirectiomaposite.
This is simply never true. Hence, fibre vole fractionsover 70% or s@re very difficult to
achieve[29].
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2.1.3.2 Wet Layup

Perhaps the most basic method of composite manufacture is wet layhig.hethod, fibres
or woven fabrics are combined with afnéed resinBroadly, this may be divided into two
types, spray layup and wet hand layup.

In spray layups, fibres and resin are mixed by a spray gun and sprayed at the layup surface.
Industrialy, continuous fibre reels are fed into the gun, which chops them into short lengths.
Resin is fed from a reservoir, and mixed watburing catalyst as it is ejected. This prevents
cured resin blocking and destroying the spray. Junis is illustrated irFigure2.7. This is

usually the most common methfimt making such products as bathtubs and light marine craft
hulls. This method produces a composite with randomly orientated fibres, resulting in a
relatively weak structuteCompsites manufactured in this way alsave very low fibre
volume fractions; typically in the range of-28%[30Q].

Fibre

Resin
Catalyst
Pot

Chopper
Gun

Air Pressurised —/

Resin

Optional
Gel Coat

Figure2.7: lllustration of the spray layup procdst]

In wet hand layupthedry material is usually applied to the layup surface @nen wet with
resin in situ The resin helps to stick the fibres in platikee advantage of this over spray layup
is that it is possible to orient the fibres as desired, aligning them with thenelés@ading
path creating a stronger composite than spraying allblesvever, this method is much more
labour intensive than sprayinghis method usually results in a low fibre volume fraction,
ranging fron25-40%][30]. Additionally, once infused with resin, the part may be placed under

vacuum to draw out excess resin, increasing the fibre volume fraction further.
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2.1.3.3 ResinIinfusion

Resin infusion may be divided into two types: resin transfer moulding (RTM), and vacuum
assistd resin transfer moulding (VARTMJ hese are illustrated Figure2.8. Both methods
work on the same principle. Dry fibres are laid into the desired position. The part is then placed
in a vacuum bagr preform mouldand resin isnfused into the fibres. In RTM, the resin is
pushed fromhe inlet port by compressed &iran outlet portThe fibres are held in place by
the solid preformin VARTM, the resin is pulled from the inlet to the outlet by a vacuam.
both cases, the fibs are compressed, so it is possible to infuse the fibres with a minimal
amount of excess resiBoth methods are very similar in principle. They differ in that RTM
uses a more expensive mould consisting of two haMesse halves must also be heavianth

in RTM since they mushe able to withstantharge positive pressuresThis does however
produce a part that haso moulded surfaces, whereas VARTM only produces one smooth

moulded surfacg32]. Both methods result iiibre volume fractions of up to 65925].

Press or clamps to hold
halves of tool together,

V.

Mould Tool
Resin Optional
Injected Vacuum
Under Assistance
Pressure

Y
Mould Tool \ (a)

L Dry Reinforcement Preform

nt T
Se T Resin drawn across and through " To Vacuum
reinforcements by vacuum Pump
Vacuum Bag
»/- Peel Ply and/or Resin
Distribution Fabric
Resin
Reinforcement Stack
(b)

Figure2.8: a) Resin transfer mouldifg Vacuum assisted resin transfer mouldiag
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2.1.3.4 Prepregs Autoclave

Prei mpr egnat e composite® qonsist ghbrzgyodfibres impregnated with resin,
usually in a partially cured stateith a moderately setidhesivedacki which helps it to
adhere to the mould surfaaad to other laminge5]. It is produced in continuous flat sheets
of set thickness, and wound onto rolls for compact shippirgected by a nestick sheet on
either surfaceln most pepreg gstemsthere is more than the desired amount of resin.
Removal of the excess under vacuum aids in the removal of air bubbleslatilds;avhich
may otherwisecause void$19]. Foreach 1% of void content there i®and7% reduction in
interlaminarshear strengthnd signiicant reductions in compressive strength over 2% voids
[33, 34].

The method of creating prepregninags is relatively simple. #d is, simply put,a case of
applying the material in layers with the fibres running in the desired oriersatidih the

desired thickness is achievédince laminated, prepreg materials are usuabuum bagged

and either overor autoclave curedThis is illustrated inFigure 2.9. An autoclave is a
temperature regulated pressure vessel which applies additional pressure to the laminated part,
further reducing voidand removing excess resithoughauiclaved composites are labour

and energy intensivéhey are usewith high performance in mind. To many, the large cost

of autoclave curing is therefore worth the relatively small improvement of an already

optimised product.

5-6 atmospheres
pressure

To Vacuum
Pump

Autoclave

Figure2.9: lllustration of autoclave curinf]]

Prepregs are usually used besmthey produce much strongerd stifferlaminateghan wet
layup processesBecause the resin marefully premixed at the factory under carefully

controlled conditions,tiis possible to gean optimal level of strength and cure. The fibre
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volume fraction can also be controlled very accurately, with most prepregs having a fibre

volume fraction somewhere in the range 58#70% [25, 30]. Of course, the obvious

disadwantage is cost, which limitheir usegr eat |l y t o most user s. |t al s
physical flexibility of wet layup compositeshen laying them up. Because the resin is

partially cured, fibres are not so free tovepreducing the degree to which they can be shaped

and bent into corners. Althougbomplex geometries are Iseasily achievable by building

the desired shape fromtqorepreg pieces. Another disadvantage of prepregs ialthatgh

they are highly optimisedhey are sensitive to delaminations since the interlaminar region is

susceptible towoids, contamination, and debris infiltration before the laminae or lai@hgp.

interlaminar region is also more regioh than the intralaminar regionghis region is not

very thick, and this results in adistancege change
creating strain differences, and hence stress under loddiiagefore, delamination reduction

of prepregs is a very importaconsideration, and the work presented in this thesis is built

around this.

2.2 INKJET PRINTING

Inkjet printing is a computegiided additive technology which is now regarded as a domestic
technolgy, with many homes having their own inkjet printer for the purpose of printing
documents. These printers are specialised for printing specific ink formulations, but inkjet
printing may be applied to practically any liquid. Raleigh first conceived olttgainentals
behind inkjet technology in 18785], observing how a jet was broken up into droplets as it

passed through a narrow orifice under pressure.

Inkjet printing is a very versatile method. It is a relatively inexpensighlyhprecise,and

highly scalable technique which produces very little wqd8&. It is alreadyused in

specialised industrial areas such as electronics and tissue engineering because of its ability to

quickly deposit minute quantities of materials onto various subsfejtes The 6éi nksdé used v
extensively. Many materials are soluble in the appropriate solvent. Thigemnadnhufacturers

to print an incredibly wide range of materials, including longrcpalymers.

Printability depends highly upon viscosity and surface tension. A high viscosity ink will
absorb too much of the energy from the pressure wave used to eject it from the nozzle.
Although conversely, a low viscosity ink will be easy to ejeat, its droplets will be less
stable and break up easier. A high surface tension will have the effeguifing a higher
energy to eject it from the nozzle, and may not be printable at all. De Gandexhonstrated

that the surface tensionioks which ranges from 28 mN#to 350 mNmt can be printe@8].
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In practice therthe properties of the ink should lie in a specific range in order to be printable.
These values can be manipulated thdagbhanging the dilution of the ink or by temperature

changes.

The Ohnesorge numbe®dlf) may be used as an indication of the printgbof inks. It is a
ratio of the viscous and inél resistances to spreading.

" Q, 26

Whered is the viscosityy is the densityl is the surface tension of the inkndd is the
diameter of the orifice[11]. Some researchers have suggested that 0.1<Oh<1 inks are
generally printablg37, 38]. Although these numbers are a guide, and the properties of
individual inks will affect printability. The Ohnesorge nber is based on Newtonian fluid
mechanics but wlymer solutionsmay also be nofNewtonian. Norn-Newtonian fluids
comprise ofpolymer chain®r particleswhich interact with each other, increasing viscosity
under sheatwWhen under pressure and forced the narrow orifice of the nozzle, the shear force
on the fluid may align the chains in the direction of shear. This means thas¢bsity and
hence Ohnesorge number of some inks during jetting may be different from their static value
[11, 39].

There are two main methods of inkjet printing, continuous inkjet printing (CIP), and droplet
on demand (DD) printing. This work deals exclusively with DOD printing. CHgure2.10)
utilises a continuous stream of electrically charged liquid. The Rayleigh instability is induced
in the stream, breaking it up into imdlual uniform dropletd37]. These droplets remain
charged, and may be manipulated by an electrostatic or magnetic field to form the desired
patern. Unwanted droplets are directed into a catchment gutter and disposed of or recycled
[40].
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Figure2.10: lllustration of continuous inkjet priting [41]

Unlike CIP, DOD printing [Figure2.11) does not use a continuous jet. Instead, each droplet

is ejected as required by the perturbation of the ink inside the nozzle. This perturbation comes
from either a pieze&lectric crystal, or from a heating element. A heatilegnent immediately
vaporises the liquid contacting it, creating a bubble, and hence a positive pressure in the
volume. This pressure travels as a wave through the liquid, pushing it out of the nozzle. By
controlling the rate and level of heating, the puee wave, and hence the droplet, can be
influenced. In piezelectric nozzles a voltage is applied to the crystal causing it to pulse, again
creating a pressure wave. An illustration of the action of this electric signal is shBigaiie

2.12. The advantage of DOD over CIP is that there is less waste, since the ink is ejected only
when needed. Although CIP often recycles the undeposited ink, this is often a cause of ink

contamination.

ink

oo r
l Digital Driving Signal

nozzle
heat or piezo
y element
@
ink droplet L

A o .

Figure2.11: lllustration of doplet on demand printingt1]
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Figure2.12 Electrical actuation of a piezslectric DOD systerfi2]

2.3 FATIGUE OFCOMPOSITES

Fatigue may be defined as the decrease of the materialFbdagitig capacity under cycli
loading, resulting in failure at stress levels below its normal engineering str@imighis
illustrated inFigure2.13

The mechanisms by which composite materials deteriorate are very different to those
experienced by metal§hey are also much more compléhlike metals, composite materials

are inhomogeneous (on igal scale) and anisotropitheyaccumulate damage ingeneral

rather than a locaksl fashion, and failure does not always occuthgypropagation of a single
macroscopic cracki-or polymermatrix composites, fatigue failure is primarily a matrix
dominated event. Fatigue damage begins with microcrack accumulation in the polyaser. Th
microcracks accumulatrapidly in the early stages of fatigue life, with thecumulation rate
slowing with increasing number of cycles. Ultimatelye timicrocracks coalesce to form
macroscopicdamagethat quickly propagates (seéigure 2.14) [43]. Eventually the
accumuléed damage will reduce the residual strength of the composite to a level lower than
the peak cyclic stress put upon it, resulting in failure, as showigure2.13. Composites

have severalamage accumulation menisms:fibre/matrix debonding, matrix cracking,
delamination and fibre fracture. These damage mechanisms can occur independently or

interactively depending on material properties adlingconditiong[44].
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Figure2.13: Degradation of composite strength by weat until residual strength falls

DAMAGE

Since about the 1960s, the fracture and fatigelgabiour of composite materials based on
reinforcing polymers with long strong fibres has been the subject of extensive experimentation
and analytical investigation. Yedespite this acquisition of vast collections of mechanical
property data, our abilitio predict the structural integrity of a damaged composite subjected
to mechanical and thermal stresses and hostile envirosmantins restricted. This is
because our understandinfi composite failure is basealmost entirely on this store of

information being empiricaln nature with limited knowledgef the structural changes taking

below the peak cyclic stref4]

1 Matriz Cracking 3~ Delaminatbon
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Debonding, Fibes Breaking Fibar Ersaking {Locallzed)
1

100
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Figure2.14: Damage modes during fatigue I[f§

place in the material over tinjé5].
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Some of the earliest work published in theaard composite fatigue of fibmeinforced
composites were by Pagano and P[désin the1970s, followed by Foye and Baldi7]. At

this time, Whitney and Browninf8] also began work on characterising fatigue in metal
matrix composites. Researchers such as Reifsfitiirand Talreja[50] have also been

prolific in the advancement ofie understanding of fatigue komposite materials.

2.3.1 Damage Mechanisms

As mentioned irBection2.3, composite fatigue is complex, awdrks through the interaction
of seveal different damage mechanisms which are themselves heavily icéldidsy such
factorsas material propertiegayup orientation, loading scenarios dtbe following sections

describe what these mechanisms are, and howirtflegnce the performance cbmposits.

2.3.1.1 Matrix and Transverse Ply Cracking

Due to the large difference in stiffnebgtween the fibres and matrigsubstantial sain
magnification occurs in the matrix when a ply is loaded in the transverse direction. The strain
at which failure occurs in offixis plies is lower than in those aligned in the direction of loading
[51]. Once matrix cracks are initiated they propaga¢ependicular to the loading direction,
often jumping between individual fibréBigure2.15), initiating fibre pultout (Section2.3.1.2
below).Matrix cracking can occur in longitudinglies, but is much more prolific in e#xis

plies. Transverse ply cracks are oftllowed by delamination of plynterfaceswith large
differences in orientatioriThese delaminations begin at tbp of the transverse crack at the
interface between thenand from there can quickly propagate throughout the rest of the

interface. This damage progression is illustratefigure2.16.
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Figure2.15: SEM image of matrix cracking propagating throwgtoff-axis ply, jumping
between fibrématrix interface$52)
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Figure2.16: Transverse matrix cracking in a crgady laminate[53]

Matrix cracls are often the first stage of composite damage in fatigeteheygreatly affect
the performance of the composit&he crack density (total length of matrix cracks per unit
area) was found by Ogin et §4] to be directly proportional tthe reductn in stiffness of
the composite. They found that matrix crackimgduced a 17% stiffness reduction irf0°
GFRP laminatevhich was cyclically loaded.

2.3.1.2 Fibre/matrix Debonding

Fibrematrix debondingand oull-outdis thefracture of the bond between ffdband matrix.

Wit hout this bond in place, elyhbfiectetsindeiteads | oad be:
only carry loads in bonded regions, or where friction allows some load transfefée

turn places increased loads on the remaining filbeglsicing the stiffness of the composite.
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Fibrematrixdebonding often occurs as a consequence of matrix cracking. As sheigaria
2.15, matrix cracks often encounter fibrégvouring cracking along the stressed region at the
interface.Figure 2.17 illustrates the path that matrix cks may take when encountering
fibres. In this case a crack is progressing through a ply. Upon reachinfipthfmatrix
interface, debonding will probably occur. Fronrdn¢he crack tip may belunted, arresting
the crackFigure2.17b); althougirepeated loading cycles may progress the crack fuither.
matrix crackmay also create a stress concentration where the craickerpects the fibre
breaking the fibre at that poi(igure 2.17c). Finally, the crack may pass around the fibre
without breaking it directiytHowever, it is likely that the tensile load of the opening crack will
break the fibre at some point afprthe debonded lengttFigure 2.17d) [55]. Although
fibre/matrix debonding is often caused by matrix cracking, it is by nons\gae only cause.

Fracture may occur at thilbre/matrix interface directly sincé is also a stressed region

(b) ©

Figure2.17: Path that cracks may take when travelling perpendicular to fily€sack
progressig to adjacent fibres causit fibre/matrix interface deboridg by blunting crack
tip and/orc) fibre-bridged crack growthd) A fibre break away frorthe crack tip[56]

Once debonding and fibre fracture have occurred, fibrequilnayoccu. Pullout refers to

the movement of fractured fibres from their matrix sockets once debonding has taken place.
Although pultout is not beneficial to the composite structure, it may slow further damage.
Although debonded, the fibres will usually be higlghlace by friction. Therefore, in order to

move the fibre, energy must be spent. This absorbs energy that would otherwisercreate o
propagate damage elsewhere in the composite. This mechanism is one of the main factors in
energy absorption in impact obmposite structurd$7]. The enegy absorbed in composites

in dependent on the length of the debonding-put!

2.3.1.3 Delamination

Delamination ighe separation of adjacent layddglamirations reducstiffness significantly.

They also reduce¢he strength of the laminatey removing the load sharing capabilities
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between pliesSignificantly, under repeated loading cycleklaminations may growo a
critical point leading to failure of th structurg58]. Although there is evidencéhat under
tension dominated cyclic loading, if delaration develops, it can prolong fatigue life by
isolating the failure of the individual lamina from oth¢E&9-61]. Delaminations tend to
develop between pliedueto differences immoduli andP o i s s o B ldesveen pli¢siob
differing orientations creating stresses at their interffilc@ ransverse cracks in efixis plies
also heavily influence the formation of delaminations, as shovidue2.18, which shows
delaminationsoriginating from the tips of transverse ply cracks. Ply intedfae also
susceptible to contamination and debris, particularly in prepreg laminates where-thagxrt
resin retains particulates that come into contact withdtlitionally, the interlaninar region

is usually resifrich, meaning that the matrix in this region has little or no fibrous
reinforcement. This region is often very tiimcomparison to the overall laminate thickness
Nonetheless, it does contribute telamination propagatiohe thickness of the resiich

region can greatly affect laminate fracture toughness.

The interlaminar fracture toughness of a composite is a result of complex interactions between
two important properties, namely the matrix ductility and the fibre/marttierface bond
strength 62]. Both properties are beneficial to fracture toughness, yet bashlme optimised

for complementary interaction with one another. If increased ductility results in decreased
fibre/matrix bonding then a decrease in interlaminar fracture toughness may result. The
thickness of the resirich region also plays an importardle. Figure 2.19 shows how the

crack process zone (a region of increased stress in which material separation takes place) is
affected by the ductility of the matrix. In brittle matrices, the process zone is small, and it is
exterded greatly in ductile matricg63]. An increase in the process zone translates to a greater
dissipation of fracture energy. But if the resich region is thinner than the thickness of the
process zone then it is constrain@tie additional constraint imposed by the neighbay

fibres then induces a higher maximum principle ssecomponent around the crack tip,
producingalonger process zone which advances delamination more rg6@lyT herefore,

in order to be beneficial, the thickness of the remih region should be carefully controlled

in order to optimise the toughening effect gained by increased matrix ductility.
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Figure2.18: SEM micrograph of carbon fibre laminate showing transverse ply cracking and
delaminations extending from where the crack meets the adjacent ply of perpendicular
orientation[65]

=009

a) Brittle matrix b) Ductile matrix

Figure2.19 Delamination process zones in a) composites with brittle resins, and b)
composites with ductile sins[63]

Since themethods developed in this work deal primarily with interlaminar toughening, it is
reasonable to assume that any effeutsild be observed in damage events awegrin the

interlaminar region;namely delamination. Therefore it is important to understand ho

delaminations affect the performance of composite materials, and also how they may be

purposely induced so thtttey maybe observe asthe dominant damage mechanism.

Delaminations may be caused by either the extension of matrix ¢&etson2.3.1.9, or by

shear stresses caused by strain differences between plies. The former may come as a result of

fatigue testing, but does not guarantee that delaminations will occur. That is dependent on the

materials, geometry, test paraters etc. The latter may be induced by either flexural testing,
in which the strain levels vary throughout the thickness of the material, or by using
multidirectional laminates. Multidirectional laminates are those which use phi@syarying

in orientdion to give the effective properties required for the application. Since composites
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have different properties (including Poissonds

exhibit differing levels of strain under loading, causing interlaminar shieasses. Most
composite structures are multidirectional, and as a reggkarch has been carried out to

characterise delaminations caused by multidirectional layups.

Pagancand Pipeq66] investigated the influence of stacking sequencehenstrength of
laminates. Their work was aimed at reducing the risk of delaminafitvey. cited work by
Foye and Bak€67]. Both groups investigated layups consistinggdf5°, +459s (Symettric)
laminatesFoye and baker wresticgated these laminates in fatigue, testenginates of [15%-
15°/45°£45°]s and [15°/45°/45°/-15°s. They noted that although classical laminate theory
stacking sequence has no effect upon tensile stiffness or strdmgthbservedifferences

in fatigue strengths of about 173MPa between the laminates, and cited progressive
delamination as thfailure mode. Pagano and Pipes suggestedthieainterlaminar normal
stress(l,, is responsible for delaminatioBonsideringhe free body diagram figure2.20it

can be seethatthe 90 ply shown willexperience tensioat its interfacewhich may lead to
delaminationThis is becausiés modulus is highest iits fibre direction. It will therefore resist
the tendency of thedjacent0° ply to compresgin the y direction due to tension in the x
direction) by imposing an opposite (tensile) force on the compressive force to balance it
summary, laminates with large differences in fibrentation between plies are more likel
to delaminate than those with small differentesater sections this will be discusdedther,

and this theory pub practical use in order to encourage delaminations.

Figure2.20: Freebody diagranfor a crossply laminatein tension in the x directiof68]
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2.3.1.4 Fibre Fracture

Fibre fractures are of course tmest critical damage mechanisince the fibres athie main
load bearing component of the composite.general,excessivefibre failure results in
catastrophic failure of the composite structure. In aerospace applications, fibre failure is
usually in the compressive mode, since aerospace structuresatg dssigned to withstand
flexural loads[69]. However, in many other applications, tension dominates failure.
Failure of the composite may occur in two ways. Firgtigfibre/matrixinterfacial bondnay
be broken by shear stresses within the composite, letaliregluced load transfer between
fibres, and hence leading to the failure of the strect@r secondly fibre fractures can
propagate through the matrix, as showfigure2.17a, eventually resulting in the fracture of
the structurégl]. If the integrity of thdibre/matrixinterfacial bond remainghen fibre strength
may be described by a statisticadtdbution. The Weibull distributior{70] is typically used
to describe the variation of fibre strengths in a compoaitd characterises the distribution

fairly well.

