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By
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October 2015
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A growing number of demanding applications in high frequency electronics and
telecommunications depends on the absorbing properties of materials. The
electromagnetic properties of microwave absorbers and radar-absorbing
materials are critical issues that need to be resolved in many military applications
dealing with reduction of radar signature of aircraft and ships. For industrial
equipment and home appliance applications, the Electromagnetic Compatibility
Compliance Directive (ECCD), demands electromagnetic interference side
effects be eliminated or marginally minimised. The equipment must not disturb
radio and telecommunication as well as other appliances.  Additionally, the
ECCD also governs the immunity of such equipment to interference and seeks
to ensure that this equipment is not disturbed by radio emissions when used as
intended.  Many type of absorbing materials are commercially available.
However, many are expensive and not environmentally friendly.

This thesis describes the synthesis and characterization of zinc oxide (ZnO)
nanoparticles and ZnO-PCL nanocomposites using the microwave irradiation
and melt blend techniques respectively. Two types of pellets with dimension of
6.0 cm X 3.6 cm and 0.11 cm X 0.22 cm were prepared for the measurement of
complex permittivity of the different % of the composites using open ended
coaxial probe (OEC), while the latter dimension were used in a rectangular
waveguide (RWG) in measuring both the permittivity and permeability of the
different % composites.

Comparison of permittivity between OEC and RWG results were carried out for
all materials used in this study (PTFE, PCL and composites with different
percentages of ZnO nanofillers). The effect of the different % ZnO nanofiller on
the permittivity of the composites were also investigated.  Attenuation, power
loss and absorption due to sample thickness and ZnO nanofiller inclusion in the
composites were investigated using finite element method (FEM) and RWG
methods, whilst transmission and reflection coefficient were measured,
simulated and calculated using RWG, FEM, and Nicholson Ross Weir (NRW)
methods respectively.
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Microstrip and FEM techniques were used to determine both the transmission
and reflection coefficients and electric field distribution for the different % ZnO-
PCL nanocomposites pellets when placed on top a microstrip. Comparison of
the measured and calculated scattering parameters were also investigated.
Furthermore, the results obtained from the scattering parameters were used to
determine the attenuation of the different % of ZnO-PCL nanocomposites pellets.
Finally, the effect of the different % ZnO nanofiller on electric field was
investigated by visualizing the electric field distribution of the ZnO-PCL
nanocomposites pellets placed on top a microstrip using finite element method.
Findings from investigations showed that the complex permittivity values
obtained using the OEC method were in good agreement with the RWG
technique, whilst increase of ZnO nanofiller percentage into the polymer matrix
increased the dielectric constant, loss factor, attenuation, absorption, real
permeability, imaginary permeability and reflection coefficient of the composites.
The attenuation obtained for the 70 % filler composition was -18 dB which is
good for microwave absorption whilst the microwave irradiation technique was
able to synthesize ZnO nanoparticles with an average particle size of 57.5 nm.
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SINTESIS DAN PENENTUAN SIFAT-SIFAT ZINK OKSIDA
POLYCAPROLACTONE NANOKOMPOSIT DENGAN MENGGUNAKAN

TEKNIK PANDU GELOMBANG SEGI EMPAT TEPAT DAN MIKROSTRIP

Oleh

ABUBAKAR YAKUBU

Oktober 2015

Pengerusi : Professor Madya Zulkifly Abbas, PhD
Fakulti : Sains

Semakin banyak aplikasi dalam elektronik frekuensi tinggi dan telekomunikasi
yang dikehendaki bergantung kepada sifat-penyerapan bahan. Sifat
elektromagnet penyerap gelombang mikro dan bahan penyerap radar adalah isu
kritikal yang perlu diselesaikan dalam banyak aplikasi ketenteraan berurusan
dengan pengurangan isyarat radar pesawat dan kapal. Untuk aplikasi peralatan
industri dan perkakas rumah, Arahan Pematuhan Keserasian Elektromagnet
(ECCD), menuntut agar kesan sampingan gangguan elektromagnet dihapuskan
atau dikurangkan sedikit. Alat ini tidak boleh mengganggu radio dan
telekomunikasi serta peralatan lain. Tambahan pula ECCD juga mengawal
ketahanan peralatan untuk turut serta dan berusaha untuk memastikan bahawa
alat ini tidak diganggu oleh pancaran radio apabila digunakan seperti yang
sepatutnya. Banyak jenis bahan penyerapan boleh didapati secara komersial.
Walau bagaimanapun, kebanyakannya adalah mahal dan tidak mesra alam.

Tesis ini menerangkan sintesis dan pencirian zink oksida (ZnO) zarah nano
menggunakan penyinaran gelombang mikro dan ZnO-PCL nanokomposit
menggunakan teknik cair dan gabung. Dua jenis pelet dengan dimensi 6.0 cm X
3.6 cm dan 0.11 cm X 0.22 cm disediakan untuk mengukur ketelusan kompleks
yang berbeza peratusan komposit dengan menggunakan prob sepaksi hujung
terbuka (OEC), manakala dimensi yang kedua digunakan dalam pandu
gelombang segi empat tepat (RWG) untuk mengukur ketelusan dan
kebolehtelapan yang mempunyai peratusan komposit yang berbeza.

