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ABSTRACT

PROCESSING AND CHARACTERIZATION OF CARBON
NANOTUBE BASED CONDUCTIVE POLYMER COMPOSITES

Yesil, Sertan
Ph.D., Department of Chemical Engineering

Supervisor: Assoc. Prof. Dr. Goknur Bayram

May 2010, 265 pages

The aim of this study was to improve the mechanical and electrical properties of
conductive polymer composites. For this purpose, different studies were performed
in this dissertation. In order to investigate the effects of the carbon nanotube (CNT)
surface treatment on the morphology, electrical and mechanical properties of the
composites, poly(ethylene terephthalate) (PET) based conductive polymer
composites were prepared by using as-received, purified and modified carbon

nanotubes in a twin screw extruder.

During the purification of carbon nanotubes, surface properties of carbon
nanotubes were altered by purifying them with nitric acid (HNOg), sulfuric acid
(H2S0O,4), ammonium hydroxide (NH4OH) and hydrogen peroxide (H,O,) mixtures.
Electron Spectroscopy for Chemical Analysis (ESCA) results indicated the removal
of metallic catalyst residues from the structure of carbon nanotubes and increase in
the oxygen content of carbon nanotube surface as a result of purification
procedure. Surface structure of the purified carbon nanotubes was also modified
by treatment with sodium dodecyl sulfate (SDS), poly(ethylene glycol) (PEG) and
diglycidyl ether of Bisphenol A (DGEBA). Fourier Transformed Infrared
Spectroscopy (FTIR) spectra of the carbon nanotube samples indicated the
existence of functional groups on the surfaces of carbon nanotubes after

modification. All composites prepared with purified and modified carbon nanotubes



had higher electrical resistivities, tensile and impact strength values than those of
the composite based on as-received carbon nanotubes, due to the functional

groups formed on the surfaces of carbon nanotubes during surface treatment.

In order to investigate the effects of alternative composite preparation methods on
the electrical and mechanical properties of the composites, in-situ microfiber
reinforced conductive polymer composites consisting of high density polyethylene
(HDPE), poly(ethylene terephthalate) and carbon nanotubes were prepared in a
twin screw extruder followed by hot stretching of PET/CNT phase in HDPE matrix.
Composites were produced by using as-received, purified and PEG treated carbon
nanotubes. SEM micrographs of the hot stretched composites pointed out the
existence of in-situ PET/CNT microfibers dispersed in HDPE matrix up to 1 wt. %
carbon nanotube loadings. Electrical conductivity values of the microfibrillar
composites were higher than that of the composites prepared without microfiber
reinforcement due to the presence of continuous PET/CNT microfibers with high

electrical conductivity in the structure.

To investigate the potential application of conductive polymer composites, the
effects of surfactant usage and carbon nanotube surface modification; on the
damage sensing capability of the epoxy/carbon nanotube/glass fiber composite
panels during mechanical loadings were studied. Surface modification of the
carbon nanotubes was performed by using hexamethylene diamine (HMDA). 4-
octylphenol polyethoxylate (nonionic) (Triton X-100) and cetyl pyridinium chloride
(cationic) (CPC) were used as surfactants during composite preparation. Electrical
resistivity measurements which were performed during the impact, tensile and
fatigue tests of the composite panels showed the changes in damage sensing
capabilities of the composites. Surface treatment of carbon nanotubes and the use
of surfactants decreased the carbon nanotube particle size and improved the

dispersion in the composites which increased the damage sensitivity of the panels.

Key words: Conductive polymer composites, carbon nanotubes, surface
properties, electrical conductivity, mechanical properties, microfiber reinforced

composites, damage sensing capability
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KARBON NANOTUP BAZLI ILETKEN POLIMER
KOMPOZITLERININ ISLENMESI VE KARAKTERIZASYONU

Yesil, Sertan
Doktora, Kimya Muhendisligi Bolimu

Tez Yoneticisi: Dog. Dr. Goknur Bayram

Mayis 2010, 265 sayfa

Bu calismanin amaci iletken polimer kompozitlerinin elektriksel ve mekanik
Ozelliklerini gelistirmektir. Bu amacla, tez kapsaminda farkh calismalar yapiimistir.
Karbon nanotiip (CNT) yizey islemlerinin kompozitlerin morfoloji, elektriksel ve
mekanik ozellikleri tGzerindeki etkilerini incelemek icin, poli(etilen tereftalat) (PET)
bazli polimer kompozitleri; islem gormemis, saflastiriimis ve modifiye edilmis

karbon nanotipler kullanilarak ¢ift vidali ekstriiderde hazirlanmistir.

Karbon nanotip saflastirma islemleri sirasinda, karbon nanotiplerin ylzey
Ozellikleri nitrik asit (HNOg), sulfurik asit (H,SO,4), amonyum hidroksit (NH,OH) ve
hidrojen peroksit karisimlari kullanilarak degistiriimistir. Kimyasal analiz igin
elektron spektroskopu (ESCA) sonuclari saflastirma prosedirleri sonucunda
metalik katalizor artiklarinin karbon nanottp yapisindan uzaklastiriidigini ve karbon
nanotlp yuzeyindeki oksijen miktarinin arttigini gostermistir. Saflastiriimis karbon
nanotiplerin ylzey yapisi ayrica, sodyum dodesil sulfat (SDS), poli(etilen glikol)
(PEG) ve Bisfenol A diglisidil eter (DGEBA) kullanilarak da modifiye edilmigtir.
Karbon nanotip drneklerinin Fourier dontsumli kizilotesi spektroskopisi (FTIR),
karbon nanotip yizeylerinde kimyasal modifikasyondan sonra olugsan fonksiyonel
gruplari gostermistir. Ylzey iglemleri stresince karbon nanotiplerin ylizeyinde

olusan fonksiyonel gruplar sayesinde, bu karbon nanotipler kullanilarak hazirlanan

vi



kompozitler, islem gérmemis karbon nanotipler kullanilarak hazirlananlara gore

daha ytksek elektriksel direng, cekme ve darbe dayanimlarina sahiptirler.

Alternatif kompozit hazirlama ydntemlerinin kompozitlerin elektriksel ve mekanik
Ozellikleri Uzerindeki etkilerini inceleyebilmek icin, yiksek yogunluklu polietilen
(HDPE), poli(etilen tereftalat) ve karbon nanotipleri iceren mikrofiber ile
guclendirilmis iletken polimer kompozitleri, ¢ift vidali ekstriderde, ekstrizyon ve
ardindan sicak ¢ekme yontemiyle hazirlanmistir. Kompozitler, islem gérmemis,
saflagtinimis ve PEG ile modifiye edilmis karbon nanotipler kullanilarak
uretilmiglerdir. Sicak cekilmis kompozitlerin SEM mikrograflari agirlikga %1 CNT
kompozisyonuna kadar, HDPE matriks icerisinde dagimig PET/CNT
mikrofiberlerinin varliina isaret etmistir. Mikrofiber ile gtclendirilmis kompozitlerin
elektriksel iletkenlik degerlerinin, yapidaki yiiksek elektriksel iletkenlige sahip
PET/CNT mikrolifleri sayesinde, mikrofiber gu¢lendirme yontemiyle hazirlanmamig

kompozitlere gore daha yiksek oldugu gorulmistar.

iletken polimer kompozitlerinin uygulama potansiyelini incelemek icin, yiizey aktif
maddesi kullaniminin ve karbon nanotlp yizey modifikasyonunun, epoksi/karbon
nanotip/cam fiber kompozit panellerinin mekanik yiklemeler sirasindaki hasar
algilama kapasiteleri tzerindeki etkileri arastiriimistir. Karbon nanotlp ylzey
modifikasyonu 1,6-diaminohekzan (HMDA) kullanilarak yapilmistir. Kompozitler
hazirlanirken ylzey aktif maddesi olarak 4-oktilfenol polietoksilat (Triton X-100)
(noniyonik) ve setilpiridinyum klortir (CPC) (katyonik) kullaniimistir. Kompozit
panellerin darbe, cekme ve yorulma testleri sirasinda uygulanan elektriksel direng
Olctimleri, kompozitlerin hasar algilama kapasiteleri arasindaki farklari gostermistir.
Karbon nanotiip yluzey modifikasyonu ve yizey aktif maddesi kullanimi, karbon
nanotip parcaciklarinin boyutlarini kigtltmustir ve kompozit icerisinde homojen

dagilimalarini saglayarak, panellerin hasar algilama kapasitelerini arttirmistir.

Anahtar Kelimeler: iletken polimer kompozitleri, karbon nanotiipler, yiizey
Ozellikleri, elektriksel iletkenlik, mekanik 0Ozellikler, mikrofiber ile gigclendiriimis

kompozitler, hasar algilama kapasitesi
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NOMENCLATURE

Area, cm?

Initial cross — sectional area of tensile specimen, mm?
Widening of diffraction line

Average diameter of PE//CNT phase in the composites, micron
Interplanar spacing between carbon nanotube aggregates, nm
Energy gap, eV

Force measured during tensile testing, N

Electrical current, Volt

Scherrer constant

Length of the capillary, mm

Crystallite length along the c-axis of carbon nanotube

Gauge length of tensile test specimen, mm

Carbon nanotube sample weight, g

Number of applied strain cycles during fatigue test

Normality of HCI solution, N

Normality of NaOH solution, N

Power law index of the material

Injection molding pressure, bar

Volumetric flow rate of the polymer melt, cm®/s

Electrical resistance, Ohm

Contact resistances between the probes and the material, Ohm
Electrical resistivity measured during and after the tests, Ohm
Material resistance, Ohm

Electrical resistivity measured before the tests, Ohm
Spreading resistance, Ohm

Total resistance, Ohm

Wire and probe resistances, Ohm

Cross-sectional area, cm?

Cold crystallization temperature, °C
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Ty Glass transition temperature, °C

Tm Melting temperature, °C

To Initial thickness of tensile test specimen, mm

\% Electrical potential, Ampere

Vel Volume of HCI solution used for the titration of the filtrate, ml
V NaoH Volume of NaOH solution added to carbon nanotube suspension, ml
w Wetting coefficient

Wpoly Fraction of polymer phase in the composites

W, Work of adhesion, mN/m

W, Initial width of tensile test specimen, mm

Xe Percent crystallinities of the polymer phases

AL Change in the tensile specimens gauge length, mm

AP Pressure drop through a capillary, bar

AH%, Melting energy of the 100% crystal structure, J/g

AH, Cold crystallization energy, J/g

AHq, Melting energy, J/g

AR Percent changes in the electrical resistivities of the specimens
[COOH] Carboxylic acid concentration, (mol COOHg nanotube)

Greek Letters

p Volumetric electrical resistivity, Ohm.cm

y Shear rate, s™

Ysolid Total surface energy, mN/m

Ysolid” Dispersive component of total surface energy, mN/m

“/smmA Acidic component of total surface energy, mN/m

'YSoIidB Basic component of total surface energy, mN/m

Ysolid” Polar component of total surface energy, mN/m

YLiquid Total surface energy of the probe liquid, mN/m

yuquidd Dispersive component of the probe liquid surface energy, mN/m
yLiquidA Acidic component of the probe liquid surface energy, mN/m
yLiquidB Basic component of the probe liquid surface energy, mN/m

Y12 The interfacial tensions between two composite constituents, mN/m
YEA Interfacial tension between the polymer A and filler, mN/m

YeB Interfacial tension between the polymer B and filler, mN/m
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Abbreviations
ASCNT
ATR
CNT
CNT1
CNT2
CNT3
CNT4
CNT5

CNT6

CNT7

Interfacial tension between two polymers, mN/m
Diffraction angle of beam of radiation, °

Contact angle values of the probe liquids, °
Engineering stress, MPa

Emprical parameter for entrance corrections in capillary viscometers
True strain in the transverse direction

True strain in the longitudinal direction
Poisson’s ratio

Melt viscosity, Pa.s

Shear stress at the capillary wall, kPa

Apparent shear rate, s™

wavelength of radiation, nm

1/2

Hildebrand parameter of poly(ethylene glycol), MPa

Hildebrand parameter of diglycidyl ether of Bisphenol-A, MPa*?

Hildebrand parameter of poly(ethylene terephthalate), MPa'?

As-received carbon nanotube

Attenuated Total Reflectance

Carbon nanotube

Purified carbon nanotube in HNO3/H,SO, (1:3 by volume) mixture for
15 minutes

Purified carbon nanotube in HNO3/H,SO, (1:3 by volume) mixture for
30 minutes

Purified carbon nanotube in HNOs/H,SO, (1:3 by volume) mixture for
60 minutes

Purified carbon nanotube in HNOs/H,SO, (1:3 by volume) mixture for
120 minutes

Purified carbon nanotube in HNOs/H,SO, (1:1 by volume) mixture for
30 minutes

Purified carbon nanotube in HNOs/H,SO, (3:1 by volume) mixture for
30 minutes

Purified carbon nanotube in NH,OH for 30 minutes
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CMC

CPC
DGEBA
DGEBACNT
DIM

DMT

DSC

EG

ESCA

FA

FTIR

HDPE
HMDA

LCP

MCNT
MWCNT
NMR

PEG
PEG400CNT

Purified carbon nanotube in NH,OH/H,O, (1:1 by volume) mixture
for 30 minutes

Critical micelle concentration

Cetyl pyridinium chloride
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CHAPTER 1

INTRODUCTION

Composite materials are defined as the combination of two or more materials to
give a unigue combination of properties. The main components of a composite are
the matrix and filler materials. The fillers can be fibers, particulates, or whiskers,
and the matrix materials can be metals, plastics, or ceramics. Composites
prepared with a polymer matrix have become more common and are widely used
in various industries such as; automotive components, sporting goods, aerospace

parts, consumer goods, in the marine and oil industries [1, 2].

In recent years, there is a great interest in industry on electrically semiconductor
materials with superior mechanical properties and thermal stability [3]. Conductive
polymer composites can be an alternative for this kind of materials. They are
generally a synergetic combination of conductive filler and insulating polymer
matrix. They exhibit a series of features, such as a percolation phenomenon,
sensitivity to pressure, temperature and gas, improved electrical, mechanical and
thermal properties. As a result of these unique properties they have received
significant attention for use in various engineering applications such as sensors,
antistatic coatings, electromagnetic interference shielding materials and
electrolytes in the fuel cells [4, 5]. The crucial point in conductive polymer
composite preparation is the establishment of the proper balance among the
electrical, mechanical and thermal properties by applying appropriate processing

methods and altering the properties of the composite constituents [6, 7].

The properties of the polymer composites depend on the properties of the
individual components, type, shape, size and amount of the filler, dispersion of the

filler in the matrix, degree of adhesion between the polymer matrix and the



conductive filler. Thus a great variety of properties can be established by altering

these factors [8].

Carbon nanotubes are fullerene related structures which consist of rolled graphene
sheets into cylinders, closed at either end with caps containing pentagonal or
hexagonal rings [4]. They attract great interest due to their remarkable physical
properties, such as high thermal, electrical conductivities and outstanding tensile
strength [9]. Since their graphitic sidewalls have low amount of defects and
chemically reactive functional groups on them, carbon nanotubes are chemically
inert and their commercial use becomes limited due to weak interfacial interactions
and poor dispersion capability. Therefore, activating and modifying the surface of
carbon nanotubes are essential for the usage of carbon nanotubes in various

application areas [10-13].

Poly(ethylene terephthalate) (PET) is a semi crystalline thermoplastic polymer with
excellent chemical resistance, thermal stability, melt mobility, and spinnability. It
has been used in a wide variety of fields including packaging, electrical,
automotive, textile and construction industries [14-16]. It is also considered as a
good matrix for polymeric composite materials due to its outstanding properties
mentioned above [17, 18]. Carbon nanotubes are thought to be high potential fillers
to improve the electrical, mechanical and thermal properties of the polymers with
their exceptional physical properties [19-21]. However, there are very important
limitations to achieve optimal enhancement of properties in carbon nanotube
containing PET based composites [22]. These limitations are the poor interfacial
adhesion between the carbon nanotubes and polymer, inadequate dispersion of
carbon nanotubes in polymer matrix [23]. The interfacial adhesion between carbon
nanotubes and matrix polymers can be improved by increasing the reactivity of
carbon nanotubes. This can be achieved by increasing the number of defect sites
and creating functional groups on carbon nanotube surface via chemical
functionalization of carbon nanotubes [24, 25]. Enhanced interactions result in
better load transfer and carbon nanotube dispersion in the composites which

improve the mechanical properties [26-28].

Weak van der Waals interactions, mechanical interlocking and covalent bonding

are three main potential mechanisms of load transfer from the polymer matrix to



carbon nanotubes. Among these three mechanisms, the contributions of the first
two to the load transfer are limited. However, covalent bonds between functional
groups on the outer shell of carbon nanotubes and the matrix polymer have been
suggested as being responsible for the observed interfacial strength between the
nanotubes and matrix in various researches [29-31]. In order to increase the
covalent bonding between carbon nanotubes and polymer matrix in the composite,
surface treatment of carbon nanotubes is performed with various chemicals before
the preparation of polymer composites. General procedure for the carbon nanotube
surface modification is to oxidize the carbon nanotubes with strong acids or bases
firstly which usually refers to the purification. The purpose of purification procedure
is two fold; to remove the metallic catalyst residues, which arise from the carbon
nanotube synthesis and to create oxygen containing carboxyl and hydroxyl
functional groups on carbon nanotube surfaces. These functional groups are
reactive sites of the surface of carbon nanotubes during further chemical
modifications. They can also improve the polymer-carbon nanotube interfacial
interactions [32]. After the purification step carbon nanotubes are treated with
various chemicals with different functional groups. The type of the surface modifier
can be determined according to the matrix polymer that will be used for the

preparation of polymer composites [33-70].

The covalent attachment of carboxyl and hydroxyl functional groups during
purification can improve the efficiency of load transfer and dispersion in the
composite. However, it should be noted that purification also introduces defects
(dangling bonds) on carbon nanotube surfaces and damages the perfect crystalline
structure of carbon nanotubes. This destruction yields to a decrease in mechanical
strength and electrical conductivity of the carbon nanotubes and affects the
properties of the prepared composites, since they both depend on the filler, matrix
properties and the interphase between them [37, 38]. Therefore, there should be a
trade off between the degree of carbon nanotube surface functionalization and bulk
properties of carbon nanotube during the application of the purification procedure.
The extent of each of these effects is dependent on the purification conditions [7,
39]. This balance can be achieved by optimizing the purification medium and

period.



Polymer blends are the combination of homopolymers or copolymers which are, in
most cases, thermodynamically immiscible [71]. Since, they can combine the
useful properties of each blend component; immiscible blends are generally
preferred over miscible blends [72]. However, the unfavorable interactions at the
molecular level between the blend constituents lead to an unstable morphology
when compared to their components in most immiscible blends which results in
poor mechanical properties [73, 74]. High density polyethylene (HDPE)/
Poly(ethylene terephthalate) (PET) blend systems are widely studied in the
literature due to their industrial importance [75-78]. HDPE is used mainly for films,
pipe, blown bottles, and other consumer containers [72]. Lower cost and the
resistance of HDPE to high processing temperatures needed for PET (230C-
270%C) under suitable conditions make HDPE/PET blen ds convenient materials in
industrial applications [74]. However, HDPE and PET are also inherently
incompatible due to their nonpolar and polar characteristics [79] and exhibit poor
mechanical properties. This problem can be solved by preparing polymer blends
under different processing conditions and creating blends with desirable

morphologies [80].

Conductive polymer composites are usually prepared by incorporating conductive
fillers into polymer matrix through melt mixing either by using an extruder or an
internal mixer. However; in order to obtain high electrical conductivity with this
method, high loadings of the conductive fillers are usually required, which may
result in poor mechanical properties and high cost [81-85]. In the literature, several
processing techniques have been used to lower the percolation threshold, in which
electrical conductivity of composite increases by several orders of magnitude with
the formation of current conductive structures [82]. These techniques are in situ
polymerization of the polymer in the presence of conductive particles [86] and
selective localization of conductive filler in one of the phases or at the interface of a
polymer blend composed of two polymer constituents, in which filler forms the
conductive network in the dispersed phase and this phase also constitutes
continuous conductive structure in the major phase, which is called as double
percolation [87, 88]. However, in situ polymerization technique is hard to apply in
the industrial scale and the incompatible nature of the polymer constituents of the

composite lowers the mechanical properties in the second technique.



At this point, a suitable processing technique must be performed for preparation of
the conductive polymer composites with lower filler loadings and better mechanical
properties. The processing technique may change the morphology, which affects
the properties of the polymer composites. It has been established that fibrillar
morphology can greatly improve the mechanical properties of the polymer blends
when the mechanical properties of the dispersed fiber phase is superior when
compared to polymer matrix [77]. Moreover, composites containing conductive
fibers have lower percolation thresholds than the ones having spherical conductive
particles [9, 77]. In situ formed microfibrils in polymer blends can be generated, by
using the microfiber reinforced composites concept which was proposed by Fakirov
et.al. for the first time [89]. In order to form a microfiber structure in a polymer
blend, two polymers with different melting point temperatures should be used.
Polymer with higher melting point temperature forms the dispersed microfibers in
the polymer matrix with lower melting point [90]. An elongational flow field and
lower melt viscosity of the dispersed microfiber phase can accumulate the higher
aspect ratio microfiber formation [91]. In previous works two-step strategy was
used to prepare the in situ microfibrillar blends. During the first melt mixing and hot-
stretching step at the processing temperature of the dispersed polymer phase, the
microfibrillar morphology of this polymer is developed. Then during the second
step, the blend containing microfibrils is processed through injection molding at the
processing temperature of the lower melting temperature polymer and the
microfibrillar structure of the dispersed phase is maintained in the structure
[92—-94]. The electrical and mechanical properties of the blends are mainly affected
by the amount, size and distribution of the dispersed microfibers in the matrix,

processing conditions, hot stretching speed and molding temperature [90-103].

Conductive polymer composites can also be produced with fiber and carbon
nanotube reinforcements by using thermosetting polymers. There is an increase of
composite materials for load-bearing applications (e.g. they are used in airplanes
such as the Boeing 787, F-35, A-350, vehicular and pedestrian bridges worldwide,
mine hunter ships, trains, cars, etc.). Epoxies are epoxide based thermosetting
polymers, which are used as matrix for the preparation of the composite structures
with carbon fiber and glass fiber reinforcements [104-111]. They are generally
produced from a reaction between epichlorohydrin and bisphenol-A. Epoxy resins

are cured by mixing and heating them with amine based hardeners. They are very



good adhesives for different kinds of surfaces, their heat contraction is low and

they are resistant to chemicals, moisture and heat [104].

Surface treatment of carbon nanotubes with amine based chemicals is a widely
used technique in the literature [105]. Diamines are used for enhancing the
interfacial interactions between carbon nanotube and epoxy, since one of the
amine in the structure reacts with carbon nanotube surface and the other reacts
with epoxy resin. Moreover, amine functionality can accelerate and enhance the
curing of the epoxy [106]. Surfactants can be used to decrease the carbon
nanotube particle size in the composites. Smaller particle size and improved
dispersion homogeneity in epoxy matrix of carbon nanotubes can enhance the

electrical conductivity and mechanical properties of the composites [107].

Fiber reinforced composite materials have different damage modes when
compared to ordinary engineering materials (metals, ceramics and plastics) and
these modes are difficult to detect with ordinary techniques [112]. It is very
important to determine the damaged parts of the materials during their service
lives, since these damages can cause the deterioration of the materials in the
future. These inspections are often called as structural health monitoring of the
materials. Non destructive techniques such as tap tests, X and N-rays, ultrasonic
inspection and eddy current testing are often used for the determination of the
damage in the composites. Conventional sensing techniques can be performed by
either embedded or attaching sensors on the composite structure, which can raise
cost, reduce the durability and result in deteriorating the total composite
performance. This problem can be solved if composite material itself behaves like
an intrinsic sensor. Conductive carbon nanotube filled composites respond the
applied load with the change in electrical conductivity of the composite [113].
However, it should be noted that carbon nanotube dispersion, particle size and
fiber-carbon nanotube integration in multiscale composites can directly affect the
damage sensing characteristics of the composites. Damage sensing capability of
the composites can be determined by means of electro-micromechanical tests
which can be defined as a simultaneous measurement of electrical resistance as

well as micromechanical properties while applying load [114].



The main aim of this dissertation was to prepare conductive polymer composites
with enhanced mechanical and electrical properties. For this purpose, different
aspects were investigated in three main sections. First aspect is the surface
treatment of carbon nanotubes and their use in PET based composites. The
second aspect is the preparation of microfiber reinforced composites containing
HDPE, PET and carbon nanotubes. The third aspect is the preparation of glass
fiber reinforced epoxy based polymer composites having carbon nanotubes which

have been chosen for the potential use in structural health monitoring applications.

In the first part of the carbon nanotube surface treatment studies, the effects of
different purification mediums and periods on the properties of the carbon
nanotubes and composites based on these carbon nanotubes were investigated.
As-received carbon nanotubes were purified by using strong acids (nitric acid
(HNOs) and sulphuric acid (H,SO,4)) and bases (ammonium hydroxide (NH,OH)
and hydrogen peroxide (H»0))). Poly(ethylene terephthalate) (PET) based
conductive polymer composites were prepared with as received and purified
carbon nanotubes. In the second part, the effect of carbon nanotube surface
functionality on the properties of the PET based composites were investigated by
using as-received, purified, sodium dodecyl sulfate (SDS), poly(ethylene glycol)
(PEG), diglycidyl ether of Bisphenol A (DGEBA) treated carbon nanotubes during
composite preparation. Carbon nanotube amount in the composites was varied
from 0.25 wt.% to 4 wt.% in this part of the research. These composites were
characterized in terms of electrical conductivity, mechanical, thermal properties and
morphology. Apart from the most of the studies in the literature, possible interaction
patterns between the carbon nanotubes and PET were searched by applying
Fourier Transformed Infrared Spectroscopy (FTIR) and Nuclear Magnetic
Resonance (NMR) analysis to composite samples. All carbon nanotube samples
were characterized extensively by means of surface energy measurements,
Fourier Transformed Infrared Spectroscopy (FTIR), Electron Spectroscopy for
Chemical Analysis (ESCA), X-Ray Diffraction (XRD), Scanning Electron
Microscopy (SEM) and Thermogravimetric Analysis (TGA).

Microfiber reinforcement of the polymer composites was performed as an
alternative composite preparation method during this research, to improve the

electrical and mechanical properties of the composites. In the first part of the



microfiber reinforced composite studies, in-situ microfiber reinforced high density
polyethylene HDPE/PET/CNT (as-received) composites were prepared through
extrusion and hot stretching. Apart from the most of the studies reported in the
literature, carbon nanotube, which is the high aspect ratio conductive filler, was
incorporated into the microfiber reinforced polymer composites. The effect of PET
content and the molding temperature of the composites on the microfibrillar
morphology were mainly investigated. In addition, microfiber composites were
compared to conventional melt mixed HDPE/PET blends and HDPE/PET/CNT
composites in terms of morphology, electrical, mechanical and thermal properties.
In the second part, effects of carbon nanotube purification, PEG treatment and
carbon nanotube amount in the composites, on the morphology, electrical, and
mechanical properties of the microfiber reinforced polymer composites were
investigated. Carbon nanotube amount in the composites was varied from 0.25
wt.% to 1.5 wt.% in this part of the research.

In the last part of the thesis, epoxy/CNT composites and epoxy/CNT/glass fiber
composite panels were prepared by using solvent assisted sonication and hand
lay-up techniques. Carbon nanotube amount in the composites was varied from
0.25 wt.% to 1 wt.% in this part of the research. Composites were characterized in
terms of electrical and mechanical properties. Moreover, damage sensitivities of
the composite panels were determined by measuring the electrical resistivity
changes of the panels during tensile, fatigue and impact tests. Apart from the
studies published in the literature, effects of carbon nanotube surface treatment
with hexamethylene diamine (HMDA) and surfactant (4-octylphenol polyethoxylate
(Triton X-100) and cetyl pyridinium chloride (CPC)) usage during epoxy/CNT
mixture preparation were studied on the damage sensing properties of the

composite panels.



CHAPTER 2

BACKGROUND

2.1 Conductive Polymer Composites

The electrical conductivity is defined by the ohm’s law. Electrical current with a
magnitude of | flows across a material when an electrical potential, V is applied.

The Ohm'’s relation describes the proportionality of current to the voltage:

=V (2.1)

where R is the electrical resistance. p depends on the intrinsic resistivity R of the
material and on the geometry (length (I) and area (A) through which the current

passes) [115]:

_RI
P2 (2.2)

The electrical resistivity is one of the properties of materials that vary most widely,
from 10° to 10" ohm.cm. Conductors have an electrical resistivity range of
10°-10° ohm.cm. Semiconductors are in the range of 10°-10" ohm.cm. If the
electrical resistivity is higher than 10" ohm.cm, then the material is an insulator.
Materials with electrical resistivities in the range of 10’-10"* ohm.cm may be called

as semi-insulators [3].

Electrical conduction in conductors is achieved by means of electrons in the
conduction band. In a metallic (conductor) solid containing an incomplete energy

band, the effective number of free electrons is always different from zero [116].



There are empty states just above the Fermi levels, where electrons can be
promoted in a conductor solid. The promotion energy is negligibly small so that at
any temperature electrons can be found in the conduction band. Current
conduction in semiconductors and insulators is provided by electrons in the
conduction band and by holes in the valence band. Holes are vacant states which
are created when an electron is removed from the valence band. In insulators and
semiconductors, there is an energy gap (Eg) between the valence and conduction
bands which is narrower in semiconductors when compared to the insulators
(Figure 2.1). Hence, energy is needed to promote an electron to the conduction

band. This energy may come from heat, or energetic radiation [115].

Conduction Band

E [Conduction Band

Valence Band

Conductor Semiconductor Insulator

Valence Band

Valence Band

Figure 2.1 Energy gaps in conductors, semiconductors and insulators [116]

Nowadays engineering applications requires semiconductor materials with good
mechanical properties and thermal stability. One example for this kind of materials
can be conductive polymer composites. They consist of insulator polymer matrix

and the conductive filler particles dispersed in the matrix polymer.

Thermoplastic polymers can be easily shaped by heat and pressure to produce low
density, mechanically though and flexible products for wide range of industrial
applications. However, due to the chemical structure, most of the solid polymers
contain very small amount of free electrons. Therefore they are very good electrical

insulators [117].
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The electrical conductivity of the conductive polymer composites is explained by
the percolation theory. The mechanism of the electrical conduction is the formation
of a continuous filler network throughout the insulating polymer matrix. Conductive
path is formed by the free transportation of the electrons along the chains of
directly contacting particles and over the spaces between the particles, filled with
polymer by tunneling [4]. In this theory the most important parameter is the
percolation threshold concentration which is defined as the minimum amount of
conductive filler which must be incorporated to an insulating matrix to cause the

onset of electrical conductivity in the composite.

Figure 2.2 shows the electrical resistivity change of a conductive polymer
composite with respect to the conductive filler amount in the composite. Below the
percolation threshold the filler particles can not form continuous conductive
networks in the composite. After the filler concentration reaches the percolation
threshold the conductive filler chains are formed in the matrix and the composite

has higher electrical conductivity.

-
L

-
i
1

-
=

Polymer
matrix

-
!

lectrical resistiwty (ohm.cm]]

Filler

T~

g I

0 2 4 i
w Filler content in the compasite (ut. %)
b e
é_ 9
.’ v ‘. 1 )
". 9 O % Percolation Threshold

concentration

i
‘“‘“:_.,_HTQ E

Figure 2.2 Schematic representation of the percolation theory
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At lower filler contents (before the percolation threshold concentration) in the
composites, insulating polymer matrix controls the conduction mechanism, since
the electrons of conductive fillers have to pass through micro spaces between
fillers filled with insulating polymer matrix and the tunneling distance is very high.
However, beginning from percolation content, the conductive fillers dominate the
conduction mechanism which increases the electrical conductivity of the composite
significantly and the direct contact is continued to be provided at higher filler

concentrations [4].

Electrical conductivity of conductive polymer composites depend on the
conductivity of the separate components, concentration, size and shape of the
filler, positions of the fillers with respect to each other in the polymer matrix, contact
resistance of the neighboring particles [4]. The conductive filler content of these
composites must be as low as possible to meet its electrical requirements. At
higher filler concentrations conductive fillers tend to form agglomerates and the
composite processing becomes difficult, the mechanical properties of the
composite become poorer, the final cost of the material increases. There are
several ways to decrease the percolation threshold concentration in polymeric
matrices, which are mainly based on the use of additives, the optimization of
processing conditions, as well as the size, distribution and surface properties of
filler [118].

2.1.1 Conductive Fillers

Desired electrical conductivity in the composites can be achieved by blending
insulating polymers with different kinds of conductive fillers. Conductive polymer
composites are usually prepared by the incorporation of the conductive filler
particles, such as carbon black, carbon nanotube, carbon nanofiber, graphite and
metal particles, into the insulating polymer matrix [48, 86, 119, 120]. Nowadays,
carbon nanotubes are the most commonly used conductive fillers to obtain
conductive polymer composites due to the greater tendency of carbon nanotube
particles to form a conductive network inside the composites with their smaller

particle size and chain like aggregate structures when compared to other
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conducting additives. Multi walled carbon nanotubes (MWCNT) were used as
conductive filler in the content of this dissertation.

2.1.1.1 Carbon Nanotubes

Carbon nanotubes are a new form of carbon, which are configurationally equivalent
to two dimensional graphene sheet rolled into a tube. In other words they may be
considered as graphene cylinders [121]. Extensive research activities across the
world have been conducted on carbon nanotubes since their first observation by
Sumio lijima of the NEC Corporation in 1991 due to their extraordinary mechanical
properties and unique electrical properties [122]. Two main types of the carbon
nanotubes which are single walled (SWCNT) and multiwalled (MWCNT) carbon
nanotubes are shown in Figure 2.3.

Figure 2.3 Schematic representations of carbon nanotube types
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A single walled carbon nanotube can be described as a rolled - up single graphene
sheet in which the edges of the sheet are joined together to form a seamless tube
[121]. The diameters of single walled carbon nanotubes vary from 1 to 1.4 nm.
Multi walled carbon nanotubes are composed of 2 to 30 concentric graphene
layers in diameters from 10 to 50 nm with an aspect ratio more than 1000 [123].
Table 2.1 summarizes some experimental and theoretical properties of carbon

nanotubes.

