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ABSTRACT

PRODUCTION OF NANOFI BERS BY ELECTROSPINNING FOR
INTERFACIAL TOUGHENI NG OF COMPOSITES

¥ z - eZewnep Cansu
Master of ScienceChemical Engineering
SupervisorAssoc. Prof. DrErhan Bat
Co-SupervisorProf. DrBor a Mavi K

September 201904 pages

In this work, electrospinning technique was selected for the production of nanofiber
mats to be used in improving the fracture toughness of carbon fiber reinforced
composites. The main purpose of this study is to improgel@amination mode of
polyamide6 (PA6) nanofibers interleaved carbon fiber reinforced polymer (CFRP)
composite. Many studig¢&]-[4] have shown that when PA6 nanofiber is used as an
interleaving material formproving delamination modes obmposites G sliding

mode could be significantly increased. Howevek; @ening mode could not be
improved or even worsened. In an attempt to solve this problem, nanofibers were
produced with different combinations and mass ratios of Polyamide 6 (Palg),
(trimethyl ene c ar Jfoapmlactore)(POL)RAdMI@)polymprs. | v (&
These nanofibers were used as an interleaving material for carbon fiber reinforced
polymer (CFRP) composites,d3racture toughness of produced composite laminates
were tested by means of Double Cantilever Beam (DCB) test. After thisreestre
surfaces of composites were analyzed with the help of Scanning Electron Microscopy
(SEM). Among the all results obtained during this stu% enhancement in &
initiation stagecompared tmeatcomposite laminate were obtained with combination

of PA6 nanofiber and shellac beads interleaving mat.



Keywords: Electrospinning, polyaide-6, delamination, shellac, carbon fiber
reinforced composites
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Bu -al ékmada, karbon fiber takviyel:d k om
amaceéeyla kullanélacak ol an nanol iktliem.i n ¢
¢al eékmanén as®&| (#Mmé&ggénapol i dakkydipdiger € k ar |
(KFTP) kompozitnin Gcd el ami nasyon modunu ge[l][H Kkt i r me
[4lg°Pstermiktir K i PA66Nnén ara y¢zey katk
kompozitlerinin Gc k ay ma modunda °neml: i bi rGlcart éx
a-eél ma modunda arteék sajlanamaméxkx hatta
-%zebil mek k6- (PAG6), padi| (trimetilerd karbonat) (PTMC),

poli kaprol aktkonpolPiCiher lveer ikneilnl af akl € kombi

il e nanoflinbiekrtlierr. ¢lrreettii l en bu nanofi ber|
yézey toklakteréecé mal zeme ol arak ckul |l an
keréelma tokluju(DCBjttAskasilt etenfdnrajs k m¢ K t
Taramal & El ekt (&EMMI yarosileoaneyl a kér el an Kk
analiz edi |l miktir. Bu -al ékma édklenyisiLnca el
kompozit laminadhak é y aigld aak |Ga n g € - 133 & [ & r iPAGhenefier

ve kKellak boncukl arénén oluxkturduju t ¢l
ekl enmesiyle elde edil miktir.
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CHAPTER 1

INTRODUCTION

Nowadays, for the aerospace industry, designersiradimg a new tool in order to
eliminate the obstacles caused by metallic components. In this regard, advanced
composite materials are the newdiaue to their excellent features like lightweight,
excellent strength and stiffness compared to other rakefihe first use of composite
materials dates back to the 1950s for the aerospace industry. In the first place,
composites were used in tertigrgrts of aircraft such as sidewalls, galleys and bag
racks parts of aircraft. They were tried in these iotgoarts of aircraft since if there

was a fail in the structure, this did not cause a harm for flying properties of aircraft.
After this attempt s succeed, composites were started to use in secondary parts of
aircraft like rudders, flaps, ailerons and®@un Fiberglass was mostly used in these
composite$l]. Fiberglass is composed of fine fibers asiaforcement and plastic as

a matrix. It has good mechanical properties like lightweight, strong and durable
material[2]. However, in the 1970s, instead of fiberglass, carbon fibers have been
started to use ithe most of secondary structures because carbon fiber has better
properties such asiffhess. For the last twenty years, composite materials have been
used in primary structures, i.e. wings, fuselage barrels and stabilizers which are the
most critical pas of aircrafts in terms of safetyl]. Figure 1.lillustrates the
enhancement of the usage of carbon fiber reinforced (CFR) composites in military and

commercial aircrafts.
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Figure 1.1 Usage of composites in aerospace indugit]

For instance, Dreamliner (the 787) is the new generation cominairciaft whose
primary parts were made up of mostly higérformance CFR composites. These
primary parts are half of the aircraft and therefore affect w#ht since usage of
composite materials reduces its total weight correspondingly its perfoemeype of
materials used in the 787 are showikigure 1.2
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Figure 1.2 Types of materials used in the 78]