2.3.2 Free-Edge stresses

Classical laminate theory holds extremefgll for composites, but applies to infifigevide
laminates. That is, composite structures with no free edges. At and near the free edges
(extendinginwardsa distance approximatelyqual to the laminate thicknegb]) there is a

state of threelimensional stress which exists. In certain circumstances, this can create rather
large interlaminastresses, which can leaddelaminations and matrix cracking, and hence

premature laminate failure.

The outof-plane normal and shear stresses which exist near laminate free edges are known to
influence the initiation and growth of delaminations. Fis thason many studies have been
conducted in recent years to determine the gradient of the free edge stresses due to mechanical,

thermal, and hygroscopic loadifigl-75].

Pagano and Pipg68] investigated this effect by considng a laminate of four plies under
uniform axial strain as shown Figure2.21. Classical laminate theory states that each ply is

in a state of plane stress. The stress varies between the differently orientated plies, but is
constant within the plies. This is fine for laminates of infinite width, $ince there is no

material at the edge to keep it constrained, the shear siréss edgés not opposed.
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Figure2.21: A four-ply laminate under uniform axial strai8hows the stresses acting upon
a unit cell of a centrally. [68]

Also from Pagano and PipeBigure 2.22 shows that the in plane shear stressg) (is in

accordance with classical laminatedny, and the axial stress) also follows for y/b < 0.5.

0, »0 apidndrease slightly <close togyinmcrhasesedge, but
dramaticallyat the free edgeand falls to approximately zero at y/b=0.5, or approximately

equal to theotal laminate thicknes3.hese results were later confirmed by Pipes and Daniel

[76] using theMoiré technique to observaicro surface displacements of laminates in axial

tension.

Rybicki et al. [77] also investigated the fremlge delamination mode of failure in a
(£30/+£30/90/90) boron/epoxy laminates. They evaluated the initiation and growth of
delaminations using ultrasonic techrégu They then used basic finite element techniques to
model the delamination behaviour using an energy release rate technique. This work was a
precursor to many others who investigated crack growth as a function of energy release rate,
such as[78996Br i en
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Figure2.22: Stress distribution at the edge interface ranging from the centreline (y/b=0) to
edge (y/b=1]68]

2.3.3 Stacking Sequence

An important result ofhe previous section is thiaée edge stresses are influenced by stacking
sequenc¢73, 76]. That is the order in which the plies are laminated, and hence pligsh

contact each other.

Pagano and Pipes investigated argijelaminates of £15445]s and 454 15]s andshowed
thattheinterlaminar normal streg8) switched from tension to compression as the stacking
sequence was switched. This resulted in #i&f45]s having poorer mechanical pregies

because delamination wiatiated more easilin tension than in compression at the free edge

Whitney [79] noted the same effects in carbon/epoxy laminates in fatigue loading. He

observed that a laminate with a stacking sequence causing tensile interlaminar stress would
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cause delaminations to occur long before ultimate failure. Whereas when the stacking

sequence was changtalcreate compressive stresses, few delaminations were observed.

It was also discussed by Gamstedt and Anddi@drthat if the offaxis plies contribute to a
substantial prt of the laminatehe damage that develops in ske@lies will affect the damage
evolution in the longitudinal plies. This means that a large numbeifaixis plies will
invariably lead to the evolution of additional damage in the main leadny ples. This is a

principle that will later be utilised to encourage interlaminar damage in samples.

Another effect which stacking sequence may have is updntdraminamregion Where two

plies of the same orientation are stacked adjacent, nestingfiliirtieecan occuiThis is where

the fibres of adjacent plies intermingle with each other, allowing the plies to come closer to
each other, and reducing the resgh region greatly. If these plies delaminakten the
delamination propagates through fiblbeidging, resulting in a rough surfacsith fibre
imprints. Naturally, the opposite is true for adjacent plies of differing orientations. In this case
they would have thicker interlaminar regicarsd any delaminations would mostly propagate
along the tenge ply/resinrich region interface, and would generally result in a smoother

surface[5]

2.4 INTERLAMINAR TOUGHENING OF COMPOS$TES

Since delamination is a significant factor in composite failure, the toughness and resistance to
crack propagation of the interlaminar region is of particular importaFtoermoset matrix
polymers have good mechanical strength and chemical residtanhdeie to crosslinking they

can be brittle. This often results in microcracking, which may then lead to further damage.
Thermoplastics have good resistance to impacts and oeacdt propagation, but result in
decreased stiffness, particularly in bemditn applications such as aircraft \@g#) this is
simply unacceptablsince stiffness is one of the key reasons why composites are used in the
first place.The ideal scenario would be one in which the mechanical properties of a thermoset
matrix are preseed, but the toughening effects of thermoplastics are utilised. This is
obviously an unrealistigoal. However, it is possible to tailor the material properties in regions
where damage is most likely to occur. Since delamination is often a critical damage
mechanism, and the interlaminar region is easily acceshibieg manufacture, interlaminar

toughening is the focus of wide research.
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2.4.1 Fibrous Interlaminar Reinforcements

Numerous types of laminated CFRPs with different interlaminar toughening mechaaisgms h
been reported to dat€arbon nanotube deposition is one such method that has received a lot
of attention. In this method, carbon nanotubes are deposited on the surface of the carbon fibre

weave so that they are orientated in the through thicknessialire

Veedu et al[81] used chemical vapour deposition to grow multiwalled carbon nanotubes on
the surface of ahon fibre woven fabrics. In this way they were able to gain a 348% increase
in interlaminar fracture toughnes$si€), while the interlaminar shear sliding fracture
toughness (z was improved by 54% compared to the base material. Arai f2hlalso
obtained very similar results. Similarly, Lee et[88] coated norwoven carbon tissue with
nanotubes. They reported a 353% increasaeda@ a 246% increase ini&White and Sue

[84] took this method further, and used a carbon nanotubpdyaimide12 epoxy thin film

as a toughening layer. Tlecrease in @ values wasiearly 50% higher compared to the
reporteduntreatedCFRP values.

Although carbon nanotubes are currently a popular method of fibrous interlaminar
reinforcement, other authors have also investigated ttbteus materials to a lesser degree.
Hamer et al[85] demonstratedmproximately300%improvement in Gvalues compared to

the untreatedaminates using an electspun Nylor6,6 nanofibrous mat as the interlaminar
toughene(Figure2.23).

b

Figure2.23: Electraspun Nylon6,6 fibre interleaf under mode | loadifgf]
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2.4.2 Interleaving andAdditive Toughening

One of the most common methods for improving the interlaminar fracture toughness is
interleaving in which a distinct interlayer (thermoset or thermoplastic) is added between the
laminate pliesThis is illustated inFigure2.24. Thisintroducesa tough regionvhich absorbs
energy and inhibits cracks which may otherwise propagate betweemgiisve toughening

is similar to interleaving in that a foreign element is intr@glimtothe interlaminar region in

order to change the material properties specifically in that area.

Fibre direction

Laminate ply

Interleave

Figure2.24: lllustration of interleaving[11]

Askoy and CarlssofB6] experimented with both thermoset and thermoplastic interleaves to
determine what effect the thickness of the interleaf had on the mechawoipattjigs. They

found that thicker interleaves increased fracture toughness and shear yielding of the material
around the crack tip up to a point at which the effects levelled’ bi$. is in line with what

was discussed in Secti@x3.1.3 which described how increasing the ductility of the matrix
increases the size of the crack process Z@rglictably, they found that thermoset interleaves
proved less effective than therntagtic ones Thermoplastics allomuch greater plastic
deformation with less microcracking and therefore crack tip shieldiogever, they did not

comment on what effects this had on other mechanical properties

Lu et al.[87] inserted thin (~0.1mm) sheetspafly(ethyleneco-acrylic acid) (PEAAbetween

plies of carbon fibre prepreg. Interestingly, they noted a significant change in the failure
mechanism of the composite in both impact and static bgntlire presence of the interleaved
layer povided a barrier to prevenbmpressive cracks from propagating into the tensile plies
of the samples. This also had the effect of slightly decreasing the flexural modulus of the
composite, which they attributed the interleaved layer allowing the adjacent plies to move

past each othanore easily.
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Hojo et al.[88] used the epoxy matrix as the interleaf material by sequentially laying up half
cured epoxy films and prepregs. It was reported that thealbies of the laminates with the
selfsame epoxy interleaves were almost identical to those of the base laminates. However,
the values of @ in the laminates with interleaves warng to 340%highea than those of the

untreated laminates.

Takeda et al.89, 90] used fine, randomly dispersed polyamide particles to create a toughened
interlaminar layer between pregy plies.The particles were scattered by hand, so placement

was highly unevenThey found that delamination onset and growitliatigue loadingvere
suppressed by the toughened interlaminar | a\
improvement. Us i ng a modi fied Pari sé Law they ch
multiplication and delamination growtlihe premise of thigzork most closely resembles that
presented in this thesis. atddatkingexpenmertatdatg , T a k
in places, and it is likely thahé investigation was brief ambt followed up.

PEG printed laminateare investigated in this thesiSome studies investigated PEG as a
plasticiser forother polymer blend491-96], but few others report using it as a composite
toughening agenand none were found that investigated its toughgpiogerties in fatigue

loading

Zavareh and Samand§@i7] found that by adding up to 10% I¢@00)molecular weigh{M.,)

PEG to the bulk matrix, they could achieve an impact toughnessase of up to 570%
compared to that of neat epoxy with only minimal detriment to tensile strength and modulus.
Morphological properties of this epoxy/PEG hybrid were obtained through SEM studies and
a twophasemorphology was revealed in which nasigedPEG domains were uniformly
distributed in the epoxy matriXhey concluded that increases in impact toughness could be
attributed to strong interactions between PEG and epoxy in the interfacial region, but did not

elaborate on these claims.

Sala[98 conductedimpact tests upon glass fibre reinforced isocyaeptexy composites
toughened using 15% PEG by volume. They did not state the molecular weight of PEG used.
They found that the tensile strength, tensile modulosjpressive strength, compressive
modulus, shear modulus, and strain to failure of toughened composites were all higher than
base values by around 10% in all cases. They also found that the impact strength of composites
were increased by as much as 49%hHhw®yaddition of PEG. However, they did not attempt to
evaluate the mechanisms of damage other than generally attributing behastioughening

effect
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PMMA printed laminates were also investigated in this thesis as a potential toughening agent.
Similarly to PEG,little literature could be found on the toughening effects of PMMA, and

none was found on its use as a toughening agent in fatigue.

Garoushi et al[99 conducted compressive fatigue tests upon epoxy matrix based samples
containing PMMA impregnatedE-glass fibres. They investigated the effects of fibre
orientation upon the properties of composites, but did not quantify how the PMMA filler

affected this behaviour.

Soderholm10Q investigated the relationship baten compressive yield strength and filler
fractions of PMMA matrix compositeginforced with soda lime glass beatlsey found that
increased bead volume fractions increased compressive strength, but did not comment on the

nature of the PMMA matrix orstbehaviour under loading.

Gilbert et al[10]] investigated the properties of high ductility PMMA fibres in a PMMA-self
same matrixn three point flexural fatigue. Thdgund that these composites exhibited far
greater fatigue energy dissipation amdep fatigue displacement thanre PMMA samples.

In this study they did not mention the molecular weight of PMMA that was used, so it is
difficult to assess the toughening capabilities they obtained in relation to the polymers used in

this thesis.

In this section it was discussed thlaere are multiple studies which have investigated the
interlaminar toughening of compositddany of theg use interleave§iprous elements such

as carbon nanotuhesr nanoparticledHowever, very few investigate the adialit of polymer
particles. Of theethat did most investigatheir addition into the bulk matrisather than

solely the interlaminar ggon. Additionally, papers which look at interlaminar toughening
almost exclusively investigate interlaminar fracture toughnesg$, (@th occasional focus on
impact damagé¢82, 84, 85, 102107]. This was also true of PEG and PMMA toughened
composites, where no ditature was found on their effect upon the fatigue performance of
laminatesWith delamination being a key factor, fatigue damage is an obvious research area

for toughened composites.

2.5 EXPERIMENTAL FATIGUE OF COMPOSITES

Due to the complex nature of compesfatigue, and its fareaching research areas, the
catalogue of published experimental data is consequently Mastmethods of composite
fatigue have previously been covere®erction2.3, so his section attempts to highght some

of the published work that is most applicable to thésis

36



Flexural fatigue tests are often ignored in favour of tension/tension or tension/compression
fatigue tests. However, they have advantages such as better representatsemadénbads,

greatly reduced risk of buckling, and greatly reduced testing forces. They are also often
accompanied bgtiffness degradation analysfce flexural tests inherently produce large
speci men deflections, and s amedtation®dmeasergitu i r e
But these advantages are sometimes disregarded in favour of the less complex and more easily
modelled tensile tests. As a result, applicable literature which utilises flexural fatigue does
exist[108-119, but is somewhat uncommaonhhe most applicable method of flexural testing

is also disputed, with some authors favourcatilever based tests, and some favouring
loading roller based testThis disparity only adds further ambiguity to the results obtained by

various research groups.

Agarwal and JonejeL1]] determined that variations in tliexuralfatigue stregths with fibre
orientation at different cyclic lives were similar to traiations in static strengtiVeber and
Schwart4113 monitored the behaviour of unidirectional carbon fibre epoxy strands by both
their changes in resistivity and bending modulus. Similaiyyillard and Schwartfl14]

reported on a study on carbfibre/epoxy strandsubjected to repeateflly reverseccycles

of purebending Usingthe change in bending moment as an indicator of accumulated damage,
they noted an exponential decay on the bending modulus as a function of the number of cycles.
They determined that, #ie decay rate observed, the bending modulus would reach zero after
7.6x10* cycles

Capri no an[dly banduoed rfam point bending fatigue tests on a random
continuous fibre reinforced polypropylene composite. Comparing the experimental results
with similar data available in the literature for thermes®ted composites, it was shown that
the presence of an inherentijuctilethermoplastic matrix does not sensibly affect the fatigue
sensitivity of the material, probably because of the constraint action of the reinforcement.
From thér fatigue model, a statistical model was developed, assuming a distribution of the
stati fibre strength according to a twmarameter Weéiull distribution[70]. The data wam
excellent agreement with theoretical predictions, indicating that a fatigue characterisation for

probabilistic design can be achieved byiaimum of experimental tests.

Cox et al.[117 performed flexurafatigue experiments on a glassvbon hybrid composite

with an unbalanced layup. Cantilever bending fatigue was perfdoreedaximum of 1x10
cycles at varying load amplitudes. The flexural loads led to stiffness reductions from matrix
cracking and small delamination regions, and ultimate failure was due to delaminations

between the glass/carbonterfaces on the tensileide.

37



Belingardi et al.[11§ investigated the flexural fatigue of hybrid glasgbon epoxy
composites. Using an R ratio of 0.1, and load amplitudes of up to 85%, they observed early
damage after just a few hundred cycles. yTlobserved the stiffness reduction of the
composite, and noted that it was a function of the applied fatguditude. They also
performed posfatigue static tests, but discovered that the residual strength of the composite

wasnodt necessarily lIlinked to the reducti on

The experimental setup is extremely important in flexural testing, and care $lectalken to
optimise the procedures and geometries in order to reduce roller contact sCessexd
Wisnom [12( cariied out detailed stress analysis of both three and four point bending
unidirectional glass fibre specimens using ABAQUS. They found that the specimens were
very sensitive to the length of the contact surface and the distribution of contact stresses. They
also showedhatthe stresses at the loading points were higher than was indicated by classical
beam theory. Their results indicated that larger rollers resulted in greatly reduced contact
stresses. It was also demonstrated that the use of four point ¢peedirced contact stresses

by 20% over three point bending.

As well as flexual fatigue experimentsensilefatigueexperimentsvere carried out as part

of the work presented in this thes&he® testsaadherd to international standards.

Jamison et a[121] conducted investigations into the damage mechanisms in tapsision

fatigue of graphite/epoxy laminates. They looked closely at the glohabehn stiffness of

the material under increasing fatigue cycles, and in doing so were able to obtain reproducible
characteristic correlation with the percentafdife that had been expendeditfough, they

found that this correlation differed signifitidy between different layup geometries. They also
observed several new damage mechanisms related to differing layup geometries, such as the
production of interior delaminations at the 0§y interfaces of [0,9[} laminates by the

gradual growth of lonigudinal cracks in the Oplies.

Zhang et al[122 investigated the effects of nasdica and CTBN(carboxyl terminated
butadiene acrylonitrileyubber reinforced matrices upon both the interlaminar fracture
toughness and fatigue delamination growth behaviour of CFRP composites in tensile fatigue.
They noted improved delamination growth resistance in both 10%/wisilgceoand 10%/wt

CTBN rubberreinforced composites, which they attributed to the synergistic contribution of

toughening mechanisms induced by the particles.

Manjunatha et a[.123 also investigated the fatigliee of GFRP composites blended with a
CTBN rubber microparticles and silica nanoparticles. They found that the cyclic fatigue life

of a composite containing 10%/wf both particles was up to téimes higher than that of a
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neat resin composite. This watiributed to supressed matrix cracking and reduced crack

growth rate.

Hojo et al.conducted fatigue tests using two types of interlefl/24. One, a heterogeneous

layer with fine polyamide particles, arlde otherwith an interleaf of a thermoplastic resin
UT500/111/ionomer These tests, like mg others focusing on interlaminar toughening
utilised the double cantilever beam test as a fatigue testing method. The double cantilever
beam test is purely a mode | (tension) test, and incorporates very little mode Il (shear).
However, using this methodhey found thathe delamination resistance of T800H/390D0
composites was abotlitreetimes higher than the control valuetiire initial stages of stiffness
degradation. Although this ratio cteased to 1.3ater on where delamination wahe

dominant @mage mechanism.

Likewise, chan et a]125 126 investigated theelamination arresting capability of adhesive
strips undeboth static and fatigue loadinging the edge delamination te3trips were placed

on thefreeedge delammationregionor slightly away from the free edges. Static tests showed
that delaminaton was arrested at the boundary of the adhesivipsstuntil further loading
drovethe delamination through the adhesive zdnesamples with the strip along the free
edges, delamination was effectively prevented until final failuiteough this study fogssed

mainly on static loading, they also conducted these tests in cyclic loading, and found that
delamination growth rate was reduced due to the interj@é2i. They found that although

initial fatigue was not arrested to any significant degree, delamination growth rate was reduced
with increasing numbers of cycles. They stated howehat delamination was not arrested,

simply slowed.

The texts cited in this section cover a broad area of csitepiatigue usingpothflexural and

tensile fatigue. Elements of these investigatiweseincorporated into the work presented in

this thesis. And references will be made back to them at various points. It should be noted that
of the many papers that veeread prior to these investigations, very few incorporated
interlaminar tougheningind those that diflocussed on rubber particlesinterleaves. Both

of these methodeequire the addition of significant amounts of material, increasing mass.
Also, whilg interleaves may be applied selectively to desired areas wheesn damage
mechanisms may be most prevalent, their composition is difficult to tAllernovelty of this

work then lies in theselective addition of polymer reinforcements that ba siited (perhaps

by regionor gradual transition from oneinforcement material to another) to the load case in

any given area of a structure.
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2.6 DAMAGE ANALYSIS TECHNIQUES

Numerous techniques have been developed for the detection and analysis of damage in
conposites. Techniques may be divided into active and passive techniques, and further
divided into destructive and natestructive Each have their own benefits and disadvantages
Destructive techniques such as residual streagtiysisare incredibly usefulbut require

large numbers of tests to be conducted, and only offer predartipestmortemtechniques

for the properties of iservice componentsl28-13(. Nondestructive techniques may be
appliedto in-service components, but requirgstrumentation to detect physical material

changes.

The best analysis techniques then are dependent thpoimdividual requirements of the
prescribed test regime. Thellfaving sections outline the fundamentals of the damage

analysis techniges used in subsequent chapters, as well as other relevant methods.

2.6.1 StiffnesDegradation

Stiffness degradation is the gradual reduction of the elastic modulus of a material as it is
cyclically loadedTracking this change can give insight into what damage has accumulated in

the material up to that point.

Naturally, the stiffness degradation of a given laminate will be highly depengdentthe
matrix, reinforcement, stéing sequencete. But the sequence may be generalised a
described by Van Paepegem and Degriddd]. Generally, stiffness degradation may be
divided into three sections (I, Il, and Ill) as showrrigure2.25. In stage | a rapid reduction

in stiffness may be observed. The devaiept of transverse matrix cracks dominates the
stiffness reduction in this stage. A stiffness reduction-8%Ris typical. In the second stage
an additional 5% stiffness reduction may occur in a roughly linear way. Predominant
damage mechanisms in thegion are the development of edge delaminations and additional
longitudinal cracks along the @bres. In the final region, localised damage events accumulate
quickly as load distribution between fibrissaffected to a level which allows weak fibres to
fracture. This damage grows exponentially as fibres continue to break, eventually leading to

the ultimate failure of the laminatgl31]

Stiffness change is a precise, easily measured, and easily interpreted indicator of damage. It is
also attractive because it is a mbestructive test methodlypically, fatigue damage
accumulates within the material in a general manner. With this, the stiffness of the material is

reduced. However, the change is not necessarily constant, as damage features such as
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macroscopic cracks and delaminations may devatajior be arrested, and in this manner

alter the rate of stiffness degradation accordin@gveral authors have published work
outlining how the reduction in stiffness may be used to model the fatigue life of the composite
[132140. However, all of these focus on the predictiofatfgue strength and life. Where

they do discuss the damage mechanisms which lead to stiffness degradation, they describe
them verygenerally, and do not use stiffness degradation as a method to infer specific damage
events. Many authors refer to the generalised model referred to abieigeiia2.25, which

further leads to the inaccurate generalisationiffhess degradation, and ignores the specific

intricacies of each individual test.