Table 2.1 Theoretical and experimental properties of carbon nanotubes [43]

Property CNT
B , 0.8 g/cm?® for SWCNT;
Specific gravity 5 _
1.8 g/cm” for MWCNT (theoretical)
Elastic modulus 1 TPa for SWCNT; 0.3 — 1 TPa for MWCNT
Strength 50-500 GPa for SWCNT; 10-60 GPa for MWCNT
Resistivity 5-50 pQ2 cm

Thermal conductivity 3000 W m™ K (theoretical)
_ o 22 x 10° EMU/g (perpendicular with plane),
Magnetic susceptibility . ,
0.5 x 10° EMU/g (parallel with plane)
Thermal stability >700 °C (in air); 2800 °C (in vacuum)
Specific surface area 10—-20 m?/g

In the last two decades, great progress has been made toward applications of
carbon nanotubes, including; materials for chemical, biological separation,
purification, and catalysis; energy storage such as hydrogen storage, fuel cells, and
the lithium battery; and devices such as probes, sensors, and actuators for
molecular imaging, sensing, and manipulation; transistors, memories, logic
devices, and other nanoelectronic devices; field emission devices for x-ray
instruments, flat panel display, and other vacuum nanoelectronic applications
[122]. In some special applications, such as sensors, antistatic coatings,

electromagnetic interference shielding materials and electrolytes in the fuel cells,

14



high-performance lightweight structural materials are required, and they can be
developed by adding carbon nanotubes into polymers and preparing conductive
polymer composites. Moreover, carbon nanotubes can be either conducting or
semi conducting due to the topological defects from the fullerene-like end caps.
Thus, the electronic and physico-mechanical properties of carbon nanotubes are
dependent upon their dimensions, helicity or chirality [43]. By changing the
direction in the roll-up of the graphene sheets, carbon nanotubes with zig zag (roll-
up in (n, 0) direction), chiral (roll-up in (n, m) direction), and arm chair (roll-up in (m,

m) direction) chiralities can be created (Figure 2.4).

(n, 0) ZIG ZAG

! \

(m, m)l ARM CHAIR

CHIRAL
(n, m)

Figure 2.4 Three types of single walled carbon nanotubes with different chirality
[122]

Carbon nanotubes can be synthesized by three main processes. In arc discharge
process an arc discharge between two graphite rods is ignited which results in the
consumption of one of the electrode and the synthesized carbon nanotubes can be
collected from the different positions of the reactor. Single walled and multiwalled

carbon nanotubes can be grown with different yields depending on the gas
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atmosphere in this process. During the laser ablation method, a graphite target
loaded with a catalyst is positioned in a tube furnace and irradiated by a laser.
Carbon nanotubes are deposited at the end of the tube furnace (cooler zone) with
high yield. In catalytic chemical vapor deposition process, a tube furnace is loaded
with metal catalyst and it is fed with a carbon containing gas or gas mixture. At the
temperature range of 500—1000°C, carbon nanotubes are deposited on the catalyst

surfaces [122].

2.1.2 Polymer Matrices

The polymer matrix in the composite is the continuous phase and it has two main
functions. It protects the reinforcing fillers against the outside effects such as
abrasion, mechanical damage, environmental corrosion and it also provides
uniform load distribution to the reinforcing constituents if proper adhesion between
the matrix and the fillers is accomplished. The thermo-mechanical characteristics of
the composites are also determined by the matrices, heat resistance and thermal
properties of the polymer matrices are also important for the composite

performance [124].

In each part of this dissertation, different types of polymers were used as matrix to
prepare conductive polymer composites. In the first part, poly(ethylene
terephthalate) (PET) was utilized for the preparation of the carbon nanotube
containing polymer composites. In the second part, microfiber reinforced polymer
composites were processed by extrusion and hot stretching the PET/CNT phase in
high density polyethylene (HDPE) matrix. In the last part, glass fiber reinforced

composite panels were prepared by using neat epoxy and epoxy/CNT mixtures.

2.1.2.1 Poly(ethylene terephthalate) (PET)

Poly(ethylene terephthalate) (PET) (Figure 2.5) is an industrially important

polyester which is used as a consumer fiber since 1953 [125]. PET retains good
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mechanical properties at temperatures up to 150-175°C due to its high crystalline
melting point and glass transition temperature. Its chemical and solvent resistance
is also good. Its crease resistance, work recovery and low moisture absorption also
increase its uses in different industrial applications. These properties result from
the stiffness of the polymer chains which results in high modulus and
insusceptibility of the interchain bonds to moisture. The major application areas of

PET are in fiber, bottle and film industries [126].

o8 )-Beo-crpon, 1
252 T

Figure 2.5 Chemical structure of poly(ethylene terephthalate)

The production of commercial PET is achieved through two successive ester
interchange reactions (Figure 2.6). The first step is the ester interchange of
dimethyl terephthalic acid (DMT) and ethylene glycol (EG) at temperatures near
200°C. In the second stage, the temperature increment causes the formation of

high molecular weight PET during which ethylene glycol is distilled off [125].
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Figure 2.6 Two steps in the polymerization of poly(ethylene terephthalate) [125]
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2.1.2.2 High Density Polyethylene (HDPE)

High density polyethylene (HDPE) (Figure 2.7) is a typical thermoplastic with a
glass transition temperature below room temperature. Low molecular weight HDPE
is slightly brittle, the high molecular weight HDPE is more ductile and has higher
impact resistance. The tensile strength and modulus of HDPE are relatively low
due to the weak intermolecular forces between the nonpolar molecules in the
polymer chain. Commercial HDPE is soluble in hot xylene. HDPE has a melting
point of at least 125°C because of its weak intermolecular forces and high flexibility
[127]. The typical commercial applications of HDPE are blow-molded containers,
crates, pails, drums, gas tanks and blown films [125]. HDPE can be synthesized in
several ways; such as radical polymerization of ethylene at extremely high
pressures, coordination polymerization of ethylene and polymerization of ethylene

with supported metal-oxide catalysts [126].

Figure 2.7 Chemical structure of polyethylene

2.1.2.3 Epoxy Resins

The epoxy resin term is used to describe polyphenol derivatives which are defined
by ring opening of oxirane rings [127]. Epoxy resins have low shrinkage upon
curing, good mechanical and electrical properties, high chemical and corrosion
resistance [125]. They can adhere well to substrates such as wood or metal due to
the presence of polar hydroxyl pendant groups in their structure [127]. The main
applications for epoxy resins include protective coatings and adhesives [125].

Epoxy based composites are used to manufacture tools for aircrafts and
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automobiles [127]. Epoxy resins can also be used in both molding and laminating
techniques to make glass fiber reinforced composite panels with superior

mechanical properties [126].

Bisphenol A is the most widely used phenol for epoxy resin production. Epoxies
are formed by two stage process. In the first stage, a low molecular weight
prepolymer is prepared by a base catalyzed step-growth reaction of a dihydroxy
compound (Bisphenol A) with epichlorohydrin (Figure 2.8) [125]. During a separate
curing step, the prepolymer molecular weight is increased and the network
structure is formed. Amines may be used as curing agent to cause ring opening of

the epoxide end groups through nucleophilic addition [125] (Figure 2.9).

CH
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Figure 2.8 Epoxy prepolymer formed from bisphenol A and epichlorohydrin [125]
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Figure 2.9 Cure of an epoxy resin by reaction of the prepolymer with an amine
[125]

2.1.3 Fiber Reinforcements

Fiber reinforcements are important constituents of composite materials and give all
the necessary stiffness and strength to the composite. The most common
reinforcements are glass, carbon, aramid and boron fibers and their diameters are
in the range of 5 — 20 um. The flexibility and small diameters of the fibers makes
them to conform to various shapes. In general, fibers are made into strands for
weaving or winding operations. They are wound around a bobin and collectively
called a roving for delivery purposes. An untwisted bundle of carbon fibers is called
tow [1].

Reinforcement of polymeric matrices has certain aspects. In the polymer matrix
composites, the polymer matrix is expected to coat the fiber surfaces and there are
physical and chemical interactions at the polymer-fiber interface [124]. Fibers for
composite materials can be obtained in many forms, from continuous fibers to
discontinuous fibers, long fibers to short fibers, organic fibers to inorganic fibers.

The most widely used fiber materials in fiber-reinforced plastics are glass fibers [1].
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2.1.3.1 Glass Fibers

Glass is an amorphous material composed of silica network. The four main types of
the glass fibers are high alkali (A glass) grade, electrical (E glass) grade,
chemically resistant modified E glass (ECR glass) grade and high strength (S
glass) grade. E glass fiber is the most widely used one for the reinforcement
purposes in the polymer composites. Glass fibers are obtained after cooling the
melt spun to the rigid condition without the crystallization of glass. After the
preparation of the continuous glass fibers, they are transformed into various forms,
such as (continuous or woven) rovings, yarns for textile applications, chopped

strands, mats and preforms (Figure 2.10) [124].
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Figure 2.10 Different glass fiber forms [128]

In composite applications of the glass fibers, a proper fiber finishing and application
of a coupling agent to the surface of fiber is required. The functions of the coupling
agent are; to protect it from damage during processing, to aid the processing and
to promote the matrix—fiber adhesion. Coupling agents may be film forming

organics and polymers, adhesion promoter silane coupling agents or chemical
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modifiers. The sizing formulation depends on the type of the polymer matrix used

for the composite preparation [124].

2.1.4 Polymer Composites and Blends

Polymer composites consist of polymer matrix and fillers differing in compaosition on
a macro scale with two distinct phases having recognizable interfaces between
them [124]. Fillers in the polymer composites might have certain geometries such
as fibers, flakes, spheres and particulates. Reinforcing fibers are found in different
forms, from long continuous fibers to woven fabric and mat [1]. Fiber reinforced
thermoset laminates are usually classified as high performance polymer
composites. The particulate filled composites are usually based on a thermoplastic
polymer matrix and they are classified as lower performance polymer composites

when compared to continuous fiber reinforced composites [129].

The properties of the polymer composites depend on the inherent properties, size,
shape of the fillers; composition of the composite; the interaction of composite
components at the interface; and the method of fabrication. The fillers in the
polymer compaosites can be classified as reinforcements, fillers or reinforcing fillers.
Reinforcements usually increase composite’s modulus and strength due to their
higher stiffness and strength. Besides the mechanical reinforcement, fillers in the
polymer composites affect the electrical, thermal and optical properties. In the
composites filled with discontinuous fillers, the fillers (short fibers, flakes or
particulates) can be arranged in the composite in different orientations, multiple
geometric patterns and sizes. These are formed by the selected processing and
shaping methods (extrusion and injection molding for thermoplastic matrices) [129].
Especially, the filler size is the most important criterion that affects the properties of
the composites. The larger particulate filler agglomerates in the composites act as
stress concentrated areas and accelerate the rupture of the composite structure
and decrease the mechanical strength [8]. Moreover it is stated that small size of
particle is a required criterion for filler particles to build an electrically conductive

composite at lower filler concentrations [4].
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Recently, a new area in the composite science has established to overcome the
limitations of traditional micrometer scale filler loaded polymer composites and
nanoscale additive filled polymer composites have been developed [130]. Polymer
nanocomposites are the combination of a polymer matrix and additives that have at
least one dimension in the nanometer range. The additives can be one-
dimensional such as carbon nanotubes and carbon nanofibers, two-dimensional
such as layered silicates and clay, or three dimensional including spherical
particles like carbon black. Polymer nanocomposites have attracted considerable
interests, due to their outstanding mechanical properties like elastic stiffness and
strength with only a small amount of the nanofillers (usually less than 5 wt.%). This
is due to the large surface area to volume ratio of nano fillers when compared to
those of micro and macro fillers. Other superior properties of polymer
nanocomposites include electrical, optical and magnetic properties, barrier

resistance, flame retardancy and scratch, wear resistance [131].

Polymer composites based on thermoplastic and thermosetting polymers with
different kinds of fillers can be prepared by using melt intercalation, solution
intercalation, roll milling, emulsion polymerization, high shear mixing, in-situ
polymerization, hand — lay up, spray up and resin transfer molding techniques [1,
132-134].

Polymer blends are prepared by mixing of two or more different polymers together.
The polymer mixtures which do not contain conductive fillers or fiber
reinforcements are called as blends throughout the thesis. The combination of
these polymers makes it possible to achieve various property combinations of the
final material. Polymer blends can be classified as chemical and physical blends.
Copolymers are examples of chemical blends which involve chemical bonding
between blend phases. Physical blending of two amorphous polymers can produce
either a homogeneous mixture at the molecular level or a heterogeneous phase
separated blend. Two totally separated phases can be obtained by demixing of
polymer chains, and this leads to macro phase separation in polymer blends.
Some specific types of organized structures may be formed in block copolymers
due to micro phase separation of block chains within one block copolymer

molecule [135].
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Blending may be used to reduce the overall cost, to improve the processability or
to improve the impact resistance [125]. However, binary blends of immiscible
polymers generally exhibit poor mechanical properties due to a coarse and often
unstable morphology [84]. Unfavorable interactions exist at the molecular level
leads to a great interfacial tension between the polymer phases of the blend which
makes dispersion of the components during processing difficult. This results in an
unstable morphology (coalescence of phases) and poor interfacial adhesion
between the phases of the polymer blend [78]. Therefore it is essential to control
and stabilize a desired type of morphology in a polymer blend in order to generate
polymeric materials with favorable properties [84]. Microfiber reinforced polymer
blends can be an example for this strategy. It has been established that fibrillar
morphology can greatly improve the mechanical properties of the polymer blends
when the mechanical properties of the dispersed fiber phase is higher compared to
polymer matrix [77]. In situ formed microfibrils in polymer blends can be generated,
by using the microfiber reinforced blends concept [89]. Incorporation of conductive
fillers into immiscible polymer blends improves the electrical conductivity at much
lower filler contents due to a double percolation phenomenon. Double percolation
means the percolation of the conductive filler within one phase of a polymer blend
(first percolation), which itself percolates in the blend (second percolation) [84]. In
the case of microfiber reinforced polymer blends, when the conductive filler locates
selectively in the dispersed microfibrillar phase of the blend then the obtained
composite may have high electrical conductivity, due to the double percolation

phenomena in a polymer blend.

Polymer blends can be prepared by using the melt compounding, mechanical

mixing, latex blending, solvent film casting and copolymerization.

2.1.4.1 In-situ Microfiber Reinforcement of Polymer Composites

Microfiber reinforced composites are developed on the basis of polymer blends.
Processing of an incompatible polymer pair in which the dispersed phase forms in
situ microfibers in the matrix is the preferable way to achieve the desired

properties. One way of preparing these blends is mixing thermotropic liquid
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crystalline polymers (LCP) with thermoplastics. Thermotropic LCP are essentially
rigid rod long chain molecules with some irregularity or flexibility and this molecular
structure allows these materials to exhibit molecular order in a liquid mesophase.
LCP are quite attractive as a potential dispersed microfibrillar phase for microfiber
reinforced materials due to the highly orientated nature of LCP which produces
highly anisotropic physical properties [136]. However the LCP are often too
expensive for general engineering applications. In order to overcome this problem,
a new type of processing route with two thermoplastic polymers is developed for
the preparation of the microfiber reinforced composites. This preparation route
consists of three main steps (Figure 2.11). The mixing step includes melt blending
with extrusion or internal mixer of two immiscible polymers. After the mixing step,
hot-stretching of the extrudate with good orientation of the two phases is
performed. In the last step, isotropization of the composite is performed by thermal
treatment at temperature between the melting points of the two blend constituents
[136-139].

Melt Mixing

Two thermoplastic polymers are melt mixed in an
extruder or internal mixer

!

Hot Stretching (Fibrillization)

Melt mixed composite is hot stretched by speed
adjustable take-up devices

!

Isotropization

Injection or compression molding

Homopolymers
Isotropic
A B Matrix

o - ‘\‘IFibrillization
- —

: Oriented

Microfibrils

Figure 2.11 Schematic presentation of the essential steps during manufacturing of

microfiber reinforced composites [139]
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Microfiber reinforced conductive polymer composites are generally prepared by
extrusion of an incompatible thermoplastic polymer pair with conductive filler in
which the conductive particles selectively locate in the dispersed polymer phase
and the dispersed polymer/conductive filler phase forms microfibers in situ by hot
stretching (Figure 2.12). In this method, polymer matrices should have a distinct
difference between their melting temperatures and melt viscosities. Polymer with
higher melting point and lower melt viscosity is the dispersed phase in which the
conductive filler particles distribute, and forms the microfibers in the matrix polymer
with lower melting point. The isotropization step is performed at a temperature
below the melting point of the microfiber phase in order to preserve the
microfibrillar morphology via injection or compression molding. The properties of
these composites are mainly dependent on the amount, size and distribution of the
dispersed polymer/conductive filler microfibers in the matrix, processing conditions,
hot stretching speed and molding temperature [5, 90, 95, 140]. Microfiber
reinforced conductive polymer composites might have high electrical conductivity,
lower percolation threshold and better mechanical properties, due to the selective
localization of the conductive filler in microfiber phase, double percolation

phenomena in a polymer blend and reinforcement of microfibers.

Polymer blend
constituents and
conductive filler

w Twin-Screw Extruder
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-

Figure 2.12 Schematic of the industrial relevant extrusion and hot-stretching line
[136]
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2.1.5 Preparation Methods of Polymer Composites and Blends

Polymer composites and blends can be prepared by using basic polymer
processing methods. Thermoplastic polymer processing may be divided into two
broad areas. The first one is the conversion of the polymer into pellet or powder
form after melt processing. The second type describes the process of converting
polymeric materials into useful articles of desired shapes [141]. Different polymer
composite preparation methods were used in this dissertation. PET/CNT and
microfiber reinforced HDPE/PET/CNT composites were processed by using a twin
screw extruder. The test samples of these composites for the characterization
experiments were prepared with injection and compression molding techniques.
During the production of the epoxy/CNT/glass fiber composite panels, epoxy/CNT
mixtures were prepared by using solvent assisted sonication technique. Composite
panels for the tensile, fatigue and impact tests were obtained by applying hand lay-

up technique.

2.1.5.1 Extrusion

Extrusion is the most widely used polymer processing operation. During extrusion
process thermoplastic materials in powder or granular form are transformed into a
continuous uniform melt, which is shaped into uniform cross-sectional area by
forcing it through a die [141]. After the die a whole array of units for cooling,

stretching and cutting can be attached to the extrusion unit (Figure 2.13) [142].

c D E
“ A . i T o
A. Extruder C. Sizer Cooler D. Pull rolls
B. Die (water through)

E. Cutter (coiler)

Figure 2.13 Sketch of an extrusion line [141]

27



Figure 2.14 shows the schematic representation of the various parts of a single
screw extruder. It essentially consists of the barrel, the polymer and additives are
fed to the barrel from the hopper part, which is at the rear end. The polymer melt
conveys to the die which is at the front end of the extruder during the operation.
The screw, which is the moving part of the extruder, is designed to pick up, mix,
compress, and move the polymer as it changes from solid granules to a viscous
melt. Motor operating through a gear reducer supplies the power which turns the

screw in the barrel [141].
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Figure 2.14 Parts of a single screw extruder [141]

The barrel part can be divided into feed, compression and metering sections
(Figure 2.15). The solid feed is conveyed from the feed section to the compression
section with the rotation of the screw. There are electric heaters attached to the
compression zone of the barrel and the resin begins to melt with the help of them.
The resin is completely melted as it reaches the metering section and the shear

action of the rotating screw against the inner wall of the barrel forces the polymer
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melt coming out from the die section. The extrudate is shaped into the desired form

as it comes out the die [125].

Feed Transition Metering_____
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B. Key F. Channel depth I. Pitch
C. Helix angle G. Flight J. Diameter
D. Screw angle K. Tip

Figure 2.15 Parts of a single screw extruder [141]

Various modifications of the single screw design are possible. Multiscrew extruders
are also widely used for specialized applications for which the single screw designs
are inefficient. Screw configuration for multiscrew extruders may involve
intermeshing, corotating, or counter rotating screws (Figure 2.16) [141]. Most twin
screw extruders perform the same elementary polymer processing steps as single
screw extruders. However, the unique time varying screw to screw interactions that
take place in them particularly affect the elementary steps of melting and mixing
inside the extruder. The twin-screw extruders have important advantages over
single screw extruders, which enable them to carry out the melting and mixing
steps more efficiently and uniformly owing to the additional mechanisms mentioned
above [143].
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Figure 2.16 Classification of twin screw extruders [143]

2.1.5.2 Injection Molding

Injection molding is the predominant process for the production of thermoplastics in
the finished forms. It is used for making complex plastic parts at very high
production rates. It is an automated process and usually has a process cycle time
of 20 to 60 s [1]. Injection molding consists of three steps, firstly the polymer pellets
are heated until it melts. After this, the melt is injected into mold and held cooled
under pressure until the polymer melt solidifies. Finally, the mold opens and the
product is ejected (Figure 2.17). High quality and cost-effective parts can be
obtained if these functions are performed automatically under suitable conditions.
Injection pressure, back-pressure, melt temperature, mold temperature, and shot
size are the process variables, which affect the quality of injection molded parts.
Injection molding machines have injection and the clamp units to perform the

cyclical steps during the injection molding process [141].
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Figure 2.17 Sequence of operations for a reciprocating screw machine [144]

The pressure change during the injection molding cycle can be shown graphically
as in Figure 2.18. The pressure (P) increases at a relatively slow rate during the

filling stage. During the packing stage shrinkage is decreased by maintaining a

high pressure. Finally, the pressure in the mold relaxes

[145]. In most cases, approximately 50% of the process cycle time is taken by the
cooling time for the part. The cooling time depends on the size and shape of the

during the cooling stage

part, wall thickness, and temperature settings on the machine [1].
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Figure 2.18 Pressure change during the injection molding cycle [145]

2.1.5.3 Compression Molding

Compression molding is the least expensive and simplest of all polymer processing
operations [125]. The compression molding machine is based on a hydraulic press
providing the pressure, and a heated mold which is made of two parts [142]. During
the compression molding process, first the polymer resin is placed in the bottom
half of the preheated mold and the top half of the mold is placed over the bottom
half. Next, the pressure is applied to cause the molten polymer to completely fill the
mold cavity while the excess resin is forced out of the mold (Figure 2.19) [125].
After an appropriate time, the mold is opened and the part is ejected while still hot
and allowed to cool outside (for fast cooling quenching can be applied) [141].
Material flow and the final properties of the molded part depend on the mold
temperature, pressure applied during the molding and cooling, so they must be

adequately controlled.
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Figure 2.19 Schematic of a compression molding operation [141]

2.1.5.4 Solvent Assisted Ultrasonication

Carbon nanotubes are very cohesive materials owing to the van der Waals
interactions between the carbon atoms in their structure. It is difficult to disperse
them in the liquids, such as water, organic solvents or polymeric resins due to the
strong agglomeration tendency of the carbon nanotubes. Carbon nanotubes can
be utilized to their maximum potential in their applications by applying a simple,
reliable and scalable process for deagglomeration of carbon nanotubes.
Ultrasonication can be an effective method to obtain discrete and single dispersed
carbon nanotubes in the liquid materials. For liquids, which have viscosity up to
100,000 cP, ultrasonication can be used for dispersing the carbon nanotubes,
since bonding forces between the carbon nanotubes can be overcome by the liquid

jet streams resulting from ultrasonic cavitations [146, 147].

Solvent assisted ultrasonication technique for dispersing carbon nanotubes in

epoxy resin consists of three main steps. Firstly, epoxy resin and carbon
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nanotubes are dissolved in a solvent and premixed by a standard stirrer. Next, high
energy ultrasonication is applied to this mixture until it homogenizes and a well
dispersed carbon nanotube based suspension is obtained. Finally, solvent is
evaporated from the suspension by applying proper amount of heat. Resulting

epoxy/carbon nanotube mixture can be used for further applications.

2.1.5.5 Hand Lay-up

Hand lay-up is a widely used processing method for fiber reinforced materials. The
major advantage of this method is that it is a very simple process so that ordinary
equipment is needed and the molds may be made from plastics, wood or metal
sheets [148]. In this process, liquid resin is applied to the mold after spraying the
release agent on the mold surface and then reinforcement is placed on top. A roller
is used to impregnate the fiber with the resin. The roller compresses the fibers and
removes the air bubbles trapped in the resin [149]. After this, another resin and
reinforcement layer is applied until a suitable thickness builds up. Curing takes

place at room temperature generally but heat is sometimes applied to accelerate it.

The process is very flexible, so that it allows the user to optimize the part by
placing different types of fabric and mat materials. However, quality of the
composite is highly dependent on operator skills and the quality control in the hand
lay-up process is relatively difficult [1]. Hand lay-up techniques can be classified as
basic, vacuum bag and pressure bag molding (Figure 2.20). In the vacuum bag
molding a flexible bag is placed over the lay-up and the vacuum is applied between
the molding and the bag. The vacuum bag sucks the composite constituents and it
squeezes the air bubbles, excess resin from the composite. In the pressure bag
molding process, a similar principle is applied except that pressure is applied on
the bag [148].
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Figure 2.20 Hand lay-up techniques [148]

2.1.6 Surface Treatment of Carbon Nanotubes

There has been an extensive research on carbon nanotubes since their discovery
by lijima in 1991, because of their unique structure, mechanical and electrical
properties [60]. Conductive polymer composites containing carbon nanotube
exhibit high electrical conductivity and improved mechanical properties at lower
filler contents [84]. However, carbon nanotubes are chemically inert, due to the low
amount of defects sites and functional chemical groups on their surfaces. The use
of carbon nanotubes in the conductive polymer composites might have some
disadvantages due to poor dispersion capability and weak interfacial interactions.
These can lower the mechanical and electrical properties of the composites in
some cases. Therefore, activating and modifying the carbon nanotube surface
before composite preparation is an essential procedure [13]. Dispersion capability

of carbon nanotubes and the interfacial adhesion between carbon nanotubes and
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matrix polymers can be improved by increasing the reactivity of carbon nanotubes.
This can be achieved by increasing the number of defect sites and functional
groups on carbon nanotube surface [32]. Any change in the surface chemistry of
carbon nanotube might alter the final properties of the carbon nanotube based

composites [27, 33].

Carbon nanotubes are assembled as ropes or bundles, and there are some
catalyst residuals, bucky onions, spheroidal fullerenes, amorphous carbon,
polyhedron graphite nano-particles, and other forms of impurities in as grown
carbon nanotubes. Thus, purification treatments are needed before chemical
functionalization of carbon nanotubes [43]. General procedure for the carbon
nanotube surface treatment consists of two steps. These steps can be identified as

purification (oxidation) and chemical treatment procedures (Figure 2.21).
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Figure 2.21 General procedure for carbon nanotube surface treatment

Carboxyl, hydroxyl and quinone groups on the carbon nanotube outer walls can be
produced with covalent modification of carbon nanotubes by using oxidizing acid or
base mixtures. These functional groups can be attached to various chemicals

through different interactions, such as esterification, amidation, or acid—base
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chemistry. Noncovalent modification involves the use of surfactants or low
molecular weight polymer wrapping on the carbon nanotube surface. Although
noncovalent modification does not cause damage to the walls of the carbon
nanotubes or alter their properties, the interactive forces between the carbon
nanotubes and surrounding molecules are relatively weak when compared to the
covalent modification [150]. Surface treatment can also improve the solubility of the

carbon nanotubes in certain organic solvents and water.

2.1.6.1 Purification of Carbon Nanotubes

Carbon nanotube derivization can be achieved by the formation of carboxyl and
hydroxyl groups on the carbon nanotube surface as a result of acid and base
purification procedures which also remove the metallic catalyst as well as
amorphous, microcrystalline carbon produced as an impurity during carbon
nanotube synthesis [129]. General purification procedures of carbon nanotubes are
categorized as controlled oxidation, chemical treatment and filtration methods.
Carbon nanotube purification with acid and base mixtures is generally performed
by using nitric acid (HNO3), sulfuric acid (H,SO,), hydrochloric acid (HCI),
potassium hydroxide (KOH), hydrogen peroxide (H,O,) and ammonium hydroxide
(NH,OH).

The chemical oxidation during the purification of carbon nanotubes consist of two
main steps. The oxidants attack the graphene structure by electrophilic reactions
and generate active sites such as hydroxyl and quinone during the defect
generating step. The success of this step depends on the oxidant's ability to
generate hydroxyl groups and to transform them into carboxyl groups. During the
defect consuming step, the graphene structure of the tube can be destroyed by the
oxidation of the generated active sites in defect generating step. The defect
consuming step mostly counts on the ability of the oxidant to etch and destroy the
graphite like structure around already generated carboxyl and their neighborhood
groups [151]. The second step can affect the intrinsic electronic and mechanical
properties of the carbon nanotubes. So, purification medium, duration, conditions

and method should be optimized accordingly, in order to perform the impurity
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removal and surface oxidation of carbon nanotubes without causing severe

damages on the graphitic wall structure of carbon nanotubes.

The electrical and mechanical properties of polymer/carbon nanotube composites
have been also shown to be affected by various conditions of carbon nanotube
purification. The electrical resistivity of carbon nanotube filled composites
increases by ascending the carbon nanotube polarity due to the presence of
hydroxyl and carboxyl groups introduced by chemical treatment. Moreover the
conductivity of composites decreases as time and temperature of carbon nanotube
oxidation in acid mixtures increase. The reinforcement ability of carbon nanotubes
increases in polymer composites when they are treated in acidic mixtures [152]. On
the other hand, there is very little information on the structural alteration of carbon
nanotubes under basic oxidative treatments. It is shown that, for the composites
prepared by using carbon nanotubes treated with basic mixtures, electrical
conductivity enhances due to the minor damages of the carbon nanotubes

graphitic sidewalls [153].

2.1.6.2 Surface Treatment of Carbon Nanotubes with Low Molecular Weight

Chemicals

Chemical treatment of the carbon nanotube surfaces can be performed with low
molecular weight chemicals through noncovalent and covalent attachment of the
materials to the carbon nanotube surface (Figure 2.22). Silane coupling agents
[33], functional amines [10, 42], vinyl monomers [43], polymeric and oligomeric
materials [44, 46] are the most widely used chemicals for the surface treatment of
the carbon nanotubes. Among the various approaches of the covalent surface
modification, esterification or amidation of oxidized carbon nanotubes and side wall
covalent attachment of functional groups approaches are generally applied [57].
Noncovalent attachment is based mainly on van der Waals forces, and is
controlled by thermodynamic criteria. The noncovalent attachment for some

polymer chains and surfactants is called as wrapping [66].
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Figure 2.22 Functionalization possibilities for carbon nanotubes: (a) oxidized
carbon nanotube functionalization, (b) covalent sidewall functionalization, (c)
noncovalent functionalization with surfactants, (d) noncovalent functionalization

with polymers [154]

During the covalent attachment of the modifiers on the oxidized carbon nanotubes,
the carboxyl groups on the carbon nanotube surface can react with the reactive
groups of the modifier. Ester or amide linkages can be formed between the carbon
nanotube surface and modifier (Figure 2.23). In the side wall covalent attachment,
the surface modifiers can directly form covalent bonds with the defect sites

(dangling bonds) of the carbon nanotube surface.
In this dissertation poly(ethylene glycol) (PEG) with different molecular weights,

diglycidyl ether of Bisphenol A (DGEBA) and hexamethylene diamine (HMDA)

were used for the surface treatment of carbon nanotubes.
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Figure 2.23 Amidation of oxidized carbon nanotube surface [154]

2.1.6.2.1 Poly(ethylene glycol) (PEG)

Poly(ethylene glycol) (PEG) (Figure 2.24) is synthesized by the condensation
polymerization of ethylene oxide and water. Its general formula is
H(OCH,CH,),OH, where n is the average number of repeating oxyethylene groups
which ranges typically from 4 to about 180. It is also known as poly(ethylene oxide)
(PEO) or polyoxyethylene (POE). PEG can be in liquid or solid form at the room
temperature according to their molecular weights. PEG is soluble in water,
methanol, benzene, dichloromethane. They can be coupled to hydrophobic
molecules to produce nonionic surfactants. PEG is non-toxic, odorless, neutral,
lubricating, nonvolatile and nonirritating. They are used to make emulsifying agents
and detergents, and as plasticizers, humectants, and water-soluble textile
lubricants [155].
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Figure 2.24 Chemical structure of poly(ethylene glycol)

2.1.6.2.2 Diglycidyl ether of Bisphenol A (DGEBA)

Diglycidyl ether of Bisphenol A (DGEBA) (Figure 2.25) is the primary chemical
building block for the broad spectrum of materials referred to generally as epoxy
resins. It can be synthesized through the reaction between bisphenol A and
epichlorohydrin. Low molecular weight DGEBA resins are liquids and higher
molecular weight resins are more viscous liquids or solids. DGEBA is a colorless
liquid with a low flash point which is insoluble in water. It has a low vapor pressure
and mild odor. The epoxide groups in the structure of DGEBA are very reactive
with various chemical groups which enhance its use as adhesive and matrix

material in composite structures [125, 127].
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Figure 2.25 Chemical structure of diglycidyl ether of Bisphenol A [70]
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2.1.6.2.3 Hexamethylene diamine (HMDA)

Hexamethylene diamine (HMDA) (Figure 2.26) is synthesized by the hydrogenation
of adiponitrile. Its molecular formula is H,N(CH,)sNH, which is a hexamethylene
hydrocarbon chain terminated by the amine functional groups. It is a colorless solid
with a strong amine odor. HMDA is generally used for the production of polymers

(especially nylon66), due to its bifunctional structure [156].

