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ABSTRACT

INTERFACIAL TOUGHENI NG OF CARBON FIBER REINFORCED
POLYMER (CFRP) MATRI X COMPOSITES USING GRAPHENE OXIDE
CONTAINING NANOFIBER S
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SupervisorAssoc. Prof. DrErhan Bat
Co-SupervisorProf. DrBor a Mavi K

September 201932 pages

The importance of carbon fiber reinforced polymer (CFRP) composites is increasing

day by day in everyday life. Whild¢y have great importance owing to their high

strength and stiffnesdo-weight ratios, these new materials still have some weak
aspects wichneedtobenprovad. One of these aspects is (
the delamination resistance, the mosinpising technique is the one that includes the

use of nanofibers because of ease of process and no increase in total weight of
compositesRecently, hybrid systems which combine the properties of two or more

monolithic materialdiave attracted consideralatentions.

This work focuseson the enhancement of interfacial toughness of CE&Rposites
using hybrid nanofibers which ageaphenexide containing electrospun nanofibers
by usingnylon 6 (N6)polycaprolactonéPCL) polymers with different N6 masatios
(60, 80, 100 wbno). With this aim, firstly, GOhas been synthesized and after that
homogemrous distribution of containing differesize of GO(GO1: 466 nm, GO2:
230 nm, GO3: 165 nnglong the fiber have been studidtie results showed that N6
contaning 2 wt% of GO2provides the increase ofi&n and GepropVvalues about 21%

and 13% according to referen€@mpositesontainingN6/PCL-60/40with varying



quantities of GO3 nanofiberss:c values could not be increased because of the
deterioration © the synergistic relationship betweerdebonding/fiber bridging
mechanismsHighest G¢ value was obtained witN6/PCL-80/20 containing 0.5 wt

% of GO2compositewith a 26%improvement on the {ain and42% on that ofsic

prop-

Keywords:Carbon Filer Reinforced Polymer Matrix Composites (CFRBjaphene
Oxide (GO), Electrospinning, Interlaminar Fracture Toughness (Glc), Double
Cantilever Beam (DCB) Test

Vi



¥Z

GRAFEN OKSKT K¢EREN NANOFKBERLERKN KUL
KARBON FKBER TKAWRWOHLKXBMER MAWPRKZK TKLCERK NK N
(KFTP) ARAY! Z TOKLAKTI RI LMASI

¢ ay |Cansu
Yé¢ksek,Khuinmsyaan sM¢g hendi sl i J i
Tez DanEx-medrnizzn Bat
Ortak Tez:PfabrrBeman®avi K

Eyl ¢ 1,1329ayfa9

Karbon fiber takviyeli polimermatrisi KFTP) kompozitlerin ©°nen
gén ge-tik-¥¢lkagdekmakhukdeemet/ ajéerl ek ve
mal zemel er b¢yeék °neme sahip ol mal ar éna
gel i ktiril mesi gereken . bBauz € y fena haérf y°n
0del amidurasPe®lindmi nasyon direncini artterm
I kKl em kol ayl éjée ve kompozitlerin topl anm
nanofi ber | er iremn tekniktlr. ISannzamaglarda, iki ya ela daha fazla

malzemem °zelliklerinin birl ekmes:i il e ol 1

-ekmi ktir.

Bu -al eékma, grafen oksit (GO) i-eren far
100) sahip naylon 6 (N6)polikapr ol akt on (PCL) pol i mer
el ektroejdrinlacnnof hbler |l er kull anél ar ak KF
sgl aml éjenéen arttéBuwlams-€lna ioldkkklI manené &0 é
bundan sonra far kIl & boyu12B0anmdGD3:E5am)n ( GO
fiber boyunca homokéenrdaBehaeaméarncajeéenl e

I -eren NG imamofriefeedcayedGRucrgetl e e Gl erinde ya
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%21 ve %13 oranl ar énda a énmikdadarde@Q3 aid-éegréenné g° s
N6/PCL-60/40k o mpozi t ern éxrd/ef, i Wérajlkad @r Zzmamaoé émar as én
sinerjik ilixkkiniGnddéjoamuil tmarsé&lbal marpddotedary.

dej erif er anBaacigRgdeer i ndecilo ejver iGhldre %4 2

Il yil ekmey%h®. 2] @02 éilkck-&v26komphzGidleB aj | anmeéekt ér .

Anahtar Kelimeler:Karbon Fiber Takviyeli Polimer Matrisli (KFTP) Kompozitler,
Grafen Oksit (GO) , El ektroejirme, Tabakal ar
KonsolKir i Kk Test.
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Figure E1. Particle size distribution 602 + TFE mixture at different sonication
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CHAPTER 1

INTRODUCTION

Composies areproducedby combinationof two or more materials and after this
combination, the properties of composite materials have better properties than the
individual components used in composite materials. In last decadgosite have
replaced metals and other mategiad industry de to their low weight and superior
properties such as corrosion resistance, higher strength and stiffness, wear resistance
and hardness by comparison with conventional maté¢tialslowever, there are some
obstacles against use of composites. Besides production cosbagedtproduction

and productiontechniques difficultto s@ndardize,the failure mechanisms of
laminated composite structures caused by the structure of composites are still present
problems. The mascommonly observed failuren composite is delamination.
Delamination isthe separation ofayers due to weakness layer betwee them
Delamination may originat&om low velocity impact, strangeness in structural load
paths that cause oeof-plane loads, or from heterogeneous and stacked nature, which
create local oubf-plane loadg2]. Fibers in laminate do natupply reinforcement,
andtherefore the composite is based on matrix which is relatively weak for carrying
loads n this direction3]. As a result of this, a crack occurs between the layers and
this problem occurs when the starting crack moves along the surface of the sheet.
Variousmethods hve beerevolvedfor years to enhance the delamination resistance

of composite laminates, suchlaminate stitching4], [5], matrixtoughening6-10],
modification of fiber[11], ply termination[12], [1]. However, these methods cause
some problems such esduction in inplane mechanical propertiaadprocesability

of matix due to high viscosity, fiber breakage at stitch hole, misalignment of fibers
and stitch failures. Also, these methods involve extra machining and so have high

manufacturing cosfl2]. In addition tothese methods, interfacial toughening by



placing films[13], [14], particles[15], resins[9] and microfiberd16] between the

layers of composite laminates before curing is more effective meéthedlve this
problem. However, interleaved particles, films, microfiber and resinsagseréhe

weight and volume and can cause decrease in some mechanical properties such as
elastic modulus and stiffnedd7]. Nanofibers, added to composite interlayer,
produced using electrospinnipgocess Figure 1.1) have attractivdeaturessuchas

high surface ameto volume rateno considerable thickening of cressctional area of
composite, without exceeding the 2% weight increase of compgsédect
mechanical performangceasy processaltyl and flexibility in surface functionalities,
compared to microfibers of the same matdil.
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Figurel.1l. A schematic illustration of nanofitebetween thiayers of composite
laminateq19]

It has beentsown by some studies that nanofibers added between the layers produce
some toughening mechanisms during delamination and hardens or delays the
progression of the crackhis increase fracture toughness duringopgation may be

related to the hardeningnmea ni sm of oOnanofi ber bridged: na



crack regions and absorb energy by breaking, straining and crg¢2@|ndhere are
threebasicmechanismshat are effective in nanofiber bridging regipfiselongation
(straining)of the nanofibers without debondirty,straining of the nanofiber withitle
debonding, 3totally peeling ofnanofibers and schematic view of bridging nanofibers
are showrFigurel.2. The images shown ingéfirigurel.2 can be seen in the following
scenarios. If a strong interface between the epoxy and the nanofiber is established,
there is no debonding, and the fibers can be sponged or can be seen tebhebrok
tapering at the intermediate sidagurel.2-b). If there is a weak interface interaction
between the epoxy and the nanofiber, slotted image=aajn the separated surfaces
showing the traces of fiber morphologies and nanofibers strain partially debonding
(Figurel.2-c). If thebondingbetween poxy and nanofibers ateo low, void growth

and imprints form in the epoxy surface after debonding (ped@g)

-
r

fiber I
r\ Void growth
Straining Void growth resulting in
A/ imprints
Manofiber I
embedded in epoxy

Straining without Straining with Debonding
debonding partial debonding (peeling)

(a) (b) (c) (d)

_h &

surface { (

Nano-

Figurel.2. Bridge interaction with crack front nanofibers (a) nanofibebedded
with the crack front, that can cause (b) elongation of nanofibers without debonding,
(c) straining of the nanofiber with little debonding, or (d) totally peeling of
nanofiberg20]



In studies conducted so far, homopolymers, mixed polymers systerasspinning

of two or more polymers at the same timegetedrospinning of varied polymers and
coreshell nanofibers systems have been used in composite systedeveiop
delamination resistance anmhterfacial fracture toughnessinstead of single
component nanofiber systems, it is possible to diversify the &gy mechanisms
with a synergistic effect as a result of the use of polymer mixtures or hybrid systems
to be formed by the additions some inserts having nanoparticle level todhe fib

a study inliterature,polyvinyl butyral (PVB) and solutions caihing CNTswere
electrospun onto carbon fiber prepreg layerd the effect of CNTen Mode | and
Mode Il fracture toughness (€ was researched The results show that CNTs
interlayged compositeswithstand higher deformation and showedotable
developmetnin G¢[19]. In sudies where more than one polymer is used by mixing;
polymers were electrospun in two different forms as layers and as core[2hElls
from different syringe§22] and two different forms as layers andcase shell§21].

In addition to these systenigjbridsare systemproducedy the addition of particles
that have the potential to elicit different toughening mechasisito the polymers.
The use of carbon based materials is quite higintidin because of theguperior
propertiesvhich arehigh modulus, specific strength, ullight anddamping capacity

in recent year$23]. Among carbon based materiajgaphene and graphene based
materials have attracted numerous investgeatitoimprove interfaceroperties of
fiber reinforced polymerGFRP) compositebecause ats unique chemical, physical
and mechanicaeatures[24]. GO contains much abundance of oxygen functional
groupssuch ascarboxyl, hydroxyl, carbonyl and epoxide grouttgt provide high
processabilityandinterfaceinteraction between these groups and matrices. In a study
with GO, a 53 % increase in interfacial bondstgength of carbon/epoxy composites
was recorded by adding silafenctiordlized graphene oxides (sGOs) in epoxy resin
[25]. Bortz et al. report enhancement of Mode | fracture toughragssut 28111 %

with by addition ofGOin a weight ratio 1%0 an epoxy26]. Ning et al.referred that

the fracture toughnegs Mode I)and resistance of the CFRP specimens increase by



170.8% and 108.0%, respectively with epoxy containing Z gbidingof GO into
the interface of CFRP laminat§&7]. Among studies about GO, there is no works
about usage of nanofibec®ntaining GO for increase of interfacial toughening by

using electrospinning in carbon fiber/epoxy composite systems.

The mainpurpo® in this study is to develop theterfacial fracture toughness of
carbon fiber reinforced polymer (CFRP) compasitéh the use ominimumamount

of nanofillers in the interfacesf laminates To succeedthe aim of incorporating
nanofillers into the lamates,GO containingnylon 6 (N6)/polycaprolactone (PCL)
nanohybrid nanofibers are proposed as a interleave for theilensoN6 and PCL
have been determined as ideal mixture components with their compatibility with

epoxy matrix and with higher toughrsegalues compared to epoxy.

According to the proposed hypothesis, addition of graphene oxide into the nanofibers
will result in multi-functional interleaves with exceptional interlaminar toughness and
strength because of GO oOestieseAlso, G@&leesdhich ar y me
are overflowing out of nanofibers could have three important roles in this syl$tem.

first task of GO is to act as a deflector by changing the direction of the crack
propagating at the interface and so, crack surface argantr@ase and interfzal
fracture in Mode | improvedThe second role is that graphene oxide enhances
interfacial bonding with epoxy resin because of the abundance of oxygen functional
groups on its surface and therefore this developed debonding mechamd made

it difficult to peel of nanofibers easily. Lastly, with the addition of graphene oxide into
the fibers, there will be a change in the crystal structure of the fibers, which will lead
to the formation of different mechanisms and synergisticeffAs a esult of tlke

studies it is also discussed why samples that do not increase the interface toughness

do not show the expected performance






CHAPTER 2

BACKGROUND AND LITER ATURE SURVEY

2.1.Graphene Oxide

The carbon element in the periodic table n& @f the most important elements that
form the basis of life on Eartft is also essential for many technological applications
such as drugs, optics, aerospace, composites and28] drigure2.1 showsdifferent

carbonstructures

Graphite

COOH g Cooy
TP ol (o
NEAPNA,

OH OH
Graphene Graphene oxide Carbon dot

Figure2.1. Different forms of carbon elemej9]

When carborbased nano materials are examined, graphite threedimensional
carbonbased material consisting of millions of layers of graphene. Through oxidation
of graphite using strong oxidizing agents, oxygenated functional groups are
introduced into the graplitstructure not only to extend the layera@agtion, but also
make the material hydrophilic. This feature provides the exfoliation of graphite oxide

(GtO) in water or other organic solvents using sonication, resulting in monolayer or



few layer graphene, knvn as graphene oxide (G@B0]. GtO is seen as laighly
oxidized form of graphite, which hamultilayer structure with a higher interlayer
spacing due to the presence of oxygen functionalities. The basal plane of GtO is highly
filled with hydroxyls and epoxides while the edgiane mainly contains of daoxyl

and carbonyl groups. Reduction of geyrcontaining functional groups on the GO
results in reduced graphene oxide (RGO) formation. The reduction of GO under
physical (high temperature) or chemical (reducing agents) reduction conditions causes
in theproduction of RG(31]. Chemical structures of graphene derivatives are shown

in theFigure2.2.

