Department of Mechanical, Industrial and Aeronautical Enginee
MSc (Mechanical Engineering)

Electrospun Nanomat Strengthened AramidFibre Hybrid Composites:
Improved Mechanical Properties by Continuous Nanofibres

A Research Thesidy:

Isuru Indrajith Kosala Jinasena

Date of Submission:
Supervisor: Prof. J Muthu

| declare that the work | am submitting for assessment contains no
section copied in whole or in part from any other source unless explicitly
identified in quotation markand with detailed, complete and accurate
referencing

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

ceeeeeeceeeeececeeeececeeeeececeeceeeeceeeeeeceeeecece.



Abstract

Aramidfibre reinforcedepoxy composites were hybridised by the addition of electra3pin
(polyacrylonitrile) andECNF (electrospun carbon narlofe) doped PAN nanomatsOne of

the major concerns in polymer composites is the effect of the interlaminar properties on the
overall mechanical properties of the compasiElectrospun carbon nanaib were used as
doping agents within PAN nafibres, and coated in between aramid epoxy laminates to
improve the interlaminar propertie®2 AN nanomats and ECNF doped PAN nanomats were
created by the use electrospinning on the surface of aramid fibre sheets. Multiscale hybrid
aramid reinforced composites methen fabricatedMechanicakharacterizationvas carried

out to determine the effect dPAN and CNF doped PAN nanofibre mats on aramidefib
reinforced epoxy It was found thaPAN reinforced nanomats had improved the mechanical
properties and more sgifically, when doped by ECNEthe volume fraction of ECNFs played

a vitalrole. An additionof 1% vol. CNF doped 0.1% voPAN reinforcement within a 30%

vol. aramidfibre composite (control compositednprovedthe tensile strength and elastic
modulusby 17.3%6 and730% respectivelyThe 0.5% vol. PAN reinforced AFC (aramid fibre
composite) specimens revealed a major increase in the flexural strength by 9.67% and 12.1%,
when doped by both 0.5% vol. ECNFs and 1% vol. ECNFs respectively. The 0.5%¥ol. C
doped reinforcement increased the impact energy by over 40%, for both the 0.1% vol. and 0.2
% vol. PAN reinforced aramid hybrid specimens. The 0.5% vol. CNF doped 0.5% vol. PAN
had increased by 30% when compared to adueped sample. Morphologicalsties indicated
interlaminar shearing between plies was affected by CNF agglomerations. This was discovered
when determining the impact properties of the multiscale doped hybrid composites.
Electrospun nanofibrésowever,assisted in improving the intarhinar regions within aramid
epoxy by mechanical locking within the epo@aynd creating an adhesive bond using Van der
Waals forcesind electrostatic chargbetween nanofibre and macro fibteybridising aramid

epoxy wih the use of nanofibres assistadmproving various mechanicatqperties. Impact
degradation ws one disadvantage ofhybridising using CNF doped PAN nanofibre
reinforcements.
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1 Introduction

1.1 Background

A composite material is a Miitphase material in which the combinatiohtle individual
constituenpropertieswvill determine the overall properti¢s]. A composite material consists

of a matrix and a reinforcement. The matrix can be either polymer, ceramic or metal,
depending on the applicatiolCommon polymer matrices are classified as thermoplastic such
as polypropylene, polysulfone amablycarbonate or thermosettingpnsisting of epoxy,
polyester and polyamide.

Reinforcements in polymer composite materials consifibadsthat can be dier natural or
synthetic. A combination of reinforcements or a singular reinforcement within a polymer
matrix, allows various types of polymer compositésbre reinforcements can be randomly
chopped andidtributedor woven into mats. Wovedibre mats,regardless of orientation are
used extensively as reinforcements, due to the combination of the strength of the individual
fibores Wovenfibre matsare advantageous over randomly orientategppedibresas loads

may be distributed evenly in both x apdlirections[1]. Randomlychopped orientatefibre
matscan act as separators when the load is normal to the directiorfibféheéherefore making

the overall composite weak in specific directiorf@ommon randomly orientadl fibre mats
consist of naturdibressuch as coir, flax or hem@ommon woven synthetfdbresare carbon,
glass and aramitibres Aramid has ben extensively researched and usesarious fields

such as military, aerospace, @uibbile and sport Aramid fibre can be woven into
unidirectional mats therefore creating many opportunities fogineering applications.
High impact, tensile and compressive strength as well as creep resistasoenaref the
properties of aramidibres that providean advantage over other existing reinforéides

They havea low weight to strength ratio aedntainvery good abrasive properties. Glfibse

and carboriibre bothhave excellent compressive and tensile strength, howsyer stiffness

in glassfibre, and the cost of carbdibre, allow aramidfibre to be siperior inapplicatiors
where cost and weight are importadtramid fibresare used primarily in applications where
low density, high stiffness and high fracture strain are pref¢2ied

Aramid fibre and other reinforced wovdibre mats alike are moulded into a polymer matrix
producing a composite material bithercoating, immersingr compresing the reinforced
fibre into amatrix, depending on the method oiheposite processing. Old techniques such as
hand layup are used to makeamid reinforced epoxy compositasd consist of applying
layers ofepoxy resinin betweenthe aramidfibre sheets. This creates resin thick region
between mats. This region isdwn as the interlaminar region. elRforced polymeic
compositescan have weak interlaminar regions that can negatively affect the overall
mechanical propertig®]. Due to the weakness of the interlaminar regexternal lodscan
result indelamination through theter layer which then leads tatastrophic failurg3]. The
interlaminar propertiesare affectedby the fibre-matrix interfacial bond In laminated
composites, thébre-matrix interfacial bond and the interlaminar region between plies (mats)
are of concern.The interlaminaregionwithin a composite material is the aredere he



matrix is in contact withthe fibre mats If the fibre-matrix bondis strong then the overall
strength of the composite improves. Tk between thdibre and matrix is known to affect
thefibre matrix failure procesg]. This in turnaffects theinterlaminarmproperties.

One methodto improve the interlaminar regio of polymeric composite materialgs
hybridization Hybridizationcan be carried outty either the inclusion of additional reinforced
fibres like glass and carbon by the inclusion ohanoparticles Hybridizationby usingtwo

or more differentfibres within a polymer matrix can beombined to utilise the optimum
properties of the individualibres. Thisis highly advantageous in improving the mechanical
properties of the overall composite. The @@hind this process to reduce the disadvantages
of onefibre, by the addition of another. Glass laminates, for example, can be combined with
carbonfibre laminates in a polymeric matrix to produce a hybrid composite. This reduces the
overall cost, but maintains the flexural properfiés However,the interlaminaregion is
affected by the contact between the polymer matrix and the reinfditmeg therefore
regardless of the combination or number of reinfofdae@s used, the interlaminar properties
are not affected ando improvements occurHowever, nanoparticles are small enough to
improve the properties of the polymer matrix which affects the interlaminar reG@mmon
nanoparticles such as CNTs (carbon nanotubes), CNFs (carbdibreshmr CNSs (carbon
nanosphees) aregenerallyaddedto the polymer matrix. There igsearclon the adition of
nanoparticles witin polymeric composites resultimg variousdisadvantagesNanoparticles
are random and discontinuous resulting in stress concenirdtierefore crei@ng crack
propagation within thgpolymermatrix [5]. These short discontinuous nanopatrticles are not
evenly distributed and therefore create agglomerations which lead to matrix sepabdation.
major concerns with the in@ion of nanoparticles is the necessity to tveafunctionalisation

the nanoparticles before adding them into the polymer mathis treatment helps improve

the dispersion and adhesive bond between the polymer matrix and natmgautibadeen
shown to reducthe strength of the nanopartictegrefore making the addition of nanoparticles
within the matrixunfavourablg6].

Hybridizationby the inclusiorof nandibre mats within reinforcedibre polymeric conposites

is advantageous over discontinuous nanoparticles as well as additiweakinforcements.

The inclusion of narftbre mats are highly advantageous as they are continualis\anly
distributed betweetayers. This is one method of improving tiierlaminar properties of
polymeric composite materials Nandibre matscanbe coated on the surface of any material
through the use of a method called electrospinning. Electrospinning is highly advantageous
due to its ability to preide continuous rd alignednanomats The nanomatscan also be
carbonized to produce CNF maissa lower cost compared to ekig methods such as CVD
(chemicalvapour deposition) in which CNTs and VGCNFs (vapour grown cambadibres)

are producedElectrospinning i& method of producing nafiioresby controlling the flow rate

of a liquid polymer through a charged capillary of a fixed diameter. Electrospinning has been
applied in several fields from skin gauzes in biomedical application as well as water filtration
[7]. The advantages of using electrospinning as opposed to other methods fddr@ano
processig techniques such as CVare low cost and high production rate, ability to coat
materials creating new layers, and the possibilityobtaining continuous nafibres



Polyacrylonitrile (PAN) which is a precursor polymer in the production of cafibogs can

be electrospun to produce continuous and lgveistributed nanfibre mats whichprovide an
advantage over other nanoparticlesltsas CNTVGCNF because electrospinning providies
ability to coat surfacesElectrospinning isalso highly advantageous as the process provides
the ability to dope nanoparticles Doping is a technique in which impurities are added to a
material to inprove its overall strength. Nanocompositas be created using electrospinning
by doping the polymer solution beimfectrospun, with CNTs and CNE [9]. The ability

to produce narfdreswith improved mechanical properties is one major advantage of doping.

1.2 Problem Statement

One of the major concerns in polymer conmfassis the effect of the intaminar ¢egion
between plies) properties on the alemechanical propdes. Theregionin which the
polymer matrix and reinforcefibre arein contact, plays a huge role in the transfer of loads
into the interlaminar region Reseach has indicated attempts improvethe interlaminar
properties However very few haverovided a cost effective solution without the degradation
of the fibre reinforcementand/or the degradation of the nanoparticl&githin any material
design, the mechanical properties anmajor concerrandhybridizationthrough the addition

of extra maco fibres can assist in reducing the negatipeoperties ofthe initial fibre
reinforcement. Howevehe interlaninar properties can artherimprovedby any additional
nangarticle. This can then assist in improvihg shear, tensile and bending pmties of a
polymeric composite material  Hybrid composites, through multiple macrbbre
reinforcements, arelso affected by thénterlaminarregionand hence increasing number of
reinforcements will have no effect on tilerlaminarproperties. Thénterlaminarproperties
areknown to beaffected by the interfacial spacibgtween the reinforcdibre and the polymer
matrix.

A major problem withnanoparticlesuch as CNFs and CNTs is the method of introducing
them into the compositeNanoparticlehave indicated improvements towardsfibes-matrix
interlayerregionbetween the reinforceftbre and polymer matrix, however full potential of
nandibre properties are not utilisedue to the damage of individual ndiboes as a result of
nandibre treatmenttechniques. Degradation of the individual ni#o@s arisewhen various
nanoparticle treatment techniques have been.us&dother major concern with various
nanoparticles is the method of prodant CVD is the most common CNT and CNF
production nethod but the ost of production is relatively high and there exists many
difficulties in producing nanoparticles witontinuity andevendistribution



1.3 Aim and Justification

The aim of this research was to determine the effect of electrasmdibre reinforcements
on the mechanical properties of aramid reinforced epd@he intetaminarproperties, more
specifically, the interlaminaregion, wereexamined to determine if nafibres provided
improvements inthe epoxy and aramidibre bondng. Nandibre mat production and
optimization was carried oto determine the effectivenestnandibresas potential fillers in
aramid reinforced composites. The effechgbridizationusingnanoparticlesvas carried out
by using polyacrylonitrile (RN) (polymer nanébre), as well as CNF (carbon ndiime)
doped PAN.

Electrospinning is utilisd as a cost effective method faoducingcontinuous and evenly
distributednandibres Optimization & the electrospinning process svthe first step in bk
research Producing high quality ancbnsistenPAN nandibreswas irtially determined since
the nand@ibre matsaffect the overall properties of the hybrid composii#ectrospinning as a
nandibre production technique allowed tteramid sheetto becoated with PAN narfdore
mats Thereafter, arbonizationof PAN nandibreswas carried out and sincarbon based
nandibres are known to have a high tensile yiattength the addition of CNFs as doping
agernts was determined to observe thffect

1.3.1 Objectives

91 Develop and optimizean electrospinning process pwoducefibres on a
nanoscale.

1 Determine the effect of electrospun PAN nfdm@ mat as a seawdary
reinforcement orthe mechanical and interlaminaioperties of arami@poxy
hybrid composits.

1 Determine the effect of CNF doped PAN elegas nanfibre mats onthe
mechanical and interlaminar properties of aragpdxy multiscale hybrid
composites.

1.4 Scope of work

The scope of this work is hybrid composite characterization.rderdo characterize hybrid
composites, research on basic understanding of composites was carried out. Mechanical
characterization of composites was carried out using three mechanical tests as well as
morphological studies. These methodsvmted an ingyht into the intdaminar properties as

well as observatio of the fibore matrix contactregion. Research and design of the
electrospinning selp was carried outaccordingly. A larg portion of this researcivas
dedcated to determining the optimparaneters for electrospinningnd the breakdown is
presentedin Figure 1-1. This provided annsight to thenandibre and strengthening
techniques. Finally carbonization and doping were areas that were investigated to assist in
understanding the effect néndfibre reinforcemerg as ahybridizationtechnique.
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Figure 1-1: Project outline

1.5 Outline

This dissertatioimas 6chapters. Gapter 2, discusséise relevant literature required to provide
an in deth understanding dfybrid compositesaramidfibre, epoxy resin andlectrospinning.
Chapter 4s the methodology for the experimental set up

Optimization and design of the electrospinning setvap providedn chapter 3 This section
of the research consumed most of the time as very little researatinforced actrospun
nandibres had been publishedt the time. A project plan iAppendix A illustrates the
breakdown of the time consumed to conduct the overall research.

Once the electrospinning pteakad been conducted and optipatamegrs were researched,
the processings well as the characterizatiohthe hybrid compositefollowed. Handlaid
neat aramid compositd?AN reinforced aramid hybrid compositexd CNF doped PAN
reinforced armid composite specimsnwere produced. €sting wasthen conducted and
morphological studies of nafiores as well as failed samples were carried oGhapter 3
discusses the detail of the morphological studies of thefibae® Chapter Sshows the results
and discussion of the effectstb PAN nandibre reinforcemerg as well ashe effect ofCNF
doped PANnandibre reinforcemerg on aramidibre composites Chapter6 concludes this
dissertatiorand the appendices provitteerelevantdata, images and the pecj plan



2 Literature Review
2.1 Composites

2.1.1 Epoxy Resin

Polymermatrix composites consist of two types of polymers; either a thermoplastic or a
thermosetting polymefl0]. A thermoplasticpolymer flows when the temperature of the
thermoplastids higher than its crystalline meltingpint. Once solidified, the thermoplastic
polymer can be reheated and remoulded several {iti¢s Thermosetting polymers cannot

melt or flow uporreheating This is due to the pahyerization process in whigtrongcross

linking bonds are formedyYielding and deformation of thermoplastics cause redistribution of
the load at points of concentration but this is not possible for thermosetting plastics. Therefore
thermosetting plastics tend to have a lower impact strengttoagtiness. The heat distortion
temperature of thermosetting resins causes them to lose their stiffness but thus defines an
effective upper limit for their use in structural components. However thermosetting plastics
are considered to be more common tti@rmoplastic polymers. Epoxy and polyester have
been the most widely used thermosetting sesimce the discovery of plastifE2].

Epoxides have a threeembered ring structure, which consist of two carbon atomisoaa
oxygen atom as shown Figure2-1. Ethylere oxide is the simplest monomer. A monomer is
a molecule that when combined with other monomers becomes a polymer.

O
C/ \C
H“u\\ — ““”H
H/ \H

Figure 2-1: Ethylene oxide

Epoxide ring bonsgl have unfamiliar angles of 6@&hereas the normal bond angle is a°109

Due to this unusual trait, the structure contains internal ring strain and this strain equates to
strain energy of approximately 60kJ/molThis allows polymerization at a higher eat
Polymerization is the process used to produce various epoxies and this can be achieved by
chain polymerization. This is achieved by activating the epoxide ring of a monomer by a
catalyst so that it can react with a ractivated monomda.3].

2.1.2 Aramid Fibre

Aromatic polyamiddibresalso known as Patr@ramidfibreswere first produced by DuPont in
1972. It was developed and named commercially as kd9land similar aramifibre patents

such as Waron were produced Akzoin 1986[14]. Since then, aramiiibre has been used

in various industries within composite materials and its application has developed extensively.



Aramids are formed by a reaction between an amine group and a carboxyhakde group
[15]. Syntheses of the AB homopolymers are carried out byetiaionbelow:

¢E00 01 606D 0O o061 00 € 00 0
A B

Interfacial polymerisation and lotemperature @ndensation are the methods applied to
perform these reactions. AABB homopolymers are produced in the same way. Melt
polymerisation as well as vapephase polymerisation similarly produces AABB
homopolymers. Kevlar 49 which goes by the chemical naohye(p-phenylterphthalamide)
(PPTA) is the simplest form of AABB pararientedpolyamide. Its chemical formulis
illustrated below irFigure2-2.

Z—I
oO=0

- - n

Figure 2-2: Chemical formula of Kevlar; poly (p-phenylene terephthalamide) (PPTA)
[53]

Aramidfibresare produced by methods such as spinning. The polymer solutions are stretched
across a small air gap when being extruded through spinning holes. The shear force created by
these spinning holes is used to alithe crystal domains towards the deformatjdB].
Orientation is highly important when producing ararngles as this is directly related to the

fibre modulus. In comparison to othdibre yarns, aramidibre has arelatively highmodulus.

E-glass and Nyloi66 have a modulus 72.4 GPa é&m8GPa respectively. Kevld9 has a
modulus of112.4GPa.The spinning process allows various forms of arafiices These

fibres can be woven or aligned depending on required ait. Aramidfibres have very
advantageous mechanical properties over other orfangs. They are used extensively in
composite materials because they provide stiffness, strength, and durability as well as dielectric
propertied15]. As aramidfibres are organic they exhibit typical properties. These are low
density, fatigue and abrasion resistance and capable process ability. Apart from these
properties, aramidibres generally have a consistent modulus and therefaienit almost

ideal for composite application.



2.1.3 Aramid Fibre Structure

As there are different types of aranfilbres on the market, the structural characteristics must

be examinedDobb et al[16] determined the structureharacteristics of aramitbre variants

using tensile tests, electron microscopy anchX diffraction. It was noted that Twaron and
Kevlar 29 wereeomparable but Twaron measueetigher strengtf16]. A hydrogen sulphide

gas and silver nitrate solution treatment allowed the detection of voids on the cross section of
the aramidfibres as illustratedin Figure 2-3. Kevlar 981 was found to have the largest
thickness at2m and Twaron was noted to be consistently @5 Twaron was also found to

have the second highest breaking stress after Kevlar 981 and the second lowest orientation after
Kevlar 49[16].

Figure 2-3: Cross sectionof individual aramid fibre

A comparison between Kevlar 29 and Twaron was carried out and ddésen tensile
properties were minimal, however skin core was examined and Twaron displayed a thinner
skin region as well as more continuous core defééis

2.1.4 Epoxy and Aramid Interfacial Bond

For a composite to have aneaxfive reinforcement, tHégre-matrix bonding strength is crucial.

An ideal unidirectional composite is a composite that contains at least one confibreoals

in the same direction. If thiébre in an ideal unidirectional composite has a higher uhasd

than that of the matrix, then the longitudinal tensile strength will be independent of the strength
of thefibre-matrix bond. Howevelthe effect the bonding strength has on the transverse and
flexural tensile strength are positive. This means titeipaid to increase the strength of the
bond will naturally increase the flexural and transverse tensile strgi@ihsKalantar et al

[2] studiedthe bonding mechanism between aramid and epoiyey concluded that the
interphase of the composite can affect ¢lwerall mechanical and thermal propertiesthe
compositg17]. An aramid to epoxy interphase is linked to the microstructural aspects of bond



forming betwea two polymers. The mechanical interlocking is caused by interpenetration at
surface irregularities and molecular contact. The interactions may be observed to be weak
however the irregularities act as anchors and this is because of the high strengthibied

forms of bonding include covalent bondjiwghere adsorption interactions take place. This is
due to an attraction between molecules of phases.