Figure 2.26 Chemical structure of hexamethylene diamine

2.1.6.3 Surface Treatment of Carbon Nanotubes with Surfactants

Surfactants are generally defined as wetting agents which lower the surface
tension of a liquid or decrease the interfacial tension between two liquids.
A surfactant is characterized by its tendency to adsorb at surfaces or interfaces.
They can adsorb on solid—vapor, solid-liquid, solid—solid, liquid—vapor and liquid—
liquid interfaces. Surfactant molecules consist of at least two hydrophilic and
hydrophobic parts. The hydrophilic part is referred as head group and hydrophobic
part as the tail (Figure 2.27). The hydrophobic part of the surfactant may be
branched or linear. The hydrophilic head group is usually attached to the end of the
alkyl chain. The degree of chain branching, the position of the polar group and the
length of the chain are the parameters that affect the properties of the surfactants
[157].
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Figure 2.27 Schematic illustration of a surfactant [157]

Surfactant treatment has two main functions in the carbon nanotube filled polymer
composites. It lowers the surface tension of the carbon nanotubes which prevents
the formation of aggregates and improves the wettability of carbon nanotubes by
polymer with the aid of functional groups or miscible parts on the long tallow.
Moreover, carbon nanotubes might overcome van der Waals attractions by
electrostatic or steric repulsive forces promoted by surfactants [65]. Surfactant
selection for composite preparation depends on four basic criteria: a) head group
charge of the surfactant, b) head group size of the surfactant (small head group
size is preferred mostly for better interaction), c) alkyl chain length of surfactant
(longer alkyl chain lengths improve carbon nanotube coverage since surfactant
molecules are present along the length of the carbon nanotube) and d) presence of
benzene ring in the surfactant structure (pi like stacking of the benzene rings onto
the surface of graphite is believed to improve the coverage of the carbon nanotube

surface by surfactant) [65].

Surfactants can be classified according to their head group charges. The polar
head groups of the surfactants may be ionic and nonionic. Moreover, the ionic
head groups can be anionic and cationic. Different types of surfactants act on the
carbon nanotube surface in distinct ways. In ionic surfactants, generally
hydrophobic tails (alkyl tails) adsorb on the carbon nanotube surface and
hydrophilic heads create the electrostatic repulsions between similar groups of the
other surfactant molecules and this overcome the van der Waals interactions
between carbon nanotubes. In nonionic surfactants, head groups tend to be
located on the carbon nanotube surface, affording a similar nature to the carbon
nanotubes and the polymer matrix. This should lower the attractive potential

between the nanofiller particles [63—-67].
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The critical micelle concentration (CMC) is defined as the concentration of
surfactants above which micelles are spontaneously formed (Figure 2.28).
Surfactant molecules normally orient the hydrophobic groups to the surface when a
surfactant adsorbs at hydrophobic surface, and the hydrophilic (polar) groups are
exposed to the water. Therefore, the micelles are polar aggregates with water
solubility since as they form in the water the hydrophobic groups directed to the
interior of the cluster and polar head groups orient toward the water [157]. To
improve the carbon nanotube dispersion, surfactants should be added in amounts
exceeding their critical micelle concentration [67]. At low surfactant concentrations
the amount may be low to produce efficient coating and induce electrostatic
repulsion. However, surfactant concentration should not exceed critical micelle
concentration too much since large micelle aggregates can not interact efficiently

with carbon nanotube bundles (depletion attraction).
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Figure 2.28 Schematic illustration of critical micelle concentration

In this dissertation, three types of surfactants were used during the carbon
nanotube surface treatment studies (Figure 2.29). During the preparation of the

PET/CNT composites sodium dodecyl sulfate (anionic) (SDS) was used as a
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surface modifier. Moreover, cetyl pyridinium chloride (cationic) (CPC) and
4-octylphenol polyethoxylate (nonionic) (Triton X-100) surfactants were used for

improving the carbon nanotube dispersion in epoxy/carbon nanotube mixtures.
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sDs K/\/\/C\P/C\/\/\/\ CH, Triton X-100

Figure 2.29 Chemical structures of the surfactants used in this study

2.1.7 Surface Energy Measurements of Composite Constituents

Surface treatment of carbon nanotubes alters the surface structure which can be
noticed from the changes in the surface energy components of the particles.
Moreover, when carbon nanotube particles are mixed with an immiscible polymer
blend; it can be dispersed in one of the polymer phases or at the interface between
the polymers. Surface energies of the polymers and conductive filler; mainly

determine the location of the conductive filler in the composite.

The surface energy components of the carbon nanotube and the matrix polymers
at the room temperature can be determined by measuring the contact angles of the
certain probe liquids on the samples of the filler and polymers [158, 159].

The dispersive (ysmidd), acidic («/SOHdA) and basic («/SOHdB) components of the total

surface energy can be calculated with ‘Young Equation” (Equation 2.3), by using

contact angles of probe liquids measured on the sample surfaces [158]:

(L+ €0 g Woiquia = Z[VLiquidstmidd 2+ VLiquidAVsmidB )2+ VLiquidBVsmidA V2] (2.3)
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in which 0qq is the contact angle values of the probe liquid, yquq iS the total
surface energy of the probe liquid, yLiquidd is the dispersive component of the probe
liquid surface energy, yLiquidA is the acidic component of the probe liquid surface
energy and yLiquidB is the basic component of the probe liquid surface energy. Polar
component of the surface energy (ysoid) consists of electron acceptor (ysoid') and

electron donor components (ySondB).

Ysoid” = 2(ySoIidAySoIidB 2 (2.4)

Moreover, the total surface energy, ysoie, C2n be calculated by using dispersive

(Ysmidd), and polar components (ysoid).

Ysoiia = ySoIidd +Ysoid (2.5)

2.1.7.1 Interfacial Strength, Work of Adhesion and Selective Localization of

Carbon Nanotube

The interfacial tensions between two composite constituents (y;,) can be
determined by using the surface energy components of the materials from general

eqguation with harmonic mean:

A A (A A L (AR A R (A AV (ASaA)) (2.6)

where v; is total surface energy, vis the dispersive component of the total surface

energy; v is the polar component of the surface energy.

Surface energies of the polymers and carbon nanotube determine the location of
the filler in the polymer composite. Generally, the lower interfacial tension between
the polymer and carbon nanotube makes the adsorption of the filler by the polymer
easier. Sumita et al. proposed that the selective localization of the filler in a
polymer blend can be estimated by the wetting coefficient (w), which is defined by

the following equation [160];
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W=(Yis ~Yia)/Yase (2.7)

where yra IS the interfacial tension between the polymer A and filler, y.g is the
interfacial tension between the polymer B and filler and yag is the interfacial tension
between two polymers. If w is greater than 1, the filler particles locate within
polymer A. If wis less than -1, the filler particles locate within polymer B. Otherwise

the filler particles distribute at the interface [160].

Work of adhesion (W) values between matrix polymers (1) and carbon nanotubes
(2) can be calculated for the composites from the following equation by using the

surface energy components of the materials [158];

W, = 2[(v,y,) "2+ (v Y D) Ay Y )M (2.8)

where yis the dispersive component of the total surface energy, v/ is the acidic
component of the total surface energy and y;° is the basic component of the total

surface energy.

2.2 Experimental Techniques for Material Characterization

In this dissertation, conductive polymer composite and carbon nanotube samples
were characterized in terms of various electrical, mechanical, thermal,

spectroscopic and thermal characterization methods.

2.2.1 Electrical Conductivity Measurements of Composites

Electrical measurements on semiconductors are routinely performed for the
analyses of wide range of semiconductor properties. These routine methods for the
electrical characterization of semiconductors can be related to the measurements
of the electrical resistivity, carrier mobility and carrier type. One of the most

important characteristics of a semiconductor material is its electrical resistivity and
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it can be measured by applying four point probe, two point probe (spreading

resistance) and Hall — Van der Pauw methods [161].

The four point probe technique (Figure 2.30) is the most common technique for the
measurements of semiconductor material resistivity and sheet resistance. It is an
absolute measurement and it is sometimes used to provide standards for the other

resistivity measurements [162, 163].

3 4

1 2
CurrentlU U U UTCurrent

S1 S2 S3

Figure 2.30 Collinear four point probe showing current flow and voltage

measurement [162]

The volume resistivity p is given by the relationship (Equation 2.9) [162] when the
probe spacings are equal to each other (S1=S2=S3=19).

p=(2nSF)x(V/1) (2.9)

where, F is the correction factor which depends on the sample geometry, V is the

voltage drop and | is the current.

Two point probe technique (Figure 2.31) is easier to conduct since two probes
need to be manipulated. However, the interpretation of the measured data is
harder when compared to the four point probe technique [163]. The total resistance

Ry is given by Equation 2.10;
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R, =V/I=2R, +2R.+ 2R __ (2.10)

where, R, is the wire and probe resistances, R. is the contact resistances between
the probes and the material and R, is the resistance of the material. The
spreading resistance (Rsy), which results from the current transportation between
the probe and material, also exists during the measurements [162]. The total
resistance measured from the two point probe technique is the sum of these
resistances. The volume resistivity p with two point probe technique can be

calculated from the following relationship;
p=(V/Nx(S/L) (2.11)

in which V is the voltage drop, | is the current, L is the length and S is the cross

sectional area of the sample.

1
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T Rsp

Rt

Figure 2.31 Two point probe arrangement [162]

2.2.2 Mechanical Properties of Composites

2.2.2.1 Tensile Test

Tensile test measures the force response when a sample is strained at a constant

deformation rate. This test provides the characterization of the mechanical
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properties of a polymeric material in terms of modulus, strength and elongation to
failure. Dogbone shaped specimens (Figure 2.32) are used in the typical tensile

testing of polymers and polymer composites [125].

=

I ] T-*1|:|t‘-

Figure 2.32 Typical dogbone shaped tensile test specimen; where L, is the gauge

length, Wy is the initial width, Tqis the initial thickness of the specimen [141]

During the tensile testing, one end of the specimen is clamped to the testing
machine and pulled at a constant rate of elongation from the other end (Figure
2.33). During a successful test the failure happens at the center of the bar, where
the stress is highest, not at the grip sites due to the shape of the tensile specimen

which prevents the premature failures during testing [125].

A SIS E I E IS S S TS

Force measurement device

~— Specimen

¥
Constant strain rate £

Figure 2.33 Schematic representation of tensile test [141]
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Usually the tensile response is plotted as engineering stress (o) versus engineering
strain (g) (Figure 2.34). Engineering stress can be calculated from the following

relation;

o=+ (2.12)

where, F is the force measured during testing and Ay is the initial cross—sectional

area. Engineering strain can be calculated from Equation 2.13;

AL

0

£= (2.13)

where AL is the change in the sample’s gauge length when the sample is exposed
to elongation and L, is the initial gauge length of the sample. Sample length
changes can be determined from tensile testing machine settings or by an
extensometer. Poisson’s ratio (v), which is defined as the ratio of the true strain in
the transverse direction (e1), to the true strain in the longitudinal direction () can
also be calculated from the data obtained by the extensometers or strain gauges
[125].

A
B
o = c
e
Yield Point E A & E: Tensile strength at break
i____ - [3{/,/ Elengation at break

B: Tensile strength at yield
Elongation at yield

C: Tensile strength at break
Elongation at break

D: Tensile strength at yield
Elongation at yield

Stress

slope: Young's modulus

Strain

Figure 2.34 Engineering data from tensile tests [141]
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Polymeric materials can be classified as soft and weak, hard and brittle, soft and
though, hard and strong, hard and though according to their tensile test responses
(Figure 2.35). The strength of the material indicates the ability to sustain load.
Young’s modulus (elastic modulus) is the slope of the initial portion of the stress vs.
strain curve and it determines whether the material is soft or hard. Toughness is a
measure of the material’s ability to absorb energy and undergo extensive plastic
deformation without rupturing. It is determined by calculating the area under the

stress vs. strain curve [141, 164].

g
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Figure 2.35 Typical tensile test curves for polymeric materials [141]

2.2.2.2 Fatigue Test

Materials frequently fail by fatigue due to the application of cyclic load on them
during their service lives. The microscopic cracks around the stress concentrated
areas within the material or on the surface are initiated by these cyclic loads.
Eventually, these cracks propagate and lead the material to eventual failure [164].

The information from the fatigue tests is very important for the engineering and
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composite materials considered for load bearing applications where periodic
loading may be encountered [125].

During fatigue tests, the number of applied strain cycles (N) before the complete
failure of the specimen is determined at a predetermined stress level. This number
of cycles is called as the fatigue life of the material [125]. In the fatigue tests the
loading level is hold constant by the testing machine. However, a plastic
deformation of the sample, which continues to stay in the body of the samples due
to the exposed load cycles during the fatigue tests, occurs and it is called as
residual strain (Figure 2.36). The fatigue lives of the materials decrease with

increasing frequency of oscillation and decreasing temperature [125].
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Residual strain = Instantaneous strain - Initial strain

Figure 2.36 Load and displacement curves during fatigue tests

2.2.2.3 Impact Test

Polymers and composites may also fail during their service lives due to the effects
of rapid stress loading (impact loads). Materials ability to withstand these loads can
be tested with various test methods [141]. Two major types of impact tests are

categorized as bending beam and falling weight [164].
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Izod and Charpy impact tests are the most common examples of bending beam
tests, in which a small bar of polymer is struck with a heavy pendulum (Figure
2.37). During the Izod test the bar is held vertically by gripping one end in a vice
and the other free end is struck by the pendulum. In the Charpy test the bar is
supported near its ends in a horizontal plane [164]. The required energy to break

the sample is determined from the loss in the kinetic energy of the hammer [125].

Hammer

£
0 £
End of swing ,7.”
L 7 {,r:‘

Figure 2.37 Schematic drawing of the charpy impact tester [164]

During the falling weight tests (Figure 2.38), a well calibrated weight is released
from a known height from the impact specimen and it gains a kinetic energy during
its downfall. This kinetic energy transfers into impact energy when the weight hits
the specimen’s surface. Energy for the failure of the specimen can be calculated

from the weight of the falling part and height from which it is dropped [125].
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Figure 2.38 Schematic of the falling weight impact tower [165]

In the falling weight test, most of the impact energy transferred to the specimen is
absorbed by the panel, the remaining energy is returned to the drop weight surface
and it is called as inelastic returned energy. Majority of the absorbed energy is
distributed inside the material irreversibly and damages the panel, rest of the
absorbed energy is stored inside the panel elastically (reversibly) [165]. The sum of
the absorbed and returned energies is equal to the transferred impact energy

(Figure 2.39). These energies can be calculated from the impact energy vs. time
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curves of the samples. Inelastic energy curves of the composite panels are
constructed by plotting the inelastic return energies with respect to the transferred
impact energies and these curves mainly consist of two major regions; elastic—

inelastic yield and complete puncture regions (Figure 2.39) [165].
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Figure 2.39 Typical impact energy and inelastic energy curves for the composite

materials obtained during falling weight impact test

2.2.3 Melt Viscosity Measurements

The pressure flow through a capillary tube may be used to determine the melt
viscosity (n) of a polymer melt as a function of shear rate (y). This method is called

as capillary rheometry and it can be used over the shear rate range from
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1 to 10° s*. This shear rate range occupies the most polymer processing
operations. During the capillary rheometer operation, volumetric flow rate (Q) of the
polymer melt and the pressure drop (AP) through a capillary with known dimensions
are measured. In the apparatus, the capillary is attached to a reservoir containing
the polymer melt and pressurization of the reservoir forces the polymer melt
through the capillary (Figure 2.40) [125].

\L Piston

Reservoir

L L= Capillary

2R

Figure 2.40 Schematic representation of a capillary viscometer

The shear stress at the capillary wall (t,,) can be calculated as follows;

_RAP

o (2.14)

TW

where, AP is the pressure drop, R is the radius of the capillary and L is the length of

the capillary.

The apparent shear rate (®) can be calculated from the following relationship;
o=Q (2.15)
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where, Q is the volumetric flow rate and R is the radius of the capillary. The
relationship between the shear rate (y) and the apparent shear rate (®) depend on
fluid model. For Newtonian fluids y,, = ®. For power law fluids, the shear rate at the

capillary wall can be calculated from the following relationship;

v _3n+1
Y 4n

® (2.16)

where, n is the power law index of the material and @ is the apparent shear rate.
The melt viscosity (n) of the any fluid can be calculated from the ratio of the shear

stress at the wall (t,,) and shear rate at the wall (y,,) (Equation 2.17).

n=—%- (2.17)

It should be noted that, a significant pressure drop might occur at the entrance
region of the capillary and the pressure drop profile can not be linear over the
entire length of the capillary (Figure 2.41). The experimental data from the

rheometer should be corrected for these entrance effects [125].
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Figure 2.41 Pressure profile in capillary viscometer [166]
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Bagley has suggested that the entrance effects on the shear stress can be

corrected by the following relationship;

c RAP

w " 2(L+€R) (219

T

where, 1°%, is the corrected shear stress at the wall, R is the capillary radius, AP is
the pressure drop, L is the length of the capillary, € is the emprical parameter,
which can be obtained by extrapolating the plot of AP vs. (L/R) to zero AP at

constant vy for the capillaries with the different lengths [125].

2.2.4 Scanning Electron Microscopy and Optical Microscopy

Scanning electron microscopy (SEM) provides a highly magnified image of the
material’s surface. The high resolution surface morphology of a polymer composite
or blend can be achieved by using SEM. The resolution of the SEM can approach
a few nm and it can operate at magnifications that are easily adjusted from about
10X - 300000X. Besides the topographical morphology, the chemical composition

on the material surface can be obtained with the help of SEM [167].

In the SEM, a source of electrons is focused (in vacuum) into a fine probe that is
rastered over the surface of the specimen (Figure 2.42). A number of interactions
occur that can result in the emission of electrons or photons from (or through) the
surface during the penetration of the electrons to the material. A reasonable
fraction of the electrons emitted can be collected by appropriate detectors, and the

output can be used to modulate the image of the material surface [167].

59



Mluminating Source !
(Electron Gun) T~ i

Condenser Lens

Objective Lens
Aperture
Scanning Coils

Objective Lens Scanning Circuits

e/

_—

Specimeng

Detector

Deflection Coils

CRT (Cathode Ray Tube)

Figure 2.42 Schematic representation of a SEM [168]

Samples in the SEM can be examined for general morphology, as freeze fractured
surfaces or as microtome blocks of solid bulk samples. Solvent etching, which can
be used for the polymer blends with the constituents having large solubility
difference in a particular solvent, OsO, staining and RuQ, staining are the methods
to achieve the contrast during analysis. In addition, the SEM can be used to study

liquids or temperature sensitive polymers on a cryostage [168].

Optical microscopy (Figure 2.43) is a valuable technique for examining the texture
of the materials which are opaque or which can be prepared as thin films by
casting on a microscope slide. The examination is performed by the transmitted
light [126]. Particulate filled composite materials are usually analyzed with a

polarizing microscope set up for transmitted light. This allows one to determine the
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shape, size, dispersion state, color, pleochroism, refractive indices, and

birefringence [167].
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Figure 2.43 Schematic representation of an optical microscope [168]

2.2.5 Differential Scanning Calorimetry Analysis

Differential Scanning Calorimetry (DSC) measures the heat energy per unit mass
from a polymer sample, which has a weight of less than 10 mg usually, in a sealed
aluminum pan. The samples are referenced to an empty pan in order to maintain a
zero temperature differential between them during programmed heating and
cooling temperature scans. Transition temperatures of the polymers, such as glass
transition temperature (Tg), cold crystallization temperature (T.) and melting
temperature (T,) can be characterized by this technique (Figure 2.44) [168]. Ty is
the temperature at which an amorphous material becomes rigid and below which, it

softens. T, is the melting temperature at which crystals in a material disintegrate
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and liquefy [169]. DSC can also be used for studying the kinetics of chemical
reactions, oxidation and decomposition. The measured heat of fusion can be
converted to % crystallinity of the polymer phase, if the heat of fusion for the 100 %
crystalline polymer is known [168]. Percent crystallinities (X of the polymer

phases in the composites can be calculated by using the equation below;
X =[(AH , —AH ) /I(AH S w,)]x100 (2.19)
where AH®; (J/g) is the melting energy of the 100% crystal structure, (AH. (J/g) is

the cold crystallization energy, (AH, (J/g) is the melting energy obtained from the

DSC analysis of the sample and w,,y is the fraction of polymer phase in the

composite.
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Figure 2.44 Typical DSC curve for poly(ethylene terephthalate)
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2.2.6 Fourier Transformed Infrared Spectroscopy

Fourier Transformed Infrared Spectroscopy (FTIR) (Figure 2.45) is the most widely
used method of infrared spectroscopy. In this method as the infrared (IR) radiation
passes through a sample, some of the IR radiation absorbed by the sample and
some of it transmitted through the sample. The resulting spectrum represents the
molecular absorption and transmission and this creates a molecular fingerprint of
the sample [167]. This makes infrared spectroscopy useful for qualitative
identification of various functionalities. The chemical groups of the sample can be
identified by the presence of the absorption bands. The intra molecular and
intermolecular bondings determine the location of the absorption band of a
chemical group in the FTIR spectrum of the sample [125]. For quantitative

analyses, FTIR requires the use of well characterized standards [168].

Sample
Interferometer Deatector
IR Recorder
Source

Figure 2.45 Basic components of a FTIR [168]

2.2.7 Electron Spectroscopy for Chemical Analysis

Electron Spectroscopy for Chemical Analysis (ESCA) (Figure 2.46) is also known
as the X-Ray Photoelectron Spectroscopy (XPS). Electron binding energies are
sensitive to the chemical state of the atoms on the material surface. ESCA sends

soft X rays (photons) to the material surface, which ejects photoelectrons from the
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sample. Electrons originating from the core levels of the sample identify the
elements and chemical groups present, from their binding energies. Small
chemical shifts in the binding energies also provide additional chemical state
information. Moreover, the relative concentrations of the different elements present
can be determined from relative peak intensities. ESCA identifies all elements
except hydrogen and helium atoms from a depth ranging from around 2
monolayers to 25 monolayers. Typical values for ESCA peaks in the 500-1400 eV
kinetic energy range are 5 to 10 monolayers. This surface sensitivity, combined
with quantitative and chemical state analysis capabilities have made ESCA one of

the most broadly applicable general surface analysis technique [167].
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Figure 2.46 Schematic of a ESCA spectrometer showing all the necessary

components [167]

2.2.8 X-Ray Diffraction Analysis

X-Ray Diffraction (XRD) is widely used technique for material characterization

which can provide the information about both the crystalline and amorphous states.
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It uses the X-Rays which are high energy photons with short wavelengths that can
interact with electrons. The photons will be absorbed, transmitted and scattered
due to the interactions with electrons, when an X-Ray beam is focused on a
material. These interactions yield in a scattering pattern which is a function of
scattering angle (20) (Figure 2.47). This pattern provides information about the
electron—density distribution (positions of atoms in the material). There are two
types of X-Ray scattering; wide angle X-Ray scattering (WAXS) is used for the
investigation of small scale structures, small angle X-Ray scattering (SAXS) is

used to study large scale morphological structures [125].

XRD can also be used to determine the detailed microstructure of the carbon
based conductive fillers, such as carbon nanotubes. Interplanar spacing between
carbon nanotube aggregates (dy2) can be calculated by using the Bragg equation
[170]:

N\ = 2d,,, Sird (2.20)

where n is equal to one for monochromatic radiation, A is wavelength of radiation,
dooz is interlayer spacing between graphene layers and 6 is diffraction angle of
beam of radiation corresponding with Bragg’'s maximum. Crystallite length along
the c-axis (L) of carbon nanotube was calculated by using the Scherrer equation
[171]:

L. =KA/Bcos6 (2.21)

in which K is Scherrer constant, equal to 0.89, L. is crystallite length along the c-
axis of carbon nanotube, X is wavelength of radiation, 6 is diffraction angle of beam
of radiation corresponding with Bragg’s maximum, B is widening of diffraction line

measured in the middle of its maximum intensity.
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Figure 2.47 Basic features of a typical XRD experiment [167]

2.2.9 Nuclear Magnetic Resonance Spectroscopy

Nuclear Magnetic Resonance (NMR) (Figure 2.48) is a spectrometric technique for
determining chemical structures [168]. The nuclei of certain atoms are considered
to spin. The spinning of these charged particles or circulation of charge generates
a magnetic moment along the axis of spin, so that these nuclei act like tiny
magnets. The nucleus of hydrogen (*H) is the one of greatest interest for what is
referred to as 'H-NMR, which is useful for the broad spectrum of organic
molecules. However, another nucleus (**C), which forms the basis for **C-NMR, is

very useful for studying polymers and resins [169].

In NMR spectroscopy, the measurement concentrates on the precise energy
differences between such nuclear magnetic states. These differences are
measured by applying electromagnetic waves in the radio frequency region
(1 — 600 MHz) and measuring the frequency at which transitions occur between the
states [167]. The chemical structure of the sample can be interpreted by the minor
spectral shifts due to chemical environment and they are normally expressed in

terms of part-per-million shifts from the reference frequency of a standard [168].
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NMR has the advantage of being element selective and inherently quantitative.
Since the signal from the NMR experiment is a direct reflection of the local
environment of the element under study and NMR can also provide structural
insights on a molecular level. This feature is particularly useful in the structural
analysis of highly disordered, amorphous, and compositionally complex systems
[167].

NMR instrumentation consists of three major components which are the magnet,
the spectrometer console, and the probe. NMR probes are used to transfer the
radio frequency pulse to the sample and to detect the nuclear induction signal after
the pulse. Magic angle spinning NMR (MAS-NMR) experiments require special
probes, enabling very fast sample rotation within the magnet. MAS is mostly done
on powdered samples packed within cylindrical containers (rotors) that are
machined from single-crystal alumina, zirconia, or silicon nitride with precise
dimensions [167].
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Figure 2.48 Schematic of a NMR spectrometer [168]
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2.2.10 Thermogravimetric Analysis

Thermogravimetric Analysis (TGA) is a type of thermal analyses which examines
the mass change of a sample as a function of temperature in the scanning mode or
as a function of time in the isothermal mode. TGA devices are configured for the
vacuum and variable atmospheres. Thermal events such as desorption,
absorption, sublimation, vaporization, oxidation, reduction and decomposition
cause a change in the mass of the sample during the TGA analysis. The
decomposition characteristics (where the major mass loss occurs in the sample
during testing) and thermal stability of materials can be investigated by using TGA
under a variety of conditions to examine the kinetics of the physico chemical
processes occurring in the sample [172]. Moreover, the amounts of materials in a
mixture can be detected if the materials are chemically different and have distinct

decomposition temperatures [169].

In a typical TGA design, specimen is placed in the refractory pan which is placed in
the hot zone of the furnace and suspended from a high precision balance. A
thermocouple is placed in the vicinity of the sample without touching it, not to
interfere with free float of the balance. The balances are electronically
compensated so that the specimen pan does not move when the specimen’s

weight changes [173].

2.2.11 Electro-Mechanical Tests for Damage Sensing

Electro-mechanical tests can be used as an economical nondestructive evaluation
(NDE) method for sensing micro damage in the carbon nanotube or carbon fiber
reinforced composite panels, the characterization of interfacial properties, and
other nondestructive behavior since the composite panel can act as an intrinsic
sensor itself due to the electrical conductivity induced by the reinforcing fillers
[174]. Electrical resistivity with micro failure mechanisms and nondestructive
characteristics can be studied to provide the correlation between interfacial
adhesion and electrical properties, since these composites respond to the applied

load with the change in the electrical resistivity [113]. In this method damage
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sensing capacity of the composites can be determined by means of online
electrical resistivity and mechanical property measurements (Figure 2.49). This
electrical method can be used to study variety of damage mechanisms such as;

delamination or matrix cracking under static or dynamic loading conditions [175].
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Figure 2.49 Online electrical resistivity measurement system during tensile testing
[113]

2.3 Previous Studies

Various surface modification techniques are applied to carbon nanotubes in order
to alter the surface chemical structure of carbon nanotubes and improve the
carbon nanotube based composite properties. Generally two main approaches are
performed for the surface modification of carbon nanotubes. Covalent maodification
of carbon nanotubes by using oxidizing strong acid and base mixtures to produce
carboxyl and hydroxyl groups on the carbon nanotubes outer walls [40, 41],
followed by the further treatment with amines [10, 42], silane coupling agents [33],
formaldehyde [43], vinyl monomers [43], polymeric and oligomeric materials [44,
46] is used widely in the literature. The functional groups attached on carbon

nanotube surfaces can improve the interfacial interactions with different types of
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polymer matrices, such as epoxy [47, 48], polycarbonate [49], polyethylene [50,
51], polymethyl methacrylate [52], polypropylene [53], polystyrene [54], polyvinyl
alcohol [55], poly(ethylene terephthalate) [16, 18, 22, 56]. The noncovalent
modification of carbon nanotubes can be performed by attaching molecules or
polymer chains on surfaces of carbon nanotubes. The noncovalent attachment can
alter the nature of the carbon nanotubes surface and make it more compatible with
the polymer matrix [57]. Polymers such as poly(acrylic acid) [58, 59],
polyvinylpyrolidone [60], poly(4-styrenesulfonate) [61] and polyaniline [62] are used

as modifiers during the noncovalent treatment of the surfaces of carbon nanotubes.

Chemical treatment of carbon nanotubes with surfactants can help to form
individual carbon nanotubes instead of agglomerates and this can also improve the
electrical and mechanical properties of the composites [63]. However, this
improvement can be more efficient if the functionality of carbon nanotube match
the chemistry of the matrix [64, 65]. During noncovalent treatment of carbon
nanotubes the graphitic wall structure is not altered and the intrinsic electrical and
mechanical properties of carbon nanotubes are conserved. However, the forces
between the attached modifier and carbon nanotube might be weak, thus the

efficiency of the load transfer in the composites might be low [66].

In the literature, there are few studies about the surface treatment of carbon
nanotubes with sodium dodecyl sulfate (SDS), poly(ethylene glycol) (PEG) and
diglycidyl ether of Bisphenol A (DGEBA) and their usage in the polymer
composites. Vaisman et.al. suggested SDS as an effective surfactant to disperse
the carbon nanotubes in water soluble polymers when it is used above its critical
micelle concentration [67]. Yang et.al. showed that carbon nanotube reinforced
polyimide composites assisted with PEG exhibit individual carbon nanotube
dispersion at high amount of filler loadings (43 wt.%) [68]. Blighe et.al. produced
polyurethane based composite films at different filler loadings with PEG
functionalized carbon nanotubes range from the stiffer to more ductile when
compared to neat polyurethane [69]. Liao et.al. showed that the flexural strength
and the bulk electrical conductivity of the carbon nanotube/polypropylene
nanocomposite bipolar plates are higher than those of the original composite
bipolar plates prepared with untreated carbon nanotubes, by adding 8 phr of

DGEBA functionalized carbon nanotubes [70].

70



High-performance polymer composites can be formulated by introducing
particulate fillers into microfiber reinforced polymer blends. Li et.al. manufactured
microfibrillar-reinforced material based on fibrillized blends of poly(ethylene
terephthalate) / polypropylene (PP), and TiO, nanoparticles. Differential scanning
Calorimetry (DSC) analysis confirmed the heterogeneous nucleating effect of the
TiO, nanoparticles on the PET microfibrils [96]. Electrically conductive materials
with high conductivity and lower percolation threshold values can be obtained in a
microfiber reinforced composites with only a small concentration of particulate
conductive fillers, if a double percolation is present. This may be achieved when
the conductive particles, localized preferentially in microfiber polymer phase,
having a concentration equal to or larger than the electric percolation threshold and
the microfiber/filler phase is continuous in matrix polymer [6, 97]. Dai et.al. showed
that the PET phases formed well-defined microfibrils, and carbon black (CB)
particles localized in the surfaces of the PET microfibrils, which led to a very low
percolation threshold concentration in microfiber reinforced HDPE/PET/CB
composites [98]. Garmabi et.al. established that the PP/polyamide 6 (PA6)/CB
composite with microfibrillar conducting network can be prepared by using melt
spinning process. The percolation threshold of the system reduced when aspect
ratio of the conducting phase was increased by developing microfibrillar
morphology. Mechanical strength of microfibrillar composites were increased up to
80% in comparison to pure PP when processing conditions were optimized [99,
100].

Carbon nanotubes can also be a good candidate as conductive filler and
reinforcement for microfibrillar polymer composites due to their unique properties
[101, 102]. Moreover incorporation of carbon nanotubes into polymer blends might
increase the compatibility between the polymer phases [96]. Li et.al. produced
carbon nanotube filled microfibrillar polymer composite based on polycarbonate
and HDPE by using a shear controlled orientation in injection molding. Tensile
properties of the samples were considerably increased compared to their
conventional samples, especially in the presence of 0.5 wt% of carbon nanotube
[103].

Fiber reinforced polymer composites filled with carbon nanotubes have drawn

significant attention in the field of advanced, high performance materials in various

71



application areas. They are known as multiscale composites since they are
composed of microscale fibers and nanoscale nanotubes [108, 109]. Solvent
assisted sonication technique has been widely used to predisperse carbon
nanotubes in the resin before composite fabrication in the literature [108]. The
integration of epoxy/carbon nanotube mixture with fiber fabric are performed by,
resin transfer molding (RTM), vacuum-assisted resin transfer molding (VARTM)
and hand lay-up techniques [110]. Some improvements in mechanical properties of
multiscale composites have been achieved with the addition of carbon nanotubes
into epoxy matrix. However, the combination of the improved matrix properties with
the continuous fiber reinforcements is a challenging task and limited by many
factors [108, 111]. At this point carbon nanotube surface chemistry and dispersion
in the polymer matrix becomes more important to enhance the mechanical

properties of fiber reinforced composites.
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CHAPTER 3

EXPERIMENTAL

Experimental procedures and the details of the material characterization are
explained in four separate sections in this dissertation. In the first section, materials
and methods for the carbon nanotube surface treatment and PET/CNT composite
preparation are described. In the second section, materials and methods for the
preparation of microfiber reinforced HDPE/PET/CNT composites are explained. In
the third part, characterization methods for the carbon nanotube and conductive
polymer composite samples, which are prepared in the first two sections, are
given. Finally, in the last part, materials, methods for the preparation of the
epoxy/CNT composites, epoxy/CNT/glass fiber composite panels and

characterization methods are explained.

3.1 Surface Treatment of Carbon Nanotubes and Poly(ethylene

terephthalate)/Carbon Nanotube Composites

3.1.1 Surface Treatment of Carbon Nanotubes

Surface treatment studies of carbon nanotubes will be explained in two
subsections. In the first part, carbon nanotube purification with strong acids, strong
bases and with their mixtures will be described. In the second part, surface
modification of carbon nanotube with low molecular weight chemicals will be

explained.