Graphene oxide Reduced graphene oxide
(GO) (rGO)

a Graphene

Figure2.2. Schematic chemicatrsictures of graphene, graphene oxide and retluce

graphene oxide, (b) gohite to graphene oxide conversion

GO is usually obtained by mechanical stirring or ultrasonication methods in an organic
polar solvents or aqueous media. The ultrasonication mattowas for more efficient
and faster exfoliation of stacked GtO sheets. However, sometimes this method causes

structural damage and causes the GO layers to be divided into smallef33jeets



The conversion of GO to graphene is demonstrated by experimental observations,
usually by a color change of the reaction mixture from brown (graphene oxide) to
black @raphene) and consequently increased hydrophobicity/aggregation of the
material, which are giwn in Figure2.3. Also, when most of the oxygen groups are
removed from the graphene oxide, the resulting reduced graghete (RGO) is

more difficuk to disperse due to the tendency to agglomé¢gdte

Thereforethe main difference between graphite oxide and GO is the number of layers.
There are several layers of flakes and one layer of flakes in a GO dispa4siaxiso,
GtO is an extremely stacked structure with oxide functionality, whereas GO has a wide

gap between layers due to water ingation.
Reduction
E——

Graphite Graphene oxide Reduced
@COOH @OH @C=0 graphene oxide

Figure2.3. Dispersed images of graphene oxide and reduced grapheng3ifide

In recent years, graphene, nawember of carbon nanomated with a twec
dimensional structuréas attractedthe attention of many researchers because this
material hasigh specific surface argaerfe¢ mechanicaand thermal propertig35].

Several fields ave started using the composite materials becausehefving multi



functionalcharacteristicen polymers by reinforcing wit grapheneThis gravth was
investigated in a study and publisheddsés were recorded graphicallhown in
Figure2.4 [36].
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Figure2.4. (a) Rublications of graphene published from 2007 to 2017 [Seleb
of Science], (bpublications as a percentage by country and (c) publications as a

percentage by sectors

However, since graphene is not compatible with organic polymers, it does not form a
homogeneous composite structudeist the oppositeGO sheets are oxygenated
graphae that can be dispersed nmost solventssuch asaqueous or polar organic
chemicals[37]. Also, GO shows excellent promise as nanofiller in polymeric

10



composite because GO possesses high aspect ratio, broad specific surface area and

excellent mechanicaropertied38].

GO, the oxidized form of singleyer graphene nanosheetsfasmedby chemical
treatment of grapte by oxidationprocess Regarding the structure, there have been
variousmodelssuggesteaver the yearsThese models argue that there are oxygen
containing functional groups on thgraphene oxideThe chemical structure of
graphene oxide has not beeoncluded over the years and has been the subject of
considerable controversy, aaden to this day there is no definite moddlis is due

to the uncertainty arising from both the nature and distribution of the functional groups
containing oxygen and thack of precise analytical techniquescharacterize the GO
structure[39]. However, there are some structural modEigure 2.5) proposed for

the structure of GO.

When the structure of Hofmann@Holst was examined, it consisted of epoxy groups,
spread over the basal planes of graphitel946, Ruess hybridized thagal plane
structure from sp2 to sp3 and proposed a model containing hydroxyl groups in the
basal planeScholz and Boehm suggedtanew structure that completely removed
theetherandepoxidegroups, substituting corrugated carbon layers in the GO @teuct
in 1969. Nakajima and Matsuo proposed the new model thgtendson the
assumption of a framewolike poly(dicarbon monofluade) whichproducesa stage
two graphite intercalatiomomplex materialThe lastand weltknown model which
have réused thdattice-basedmodel is one by Lerf andlinowski. According to this
model, the basal planéncludes epoxy and hydroxyl groupsheeasedges have
carboxy! group$40].
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Figure2.5. Different structural models of graphene oxide (a) Hofmann, (b) Ruess,
(c) ScholzBoehm, (d) NakajimaMatsuo and (e) LerKlinowski [40]

2.1.1.Graphene Oxide Synthesis Methods

GOis producedrom the oxidation of graphite powder in concentric strong acid and

with strong oxidizing agent3.here are differenhethods fographite oxidatiomn the

literaturestudies Among these studies, some of them use concentrated sulfuric acid

with fumic HNG:; and KCIQ ( St audenmai er 6sandmeCiChod) , HNO
( Hof f man 6 ssP@and KMN@)( , Toldr 6 s met haoddMNnG r Na NO

( Hummer s g30met hod)

In 1859, apioneering study on the synthesis of GO weorted by British Chemist
B. C. BrodieIn his method, nitric acid (HN§)is used asacidic mediaandpotassium

chloride (KCIQ) is used as oxidizing agetrodie found that the product was made

12



up of carbon, hydrogen and oxygen, and found that thiteéesa an increase in the
total mass oflake graphitg40].

After nearly 40 years, L. Stdanmaier developed a new method by adding potassium
chloratein multiple aliquotsat a time He succeeded high yield of C: O atomic ratio
(~2) in a single stefB5]. The methods used by Brodie, Staudenmaier and Hofmann
carry a risk of explosion due to the release of materials such asmNOchlorine

dioxide, andhe reactions take several d§$6].

Almost 60 years later, Hummers and Offema&vealoped an alternative method by
reacting graffiti witha mixture of potassium permanganate (KMph&hd concentrated
sulfuric acid (HSQy). This change allowed to shorten the reaction time and increase
the C/O atomic ratio, but not to prevent the formabétoxic NQ. gases. Nowadays,
theHummers' method idhie most preferred ethod for simplicity and safegnd this
method were modified by changing ratio of graphite to oxidizing agent, oxidation time

and condition.

I n 2010, a new met [Taudmethdduwasnmpro¥yexl bynusiigh o d
sulfuric acid and pbsphoric acid mixture. The advantages of this method are higher
yield, no toxic gas formation during synthesis and no time consysgiihgrherefore,

Tour method can be the best choice for the synthesis of GO writeegulated

experimental conditions remove the rigisselfignition or explosion.
2.2.Electrospinning

Electrospinning is a method used to produce polymeric, ceramic and carbon fibers
having diameters from ten to several hundred nanomé&tegse nanofibers produced

byele t rospinning is commonly [@Xr med as 0el

Nanofibers with a large surface area/volume ratio have the potential to greatly improve
the current technology and to be used in new areas of applicktiothermore,
electrospun nanofibers are preferred because they asg, eontinuous and

inexpensivein terms of producibility Although there are many more methods for

13



producing nanofibers, for exampteelt fibrillation, nanolithography and gas,j#te
applicability of these methods is limited due to material constraoust and
production difficulties [42]. In lastdecade, studiesith nanofibers have increaseddan
attract attention in many areas especially in the composite seatents and annual
publication list in this field are shown Figure 2.6. When ths figure is examined,
this research area has attracted thenétin of academicians and industrialists and the
studies in this field have increased day by dde increasing amouwf research on

electrospinning is prorsing for electrospun materigl43].
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Figure2.6. Number of annual publications and patents in the fi€ld o
Afel ectrospinningo and fAcombi niE3di on of el ec

Electrospinning setup consists of four main componentsa (4yringesystem,(2)
voltage power supply3) a flat tip needle and (4) a collecting plate, showRigure

2.7. During the process, @applying voltage to the system, the polymer soluéitthe
needle tip turns i a conical structure called 'Taylooe' under electrostatic force.
The polymer solution jets out of the tip of the Taylor cone and when the applied

electrical force exceedbe force on the conic, the electrospinning processnbegi
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After that, the formed jet starts to accumulate inablectorby thinning and winding
in 3D. When fibers collected in the collector, solvent evaporation ocAuitse end

of the electrospinmig processhin-film fibers are produced onto collectiptate[44].

Some properties of the polymeric solution affect the factors in electrospinning as
shown inFigure 2.7. Thesefactors are environment, solution andaglespinning
variablesThese factors affect the morpholegof nanofibers such as diameter, length

and presence of bead structues).

Environment Variables E‘

A Humidity

fi .

& Temperature Fooessennes Solution Variables
Concentration @ Molecular Weight
Conductivity () Solvent Volatiity
@ Viscosity @Molecular Structure

Nad
Electrospinning Variables

PP @ Distance
< s i\\ Voltage

w ) Fiow Rate
— (@) Collector

Figure2.7. Schematic diagram of the factors affecting the electrospiriad]

2.3.Composite Materials

Composites have long been used and have an important hisitbigugh their exact

onset is unknown, studies hakeen recorded for some types of compositdse
Egyptians and Mesopotamians used a mixture of mud and straw to braloledu
settlements, and this mixture was recorded as the first composite material used in

150G B.C. Later, in 1990s, vinyl, polystyrenphenolic and polyesters plastics were
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developedut plastics alone could ngrrovideenough strength and so reinforcerne

was needed to provide rigidity and strength. In 1@3&ens Corning has developed

a very strong and lightweight material by combinfilgerglass and plastic polymer.

In the 1970sgomposites industry started to develop and continued to ad\Riaséc
resins and bettdibers such as carbon fibers, aramid fibers were advanced around this
time [45].

A composite material whit i s s h ccontpesitdés dormedbytwo or more
combined constituents which aremarkably variougphysical or chemical properties
that, when, produce a efsil third material One continuous constituent is calléae
matrix@ This constituenbindsthe composite and transmits loads from the matrix to
the fibers The other more discontious phase isthe reinforcemend which is
typically harder, stronger, stiffer and more stable than the matrix ptéise

Materials can be classified as either isotropic or anisotropomnnly used
engineering materials such as metals and polymers are usually considerd to b
homogeneous and isotropic materials which mean that they have the same material
properties in all directions. In contrast, anisotropic (anisotropic means without
isotropy) materials have different material properties in all directions at a point in the
body [1]. Unlike metals and polymers, composite materials show heterogeneous
(anisotropic) prperties therefore they have properties that vary with direction within
the materia[47].

In composites, polymers, metals or ceramiesiwezed as matrix, while fibers, flakes,
particlesand/or fillers are used as reinforcement which is embedded in a matrix phase
[48]. Compositesare commonly clssified by their matrix/fiber phase and this

classification is shown iRigure2.8.
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Figure2.8. Classification of composites

The reinforcemetare generally present in fiber and particulate form but may also be
of regular or irregular geometrParticle reinforced composites are weaker and less
rigid than fiber reiforced composites Composites containing continuous

reinforcementsreshown inFigure2.9.

Unidirectional Cloth Roving
3000000 %590%>
0° 0°/90° (Woven) +30° Helical Filament Wound

Figure2.9. Typical continuous fiber reinforcement types
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Fibersform compositesvhich havehigh-strengthowing to theimano scaleliameter;
they includeless defects thatihe materiaimanufacturedn bulk form [48]. Typical
fibers typically used in composites include carbon, glass, and aramid, which may be

continuous or discontinuous.

Continuous fiber composites are produced by stackingdayelifferent directions to
produce the desiredrength and stiffness propis and so continuous fibers are
generally preferred in composite industry. Becauseotientation of fibersvithout
delayaffectsmechanical properties of compositesppearslogical to orient as many
of the layers asiablein thefundamental load-carrying direction. While
thisapproachmight alsowork for some structures, it is important to stabiliaad
bearingcapabilityin arangeof variousdirections[48]. The plies stacked at various
(defined as laminate) and same orientation (lamina) are shawgure2.10.

Unidirectional

Crossplied quasiisotropic

(Lamina)

(Laminate)

Figure2.10. Laminate stacking and pbyientation in compositefl6]
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2.3.1.Applications and Advantages of Composite Materia

Composite materials have been formed as preferred structural materials for many
applications due to theautstandingporopertiescompared with other materials such as
metals, alloys, plastics, glasses and ceramics. First developed for military aircraft
applicat i ons in the early 197006s, composit e
composites (CFRCs) now play important role in broad range of some systems such as
transportation, construction, defense, automotive, medical and more recently
infrastructure[49], as shown inFigure 2.11. Fiber reinforced epoxy composite
laminates are known thavehigh in-plane stiffness, strength and fatigue resistance
under tensile loadings. The fibers possess the fundameatklto carrythe load
enforcedon the laminate and particularly carbon fibers havexaraordinarytensile
strength[50].

Defence )
e O

L A
2 ‘ ‘ Aerospace
*® @

Figure2.11. Some applications of composites
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When the materials forming the composites are brought togethg@oaohproperties

of each mateal are combined in a manner that minimizes and produces better
properties.The diagram inFigure 2.12 summarizeshe relationship between the
classes of materials used in engineering and the developfm@hposie materials

[47]. A Coposi t ed si mpl earkokte mdividoaf cbnebinationlranget | e
which included a uwéety of materials in this class.

a N\
METALS AND
o : ALLOYS: metal-matrix composites,
(pari Illedl plasl]ﬂm steels, ceramic-matrix composites,
and i) aluminium alloys, (including ordinary reinforced
copper & brasses, concrete and steel-fibre rein-
titanium, etc. forced concrete)
PLASTICS: ETES D
resins (epoxies, etc.), GLASSES
thermoplastics, I
rubbers, glass, ;
foams, fired ceramics,
textile fibres concrete,
fibre-reinforced plastics
(including GRP, CFRP,
glass/PTFE coated fabrics),
FRP-reinforced concrete

- y

Figure2.12. Relationships between classes of engineering materials,
showingthe evolution of compositd47]

Composite matéals have many advantagesolving lighter weight, the capability to
tailor the layup for ideal strength and stiffness, corrosion resistance, improved fatigue
life, and, with good design applicatidess installation cost3he specitc strength

and moddus of high strength fibers such as carbon are higher than those of other

comparable metallic alloys, especially aerospace applicdd6hs

Higher weight savings give the system higher performance and thus offer advantages

in terms of greater paydm, longer range and gasvings.Composites used in

20



aerospace applications provide weight savings gendratly 15 to 25 percemange
[48].

In addition to tle advantages of compositeaterials, there are some disadvantages
such as high raw material costs and usually high fabrication and assembl#8psts

In addiion, unlike metals, compsites are not isotropic structure, that is their
properties are not same in all directions and therefore, there is poor strength in out of
plane direction. Due to their complex nature andotropy of the structure, composite
mateaials exhibit different mmdes of failure and damagéth respect to metals or other

conventional materials1].