1.

siage [ stage I sege Il |

0.0

il 1.0

Figure2.25: Generalised model of the decrease in stiffness associated with composite

fatiguewith increasinghumbes of cycles Stage |: Matrix cracking and delamination. Stage

II: Crack coupling and interfacial debonding. Stage Ill: Damage coalescence and fibre
breaking[14]]

2.6.2 Sample Replication

Because of the progressive and destructive nature of mechanical testing, it is highly
advantageous to be able to record physical damage for later analysis and reference. The most
popular method of doindhis is the cellulose acetate replica technique. Dental media is also
often used for replication where the cellulose acetate method may not be applicable, but
acetate providebetter resolution at higher magnificatigiigl?). Celluloe acetate has many
advantagest is simple to apply, reproducible, has low distortion and volume changes, and is

resistant to harsh environmental conditiombkis technique is highly advantageous where
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removing samples from a test may affect the results, or where the samples are physically too

big (eg. to fit in an SEM chamber) for analysis.

Cellulose acetate is readily available as sheets from numerous migrescgpment retailers,

and is available in varying thicknesses fromutOupwards. The thickness of the sheet affects

the resolution that can be expected. Thicknesses aroynd Bave been found to give
excellent resultfl4Z. However, thin acetate sheets may prove problematic, as they may tear
easily, and may distort around particularly large artefacts. The thickness also determines the
amaunt of workable time the operator has to apply the stiediuloseacetate isoftened with
acetone in order to take replicas. Therefore, if the softenedishemtsupported quickly by
application to the sample surface then it will disintegrate rapidiicker sheets allow greater
working time, but as previously mentioned, this comes at the cost of reduced resolution. Once

obtained, replicas may be stored indefinitely if stored correctly.

The microscopic observation of replicas is straightforward.r€pkca is laid flat on a glass
microscope slide and fixed down in position using something such as sticky tape. Replicas
may be observed optically by either transmitted or incident light. Although transmission
microscopy may be affected by contaminati@mtween the glass slide and the replica, or by
impressions on the reverse side of the replica caused by poor application. Optical observation
may also suffer because of the difficulty of applying the replica perfectly flat against the glass
slide. If it is not flat then focussing may be difficult because the depth of field of optical

microscopes is poor, particularly at high magnifications.

The replica technique is also compatible veithnning electron microscof$EM) [142, 143

and is used regularly in various research figlti¥4150. Although they must be made
conductive by a method such as vapour deposition in order to maxiraisesolution of the
micrographgqdescribed further in Sectidh2.1.). SEM obgrvations of progressive damage

is of course possible, but requires the dismounting of the specimen at various points, and also
requires the total dedication of the SEM during the test. The advantage of SEM over optical
microscopy is that the depth of fikls much greater, dgbe difficulty of applying the replica

flat to the glass slide is less troublesome. The problem caused by uneven specimens under
optical microscopy compared to SEM is illustrate&igure2.26, where it carbe seen that in

the optical imageall but a narow region surrounding the cragkout of focus.
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Figure2.26. Comparison between a) optical and b) SEM viewing a replica at high
magnification illustratingthe difference in depth of field of the two techniq{k$2

2.6.3 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is the maistely used method for studying fracture
surfaces. The high resolution and good depth of field of the images it produces make it highly
suitable for examining polymer composite surfaces. Also, due to the way SEM works, the
images it produces are similarappearance to optical images, making them more intuitive to
interpret[5]. Microscopic methods not only provide a quatittmeasure of such things as
crack length, no matter how small the crack may be, but they can also identify the path that

cracks take and their relationship to microstructural paranéié?s

Broadly, SEM works by firing a beam of electrons onto the sample. The beam is generated by
a filament (typically made of tungsten) which is heated to a very high temperature. This high
temperature qovides enough energy for electrons to escapélémeent The beam is passed
through an anode with an aperture to form the beam. Magnetic lenses then focus and direct
the beam across the sample surface. The electron beam scans the surface in liniég, anuch
cathode ray television. When the electron beam hits the sample surface, different types of
secondary radiation may be produced. Backscattered electrons and x rays can be used for
elemental analysis. Although CFRP comprises of different componbaisate primarily
organic, and hence carbon containiragd therefore elemental analysis is of little use.
Secondary electrons may also be produced. These are generated as ionisation products, and
are primarily ejected from the surface atoms. These cagdzbto analyse the topography of

the sample, and so are very useful for fractogrdfpby].
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The depth of field of SEMH) is an important factor in SEMNd is calculateby:

"O _“ 2-7

WhereSis the permissible defocud/is the working distance (distance between the objective

and the specimend\ is the objective aperture, aMlis the magnificatiofl142 157.

2.6.4 Fractography

One of the main uses of SEM in the context of mechanical testing is in fractography; which is
the study of fracture surfaces. Fractography can provide importantabloas the cause of
failure in a component, the location of the source of failure, and the consequent sequence of
events that then resulted.

Numerous visual artefacts may be created when composites fradhich together may be
used to infer the propees and fracture mechanisms of composite materials. The following
sections introduce many of the artefacts and observations that were commorplés sam
tests in the following ltapters, and that will be used later in this thesis to analyse fracture

surfa@s.

2.6.4.1 Fibre dominated and Matrix Dominated Surfaces

The fracture surfaces of adjacent plies are easily mistaken for onerdvethase when plies
delaminatethe resinrich region (a thin layer between plies contairfiemg or no fibres) tends

to fracture athe interface between itself and the fibre boundary of either ply. At this interface
fibres leave negative imprints in the resin. An example of this is shoWwigume 2.27. It is

most common for the reshich region to delamiate at the ply in tension, and therefore remain
adhered to the ply in compressidh 153155. Theseare referred to as the fibre dominated
and matrix dominated surfaces. Howevehich ply interface it delaminates from mag
changedaccording to local variabdesuch as interface strength and toughness. Theniekin
region may also fracture throughmsddlewherebothinterfacial strength and matrix ductility
are both suitably hig[b].
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(& Fibre domninate® e 4r _(b) Matrix dominated

Figure2.27 Unprinted sample showing fibres and fibre imprinta aj fibre dominated
surface p) matrix dominated surfadé]

2.6.42 Cusps

Another notable artefactésc us ps 6 ( or 0 hThes&dreevisilile iRignre2l2h e U S A)
These features appear as inclined scales or platelets within the resin regions of fractured
surfaces. Tay are formed as a result of mode Il loadimgeir tilt directions oppose each

other on opposing faces, giving an indication of the relative directions of shear of both surfaces

[5, 156, 157]. The process of cusp development is illustratefigure2.28 andFigure 2.29.

The crack front ofh delaminatiorcreates a process zone ahead of it. The process zone is a

region of increased stress in which material separation takes place. The shear stress in the
process zone may be resolved into agple stress at 45° to the laminate plane. This causes

angled fractures to develop, which extend through the-ritirregion until they are rotated

due to the presence of fibres above or bel ow
Once thesurfaces detach, one surface typically retains the cusps, whilst the other displays
small er cusps or Oscallopsb6 (negative i mpre:

surface) Figure2.30).

It can be seen iRigure2.27athat the size of cusps differs greatly throughout the image. The
size and distribution of cusps is affected by a number of factors. The intermatrix spacing
between surface fibres is a predominant factmit factors such as moisturcontent,
temperature, matrix chemistry, and processing conditions can all influence the formation of
cusps[5, 157-159. Importantly, matrix toughness may also play a significant role in their
formation too. With increased plasticity, cusp thickness increases due to less microcracks
forming in the matriX5, 160. This may be a useful comparative tool later on to compare
printed and unprinted fracture surfaces. Although, due to the wide range of factors which

affect cusp thickness, it is not necessarily an indicator of matrix toughness by itself.
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Growth
direction

e

Figure2.28 Mechanism for théormation of cusps due to shear. In this case shear is caused
by flexural geometry, but is applicable to any case where a strain difference exists between
plies.[5]

Figure2.29 Mechanism for the growth and coalescence of cudps shear stress ahead of
the crack tip can be resolved to a tensile traction which is inclinésf ) Angled cracks
develop in the matrix ahead of the crack tip, usually originating at fibre interfaces. b) Cracks
extend under shear stress. ¢) The presence of fibres at the interlaminar boundary cause the
crack tips to rotate. d) Cracks convergertoecat e char acter[Sstic 0S06 shaj
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Figure2.30 Scallops on thewsface of a samplis]

A useful property of cusps is that they may be used to deduce the direction of delamination
growth. As discussed above, cusps form when the damage state ahead of the delamination
front is such that cracks form at 45° to the laminate plane. As a consequence of this, these
cracks are driven forwards, ahead of the delamination front, rather than tow&jdg ktis
mechanism is illustrated Rigure2.31. An important consequence of the informationtiis

figure is that cusps on the matrix dominated ply inherently lean away from the direction in
which the crack front travels, and will lean towards it on the fibre dominated surface.
Therefore, by identifying which surface (fibre dominated or matrimidated) is being
observed, the direction of travel may be inferf8d Whether the surface/region is fibre or

matrix domnated is easily identified by locating either fibres or fibre imprints on the surface.

Growth
direction

D

Figure2.31 Cuspsbeing driven ahead of a crack fro@usps form on the tensile surface,
and negat i vmeonths cmdressovgssirta¢sf o r
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2.6.4.3 Gouges

Gouges Figure2.32) are gridlike features which onlgppear at noaero interface$s, 155

161, 167. They look much like cracks, but they are not. They are instead associated with cusp
formation, such that adjacent cusps are aligned. The mechanism which is presumed to cause
gouges is shown iRigure2.33. In this mechanism cracks develop at the fibre boundary in the
compressive ply and propagate through the matrix atd® to the same resolved tensile
stresses caused by mixed mode loading which cause cusp formation. Bec¢hissgofiges

are very common where cusps are fornigecause of this mechanism, gouges are typically
formed at the matrix dominated surface. Unfortunately, gouges do not give much information
about the fracture surface. Although, the depth of gougesdaesmsdmown to change with the

mixity of loading mode$153, increasing in dpth asnode Il dominates over mode I.

Cusps
Fibre imprints

Gouges

Figure2.32 Gouges on the surface of a delaminated flly

Growth
direction

Figure2.33 Mechanism for gouge formation at a 0°/90° interf&mcks develop at the
fibre boundary in the compressive ply and propagate through the matrikcuet$o the
sane resolved tensile stresses caused by mixed mode loading which cause cusp formation

(5]
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2.6.4.4 Rollers and Debris

Another atefactprevalent in fatigued samplesar 6 r and debris.gefmples ofdebrisare

shown inFigure2.34, and rollers irFigure2.35. Rollersare rounded shafts of resin, otiagted
approximately perpendicularly to the fibre directiidn 156, 157]. The mechanism which
creates rollers is not fully understood. The
actions between adjacent plid$7], but this theory daenot appear to hold true in all cases.
Others have attributed them to increased plasticity of the matrix under hys8824iS6,
157,163 164, but again, this has not been proven. The morphology of robarbeen shown

to be strongly dependent upon matrix toughness and fibre/matrix interface strength, becoming
more elongated as toughness increases. This is illustraféglire2.35. In highly toughened
composites, smearing of lets may also occuf5, 88, 165 166, and in somehighly
toughened systems, few or no rollers fqar7, 167).

Debris may develop due to the deterioration of cusps and other matrix elements from fracture
surfaces through fretting. Debris may sometimes be used as an indication of the sequence of
delamination. Generally, the loaga fracture surface has been in existence, the more debris
will be presen{5, 153 167. Although this is generally only used as an indicadod is not
typically quantifiable. Debris may also be produced in higher quantities where the mode

mixity is dominated by mode Il loading.

Debris

Fibre

Figure2.34 Debrison adelaminated surfadé®]
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Figure2.35 Matrix rollers on a mode Il fegue fracture surface&) Untoughened matrix)
Toughened matriks]

2.6.4.5 Influence of Matrix Toughness

Matrix toughening can affect the appearance of fracture surfaageneral, tougher matrices
result in rougher fracture surfacgs6g, and surfaces may be dimpled omamular in
appearance. It was also previously mentioned in Se2téd.1that matrix toughness may
affect how the resknich region separates at the fibre boundaries either side of it, decreasing

its tendency teeparat@refaentially at the tensile surface.

Tougher materials exhibit considerable plastic deformation. As a result, artefacts such as cusps

are often less well defined in tougher materials. Examples of this are shéwguiia2.36. It

can clearly be seen iRigure2.36a that the more brittle material resulted in cusps with much

more clearly defined edges, whereas cusps in the toughened matrix system shigunein

2.36b are uneven andegular due to plastic deformation. Some toughened and thermoplastic
matrices also exhibit 6fibrillationo, i n whioch t
deforms and fracturefs]. Although these features only tend to appear in very ductile

materials. An example of this is shownhkigure 2.37. In very tough matrix systems, cusp

formationmay be no longer possible, and fracture occurs due to mechanisms such as plastic

deformation and void coalescence.
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Figure2.36 Representative cusps in a) a brittle matrix, and b) a relatively ductitex it

Fibrillation

Figure2.37 Fibrillation in a highly ductile matri5]

2.6.5 X-RayComputedlromography

X-ray computed tomography (Ci® based on similar technology to that used in the medical
field to examie the internals of patients. In medicine, single imagesaentto create two
dimensional radiographsHowever, in materials science-ray CT takes multiple two
dimensional images as the object being examined is rotated. The series of two dimensional
radiographs can then be mathematically reconstructed into a three dimensiondlLié8hge

The main advantage ofray CT is that it is nowlestructive. Xrays also have the ability to
penetrate materials that other electromagnetic waves such as lighbt.ca8he short
wavelength of xays also gives the technique excellent resolution. However, the availability
of x-ray CT facilities is a limiting factorBut where utilised, it is an invaluable tool, for
example in the nedestructive observation of delarations, such as those showrFigure

2.38.
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(a) Twist drill (C-Scan) (b) Twist drill (CT) (c) Saw drill (C-Scan)

(d) Saw drill (CT) () Candle stick drill (C-Scan) () Candle stick drill (CT)

Figure2.38 X-ray CTand ultrasound Scansobtained by Tsao and Hochefig’g showing
the extent of delamination tompositdaminates featuring holes drilled by various methods

2.7 CONCLUDING REMARKS

Dueto the growing interest of fibre composite materials in high performance areas such as
aerospace, where the high specific stiffness and strength of composites is being utilised to
decrease weight in order reduce fuel consumption, new research aimedratamaiiey the
complex damage mechanisms operating in composite laminates is nedesgasychapter

the fundamentalcharacteristics of composite materials were introduced. An overview of

fibres, matrices, and manufacturing methods vaésediscussed.

The major obstacle of applying these materials is the nature of the complex damage
mechanismsvith accumulate within them. The cost of composite parts is comparatively high
against traditional materials, but this is accepted due to the weight saving thoguiteir

high specific stiffness and strength. However, damage is shown to accumulate in composites
with repeated loading cycles which reduces their stiffness and strength, ultimately offsetting
the benefit of using them. This is usually managedrbging structures with generous safety
factors in order to keep them out of the rangtheir fatigue limit which again offsets much

of the benefit of using them. One of the key factors affecting stiffnedslasnination of
adjacent plies. Therefore, redarg and/or preventing delaminatigoarticularly under cyclic

loading,is a key goal irfully utilising the properties of composite materials.

Since delamination occurs in the interlaminar region, this should be the focus of toughening

research. Many grqs focus on the toughening of thalk matrix as a whole. This is not
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intrinsically bad, but many toughening methods often come at the detriment of other
mechanical properties, so localising the toughening method purely to where it is required
benefits thestructure as a whole. Toughening the matrix as a whske adds cost to the
materialsince in high performamcmethods such as prepreg layumust be done at the
manufacturingtageand not by the end usénterleaving has been explored by many asg w

of achieving this, with many reporting promising results. Howevenriigix toughaing is
usually restricted tdow crosslinking density rem systems, andhterleaving struggles to
create an evenly distributed and constant morphology of the tonghewiterials. Also, the
mechanical benefits are usually accompanied by other compromises, such as eouction

interlaminar shear strengthl].

If interlaminartoughening coulde done by the end user then it would enable them to use it
selectively.nkjet printing then is an ideal method for toughening material deposition since it
is highly scalable to the usersé requiremen

neededlt also deposits minute amounts, ultimately adding negligible weight to the structure.

The following chaptersoncentrate on the promising resutzang[9, 11, 12] conducted on
inkjet deposition of polymers for interlaminar toughenifigang showed that theterlaminar
fracture toughnesfGic) of carbon fibre lanmates may be improved by up to 33% the
addition of certain polymer inks, including PMMA and PE®wever, her work concentrated

on the identification of promising polymers and the refining of the printing process. No work

was done to extend the techogy into working laminates.

The work in this thesis extends this technique and expltyexbility to potentially retard
delaminations caused by cyclic loadifg.is anticipated that this work will lead to new
understanding of the performance of inkpeinted composites, with particular emphasis on
the characterisation of performance in fatigltewill also introduce understanding of
poly(methyl methacrylate) anably(ethylene glycol) as toughening ageint fatigue for the

retardation of damage opics which have not been investigated at this point.
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CHAPTER 3: MATERI AL SELECTION, MANUFACTURE , AND
CHARACTERISATION

3.1 INTRODUCTION

This chapter outlines the materials, equipment, and processes involved in the preparation of
test specimen®etails such arinting paraneters and patterns are given, as well as any
technical information related to the manufacture of the inkjet printed lamirtiedies
relating to the behaviour of printed polymers and solvents during the curing process are also
presented

3.2 MATERIALS SELECTION

As previously mentioned, the method of inkjet deposition of polymers useis baszd upon
the work carried out by Zharid1]. Therefore, the materials used,least ini@lly, were the
same as those used by ZhaNgvertheless, the selection process and justification of these

materials is outlined below, as well as any deviations from her specifications.

3.2.1 Prepreg

A prepreg system was chosen for a number of reasons. Fpstiyreg composites are the
most widely used method of composite manufacture in high performance applications such as
aerospace. And it is in industries such as these, where weight saving is essential, that this
technology woulde most appropriate. Sealy, using other manufacturing methods such as
wet layup or resin infusiorwould introducesignificant challenges associated with applying

the printing process. The wet resin would flow and disrupt the printed pattern, and the use of
vacuum would be impasble as it would distort the patteor remove it completely as<cess

resin is removed. Prepreg materials then are the ideal dinahey use a paitured resin
system whichmakes the material durable, easy to handle, and a good substrate tpgmint u
Also, since there is very little excess resnpregnated, there is less chartbat the printed
pattern would be removeehen under vacuumand autoclave pressuckiring the curing

process.

The chosen prepreg used in all tests was CY@GOM 7-2-35-12KHTS-268-300 (hereafter
referred to as 9%2) unidirectional prepregmanufactured by Cytec. This carbon/epoxy

prepreg tape is 0.26.27mm thick and distributed in continuous rolls of 300mm wite.
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contains continuous carbon fibres, which provide greatemgtih and stiffness over
discontinuous fibresThis prepreg is widely used in civil and military aerospace applications.

For example, it is used in the manufacture of wing spars for the Airbus A400M military
transport aircraff171]. It is a toughened resin syste@ritically however, unlike other
prepregs used in the aerospace industry such as Hexcel M21, it is not already toughened in the
interlaminar regiorj172. The mechanical properties of 921aminatescompared to other

typical aerospace materiadan be found iTable3.1. It can be seen that the specific modulus

and strength of 972 is extremely good. Compared to that of aluminium, which accounts for

the bulk of the fuselages of most civil aircraft at this point, its advantages are significant.

Table3.1: Typical properties o€YCOM® 977-2 composite laminates at room temperature
(21°C) compared to other aerospace matefibals-176

Mechanical CYCOM® | Aluminium Stainless

Property 977-2 (O°) 6061T6 steel AISI
302

Tensile strength 2690 310 585

(MPa)

Specific strength 1681 115 74

(kPantkg?)

Tensile modulus 165 69 193

(GPa)

Specific modulus 103 25 25

(MNmkg?)

Density (kg/m3) 1600 2700 7860

The properties athe 977-2 resinsystemcan ke found inTable3.2. The function of the resin
cannot be overstated. It is integral in maintaining the rigidity of the composite, and therefore
keeping the fibres aligned in the loading direction. It also transfers loads behedéres.

The 9772 resin system is a thermoplastic toughened epoxy which is highly desirable in
aerospacest ruct ur es wher est ir rngkaduses enofmous namoantsi of d
damage. Critically though, as mentioned above, it is manufactured withpumterlaminar

toughening mechanisms.

56



Table3.2: Properties of 97-2 epoxy resin system at room temperaturé Q1174

Property Value
Tensile strength (MPa) 81.411
Tensile modula (GPa) 3.52t0.14
Flexural strength (MPa) 19H7
Flexural modulus (GPa) 3.45:0.07
Glass transition temperaturey (FC) 212
Density (kgM®) 1310

3.2.2 Inks

In the context of this thesis, an ink is defined akemicalsolution which may be printed by

inkjet deposition.

3.2.2.1 Poly(methyl methacrylate) Ink

Zhang[11] showed that a 10% by weigffivt) solution of PMMA in dimethylformamide
(DMF) increased the interlaminar fracture toughnes9772 laminates byup to 40%in
double cantilever beam (DCB) tests. Therefthis was determined to be the most likely ink

to affect delamination development in cyclic loading tests.