73



3.1.1.1 Purification of Carbon Nanotubes

Purification of multi walled carbon nanotubes, delivered by Nanocyl, were
performed by using nitric acid (HNO3) (JT Baker 65 %), sulfuric acid (H,SOy4) (JT
Baker 95 %), ammonium hydroxide (NH;OH) (JT Baker 30 %) and hydrogen
peroxide (H,O,) (JT Baker 30 %) and by using the mixtures of them. Table 3.1

summarizes the properties of commercial grade multi walled carbon nanotubes.

Table 3.1 Properties of commercial grade multi walled carbon nanotubes

Material Trade name and Specifications
Supplier
Multi walled Nanocyl 7000; Average Diameter, 10 nm

carbon nanotube Nanocyl (Belgium) Electrical Resistivity, 10* ohm.cm

Surface Area, 250 m?/g

3.1.1.1.1 Procedures of Carbon Nanotube Purification

5 g. portion of as-received carbon nanotubes (ASCNT) were added to 200 ml of
purification medium. Next, the mixture was sonicated in an ultrasonic bath
(Bandelin Sonorex) (Figure 3.1) at 80 . After the sonication, mixture was diluted
with distilled water 1:5 by volume and it was filtered with the 0.2 um pore sized filter
paper in order to recover the carbon nanotubes from the solution. Filtered carbon
nanotubes were washed with excess hot and cold distilled water until no residual
acid or base was present (pH of the filtrate water is greater than 5). Finally, carbon
nanotubes were dried in the oven for 24 hours at 100 . During purification
experiments carbon nanotubes were treated at the following eight different
purification conditions; in order to observe the effects of purification medium and
duration on the carbon nanotube and composite properties. In the first part, carbon
nanotubes were sonicated in HNOs/H,SO,4 (1:3 by volume) mixture, which is the

generally used mixture during carbon nanotube purification in the literature, for 15
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(CNT1), 30 (CNT2), 60 (CNT3) and 120 (CNT4) minutes. In the second part,
sonication period was kept constant at 30 minutes, HNO3/H,SO, (1:1 by volume)
(CNT5), HNO3/H,SO,4 (3:1 by volume) (CNT6) mixtures were used as the other
purification mediums. Finally, basic mediums; NH,OH (CNT7) and NH,OH/H,0,
(2:1 by volume) (CNT8), were used during the 30 minutes purification of carbon
nanotubes. At the end of the purification experiments, carbon nanotubes purified in
the HNO3/H,SO, (1:1 by volume) medium for 30 minutes, were selected as raw
materials for the experiments on carbon nanotube surface modification with low

molecular weight chemicals.

3.1.1.2 Surface Modification of Carbon Nanotubes with Low Molecular

Weight Chemicals

In this part of the carbon nanotube surface treatment studies, first carbon
nanotubes were purified in HNO3/H,SO, (1:1 by volume) medium for 30 minutes
(pPCNT) according to the procedure explained before. After the purification step,
surface maodification of carbon nanotubes were performed with sodium dodecyl
sulfate (SDS), diglycidyl ether of Bisphenol A (DGEBA), poly(ethylene glycol)
(PEG) with 400 and 1000 g/mole molecular weight, separately. Suppliers, chemical
structures and some of the physical properties of the surface modifiers are shown
in Table 3.2.
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Table 3.2 Properties and suppliers of the surface modifiers

Material Supplier Specifications

Sodium dodecyl Sigma Aldrich  Molecular Weight, 288 g/mole

sulfate Melting Temperature, 204C
CMC, 7-10 mM

Diglycidyl ether of Hexion Epoxide Equivalent Weight,

bisphenol A 185-192 g/eq.

Density, 1.17 g/mlat 25 C
Poly(ethylene glycol) Sigma Aldrich  Molecular Weight,

400, 1000 g/mole

Density, 1.12 g/ml at 20 T

3.1.1.2.1 Procedures of Carbon Nanotube Surface Modification

During surface treatment with sodium dodecyl sulfate, 200 ml 10 mmol/L distilled
water/SDS solution were prepared. Purified carbon nanotubes were added into this

solution and sonicated in ultrasonic bath for 4 hours at 80<C.

During surface treatment with diglycidyl ether of Bisphenol A, purified carbon
nanotubes were sonicated in 200 ml acetone/10 ml DGEBA solution at 80°C for 5

hours. Potassium hydroxide (KOH) was used as catalyst.

During surface treatment with poly(ethylene glycol), first 200 ml 0.04 M Nickel
chloride (NiCl,)/distilled water solution was prepared. Purified carbon nanotubes
and 10 ml PEG with 400 or 1000 g/mole molecular weight were added to the

solution. This mixture was sonicated in ultrasonic bath for 4 hours at 80°C.

At the end of the sonication, modified carbon nanotubes (SDSCNT, DGEBACNT,
PEG400CNT and PEG1000CNT) were filtered with the 0.2 um pore sized filter
paper in order to recover the carbon nanotubes from the solution, washed with
distilled water and dried at 100°C for 24 hours.
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3.1.2 Poly(ethylene terephthalate)/Carbon Nanotube Composites
In this part of the dissertation, amorphous poly(ethylene terephthalate), delivered

by AdvanSA, was used for the processing of the conductive polymer composites.

Table 3.3 summarizes the properties of commercial grade PET.

Table 3.3 Properties of commercial grade poly(ethylene terephthalate)

Material Trade name and Specifications

Supplier

Poly(ethylene Melinar; AdvanSA Melting Temperature, 255C
terephthalate) (Turkey) Electrical Resistivity, 10'* ohm.cm
Density, 1.4 g/cm®

During composite preparation, PET pellets were compounded with as received,
purified and modified carbon nanotubes in a co-rotating twin screw extruder
(Thermo PRISM TSE-16-TC, L/D = 24) shown in Figure 3.1. The amount of carbon

nanotubes in the composites was 0.5 wt. %.

Figure 3.1 A photograph of the co-rotating twin screw extruder
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The extrusion processes were performed with the temperature profile of 230-255-
260-265-270 °C and at a screw speed of 120 rpm. Prior to the extrusion processes,
PET pellets were ground into powder form by using a Wiley mill intermediate model
grinder (Arthur H. Thomas Co., Philadelphia) (Figure 3.2). PET powder and carbon
nanotubes were mixed at predefined weights and fed from the main feeder of the
extruder during composite preparation. Before the extrusion and molding
processes, PET powder and composite pellets were dried in a vacuum oven for 24
hours at 90° C.

Figure 3.2 A photograph of the grinder

Specimens of composites for tensile, impact testing and electrical conductivity
measurements were prepared by using injection and compression molding devices
at 280°C. During compression molding (Figure 3.3), samples were preheated and
molded at 50 bar oil pressure for 1.5 minutes and 150 bar oil pressure for 1 minute,
respectively. Compression molded samples were quenched to room temperature
by tap water. Injection moldings (DSM Micro 10 cc Injection Molding Machine)
(Figure 3.4) of the samples were performed at 15 bar and 30 °C mold temperature.
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Figure 3.3 A photograph of the compression molding device

Figure 3.4 A photograph of the injection molding device
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Moreover, the effect of carbon nanotube concentration on the electrical and
mechanical properties of PET/CNT composites were investigated by compounding
PET with ASCNT, pCNT and PEG1000CNT in the co-rotating twin screw extruder
to obtain 0.25, 0.5, 1, 2 and 4 wt. % of carbon nanotube containing composites.
The extrusion and molding processes of the composites were performed with the

same devices and according to the procedures explained before.

3.2 Microfiber Reinforced High Density Polyethylene/Poly(ethylene

terephthalate)/Carbon Nanotube Composites

In this part of the dissertation; high density polyethylene delivered by PETKIiM,
poly(ethylene terephthalate) and multi walled carbon nanotubes were used for the
preparation of the composites and blends. Some of the properties of commercial

grade HDPE are given in Table 3.4.

Table 3.4 Properties of commercial grade high density polyethylene

Material Trade name and Specifications

Supplier
High density Petilen S0464; Melting Temperature: 140C
polyethylene PETKIM (Turkey) Electrical Resistivity: 10" ohm.cm

Density: 0.964 g/cm?®

Microfiber reinforced composites and conventional systems were prepared in a two
step extrusion process. Before blending, HDPE and PET pellets were dried in a
vacuum oven at 60 °C for 4 hours and at 90 T for 24 hours, respectively. During
the first extrusion, HDPE and PET were mixed in a corotating twin screw extruder
(Thermoprism TSE 16 TC, L/D = 24). The HDPE/PET ratios were selected as
90/10, 80/20, 70/30, 60/40 and 50/50. HDPE/PET blends, which were obtained in
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first extrusion, were mixed with ASCNT in the second extrusion and the mixture
from the extruder die was hot stretched by using a speed adjustable take-up device
(Siemens Micromaster 440) in order to form the PET/ASCNT microfibers in the
HDPE matrix at the hot stretching speed of 5.8 m/min (Figure 3.5). The hot-
stretching ratio (the ratio of the cross-sectional areas of extrudate to hot stretched
sample which was drawn by the take-up device) was 19.6, since it was the ultimate
speed of the take-up device at which continuous microfibrillar composite
processing with uniform dimensions could be performed. The HDPE/PET part was
(100 — X) % of the composite, where x was the ASCNT amount in the composite
and it was kept constant as 0.5 wt. %. The carbon nanotube amount in the PET
phase of the HDPE/PET/CNT composites were 5, 2.5, 1.67, 1.25 and 1 wt. % for
the HDPE/PET ratios of 90/10, 80/20, 70/30, 60/40 and 50/50, respectively.
Conventional composites and blends were prepared at the same compositions with
the microfiber reinforced composites according to the same procedure given above
without the hot-stretching process. Extrusion processes were performed at a barrel

temperature profile of 190-210-230-250-270 °C, and a screw speed of 120 rpm.
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Figure 3.5 Experimental set-up for the preparation of the microfiber reinforced

composites
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In the second part of the microfiber reinforced composite studies, microfiber
reinforced polymer composites were also prepared in a two step extrusion process.
Firstly, HDPE and PET were blended in the co-rotating twin screw extruder
(Thermoprism TSE 16 TC, L/D = 24) at a fixed (80/20 by weight) HDPE/PET ratio,
since this ratio resulted in better mechanical properties in the first part of the
studies. During second extrusion HDPE/PET blends were mixed with ASCNT,
pPCNT, PEG1000CNT at 0.25, 0.5, 0.75, 1, 1.5 wt. % concentrations. The
HDPE/PET part was (100—x) % of the composites, where x was the CNT amount in
the composites. The carbon nanotube amounts in the PET phase of the
HDPE/PET/CNT composites were 1.25, 2.5, 3.75, 5 and 7.5 wt. % for the carbon
nanotube loadings of 0.25, 0.5, 0.75, 1 and 1.5 wt. %, respectively. The procedure
and the experimental conditions for the microfiber reinforced composite preparation

were the same as the first part of the studies.

Specimens for tensile, impact testing and electrical conductivity measurements
were prepared by using injection and compression molding devices, respectively,
at 210°C. The PET based microfibers were considered to be preserved at this
temperature because of the high melting point of PET (~255°C). In order to
observe the effect of molding temperature on microfiber structure, composites were
also molded at 240°C and 280°C. During compression molding, samples were
preheated and molded at 50 bar oil pressure for 1.5 min. and 150 bar oil pressure
for 1 min., respectively. Compression molded samples were quenched to room
temperature by tap water. Injection moldings (DSM Micro 10 cc Injection Molding
Machine) of the samples were conducted under 15 bar pressure and at 30 °C mold
temperature. Conventional composites and blends were molded at the same

conditions used for the microfiber reinforced composites.

Injection and compression moldings of the microfiber reinforced composites, which
were prepared in the second part of the studies, were performed at 210°C.
Furthermore, the effect of molding temperature on the composite properties was
investigated by molding the microfibrillar composites at 280°C. The procedure and
the experimental conditions for the microfiber reinforced composite moldings were

the same as the first part of the studies.
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3.3 Characterization Methods for the Carbon Nanotube and Conductive
Polymer Composite Samples

In the poly(ethylene terephthalate)/carbon nanotube composites prepared with
surface treated carbon nanotubes and microfiber reinforced high density
polyethylene/poly(ethylene terephthalate)/carbon nanotube composites studies,
carbon nanotube and composite samples were characterized in terms of various
characterization methods. Carbon nanotube samples were characterized by means
of surface energy measurements, Fourier Transformed Infrared Spectroscopy
(FTIR), Electron Spectroscopy for Chemical Analysis (ESCA), X-Ray Diffraction
(XRD) analysis, Scanning Electron Microscopy (SEM) and Thermogravimetric
Analysis (TGA) and quantitative assessment of carboxylic acid groups analysis.
The techniques used for the characterization of the composite samples were
surface energy measurement analysis, electrical resistivity measurements, tensile,
and impact testing, Scanning Electron Microscopy (SEM), Differential Scanning
Calorimetry (DSC) analysis, Fourier Transformed Infrared Spectroscopy (FTIR),
Nuclear Magnetic Resonance (NMR) spectroscopy and melt viscosity

measurements.

3.3.1 Surface Energy Measurements

Surface energy components (ysqi- total surface energy, ySondd: dispersive
component of total surface energy, ysoid”: polar component of total surface energy,
«/SOHdA: acidic component of total surface energy, ySOHdB: basic component of total
surface energy) of the carbon nanotube samples, PET/CNT composites, neat
HDPE and PET were determined by measuring the contact angles of probe liquids
on sample surfaces according to the Sessile drop method. Contact angle
measurements of the composites and neat polymers were conducted on the
compression and injection molded samples. Carbon nanotube particles were
pressed as discs with 12 mm diameter and 1 mm thickness under 150 bar oil
pressure by using the compression molding machine, and contact angles of probe
liquids were determined from these pressed surfaces [159]. Diiodomethane (DIM),

ethylene glycol (EG) and formamide (FA) were used as probe liquids. DIM was
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selected to calculate the dispersive component of total surface energy. Meanwhile,
EG and FA were used to calculate the polar component of total surface energy.

Surface energy components of probe liquids are given in Table 3.5 [158].

Table 3.5 Surface energy components of probe liquids, (mN/m)

Probe Liquid YLiquid 'YLiquidd Yiiquid® YLiquidA YLiquidB
DIM 50.80 50.80 - - -

EG 48.00 29.00 19.00 3.00 30.10
FA 58.00 39.00 19.00 2.30 39.60

3.3.2 Fourier Transformed Infrared Spectroscopy

Fourier Transformed Infrared Spectroscopy (FTIR) (Shimadzu IRPrestige 21) was
used to investigate the presence of reactive groups on the carbon nanotube
surfaces, resulted from the purification and surface treatment of carbon nanotubes.
The infrared spectra of carbon nanotubes pressed with KBr were recorded in the
range of 400-4000 cm™. The FTIR spectra of the neat PET and PET/CNT

composites were recorded with Attenuated Total Reflectance (ATR) apparatus.

3.3.3 Electron Spectroscopy for Chemical Analysis

Surface chemical structure of carbon nanotube samples were also analyzed by
Electron Spectroscopy for Chemical Analysis (ESCA) with a Specs model
spectrometer (aluminum radiation at 1 W). The high resolution spectrum of oxygen
and carbon (O1s and C1s) were recorded with pass energy of 48 eV under 10™ Pa
vacuum. A non-linear background was removed from the spectra and they were

fitted by using curve fitting program of XPSPeak41.
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3.3.4 X-Ray Diffraction Analysis

X-ray diffraction (XRD) patterns of carbon nanotube samples were obtained with a
twin tube X-ray diffractometer (100 kV Philips (PW/1050)) providing CuKa radiation
(A=0.15418 nm) at 40 kV and 40 mA.

3.3.5 Scanning Electron Microscopy

Morphological analyses of the carbon nanotube samples and PET/CNT
composites were performed by using a Scanning Electron Microscope (SEM)
(Zeiss Supra 50 V). The SEM micrographs of the PET/CNT composites were
obtained from the impact fractured surfaces of the injection molded specimens.
The morphological analyses of the microfiber reinforced composites
(HDPE/PET/CNT) studies were conducted by using a Scanning Electron
Microscope (JEOL JSM-6400). Before the SEM analyses, composite samples were
coated with a thin layer of gold to prevent the accumulation of static electric field

during imaging.

Prior to morphological analysis selected samples were etched in hot xylene at
135 for 45 minutes in order to remove the HDPE ph ase from the composites and
observe microfibrillar morphology easier. In addition, some of the samples were
etched in trifluoro acetic acid at room temperature for 6 hours, for determining the
size of the PET and PET/CNT phases. Since trifluoro acetic acid etching removes
the PET and PET/CNT phase from the composites, these phases are observed as
hollow spherical particles dispersed in HDPE phase in the SEM micrographs.
Domain sizes of the PET and PET/CNT phases in the blends and composites were
determined from the SEM micrographs by using image analysis software (Image
J). Two SEM micrographs were analyzed for each sample and at least 300 hollow
spherical particles were taken into account. The total area of the black holes in the
samples was determined by using the image analysis software by transforming
these black holes into ellipsoids and calculating the total area of these ellipsoids
(Figure 3.6). Finally, the average diameters of the PET and PET/CNT phases were

calculated by using the total area calculated from these analyses.
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Figure 3.6 Transformation of PET or PET/CNT domains into ellipsoids during

image analyses of the samples

3.3.6 Thermogravimetric Analysis

The thermal stability of carbon nanotube samples and the presence of the surface
modifiers on the carbon nanotube surfaces were investigated with
Thermogravimetric Analysis (TGA) by using a Shimadzu DTG-60/DTG-60A thermal
analyzer. The temperature range of the analysis was from 30°C to 1400°C. Heating

rates of the samples were 25C/min.

3.3.7 Quantitative Assessment of Carboxylic Acid Groups Analysis

Carbon nanotubes were analyzed quantitatively to determine carboxylic groups
(COOH) concentration on the carbon nanotube surfaces after surface treatment.
During the analysis, first carbon nanotubes were put into distilled water, and bath
sonicated for 1 h. After this, 50 ml. solution of 0.01 N NaOH was added and the
mixture was stirred overnight. The mixture was then filtered and washed with
distilled water. The filtrate was titrated with 0.01 N HCI solutions to determine the
NaOH amount in the filtrate [66]. The difference in the amounts of NaOH added to
the carbon nanotube suspension and left in the filtrate solution showed the amount

of NaOH molecules that were attached to the carbon nanotube samples. The
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carboxylic acid concentration [COOH] (mol COOHg nanotube) on carbon

nanotubes were calculated from the following equation;

[COOH]= [(VNaOHN NaOI-‘) —(V ncN HC)]/ M cnr (3.1)

where Vyaon (Ml) was the volume of NaOH added to carbon nanotube suspension,
Vua (ml) was the volume of HCI used for the titration of the filtrate, Nnaor Nhc) were
the normalities of the solutions (0.01 N) and mcnr (g) was the carbon nanotube
sample weight.

3.3.8 Electrical Resistivity Measurements

The electrical resistivity measurements of the compression molded composites
were performed according to two point probe method, which was connected to a
Keithley 2400 constant current source meter (Figure 3.7). For better electrical
contact, copper wires were placed into the samples during compression molding.
Resistivity measurements were conducted at room temperature by contacting the
probes to the copper wires. The averages of five measurements were reported for
each composite.

Figure 3.7 A photograph of the Keithley 2400 constant current source meter
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3.3.9 Tensile Tests

The tensile properties were investigated by using a Shimadzu Autograph AG-100
KNIS MS universal tensile testing instrument (Figure 3.8), according to ISO 527-2
5A standards at room temperature. Injection molded tensile specimens had a
thickness of 2 mm, a width of 4 mm and a gauge length of 20 mm. According to the
gauge length and a strain rate of 0.1 min®, the crosshead speed of testing
instrument was selected as 2 mm/min. Five specimens of each sample were tested
and the averages of these tests were reported with standard deviations (Appendix
A, Tables A.1-A.6). All tensile strength and elongation values reported in the

dissertation were measured at the break point.

Figure 3.8 A photograph of the Shimadzu Autograph AG-100 KNIS MS tensile

testing machine

3.3.10 Impact Tests

Impact strength of the samples were determined by using a Ceast Resil Impactor
6967 impact testing device (Figure 3.9) according to ASTM D 5942 standards,
instrumented with a 7.5 J hammer, at room temperature. Injection molded impact

specimens had a thickness of 4 mm, a width of 10 mm and a length of 80 mm. Five
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specimens of each sample were tested and the averages of these tests were

reported with standard deviations (Appendix A, Tables A.1-A.6).

Figure 3.9 A photograph of the Ceast Resil Impactor 6967 impact testing machine

3.3.11 Differential Scanning Calorimetry Analysis

Thermal properties of the composites were investigated by using a Differential
Scanning Calorimeter (DSC) (Shimadzu DSC-60) with heating rate of 5 °C/min in a
temperature range from 30 °C to 300 °C. Glass transition (Tg), cold crystallization
(Te) and melting (T,) temperatures of polymer phases in the composites were
determined from the DSC thermograms (Appendix D). AH’;, values of the HDPE
and PET are used as 207 J/g and 138 J/g, respectively during percent crystallinity

calculations [176].

3.3.12 Nuclear Magnetic Resonance Spectroscopy

Solid state Nuclear Magnetic Resonance (NMR) analysis of neat PET and
PET/CNT composites was performed with CP/MAS '*C NMR (Bruker
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Superconducting FT.NMR Spectrometer Avance TM 300 MHz WB) in the chemical
shift range from -40 to 250 ppm. Samples were ground into powder form before the

analyses.

3.3.13 Melt Viscosity Measurements

Melt viscosities of the HDPE, PET and PET/CNT composites were determined by
using a Dynisco LCR-7001 capillary viscometer at 260°C in a shear rate range
from 10 to 600 1/s. In the first part of the microfiber reinforced composite studies,
the carbon nanotube content of the HDPE/PET/CNT composite systems is
constant (0.5 wt. %), but the carbon nanotube amount in PET phase differs as PET
composition changes from 10 to 50 wt. %. Hence, the melt viscosities of PET/CNT
composites containing 1, 1.25, 2.5 and 5 wt. % carbon nanotube were measured
and illustrated. In the second part of the microfiber reinforced composite studies,
the HDPE/PET ratio of the HDPE/PET/CNT composite systems is constant (80/20
by weight), but the carbon nanotube amount in PET phase differs as carbon
nanotube composition changes from 0.25 to 1.5 wt. %. Hence, the melt viscosities
of PET/CNT composites containing 1.25, 3.75 and 7.5 wt. % carbon nanotube

were measured and illustrated.

3.4  Epoxy/Carbon  Nanotube Composites and  Epoxy/Carbon

Nanotube/Glass Fiber Composite Panels

The preparation and characterization of carbon nanotubes, epoxy/CNT composites
and epoxy/CNT/glass fiber composite panels, samples were performed in the
Mechanical and Aerospace Engineering Department of University of California at
Davis. Hence, the preparation methods were selected according to the availability
of equipments. The composite panels prepared in this study are designated to be
used in the aerospace applications. In this study; epoxy resin delivered by Proset,
multi walled carbon nanotubes and glass fiber delivered by Applied Vehicle

Technology were used for the production of the composites and panels. Some of
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the physical properties of these materials are shown in Table 3.6. Chemicals used

for the preparation of the epoxy/CNT composites are given in Table 3.7.

Table 3.6 Information for the materials used during the production of the

composites and panels

Material Supplier Specifications

Epoxy/Hardener Proset 117LV/237; Density, 1.08 g/cm?®

Proset (USA) Viscosity, 36 Pa.s
Glass Transition Temp., 86C
Glass Fiber AVT 7715; Weight, 245.8 g/m?
Applied Vehicle Thickness, 0.229 mm

Technology (USA) Poisson’s Ratio, 0.25

Table 3.7 Chemicals used for the preparation of the epoxy/CNT composites

Function Material Supplier
Surface Hexamethylene diamine Alfa Aesar
Modifier (HMDA)
(H2N(CH2)sNH>)
Nonionic 4-octylphenol polyethoxylate Integra Chemical Company
Surfactant (Triton X-100)
(C14H220(C2H40)10)
Cationic Cetyl Pyridinium Chloride MP Biomedicals
Surfactant (CPC)
(C21HgNClI)
Solvent Acetone Sigma-Aldrich
(OC(CHz)2)
Solvent Ethyl Alcohol Sigma-Aldrich
(C2HsOH)
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3.4.1 Surface Treatment of Carbon Nanotubes

0.2 g. of as-received carbon nanotube (ASCNT) were mixed with 5 wt. %
hexamethylene diamine (HMDA) containing 200 ml. solution. This mixture was
sonicated in an ultrasonic bath (Fisher Scientific FS30D) at 25 <C for 2 hours. The
sonicated mixture was stirred at 120 € for 5 days by using a magnetic stirrer. After
the stirring process, carbon nanotubes were filtered out from the solution by using
a 0.2 um pore sized filter paper (Millipore Isopore) and washed with the excess
water and ethyl alcohol in order to remove the residual unreacted diamine from the
carbon nanotube surface. Finally modified carbon nanotubes (MCNT) were dried at
100 <C for 24 hours.

3.4.2 Preparation of Epoxy/Carbon Nanotube Composites

Epoxy/CNT composites were prepared with the help of solvent assisted sonication
technique. In the first part, effects of carbon nanotube concentration were
investigated by preparing epoxy/ASCNT composites including 0.25, 0.5, 0.75 and 1
wt. % ASCNT. In the second part, carbon nanotube amount in the composites
were kept constant at 0.5 wt.%. During composite preparation carbon nanotubes
were mixed with solvent (acetone or ethyl alcohol) firstly and if a surfactant was
used, Triton X-100 or CPC was added to this mixture. The mixture was sonicated
at 25 € for 60 minutes. After the first sonication epoxy resin was added and the
mixture was sonicated 30 minutes more. Then, solvent was evaporated by stirring
the mixture at 50 C for 6 hours. Finally the harde ner was added and mixed for 5
minutes. This mixture was degassed in a vacuum chamber (Figure 3.10 (a)) for 60
minutes in order to get rid of the air bubbles. Epoxy/CNT mixtures were poured into
silicone molds for the preparation of the electrical (Figure 3.10 (b)) and mechanical
(Figure 3.10 (c)) test's specimens. Curing of the composites was performed at
room temperature for 15 hours and at 82 for 8 hou rs in a vacuum oven (Yamato
DKNG600). The amount of surfactant used during the composite processing was
determined according to the critical micelle concentrations (CMC) of the
surfactants. Tenfold of the CMC was used for the both surfactants (CMC of Triton
X-100 is 2 mM [177] and CMC of CPC is 1 mM [67]). Ethyl alcohol was used as
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solvent during the preparation of the composites with CPC (CPC is not soluble in
acetone). Acetone was used as solvent during the preparation of all the other
composites due to its higher volatility. After the characterization studies of carbon
nanotubes and epoxy/CNT composites, CPC was observed to be a more effective
surfactant for the preparation of the composites than Triton X-100. Hence, it was
selected as the surfactant during the production of the glass fiber reinforced

composite panels.

(b) (©)

Figure 3.10 Equipments for the preparation of the epoxy/CNT composite samples
(a) vacuum chamber, (b) silicone mold for the electrical resistivity measurement

samples, (c) silicone mold for the tensile testing samples

3.4.3 Preparation of Epoxy/Carbon Nanotube/Glass Fiber Composite
Panels

The composite panels were prepared separately by hand lay-up for the tensile,
fatigue and impact tests. The panels which were used during the tensile and
fatigue tests were prepared from 9 layers of unidirectional glass fiber with a [(O,
90),, O] stacking sequence. The preparation of these panels were performed by
using neat epoxy, 0.5 wt. % carbon nanotube containing epoxy/ASCNT,
epoxy/mCNT, CPC assisted epoxy/ASCNT and epoxy/mCNT mixtures as matrices.

The panels which were used during the impact tests were prepared from 15 layers
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of unidirectional glass fiber with a [(0, 90),, 0] stacking sequence. The preparation
of impact test panels were performed by using 0.5 wt. % carbon nanotube
containing epoxy/ASCNT and CPC assisted epoxy/mCNT mixtures as matrices. All
the epoxy/CNT mixtures were prepared according to the procedure which is
explained in the preparation of epoxy/CNT composites section and the curing of
the panels were also performed at room temperature for 15 hours and then at 82C
for 8 hours under vacuum. The samples for the mechanical and electro —
mechanical tests were obtained by cutting from the panels. The general procedure

for the preparation of the glass fiber reinforced panels is shown in Figure 3.11.

Solvent Evaporation and Vacuuming for the
. Addition of Hardener on Elimination of Air
Ultrasonication Magnetic Stirrer Bubbles

Vacuum

o>

Solvent/EpoxylCNTI .

Surfactant (If used)
Speed Temp
00

Curing in the Oven Bagging and Hand Lay-up for the
Vacuuming Preparation of Composite
Panel Structures
|—* test spcimens after cutting

Figure 3.11 General procedure for the preparation of composite panels

Time Temp
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3.4.4 Characterization Methods for the Carbon Nanotube and Composite
Samples

The characterization methods used in this part of the dissertation were selected
according to the availability of the equipments in the Mechanical and Aerospace
Engineering Department of University of California at Davis. Carbon nanotube
samples were characterized by means of Fourier Transformed Infrared
Spectroscopy (FTIR), X-Ray Diffraction (XRD) analysis, suspension stability
analysis, and Scanning Electron Microscopy (SEM). The techniques used for the
characterization of the composite samples were Scanning Electron Microscopy
(SEM), optical microscopy, electrical resistivity measurements, tensile, fatigue,

impact testing, and electro-mechanical testing.

3.4.4.1 Fourier Transformed Infrared Spectroscopy

Generation of chemical functional groups on carbon nanotube samples after
surface treatment was confirmed by using Fourier Transformed Infrared
Spectroscopy (FTIR). The wave number range during FTIR analysis was between
400 cm™ and 4000 cm™. The analyses were performed by using a Shimadzu

IRPrestige 21 spectrometer.

3.4.4.2 X-Ray Diffraction Analysis

X-ray diffraction (XRD) patterns of carbon nanotube samples were obtained by
using a twin tube X-ray diffractometer (Scintag XDS 2000 providing CuKa radiation
(A=0.15418 nm) at 45 kV and 40 mA.
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3.4.4.3 Suspension Stability Analysis of Carbon Nanotube Samples

Suspension stabilities of the carbon nanotube samples in acetone and ethyl
alcohol (EA) were determined by sonicating the 0.05 g. carbon nanotubes in 5 ml.
solvent for 60 minutes and taking the pictures of the suspensions during definite
time intervals (after 5 minutes, 60 minutes, 240 minutes, 24 hours, 48 hours). The
effect of surfactant usage on the stabilities of the suspensions was also

investigated by preparing Triton X-100 and CPC assisted epoxy/CNT mixtures.

3.4.4.4 Scanning Electron Microscopy and Optical Microscopy

The morphological analyses of the carbon nanotube samples and composites were
performed by using a Scanning Electron Microscope (SEM) (Philips EDAX
XLFEG). Moreover, dispersion homogeneities of the carbon nanotubes in
epoxy/CNT composites were determined with optical microscopy (Nikon

metallographs equipped with CCD cameras).

3.4.4.5 Electrical Resistivity Measurements

The electrical resistivities of the composites were measured with two point probe
method, which was connected to a Keithley 199 (Figure 3.12) constant current
source meter. The measurements were performed by contacting the copper
electrodes, which were embedded into samples before curing, to the probes of the

source meter.
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Figure 3.12 A photograph of the Keithley 199 constant current source meter

3.4.4.6 Tensile Tests

Tensile properties of the epoxy/CNT composites were investigated by using a MTS
810 universal tensile testing instrument (Figure 3.13), according to ASTM 638-03
standards. The specimens had a thickness of 2.7 mm, a width of 13 mm and a
gauge length of 50 mm. According to the gauge length and a strain rate of
0.1 min™, the crosshead speed of testing instrument was selected as 5 mm/min.
Tensile properties of the glass fiber reinforced composite panels were investigated
according to the ASTM D3039 standards. The specimens had a thickness of 2.8
mm, a width of 25 mm and a gauge length of 155 mm. The crosshead speed of the
testing instrument was selected as 2 mm/min. Five specimens of each sample
were tested and the averages of these tests were reported with standard
deviations (Appendix A, Tables A.7-A.9). All tensile strength and elongation values
reported in the dissertation were measured at the break point.
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Figure 3.13 A photograph of the MTS 810 tensile testing instrument

3.4.4.7 Fatigue Tests

The fatigue tests of the composite panels were also performed with MTS 810
universal tensile testing instrument at 10 Hz frequency. The dimensions of the
specimens were the same as the dimensions of the tensile test samples. During
the load cycles the ratio of the minimum load to maximum load was selected as 0.7

(R=0.7) for all specimens.

3.4.4.8 Impact Tests

The impact tests of the composite panels were conducted by using an Instron
Dynatup 9250G instrument (Figure 3.14) according to the ASTM D7136 standards.
The dimensions of the specimens were 80 mm width, 4 mm thickness and 130 mm
length. During the tests the panels were impacted at 5 different energy levels (10J,
20J, 30J, 50J and 70J).
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Figure 3.14 A photograph of the Instron Dynatup 9250G impact tester

3.4.4.9 Electro-Mechanical Tests

The electrical resistivity changes of the composite panels during the tensile, fatigue
tests (Figure 3.15 (a)) and impact tests (Figure 3.15 (b)) were measured by two
point probe method with the help of the copper electrodes which were placed on
the edges, top and bottom surfaces of specimens (Figure 3.16). Silver paste was
used in order to decrease the contact resistance between the copper electrodes
and sample surface. The percent changes (AR) in the electrical resistivities of the

specimens were calculated according to the relationship:

AR =[(R, - R,)/R,]x10C (3.2)
where, R, is the electrical resistivity measured between the electrodes before the
tests and R; is the electrical resistivity measured between the electrodes during and

after the tests. The specimens for tensile and fatigue electro-mechanical tests have
dimensions with a thickness of 2.8 mm, a width of 25 mm and a gauge length 155
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mm. The dimensions of the specimens for impact electro-mechanical tests were 80
mm width, 4 mm thickness and 130 mm length.