According to Figure 1.2 carbon laminate composites are mainly preferred since
designers have a chance to find optimum mechanical properties thanks to the
laminated structure of these materials. For sefgh and endurancé the material,

it is important to know failure mechanism and fatigue behavior of composites. They
have very complicated failure mechanisms compared to that of métigjsre 1.3

shows failures which are generally seen in composite laminates.
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Figure 1.3 Damages mostly oacin composite laminate§]

Matrix crack and fiber fracture are the intralaminar damages. Tyese of damages
occur inside the plies. On the other hand, delamination which is the separation of the
plies, is the interlaminar damage because it ocautise interface of two sequential
layer[4]. Amongthem, delamination plays a key role for the design of new structures
since it leads to precarious crack growth and directly affects loading capacity of

material.

Over the past few decades, mastydieshave beerperformedon the healing o
delamination failure of the composite laminates. Up to now, various approaches have
been attempted in this regard such as matrix toughening, optimizdtstacking
sequences, edge cap reinforcement, thordhighness stitching and ductile

interleaving

In this study, ductile interleaving method has been carried out to develop delamination
resistance of the laminate composites. Nanofibers were choseterésaving tool.
For production of nanofibers, polymers with higher meltiegpperatures should be

used in order to allow a wide range of curing temperatures. PA nanofibers have a great

potenti al since they have tyAplsoctlelaremel t i ng

t



commonly used for such studies. There are many researchestdddathe effect of
polyamides on delamination of composite laminates. Saffijatnd Beckermanf6]

stated that ¢ and Gic are enhanced by means of polyamide nanofibers interleaving.
Whereas, enhancement inc@ occurred along prerack or crack initiation steps.
Propagation value of Gis not changed or sometimes reduced due to interleaving. In
another study, Palazeffi], [8] et al. reported that only minor improvements and even
decreases on bothdand Gic. Moreover, according to the study of SchoenmgXer

Mode | tests proved that there is a small enhancemehe toughness when PA6
nanofibers were interleaved in the glass fiber composite. In there, the thickness of
nanofiber veil plays a crucial role. When compared all these findings, PA nanofibers

interleaving is wortlworked on.

In this study, PA6 ixhosen as main polymer because it has great material features
such as affordable price, low friction coefficiemt,i gh Young @sd modul
stiffness and strength, high wear and chemical resisfaf¢eAlso, it is compatible

with many differenpolymers In order to enhance&fracture toughness aibth neat

laminate, andPA6 interleaved laminateomposite, shellac, PTMC and PCL are used

as assistant polymer in nanofiber production. In this way, adhesion strength and

compatibility between matrix and nanofibers have been expected to increase.

The aim of choosing shellac was to achieve good #iind®tween matrix and as

spun nanofibers. For that reason, shellac nanoparticles were produced because
functional groups in shellac nanoparticles could make covalent bond with the matrix
(epoxy resin).Shellac is a natural and néoxic polymer Molecular structure of
shellac is shown ifrigure 1.4. It consists of hydroxyl group@H), carboxy group
(-COOH), ester bondCOG-), double bond (C=C) and aldehyde grgt@HO).



CH,OH CH,OH CH,0H CH,OH
(CHz)s (CHp)s (CHy)s (CHa)s

CHOH CHOH CHOH CHOH
CHOH

(HC)y

R=CHO/COOH
R'=CH,OH/CH;

Figure 1.4 Chemicalstructure of shellac.

Our expectation from shellac polymer is that hydrox@H) and carboxyl groups (
COOH) of shellac react with epoxide group of epoasin which is on prepreg and
forming ether and ester linkagél] (Figure 1.5. In this way, we can improve

interlayer adhesion byeans otovalentbonding.

(e} O OH
(@)
|| /\\ || Hy |
Lac C—OH + HyC |C_|3 R » Lac C (0] C_E_R
OH
© |
H,
Lac——OH + H.C E—R > |Lac (0] C—CH:—R

Figure 1.5 Reaction between shellac and epoxy resin.

In addition, PTMCthermoplasticelastomer is chosen as a third polymer for our
system.It can add some elasticity to interface and baldpe®veen matrix and

nanofiber. For effective toughening, intermediate interfacial strength should be



beneficial. Because if it is too strong due to shellac and epoxy interactiorsutiese

excessive debonding of nanofibers from matrix thus decrea&as mmode.

In addition, PCL thermoplastic polymer was selected for improviggv@hout any
chemical bondingBalanced mterdiffusion of PCLcould provide sufficient adhesion

andcreate strong resistance ifc®wing to better load transfer to naibefrs.

All these polymers were used in interleaving mats. And aim of this study is to evaluate
the contribution of micro scaloid nucleation, fiber debonding, crack pinning and
fiber pull-out) and nano scale (shellac bridging) mechanisms on interlaminar fracture

toughness of laminates.