Perbandingan ketelusan antara keputusan OEC dan RWG telah dijalankan bagi
semua bahan-bahan yang digunakan dalam kajian ini (PTFE, PCL dan komposit
dengan peratusan yang berbeza ZnO nanopengisi). Kesan perbezaan
peratusan ZnO nanopengisi ke atas ketelusan bagi komposit juga disiasat.
Pengecilan, kehilangan kuasa dan penyerapan kerana ketebalan sampel dan
ZnO nanopengisi dimasukkan dalam komposit telah dikaji menggunakan kaedah
unsur terhinnga (FEM) dan kaedah RWG, manakala pekali penghantaran dan
pantulan diukur, disimulasi dan dikira menggunakan kaedah RWG, FEM, dan
Nicholson Ross Weir (NRW).
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Teknik mikrostrip dan FEM telah digunakan untuk menentukan pekali pantulan
dan penghantaran dan taburan medan elektrik untuk peratusan ZnO-PCL
nanokomposit pelet yang berbeza apabila diletakkan di atas mikrostrip.
Perbandingan parameter penyerakan yang diukur dan dikira juga dikaji.
Tambahan pula, keputusan yang diperolehi daripada parameter penyerakan
telah digunakan untuk menentukan pengecilan peratusan ZnO-PCL
nanokomposit pelet yang berbeza. Akhir sekali, kesan peratusan ZnO
nanopengisi yang berbeza pada medan elektrik telah dikaji dengan
menggambarkan corak taburan medan elektrik pada ZnO-PCL nanokomposit
pelet yang diletakkan di atas mikrostrip dengan menggunakan kaedah unsur
terhinnga. Penemuan daripada penyiasatan menunjukkan nilai-nilai ketelusan
kompleks diperolehi dengan menggunakan kaedah OEC yang diperolehi
bersetuju dengan teknik RWG, manakala kenaikan dalam peratusan ZnO
nanaopengisi dalam matriks polimer meningkatkan pemalar dielektrik, faktor
kehilangan, pengecilan, penyerapan, kebolehtelapan nyata, kebolehtelapan
bayangan dan pekali pantulan komposit tersebut. Pengecilan yang diperoleh
bagi 70% komposit nanopengisi iaitu -18 dB adalah bagus untuk penyerapan
mikrogelombang manakala teknik penyinaran mikrogelombang mampu
mensintesis zarah nano ZnO dengan saiz purata sebesar 57.5 nm.
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CHAPTER 1

INTRODUCTION

The need for microwave absorbers and radar-absorbing materials is on the rise
in military applications dealing with reduction of radar signature of aircraft and
ships, whilst in civilian applications dealing with reduction of electromagnetic
interference among electronic and telecommunication components.
Nanocomposite absorber that uses zinc oxide nanoparticles in conjunction with
a polymer matrix produces flexibility for fabrication and properties control, as the
composite can be manipulated through changes in both the nanoparticle filler
and the host matrix. Depending on the application for which the absorber is
intended, the percentage of filler and the host matrix are two important factors to
be understood. In addition, microwave absorption properties are determined by
the complex permittivity and permeability, sample thickness, microstructure of
the absorber, and class of material. The suppression of eddy current due to
electromagnetic interference are enhanced by sizes of particles in the absorber
material.  In this regard, metal type nanocomposites were widely used for EM
wave absorption. Magnetic particles encapsulated in carbon nanotube (CNT)
composites and magnetic particles coated with carbon have been the focus for
EM wave absorbers (Tang et al, 2014; Wen et al, 2011). However, the process
involved in the fabrication of magnetic particles doped (CNT) is unfavourable for
the application of absorbing nanocomposites. This condition has led to the push
in looking for new absorbing nanocomposites materials. This search has led
scientists to ZnO nanoparticles which can be used as high efficiency microwave
absorbing materials due to its high complex permittivity and complex
permeability (Tan et al, 2014; Cao, et al, 2007).

Shown in Figure 1.1 and 1.2 are areas in telecommunication where zinc-oxide -
polycaprolactone (ZnO-PCL) nanocomposites can be applied in
telecommunication as absorbing material (Wahab, et al, 2013; Liu, et al, 2008),
with worldwide consumption of ZnO in a wide range of applications, ranging from
tyres to ceramics, from pharmaceuticals to agriculture, and from chemicals to
electronics (Kołodziejczak-Radzimska & Jesionowski, 2014).
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Figure 1.1: Schematic representation of application of ZnO-PCL
nanocomposites

The advantages of using ZnO-PCL nanocomposites is the ease in realizing large
scale synthesis of ZnO nanoparticles which is cost effective. Due to ZnO unique
geometrical morphology, cage like ZnO/SiO2 nanocomposites exhibited a strong
attenuation of microwave at X band frequency (Cao et al, 2007).
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Figure 1.2: Worldwide consumption of ZnO

Su et al, (2014), reported that ZnO nanowire polyester composites are strong
absorption materials for microwave at X band frequency which is due to its
interfacial multi-polarization at the interface between the polyester and the ZnO
nanowires with a high surface to volume ratio. The anisotropic energy of nano
sized particles might be increased due to the surface anisotropic field affected
by very small size effect. This phenomenon causes a shift in the resonance peak
to higher frequency value which is important for EM wave absorption at higher
frequency.

Detailed studies in measurement of permittivity of solid materials using open
ended coaxial probe (OEC) has not been carried out.  In the light of the above,
measurement of complex permittivity using OEC technique will be investigated
and the results will be compared with standard recommended technique like the
rectangular waveguide method (RWG). Other investigations will involve the
effect of different (%) ZnO nanofiller inclusion in the host matrix on materials
complex permittivity, complex permeability, scattering parameters, absorption,
attenuation, power-loss, and electric field distribution. Further understanding in
the applications of dielectric materials can be found in (Pozar, 2009; Pozar, 2012;
Laverghetta, 2005).

1.1 Nanocomposites

The term nanocomposites materials could be explained in different ways
depending on the perspective with which it is viewed. Simply put,



© C
OPYRIG

HT U
PM

4

nanocomposites are compounds which encompasses two or more unlike
components mixed together at a nano-meter scale. The composites materials
could either be organic or inorganic in nature. In the inorganic state, the
composite could be three dimensional, two dimensional, one dimensional and
even zero dimensional. In nanocomposites there is a tendency of mixing different
properties together that are so far impossible within a single material (Zhao, et
al, 2008). Within the class of nanocomposites, the polymeric nanocomposites
have a promising future because of its high performance properties. The four
types of polymeric nanocomposites are the clay-polymer nanocomposites, the
metal-polymer nanocomposites, the oxides-polymer nanocomposites, and the
carbon nanotubes nanocomposites. The two main methods employed in
obtaining oxide-polymer nanocomposites are the ex-situ synthesis and in-situ
synthesis method. The changes in properties of nanocomposites are mainly
caused by phenomena such as size confinement, predominance of interfacial
phenomena and quantum mechanisms (Liang, 2007). The dependence of bulk
properties of nanocomposites is mainly due to (Kochetov, 2012);

 properties of the filler
 filler size,
 filler type,
 host matrix:
 crystallinity,
 nature (thermoplastic or thermosetting),
 degree of dispersion and of agglomeration,
 Synthesis methods.