(b)

Figure 3.15 Electro-mechanical tests (a) during tensile and fatigue tests, (b) during

impact test

The surface electrodes (on
the top and bottom surfaces) ~Tensile and Fatigue Specimens

Impact Specimen
/\

155 mm

4 mm

Y T~ The edge electrodes  Electrodes are placed at the two edges
130 mm (onthe four edges)  of the specimens

Figure 3.16 Placement of the copper electrodes on the tensile, fatigue and impact
specimens for the electro-mechanical tests
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CHAPTER 4

RESULTS AND DISCUSSION

The main aim of this dissertation is to prepare conductive polymer composites with
improved electrical and mechanical properties. For this purpose, carbon nanotube
surface treatment and different processing methods were performed during the
preparation of the composites. The results of these studies are explained in three
main parts in this chapter. In the first part, characterization results of the carbon
nanotube surface treatment and PET/CNT composites are explained. The second
part contains the characterization results of the microfiber reinforced
HDPE/PET/CNT composites. The final part includes the characterization results of

the epoxy/CNT composites and epoxy/CNT/glass fiber composite panels.

4.1 Surface Treatment of Carbon Nanotubes and Poly(ethylene

terephthalate)/Carbon Nanotube Composites

Surface treatment studies of carbon nanotube and preparation of PET based
composites will be explained in two subsections. In the first part, the
characterization results of the carbon nanotube purification with strong acids,
strong bases, with their mixtures and usage of these carbon nanotubes in the
composites will be described. In the second part, the characterization results of
surface modification of carbon nanotube with low molecular weight chemicals and
PET/CNT composites prepared by using purified and modified carbon nanotubes

will be explained.
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4.1.1 Purification of Carbon Nanotubes and Poly(ethylene
terephthalate)/Carbon Nanotube Composites

The results of the characterization experiments of the purified carbon nanotube
and PET/CNT conductive polymer composite samples will be explained in this

section of the dissertation.

4.1.1.1 Surface Energy Measurements of Carbon Nanotubes

The alteration in the surface properties and creation of new functional groups on
the surface of carbon nanotubes directly change the contact angles between the
carbon nanotube surface and probe liquids due to the differences in the carbon
nanotube surface wettings by probe liquids. This change differ the surface energy
components (Equations 2.3-2.5) of purified carbon nanotubes with respect to each
other and when compared to ASCNT (Table 4.1). Acidic component (ysoid') of the
surface energy increases as the treatment time increases in HNOs/H,SO, (1:3)
mixture (CNT 1-4), due to the acidic carboxyl groups formed on the carbon
nanotube surface during acid treatment [178]. The formation of these groups is
also observed in the FTIR and ESCA spectra of carbon nanotubes. 15 minutes of
purification seem to be short for the formation of new functional groups on carbon
nanotube surface, since no significant change in the polar components of surface
energy is observed for CNT1. On the other hand, the acidic component of CNT4 is
nearly two times that of ASCNT. Total surface energy of carbon nanotubes (ysiig)
remain constant, while basic component («/SOHdB) decreases with rising treatment
time due to the growing number of oxygen containing carboxylic acid functional
groups present on the surface [178]. Sulfuric acid is a strong acid, and an oxidizing
agent. The main contribution, for the formation of carboxyl and hydroxyl functional
groups on the surface, is from H,SO, in acidic mixture, since the acidic component
of the surface energy decreases as H,SO, concentration in the HNO3/H,SO,
mixtures descends (CNT2, CNT5, and CNT®6).

After basic purification with NH,OH (CNT7) basic component of the surface energy

ascends much when compared to that of ASCNT. However purification with
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NH4OH/H,O, mixture does not cause an increase in the basic component of the

surface energy, and the polar component of the CNT8 is the lowest among all the

purified carbon nanotube types in this study due to the deficient sonication time to

form the chemical groups on carbon nanotube surface in a less oxidative basic

purification medium. The dispersive component of the surface energy (ysoid?) of
purified carbon nanotubes are lower than that of ASCNT (except CNT3 and CNT5),

which may arise from the decrease in the effective surface area of carbon

nanotubes after surface treatment [179].

Table 4.1 Surface energy components of

nanotube samples (mN/m)

the as-received and purified carbon

Code of

Treatment

Material Parameters ¥solid 'YsOndd Ysolid” 'YsOndA 'YsolidB

ASCNT - 46.14 35.67 10.47 217 12.62
HNO3/H,SO,

CNT1 (2:3) (15 min.) 41.31 31.76 10.55 2.23 1248
HNO3/H,SO,

CNT2 (2:3) (30 min.) 48.32 35.44 1288 3.73 11.35
HNO3/H,SO,

CNT3 (2:3) (60 min.) 47.29 3592 11.37 3.82 847
HNO3/H,SO,

CNT4 (2:3) (120 min.)  43.98 33.21 10.77 4.05 7.16
HNO3/H,SO,

CNT5 (2:1) (30 min.) 47.67 35.70 11.97 3.24 11.07
HNO3/H,SO,

CNT6 (3:1) (30 min.) 44.71 32.24 1247 3.04 12.80
NH,OH

CNT7 (30 min.) 45.04 31.56 1348 2.23 20.38
NH,OH/H,0,

CNT8 (2:1) (30 min.) 42.23 31.96 10.27 2.29 11.53
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4.1.1.2 Fourier Transformed Infrared Spectroscopy of Carbon Nanotubes

Figure 4.1 displays the FTIR spectra of ASCNT and purified carbon nanotubes.
There are certain peaks in the FTIR spectra of all the carbon nanotube samples
which belong to the carbon nanotube phonon modes and these peaks are
observed at the same wave number for all of the samples. As reported before in
the literature the bands at 2912 cm™ can be discounted as being due to CH,
stretching and observed in all carbon nanotube samples [38]. The peak at 1500
cm™ might be attributed to aromatic C=C stretching [7]. The peaks at 1571 and
1602 cm™ are the characteristic stretching vibrations of C-C bonds related to the
expected carbon nanotubes phonon modes [13, 38]. Small peaks at 1080 cm™ and
3440 cm™ indicate the presence of —OH groups on the surface and it is an
evidence for the presence of hydroxyl functional groups in carbon nanotube
surface before any surface treatment [13]. The peak at 2370 cm™ is also observed

for all samples and it represents the CO, absorption in air.

Purification with strong acids and bases cause some changes in FTIR spectra of
the samples. Some new peaks appear and intensities of some peaks increase.
After purification, the presence of peaks at around 1180 and 1718 cm™
corresponding to the stretching modes of the carboxylic acid groups [180, 181],
1637 cm™ corresponding to the H-bonded carbonyl groups (C=0) that conjugate
with (C=C) in the graphene wall, indicate the formation of carboxylic acid (COOH)
functional groups on carbon nanotubes surface. Also the peaks around 1240, 1740
and 1427 cm™ can be attributed to C-N stretching vibrations [32, 34], C=0
stretching mode and C-H bending vibrations [34]. It is observed that at certain
purification conditions, the intensities of the peaks corresponding to carboxyl and
hydroxyl groups generally become higher (CNT 2-5), which might be stated as
these purifications are more effective than the rest of the purification procedures in
terms of carbon nanotube surface treatment and formation of functional groups on

the carbon nanotube surface.
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Figure 4.1 FTIR spectra of as-received and purified carbon nanotube samples
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4.1.1.3 Electron Spectroscopy for Chemical Analysis of Carbon Nanotubes

ESCA spectra of ASCNT and purified carbon nanotubes are shown in Figure 4.2.
O1s spectrum of ASCNT is fitted to two peaks corresponding to metal oxides
(Oxygen atoms bonded to the metallic catalyst residues present on the carbon
nanotube) [182], C=0 or C-O and to a small peak corresponding to oxygen from
adsorbed H,0, which can be stated as a small amount of oxygen is present on the
carbon nanotubes surface in different chemical structures before any surface
treatment [183]. After purification, Ols spectra of purified carbon nanotubes are
fitted to peaks for C=0, C-O, C-O-C, OH, O-C=0 and hydroxide or carbonate
bound to NH,4 types of oxygen generally, which can explain the oxidation effect of
the purification mediums and formation of carboxyl and hydroxyl groups on the
carbon nanotubes surface. These functional groups are beneficial in terms of
increasing the chemical compatibility between carbon nanotube and poly(ethylene
terephthalate) (PET). Some of the hydroxyl groups present on carbon nanotube
surfaces might be attributed to water contamination results from the washing of
carbon nanotubes with distilled water after purification. The peaks appeared in the
ESCA spectra and the chemical structures corresponding to these peaks for all

carbon nanotube samples are explained in Table 4.2.

Intensities (electron counts) of the peaks in the Ol1s spectra of purified carbon
nanotube samples are higher than that of ASCNT, which indicate the increase in
the number of oxygen containing functional groups on the carbon nanotube
surface. This result figures out that, purification with acids and bases are
successful in terms of formation of hydroxyl and carboxyl based functional groups
on the surfaces of carbon nanotubes [182]. Moreover, increment in purification
duration for HNO3/H,SO, (1:3) mixture, results in an increase in the intensities of
the peaks in O1ls spectrum of carbon nanotube samples (CNT 1-4), which
indicates the higher oxidation occurring at longer purification periods. On the other
hand any decrease in the H,SO, content of the acidic purification medium (CNT2,
CNT5 and CNT6) descend the intensities of the peaks, due to the less effective
oxidation. The carbon-nitrogen interactions which are observed in FTIR spectra
(Figure 4.1) is also seen in the ESCA spectra as hydroxide or carbonate bound to
NH,4. This confirms the presence of nitrogen based chemical groups on the

surfaces of carbon nanotubes.

106



h; 3640 Lﬂ" 5000
=
o 3500 = 4500
o o
o 3540 o 4000
= e
£ gdmn = 2500
o )
] e
i) 3440} , , , | ) 300 i , : , : |
528 EM0 532 53 536 53 540 520 sp0 531 53! S35 3
Binding Energy (eV) Binding Energy (eV)
2 sg00 = 58500
= =
2 4500 =
< 4000 < 4500 CHT3
2500 -
=l 5 3500
& 1500 £ 2500
2000 - ’
1500 | . . . . . | E 1500 | —_— . . . . . . |
526 570 530 531 53 533 534 535 536 537 576 529 530 531 532 533 534 535 536 537
Binding Energy (V) Binding Energy (V)
£ moe £ se00
= 6000 5 ason
o 4000
o
= = 3000
3000 £ 2500
(]
L‘-_I 2000 5 2000
m 15[“"' } = = = = = T - 4 m 15'][' ! = = . T T T {
520 530 B30 532 E33 534 B 536 5 526 529 AR 531 532 533 53 35
Binding Energy (V) Binding Energy (eV)
2 4500 £ 4600
= 4000 = 4400
3 3800 CHTA < 4200 CHT?
2000 -
4000
= -~ 2 o
sl > & 3500
& o0 e S
o 1500 ey . i
fr] 1000 ) . , , . . | [ 3400
530 531 53 533 BB S35 36 52 sr A3 53r 534 536 3%
Binding Energy (eV) Binding Energy (eV)
£ 400
o
= 4200
el
T d00o
=
g 3600
D 2600
L&)
rrj 3400 | : , : , , |
526 526 530 531 534 sa6 53
Binding Energy (eV)

Figure 4.2 ESCA Ols spectra of as-received and purified carbon nanotube

samples
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Table 4.2 Peaks and chemical structures corresponding to these peaks in ESCA
O1s spectra and oxygen to carbon (O/C) ratios of as-received and purified carbon

nanotube samples

Code of Peaks (eV) o/C

Material ratio

530.4: Oxygen bonded to the metallic catalyst residues,
ASCNT 0.03
532.9: C=0 or C-0, 535.9: Oxygen from adsorbed H,0O

531.1: C=0, 531.8: OH, 532.6: C=0 or C-O

CNT1
533.4: C-O-C 0.22
531.6: OH, 532.6: C=0 or C-0O, 533.5: C-O-C
Nt 532.1: C=0, O-C=0 and C=0 (esters, anhydrides) 0.51
CNT3 531.8: OH, 532.5: C=0 or C-0, 533.4: C-O-C 0.54
531.7: OH, 532.8: C=0, 533.4: C-O-C, 534.1: C-O
ChT4 532.2: C=0, O-C=0 and C=0 (esters, anhydrides) 0.97
CNTS 530.8: Hydroxide or carbonate bound to NH,
532.1: C=0, O-C=0 and C=0 (esters, anhydrides) 0.33
CNT6 532.1: C=0, O-C=0 and C=0 (esters, anhydrides)
533.4: C-O-C 0.10
CNT7 530.8: Hydroxide or carbonate bound to NH,, 533.3: C-O-C
532.1: C=0, O-C=0 and C=0 (esters, anhydrides) 0.06
CNTS 530.8: Hydroxide or carbonate bound to NH,, 531.8: OH, 0.04

532.7: C=0 or C-0O, 533.7: C-O-C

Basic purification results in the formation of oxygen based chemical groups on the
surface of carbon nanotube to a certain extent. However this formation is more
effective in acidic treatment than the basic one, since intensities of the peaks in the
CNT7 and CNT8 O1s spectra are lower than those of carbon nanotubes purified by
using acids. Oxygen to carbon ratios (O/C) on the surface of the carbon nanotube
samples, are calculated by taking the ratio of the areas under the Ol1s and C1ls
curves in ESCA spectra for each sample [183] and are shown in Table 4.2. The
areas under the Ol1s and C1s curves are determined by integrating the wide scan

ESCA spectra data of the each carbon nanotube sample (Appendix B). These
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ratios also reveal the oxidation efficiency of the different purification conditions.
Oxygen to carbon ratio increases enormously with increasing treatment time for
HNO3/H,SO, (1:3) mixture. In addition, a decrease in H,SO, content of the acidic
purification mixture results in a sharp decrease in oxygen to carbon ratio of carbon
nanotube samples (CNT2, CNT5, and CNT®6). Basic purifications increased oxygen
to carbon ratio on the surface slightly, when compared to ASCNT. Apart from
ASCNT, no peaks for metal oxides were observed in ESCA spectra of the
samples, which mean that the catalyst residues were removed successfully during

purification.

4.1.1.4 X-Ray Diffraction and Scanning Electron Microscopy Analyses of

Carbon Nanotubes

Figure 4.3 shows the XRD patterns of as-received and purified carbon nanotubes.
It can be seen that, XRD patterns of ASCNT and purified carbon nanotubes are
similar to each other, which means that the purified carbon nanotubes have the
same graphitic cylinder wall structure with as received carbon nanotubes [184].
However, there are some changes in the crystalline structure of the carbon
nanotubes after purification. The small changes in the interplanar spacing between
the carbon nanotube aggregates (dy2) (Equation 2.20) (Table 4.3) of purified
carbon nanotubes do not cause a significant change in the position of the
characteristic peak at around 26° Also, this peak is sharper for ASCNT than those
of the purified carbon nanotube samples (CNT 2-4). The change in the sharpness
of this peak is due to the damage in the crystalline constitution of the samples.
Purification conditions which are more effective in terms of carbon nanotube
oxidation infest the crystallinity of carbon nanotubes. As the purification period for
HNO3/H,SO, (1:3) mixture increase the sharpness of the peak decrease due to the
longer exposure of carbon nanotubes to severe acidic conditions [171]. The
crystallite length (L) (Equation 2.21) and interplanar spacing between the carbon
nanotube aggregates (dqy2) are not calculated for the samples CNT 2-4. The main
peaks at 26° are very broad for these samples which indicate the increase in the
disordered amorphous carbon content of the carbon nanotube samples. Therefore,

it is meaningless to apply the calculation methods, which are used for the ordered
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graphitic structures, to the CNT 2-4 samples. Since the crystalline constitution is
important for final electrical and mechanical properties of carbon nanotubes and
composites based on these carbon nanotubes [16], there should be a balance
between the carbon nanotube surface oxidation and the preservation of crystalline
structure. Besides, purification with acidic mixtures which contains lower amount of
H,SO, (CNT5 and CNT6) and bases (CNT7 and CNT8) do not cause a significant
change in crystallite length of carbon nanotubes, due to more applicable treatment
conditions.
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Figure 4.3 XRD patterns of as-received and purified carbon nanotube samples

Table 4.3 Interplanar spacings (doo2) (A) and crystallite lengths (L.) (A) of as-
received and purified carbon nanotube samples

Code of Material 20 B doo2 L.
ASCNT 25.98 2.74 3.43 0.51
CNT1 25.44 3.00 3.50 0.48
CNT5 25.94 2.94 3.44 0.48
CNT6 25.54 2.82 3.48 0.50
CNT7 25.72 2.77 3.46 0.49
CNTS8 25.76 2.80 3.45 0.50
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The change in the structure of the carbon nanotube samples due to rough
purification can also be observed in SEM micrographs (Figure 4.4). Micrograph of
ASCNT showed that carbon nanotubes are randomly entangled in untreated
carbon nanotube. 120 minutes purified carbon nanotubes in HNO3/H,SO, (1:3)
mixture (CNT4) has a more compact morphology in which tubes are joined to each
other due to the dissolution of carbon nanotube bundles in purification medium,
when compared to that of ASCNT. On the other hand, SEM micrographs of the

other purified carbon nanotube samples resemble that of ASCNT.

Figure 4.4 SEM micrographs of selected as-received and purified carbon nanotube

samples
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4.1.1.5 Electrical Resistivity Measurements of Composites

Characterization experiments of the as-received and purified carbon nanotube
samples showed the differences of carbon nanotubes in terms of surface
properties and morphology with each other. After the characterization of carbon
nanotube samples, PET/CNT composites based on as-received and purified
carbon nanotubes were characterized in terms of electrical resistivity, mechanical
properties and morphology. Electrical resistivity values of PET/CNT composites are
shown in Figure 4.5. Electrical resistivity values of all composites are below 10*
ohm.cm, which confirm that, the carbon nanotube concentration (0.5 wt. %) in the
composites is higher than the percolation threshold concentration since electrical
resistivity values of all composites already outgone from insulator range to
semiconductor region. At the percolation threshold the formation of conductive
carbon nanotube networks occur, the conductive filler particles can contact each
other and conduct the electrical current throughout the composite [4].
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Figure 4.5 Electrical resistivity values of PET/CNT composites prepared with as-

received and purified carbon nanotubes

Electrical resistivity values of the composites including purified carbon nanotubes
are higher than that of PET/ASCNT composite. There might be several reasons for
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this consequence. After purification, carboxyl and hydroxyl groups (Table 4.2)
present on the carbon nanotube surface may increase the intrinsic electrical
resistivity of the individual carbon nanotube, due to the electrically insulating oxide
layer, resulted from the oxidation of carbon based structures. When these purified
carbon nanotubes are incorporated in a polymer matrix, this insulating region on
the surface limits the transportation of electrons effectively at the carbon nanotube
contact points and this increase the electrical resistivities of the composites [32,
37]. Composite which is prepared with CNT2 has higher electrical resistivity when
compared to those of the composites based on CNT5 and CNT6, due to the more
effective oxidation during purification (Figure 4.2). Purification with base mixtures
results in the lowest electrical resistivity among the composite systems based on
purified carbon nanotubes, as a result of the lower oxygen content on carbon

nanotube surface (Table 4.2).

Purification with strong acids damages the crystalline structure of carbon nanotube
and this also decreases the intrinsic electrical conductivity of individual carbon
nanotube [48]. XRD patterns of carbon nanotube samples reveal this damage in
crystalline structure (Figure 4.3) and this destruction ascend as the purification time
increase in HNO3/H,SO, (1:3) mixture (Table 4.3). As a result of these damages in
carbon nanotube structure, electrical resistivity values of the composites based on
purified carbon nanotubes increase as the chemical treatment time gets longer.
There is an approximately ten-fold difference between the electrical resistivity
values of PET/CNT1 and PET/CNT4 composites.

Interactions between carbon nanotubes and PET increase after purification, due to
the presence of functional groups on the surfaces of carbon nanotubes. Carboxyl
and hydroxyl functional groups on the surfaces of carbon nanotubes can interact
with the reactive end groups of PET. This might be another reason for the
decrease in this electrical conductivity of the composites including purified carbon
nanotubes [185]. Advanced reactivity between carbon nanotubes and PET can
increase the wetting of carbon nanotubes by PET and improve the dispersion of
carbon nanotube particles in the polymer matrix. Conductive nanotube particles
can be surrounded by insulating polymer matrix easily as the interactions between
filler and polymer increase. At this point, the polymer phase have the same

function with the insulating oxide layer and it decreases the conductivity of the
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composite, since it descends the number of contact points between the conductive

filler particles [186].

4.1.1.6 Tensile and Impact Tests of Composites

The reinforcement effect of the carbon nanotube particles in the polymer
composites depends on four main points. These are large aspect ratio, good
dispersion, alignment and effective load transfer from polymer to carbon nanotube
at the interphase. Among these four main factors, the most important one for
carbon nanotube reinforcement in the composite is that external stresses applied
to the composite are efficiently transferred to the carbon nanotubes [26]. In other
words the mechanical properties of the polymer composites strongly depend on the

extent of the interfacial interactions between the polymer matrix and the filler.

Carbon nanotube is a very strong material with an ultimate tensile strength and
modulus [43]. However, PET/CNT composites generally suffer from the weak
mechanical properties due to the poor dispersion capability and interfacial
adhesion of carbon nanotubes in the polymer matrix [22]. A sharp decrease in the
tensile strength value of the PET based composite with respect to neat PET can be
observed after the addition of ASCNT (Figure 4.6). This reduction can be explained
in terms of the weak interfacial adhesion between PET and inert carbon nanotube
surface, which causes debonding and pull outs of carbon nanotubes from the
surrounding matrix [7]. Also, poor dispersion and agglomeration of carbon
nanotube particles in the polymer matrix, due to the incompetent shear applied
during extrusion as a result of the low melt viscosity of PET might cause the
noticeable decrease in tensile strength. Carbon nanotube addition into PET
improves the tensile modulus due to the reinforcement effect of rigid fibrillar
particles with high aspect ratio (Figure 4.7) [187]. However, this enhancement is
limited in the PET/ASCNT composite due to the reasons which are discussed
above. Tensile strength, modulus and impact strength values of the composites
prepared with purified carbon nanotubes are higher than those of the PET/ASCNT
composite (Figures 4.6, 4.7 and 4.8). Oxygen containing carboxyl and hydroxyl

groups and defect sites on the carbon nanotube surface increase the mechanical
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interlocking and covalent bonding between carbon nanotubes and the PET matrix.
These interactions between composite constituents improve the efficiency of load
transfer from the PET to carbon nanotubes [188].
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Figure 4.6 Tensile strength values of neat PET and PET/CNT composites
prepared with as-received and purified carbon nanotubes

200
1500 -
1600 4
1400 -
1200 -
1000 -
a4
600
400
200 A

Tensile Modulus (MMPa)

Figure 4.7 Tensile modulus values of neat PET and PET/CNT composites

prepared with as-received and purified carbon nanotubes
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Figure 4.8 Impact strength values of neat PET and PET/CNT composites prepared

with as-received and purified carbon nanotubes

Tensile strength of the composite based on CNT2 show a maximum and as the
sonication time is increased in HNO3/H,SO, (1:3) purification medium, a decrease
in these properties is observed due to the breakdown in the crystalline structure
which is observed in X-Ray and SEM analysis (Table 4.3 and Figure 4.4).
PET/CNT3 and PET/CNT4 composites have lower tensile strength and modulus
values when compared to CNT2 filled composite. Damages in the graphitic wall
structures of carbon nanotubes decrease the bulk mechanical properties. These
directly affect the tensile and impact properties of the polymer composites [26].
Moreover, any decrease in the H,SO, concentration of the acidic purification
mixture causes a reduction in the tensile strength and modulus of the composites
slightly. Tensile and impact strength values of the composites based on CNT2 and
CNT5 are close to each other. The oxygen content on the surface of carbon
nanotubes are higher for CNT2 (Table 4.2), but the damage in the crystalline
structure is lower for CNT5 (Table 4.3). These two factors balances each other and
similar mechanical properties are observed for PET/CNT2 and PET/CNT5
composites. However, CNT6 based composite has lower strength values when
compared to PET/CNT2 and PET/CNT5 composites due to the lower oxygen
content of the surfaces of carbon nanotubes (Table 4.2). Basic purification could
not improve the mechanical properties as much as acidic purification do, due to the

limited oxidation of carbon nanotubes and chemical compatibility between
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composite constituents which decrease the degree of stress transfer in the
composite.

4.1.1.7 Scanning Electron Microscopy of Composites

The distribution of carbon nanotubes and their particle size play a distinct role in
the determination of electrical and mechanical properties of the composites [187].
Surface treatment helps the carbon nanotube dispersion in the composite due to
the ionic repulsions between the chemical groups on the surface and better
interfacial adhesion between PET and carbon nanotube. The composite containing
ASCNT appears to have less homogeneous carbon nanotube dispersion with
larger carbon nanotube agglomerates observable on the fracture surface when
compared to the composite based on CNT2 (Figure 4.9).

PET/ASCNT

o i

Figure 4.9 SEM micrographs of PET/ASCNT and PET/CNT2 composites
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4.1.2 Surface Modification of Carbon Nanotubes and Poly(ethylene
terephthalate)/Carbon Nanotube Composites

General procedure of the carbon nanotube surface modification consists of two
consecutive steps. The first step is the purification (oxidation) of carbon nanotubes.
The second step is the treatment of the purified carbon nanotubes with low
molecular weight chemicals. The details of the characterization experiments
performed in the purification step explained in the previous section. The present
part of the dissertation deals with the characterization results of the surface treated

carbon nanotubes and PET/CNT composites based on these carbon nanotubes.

4.1.2.1 Surface Energy Measurements of Carbon Nanotubes

Surface energy components of carbon nanotubes are given in Table 4.4. The
surface energy components of purified and surface treated carbon nanotubes are
different from each other and ASCNT. After purification with the strong acid mixture
(HNOs/H,SO, (1:1) (30 min.) (CNT5)), acidic component (ysoid') Of the surface
energy increases due to the formation of carboxyl (COOH) groups on carbon
nanotubes [178]. The dispersive component of the total surface energy (ysoid’) of
purified carbon nanotubes is lower than that of ASCNT. Surface treatment with
SDS does not cause a significant change in the surface energy components of
PCNT (CNT5) owing to the lower extent of interactions between the surfaces of
carbon nanotubes and SDS. The reactions between the carboxyl, hydroxyl groups
on purified carbon nanotube surface and the reactive groups of the surface
modifiers might cause a significant change in the surface energy components of
carbon nanotube samples [189]. After surface treatments with PEG and DGEBA,
total surface energies of carbon nanotube samples (ysoi) are higher when
compared to those of the other samples. PEG treatment results in a sharp increase
in the basic component of polar surface energy (ysoic") due to the reactions of
carboxyl groups on surfaces of carbon nanotubes with hydroxyl end groups of
PEG. Higher basic component of polar surface energy in PEG1000CNT sample
when compared to PEG400CNT sample shows more effective coverage of the

surfaces of carbon nanotubes with the modifier. The distinct changes in polar
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component of total surface energy (ysoi’) and acidic component of polar surface
energy (ysoid') after DGEBA treatment showed that the functional group in epoxide
parts of the modifier can react with pCNT and attach to the carbon nanotube
surface. Surface treatments with PEG and DGEBA increase the work of adhesion
values (Equation 2.8) when compared to ASCNT and pCNT (Table 4.4), which
show that the possible chemical interactions between PET and carbon nanotubes
ascend theoretically after modification [158, 190]. Moreover, the attachment of
surface modifiers on carbon nanotube surface might improve the mechanical
interlocking between carbon nanotube sidewalls and PET which can also enhance

the interfacial adhesion in the composite.

Table 4.4 Surface energy components of carbon nanotube samples and work of

adhesion values between carbon nanotubes and PET (mN/m)

Code of g ) A 5

Material Vsolid ¥solid ¥solid ¥solid ¥solid W,
ASCNT 46.14 35.67 10.47 2.17 12.62 85.16
pPCNT 46.67 34.70 11.97 3.24 11.07 85.60
SDSCNT 46.18 34.45 11.73 3.16 10.89 84.10
DGEBACNT 55.50 39.2 16.30 4.63 14.35 91.80
PEG400CNT 51.01 38.8 12.21 2.14 17.44 90.64
PEG1000CNT 52.28 40.1 12.18 1.78 20.87 92.96

4.1.2.2 Quantitative Assessment of Carboxylic Acid Groups Analysis on
Carbon Nanotubes

The results of the quantitative assessment of carboxylic acid groups on carbon
nanotube samples are given in Table 4.5 (Equation 3.1). ASCNT has very low
amount of carboxyl groups on its surface when compared to purified and treated
carbon nanotubes. After purification, concentration of carboxyl groups increases

approximately ten times due to the oxidation with strong acids. Surface treatment
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decreases the number of carboxylic acid groups on the surface enormously due to
the consumption of these groups during reactions between modifiers and carbon
nanotubes. The differences in the carboxylic acid group concentrations reveal the
efficiency of surface modifications [66]. Reactive hydroxyl and epoxide groups in
the structure of PEG and DGEBA possibly react more rapidly with carboxyl groups
and make the attachment of these polymers on carbon nanotube surface easier.
Modification with PEG1000 results in lower carboxylic acid group concentration
when compared to PEG400 due to the better attachment of surface modifier on
carbon nanotube surface. Treatment with SDS does not alter the carboxylic acid
group concentration significantly due to the lower extent of interactions between
SDS and pCNT.

Table 4.5 Results of the titrations for carboxylic acid groups assessment

Code of

Material Vnaon (M) Ve (ml)  [COOH] (mol COOH/g nanotube)
ASCNT 50 48 2.0 x 10"

pCNT 50 25 2.5x10°

SDSCNT 50 27 2.3x10°
DGEBACNT 50 47 3.0x 10"
PEG400CNT 50 43 7.0 x 10"
PEG1000CNT 50 47 3.0x 10"

4.1.2.3 Fourier Transformed Infrared Spectroscopy of Carbon Nanotubes

FTIR is the fundamental tool to analyze surface chemistry and the unknown
chemical bonding of functional groups of carbon nanotube samples [191]. Figure
4.10 displays the FTIR spectra of carbon nanotube samples. Peaks at 1080 cm™
and 3440 cm™ indicate the presence of —OH (hydroxyl) groups on the surface and
it is an evidence for the presence of functional groups on the surface of carbon

nanotube before any surface treatment [13]. After purification and SDS treatment,
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the presence of peaks at around 1180, 1718 cm™ indicate the formation of carboxyl
(COOH) functional groups on carbon nanotube surface [180, 181]. The peak at 887
cm™ represents the out of plane deformation vibrations of the alkyl groups attached
on carbon nanotube surface. After grafting of PEG on carbon nanotube surface,
the stretching absorption peaks of C=0 and C-O for the ester group at 1734 and
1056 cm™ are clearly observed in Figure 1 [191]. The PEG functionalization is also
observed by the appearance of the peak at 2929 cm™ which corresponds to the C-
H stretching vibrations of the alkyl group of PEG [192]. Moreover, the increase in
the intensity of the peak at 3440 cm™ might show the increase in the amount of
hydroxyl groups on the surface after chemical treatment [105]. DGEBA treatment
increases the number of peaks corresponding to ester (peak at around 2546 cm™)

and epoxide groups (peaks at around 1774 and 1890 cm™) in FTIR spectrum.
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Figure 4.10 FTIR spectra of carbon nanotube samples
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4.1.2.4 Electron Spectroscopy for Chemical Analysis of Carbon Nanotubes

ESCA spectra of carbon nanotube samples are shown in Figure 4.11. After
purification, intensity of the spectrum increases when compared to that of ASCNT.
This indicates the increase in the amount of oxygen containing functional groups
on the carbon nanotube surface. O1s spectra of pPCNT and SDSCNT fit the peaks
corresponding to the hydroxide or carbonate bound to NH4, O-C=0, OH, C=0, C-O
and C-O-C groups (Table 4.6), which can show the formation of carboxyl and
hydroxyl groups on carbon nanotube surface [182]. Moreover, the peaks
corresponding to metal oxides in ESCA spectra disappear after purification, which
shows the success of acid treatment of carbon nanotube in terms of the removal of

metallic impurities.

The intensities of the O1ls spectra of carbon nanotube samples decrease after
surface treatment. The reason for this is the presence of modifiers with lower
amount of oxygen in their chemical structure when compared to oxidized carbon
nanotube surface. Another reason may be the consumption of carboxylic acid
groups during the reactions between the purified carbon nanotube surface and
modifiers [193, 194] which are also confirmed by the surface energy
measurements (Table 4.4) and quantitative assessment of carboxylic acid groups
analyses (Table 4.5). The peak at 532.7 eV in ESCA spectra of PEG400CNT and
PEG1000CNT samples is a characteristic peak for the PEG showing the presence
of the surface modifier on CNT surface. Also the peak corresponding to OH groups
in PEG400CNT spectrum might indicate the existence of unreacted hydroxyl
groups in PEG structure on carbon nanotube surface. The peak at 533.5 and 534.6
eV in Ols spectrum of DGEBACNT shows the interactions of surface modifier with

carbon nanotube surface and between carbon nanotube aggregates.
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Figure 4.11 ESCA O1s spectra of carbon nanotube samples
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Table 4.6 Peaks and chemical structures corresponding to these peaks in ESCA

O1s spectra of carbon nanotube samples

Code of
) Peaks (eV)
Material
ASCNT 530.4: Oxygen bonded to the metallic catalyst residues,
532.9: C=0 or C-0O, 535.9: Oxygen from adsorbed H,0O
530.8: Hydroxide or carbonate bound to NH,
pCNT

532.1: C=0, O-C=0 and C=0 (esters, anhydrides)
SDSCNT 531.9: OH, 532.6: C=0 or C-0, 533.5: C-O-C
532.3: C=0 or C-O
DGEBACNT 533.5: C-0-C
534.6: Phenyl-O-(C=0)O-Phenyl
PEG400CNT  531.6: OH, 532.7: PEG, 533.8: C-O-C
532.7: PEG, 533.1: -C=0 in HCOOCH,CHjs
533.9: C-0-C

PEG1000CNT

FTIR and ESCA analyses on carbon nanotube samples reveal the possible
interaction mechanisms between the purified carbon nanotube and surface
modifiers (PEG and DGEBA). PEG can interact with the carboxyl and quinone
groups on the CNT surface in three ways (Figure 4.12). One or both hydroxyl
groups of PEG can make bonding with either carboxyl or quinone groups on pCNT
[195]. Oxygen on main chain of PEG can interact with carboxyl or quinone groups
on pCNT. DGEBA interacts with pCNT surface with the help of epoxide groups in
two ways (Figure 4.13). One or both hydroxyl groups, which are formed by the
opening of epoxide in DGEBA structure at the chain ends, can make bonding with
either carboxyl or quinone on pCNT [66]. Total interactions between the surface
modifier and carbon nanotubes can be the combination of these modes for both
PEG and DGEBA.
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Figure 4.12 Possible interaction mechanisms between PEG and purified carbon
nanotubes
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Figure 4.13 Possible interaction mechanisms between DGEBA and purified carbon
nanotubes
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4.1.2.5 X-Ray Diffraction and Scanning Electron Microscopy Analyses of

Carbon Nanotubes

XRD patterns of carbon nanotube samples are similar to one another and the
characteristic peaks at 26° and 43° are observed fo r all samples (Figure 4.14),
which means that the surface treated carbon nanotubes have the same cylinder
wall and crystalline structure with untreated carbon nanotubes [31]. The main peak
at 26°is sharper for pPCNT when compared to that of ASCNT owing to the removal
of the disordered amorphous carbon and metallic catalyst particles from the carbon
nanotube structure during purification [196]. DGEBA and PEG treatments
broadened the two main peaks in XRD spectra owing to the surface modifier layer
present on CNT surface. These layers may act like disordered impurities which can

decrease the intensities of the main peaks [153].
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Figure 4.14 XRD patterns of carbon nanotube samples
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Figure 4.15 SEM micrographs of the carbon nanotube samples
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SEM micrographs of ASCNT, pCNT and SDSCNT show that CNT are randomly
entangled (Figure 4.15). DGEBA and PEG treated carbon nanotube structure is
more compact, tubes are joined to each other and modifier residues can be
observed on the carbon nanotube surfaces. No destruction of carbon nanotubes
are observed in XRD, SEM analyses after purification and modification, which
indicates that carbon nanotubes are strong enough to withstand these kinds of

functionalization processes [197].