2.3.2.Failure and Damage Modes for Carbon Fiber Reinforced Polymer (CFRP)
Composites

Unlike metals or other conventional raaals, CFRP compositextabit various
modes of failure and damage due to their-homogeneity and the anisotropy of the
structure of composites. As a result, the stetsmn field and resulting failure process

in laminated CFRP composites are excegigimonuniform. The randuoness of the
strengthtoughness and the inhomogeneity of the ststissn field cause the typical
micro-structural mechanisms of damage accumulation such as cracking of matrix,
rupture of fiber, matrix/fiber debonding and delario@ [47]. In Figure 2.13

laminates modes of failure are presented.

fiber rupture

matrix rupture

Figure2.13. Some damages modes in compogba$
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The failure mode is severely affectedthg matrix as well as its compatibility with

the fibers. Matrix is the first element to fail when the load is carried by the matrix and
not by the fibers. When external loadd@formation occurs stronger and fibers cannot
withstand the load, even the éits can break. The fiber/matrix debonding damage
mode depends on the strength of the bond between the matrix and the fiber, which
affects the load transfer mechanism from thermatx t o Delareinatio® b et hed
separation of two adjacent plies in carsjte laminates, is a critical and common
failure mechanism in laminated carbon fiber reinforced polymer matrix composites.
This failure is one of the major factors limiting thervice life of polymer composites

in engineering structuif@?2]. Delamination can be arising from many elements shown

in Figure2.14 thatcauses reduction of the material stiffness.
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Figure2.14. Causes of delaminatidA8]

The basic failure modes for delamination mechanisms in composites can be classified
based on the direction of the appliedd d . They are deehbdbdHg mbde (

slidngs hear mode 66Mode I 1 66 andb52]. hheyateear i ng sh

shown inFigure 2.15. The fact that laminate composites are anisotropic and fion
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homog@eous means that all three modes can be effective in propagating delamination
[53].

Mode | Mode Il Mode llI

v

Figure2.15. Typical modes of fracture in composites

The resistance of CFRP composttaterial against the initiation and propagation of
crack i n t hes e Interfadia Bracturs Togghneds i dMode g . 6
Various interlaminar fracture test methods and specimen geometries have been
introducedo measure the delamination tdwngss under different mode loadifg3)].

In this study, the Mode | fracture toughness of composites was measured according to
the ASTM D5528 0606Standard Test Met hod for
Toughness of Unidirectional FibRe i nf or ced Pol ymer[54Mat r i x
Mode | delamination properties of continuous fipeinforced plymer composites

are investigat® using the welknown double cantilever beam (DCM) specimen

geometry in this standard.

The DCB specimen shown iigure2.16 consistof a rectangular, uniform thickness,
unidirectonal laminated composite specimen including a-adhesive insert (Teflon
band) on the midplane that provides a delamination initiator. Opening forces are
implemented to the DCB specimen by means of loadiagkb(end block) bonded

onto the two sides ohe specimen end having the qwmrack. The ends of the DCB
open at a certain speed in a controlled manner by applying a certain amount of load.
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The load and delamination length applied during the test aredlegtand these values

are used to calculate ti&c [54].

End-block

Laminate

Figure2.16. The DCB specimen

The samples to be tested before starting the testdbe prepared as follows;

1 DCB specimens were cut from laminates, approximately 250 mm x 25 mm x
3.4 mm with precrack length of approximately 60 mm. At least 5 coupons for
each test should be tested.

1 Both side edge of the specimen was marked with vyaibet every 1 mm for
the first 5 mm from the insert, and then, mark the remaining 45 mm with thin
vertical lines every 5 mm in order to facilitate the measurement of crack length.

1 After the preparation fotest specimen, load blocks were mounted on the
speimen and the specimen is placed the grips of the loading machine. As the
load is applied, the sample starts to separate from the interface placed on the
nonadhesive insert. When the crack followed by tdamera on the machine
reaches the drawn areas nmetlon the sample, the load and displacement are
recorded. The example showing the lalispblacement graph after DCB test is

shown inFigure2.17.
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Figure2.17. LoadDisplacement curve from DCB té$64]

The corrected beam theory described in standard was used to calcdateu@s

using the equation [R1]:

. o9

lT’l—U 'O A é (I) C "Qé é
GA Is nowe

Where' is the Mode | interlaminar fracture toughne®ss the applied loaq, is the
opening displacemerhis specimen widthAis the delamination length (crack length)
andY is a crack length correction factor which is found experimentally by plotting the
cube root of the compliance ¥€), as a function of delamination length (Figure
2.18). The compliance, C, is the ratio thfe load point displacement to the applied

| oad[21l.4/ P

INL point The point of deviation from linearit{/|S point The point at which delamination onset is
visualy detected an8% max pointThe point at which the compliance has increased by 5%.
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Cl3,

Figure2.18. Correction factor graph for the modified beam thgbBj}

2.4.Methods to improve delamnation resistance

There have been several methods to solve delamination problem and improve the
interfacial fracture toughness of CFRP composites. The methods can be classified as

laminate design, edge design, modification of matrix and interleHflng

Laminated polymer composites are highly anisotropic materials, thus loading stress

distribution in a laminate are not homogeneous. This stress distribution can be

modified by altering laminate atking order. Interlaminar stresses can be

considerably reduced with a proper stacksggiuence while keeping the same global

properties of the laminate eposites. For example, the delamination stes® a
symmetric | ami nat5é bwWdyiphs mach Jowes than 4hatAn/a

similar | amindAadessTMAts al dyLbBPA iplamedension const ant
[56].

2.4.1.Laminate Design

d ami nat eusirdengbiidg andl discontinuous plies is other method. These
laminates structure can decrease the mismatch across the interface, also increase the

fracture toughness. However, they may also reduce the laminate global strength and
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tailored properties. Addonally, 3D weaving and braiding are other method to
suppresslelamination, but the limitation of 3D woven and braided structures is their

high manufacturing co$57].
2.4.2.Edge Design

The other delamination resistance method is modificati e 6 g e dbysi gno
changing the nature of the free edge th@es not contain any reinforcement. Edge
reinforcement is strengthening of the free edge by using various methods such as
laminate stitching4], [5], laminate stitchingl] and ply termination12], [1] shown

in Figure2.19. These freedge delaminatiosuppression methods can improve the
delamination strength; however, they contain extra machining so have high
manufacturing cost. Stitching method may cause fiber breakage at stitch hole,
misalignment of fibers in laminate compositess@lthese methods may be unsuitable

in multi-layered laminated systerfie?].

EDGE REINFORCEMENT
Interleaved
Edge cap Stitching adhesive layers
EDGE MODIFICATION
Ply termination Notching Tapering

Figure2.19. Freeedge delaminatiosuppression conceptk]
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2.4.3.Modification of Matrix

O0Modi fi cat iinamotherfmetmod to rimprov@ delamioatiresistancen

CFRP composites. The fracture toughness of thermosetting resins is relatively low,
thus the interlaminar toughness in composites can be directly enhanced by developing
the fracture toughness of resins. In the case of polymer matrix caegp(BMCSs),

the polymer matrices are reinforced with the higthength, highmodulus fillers or
fibers[14]. Much research was done on toughesegealxy resins with rubbery materials

[58], [14], [59], [60], polymeric nanofibefl17], thermoplastics films/particlg$1],

[62], some particulatd$§3], [64], [65].

In addition to these systems, by combiningtvh mor e t hahybriddbne mat er i
resin systems for composites with outstanding properties can be developed. Tomohiro
and his work mate have studied the mechanical properties of @RRRtes by using
cup-stacked carbon nanotubes (CSCNTSs) hybrid systemeinforcement. CSCNTs

are composed of stacked several layers of truncated conical graphene sheets and they
are placed in relation to each other like metal bellows. CS@ikifersed epxy was

only performed between the middle layers where crack progadateas reported

that cupstacked carbon nanotubes (CSCNT) used in both epoxy matrix and the
interface of CFRP sulaminates increased the fracture toughness by thref6]d
Sprengeret al. researched that the performance of CFRP composites by effect of
epoxy toughened by rubbtoughening with silica nanoparticles. The addition of
rubber in epoxy increases the measured fracture toughness of CFRP composites but
reduces the modulus anddf the bulk material whereas silica nanoparticles toughen

an epoxy polymer and increase tmedulus and fracture toughness of composite
system. The use of silica nanoparticles and misieed rubbery particles to form

hybrid toughened epoxy polymers show igngicant increase in the toughness,
interlaminar fracture energy, and fatigue/impactqgrenance simultaneously. Hence,

this hybrid system shows the best balance of properties wislytieegistic effecic7].
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Recently, more research on highe r f o r grapimerebased epoxy systém h a s
been carried out and attragtattention. Haret al. prepared CFRP composites using
epoxy resin with well dispersed G@nosheets as matfi35]. GOwas dispersed into

the epoxy resin and then was brushed ol#s pf carbon fiber fabrics. It was reported
that the incorporation of 0.10 wt % GO into the epoxy resin achieved the largest
interlaminar shear strength (ILSS) of 86 MPa for laminates, 8.05% higher than that
without GO. Also, the glass transition teengture of the composite was increased by
appr oxi maasleTanygetsl rehdted thathe poorly and highly dispersed
reduced graphene oxide (RGO) at 0.2 wt % loading resulted in about 24% and 52%
improvement in fracture toughnessigKof cured epoxyttermosets, respectively8].

Du et al. worked on improvement of toughness of CFRP composites by using
graphene/epoxy res|f9]. With the incorporation of 1.0 wt % of graphene into epoxy,
they achieved ~80% and 140% improvement in matrix fracture energy and mode |

interlaminar fracture energy of compes, respectivel{69].

However, matrix modification may cause some problems such as decreap&imein
properties such as elastic modulus, reduce the procedsiitg @ matrix resin due
to high viscosity and the difficulties in obtaining a homogeneous disperd

particles in matrix resifiL2]. In addition, these additions caube glass transition

tempeature (Ty) of the matrixto decreasglb].
2.4.4.Interleafing (interleaving)

dnt er | eseenis togé a more useful and remarkable approach to improve the
interfacial mechanidaproperties of compositef70]. This method mcludes the
insertion of toughening filmfr1], particles[72], solid resins, micro/nanofibef46]

or hybrid systems between the layefdaminates. Jiangt al. studied both Mode |

and Mode Il fracture toughness development througtorporating polyethylene
terephthalate (PET) films between the composite layers. Mode | fracture toughness

decreased whereas Mode Il fracture toughnesesased13].
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Hojo et al. studied fracture toughness improvement of CFRP composites through
incorporating two kinds of interlayer/interleaf which are polyamide particles and
interleaf of ionomer resin. It was foutight polyamide particles interleaving resulted

in a four time thefracture toughness (@ increase compared to the reference,
however the propagation valuerGwas almost identical for both laminates. Also,
Gic and Gr values of ionomer laminates were23imes and 3.5 times higher than
those of the badaminateq73]. Wonget al. prepared the dissolvable phenoxy fiber,
which are placed at the interlaminar region in a carbon fiber/epoxyposite. It was
found that the average Modédracture toughness value &increased tenfold with
only 10 wt. % phenoxy fibeadded[74]. White and Sue prepared tl@&FRCs
containing epoxy/polyamide (PA) interlayers and epoxy/PAlimwelled carbon
nanotubes (MWCNTS) thin film at the laminate rApiine. Composites interlayered
with epoxy/PA/MWCNT hybrid system exhibits nearly 2.5 and 1.5 times higher
fracture toughnesthan composites containing neat epoxy and epoxy/PA interlayers,
respectively{15]. Borowskiet al. studied Mode | interlaminar fracture ghness of
CFRP composites with the addition of carboxyl functionalized madtled carbon
nanotubes (COOMWCNTS). The experimental results show a 25% increase in the
maximum interlaminarrfcture toughness of the CFRP composites with the addition
of 0.5wt % MWCNTSs[75].

Addition of studies about epoxy matrix modified with GO to strengthen the interface
of CFRP composites, as lvas the use of the studies about addition of GO to the
interface region have recently attracts attention. Seshasai studied the fracture
toughness and flexural strength of carbon fiber reinforced epoxy resins modified with
polyvinylpyrrolidone (PVP) dispsed graphene oxide (GO) in the interface region.
These samples we prepared that sixteen layers of prepregs were cut according to the
planned dimensions and exfoliated GO in PVP solution was painted on the surface. A
100% improvement in the fracture tdugess with as little as 5 wt % of GO in the
interface has been aeled[52]. Ning et al. reported 170.8% increase of Mode |
fracture toughness for GO reinforced epoxy interleaf {€pOxy paste) into the
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interfaceof CFRP laminates at the GO loading of 2 §J27]. Zanjaniet al developed

three different designs which are deposition of graphene sheets onto the surface of
carbon fabric mats with electrosgiag methods (first arrangement), graphene sheets
dispersed into the epoxy matrix (second arrangement) and the combinakierist

and second arrangements to enhance carbon fiber epoxy matrix composite systems. In
the hybrid composite structure in whigraphene sheets are used as both interface
modifier and matrix reinforcing agent, remarkable developments are obsemhed in
work of fracture by about 55% and the flexural strength by about[61L%u et al.
investigated the graphene/epoxy (G/E) and graphene/epoxy interleaves effects for
delamination toughening of cambéiber/epoxy composite laminates. The results show
that; the incorporation of 1.0 wt % of graphene into epoxy was found to craidide
improve the matrix fracture energy by ~150% and lower the thermal expansion
coefficient by ~30%. When these partiallured G/E composites were used as
interleaves in carbon fiber/epoxy (CF/E) composites artliced, a remarkable 140%

increase in Mde | interlaminar fracture energy was succeda@édl

In all these applications, the impact of increment the fracture toughness rgeobse

but the amount of material placed between the layers must increase to a certain level
to improve interfacial mechanical propes of composites and this causes some
disadvantages. It is said that in the literatures, the main disadvantage of inggiteaf

its thickness and weight penaltig$]. As a result of studies conducted up to now, it

is emphagied that in an attempt to overcome the drawbacks of interleafing and other
toughening methods, one possible solution mayliled use of nanotechnolof2].