CHAPTER 2

BACKGROUND AND LITER ATURE SURVEY

2.1. Composite Materials

In general, the composite material is made up of two or more different constituents
which have notably distinct properties in terms of mechanically, chemically and
physically. However; wherese different properties are camdx, better properties

rather than those of individual constituents are possessed. They have begun to be used
in many industrial areas in order that they have excellent features like high strength
and stiffness, wear resance, lightweight, thermal conttivity, corrosion resistance,

fatigue life, thermal insulation and so on.

Composite materials are composed of a continuous phase known as matrix and a filler

phase also called reinforcemehRigure 2.} [12].

filler - dispersed phase

matrix - continuous phase

Figure 2.1 Phases of compositd4.3]

Matrix phase is used as a binder material. This phase has to be continuous so that it
could be support and protect filler phase from the environment like moisture and

chemials. Also, it has a role of transferring stresses to the fillers. Generally, filler



phase has higher density, strength and stiffness than matrix. In this way, it provide
composite to a stronger structyie]. Moreover reinforcements improve properties

of composite like thermal expansion-efiicient,andconductivty.

2.1.1.Classification of Composite Materials

Whereas there are a few methods to categorize composite materials, most common
classification is based dheir matrix and reinforcement constituents as indicated in
below Figure 2.2 By means of nature of matrix, they are divided into three main
classes; Polymer Matrix Composites (PMCs), Metal Matrix Composites (MMCs) and
Ceramic Matrix Composites (CMp By the different reinbrcement phase,
composites are grouped irftber-reinforced compositg@articlereinforced composite

and structural composite materials.
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Thermoplastic Matrix

X Composites
Polymer Matrix P

Composites (PMCs) p———
Composites

Metal Matrix
Composites (MMCs)

Ceramic Matrix
Composites (CMCs)

Continuous
Fiber-reinforced
Composites
Discontinuous

Large Particle
Particle-reinforced
Composites . .
Dispersion
Strengthened

Sandwich Panels
Structural
Composites

Laminates

Figure 2.2 Classifications of composites based on matrix and reinforcement.

Matrix and filler phases could be chosen with respect to performance needs of the
desired composite and its usage conditibable 2.1summarize some types of
composites and their application areas.
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Table 2.1 Composite types, their properties and applications.

Type Property Application Area
Light weight,
excelent creep
Ceramic[14] resistance, high | Civil aircraft application
temperature
strength
X Good thermal ad
|5 electrical : .
= Metal [15], [16] conductivity, good Automc_)tweand marine
industry
wear and heat
resistance
Low weight, high | Rocket nozzlesyind
Polymer[17] strength, corrosior] turbines wheelchairs,
resistant. brake pads for aircraft.
High-temperature| Aerospacendaircraft
material, low industry, marine
Fiber[18]i [21] weight/high application, automtive
= stiffness good industry, sporting good:
o chemical resistanc industry
S .
0 Quickly hardened,
O : . Concrete, cements,
5 Particle[22], [23] fracture resstant, S
“ dental applications
c strong
e Excellent stiffness
to weight ratio, | Automotive, aerospace
Structural[24] capable of marine, civil and
absorbng large | aeronautical applations
amount of energy.

2.1.2.Advantages and Disadvantages of Composites

I n addition to compositeds advantages, t hey
compared to other material§able 2.2shows the summary of pros and cons of

composite$25].
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Table 2.2 Pros and cons of composites.

Pros Cons
Light weight high strength Very expensive
High degree of freedom in material
and process

Cannotbeeasily reaired

Corrosion and chemical resistance UV-sensitive
Fatigue resistance Recycling process nakeveloped
enough.
Possible design to requirements
(strength, stiffness, thermal resistan Finishing not weldeveloped.

etc.)

2.1.3.Composite Laminates

Compositelaminates are getting reputation in a wide variety of industries like
aerospace, maringports gear, automotive and many other applications. Especially,
carbon fiber reinforced plastic laminates are considered as the new base high
performance composite aterial due to their high performance and mechanical
propertied26]. Most of this type of laminates are made up of {imgregnated fibers

which is also known as preprefidure 2.3.

Figure 2.3 Carbon fiber prepreg[.28]
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Mostly, prepreg has a combination of fiber reinforcement and highly viscous matrix.
Prepreg could be unidirectional form (agieectional reinforcement) and fabric form
(several directions of reinforcement). In order to prevent complete polymerization
and help for ease of handling, the resin matrix of prepreg which is generally epoxy,
is partially cured and conserved in a cdlace. To obtain full polymerization, heating

process will be needdd7].

For tailoring (stiffness, strength, thermal stabiliggmposite laminats are produced
by placing prepregs at desired place with desired angles, the desired composite

thickness could be obtained by ptagxfew plies of prepreg.

If a lay-up is made up of a single ply or plies with same orientation, this is called as
lamina. However, if plies are bound with different angles, thisupyis called as
laminate[28]. The layers of a laminate generally have various orientations in between

-90Aand +9@ Laminate sequences are representecal®0[ b / ¢/ 0/ d /fa@ ] .