4.1.2.6 Thermogravimetric Analysis of Carbon Nanotubes

TGA analyses are performed for all carbon nanotube samples to show the
existence and determine the amount of organic functional groups on surfaces of
carbon nanotubes [191]. The amounts of the surface modifiers on carbon nanotube
samples were calculated by subtracting the weight present at the end of the first
decomposition from the initial weight of the carbon nanotube sample. The results
reveal that the ASCNT has about 87% weight loss between 600 and 1150 C
(Figure 4.16 (a)) due to the degradation of the amorphous carbon, metallic
residues and mostly graphitic structure [198]. The graphitic decomposition is also
observed for other samples. Total weight losses of the pCNT and modified carbon
nanotubes are lower than that of ASCNT due to the absence of the disordered
carbon structures and catalyst particles after purification in the structure of carbon
nanotubes. TGA curve of pCNT (Figure 4.16 (b)) shows about 7% weight loss from
200 to 550 because of the decomposition of carbox yl and hydroxyl groups [153].
As a result of the decomposition of SDS, DGEBA and PEG residues on carbon
nanotube surfaces, two decomposition regions are observable in the TGA curves
of modified carbon nanotubes (Figure 4.16 (c-f)). The decomposition temperature
of the organic SDS, DGEBA and PEG molecules are lower than that of the graphite
layers, in the range of 250 to 500C. The surface m odifier amount on the CNT
surface can be determined by using the results of TGA analyses [66]. The
concentrations of the SDS, DGEBA, PEG400 and PEG1000 molecules are
estimated as 4 wt. %, 41 wt. %, 33 wt. %, and 43 wt. % respectively, which show
that PEG1000 and DGEBA are seemed to be more effective in terms of attachment

on surfaces of carbon nanotubes among the surface modifiers used in this study.
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Figure 4.16 TGA graphs of carbon nanotube samples; (a) ASCNT, (b) pCNT, (c)
SDSCNT, (d) DGEBACNT, (e) PEG400CNT, (f) PEG1000CNT

4.1.2.7 Surface Energy Measurements of Composites

The surface energy components of the neat PET and PET based composites are
given in Table 4.7. The changes in the surface energy can be a proof for the
enhanced interactions between PET and surface treated carbon nanotubes. Total
surface energies of the composites generally increase after surface treatment due
to the increase in the dispersive component of the total surface energy. Polar
component of the total surface energy decreases after surface treatment due to the
interaction of the polar end groups of PET with surface modified carbon nanotubes.
The increase in the number of reacted carboxylic end groups resulted in a
decrease in the polar component of the PET. The change in the polar component
of total surface energy is higher for the composites prepared with PEG and
DGEBA treated carbon nanotubes. The hydroxyl groups in PEG structure and
epoxide groups in DGEBA structure seemed to be more susceptible to react with
the carboxylic end group and phenyl group of PET. On the other hand surface
energy components of the PET/SDSCNT composite are approximately the same
with those of the PET/pCNT composite and SDS seems to be less effective in

terms of increasing the interactions between the carbon nanotube and PET.
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Table 4.7 Surface energy components of the neat PET and PET/CNT composites
(mN/m)

Sample ¥solid Ysolid” Ysoiia” Ysoid  Ysolid
PET 36.96 29.06 7.90 4.73 3.30
PET/ASCNT 36.25 27.74 8.51 5.16 3.51
PET/pCNT 39.36 3153 7.83 411 3.73
PET/SDSCNT 39.32 31.34 7.98 4.24 3.76

PET/DGEBACNT 41.70 3493 6.77 3.57 3.21
PET/PEG400CNT 39.73 32.78 6.95 3.96 3.05
PET/PEG1000CNT 39.88 33.12 6.76 3.78 3.02

4.1.2.8 Fourier Transformed Infrared and Nuclear Magnetic Resonance

Spectroscopy of Composites

FTIR spectra of the neat PET and PET based composites are investigated, in order
to reveal the possible interaction mechanisms between the PET and carbon
nanotubes and it is shown in Figure 4.17. The peak at around 729 cm™ indicates
out of plane deformations of two carbonyl substituents on the aromatic ring of PET.
The peak at around 970 cm™ corresponds to O-CH, stretching vibration of ethylene
glycol segment of PET. Aromatic skeletal stretching vibrations of PET can be
attributed to the peak at around 1410 cm™. The peak at around 1710 cm™
represents the C=0 stretching vibrations. After surface treatment generally two
peaks showed the main difference in FTIR spectra. The peak at around 1010 cm™
in the FTIR spectra of the samples is observed after surface treatment. Intensity of
the peak at 1710 cm™ starts to decrease with PET/pCNT composite. It
approximately disappears after surface treatments with PEG and DGEBA. It shows
the possible interactions between carbon nanotube surface and carboxylic end
group of PET [199-201]. Moreover, composites prepared with PEG and DGEBA
treated carbon nanotubes show two peaks at around 2750 and 3450 cm™ belong to
hydroxyl groups which might indicate the presence of these surface modifiers on

CNT surface. SDS treated carbon nanotubes do not show a further interaction
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between PET and the FTIR spectrum of this composite just resembles that of the

composite prepared with pCNT.

Solid state NMR analyses of neat PET and PET based composites are also
performed to understand the possible reaction mechanisms between PET and
carbon nanotube surfaces (Appendix C). There are three main peaks in the spectra
corresponding to PET which are characteristic for all samples. These peaks are at
around 59, 120, 158 ppm and they represent the carbons in the ethylene group of
PET, carbons in the aromatic ring of PET, carbons in the carbonyl groups of PET
respectively (Figure 4.18). The peaks at 20 ppm and 180 ppm in the spectra of the
composites prepared with PEG and DGEBA treated carbon nanotubes correspond
to carbons of the CH;-C-R and CH3-O-R groups, carbons in the COOR group
respectively and they arise from the surface modifiers present on carbon
nanotubes surfaces and interaction between PET carboxylic acid end groups and
functional groups on the surfaces of carbon nanotubes. The peaks denoted with
asterisks (*) are side spinning bands of the major peaks in the spectra [202]. The
intensities of the peaks at 120 ppm and 158 ppm in the spectra of composites
prepared with PEGCNT and DGEBACNT are lower when compared to those of the
other samples. The carbonyl and phenyl groups of PET are surrounded by the
hydroxyl and epoxide groups present on the surfaces of carbon nanotubes during
the interactions. This results in a decrease in the intensities of the peaks at 120
ppm and 158 ppm for these composites. Finally it can be concluded that, FTIR and
NMR analyses of the samples indicate the interactions between the carbonyl
groups and aromatic group of PET and the hydroxyl groups of PEG on surface of
carbon nanotubes (Figure 4.19). Moreover, epoxide group of DGEBACNT interacts
with the carbonyl and phenyl groups of PET (Figure 4.20).
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Figure 4.17 FTIR spectra of the neat PET and PET/CNT composites
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Figure 4.20 Possible interaction mechanisms between DGEBACNT and PET
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4.1.2.9 Electrical Resistivity Measurements of Composites

The electrical resistivity values of the PET/CNT composites prepared with as-
received, purified and modified carbon nanotubes were measured according to the
two point probe method. The change of the electrical resistivities of the composites
with respect to the type of modifier on the surfaces of carbon nanotubes can be
seen in Figure 4.21. The percolation threshold concentrations of all composite
systems are lower than 0.5 wt. %, since the electrical resistivity values of all the
composites are below 10* ohm.cm at 0.5 wt. % carbon nanotube loading [203].
After the percolation threshold concentration the composite conductivity mainly
depends on the conductivity of the carbon nanotubes. The potential barriers due to
the matrix polymer between the conductive carbon nanotube regions become
unimportant in our composites [204]. However, it should be noted that the
interfacial interactions between the composite constituents and dispersion of
carbon nanotubes inside the composite can also have distinct effects on the
electrical resistivity values of the composites [4].
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Figure 4.21 Electrical resistivity values of PET/CNT composites
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Electrical resistivity values of the composites based on pCNT and modified carbon
nanotubes are higher than those of the composites based on ASCNT, due to the
lower electrical conductivity of the carbon nanotubes after surface treatment. As a
result of the purification and surface modification, the created oxygen containing
functional groups and defects on the carbon nanotube surface might detoriate the
perfect electronic structure of the carbon nanotubes. Insulating oxide and modifier
chemical region on the surface does not allow the transportation of electrons
effectively which decreases the electrical conductivity of the individual carbon
nanotube aggregates [204, 38]. Composites prepared with PEG and DGEBA have
higher electrical resistivity than the rest of the composites owing to better
attachment of surface modifiers (Figure 4.16) and thicker modifier layer on carbon
nanotube surfaces (Figure 4.15). Another reason for the decrease in electrical
conductivity of the composites after surface treatment with PEG and DGEBA might
be the increase in the interactions between the PET and carbon nanotube
particles, due to the presence of functional groups on the carbon nanotube surface
(Figures 4.12 and 4.13). These functional groups improve the wetting of carbon
nanotubes by PET. Conductive carbon nanotube particles are surrounded by
insulating polymer matrix easily as the interactions between filler and polymer
increase (Figures 4.17-4.20). The polymer phase has the same function with the
insulating oxide layer and it decreases the conductivity of the composite, since it
descends the number of contact points between the carbon nanotube particles.
The electrical resistivity of the PET/PEG1000CNT composite is nearly 1400
ohm.cm higher than that of the PET/PEG400CNT composite due to the enhanced
interactions between PET as a result of the higher amount PEG present on the
carbon nanotube surface (Figures 4.16 and 4.21). Finally, the compact
microstructure of the carbon nanotubes after surface treatment (Figure 4.15) might
decrease the electrical resistivity values of the composites due to the decrease in

the effective contact area between carbon nanotubes bundles [205].

The change of the electrical resistivities of the composites with respect to the
carbon nanotube amount in the composites and the functionalization of carbon
nanotubes can be seen in Figure 4.22. Electrical resistivities of the composites
decrease with the increasing amount of conductive filler. This is an expected result
since the contact points between the conductive filler particles increase and the

conductive pathways are formed, as the filler concentration in the composite is
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increased. However the sharp increase in electrical conductivities of the
composites is generally limited after 1 wt. % carbon nanotube loading for all carbon
nanotube samples when compared to the electrical conductivity increase at lower
carbon nanotube loadings, due to the decrease in the contact area between carbon
nanotubes as a result of the higher possibility for the formation of larger
agglomerates at more intense carbon nanotube concentrations [204]. The
percolation threshold concentrations of all composite systems are lower than 0.25
wt.%, since the electrical resistivity values of all the composites are below 10°
ohm.cm at 0.25 wt. % carbon nanotube concentration. Electrical resistivity values
of the composites based on pCNT and mCNT are higher than those of the
composites based on ASCNT for all compositions, due to the lower intrinsic

electrical conductivity of the carbon nanotubes after surface treatment.
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Figure 4.22 Effect of carbon nanotube concentration on the electrical resistivity

values of PET/CNT composites

4.1.2.10 Tensile and Impact Tests of Composites

Tensile strength, modulus and impact strength values of the neat PET and
PET/CNT composites are shown in Figures 4.23-4.28. PET/CNT composites
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generally suffer from the weak tensile properties when compared to neat PET
[206]. Moreover carbon nanotube addition to the thermoplastic polymers decreases
the impact strength of these polymers due to the lower impact energy absorbance
of the rigid carbon nanotube particles. Tensile strength and modulus values of the
composites prepared with pCNT and modified carbon nanotubes are higher than
those of PET/ASCNT composite. After purification carboxyl and hydroxyl groups
formed on the carbon nanotube surface (Figure 4.10 and Tables 4.5 and 4.6) can
react with the carboxyl end groups of PET and increase the chemical compatibility
in the composite. Moreover, defect sites on the surfaces of carbon nanotubes can
increase the mechanical interlocking and covalent bonding between carbon

nanotubes and polymer matrix.
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Figure 4.23 Tensile strength values of neat PET and PET/CNT composites
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Figure 4.24 Tensile modulus values of neat PET and PET/CNT composites
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Miscibility of molecules is most favorable for species with similar Hildebrand
solubility parameters [69]. As the Hildebrand parameters of PEG, DGEBA and PET
are reasonably similar (dpeg = 20.2 MPa*? [69], Jpsesa = 20.9 MPa*? [206] and
Seer = 20.5 MPa'? [207]) strong interaction and mixing between the functional

groups of the modified carbon nanotubes and the PET is expected. Also, PEG and
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DGEBA treated carbon nanotubes have different modes of reaction patterns with
PET. The hydroxyl and epoxide end groups of PEG and DGEBA can interact with
the carboxyl end groups and aromatic group of PET (Figures 4.19 and 4.20).
These interactions between composite constituents improve the efficiency of load
transfer from the PET to carbon nanotubes [188]. It is also observed that
purification followed by PEG1000 treatment yields a more effective reinforcement
than other surface treatments for PET based composites. The reason for this is the
enhanced interactions between CNT and PET owing to the improved miscibility
between PEG1000CNT surface and PET with the help of the alkyl groups present
in PEG structure. Moreover, composites prepared with PEG and DGEBA treated
carbon nanotubes have higher impact strength values (Figure 4.25) which may be
due to the plasticizing effect induced by the long alkyl chains [208] present in the
surface modifier structures.
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Figure 4.26 Effect of carbon nanotube concentration on the tensile strength values
of PET/CNT composites
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Figure 4.28 Effect of carbon nanotube concentration on the impact strength values
of PET/CNT composites

Mechanical strength of the composites generally decreased after 0.5 wt. % carbon
nanotube loading. This might be due to the increase in the carbon nanotube

agglomerate size at higher carbon nanotube concentrations [204]. The larger
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carbon nanotube agglomerates in the composites act as stress concentrated areas

and accelerate the rupture of the composite structure [8].

4.1.2.11 Differential Scanning Calorimetry Analysis of Composites

Thermal properties of the neat PET and PET/carbon nanotube composites are
investigated by using Differential Scanning Calorimetry (DSC) (Appendix D) and
they are shown in Table 4.8. Thermal properties of the neat PET and PET/ASCNT
composite are close to each other. The reason for this might be the lack of
interactions between the ASCNT and PET. Carbon nanotube particles behave as a
distinct phase in the composite and do not interfere with the thermal properties of
PET. On the other hand, glass transition, crystallization and melting temperatures
of the composites prepared with pCNT and modified carbon nanotubes are lower
than those of the neat PET and PET/ASCNT composite. Enhanced interactions
between the treated carbon nanotubes and PET directly affect the thermal
properties. The plasticizing effect of the surface modifiers present on the carbon
nanotube surface after modification might cause a decrease in the glass transition
temperature. PET/DGEBACNT composite have the lowest glass transition
temperature among all samples, owing to the higher amount of modifier present on
carbon nanotube surface (Figure 4.16). Moreover, the difference in the mechanical
properties of the composites might be due to the difference in the crystallinities of
the composites prepared with ASCNT and surface modified carbon nanotubes
[209]. The presence of carbon nanotube in PET phase increases the percent
crystallinity due to the nucleation effect [210, 211]. Tensile strength of the
composites increase as the percent crystallinities of the composites also ascend
(Figure 4.23 and Table 4.8).
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Table 4.8 Thermal properties of neat PET and PET/CNT composites

Sample Tg(C) Tc(T) Tn(T) X ()
PET 70 119 254 23.8
PET/ASCNT 72 118 256 25.6
PET/pCNT 68 116 254 28.6
PET/SDSCNT 65 107 251 27.3
PET/DGEBACNT 62 106 251 28.9
PET/PEG400CNT 66 107 252 29.5
PET/PEG1000CNT 63 105 250 31.8

4.1.2.12 Scanning Electron Microscopy of Composites

SEM micrographs of the carbon nanotube filled composites are shown in Figure
4.29 and 4.30, in order to observe the effect of surface treatment on the dispersion
and particle size of the carbon nanotubes in the composites. Carbon nanotube
distribution and particle size might also affect the electrical and mechanical
properties of the composites. Purification of carbon nanotubes results in larger
agglomerate size when compared to composite containing ASCNT. The larger
carbon nanotube agglomerates in the composites cause an increase in the stress
concentration of their neighborhoods during mechanical testing. Composites
prepared with modified carbon nanotubes exhibit smaller carbon nanotube
agglomerate size. Especially individual carbon nanotubes can be observed in the
SEM micrographs of the SDSCNT and PEG1000CNT containing composites. This
might be due to the decrease in the reagglomeration of carbon nanotube particles
during composite preparation in the presence of surfactants [177]. Moreover,
carbon nanotube dispersion with a smaller particle size in the polymer matrix after
surface modification results in improved mechanical properties (Figures 4.23-4.28).
The dispersion of carbon nanotube particles seems to be homogeneous for all
composites owing to the high shear induced during the composite preparation with

extrusion process.
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Figure 4.29 SEM micrographs of 0.5 wt. % carbon nanotube containing PET/CNT
composites (Micrographs on the right hand side are the magnified images of the
micrographs on the left hand side)
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Figure 4.30 SEM micrographs of PET/CNT composites (a) and (b) PET/ASCNT (1
wt. %), (c) and (d) PET/ASCNT (4 wt. %), (e) and (f) PET/pCNT (1 wt. %), (g) and
(h) PET/pCNT (4 wt. %), (i) and (j) PET/PEG1000CNT (1 wt. %), (k) and (I)
PET/PEG1000CNT (4 wt. %) (Micrographs on the right hand side are the
magnified images of the micrographs on the left hand side)
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4.2 Microfiber Reinforced High Density Polyethylene/Poly(ethylene
terephthalate)/Carbon Nanotube Composites

Microfiber reinforced conductive polymer composites studies will be explained in
two subsections. In the first part, the effects of the microfiber reinforcement, PET
content in the composites and molding temperature on the morphology, electrical
and mechanical properties of the microfibrilar HDPE/PET/CNT composites
prepared with ASCNT will be discussed. In the second part, the effects of carbon
nanotube surface treatment and content in the composites on the morphology,
electrical and mechanical properties of the HDPE/PET/CNT composites prepared
by using ASCNT, pCNT and PEG1000CNT will be explained.

4.2.1 Microfiber Reinforced High Density Polyethylene/Poly(ethylene
terephthalate)/Carbon Nanotube Composites Prepared with As-Received

Carbon Nanotubes

Morphological, electrical, mechanical and thermal characterization experiments of
the microfiber reinforced polyethylene/poly(ethylene terephthalate)/carbon
nanotube composites prepared with as-received carbon nanotubes will be

explained in the following section.

4.2.1.1 Surface Energy Measurements and Selective Localization of Carbon

Nanotubes

Surface energies and melt viscosities of the polymers, mainly determine the
location of the conductive filler in the polymer composites consisting of two
immiscible polymers [212]. Surface energies of HDPE, PET and ASCNT, which are
calculated from contact angle measurements (Equations 2.3-2.5), are shown in
Table 4.9. They are also used in the determination of the surface tensions between

the composite components.
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Table 4.9 Surface energy components of HDPE, PET and ASCNT (mN/m)

Sample sy 'YSoIidd Ysolid”
HDPE 33.32 32.20 1.12
PET 36.96 29.06 7.90

ASCNT  46.14 35.67 10.47

Surface energy measurements show that ASCNT has higher surface energy (Ysord)
than HDPE and PET, due to its larger surface area and functional groups present
on its surface. The polar component of HDPE (ys.id”) iS near to zero, due to the lack
of the functional groups. PET has higher polar surface energy component than that
of HDPE, which can increase the affinity between ASCNT and PET by the reaction
between the acidic end groups of PET and hydroxyl groups on ASCNT, rather than
HDPE. Surface tensions, between PET and HDPE, PET and ASCNT, HDPE and
ASCNT, are calculated as 5.28 mN/m, 1.05 mN/m, 7.74 mN/m, respectively
(Equation 2.6). Wetting coefficient (w) is calculated as 1.27 (Equation 2.7), which
means that ASCNT particles should disperse in PET phase theoretically. In
addition, lower interfacial tension between PET and ASCNT, makes the dispersion
of ASCNT in PET phase easier [97]. This result is associated with the fact that
carbon based conductive particles prefer to locate in the phase which has lower
melt viscosity [5, 160, 212]. Rheological analyses show that PET has much lower
melt viscosity than HDPE at the extrusion temperature (Figure 4.31). Also, SEM
analysis reveals that ASCNT selectively disperse in the PET phase of
HDPE/PET/ASCNT system (Figures 4.32 and 4.33). Individual carbon nanotubes
are recognizable in carbon nanotube agglomerate, as long fibers with a diameter of
around 10 nm. Figures 4.32 and 4.33 show the PET phase contacting with HDPE
phase. As it can be seen from the figures, ASCNT particles are not distributed
homogeneously in the composite. PET surface is rough, without any sign of
elongation due to the brittle nature of PET and ASCNT particles selectively locate
on its surface as fibrillar particles. On the other hand, HDPE phase is stretched due
ductile nature with a smooth surface structure and it is very hard to observe any

ASCNT particles on its surface.
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Figure 4.32 SEM micrographs of the HDPE/PET/ASCNT (70/30/0.5) composite

system
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Figure 4.33 SEM micrographs of the HDPE/PET/ASCNT (60/40/0.5) composite

system

4.2.1.2 Scanning Electron Microscopy of Composites

The SEM micrographs of the HDPE/PET blends and HDPE/PET/ASCNT
composites (Figures 4.34 and 4.35) show that PET and PET/ASCNT phases
disperse in HDPE up to 30 wt. % PET composition. A wide distribution of dispersed
particle size is generally observed in the blends examined, due to the occurrence
of coalescence phenomena of the minor phase during the melt mixing. The
average diameter of PET and PET/ASCNT phases, which are etched away with
trifluoro acetic acid, increases from 0.49 ym to 1.41 ym and 0.36 uym to 0.84 um,

respectively, as the PET content in the blend increases from 20 wt. % to 30 wt. %,
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due to droplet coalescence (Table 4.10) [213-215]. PET/ASCNT domain sizes in
composite systems are smaller than the PET domain sizes in the blend systems
(Table 4.10). The decrease in the size of the PET phase after carbon nanotube
addition to the HDPE/PET blends can be explained in terms of the reduction in the
coalescence of the PET phase due the presence of the rigid carbon nanotube
particles in the PET phase and at the interface between the HDPE and PET.
During the melt blending of the HDPE/PET/CNT composites, the interfaces act as
solid like barriers which repulse each other, owing to the rigidity and lower mobility
of the carbon nanotube particles. This lowers the melt coalescence of the
PET/CNT phases. Moreover, carbon nanotube addition decreases the interfacial
tension between the HDPE and PET, which can also cause a reduction in the size
of PET phase. The interfacial tension between the HDPE and PET decreases from
5.28 mN/m to 5.04 mN/m in the presence of carbon nanotube particles. These
phenomena can decrease the size of the PET/CNT phases in HDPE/PET/CNT
composites when compared to size of the PET phase in HDPE/PET blends. This
difference in PET domain size in the blends and composites affects the tensile
properties of the samples. According to melt viscosity based morphology model
(Paul and Barlow), which claims that the co-continuous morphology starts to form
when the melt viscosity and the volume ratios of the polymer phases are equal to
each other in a composite system, the co-continuous morphology start to develop
after 30 wt. % and 40 wt. % PET loading for HDPE/PET and HDPE/PET/ASCNT
systems, respectively. SEM results are in accordance with the Paul and Barlow
model. A co-continuous morphology is observed when PET content in the blends
and composites are 50 wt. % (Figures 4.34 and 4.35).
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Figure 4.34 SEM micrographs of the selected blend samples (HDPE/PET) (a)
80/20 (b) 70/30 (c) 50/50 (etched by trifluoro acetic acid)
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Figure 4.35 SEM micrographs of the selected composite samples
(HDPE/PET/CNT) (a) 80/20/0.5 (b) 70/30/0.5 (c) 50/50/0.5 (etched by trifluoro
acetic acid)

151



Table 4.10 Image analyses results of the selected samples

Average Minimum  Maximum
Sample , , _
Morphology Diameter Diameter Diameter
(HDPE/PET/CNT) ) ) _
(micron) (micron)  (micron)

80/20 PET phase

_ , _ 0.49 0.05 1.67
(Figure 4.34a) dispersed in HDPE
70/30 PET phase

_ , _ 1.41 0.09 23.13
(Figure 4.34b) dispersed in HDPE
50/50 _

] Co-continuous - - -
(Figure 4.34c)
80/20/0.5 PET/CNT phase

_ _ _ 0.36 0.05 3.40
(Figure 4.35a) dispersed in HDPE
70/30/0.5 PET/CNT phase

_ _ _ 0.84 0.05 10.29
(Figure 4.35b) dispersed in HDPE
50/50/0.5 _

] Co-continuous - - -
(Figure 4.35c)
80/20/0.5
microfiber PET/CNT phase
o _ _ 0.93 0.05 5.93
injection molded  dispersed in HDPE
(Figure 4.37d)
80/20/0.5

o PET/CNT phase

injection molded _ _ 0.94 0.06 10.85
_ dispersed in HDPE

(Figure 4.37¢€)

Micrographs of the hot-stretched HDPE/PET/ASCNT systems (Figure 4.36) exhibit
the in-situ PET/CNT microfiber structure formed in HDPE phase for all composites.
However, the structure and concentration of the microfibers are different for all
compositions [137, 138]. The changes in the surface structure of the microfibers
are due to the diversity in the amounts of ASCNT in PET phase for various
composite systems. Difference in the ASCNT concentration of the PET phase
directly changes the microfiber structure [6]. Deformation of PET/ASCNT phase

into microfibers during elongational flow, strongly depend on the interfacial
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interactions between composite constituents and melt viscosity of the dispersed
phase. The poor interfacial interactions between PET and HDPE, due to the
incompatible nature of these polymers, do not create a remarkable resistance for
the elongation of PET/ASCNT phase and enhance the formation of microfibers.
However, the fibrillation of the PET phase in the presence of ASCNT patrticles also
depends on the concentration of ASCNT in this phase. Carbon nanotubes are rigid
particles, which limit the flow of the polymer melt and increase the melt viscosity
(Figure 4.31). As the ASCNT amount in the PET phase decreases, hot stretching
can facilitate the deformation and fibrillation of the dispersed PET/ASCNT phase in
the composite, more effectively due to the lower melt viscosity of dispersed phase.
The concentration of the microfibers grows up and the average diameter of them
decreases as PET content of the composites increases (ASCNT content in PET
phase decreases). The average diameters of the microfibers in the 80/20/0.5
microfiber and 50/50/0.5 microfiber systems are around 8 micron and 4 micron,

respectively.

Microfiber reinforced composites are generally molded at a lower temperature than
the melting temperature of the microfiber phase, in order to preserve the microfiber
structure and perform the transformation of the composite into isotropic material
reinforced with the microfibers [136, 139]. Figure 4.36 a, b show that the microfiber
structure is protected in the composites which were molded at 210°C. This is
necessary for the achievement of the desired electrical and mechanical properties.
Moreover, most of the microfibers are oriented along the injection molding
direction, since they leave a long section being vertical to the fracture surface
(Figure 4.37 a) [140]. However at 240°C, some of the microfibers melt, since the
molding temperature is close to the melting point of PET (Figure 4.37 ¢). When the
molding temperature is raised to 280°C, microfiber structures totally disappear and
is reconverted into randomly distributed spherical particles as a result of melting of
the PET phase (Figure 4.37 d). SEM micrographs of the hot-stretched and
conventional 80/20/0.5 composites, which are molded at 280°C, resemble each
other (Figure 4.37 d, e) with the average diameters of the PET/ASCNT phases as
0.93 micron and 0.94 micron, respectively (Table 4.10).
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Figure 4.36 SEM micrographs of the selected hot-stretched samples [(a), ()]
90/10/0.5 microfiber [(b), (b")] 80/20/0.5 microfiber [(c), (c')] 70/30/0.5 microfiber
[(d), (d")] 50/50/0.5 microfiber (etched by hot xylene)

154



Figure 4.37 SEM micrographs of the selected molded samples (a) 80/20/0.5
microfiber (210) (b) 80/20/0.5 microfiber (210) (etched by hot xylene) (c) 80/20/0.5
microfiber (240) (etched by hot xylene) (d) 80/20/0.5 microfiber (280) (etched by
trifloro acetic acid) (e) 80/20/0.5 (etched by trifloro acetic acid)
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4.2.1.3 Electrical Resistivity Measurements of Composites

Electrical resistivity of HDPE/0.5 wt. % ASCNT composite is around 10*° ohm.cm,
which is in insulator range (>10” ohm.cm). On the other hand, electrical resistivity
of PET/ASCNT system containing same amount of CNT in it, is around 107
ohm.cm (Figure 4.38). This noticeable difference is due to the distinction between
melt viscosities of these two polymers and affinities of the polymers to ASCNT.
PET has higher affinity to ASCNT, due to the polar end groups present in the
chemical structure and this improves the wetting of ASCNT by polymer matrix.
Lower melt viscosity of PET causes a larger agglomerate size of ASCNT in the
composite, which makes the conductive network formation and current conduction
easier in PET matrix [215]. In addition, all the PET/ASCNT composites should
exhibit low electrical resistivity (<100 ohm.cm) above 0.5 wt. % ASCNT loading.
This means that all the PET/ASCNT phases in the microfiber reinforced and
conventional composites have enough electrical conductivity to form conductive

networks in the samples.
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Figure 4.38 Electrical resistivity values of the microfibrillar and conventional

composites
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In the microfibrillar and conventional HDPE/PET/ASCNT system, the percolation
threshold concentration depend on two interconnected points; first one is the
percolation threshold of nanotube particles in PET phase and the second one is
the percolation threshold of PET/ASCNT phase in the HDPE matrix [5]. Before the
percolation threshold concentration, tunneling distance is so much that HDPE
dominates the conduction mechanism. Free charge carriers of conductive
PET/ASCNT phase have to pass through micro spaces between microfibers, which
are filled with insulating HDPE. However, beginning from percolation content, the
conductive PET/CNT microfibers will dominate the current conduction mechanism.
PET based composite containing 0.5 wt. % ASCNT has an electrical resistivity
value of 100 ohm.cm. As a result of this, when PET/ASCNT phase forms a
continuous structure in HDPE matrix, electrical conductivity of the composites
passes from insulator range to semiconductor range (<10’ ohm.cm) as seen in
Figure 4.38. Direct contact between the microfibers can dominate the electron
conduction in the microfibrillar composite, since ASCNT patrticles can directly touch
each other when individual fibers contact with other fibers [88, 216]. The
percolation threshold of the PET/ASCNT microfibers in the microfiber reinforced
composites is below 10 wt. % PET/ASCNT loading, since the electrical resistivity
value of 90/10/0.5 microfiber (210) system is about 10’ ohm.cm (Figure 4.38).
Electrical resistivities of microfiber reinforced composites molded at 210C
decrease as the PET content in the composite is increased (Figure 4.39), due to
the rise of the number of contact points between the microfibers providing the
electron transportation [6]. However, the decrease in the ASCNT amount in the
PET phase as the PET content in the composites increases, do not have a
significant effect on the electrical resistivity results of the composites. On the other
hand, electrical conductivities of the composites prepared without hot stretching
and microfiber reinforced composites molded at 280°C are in the insulator range
when PET/ASCNT content in the composite is below 40 wt. % (Figure 4.38). Since
PET/ASCNT phase in the composite is not continuous below this composition
(Figures 4.35 and 4.37), electrical conductivity of the composites are low and falls

in the insulator range.
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Figure 4.39 Electrical resistivity values of the microfiber reinforced composites

molded at different temperatures

Electrical resistivities of the microfiber reinforced composites increase when the
molding temperature is increased from 210°C to 280°C (Figure 4.39). Molding
temperatures above the melting point of PET, causes PET/ASCNT phase to melt
and loose the microfiber characteristics. Thermodynamically when microfiber
phases melt, they have a spherical shape (Figure 4.37) and continuity of the
PET/ASCNT phase in the composite disappears below 40 wt.% PET loading
(Figure 4.35). 80/20/0.5 microfiber (210) system has an electrical resistivity of 10°
ohm.cm, whereas the electrical resistivity of the 80/20/0.5 microfiber (280) system
is around 10'° ohm.cm (Figure 4.39). Samples, which are molded at 240C, have
electrical resistivity values between the composites molded at 210C and 280<C.
Before the characterization experiments, it was expected that PET/ASCNT
microfibers could soften and attach each other without damaging their structures
when the molding temperature (240C) is close to th e melting point of PET, which
may improve the current conduction by increasing the number of contact points
between the microfibers. However, electrical conductivity results do not reveal a

mechanism as explained above.
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4.2.1.4 Tensile and Impact Tests of Composites

SEM micrographs of the HDPE/PET/ASCNT composites show a typical
incompatible morphology with discrete PET/ASCNT domains dispersed within a
continuous phase of HDPE (Figures 4.32 and 4.33) [72]. No evidence of interfacial
interactions or adhesion between both phases exists. The immiscible nature
between two polymer phases leads to unstable morphology and poor mechanical
properties in the composites. However, microfibrillar morphology can greatly
improve the mechanical properties of the polymer/microfiber composites when the
mechanical properties of the fibers with high aspect ratio are greater than the
polymer matrix [95, 217, and 218]. Microfiber reinforcement improves the tensile
strength and modulus of the samples compared to that of the blends and
composites prepared without hot stretching up to 30 wt.% PET loading (Figures
4.40 and 4.41). Direct short fiber strengthening and residual thermal stress in
microfibers are the main factors in reinforcement mechanism of in situ microfibrillar
composites. The difference in the thermal expansion coefficients of HDPE and
PET/ASCNT phases results in thermal residual stresses. During injection molding
of composites at 210C, PET/ASCNT microfibers are s olid but HDPE is in molten
phase. When the composite starts to cool from processing temperature to mold
temperature, microfibers have little thermal contraction, whereas HDPE undergoes
crystallization and contracts strongly [212]. The orientation of PET/ASCNT
microfibers in the HDPE matrix is another factor that brings out enhancement of

the tensile properties.