The mechanical properties of PMMA can be found @ble 3.3. Its properties are slightly
lower than those of 972 resin Table3.2), makingit ideal for toughening, whilst retaining
overall mechanical strengtlt. is also a thermoplastic, so the relatively free movenaén
polymer chains makes it ductiiEMMA of 15,000 molecular weight (M (Sigma Aldrich)
was dissolvedn DMF to create a 10%/wt solutiom order to increase the solubility of the
solution, the solvent was heated to aroundC4@efore adding the PMMAGqwder. The
dissolution of PMMA in DMF quickly turns the PMMA into a gel, sticking the particles
together, greatly reducing their surface ased resulting in slower dissolutioMechanical
stirring was required until the PMMA wacompletely dissolved dbat the particleslid not
clump. An ultrasonic bath was also used to aid the dissolution. The resulting inle&,a c
slightly viscous liquid. Caresastaken to keep the solution anhydrpas PMMA is nosoluble

in water, and precipitates out of sobriwhen small amounts of water are present
Temperature also affects the solubility of solutions, and even at room temperature, if left to
settle, crystalsin a 10%/wt solution PMMA can sometimes precipitate ousaturated

solutiors. This can cause pradshs during the printing process which will be described in later
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sectionsCrystal formation may be minimised by reducing dust contamination, which reduces

the number of nucleation sites for crystals to form.

Table3.3: Mechanical Properties of PMMAL77]

Property Value
Tensile Strength (MPa 72.4
Tensile Modulus (GPa 3
Impact Stragth (J/m) 21
Density (kgnv) 1200

3.2.2.2 Polyethylene Glycol Inks

Polyethylenaglycol (PEG) inks were also investigateecause of their strong interaction with
epoxy resins as described by Zavareh e{d} (Section2.4.2. Solutions of 10%/win
deionised watewere made using both 1,50QMnd 20,000M PEG(Sigma Aldrich) PEGis

a thermoplastic which ifighly soluble in water, with 20,000Mhaving a solubility of
approximately 500g/]178. Mechanical stirring was again used, but elevated temperatures
and ultrasonic bathing wenot necssary. The resulting solutions reeclear slightly viscous
liquids, with 1,500M, beingnoticeablyless viscousTwo different molecular weightd ®EG

were used becauses will be described in later sections in this chapter, the solubilitEef P

in 977-2 resin varies greatly with molecular weight, so different toughening mechanisms

becameachievable.

The mechanical properties of PEG 20,0000e given inTable3.4. No reference could be
found for mechanical propertie®f PEG 1,500M, perhaps because they are highly
temperature dependefit79. But it is reasonable tassume thathey would be lower than
those of PEG 20,000M

Table3.4: Mechanical properties of PEZ®,000M, [18(. Propertieareheavily dependent
on temperature.

Property PEG 20,000M,
Tensile Strength (MPa 1.5+0.04

Tensile Modulus (GPa 1.33t0.1
Density (kgnv) 1200
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3.3 INKJET PRINTING

The printer used for the manufacture of all printed specimens was a J&@D frinter
manufacturedy Microfab Inc.(Plano, Texas, USA3hown inFigure 3.1. It has agprintable
areaof appoximately 130x250mmThe printing stage is located in an enclosed cabinet to
minimise the effects of draughts, temperature fluctuations, and contamination. The printing
stage is controlled by stepper motors driving leadscrews in the x and y directiozsaXibe

is static in the x and y directions to increase printing accuhaky.wee pressure fed from a
reservoir into the prindad by a pneumatics controller showrFigure 3.2 (also Microfab

Inc.). The controller can also agmegative pressure in order to suck mk of the printhead,
which aidedin cleaning and removing blockagdd$egative pressures wealso necessary
during printing. A small nedeave pressure of around 10mbarsaapplied to the reservoir to
negate the &cts of the pressure head created by the column of ink in the printhead,

preventing ink from being ejected from the nozzle due to gravity.

Figure3.1: Jetlab 4 droplet on demand printer manufactured loyd¥ab Inc

All inkjet printing of prepregs was performed using anMI3-01 piezoelectric printhead with

a nozzle diameter of @dn (Figure3.3). The nozzle of the printhead is a glass capillary, so
care was taken when printingathit was not chipped or brokeigure 3.4 shows the interior

view of the printer. The ink reservoir is located on the z axis along with the printhead holder,
and the two are connected via pneumatic tubing. The reservoir is@isected to the

pneumatic controller in a similar way. As mentioned in Se@i@®2.1 10%/wt solutions of
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PMMA can prove problematic because PMMA crystals began to precipitate out of solution at
temperatures below approximeit 25°C. To mitigate this issue, a heated jack&ure 3.5)

was sometimes used to heat the ink in the reservoir if room temperatures were low enough to
cause problems with printing PMMA. The jacket was typically set € 3asthis produced

the most consistent printing. The room temperature was also monitored to ensure that a stable
temperature above 20 was maintained. Below 20, there was a risk that certain inks may

crystallise within the nozzle, potentially causing blags

Figure3.3: MJ series droplet on demand piezoelectric printhead with glass capillary nozzle

(182
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Figure3.4: Cabinet interior of Jetlab idkjet printer a) pnting stage b) printhear) ink
reservoir d) droplet jet camera

Figure3.5: Electrically heated reservoir jacket usedrtorease the solubility of PMMA in
DMF at low room temperatures

3.3.1 Printing Process

A single printhead was used to print all specimens, although the Jétalile ability to print
using fourprintheads at a time. Obviously this would decrease printing lbiyra factor of 4,

but this was avoided as the chance of one nozzle becoming blocked was considered too high.
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If a nozzle beame blocked there wano way of telling at which point it did so. Because
uniform and complete prints were necessary for the s@s to be valid, any prints where
the printhead became blocked weliscarded The Jetlab 4 has a maximum linear printing
velocity of 50mms. However, slower printing velocities increase accuracy, so a velocity of

30mms' was chosen for all prints.

A graphical user interfadg&UIl) was used to contrahe printer Figure3.6 shows the GUas

well as the initial settings that were used in the printing proddss wa used to set the
printing parameters to obtain a continuous gétstable droplets before printing onto a
substrate. A stable droplet is one which ejects cleanly from the nozzle and does not have
Gatellite dropletd A clean droplet ejection can be seelfrigure3.7. As well as information

on the waveform used to eject the nozzle, the Gadl a feed frona camera aimed at the
nozzle (Figure 3.4d). This was a stroboscopic camera illuminated by infrared light. By
strobing the infrared light sourde time with dropletejectionthe ejected droplets coulike

viewed as static, greatly aiding setup.

File Options Help

Jet Setup ‘Motion | Calibrationsl Print Patterns | Print |
Jet Setup

[Standard Wave '” Go to Maintenance Position J

Rise Time 1 8.0 ps Raise Head

Dwell Time = 8.0 ps l Start Jet Continuous J

Fall Time - 8.0 ps Help
Echo Time = 8.0 ps

Rise Time 2 - 40 ¥s  strobe Delay

Idle Voltage = 0.0 v 0 s

Dwell Voltage | 40.0 v U

Echo Voltage = -40.0 v [“IFixed 50 ps

X Offset 0.000 mm
Y Offset 0.000 mm

Frequency 600.24 Hz

Trigger Source Trigger Mode

© Internal Single
External Burst

@ Continuous

Drops per Burst 1

Trigger Jet ]

Use Current Pos as Maint ]

Figure3.6: Jetlab control software graphical user interface
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Satellite droplets are smaller droplets which are ejected dsasvéhe main one. They are
usually formed when the velocity of the ejected main drogleébaé high. When ejected,
droplets develop a tail which connects it to the liquid in the nozzle. This tail breaks as the
droplet continues away. But if the velocigyhigh then the momentum of the tail breaks it up

as surface tension pulls it back towards the nozzle, causing a second, smaller droplet to also

be ejected along with the main droplet. This is showFignire3.8.

Figure3.7: Clean ejection of a droplet

Printhead

L.

Satellite droplet

LY

/

Main droplet

Figure3.8: Main dropletejectedwith a satellite dropletScale minodivisions 0.1mm|[11]

Once a stable droplet wabtainedthe printing process watartedThe vertical height of the

nozzle tip to the top surface ofetlsubstrate waset to around-3mm. This height wa
maintained throughout the énat printing process. A low vertical gap reduces the tendency of
the jet to be blown off course by convection currents caused by heat changes within the
cabinet. However, there is a risk that loose fibres on the prepreg substrate may brush the
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nozzle, affeting droplet formation. There is also a risk that the edges of the prepreg may lift
slightly during printing. If the nozzle strikes an edge during its horizontal movement then it
will almost certainly fracture the delicate glass capillary. Because ofuhiical heights
below 1mm were avoidedhe prepreg substrate was fixed to the printing platform using
double sided sticky tape. Thisa simple method whidteptthe prepredaid flat.

Once deposited, the solvent quickly evapor&tes the ink leavig behind a dmeshaped
deposit of the polymer, an example of which can be seEigure3.9. The diameter of these
domes is influenced by the surface tension of the ink and also by the surface texture of the
substrate. In the ca®f the 9772 prepreg, capillary action between fibres on the sudse

caused &eryslight increase in droplet spreading

After printing, sheets were stored in individual presal bags. The printed surface was
covered with polytetrafluoroethylen®TFE) nonstick sheet to preverthe prepregrom
sticking to the bagninimising disruption of the printed pattern. Bags were stored in a freezer
at-18°C until needed.

Prepreg sheets of 130x250mm were used in printing except where particularly smbdssam
were reqired. When cured, laminates hadapereddge due to the fact that theyreeured

under pressure. Therefore, around 20waistrimmed from each edge to make them uniform
thickness. Printing large sheets and cutting multiglmpes from thengreatly reduced
wasted material and tim@ comparison to printing individual samples30x250mm was

found to be the maximum printable area of the Jetlab printer, so this is the sheet size that was
used.Prepreg was cut to the same dimensions at diffenéentations from the ppreg tape

roll to get laminaef different fibre orientations.

3.3.2 Printed Pattern

Because of the versatility of inkjet printing, and its ability to print almost any pattern, there
were multiple possibilities for printing patterns.afly investigated patterns including films,
lines, square arrays, and hexagonal arfaijs in the end finding that the highest interlaminar
fracture toughness values were achikwsing a hexagonal array is for that reason and
others that hexagonal pattern that wadoptedor all inkjet printingwork presenteth this

thesis

Firstly, films and lines were excluded from consideration. These are created when the printed
distance between two droplets is less than the diametersofgée droplet, making them
overlap. Doing this for a single printed row creates a continuous line. And repeating for

multiple rows, also with distance between rows of less than the diameterapfiet dereates
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a continuous film. Although this may seem a good me#ioce the potential benefit of the
polymer addition is widespreadn reality it creates uneven distribution of droplets,
particularly when using PMMA inks. Zhang showed that when dettie wide diameter of
singular PMMA dropletavas pulled into a small area in the centre of the droplet by surface
tension. This can be seenkigure3.9. But when dropletsvere overlapped, surface tension
was uneven, and the apletsbroke up into smaller droplets that veeunevenly dispersed.

This can be seen Figure3.10.

Figure3.9: Images presented by Zhang showing PMMA droptets hexagonal pigerna)
before andb) after heating. During heating, the fge tension of the melted PMMgulled
the droplets into a small area in the cehtrB

Figure3.10: Images presented by Zhang showing a printed PMiMiAa) before heating
and b) after heating. During heating, surfagsion between the droplets was uneven and
causedhem to break up into unevenly dispersed drogétarying sizeg11]

The two other patterns that were considered were square and hexagonal arrays. Square arrays
as shown irrigure3.11 are simply genly spaced linear rows of dropletdey allow for even

and tight packing of the pattern as desired. Hexagonal patterns are more complex, and are
createdoy printing threadenticalrectangular arraysffset from each other. This illustrated

in Figure 3.11c. Different colours are used in this figure to represent the different printing
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passesFrom a micromechanics viewpoinhet advantage of hexagonal arrays Hatta
delamination front traveling across the pattern would beerfikely to be interacting with a
droplet at any given time since its shape is less regular than a squareBaitragost
importantly, Zhang/11] investigated different printeg@atterns, and found that hexagonal
arrays produced higher interlaminar fracture values soiare arrayd-or these reasons, a

hexagonal arrawas adopted for all inkjet printirig this thesis.

ONONONON® 1 |
s () O C) () .. 1 | _ Q)
OO 0O Ty
0000 . o

b c

0O 0C

Figure3.11. Examples of a) square aygmand b) hexagonal arrays. Bjidtraion of how a
hexagonal array is made off thriéenticalrectangular arraysffset from each otheirhe
different colours represent different printing passes.

3.4 MATERIAL COVERAGE, VOLUME, AND MASS

The dimensions used for thexagonalarray affect surface area coverags well as the
volume and mass of polymer added to the composhe percentage of coverage may be
calculated knowing the spacing and the diameter of the deposited sirafitedugh thexact
coverage after curing was difficult to determine since, as will be discussed later, both PMMA
and PEG behave differently when heated to autoclave temperatures. Despite this, it was

helpful to calculate the percentage of coverage sinicelped to quantify different droplet
spacings.
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As previouslymentioned, the hexagonal arregn be considered as three rectangular arrays.
Because of this, the method of calculating the coverage of hexagonal arrays is the same as for
square array Consideringa unit cell as shown iRigure3.12a, which represents the repeating

unit from a hexagonal array whiéh also shownFigure 3.12b, then the coveragé) as a

percentagef the total area is;

0O
qgnnﬂ — P T 31

0 W] W

whereAdropiet IS the area covered by the deposited droplets when viewed from dbiswvthe
total aea of the unit cellli s thehorizontal distance between the cestof droplets in the
same rowl ys theverticaldistance between the cent@dropletin the same coimn,and
D is the diameter of theeghosited droplet when viewed froabove.

Adroplet iS Simply the area d circle, and is calculated by;

“ ’O
T

5 “ 32

wherer is the radius of the droplet. In these calculations droplet measurements are referred t

in terms ofD rather tham, as droplets are typically measured in terms of their diameter.

5 . —
y Unit Cell :_Unit Call :

e s A

Figure3.12 lllustrations of a unit cell of a rectangular arrag) Representative unit cell. b)
Repeating nit cell transposed ontanoptical microscope imagef a hexagonal printed
array of droplets.

b was found for all three inks discussed in SecBh2by taking an average of the diameters
of at leasfive deposited droplethat were printed onto 972 prepregThe calculatedverage
values may be seen Table 3.5. These measurements wedakenfrom the droplet images
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presentedater in Section3.9. In all speamens manufactured in thiwork, the printing

dimensions usednit cell dimensionsal x =0. 4 mm amd Uy=0. 2

Table3.5: Percentage coverage of various inks ussdg Equatior.1

nk Average droplet | Coverage,b
n
diameter (um) (%)
10%/wt PMMA
) 132 17.1
(15,000My) in DMF
10%/wt PEG
. 137 18.4
(1,50My) in water
10%/wt PEG
) 143 20.1
(20,000M,) in water

The volume and therefotbe mass ofthe toughening polymer added to the compositey
also be calculateby the measement of the droplets as theynegetted Presuminghatthe
dropletsejected from the nozzle weperfectly sphericahen thevolume fractiorof polymer

in the laminates;

whereV is volume.

Viaminate IS Straightforward since the thickness of @7 prepreg is 0.25mm. However, to
calculate the volume of polymer in a drefplwe must consider the density of both the polymer
and solvenbecause the ink formulations wesalculated by weighfmass)rather than by
volume The densities of the polymers and solvents used can be fodrablim3.6. Using
these valuegshe percentageolume taken up by the polymer may be calculated by
0 Q0

S0 3 i}
@ Q p U

34

whereP is the fraction (0<R1) of polymer by weight in the in0.1 in all inks) andd is the
density of the material. Indéng the values froritable3.6 into Equatior.4, givesvaluesthat

areshown inTable3.7.
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From these values it is simple to cald¢aldf of the polymer in the laminate sindeetvolume

of a sphere is;

® _ 3.5

Putting this information into Equatid3, gives

oa E pO0R 36
W @ WwE o

wheret is the thickness of single ply of thdaminate(0.25mm), andn is the number of plies

in the laminaten-1 represents the number of ply interfaces, since in any multiply laminate
there is always one less interface than there are Hligist plies were used in all laminates
tested in this thesi#n these calculationshe droplet diameter is considered to be that of the

nozzleorifice (60um), and the calculation considers a umill @olume of a rectangular array
The totaladditionalvolume addeds a percentageay also be calculated;

Pw p 3.7

However, forvery low values of oymes as is the case here, @Vf. And the same is true

when calculating the percentage ofssadded.

Finally, and perhaps most criticallye may calculatthemasdraction (f) of polymer in the

laminate. Sincenasds calculated by

wheremis massandd is density Therefore weamay rearrange Equatic6 to get;

a w Q £ “O w"QQ
aQ - : : P V9° 3.9
a 0 Q @ ) D&

The density of 97:2 prepreg is 1600kgrhas stated irSection3.2.1 All of the values

calculated using these formulae are present@alihe3.7.
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Table3.6: Densities of polymers and solvents used in k&8 183-185

Material Density (kgnt)
PMMA (15,000My) 1200
PEG (1,500M) 1200
PEG (20,000M) 1200
DMF 897
Deionised water 1000

Table3.7: Volume and mass fractions for inks

Volume Volume Percentage Mass Percentage
fraction of | fraction of volume fraction of | mass added
polymer in | polymer in added to polymerin | to laminate

Ink ink laminates | laminate (%) | laminates (%)
10%/wt
PMMA
0.083 0.41x10° 0.041 307%10° 0.03L
(15,000My)
in DMF
10%/wt
PEG
0.093 0.46x10° 0.046 345¢10° 0.035
(1,500M,)
in water
10%/wt
PEG
0.093 0.46x10° 0.046 345¢10° 0.035
(20,000My)
in water

It can beseen fron the values given ifiable3.7 that both the volume and maaided tothe

printed laminates veaeffectively negligiblefor the printing dimensions that were usés

previously mentioned, this is an enormous advantager other toughening methodbkere
the toughening matl addssignificant volume and mass, reducing $ipecific properties of

the composite. This effectively means that any benefits caused by the addition of inkjet printed

polymers essentially come mégligiblecost to specific properties.

70




3.5 MANUFACTURE OFCOMPOSITE LAMINATES

Laminates were constructed of Itiple plies of 9772 prepreg, which weréaid upbprior to
autoclave curing. Manual lamination is a common and well known technique, so it will not be

covered in this section.

Laminates were cured inside a vacuum @Fgure3.13), which appliediniform atmosphec
pressure without exposing laminatesirwhich may react with the resin during curi®y 7

2 prepreg is specifically designed to be cured in @wodkave, so this was done using the
manufacturer 0s ycleshowmniabhe88&add illostrated irfFigure3.14.

Yo Vacuum Pump To Vacuum Gavge

Breather/Absorption
Fabric
Vacuum
Bagging Film

Peel Ply

7 N
Release Fim /’ N
(Perfaratad) & Lamwate
Release Coated
Mould

Figure3.13: a) Vacuum bagged prepreg laminate and b) Gsestion of a typical vacuum

bag[186|
Table3.8: Cure cycle for 972 prepreg
Stagel: Ramp Stage2: Dwell Stage3: Ramp
. ) 180°CA 20°C
Temperature | 20°CA 180°C (2°C/min) 180 min )
(2°C/min)
Pressure 0A 90psi (5psi/min) 300 min 90A Opsi (5psi/min)
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Figure3.14: Cure cycle for 972 prepreg

As previouslymentioned, polymers were printéd the interlaminar region. Therefore, the
lamination process and stacking sequdrantto be considered when thegreg wa printed

upon. In most cases a laminate thickness of 2mm (8 plies) was used. Therefore only seven
plies wereprinted since in all cases thamas oneless interfacdhan there wer plies. The
lamination process is inherently harsh since manuat fisrapplied to remove as much as the

air as possible from between the plies. If the printed pattern were on top of the ply being
laminated then the delicate pattern could be manipulated, spread, or even removed.in places
It was important then that the ftarn wa located on the bottom of the ply being laminated.
And in the case of muHiirectional laminates, thisad tobe @nsidered at the printing stage
since printing on the wrong surface of &@<90° ply, whered is the angle direction of the

fibres with respect to the *0direction, would result in a printed ply of equal but opposite

orientation to that desired.

There aremultiple ways in vwnich flat composite plates cdpe manufactured. Several

possibilities were explored. However, many of them prdeduk impractical.

Several methods of layup were trialled. It was suspected that a smoother sample surface finish
would yield better fatigue results due to there being fewer stress concentrations on the sample
surface. To achieve this, panels were cuesdigiched between two mirrfinish steel plates

coated with a polymer release agent (LoctiteNd2). This had the added benefit that heat
would be transferred to the panel more evenly than in the normal vacuum bag method, in
which one side is exposed tedted air, and the other to a steel plate. However, this method

of cure resulted in significant levels of panel spreading. This was due to the vacuum gap

between the plates at the edge of the panel drawing the resin outwards as shigurein
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3.15. It would be possible to create a mould to contain the panels, but this would prevent
pressure from being applied; and a more elaborate mould would be too complex, costly, and

would not truly represent industrial manufacturing methods.

v v
—~ v '
= ]
¥ % t * t
Vacuum bag Steel plate
Pressure —  CFRP Laminate

Figure3.15: Interpretation of how different composite plate manufacturing methods may
affectpanel shapeGaps between steel plates create a vacuum gap which extrudes to
composite panel.

In the endthe nost feasible solution was found to be to use a single steel plate covered in
polytetrafluorethyleneRTFE coated glass fibre sheetith a PTFE top cover to ensure a
consistent surface finish. This waot as desible as a smooth finish, ahdat transfewas

not as even, but it véahe most practical and representative of industrial methods.

After curing, the panels were removed from the vacuum bag and trimmed to the rsievant
using a watefed diamond cutting sawhe samples were deliberately cueosized by around
1-5% so that a secondary sanding stage could be performed dkihganding wheel. This
sanding stage provided greater control ofdimeensiors, and also created a smoother edge
than sawing alone. Sandindneels of 600 grit or finewereused on all samples. After cutting,
samples werband dried ang@laced in an oven at 50°C until diyreduce the effects of water

infiltration.