Her e,

shows the firg eohgwerileatasentcaodsdonfl y orient

For instance, [45/015/90/45] is a fiveply laminate[29]. Figure 2.4 epresents
stacking of prepreg plies @ laminate with different angles of fibef@0]. Various
fiber orientations and stacking sequencdfect structural response, failure and

damage mechanism of composéaminates.

Z 7 7 27 _Z )0

Y

+45°

-45°

-45°

+45°

0°/90°

Figure 2.4 Stacking 6 prepreg plies to a laminate with different angles of fibE3g]
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2.1.4.Failure and Damage Mechanisms for Composite Laminates

When the structure losses its function, this situation could be called as a failure. There
are some criteria in order wesignate théailure mechanism. These are stiffness,
yielding fatigue life, impact resistance, bending, corrosion resistance and so on. On
the other hand, laminates failure mechanism is a precious case since before laminates
rupture completely, they hageme local fadures and these local failures are called as
damage. The list which includes damages mostly occurred in composites is given
below.

U Splitting
U Buckling

U Fatigue

U Impact damage

U Creep and stress relaxation

U Delamination

Splittingg When the fibersrun in one diretion and adhesion latitudinal to fiber
direction, splitting could be ocawd in composite laminates. Some cracks will be
developed parallel to fibers direction. Generallyplane bending and a wedge effect
in a bearing or connection areetreasons ahis failure mechanisi25].

Buckling Without consideng type of naterial, buckling could be seen at a low
applied stress and causes big deformation on the composite lafBitjatBuckling

in composite laminates often leads to delamination damage on the composite. To
overcome buckling failure mechanism, more rigid structure véilhbeded. Moreover,

by means of reducing length and using thicker layer might be helped to this problem
[25].

Fatigue Like in steel, fatigue causes damage in composites. However, failure
mechanism is a bit different than those of steel. In steel materiai, israaused due
to varying loads repeated continually andyibws further by effect of alternating

loads. The structure of steel is broken when the crack length achieved its critical value.
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On the other hand, in composite laminate, there are numbetgagfaracks and they
could develop at the same time in vasdalirections. These cracks might be combined

and cause great cracks and delamind&&ih

Impact damageGenerally, it is hard to see and detect the damage from impacted

surface of composite laminates because of their elastic behavior.

Creep and stress relaxatiotn composite laminates, fibers transport the load, and
relax the stress on resin. As a resateep will take place. Creep behavior is highly

affected by higher temperature and other environmental condj#bhs

Delamination When two neighbor plies of the composite laminate separate frdm eac
other, this is called as delamination. It is the most crucial failure mechdorsm
laminates because it highly affects durability and damage tolerance of composite

material.

2.2.Delamination

Delamination Figure 2.5 [32] is the one of the most crucial failure mechanism and
evaluation of this failur is important to understand damage tolerance of composites.
Delamination is a sneaky failure mode since it is generally invisible and notedete

by visual inspection. It has adverse effects on stiffness and strength of composites,

therefore; lifetime bmaterial is reduced when delamination is occurred.

Delamination

Ply

Figure 2.5 Delamination failure mechanisrii34]
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2.2.1.Delamination Modes

Delamination could grow under three basic modeguie 2.§; crack opening mode
(Mode I), sliding shear mod&1de 1) and scissoring shear modé&odelll). Also,
delamination could develop in the mixawbde which is composed of various

combination of these three basic modes.

Mode 1 Mode 11 Mode 111

Figure 2.6 Modes of delamination.35]

The critical energy strain rate which has symbol with & mostly known as total
required energy to begin delamination failure in material. Each delamination modes
have its own @ values, ie., Gc for Mode |, Gic for Mode Il and Gic for Mode 1.

Different test methods are used to measure all these values.

Mode |: The doublecantilever beam (DCB) test is mostly used for determination of
Gic (the interlaminar fracture toughness in moljeand recently, this test is
standardized by American Society for Testing and Materials (ASTM). Test specimen
is shown inFigure 2.7
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Figure 2.7 The geometry of DCB test specimj6]

Mode II: The end notched flexure (ENF), the stabilized end notched flexure (SENF),
the four- point end notched flexure (4ENF) and the end loaded split (ELS) test
specimens could be used for measuring the interlaminar fracture toughness in Mode
[I. Among them, the ®d notched flexure (ENF) test has been widely used to predict
pure mode Il delmination resultFigure 2.8epresents the geometries of Mode Il test

specimens.
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Figure 2.8 The geometries of Mode I test specisiga) ENF; (b) SENF; (c) 4ENF; (d) ELR36]