1.2 Properties of Polymer Nanocomposite

The dielectric properties of polymer composite are mainly controlled by the
conductive fillers. Consequently, the nature or type of fillers determines the
dielectric characterisation of polymer composites. Examples of conductive fillers
are semiconductors, metals, carbonic materials and intrinsic conductive
polymers (Saini and Arora, 2012; Xu et al, 1999). Polymer that are conductive
have attracted a lot of interest in the recent due to their excellent flexibility and
easy preparation procedures as against conventional inorganic semiconductors.
They are applied in areas of electronics as flexibility conductors and shielding
devices especially with regards to electromagnetic radiation (Saini and Arora,
2012; Ma, et al, 2005). In conventional conductive composites, carbon black
particles of micro-meter sizes are used to achieve desired electrical
characteristics. Researches have shown that large filler contents lead to a poor
composite (He and Tjong, 2014; Liang, 2007). The use of nano sized reinforced
polymers has led to the production of nanocomposites with unique dielectric and
mechanical properties. Nanofiller material comes in different forms, these forms
could be in metals, semiconducting oxides, dielectric ceramics and carbon
materials (Liang, 2007).
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1.2.1 Polymer-Semiconductor Nanocomposites

Nanofillers with unique chemical, physical and mechanical properties that are
intermixed with polymers comprises of composite materials with great advantage
for technological breakthrough. Conventional metal oxides such as barium
titanate (BaTiO3), titania (TiO2), alumina (Al2O3) and silica (SiO2) are widely
known as effective reinforcement materials to enhance the dielectric and
mechanical properties of polymers. In the last decade, semiconducting oxides
(ZnO, NiO, and MgO) have attracted much interest due to their potential for
diverse electronic and photonic device applications (Murugadoss, 2012; Heo et
al, 2004).

Recent research has demonstrated that the polymer-oxides nanocomposites
exhibit excellent luminescent, optical, dielectric and bio-sensitivity properties.
Studies have been conducted on the electrical properties of polymer-oxides
nanocomposites prepared by in-situ polymerization and melt blending (Milani et
al, 2013; Tripathi et al, 2013).

Hong, et al (2003), investigated the electrical properties of low density
polyethylene-ZnO composites prepared by melt compounding. They reported
that the nanocomposites exhibited a lower percolation limit and a slower
decrease in resistivity with filler content when compared to conventional micro-
composites. The dielectric breakdown strength was also found to be higher for
the nanocomposites for all filler concentration.

Kango et al, (2013) reported that addition of inorganic nanoparticles into a
polymer host material will definitely change the properties of the host matrix.
They added that the resulting composite might show enhanced mechanical,
thermal, electrical, and optical properties. They concluded that properties of
polymer composites largely depend on type of nano filler, sizes and shape,
concentration and their interactions with the polymer matrix.

1.2.2 Polymer-Metal Nanocomposites

Metals exhibit the most excellent electrical conductance among materials known.
Metal nanoparticles, e.g. Ag, Cu, Al, Fe and Ni have been introduced into
polymers to enhance the electrical, mechanical and dielectric properties of
composite materials. Electrical conductivity of polymer nanocomposite can be
greatly enhanced by metal nanoparticles at very low loading levels as a result of
large surface area. Gonon and Boudefel (2006), investigated the electrical
behavior of nanocomposites made of epoxy resin and Ag nanoparticles with
particle size of 70 nm. Their result showed a very low percolation threshold as a
result of filler segregation in the epoxy matrix.
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Nanocomposites filled with metal nanoparticles can be synthesized via in-situ,
polymerization and ex-situ processing routes. In-situ, vapor deposition
polymerization of monomers with organometallic compounds and metal-
monomer co-condensates has been reported (Kharissova et al, 2013; Sakai and
Alexandridis, 2006). The method involves a gradual layer-by-layer deposition of
metal and monomer vapors on substrate plates at a low temperature of about 77
K. The layer to layer deposition produces composites with very low concentration
of about 0.01-1.0 wt % of metal particles in sub-micrometer dimension (Nicolais
and Carotenuto, 2005). Current advances in the preparation of metal
nanoparticles via chemical vapor deposition (CVD), laser induced gas phase and
spray conversion procedure techniques have changed the way researchers
understand polymer reinforcement (Bahlawane et al, 2012; Schubert and
Husing, 2012). Ex situ polymerization of nanocomposite is the direct combination
of nanoparticles into polymers via melt-compounding method.

1.3 Characterization Techniques

When discussing propagation of waves, the characteristics of microwaves and
light waves are typically the same since both waves travel in a straight line. The
characteristics of travelling in a straight line enable them reflect, refract, diffract,
scatter, and interfere at boundary points with interacting media. Their mode of
interaction at the interface of these media varies due to their different
wavelength. Microwave wavelengths range from 1 m to 1 mm corresponding to
frequency range of 0.3 GHz to 30 GHz. This singular characteristic allows
microwaves to interact with materials and structures on a macroscopic scale. For
example, microwaves are capable of penetrating most non-metallic materials,
reflecting and scattering from internal boundaries and interacting with molecules
(Bahr, 1982) as cited by (Soleiman 2009).

1.3.1 Permittivity and Permeability

Measurements of complex permittivity and complex permeability are required not
only for scientific but also for industrial applications. Example of areas in which
knowledge of the properties of materials at microwave frequencies are
microwave heating, biological effects of microwaves, and nondestructive testing
(Weir, 1974).

Dielectric properties measurement is an important factor in defining the physical
and chemical properties related to storage and energy loss in various kind of
materials (Wee, et al, 2009).

The term dielectric constant is some time misleading, the dependence on
frequency of dielectric materials causes it to have two parts, that is the real and
imaginary permittivity. The ratio of the imaginary part to the real part of
permittivity is called loss tangent (Kittel, 1996).
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Permittivity and permeability are complex numbers of which the imaginary part
is associated with losses.