Strengthening the bond however, will not necessarily result in a high strength matesaal. It
causebrittle matrices to become even more brittle because the strengthened bond causes crack
propagation perpendicular to thbre-matrix interface. Brittldibre prevents crack initiation

within the interface for ductile matrices. Thus it is vital taclkean optimum balance with the
fibre-matrix bonding in brittle matricg4.0].

Mechanisms ofibre-matrix bonding ar¢10]:

Chemical bonding
Interdiffusion

Van der Waals bonding
1 Mechanical interlocking

= 4 =4

Intimate contact between tHires and the matrix will be needed in order for chemical
bonding, Van der Waals bonding and Interdiffusion. This has an effect dibriaenatrix
strength. Van der Waals bonds are known as secondary bonds, howevemtheragooup

of atoms are joined by strong covalent or ionic bda@$ An example of breaking a van der
Waal bond is the breaking of bond when heating water to steam. Van der Waals forces are
very important in determining sarde tension as well as boiling points in liquiddechanical
interlocking plays a role due to the frictional force betweenfithe and matrix. The
mechanical locking is affected by the wettability of the matrix and the surface &btbe
reinforcemen

The fibre matrix adhesion between aramid and epoxwalg affected bythe mechanical
interactions. On a micrscale solid surfaces are known berough[17]. Molecular contact

is limited to a few points between tworfaces when in contacLimited interactions and weak
adhesion are a result of a low contact arkdiquid to solid surface increases the contact area
and increases the adhesion mechanisnmistetaminar shear improvementof 20% wa
possible howeverroughening thdibre decreases thigbre strength A rupture of molecular
bonds occurs during friction and takes place at 1nm. Deformationsoatar micro scale
usually at um. Other areas that affect the adhesion is the wettirfis and the weak
boundary layer in the interphas€he relationship of any 2 phase composite can be improved
through methods such as hybridization. A hybrid composite is a composite material in which
more than 2 phases exist.

Bonding mechanisms also appdynanoprticles embedded in the matrix. If the surface of the
nanoparticles are smootthe mechanidanterlocking has a negligibleffect. The chemical
bonding is caused by covalent bonding betweefilheand matrix. Amongst CNPs, chemical
bonding is inceased througlfunctionalisationand surface modification. The improvement



and modification of narfdlers assists in improvingnterlaminar regions which in turn
improves the interlaminar properties of theerll hybrid composite.

2.2 Hybrid Comp osites

Hybrid composite materials are generally defined as advanced composites. They consist of a
range of reinforcedibres or particulates within a thermoset or thermosetting pldd6¢

Hybrids can be processed in mplé ways. Alignedibresmay be sandwiched or nanopatrticles

may be combined with a polymer matrix and then combined with a widwen These are

just a few possible combinations out of thany in existence todayReinforcedfibrescan be

usedin compaites in multiple ways. Whether unidirectional, short, random, chopped or
woven,fibrescan alter properties in some way or another regardless of form.

Hybridization of a singular reinforcdibre compositeallows alteration in other areas of the

materidk t hat woul dndét have been possible withou
example carbon is a material that can provide high strength but brittle properties within a
matrix. Kevlar (aramidfibre) on the other hand, is a highly ductfiere but has a low
compression resistan¢&d]. Combining the two with a main goal of producing anposite

for bone fixation is ampplication of hybrid composites th&éfan et al[19] had investigat

They were able to combine Carbftlore and Kevlar withbismaleimide resin ashownin the

second samplen Figure 2-4 (a). These carbon and Kevldibres were woven together at

various atios as illustrated iRigure2-4 (b).

Figure 2-4: (a) carbon/ bismaleimide, carbon/Kevlar hybrid and Kevlar/ bismaleimide.
(b) Woven Kevlar and carbonfibres at various ratios[19].

The results in this study indicated that the wovesviKr/carbon hybrid increased in both
modulus and flexural strength at a ratio of 3:2 Kevlar to cafh®h The re&lual flexural

10



strength wasalso improved amongst the hybridomposites It was concluded that
Kevlar/carborhybrid are suitable for bone fixation.

Flexural strengttof carbon/aramid hybridwas determinethy Marom et al[20] and a high
strengthwas observed fothe carbon core between two aramid layers than rdamid core
between two carbon layersHybridization can improve flexural properties and therefore
improve interlaminar properties.t las concluded that ¢hflexural strength is dependent on
not only the compressive strength b tensile strength eqlip.  Carbonfibrestend to have

a low compressive strength and this is due to yielding during bending.is becauselarger
strainwas observedt the compressive face thatthe tensile face, therefore giving way to a
shift in the neutral axis tohe tensile face, while the yielding region increases in the
compressive sidg0].

Hybridization through randomly orientatétiresis another technique that can be carried out

by themixing of two differentfibresandapplying them as eeinforcement ira polymer matrix.
Glassfibre was used to hybridize sispblypropylene composites by mixing chopped sisal and
glassfibre together into PRpolypropylene), using ainternal mixef21]. It was dserved that

the influence of the glasibre improved tensile, flexural and impact properties ofdisalpp
composite. The tensile modulus and flexural modulus were not affected however there were
improvements in both the thermal and water resistaraygepiestoo.

Composites are ostly vulnerable to interlaminar failubecause of the effects of laying mats
ply by ply. This occurs between inteminar planes. Free edges, joints, and out of plane
loading within plies causénterlaminar stresses fnm the incompatibility of thermal and
mechanical properties in between the pli22]. Researcthas shown improvements of
intelaminar strengthening througiandibre plies. These plies generally h&itere diameters
ranging n the hundreds of nanometi@2]. Other forns of hybridization include nafitlers
within the polymer matrix anshandibre coating of macrdibres This process of adding
nanoparticlesnto a single phase compositeknown & multiscale nandwybridization One
method of multiscale nano hybridization is through a process called electrospinning. This is
a method in which naffibres are produced from a controlled flow polynineid through an
electricpotential

2.3 Electrospinning Fundamentals

Electrospinning is not a new concept and has been in existence for more than 70 years. In 1934
it wasFormhals[23] who published a series of patents thmcfied notions of polymeibre
production wih the use of electspatic force. It was only it994 where the term electrostatic
spinning was used that eventuallydléo the use and research of electrospinning. Polymer
filaments were produced when a polymer solution such as cellulose acetatrocasedn

an electric field7]. This paed a new way of producing polymer néibces

This method of producing polymébreson the micro and nano scale is carried out by having
a controlled electric potential betweemeedle and collectdsee Figure 5). The needle is
injected with a polymer at a controlled rate in which the surface tension of the droplet is

11



overcome by the electric fie[@4]. The polymer then becomes a jet that createdipping

effect. This whipping jet creates what is known as a Taylor cone which results in fibrous
material on a nano/micro scale that accumulates on the collector. This jet is dependent on
several design parameters. The wider the diameter of tllegdonger and thinner thbres

tend to bd24]. Design parameters also consist of polymer conductivity and molecular weight
of polymer.

The basic apparatus for an electrospinning device consists of a capillary (megdie)minal
diameters ranging from 0.5mm to 1.5mm, a high voltage supply that produces an electric field
in which the capillary is placed at the positive charge. This capillary is attached to a stored
liquid polymer (syringe). The liquid polymer is themected through the capillary at a
controlled rate Electrospinning uses electrostatic charge from the high voltage supply to draw
thefibres onto the collectorWhen the high voltage supply is switched on, the charge creates
a whipping effect of theiduid polymer jet. The nariibbres are then produced and collected
randomlyat the negativerogrounded chargéhe collector)(seeFigure 25). This produces
nonwoven nanofibrous mats.

Polymer Taylor Liquid Polymer
Solution Cone jet
(;\ A
1im .. Grounded
\{i '.[- V) “ e Collector
\f‘\"\“ \l’l ‘ill
WY\ | | Plate

2 ¥ 4
v

High Voltage Power
Supply

Figure 2-5: Electrospinning Apparatus [8]

Research in nanotechnology has increased exponentially recently and methods such as
electrospinning are now being considered as economical alternatives to older methods such as
drawing andemplate synthesig]. This has led to investigations and research of electrospun
fibres and their effect in composite technology. The process parameters can easily be varied
and provide diameters ranging from-500nm[25]. Electrospinning is a process used to
provide nano fibrous mats that are applied in several industries such as membrane design,
composite application and tissue engineef®]. Methods other thmaelectrospinning can

only producefibres with an average diameter of@ [26]. Thefibrescollect randomly and
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produce nonwoven fibrousanomats that can be used in composite materiihe lengths of
thesdibresare considered infinite in comparison to the diameter and because thfalagect
ratio (L/D) islargeand is highly advantageaus

2.3.1 Taylor cone

The electrospinning pcess occurs within three stages. Thaseseenn Figure2-6. This
imagerepresents the tip of the needle to theebaslector. In the first stagd,, the Taybr
cone is initiated. This is where a smooth jet of polymer molecules is formed. Tthisne
becomes unstable in sta@avhen the whipping effect occurs. Then finally before the polymer
molecules reach the collector they pass through a transition pbase C, and become
nandibresas evaporation takes plaf@’]. The Taylor cone is formed by electrostatic forces
created from an even distribution of induced charges within tip of the needle.

STAGE A B C
Taylor
> Cone
Spinta]
Tip ’ . ‘I
+or-kV
Transition
Zone
:‘-_;. Target

Figure 2-6: Movement of polymer solution jet stageby-stage process during
electrospinning [27].

The ratio of the surface tension within the solution, to the forces of electrasfatision, as

well as the field strength, directs the geometry of the ¢@rije This stable region is formed

when the voltage supplied is approximately less than 6kV. This is known as the threshold
voltage and beyond this Mage iswhere phase B occurs. h& thresholdsoltage forming a

Taylor cone occurs whehe voltage is increased from 3.67kV/cm to 5.0kV[28]. The flow

rate in this instance was fixedaheld at 0.5 ml/min. In theutlede et al.[28] study,glycerol

was electrospun and analysis of the electro hydrodynamic behaviour was carried out. It was
noted that characterization methods used tdywre electrospufibresare; solution properties,
operatilg parameters, online processing monitoring fime characterization using scanning
electron microscopy as well as optical microscopy.
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2.3.2 Electrical Charge

Static electrical charges are induced on the molecules of the polymer solution at a density that
causeselfrepulsion of theechargeswithin the liquid to stretch into aolidfibre when in the

electric field[29]. Fibresare formed as the solvent evaporates. The high voltage causes the
ohmic currentcreated fromite resistance of the polyméw, distribute the charges throughout

the molecules. When the solution has reached the capillary tip, a convective current is transited
from the ohmic current. These charges are transferred from the tip to the collecttivewith
fibre itself. A stabilisation of current oscillation occurs once fthees have been deposited

onto the collector. The charges can be positive or negative i.e. AC current.

The solution uniformity and direction is dependent on the curvature elebgic field[29].
Charges tend to concentrate in areas of higher curvature. A large curvature for the potential
difference as well as the collector reaching a critical value causes the solution to accelerate
towards the dtector. The largehargedensity(electric charge per unit volumis)dependent

on the voltage supplied. A very high charge density leads to an unstable jet and a very low
charge density leads to dripping of the solution. A bending instability is ¢ausen the
charge density is high, this is because thersgifilsion of the charge exceeds the stabilizing
tangential stress. This instability becomes highly disordered. This disordered instability causes
loops of single jets to join into a cross linkeetwork[29]. These loops constrain the motion

of the electrospinning jet and form the nalbi@sinto a circular patch of a few centimetres.

2.3.3 Collector

The collector is generally used as the negagiectrode. Itis used to collect the ndmes It

is electrically earthed. Deposited néibhcesare nonconductive so therefore residual charges
build up as the naffibre layer becomes thick¢29]. The side effect ohis is a repulsive force

that diverts the jet to other regions that are conductive. Another concern is non uniform packing
density and adhesion between layers of fiares.

There are various collector designs to allow various alignment as well asioadufclayer
stacking and adhesion. It plays an important role in the deposition ofibrasd29].
Collectors used in previous research papers are-kdije disk collector, grid collector, and
parallel electrodes and autin collector. Alignment is possible through parallel electrodes. A
gap or insulating section allows tfieres to align themselves. The advantage of a drum
collector is the possibility of producing continuous rHéres

2.3.4 Operating parameters

There ae two sets of parameters that affect the overall quality of the electrobpes{30].
Solution parametenghich consist of the following;ancentration of polymeionic strength
solvent temperaturg viscosity The othe set of parameters are the process parameters
voltage, ollector needle distanddrop height), iow rate

The most important aspect of the electrospinning process is to pridwids of very low
diameters. It was found that the parameters thattaffeadiameter are the process flow rate
and the polymer concentrati¢80]. These parameters all fall under the optimization phase of
electrospinning. There are various amounts of research carried out on these parameliers as
as alternative methods to improve properties such as alignment, qfibtgydiameter and
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guantity. Some of the main areas in design and modification of electrospinning that still need
a lot of work to be done on are; producing aligriddes over a large area of thickness,
fabrication of a 3D structure and form highly ordered structures at a larg8Xhte

2.3.5 Optimization of Electrospinning

Electrospinning has several parameters that are applied toizgtime production of
nandibres Alignment and continuity is achieved by the collector output however, quality and
consistency of narfibresare dependent on 9 variables. Thaseglastrated in tabl@-1. The
viscosity is dependent on the concentmaidf the liquid polymer within the syringdlartinez

et al[32] determined the effects of altering the concentration of PAN/DMF on the result of

nandibre.

Table 2-1: Processing parameter$32]

Process Parameter

Effect onfibre morphology

Viscosity/Cortentration

Low concentrations/viscosities yielded defects in the form of beads an
junctions; increasing concentration/viscosity reduced the defects

Fibrediameters increased with increasing concentration/viscosity

Conductivity/solution
charge density

Increasing the conductivity aided the production of uniform fesefibres

Higher conductivities yielded smallébresin general (exceptions were PAA
and polyamideb)

Surface Tension

No conclusive link between surface tension bk morphology

Pdymer molecular
weight

Increasing molecular weight reduced the number of beads and droplet

Dipole moment and
dielectricconstant

Successful spinning occurred in solvents with high dielectric constant

Flow rate

Lower flow rates yieldibreswith lower dameters

High flow rates producefibresthat were not dry upon reaching the collectg

Field strength/voltage

At too high voltage, beading was observed

Correlation between voltage afidre diameter was ambiguous

Distance between tip
and collector

A minimum distance was required to obtain driiddes

At distances either too close or too far beading was observed

Needle tip design

Using ceaxial, 2 capillary spinneret, hollofibbreswere produced

Multiple needle tips were employed to increase thoks

Collector composition
and geometry

Smootheffibresresulted from metal collectors; more pordibse structure was
obtained using porous collectors

Aligned fibreswere obtained using a conductive frame, rotating drum or wh
like bobbin collector

Yarns and braidefibreswere also obtained
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Ambient parameters Increased temperature caused a decrease in solution viscosity, resultin

smallerfibres

Increasing humidity resulted in the appearance of circular pores @brée

The beading oftefibresis one of the physical instabilities within the electrospinning process.
The concentration is required to be at an optimum value in correlation to the voltage. This
instability is known as the Rayleigh instability and is axisymmé§33¢. The ideal parameters

to reduce the Rayleigh instability is one in which both voltage and concentration are relatively
high. The other two instabilities experienced during electrospinning are the bending and
whipping instabilities.These are caused by the charge to charge repulsion between the excess
charges in the jB3]. When the voltage is increased the bending and whipping instabilities
are in control therefore resulting in an inverse conical slodpet. If the voltage is increased
further then the Rayleigh and bending instabilities are suppressed and only the whipping
instability has an effect.

Table 2-2: Fibre diameter concentration relationshp [33]

PAN Range of variationof the diameters
Concentration of the fibres (nm)
(wiw)

5% 109260

4% 3794

3% 3588

A high voltage means a large electrostatic charge is induced into the polymer solution resulting
in an accelerated drop from tip to collector. A small electrostatic charge induced in the polymer
resultsin a lack of droplets thaicreating difficulty in producing a Taylor cone as illustrated in
Figure2-7 [33]. When the eleabistatic charged is increased at a slow rate a shear force is
created within the liquid surface causing the charges to repel each other and in the direction
opposite of the surface tension. This imitates the Taylor cone when the critical voltage is
reached This process as a whofgoduces narfiores. Electrospinning polymers to produce
nandibres is the most common application used. The most common precursor tofdandson

is PAN (polyacrylonitrile).

2.3.6 Polyacrylonitrile (PAN)

Acrylonitrile is ahard, rigid, fairly insoluble and high meltirmpint material. It exists as a
polymer known as polyacrylonitrile of which chains are formed through carbon F@4ids
Acrylonitrile is produced by a reaction between propylané ammonia in the presence of a
catalyst[34]. Acrylonitrile monomers are suspended as droplets in water and are made to
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polymerize to PAN through free radical initiatg8!]. The structure ofre repeating unit of
thePAN has the structure showmFigure2-7.

(|3N
-CH2-CH-

Figure 2-7: Chemical Structure of Acrylonitrile

The formation of the strong chemical bond between nitrile groups causgstarree to a fairly

large amount of organic solvents. This bond also disallows melting without decomposing.
PAN is used to manufacture commercial acrfilices These commercial acrylic fibres are
identified as acrylic fibreg 85% or more of th&bre content is PAN. PAN is also difficult to
dissolve and very resistant to dyeing and hence is produced as PAN alone.

PAN is an acrylic and the advantages of acrylics as opposed to fighaslike wool arethat
they cost less, and are resistant thm, mildew and sunlight. Application of PAidresapart
from textiles and cloths are precursors to commercial caiibom replacement material for
asbestos in cement, industrial filters and battery separg@6fs Whenbeing used as a
precursor for carbofibre the PANfibresgo through a process of carbonization.

2.4 Multi -Scale Nano Hybrid Composites

Recently multi-scale hybid composites have been produced with the applicatbbn
nanoparticle as a secondary reinfement There are various methods to hybridizing a
composite material. Mulscale nanocompositesefers to composite materials that are
reinforced with nano sized particles within macro sized reinforced matiieeaghi et a[35]
determined the impact response of aramid reinforced epoxy with embedded MWCNTs. This
inclusion of MWCNTSs had resulted in an improvement of impact response. It was concluded
that a 0.5% and 0.3% MWCNT addition resulted in a 35% and 34% enexgytbn increase.
Gojny et al[36] determined the influence of nanoparticles on diiése reinforced epoxy and
foundthat the interlaminar shear strength had improved with the addition of the nanoparticles
but the tensé properties had not shovamy improvements.

2.4.1 Electrospinning of PAN

PAN is ideally the most appropriate polymer to use in electrospinning. This is because of its
carbonization ability and strength. Electrospinning of PAN must have ideal conditions
depending on the requirements necessary to produce the requirdibreagoality length and
diameter. Concentration is the most important parameter when electrospinning PAN. Lower
concentrations tend to bead and higher concentrations tend to produceidangéeerg37].
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Kirecci et al[37] determined the effect of the viscosity and applied voltage on the uniformity
and morphology of naffibres PAN solution from 6% to 16% concentrations were teste

The reason for bead formation at lower concentrations is because of the high conductivity and
low viscosity of the solution. The viscoelastic force is decreased and while the electrostatic
forced is increasedhefibre tends to bead and create a Beradiameter in between the beads.

The diameter of thdibre increases as the concentration and voltage increases when the
collector distance is 15cm. Concentrations lower than 8% are considered low concentrations
where beading occurs. The lowest ditgneachievable is carried out by using an 8%
concentration at 35kV

This decrease is due to the increase of the electrostatic field and repulsion forces. Increasing
the voltage reduces flight time and lowering the flight time stretcheBhites thus caising

them to break and be discontinud@%g]. It was also noted that increasing the voltage above
34kV also creates a beading effect.

It was observed that a 15cm collector distance is ideal at large voltages to prodaeseshe
diameter without beading. Diameters were shown to decrease as the collector distance was
increased to 15cm. The increase in flight time is the reason for the increase in diameter as the
collector dstance is increased further thhiicm regardlesef the voltage supplied. A very

low electrostatic force however with a large needle tip and collector distance tends to increase
diameters too. A low collector distance creates beading due to less evaporation of solvent time.
It was concluded that theppmum voltage and distance were 35kV and 15cm. The most
appropriate concentration for the fixed distance and voltage was noted to be 10%.