Microfiber reinforced composites including 40 and 50 wt.% PET could not be
molded at 210C and when these composites are molde d at 240<C, their tensile
strength and modulus are lower than the blends and conventional composites
having the same composition, due to partial melting of the PET phase. Microfiber
reinforced composites which are molded at 210C, show a maximum for tensile
strength and modulus values at 20 wt. % PET loading. Tensile strength and
modulus values of 80/20/0.5 microfiber (210) are 44 MPa and 950 MPa,
respectively. The optimum PET content for having improved mechanical properties
is around 20-30 wt. % for HDPE/PET/ASCNT system, as also observed by other
researchers before [219]. The increases in the concentration of the microfibers

(Figure 4.36) do not improve the tensile strength and modulus, due to the poor
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interfacial adhesion between HDPE and PET/ASCNT phase [218]. It can be
concluded that; presence of more microfibers in the sample is not sufficient for
increasing the tensile strength without the compatibility of the polymer phases after
a certain PET composition (30 wt. %). Tensile strength values of the
HDPE/PET/ASCNT composites are higher than HDPE/PET blends (Figure 4.40),
as a result of the smaller domain size of the PET/ASCNT phase in the composites
than the PET domain size in blends (Table 4.10) and presence of the reinforcing

carbon nanotube particles in the composite structure.
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Figure 4.40 Tensile strength values of the composites and blends
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Figure 4.41 Tensile modulus values of the composites and blends
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Figure 4.42 Tensile strength values of the microfiber reinforced composites

molded at different temperatures
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Figure 4.43 Tensile modulus values of the microfiber reinforced composites

molded at different temperatures

Increasing the molding temperature, decreases the tensile strength and modulus
values of microfiber reinforced composites up to 30 and 40 wt.% PET loading,
respectively (Figures 4.42 and 4.43). At high temperature molding, microfibers with
high aspect ratio transform into spheres with low aspect ratio and the reinforcing
effect of microfibers diminishes (Figure 4.37) [220]. Microfiber reinforced
composites molded at 280C and conventional composites have nearly the same
values of tensile strength and the modulus. 80/20/0.5 microfiber (280) and
80/20/0.5 systems both have tensile strength of nearly 35 MPa. Also, 70/30/0.5
microfiber (280) and 70/30/0.5 systems both have tensile modulus of nearly 600
MPa.

Microfiber reinforcement enhances the impact strength values when compared to
that of blends and composites prepared without hot stretching, except for 90/10
systems (Figure 4.44). Parallel to tensile strength and modulus results, 80/20/0.5
microfiber (210) system has the highest impact strength among the microfiber
reinforced composites molded at 210C. Microfibers present in the composite
decrease the crack formation and propagation in the sample during the impact test.
When the growing crack reaches the microfiber phase, the microfiber nucleates the

formation of many tiny craze cracks, which produces a large free surface that
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absorbs the mechanical energy as the potential surface energy [84]. As a result of
this, when the microfiber concentration in the composite increases, the percent
increase of the impact strength with respect to the blend without ASCNT also
increases. The percent increase in impact strength values for 80/20/0.5 microfiber
(210) and 70/30/0.5 microfiber (210) systems, when compared to the blend
systems, are approximately 50 % and 350 %, respectively (Figure 4.44). However,
when PET content in the composites is higher (40-50 wt. %), microfiber formation
does not have a distinctive effect on the impact strength. The brittle nature of PET
overcomes the microfiber reinforcement and decreases the impact strength.
Molding temperature increment generally decreases the impact strength of the

microfiber reinforced composites due to the melting of PET phase (Figure 4.45).
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Figure 4.45 Impact strength values of the microfiber reinforced composites molded

at different temperatures

4.2.1.5 Differential Scanning Calorimetry Analysis of Composites

Thermal properties of the polymer constituents of the selected composites and
blends are investigated by using Differential Scanning Calorimetry (DSC). Melting
points and percent crystallinities of HDPE and PET are given in Table 4.11. Melting
temperatures (T,,) of neat HDPE and PET are determined as 131 € and 251 T,
respectively. Melting points of these two polymers are nearly the same with
polymer constituents in the blends and composites. They show small fluctuations in
the samples with different PET compositions [221]. Crystallization temperature for
PET could not be detected, since it is very close to the melting point of HDPE (~
130 ). Percent crystallinities (X.) of the sample constituents are distinctive
according to the composition of the sample. The observed changes in the
crystallinities could be explained on the basis of the ASCNT in the PET phase and
effect of the physical state of the second polymer phase in the samples [222].
Percent crystallinity (X.) of the HDPE phase decreases as the PET amount in the
composite is increased. Crystallization of HDPE phase in the samples occurs in the
presence of rigid PET phase due to the high melting temperature of PET
(~ 250C). This restricts the crystal growth in HDP E phase and descends the

percent crystallinity [223]. However, percent crystallinities of the hot-stretched and
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molded microfiber reinforced composites are nearly the same for both polymers.
Degree of crystallinities of PET phases in the samples increases with the
decreasing amount of HDPE. Crystallization of PET in the samples occurs in the
presence of molten HDPE phase, which could again hinder the crystallization of
PET phase and decrease the percent crystallinity [222]. In addition, presence of
ASCNT in PET phase ascends the percent crystallinity. Carbon nanotubes are
nano sized particles and they can enhance the crystallization of PET phase due to
the nucleation effect [210]. Molding temperature does not have a distinctive effect

on the crystallinity of both polymer phases (Table 4.11).

Table 4.11 DSC results of the selected samples

Sample (HDPE/PET/CNT) Tm (HDPE) Tm (PET) X (HDPE) X.(PET)

(T) (C) (%) (%)
80/20 132 251 77.7 18.5
70/30 131 251 74.0 20.8
50/50 129 251 63.2 24.3
80/20/0.5 microfiber 130 251 72.8 24.8
70/30/0.5 microfiber 129 251 67.5 28.5
50/50/0.5 microfiber 129 252 62.8 30.3
80/20/0.5 microfiber (210) 130 249 72.4 25.4
80/20/0.5 microfiber (240) 132 250 74.9 25.6
80/20/0.5 microfiber (280) 130 250 75.4 25.5
70/30/0.5 microfiber (210) 131 250 65.6 27.4
50/50/0.5 microfiber (210) 130 250 63.4 30.8
80/20/0.5 131 251 72.8 26.2
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4.2.2 Microfiber Reinforced High Density Polyethylene/Poly(ethylene
terephthalate)/Carbon Nanotube Composites Prepared with Surface

Treated Carbon Nanotubes

Morphological, electrical and mechanical characterization experiments of the
microfiber reinforced polyethylene/poly(ethylene terephthalate)/carbon nanotube
composites prepared with as-received, purified and modified carbon nanotubes will

be explained in the following section.

4.2.2.1 Interfacial Tension and Wetting Coefficient Calculations

Surface energy components of the HDPE, PET, ASCNT, pCNT and PEG1000CNT
are given in Tables 4.4 and 4.10. After the determination of the surface energy
components for each material, surface tensions between the composite
constituents are calculated. The surface tensions between the composite
constituents are used during the wetting coefficient (w) calculations to determine
the location of carbon nanotube in the composites theoretically. The wetting
coefficients for HDPE/PET/ASCNT, HDPE/PET/pCNT and
HDPE/PET/PEG1000CNT composites are calculated as 1.27, 1.46 and 1.37,
respectively. It is observed that the wetting coefficients for the composites
prepared with all types of CNT are greater than 1, which means that carbon
nanotube particles should disperse in PET phase theoretically. Wetting coefficients
for pCNT and PEG1000CNT are greater than that of ASCNT due to the enhanced
interactions between carbon nanotubes and PET after surface treatment. On the
other hand, it is lower for PEG1000CNT than that of pCNT due to the possible
chemical affinity between PEG and HDPE as a result of the common ethylene
parts in their chemical structures. Moreover the incorporation of the nanoparticles
into polymer blends can increase the compatibility of polymer phases by
decreasing the interfacial tension between the phases [96]. Interfacial tensions
between the HDPE and PET/CNT phases in HDPE/PET/ASCNT,
HDPE/PET/pCNT, HDPE/PET/PEG1000CNT composites are calculated as 5.82,

5.04, 4.03 mN/m. They decrease with the carbon nanotube surface treatment when
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compared to ASCNT based composite, which might show the enhanced miscibility

between these phases.

4.2.2.2 Melt Viscosity Measurements

Melt viscosities of the PET/CNT composites prepared with all types of carbon
nanotube at 1.25, 3.75 and 7.5 wt. % compositions, neat HDPE and PET are
measured and shown in Figure 4.46 (Equations 2.14-2.18). These analyses are
performed to see the effect of interaction extent between the PET and carbon
nanotubes on the melt viscosity of this phase. It is observed that the melt viscosity
of neat PET is much lower than neat HDPE at the processing and hot-stretching
temperature of the microfiber reinforced composites, which is a requirement for the
formation of the satisfactory microfibers in an immiscible blend. Carbon nanotube
addition to PET increased the melt viscosity and restricts the elongational flow in
the presence of rigid carbon nanotube particles. Also, melt viscosities of the
PET/CNT composites increase with the ascending amount of carbon nanotube in
the composite which might limit the microfiber formation after 3.75 wt. % carbon
nanotube loading due to the restrictions during deformation of the PET/CNT phase
into microfibers. On the other hand, melt viscosities of the composites containing
PCNT or PEG1000CNT are lower than those of ASCNT containing composites at
all compositions. This indicates the difference in the distribution of the fillers in the
polymer matrix, such as ASCNT might have larger agglomerate size and poorer
dispersion in PET phase when compared to surface treated carbon nanotube
(Figure 4.30).
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Figure 4.46 Shear viscosity vs. shear rate graphs for HDPE, PET and PET/CNT

composites

4.2.2.3 Scanning Electron Microscopy of Composites

Figure 4.47 shows the distribution and domain sizes (da.) of the PET/CNT phases
in HDPE matrix for HDPE/PET/CNT composites. Micrographs exhibit that the
PET/CNT phase is dispersed in the HDPE phase. The average sizes of PET/CNT
phases in 1.5 wt. % (7.5 wt. % in PET phase) carbon nanotube containing
composites are lower than those of 0.25 wt. % (1.25 wt. % in PET phase) carbon
nanotube containing composites for all types of carbon nanotubes due to the
reduction in the coalescence of the PET phase in the presence of the higher

amount of rigid carbon nanotube particles in the PET phase and at the interface
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between the HDPE and PET as carbon nanotube concentration increases [224].
PET/CNT phases seem to be dispersed more homogeneously for pCNT and
PEG1000CNT based composites when compared to ASCNT based composites
(Figure 4.47). However, the average PET/CNT phase sizes of the pCNT and
PEG1000CNT based composites are larger than that of ASCNT based composite
at the same carbon nanotube loadings. This might also show the distinctions in the
carbon nanotube dispersion in PET phase after surface treatment. Surface treated
carbon nanotube might distribute in PET phase with smaller agglomerate size
which results in lower melt viscosity (Figure 4.46) [225] and decrease in the

PET/CNT phase coalescence, during processing of composites [224].
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Figure 4.47 SEM micrographs of the HDPE/PET/CNT composites a) 0.25 wt.%
ASCNT, b) 1.5 wt.% ASCNT, c) 0.25 wt.% pCNT, d) 1.5 wt.% pCNT, €) 0.25 wt.%
PEG1000CNT, f) 1.5 wt.% PEG1000CNT (samples were directly taken from the
extruder die without hot-stretching and etched with trifluoro acetic acid)
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The preferential distribution of the pCNT and PEG1000CNT in PET phase of
HDPE/PET/CNT composites can be observed in Figure 4.48. In the figures, PET
surface is rough, without any sign of elongation due to the brittle nature of PET and
carbon nanotube particles selectively locate on its surface as fibrillar particles. On
the other hand, HDPE phase is stretched due to ductile nature with a smooth
surface structure and it is very hard to observe any carbon nanotube particles on
its surface. These results are also coherent with the theoretical wetting coefficient
calculations and previous findings which suggest that carbon based conductive
filler particles prefer to locate in the phases with lower melt viscosity of polymer
blends [160]. Rheological analysis showed that PET had much lower melt viscosity
than HDPE at the composite mixing temperature (Figure 4.46). The selective
dispersion of ASCNT in PET phase of HDPE/PET/CNT composites is shown in
Figure 4.32 and 4.33.

Deformation of PET/CNT phase into microfibers during elongational flow strongly
depends on the melt viscosity of the dispersed phase. However, the fibrillation of
the PET phase in the presence of carbon nanotube particles depends on the
concentration of carbon nanotube in this phase. Micrographs of the hot-stretched
HDPE/PET/CNT composites (Figure 4.49 a-d) point out the in-situ PET/ASCNT
microfiber structure in HDPE phase up to 0.75 wt. % carbon nanotube composition
(3.75 wt. % carbon nanotube loading in PET phase). After this amount of carbon
nanotube loading, increase in the melt viscosity of PET/ASCNT phase restricted
the microfiber formation. On the other hand, hot-stretched HDPE/PET/CNT
composites prepared with pCNT and PEG1000CNT show the successful formation
of PET/CNT microfibrillar structure in HDPE phase up to 1 wt. % carbon nanotube
loading (Figure 4.49 e-). The remarkable melt viscosity difference between the
PET/pCNT, PET/PEG1000CNT composites and PET/ASCNT composite for all
carbon nanotube loadings (Figure 4.46) makes it possible to form microfibers more
effectively at higher concentrations of pPCNT and PEG1000CNT when compared to
ASCNT. The smaller PET/CNT phase sizes of the 1.5 wt.% carbon nanotube
containing composites for all types of CNT when compared to lower amount of
carbon nanotube loadings (0.25 wt.%) (Figure 4.47), restrict the longer microfiber
formation since narrower PET/CNT droplets deform into shorter microfibers during
hot-stretching and a successful microfibrillar network can not be obtained inside

the composite (Figure 4.49 d, h and I).
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Figure 4.48 SEM micrographs of the microfibrillar HDPE/PET/CNT composite
systems containing 0.5 wt. % pCNT and PEG1000CNT containing (molded at
280C and shows the selective localization of pCNT and PEG1000CNT in PET
phase)
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Figure 4.49 SEM micrographs of the hot-stretched HDPE/PET/CNT composites
a) 0.25 wt.% ASCNT, b) 0.5 wt.% ASCNT, c¢) 1 wt.% ASCNT, d)1.5 wt.% ASCNT,
e) 0.25 wt.% pCNT, f) 0.5 wt.% pCNT, g) 1 wt.% pCNT, h)1.5 wt.% pCNT, i) 0.25
wt.% PEG1000CNT, j) 0.5 wt.% PEG1000CNT, k) 1 wt.% PEG1000CNT, I) 1.5
wt.% PEG1000CNT (etched with hot xylene)
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The SEM micrographs of the injection molded (210 °C) specimens of the microfiber
reinforced composites (Figure 4.50 a, ¢ and e) reveal that the microfibrillar
structure is preserved for the composites in which the microfiber formation was
successful. On the other hand, micrographs of the molded (210°C) composites with
inefficient microfiber formation (1.5 wt.% carbon nanotube composition) display
only a few microfibers in their micrographs (Figure 4.50 b, d and f).

netdl =aky, o 4

Figure 4.50 SEM micrographs of the microfibrillar HDPE/PET/CNT composites
a) 0.25 wt.% ASCNT, b) 1.5 wt.% ASCNT, c) 0.25 wt.% pCNT, d) 1.5 wt.% pCNT,
e) 0.25 wt.% PEG1000CNT, f) 1.5 wt.% PEG1000CNT (molded at 210C and
etched with hot-xylene)
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4.2.2.4 Electrical Resistivity Measurements of Composites

PET/CNT composites have very high electrical conductivity and low percolation
threshold concentration. The electrical resistivity values of the PET/CNT
composites prepared with ASCNT, pCNT and PEG1000CNT are smaller than 10°
ohm.cm at 0.25 wt. % carbon nanotube loading, which shows that the percolation
threshold concentration of these composite systems are lower than this CNT
concentration (Figure 4.22). Thus, when PET/CNT phase forms a continuous
microfibrillar structure in HDPE matrix, electrical conductivity of the composites
passes from insulator range to semiconductor range (< 10® ohm.cm) (Figure 4.51
a). Microfibers with high electrical conductivity can contact with each other directly
when the continuous microfiber network is formed in the composite, which makes
the current conduction easier. Moreover, electrical resistivities of the composites
decrease with the increasing amount of conductive filler until the successful
microfiber network is present in the composites. Microfiber reinforced composites,
which do not have a successful microfiber structure have higher electrical
resistivities than those of the ones with microfibrillar morphology. The electrical
resistivity value of the HDPE/PET/ASCNT composite is between 10° and 10°
ohm.cm at 0.75 wt. % ASCNT composition. However, it increases to 10° ohm.cm
when ASCNT content in the composite is 1 wt. % due to the lack of conductive
microfiber network inside the composite (Figures 4.49 and 4.50). The same
characteristic is also observed for pCNT and PEG1000CNT based composites.
There is a remarkable increase in the electrical resistivity values of these
composites between 1 wt. % and 1.5 wt. % carbon nanotube loadings. The
transition of the composite’s electrical conductivities from semiconductor to
insulator range occurs at higher CNT concentrations for the composites prepared
with surface treated carbon nanotubes when compared to ASCNT, due to the more
effective microfiber formation induced by the lower melt viscosity of PET/CNT

phases.

ASCNT based composites generally have lower electrical resistivity values than
those of the composites based on the other two carbon nanotubes up to 0.75 wt. %
carbon nanotube loading. The reason for this might be the lower electrical
conductivities of PET/CNT phases prepared with surface treated carbon nanotube
due to higher intrinsic electrical resistivities of the pCNT and PEG1000CNT when
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compared to ASCNT. The electrical resistivity value of the 0.75 wt.% ASCNT
containing microfibrillar composite is two times lower than that of the PEG1000CNT
based composite (Figure 4.51 b). Molding temperatures above the melting point of
PET (255 <€) cause PET/CNT phase to melt and loose the microfiber
characteristics. Thermodynamically, when microfiber phases melt they have a
spherical shape, PET/CNT phases are dispersed in the HDPE phase and a co-
continuous morphology can not be obtained (Figures 4.47 and 4.48). Microfiber
reinforced composites molded at 210 € have lower e lectrical resistivity values
than those of the composites molded at 280 T for all carbon nanotube types
(Figure 4.51 b), since higher temperature molded composites do not have a
continuous PET/CNT network in their structures at 80/20 (HDPE/PET) ratio.
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Figure 4.51 Electrical resistivity values of the microfibrillar HDPE/PET/CNT
composites a) effect of carbon nanotube surface treatment and amount (molded at
210°C), b) effect of molding temperature at 0.75 wt .% carbon nanotube containing

microfibrillar composites

175



4.2.2.5 Tensile and Impact Tests of Composites

The mechanical properties of the microfiber reinforced HDPE/PET/CNT
composites mainly depend on the intrinsic mechanical properties of the matrix and
microfiber phase; shape of the PET/CNT phase; degree of interfacial adhesion
between the HDPE matrix and microfibrillar PET/CNT phase. Mechanical
properties of the microfibrillar composites can be enhanced more effectively by the
reinforcing effect of the microfibers with advanced mechanical strength. Microfiber
formation in the presence of carbon nanotube particles improves the tensile
strength and modulus when compared to those of the microfibrillar HDPE/PET
blend (Figure 4.52). However, this reinforcement is limited for the ASCNT based
composites due to the lower tensile properties of PET/ASCNT phase than
PET/pCNT and PET/PEG1000CNT phases. PET/ASCNT composites generally
suffer from the weak mechanical properties due to the weak interfacial adhesion
between PET and carbon nanotube. After surface treatment the functional groups
on carbon nanotube surface (Figure 4.10) can increase the chemical compatibility
in the composite (Figure 4.19). Moreover, defect sites on the carbon nanotube
surface can increase the mechanical interlocking and covalent bonding between
carbon nanotube and PET matrix. These interactions between composite
constituents improve the efficiency of load transfer from the PET to carbon
nanotube [188] and mechanical strength of the composites prepared with pCNT
and PEG1000CNT are higher than those of PET/ASCNT composite. As a result of
these effects, tensile strength values of the pCNT and PEG1000CNT based
composites are higher than that of the ASCNT containing composites for all
compositions. Enhanced miscibility between HDPE and PET/CNT phases with the
usage of pCNT and PEG1000CNT, which is confirmed by the decrease in the
interfacial tensions theoretically, when compared to ASCNT, might be another

reason for the improvement in mechanical properties of microfibrillar composites.
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Figure 4.52 Tensile strength, modulus and impact strength values of the
microfibrillar HDPE/PET/CNT composites and HDPE/PET blend
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Similar with the trend in the electrical resistivity results, generally a sharp decrease
is observed for tensile modulus and impact strength values of the microfiber
reinforced composites after 0.75 or 1 wt. % carbon nanotube loading due to the
limited microfiber formation in these composites (Figures 4.49 and 4.50) and this
decrease in the amount of microfibers in the structure diminishes the reinforcing
effect of this phase. Tensile modulus values of the 0.75 and 1 wt. % pCNT
containing composites are 1130 and 870 MPa, respectively. The incorporation of
rigid CNT particles into HDPE/PET microfibrillar blends decreases the impact
strength due to the brittle nature of carbon nanotube and this trend continues with
ascending amount of carbon nanotube in the composites. Microfibers present in
the composite decrease the crack formation and propagation in the sample during
the impact test [84]. So, when the microfiber concentration in the composite
decreases, a sudden decrease in the impact strength is also observed for all types
of carbon nanotubes. Impact strength values of the 0.75 and 1 wt. % ASCNT
containing composites are 135 and 30 kJ/m?, respectively (Figure 4.52). Molding
temperature increment decreases the mechanical properties of the microfiber
reinforced composites due to the melting of PET/CNT phase (Figure 4.53). At high
temperature molding, PET/CNT microfibers with high aspect ratio transform into
spherical particles with lower aspect ratio (Figure 4.48) and the reinforcing effect of

this phase disappears.
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4.3 Epoxy/Carbon  Nanotube  Composites and  Epoxy/Carbon
Nanotube/Glass Fiber Composite Panels

In this part of the dissertation, characterization studies of the epoxy/CNT
composites and epoxy/CNT/glass fiber composite panels prepared with as-
received carbon nanotube (ASCNT) and hexamethylene diamine (HMDA) treated
carbon nanotubes (MCNT) will be explained in three subsections. The fiber
reinforced composite panels are prepared as potential examples for the usage in
the aerospace applications. In the first part, the characterization of the carbon
nanotube samples will be discussed. Second part contains the characterization
results of the epoxy/CNT composites. Finally, the properties of the

epoxy/CNT/glass fiber composite panels will be explained in the last part.

4.3.1 Characterization of Carbon Nanotubes

Carbon nanotubes were used as the conductive filler during the preparation of the
epoxy/CNT composites and epoxy/CNT/glass fiber composite panels to increase
the electrical conductivity and improve the damage sensing capability. In this part
of the dissertation the effect of the amine modification on surface chemistry,

morphology and suspension stability of the carbon nanotubes will be discussed.

4.3.1.1 Fourier Transformed Infrared Spectroscopy of Carbon Nanotubes

Figure 4.54 shows the FTIR spectra of the untreated (ASCNT) and diamine treated
(MCNT) carbon nanotubes. Peak at around 3440 cm™ in the FTIR spectrum of
ASCNT shows the bending modes of hydroxyl groups and it is an evidence for the
presence of oxygen containing functional groups on surfaces of carbon nanotubes
before any surface treatment [106]. Moreover, the increase in the intensity of the
peak at 3440 cm™ might show the increase in the amount of hydroxyl groups on
the surface after chemical treatment [105]. Peaks at 1450, 1589 and 3050 cm™ of

the mCNT spectrum correspond to NH, and N-H bending and stretching vibrations
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[106, 12, and 226]. They show the interactions between the amine groups of the
surface modifier and functional groups on the surfaces of carbon nanotubes. Also,
the presence of peak at around 1180 cm™ indicates the partial oxidation of the

carbon nanotubes surface during diamine treatment.
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Figure 4.54 FTIR spectra of the carbon nanotube samples

4.3.1.2 X-Ray Diffraction and Scanning Electron Microscopy Analyses of

Carbon Nanotubes

XRD patterns of ASCNT and mCNT are similar to each other and the characteristic
peaks at 26° and 43° are observed for both samples (Figure 4.55), which means
that the surface treated carbon nanotubes have the same cylinder wall and
crystalline structure with untreated carbon nanotubes [184, 31]. Amine treatment
does not cause a significant damage on crystalline wall structure of the carbon
nanotubes. SEM micrographs of ASCNT show that carbon nanotubes are
randomly entangled with each other in untreated carbon nanotubes (Figure 4.56).
Chemically modified carbon nanotube structure is more compact and tubes are

joined to each other. After surface treatment the length of the carbon nanotubes
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are slightly shortened and the surface becomes rougher. The small differences in
the morphologies of carbon nanotube samples are also observed in X-Ray patterns
(Figure 4.55). Compact structure of carbon nanotubes and surface roughness are
observed in the mCNT pattern as a very small shift to right in the place of the main
peak and a slight decrease in the sharpness of this peak [184].
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Figure 4.55 XRD patterns of carbon nanotube samples

Figure 4.56 SEM micrographs of carbon nanotube samples
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4.3.1.3 Suspension Stability Analysis of Carbon Nanotubes

Suspension stabilities of carbon nanotubes in acetone and ethyl alcohol (EA) are
shown in Figure 4.57. Untreated carbon nanotube based suspension settles
immediately due to the lack of enough surface functional groups to interact with the
solvent. Amine treated carbon nanotube based suspension is stable up to 60
minutes, due to the enhanced interaction between the carbon nanotube and
solvent as a result of the hydroxyl and amide groups present on the surface (Figure
4.54). Surfactant assisted suspensions are stable up to 48 hours, except the one
with ASCNT and Triton X-100. The hydrophobic parts of the surfactant micelles
adsorb on the surfaces of carbon nanotubes and decrease the surface tension. By
this way, they can decrease the van der Waals interactions between the carbon
nanotubes. Also, the electrostatic repulsions between the hydrophilic groups of the
surfactants decrease the reagglomeration of carbon nanotubes. As a result,
surfactants assist the homogeneous dispersion of carbon nanotubes in the
solvents with a smaller particle size and increase the suspension stability [177].
Cationic cetyl pyridinium chloride (CPC) is more effective in terms of stabilizing the
suspensions than nonionic Triton X-100, due to the better electrostatic interactions
with the negatively charged surfaces of carbon nanotubes owing to the hydroxyl

and amide groups formed after the surface treatment [67].
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4.3.2 Characterization of Epoxy/Carbon Nanotube Composites

Epoxy/CNT composites were prepared with solvent assisted ultrasonication
technique by using the as-received and modified carbon nanotubes. The effects of
carbon nanotube surface modification and surfactant usage during composite
preparation on the morphology, electrical and mechanical properties of the

composites are discussed in this section of the dissertation.

4.3.2.1 Scanning Electron Microscopy and Optical Microscopy of
Composites

SEM micrographs of the epoxy/CNT composites show the morphologies of the
fractured surfaces (Figure 4.58). The enhanced interfacial interactions between the
epoxy and carbon nanotubes after the surface treatment result in a better
dispersion of carbon nanotubes and a smaller particle size, in the composite with
few larger agglomerates observed in the micrographs of mMCNT based composite
[226]. The carbon nanotubes observed on the fracture surface of the composite are
shorter after the surface treatment due to the breakage of the carbon nanotubes
during composite failure, instead of being pulled out of the surface, as a result of
the better adhesion with the polymer matrix. Usage of surfactants also improves
the dispersion of carbon nanotubes in the composites. During the composite
preparation, the hydrophobic parts of the surfactants interact with the carbon
nanotubes and on the other side the hydrophilic parts of the surfactants interact
with the epoxy and form a chemical bridge between the carbon nanotubes and
epoxy. By this way, carbon nanotubes adhere with the epoxy, instead of forming
agglomerates by van der Waals interactions [67]. Moreover, CPC is more effective
in terms of improving the dispersion of carbon nanotubes in composites than Triton
X-100, due to enhanced electrostatic attraction forces between the functional
groups on the surfaces of carbon nanotubes and CPC. Optical microscope images
show the similar results with the SEM micrographs (Figure 4.59). It is observed that
the agglomerate size of carbon nanotubes decreases with carbon nanotube
surface treatment and surfactant usage, due to the lower possibility of the

reagglomeration.
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Figure 4.58 SEM micrographs of the epoxy/CNT (0.5 wt. %) composites
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Figure 4.59 Optical microscopy images of the epoxy/CNT (0.5 wt. %) composites
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4.3.2.2 Electrical Resistivity Measurements of Composites

The electrical resistivity value of the epoxy resins is around 10" ohm.cm [125]. The
electrical resistivities of all the composites given in Figure 4.60 prepared with the
ASCNT are lower than 10° ohm.cm, which means that the percolation threshold
concentration of the epoxy/CNT system is lower than 0.25 wt.% CNT loading. The
electrical resistivities of the composites decrease as the amount of the ASCNT in
the composite increases. However, this improvement is limited after 0.5 wt.%
ASCNT loading due to the larger agglomerate size of carbon nanotube and micron
sized air bubbles which can not be removed totally due to the higher viscosity of

the epoxy resin induced by the presence of carbon nanotubes.
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Figure 4.60 Effect of carbon nanotube concentration on the electrical resistivity

values of epoxy/ASCNT composites

Electrical resistivity of the conductive polymer composites mainly depend on the
three main factors: specific electrical resistivity of carbon nanotubes, dispersion of
carbon nanotubes in the composite and the agglomerate size of the carbon
nanotubes. Composite prepared with mCNT have better carbon nanotube

dispersion and smaller agglomerate size than the one with ASCNT (Figure 4.58).
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However, the composite with mCNT has higher electrical resistivity than ASCNT
based composite due to the increase in the specific electrical resistivities of carbon
nanotubes after the surface treatment (Figure 4.61). The damage on the graphitic
wall structure, induced by the surface treatment, decreases the electron transfer
efficiency in the structure of carbon nanotubes. Moreover, the hydroxyl groups on
the surface after chemical treatment constitute an insulating oxide layer and
decrease the specific electrical resistivity of carbon nanotubes [32, 37 and 48].
Surfactant assisted composite preparation yields in lower electrical resistivity
values due to the easier formation of conductive pathways in a well dispersed
composite and higher surface area (contact area between carbon nhanotube
agglomerates) of carbon nanotubes with smaller agglomerate size [177]. Also,
enhanced dispersion of carbon nanotubes in CPC assisted composites when
compared to the ones with Triton X-100 results in lower electrical resistivity values.
Surfactants (especially CPC) are more effective with mCNT than ASCNT in terms
of descending the electrical resistivities of the composites due to higher number of
charged functional groups on the surfaces of carbon nanotubes after the amine
treatment (Figure 4.54).
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4.3.2.3 Tensile Tests of Composites

Tensile strength values of the epoxy/ASCNT composites are lower than the neat
epoxy due to the inefficient load transfer caused by the low interfacial interactions
between the epoxy and untreated carbon nanotubes (Figure 4.62). Carbon
nanotubes come off the composite surface without breaking, during tensile loading
(Figure 4.58). Moreover, larger carbon nanotube agglomerates in epoxy/CNT
composite cause an increase in the stress concentration in their neighborhood and
accelerate the rupture of the structure [7]. Carbon nanotube addition into epoxy
improves the tensile modulus owing to the reinforcement effect of rigid fibrillar
particles with high aspect ratio (Figure 4.63) [187]. However, this enhancement is
limited in composites due to the large carbon nanotube agglomerates and air

bubbles trapped inside the composites.
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Tensile strength and modulus values of the mCNT based composites are higher
than those of the neat epoxy and ASCNT based composite (Figures 4.64 and
4.65). The amide groups which are bonded to the surface during surface treatment
form chemical bonds with the epoxide rings of epoxy resin and increase the
miscibility of carbon nanotubes with epoxy [188]. The chemical and physical
bonding between carbon nanotubes and epoxy develop the load transfer from the
polymer matrix to carbon nanotubes and increase mechanical strength of the
composite [227]. Moreover, the slightly changed bulk mechanical properties and
aspect ratios of the carbon nanotubes as a result of the preserved graphitic wall
structure during amine treatment make the enhancement of mechanical properties
easier [26]. The usage of surfactants during composite preparation results in a
homogeneous dispersion of carbon nanotubes with a smaller particle size (Figures
4.58 and 4.59). This decreases the number of stress concentrated points in the
composite during the tensile tests and increases the tensile strength of the
composites when compared to the composites prepared with the same kind of
carbon nanotubes without surfactant usage. However, tensile moduli of the
composites do not show an increase with the use of surfactants when compared to
that of the composite based on mCNT, owing to the decrease in the effect of the

particulate fillers (carbon nanotubes) on the tensile modulus, under a critical
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particle size [8]. Cationic surfactant CPC is more effective than Triton X-100 in
terms of ascending the mechanical strength of the composites due to the more
effective interactions with carbon nanotubes which arise from the electrostatic
attractions between the cationic head group of the surfactant and anionic surfaces
of carbon nanotubes [65]. The nonionic Triton X-100 is unable to create such
attractions. The enhanced surfactant-carbon nanotube interactions make it easier
to break apart the carbon nanotube agglomerates and increase the tensile strength

of the composites.
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Figure 4.64 Tensile strength values of the composites containing 0.5 wt. % carbon

nanotubes
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Figure 4.65 Tensile modulus values of the composites containing 0.5 wt. % carbon

nanotubes

4.3.3 Characterization of Epoxy/Carbon Nanotube/Glass Fiber Composite

Panels

Glass fiber reinforced panels are planned to be used in the load bearing parts of
the aerospace vehicles. So, the mechanical strength and damage sensitivities of
these panels are very important for utilizing them in these applications. The effects
of the carbon nanotube surface treatment and surfactant usage during panel
preparation, on the damage sensing capabilities of the composite panels during

impact, fatigue and tensile tests will be discussed in this section.