Scattering parameter, permittivity, permeability of materials measured using
microwaves components are controlled by the basic properties of microwaves.
In good conducting materials, microwave has low penetrating depth. For this
reason, they are usually used to test non- conducting materials which include
low-loss and lossy dielectric materials. To investigate the interaction between
microwaves and materials, Maxwell’s equation is often employed. Properties like
propagation mode, reflection, refraction, transmission and impedance are
defined from the equation. The broad nature of material properties allows the
use of different techniques for measurement at microwave frequency range. A
number of methods have been used in the measurements of electromagnetic
properties at microwave frequencies. Amongst these methods are the
transmission and reflection line technique, free space measurement technique,
open ended coaxial probe technique, and resonant method (Agilent Tech, 2011).
Details of these techniques would be discussed in the ensuing chapters.

1.3.2 Morphological Properties

X ray diffraction (XRD) is a non-destructive technique for the characterization of
semi crystalline and crystalline materials. XRD investigates crystalline materials
structure, phases, atomic orientations, and other structural parameters, such as
average crystallite size, crystallinity, strain, and imperfections. X ray diffraction
peaks are produced by constructive interferences of monochromatic beam of x
rays scattered at specific angles from each set of lattice planes in a sample. The
XRD technique is based on observing the scattered intensity of an X-ray beam
striking a sample as a function of incident and scattered angle, polarization, and
wavelength or energy.

Atomic force microscope (AFM) studies can be divided into topographical
applications and force curves in which forces are measured as a function of
distance. Topographical applications involve getting an image of the sample
surface to observe its structural or dynamic features. The method has been
applied to a different types of surfaces including semiconductors, biological
systems, nanostructures and polymers with imaging reaching the nanometer
range and the atomic scale in some cases. For the force curves approach, the
study allows the understanding of inter and intramolecular forces, and
manipulate samples following dissection, dragging and cut. The method has also
been used to study polymers systems and interfacial phenomena in various
systems (Leite et al, 2007).

The Scanning electron microscope (SEM) is the most widely used analytical
tools due to the detailed images it provides within a short time. It provides high
resolution and thick depth of images of samples surface and near surfaces with
wide magnification range. Application of SEM includes failure analysis,
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dimensional analysis, process characterization etc. SEM comprises of other sub
function like the secondary electron imaging (SEI) signal, the backscattered
electron imaging (BEI) signal. These signals provide “near surface” interpretation
of sample morphology and information regarding sample composition, density
and surface geometry respectively. To determine the elements and compounds
of the sample, Energy Dispersive X-ray Analysis (EDX) is applied.

In Transmission Electron Microscopy (TEM) focused beam of electrons is used
instead of light to see through the sample. TEM is a type of electron microscopy
developed and programmed on light transmission microscopy. TEM is used to
ascertain the followings (Ismayadi et al, 2009);

 The size, shape and arrangement of the particles which make up the
sample as well as their relationship to each other on the scale of atomic
diameters.

 The arrangement of atoms in the sample and their degree of order,
detection of atomic-scale defects in areas with a few nanometers in
diameter.

 The elements and compounds of the sample are composed of their
relative ratios, in areas that a few nanometers in diameter exist.

Fourier Transform Infrared Spectroscopy (FTIR) analyses, and uses spectrum
of molecular vibration in sample in order to identify or characterize organic
materials such as polymers, lubricants, adhesives and cleaning agents. For
semiconductor, FTIR is used to make quantitative measurement of hydrogen
bonds and to measure the interstitial oxygen content in bulk.

1.4 Problem Statement and Hypothesis

The addition of ZnO nanoparticles into the polycaprolactone matrix is expected
to enhance the dielectric properties, attenuation, absorption, and power-loss as
well as decrease the prepared composites transmission coefficient making it a
better microwave absorbing material. ZnO-PCL nanocomposites have been
used extensively in many microwave applications. However, its potential has not
been exploited fully due to lack of detailed information on the relationship
between the filler composition and electromagnetic properties. The dielectric
properties, transmission and reflection coefficients of ZnO-PCL nanocomposites
of various filler content and types, host matrix and material properties were not
analyzed in detailed both theoretically and experimentally. The conventional
method to determine the complex permittivity of the ZnO-PCL nanocomposites
materials is to place the sample in a closed waveguide. The technique is difficult
as the sample must be inserted tightly into the waveguide without any air gaps.
In this work, both the open ended coaxial probe (OEC) and waveguide
techniques were investigated.
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Dielectric measurement in a waveguide is usually calculated using the Nicholson
Ross analysis. However, the technique does not offer an insight on the
electromagnetic field distribution in the sample. Additionally, Nicholson Ross
Weir method was originally designed for thick samples where the effect of
multiple reflection is assumed to be negligible. In this work, the Finite Element
Method (FEM) was used to discretize the sample into small meshes allowing
accurate calculation of the scattering parameters and eventual visualization of
the electromagnetic fields.

The microwave attenuation due to sample does not only depend on the complex
permittivity but also the sample thickness.  Thick sample measurements are
always problematic when using waveguide technique due to air gap problems.
In this work, the attenuation of the samples was also analyzed using the
microstrip technique by placing a 6cm long ZnO-PCL nanocomposites on top of
the open microstrip. Visualization of the effect of nanocomposites on the
microstrip overlays is also carried out using FEM.

1.5 Specific Objectives

The objectives of this study are enumerated below;

 To synthesize ZnO nano particle and ZnO-PCL nano-composites using
microwave irradiation and melt blend method so as to study the effect of ZnO
nanofillers on the complex permittivity and permeability of ZnO-PCL
nanocomposites.

 To measure the dielectric constant and loss factor of ZnO-PCL
nanocomposites using open ended coaxial probe and rectangular
waveguide techniques. The latter technique is also used to measure the
permeability of the nanocomposites.

 To study the effect ZnO-PCL nanocomposites thickness on scattering
parameters, absorption, power loss using rectangular waveguide technique.
The scattering parameters results are compared theoretically using Finite
element method (FEM) and Nicholson Ross Weir (NRW) methods.

 To determine the attenuation of ZnO-PCL nanocomposites pellets using
rectangular waveguide and microstrip methods and compare with calculated
FEM results.

 To study the effect of ZnO nanofillers on both transmission and reflection
coefficients of ZnO-PCL nanocomposites using microstrip technique and
FEM and to visualize their electric field distribution using FEM.