With the development of nanotechnologysearchers are beginning to use nano
scaled materials such as nanoparticles, nanotubes, nanorods and nanofibers to
reinforce he CFRP composites. In recent years, polymer nanofibers have attracted
much attention because of the mechanical properties suttmaste tensile strength,

young modulus Kigure 2.20), flexibility, excellent porous characteristic and
extremely large surfaem-volume ratio[77]. Inadditon due t o nanofi ber
light weight, they do not influence the thickness of layer and weight of the composites
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to which they are added to interlayer of the compogi®s The most commonly ude

met hod for produci relgctrgsggnniggmer nanofi bers i s 0

FROM MICRO- TO NANO-SCALE FIBERS

Ultimate tensile Young

strength (MPa) Nanofibers Modulus (GPa) Nanofibers
1 i Carbon
1.25404 6.0E402 Microfibers | ‘
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Figure2.20. Ultimate tensile strength and young modulus propertiesicrio to

nanascale fibers as reinforcement of bulkmposite$78]

The interface hardening can be divided into three groups by using the nanofiber
insertion metbd between the layers in thieeratures. These are (i) single polymer
(homopolymers) nanofibers, (ii) multiple polymer nanofibers and (iii) hybrid systems
obtained by mixing another component in the polymer nanofiber. In these studies, the

preparation ofhe laminated composites, ouy cycles, and the method of transferring
the nanofiber layer into the interface can be changed.

The first of these groups are homopolymers produced using a single type of polymer.
Some researchers use homopolymers liRelymenzimidazole (PBI) [79],
polyacrylonitrile (PAN)[12], polysulfone (PSH#B0], polyetherketorcardo (PEKC)

[76], polyvinylidene difluoride (PVDF)[81], polyamideimide (PAIl), polyamide
(PA66), polycaprolactone (PCI21] andsurveytheinfluenceof these polymer&ic

of composites have been used in the literature as a single polymer. The studies and

results of the toughening of th@erface using the homopolymers are showhahle
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2.1. WhenTable2.1is examined, sospolymers increase thesGuitiation (G1c-in) value,

while simultaneously causingidden decreases irns Gopagatiod Gic-prop) [21].

Table2.1. Interfacial toughening studies with nanofibersygshomopolymers

Polymer Gic Other Test Results References
Polymenzimidazole Kic+ 76%
+ 144% .
(PBI) Gre ° Elastic Modulusr27% [18]
Polyacrylonitrile Gic+ 75% 12
(PAN) Guut 15% [12]
Polysulfone(PSF) Gic+ 180% [80]
Polyetherketorcardo 0
(PEK-C) Gic+ 80% [76]
Polyvinylidene Gic- 20% 82
difluoride (PVDF) Guut 53% [82]
Gacinitiation + 97,5% Interlaminar shear
Poly (Hydroxyether off Gic propagation + 118 % strength (ILSS) does no 83
Bisphenol A Gic maximum + 106 % 9 change [83]
Guut 21% ge-
Pol I .
olycaprolactone Gic+ 92% Elastic Modulus + 11%
(PCL)
Polyacrylonitile
(PAN) Gicdecrease [81]
Polyvinylidene
difluoride (PVDF) Gicdecrease
Nylon 6,6 0 Elastic Modulus + 0,9%
(PA66) Gic+ 5% Flexural strength +6% [84]
— 1730
Pdyamide 66 Gllc.llnltllatlon (insert) +173%
(PAG6) Gicinitiation (front crack+11%
Gic propagation 6%
Polvcanrolactone Gudnitiation (insert) + 14%
ycap Gc initiation (front crack) +4%
(PCL) .
Gic propagation + 12% 21
Polvsulfone Gacinitiation (insert)- 4% [21]
(3; sh) Guc initiation (front crack) 52%

Gic propagation 52%

Polyamideimide
(PAI)

Gic initiation (insert)- 36%
Gac initiation (front crack)}58%
Gac propagation 68%

* |In the graph '+' refers to the increasendicates the decrease.
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Beside of homopolymers, someulti polymer system such as alternating layers of
two different polymerg85], electrospinning of various polymers at the same time
from different needlef22], or core shell structurg21] are used for developing the
interfacial fracture toughness of composites. Stugs@sy nanofibers using more than

one polymer for interfacial toughening are showiiafle 2.2.

Table2.2. Interfacial toughening studies with nanofibers using more than one

polymer
Polymers Gic References
PCL and PA66 Gic+ 21%
(fiber layers) Gu it 56% [85]
Gacinitiation + 64%
PCL and PA66 ]
i o Gic propagation + 16% [22]
(fiber mixing) ]
Gic maximum + 10%
Gac initiation (insert)- 33%
PA66 and PVB o
) Gc initiation (front crack) 48%
(fiber layers) )
Gic propaation- 63%
Gac initiation (insert)- 26% [21]
PA66 and PVB S
Gc initiation (front crack) 48%
(coreshell) ]
Gic propagation 64%

In the system where PCL and PA66 are used together in singular and@yess,
andGacprop are increasd[85]. In another study in which PA66 and PCL were used,
polymerswere also electrospun from different syringes and PA66 was effective in

the crack initiation stage, PCL was effective in the crack propagation stage, and as a
result, bothGicin andGicprop are ncreased22]. In anoher study, PA66 and
polyvinylbutyral (PVB) polymers were electrospun in two different forms as layers

and as core shells, and a decreaseigv@ues was observed in both meth§i2is.
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Hybrid systems are systems formed by the addition ¢icpes that have the potential

to elicit di fferent tougheni ngetangesedhani s m
carbon nanotubes (CNTSs) reinforced polyacrylonitrile (PAN) electrospun hybrid mats
as interleaving in the carbon/epoxy composite laminates. Mbde | interlaminar
fracture toughness values were enhanced up to 77% by introducing CNTPAN
nanofibrous interleaves. Their experiments showed that the-stat® toughening
mechanisms such as ChIBridging, CNTs pulbut, and sworgheath increased the
Mode | fracture toughness by 45% with respect to neat PAN nanofibrous interleaves
[73]. Hameret al.studied both Mode | and Il fracture toughness development through
incorporating pristine anlWCNT reinforced electrospun nylon 66 interleaves. The
MWCNT reinforced nanofibril mat interleaving resulted in a 1.33 time the Mode |
fracture energy increase compared to the pristine nanofibril mats interl¢88ing
Goodarz et al. studied the development dfiybrid multiscale aramid/epoxy
composites interleaved with electrospun graphene -phatelets/Nylon 66
(GNPs/PA66) mats. The experimental results revealed that; at 0.5 wt % GNPs,
toughness went up by 25% while it pronouncedtyeased by 68% at 1 wt iading,

which was maximum for other samp|&3]. Li et al.prepared the MWCNTEP/PSF
(polysulfone) naofibers which are electrpan onto carbon fiber/epoxy prepregs
attached on a rotating drum collector and then the hybrid nanofibers reinforced and
toughened CFRP were prepared and the mechanical properties of the composites were
investigated. At the intéace layer of CFRP composg, the curing reaction of epoxy
matrix and irsitu phase separation of hybrid nanofibers resulted in the formation of
network structures, which contained four phases: MWHEPs PSF sphere, carbon
fiber and epoxy matrix. The proped network structure die correlative four phases
contributed to synchronous reinforcing and toughening effects by crack pinning, cold
drawing deformation, crack bridging and effective load transfer mechanisms, which

led to improvement of strength ataighness of composit§33].

Among studies about CFRP composites, there is no works about usage of more than

one polymer nanofibers containing GO for increase of interfacial tougheniggaG
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using eleatospinning.In this study he effect of interleaved GO containing nanofiber

on interfacial fracture response of CFRP composites and crystalline morphology
change of electrospun nanofibers with the addition of graphene oxide is considered.
In addition, by dding GO into the fiber, iwas investigated which toughening
mechanisms (debonding, bridging and crack pinning) can be activated by the changes
in the morphology of the fibers. For this goal, graphene oxide containing Nylon 6
(N6)/Polycaprolactone (PCL)opymers with different N6 mss ratios (60, 80, 100 wt

%) are placed mighlane of the carbon fiber/epoxy laminates and then composites are

subjected to double cantilever beam (DCB) test.

36



CHAPTER 3

MATERIALS AND METHOD S

This chapter fouses on the used materials, synthesis methods antedapp
characterizations involved in the process. In this study, graphene oxide was
synthesized while other solvents and materials were purchased from different
companies which are explained in the foliogvparts.

3.1. Materials

Several polymer/solvent solutionwere prepared for electrospinning to form
nanofibers. Polycaprolactone (PCL) pellets which have averamecular weight

0 ~80,000 were purchased from Sigdlarich Co. Ltd. (Germany Nylon 6

(CeH11NO) with density of 1.084 g/ml at 28 pellets were obtained from Sigma

Aldrich (Germany). Dichloromethane (DCM), dimethylformamide (DMF),
trifluoroethanol (TFE) solvent®of the dissolving the polymers were purchased from

Merck (Germany). Tetrahydrofuran (TF was purchased from Sigraddrich for the
purpose of dispersion worKks. Graphite (-~
were purchased from Asbury Carbons in e of flakes. Potassium permanganate

(KMnQg4) and sulfuric acid (EB5Qs, 9597%) were ptchased from Yenilab and
Honeywell Co. Ltd. respectively. Hydrochloric acid (HCI, fuming 37%), technical

grade acetone, hydrogen peroxide@t30%) and orthophosphoracid (Nitric acid,

HaPQu, 85%) were obtained from Merck. The test samples were prddisieg the

OVTP H 300 CFA 210 3KT RC35 HS®6 carbon f
CFA 200 3KT RC42 HSO6 carbon fiber prepre:
Also, theprepregs are 2x2 braided fabrics and the amount of carbon fiber is 220 g/m

in R1 (35%wt. resin) and 200 g/frin R2 (42% wt. resin).
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3.2.Methods
3.2.1.Synthesis of Graphene Oxide (GO)

Graphite oxide was formed by oxidizing graphite flakes in sulfuric acidg @itid for

12 hours by using Tour MethofB7]. Graphite powder (1.05 grams,1 weight
equivalent) were mixed with KMn{X6.30 grams, 6 weight equivalent) in 250 ml
volume reactor. Graphite/KMn@olid mixture was suspendedard:1 mixture (140

ml) of H.SQy and HPQy by the slow addition of acid mixture to sohgixture under

stirring and at this time mixture color is dark green. The reaction was then heated to
50 AC and stirred for 12 h ingthiotmg,er t o st a
oxidation was achieved by lightly increasing reaction temperature aeddaxg
reaction time[89] and mixture color was brown. Then, the reaction was cooled to
room temperature and 160 ml of ice was added to reaction mixture in a water bath to
prevent sudden temperaturise. The BHO. was added slowly into the mixture until

the mixture color turned togjlow in order to remove excessive¢ U ions from the
system. The obtained solution was then centrifuged (8000 rpm, 20 min) and the
supernatant was decanted away. The obtained paste was then washed with 3.4 wt %
HCI and acetone. Washing and centrif@@00 rpm, 3 min) with HC| waspeated

three times, washing and centrifuge (8000 rpm, 20 min) with acetone were carried out
four times[90]. The solid obtained after washing was dried using rotary evaporator
and dried in a vacuum oven. After removal of solvents from the, gwaphite oxide

flakes were obtained with color of brownish yellow. The solid obtained end of the
reaction was about~2.5 gram of productOverall reaction diagram of graphene

oxide production is shown iRigure3.1.
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Figure3.1. Graphene oxide synthesis reaction diagram

3.2.1.1.Graphene Oxide Dispersion in Organic Solvents

Well-dispersed GQhees$ in solution to be used for electrospinning is necessary to
create hybridsystem which is composed of N6 an@LPnanofibers containing GO
sheetslt was first necessary to identify a common solvent, for the formation of 2 or
3-component hybrid nanofibers. Several literature reviews and experiments were
conducted using variouslsents for this purpose. According literature about GO
dispersion, it was found that stable dispersions were left in some sobushisas
water, DMF, THF, TFE, ethyleneglycol andpyridine [91]. Basedon the knowledge

that TFE dissolves PCL, N6 polymers and GO, studies on dispersion of Gk

and other solvents have been performed and summarized in the follows.

In order to compare the dispersion behavior in different solvents, the same quantity of
GO (~2.5 mg) was added to a given volume of solventsn{hswith 0.5 mg/ml
concentrationAlso, the dispersion of the GO at different concentratiamsh arel

mg/ml, 2.5 mg/ml and 6 mg/ml were studigdO dispersions were tested in the

39



following organc solvents: DMF, DCM, (DI) Water, DMF/DCM, TFE, THF/Water,
HFIP andformic acidAcetic acid Dispersion experiment results are shown in Section
4.2.

3.2.1.2.Homogeneous Distribution of GO in Solvents and Size Reduction Studies
of GO Sheets

Ultrasonic homogenizain studies were conducted in order to reduce the size of the
GO pieces angrovide more homogeeous dispersions of GEhees$ in agueous
medium. According to the ultrasonic probe type, duration, centrifugation time and the
final average size of GO aftertrdsonication process, the GOs used in this study are
named. Numerical evaluation for homogetian was performed using Dynamic

Light Scattering (DLS) method using Malvern Zetasizer.