Where tensile samples were produced, it was necessary to attach glass fibre end tabs to aid
sample grippig. These were created in accordance BIhEN 1SO 5274:1997[187], which

dictated the sample dimensions used in tensile fBstsCFRP panels were lightly abraded

with 120 grit sanding paperhere the end tabs were to be attached. The end tabs were created
using a wet layup methddescribedin Section2.13.2) on a PTFE coatksteel plate. A dry
glassfibre fabric of £45° unidirectional stitched fibres (0.5mm plyickness) was used along

with amatrix of EasyComposites EL2 twgart laminating resin (room temperature cure).

panel thickness of 2mm (4 plies) was created and subsequently placed in a vacuum bag with

a perforated peel ply to remove excess resin. Ittvas left for 24 hours to cura room
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temperatureAfter curing it was then placed in an oven atGfor around 2 hours to ensure

full curing. £45° wet layup laminates were used for the end tabs betaeygeave a relatively

soft surface to allow stemlachine grips to bed into them. Their slight compliance under strain
also reduces the chance that they will separate from the CFRP sample under loading. End tabs
were bonded to the CFRP samples using Aragdif@andard twepart epoxy resin. A thin

layer was applied to both the end tabs and CFRP sample, and the two were clamped together

using spring clamps until fully cured.

3.6 DIRECT SCANNING CALRIMETRY

A method that wasised in this projectd quantify the quality of curingvas differential
scanning calorimtry (DSC).An inconsistent degree of cure between samples may affect
material toughness, strength and stiffness, and would make differentiating between changes

in material characteristics problematic.

In DSC, a sample sealed in an aluminium pan and arcbsample (empty aluminium pan)

are heated very precisely at the same rate but in separate chambers. The machine measures the
heat flow required to heat the specimen compared to the control. The underlying principle is
that when the specimen undergoashamical changer phasetransition, more or less heat

energy must flow to the sample to hedbithe required temperature

DSC is commonly used to measgtass transition temperatuf€;), but may also be used to
calculate the degree of cure of epdogged composite materia[488. This is done by
comparing the exothermic troughs that curing produces (illustratBaybye3.16). By direct
comparison of troughs between cured and uncured prepregsletitee of curean be

obtained
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DSC Heat Flow

Decrease in Cure
Less Cured i/' Exotherm As Resin

Cure Increases

Temperature ('C)

Figure3.16: DSC may be used to measure the degree of cure by direct comparison of
exothermic troughsThe area of exothermic troughs caused by resin curing may be
compaed to the area of smaller pagtre troughs to directly quantify the level of cUr8§

3.6.1 DSC Procedure

Sampleof composites cured using thewemtestadf act ur
usinga PerkinElmer DSC 8000 DoudFurnace testing machirfeigure3.17). The samples
were accuratelyweighed prior to loadingand then placed in metal panbkich were then
sealed All samples tested were from separate batchéth unprinted and prited samples
takenfrom each That is samples that were manufactured from the sam@ @v&preg and

using the same curing cycles, but at different times.

Samples were exposed to a heating cyclim &8gure 3.18. From the recorded data, itaw
possible to determine the level of cure, as well as any significant events which occurred in the

heating cycle. The data sample rate was 1 sample/sec.

Prior to using this thermal cycle, several tests were conducted using different cycles. These
tests lelped to determine the best cycle to use. Any temperature change in the cycle had to be
done at less than 20°C/min in order to give the uncured resin reasonable time to liquefy and

react. Taking it to 300°C ensured that the sample had enough time ts dortipletely.

The sample was heated and cooled twice in order to determine changes that occurred due to
heating. In the first cycle, any uncured resin fully cured due to the elevated temperature. Since
curing is an exothermic reaction, less heat energlyb@irequired to be put into the sample

pan by the machine. It will therefore register this reaction as a trough. In the second cycle

there should be no further curing and the trough will not be present. By calculating the area of
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the trough and comparingto the second heating cycle, it should be possible to determine the
level of cure of the sample before the test.

Figure3.17: PerkinElmer DSC 8000 Doublurnace testing machine
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Figure3.18: DSC heating cycléor tests used to evaluate degree of cure

3.6.2 DSC Results

Figure 3.19 shows a plot of heat flow against time for onela tests conducted on cured
unprinted977-2 compositeA troughwas observedn the initiathermalcycle between 20C
and 300°C, indicating further resin cufiéis trough was not present in the second thermal

cycle.When the data was evaluated, the average cure of the cur@d6mposites was found
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to be 98.2%, whichwas in line with or better than typical valugs39-191]. There was no
difference found between printed and unprinted compostieis gavecorfidence to the
validity and consistency of mechanical testing of composites cured in thisines all
samples should have the same degree of carsadnsistentlegree of curbetween samples
may dfect material toughness, strength and stiffness, anddimake differentiating between

changes in material characteristics problematic.
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Figure3.19: Result of a DSC test conducted on cured-2€bmpositeDifferent colours
represent the separate heatingley that the sample was subjected to. Both cycles begin at
20°C and OmW heat flovand continue in a clockwise direction as indicated by the arrows.
The second heating cycle was conducted immediately once the first cycle return&d.to 20

3.7 DYNAMIC MECHANIC AL THERMAL ANALYSIS

Dynamic mechanical thermal analysiBMTA) may be simply described as applying an
oscillatingload or displacemernb a sample andnalysingt he mat er i[8O9P.As r es pa
range of test gometries may be used with DMTA. The one chosen for these tests was a
miniaturised three point bend test which was run over a rgicige of temperatures. In these

tests the primary information obtained was the glass transition tempédfajuiidhe measuic

value of Ty was later used to validate cyclic tests, ensuring that temperature rises due to
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internal viscous heating were not so great as to affect the mechanical properties of the

materials during tests.

3.7.1 DMTA Procedure

In these testsunprinted unidiredional samples of Zmm square crossection, and

approximately 40mm in length were placed in three point bending in a PerkinElmer DMA

8000. The span of the three point setup was 30mm, with a knife edge loading beam at the

centre point, and knife edge supfs at each endsamples were measured using digital

Vernier callipers with a manufacturertds quoted e
and thickness were taken at thpesnts evenly spaced along the length of the sangids

then averaged est saples were cut using a circular diamond cutting saw, and subsequently

sanded to the correct measurements using isgmdiper of 600 grit-ive unprinted samples

were tested to evaluatbe T4 of 9772 compositesAll samples tested were from separate

batcres. That is samples that were manufactured from the sarr @€preg and using the

same curing cycles, but at different times.

Tests were run from room temperature up to°258t a rate of Z/min. The test frequency

was fixed at 1Hz, and 0.5mm displaaarh A single thermal cycle was run on each specimen.

Figure3.20: PerkinElmer DMA 8000
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Figure3.21: A sample mounted in the three point bend test cordtgan. The mechanical
actuator is attached to the central loading point.

3.7.2 DMTA Results

Glass transition temperaturegTs often quoted wrongly as being a single precise temperature
at which the material becomesait. However, this is not true nél inreality, Ty is a region
[192. However, the simplicity of describing it as a point rather than a region means that it is
generally accepted this waVhe precise Jas a poinimay be taken in one of two wayls.

may be taken as the point at which timear portionsof the storage modulus ¢Eslopes
intersect {lustratedas a red dashed line Figure3.22), or as the peak of the tan delta curve
[193; tan delta being the ratio of the loss modulug) (& the storage modulus, and
representing the point at which complete breakdown of the elaspenties occurs. Either
method isgenerally acceptable. The tan delta peak method is favoured for its ease of
interpretation. The interseng lines method ismore conservativeowever and is therefore
used more in structural applications where safetg@aern. For these testg,was measured
using the intersectingnesmethod.This was easily dongy taking points before and after the

Tg, giving two lines which could then be used to calculate the intercept @loing the

temperature axias illustraed inFigure3.22.
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Figure3.22: Example graph of 972 CFRP (sample 6) tested in three point bending DMA
at 1Hz Red lines represent the intersecting gradients of the sepassteportions of the
curves. The dashed line represents their intersection point along the temperature axis.

The results of these tests are showhahle3.9. Using the storage modulus intersection results
it was calculated thathe average value ofgTwas 167C, having a calculated standard
deviation of 6.6C.

Table3.9: Results of DMA testing

Sample | SampleWidth | SampleThickness | T Intersection
Number (mm) (mm) (°C)

1 2.09 1.69 169

2 1.45 1.61 158

3 2.13 1.54 161

4 1.47 2.20 172

5 2.27 1.62 167

6 1.60 1.27 172

DMTA is a wellestablished technique for determining thg of materials. The results

obtained from these tests showed that curedd@mposites had g, of 167°C. Cytec quote
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the Ty of cured 9772 to be 212C . However, Sabzevari et al . f
cure schedule, agbf just 177C was achieved. They also found that curing the prepreg at a
temperature of 20C (20°C over the recommended temperajuesulted in a maximumgT

of 195°C[194. No other literature could be found which listed experimental values ofjthe T

of 9772 composites. Because of the similar results obtained by Sabzevari et al. it therefore
seems likelythat the results obtained here revecorrect for the specific manufactmi

processes, age of prepreg etc. used.

3.8 DURABILITY OF PRINTED PREPREGS

It was initially unclear if the act of placing something on top of the printed substrate would
interfere with the droplets or pattern. One of the key concerns was storage of the printed
prepreg. Being unable to place any sort of cover over the material would prevent the sealing
of the material during freezing. This would allow water to condense on the prepreg during
thawing, potentially affecting its properties. Another concern was inufaature. The prepreg

must be handled in order to prepare it for layup. This involves tools and gloved hands touching

the prepreg.

These concerns seem trivial, but a prepreg that cannot tolerate any one of the above activities
has very limited practical pplications. A simple set of tests were therefore devised to
investigate this. The materials used in these teste printed(hexagonal array 10%/wt
PMMA in DMF) Cytec 9772 resh system unidirectional prepreg.

I n order to test tility& withstana bheiagstagkedenppiles, gevesal c a p a |
different covering materiakhat are typically used were laid down on topio€ured sampte

A flat, heavy objecapplying a pressure of approximately 300Re tlen placed on top of the
sampleensuing that it made fulbnd evercontact with the surfac@&his represents pressure

greater thamny that it would typically encounter under normsialtic stackingonditions. The

pressure was left on for 1 minufehis procedure was carriedtavith PTFEcoaed glass fibre

fabric, nonstick prepreg backing paper, and polyethylene (PE) film. When observed under a
microscope, it was found that there was no noticeable disruption to the pattern or the droplets,
indicating that any of these materials would beatié as materials with which to cover the

printed surface.

A continuation 6this test, aimed at determinirige durability of the printed prepreg during
preparation for layup was then carried.olhe covering materialwith masson top were
dragged acrasthe printed surface for a distance of around 50mm. The samples were then

observedinder a optical incidenticroscope, and investigated in several aréhas.images
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showed slight shifts in the pattern in some places, indicating that the resin haddligivey

along with the droplets. In others, the droplets were smeared slightigFigure 3.23, with

the possibility that some may have been transferred to the covering material. No areas were
observed where the droplets wammoved completely. All covering materials showed
approximateljthe same outcome.

Figure3.23: Example of smeareMMA dropletson uncured 972 prepreg

This test was designed to investigate how theepatmay be disrupted in a controlled manner
more extreme than it would encounter under normal manufacturing conditions. Although the
results are favourable, it would still be advisable that extra care be taken when handling printed

composites in order tmaintain the integrity of the pattern as much as possible.

3.9 PRINTED RESIN SLIDES

It is vital to understantiow droplets are deposited onto resin substrates, and hence how they
are likely to behave when printed onto prepreg in manufactured composite prarbis.
section 76mmx26mm glass microscope slides were prepared by coating them with CYCOM®
977-20 liquid RTM resin partured to a range of levels, and printed veitiher PMMA or

PEG based inks. The slides were then observed under an optical transmissascope to
understand how the different inks and their solvents interact with the resin.

Particularly, attention was directed to understanding what droplets do when they are cured and

sealed within the resinthis wa key to understanding the mechamssby which printed
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composites differ fronmorntprinted compositesThis was not possible with prepreg samples

becauséhe carbon they contain is opaque to most practical forms of observation.

3.9.1 Preparation of Slides

CYCOM® 977-20 RTM resin(the liquid form & the partcured resin used in 977 prepreg)
was spread on glass microscope slides using a wooden tongue depressolayera
approximately0.5mmthick. These slides were then placed in an oven at 1§88k curing
temperature of 972) for 5, 10, or 20minutesin order to partially cure thesince the resin
that prepregs contain is normally partially cur@tie partial curing is known as-®aging
[195. The resin is thickemkby both cross linking and the evaporation of volatile solvents
This was done in hopes of replicating the partial curing of the resin {2 §v&preg, and thus
replicating how thénks interact with the prepregthout being limited by the minimal amoun
of surface resin on the prepreg by the subsurface opacity of laminate$®\ number of
samples were prepared as detailed@able3.10. Threeof each sample were produced. After
printing onto the partiallycured resinanotherpartially-cured resin slide was placed over the
top of the printed surface. This O6sandwicho
schedule for the resiidescribed in SectioB.5). The samples were observed unaieoptical

transmissionmicroscope both before and after curing.

The purpose obbserving the uncured samplessvia determine what theolvents, polymers,
and inks didupon contact with the resin substrate. The purpbebserving the cured samples
was 1 determine what theolvents, polymers, and inks dichen fully encased in resin @n

exposed to resin curing temperatures.
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Table3.10: List of printed resins used

Resin Cure Time(minutes) | Ink

Prepeg 10% PMMA 15,000M in DMF
Prepreg 10% PEG 1,500Min Water
Prepreg 10% PEG 20,000Min Water
0 10% PMMA 15,000M, in DMF
0 10% PEG 1,500Min Water
0 10% PEG 20,000Min Water
5 10% PMMA 15,000\, in DMF
5 10% PEG 1,500Min Water
5 10% PEG 20,000Min Water
5 Water
5 DMF
10 10% PMMA 15,000\, in DMF
10 10% PEG 1,500Min Water
10 10% PEG 20,000Min Water
10 Water
10 DMF
20 10% PMMA 15,000\, in DMF
20 10% PEG 1,500Min Water
20 10% PEG 20,000Min Water
20 Water
20 DMF

3.9.2 Results

Optical microscopy is a very versatile method for assessment of visual artefacts. It is both
quick and easy in its methods, and the equipment is widely availatgately low cost.

Many images were captured as part of the analysis of these samples. Antapuese
collection of images are presented here which show how the various inks behaved once printed

onto the various substrates.
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3.9.2.1 PMMA15,000My,in DMF Ink

Figure 3.24 shows PMMA droplets printed onto a prepreg sabs and a glassubstrate.
These were used as control imadgscause the glass wasooth and inert, droplet interaction
with it shouldhavebeenminimal. The prepreg sulvate showed how the ink interacteshen
printed uporreal prepreg The droplets printed on pregrshoved a degree of what appeared
to be dissolution into the resin, but renedmostly intact. The diapter of the droplets
remained unchanged however, so theyewsot dissolving into the matrix around the outer
diameter greatlyThe edge of the dropketvas also clearly defined. From the results of printing
pure solventgpresented latem Section3.9.2.4 the most likely explanation for the low
definition of the droplets compared to the glass congrthat the DMF solverttissolvecdthe

resin slightly before evaporation, allowing a small amount of droplet flow.

Figure3.24: Comparison of PMMA droplets printed onto a) uncured-2prepredd) glass
microscope slide

Figure3.25shows droplets printed onto resin films of different degrees of cure. This was done
in order to match the ideal resin cure time to the prepreg control inmatiee case of resins
cured for 5 and 10 minutes, the contrast @ ittnage was digitally enhanced because the
droplets appeared faint against the resin background. This haway been caused by
dissolution, or a comparatively thicker resin film allowing less light to pass threWgiA

is clear, and its refractive index{h.49)[196] is very similar to that of standard epoxy resins
(nd1.5)[197]. This addedo the difficulty of optically viewing PMMA droplets.

It was observedthat the shape of the droplets across @liretimeswas approximately the
sameWith all exhibiting a dimple in their centre to some degree.diaimeternf thedroplets
also remainednore or less constarbeing on average 1if), 114m, and 11fm on resin
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partially cured foi5, 10, and 20 minutes respectively. The diameter of the droplets on prepreg
was measured to del3um. This may indicateghat PMMA has very lovsolubility in 9772

resin. In cured samplesritay therefordoe expecedthat droplets remain discreet from the
resin phase and that the degree of cure should not affect how droplets behave. Although

elevated temperatures may influence solubility.

0.2 mm

Figure 3.25: Microscope images of PMMA droplets printed onto a-pared resin filmThe
resin was partially cured at 1®Dfor a) 5 minutes b) 10 minutes c) 20 minutes. The contrast
of images a nd b weuigitally enhanced.

Figure 3.26 shows posture images of PMMAprinted slideslt is clear from tese that the
resin cure time had significant effect upon the behaviour of the droplets during curing.

During curing he droplets briee up into smaller droplets of varying diameters resembling
imagesobtained byZhang[11] (Figure3.10) of printed PMMA films The largest of these
droplets located in the centre meearound 5L0um. The droplets were broken up when the
PMMA meltedin a process called dewettingyetting is only possible when the surface energy
of the substrate is higher than the surface energy of the fluid @8t Therefore raising the
surface energy of either the substrate or the fluid on it will negatively affect wetting. In the
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case of epoxy resin, once crosslinking occurs, the surface energy of thatsuisstaised
significantly, reducingts ability to be wetOnce this occurs, the droplets will break up as
follows. Firstly, holes form in the surface of the fluid film due to perturbations in the fluid
film. Secondly, holes coalesce, breaking up th&aser Finally, individual droplets are formed

as holes cause the film to separate and surface tension pulls the remaining droplets together
[199. In these dropletthe wide area of the spread droplet may be considered a thin liquid
film which covers a limited ared#.is in fluid films that dewetting causes breaK@pQ. It is

thought that the thin film nature of the deposited droplets adequately exptaindroplets

are able to display this dewetting behaviour.

This evidence of droplets breaking up into smaller ooastradicts what Zhang found in

similar tests. She tmd that droplets formed single smaller drop(&igure 3.9). However,

evidence will later be showin Section6.3.1.20f this thesighat supports the observations
hereZhangdéds observations may have been caused
and hence low wetting ability of the aged prepreg would cause the droplets to be initially
deposited with smaller diameters. The smaller diameter droplets would no longer be analogous

to a thin film, and dewetting behaviour would cause them to form single compact slroplet
rather than being broken up into smaller ones.

It was alscseen that fewesind smaller droplets foradlin resins with a lower degree of cure,
with the larger central droplets not presentigure 3.26a. The presence of feweraplets
may be explained by the presence of volatile solvents. These would be preleggeiin
amounts where the resin svaured for less time, resulting in wider dispersal of the PMMA.
However, the@eason why the outer dropletsneanot dissolved hen tte larger, inner droplets

were is as yet unexplained.
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Figure3.26: Postcuring nicroscope images of PMMA droplets printed onto a-pared

resin film The resin was partially cured at 280for a) 5 minute b) 10 minutes c) 20

minutes.d) Enlarged view of PMMA dpletsin resin partially cured for 20 minuteBhe
contrast of all images werkgitally enhanced.

39.2.2 PEG 1,500M in Deionised Water Ink

Figure 3.27 shows PEG1,500M, droplds printed onto a prepreg substrate and a glass
substrate. The droplets appediras very smooth domes whiale dighly contrasted at their

edges, indicating a high contact angle, and therefore low wetting.
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Figure3.27. Comparison oPEG 1,500M droplets printed onto a) uncured 92 prepreg b)
glass microscope slide

Figure 3.28 shows droplets printed onto resin films of different degrees of édrehree
images show starkly ddrent resultsFigure3.28a shows the edge of the resin film. On most
samples the glass slides weré¢ cavered completelwith resin They werehowever, printed
completely. No droplets were observed in the main body of resokihgat the edge of the

film it became apparent why. The droplets dissolved into the resin wherever contact was made.
It was seen within the resin that the bouridarbetween dissolved droplets revestraight,

which reducd the surface energy of the boungaOn the right side of the image, two droplets

are visible which were only partially contacting the resin. In these cases the contacting side
dissolved, increasing the surface tension of the resin, which can be seen from the way in which
it has pulled aay from the droplet before it fully dissolved. The dissolution of the droplet
was either(as it was with PMMA) due to the presence of quantities of volatile solgedise

to the miscibility of PEG in the resat the lower partial curdHowever, withouknowing the

exact formulation of the resin, it is difficult to assess which theory is corféet low
molecular weight of the PEG also made it disperse more eds#y to its higher

configurational entropy

Figure3.28b shows ahexagonal pattern of bubbles rather than droplets. No evidence of PEG
wasvisible anywhere within the resifwo hypotheses are presented which may explain this
phenomenon. Firstly, teome degree the droplet may impact the resin, penetratiedoite
dissolving and leaving behind it a cavity which the surrounding resin then fills. An illustration

of this isFigure3.29in which aball is dropped into water. In this case the air bubble created

by the cavity would rise to the sade. However, if théquid is suitably viscous, as wdhe

case with the partially cured resin, then the bubble would become trapped and unable to rise.
This hypothesis explains why the less viscous resiRignre 3.28a did not feature these
bubbles. Thdocal viscosity of the resin would be low enough that the bubbles could rise to
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the surface of the resind in the high viscosity resin, the droplets would be unable to
penetrate the surface, so that theyld only form droplés which sit on the surfac8eondly,

itis possible thahe hexagonal edges formed by the areas of resin of differing surface tensions
collapsel into the centras the PEG dissolvdtbm the surfacénto the bulk resin (therefore
changing its viscositynd surface tensionjrapping air withinIn this case, the degree of
partial cure of the resin would affect both the rate of dissolution and the properties of the
PEG/resin mixture. In resin of lower partial cure, the PEG may dissolve too rapa#ydop
theexact conditiongn which bubbles formAnd evidently at higher partial cures the PEG did
not dissolve at all, preventing the mechanism form occurtihgortunately, no further

evidence was collected which substantiated either of thgsstheses

Droplets are clearly visible iRigure3.28c. This image closely matches what was observed in
the uncured prepredill of the images irFigure 3.28 (particularly Figure 3.28a andFigure
3.28c) show a progresst decrease in the miscibiligf PEG in the resin at higher patrtial
cures. This was almost certainly due to the decrease in coniignaleentropy of the resin as
crosslinking increased. Thikecreasés caused by the reduced mobility of polymer chains as
they become crosslinkd@01]. Hence at higher partial cure, phase separation of the droplets
on the resin surfageccurs more easily.his difference in phase separation at different partial
curesis something that was observed in all resin slide tests to some ddijireately, the

key principle of these tests was attempting to achieve a similar gleaseation to that
obseved in printed prepreg samples as this was a key indicator of anggtotd between the

partial cure of the resin on the slides and in the prepreg.