1.6 Scope and Relevance of Study

In this study, an easy and lesser time consuming technique for preparing ZnO
nanoparticle and ZnO-PCL nanocomposites using the microwave irradiation and



© C
OPYRIG

HT U
PM

10

melt blending technique via Thermo Haake melt blending machine were carried
out.

The effect of the different % ZnO nanofiller on the dielectric properties were
measured using open ended coaxial probe and rectangular waveguide
techniques. The effect of ZnO nanofiller on the transmission and reflection
coefficient of the ZnO-PCL nanocomposite pellets were also studied. It also
proposes to use FEM COMSOL software in calculating scattering parameters
and for simulating electromagnetic wave excited through ZnO-PCL
nanocomposites samples when placed inside a rectangular wave guide and on
top a microstrip. The result obtained for scattering parameter through
measurement, simulation and calculation were also compared. Error analysis for
the comparison is determined for both FEM and NRW techniques. The
visualization of electric field of ZnO-PCL nanocomposites when placed on top a
microstrip is pioneered in this study using finite element method. The micro-
structural characteristics of materials with respect to sample size, bonding,
surface roughness and filler dispersion were also studied for the pure PCL,
prepared ZnO nanoparticles and ZnO-PCL nanocomposites.

1.7 Thesis layout

There are five chapters in this thesis with appendices attached at the end of the
chapters. Chapter 1 briefly outlines generally on polymer nanocomposites,
morphological and dielectric characterization, problem statements, and
objectives of study, the scope of the study and finally, the thesis layout.

Chapter 2 presents reviews on ZnO-polymer nanocomposites, electromagnetic
radiation (EM) measurement technique and limitations of some measurement
techniques.  Numerical methods associated with rectangular waveguide were
also discussed.

In chapter 3, theories used in the research work are briefly outlined. Bragg’s law,
Maxwell equations, wave equation and FEM theory were all discussed. FEM
formulation techniques on transmission and reflection coefficients calculation
was also discussed.

Chapter 4 encompasses the entire method used in this study. The preparation
of ZnO nanoparticle and ZnO-PCL nanocomposites were explicitly discussed.
The use of FEM, PNA-L, NRW, OEC, RWG and microstrip methods are fully
discussed in relation to microwave characterization. The morphological
characterization using components like the XRD, TEM, SEM, EDX, AFM and
FTIR were all discussed in details.
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Chapter 5 is divided into five subsections. Section 5.1 deals with the morphology
and characterization of all the samples used in this work. Section 5.2 deals with
the dielectric characterization of the all the samples used in this research work
using the open ended coaxial probe and rectangular wave guide methods. The
effect of the ZnO nano inclusion on the permittivity of the composites was also
investigated. Comparison between dielectric constant obtained using the two
methods are shown. Section 5.3 details on the effect of sample thickness on the
scattering parameters using rectangular waveguide and FEM. Absorption of the
electromagnetic waves based on the scattering parameters was also discussed.
Finally, the scattering parameters obtained from theory, calculation and
measurement were compared.

Section 5.4 deals with the attenuation of the ZnO-PCL nanocomposites pellets
using rectangular waveguide and microstrip methods. FEM was used to
calculate the field intensity of samples when placed inside a rectangular
waveguide and simulation of their field distribution. Finally, the attenuation from
both methods were compared with their respective FEM calculated attenuations.

Section 5.5 deals with the measurement of scattering-parameters of ZnO-PCL
nanocomposites pellets placed on top a microstrip. Comparisons between
measured and calculated S11 and S21 magnitudes using microstrip and FEM
were presented.

Visualization of electric field of the different percentages of the ZnO-PCL
nanocomposites were simulated using Finite Element Method.

Finally, chapter 6 will draw conclusions based on findings and give suggestions
for future studies.



© C
OPYRIG

HT U
PM

158

REFERENCES

Abbas, Z. (2000). Determination of the Dielectric Properties of the Material at
Microwave Frequencies Using Rectangular Dielectric Waveguide, PhD
Thesis, University of Leeds.

Abbas, Z. Pollard, R. D. and Kelsall, R. W. (2001). Complex Permittivity
Measurements at Ka Band Using Rectangular Dielectric Waveguide. IEEE
Transaction on Instrumentation and Measurement, Vol. 50, No. 5, pp
1334-1342

Abdullah, M. H, and Yusoff, A. N.  (2008). Microwave Magnetic, Dielectric and
Absorption Properties of Some Cerium-Yttrium Iron Garnets. Journal of
Sains Malaysiana 37(2):205-210.

Abdul Rahman, M. A. Mahmud, S. Alias, A and Mohd Nor, A. (2013).  Effect of
Nanorod Zinc Oxide on Electrical and Optical Properties of Starch-based
Polymer Nanocomposites, Journal of Physical Science, Vol. 24(1), 17–28

Agilent Technology, (2010). Agilent 85701B Software calibration kit.  Agilent
Technologies, Japan.

Agilent Technology, (2011). Fundamentals of RF and Microwave Power
Measurements (Part 3), Power Measurement Uncertainty. USA

Ahmad M, Mohammad R. F. and Mohammad R. M. (2012). Modified Scherer
Equation to Estimate More Accurately Nano-Crystallite Size Using XRD,
World Journal of Nano Science and Engineering, Vol. 2, pp.154-160

Alexandra, M. B. María, L. C. Marta F. G. Anna, K. Manuel, F. and Marcos, F.
G. (2013), Biodegradable Polycaprolactone-Titania Nanocomposites:
Preparation, Characterization and Antimicrobial Properties, International
Journal of Molecular Science, 14, 9249-9266

Alexander, S. L. O. J. V. P. K. M., Hellemans, L., Marti, O., Schneir, J., Elings,
V., Hansma, P. K., & Gurley, J. (1989). An atomic‐resolution atomic‐force
microscope implemented using an optical lever. Journal of Applied
Physics, 65(1), 164-167.

Amin, G. (2012), ZnO and CuO Nanostructures: Low Temperature Growth,
Characterization, their Optoelectronic and Sensing Applications, PhD
Thesis, Linköping University, Sweden.