2.4.2 Nandfibres

Nandibres have diameters betweed0-100nm whereas conventional macfibres have
diameters betweenBum. They are significantly smaller than conventidfilalesbut slightly
larger than CNT$38]. There are several advantages of obtaifilmgs on a nano scale as
oppose to micro and macro sizBdres Micro and macro séafibres have been applied
comprehensively in the past and nalue to higher aspect ratios (length to diameter, L/D) of
nandibres it is possible to have greater mechanical performance as well as superior flexibility.
This is because a high aspectogtrovides a high surface to volume rdii¢. This has led to
research and focus on long and continuflies. It is well known that shortdibres may
cause stress concentrations due tofittre edge, thus leading to ctamitiation. Thefibre
edge has no effect on the matriXfitore load transfer and a short#sre does not overlap thus
adding no increase in streng@®2]. The aspect ratio plays an important role therefore a long
continuaus and small diameté&bre will be advantageous in this characteristic. This is because
a longer continuousibre provides good adhesion too.

Nandibresare applied in various industries for various applications. Apart from reinforcing
material in composites, nafilaresare used in medical applications as well as electronics and
environmental applications such as water filtra{i®@] [40]. Methods to producibreson a
nanescde are carriedout using techniques such as template assisted synthesis, phase
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separation, selissembly, solvent evaporation, drawing process method and doctor blading
method[39].

There are various advantages in applyingdibres as reinforcements in composites. In
laminate compositgsmore specifically whenincorporating nanftbres for inter layes,
strengthening has been observedne example iBigure2-8 in which nandibresare located
in betweeradjacent plies in #nlaminatg22].

Composite laminate interleaved by nanofibers mats
at plies interfaces

Interface detail &

\ Right side

Nanofibers embedded
in composite matrix

Figure 2-8: Multi -scale nano hybrid compositg¢22]

Nandibre layers characterized by a combination of interlockeglame and oubf-plane
nandibreshave been proposed to contribute to improvemeinteflaminarfracture resistance
similar too loops and hooks that function like Veld&?]. Most research in composite
strengthening entails CNFs and CNTs alike but very few works have been carried out on the
potential of polymer narfibore reinforcement Reneé&r et al[41] were the first to propose the

idea of embedding polymer matrices with polymer fiidnes Polybenzimidazole (PBI)
electrospun narfiores (diameter of approximately 500nm) were moulded into an epoxy and
rubber matex. Thefibre content played a huge role in ihgprovement of the bendingodulus

and the fracture toughness, with marginal increases on both comgagifeResearch on
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electrospun nariibres as interface reinforcement of roposite laminates has also been
conducted.Table2-1 lists someof the research that has been conducted on the use of polymer
nandibresas secondary reinforcemenReneker et d41] used PBI nanftbresas a secondary
reinforcement in graphite epoxy and it was concluttest an increase of ¥8 and15% for
critical energy and mode I/ihterlaminarfracture respectively, occurrédil].

Three different polymer nafibres nylon6, epoxy and polyureting were electrospun onto
glassfibre epoxy composites and the effect of the thickness was exarfi@gd Flexural
strength, modulus and tierlaminarshear strength were determined. A threshold thickness
was found and it as concluded that properties under or equivalent tthtieshold thickness

of the nanébre layers improved or had no effect at all. However, above the threshold
thickness, propertiesereobserved to decrease.

This is because a high thickness negatsplete impregnation of the matrix. There exists
many polymers that may be electrospun but onfgva have been researched as possible
composite reinforcements. PAN which is a cartilore and CNF precursor polymer is a highly
conductive polymer that ay be electrospun to form membranes alike.

Table 2-3: Polymer Nandibres [22]

Nanofibre (diameter) Matrix/Laminate Composite Characterization
Type
Polybenzimidazole (3€B00nm) Graphite/Epoxy Delamination in Mode | and Mode I
Prepreg
Polycarbonate (200nm) Carbon/Epoxy Tensile stressstrain
Prepreg
Nylon6 (156500nm) Glass/Fibre epoxy Threepoint bending test (ASTM
Composite D790)
Epoxy (EPO169110, Shell corp) Interlaminar shear test (ASTM D234
(350-21200nm)

TPU (306500nm)

Nylon66 (75200nm) Carbon/Epoxy DMATests Mode | DCB Mode | fatig
Prepreg delamination

Life test (ASTM D6115)

2.4.3 Carbonization

Carbonization is a process used to produce carbon materials through heat treatment. It is the
main treatment process used in 90% of all commercial cditw@production through PAN

as the precurs¢B4]. PAN carbonization has a three step process; stabilization, carbonization

20



and graphitizatio42]. This treatment process converts PAliesinto high stragth and

high modulus carbofibres. PAN fibres are held in tension when stabilized in air at 200
300°C. Cyclization and dehydrogenation are processes that the PAN undergoes to make the
carbonfibre dense and stable as a fibrous structure when beingroaea [42]. The
carbonization of PAN occurs at 8@ or more in an inert atmosphere, giving way to an
amorphous structa with limited crystallinity.

2.4.4 Carbon Nandfibres

Carbon nanfibres specifically, can produce mechanicalachcteristics of composites that
conventional macrdibres fail to achieve. Characteristics such as fatigue and corrosion
resistance are achieved through the reinforcement of (MB}s This enables many
applications such assupercapacitors, filters, nanocomposites, fuel cells and even
optoelectronicd43]. Applying materials such as nditwes in polymer composites have
proven enhancement of strength, weight reduction, chemical resistanc¢éasgoeld thermal
properties[38]. These properties have provided a positive influence on fields such as
aerospace, electronics and the automotive industry. This is due to the cost effective reliability
of the weight, and th&tructural ability of carbon nafibres[38]. Zhou et a[43] investigated

the microstructure, electrical conductivity and mechanical properties of aligned individual
CNFs. It was revealed thatabilization had a detrimental effect of thendibre diameter,
however carbonization would redufibre diameter substantially. The results in their study
determine that the tensile strength had impdolsg 67% and a 45% increase MY n g 0 s
modulus wien carbonization temperatstead been increasédi3]. It was stated that the CNF
bundles are linked to factors such as alignment and individual CNF properties.

The morphological studies determinedahpou et al[43] demonstratethat ribbon shaped and
stacking of graphene sheets were formed by aZ2@@arbonization temperature, and that a
lower temperature such as 1000would produce a turbostratic structure with carbon stacks
that were budled and folded43]. It was also stated that alignment had not shown absolute
parallelfibres and that thdibres were inconsistent in terms &bre relative to theibre axis

[43]. This was assned to be écause of two factor§tretching of PANhandibresis vital in
maintaining the alignment and orientation aldiige axis and was not conducted ension

value needs to be optimised during stabilization. This value was smaller than that of
conventionalfibres

Plasied et al[38] determined the effect of the CNF content the mechanical properties of
vinyl ester. It was found that an increasdiline content would increase the brittleness of the
vinyl ester compsite. This was concluded to be caused by the agglomerations and clusters of
the CNFs. These bundles were due to mechanical mixing with a 2% CNF content resulting in
a high resin viscositj38]. Improvements of modulus andkld strength wer@oted when a

0.5% CNF content vaintroduced. Increasing CNF content was proven to reduce UTS and
elongation. Cluster build up was deduced as the reastimdatecrease.

Difficulty in dispersion techniques due to emfgement and clustering dbresis common
problem in CNF reinforced composites. This has led to several works on dispersion techniques.
These range from the dilution method and uwaication, to higlshear mixing and the use of
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suifactant. These ntieods all fall in line with the need to improve the relationship between
carbon and the polymer matrix. The carbon nano structure has been altered using two main
methods to improve this relationship. These are through covatesttonalisationand non
covalent wrapping with stactant, polymer coatings or polymg#l]. There are advantages

and disadvantages to the procesfuattionalisation as carbon degradation may occur when
chemically bonding is carried out.

A bunde of electrospun CNFs were investigated under Raman spectroptsjpy The
electrospun carbonized PARBman shift vscounts graplis shownin Figure2-9. The graph

shows two broad overlapping peaks. These are D @mueaksaccording to Gaussian
Lorentzian mixed shapgrovide the order of atoms. The D represents the disordered carbon
atom whereas the G represents the ordered carbon atoms. The integrated intensity ratio of the
D versus the G provides this information.
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Figure 2-9: Raman Spectroscopy of carbonized PANGO]

It was observed bgussman et gl45] that the intensity ratio was lower for carbonized PAN
than PAN at higher temperatures and therefore was indicative of more ofitheesd45].
Improvements of hybrid coposites has also been achiewgth the inclusion of carbon nano
tubes (hollow narfibres) and nanbtibres SanBok Lee et a[46] provedthat the inclusion of
MWCNTs and copper nanoparticles imprdvéhe eletrical conductivity by 15% The
interlaminar shear strength was also increased by 13% in comparison to plain woven
compositeg46]. CNFs were also deposited onto carlfitane using anodic and cathodic
electrophoreti deposition (EPD). EPD is an industrial process in which charged particles are
suspended and shifted towards electrodes and get deposited under an eledég] field
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The CNF deposited composites showed a 10% remuictishort beam strength. This was due

to the effect of nitric acid treatment that caused structural defects on theg4B\IF$hiswas
because of poor interfacial bonding between CNFs and matrix resin thus weakening the
strength of the composite.

Defect inducing failure and crack propagatieas observetiecausehe resin rich area crack
propagates into the laming#6]. The direction of propagation then changed direction along
the carborfibre bundle before transmitting into the laminate. This illustrates that the CNF did
not prevent the crack propagation and therefore acted as a defect due to poor interfacial
bonding. Furthermorefibre pull out perpendicularot the crack plane anthe reed for
improvement of interfacial bonding between CNFs and méitre@ reinforced polymer
composites without the redtion of CNF strength.Electrical conductivity andhterlaminar

shear strength however were improviecbugh hybridization of compositegth CNFs. The
interlaminarshear properties as well as the electrical properties of carbofibraramated
carbonfibre was also determinef#16]. The test used to determine theterlaminarshear
properties is the short &m shear test. The strength was showvddcrease through anodic
EPD. Thel0% short beam strengtfeduction was concluded to be caused by damage from
nitric acid treatment resulting in structural defects. MWCNTs were noted to have good
dispersion and urofm distribution on carbofibres as well as a denser depositithan the

CNFs. Gojny et al [36] manually added CNTs and carbon black (CB) into epoxy resin with
glassfibre used as the reinforcing madibre. Theinterlamirar shear strength was observed

to have improved but the tensile strength was not affected. This was due to dictating effect of
the macrdibres

2.4.5 Doping

One method of improving the interlaminar properties of multi scale nano hybrid composites is
by the improvement of the nanoparticles themselves. Doping is a technique in which
nanocomposites are created in order to improve the properties of the indhadoglarticles
themselves.These nanocomposites are created by adding impurities or any foraigram

into a nanoscale material.

Li et al. [47] determined the effects of electrospun MWCMNER/PSF (polysulfone) hybrid
nandibres on carborfibre reinforced epoxy. The MWCNTEP were doped by adding the
PSF into the eldrospinning solution with the use of the solvent. The dopedfibaaewere
then spun onto the surface of carliibne mats and used as ppeegs to create multiscale hybrid
nanocomposites. Various properties were olesktu have improved. The ink@minar shear
strength results indicated an increase when loading of the dopefibnesyovere increased.
Fracture toughness had been observed to decrease when loading had incribasdi/aft.
Other advantageof using dopeahandibres is the abilityto add ulterior properties such as
electrical conductivity and thermal resistance. There are also applications such as
biomedica)l where tissue engineering, wound dressing and drug delivery systems are improved
through the use of doping.
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2.5 Conclusion

This chapter concludes thmelevant literature for this researoéport. Various research has
shownthe use of electrospinning as a method of doping, @dMon nanofibreproduction

and hybridisation of polymer reinforced composites. Comgesiterenitially discussed in
detail. The mechanics and processing of epoxy amamid fibre were researchedlhe
relationship between epoxy and aramid fjlzred thedevelopment of hybrid compositesas
studied The theory behind the electrospinnimggess wasetermined, as thiwasthe method
used toproducenanomatdor coatingand CNFsfor the doping ofPAN (polyacrylonitrile)
nanofibres. Finally previous mulicale nano hybrid composite research was carried out
because of the use of nanopaetcWithin the aramid fibre composites for this report. The next
chapter discusses the methodology used to fabricate the multiscale hybrid composites and the
methods ofnechanical characterization.
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3 Methodology

Mechanical characterigan was conducted by observing the effect of both the PANfitmas

and CNF doped nafibres on the tensile, flexural and impact properties of arafitice
composite. The materials used, the procedure in which the aramid composite and hybrid
composite amples were fabricated, as well as the testing procedure, is discussed in detalil.

Initially the optimum volume fraction of aramiitbre within epoxy resin was determined. This

was conducted by fabricating three differgntume fractions, 10% 20%nd 30% Aramid
reinforcedfibre epoxy specimens were processed first and tested. Optimization of the volume
fraction was then carried out by characterization of the aramid reinforced epoxy composites.
The optimum volume fraction was found to be 30%. NP#oated aramid reinforced epoxy
specimens were then fabricated and finally CNF doped PAN coated aramid reinforced epoxy
composites. Specimens were then mechanichlyacterized and analysed.

3.1 Materials

3.1.1 Matrix

The matrix selected for the productiof composites was Bisphen@lepoxy resin. The epoxy
resinandhardenewas purchased from AMT composites Pty Ltd (South Africa). groduct
name of the epoxy resin ahdrdenewas Ampreg 21 epoxy resin and Ampreghzikdener
respectively. Ampreg 2% known for the manufacturing of composite structures and is applied
in both hand layup and vacuum bagging techniques. It has a low initial mixed viscosity and
allows easy wetting with macfdres

Table 3-1: Mixing ratios of Ampreg-21

Mix Ratio (resin:
Hardener hardener)

By by
Weight Volume
Fast to Extra slow| 100:33 100:38

High Tg 100:29 100:34

It wasstatedby the manufacturer that theximg of the resin anthardeneis very important.
When neasuring by weight, an accurateale must be used.Thorough mixing is vital,
especiallywhen mixing by handhereforethe sides and bottom must be observakfully.

The pot lifeis limited anda long duration within the mixing vesselay harden anddat
excessively

The minimum ambient curing temperatu® Ampreg 21is 18C. Curing can be done at
ambient temperature for 16 hours with a fast hardenfer d8 hours with a slow hardener. A
temperature ramp rate of @hour when heating frormebient temperature to the post curing
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temperature was recommended by the manufacturer. This allows thermal performance of the
laminate to stay above the oven temperature so that no thermal shock effects would occur. The
physical and mechanical properte&sAmpreg 21 resin andardeneiare indicatedn Table 3

2 as per AMT composites ©

Table 3-2: Ampreg 21 Epoxy resin and Hardener PropertiefAMT)

ResinHardener
(standard)
Initial mixed Gel Demould Tensile Strength Tensile Cured Linear
viscosity (cP) | Time Time (MPa) Modulus | Density | Shrinkage
(mins) | (mins) (GPa) (g/cc) (%)
1194 21 143 72.7 3.3 1.148 | 1.45

3.1.2 Fibres and Fillers

The macrdibre material used to producdl the composite sampleswas aramidibre. The
product name of tharamidfibre used was Twaron 22@Mhd was provided by AMT composites
Pty Ltd (South Africa). Table 33 displays the physical and mechahimaperties of Twaron
2200as per Taijen ©

Table 3-3: Physical and Mechanical Properties of Twaron 220(Taijen)

Property Value Unit
Specific Gravity 1.441.45 glcm?
Tensile Elongation 2.24.4 %
Young's Modulus 60-120 GPa
Tensile Strength 2.43.6 MPa

Twaron is produced byeijin (Japan) and is a high performance synthigti@. It is highly
advantageous due to its balanced performance in terms of mechanical properties, chemical
resistance and thermal stability. It is a rommductive material that has low flammabilityda

no melting poin{48].

Thenanofillersused in this research wePAN nandibres produced by electrospinning’he
Polyacrylonitrile (PAN) granules and, N Dimethylformamidg DMF) solventwere combined

to produce a 8%conc.solution(details in section 4.2)Bothweresupplied by Sigma Aldrich
Pty Ltd (South Africa). The fillers were electrospun into ridome mats and layerebetween
sheets of Twaron.CNFs werefabricated using the electrospun PAN nidres and a tibe
furnace(details in section 4.3)2 The CNFs were used as doping agents within the PAN
nandibresand respun onto Twaron sheets.
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3.2 Composite Fabrication Procedure

3.2.1 Aramid fibre composite(AFC)

The first phase of the methodology was to determiaepitimum volume fraction for aramid
fibre reinforced compositesThree volume fractions were initially selected and tested, 10%,
20% and 30%. To determine the number of ardibi@ sheets required to produce the three
volume fractions,he volume (170nm x 370 mm x 4mm) of the required mould wasially
used to determine the mass of one arafibde sheet, before applying the following
calculations:

Themassof a single layer was measuredbe10.92g:

10.92 017361g/
17cml 37¢m 3 g/rem
The number of @midfibre layers required for the aramieblume fraction can be calculated

using Equatior§3.1) below:

T M o 6 (3.1)
I
Where,
Jaramia= 1.44g/cm Density of Aramidfibre
tmould = 0.45Ccm Thickness of Muld

Varamic= 0.1, 0.2 or 0.3 Volume of Aramid
Marea =0.017363/cm? Mass per Aea

Table 34 indicates the number layers and volume of resin needed for the production of aramid
fibre compsites. Appendix B containsspreadsheet used to calculatevalume fractions.

Table 3-4: Number of layers and Resin volume required

Vol. Nkaramid Vepoxy

Fraction max L)
10% 3 0.92
20% 7 0.81
30% 11 0.71

The next step was t@abricate the test samples. This was carried out using the hang lay
techniqgue. To produce a composite using the handipatechnique each layer should be
immersed and rolled within a mould a&ses in the schematic Figure3-1. For a30% wlume
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fraction aramid compositell aramidfibre sheets were used. The resin and hardener are
measured according to theustlardL00:38 ratio

The first step was to coat aylers of Rmwax® release agent onto the mould. Wooden
stoppers were then placatl the ends of the mould to reduce resin leakslatAicoverwas

placed to smoothen the resin and waated with 3 layers of release agenor to placement

Once the release agent was coated on all surfaces, the resin and hardener (catalyst)dvere mixe
using a beaker and spatula.

Mould \
Rl Pesinand Aramid Fiber
Agent Hardener Sheet

Figure 3-1: Schematic of Hand Layup Technique

The initial coat of resin was laid onto the mould using a paintbrush. An afianeigheet was

placed into the resin coated mould. The sheet was then pressed using a roller so that the whole
sheet was immersed in the egarsin and done so to reduce air bubbles. A second sheet was
then added. A brush and roller was used on the surface of the &lbaeatheet with the epoxy

resin. Rolling the surface fgets of 3 (10% vol.), 7 (20% vol.) and (3D% vol.)aramidfibre
sheetswas carried out repetitively to immerse aamidfibre shees as well as remove air
bubbles. This was carried out until the total volume of epoxy resin was used and all sheets
were immersed. Thisrpcedure can be seenkiigure3-2. Finally acover was placed on top

of the mould with weights and left to cure.
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Figure 3-2: Hand lay-up of Aramid Epoxy

Once the mould had cured the panel was removed and cut into thel desipe as indicated
in Figure3-3.

Figure 3-3 Cured sample before cutting specimens

The tensile test,-Boint bending test and impad@st specirans seen ifrigure 3-4 (b) were
prepared and cut using a band saw. Aili€nsrig as shown inFigure 3-4 (a) was used to
shape the dehone specimens for the tensile test. Tensile tgsdji® bending test and impact
test samples were cut acding toASTM D3039 D7264andD256respectively.
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Figure 3-4: (a) TensilKut rig (b) ASTM specimens for mechanical characterization

Testing wagarried out on the aramid reinforced composites to determine the optimum
volume fraction

3.2.2 PAN reinforced AFC hybrid composite

The electrospinning of PAMandibres onto aramidfibre sheetswas carried out using the
electrospinning satp obseved inFigure3-5. Nanomats were created by coating the surface
of each aramidibre matby attaching the mats onto tdeum collector The 6 syringes would
then be filled and attached to the age pump. The syringe pump would be switched on and
a high volume raté~2 ml/min)would initially be selected to run the PAN solutibimough the
tubes to the needle tips.