An ultrasonic water bath and an ultrasonic homogenizer (probe) wedeirusee
sonication process and the-bperated process was performed using two different
devices seen froriigure3.2.a andrigure3.2.b. Theproperties of the used sonicators
are as follows. In the sonicati procedures performed with the homogenizer showed
in Figure3.2.a, 80% power (130Vatt, 20 kHzProle A- 2.2mm), 1 cycle (50 seconds
vibration, 10 seconds waitihgare used37% power (74Vatt, 20 kHz,Prolke B-
12mm), 3 cycles (0,3 seconds vibration, 0,7 seconds waitlegisedn the sonication

procedures performed with the homogenizer showé&igiare3.2.b.
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Figure3.2. Ultrasonic homogenizers with different probe Papbe A 2.2mm, (b)
Probe B 12mm

In probe sonicationusimyPr obe A6, 250 mg GO was first
beaker and the probe was placed in ice bath, 0.5 cm above the bottom of the beaker.
The probe sonication was stopped every 10 minutes, and anpafriample was taken

from the beaker and size dyss was performed after the solution was diluted to 0.05

mg/ml.

For the particle size analysis of untreated graphene oxide (BO%)mg/ml mixture
of GO1l/water was prepared, which was sonicated fonibbites in a water batdeta
sizer analysis restd of different sonication times using 0.05 mg GO/ml in water by

using Prolk A and Probe B are given in Section 4.2.

After the probe sonication was completgdusing Probe A and Probe Be mixtures

were centrifuged at 8000 rpm to remove the graphite from the bottom and from the
GO with large size. The centrifuge time was determined by the amount of graphite
remaining at the bottom. While 20 minutes centrifugation and 30 minutes probe
sonication were appdid to graphene oxide named as GO2, 40 minutes centrifugation
and 120 minutes probe sonication were applied to graphene oxide called GO3. After
centrifugation applied t&O3, the graphite and the deep yellow GO sheets appear on

the botton are showrin Figure3.3.
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Figure3.3. Collapsed graphite (black) and large sheets of GO (g=law) after 40
min 8000 rpm centrifugation applied to GO3.

After centrifugation, the alv@ GO/water supernatant was taken into a flask and
attached to the freeze dryer. After 3 days, the material in the balloon was checked and
theballoon was removed &it the material was drifhe dried GO is shown iRigure

3.4.

Figure3.4. GO's images aftairying
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The GO must be homogeneous and steady in the solution in which the graphene oxide
is present before the electrospinning process is carried out. Theegefaadditional
sonication bath step was required, and so additional studies have been ebtaucte
determine the appropriate duration of sonicatibmese studies were carried out in
water and TFE and different sonication times were applied to determine the
distribution of GOsheetdn these medium. Treatments were applied to the GO2 and
GO3. Watemas first used as the medium, after GO2 and GO3 in water concentration
was set to 0.05 mg/ml, the distribution was performed using a sonication bath 15, 20,

25 ard 30 minutes and particle analysis was performed.

3.2.2.Production of the Hybrid System to be Usedh the Interface

The hybrid system to be used in the interface consists of graphenecoridéing
nanofiber tulles and these nanofibers are produced by apictning process. Before
starting the electrospinning process, the solution to be spumpnepared and then

nanofiber production was started by installing the appropriate electrospinning setup.
3.2.2.1.Preparation of Electrospinning Solution

Polymers and GO soliohs were prepared at determined concentrations one day prior
to the electrospinning proceswWhen preparing the polymer solution, the specified
number of polymers (PCL, N6 or N6/PCL) are added to the glass vials with black cap
and then the TFE solventagslded and then wrapped with parafilm. When preparing
the GO solution, the determined amoohGO is added to 10 ml small glass vials and
then TFE solvent is added. It should be ensured that the glass containing the GO
solution is wrapped around with alumim foil to prevent receiving light. After the
polymer and graphene oxide solutions weppared, they were separately mixed in
the magnetic stirrer for overnight at about ZT® rpm. The following day, 25 min as
determined by optimum sonication time wasried out in sonication bath and then
the GO/TFE suspension was immediately added td&léher N6PCL/TFE solution.

This mixture was additionally mixed for about 15 minutes in a magnetic stirrer until a
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homogeneous appearance was obtained. N6/GO, N6(B@U0}GO3, N6/PCL
(80/20}GO3 sets were prepared and #mounts of polymer and GO uskdthese

sets are shown ihable3.1, Table3.2 ard

Table3.3. The codesuch as C9, C13hown in the table indicate which composite

material is producedVissing code numberare samples of my friend who | worked

wi t h

i n

t he

T ¢ b iatoy.k

project i

n the
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Table3.1. The contents of solutions used in electrospinning experiments in N6/GO

system

GO N6 GO in N6 in GO in

Code TGOe ?? Media ?‘? solvent Solution Solution fiber

yp 9 (ml) 9 (ml) (Wt %) Wt9%) | (wt%)
Cc9 GO1 0.0100 4.0 1.05 4.0 0.083 8.718 1
C17 GO1 0.0192 3.5 0.92 3.5 0.182 8.720 2
Cl1 GO2 0.0220 4.0 1.05 4.0 0.183 8.709 2
Cl18 | GO3 | 0.0220| 4.0 1.05 4.0 0.183 8.709 2

Table3.2. The contents of the solutions used in the electrospinnipgrigrents in

N6/PCL (wt/wt: 60/40) GO3 system

GO3 GO | PCL-N6 | PCLin N6 in GO in GO in
Code Media | solvent Solution | Solution | Solution fiber
@ |y | omy | %) | W%) | wt%) | (wt%)
60/40 - - 10.6 3.73 5.60 - -
C26 0.0011 3.0 6.0 2.99 4.48 0.008 0.1
C31 | 0.0031 3.0 6.0 2.99 4.49 0.075 0.3
C24 | 0.0051 3.0 6.0 2.99 4.48 0.038 0.5
C23 0.0102 3.0 6.0 2.99 4.48 0.076 1.0
Cc21 0.0153 3.0 6.0 2.99 4.48 0.115 1.5
C19 0.0205 3.0 6.0 2.99 4.48 0.153 2.0

2TFE was used as the distributioredium/solvent in all experiments.
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Table3.3. The contents of the solutions used in the electrospinning experiments in

N6/PCL (wt/wt: 80/20) GO3 system

GO PCL-N6 | PCL in N6 in GO in GO in
Code G(O)3 Media P(C)L '(\l? solvent | Solution | Solution | Solution fiber
9 1y | @ 9 (ml) Wt%) | wt%) | wt%) | (wt%)
80/20 - - 0.30 | 1.20 9.31 2.10 8.40 - -
C28 | 0.0053 3 0.21 | 0.84 6.60 1.50 6.00 0.040 0.5

3.2.2.2.Electrospinning Process and Production oNanofibers

To produce nanofiber, cleanom and electrospinning setup which is showRigure

3.5 have been used during the studies. Electrospinning system consists of cabinet, a
pump, a power supply having high voltage, syringe filled with polymeric solution, a
needle, silicone hose, aogmded collecting plate (rotating mandrel eohtvith copper

plate) and ventilation system. The electrospinning system used in the studies is shown
in Figure3.5. In order to providdhomogeneous distribution of nanofibers on copper
collector in both axes, theyinge needle moving on the horizontal axis and the

rotating collector system at a speed of 100 rpm were designed.

Figure3.5. Electrospinning system (a) A syringe pump, (b) Moving syringe system,
(c) Rotaing cylindrical collector, (d) Transparent cabin (e) Voltage power supply
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The 18gauge syringe needle (40 mhi,.2 mm) moves in both directioas$ a rate of

1 cm/sec with the aid of strap Figure 3.6-a), while thecollector consisting of 4

aluminum discs with a diameter of 13 cm rotates giesed of 100 rpm. Nanofibers

were collected on a copper sheet showRigure 3.6-c and after the copper plate is
cleaned and polishegder i odi cal | y, it is kept in 110 AC
cleaned from oxide layers. Also, an auxiliary electrode made of copper material was

used at the needle tip to intensify electric field at teegd and obtain a more stable

polymerjet, Figure3.6-d.

Figure3.6. (a) moving syringeystem, (b) copper plate, (c) a syringe pump, (d) an
auxiliary electrode

Nanofiber collection was performed on the copper plateg the above system with
specific collection times. To make a comparison between samples, the amount of
nanofiber added to ¢hinterface must be the same and some calculations have been
made for this. In order to ensure that the amounts of fiber toaheferred to the
interface are similar in all samples, it is first optimized at which flow rate the fibers
can be spun in eacproduction. After the optimization at the first time of each
production, the total collection time of nanofibers that can be sp different flow

rates is calculated for each sample. The following equation is used to calculate the

collection times in edcnanofiber production.

. PTT W OF 6 & &0 ¢
(0] < = oOw € €
0 r Q d &

The symbols used in Equation 2 represent the following expressions;
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After the electrospinning process, the entire surface of the copper plate is covered with
the nanofiber layer ashown inFigure 3.7-a. It is important to transfer the fiber
collected in the copper plate with the highefficiency when transferring to the
prepreg. However, when the nanofibers collected on the copper plateavesmitted,

some nanofiber loss was recorded. In addition, a certain amount of nanofiber residue
remains in all corners anahiddle zone of the apper plate during transferring of

nanofibers to prepreg laydtigure3.7-b andFigure3.7-c.

Figure3.7. After electrospnning; (a) Fiber image collected in the copper plate, (b)
transfer of fiber to prepreg layer and (c) Fiber image remaining on the plate after

transfer to prepreg
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To determine the effective amount of nanofifactve) that can be transferred between
layers, the mass of nanofiber tullec{ytcto) remaining on the copper plate and the
amount of fiber overflowing @yerfiow) from the copper collector after transferring was
weighed out from the mass of the yoler transferred (y) during the electrospinning

period.

w w W w 0On o6 waQEt &

The paranetes related to electrospinning processes are givélie3.4, Table3.5
and Table 3.6. The abbreviations shown in these tables refer to the following

definitions.

d: needle tipcollector distance (cm)

t: collection time (min)

1

1

1 y: amount collected on the collector (g)

T VYeollectort Yoverfiow: @amount of fiber cannot be transmitted (g)
1

Yactive @mount transmitted to interface (Q)

Table3.4. Parameters of electgpinning and transfer operationsN/GO system

Code Voltage Flow rate d t_ y Yeollector + Yoverflow Yactive
(kV) (ml/h) (cm) | (min) (9) (9) (9)

C9 18 15 20 206 0.6 0.278 0.322

C17 19 2.0 20 155 0.6 0.248 0.352

Ci11 16 15 20 165 0.6 0.247 0.353

Ci18 19 15 20 206 0.6 0.254 0.346
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Table3.5. Parameters of electspinning and transfer operationsN/PCL
(60/40YGO3 system

Flow
Voltage d t y Yeollector t Yoverflow | Yactve
Code rate _
(kV) (cm) | (min) | (9) 9) (9)
(mi/h)
C26 13 2.0 20 210 0.7 0.310 0.390
C31 16 2.0 20 210 0.7 0.297 0.403
C24 12 15 20 225 0.7 0.298 0.402
C23 15 15 20 280 0.7 0.273 0.427
Cc21 16 15 20 280 0.7 0.295 0.405
C19 17 15 20 280 0.7 0.251 0.449

Table3.6. Parameters of electspinning ad transfer operations df6/PCL

(80/20YGO3 system

Flow

Voltage d t Yy Ycollector + Yoverflow | Yactive
Code rate .

(kV) (cm) | (min) | (9) (9) (9)

(ml/h)
0.40
C28 16 2.0 20 209 | 0.7 0.297 3

3.2.3.Production of Electrospun Nanofiber Toughened Composites and

Preparation of Test Samples

Composites were prepared for studying the influence of -hgbad system,

nanofiber containing graphene oxide, in the intetface6 VTP H 300 CFA 2
RC35 HS6 code (R1: Reference 1) and O6VTP
(R2: Referene 2) prepreg rolls obtained from SPM were used, while producing the

composites. The properties of these prepregs are given in detail in theiddate
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section and the properties of the epoxy and carbon fiber used in these prepregs are

given inTable3.7.

Table3.7. Properties of fiber and epoxy resin used in prepregs

Carbon Fiber Epoxy Resin
Tensile Modulus (GPa) 249 | Fracture Toughness (Mpa) 0.7-0.8
Tensile $rength (MPa) 4518 | Fraction Energy (IAn 130170
Density (g/cr?) 1.79| Density (glcn?) 1.19
Strain (%) 1.7

As the DCB test was applied to each of the samples to measure Mode lefractur

toughness of composite plies, the samples were prepasggiopriate sizes on the

DCB test plate. The Mode | fracture toughness of composites was determined using a

testing machine according to the ASTM standard D 5528 and so test specimens were

prepaedi n accordance with this standard

Samples were made by placing namgdbrid system in the middle of the 18 layered
prepreg stack and curing them. In other words, DCB specimens were produced by
stacking 18 plies prepregs (215x300 jnon top of each other. After that, the

nanofiber collectedrto copper plate must be carefully transferred to the one prepreg

layer Figure3.8-b andFigure3.8-c). After the nanofiber mat transferred pegplayer
is placed in the middle of the 48ld, the excess nanofibers remaining on the edge
should be cleaned slowl¥Figure3.8-d). The nanofibrous mat was placed between the

ninth and tenth plies, since the crack should projdegtween the midayers of the

| ami nat e. To

introduced at the miglane of the laminate during layup over 60 niig(re3.8-a).

creat e a reflon lmandt(nomdhesice) eas k ,
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Figure3.8. Composite sample preparation; (afiod prepreg with Teflon(b)
transfer of fiber to prepreg layer, (c) nanofiber mat transferred prepreg layer and (d)
18 layered prepreg stack containing nanofiber mat in the midplane

After eighteen layers ofrppregs containing nartoybrid fiber containing graphene

oxide in the middle layer were stacked, the stacked prepregs shdvigune 3.8-d

were cured using hgiress. The curing process was carried out@Xlg¢ by appl yi |
7 atm pressure on the DCB sample. The sa
till 120 AC and held for 90 minutes, and
minutes before removing from the hptr e s s at  2éwd fatai Therefea mp

the curing process takexbout 150 min. The temperatiime cycle used for the

curing process is given Figure3.9.
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Figure3.9. Curing cycle used in producti@f DCB sample

The laminates were placed in thejorging press is showin Figure3.10-a. Before

the sample is placed in the hwess, the upper and lower surfaocgéshe press are

wi ped off wiakhagedad®6tmél d@ temes in 15 minutes |
sticking of the sample to the press after curing. The composite laminate prepared using

this method is shown iRigure3.10-b.