Mode IlI: The split cantilever beam (SCB) test is used to measure the interlaminar
fracture toughness in Mode Ill. However, calculation of pure Modeeldrdination

is quite difficult. Studies of Martif33] and Donaldsofi34] shows that pur&ode Il

results could not be obtained with the SCB test. The edge crack torsion (ECT) test has
been used tget pure Gic value. The geometries of test specimens for Mode |lI

measurement are shownkigure 2.9
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(b) T

Figure 2.9 The geometries of specimen for Mdldeests; (a) SCB; (b) ECT36]

Mixed-Mode: There are six widely used test methods for calculating rmixede
fracture toughness value. These are the mixed mode bending (MMB), the mixed mode
flexure (MMF), the cracked lab shear (CLS), the single legpoint bend (SLFPB),

the asymmetric DCB (ADCPBand the Arcan. Generally, MMB specimen has been
used for the mixednode. All mentioned test p e ¢ i geenmmesids are ifigure

2.10
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Figure 2.10 The geometries of specimen for Mixddde tests; (a) MMB; (b) MF; (c) CLS; (d) SLFPB; (e)
ADCB; (f) the Arcan[.36]
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2.2.2.Sources of Delamination

Discontinuities in composite structuaeethe most common reason of delaminatio
because they lead to increase on interlaminar stré@8psFigure 2.11represents

main sources of these discontinuities.

\
-7 Curved free |
Cape %%
External ply drop

WY Straight free edge
»X Oz
sz

«%Egiﬁ,. —

Internal ply drop

T

xz
Interlaminar
stesses

’R’Skin stiffener

‘% E_ﬁ' interaction

Solid- sandW|ch transition

Figure 2.11 Sources of delaminatiof36]

Because of unaligned peculiar layers, delamination may take place at stress free edges.
It also happens at region where the thickness of material is decreased. In addition,
delamination occurs at bemgj area. All failure modes generally occur in case of

delamination.
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2.2.3.Proposed Solutions to Delamination Failure

Nowadays, designers have a great concern for findingcoestructionsn order to
restrain delamination in material structure. Most oéaeshers have been dealing with
understanding and prewviing breakdown mechanism behind of delamination oAl
these studies have a contribution to improvement on delamination failure by means of
developing materials and their constructioDgcreasing iterlaminar stresses and
increasing fracture toughnes® &ssential points for healing delaminationidht of

this concept, there are numerous approaches to heal delamination failure and improve
the performance of laminate composites over the yddasrix toughening[35],
optimization of stacking sequenc§36], edge cap reinforcemer87], through
thickness stitching38] and ductile interleaving are shows an examplof such kind

of researches. However, each solution mechanism also has some limitatiGabknd

2.3summarizes limitation of proposed solution mechanisms.
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Table 2.3 Summary for limitation of proposed solution techniques.

Methods

Disadvantages

Matrix toughening

Decrease overall
shear modulus ang
lose inglass
transition
temperaturéTg) of
resin.

Optimization of
stacking sequence

May not work
whenapplied load
is inverted.

Edgecap
reinforcement

High
manufacturing cos
and enhance
rigidity

Throughthickness

Adverse effect®n
strength and fatigu

stitching life of laminates
Increase in weight

Ductile anddecrease in
interleaving plane mechanical

properties
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Firstattempt is the modification of the chemistry of the resin compositéis way,
fracture toughness of resinrgised when compression strength of composite is still
same. In this technique, Bast one component is added to resin base and added
component should have lower shear modulus than that of resin base. According to
study conducted by J. Verrgg5] et al. in 2005, the hyperbranched polymers (HBPS)

is used to modify resin in order to enhanceriatainar toughness of carbon/epoxy
composite laminate. With the addition of 7.5% HBP into epoxy resiy&ue is

raised from 600 J/&(for pure epoxy resin) to 750 JnOn the other hand, modified
epoxy resin causes poor fibeatrix interfaces and iarder to heal this functionality
problem, amine is added to modified epoxy redtigure 2.12illustrates the
configuration of amine groups, HBPs and epoxy chains. As a result, both the problem
caused by poor matefiber interfacds solved and @ values increases from 750 3/m

to 1400 J/m. However, amine groups addition to interface could be disadvantageous

because it | owers glass transition tempe:]
Epoxy chains
. » «—
. ‘ 4 Diamine
HBP ee

* %w . »

Figure 2.12 The configuration of amine groups, HBPs and epoxy chi38k.

Another approach of healing delamination ihangestacking sequences of plies.
With this technique, there may be a change inrtteglaminar or intralaminar strength

in laminate compost Therefore, failure caused by delamination could be lowered or
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prevented. On the other hand, this solution does not work when the applied load on

composite laminate is inverted since the stresthe laminate is also invert§gb].

Edge cap reinforcement by means of pagkine edges of laminate composites is
another preventing solution for delamination. The study conducted by Hd@&rd
shows that with edge capping technique, interlaminar stresses is lowered and fatigue
strength is increased. Nevertheless, this technique could be cudtlglso enhance

the rigidity of laminge in bending aspect.