Figure 3-5: Electrospinning PAN onto aramid fibre

Once the solution had reached the needle tips, the pump would be switchetitb& pasitive
electrode crocodile clip and the grounded rod would be attached. The drum collector motor
would be switched on and the flow rate adjusted to 1ml/hr where finally, the HV supply would
be switched onto the desired voltage (13~15kV dependingaglor cone).

It is important to maintain a Taylor cone during spinning. When the flow rate is too low the
voltage tends to pull the solution out of the tube therefore breakirfghtedefore reaching

the drum. When the flow rate is too high, the P#diution starts to drip, causing beading and
waste. Using the ideal parameters are not enough to maintain a continuous nanofibrous mat.
It is important to observe the process, so that clogging is prevented as well as coating of any
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conductive materialearby. Anideal namoat that wasised as a coated interleaf on the aramid
fibre can be seen iRkigure3-6. The nanomats are charged and therefore stick to the aramid
fibre mats.

Figure 3-6: Electrospun PAN Nanomat

With the use of mechanical characterizatidme bptinrum volume fractionfor AFC was
determined to be 30%he coating of narfdbres was carried out on 11 sheets using the
electrospinning process. Tabl&3ndicates th®AN volume fractions used as reinforcements
within the AFC Three different PAN volumigactions were used

Table 3-5 Number of layers and volume of epoxy in hybrid samples

Vol. Fraction Nkaramid Vepoxy
max L

0.1%PAN 11 0.71

0.2%PAN 11 0.71

0.5%PAN 11 0.71

PAN reinforced aramid ybrid composites were fabricated using the same handigay
technique to that of the aranfitdre reinforced compositésection 3.2.1) The slighdifference

is that every PAN nanofibreoated aramid layer was placed with the electrospun nanomat
surface facinglownwards. The initial mat was not coated and the aramid layers are iplaced
order as seen iRigure3-7. This was prepared in order to roll and immerse the epoxy resin
without damaging or shifting the nditire sheets. Narfibore volumefibre calculatons were
used in adding the nanomats.
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PAN

Figure 3-7: Layer arrangement with PAN nandfibres

3.2.3 PAN Volume Fraction Calculation

In order to determine the required PAN neeftech 30% vol. AFC the density Dthe entire
composite shouldbe calculated. The rule of mixtures farlaminate compostwas used to
calculatethe overall composite density as shown below in EquéB@). The density of PAN
was found to be 1.18f/cm'.

" W ” W ” ®w 32
Where,
Jaramid = 1.44g/cm Density of AramidFibres
Varamid = 0.3 VolumeFractionof Aramid Fibres
Jepoxy = 1.14858)/cm Density d Epoxy
Vepoxy = 1-VaramidVPAN Volume of Epoxy
jran = 1.184g/cm Density of PAN
Vean =0.01, 0.02 or 0.05 Volume of PAN
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Using a 30% optimum aramfibre volume fraction, it was found that the density of each
volume fractionof PAN; 0.1%, 0.2% and 0.5% was 1.1340 g/cin1357 g/cmand 1.1412
g/cm respectively.

With 1.137g/cm selected as the average denaitgwith the volume of the mould knaw
the mass of the composite wiasindto be 369.4gising Equatior§3.9).

n o (33)

Where,
Vmoua = width (19cm) x length(38cm) x thicknes$0.45cm)
=324.9cm

The next step requirdtie calculation of weight fraction for the amount of PAN needed to be
collected, which makes use of Equat{8rL0).

. " ) (34)
(A) —_—

PP UEAT
PP o A |

Using equation 3.3 the M for the three volume fractions were 0.1 %, 0.2 % and 0.5 %. This
then led to the mass required for each PAN fractionbsftuting the restd from Equation
(3.9 and Equation(3.10 into Equation(3.11) below, results in the determimnan of the
required mass of PANeeded to be collected on the plate to provide forcihreect volume
fractions of PAN

a w a (35)

Therefore the mass of each weight fraction 0.1%, 0.2% and 0.5% was 0.36g, 0.74g, 1.85¢g
respectively. The next step was to convert the mass into the required volume. Eq@ation 3.
was used to determine the voleper fraction.

a (36)

Where,

Jran=1.184 g/cm
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The volume for 0.1%, 0.2% and 0.5% was 0.3ml, 0.63ml and 1.56ml respectively. This
allowed electrospinning of the PAN, however the PAN solution consisted dfdp@l DMF
and therefore to determine the volimequired to spin, Equation 3was applied.

[ 37

Where, pagnc. = 0.08 (8% solution)

The PAN solution volume for spinning for each 0.1%, 0.2% aBécOvere 3.75ml, 7.88ml

and 19.5ml. This therefore lead to the volume dispensed at 1ml/hr with 6 syringes giving way
to spinning times of 37.5mins, 78.8mins and 195mins for 0.1%, 0.2% and 0.5% respectively.
This calculation is a total spinning time foettwvhole composite, and because an aramid 30%
volume fraction has 11 sheets and only 10 sheets are coated (see section 4.2.2), electrospinning
is carried out at 3.8 mins/sheet, 7.9 mins/sheet and 19.5 mins/sheet for each volume fraction
respectively. The alume per sheet is therefore calculated by dividing the PAN solution
volume by the number of sheets.

3.2.4 ECNF Doped PAN reinforced AFC hybrid composite

The chosen 8% wt. fraction PAN/DMF soluti¢gsee section 4.2.4yas unchangetbr the
electrospinning of t electrospun carbon ndiwe (ECNF) dopel PAN nanofibres.
Sonication was carried out on the DMF/CNF solution fanR&to ensure even distribution
of theECNFsin the DMF. After sonication, the mixtures were visyilack, as seen in Figure
3-8, whichis an indication of good dispersion.

Figure 3-8: Sonicated ECNF/DMF solution

The PAN was then added to the ECNF/DMF mixture and magnetically stirred for a further
24hrs to completely dissolve the PAN tovenly disperse the ECNFs in the solution.
Subsequently, it was observed that the viscosity of the PAN/DMF solution did not noticeably
vary from the addition of 0.5%wt. fraction ECNF to the PAN/DMF solution. The viscosity of
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the PAN/DMF had increased frommet addition of the 1%wit. fraction of ECNFs. Similar results
were alsambserved byilehrood et al[49] with the addition of 0.25% (no noticeable effect on
viscosity) and 0.75%wt. fraction CNTs (dramatic rise in viscoBRQO times that of the
PAN/DMF viscosity) to a 10%wt. fraction PAN/DMF solutiott was observed however, that
the colours of the electrospun fibres were neither black nor white but rathergaayatblour

as shown in Figure-9.

Figure 3-9: Dispersion of PAN nandibres

The 0.5%wt. fraction ECNF/PAN/DMF mixtures were then electrospun in the exact method
as that described in section 3.2.2. The 1% vol. fraction ECNF/PAN/DMF mixtures could not
be eleatospun using the same parameters due to the increased viscosity, therefore the applied
voltage was decreased tokl2and the distance between the electrodes was increasethto 25

or until smooth fibre production was reached. Constant clogging of theesega$ observed

at the higher ECNF concentration which could have been caused by agglomeration of ECNFs
into micro sized bundles as well as the increased viscosity. The final collection of the 1% vol.
fraction ECNF embedded in 0.5% vol. fraction PAN naoreis on an aramid fibrmat can be

seen in Figure-30. From this imageit can be seen that there are in fact large agglomerations
of ECNFs which were encapsulated in the PA&hdibres during electrospinning. The
uniformity and distribution of PAN is egtent in Figure 310, however further analysis using

SEM and TEM was required in order to characterise the distribution of ECNFs within the PAN
nanofibre, which wi be discussedurtherin section 4.4
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Figure 3-10: Image showing the macreagglomerations of ECNFs imbedded in the PAN
nandfibres.

OnceECNF doped PAN concentrations had been determined, electrospinning was carried out
on all aramid fibre sheets using the procedure explained in secZi@n Bwo different CNF

doping volume fractions were applied to the three nanofibre PAN reinforceamehtable 3

6 shows the number of layers and volume of epoxy required to produce CNF doped PAN
nandibre strengthened aramid hybrid compositésing 1L layers for the optimur§80% vol.)

aramid reinforcementhe nanomat coating was carried out by spinming 10 layers. This
laminate order can be seen in the schematic in Figliie BECNF volume fraction calculations

were used within the AFC.

Table 3-6: Number of layers and volume of epoxy per CNAPAN volume fraction

Vol. Fraction Nkaramid V epoxy
max (L)

0.1%PAN+0.5%CN 11 0.7
0.2%PAN+0.5%CN 11 0.7
0.5%PAN+0.5%CN 11 0.7
0.1%PAN+1%CNF, 11 0.69
0.2%PAN+1%CNF, 11 0.69
0.5%PAN+1%CNF, 11 0.69
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Figure 3-11: Layer arrangement with ECNF doped PAN nandibres

3.2.5 ECNF doped PANVolume Fraction Calculation

Rule of mixtures calculations were used to determineaheired PAN/DMF volume to spin
andto attain the mass @NFDP to becollected on each arad layerfor each volume fraction

of 0.1%, 0.2% and 0.5%CNF weightfractions were determined by using a 0.5% and 1%
volume fraction.

In order to achieve this, the density bietentire composite was calculated usingg of
mixtures shown in Equatian (3.8). The density of the final ECNFs was assumed to be
2.00g/cm, according t&Zussman et db0].

" W ” W ” w " 3.8
Where,
Jaamia = 1.44y/cm Density of AramidFibre
J epoxy= 1.14858g/cm Density of Epoxy
Varamic= 0.3 Volume Fraction of Aramid
Vepoxy= 1-VaramidVienf Volume of Epoxy
Jont = 2.00g/cm Density of CNF
Ven= 0.005 and 0.01 Volume of CNF

With the density of the entire composite and the volume of the mould known, the mass of the
composite can be found using Equat{8r®).

QA w (3.9
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Where, Vhous = width(19cm) xlength(38cm) x thicknesg0.45¢cm)
=324.2m

The next step requires the calculation of wefgdction for the amount of CNkeedd,
which makes use of Equati¢8.10.

. ? W (3.10
(L) —_—

Now, substituting the results from Equati@9 and Equatior{3.10 into Equation(3.11)
below, results in the determination of tteguired mass of CNFs needed to be collected on
the plate @ provide for the correct weightactions of CNFs.

a W a (3.11)

During stabilizatiorand carbonization, the PAN nditesweight is reduced by between-45

55% cepending on the heat treatment conditiossd51]. Therefore, a PAN mass degradation

ratio of between 0.45 and 0.55 was chosen to apply to the PAN mass so as to account for mass
losses during carbonization, as seen in Eqn48dlL2).

& p 6 a (312

Where,
mde= Between 0.45 and 0.55
J pan= 1.184 g/Cm

With the mass of PAN needed to spin to obtain the required CNF volume fractions known,
the volume of PAN/DMF neede can be equated using Equation 3.13

W .13

Where, pagnc. = 0.08 (8% solution)

Therefore, the amount of PAN/DMF solution needed to be spun for each layer can be calculated
by dividing the \pan/dni result calculated from Equatio{8.13 by the number of lers
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calculated using Equation.13 The CNF volume fractions were determined by using the
Vpeanipmr, and were added using the mass. The mass was cetttddbe 0.28g and 0.57g for
0.5% and 1% CNF volume fractions respectivelyspreadsheet was used to calculate all the
different volume fractions and is given in Appendix B.

3.3 Testing procedure

Three mechanical characterization techniques were cteditacdetermine various mechanical
properties of the composites. Mechanical testing included the tensile pestt Bending test

and the impact test. Testing was initially conducted on the aramid reinforced composites to
determine the optimum volunfiction which was found to be 30% vol. The 30% vol. aramid
fibre with nandibre (PAN and PAN/CNF)strengthened samples weteen fabricated and
tested. The data was gathered @redresults interpreted.

3.3.1 TensileTesting

Thetensile testing procedeiwas carried out accordingASTM D3039. A ruler and a marker
wereused to draw the dimensions of the requireddsdad specimens as displayedrigure3-

12 (b), and were cut to their desired shape using a bandldetest specimens were mounted
onto the tensile testing machine using the tightergngsseen inFigure3-12 (a). A load rate

of Imm/min was set and a load cell of 20kds used on the SHIMADZU AGS Tensile
testing machine. The force was recorded by the on board computer softwal & Eezium.
The software recorded the stroke and the force of the individual specindergoing the test.
Using a Verniercalliper the thickness and width of the gaggetionwere recorded onto the
trapezium manually.

A laser extensometevas ugd to determine the extensiofithe specimens tested. The laser
extensometansedwas an LEO5 Epsilon Technology laser. The laser extensenveds linked

to the DAQ (data acquisition) in which the extension from a fixedjgdength was recorded.
The gauge length was fixed at an averagganceof 50mm and was determined by the laser
measuringhe distancéetween the two pieces dflective tapgFigure3-12 (a)). This value
couldbe seen on both the labview program linked to the De&sQuell as th laser extensorter

itself (seeFigure3-13). The extension is recorded by the laser sending a signal to the DAQ
software when the two pieces of reflective tape separate on the specimen as it is elongated.
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B width of narrow section 13+0.5mm

L Lengh of narrow section 57+0.5mm

WO Width overall 19+0.5mm

LO Length overall 165mm

G  Gauge length 50+0.25mm

D Distance between grips 115t5mm

R  Radius of fillet 76x1mm
I 18]

3 X

TYPES L L M &V

T Thickness 3.2£0.4mm (b)

Figure 3-12: (a) Specimen gripped in tensile testing machine and (b) ASTM D3039 dimernisiur

Combined with the load cell and thecBanel data acgsition tool, the laser extensometieen
assistan recording the change in length. The data was recaydiedthe computenotepad
which was then transferred to a spreadsheet for processing.

The recording of data onlgccurred when the samples haildd in the appropriate region,
which isin the gauge area. The number of specimens required by ASTM D3038 for a

orthotropic materialvas a minimum of 5.
r - bR -

Figure 3-13 Gauge lengthof sample using the laser extensometer
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3.3.2 Flexural Testing

The testing procedure for thep®int bending test was carriedtausingthe ASTM D7264
standard A ruler and a marker weresed to measutde dimensionof the specimens. The
samples were mountechto the 3point bending test rig. The rig was attachmto the
Shimadzu AGIS Tensiletesting machineasshownin Figure 3-14 (b). The force arm was
controlledand shiftedcdownwards to the surface of the samgdeindiated inFigure3-14 (a).
Thetrapezium linked to the tensile testing machine, was convertedpoir® bending mode,
where the top arm would move dowmda A load rate of 2 mm/min and a 20kN load cell
were used for this test.

F
Cl) /Poml of fracture
S

T AR

@

Figure 3-14: (a) Schematic of bending testl) Actual bending sample in test rig

This test determines properties such as flexural strength, flexural modulus anal fpain
Equation 3.13vas used to determine the flexural stress.

" _— (3.13
Where:
” = Specimen flexural stress [MPa]
O = Applied Load [N]
0 = Length between supports [mm]
&) = Width of specimen measured at its centre [mm]
Q = Thickness of specimen measured até@stre [mm]

Using the load rate as the deflection value the strain is calculated using equation y:
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- — (3.14)

Where:

Flexural strain of specimen [mm/mm]

0

Deflection of the specimen fropoint of load applicationnim]
The modulus is measured by determining the rate of stress vs rate of strain.

3.3.3 Impact Testing

The impact teswvascarried out using th&STM D256 1zod impact test. Dimensions were
measured and cussing a ruleramarker ancaband saw. Thévery impact testingnachine
(Figure3-15-A) was used to determine the impact energy. The Avery impact testing machine
had a static dial armpendulumwhich was shiftedand lockedbefore the testing of each
specimen The dial arm can be seen at the maximum 4. Joarkwhen the arm is locked
Specimens werplaced into the fitting and/hen the pendulum wasleasedt resulted in the
needle remaining stationary at a specific point on the dial gauge after fracheréialgauge
readings werghen used to detenine the energy required to fracture the specimé&he
machine ranges from4.2 Joules with a resolution of 0.025 Joules.

1°,1°
225 &5

1
[~ — ~ 7| DIRECTION OF

« IMPACT END b COMPRESSION

ut
MCLDING
K—— B —iy

[+

ZW|DTH OF SPECIMEN
SHALL BE IN ACCORDANCE
WITH SECTION 7.2

Length (C) =63.52mm
Width =312.7mm

Thickness (E) =12.A0.2mm

A =10.16:0.05mm
B =31.8:1.0mm
D = 0.25:0.05mm (b)

Figure 3-15: (a) - Avery Impact testing machine and (b} Dimensions of specimen
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The material sample is cut intonotched specimen with dimensiatisplayedin Figure3-15

(b). The Izod impact test provides the necessary information to determine the impact resistance
of a material. Impact properties are calculated through the eresgsbad when the pendulum
impacts the specimen. This impact energy is used to determine the resistance of the material
through the energy lost per unit cross sectional area. This energy is calculated using the
following formula:

=]

)] — (3.15
Where
0 = Impact resistancgj | | ]
nQ = Energy lost by pendulum due to impaft [
o) = Cross sectional area of impact specirfier

3.4 Morphological Characterization

Morphological claracterization was carried out on PAN nfiim@s and CNF doped PAN
nandibres PAN nandibres and factured hybridcomposite (PAN and CNF doped PAN)
surfaces were observed usingsBM (Scanning Electron Microscop@)strument. Carbon
based mairials suclasCNF andCNF doped PANwereobserved and analysed using the TEM
and a Raman Spectroscope. The PAN and CNF doped PANibmesdnad undergone a
thermal analysis tqousing TGA (thermogravimetric analysis). Finally an EDX (Energy
Dispersive Xray Speatoscope) was used to analyse PAN nandibresonly.

3.4.1 Microscopy

The scanning electron microscof@EM) assis$ in observing failure modes on the surface of
fractured specimens. This is advantageous when determining the effect that fillers tive on
properties of the hybrid composite specimasst produces images of the surface topography
and the composition. The SEM operates by the use of an electron beam focused on a sample.
The beam of electron scans over the sample surface and thersswattélects. Theeflected
electrors are collected by a cathode ray tube and then images are prodlicedscanning
electron microscopén this researchwas provided by the University of Witwatersrand,
Microscopy and Microanalysis Unit (MMU). An FEluanta 400 FEG SEM instrument was
provided to capture the images. The samplee cut and sprayed with a-BBnm thick layer

of gold palladium (Au, Pt) for 3 minutes using an Emitech coater. This was done to reduce
charging effects caused by conductaoicthe material. This method is called sputter coating.
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Samples examined were; PAN néibhes CNF doped PAN nariibres and failed hybrid
samples.

The transmission electron microscofgeEl) works similar to SEM, in that electrons are
beamed using a ttebde tube into the specimen. The difference betwlseMEM as oppose

to the SEM, is that the electrons are beamed through the specimen and are then reflected back
through the same specimen, instead of from the specimen itself. This assists in oliserving
crystal structure, dislocations and the crystal boundaries. The TEM was used solely for the
CNFs and the CNF doped PAN n&boes The imaging was carried out using the FEI
TecnaiT12. It was performed at the MMU and used to observe thgribitic carbon
structure. Samples were prepabsdplacing the CNFs into an epoxy mould and once cured

cut into 75150nm sheetssing a Reichert Ultra microtome.

3.4.2 Thermogravimetric analysis

Thermogravimetric analysis is a process in which a material changhgsical and chemical
properties are measured as a function of increasing temperature or a function of time. This tool
is used to illustrate the thermal stability of a materidlcan also be used to determine the
oxidative stabilisation temperatuas well as the carbonization temperature. In this research
TGA was used to determine both stabilisation and carbonization temperatuhes PAN
nandibres Analysis was conducted in air for both CNF and PAN fianes to find the
oxidizing temperaturand to understand the thermal transitional temperature.

3.4.3 Raman Spectroscopy

Raman spectroscopy is technique that uses the inelastic scattermapothromatic light,

mostly from a laser source. This means that when the light hits the samples thigegjuency

of photons that change upon interaction with the sample. The sample absorbs and then reemits
the light, and the frequency of the photons shifts up or down when compared to the original
monochromatic frequengyvhich is called the Raman EffecDue to this shift, information

such as vibrational, rotational, and low frequency transitions in molecules can be determined.