Figure3.10. (a) Sample placed on the praring press and (b) Composite removed
from the press after curing
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Samples wereut according to ASTM E5528 standard sample dimensions. For a
smooth cut of the cured plate at suitable siaestary saw with a diamond tip is used,
which rotates at 13,000 rpm. The thickness of the plate after curing is 3.4 mm and
after each slab, @st coupons were issued and at least 5 of them were tested. The sizes
of the coupons are 25 mm wide and 275 tangth in accordance with the standard.

The effect of filler was studied varying the level of graphene oxide doping. The
resin/fiber ratios for &h sample are given Trable3.8 andthe method of calculating
the resin-fiber ratio for a sample is described in Appenrdix

Table3.8. Resin/fiber ratio of produced samples

Goin Hybrid Resin | Fiber
Code Reinforced | GO fiber TuIIe.FieId Ratio | Ratio Prepreg

Polymer | Type (Wt %) Weight (Vresin) | (Viiver) ol

(g/m?) (%) (%)
R1 | Referencel - - - 36 64 R1
R2 | Reference 4 - - - 42 58 R2
(01°] N6 GO1 1.0 51 37 63 R1
C17 N6 GO1 2.0 5.6 36 64 R1
Cl1 N6 GO2 2.0 5.6 37 63 R1
Ci18 N6 GO3 2.0 5.6 34 66 R1
C26 N6/PCL | GO3 0.1 6.1 41 59 R2
C31 N6/PCL | GO3 0.3 6.3 42 58 R2
C24 N6/PCL | GO3 0.5 6.3 41 59 R2
Cc23 N6/PCL | GO3 1.0 6.7 41 59 R2
Cc21 N6/PCL | GO3 1.5 6.4 41 59 R2
C19 N6/PCL | GO3 2.0 7.2 35 65 R1
Cc28 N6/PCL | GO3 2.0 6.3 42 58 R2

3.2.4.Mechanical Test for Interfacial Fracture Toughness Measuement

The mode | interfacial fracture toughness of toenposite plies was measured by
DCB test according to the ASTM standarebb28. The process of testing included
introduction of known length of crack in the samples and determining the energy

requiredfor failing the samples in Mode | fracture.
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The size othe DCB samples was 275 x 25 x 3.4 frwith a precrack length of 60

mm. Specimens were cut from the cured lamina&ggufe 3.10-b) using a rotating
diamond dsk with 13,000 rpm. To record the crack length, one side of the specimen
was marked with white paint every 1 mm for the first 5 mm, and then, every 5 mm
(Figure3.11). 2 pairs of aluminum piano hinges were bondatb dhe two sides of

the specimen end havitige precrack to transfer the load to the samplg(re3.12-

b-2). The width and thickness of each testing specimen were measured from several
different points of the sgmimen by using caliper gage and their average values were
calculated. After the sample test equipmprgpared in appropriate conditions and
dimensions was placed as showirigure3.12-b, thetest was carried oty applying

force at certain speed amdlagnitude. For each configuration, 6 test coupons were

manufactured and at least 5 of them were tested.

Figure3.11. DCB test coupon prepared for test

The equipmento be used for testing is shownFigure3.12-a. InDCB tests, a load

cell (Figure3.12-b-1) with a capacity of 1 kN was used and the test was performed at
1 mm/min at spek A camera Figure3.12-b-3) with 16:9 W video capture at 1080p
resolution (Logitech HD Pro C920) is used for crack tracking. The test coupons were
tested according to ASTM-B528 test method described iacBon2.1.
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Figure3.12. (a) DCB testing machine, (b) Equipment used during testing; (1) Load

cell, (2) a pair of piano hinges and (3) camera
3.3.Characterizations

3.3.1.Attenuated Total ReflectanceFourier Transform Infr ared Spectroscopy
(ATR-FTIR)

Perkin Elmer Spectrophotometer equipment was used for attenuated total reflection
Fourier transform infrared spectroscopy measurements. All the analyses were
performed in the wave number range550-4000 cm! with 64 scans. AR-FTIR

analysis was used in the studies performed only for graphite and graphene oxide solid

samples.
3.3.2.Ultraviolet -visible Spectroscopy (UVVis)

Shimadzu UW2550 spectrophotometer equipment was used for-Vigible
spectroplotometry measurements. The anaygs conducted for graphene oxide and

GO-water solution in quartz cuvette was used for-Ui¥ analysis.
3.3.3.Dynamic Light Scattering (DLS)

Brownian motion occurs with irregular collisions of objects in a liquid. Brown

behavio of particles is measured in tHRl. S analysis and the dimensions of the
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particles are measured from the observed velocities in their environment. Malvern
Zetasizer ZS series equipment was used in the Hacettepe University Automotive
Engineering Materialsaboratory for the analysis of thstribution of GO and the
dimensions of G@hees in GOwater and GOTFE solutions as well as for measuring

zeta potential When using glass cuvette for the samples prepared using TFE,
polystyrene cuvette was used in Hanples prepared with water. Messments were
repeated 3 times for each sample, and how many scans were performed at each

measurement was determined by the device measurement algorithm.
3.3.4.X-Ray Diffractometer (XRD)

For XRD analysis, the Pananalytical XRDPD model XRay diffractometer was

used in theUNAM Laboratory of Bilkent Universityfo examine the structure of the

synthesized material. This analysis was performed for graphite and GO.-Rhag X

anode Cu wavelength is apmB®f0xA naantgell eys 1la r5e4 ulsn
for each smple for approximately 15 minutes. At the end of the analysis, the interlayer

spacing for graphite and graphene oxide can be calculated by using following equation

of Braggbs Law.

_ Qi g OR 6 G 'QE &

Where_ is the wavelength of the-Kay beam'Qis the distance between layers, and

is the angle between the molecule surface and incoming [#d&m
3.3.5.Differential Scanning Calorimetry (DSC)

For DSC analyzes, the DSC device (ModEA Q2000 DSQ operating at the
temperature range 6150to 550AC was used in the UNAM Labor e
University. The DSC method measures the amount of energy absorbed or emitted

while the sample is being heated, cooled or kept at a constamregmp. In tis way,

changes in the material, melting or glass transition temperatures can be determined.

Also, crystal types of nanofibers can be designated, and their quantities can be

determined by calculating the area under the melting peaks. Thgzesmalere
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perormedwith10AC i ncrease in tempeAQtstrar tpiemg nfi
the temperature of 25 AC. I n the experi mi

two cycles and nitrogen was used as ambient gas during the experiments.

Fityk program was wed for more detailed peak analysis on DSC d88. The

analyzes were carried out for all samples using only the values at the first heating time,
considering that it better reflects the situatifberacuring. The melting point of PCL
nanofibers ranges from@84 AC and has a gl agd-60r ACs i t i
[94]. For N6 nanofibers, thegt an vary between 43 AC and
moisture and attraction rate of naibefr during ebctrospinning proce$86]. In hybrid

nanofibers samples, the coincidence of the glass transition traces in the DSC data with
those of the PCL melting peak cads#fficultiesin the background process. For this

reason, only a qualitative assessment was made in this region. Furthermore, for the
analysis of N6 phases which can be crystallized in different regions between about
160 AC and 235 A Ction cgrr be uoe cind the beals cae ke r a c
separated by one of the functions of 0P
program. The melting temperature of the crystals was determined from the graphs of
DSC dat a piHeatfloowdmW)inTefimiper aY ar e U¢dlaBly t he
obtained by pl-deatflowm(g/g}tThiemed a(tsae cionn dis2) 6, t h
the peak associated with the temperature determined from the first graph was
calculated. By dividing the calculated separated areas by meltindpsntha& amoun

of crystalline phase in the fiber structure was determined. Peaks observed between
219A@32AC during the analysis of N6 meltin
U0 phase and peakA@dth€eweed bheedeen 28aDcu
Thepeaks seenbelow2@0C ar e cal |l ed auxi | [P6Thesesi de
sidepeakswr e not included in the quantity ca
because they were asyratnic and could not fit well and had a negligible small area.

I n the calculations, the mel ti nagsureedt hal p
to be 241and 239 J/gr, respective[@7]. An example peak analysis is shown in

AppendixB.
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3.3.6.Scanning Electron Microscopy (SEM)

The scanninglectron micrgcope with the FEI Quanta 200F brand at the National
Nanotechnology Research Laboratory (UNAM) of Bilkent University was insttk
analysis of the size and morphology of the nanofibers produced and the structural
changes in the fracture $aces of the @aupons after the DCB test. When preparing
SEM samples, firstly some amount is cut from the layer deposited in the collector after
the electrospinning process. Cut sample was placed on the carbon tape glued
aluminum base. For thenalysis of lhe fracture staces, the separated layers of the
DCB coupon were wrapped with a band to prevent damage up to the moment of
analysis. Samples were prepared from both the initial and the progress regions of the
crack when preparing the interface samplese Bhillotine was used to prepare
samples of suitable size and was taped to prevent dust from entering the edges of the
samples during the cutting process. The bands were opened just before the SEM

analysis
3.3.7.Transmission Electron Microscopy (TEM)

The transnssion electra microscope with the FEI TECNAI F30 model at the
National Nanotechnology Research Laboratory (UNAM) of Bilkent University was
used to examine the structure of the nanofibers, how the graphene oxide is placed in
and over the fiber, and to séé& has a lomogeneous distributio@opper grids were

used to prepare TEM samples. Copper grids were placed on the collector and the fibers
were allowed to accumulate for about 5 seconds on the grid. The grid was taken from
the collector for analysis & it was coered in a thin film.
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CHAPTER 4

RESULTS AND DISCUSSION

This study, which was carried out to evaluate the synergetic effect of hybrid nanofiber
interleaves on Mode | interlaminar fracture toughnesg)(Gf CFRP composites,

consists of 4 main steps.

Firstly, GOwas synthesized and then it was ultcaicated to obtain graphene oxide

of different sizes named as GO1, GO2, GO3. Secondly, various weight percent of GO
incorporated nanofiberde/GO, N6/PCL 60/40}>GO3, N6/PCL (80/20) 503 were
produced by using elacspinning technique. After that, hybrid nanofibers were
placed middle of CFRP composite laminates and then cured. Finally, the specimens
were tested with mechanical tests to meague In Chaper 3, the experiments
carried outo achieve this goal weexplained in detail. In this section, the results and
observations obtained at the end of the experiments were given and discussed.

4.1. Synthesis of Graphene Oxide (GO)

Graphene oxide (GO) was prepéifeom graphite by Tour method 1], as explained
in section 3.2.1 in detail’his method uss a combination of Potassium permanganate
(KMnOg4) oxidant andsulfuric acid (H:SQs)/phosphoric acid (BPQw) mixture. By
oxidation of graphite using strong oxidizing agents, oxygenated functtmatures
expand the layer separation by penetrating tlaglgte layers and also form-@
bonds[34]. Formation ofdimangaeseheptoxide (MnO;) oxidizing agent from
KMnOys in the presence of 430, strong acid is shown in following reactiof];
VOEVD oOYOO O 0 &0 00 g OYD

6&5 0ed o 4.k
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In the 12hour production reaction of graphene oxide, different colors are observed in
each processn the beginning, as a result of theS@w/HsPQy acid mixture addition

to the graphite/KMn®@solid mixture,dimanganaséeptoxide (MnO;) formed and

the color of the mixture becomes dark green. Afterlthd, the color of the mixture
changed to dark bven with the consumption of excess KMan'he HO» was added
slowly into the mixture until the color of the mixture changes to yellow deroto
remove excessive ¢ U ions[98]. Theobtained mixture wathen centrifuged and
repeatedly washed in 3.4% HCI and acetone. After this, the solid obtained after
washing was dried using rotary evaporator and drying dveatder to investigate
structure and oxidation degree of GO and identsyoxygen containingunctional

groups, following analysis was conducted.

ATR-FTIR analysis was used to identify functional groups in GO. The FTIR spectra
of graphite and GO were shownRigure4.1. When the spectrum of GO and graphite
was compared, graphite does not contain while GO cordgaygen containingroups

which arehydroxyl, carboxylic acid and epoxide groups

—— Graphene Oxide
— Graphite

Transmittance (a.u.)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)

Figure4.1l. ATR-FTIR spectraf graphite and graphene oxide
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According to literature, the most characteristic features in the FTIR spectrum of GO
areshown inTable4.1 [41]. When the values in the table below are examined, it is
seen that the values obtained from the experiments and the values in the lisgeature

compatible. These results indicate that the GO contains mgygyen contaimg

groups.
Table4.1. Experimental and literature FTIR data of GO
Wavenumbert | Wavenumber? Functional

(cm?) (cm?) Group
3400 3420 O-H stretching vibrations
1730 17201740 C=0 stretching vibrations
1600 15901620 C=C from unoxidized $pCC bonds|
1100 10501250 C-O vibrations

1The values are the results of the experiment conducted in this study.

2The values are from the litture[41].