Throughthickness stitching helps for resisting -@itplane tensile strength and
preventing delamination growth. In case of any impact, stitching holds together plies
of laminate and mostly sppess delamination; however, it has adee effect on the
fatigue life of laminates which are mainly composed of filj2g3.

All the proposed solutions and designs mentioned above have a reduction in
delamination, but have also importamhancement in weight, cost and sornes lof
in-plane stiffness and strengBy the way, ductile interleaving isfavorablemethod

for both solving these problems and delaminatiigure 2.13llustrates three main

constituents which are used as an interleaving material. These are patrticles, film and

nanofibers.
e i
Prepreg pmpmg/’
(a) Particle Interleaving (b) Film Interleaving (c) Nanofiber Interleaving

Figure 2.13 Constituents used in interleavirjg.3]

26



Ac cor di n d39]tstady ielatgdavibhgrticles interleaving, polyamide particles
with a commercial name of T800H/39Q0vas used to enhance interlaminar strength
of laminate composite. Carbon fiber/epoxy laminate was used for this study.

Schematics ofross section of interleaved laminatehswn inFigure 2.14

Carbon fiber

Polyamide
particle

Interlayer {

CF/epoxy

Figure 2.14 Representation of cross section of laminate with particles interlef&éd

Polyamide particles interlayer was put into each layer of laminate composite. DCB
test wasused to measurei&values of T8BO0H/390@Q laminate (particle imrleaved)
and T800H/3631 laminate (referenc&igure 2.15indicates the results for &
measurements. &initiation value of particle interleaved laminate is approxatat

four times greater than that of reference laminate.
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Figure 2.15 Relationship between fractuteughness and increment of crack length for TBOOH/2Barticle
interleaved laminate and T800H/3631 reference lamirfid.

Theot her outcome of Hojobs study is that del
region with particles and crack path growsitdgoughened region which is interface
of interlayer and base lamingigure 2.16.
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T800H/3900-2

Resin-rich layer <

without toughening

Epoxy

Carbon fiber

Figure 2.16 Crack path during Mode heasuremenf44]

However, this approach has a limitation such that there is an increase in thickness by
up to 30%. This may lead tbecrease kplane mechanical properties of composite.
Moreover, particle interleaving has a potential of lowering glasssition

temperature.

As distinct from particle interleaving, film interleaving gives an opportunity to make
blends of different polymrs with different features. Hofd9] et. al in 2006 was used

the ionomer film as a film interleaving material at the only midplane of laminate which
made up of carbon fiber/epoxy prepregs of Toho UT500/111 via hot press. Films with
thickness of 25 Om and Figwe 2Qflusvatestee used

representation of laminate cross section with film interleaved.
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Figure 2.17 Representation of laminate cross section with film interlegviedl.

TR

UTS500/11 1/ionomer

According to DCB test resultsFigure 2.18, Gc fracture toughness values are
increased with film interleaving when compared te @lue of base laminate. In

addition,Figure 2.18also shows that when the film thickness increasesfré&cture
toughness also increases.
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Figure 2.18 Relationship between fracture toughness and increment of crack length for UT500/111/lonomer film
interleaved laminates and UT500/111 base lamirfa4].

Both particles and film interleaving methods have a significant ivgonent on G

fracture toughness by means of enhancing interlaminar toughness and decreasing rate
of delamination growth; however, interleaf used in these techniques has a higher
thickness approximately 280% of single ply. As a result of this, laminate thickness

is dso raised and most probably, reduction irplane mechanical properties of

laminate is occurred.

As an alternative for these two interleaving techniques, nanofibers is a promising
material in this regard because nanofibers could eliminate all the ionitzdused by
other interleaving techniques like loss ofpilane stiffness and strength, increase in
weight of laminate, no complication in production sequence and change in glass

transition temperature.

According to study conducted by Shivakurf¥®] et al. in 2009, using nanofibers as

an interleaving material in composite laminates enhances fracture toughness,
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damping, fatigue delamitian growth while there is no significant change in weight

and inplane mechanical properties of composite.

I n Shivakumardés study, Nyl on 6,6 polymer was
Laminate is composed of 20 layers of prepregs. Two layers ofihbanmat are placed

in bottom and top layer of ¥0ayer of prepregs. Reference laminate was named as

AS4/35016 and laminate with nanofiber mat was named as interleaved AS463501
composite.Figure 2.19demonstrates o fracture toughness of neat and nanofiber

interleaved AS4/3506 laminates. With interleaving process, fracture toughness of

composite is increased by approximately 1.5 times.

Interleaved
AS4/3501-6

G, Jim? 150 \ =2
© o \o o o0
Plain AS4/3501-6
G _piain=154 Jim?2

50-G =84 J/m?2

IC_plain
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da, mm

Figure 2.19 Graph of fracture toughness versus crack length of base and interleaved AS@/8axtposites.