The resin slides were observed after curing, as in Se&®2.1 However, no evidence at all

of droplets was seen. It is likely, considering theirdency to dissolve at room temperature,

that the PEG completely dissolved into the resin at elevated temperatures. In laminates this
would result in a homogeneous dispersal of PEG in the resin rich region rather than a pattern
of discreet droplets. Thapplication of inkjet printing is still justified though as means of very
evenly distributing PEG in amounts that interleaving and manual ink application would be

unable to achieve.

90



Figure3.28. Microscopeimages of PEG 1,500Mdroplets printed onto a pactired resin
film. The resin was patrtially cured at 280for a) 5 minugs b) 10 minutes ¢) 20 minutes

Figure3.29: Cavitation forming behind a sphere gped into wateand the air bubble which
is formed by the water closing around the caj21y7
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3.9.2.3 PEG 20,000M in Deionised Water Ink

Figure 3.30 shows PEG 20,000Mdroplets printed onto @arepregsubstrate and a glass
substrate. The appearance of the droplets d¢he uncured prepreg substrate swa
indistinguishable from that of PEG 1,50QM Figure3.27a. Howeve, those printed on glass,
although similar in diameter, wemarkedly different. They featwéong cracks across their
surfece. It is likely that this wawdue to the shrinkage of the droplet as the solvent evagorate
This was not evident in PEG 1,500Mecause its more ductile due to its shortpolymer
chains. These cracks menot visible when printed onto uncured pregrethapdecause the
slight solvem content of the prepreg reduc#te rate atwhich the droplets crystallise

allowing them morédime to deform.

Sl |
i CNY |

Figure3.30: Compaison of FEG 20,000M, droplets printed onto a) uncured 92 prepreg
b) glass microscope slide

Figure3.31shows droplets printed onto resimfs of different degrees of cure. Droplets were
visible in all cases, but their diameter vaneth the degree of curbaving smallest diameter
when printed or20 minute partured resin due to lower resin solvent content. Once again,

imagec best matcheéthe droplets printed onto uncured prepreg.
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0.2 mm

Figure3.31 Microscope images oftG 20,0000 droplets printed onto a pactired resin
film. The resin was partially cured at 28Cfor a) 5 minutes b) 10 mites c) 20 minutes.
The contrast of imagesnd b were digitally enhanced

Once cured, @ evidenceat all of PEG was observed in resins partially cured for 5 or 10
minutes. Nor was it found in the bulk tfe resin partially cured for 20 minutd$owever,
Figure3.32 clearly showsevidence of PEG droplets ¢time edge of the resif20 minute pre
cure)where it wa not coveed by a second layer of resin. Dropletgeveisible on the glass
away from the resin, argpread droplets we visible on the resin itselft is thereforelikely

that droplets within the bulk resalsoremaired discreet to a degree, but bleadradually
into the matrix around them, rendering them indiscernible from the sasioundinghem.
The almost idental refractive indices of PEG argpoxyresin(1.467 and 1.5 respectively
[178 197)) would also make such dispersed droplets impossible to vigng optical
microscopy
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Figure3.32 Microscope images of PEG 20,00QMrogdets printed onto a padured resin
film. The resin was partially cured at 280 mhutes.PEG droplets othe glass slide only
are broken up, whereas droplets on the resin spfdedcontrast of the imageas digitally
enhanced

3.9.2.4 Solvents

Further invetigation was also conducted into the effects of the solvents used. The reason for
this was twofold. Firstly, to investigate any negative interactibasthe solvestmay have
with the resin. And secondlyo confirm that the droplets observed in thevjes sections

were in fact droplets and not artefacts of the solvent deposition.

Printing pure DMF produced results in all uncured samples as showigure 3.33. A
hexagonal pattern is clearly visible, consigtof smooth resi discs.lt is thought thathese
were caused by the DMF dissolgithe top surface of the rediefore evaporating, allowing

it to flow and become smooth. No evidence of DMF was identified after the samgiles w

cured, indicatinghat there wa little orno lasting effect of DMF.

Pure deionised water was also printed onto partially cured resin. No artefacts were seen on
any of the resin films, nor in any of the cured samples. It may be concluded then that there

was little or no effect of using water asalvent.
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Figure3.33: DMF printed in hexagonal pattern onto resin partially cured Q86 10
minutes.The contrast of both images were digitally enhanced

3.9.3 Conclusions

Evidence has been presentedhia aibove sections showing that all three of the inks imsed

this workproduce different results when cured in @7i®esin.

PMMA ink producedgroups of small spheroidal droplets that reradias a discregphase
from the resin. These groups retiitheir printed pattern. Because the mechanical properties
of thesedroplets ardess than those of cured 927esin, it was hypothesised that a toeiging
effect should be observed

PEG inks were shown to behave differently dependent upon their molecular.vieigas
concluded that PEG 1,50QMompletely dissolveihto the surrounding resin. In composite
laminates this would create a homogeneous toughened layer between plies. It is unlikely that
the PEG would be able to diffuar beyond the interlaminar remi as it would be blocked

by the tightly packed carbon fibresthe adjacent pliesAlthough the printed pattern was not
retained, inkjet printing is still an appropriate method of deposition as it allows very accurate

control of the quantities of polymaddedwhich manual techniques canqbvide

It was found that PEG 20,00QMlissolvedwithin the resinat lower partial cureddowever,

at a partial resin cure time of 20 minutes, discreet droplets were observed at the edges of the
resin regions. Thesdroplets appeared to blend into the resin around them to some degree. No
droplets were observed in the bulk resin, but this was most likely due to the very similar
refractive indices of the PEG and resin.

The effectof DMF and deionised water solvents rinted laminates was also investigated.
In both cases little or no effect was obserirecured resins. This suggesthdt any physical
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effects caused by imted inks in mechanical tests medikely to be purely due to the addition

of polymer, and notuk to the solvent.

In all casegresinthat wagpartially cured for 20 minutes produced results which most closely
resembled those seen in printed uncuredrpgsuggesting that the resoftthose tests was

most likely a valid model of polymer/resin émaiction during curing.

3.10 CONCLUDING REMARKS

This chapter described the materials used to manufacture test specimens for mechanical tests.

CYCOM® 977-2 unidirectional prepreg was selected due to its applicability to such industries
as arospace. It is a thmoplastictoughenegrepreg material that critically does not already

contain any method of interlaminar toughening.

PMMA and PEG inks were selected for their varying mechanical properties, giving a range of
tougheningcapabilities Investigations by Zhand§l1] also showed that these polymers
increased interlamar fracture toughness by up 8%, and exhibited good printability and

resin interaction.

Manufacturing methods weresal describedThe printing procesand apparatusas detailed

for the inks usedlt was demonstrated how the shape and spacing of the printednpatt
influences surface coverage and ¥bumes and masses of polymers added to the completed
laminates. In dlcases it was calculated thab more than 0.046% additional volume, and
0.039% additional mass was added to laminates. Compared to other methods of global
toughening and interlaminar toughening, which add significant mass to laminates, inkjet
printing ma provide significant increases in mechanical performance at negligible costs to

specific mechanical properties.

The durability of the printed pattern wamevestigated If the printed polymer is disturtdeor
removed too easily then thapplicability of this technologyas an industrial method is
compromised. Tests were performatiich tested the integrity of the printed pattern in a
controlled manner to a degree greater than it would experience in normal manufacturing
methods. Using optical microscopywtasfound that no significant movement of the droplets
occurred. Although in some areas smeared droplets were obskrwed concluded that
despite minimal risk to the integrity of the dropletareshould stillbe taken during the

manufacturing process.

DSC was used to confirm the curing schedule of-®77accor ding to the

specification. Attention was paid to the degree of cure achievable by this schedule, confirming
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that material properties were consistent between cures. Variations ingtiee @é cure may
affect tensile modulus and matrix toughness. However, the samples tested were found to be

very consistent, exhibiting an average degree of cure of 98.2%.

Finally, partially cured resin slides were prepared in order to determine the hehaivio
printed polymers when cured within laminates. Greatly different behaviours were identified
between thelifferent polymer inksPMMA droplets remained as a discrpbasewithin the

cured resin, whereas PEG polymers were found to dissolve into theéaekfferent degrees
dependent on themolecular weight. These differences provide a range of mechanisms by
which the polymers may interact with the surrounding material, allowing a range of effects to

be investigated in mechanical tests.

The following chapters continue on from the work presented in this chapter, extending it to
cyclic mechanical testing in order to determine if differences in polymers or the morphology

of droplets affects the formation of fatigue damage within composite laminates.

97






CHAPTER 4: MECHANICAL TESTING PROCEDURES

This chapter discusses theperimental proceduresised to evaluate the mechanical
performance of inkjet printed compositeésder cyclic loadingThe procedures of testisat
werenecessary for the calculation of experimeptlameters and baseline values relating to
these tests are also presenteghectselating b experimental measurement and data capture

are also covered

4.1 FLEXURAL TESTING

This sectiorputlines the procedures of both static and cyclic four point bendstg as well
as thedevelopment of the necessary testing, jigesasurement techniguesddata acquisition

techniques

Flexural loading was selected as a method of testing interlaminar fatigue damage. Many
structures such as aircraft wing sections ateno$ubjected to high cyclic flexural loads, so
flexural tests were consitgBl a good representation of-sarvice componentdzlexural

loading also creates a strain gradient within the laminate which encourages delamination
developmentThis also allowstte use of unidirectional laminates because strain differences
are created between plies without the need
this makes results easier to interpret because any potentially unusual eftétisxds plies

do not have to be considered.

Because tougheninmgplymeis wereintroducedexclusivelyinto the interlaminar regiqrany

effects wouldpresent themselvasghere interlaminar damage is prevalent. Flexural tests were
determined to be an appropriate methodntfoducing interlaminar stresses because of the
strain gradient that naturally occuthrough themwhich can cause delaminationas
illustrated inFigure4.1. It can be seen that the top face experiences compression, and the
bottom face experiences tension. The central dashed line represents the neutral axis, about
which these loading modes switcAs previously mentioned in Sectiok.3.1.3 strain
differences between plies are one of the major fagtbish cause delamination growth, and

are the main reason that multidirectional laminates must be carefully designed to avoid sudden

orientation changes between plies.
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Figure4.1: lllustration of a laminatender flexural loading-lexural samples experience
varying degrees of strain throughout their thickng263

Flexural fatigue tests are often ignored in favour of tension/tension or tension/compression

fatigue tests. However, they have advantages such as better representatemnvidérioads,

greatly reduced risk of buckling, and greatly reduced testing forces. They are also often

accompanied by stiffness degradation analysis, since flexural testsrnitlg produce large

specimen deflections,anddoo n 6t require accurate inmnBsttrumentati i
these advantages are sometimes disregarded in favour of the less complex and more easily

modelled tensile tests.

Where flexural tests angsed the favoured method three pointbending. This is because of
its simplicity and ease of setup. Howeutiree pointbending testinherently create a high
level of shear loading at the central roller. This can cpusmaturefractureat the roller
contact pointFour pointbending tests also create shear loads at the roller contad, fboint
these loads are spread between the rollers, so premature failure is lesg-bkelgoint
bending tests were used in this work for this reason, and bechtise uniform bending
moment between the loading rollerbhis is illustrated inFigure 4.2, which compares

transverse loading (V) and bending moment (M).
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Figure4.2: Comparisos of transverse loads and bending momentisrege and four point

loading scenarioR204

4.1.1 Development ofour Point Bendhg Jig

Beforethese tests could be conducted reliably, the test puoeaslent through a stage of
iterative development. All four point bendinggts were conduetl in accordance with ISO
14125 (998+A1:201)[209. In order to meet the requirements of this standard, a new test
jig was designed. Initially, this jig was designed to simply fulfil the basic requirements of the
standard, but it becama&pparent that moréunctionality was required.t lwas gradually
developedo counteract issues as they arssdhat it proided good, reliable test data. This
sectionoutlines the development process step by step, along with the justification for each
modfication.

Figure4.3 shows the initial design of the fooint bend jig. It consists of two steel blocks,
which may be ahched to the test machine thyeaded bar and locked in place with nuts.
Two roller mouning blocks, wheh support the 5mm diameteallers in machined channels,
were then attached to each blodlhe position of these blocks svéully adjustable in order to
allow specimens of varyindimensiongo be accommodatéthecessaryThis desigrallowed
initial flexural tests to be conductedowever, upon the commencement of fatigue testing
using this setup, it became apparent that modifications would have to be made tarthe jig

order to improve experimental accuracy
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Figure4.3: Initial four pointbend jig design

Due to the cyclic nature of these testgny inherent problems surfacedhich were not
encountered in static testing. Fatigue testing was conducted on a Nene 12.5kN/demutic
testing machine. Thimachineha& 6 f | o at jwhigh@lloaed totatiort obthhe bottom
half of the jigrelative to the top halfThis was resolved by attaching legs to the fixed half of
the jig as shown ifrigure4.4, completely preventing roti@n, and ensuringlignmentof both

halves of the jigt all times.

Figure4.4: Fourpoint bend jig with leg attachments

The second issue observed was that of sample rotation (about the vertical deis)yatic
loading. This was corrected by the addition of jaws on the supporting roller blocks as shown
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in Figure4.5. These jaws kepthe sample captive, but alledfreelongitudinal movement as

the sample rolled and deformed

Figure4.5: Anti sample rotation jaws attached to the supporting roller blocks

Finally, and perhaps most criticallthe issue of experimental data scatter was addrelssed.
will later be shown irBections.2.], thatthe measured fatigue lives of the samples, particularly

at lower load levels, were found to vary by as much as three orders of magnitude. It was
determined that uneven loading and stress concemsadidhe loding rollers were the cause

of these issued his caused localised damage at the rollers which developed at a faster rate
than global fatigue damage, causingrpature failure irsamples.The design of the load
application rollers was therefochanged to that shown kigure4.6. No indication of ideal

roller diameter was otherwise given in BS EN ISO 140Z®8+A1 201)

Spherical roller bearings were added in order to allow roller rotation, preventing unnecessary
tensile/compressive stresses from occurring at the sample surface. Larger (10mm) diameter
steel rollers were also added in order to reduce the stress concentrati@se gtaints. This

design allowedhe height of the rollers to be adjusted at both eftiseoroller. This allowed

the rollers to be aligned perpendicular to the surface of the sample, givittg better load
distribution dong the length of the rollers.

Following this modificationan increase in apparent ultimate flexural strength (UFS) was
observedn static testsThe accuracy of cyclic tests was also increased dramatically, with

scatterof SN reduced from three orders of magnitude to less than one.
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Figure4.6: Roller bearing mounts and ireased diameter rollers

4.1.2 Four Point Benthg Jig Dimensions

Drawings relating to the dimensions of the four point bend jig at its final revisigmesmented

in this section. The jig consisted of two main steel bloEkgufe4.7) machined with slots in

them that allowed the attached roller blodkig(re4.8) to be movable so as to allow different
testing geometries. Although only a single sample geometry was used, this design redundancy
was seen as advageous at the design stage. M10 cap bolts were used to fix the roller blocks
to the main blocks. A scale was scribed onto the side of the main blocks to allow easy
repositioning of the roller blocks. Antiotation armsKigure4.9) were attached to the upper

main block using M6 cap bolts to keep the top and bottom halves of the jig aligned with each
other. In later revisions, bearing blocksgure4.10) were attached to the loading roller blocks

to allow the use of larger (810mm) diameter rollers. 19x10x5mm spherical roller bearings
were used and held captive by bearing retaining compound. The blocks were attached to the
roller blocks by M6 cap bolts. In the supporting roller blocks, smaller 5mm hardézedd

rollers were used. These were placed in the machined channels. Because stress concentrations
were much higher at the loading rollers, it was not necessary to increase the diameter or rolling
resistance of these rollers. Their limited rotational céipalvas advantageous as it kept the
samples from gradually sliding out of the jig. Finaljgure4.11 shows an assembly drawing

of how the listed components fit together. M16 threaded bar was used to attach the jig halves
to the testing machine, and locking nuts were used to prevent rotation of the jig in the machine.
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Figure4.7 Technical drawing of main four point bend jig blocks. Two of these are used in
the jig, and are the an body. They have slots cut in them to allow adjustment of the roller
blocks so that the jig can accommodate samples of varying dimeri3iemsng not to
scale.
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Figure4.8 Technical drawing of a rolldslock. These blocks hold the rollers in place. They
are attached to the main blocks by a single M10 cap screw bolt. Two M6 threaded holes
were added in later revisions in order to allow the fitment of roller beaingsing not to
scale.
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Figure4.9 Technical drawing of antiotation arms. These were attached to the upper main
block and kept the two halves of the jig aligned with each oreming not to scale.
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Figure4.10 Technical drawing of a bearing block. These were added to the loading roller
blocks in later revisions to hold 19x10x5mm spherical roller bearings. The bearings were
held captive by bearing retaining compouBdawing not to scale.
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Figure4.11 Assembly drawing of the components in the intended configuration. Also
features M16 treaded bars which allow the jig to be mounted in the testing machine. Lock
nuts were used on the threaded bardeoto prevent jig rotatiotM6 cap bolts were used

for the fixture of all other componenf3rawing not to scale.

4.1.3 TestFrame Calibration

Before conducting tests, calibration of the load frame was ctedtiocensure accuracy of the
experimental result3.he tesing machine used was a Nesevcehydraulic test framéFigure

4.15) equipped with an Interfac®02012.5kN load cellwhich had a static error rating of
+0.05% A rigid shear pinned connection was set up between thatactand load cell in
series with a 10kN calibration load cell. Comparisons were made between the load cells at
varying deflections to obtain a calibration curve. The static error of the load cell prior to
calibration was found to be >10%. This methodalitration was repeated until an accuracy

of 9% was achieved.

The displacement calibration of the test frame was also checked. This was found to be correct
within 1%.
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4.1.4 Measurement of Midpoint Deflection

In order to calculate thigexural modulus of sampkeduring testén accordance with the test
standarda way of measuring the midpoint deflection of the samples was neceésary
attachment wadesigned and manufacturethich allowed this measuremdntbe takenThe
attachment consisted of a supportitgisture which held a lever ar(of leverage ratio 1:1)

in place as shown iRigure4.12. This leverrested on the underside of the sample, and was
moved when the sample deflected. Tiieen pushed on a linear variable differentia
transformer (LVDT) position sensdrhe spring return action of the LVDT kept the lever arm
in contact with the sample at all timas it flexed This design was chosea avoidplacing a
sensor directly underneath the sagpthichwould have required eomplex jigdesgn. The
LVDT usedwas an RDRD5/300AG

Figure4.12: Lever arm arrangement to capture sample midpoint deflection

4.1.5 Static Flexural Tests

Staticfour pointbend tests were uséd provide tle baseline valuefor fatigue test of the

same materia] as well as to investigate the static flexural properties of inkjet printed
composites Flexural tests in this section were conducted according to BS EN ISO 14125
(1998+A1 2011)205. It should be noted that samples in these tests were not necessarily
manufactured in the s batch. Generally, samples were manufactured in bulk over several
batches cured at separate times and subsequently mixed, so variations between batches are

statistically accounted for in the results2x15«100mm rectangularQ° unidirectional
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specimens we manufactured from 972 unidirectional prepregsing the methodsutlined

in Section3.5. All samples were cut from 130x250mm panels using a diamond cutting saw.

They were thergroundto within 2% of the specified dimensionsinga 600 grit sanding

wheelor finerSampl es were measured using digital V€
quoted accuracy of 0.01mm. Measurements of width and thickness were tikee@ints

evenly spaced along the length of the speciamehthen averaged

Samplesvere placed ifiour pointflexural loading usinghefour pointbend jig described in
Section4.1.1in accordance with BS EN ISO 141PB98+A1 2011)The jig was arranged

so that asupport span of 8lm and a top roller separation of 27mm was useaving an
overhang oB.5mm past theupportrollers A schematic of the test dimensions is shown in
Figure4.13, and an image of a sample placed in the jig is shoviAigare 4.14. The rollers

were levelled so that they contacted the face of the sample along their full length. This was
achieved by the use of a 0.05mm steel feeler gauge. The machine crosshead was raised until
equalresistance was felt upohd feeler gage at both edges of the rollefihe mechanical

lever arm described in Sectidnl.4was then set against the bottom face of the sample, and
the LVDT set, placing spring compression on the opposite side of th&laerb VDT reading

was then set to zero position.