UV-Vis analysis for the GO has two characteristics, which an@alder around 300

nm due to nY ~* transitions oZ31mmaangeony |
due to ~ Y ~* tr apy.iPerformetd §Wis $pecGopldtometryn d i n g
shows that characteristic absorbance peaks of synthesized GO are similar to

corresponding values froméditature, as showin Figure4.2.
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Figure4.2. UV-Vis spectrum of the synthesized GO

X-Ray diffraction (XRD) patterns of grajite and GO are showin Figure4.3. The

interl ayer spacing (d) can be crmaseaonm| ated acc
3.3.4.The XRD pattern of pristine graphite exibe d a basal 002 refl ecti
=2 6 espdcidg = 0.35m (3.5 )). However, after oxidation of pristine graphite to

GO, the reflection peak s Hoorfespendingttocadt he | ower
spacing of 0.94 nm), where thesgacing inceases due to the intercalation of oxygen

functional groups in between the basal plane of graf@@k In literature it is said

that the appearance of laroad peak centered about2 d =252 0eé ndi cated t he
presence of stacked graphene layers, validating the productiew d¢dyfer graphene

[100]. In our experiment, there is a peak centere?l dt lebutZhat is not so sharp

and very less in height as compared to the pe@k a8 lgs may be due tmcomplete

oxidation of graphite; graphite cannot be oxidized 10@04], [41]. In the literatire,

the spacing of GOs has about 8.09.0; and 9.5j . The interlayer spacing for the

syntheszed GO is appropriate with these values taken from the literdtiie
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After the clemical analysis of GO, SEM and TEM analyzes were performed for better
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Figure4.3. XRD spectra of graphite and graphene oxide

invest i gati on

4.4.

of

GO sheetsb

mo r p h oRigarg vy .

Figure4.4. SEM (left: 20,000 x) and TEM (right) images of graphene oxide
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When SEM image of GO was examined, it was observed that GO has sheet like
structurewith various dimensiondAs can be seen, the sheets have a lateralsitte

SEM analysis performed @5 micron scale, there was wide range of &@es$ from

nano to micron size (less than 5 microfisjvas also thought that the structures with
dark color in SEM image could be formed by overlapping some of the GO sheets. In
TEM micrograph of GOthe transparency shows that the exfoliated GOs exists in a
single layer or a few layers. Alsd,is seen that it has a thin leaf structure and this

structure folded into each other.

4.2.Size Reduction of GO

I n probe s omiodatheAesults at thenehof the@i®be sonication are
summarized iTable4.2. Graphshowing the distribution of different size GO particles
by volume graph and result of the report given by the program during analysis are

given in the ApendixC.

Table4.2. Zeta sizer analysis results of different sonication times kb mg
GO/ml in water by using PrabA

Probe Time Peak 1 Peak 2 Average Particle Size
(min) (nm) (nm) of GO (nm)
0 99.57 898.1 466.4
10 638.5 53.42 326.2
20 321.8 4657 265.0
30 297.0 4781 231.8

After the application, the average size of GO1 in water distribution has decreased from
466 nm to 232 nm, but there is no significant change in the ratio of the rsizexh

GO1 fragments andmicronlevel peaks, where a very homogeuns distribution
cannot be achieved. As a result of the analysis, it was decided to continue the
soni cat i ¢&m olbyor3dainuieg andto separate the size of approximately

SAverage size of the untreated G€leets
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231 nm GO nancshees from thecoarse particles with the additional centrifugation

step, and the final GO is named as 06GO0O2506.

In probe sonication using P r o btlee chardge in particle sizes was followed for a
longer time showed ifTable 4.3 and volumesize distribution graphs amgven in
AppendixD.

Theduration of the sonication increases GO average patrticle size again decreases and
appears to fall to about 186 nm. In addition, with the increase in the sonication time,
the 3rd pealat the 45th min disappears. After 2 hours of treatment, the amount of GO
in the range of about 100 nm and 200 nm was increased, after which the graphene

oxide applied was named 6GO36.

Table4.3. Zeta sizer aalysis results of different sonication times usih@s mg

GO/ml inwaterby using ProbB

Probe Time Peak 1 Peak 2 Peak 3 | Average Particle
(min) (nm) (nm) (nm) Size of GO (nm)
45 513.8 4687 42.09 257.5
60 343.2 50.82 - 219.6
75 386.2 1335 - 218.6
90 90.28 398.0 - 196.5
120 223.9 5121 - 185.4

As a result of the sonication studies, graphene oxides with 3 different particle sizes
were designated with different names as GO1, GO2 and GO3 and the processes
applied to these graphene oxides and their ajppiaie particle sizes are summarized

in Table4.4.
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Table4.4. Production conditions and particle size of GOs resulting from different

processes
GO Probe Probe Centrifuge Speed, | Average Particle
Type Type Time (min) Time Size (nm)
GO1 - - - 466.4
GO2 Proke A 30 8000 rpm, 20 min 231.8
GO3 Proke B 120 8000 rpm 40 min 185.4

The results of the particle analysisbath sonicatiomre given inTable4.5 andit can
be said that the changes were not significant after 25mmi&O1 However, there
was a 5.4% chamrgfor GO2

Table4.5. Change in average dimensions of GO2 and GO3 innaéter sonication

GO Bath Sonication | Average Particle
Type Time (min) Size (nm)
15 215.9
20 209.8
GO2
25 202.5
30 191.5
15 174.2
20 172.4
GO3
25 169.1
30 169.9

The distribution behavior of GO2 and GO3 in TFE was monitored for 40 mirages,

the distribution indicators in TFE identified as the common solvent and dispersant of
GO in N6PCL mixtures were better represented by the electrospinning solutions.
Analyzesof GO2 and GO3 at a concentration of 0.05 mg/ml in TFE were summarized

in Table4.6 with the corresponding distribution histograms.
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When the distribution of GO2 and GO3 in the TFE at different times is examined, the
average size of the bath sonication to a certain time dmsgawas obseed that the
increase in the mean size due to the expansion of the distribution when the bath
sonication time increased. Volurse&e distribution graphs are given in Appen#ix

and F. Inboth types of GO, a homogeneous and narrow distoibuian beobtaired

in 25 minutes.

Table4.6. Change in average dimensions of GO2 and GO3 indfteEsonication

GO Bath Sonication Peak 1 Peak 2 | Average Particle
Type Time (min) (nm) (nm) Size (nm)
15 787.9 165.5 763.9
20 878.2 - 878.2
25 444.3 - 586.5
GO2
30 501.5 - 738.6
35 476.4 - 535.7
40 5649 - 695.0
15 447.7 - 798.1
20 901.2 5146 613.4
25 523.5 - 617.8
GO3
30 610.3 - 608.1
35 542.8 - 649.5
40 600.0 - 631.5

While the untreated graphene oxide wasmmed GO1, GOs with different
ultrasonication processes were named GO2 and GO3. Size reduction of GO was
observed with DLS meairements and particle size distribution of GO1, GO2 and
GO3 are shown irigure4.5. These graphs shown frigure4.5 weredrawn by using
00rigin.Programb
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Figure4.5. Particle size distribution of (a) GO1, (b) GO2 and (c) GO3

of GOs are shown in same table.
Figure4.5-a showshe size distribution of pristine GOL1 solution dhi$ solution was
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To produce GO2 and GO3, enough probe sonication and centrifugation time are

applied, andtese duration times are showrnTiable4.4. Also, average particle sizes

prepared by dispersing GOL1 in water about 15 minutes in an ultrasonic bath. Thus, it

was observed that the mean patrticle size of GO1 was about 466 nm and 2 peaks with



dimensions of appsomately 99 nm and 898 nm were obserathen theseesults

were evaluated, GBheetswith various particle sizes were formed as a result of
oxidation of graphite at random and different ratios during the production of graphene
oxide. To ensure more homagm®us distribution of graphene oxide into nanoBber

the graphene oxide has been sonicated by usingsmbcator and the size reduction
operation can be controlled by sonication and centrifogeessesFigure 4.5-b
shows the size distribution of GO2 and it vedserved that the mean patrticle size of
GO2 was about 231.8 nm. As in GO1, 2 peaks were observed abouh28W 4781

nm, but the first obseed peak shifted to lower particle sizes compared to the peak
observed in GO1. Whefigure 4.5-c is examined, when the applied probe and
centrifugation iime is increased to a certain time, a more uniform distribution was
obtained and the percentages of the larger particles of GO sheets were reduced
considerably. A uniform disbution of GO3 sheets with a mean particle size of 185.4

nm was achieved with termination of optimum times.

4.3.Reference Samples (R1 and R2)

The composite samples produced in these studies, two types of prepreg were used and

properties of the prepregs dsare summarized in the following table.

Table4.7. Properties of reference samples

PREPREG CODE Reference Fiber Eppxy

Code amount weight
VTP H 300 CFA 210 3KT RC35 HS R1 210 g/nt 35%
VTP H 300 CFA 200 3KRC42 HS R2 200 g/n% 42%

These prepregs were taken from SPM firm and it was aimed to use the same prepreg
in all studies. After the first prepreg roll is finished, it is requested to send the prepreg
with the same properties but in the last order, tlegneg is sent with more ias
content. Each composite sample produced with these rolls estimated to be
mechanically different will be compared with the reference value obtained from the
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roll from which it was producedlable 3.8 shows which prepreg rolls were used in
the composite samples produced and which reference to compare these samples.
While the average loaextension curves of the reference plates are showigiure
4.6-a, the toughness (g with crack length in the DCB testing are plottedrigure

4.6-b. Also, the toughness (Gin and Geprop) Values of reference plates are
summarizedn Table4.8.
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Figure4.6. (left) Load vs. extension and (righty&vs. crack length plots of R1 and
R2 reference plates

Table4.8. Gic and standard deviatiaSTD) values of reference plates at crack

initiation and propagation

G]_C-ino STD GlC-propo STD
Reference Plate (N/m) (N/m)
R1 589° 73 599° 48
R2 883° 117 832° 105

When the values ifable4.8 areexamired, R2, which was produced by prepreg with
high resin amount, has highetdvalues than R1. However, increase of epoxy amount
in the prepreg led to an increase in the standard titavizalue.

The fracture surfaces of R1 and R2 specimen after the Medewere examined by

SEM analysis for a better investigation of the interface properties of the references.
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SEM and energy dispersiveRay (EDX) images arghown inFigure4.7 andFigure

A d

4.8.

020 030 040 050

Flgure4 7. (a b) EDX and5EM images of fracture surfaces of R1 aﬂmOO X d
2,500 ¥ initiation and (e 2,500 x f: 5,000 ¥ propagation
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Figure4.8. SEM images of fracture surfaces of R2 at5@00 x b: 5,000 3
initiation and (c 10,000 x d: 5,000 ¥ propagation

As it is known, the main drawback of an epoxy matrix is its inherent brittleness) whi
makes it sensite and leads to composites with low toughness. Carbon- fiber
containing epoxy matrix composites often have a brittle fracture resulting from limited
plastic strair{74].

In Figure 4.7 and Figure 4.8, it was seen that the characteristic structures on the
fracture surfacesfdr1l and R2 are similar to the brittle fracture surfaces seen in the
CFRP composite€Comparedo Figure4.7-f and Figure4.8-d, theamount of epoxy

free or uncoatedarbon fiber with epoxy, which was seen after breakage in the
interface, was further exposed in R1, and this was one of tlge=#that revaed the
difference in the amount of int@poxy between the composit&l compared with

R2, the carbon fibers and epoxy resin are clearly visible, and the surface of carbon
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fiber is very clean evetihough very tiny particles of epoxy resireaemained o the
surface(Figure 4.7-f, yellow circle). Apparently, for carbon fiber/epoxy (CF/EP)
system, the matrix on the fiber is largely peeled off, exposing the inside fibers with
quite smootrsurfacg102]. This situation has takeplace in ourygstem and is clearly
seen inFigure4.7-c, f andFigure4.8-a, c, d.

In addition to SEM analysis, energy dispersiv®y (EDX) analysis was performed

to identify the elemental composition of material for R1 sample because some
bunching particles were seen in the interface of theFRfure4.7-aand b are EDX
analyzes ofigure4.7-c and d, respectively.

The EDX analysisvas performed on the clean af&égure4.7-c) andthe areas that
were thought to be dirtfFigure4.7-d), andabout 5%nitrogenelement was founah

the structureof theparticles. These structures were consulted about the company and
it has been determined that these agglomerated particlgsbmaaminebased
hardening particles that are unreacted in curing. When the R2 interitace \arger
amount of resin shown iRigure4.8 is examined,tican be said that these structures

are relatively less.

4.4.Composite Plates
4.4.1.Morphology of Nanofibers

SEM is mostly used in the examination of morpholaf®&tructures of nanofibers.
However, the distribution of nanofibers containing GO in the fiber iscditfto detect

by SEM analysig70]. TEM is used to examine how the GOs are distributed in the
fiber. The numbers on the SEM and TEM figures shown in below that refers to the

percentageYoweight of the GO in the fibers.
The morphologies of the nanofibers added between the compositesxaeriged in

detail by SEM and TEM analyzes. In this sectimorphologies of N6/GO, N6/PCL
(60/40}YG0O3 and N6/PCL (80/28p03 nanofibers setsvere examrmed separately.
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The change in the morphology of the fiber by adding different weight and size of GO
into the nanofibers was investigated. The images of the fibers of these sets are

respectively shown below.

4.4.1.1.N6 nanofibers veils containing different types bGO (N6/GO)

SEM and TEM images of N6 nanofibers containing different amounts and types of
GOswhichwere added to the interface of the composites are givEigure4.9 and
Figure4.10, respectively
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Figure4.9. SEM images of N6 and N6/GO nanofibéasc, e, g, i5,000 x and b, d,
f, h, j: 10,000 x)

In Figure4.9, it is observed that nanofiber structures with different morphology were
formed. The structure of pristine N6 nanofiber, showhigure4.9-aand b, changd

by adding 1% and 2% of GO1 into tihNé nanofiber(Figure 4.9-c, d, e, f). GO1
(average particle size of 466 nm) which contains different sizes h@€xs are the
cause of beads in the fiber structure. These structures formed in the fibers are shown

with red circles irFigure4.9-c andf. It has beewbserved that relatively homogeneous
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and smooth fibers without bead defect were fabricated by incorporating the reduced
size of GO2 and GO3 into the fiber struetuWhen these results were analyzed, the
treated GO2 and GO3 did not disturb the morphokdgtructure of the nanofibers,
whereas the untreated GO1 containing &@e$ of any size negatively affected the

morphological structure of the fibers and cautedformation of beaded nanofibers.