[49]

Nowadays, remarchers and designers are still working on this approach to heal
delamination. Most important point of using nanofiber as an interleavedilhat

nanofiber polymer and resin which are used in laminate production should be
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chemically compatible. If o required chemical bonding for elongation and fiber

bridging are not provided; therefore, this approach is not enough to heal delamination.
2.3. Electrospinning

Electrospinning is the most preferred method in order to produce nanofibers because
of its simpliaty and ability to generate nemoven nanofiber mats with high surface

to volume ratio. Thanks to large surface area of electrospun nasofibey could be

used in many different application areas such as, tissue engineering, catalysts,

biosensors, autontive sector, defense industry, biomedical applications and so on.

It also enables to produce uniform and long nanofibers with differentisid shapes.
Generally, diameters of electrospun nanofibers are ranging from hundreds of
nanometers to micrometeHuge range of polymers from natural to synthetic could

be used in production of nanofibers with electrospinning.

Electrospinning setup isomposed of three main equipment which are syringe pump
with variable needle (single, double or-axial), high votage power supply and
metallic collector (planar, grooved, patterned or rotating). Basic schematic diagram of
this setup is illustrated iRigure 2.20
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Metallic Collector

p=—4 3 -4
Syringe Pump

K~/ .

/] @

High Voltage Power Supply

Figure 2.20 Schematic of experimental setup faatospinning.

During the electrospinning process, air conditioner is mostly used in order to maintain
room humidity and temperaturonstant High voltage (the range a few tens of
kilovolts in DC) is applied between metallic collector and syringewtipch is
generallya needle. Thanks to electrostatic forces between these two, droplet of
polymeric solution at the tip of the syringe is turned to a conical shape which is known
as Tglor Cone. The dominancy of electric field is greater than the sudas@n of
polymeric solution, solution is ejected to metallic collector. When the solution jet is
flying in air, solvent in the polymeric solution evaporates and leaving nanofibers

behind. In consequence of this, charged nanofibers are collected oficggtaind.
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2.3.1.Parameters for Electrospinning

Electrospinning process could be affected some paramé&igigd 2.2) and these

parameters are categorized into three gsou

U Ambient condition parameters
U Polymer solution parameters

U Process condition parameters

Parameters for Electrospinning

Ambient Condition Polymer Solution Process Condition
Parameters FParameters Parameters
Dielectric Malecular Surface
Humidity Temperature . Weight & S Voltage Flow Rate
Constant : Tension
Concentration \ J \ J
.. . . Tip-to-Collector
Conductivity Viscosity P

Distance

Figure 2.21 Parameters for electrospinning.

Humidity: Kim [41] et al. in 2004 conducted a study which showed that fiber diameter
increases when relative humidity in electrospinning chamber air increases. Bforeov

it affects fiber morphology by means of affecting emapion rate of solvent. During
evaporation stage of solvent in electrospinning process, high humidity causes some
solvent inside the jet when it reaches the ground collector. After all solvemirateg

pores are created on the surface of the fibers.

Temperatureit affects both viscosity of solution and the evaporation rate of solvent.
Increasing temperature causes decreasing viscosity of solution and increasing the

evaporation rate of solveritherefore, fiber diameter decrea$é).
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Dielectric constant When the dielectric constant of solution enhances, solution could
store more charges. This leads to more elongation of polymeric jet, thefibea
diameters are lowered. The studyndacted by Led43] et al. in 2003 states that
poly(&-caprolactone) (PCL) is insoluble in Ngimethylformamide (DMF), but
soluble in methylene chloride (MC). However, dielectric constant of DMF is higher
than that of MC. Therefore, adidin of DMF into polymeric solution of PCL in MC
increases the total @ectric conductivity of polymeric solution. As a result of this,

smaller diameter nanofibers are produced in this case.

Conductivity:To form nanofiber, jet should be stretched by nseairepulsion of the
charges at polymeric droplet. When the condutgtiaf the polymeric solution is

raised, charges on the jet are also raised. Sometimes, charges on the jet are not enough
to stretch electrospinning solution to get smoother and fineofiteer. In that case,

some salt could be added in solution to incrgasecharge and cause to higher
elongation on the polymeric jet. Therefore, less bead and more finer nanofiber

formation are achieved4].

Molecular Weight and Concentratioif low molecular weight polymers are used in
electrospinning, bead formation could be occurred because moleceigint of
solution is related with the number of chain entanglement which has a crucial role for
spinrability of polymer solution[45]. Moreover, molecular weight of polymer
influences concentration of solution as well as solution viscosity. In the study of Ki et
al. [46], there is a correlation between concentration and fiber diameter. When the

concentration of the electrospinning solution increa#es; diameter also increases.