Five specimen®f each sample typeere placed under compressive force at a rate of 2mm/min
until ultimate failure using a Nene 12.5ld¢rvehydraulic testing machineontrolled by a
MOOG SmarTEST ONE testootroller (Figure 4.15). Load crosshead displacement, and
midpoint deflection were recorded in all teSike data from these tests was then analysed in

order to calculate the UFS and flexural modulus of each sample.

It is statedn ISO 14125 {998+A1:201)t h a ©.2mén thick shim of polypropylene (PP) has
been found to be successful in reducing failures of the compressive face associated with the
loading membé¥ Instead of PP, it was decided that polyvinyl chloride (PVC) ébadttr
insulation tape would be a suitable alternative since it has similar mechanical pr¢peflies

has the advantage of beiadhesive, and it igenerally around 0.1mm in thickness. Therefore,

two layers ofPVC electrical tape were applied to roller contact points in all static and cyclic
testsWhen insulation tape was used37% increasimn UFSwas observed compared to tests
conducted with no f@&in otherwise identical setupBollowing these results, insulation tape

was used in all future static and fatigoer pointbend tests.

In these testonly two types of laminate were used: unprinted, and 10%/wt PMMA in DMF
printed. Flexural tests weneitially used to establish the propes of printed composites. But

a change was made later to a tensile testing reddmeng the time that flexural testing was
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used, only unprinted and PMMA printed composites were te&teexagonal printing pattern
of x, uy =0. 4wanused. fa afl printed samplRection3.3.2).

Loading rollers Composite
PVC tape / \ specimen

~.0® 0 /

e -

Support roller  27mm | 27mm | 27mm

81lmm

Figure4.13: Schematic ofour point bendest dimensions

Figure4.15: Nene 12.5kN servhydraulic £st machine, and MOOG SmarTEST ONE
controller
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4.1.6 Development of LabView Data AcquisitiBoftware

Before any cyclic testing could be conducted, a method of data acquisition had to be
developed. ie MOOG SmarTEST ONtest controller had built in data capture software, but
was incapable of periodic sampling. Since fatigue experiments may eoftindays, it was
decided that periodic sampling of the data would reduce the size of the output files to
manageable sizes. However, the clock speeds of the MOOG test controller and any external
data capture system woutliffer slightly, and wouldbecomedesynchronised over the long

time periods associated with fatigue tedtavas thereforenot possible to simply capture
singular data pointat the peaks adach measurddadingcycle Instead, what was required

was a system that olul periodically captte data ovean entire individuakycle of the test

This would produce a waveform of the experiment, which could then be analysed to give peak
load and displacement readéag the time of measuremeitihe peak readings could then be

used to calculate ¢hmechanical properties of samples at that measurement point.

The chosen solution was to design a custom data acquisition (DAQ) macro in National
Instruments (NI) LabView. Force, position, and midpoint deflection data could béroead

the MOOG SmarTEST OIE controller using a National Istruments USHE008 analogue

DAQ module Following manual calibration, this data could then be recorded using the
LabView DAQ shown inFigure4.16. Using this simple user interfadée user couldnput

the desired cycles between samples, the test frequency, and the point at which to stop
recording. The sample period was decided by the user based upon previous test results. If no
previous data was known about a particular stiegs then a suitablsample period was
conservativelyguessed, and then adjusted in subsequent tests. All fatigue tests were run at
5Hz, so the DAQ was set to sample d#ta points at a frequency of 250Hz, which captured
one complete 3G0wvaveform.The choice of this sampleefquency is describefirther in
Section4.1.7. The user interface also incorporatesual data outputs in the form of time

plots, which platedthe data on screen for the user agad recorded. An example of a typical

wavefrm sample is shown iRigure4.17.

An added benefit of this method of data capture was that of remote access. Because the
software was PC based rather than test controller based, an internet or intranet connection
could be useddtmonitor the test progress, and even alter DAQ settings, greatly reducing the

need for regular manual inspection.
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Figure4.17: Example waveformcaptured by LabView DAQ
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4.1.7 Optimisation of Data Acquisition Rate

Because the DAQ systeoaptureda number of data points in order to ensure the capture of
waveform peaks, the number of datarg®icaptured per cyclwas important. Too many
would havecreatel large data files, whitstoo few would have resultdd a factorof error.
Consider a single data point in the captured waveform. Because it is not possible to know if
the data capture andaweform are iphaseit is possible for that point to be outgifaserom

the peakby up to 186, creating an eor of 200% about the midplaré the waveform. This
potential error is reduced exponentially with an increasing number of data points.

The maimum percentage erroi)(about the midplane of the waveform may be calculated by

oQT
I
) p TR Qs E & 4.1
o] o

wherenis the number of data points.

By inserting 1<n<100 into Equatiohl, the resulting maximum erronay be calculateds
shown inFigure4.18.
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Figure4.18: Maximum error at numbers of data points from 1 to 100
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By using this informatiopit wascalculated that the ideal number of data points per cycle was
50. This was found to be the lowest number of points (rounded up to the nearesatten) th
produced a maximum error of less than 1%. The maximum calculated error at a sample rate

of 50 samplesgr second was 0.79%

4.1.8 Test control Modes

There are two main methods of loading fatigue samples. Theslésplacement control and

load control. In displacemenbntrol teststhe sample is deflected to a consistrinlevel

in every cycle. This is a gol method of controlling fibre composite fatigue tests because the
failure strairs of fibres of the same material am@ore or less consistent, but the strength of
individual fibres may vary. However, strain controlled¢ese not representative ofsewvice
components, which are almost always subject to loading cycles rather than strain cycles.
Therefore load control was chosen as the method of controlling cyclic tests in this thesis.

4.1.9 Cyclic Flexural Tests

The procedure for cyclic testgassimilar to hat of static test¢Section4.1.5. The fatigue
testsdescribed in this sectiomere conducted according 8BS EN ISO 130032003 and with
specimen dimensions dictated in BS EDD 14125 {998+A1:201). As in static tests i

should be noted that samples in these tests were not necessarily manufactured in the same
batch. Generally, samples were manufactured in bulk over several batches cured at separate
times and subsequently mixed, so variations between batches are stgtestimalinted for in

the results2x15x100mm0° unidirectionalsamples wereanountedin thefour pointbending

jig in the same mannes in static tesiensuring as before that the loading rollers coathct

the top face of the specimewenly. PVC insulatiortape was also used in cyclic tests to reduce
stress concentrations at the loading roll&amples were measured using digital Vernier
callipers with a manufacturerdéds qgquoted accuracy
thickness were taken titreepoints evenly spaced along the length of the speciamehnthen

averaged

Strict procedures were followedhen operating servbydraulic equipmerin orderto ensure
operator safetyFailure to adhere to this procedure may have resulted in .ifjobeyMOOG
SmarTEST ONE test controller was set to position control mode in order to load the sample
If set to load control, the controller changes the position of the hydraulic actuatantaima
constant load. If there wam sample in the jig to apply an opposimgcethen the actuator

would continue tomoveat increasing velocityntil it madecontact wih something, or until
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it reachedts maximumpossible position. This presentadignificant hazard for the operator

as their hands may be easily crushed.

To awid damage to the samples or the testing jig, position and load safety limits were set.
These limits were set just outside of the extreme limits of the maximum calculated sample
load and deflection. If these limits were exceeded then the hydraulic préssdreo the

machine would instantaneously be shut off.

Once in placea preload of around 10N was placed on the sample to ensure secure contact
with the rollersThe mechanical lever arm described in SedidMdwas then set against the
bottom face of the sample, and the LVDT iseposition placing spring compression on the
opposite side of the arm. The LVDT reading was then set to zero po3itierLVDT was

held in position by a lightly tightened grub sereshich provided enough friction to keep the
LVDT in place under normal loading, but allowed it to slip out of position in the event that
excessive force was placed oreig.when the sample fractureBinally, the test controller

was set to load controhode, and the loading parameters were entered.

The control parameters needed to control cyclic tedtad controlwere frequency (f), stress

ratio (R), and maximum cyclic load {&).

The ideal test frequency was determined to be SHirs was determied from literature
concerning fatigue of compositesg. [4, 207-211]. 5Hz is commonly used in composite
fatigue tests as it is low enough to avoid significant viscous heating of the matrix which may

cause a decrease in material stiffness.

Thestresgatio is defined as;

Thestressratio was set at 0. Again, this was determined from literaturebmthe ideal value,

andmostcompressivéas opposed tlully reversed cyclic tests use this valeeg.[210-213.

Fmax (Otherwise defined in terms of stresdlas) is the peak cyclic load, ansldefined as the
calculated breaking force of the specimen multiplied by a faotber(ed to in this worlas

the load or stresactor) between 0 and 1n these tesidhe stressfactor was initially set at

0.8 and lavered in subsequent tests until the fatigue limit of the material was reached. The
fatigue limit (or endurance limit)s defined as the maximum cyclic load at which the material

can be considered to have infinite life (described further in Se2i8n
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Fmaxmay be calculated by;

» 00 4.3

wherelk is the ultimate flexural strength of the material (determined by static testisghe
sample widthh is the sample thickness, ahid the span of the sate between the support

rollers (81mm).

Loading parameters were set tgfining the loacamplitudeeither side of théoad setpoint
(SP. SPmay be defined as

where Fmin is the minimum cyclic loadradis calculated by;

O YO 4.5

The load amplitudeHamp may then be defined as;

O O "YU 4.6

An illustration of these parameters is showiigure4.19.

Once the load parameters were set, the test was started. Data acquisition was started
simultaneously. Load, displacement, and midpoint deflection wererded. The sample
period (described in Sectiohl1l.6 was different for each stress factor, and was chosen
arbitrarily for the first test of each set. The sample period was adjusted accoridingly
subsequent tests. This w@ane because the expected number of cycles to failure was initially
unknown. The ideal sample period was determined to be the maximum period which produced
100-2,000 data points by the conclusion of the test. This range was chosen in order to give
sufficient data points for analysis whilst avoiding large data files. The number of data samples

per recorded cycle was set to 50, as previously reasoned in Skdti®n

Sample temperature was also monitored periodically usingramgéd handheld thermometer.
BS EN ISO 141251(998+A1:201) di ct ated that Othe test freqguenc
an excessive rise in the specimen temperature through autogenogerisetitedpeating |,

but wasnot specific about what constitutescessive heating, as this is dependent upon the
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specific material being tested. However, dynamic mechanical thermal and@WdiEA)

results presented in Secti8r/.2showed that the glass transition temperatugg ¢ 9772
composites wad67”C. A value of 74C was therefore chosen (michy between 2T and

Tg) as the upper limit that any sample should safely reach without detriment to mechanical
properties, and therefore compromising the tests.

Amplitude

Load

v

Time

Figure4.19: lllustration of load parameters used in cyclic tests

The range o$tress factorased was daed by a starting value of @18 This was lowered by
0.1 at a time until the fatigue limit of treamplesvas reachedA minimum of three samples
were tested at eadlress factor

Tests were run until failure or unfix1(® cycles, whichever came first. PastL® cycles the
samplewas deemed to have infinite lifEailure was defined abe completefracture of the
sample.The number of cycles to failurend fracturelocation was noted in cases where
samples failed.

In these tests, only two 977 composite laminate sample types evéested. These were:
unprinted, and printed 10%/wt PMMA in DMF. This was because of the lengthy time
investment associated with fatigue tests. Simultaneously performing all tests on all specimen
types would have required extensive testing. Initially ngstinly unprinted and PMMA

printed samples enabled the identification of significant material changes with only minimal
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time expense. A hexagonal printing patternicf , Gy = 0. 4 wanused f& aflmprinted
samples.

4.2 TENSILE TESTING

Following flexural tess, tensile testing (more specifically tensitamsion testing) was
introducedFlexural testing was initially chosen because of the strain gradient istuicrated
throughout the sample thickness and which may cause delamin&igmse4.1 previously
illustrated this. Tensile testingowever, does not produce significant strain differences
between plies in unidirectional samples. Strain differences must therefore be produced by
changes in ply orientation relative to one anaths discussed in Sectiod.3.1.3 ply
orientation coupled with edge stresses can create conditions in which delaminations may

initiate andpropagate

Tensile tests are simple in their setup, requiring only simple sample $aipgple preparation

is also simple since basic tensile tests only require rectangular specimens which may be cut
from flat composite panels. They do however, require much greater testing loads than flexural
tests due to the high teflesstrength of fiboreompositesThe deflections produced by testing

are also smaller, requiring more sensitive measurement and control.

4.2.1 Stacking Sequencé Tensile Specimens

The stacking sequence of composites plays a major role in the properties of finished laminates.
Becas e of the anisotropic nature oUiffeemtmposi t e
different directions, being highest in the direction ¢onventionallydefined along théibre

axig). This results in interlaminar shear stressesnterfaces beteen plies of differing
orientations.These shear stresses may be reduced by either optimising stacking sequence,
reducing Poi ssonds pliesaor by mtroduicifigfineenlaminac layers viitle t we e n
lower shear modul[24]. In these tests, the staclirrequence waslesigned so that ¢h

Poi ssonb6s rati o dwefehceenteated, promoting delareiration 3o lthate s

interlaminar tougheningouldbe investigated.

A stacking sequence was chosen which introduced interlaminar stresses to vary@eg.degr
This was limited by the test standaRIS(EN ISO 5274:1997%. This standard limited tensile
specimens to 2mrm thickness. For 972 prepreg this restricted the number géglin the

laminate samples to eighto avoid compledaminate stresseshe stacking sequence was
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designed to be symmetric about its midplaais the case in the vast majority okarvice
laminates The chosen stacking sequemég45/0/90+45]s is illustrated inFigure4.20.

Direction of 90°
loading

< Midnlane
4+ —————nxia PritH

v

45°

Figure4.20: Stacking sequence used in tensile te2lig orientations are relative to the
direction of loading.

A laminate consisting oflternating &9 plies (i.e.[0/90,...}) would have resuled in
maximum interlaminar sts®s and hence delaminatiandowever, a laminate was chosen
which incorporated varying orientatiors® that assessment may be made of interlaminar
toughening between various contacting orientatioRs48°, and 90ply orientations were
chosen. In thehosenstacking sequence, eachtbé threeply orientations wee adjacento

the other two. i.e. a 90° plyas adacent to both a 0° and 45° ply.eAm additional benefit of
this stacking sequencgas that it usd only two 0° plies Composites are strgest when
loaded in the direction of their fibres. Frdhme quoted tensile strength of 9Z7daminates
[174] it was calculated that thdoad required to fracture a [45/0/90%]s laminate was
approximately70% lower than a [0/90/00]s laminateof otherwise identical dimensions.
Therefore, ging ths stacking sequence enabled increased flexibility with regards to testing
machines.

4.2.2 Sample Deflection Measurement

Because of the high stiffness and therefore low strain to failure of clildlvercomposites,
accurate measurement of sample deflections was necessary. In these tests an LVDT was
mounted against the bottom machine grip (showirigure 4.25) in order to accurately
measure grip separation, and hence sangliection. The LVDT was held in position by a

magnetic clamp stand which was attached to the top grip. By measuring between clamping
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ends of the machine grips, test frame deflection was effectively eliminated from the

measurements.

The machine crossheatisplacement was measured internally by an RDP MD5/3000HK
LVDT. This LVDT had a 75mm measurement range. The accuracy of LVDTSs is generally
dependentipon their measurement range. In the case of the machine LVDT, the linearity error
was stated by the maradgturer as 0.5%. The external LVDT used to measampke
deflection was an RDP D&JO0A. This also had a quoted linearity error of 0.5%. However,

due to its short 5mm measurement range, the resultant measurement error was much lower
than that measured iyh e t e st i ntgrnani¥RTh The iatérsal LVDIT wa also
situated near the bottom of the hydraulic actuator column. It therefore id¢heddeflection

of the actuator and test franfhe difference in measurement accuracy is illustrat&iguare

4.22. The external LVDT deflection measurement was therefore used instead of that measured

by the internal LVDT in all material property calculations.

Figure4.21: LVDT setup usedo measure grip separation in tensile tests
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Figure4.22: Image of DAQ measurements of cyclic data. Data captured by the external
LVDT (green)shows considerably more accuracy thaginternal machine LVD (red).

4.2.3 CelluloseAcetate Replica Method

The cellulose acetate replica method described in SetoPwas used to analyse transverse
cracks and delaminations on the outer edges of some tensile fatigue specimens. tatthe ace
replica technigue, a sheet of cellulose acetate is wet with acetone on the surface which will
contact the sample. The acetone softens the acetate and also pulls the acetate to the sample

surface by surface tension.

Where this method was used, the tgas temporarily stoppednd samples were loaded to

their peak cyclic load. This allowed cracks to be opened for maximum visibility on the replica.
One side of the acetate sheet was wet with several drops of acetone and quickly applied to the
sample edgeVery light pressure was applied after application to further force the softened
acetate into recesses in the surface. Acetone is highly volatile, and completely evaporated after
a few minutes, leaving the acetate dry. It was then carefully peeled affitflaee, leaving a
negative impression on the acetate. These replicas were then stored in a library system for
future reference. This technique sMaighly advantageous because removing samples from a
test mayhave affected the results. It svalso advantapus since the tensile sample
dimensions dictated by the testing standardierthem physically too big to fit in an SEM

chamber for microscopic analysishereas replicas coulik cut to size as necessary

As discussed in Sectidh6.2 cellulose acetate is readily available as sheets from numerous

microscopy equipment retailers, and is available in varying thicknesses fromuiwards.
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The thickness of the sheet affects the resolution that can be exgdutater sheets reguh
higher resolutions, but provide significantly less workable time compared to thicker sheets
because they quickly dissolu& sheet thickness of fiin was used in all tests where replicas

were taken.

Figure4.23: An acetate replicenounted on a glass microscope slide prepared for SEM
observation

4.2.4 Static Tensile Tests

Static tensile tests were used to provide theslbees valuesfor cyclic tests of the same
material as well as to investigate the tengit@perties of printed laminateBensile tests in

this section were conducted accordingB8 EN ISO 5274:1997 [187]. 2x25x250mm
multidirectionalspecimens were manufactured from 27énidiredional prepreg using the
methods outlined in Sectidh5 andusing the stacking sequence detaile@ectiond.2.1 It

should be noted that samples in these tests were not necessarily manufactibeesame

batch. Generally, samples were manufactured in bulk over several batches cured at separate
times and subsequently mixed, so variations between batches are statistically accounted for in
the resultsThe specimen geometry iitustratedin Figure4.24. All samples were cut from
130x250mm panels using a diamond cutting saw. They wergtbandto within 2% of the
specified dimensions usirg600 grit sandingvheelor finer. As described in Sectio®.5,

50mm glass fibre end tabs were bonded to the sangpbEd sample grippings dictated by

BS EN ISO 5274:1997 Samples were measured using digital Vernier callipers with a
manufacturerdéds quot ed ac c urtraodthikodss were @kermm. Measur
at threegpoints evenly spaced along the length of the sangpldthen average®auge length

was also measured by taking the average distance between end tabs on both sides of the

samples.
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Samples were gripped by hydraulic grips as shioviAigure4.25to minimise sample slipping.
The entire end tab region was gripped, ensuring perpendicularity to the grips. This was

achieved by using an engineer6s square set a

Once both ends of the sample were grigpfiemly, theLVDT (descried in SectioA.2.2 was
mounted against the bottom grip (showrFigure4.25) in order to accurately measure grip
separation, and hensample deflectionThe LVDT was held in position by a magnetic clamp
standwhich was attached to the top grip.

Five specimens of each sample type were placed uedsite loacht a rate of 2mm/min until
ultimate failure using Mayes 100kNservehydraulic testing machine controlled by a MOOG
modular PGbasedtest controller. Load, crosshead displacemant] grip separatiowere
recorded in all test§amples which fractured within the end tab region were disregarded.
data from these tests was thealgged in order to calculate thitimate tensile strengttu'S)

andtensilemodulus of each sample.

In these test$our 977-2 composite laminate sample types were tested. These were: unprinted,
printed 10%/wt PMMA in DMF, printed 10%/wt PEG 1,50Q0Nh ddonised waterand
printed 10%/wt PEG 20,000Min deionised water. A hexagonal printing pattern of
Ux, ty=0. 4wanyusod.fd at printed samples.

ry
Glass Carbon Glass 25mm

Y

‘
50mm

Iy
Y

250mm

| |
! | f

2mm 6mm

Figure4.24: Tensile specimen geometry
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Figure4.25: Tensile sample in situ in the Mayes 100&&vehydraulictest frame

4.2.5 Cyclic Tensile Tests

The procedure for cyclic tests was similar to that of static tests (Sdciegh The fatigue

tests described in this section were conducted accordBg EN 1ISO 13003003 and with
specimen dimeneis dictated biBS EN ISO 5274:1997 As in static tests, it should be noted

that samples in these tests were not necessarily manufactured in the same batch. Generally,
samples were manufactured in bulk over several batches cured attesdpaes and
subsequently mixed, so variations between batches are statistically accounted for in the results.
2x15x250mmmultidirectionalsamples werenountedin the same mannes in static tests
ensuring as before that samples were mounted perpeadiouthe grip faceSamples were
measured using digital Vernier callipers with a
Measurements of witl and thickness were taken at thpesnts evenly spaced along the
length of the sampleand then averagedsau@ length was also measured by taking the

average distance between end tabs on both sides of the samples.

As was the case for flexural fatigue tests (Seatidrf, grict procedures were followed when
operating serwhydraulic equipment to ensure operator safety. Failure to adhere to this

procedure may have resulted in injulll operations that did not require hydraulic pressure
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were conducted whilst the test machine was inaciihe. MOOG test controller was set to

positioncontrol mode in order to load the sangple

To avoid damage to the samples or the testing jig, position and load safety limits were set.
These limits were set just outside of the extreme limits of the maximum calculated sample
load and deflection. If thedamits were exceeded then the hydraulic pressure feed to the

machine would instantaneously be shut off.