TEM images of N6/GO nanofibers added to the interfatesmposites are given in
Figure4.10.

R
[

a
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Figure4.10. TEM images of N6/GO nanofibers

In Figure 4.10, TEM images of fibers electrospun from solution N6 solution at
presence of land 2 Wb GO confirms the appearance of GO nanosheets along the
fibers which are shown with red arrows. In N6 n#&mat containing GO1, the GO
sheets were not embedded in some fibers and these regions are indicated by black
arrows(Figure4.10-a, b, c, d). In addition, these asewere observed to be knotted

and transparent. In the regions indicated by the blue arrows, GO was evaluated as
reflecting the transition from the denseicegto the GGfree regions.

In one study, it is mentioned that the GO may sometimes be foldee! filbér or may

be present in a stacked manfi€3]. In the darler areas of the N6 fiber, it is evaluated
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that the GO1 containing the Gshees$ in a wide size distribution could be folded in

the fiber or in a stuctogether.

In Figure4.10-¢, 1, g, h, it is observed that the fibers become knotty at more points. In
addition, it was concluded that the small structures coming out of the sides of the fibers
were G(O[104]. As a result of these images, it can be said that GO2 and GO3 are more

homogenously distributed throughout the fiber.

4.4.1.2.N6/PCL-60/40 and N6/PCI-80/20 nanofibers einforced with GO3

First, N6/PCL (60/40) containindjfferent amounts of GO3, added to the interface of
the composites, were fabricated and SEM/TEM images efymed structures of the
obtained nanofibers are shownrFigure4.11 andFigure4.12, respectively.

‘f‘ N6/PCL-60/40
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| 2.0 wt% GO3 |

Figure4.11. SEM images of pristine N6/PG&0/40 nanofibers and NBCL-60/40
nanofibers reinfored with various weight of GO3 (may all images10,000 x)

When the nanofiber morphologigs/en inFigure4.11 are examinedit is observed
that smooth fibers without bead were fabricated. There was also nmidien in
fiber morphology by increasing the amount of GO3 from 0.1% to 2.0% in a 60/40 i

nanofiber structure.
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0.1 wt% GO3 0.3 wt% G3

y

20 nm

0.5 wt% GO3

1.0 wt% GO3

1.5 wt% GO3 2.0 wt% GO3

200 nm

200 nm

Figure4.12. TEM images of N6/PCL (60/4a303 nanofibers

In Figure4.12, TEM images of fibers electrospuonfirms the appearancg GO3
nanosheets along the fibers which are shown in all figuéen the fiber structures

are examined, it is thought that GO3 sheets overflowed out dibigrestructure in
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some regions and it is assumed that these structures can establish a stdowgbo
epoxy.

SEM and TEM images of the poeiring structure of thaulle obtained from N6/PCL
80/20 nanofibers containing 0.5 wt % GO3 are givehigure4.13.

N6/PCL-80/2

Figure4.13. SEM imagegmag 10,000 xpf (a) N6/PCI-80/20, (b) N6/PCL30/20
0.5 wt % and TEMmageof (c) N6/PCL-80/23:0.5 wt % nanofibers

It is observed that smooth beadless fibers were produced during electrospinning
process under certain condition. The addition of GO3 to 80/20 nanofibers at%.5 wt
did not disrupt the fiber structure atite fibers maintained their smooth morphology
(Figure4.13-b). The knotty fiber structures seen in the TEM image show that the GO3

has been successfuliyaced into the nanofiber structufeigqure4.13-c).
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4.4.2.DCB Tests

In this sectn, mechanical results for DCB test are presented for different composites.
These composites were fabricated with incorporation of N6/G&RGL (60/40)
GO3 and M/PCL (80/20GO3 nanofibers interleaf into the interface of CFRP

laminates.

4.4.2.1.Composites inteteaved with N6 nanofibers veils containing different
types of GO (N6/GO)

First of all, Force (NDisplacement (mm) curves and®alues resulting for both
virgin (R1) and N6/GO nanofibers modified configuration are showrfigare4.14
andTable4.9.

60 - —R1
r —N6

N6 - 1% GO1

—N6 - 2% GO1

—N6 - 2% GO2

/ —N6 - 2% GO3
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Figure4.14. Forcé displacement curves of R1, N6 and N6/@®inates

Changes iricinitiation and propagation values accordinghe amount and type of
GO are given irFigure4.15andnumerical values are given rable4.9 in detail.
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Figure4.15. Gicvalues of R1, N6 and N6/GE&@mposites; (top) initiation, (bottom)

propagation
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Table4.9. Gic of R1, N6 and N6/GO composites according to the amount and type

of GO for the initiation and propagatioegion and percentages of change according

to R1
GO GO Ge-m Gen Gsm 4CpG c
Code wt (%
Type % (N/m) (STD) variance) (N/m)
C14-R1 - - 589 73 - -10
C16-N6 - - 590 86 0 46
Cco09 GOl | 1.0 469 167 -20 143
C17 GO1 2.0 505 81 -14 116
C11 GO2 2.0 712 47 21 36
C18 GO3 2.0 635 84 8 84
o | °©| Geo | Gem Geon
Code | e | M| (wm) | (sTD) (%
yp % variance)
C1-R1 - - 599 48 -
C16-N6 - - 544 53 -9
C09 GO1 1.0 326 66 -45
C17 GO1 2.0 389 123 -35
Ci11 GO2 2.0 676 47 13
C18 GO3 | 2.0 551 109 -8

When Table 4.9 is examined, the chaagn G initiation (Guic.in) and propagation
(Gicprop) Values does not always show the same behdwiather words, while the
Gucin Value is increased, th®ic.prop Value may decreasEigure4.15-aand b cleast

show that 1.0 w¥ and 2.0 w# GO1 containing N6 interleaves in carbon fiber/epoxy
composites leads todgramatic 20% and 14% decreaseGit-in and45% and 35%
decrease iGic-prop Values comparetb the R1 baseline laminate without interleaves
respeadvely. However, this behavior has changed in the sample containing 20 wt
GO2 and Gc values have reachedaximum level (according to reference in initiation
+%?21, in propagation +%13). At the same ratio, but this time with GO3 sample

4@@ & Ge-in (N/m) - Ge -qrop(N/m)
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addition; there isan increase of 8% in fin value compared to the reference and

decrease of 8% in Gpropvalue.

When thevariations between the samples are compared, it is seen that the highest
standard deviatio(5TD) is in the sample with 1.0 w6 GO1 which showed &worst
performance. Best performance with samples containing 2% V&02, variation
between samples isiocompared to other samples. When the differences between
GacinandGicpropvalues(op G xare examined, it can be said that; in high performance
samples the difference is low in N6/GO hybrid systems containing 2% GO2 and

2.0 wt% GO3, whereas in low performance samples 1.%wnd 2.0 weo GO1, the

difference is higher.

In a study condeted by Daelemanst al.in 2016, it was stated that tha®alues of

the composite were almost never changed by adding N6 nanofibers to the[2@$tem

As mentioned in the earlier sections, a hybrid system in which graphene oxide is
introduced into N6 nanofibers by electrospinning method to improve interfacial
fracture toughness has not been found in the literature.

Consigent with the literature, N6 nanofibers did not produce any improvementin G

in value but caused a decrease in the propagation valBecoHowever, changes in
mechanical performance have beesaied by incorporating GO into this system.
While GOZcortaining systems did not provide an increase igi3and Geprop
values, GO2 and GO3 were found to significantly increage/&ues relative to the

R1 and N6 containing system. The effect of@&@ size distribution on the mechanical
performance can beelated to the fact that GO1 is not homogeneously distributed
within the fiber ands not present in each region of the fiber, whereas GO2 and GO3

are more uniformly distributed throughout the fiber

However, in order to make the reasons for this corticthumore clearly, the thermal
phase transformation behaviors of fiber tulles were investigated by DSC analysis. The
behavior of the N6/GO hybrid tulles in the first heating cycle for the N6 medting
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Is given inFigure4.16. DSC analysis could not be performed for N6 hybrid tulles

containing 1 w@o GO1 because enough sample was not separated from this sample.

—N6

—N6-2.0% GO1
—N6-2.0% GO2
—N6-2.0% GO3

Heat Flow (W/g) endo «

140 160 180 200 220 240
TemperatureAC)

Figure4.16. DSC first heating scans of N6 and N6/G¢btid nanofibers

As previously mentioned in Section 3.3Mylon 6 nanofibers have two common
cryst al | iamedforfog) ancththese twb crystalline forms coexist in N6 fibers

in various percentages depending on processing conditions.

I n the ther mody n arystalshgdrogen bonding ®rmedtbetvieéne U

ant i paral |l el chains. I nchaindhhave toevsssawayt a bl e o
from the zigzag planes to form hydrogen bonding between parallel ¢h@sjsAs a

resul t, the crystal density of the o9 crysta
neighboring amidic groups in which hydrogen bonds are formed, the distance between

these groups is | onger fanAs#thesultercltamy st al t ha

i nteraction in the o [106lyst al i's weaker than

In one study, it wasancluded thathe addition of CNF into N6 nanofibers favors the
formation ofo ¢ r Ars @x@ahation is thathe decrease in the mobility of the

polymer chainsat the nanofibematrix interface promotes the formation of
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crystallites.Also, this literatire highlights the following features of crystalsform
mo d u | uferm & todghelfil@7. d n e s s ,

has

a

hi gher

wher e

The DSC data of the N6 melting zogen inFigure4.16 andthe areas under the

melting pe&s were analyzed; the amounts of the N6 crystal and crystal types were

calculated. The results are givierFigure4.17 andTable4.10.

Change in N6 crystal content (%
= = N N w w »
o ol o o o (&) o
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N6-2% GO1

N6-2% GO2

m N6 crystals (total %)
m %(Qcrystals
u %3q crystals

N6-2% GO3

Figure4.17. Variation of N6 crystal types and quantities according to GO type in
N6, N6/GO hybrid tulles

Table4.10. N6 crystal types and quantities in N6, N6/GO hybrid tulles

code | Nt | 89, | SO |9 Coss | a Gyl o oot
Ci16 100/0 - - 29.1 0.80 29.9
C17 100/0 2.0 GO1 9.50 315 41.0
Cl1 100/0 20 | GO2 24.3 6.60 30.9
Ci8 100/0 2.0 GO3 30.3 9.30 39.6
PureN6nanof i ber s

previous work performed in ogroup[108]. WhenFigure4.17 and Table4.10 are

el ectr os p ase haa beenidentif@atl mo st ¢
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examined, it is clar that the crystal regions in N6 have changed and this indicates an

interaction between N6 and GO. With the addition of GO, there was a significant

increase in th&phase and total N6 crystaition in N6 nanofibers. In the N6 fiber

containing 2 wt% GOL , t he amount of 2 crystal (9. 5%)
compared to the amount of crystal in pure N6 (29.1%) and the amoUhtrgétal

increased (31.5%). This gmt change in the structuretbe N6 fiber was thought to

be due to the fact that the G@id not show a very good distribution in the N6

nanofiber. It is possible that the increase in the draw ratio in the regions where sudden

fiber diameter changes ogccat the ends of heterogeneds® knot regions cause an

increase in U crystal

In the N6 hyrid tulle containing 2 weo GO2 and GO3, it can be said that as GO

relatively homogeneously distributed throughout the fiber, reducing the movement of

the polymer chains generally more effeclyvand thereby increases the formation of

t he 9 ¢ mng Bhefarmationefghdor yst al region together wi
provided a balance between the toughness and hardness properties of the system.
Compared to pure N6, which contains almoktalo cr yst al scgvaller i ncr ease
was achieved in N6 syems containing GO2withand o2 phases together.
is thought that one of the factors that increase the&ues will be through the GOs

which are overflowed out of the fibeFigure4.10-e, f, g, h).It is expected that, the

functional groups on the GO are expected to reinforce the bond that the epoxy matrix

and N6 cannot establish, and delay the debonding, leading to increased toughness. In

fact, it is consistent whtthis expectation that the overgno sheets of graphene oxide,

which are reflected in TEM images of G@@ntaining fibers and which are higher

than GO3containing fibers, have provided a better increase in toughness.

In terms ofproduction steps, GO3 céme produced in larger quantitiesdaalso shows
structures similar to GO2 in terms of overflow to the fiber wittlerefore, the use of
GO3 was preferred in the subsequent studies of the study using graphene oxide.
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4.4.2.2.Composites nterleaved with N6/PCL (60/40) nanofibers veils containing
different weight of GO3

The Force (NIDisplacement (mm) curves the composites interleaved wikié/PCL
(60/40) nanofibers containing G@8e givenn Figure4.18.

—R1
R2
—60/40
—60/40 - 0.1% GO3

70 F —60/40 - 0.3% GO3
F —60/40 - 0.5% GO3
60 | —60/40 - 1.0% GO3
> —60/40 - 1.5% GO3
€50 60/40 - 2.0% GO3
g £
(o]
[T

20 30 40 50
Displacement (mm)

Figure4.18. Forcé displacement curves of R1, R2, 60/40 and 6@4IB laminates

Changes in g initiation and propagation values according to the amount of GO3 are

given inFigure4.19 and numerical values agéven in Table4.11in detalil.
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Figure4.19. Gic values of plates R1, R2 and CSET2; (top) variationshier t
initiation and propagation region with increasing GOdimfiber, (bottonm
percentages of variation relative to the reference sample

5During the production of this set, due to the depletion ofdi Lit was necessary to produce with R2.
Therefore, in order to better understand thange ofGic valueswith different amounts of GO3
addition,Figure4.19-b should be preferred insteadrifure4.19-a.
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