Anatoli N. D. and Spartak G. (2005). Open Resonator Technique for Measuring
Multilayered Dielectric Plates, IEEE Transactions on Microwave Theory
and Techniques, Vol. 53, No. 9

Andritsch, T. (2010). Epoxy based nanocomposites for high voltage DC
applications. Synthesis, dielectric properties and space charge dynamics,
PhD Thesis, Delft University of Technology, Netherlands.

Ansari, S. P. (2013). Preparation, characterization and applications of ZnO
nanoparticles based polymer composites. Indian ETD Repository.



© C
OPYRIG

HT U
PM

159

Bahlawane, N., Kohse-Höinghaus, K., Premkumar, P. A., & Lenoble, D. (2012).
Advances in the deposition chemistry of metal-containing thin films using
gas phase processes. Chemical Science, 3(4), 929-941.

Bahr, A. J. (1982). Microwave Nondestructive Testing Methods. New York:
Gordon and Breach Science

Baker-Jarvis, J, Geyer, R. G, Grosvenor, J. H. Jr., Janezic, M. D. Jones, C. A.
Riddle, B. Weil, C. M. and Krupka, J, (1998). “Dielectric characterization
of low-loss materials, A comparison of techniques,” IEEE Transaction on
Dielectric and Insulation, Vol. 5, pp. 571–577

Baker-Jarvis, J, (1990). Transmission/Reflection and Short-circuit Line
Permittivity Measurements, Electromagnetic fields division, National
Institute of Standards and Technology (NIST), Colorado, U.S.A

Baker- Jarvis, J. Eric, J. V and William, A. K, (1990). Improved Technique for
Determining Complex Permittivity with the Transmission/reflection
Method, IEEE Transaction on Microwave Theory and Techniques, Vol. 38,
No, 8

Balanis, C. A. (2007). Introduction to Smart Antennas, Morgan & Claypool, USA.

Balmayor, E. R., Pashkuleva, I., Frias, A. M., Azevedo, H. S., & Reis, R. L.
(2011). Synthesis and functionalization of superparamagnetic poly-ɛ-
caprolactone microparticles for the selective isolation of subpopulations of
human adipose-derived stem cells. Journal of the Royal Society Interface,
8(59), 896-908.

Bao, C., Song, L., Xing, W., Yuan, B., Wilkie, C. A., Huang, J., .& Hu, Y. (2012).
Preparation of graphene by pressurized oxidation and multiplex reduction
and its polymer nanocomposites by masterbatch-based melt blending.
Journal of Materials Chemistry, 22(13), 6088-6096.

Barkanov, E. (2001). Introduction to the Finite Element Method, Institute of
Materials and Structures, Riga technical University, Latvia.

Barton, M. L. and Cendes, Z. J. (1987). New vector finite elements for three
dimensional magnetic field computation. Journal of Applied Physics. 61:
3919-3921.

Bierwirth, K, Schulz, N and Arndt, F. (1986). Finite-Difference Analysis of
Rectangular Dielectric Waveguide Structures. IEEE Transactions on
Microwave Theory and Techniques, Vol. MTT-34, No.11

Bikky, R., Badi, N., & Bensaoula, A. (2010). Effective Medium Theory of Nano
dielectrics for Embedded Energy Storage Capacitors. Proceedings of the
COMSOL Conference, Boston.

Bossavit, A. and Verrite, J. C. (1982). A mixed FEM and BIEM methods to solve
3-D edge current problems. IEEE Transactions on Magnetics. 18(2): 431-
435



© C
OPYRIG

HT U
PM

160

Boughriet, A. H, Legrand, C and Chapton, A. (1997). “Non-iterative stable
transmission/reflection method for low-loss material complex permittivity
determination,” IEEE Transaction on Microwave Theory and Techniques,
Vol. 45, pp. 52–57

Booton, R. C., Jr. (1992). Computational methods for electromagnetic and
microwaves. New York: John Wiley & Sons.

Canan D. Melih P, (2010). Dielectric Behaviour Characterization of a Fibrous-
ZnO/PVDF Nanocomposite, Polymer Composite, Vol. 31(6), 1003-1010,
DOI 10.1002/pc.20886

Cao, M. S., Shi, X. L., Fang, X. Y., Jin, H. B., Hou, Z. L., Zhou, W., & Chen, Y.
J. (2007). Microwave absorption properties and mechanism of cagelike
ZnO/SiO 2 nanocomposites. Applied Physics Letters, 91(20), 203110-
203110.

Cerrada, M. L. Serrano, C. Sánchez-Chaves, M. Fernández-García, M. de
Andrés, M. A. Jiménez Riobóo, R. J. Fernández-Martín, F. Kubacka, A.
Ferrer, M. Fernández-García, M. (2009), Biocidal capability optimization
in organic inorganic nanocomposites based on titania. Environmental
Science and Technology, 43, 1630–1634

Chang, T. Q., Li, Z. J., Yun, G. Q., Jia, Y., & Yang, H. J. (2013). Enhanced
photocatalytic activity of ZnO/CuO nanocomposites synthesized by
hydrothermal method. Nano-Micro Letters, 5(3), 163-168.

Chen, L. F., Ong, C. K., Neo, C. P., Varadan, V. V. and Varadan, V. K. (2004).
Microwave Electronic: Measurement and Materials Characterization.
Chichester: John Wiley & Son, United Kingdom

COMSOLAB. (2012). RF Module User’s Guide, COMSOL Multiphysics, Version
4.0, Los Angeles, U.S.A

Courant, R. L. (1943). Variational methods for the solution of equilibrium and
vibration, Bulletin of American Mathematical Society. 49(1): 1-23

Davidson, D. B, (2006). Computational Electromagnetics for RF and Microwave
Engineering, Cambridge University Press

Davidson, D. B, and Aberle, J. T, (2004). “Introducing students to spectral
domain method of moments formulations”, IEEE Antennas and
Propagation Magazine, 46(3), 11–19

De Paula, A. L. Rezende, M. C and José Barroso, J. (2011). Experimental
measurements and numerical simulation of permittivity and permeability
of Teflon in X band, Journal of Aerospace Technology and Management,
Vol.3, No.1, pp. 59-64

Dijana, P., Cynthia B., Michal O., John H. B, (2005).” Precision open-ended
coaxial probes for in-vivo and ex vivo dielectric spectroscopy of biological
tissue at microwaves frequencies”, IEEE Transaction on Microwave
Theory and Techniques, Vol. 53, No.5



© C
OPYRIG

HT U
PM

161

Fadzidah, M. I. (2012). Fabrication and characterisation of selected microwave
absorbing ferrite-polymer composites. M.Sc Thesis, Universiti Putra,
Malaysia

Faiz, M. Z. (2013). Design and analysis of monopole sensor for the determination
of moisture content in dioscoreahispida tuber, PhD Thesis, Universiti
Putra, Malaysia.