A T-typethermocouple ws attached to the surface of eaalmple using higitemperature
polyester tapenjanufactured byM) in order toactively monitar specimen temperatura.

twin thermocouple was also attached to a-@fiultidirectional laminate specimen that was

not under load. This specimen was attached to the side of the hydraulic grips so as to be
suitably close to the test specimen and thergioogide an accurate reading of atmospheric
temperatureThis was decided to be a more thorough method of temperature measurement
than that used for the previous flexural fatigue teBtsnperature measurements were taken
simultaneously with each recordé&igue cycle. This provided insight into viscous heating
within the sample during testing and helped ensure that excessive temperatures that may
have affected material properties were avoi@®si EN ISO 141251(998+A1:201) dictated

t h #he tesbfregancy shall be chosen to avoid an excessive rise in the specimen temperature
through autogenous (seieneratedheatingy but was not specific about what constitutes
excessive heating, as this dependent upon the specific material being tedtedvever,
dynamic mechanical thermal analy@¥VITA) results presented in SectiBt7.2showedhat

the glass transition temperaturey)(®f 9772 composites was 18Z. A value of A4°C was
therefore chosen (midiay between 2T and T) as the upper limit that any sample should

safely reach without detriment to mechanical propestigstherefore compromising the tests

Once in placethe load upon the sample was set to ZEhe LVDT was therset in position
contacting the bottom grip as Section4.2.4 Finally, the test controller was set to load
control mode, and the loading parameters were ent&reygtlic frequency of 5SHand stress
ratio of 0.1was used in all tests. The justification for these valeespreviously discussed in
Sectior4.1.9

Once the load parameters were set, the test was started. Data acquisition was started
simultaneously. Load, displacemegtjp separation, sample temperature, and atmospheric
temperatre were recorded. The sample period (described in Seétiof was different for
eachstress factqgrand was chosen arbitrarily for the first test of esethThe sample period

was then adjusted accordingly subsequent tess This was done because the expected
number of cycles to failure was initially unknown. The ideal sample period was determined

to be the maximum period which produced-P)000 data points by the conclusion of the test.
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This range was chosen in ordegtee sufficient data points for analysis whilst avoiding large
data files. The number of data samples per recorded cycle was set to 50 as previously reasoned
in Sectior4.1.6

The range o$tress factorased was defined by gasting value of 0.8:. This was lowered by
0.10s at a time untilhe fatigue limit of the samplegas reached. A minimum of three samples
were tested at eadlress factor

Tests were run until failure or unfik1® cycles, whichever came first. Pdstl® cycles the
samplewas deemed to have infinite life. Failure was defined asdh#letefracture of the

sample. The number of cycles to failure was noted in cases where samples failed.

In initial tensile fatigudgests, only two 972 composite laminate sample types westete.

These were: unprintednd printed 10%/wt PMMA in DMF.A hexagonal printing pattern of
Ux, ty=0. 4wanuysed.fob athprinted sampl€mnly two laminate types were initially
usedbecause of the lengthy time investment associated with fatigue tests. Simultaneously
performing all tests on all specimen types would have required extensiirg tdnitially

testing only unprinted and PMMA printed sampéambled the identification of significant
material changes with only minimal time expense. Giigeificant mechanicalhanges were
identified, PEG polymers were introducéal focus specifiddy on thcse areas.

4.2.6 Cyclic Tensile Testat 0.5k

Following initial tensile fatigue tests, areas were identified which warranted further
investigation. Specifically, it was shown that diffetgrinted composites exhibited different
stiffness degradations in the initial 102R0k cyclesof 0.5 tess. The cyclic tensile tests

introduced in Sectiod.2.5were therefore extended to focus on these areas.

The experimental setup was identical to that described in Sekcfdn These tests differed
in thatsamples were exclusively runastress factor of 0.9 he laminate types tested were:
unprinted, printed 10%/wt PMMA in DMF, printed 10%/wt PEG 1,5Q0Mdeionised water,
printed 10%/wt PEG 20,000Min deionised water. A hexagonal printing patt of
Ux, dy=0. 4wanused.fdb atl printed samples.

Samples were cycled for at least 100k cycles, although testing was not necessarily stopped at

this value. Tests were only stopped when it was necessary to begin testing the next sample.

In these ¢ststhe acetate replica method outlined in Sectidh3was utilised. These replicas
were used to provide insight into transverse cracking and delamination growth in these tests.
Replicas were taken at Ok,5L0k, 2k, 40k, 6Ck, 80k, and 10& cycles on botliree edges of
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the samples Records were kept of which edge the replicas were taken from, the number of

cycles, and the specimen number.
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CHAPTER 5: MECHANICAL TEST RESULTS

This chapter outlines trexperimentafesuts that were produced as a resulboth static and
cyclic testsupon inkjet printed compositeShe results of tests apeesentedn their relevant

sections, and are then discussed in datdte end of this chapter.

5.1 STATIC FLEXURAL TESTS

Static four point bend tests were conducted umdirectional977-2 CFRPlaminatesn order
to establish the flexural strength and miod of the material in both unprinteshd printed
(10%/wt PMMA in DMF) varieties. These valuagere used to provide the dia for fuure
fatigue testing othe materialTests were conducted as described in Sedtibrn

It was previously discussed in Sectighd.land4.1.5that modifications werenade to the

four point bending jig used to conduct the tests in this section, and also to the testing procedure
itself by the addition of electrical insulation tape at sample support pbidse changes were
implementedteratively due tdhe pooiinitial flexural fatigue resuligresented laten Section

5.2 It can be seen froiable 5.1 that the final changes made to the experimental setup
increased the measured flexural strength of laminatea total of 5%. It will also be
demonstratedaterin Section5.2.1that experimental data scatter was greatly reduced as a

result, giving greater confidence in the results obtained from flexural tests.

Tableb.1: Effect of experimental procedure changes upon the static flexural strength of
unprinted 9772 unidirectional laminates in static four point bending

Test Parameter Change Q:g;g?ﬁ E'fe(ﬁ% Clunrgru‘laz[isvee
None 1420 -
Electrical insulation tape at support poir 1950 37%
Modified jig design 2226 57%

After the test procedure and setup was finaligegippeared thateliable static flexural data
was obtainedrigure5.1 shows the average of ttsressstraincurves obtained for static tests

conducted with all procedure changes in pla#is typical dflexural tests, the curves were
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initially li near, but the gradient decreasexload wa increasedThe jagged shape ofeh

curves before failre wagndicative of weak fibres fracturing.

Flexural strain|y wascalculated by;

&I Q
0

5.1

wheres is the midpoint deflection of the sampleis the samplehicknessL is the support

span of the sample (81mm).

Flexural strengthiy, of the samples was calculated by;

"00
” (IS’Q

5.2

whereF is the maximum load. is the support span of the samgBlmm)b is the sample

width, andh is sample thickness.

It may also be noted that the gradient, and hélegaral modulus, of both sample types was
identicalfor the majority of the tests, deviatingly in the finalportionof thetests as critical

damage begato develop.

350
300 Unprinted
= 250 Printed PMMA
By
& 00 === Approximate
g location of
4 150 stress/strain
% measurement
= 100 points
g
i 50
|
oA!
0 0.010 0.020 0.030

Flexural Strain, &;

Figure5.1: Averaged loaetisplacement cunsedor static flexural testsf unprinted and
PMMA printed laminatesThe points at which the gradient was calculated are marked on the
plot. The location of these points varied slightly depending upon the strain at which the
individual samples fractured. The limited range of these points stems from a
misunderstanding in the requirements of the test standard.
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Table5.2 shows the numerical values of flexural modulug égd ultimate flexural strength
(Gr) obtained in the tests.

The flexural moduls of samples was calculated by;

o ni—gp ));—io 53
wherepFis the difference in load between valuesUof 0 . 5 % (=R.6% (Wherel is
flexural strain), andgsis the difference in midpoint deflection between valudsee® 5% and
Ué=2.5%. These values were dictated by the test stand#el test standarihtends for the
modulus to be calculated between-2.5% strain units. Hoewer, the meaning of the test
standard was misinterpreted. It was thought that the modulus was to be calculated between
values measured at% and2.5% of thestrain at fracturef the specimenlhis was deemed

to be very low, sagpF a mwere igetead nasured betweevalues taken &% and 10% of

the strain at fractureThese points are marked Figure 5.1 for visual representatiorhis

range was significantly lower than thvattich was intendeby the test standard. Howeveérist
mistake was only realised late into the workerefore the flexural modulus values carried
forward were calculated using this incorrect method. However, the values were recalculated
using the dictated method and were found to be in very good agresitietitose calculated

using the incorrect method. Thereforefadher action was taken to correct this mistake.

Er wasvery similar for both laminate typesith printed laminates showing a decrease.b%o
over unprinted laminage andbeing well withinone standard deviation of one another. This
would be expected, as flexural modulus is heavily dictated bydimldibrematrix interface
propertieswhich are unchanged by the printing process

Theultimateflexural strength of both laminate types diffidsomewhat, with PMMA prited
laminates being on average & %igher than unprinted laminatdsis unclear though if this
was a resli of the printing process, ag of the PMMA printed laminates lgyst within one

standard deviation af of unprined laminates.
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Table5.2: Results of static flexuraksting on unidirectional 977 laminates

Unprinted PMMA Printed
Flexural Flexural Flexural Flexural
Modulus (GPa)| Strength(MPg | Modulus (GPa)| Strengh (MP3
104.8 2163.4 98.3 2186.5
Val 105.5 2223.8 102.2 2272.2
alues 105.2 22238 112.7 2479.0
111.1 2262.7 104.9 2278.8
105.0 2259.8 103.5 2239.2
Average 106.3 2226.7 105.8 2291.2
Standard 24 35.8 4.7 99.5
Deviation

5.2 CYCLIC FLEXURAL TESTS

Cydic flexural tests were carried out@dsscribedn Sectiord.1.9 These tests aimed to assess
how the fatigue life of 972 laminates were affected by the presence of interlanmkgati

printed polymer droplets.

5.2.1 Fatigue Life

Cyclic tests were firstly conducted using the initial four point bend jig design outlined in
Section4.1.], i.e. the unmodified jig which did not facilitate even load distribution at the
loading rollers The fatigue lives otinprinted and PMMA printedamples astress factors
from 0.80.6 (terms explained in Sectighl.9 are shown irFigure5.2. The results are given

in the form of a fatigue life (or-8! or Wohler) diagam. In this diagranfA orTA indicate

a sample which did not break after 19<I:ches.)fA indicates overlap of the sample types.

The x axis is a logarithmic scale of the number of fatigue cycles (N).
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Figure5.2: Fatigue lifediagram of977-2 laminates under cyclic flexural loadibgfore the

introduction of four point bending jig modification®=0.1, f=5HzYA indicates overlap of
printed and unprintesample typesvhich did not fracture at 1x2@ycles

It wasseen that thelatapoints for both sample typdsecamencreasingly scattered as the
stress factowas lowered. This scatter of unprinted samplasobservedata stress factor of

0.7 to range from 864 cycles to 864633 cycles; a factor of almost exactly one thamesnd t
Similarly, the range oprinted samples at this level ®/&48 cycles to 43552 cycles; a factor

of nearly one hundred times. The cause of this scatter was deemed to be uneven load
distribution at the loading rollert is widely accepted that fatiguests may produce results

that span orders of magnitud4], butthe results of these tests were considered unacceptable
due to the obvious relationship between data scatter and stress Taetmfore, the jig

modifications outlined in Sectiofh1.1were implemented, artdsts wereepeated

Due to the catter of these results, theresndtle thatcouldreliably be interpreted frorthem,
except that there appeartxbe little difference between the fatigue lives of the virgin and

printed composites at this point.

Figure5.3 shows the fatigue life diagram of unprinted and PMMA printed flexural samples
after the introduction of the jig modificationehe procedure for these tests remained the same
as in the previous testB8y comparison betweendhe results and those showrigure5.2,

it wasobserved thathe scatter of the latter datgas greatly reduced, ranging over a single

order d magnitude rather than three.
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Figure5.3: Fatigue life diagram of 972 laminates under cyclic flexural loading after the

introduction of four point bending jig modificationR=0.1, f=5HzYA indicates overlap of
printed and unprinted sample types which did not fracture af tytes

The fatigue life diagram shown Figure5.3 shows the fatigue lives of unprinted and PMMA
printed samples at varying stress fastdt was seen that the fatigue lives of unprinted
compositesvere generally greater than those of PMMA printed composidditionally,
unprinted composites reaaththeir fatigue limit at astress factor of 0.6 (term explained in
Section4.1.9. At this level, printed samples (on averag@ not, with only one printed

sample reaching 1x%@ycles.

5.2.2 Stiffness Degradation

As part of the fatigue tests conducted in this project, the flexural moheligsred to as
stiffness)of the materials were recorded over the course of the Té8$swas achieved by the
periodic sampling of cyclic data as described in Sectidng The stiffness data wathen
analysed in order to observe trends that may giveigit into the dominant damage
mechanisms at various points during the telite flexural modulus of the samplesfour

pointbending was calculated from;

T® P

™ 54
WQ

O
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134



wherekE;: is theflexural modulus of elasticifyL is the support span of the specimiiis the

specimen widthh is the specimen thicknesg- is the maximum fice (Finay Of the observed
loading cycleandgsis the midpoint deflection corresponding tafFIt should be noted that
the modulus recorded is the dynarfiexural modulus, since it wascorded under dynamic

conditions.

It is typical when analysingtiffness degradation to convert the obtained modulus to a

normalised modulusEem) by;

0O o 55
0 :

where E is the measured modulus, aid is the initial modulus. This allows therect

comparison of results. &ause the initial moduli of samples in sta#@sts differed, it was
deemedappropriate tdkeep the dta in its measured format todicate the varied initial
moduli. All plots are also accompanied by normalised plots afdhee data, in keeping with

standard practices.

Figure5.4 to Figure5.8 are plots of thehange oflexural modulugstiffness)with respect to

the number of fatigue cycles different stress factork.is important to note that all figures
showing stiffness degradation in this section were manipulated by the use of a moving average
function to halve the number of data points shown for each cliheeaccuracy of the data
remains, but fewer data points are shown. This was done to increase the visibility of each data

set for the reader.

Firstly, it may be noted that tecordedsaluesof flexural modulus we significantly higher
than those recorded during static testssthtic testing the moduli of unprinted and PMMA
printed samples wer&06.3MPa andL05.8MPa respectively. In cyclic tests, values were
typically around 120MPa to 140MP&his disparity is typical between static and dynamic
structures thoug[R15, 21q.

Observation ofFigure 5.4, Figure 5.5, and Figure 5.6 reveakd that little or no stiffness
reduction was recorded in in most cas@though at high stress factorw stiffness
degradatiormay be expected since fibre fractures may be considered to be the dominant
damage mechanisr8amples with a stress factor of 0(8&gure5.4) exhibitedslight stiffness
increases over their courses, which may be attributecetmitial alignment of fibres under
loading However, such stiffness increases watot observed isamples tested at a stress
factor of 0.8 Figure5.5), with stiffnessremaining approximatelgonstanuntil final failure.

At a stress factor of 0.(Figure5.6), this trend of decreasing gradiesmés further observed,

with samples exhibiting slight negative gradgeuantil failure. These trends veeindicative of
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increasing levels of damagaechanisms which lower stiffness, such as delaminations
matrix cracksSudden fibre failures would result in much greater stiffness degradation over a
shorter periodt was also at thigsess factothat delaminations were first observed in samples

(seeFigureb.9).

Because of the observed trend of gradient decreases with lowered stress factor, it would be
presumed that this would damue further as stress factor svdecreased yet further. However,

at stress factors of 0.@d 06 (Figure5.7 andFigure5.8), trends beaae more difficult to

assess. At a stress factor of O(6fgure5.7), samples Unprinted 3 and PMWR exhibited

this expected gradient decrease. But this was not observed in any other samples in that data
set. In these sangd large stiffness reductions were obseniesmediatelyprior to sample

failure. It is likely that such stiffness reductions wpresent in higher stress factor tests, but

they occurred much more rapidly, asfeta acquisition periods were simply too low to observe

them.

At a stress factor of 0.6-{gure5.8), interpretatiorbecameproblematic Sanples PMMA1
and PMMA 2 producedimilar traces to those discussed above, but others @ppesestly

different,exhibiting constant gradienis some cases, and periodic step changes in others.

At this point the applicability of this method of analysis was quedtiolids at low stress
factors that delaminations may be expectedga dominant damage mechaniduoe tothe
progressive accumulation of cracks and delaminatidiie inability of this test method to
achieve reliable and repeatable stiffness measuremeluw stress factors was a key factor

in the choice to explore tensile tests as an alternative method of testing.
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Figure5.4: a) Flexuralmodulusof samples in cyclic flexural loading at a stress faofor
0.85 b) Normalisedlexural modulus of samples in cyclic flexural loading at a stress factor
of 0.85
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Figureb.5: a) Flexural modulus of samples in cyclic flexural loading at a stress factor of 0.8.
b) Normalised lexural modulus of samples in cyclic flexural loading at a stress factor of 0.8.
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Figure5.6: a) Flexural modulus of samples in cyclic flexural loading at a stress factor of 0.7.
b) Normali®d fexural modulus of samples in cyclic flexural loading at a stress factor of 0.7.
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Figure5.7: a) Flexural modulus of samples in cyclic flexural loading at a staessr of
0.65. b) Normaliseddxurd modulus of samples in cyclic flexural loading at a stress factor
of 0.65.

140



a) 160x106
{ ' ® Unprinted 1
5 oot iy,
120610 Ww. e pre ey Unprinted 2
n nre
= " Ukl pri
& 100x108
e Unprinted 3
% 80x108
=
s ® PMMA 1
=
= 60108
g * PMMA 2
"]
B 40x106
PMMA 3
20x106
0
0 200,000 400,000 600,000 800,000 1,000,000
Cycles
b) 1.20 ‘
100 a2 e vy LN !
"“N\‘ e TR ® Unprinted 1
g
i .
= 0.80 Unprinted 2
=
= .
= Unprinted 3
£ 060
=
= ® PMMA 1
g 040
3 * PMMA 2
e
0.20 PMMA 3
0.00
0 200,000 400,000 600,000 800,000 1,000,000
Cycles

Figure5.8: a) Flexural modulus of samples in cyclic flexural loading at asteegor of 0.6.
b) Normalisedlexural modulusf samples in cyclic flexural loading at a stress factor of 0.6.
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Figure5.9: Delamination observed in an unprinted flexural sample under cyclic loading at a
stress factor dd.7

5.2.3 Evaluation of the Test Matd

From the results presented in the previous section, it became apparent that although four point
bending had practical advantages, it was not necessarily sensitive to the subtle changes made
by theextremely low amounts of polymers added to composidaaKkjet printing. Another

factor in deciding this was the analysidmaicturedsamples.

Figure5.10 shows factured fatiguesamples over thevhole range of stresfactors It was
immediatelynoticeablethat all of the sarnips fdled at the loading rollerdAs was shown in
Figure4.2 (Section4.l) shear stress is equal between the rollers, but will be marginally higher
at the loading pointlsecaus¢he compressive stress theridl create aregion of higher stress

It was at these points that all samples failed.

Fracture at the loading points would be acceptable (and expected) if it were a result of the
global degradation of material properties. Howe¥égure5.11 shows an SEM micrograph

of an incomplete crack (viewed from the sample edge) originating from the load application
point, and propagating through the thickness of the sample (from the left of the image to the
right). This crack occurred as result of compressive stresses on the upper surface of the
sample caused by stress concentrations from the loading roller. FurtheFigore,5.12

shows the fracture surface of a similar sample which fractured at one of dregplolecation

points in cyclic loading. A compressive fatigue crack grew from the load application point,
and extended through the thickness of the specimen until the remaining surface area fractured

in a tensile manner. The SEM micrograph clearly showswlo different types of fracture
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surface, with the smoother fatigue surface on the right side, and the rougher tensile fracture

surface on the left.

e e g s
"Print = e T

Figure5.10: Randomly selected samples of rangingsstfactors thatdiled in cyclic
loading In all cases, fracture occurred at the loading points.

00001 100pm

Figure5.11: SEM nicrograph of an incomplete fatigue crack extending through the
thickness of dlexural sanple. The crack originated on the left of the image, propagating
inwards to the right of the image.
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Figure5.12 SEM micrograph of the fracture surfaaka flexural sample. Fracture wa
through the titkness of the sample, and showea distinct regions. On the left, tensile
fracture. And on the right, a fatigue crack surface.

5.2.3.1 Concluding RemarkRegardingthe Test Method

On assessment of these imagesl the results of stiffness degradation measuremiénts
became clear that despite vastly improving the accuracy of the flexural testing procedure by
development of both the testing jig and procedural technigtress concentrations were still
playing an overwhelming role in the failure of samples. Thisjudged to be unacceptable.
Re-evaluating the test procedure once again may have led to improved results. However, it
was decided that changing the test method to a tensile regime was a less risky strategy. It
would also provide broader insight into theamenical behaviousf inkjet printed composites

by extending investigations into tensile loading scenafibsse tests were far from fruitless
though. hey provided invaluable tedata, baseline values, and experimental techniques that
were @rried forwad when developing the tensile testing regime, and helped attain much more

meaningful and repeatable data.

5.3 STATIC TENSILE TESTS

Tensile testing (more specifically tensitension testing) was determined to be the best
alternative method of testing pridteeomposites. Tensile tests asimple in their setup,
requiring only simple sample grips. Sample preparation is also simple since basic tensile tests
only require rectangular specimens which may be cut ftahcbmposite panels. They do

however, require mzh greater testing loads than flexural tests due to the high tensile strength
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