Raman spectroscopy wassed on the CNFsto determine the quality of the carbon
nanostructure and determination of the carbament. The analysiswas conducted using a
JobinYvon T64000Raman Spectrograph. This was operated in a single spectrograph mode
with an excitation source of 514.5nm line of an argon ion laser. An Olympus BX40 microscope
attachment with a 20x magnificati objective lens was used to observe the sample. A power

of 1.2mW was used on the sample so that the laser does not cause localised heating on the
sample. A 600 lines/mm grating on ligenitrogen cooled CCD detector was used for the
backscattering ofhie light. Windows XP with LabSpec v4.18 software was utilised for the
data acquisition.

3.4.4 Energy Dispersive Xray Spectroscope

EDX (Energy Dispersive Xay spectroscope) is a chemical characterization technique. It
analyses the sample by determining themat structure by the use of anray excitation
source. An EDX can be carried out using the SEM. Bdukscatteredlectron images in an

44



SEM compositional contrasiue to different atomic number elements and distribution allows

for the on board EDS (Emgy dispersive spectroscopy) to determine the elements and the
proportions i.e. atomic %. In this research, the samples used in the SEM had undergone EDX
and graphs were plotted.

3.5 Conclusion

This chapter discussed the methodology used for thisrobsesgport. The materiaissed,and

the composite fabricationrpcedure for the ASTM specimens were discussed. The testing
methods used to determine the mechanical properties were followed by ASTM standards.
Tensile, flexural and impact properties wdetermined. The morphological characterization

was carried out by the use of the above mentioned microscopes. They were used to determine
the quality andcomposition of PAN (polyacrylonitrile), ECNFs (electrospun carbon
nanofibres) and ECNF doped PAN pébres. The next chapter discusses the development
and characterization of the PAN and ECNF doped PAN nanofibres. The design and
development of the electrospinning set up is discussed in detail and how the nanofibres were
produced.
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4 Development and Characterization of PAN and CNF doped PAN
Nandfibres

In order to prodce both PAN narfdoresand CNFdopedPAN nandibres, an electrospinning
device wasdesigred and deeloped. PAN naribre and CNFdoped PAN(CNFDP)
nandibre productionwas carried out using electrospinningndividual component®f the
electrospinning satp were either selected odesigned. The methodology of the
electrospinning process produce?AN nandibresto developCNFs andCNF-DP nandibres
is discussed

4.1 Design and evelopment of Electrospinning Unit

In this researcthe aim of the electrospinning desigas to produceontinuous?AN nandibre
matsand CNFDP nandibre mats for reinforcement.The main conceswith electrospun
nandibres are the contiuity, the alignment and the diametefr the individual nanfibres
which are dependent on the design of the electrospinningpsdthe catinuity and alignment

of thenandibresare dependerdn the collector design, and the diameter is dependent on the
voltage, flow rate, needle diameter amdllector distanceThe three components that required
designingwere

1 The syringe pump
1 The capillary and capillary attachment
1 The collector

The syringe pump was developed to deterrthieeflow rate and experimetitadetermine the
appropriate operating parametessch as the voltage and collector distafi¢e capillary and
capillary attachments were developed to determine if the needle diameter plays a role in the
quality and diameter of the individual ndioes Once parameters such as flow rate, collector
distance, needle diameter and voltage were determined for the produicttomtinuous
nandibre mats, glow ratecontrol componerdndcapillary componentserepurchasedNew

Era syringe pumps were purcea from NNYG brandéSouth Africa)and he capillary and
capillaryattachments weneurchased from Hamdn needle$Germany)

4.1.1 Syringe Pump

The syringe pump controls the flovate of thesolution to the needle tip or capillary.
Controlling the flowallows the flow rate of theolution to be altered according to the desired
voltage and distance. Initially the syringe pump was designed using basic materials such as
Perspex, a threaded rod, an Arduino chipabrkad board attached to a stepper mdions

in Figure4-1. These parts were purchased from MicroRobotics (Pty.dnd)thedesign was

used for the experimental phase of the electrospinning processexpeismental phaseas

carried out todetermine the desiredoltage and needi®-collecor distancerequired to
producefibreson a nanoscale
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Figure 4-1: Syringe pump

The purposeof this syringe pumpwvas to determine paramees that produce thlwest
diameter of narfibrespossible. It wasoperated using a threaded rod in which Perspex sliders
would thrust the syringe to produce droplets oluson at the needle tip. The selésigned
syringe pump performed as requirgad was economicahowever determining precise flow
rates and volunsawvas not possible and therefore a commercial syringe puaspwchased.

A high precision NELOOO syringe pumgpeen irFigure4-2 was purchased from New Era Pump
Systems Inc. The NE1000was used for a single syringe and assisted in métarg an
accuratdlow rate as well as the most idealllectorto-needledistanceo produce narfiores
Various syringes were experimented watihdit was found thathe Luer lock hubconnector
syringes were ideal becaugey did not possess any conductive material. The single syringe
with a metal hub as observedhkigure4-3 caused back currenthich restrictecthe voltage
from increasindeyond 10kV.

Research indicates that a 1ml/min flow rate is the ideal flow rggeothice a Taylor cone and
thereforewas selected and used to determine the distance to the aplExtwell asto
determindhe collector designThe NE 100@ump(Figure4-2) was used to test all the variable
conditions prior to the purchase of the final electrospinning puvhich was theNE-1600
syringe pumgFigure4-3). The NE1600wasalsopurchased from New Era Pump Systems
Inc.
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Figure 4-2: NE 1006 syringe pump with metal hubsyringe

The NE1000could only provide circular nanfibre mat with a 50mm radiugue to the single
syringe and needle. Theause inconsistenciesvhen coatinghe aramidibre. A multiple
syringe pump &s purchased as to increase sheface areaf spinning. A six syringe and
needle systemwith the use of the NEE600was finally used to produce ndiie mats.

5065 i i i '

Figure 4-3: NE 1600 Syringe Pump

4.1.2 Capillary and Capillary attachment

The capillary and capillary attackemt is the component used in the electrospinning set up that
allows the polymer solution to flow into the charged region. Needles were used as the capillary
and were placed in Perspex blocks as the attachmeatgns and ideas were researched and
various needle diameters were used. The needle sizes were selected accatdikijdcet

al. [52]. As discussed bieikilla et al [52] the composition of the polymer solution is more
influential than the actual needle diameter. A small needle diameter swecB343 did not
produce any naribresbecause of thpressure buildip of the solution within the needle and
tubes. The 22G needle was selected according to the optimum solution conceatrdtion
voltage parameters. Three different needle diameter sizes were tested. Needle sizes were 17G,
22G and 33G.
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A single needleén Figure4-4 was first tested to determine the operating parametgrsred

The needle or capillary design was alteredritgoducing more needles to the electrospinning
setup. This was carried out to produce name mats. The number of needles were increased
to produce a naribre mat as wide as the aramiithre mat. The number of needles were
increased from three ®@x (Figure4-4) which wouldeventually coat the whole surface of the
aramidfibre mat.

Figure 4-4: Development of capillary design

4.1.3 The Collector

The collecto in an electrospinning sefp isthe negative electroddt was used to deposit the
nandibresonto the aramidibre sheets The design of the collector determines the formation
of the nantibres. A collector plate made from aluminium foil wamstially used to determine
the operating parameters and the outcome of thefibee® Randomly orientatedanofibrous
mat on the surfaceas observedThe foil was then replaced wittsquare copper sheghich
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was ingrted into a Perspex fitting of which the negatlectrode attache#igure4-5 B). The
flat plate collectoproducedan evenly distributed mat whenrobined with the multiple needle
capillary attachment

To obtain eignedfibres a collector with parallel plates was desigaed usedsdisplayedn
Figure4-5 A. The advantage of the parallel plate collector is the ability to produce aligned
nandibres The alignments caused by the air gap between the two plates. This alt@wvs t
fibre lengthto be determinetly the distance between the two plates.

Figure 4-5: (a) Parallel plate (b) Flatlate (c) Rotating drum

However, poducing a continuousandibre mat was not achievabieith the use of a parallel
platecollectorbecauséhe tension of thBbreswould not allow the narfioresto hold resulting

in a lossof nandibres. The parallel plates were made conductive witable attached between
the two plates The plates were placed into a Perspex fitting whiegenegative electrode was
attached.

The drum collectoin Figure4-5 Cwas machined in order to produceantinuous narfibre

mat. It was considered one dhe better designs becausealtowed the production of
continuousnandibresin the form of a mat. The drum collectosize determines size of the
narofibore mat. The length of the drum was designed according to the width of the hand lay
up mould. The advantage of the drum collector was the ability to produce a continuous
nandibre matonto the stface of the aramitlbre.

The drum collectorwas designedut of a lightweight and conductive material, such as
aluminium,andisolated from the rest of the systémsuch a way that grounding was possible
without having to groundny adjacent objectslhis wasachievedoy placing thecopper plate
behind the drum and attaching the crocodile clip to act as the negative eledthedeopper
plate would then act as a collector but the drum would collect thefitme® The drum
collector was designetb rotate within the range dibre takeup speeds for the polymer
soluions. It was designed in such a way that the speed was controlled by an electric motor.
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Themotorto drive the drum was selected to achimguiredrotating speeds as well as support
bearings to allow for the rotation of the drum at these speeds.

The equired RPM of the drum waslculatedusing equation 4.1 iAppendixB and therefore:

_ 60°5m/s
REQ " 2p3 0.0302n
=158Xpm

RPM

The required RPMor a drum shaft with a diameter of 60.46mm is 138dwever, because
this is based on a minimum requreadius from thenould dimensions, the radius of the drum
could be increased so as to reducerdguired RPMso that the drum collector could be
operated under safer, lower RR¥gnditions. It was thedecided to double the diameter of the
drum to 12@nmso as to reduce the RPMquirements:

_ 60°5m/s
2p3 0.06n
=796 pm

RPM

The overall required RPNbr the drum shaft was reduced to /BM for a shaft diameter of
120mm. This resulted in larger diameter but reded the require®PM which led to safer
operating conditions. The length of the drum was also specified to be slightly longer than the
minimum requirement of 190mm and it was decided to ben?20

The next step of the collector design was to specify amib&h was capable of turning the

drum attherequired 7%PM. A brushed DC motor was selecte
catalogue with the product code MPMQ@OO5/CON and specifications as shown in
AppendixA. The drum shafts diameters were specifie@G@nm so as to stabilise the setup

and the motor shaft diameter provided was 8mm. The motor shaft and drum shaft were then
coupled andbolted to the framePillow block bearings for the drum shafts were also specified

to handle the 79&®PM required and dught from BMG Hydraulics with # product code
UCP206D1.

The electrospinning unit consists of all comeots combinedFigure4-6 the seup consists
of the HV pover supply, the syringe pumihe capillary/needle and collectofhe grounding
rod was usd toreduceany eldy current or back current ameuld protect the syringe pump
power supply or any foreign conductive bodyhe unitconsisted othree phase design
experimentatiorand finally nanébre production Initially, due to budget caraints, the
electrospinning unit had consisted of a foil collector seléldesignedsyringe pump showim
Figure4-1. Thesecond phase waghievedvhen a singlesyringepump was purchased. This
allowed more experimentation of various capillary arltector designs Finally the drum and
multiple syringe pump was usexs it provided continuous nditire mats.
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Figure 4-6: Collector design process

4.2 Development of PAN nanfibres

4.2.1 Solution Parameters

The solution used in the ekeospinning process was a PANw@®n. Solution paramers
consisted of polymer concentration, viscosity surface tension, molecular weight and
conductivity. The polymer concentration is directly related to the viscosity as well as the
molecular weight of the solution. This plays a huge role in the qualitgiaadf nanbibres

spun. The ratio of solvent to polymer composition determines the surface tension of the
solution. Polyacrylonitrile (PAN)hasan average molecular weight of.M 150,000 g/mol
(Sigma Aldrich)and was dissolved ifN,N Dimethylformamide(DMF) for 24hrs,at room
temperaturgusing a magnetic stirrer to yield aptimum of8 wt.%concentration of PAN.

The PAN solutionconcentratiorwas varied in order to determine the optimum concentration
for smooth and uniform nafibres The concemations used, ranged between 1 wt. % to 16wt.
% concentration of PANThis enabled a range of ndiwesanalysed through morphological
studes. It was observed thabncentratiorbetween 1wt. % and 8wt. % yieldedbeads
provided the diameter of the rtbe was small. fie graph displayed irigure4-7 indicatesthe
effect of low concentrations.
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Figure 4-7 graph comparing needle diameter to polymer concentratior

Very low concentrations did not produce any rfdsresand wastage of solution was observed.
This was betweenwt. % and 4wt. %. Electospraying was observed due to the low viscosity
and high surface tension. When concentrations were increased Wwarte4o 8wt. %, beads

were observed but nafilores had started to collect continuougbeeFigure4-8). Although
nandibres were contimous when observed under an SEM they were not uniform as can be
seen inFigure4-9 (a) Figure4-9 (b)indicateshe uneven distribution dibresand clumping

due to a higher concentration.

Figure 4-8: PAN nandfibres at low PAN concentration
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i
HV mag WD det [ —1.0 11| Re— HV [E] WD det
30.00 kV| 1 555 x[10.7 mm| ETD 30.00 kV |5 234 x|10.7 mm| ETD

Figure 4-9: (a) Non uniform PAN nanofibres (b) Clumped PAN nanofibres at 5234 ma

When concentrations were increased fromt8% to 12 wt. % smooth and unifornPAN
nandibres were observeds illustrated inFigure 4-10 (a). When the concentration was
increased beyond 12% to 16% PAN ni@m@swould be discontinuous as well as containing
a poor surfacenorphology observeth Figure4-10 (b). Based on the above observatidn, i
was concluded that\8t. % would be selected and used for all spinning of fiares

300 ym — @ HV mag WD det
0.00 kV 9 601 x|10.4 mm|ETD

Figure 4-10: (a) Smooth PAN nanofibres at higher conc. (b) Individual PAN nanofibre
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4.2.2 Operating Parameters

The operating parameters suckflaw rate and electric field strengttere investigateth the
experimental phase of the electrospinninguget This assisted in determining thptimum
parameterto produce smooth and continuous rdes The flow rate was controlled biye

pump and the electric field strengtlascontrolled bythe HV power spply. Theywerealtered
once the appropriate needle diametedthe needleto-collectordistancevasdetermined To

locate the ideal collector needle distance as well as the appropriate capi&and error
methodswvere usedvhen testing theelf-designed syringe pungnd foil seen inFigure3-1.

A fixed distance of 15cnma 171G needle sizand a 1315kV voltagewasfinally selected based

on previous research and experimentationThis was testedusing the electrospining
parametersised inJoneset al[53]. This distance and needle size provided the most uniform
nandibres Scanning electron imaging was carried out for individual fiaresto determine

the quality and uniformity of the nafiores. These samples weinvestigated using afEl
Quanta 400 FEG Individual PAN nandibre strand in Figures 4-11 (A) and 411 (B) have
visual measured diameters ranging in the nanosddle consistency of theandibre diameter

can be seem Figure4-11(B). A measurerant of 420.8nm and 420.9nm was observed. This
shows an even distribution dibre diameter. This was achievable because the collector
distance was fixed at 15cm aad 8 wt. %PAN concentration was selectéar the used
voltage. This corresponded wellitth the 100500nm required narfibre diameter.

1pm Mag= 43.32KX Signal A = SE2 200 nm Mag= 7754 KX Signal A= SE2
f WD = 9.9 mm EHT = 5.00 kV WD = 9.6mm EHT = 5.00 kV

Figure 4-11: SEM images of individual PAN nandibres (a) 551.1 nm diameter (b)
420nm diameter

Flow ratesweretestedrangng between 0.5ml/hr an8ml/hr. This was done to determine the
ideal flow rate for smooth uniforrfibres. It was oberved that alow flow rates the PAN/DMF
solution would harde at te tips and within the tubingA 1-2ml/hr flow ratewas observed to
be themodelflow rateto produce narfdres. This flow rate allowed th&aylor cone to form
without wasting PANsolution or dryingpf thePAN dropletat the needle tipHigher fow rates
above 2ml/hr would produce beaded avet nandibres This was due tashort drying time
as well as low stretching forces. Pulsiagvhen the PAN solution is pulled back and forth at
the needle tip and was se&hen flow rates were increased.
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Reduction of beading was se&rhen thecollector distance and voltageere increased,
however ahigher voltagded to a largenandibre diameterandPAN nandibreswere seen to
have variable thicknesses as well as @aton. Figure4-12 is anSEM image of electrospun
PAN nandibres It was observed thait a low distancg5-10cm) between needle tip and
collector, wet merged naréibrousmoulded matsvould form(Figure4-12 (A)). Figure4-12
(B) shows randomly orientated electrospun PAN nBines at 194X manification.
Nandibreswere observed to have uniform thickness anceven distribution witan 8wt. %
PAN concentration, 13kV, 15cm collector distance and a 1ml/hr flow hateas decided that
these operating parameters would be used.

Figure 4-12: SEM Images of electrospun PAN (a) Beading (b) Uniform

4.2.3 Experimental Matrix

The operating parameters as well as the solution parameters are two major influences on the
electrospinning process. They are however dependent on each other and both are needed to
produce nanftbres. An experimental matrixvas created in order to understand the
relationship between the solution parameters and the operating parameters. As mentioned
above the three majparametershat play a role in the production of electrospun fiénes

are the voltage, the distance betwehe electrodes (collector to needle) and the concentration

of the solution being electrospun. The independent variables in this research were selected and
used as the variables that were kept constant. This consisted of the needle diameter, syringes,
collector design and the flow rate. The experimental matrix was designed as a 3D cube and
can be seen in figure 43
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Figure 4-13: Experimental matrix of electrospinning parameters

VOLTAGE

The testing of the parameters that followed the experimental cube shévguia 413 was

initiated by varying the parametemsdependently. The distance between the collector and
needle was kept constant while the voltage was varied between 10kV and 15kV. Thereafter
the distance between the collector and needle was varied between 15cm to 20cm while keeping
the voltage at a cotent value. Three PAN concentrations were tested; 6%, 8% and 10%. The
concentrations were varied while keeping the voltage and collector distance constant. The
results and findingjare presented irable4-1.
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Table 4-1: Observations and results of electrospinning@xperimental matrix

1 6 10 15 Beaded and brokeibres formed, distance was too far and
surface charge was too largentaintain any consistency.

2 6 15 15 Beadedibres formed, surface charge was high and cause
irregularfibre morphology on collection dfbres.

3 6 20 15 No fibres formed, surface charge was too high which caug
excessive dripping of solution at needips.

4 8 10 15 Brokenfibres formed, surface charge was not high enough
form continuous collection.

5 8 15 15 Goodfibres formed, Taylor cone was formed and showed
consistent shape.

6 8 20 15 Goodfibres formed, Taylor cone was formed and showed
fairly consistent shape. Intermittent dripping occurrences.

7 10 10 15 Fairly goodfibres formed, Taylor cone shape was consiste|
but was distorted and angled upwards from the droplets.

8 10 15 15 Fairly goodfibres formed, some beading was observedidu
the most part continuotitbres were formed.

9 10 20 15 Inconsistenfibres formed, the Taylor cone shape changed
throughout spinning.

10 10 10 20 No fibres formed, surface charge was not sufficient to
overcome surface tension.

11 10 15 20 Beaded ad brokenfibres formed, surface charge was bare
able to overcome surface tension.

12 10 20 20 Fairly goodfibres formed, some beading was observed bu
the most part continuodibres were formed.

13 8 10 20 Goodfibres formed, Taylor cone was forah@and showed
fairly consistent shape. Intermittent dripping occurrences.

14 8 15 20 Goodfibres formed, Taylor cone was formed and showed
consistent shape. However, collection area was too large
difficult to control at this distance.

15 8 20 20 Beadel fibres formed, collection area was haphazard and
difficult to control

16 6 10 20 No fibres formed, distance was too far away which meant
thefibres that did form never reached the collector.

17 6 15 20 No fibres formed, surface charge was too hagial distance
was too far away which caused spraying of solution.