Faramarzi, S., Bajelan, S., &Akbarian, H. (2013). Manipulation of ZnO/Polymer
Nanocomposites Generated by Nanosecond Laser Ablation in Organic
Liquid. Acta Physica Polonica A, 123(1), 152-155.

Fernandes, D. M., Hechenleitner, A. A., Lima, S. M., Andrade, L. H. C., Caires,
A. R. L., & Pineda, E. A. (2011). Preparation, characterization, and
photoluminescence study of PVA/ZnO nanocomposite films. Materials
Chemistry and Physics, 128(3), 371-376.

Fernando, M. H. and Julio, G. H. (2012). Atomic Force Microscopy in Liquid:
Biological Applications, First Edition, Wiley-VCH Verlag GmbH & Co.
KGaA

Galpaya, D., Wang, M., Liu, M., Motta, N., Waclawik, E. R., & Yan, C. (2012).
Recent advances in fabrication and characterization of graphene-polymer
nanocomposites. Graphene, 1(2), 30-49.

Ganesh, P. S. (2009). Microwave Devices and Circuit Design, Learning Private
Limited, 3rd Edition, New Delhi, 110001

Gao, P. X., & Wang, Z. L. (2005). Nano-architectures of semiconducting and
piezoelectric zinc oxide. Journal of Applied Physics, 97(4), 044304.

Gardiol, F. E. (1968). Higher Order Modes in Dielectrically Loaded Rectangular
Waveguide. IEEE Transaction on Microwave Theory and Techniques,
16:919-924.

Gerhard L. F. and Biebl, E. M., (1997). A Broadband Free-Space Dielectric
Properties Measurement System at Millimeter Wavelengths, IEEE
Transactions on Instrumentation and Measurement, Vol. 46, No. 2

Ghandi,N. Kuldeep, S. Anil, O. Singh, D. P. Dhawan, S. K. (2011). Thermal,
dielectric and microwave absorption properties of polyaniline–(CoFe2O4)
nanocomposites, Composite Science and Technology, 71(15): 1754-1760

Gong, X., Tang, C. Y., Pan, L., Hao, Z., & Tsui, C. P. (2014). Characterization of
poly-vinyl alcohol (PVA)/ZnO nanocomposites prepared by a one-pot
method. Composites Part B: Engineering, 60, 144-149.

Gonon, P., & Boudefel, A. (2006). Electrical properties of epoxy/silver
nanocomposites. Journal of Applied Physics, 99(2), 024308-024308.

Green, C. P. Lioe, H. Cleveland, J. P. Proksch, R. Mulvaney, P. and Sader, J. E.
(2004). Normal and torsional spring constants of atomic force microscope
cantilevers. Review of Scientific Instruments, 75, 1988–1996.



© C
OPYRIG

HT U
PM

162

Gui, Y and Dou, W, (2009), Open Resonator Technique of Non Planar Dielectric
Objects

at Millimeter Wavelengths, Progress in Electromagnetics Research M,
Vol. 9,

185-197

Haj. Lakhdar, M. Ouni, B and Amlouk, M. (2014). Dielectric relaxation, modulus
behaviour and conduction mechanism in Sb2S3 thin films. Materials
Science in Semiconductor Processing, 19, Pp 32-39.

Harper, C. A. (2002). Handbook of plastics, elastomers, and composites,
McGraw-Hill

He, L., & Tjong, S. C. (2014). Electrical behaviour and positive temperature
coefficient effect of graphene/polyvinylidene fluoride composites
containing silver nanowires. Nanoscale Research Letters, 9(1), 1-8.

Heo, Y. W., Kwon, Y. W., Li, Y., Pearton, S. J., & Norton, D. P. (2004). P-type
behaviour in phosphorus-doped (Zn, Mg) O device structures. Applied
Physics Letters, 84(18), 3474-3476.

Hippel, V. (1954). Dielectric Material and Application. New York: Wiley.

Hong, J. I., Schadler, L. S., Siegel, R. W., &Mårtensson, E. (2003). Rescaled
electrical properties of ZnO/low density polyethylene
nanocomposites. Applied Physics Letters, 82(12), 1956-1958.

Hongdan, P. Yu, H. Tianxi, L. Wuiwui, C. T. Chaobin, H, (2010). Morphology and
thermal degradation behavior of highly exfoliated CoAl layered double
hydroxide/polycaprolactone nanocomposites prepared by simple solution
intercalation, Thermo Chimica Acta, 502

Ismail, M. Huang, C. Panda, D. Hung, C. Tsai, T. Jieng, J. Lin, C. Chand, U.
Rana, A. M. Ahmed, E. Talib, I. Nadeem, M. Y and Tsen, T (2014).
Forming-free bipolar resistive switching in nonstoichiometric ceria films,
Nanoscale Research Letter, 9(1): 1-8, DOI: 10.1186/1556-276X-9-45

Ismayadi, I. Hashim, M. Khamirul, A. M. and Alias, R. (2009). The Effect of Milling
Time on Ni0.5Zn0.5Fe2O4 Compositional Evolution and Particle Size
Distribution. American Journal of Applied Sciences, 6 (8): 1548-1552,
ISSN 1546-9239

Jiang, C and Yang, C. (1995). “Complex Permittivity and Permeability
Measurements for High-loss Material in a Waveguide,” Microwave and
Optical Technology Letters, Vol 9, pp. 41-43

Jin, J. M, (2010). The Finite Element Method, in Theory and Computation of
Electromagnetic Field, John Wiley & Sons, USA.