4.3.3.1 Tensile Tests of Composite Panels

The coverage of the glass fibers with epoxy/carbon nanotube mixture, dispersion
state and particle sizes of carbon nanotubes in epoxy matrix is very important for
the properties of the composite panels. They should be optimized during the
preparation of the composite panels [228]. SEM micrographs of the composite
panel show that the glass fibers were coated with the epoxy/mCNT mixture.
Carbon nanotubes can form the conductive network in the panels (Figure 4.66).
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Figure 4.66 SEM micrographs of the composite panel in which CPC assisted 0.5

wt. % carbon nanotubes containing epoxy/mCNT composite is used as matrix

Interfacial debonding, matrix cracking, fiber breakage and delamination are the
mostly observed microscale damage modes in the fiber reinforced composite
panels [228]. The mechanical strength of the panels which are prepared by using
ASCNT are lower than that of the panel prepared with neat epoxy owing to the
filtering effect resulted from the larger agglomerate size of the untreated carbon
nanotubes (Figures 4.67 and 4.68). Larger ASCNT particles could not pass
through the holes on the glass fiber fabric and could not penetrate the fiber bundles
effectively and accumulate on the panel surface or fabric-matrix interface. These
accumulations (larger carbon nanotube agglomerates), create stress concentrated
parts in the composite panel during tensile testing; increase the easier and faster
matrix cracking [175]. Moreover, carbon nanotube agglomerates ascend the
interfacial debonding by decreasing the efficiency of the interfacial interactions
between the epoxy and glass fibers. Smaller particle size of the mCNT results in
more homogeneous distribution of carbon nanotubes in the composite panels. This
decreases the stress concentrated weak points in the matrix, at the interface and
load can be transferred from the matrix to the glass fibers more effectively. Fiber
breakage and delamination are thought to be the dominant damage modes in
these composite panels. Also, higher mechanical strength of the mCNT based

composites when compared to neat epoxy and ASCNT based composites (Figures
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4.64 and 4.65); increase the mechanical strength of the mCNT based composite

panels.
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Poisson’s ratios of the panels decrease with the usage of carbon nanotubes
(Figure 4.69). This is due to the limitations of glass fiber movement in width
direction induced by the carbon nanotube agglomerates and decrease in the
elasticity of epoxy as a result of the rigid carbon nanotube particles. Poisson’s ratio
values of the carbon nanotube based composite panels get closer to that of the
panel based on neat epoxy as the carbon nanotube particle size becomes smaller

with the surfactant usage in the epoxy matrix (Figure 4.58).
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4.3.3.2 Impact Tests of Composite Panels

Carbon nanotubes are rigid particulate fillers and they generally decrease the
elasticity of the polymer when they are used together in a composite structure.
CPC assisted epoxy/mCNT panel needs more transferred impact energy for
complete puncture when compared to the panel based on ASCNT (Figures 4.70
and 4.71). This might be due to the lower decrease in the elasticity of the epoxy

matrix after carbon nanotube addition, as a result of the smaller and homogeneous
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distribution of the carbon nanotube particles in epoxy. Thus, the panel based on
MCNT is less affected from the damage modes like matrix cracking and
delamination up to higher impact energy levels. The total area under the inelastic
energy curve of the mCNT based panel is larger than that of the ASCNT based
panel. This shows the higher impact resistance of the mCNT based composite
panel. Moreover, higher elasticity of the CPC assisted epoxy/mCNT mixture
provides more returned energy to the drop weight surface in the complete puncture
region. Larger and easily noticeable damages can be observed on the surfaces of

panels after 30 J transferred impact energy (50 and 70 J) for both types of panels.
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Figure 4.70 The change in the impact energy of the panels prepared with (a)
epoxy/ASCNT, (b) CPC assisted epoxy/mCNT as matrices during the impact test
at different impact energies
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Figure 4.71 Inelastic energy curves of the panels prepared with epoxy/ASCNT and

CPC assisted epoxy/mCNT as matrices

4.3.3.3 Electro-Mechanical Characterization During Impact Tests of

Composite Panels

Extremely small sizes of the carbon nanotube particles when compared to the
glass fiber fabrics make it possible to sense the small damages which can be
developed inside the matrix, on the glass fibers or at the matrix-fiber interface with
the electrical resistivity changes during different types of loadings [175]. At this
point, it is very crucial to obtain homogeneous carbon nanotube distribution with
small particle size throughout the composite panel specimens. Homogeneous
carbon nanotube dispersion is important to obtain similar responses from the
different parts of the samples and smaller carbon nanotube particle size is
significant in terms of the migration of the carbon nanotubes through the holes on
the glass fiber fabrics and effective coverage of the glass fiber surfaces with these
carbon nanotubes. By this way, the measured electrical resistivity changes can
reflect the physical changes inside the matrix, on the fibers and at the interfaces
[228].

Electrical resistivity changes of the panels after the impact tests are determined by

using the electrodes which are placed with silver paste on the top, bottom surfaces
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and four edges of the specimens. These changes measured on the surfaces and
through the cross-sectional areas of the specimens are shown in two different
graphs (Figure 4.72), since they mainly occur with different damage modes. The
damage like breaks and cracks in the epoxy/carbon nanotube mixture which
covers the panel surface generally causes the surface electrical resistivity changes
[175]. Thus, these resistivity differences on the surfaces do not give too much
information about the extent of the damages which occur on the skeleton of the
composite panel (glass fibers) during the impact testing. It is the easiest way to
measure the electrical resistivity on the surfaces of the materials during their
service lives and these electrical resistivity readings are very important in terms of
relating the inside damage to the surface electrical resistivity changes. The core
structure (glass fibers) damages such as fiber breakage and delamination mostly
yield to the electrical resistivity changes through the cross-sectional areas [175].
Thus, the inside damages of the composites can be sensed directly with the
resistivity measurements throughout the cross-sectional areas of the materials.
However, these inspections might be harder to perform when compared to surface
measurements, since the materials should be taken out from their service places
for these tests. Moreover, the resistivity changes on the surfaces are higher than
those through the cross-section of the specimen due to the more excessive

damage formed on the surfaces [228].

The resistivity differences increase as the transferred impact energy to the
specimens ascends (Figure 4.72). This shows us that the amounts of resistivity
changes are proportional to the extent of the damages occurring in the panels
[228]. Also, the trends in resistivity changes are in accordance with the inelastic
energy curves of the composite panels. The major changes in the electrical
resistivity are observed when the panels transform from elastic-inelastic yield
region to complete puncture region (after 20 J for epoxy/ASCNT based panel, after
30 J for CPC assisted epoxy/mCNT based panel (Figure 4.71)). Generally, the
resistivity differences are below 10 % when the impact energy was less than 20 J,
where less noticeable damage is observed on the specimens. However, this does
not show that there might be some small damages inside the specimens which
might cause severe ruptures in the future. Thus, any small changes in the electrical
resistivity values should be taken into account seriously and detailed investigations

should be performed [175]. The smaller particle size of the carbon nanotube
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agglomerates, and more homogeneous distribution observed after surface
modification and surfactant usage (Figures 4.58 and 4.59), improve the damage
sensing capability of the mCNT based panel when compared to ASCNT based
panel. The homogeneous carbon nanotube dispersion regulates the electrical
resistivity throughout the panel surface and increases the difference in the
resistivity values during impact test due to the ascended number of the contact
points between the carbon nanotube particles (Figure 4.72) [114]. Moreover, the
integration of the carbon nanotube particles with glass fibers are more effective in
MCNT based panel owing to the smaller carbon nanotube particle size (less
filtering effect) (Figure 4.66). The wreckages occurred on the glass fibers disrupt
the carbon nanotube conductive pathways more, inside the panel [175], and
electrical resistivity changes are higher through the cross-sections of the

specimens when compared to ASCNT based panel.
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Figure 4.72 Electrical resistivity changes (a) on the surfaces, (b) through the cross-
sectional areas of the epoxy/ASCNT and CPC assisted epoxy/mCNT based panels
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4.3.3.4 Electro-Mechanical Characterization During Tensile Tests of
Composite Panels

The electrical resistivity changes increase as the composite panels are elongated
during the static tensile tests (Figure 4.73). Epoxy/carbon nanotube mixtures which
are used as matrices in the panels react with the change in the electrical resistivity
to the strain and damages occurring in the specimens during tensile testing. The
strain and damages corresponding to tensile loading cause increase in the
distance between carbon nanotube particles throughout the composite panel. This
decreases the number of contact points between the carbon nanotube
agglomerates and ascends the electrical resistivity of the specimen by increasing
the contact resistance between the carbon nanotube particles in the epoxy/carbon
nanotube mixture [229]. The panels prepared with mCNT result in the higher
electrical resistivity changes at the same strains when compared to the ones based
on ASCNT owing to the better carbon nanotube - glass fiber integration. Although,
panels based on mCNT might have lower extent of wreckage during testing due to
their higher mechanical strengths (Figures 4.67), their reactions to these
detriments are more noticeable in terms of electrical resistivity changes. This
shows the better damage sensing capability of these panels. The electrical
resistivity changes of the ASCNT based panels change linearly with strain,
whereas those of the mMCNT based panels increase parabolically as the samples
are elongated during tensile testing. This might be due to the higher mechanical
strength of the mMCNT based panels and difference in dispersions of carbon
nanotube particles in epoxy matrix corresponding to the distinctions in the surface
functionalities and physical structures (Figures 4.54 - 4.56) between two different

carbon nanotube samples.
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Figure 4.73 Electrical resistivity changes of the composite panels during static

tensile tests

4.3.3.5 Electro-Mechanical Characterization During Fatigue Tests of

Composite Panels

Another crucial factor which causes destruction of the composite materials is the
fatigue resulting mostly from the cyclic loads. Thus, during the structural health
monitoring of the composite panels, it is very important to determine the electrical
resistivity changes which occurs from the residual strain and all types of damages
as a result of the fatigue formed in the materials throughout their service lives. The
total electrical resistivity differences in the samples during fatigue tests arise from
the residual strain and damages formed in the specimens [230]. Residual strain is
a plastic deformation which continues to stay in the body of the samples due to the
exposed load cycles during the fatigue tests [8]. It increases as the number of load
cycles ascends throughout testing. The deformations inside the composite panels
cause an increase in the electrical resistivity of the specimens due to the
separation of the carbon nanotube particles in the epoxy matrix. In other words,
electrical resistivity changes during the fatigue tests are proportional to the number
of load cycles and residual strain. The residual strains formed in the ASCNT based
panels are greater than those of the mCNT based panels (Figure 4.74). This

should be taken into account when comparing the electrical resistivity changes in
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the panels with each other and relating the extent of the damages inside the

materials during the fatigue tests to the electrical resistivity changes [230].
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Figure 4.74 Residual strain change of the composite panels during fatigue tests

Static tensile test results show that the mCNT based panels reflect the extent of
the wreckages inside the composite panels at the same elongation values more
effectively. Thus, the higher change in the resistivity of the ASCNT based panel
when compared to that of the mCNT based panel at the same load cycle number is
most probably caused by the higher residual strain formed in that panel, instead of
the higher damage sensing capability of the panel (Figure 4.75 a). Electrical
resistivity changes during fatigue tests are also proportional to the extent of the
damages formed in the structures of the samples. The micron sized cracks formed
at the interface of the composite panels and delamination between the layers are
the most probable damage modes during the fatigue tests [231]. These matrix-fiber
interface damages can be sensed more effectively with a carbon nanotube network
which is formed from smaller sized carbon nanotube particles. So, the panel
prepared with CPC assisted epoxy/mCNT mixture has the highest electrical
resistivity changes as a result of the more effective increase in electrical resistivity

resulting from the damages formed at the interfaces of the composite panel.
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Moreover, the electrical resistivity changes of the mCNT based panels are higher
than those of the ASCNT based panels at the same residual strain values (Figure
4.75 b). These results show that the carbon nanotube surface treatment and
surfactant usage during epoxy/carbon nanotube mixture preparation improve the

damage sensing capabilities of the composite panels.
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Figure 4.75 Electrical resistivity changes of the composite panels during fatigue

tests (a) vs. number of load cycles (b) vs. residual strains
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CHAPTER 5

CONCLUSIONS

Carbon nanotube based conductive polymer composites were prepared and
characterized in terms of morphology, electrical, mechanical and thermal
properties. Surface treatment of carbon nanotubes improved the mechanical
properties of the composites. Electrical resistivity values of the composites
prepared with the surface treated carbon nanotubes were higher than those of the
composites prepared with ASCNT. Microfiber reinforced composites and blends
had higher electrical conductivities and mechanical strength when compared to
conventional ones. The usage of surfactants during the preparation of the glass
fiber reinforced composite panels enhanced the damage sensing capabilities of
these panels. The following conclusions can be given for the separate sections of

this dissertation:

51 Purification of Carbon Nanotubes and Poly(ethylene

terephthalate)/Carbon Nanotube Composites

* Surface energy measurements of the carbon nanotube samples showed that
the acidic component of the surface energy increased after purification with
acids and bases. The presence of peaks at around 1180, 1427, 1637, 1718
cm™ in FTIR spectra indicated the existence of carboxyl and quinone functional
groups on carbon nanotube surface after treatment for all samples. The
formation of hydroxyl groups could be seen from the peak at 3440 cm™.

* ESCA results of purified carbon nanotubes pointed out an increase in the

oxygen concentration on the surface. The formation of hydroxyl and carboxyl
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based groups on the surface of carbon nanotubes during purification were also
confirmed by the ESCA.

* Crystallite length of the carbon nanotubes decreased as the purification period
increased in HNO3/H,SO, (1:3) mixture.

» Electrical resistivity values of the composites containing purified carbon
nanotube were higher than that of PET/ASCNT composite, mainly due to the
damage in the crystalline structure of carbon nanotubes and oxide layer

present on the surfaces of purified carbon nanotubes.

5.2 Surface Modification of Carbon Nanotubes and Poly(ethylene

terephthalate)/Carbon Nanotube Composites

* FTIR and ESCA spectra of the carbon nanotube samples indicated the
existence of functional groups on carbon nanotube surface after modification.

» Surface treatment decreased the number of carboxylic acid groups on the
carbon nanotube surface due to the consumption of these groups during
reactions between modifiers and purified carbon nanotubes.

» After surface modification PEG and DGEBA could be observed as a distinct
phase on carbon nanotube surface in SEM micrographs.

e The FTIR and NMR studies of the composites indicated the possible
interactions between PET carboxylic end groups, aromatic group and hydroxyl;
epoxide groups of PEG and DGEBA treated carbon nanotubes.

» Tensile strength, modulus and impact strength values of the composites
increased after purification and modification when compared to the ASCNT
based composites, due to the enhanced interactions between carbon nanotube
and PET which improve the load transfer efficiency from PET to carbon

nanotubes.
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5.3 Microfiber Reinforced High Density Polyethylene/Poly(ethylene
terephthalate)/Carbon Nanotube Composites Prepared with As-Received

Carbon Nanotubes

» Microfiber reinforced HDPE/PET/ASCNT composites were prepared through
extrusion and hot-stretching.

* According to surface energy measurements and SEM analyses, ASCNT
particles were selectively located in PET phase of the composite.

* The concentration of the microfibers ascended as the amount of PET increased
in the composites.

* The microstructures of the fibers were diverse for different PET compositions.
The change in the structure of the microfibers was due to the difference in the
amounts of ASCNT in PET phase for microfibrillar composites. The increase in
the melt viscosity of PET phase influenced the microfiber formation and
structure.

» Electrical conductivities of the microfibrillar composites were higher than those
of the composites prepared without hot stretching due to the continuous
PET/ASCNT microfiber network formed during hot-stretching.

» Microfiber reinforcement improved the tensile and impact strength of the
samples, when compared to those of blend and conventional composite
systems, up to 30 wt. % PET loading. After this amount, improvement in
mechanical properties was diminished due to incompatible nature of HDPE and
PET.

5.4 Microfiber Reinforced High Density Polyethylene/Poly(ethylene
terephthalate)/Carbon Nanotube Composites Prepared with Surface

Treated Carbon Nanotubes
» Wetting coefficient calculations and SEM micrographs of HDPE/PET/CNT

composites showed the preferential distribution of all types of carbon

nanotubes in PET phase.
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» SEM micrographs of the hot-stretched composite samples revealed the efficient
formation of PET/CNT microfibers up to 0.75 and 1 wt. % carbon nanotube
loading for ASCNT and pCNT, mCNT, respectively.

» Sharp decreases were observed in electrical conductivity, tensile modulus and
impact strength values of the composites after 0.75 or 1 wt. % carbon nanotube
concentration owing to the limited microfiber formation. Electrical resistivity and
tensile strength values of the composites prepared with pCNT and mCNT were
higher than those of ASCNT based composites due to the advanced intrinsic
electrical resistivity and tensile strength of PET/CNT phase in these

composites.

5.5 Epoxy/Carbon  Nanotube Composites and  Epoxy/Carbon
Nanotube/Glass Fiber Composite Panels

» Epoxy/carbon nanotube composites were prepared by using the solvent
assisted sonication technique with the aid of carbon nanotube surface
treatment and surfactant usage for the production of electrically conductive
glass fiber reinforced composite panels.

 FTIR spectroscopy showed the formation of nitrogen and oxygen based
functional groups on the surface of carbon nanotubes after diamine treatment.

» Surface treatment and surfactant assistance decreased the carbon nanotube
particle size, improved the dispersion in the composites which increased the
electrical conductivity and mechanical strength. These factors resulted in higher
mechanical properties and better carbon nanotube—glass fiber integration for
the composite panels prepared with modified carbon nanotubes and surfactant.

* Enhanced glass fiber coverage with carbon nanotubes increased the damage
sensitivity of the panels. Higher electrical resistance changes were observed
for the modified carbon nanotube based panels during mechanical tests when
compared to the ones prepared with untreated carbon nanotubes.

* Measurements of the electrical resistivity changes can be used as an effective
structural health monitoring tool for the determination of the mechanical

damages in the carbon nanotube filled glass fiber reinforced composite panels.
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CHAPTER 6

RECOMMENDATIONS

The main aim in this dissertation was to improve the mechanical and electrical
properties of the conductive polymer composites. Different chemicals were used
during the carbon nanotube surface treatment studies. The type of the surface
modifier can be altered according to the polymer matrix. Moreover, different types
of surfactants can be used to improve the carbon nanotube dispersion in the
composites. The head group’s charge, size and alkyl group’s chain length of the
surfactant are the factors which affect the surfactant selection for the composite
preparation. Sodium dodecyl benzene sulfonate which is an anionic surfactant

might be a good alternative for the surface treatment of carbon nanotubes.

During the microfiber reinforcement studies, PET/CNT microfibers were formed in
high density polyethylene matrix by using a speed adjustable take-up device. The
formation of the microfibers might be more effective with some modifications on the
set-up which was used for the preparation of the microfiber reinforced composites.
These modifications might be the usage of multiple take-up devices with different
hot-stretching speeds and usage of multiple successive heating, cooling steps
during the formation of the microfibers. The usage of advanced composite
preparation methods can further improve mechanical and electrical properties of
the composites. Significant decrease in the mechanical properties of the microfiber
reinforced composites was observed after a certain PET content (30 wt. %) due to
the incompatible nature of PET and HDPE. This problem can be solved if an
elastomeric compatibilizer was used to enhance the miscibility between these two
polymer phases. Improved interfacial adhesion between the polymer phases can
enhances the mechanical strength of the composite by increasing the load transfer

efficiency in the composite.
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Epoxy/CNT composites were prepared by using solvent assisted ultrasonication
technique. This method was effective up to a certain extent in terms of decreasing
the carbon nanotube particle size and enhancing the carbon nanotube dispersion
in the composites, with the help of surfactants. Smaller carbon nanotube particle
size with more homogeneous dispersion in the composites can be obtained if
different types of mixing methods (high shear mixers or high energy ball milling)
were used during the preparation of the composites. Hand lay-up technique was
used for production of the glass fiber reinforced composite panels. However,
operator skills are very important for this method. It is very hard to obtain
homogeneous materials with this technique. Alternative composite panel
production methods such as vacuum assisted resin transfer molding (VARTM) can
be used to achieve more homogeneous materials with advanced mechanical

properties.
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APPENDIX A

MECHANICAL PROPERTIES

Table A.1 Tensile strength, tensile modulus, elongation at break and impact
strength values of neat PET and PET/CNT composites prepared with as-received

and purified carbon nanotubes at 0.5 wt. % carbon nanotube loading

Sample Tensile Tensile  Elongation Impact
Strength  Modulus at Break  Strength
(MPa) (MPa) (%) (kJ/m?)

PET 49.1+2.0 1232+131 5.8+0.6 16.9+1.3
PET/ASCNT 24.4+2.2 1343182 2.9+0.4 7.1+1.4
PET/CNT1 27.4+1.3 1441129 3.1+0.2 7.1+1.3
PET/CNT2 45.2+1.2 1867+61 3.5+0.1 13.7+1.1
PET/CNT3 43.6£1.6 170153 3.620.5 13.6+1.3
PET/CNT4 35.6%1.8 1619+140 3.9+0.3 10.6+1.4
PET/CNTS 44.9+1.5 1830485 3.1+0.3 14.4+1.3
PET/CNT6 38.1+1.4 1724490 2.4+0.3 11.8+1.3
PET/CNT7 37.7¥1.2 1700+98 3.0+0.3 13.2+1.4
PET/CNTS8 30.1+1.3 1432+103 4.6+0.2 10.6+0.9
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Table A.2 Tensile strength, tensile modulus, elongation at break and impact
strength values of PET/CNT composites prepared with modified carbon nanotubes

at 0.5 wt. % carbon nanotube loading

Sample Tensile Tensile  Elongation Impact
Strength  Modulus at Break  Strength
(MPa) (MPa) (%) (kJ/m?)

PET/SDSCNT 44.4+1.0 1894+82 3.4+0.8 12.6+0.5
PET/DGEBACNT 51.440.3 1586+55 9.7+1.4 18.0+1.8
PET/PEG400CNT  49.5+2.0 1791+31 4.5+0.2 16.8+1.5
PET/PEG1000CNT 58.3+0.8 1940+48 8.9+0.7 16.4+2.2

Table A.3 Tensile strength, tensile modulus, elongation at break and impact
strength values of PET/CNT composites prepared with as-received, purified and

PEG1000 treated carbon nanotubes at different carbon nanotube loadings

Sample Tensile Tensile  Elongation Impact

Strength Modulus at Break Strength

(MPa) (MPa) (%) (kJ/m?)
ASCNT (0.25wt.%) 22.3+1.8 1310489 3.3+0.4 6.5+1.6
ASCNT (1 wt.%) 21.9+1.4  1344+146  2.4+0.5 5.3+0.6
ASCNT (2 wt.%) 19.74#1.5  1231+147  1.9+0.3 4.3+0.4
ASCNT (4 wt.%) 17.442.3  1245+113  1.7+0.2 3.9+0.3
PCNT (0.25wt.%) 36.0#1.9  1547+58 4.0+0.3 15.8+0.6
PCNT (1 wt.%) 445+1.5  1848+87 3.40.6 11.1+1.5
PCNT (2 wt.%) 41.3+0.7 178898 2.4+0.1 4.7+0.5
PCNT (4 wt.%) 30.5+0.5  1641+85 2.320.2 3.620.4
PEG1000CNT(0.25wt.%) 41.5+1.4  1483+82  11.6x0.1  15.6+0.3
PEG1000CNT(1 wt.%) 62.4+0.7  1887+88 6.20.2 17.80.8
PEG1000CNT(2 wt.%) 53.4+0.7 1844165 3.3x0.1 9.0+0.5
PEG1000CNT(4 wt.%) 37.1+1.0 170861 2.520.2 6.70.2
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Table A4 Tensile strength, tensile modulus, elongation at break and impact
strength values of conventional HDPE/PET blends, HDPE/PET/CNT composites

prepared with as-received carbon nanotubes

Sample Tensile Tensile Elongation Impact

Strength Modulus at Break Strength

(MPa) (MPa) (%) (kJ/m?)
HDPE/PET (90/10) 37.5+0.7 63635 69+6 167+9
HDPE/PET (80/20) 35.2+1.5 640469 58+7 100+11
HDPE/PET (70/30) 31.241.4  713+40 3545 1643
HDPE/PET (60/40) 27.620.9  795+54 16+3 8.4+1.8
HDPE/PET (50/50) 247411  969+13 1042 6.6+1.0
HDPE/PET/CNT (90/10/0.5) 39.5+1.2 660+21 4045 141+10
HDPE/PET/CNT (80/20/0.5) 35.3+1.3  745+37 2416 26+9
HDPE/PET/CNT (70/30/0.5) 34.0+0.6  601+37 24+4 12+1
HDPE/PET/CNT (60/40/0.5) 32.1+0.8  621+47 8.4+1.3 7.2+0.5
HDPE/PET/CNT (50/50/0.5) 27.5+1.0 641+36 8.1+1.5 7.0£0.8
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Table A5 Tensile strength, tensile modulus, elongation at break and impact
strength values of microfiber reinforced HDPE/PET/CNT composites prepared with

as-received carbon nanotubes and molded at different temperatures

Sample Tensile Tensile Elongation Impact
Strength Modulus at Break Strength
(MPa) (MPa) (%) (kJ/m?)
(90/10/0.5) 210 C 43.4+0.8 757443 337 14616
(90/10/0.5) 240 C 40.8+1.1 710434 31+8 135+13
(90/10/0.5) 280 € 39.7+1.1 628433 51+6 142+9
(80/20/0.5) 210 C 44.4+0.6 930423 27+1 154411
(80/20/0.5) 240 C 39.0+0.4 871430 31+3 64+3
(80/20/0.5) 280 € 35.3+1.2 664133 1943 19+7
(70/30/0.5) 210 € 41.940.3 771432 21+1 57+1
(70/30/0.5) 240 C 37.2+0.5 586125 20+2 12+1
(70/30/0.5) 280 € 30.440.2 595424 1142 12+2
(60/40/0.5) 210 € - - - 7.810.5
(60/40/0.5) 240 C 29.040.3 742444 1041 8.8+0.7
(60/40/0.5) 280 € 32.5+0.6 600438 1242 7.3+0.8
(50/50/0.5) 210 € - - - 3.0+0.1
(50/50/0.5) 240 C 19.9+1.2 523430 7.311.4 6.0+0.9
(50/50/0.5) 280 € 30.8+1.2 807142 1042 6.6+0.8
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Table A.6 Tensile strength, tensile modulus, elongation at break and impact
strength values of microfiber reinforced HDPE/PET blend and HDPE/PET/CNT
composites at (80/20 HDPE/PET ratio) prepared with as-received, purified and
PEG1000 treated carbon nanotubes

Sample Tensile Tensile Elongation Impact
Strength Modulus at Break Strength

(MPa) (MPa) (%) (kJ/m?)
HDPE/PET (80/20) 39.9+0.5 694434 36+3 187+7
0.25wt.% ASCNT 210 C  41.1+0.6  737+58 34+2 160+12
0.75Wt.% ASCNT 210 T 44.6+0.5  949+29 22+2 13549
1 wt.% ASCNT 210 T 38.1+0.5 732426 23+1 28+3
1.5 wt.% ASCNT 210 T 37.1+0.4  726%31 20+4 20+3
0.25 wt.% pCNT 210 C 47.0+41.0 927425 20+1 163+7
0.5 wt.% pCNT 210 T 48.7+1.1  1169+35 19+2 15046
0.75 wt.% pCNT 210 T 49.2+0.9 1132426 181 1307
1 wt.% pCNT 210 T 48.3+0.8 869451 1943 13445
1.5 wt.% pCNT 210 T 40.9+0.3 821429 15+2 37+4
0.25 wt.% PEG1000CNT  50.8+0.6  847+31 26+4 167+7
210 C
0.5 wt.% PEG1000CNT 51.2+0.5  940+40 2315 1658
210 C
0.75wt.% PEG1000CNT  52.5+0.4  958+23 24+3 1566
210 C
1 wt.% PEG1000CNT 53.24#0.9  1177+30 23+4 11946
210 C
1.5 wt.% PEG1000CNT 48.4+0.7  864+30 2142 99+4
210 C
0.75wt.% ASCNT 280 T  37.5+0.5  745+14 2542 2242
0.75 wt.% pCNT 280 T 42.8+0.8 907433 2142 38+4
0.75wt.% PEG1000CNT  45.4+0.8  957+32 33+3 73+3
280 C
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Table A.7 Tensile strength, tensile modulus and elongation at break values of neat
epoxy and epoxy/CNT composites prepared with as-received carbon nanotubes at

different compositions

Sample Tensile Tensile  Elongation
Strength  Modulus at Break
(MPa) (MPa) (%)

Epoxy 71.945.6 25994258 8.2+0.8
Epoxy/ASCNT (0.25 wt.%) 62.742.4 2448+205 7.0£0.5
Epoxy/ASCNT (0.5 wt.%) 65.842.9 3009+264 5.6+1.3
Epoxy/ASCNT (0.75 wt.%) 54.6+2.3 2756+237 4.8+0.6
Epoxy/ASCNT (1 wt.%) 32.446.3 2407473 2.5+0.8

Table A.8 Tensile strength, tensile modulus and elongation at break values of
epoxy/CNT composites prepared with as-received and modified carbon nanotubes

at 0.5 wt.% carbon nanotube loading

Sample Tensile Tensile  Elongation

Strength  Modulus at Break

(MPa) (MPa) (%)
MCNT 83.6+1.9 3957+204 6.7£1.3
ASCNT+Triton X100 67.2+44.9 3710384 5.6+1.3
ASCNT+CPC 79.3+2.5 3558452 9.7+1.1
MCNT+Triton X100 84.5+3.0 3490+236 7.8+0.7
MCNT+CPC 94.3+1.4 3462+80 8.5+0.4
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Table A.9 Tensile strength, tensile modulus, elongation at break and Poisson's
ratio values of glass fiber reinforced composite panels prepared by using neat
epoxy and epoxy/CNT composites (0.5 wt.%) as matrix

Sample Tensile Tensile  Elongation Poisson's
Strength  Modulus at Break Ratio
(MPa) (GPa) (%)
Epoxy 311+5  17.7+0.6 3.3+0.2 0.21+0.01
Epoxy/ASCNT 26749  16.3+0.8 2.740.1 0.14+0.02
Epoxy/ASCNT/CPC  306+15 17.2+1.0 3.1+0.2 0.11+0.02
Epoxy/mCNT 349+14  18.9+0.3 3.4+0.6 0.19+0.01

Epoxy/mCNT/CPC 331+5  18.7+0.4 3.1+0.3 0.15+0.02
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APPENDIX B

ESCA SPECTRA
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Figure B.1 ESCA spectrum of ASCNT
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APPENDIX C

SOLID STATE NMR
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Figure C.6 *C NMR spectrum of PET/PEG400CNT composite
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Figure C.7 **C NMR spectrum of PET/PEG1000CNT composite
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APPENDIX D

DSC THERMOGRAMS
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Figure D.1 DSC thermogram of HDPE
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Figure D.2 DSC thermogram of HDPE/PET (80/20) blend
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Figure D.3 DSC thermogram of HDPE/PET (70/30) blend
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Figure D.4 DSC thermogram of HDPE/PET (50/50) blend
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Figure D.5 DSC thermogram of microfiber reinforced HDPE/PET/ASCNT
(80/20/0.5) composite
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Figure D.6 DSC thermogram of microfiber reinforced HDPE/PET/ASCNT
(70/30/0.5) composite
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Figure D.7 DSC thermogram of microfiber reinforced HDPE/PET/ASCNT
(50/50/0.5) composite
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Figure D.8 DSC thermogram of microfiber reinforced HDPE/PET/ASCNT
(80/20/0.5) composite molded at 210 °C
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Figure D.9 DSC thermogram of microfiber reinforced HDPE/PET/ASCNT
(80/20/0.5) composite molded at 240 °C
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Figure D.10 DSC thermogram of microfiber reinforced HDPE/PET/ASCNT
(80/20/0.5) composite molded at 280 °C
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Figure D.11 DSC thermogram of microfiber reinforced HDPE/PET/ASCNT
(70/30/0.5) composite molded at 210 °C
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Figure D.12 DSC thermogram of microfiber reinforced HDPE/PET/ASCNT
(50/50/0.5) composite molded at 210 °C
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Figure D.13 DSC thermogram of conventional HDPE/PET/ASCNT (80/20/0.5)
composite
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Figure D.15 DSC thermogram of PET/ASCNT (0.5 wt. %) composite
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Figure D.17 DSC thermogram of PET/SDSCNT (0.5 wt. %) composite
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Figure D.18 DSC thermogram of PET/DGEBACNT (0.5 wt. %) composite
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Figure D.19 DSC thermogram of PET/PEG400CNT (0.5 wt. %) composite
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Figure D.20 DSC thermogram of PET/PEG1000CNT (0.5 wt. %) composite
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