18 6 20 20 No fibres formed, surface charge was too high and distan(
was too far away which caused spraying of solution.
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4.3 Development of CNFdoped PANnandfibre s

4.3.1 Conversion of PAN nanofilres to CNFs

When converting PAN nanofibres to CNFs, the nanofibres needed to go through a process of
carbonization. In order for nanofibres to be carbonized they need to be under extremely high
temperatures (80C3-120CC) that can only be reached in arface. Various furnaces were
tested to determine the most appropriate and efficient manner of carbonizing PAN nanofibres.
The capabilities of a variety of furnaces for the heat treatments of the PAN nanofibres were
tested. This was carried out on thrédéedent types of furnaces; a muffle furnace, a box furnace
and a tube furnace.

A muffle furnace (Figurd-14(B)) was tested and proved to be ineffective in producing CNFs.
The PAN polymer reached stabilisation temperatures, however abo¥€ 8dding he
carbonization phase, the nitrogen was observed to have leaked and therefore resulted in the
presence of air inside the chamber. The presence of air increases the oxidation rate and
therefore burns away the PAN nanofibres. The flow rate and the tdanmeergere accurately
controllable but the leakages were caused by the lack of a seal from the furnace door as well
as the butterfly valve attachment for the nitrogen outlet.

The box furnace in Figure 84 (A), with a steel retort for environmentalrdool, proved better

at carbonization than the muffle furnace. However, due to a lack of accurate temperature
control and inaccurate nitrogen flow rate control, the PAN nanofibre mats showed major
cracking and wrinkling caused by the shrinkage of macredib

Gas Inlet

e F R

Gas Outlet

Butterfly Valve

Gas Retort

Flow Rate Control

Temperature Control

Figure 4-14: (A) Box furnace and (B) Muffle furnace
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The tube furnace was found to be the most suitable for heat treatments of the PAN polymer, as
the nitrogen environment, temperature and flow rate could be accurately controlled and sealed.
Also the heating zone was found to be more uniform asd&s provided for more consistent
diameter fibres. A major disadvantage of using the tube furnace, however, was the limited
sample size of the ceramic boat. In order to make a substantial amount of ECNFs (electrospun
carbon nanofibres), many runs wererformed and the ECNFs were eventually used as a
crushed fibre than a carbonized sheet as initially desired.

4.3.2 Carbonization Methodology

Carbonizing of electrospun PAN nanofibres was carried out using theflaee displayed

in Figure 415A. Electrospan PAN nanofibres were collected in a vial as compressed clumps
and placed into a ceramic boatngslaboratory tongs (Figure ¥4 C). The boat was placed
inside the tube and both the gas inlet and the outlet were sealed. The tempenatoréco
Figure 4-15 B was set to 2AC at a ramping rate of %0 per minute. The oxidizing
temperature was then held at ZZ@or approximately an hour before turning the nitrogen on.
The carbonizing temperature was set a8hd was also held for an hour. Thegess took
approximately 140 mins, however due to cooling time was found to be over 8 hours. The
nitrogen was shut off once the temperature had dropped below ambient temperature.

Gas Outlet
Furnace
jas Inlet i

Figure 4-15: (a) - Tube Furnace, (b)- Tube Furnace Temperature Control and (c)-
Sample oat, Tongs and PAN nanébre

Figure 416 shows 3 of the final ECNF produced in the tube faoe, after crushing with a
pestle and mortar, which resulted in powdered texture ECNFs. The diameter and quality of the
ECNF can be seen in Figurel8.
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Figure 4-16: TEM image of the final ECNFs as prodiced by electrospinning and
carbonisation of the PAN nandibres.

Hybrid composites were fabricated using the same hangdagchnique to that of the aramid
fibre reinforced composite. The slight difference is that every nanomat coated aramid layer
was paced with the electrospun nanomat surface facing downwards. The initial mat was not
coated and the aramid layers are placed in order as seen in Figuréhss was prepared in
order to roll and immerse the epoxy resin without damaging or shiftingatinafibre sheets.
Nanofibre volume fibre calculations weused in adding the nanomats.

4.4 Characterization of PAN and CNF Doped PANNandfibres

4.4.1 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was carried out orPtA&l nandibresas well as th€NFs.
Weight reduction versus temperature was detexthand a TG graph was plottedrigure4-

17. A multi-stage decomposition with resolved reaction is observed with the PAN TG
analysis. This indicates that PAN has no thermal stabiibAN weightreduction started
occurring at 138. This then led to a 30%ductionin weight between 30C and 35€C. A
steady decrease in weight percentagthés observed after 350 to approximately 65C.
With this result, it can be concluded that the stasiion temperature should not exceed®@50
else there will be a loss of PANandibres. This can safely justiffhe use of a Z°C
stabilisation temperatusghich wasused during oxidatian
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The CNFs showed a more stable decline in weight % apeeture was increased. This
indicates a good thermal stability. TE®&Fs indicated a steady weight percentage decrease
between 0 and 500. A large reductioin weight percentages indicated and total lossat
60C°C or more.

120
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@® CNF

Weight
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20
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Figure 4-17: TGA of PAN nanofibre

4.4.2 Differential Scanning Calorimetry

The DSC (Differential Scanning Calorimetry) graph in Figur&84provides an in depth
understanding of the oxidative exothermic stabilisation process. The DSC shows a peak at
30C°C for PAN nanofibres. This correlates with the TG analysienms of the stabilisation
temperature and provides an accurate oxidation parameter.  The area under the peak which
represents the heat capacity of the sample, can provide the enthalpy. The heat flow for PAN
was found to be 22W/g. Carbonisation effegre also observed when comparing the CNF
values in the DSC analysis. This 600spike is a shift in the required temperature for
crystallisation. It was observed that 8W/g was determined as the heat flow value for the CNF
crystallization temperature.
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Figure 4-18 DSC analysis of electrospun narfiores

4.4.3 Raman Spectroscopy

Raman spectroscopy was carried out on the CNF samples only. Carbonised samples were
analysed to determine the quality of the canbanostructures. In Figure®the D band peak
occurs at an intensity of 1300 au and a Ramdfh ¢h1300 cm!. The G band also has an
approximate 1300 au argon intensity at a shift of 1600. cithe Raman spectrograph of the
CNF sample has a G/D band ratio (intensity ratio) of approximately 1:1 which indicates a
disordered graphitic and crystali structure. The D band represents the number of disordered
atoms and the G band represents the number of ordered[&@mJ his gives an idea of the
localised defects within the carbon structure. A slightly highdrand means that there are
more ordered atoms giving way to the possibility of having less defects and a highly graphitized
structure.
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Figure 4-19 Raman Spectrograph of ECNF

4.4.4 Energy-Dispersive Xray

EDX (EnergyDispersiveX-ray) spectroscopy was determined usireRll Quanta 400 FEG

SEM Instrument. EDX assisted in determining the quantifiable carbon content at the
carbonised temperature used. A carbonisation temperature € 8@3 used to carbonize

PAN nanofibres to convert them into CNFs. Figd20 (A) and(C) indicate an approximate

83% carbon weight percentage and an atomic weight of 89.9%. This indicates a successful
carbonisation procedure while maintaining semmorphous structure with partialystallinity

shown in Figure €0 (B).
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Figure 4-20 EDX analyses of ECNHa) Chemical composition (b) SEM image and (c) Weight 9
of composition

445 TEM

Trangnission electron imaging was carried out on the CNF doped PAN. They were placed in

an epoxy resin mould and sheaved to have single layers for use of the microscope. The

instrument used to produce these samples was the Reichert Ultra microtome. Sampleés r

from 60nm to 80nm. Figure21 is a TEM image of CNF doped PAN nanofibres embedded
in epoxy resin
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The dark patches iRigure4-21 (a) indicate carbon based material and observing the size and
occurrence it can be seen that CNFs were orientagaaatspacing within tnPAN nanéibre.

In Figure4-21 (b) a single nanbbre is observed and CNFs apesitioned within thdibre.

This indicates doping of the CNF within the PAN niinie.

Figure 4-21: (a) Cross section of CNF embedded PAN (b) Indidual CNF doped PAN

The fibre diameter can be observed in Figw&l4a) to be hat of a nano scale. The dark
internal continuous fibre is an indication of the CNF. The transparent outline is an indication
of the PAN nanofibre as the outer core of the CNF. This can be seen in FR{ufig) 4 Figure

4-21 (a) has a cross sectionakw of the PAN doped carbon nanofibres and Figug2 {4a)

and (b)indicate the plane view of the individual nanofibres.

Figure 4-22: (a) Individual CNF doped PAN (b) Continuation of CNF doped PAN nanofibre
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4.5 Conclusion

The electrospinningrocess usedas determinedb be sufficient for the production of PAN
(polyacrylonitrile),ECNFs (electrospun carbon nanofibres) and ECNF doped PAN nanomats
for coating aramid fibre sheets. The nanofibres; both PAN and ECNF, were found to have a
diameter range between 200nm and 800nm. The PAN had shown good thermal stability for
the carbonizatioprocess and the ECNFs were found to be of good quality due to very little
disorder. TEM (transmission electron microscope) was used to determine if the ECNFs had
been doped successfully and results indicated that ECNFs had randomly been dispersed within
the PAN but signs of discontinuous spacing had been observed. The next chapter discusses the
results of the mechanical tests.
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5 Results and Discussion

This chapter discusses the experimental results associated with Aramid, RéNabs and

CNF doped PAN nanomats strengthened hybrid composites. At first, the aramid composite
specimens with the volume faction of 10%, 20 % and 30 % were mechanically characterized.
From the testing results, the optimum aramid volume fraction wasneldtaihen the PAN
nanomat and the CNF doped PAN (CRP) nanomat strengthened multiscale hybrid
composites were fabricated using the optimum aramid fibre volume fraction (30%). These
hybrid composites specimens were then tested to understand the effeeanBANNF doped

PAN nanomats on the structural properties of the aramid composites. The morphological
results were also analysed to discuss the effect of the nanomats on the diwyipagite failure
mechanism.

5.1 Aramid Fibre Composites

5.1.1 Tensile Properties

Tensile properties of aramiibre compositesvere measured and analysed. Three sets of
samples of neat epoxy with 10%, 20% and 30% volume fractions, were tested and plotted in
Figure5-1, which shows the tensile strengthd the elastic modulus. Thesde strengtiwas
observed to have increased linearly and evened out when reaching a 3@¥awadfibre
reinforcement. There wa an 8.4% increase in tensile stress from 20% vol. to 30%naohid

fibre reinforcement.The maximuntensile strength s measured to be 301.6MPa at 30% vol.
aramid fibre reinforcement and the maximum elastic modulus was measured to be 66.5GPa at
a 20% vol. aramid fibre reinforcement.

The elastic modulus increasasl the volume fraction increased, which indicaedcreasa
stiffness. However, there wa decrease in elastic modulérem the 20% vol. to 30% vol.
aramidfibre reinforcement.This result is not uncommon and research has shown an increase
in volume fraction can reduce the elastic modultexantili et al. [58] found that unidirectional
aramid reinforced epoxy had shown a decrease in elastic modulus when increashg a 35
volume fraction of aramid reinforcemetat a 38% volumerhction of aramid reinforcement

This is a indication of a reduction in stiffness.
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Figure 5-1: Tensile properties of aramid fibre reinforced composites

The fabricating method also playachuge role in the quality of fibre reinforced composites.
One of the major problems with the hand-lgymethod is the high possibility of resin cogti
inconsistency. Hahlay-up was done maraily and therefore human error svikely to cause

a buildup of resin vithin the composite. Figure-®is an SEM image of a 30% vol. aramid
reinforced failed tensile specimen. It can be seen on the surface of the individualfdmamid
the inconsistency of the epy. The resin build up created a weak zone when the composite
experiencedensile loads. Theetensile load®ftenresult in fibre pull out, and when a larger
volume of epoxy is built up in @narea of the fibre, it cressa lower volume in another area

on thesurface of the fibre. Thiten leadto premature failure.

. ) . A
10 ym Mag= 4.00 KX Signal A = InLens
—_t

WD =13.1 mm EHT = 5.00 kV

Figure 5-2: SEM image of a30% aramid fibre reinforced composite
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By observing the reduction in elasticity and stabilisation in strength, it would be justifiable to
select 20% vol. aramid reinforcemerstthe optimum volume fraction for the control specimen,
however, the results of the flexural testd the impact test weedsotaken into consideration

to determine the most suitable volume fraction of aramid feardorcement

5.1.2 Flexural properties

Flexural tests were carried out on 10%, 20% and 30% volume frasftiramid reinforced
epoxy. Flexural properties were measured and analysed. The results of the tikstsirale
plotted in Figure 8. The flexuralmodulus and the flexuratrength both folloneda similar
pattern demonstrating an increase, when the volume fraction of afineidvas increased.
This assisted injustifying an optimum 30% vol. ofaramid reinforcements for flexural
properties. Higher volume fractions were neé¢sted due to the degradation of the tensile
properties observed in section 5.1.1 and previous research condudtédliny[56]. The
maximum flexural strength and the flexumnabdulus was measured to be 174M\iRd 1.96GR
respectively.
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Figure 5-3: Flexural properties of aramid fibre reinforced composites

5.1.3 Impact Properties

The impact resistance of aramfiire composites was determined-igure 5-5 is a graph
indicating tle impactresistance of 10%, 20% and 30%lume fractionsof aramid fibre
reinforcementsn epoxy. It wasobservedhat neat epoxy has an impact resistance of 2.8 J/m
and the 20% volaramid reinforcemerttas an impact resistance of 42.8J/rithe 30% vol.
aramid reinforced compositeas an impact resistance of 49.42Jiwhich is a 15.3% increase
in impactresistance compared to the 20% véibre pull out and fibre breakage was observed
in Figure 54. Fibre pull out is a good indication of load transfer from matrix to fibre.
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Figure 5-4: SEM image 0f30% vol. aramid fibre composite

The tiny strands seen in Figure45are indications of fibre bakage. Fibre breakage was
caused by the ability of the matrix to absorb the energy and transfer it to the aramid fibres.

This concludes that 30% va@ramid fibre reinforcement wahe optimum volume fractidor
impact resistance Higher volume ffactions were not determined as the fabricating method
allows a maximum thickness of 4nfor the testing samplesPrevious research conducted by
Khalid [56] also indicateda reduction in impact properties with higher volumacfions.
Analysing the tensile, flexurand impact properties it was concludbdt a 30% vol. aramid
fibre reinforcementwasused as the control specimen for the introductioRAN and CNF
doped PANnanofibes as secondargeinforcements

The minimumand maximum volume fraction for fibre reinforced composites, have previously
been determinefb4]. A very low volume fraction can create a very weak composite and a
very high volume fraction can deteriorate the compositeeaflires become too close to each
other. Another major factor that affects the volume fraction is the processing technique.
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Figure 5-5: Impact properties of aramid fibre reinforced composites

The reasons behind the selection ofwbkime fraction for theontrol composite in this report

are duea both the processing tatlque and previous studies.hfEe volume fractions were
selected to provide evidence of optimal parameters for the selection of the control sample.
Theoretically the assumption that all fibres have the saameetier and are peax€tly parallel

to each other, was concludg¢f5]. The theoretical maximum volume fraction is then
determined by assuming that the packing of the fibres follows a hexagonal closegpackin
arrangement seen in Figuré5h

2R
m
] YaR

Close-packed ‘Unit cell' representing
hexagonal cross- basic repeating shape
section of fibres

Figure 5-6: Fibre packing arrangement
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As the alignment of the fibregas f i xed, the volume fraction
In the tiangular unit cell in Figure-B, the total area occupied by fibre is equal to three 60
segments. The unit cell has af@R?, so tha

max_ 33 PR?/6 _ p
VALES =P _-0907° 91%
f J3R2 23

Such a high volume fraction is not practically possible. Even if such a high degree of fibre
stacking was attainable, the fact that fibres are touching would cause an ineffective composite
[55]. Whenfibres are arranged in a naomidirectional system, like woven fibres, the
orientation is proportionally out of plane. This then leads to a reduction in volume fraction as
close packing is not achievable. Therefore the volume fractions selected fstuthysvas

based on table-5.

Table 5-1: Optimal volume fractions for polymer composites

Reinforcement Possible range of fibre | Typical value for
form volume fractions (%) fibre volume
fraction (%)
unidirectonal 4071 60 50
woven 2071 40 30
random mat 107 20 15

Previous studies have shown that a high volume fraction can result in a weaker composite.
Khalid [55] determined the effect of temperature on high volumeifiacramid epoxy by
determining the impact properties at various temperatures. It was found that an increase in
volume fraction results in a decrease in impact energy regardless of the tempeshtunéear

loss was determad byPhitili et al. [57] on both glass and aramid fibre composites and it was
concluded that wear loss is affected by the polymer matrix than the reinforcement itself. A
40% vol. of aramid was used as a reinforcement forepod it can be concluded that the
volume fraction did not have an effect as the wear affected the epoxy only.

The processing method plays a role in the selection of the volume fraction. The mould used in
this research for a hand kayp only allowed anaximum thickness of 4mm which is the ASTM
standard for tensile testing specimens. A higher volume fraction abovef3&%mid fibre

would increase the thickness of the specimen and therefore 30&arold fibrgl AFC) within

epoxy resinvas selected @ke control sample.

5.2 PAN Nandibre Reinforced Hybrid Composites

Hybridising composite matetgawith the use of nanofibres as secondary reinforcentests
shown tremendousmprovements in the mechanical and structural properties of polymer
compaite materials. Multscale hybrid compdates are advantageous duetheir ability to
providehigh strength with minimal increase in weight. The interlaminar region is an area that
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is affected by the transfer of loads when a composite material exmperienechanical
deformation. Strengthening the interlaminar region provides the composite an ability to
withstand the transfer of load for a longer period without crackmuyiced within the matrix

rich zone. This can be advantageous as catastrophiefzaln be prevented. PAN nanats
(nandibre mats) placed in between the plies of conventional fibre reinforcements can assist in
improving the interlaminar region. These nanomats act as bonding plies between the fibre and
the matrix resultingn a stromger composite.

Continuous PAN nanomats were coated in between layers of aramid fibre sheets using
electrospinning. Volume fractions of 0.1%, 0.2% and 0.5% PAN nanomats were tested.
Various researchn electrospun nanofibres have illustrated the useraffitmesassecondary
reinforcements in between pliesTable 52 shows researcharried outthat has covered
secondary naofibre reinforcement. Molnar et al. [59] did not exceed a 0.2% vol. PAN
reinforcement and thereforewas decidedn this researclhat the volume fractioof PAN
nanomats would not exce8b%.

Table 5-2: Previous Research on secondary nanofibre reinforcements

Optimum
Research Polymer nandibre reinforcing Primary Composite nandfibre
material volume
fraction
(%)
Zhang et al. Polyether ketoneardo (PEKC) Carbon fibre reinforced 0.4
[60] epoxy
Chen et al Nylon 6 Poly(methyl methacrylate 1.7
[61] PMMA
Neppalli et al Nylon 6 Poly(ecaprolactone) 2
[62] (PCL)
Ozden et al Poly(styreneco-glycidylmethacrylate) Araldite-epoxy 0.2
[63] P(Sco-GMA)
Molnar et al PAN Carbon fibre reinforced 0.2
[59] epoxy
Tian et al Nylon 6 BIS-GMA/TEGDMA 15
[64]

The 30% volume fraction of aramfibre reinforced composite was selected as the control
specimen forhe nanéibre reinforcement. Tensle, flexural and impact properties of PAN
nanomat reinforced aramid hybrid composites were determined.

5.2.1 Tensile properties

The aldition of PAN nanmatsbetween layers of aramfibre matswithin epoxyindicatedan
increase irthe tensile strengtandan increase in elastic moduludowever, a4.7% decrease

in tensile strength was observed with the 0.1% PAN nanomat reinforcement compared to the
30% vol. (AFC) aramid fibre reinforced composite. This reduction in tensile strength is an
indication of tle effect of the low volume fraction of the nanofibre laminates when PAN
nanomats are introduced. When low volume fractions of nanomats were introduced, the
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distribution of the nanofibres were not consistent. This can be seen in Figuvbdie a low
distribution of PAN nanofibres is observed. This created matrix rich zones (fractured epoxy)
within the interlaminar region which resulted in a poor transfer of load. This caused the hybrid
sample to fail prematurely. This is a result of the spaces cnedted the interlaminar regions
between the PAN coated regions and-noated regions. Stress concentration was created
which led to weaker regions within the composite.