Viscosity: As mentioned before, solution viscosity is affected by solution
concentration.Increasing solution concentration means that increasing solution
viscosity. For the determination of fiber morphology, viscosity enttost crucial
parameter. Beads are formed instead of nanofibers at low viscosity (or concentration)
because the polymeric solution is spread, and the name of this process is called as

electrospraying. On the other hand, at high viscosity (or concenjrgtdymeric
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solution droplet may dry at the tip of need, then optimal viscosity should be found in

order to produce continuous and linear nanofibers.

Surface tensionFor the initiation of electrospinning process, surface tension of the
liquid jet shouldbe less than intensity of the electric field. Some solvents with low
surface tension may be added to polymeric solution to lowered surface tension of

electrospinning solution and then produce fiber without beads.

Voltage: There is a correlation between &pg voltage and electrostatic repulsive
forces. According to study conducted by Megelgki] et al. in 2002, only by
increasingspinning voltage, fiber diametes decreased while all other parameters

kept constant.

Flow rate: The flow rate of solution affects bead size and fiber diameter because
volume of solution ejected towards to collector increases with increasing flow rate.

Bead size and fiber diameter propanal to flow rate of the solution.

Tip-to-collector distance TCD): It has an effect both the travelling time of jet and
electric field strength on the jet. When TCD is lowered, electric field strength increases
and travelling time of solution jet decsss. Therefore, the solvent in solution jet does

not have enoughime to evaporate before reaching the grounded collector. On the
other hand, when the TCD is increased, solution jet elongates more and have more

time to reach grounded collector. Thus, fidexmeters will be smallga4].

2.4.Polymers Used in Nanofiber Production for Interfacial Toughening (IFT)

The main reason of the prefape of nanofibers as an interleaving agent is that
nanofibers help to decrease stresses caused by mismatching plies. They also play a
role as a bond between plies with keeping the weight amlaime mechanical
properties of composite same. In the literajunany different polymers have been

used in prodction of nanofibers for the aim of using interleaving material in

composite laminates. Some examples are polysulfones (BR&Fpoly (vinylidene
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fluoride) (PVDF)[49], poly (vinyl alcohol) (PVA)50] ,polyvinyl butyral (PVB)[6],
poly(&-caprolactone) (PCL[B], [51] and polyamide (PA}3]. These polymers have
distinct mechanical behaviors as ive$ chemical structures. All these factors affect
the adhesion between fiber and epoxy. Nanofibers with all types of polymer have
significant effects on mechamal behaviors of composite laminates such as fatigue
strength, impact resistance, damage rasc, fracture toughness and so Bable

24summari zes resul t scfracturetoughness.esd6 ef fects on

Table 2.4 Polymers used in IFT and their effects oB.G

Polymers used in IFT | Changes in Mechanical Properties

Polysulfones 280% improvement in (o compared with refereng
(PSF)[48] (without nanofiber) laminate

Poly(vinylidene fluoride), Gic improved by 486 for initiation and36% for
(PVDF) [49] propagation stages.

Poly(vinyl alcohol) Gic improved by65% for initiation and 73% fo
(PVA) [50] propagation.

Polyvinyl butyral Gic improved by 53% for initiation and 16% fi
(PVB) [6] propagation.

Poly@-caprolactone) Gic improved by 92% for initiation and 34% fi
(PCL)[51] propagation

Polyamide 6 Slightly or no increase in G

(PAG)[3]

Daelemand3] et al. in 2016 worked with PA6 and PCL nanofibers for 16T
composite laminates. Accongj to working result, PCL has significant effect on both
Gic and G fracture toughness values. On the other hand, PA6 has a great
improvement on @ fracture toughness value, but slightly or no changesiin G

fracture taighnessFigure2.22 | | ustrates graphical represent
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Figure 2.22 Comparison of ¢z and Gic values for PCL and PA6 nanofibers interleaved composites and
reference composit3]

After Mode Il loading, both PA6 and PCL nanofibers form bridging zones and
nanofibers straining during impactalding. Thanks to this straining,i& of both

interleaved composite laminates are enhanced. SEM micrographs of fracture surfaces

(Figure 2.23represent bridging zone arstiraining of nanofibers.
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SEM of an interlaminar crossing
PCL nanotoughened PA6 nanotoughened

Straining of PCL nanofibers

b ad 1
Straining of PA6 nanofibers

Figure 2.23 SEM micrographs of fracture surfaces composites interleendPA6 and PCL nanofibers after
Mode Il loading [3]

Moreover, SEM analysis of fracture surfaces after Mode | loading of these composites

(Figure 2.24 revealed that PICnanofibers form bridging zone and this could be led

to debonding and breakage of nanofih& his contributes to improvement on fracture
toughness. Neverthel ess, PA6 nanofibers int
micrographs show peeling of nanofibelue to low adhesion between nanofibers and

epoxy matrix.
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Figure 2.24 SEM micrographs of fracte surfaces composites interleaved with PA6 and PCL nanofibers after
Mode | loading([3]

By looking these results, further investigations are needed about the interlaminar

fracture toughness enhancement envdth PA6 nanofibes.
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