Fractured Epoxy

/

PAN Nanofiber

2um Mag= 7.35KX Signal A = SE2
‘ WDg= 14,5 mm E:IJT=I 5.00 kV ﬁ
Figure 5-7: SEM image of a failed 0.1% PAN reinforced
AFC

When 0.2% PAN nanofibre mats were adddw tensilestrengthof the PAN nanomat
reinforced aramid hybr&lwas increased by 1.5% compared to the AFC. A 3% increase in
tensile strength compared to B@2%AFC (Aramid fibre compositedccurred when 0.5% PAN
nanomats were addedThe 30% vol. AFG:omposite held a tesile strength of 301.61Pa

The elatic modulus of the AFC waseasured to b86.1GPa. With an addition of the 0.2%
PAN nananatreinforcement, thelastic modulus increased by 24@educing the ability of
the PAN nanfibres to improve stiffness of theomposite. The 0.1% PAN nanomat
reinforcement also improved the elastic modulus of the hybrid specimen by B7860.5%
vol. PAN nanaenat inclusion indicated a 34% increase inelastic modulus. Figure 5-8
illustrates thenoticeablamprovement in tensilstrengthand an exponential increaseelastic
moduluswith aPAN nanaonataddition.
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Figure 5-8: Tensile properties of PAN nanomat remforced AFC

Improvementsof tensile propertieslue to PAN nanmat addition can be attributed to the
combination of interlaminar strengthening and preventiorfitok failure. Ths can be
observed inFigure 5-9 in which a fractured tenge sampleappeagd to have nanfibres
embedded in the matrixThis improvement fathe interlaminar region allowed transfer of
loads from the aramid sheets onto the fianes increasing thestiffness of the overall
composite.

y

2 pm Mag= 5.09KX Signal A = SE2
Figure 5-9: SEM image of interlaminar region of failed PAN
reinforced hybrid composite
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5.2.2 Flexural Properties

The influence of the PAN nanmatson the flexural properties of the aramid epoxy composites
had also shown improvementSigure5-10indicates a grdual increase in flexuralreingthof
PAN nanaonataddition. AFC measured a valud 174MPa for the flexural strengtiWith an
addition of 0.1%PAN nanomats anprovement of 2% was observedompared to the AFC

As the nanmatvolume fraction wasncreasedthe flexural strengtincreased almosteven
increments, resulting in &.8% increase with the addition of 0.2% PAN nanomat
reinforcemen and al10.3% increase of flexural strengthith a 0.5% PAN nanoat
reinforcementcompared tdahe AFC.
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Figure 5-10: Flexural Properties of PAN reinforcement

Increase in flexural strength wandicative of improvedibre matrix interactiondue to the
nanofibres Figure5-11is an SEM image of the internal fracture ¢aged0.2% PAN nanomat
reinforced AFC flexuralgecimenAs a resultthe contact between the PAN nanofibre and the
aramid fbre was observed PAN nandibres provide an adhesive property when in contact
with the macrdibresdue to the electrostatic charge created when being electrf&guhe
nandibre mats, when electrospun ontiee aemid fibre, created an electrostabdhesse
property This contact indicated an improved interlaminar interaction because the PAN
nanofibreshadimmersed within matrix.This caused difficulty in fibre pull out which led to

an improved stiffness.
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Figure 5-11: SEM image of PAN nandibre on surface of Aramidfibre

The flexural modulus of PAN nafibre reinforcedhybridshowever,did not show a gradual
increasdike the flexural strengthFigure5-10 indicatedthat the AFC measured a modubfs
1.96GPa. The highest flexuralodulus was observed at0.2% PAN nanmatcoating. This
was a 5% increase compared to tB8% vol. aramid fibre compositdFC). Although not as
good as the 0.2% PAN increase, the 0.5% PAN fiameoreinforcement also showed an
increase of flexural modulus. The influenceeaibedding 0.5% electrospun PAN naraids
between layers of aramid sheetgs showm to improvethe flexural modulus of AFC, with an
increaseof flexural modulus by 38.3%

The out of plane properties avbserved in Figure-32 to beaffectedby the nanabres. The
increased flexural strengimd modulus from the additiari thePAN nandibre reinforcement
mats couldbe attributed tahe prevention of the epoxy chains from movingsegmental
motions within the matrix when the nafibresare well dispersd[66] [62]. The large surface
areas and interconnected porosity of the PAN fiareomats provide an improved interfacial
interaction with the epoxy matrix and the ararfiltes resulting in impoved strengttand
modulus.Chen et al[66] indicated similar results by exhibiting an improved interfacial region,
within the epoxy region strengthened by CNFs.
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Figure 5-12: Fracture surface of PAN reinforced aramid fibre
composite

5.2.3 Impact Properties

Poor impact resistance Bdeen the major concern surrounding the leron reliability of
thermosetting matrices such as epoxy resin. However, with the interlayer toughening
reinforcement of polymer nafibres theimprovemenbof the impact resistance compoges

was observedni Figure 513. A decrease in their iplane mechanical propertiegs not
evident for the aramid reinforcdibre compositeAFC). The PAN naniibre reinforced

AFC is observed to have reduced the separation between &t@assdnd matrix. It was netd

that interactions between aranfiiore and epoxy are wedk7].

The influence of embedding electrospun PAN ridme sheets between layers of ararfie
were showrin Figure 514 to improve the impact resistanceAFC. A 0.5% PAN naniibre
reinforcement measured a 58.1 3impact resistance, this iradited a maximum increase of
18% relative to the AFC. PAN nafibres demonstrad an adhesive bond induced by
nandibre reinforcement awasseen inFigure5-11.

It is evidenfrom Figure 512that the PANhandibreshave mproved the load transfer between
the aramidibres and the epoxy matrix within the interlaminar regiorhe PAN nandibres
absorledand distributd the maximum impact energy during loadingtte strongerrd higher
moduli aramidibres[66]. With a 0.7% increase in impact resistance from the AFC to the 0.1%
vol. PAN reinforcementand a 3.3% increase from AFC to 0.2% vol. PAN reinforcement, the
improvement was cordered negligible as compared to 0.5% vol. PAN reinforcement.
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Theimpact resistance continuéa improvewith theincreased?AN nandibre reinforcement.
The relative increase mesistance was lineass thePAN nandibre volume fraction increased
for a 0.2% volume fraction ofPAN reinforcement and a 0.5% volume fracti®@AN
reinforcement This was recognisedo a larger span of the distribution network of the
interlaminar PAN nanmats onaramidfibre mats
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Figure 5-13: Impact properties of PAN nandibre reinforcement

Figure 5-14 shows how the nanofibrousylr embedded in the matrix affected crack
propagation during impact failure. When tbheacks reached the nanofibroband of the
composite, the number d&facture fault linesncreased and the surfapianebecame more
ordered which is indicative of impred resistanceAt themoment of impact when the sample
was hit parallel to thereinforcing plane of thearamidand PAN nanfibre layers the PAN
nandibre layers absorbed and then instantaneously spreadapipied loadthrough the
nanofibrous networto theadjacent aramid layers and throughout the entire shear plane, whilst
deforming plastically.

Mechanical interlocking waalsoobservedn Figure 515by the ability of the PAN nanofibres

to fill the voids within the epoxy matrix. Thisde¢o an improed interlaminar region.The
impact resistance wgaaffected by the shifting of the plies within the composite. PAN
nanofibres acted as an iMecking mechanism which improves the strength, demonstrating a
prevention of ply shifting relative to one aneth
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Figure 5-14: PAN nancdfibre embedded inepoxy

It can also be seen Figure5-15 that there wasn improvement of load transfer withiine
shear plane This was due to the distribution of loads and bridging of cf@{s The fracture
around the narfibres indicatedthat the load was absorbed by the ridgmme and distributed
throughout the matrixesulting in the blockage of crack propagatidris was an indication

of impact energy absorption through plastic deformafi®®]. The continuity of the PAN
nanofibres also assisted in miaack prevention and delamination by remaining intact across
the crack plang64]. This illustrateshow the nanfibres acied like hook and loop fasteners
similar to that ofVelcro®, creatigy mechanical locksvhich resultedin a reduction of
delamination.
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Figure 5-15: SEM image of PAN nanofibres embedded inepoxy resin

5.3 CNF Doped PAN Reinforced Aramid Fibre Hybrid Composites

Doping is a technique in which impurities or foreign material is added to anotheniahat
order to improve its properties. In this report, doping was carried oatectrospurPAN
nanofibres. The PAN nanofibres were doped with ECNFs (electrospun carbon nanbfibres)
adding the ECNFs into thBMF (Dimethylformamide, which was uses the solvent to
produce the PANsolution, whichwas then electrospun This nanocmposite (CNF doped
PAN) wasapplied as an additional reinforcememithin the controlledaramid reinforced
epoxy (30% vol,) (AFC). Two doping volume fractions were usedthin the overall
composite. A 0.5% and 1% volume fract@rfECNFswas doped into the three different PAN
volume fractions, 0.1%, 0.2% and 0.5% as discussed in the previous section.

The 0.5% and 1% volume fraction of ECNFs were chosen due &fféoeon the viscosity of

the electrospinning solutionWhile dbserving the 1% volume fraction of ECNF within the
threedifferentPAN solutions, there was a noticeable increase in viscoshg. 0.5% volume
fraction of CNF within in the PAN solutiohad not shwn any changes in the PAN solution.
The increase in viscosity prevented the ability to produce higher CNF doped PAN volume
fraction As by increasing the viscosity of the PAN solution, the concentration becomes very
high. A high concentration leads thscontinuous anthrger micrdibres. Mcullen et al did

not go beyond 3% MWCNT (multvalled carbon nanotubes) within a 4% PEO (polyethylene
oxide)electrospinningsolution[8]. It was observed that 1% wt. of MWCNT dopwghin a

4% wt. of PEQpr oduced opt i mu nrurther studigaiss foumdbtithtuvéryhggh
concentrations of CNTs within PAN would cause crazing and fibre pu[6@lit Chen et al.
found that doping PAN with glass fis from 00.5 wt % would improve the overall
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mechanical properties arnitl was found that 0.25 wt. %f PAN produced the optimal
mechanical properties

5.3.1 Tensile Properties

A noticeable trend is observed withetincrease of the tensigrengthof CNF doped PAN
(CNFDP) hybrid samples seenhigure5-17. The addition of the CNF content does improve
the tensile properties. It was found tiae CNFDP nandibre reinforced aramid fibre
composite (AFC)ensile properties was optimat al1% CNF doped 0.1% PAN nafilore
contentwith a 17.3 % increase compared to the AFC

The decrease in tensile strengilth the addition of the 1% CNF doped 0.2% PAN and 1%
CNF doped 0.5% PAN nafibre samples waattributed to the inconsistency of thstdbution

of the CNFs within the PAN nafibres The decrease in yield strengtha result of the
inconsistency of distribution of the CNFs, as sedrigure5-16, as well as the distribution of

the doped narfibres within the interfacial region. A % vol. of CNF content for increased
amounts of PAN nariibbre contentdecreases the tensile properties due to the inconsistency of
the CNF distribution within the PAN nafilore. When doping low PAN vol. %, the distribution

of CNF within the PAN narfdbreswas considered more even at lowNPRol. %, whereas an
increase in PAN volumallows theCNF to be unevenly distributed.

An uneven distribtion of CNFs within PANas observedin Figure 5-16 can decrease the
strengthof the individualnandibres therefore affecting the overall tensile properties of the
composite. If there is a weak ndiboe region, the transfer of energy from the araffitides

onto the interlaminar region may cause cracking within the matrix therefore leading to
premature failure.

2 Jim :

Figure 5-16: TEM image of CNF doped PAN
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This then results in an unevdistribution of load. The loads would shift into tnelividual
narofibres and would break at weak regsooaused by agglomerations of CNFs. The
interfacial region may have improved by the load tiemis the out of plane region, however
when reaching the CNBPthe agglomerates would act as weak mechanical points or structural
defects, leadingp alower tensile strength.

It is evidenthowever that dopingof PAN does improve the overall tensileoperties of the
aramid fibrecomposite. When observirkggure5-17, a 0.5% CNF addition to a 0.1% PAN
reinforcement provides a UTS of 315.1MPa. That indicate$4&6 increase in tensile yield
compared to a nedoped 0.1% vol. PAN reinforcedramid filre hybrid composite. The
effects of doping with CNFs are visible for the other two PAN reinforcements as well. At a
0.2 % vol. PAN reinforcement and a 0.5% vol. PAN reinforcement, the addition of 0.5% vol.
CNF showsan 8% increase in tensile strength lboth
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Figure 5-17: Tensile Strength of CNF Doped PAN Reinforced Hybrid Composite

The elastic modulus ifigure 5-18 follows a similar trend to theof the tensile strengtfor

0.5% CNF doped saples. A doped 0.5% vol. of CN#foes ncrease the elastic modulus at
0.1% vol.,0.2% vol. and 0.5 % vol. of PAN reinforcemetg 2806, 182.2% and 142%
respectivelyin comparison to the netoped specimensWith a 730% increase from tf3®

%vol. aramid fibre composit@FC), the optimum modulus is at a 1% vol. CNF doped 0.1%
vol. PANreinforcement It is however evident, thain increase in PAN nanofibre content with

a 1% CNF doping content decreases the tensile strength at higher PAN volume fractions. This
reduces the stiffness of the composite material resulting in early elastic deformation
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Figure 5-18: Elastic Modulus of CNFDP Hybrid Composites

It is crucial for the interfaal bonding strength to be high between matrix and reinforcement
as an even distribution of load is produced. If the interfacial strength beties@atrix and
reinforcement is low, then the fibreatrix interface is taweakest part when a load is appli

[66]. The reduction in stiffness from an increase of CNF content could be attributed to the
weak spots or zones within the PAN nanofif@6]. These weak spots or zones are created
from agglomeations and are a result of poor dispersion within the PAN when mixing. The
purpose of the nanofibres is to deflect propagating cracks and force the crack growth to shift
from the out of plane regiorso that the macro fibre reinforcement prevents thieiréai
However, if the nanofibres are weakened then the nanofibres tend to break prematurely and the
aramidfibres are observed (Figurel®)to pull and slide out regardless of the nanofilmatrix

bond.

20 Mag= 763X Signal A = InLens
—
WD =16.7 mm EHT =10.00 kV

Figure 5-19: 0.5% vol. CNF doped 0.2% vol. PAN Reinforced
Aramid Hybrid
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5.3.2 Flexural Properties

3-point bendingtests were carried out on CNIFP aramid hybrid composites and flexural
properties were determined. At 0.1% vol. PAN ar®®vol. PAN the flexural strengtsf the
hybrid composites was observigdgure 520) to increase as the CNF content within the PAN
was increased. At a 0.2% vol. PAN, CNF dapdecreases the flexural strength

The 0.5% PANeinforced AFC(aramid fibre compositepecimens revealed a maincrease

in the flexural strengthy 9.67% and 12.1%yhen doped by both 0.5% vol. CNF and ¢ét.

CNF respectively This is attributed to the increase in PAN nfii@ strength The
distribution of the narfdores played a major role as they were spun directly onto the aramid
fibre sheets using a drum collector. The drum collector method atlweveandéibresto be
distributed across the face of each laminate. Continfilores were observed and theregor
the continuity provides strengttithin theinterlaminarregion. It was observed that fractured
bending samples were held together by theofilares within the interlaminar region and as a
result, was seen to have improved the flexural strength. The distribution of CNFs within the
PAN nanofibres with and additional even distribution within the finegrix interphase had
improved the flexurastrength.

250

200 -
o [ -
10
5
0

0.1%P 0.2%P 0.5%P
PAN Volume Fraction (%)

o

Flexural Strength (MPa)
o

o

™ 0%CNF m 0.5%CNF m 1%CNF

Figure 5-20: Flexural Strength of CNF doped PAN Aramid hybrid samples

Figure5-21is an SEM image of a 0.0l. % CNF doped).5% vol.PAN nandibre fractured
specimen. The ridges suggest brittle failure. When thefiba@as held within the epoxy
matrix, it disallows shifting of molecular @nswithin theinterlaminarregion and therefore
withstands bending loads vehi increases the flexural strength of the overall compoEltiese
bending loads create cracks and @revalentwithin the out of plane regiof66]. They are
now transferred into the CNBP nanofibres which deflect the cracks. Thesero cracks
created from fibranatrix separatiofbrittle fracture)observed in Figurb-21, aredeflectedoy
the nanofibres.
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CNF-PAN Nanofiber

[

Brittle Fracture

F Hm Mag= 855KX Signal A = SE2
WD =12.3 mm EHT =10.00 kv

Figure 5-21: SEM image of a fractured0.5vol. % CNF doped 0.5 vol. % PAN
bending specimen

It was observed in Fige 522 thatwith 0.5% vol. CNF doping, an increase of 4.8% and 9.7%
in flexural modulus of 0.1% vol.ral 0.2% vol. PANoccurredrespectively. The flexural
modulus of a 0.2% vol. PAkeinforced AFGvas measured to be 3GPa. With the inclusion of

a 0.5% wl. CNF and 1% vol. CNF the flexural modulus dropped to 1.2GPa and 0.9GPa
respectively.

3.5

2.5

1-5 .

0.1%P 0.2%P 0.5%P
PAN Volume Fraction (%)

N

Flexural Modulus (GPa)
(=Y

€)1

o

m 0%CNF m 0.5%CNF m 1%CNF

Figure 5-22: Flexural Modulus of CNF-DP Aramid Hybrid
Composites
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The flexural modulus of the 0.2% vol. PARiInforcementvas observed to decrease with the
increase of CNFs. This could possibly be attributed to #telalition of CNFs within the PAN
nandibre resulting in weaker regions on the surface of the filargo The elasticity of the
individual nandibre may have decreased, and therefore resulting in aroadffect. The
transfer of energy within thiaterlaminar regions was reducdaecause of the agglomeration
of CNFs within the PAN narfibre.

The spread and distribution of the doped PAN nanofibres was also observed to have been
inconsistent therefore resulting in a low elastic modulus. The nanofibrésreggte and

create fracture points on the surface of the laminates therefore reducibdith&avithstand

even load distributianThis can be observed in Figur&3where brittle fracture was observed

from the fracture ridgesaused by the inabiyi to hold the aramid fibredue to the nanofie
agglomeration

These nanofibre clumps are caused by the inconsistency of the needle droplet rate. The droplets
are formed at different rates elto the inaccuracy of volume withihe syringes that corita

the PAN/CNF solution. The volume is affected by the addition of air bubbles within the syringe
and therefore the droplets are forced out at different times. One possible solution to the
reduction of bubbles is a deoxidizing agent or an improvedngtimethod.

O AN

20 i Mag= 627 X Signal A = SE2
‘ WD = 11.4 mm EHT = 10.00 kV

Figure 5-23: SEM image of failed 1% CNF doped PAN nandibre hybrid composite
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Flexural modulus represents the modulus of elasticity of a material when experiencing bending
loads. Results shada decrease in elastic modulus due to doping of PANfilag except

at a 0.5% vol. CNF doped 0.1% vof PAN. This lack of increase wgossibly due to the
irregularity of the doped nafibresobserved in Figure-24 and discussed in section 4.4An

uneven distribution of CNFs within the nditwes resultedin a distorted distribution of load

and stress ancentration. The stress concentration creategaker zones due to CNF
agglomerations within the PAN nafitore, and ledto premature failure which affectetie
interlaminar regions.

6

Figure 5-24: Individual CNF doped PAN
Nanofibre

Coating of nanfibresonto the surface of the aranfidre sheets do however, create a higher
stiffness. This decreases the elasticity of the overall hybrid composite. It can be said that the
interlaminar regions are in cohesion at a 0.5% vol. CNF doped 0.1%AMI and shifting of

the planess reduced dueotthe nanfibre reinforcement.

5.3.3 Impact Properties

The impact properties were determined byl#vel impact test. The impact resistance of CNF
doped PAN reinforcettybrid composites were measuraad for all PANvolume fractims

the 0.5% vol. CNFRloped ranforcementshaved an increase in impact resistaiiEegure 5-
25). The 0.5% vol. CNF doped reinforcement increagedimpact energy by over 40% for
both the 0.1% vol. and 0.2 % vol. PANiInforced aramid hybrid specimen3he 0.5% vol.
CNF doped 0.5% voPAN had increased by 30% when compared to adoped sample.
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Impact Resistance (J/m”2)
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Figure 5-25: Impact Properties of CNF doped PANReinforced
Aramid Fibre hybrid composites

A build-up of nan@ibreswas observed ifrigure5-26 which led to stress concentratiorhis

stress concentration allowdgk fracture rate of the specimen to increaselar@tore reducing

the impact energy. Nanofibre clumps or entanglement can create holes/void within the matrix
therefore reducing the interlaminar proper{ié8]. This can be seen iRigure5-26. This
reduction in interfaciastrength wa due to the detachment of the nanofibres and the stress
concentration frona strong interfaciabond(Van der Waals forcesh certain aregsand less

in others[68] [22] [66]. This wa due to agglomerations of CNFs within the PAN fiidones

that shift the distribution. The accumatibn of these CNF areas creategoint in which
laminates may be separated therefore affecting the overall impact energptiahso
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1um Mag= 1250 KX Signal A = InLens
—
WD =16.8 mm EHT =10.00 kV :

Figure 5-26: SEM image of 0.5% CNF doped PAN

The optimum impdcresistanc&6.7 J/nd was measured for the 0.5% vol. CNF doped 0.2%
vol. PAN reinforced AFC A slight decrease in impaenergy wa observed as the PAN
nandibre composition wa increased. A 0.5% PAN rdéarcement is similar in impact
resistance to a 1% CNF doped%.PAN. The reasofor the decrease in impact egg as the

CNF content increasadaspossibly be due to the low shear property of the filargtherefore
decreasing the impact enerff§6]. The agglomerations and distribution within the PAN
nandibre could possibly be the reason of degradation in holding the laminates together when
under impact loads.
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6 Conclusion

In this research paper multi scale hglmomposites were produced and testeléctrospinning

was used to provide a secondary reinforcement within the multiscale hybrid composite.
Nandibreswere used and determining their effect on the mechanical properties as thell as
interlaminarpropeties wascarried out Initially, aramidreinforcedepoxy composites were
hand laid and the optimum volume fraction was determined. The optimum volume fraction
was then used to determine the eftaatPAN nandibreshave on the overall compositeAN
nandibres were coated on aramid sheats nanomats, then laid into epoxy resimd testing

was onducted Finally, doping of the®PAN nandibreswith electrospurtarbon nanfibreswas
carried out. CNFs were produced laylmonizing electrospun PAMNandibresat 800C. Doped
samples were produced in a similar mannéh&PAN reinforced specimens

The average diameter of the nihees wasfound to beapproximately 200nm. Electnosn
nandibres were discovered to be more cost effective than vapowvrgoNFs and provided
an advantage in coating without danmagthe aramid, macro reinforcementhe optimum
aramid reinforced epoxy composite wiaand to be30%vol. and was increased with a 0.1%
vol., 0.26 vol. and 0.5%vol. PAN and PAN/CNF narfibre layers. Two sets of CNF doped
nandibre reinforcementsisedwere 0.5%vol. and 1%vol These layers were implemented to
determine the effect on tleterlaminarproperties.

The following points were drawn

1. Interlaminarshearing between pliegsas affeded by CNF agglomerations. This
was discovered when deternmg the impact properties of theultiscaledoped
hybrid composites.

2. Continuous narfidbreswith diametersof approximately 200nm were observed to
be highly advantageousrhen producing hybridompositesand were discovered
to improve thanterlaminarregion when experiencing bending loads.

3. Electrospun narfibres assiseéd in improving theinterlaminarregions within
aramid epoxyby mechanical locking within the epoxy and creating an adhesive
bondusing Van der Waals forcesd electrostatic chardeetween narfdore and
macrofibre.

4. The drun collector design was the most ideal formdoatingof nandibre mats
onto surfaces of macfdressuch as aramifibre.

5. The disadvantage of naalignednandibresis their ability to separate laminates
due to thehorizontal position of randomrientaton.

6. Doping is useful in improving the strength of the individual ridmes however
CNFs within PAN nanfibres can agglomerataveakeningthe fibre as wellas
transferring energy to areas within theerlaminarregion that weaken the overall
composite.

7. Interfacial strength between CNF and PAN was important in load transfer. If
weakened due to a poor bond, then it result in reduction of mechanical properties
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This research repaitustrates the possibilities of electrospinning as a process for strengthening
interlaminar regions of composite materials. Optimum volume fractions must be determined
and discovering the balance of volume fraction is importiegending on application.
Hybridising aramid epoxy with the use of néiboesassistedn improving various mechanical
properties. Impact degradation is one mdjeadvantagef nandibre hybridising and the use

of doped nanftbres can be detrimentalHowever furtheresearctcan be carried out on the
individual nandibres due to doping.Methods in improving the interfacial bonding strength
between the CNF and PANAlternativetests can be carried owych asdetermination of
delaminationand short beam shear strength The effects of doped nafibres could be
rewarding due to theossibilities of ECNFs. The ECNFs are more conventional and cost
effective due to its top down approach and low cost of production.

CNF doping using electrpgining is highly advantageousiue to the low cost and Hig
productivity rate. Alternativdopingtechniques are expensive and more torgsuming. This
research reporprovides evidence of the possibilities of electrospinning and doping as a
strengthening technigun multiscale hybrid composites.
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8 Appendices

8.1 Appendix A

Drum collector size calculations

Equation(8.1) below was used to calculate the requiREM and diameter of the drum
collector:
¢ 1O (8.1)

cAl O

Where
v=linear velocity (m/s)
i1 Q@0 i
YOO i QU £ aonooeseioio @ ET

The diameter and length of the drum were determinedhb size of themould as this
determined the dimensis of the spun mat. The mould dimensions used, as described later,
were 190mm x 190mm and as such the minimum required dimensions of the drum were
calculated were calculated as using Equat@i?) seen below so Hithe required RPM for the
solutioncould also be calculated.

D (8.2

Where;

0 0 Q¢ QEBIAOGQ 06 & QBAQE OQ
i 1 0QGod

Therefore from Equatio(8.2) it can be seen that the minimum required diameter for the drum
collector is 60.46mm. Also frortine given mould dimensions it can be seen that the minimum
required length of the drum is 190mm.
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TableA-1: Tabl e showing the drum coll ectord

Current Rating 2.7TA
Maximum OutputTorque 0.14 Nm
Output Speed 4000RPM
Power Rating 60 W
Supply Voltage 24 V dc
Length 106.7mm
Shaft Diameter 7.927mm
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8.2 Appendix B

Table B-2: Volume fraction spread sheet

{ keviar 1.44| 3k O Whevlar 0.343651| 34.36514| % Vkevlar 03] 30|%
{ cnf 2 3k O Wenf 0.00162 0.161956 % Venf 0.001 0.1 %
{ epoxy 1.148 3k O Wepoxy 0.654729 65.4729 % Vepoxy 0.699 69.9 %
“composite | 1.234906 I k O Mkevlar 120.12 ¢ tcompasite 0.45 cm
Vcomposite 283.05 OY o Menf 0.5661 g Areal 0.017361 cm?
Mkevlar
Mcomposite | 349.5402 g Mepoxy 228.8541 ¢ Nkevlar 11.19758
Vepoxy/hard  199.3503 ml Msingle 1092 ¢
kevlar
Vepoxy 139.5452| mi Nkevlar 11  layers
max
Vhardner 59.80509 mi Vkeviar 0.294706
new
DEGREDATION 0 Epoxy/hard 0.7 Vepoxy | 0.704294
RATIO ratio hew
Mpan 0.5661 g
Vpan 0.478125| ml
Vpan/DMF 5.976563 ml
\VVDMF 5.498438 ml
SPINNING 5 976%3 mins
TIME@ 1ml/hr
PER LAYER
Mpan 0.05661 g
Vpan 0.047813 ml
Vpan/DMF 0.597656| ml
VDMF 0.549844 ml
SPINNING 35.85938 mins
TIME@ 1ml/hr
SPINNING 5.976563
TIME@6
syringes
Menf 0.05661 g
Miayer 10.97661 g
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8.1 Appendix C

Table C1: Neat epoxy tensile and flexural sample data

Specimen | Dimensions Tensile Tensile Flexural Flexural
Number strength Modulus | Strength Modulus
[MPa] [MPa] [MPa] [MPa]

Figure C1: ASTM specimens for neat epoxy
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Table C2: 10% Aramid reinforced fibre epoxy sample data

Specimen| Dimensions Tensile Tensile Flexural | Flexurl
Number strength Modulus | Strength | Modulus
[MPa] [MPa] [MPa] [MPa]
Tensile Flexural
width [mm] | Width [mm]
1 12.5 12.8 165.4| 66092.6 129.1| 649823.0
2 12.6 11.4 169.7| 22038.4 75.0 797731.9
3 12.6 12.9 157.8| 76500.8 117.3| 700425.0
4 12.6 12.0 1745 16270.5 89.9 13262.9
5 12.6 13.9 184.6| 651789 85.7| 587178.2
Mean 12.6 12.6 170.4| 49216.3 99.4| 549684.2
SD 0.0 1.0 10.0| 27875.3 22.8| 309609.4

Figure C2: 10% AFC Flexural test specimens (before and after)

106



Stress MPa

200
180
160
140
120
100
80
60
40
20

0.005 0.01 0.015 0.02 0.025
Strain

Figure C3: Stress vs Strain graph of 10% AFC
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Table C3: 20% Aramid reinforced epoxy sample data

Specimen| Dimensions Tensile Tensile Flexural | Flexural
Number strength Modulus | Strength | Modulus
[MPa] [MPa] [MPa] [MPa]
Tensile Flexural
width [mm] | Width [mm]
1 12.7 12.7 294.3| 108201.4 148.2| 106097.4
2 12.7 12.7 296.5 13787.5 121.7| 1116923.2
3 13.0 13.0 261.3| 145213.8 113.3| 914186.0
4 13.0 13.0 272.5 12212.3 149.4| 1198204.1
5 12.6 12.6 266.5 52854.3 130.5| 990017.4
Mean 12.8 12.8 278.2 66453.9 132.6| 1056060.4
SD 0.2 0.2 16.2 58836.3 16.0| 1100%.4

Figure C4: 20% AFC Flexural test specimens (before and after)
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Figure C5: Stress vs Strain graph of 20% AFC
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Table C4: 30% Aramid reinforced epoxy sample data

Specimen| Dimensions Tensile Tensile Flexural Flexural
Number strength Modulus | Strength | Modulus
[MPa] [MPa] [MPa] [MPa]
Tensile width | Flexural
[mm] Width [mm]
1]133 12.2 312.9 18415.8 176.2 2052579.2
2 12.7 11.4 270.6 35271.8 176.3 2132862.9
3 13.2 13.8 293.2 24509.8 188.1| 2053636.8
4 13.0 12.0 309.4 24313.8 164.1| 1734495.3
5 12.8 12.0 322.0 45787.4 165.5| 1846471.6
Mean 13.0 12.3 301.6 29659.7 174.0 1964009.1
SD 0.3 0.9 20.2 10875.7 9.7 166494.1

Figure C6: 30% AFC Flexural test specimens (before and after)
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Table C5: 0.1% PAN Reinforced AFC sample data

Specimen Dimensions Tensile Tensile Flexural | Flexural
Number strength Modulus | Strength | Modulus
[MPa] [MPa] [MPa] [MPa]
Tensile width| Flexural
[mm] Width [mm]
1 13.0 11.6 292.0| 108947.9 190.3| 1980741.6
2 12.6 13.3 311.8 17216.4 170.2 973338.3
3 13.1 12.6 258.1 22037.1 180.8| 1478976.8
4 134 11.6 284.7 21754.0 196.6| 2175544.6
5 13.1 11.8 290.4 77331.1 177.3| 1490833.0
Mean 13.0 12.2 287.4 49457.3 183.1 1619886.9
SD 0.3 0.7 19.3 41457.5 10.5| 472627.6

Figure C8: 0.1% PAN reinforced AFC Flexural test specimens (before and after)
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Figure C9: Stress vs Strain of 0.1% PAN reinforced AFC
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Table C6: 0.2% PAN Reinforcal AFC sample data

Specimen Dimensions Tensile Tensile Flexural | Flexural
Number strength Modulus Strength | Modulus
[MPa] [MPa] [MPa] [MPa]
Tensile width| Flexural
[mm] Width [mm]
1 13.7 12.1 307.3 17916.6 206.3| 3482328.5
2 12.9 12.0 336.3 13709.2 209.6| 3779063.4
3 13.0 11.7 301.0 14406.4 166.0| 2386573.0
4 12.7 11.3 351.4 352629.8 183.8| 2820346.3
5 13.0 134 234.8 35367.0 172.5| 2531927.4
Mean 13.1 12.1 306.2 86805.8 187.6| 3000047.7
SD 0.4 0.8 449| 148861.4 19.6| 605648.5

Figure C10: 0.2% PAN reinforced AFC Flexural test specimens (before and after)
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Figure C10: Stress vs Strain of 0.2% PAN reinforced AFC
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Table C7: 0.5% PAN Reinforced AFC sample data

Specimen | Dimensions Tensile Tensile Flexural | Flexural
Number strength Modulus Strength | Modulus
[MPa] [MPa] [MPa] [MPa]
Tensile width | Flexural
[mm] Width [mm]
1 14.8 13.6 328.0 69977.7 207.8| 3374211.8
2 13.9 13.7 355.6 21749.5 183.5 1869648.6
3 13.7 134 269.6 26814.5 201.6| 3073159.6
4 13.0 12.4 292.1 661297.3 178.7) 2656853.1
5 12.6 135 307.3 33876.6 188.2| 2625127.1
Mean 13.6 13.3 310.5 162743.1 191.9) 2719800.1
SD 0.9 0.5 33.0 279340.3 12.3 567626.8

Figure C11: 0.5% PAN reinforced AFC Flexural test specimens (before and after)
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Figure C12: Stress vs Strain of 0.5% PAN reinforced AFC
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Table C8: 0.5%CNF doped 0.1% PAN Reinforced AFC sample data

Specimen| Dimensions Tensile Tensile Flexural | Flexural
Number strength Modulus Strength | Modulus
[MPa] [MPa] [MPa] [MPa]
Tensile width| Flexural
[mm] Width [mm]
1 13.0 12.5 321.7| 112947.4 180.9| 1849162.9
2 13.5 13.5 268.5| 607990.8 245.7| 2709245.8
3 12.0 10.8 332.1 10155.9 184.1| 2406760.2
4 12.6 12.5 318.3| 116145.0 183.8| 1937514.6
5 12.8 10.0 335.0 921773 164.5| 2254596.1
Mean 12.8 11.9 315.1| 187883.3 191.8| 2231455.9
SD 0.5 1.4 27.0/ 238746.0 31.2| 350749.1

Figure C13: 0.5% CNF doped 0.1% PAN reinforced AFC Tensile test specimens (before
and after)
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Figure C14: Stress vs Strain of 0.5% CNF dope 0.1% PAN reinforced AFC
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Table C9: 0.5%CNF doped 0.2% PAN Reinforced AFC sample data

Specimen| Dimensions Tensile Tensile Flexural | Flexural
Number strength Modulus Strength | Modulus
[MPa] [MPa] [MPa] [MPa]
Tensile width | Flexural
[mm] Width [mm]
1 13.2 11.3 337.0 318858.6 197.0| 1940967.3
2 134 12.2 290.6 18408.0 156.8| 1097904.3
3 13.1 115 307.9 710636.7 166.3 961694 .4
4 13.3 12.0 377.2 108809.5 168.5 967013.5
5 135 13.0 343.0 29572.8 204.0| 1317607.3
Mean 13.3 12.0 331.1 237257.1 178.5| 1257037.4
SD 0.2 0.7 33.5 290806.4 20.7 408684.9

Figure C15: 0.5% CNF doped 0.2% PAN reinforced AFC Tensile test specimens (before

and after)

120




Stress MPa

400

350

300

250

200

-0.005 0 0.005 Strain 0.01 0.015 0.02

Figure C16: Stress vs Strain of 0.5% CNF doped 0.2% PAN reinforced AFC
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Table C10: 0.5%CNF doped 0.5% PAN Reinforced AFC sample data

Specimen| Dimensions Tensile Tensile Flexural | Flexural
Number strength Modulus Strength | Modulus
[MPa] [MPa] [MPa] [MPa]
Tensile width | Flexural
[mm] Width [mm]
1 14.5 11.3 329.0 78143.9 156.1| 1129039.7
2 15.0 12.4 341.5| 1607497.7 167.6| 1693181.9
3 14.0 12.4 343.7 177523.0 222.6| 1397180.9
4 14.4 11.5 351.7 69927.6 243.5| 1523710.9
5 14.0 12.4 310.4 36707.3 262.8| 1596622.4
Mean 14.4 12.0 335.2| 393959.9 210.5| 1467947.2
SD 0.4 0.6 16.1 680419.9 46.8 218096.1

Figure C17: 0.5% CNF doped 0.5% PAN reinforced AFC Tensile test specimens (before

and after)
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Figure C18: Stress vs Strain of 0.5% CNF doped 0.5% PAN reinforced AFC

123



Table C11:1%CNF doped 0.1% PAN Reinfoiced AFC sample data

Specimen| Dimensions Tensile Tensile Flexural | Flexural
Number strength Modulus Strength | Modulus
[MPa] [MPa] [MPa] [MPa]
Tensile width | Flexural
[mm] Width [mm]
1 13.0 12.6 345.5| 927661.5 197.0 639050.6
2 13.2 11.0 336.0| 4233355 214.6| 1350845.7
3 13.3 13.8 348.1| 243053.6 195.0 647982.9
4 13.0 11.6 309.2| 143897.5 197.8 937112.1
5 13.5 11.5 347.2| 316266.8 165.0 670377.8
Mean 13.2 12.1 337.2| 410843.0 193.9 849073.8
SD 0.2 1.1 16.4| 306437.3 17.9 306596.4

Figure C19: 1% CNF doped 0.1% PAN reinforced AFC Tensile test specimens (before
and after)
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Figure C20: Stress vs Strain of 1% CNF doped 0.1% PAN reinforced AFC
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Table C12: 1%CNF doped 0.2% PAN Reinforced AFC sample data

Specimen| Dimensions Tensile Tensile Flexural | Flexural
Number strength Modulus Strength | Modulus
[MPa] [MPa] [MPa] [MPa]
Tensile width | Flexural Width
[mm] [mm]
1 13.2 13.6 280.4 983369.9 204.6 755257.0
2 134 11.7 243.5 29333.1 185.3 706460.9
3 13.0 11.6 317.9 125391.3 190.2 959880.1
4 13.2 12.5 219.3 13375.6 151.6 1351604.8
5 13.4 115 235.5 12289.3 126.9| 1192332.8
Mean 13.2 12.2 259.3 232751.8 171.7 993107.1
SD 0.2 0.9 39.7 422215.2 31.7 277513.2

Figure C21: 1% CNF doped 0.2% PAN reinforced AFC Tensile testmecimens (before
and after)
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Figure C22: Stress vs Strain of 1% CNF doped 0.2% PAN reinforced AFC
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Table C13:1%CNF doped 0.5% PAN Reinforced AFC sample data

Specimen| Dimensions Tensile Tensile Flexurd | Flexural
Number strength Modulus Strength | Modulus
[MPa] [MPa] [MPa] [MPa]
Tensile width | Flexural
[mm] Width [mm]
1 13.4 11.7 282.7 192037.5 232.3| 1436080.7
2 13.4 11.0 279.9 112417.1 199.4| 1589623.0
3 14.0 10.7 297.5 23011.1 222.2| 1253271.0
4 13.0 13.5 292.0 31400.4 213.7| 1175439.4
5 14.0 12.5 297.6 21102.5 208.2 663540.9
Mean 13.6 11.9 289.9 75993.7 215.2| 1223591.0
SD 0.4 1.1 8.3 75169.1 12.7 352131.7

Figure C23: 1% CNF doped 0.5% PAN reinforced AFC Tensile test specimens (before
and after)
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Figure C24: Stress vs Strain of 1% CNF doped 0.5% PAN reinforced AFC
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