Jing, H. and Jiang, Q. (2005). Transmission/Reflection method based on coaxial
line for RF materials characterization measurement [J]," Journal of
Astronautics, Vol. 26, No. 5



© C
OPYRIG

HT U
PM

163

José M. C. C, Antoni, J. C., Felipe L, Peñaranda, F., and Elias de los R. D.
(2003). Accurate Determination of the Complex Permittivity of Materials
with Transmission Reflection Measurements in Partially Filled
Rectangular Waveguides, IEEE Transactions on Microwave Theory and
Techniques, Vol. 51, no.1

Kalpanadevi, K., Sinduja, C. R., &Manimekalai, R. (2013). Characterisation of
zinc oxide and cadmium oxide nanostructures obtained from the low
temperature thermal decomposition of inorganic precursors. International
Scholarly Research Notices

Kango, S., Kalia, S., Celli, A., Njuguna, J., Habibi, Y., & Kumar, R. (2013).
Surface modification of inorganic nanoparticles for development of
organic–inorganic nanocomposites—A review. Progress in Polymer
Science, 38(8), 1232-1261.

Kharissova, O. V., Dias, H. V., Kharisov, B. I., Pérez, B. O., & Pérez, V. M. J.
(2013). The greener synthesis of nanoparticles. Trends in
Biotechnology, 31(4), 240-248.

Kidwai, M., & Mothsra, P. (2006). Neat reaction technology: A green tool. Indian
Journal of Chemistry Section B, 45(10), 2330.

Kim, S., & Baker-Jarvis, J. (2013, November). Approximation for measuring
complex material parameters at λ/2 resonances in transmission-line
measurements. In Microwave Conference Proceedings (APMC), 2013
Asia-Pacific (pp. 803-805). IEEE.

Kim, S., & Baker-Jarvis, J. (2014). An Approximate Approach to Determining the
Permittivity and Permeability Near Lambda/2 Resonances in
Transmission/Reflection Measurements. Progress In Electromagnetics
Research B, 58, 95-109.

Kittel, C. (1996). Introduction to Solid State Physics. Eight Edition, John Wiley &
Sons

Inc. USA

Kochetov, R. (2012). Thermal and Electrical Properties of Nanocomposites,
Including Material Processing, PhD Thesis, Lappeenranta University of
Technology, Finland

Kołodziejczak-Radzimska, A., & Jesionowski, T. (2014). Zinc Oxide—From
Synthesis to Application: A Review. Materials, 7(4), 2833-2881.

Koo, J. H. (2006). Polymer Nanocomposites. Processing, characterization, and
applications, McGraw-Hill, United Kingdom

Krishnamoorti, A. Vaia, R. A. (2002). Polymer nanocomposites: synthesis,
characterization, and modelling, Washington: American Chemical Society

Kuhn, S. (1946), Calculation of attenuation in waveguides, Journal of Institute of
Electrical Engineers, 93, Part III A, p. 663



© C
OPYRIG

HT U
PM

164

Kumar, A. and Sharma, S, (2007). “Measurement of dielectric constant and loss
factor of the dielectric materials at microwave frequencies," Progress in
Electromagnetics Research, PIER 69, 47-54

Langton, N. H and Matthews D. (1958). The dielectric constant of zinc oxide over
a range of frequencies, British Journal of Applied Physics, Vol. 9, pp453-
455

Lanje, A. S. Sharma, S. J. Ningthoujam, R. S. Ahn, J. S. Pode, R. B. (2013). Low
temperature dielectric studies of zinc oxide (ZnO) nanoparticles prepared
by precipitation method, Advanced Powder Technology, 24, 331–335

Laverghetta, T. S. (2005). Microwaves and wireless simplified. Artech, United
Kingdom

Lehmann, D. Seidel, F and Zahn, D. RT (2014). Thin films with high surface
roughness: thickness and dielectric function analysis using spectroscopic
ellipsometry, SpringerPlus, 3:82

Leite, F. L. Mattoso, L. H. C. Oliveira Jr, O. N. Herrmann Jr, P. S. P. (2007). The
Atomic Force Spectroscopy as a Tool to Investigate Surface Forces: Basic
Principles and Applications, Modern Research and Educational Topics in
Microscopy. Formatex, 747-757.

Lian, A. Besner, S and Dao, L. (1995). “Broadband dielectric and conducting
properties of poly (N-alkylanilines),” Synthetic Metals, Vol. 74, no. 1, pp.
21–27

Liang, J. Z. Li, R. K. Y. Tjong, S. C. (1999). Crystallization Behaviour of Glass
Bead-Filled Low-Density Polyethylene Composites. Journal of Applied
Polymer Science, 71: 687-692

Liang, G. (2007). Electrical Properties of Polymer Composites Filled with
Conductive Fillers, PhD Thesis, City University of Hong Kong, Hong Kong

Li, B.W., Shen, Y., Yue, Z. and Nan, C.W. (2007).  Influence of particle size on
electromagnetic behavior and microwave absorption properties of Z-type
Ba-ferrite/polymer composites. Journal of Magnetism and Magnetic
Materials, 313 : 322-3281

Li, Y.C. S. C. Tjong, S. C. Li, R. K. Y. (2011). Dielectric properties of binary
polyvinylidene fluoride/barium titanate nanocomposites and their
nanographite doped hybrids, eXPRESS Polymer Letters Vol.5, No.6, 526–
534

Li Z. H. Su G. Y. Wang X. Y. Gao D. (2005). Micro-porous PVDF-HFP based
polymer electrolyte filled with Al2O3 nanoparticles, Solid State Ion
176:1903– 1908

Liu, X. G., Geng, D. Y., Meng, H., Shang, P. J., & Zhang, Z. D. (2008).
Microwave-absorption properties of ZnO-coated iron
nanocapsules. Applied Physics Letters, 92(17), 173117-173120.



© C
OPYRIG

HT U
PM

165

Liu, Y. Sun, Y. Zeng, F. Chen, Y. (2013). Influence of POSS as a Nanofiller on
the Structure, Dielectric, Piezoelectric and Ferroelectric Properties of
PVDF, Int.ernational Journal Electrochemical Science, 8 5688 – 5697

Logan, D. L, (2012). A First Course in the Finite Element Method, 5th edition,
Global Engineering, U.S.A

Ma, C. C. M., Huang, Y. L., Kuan, H. C., & Chiu, Y. S. (2005). Preparation and
electromagnetic interference shielding characteristics of novel carbon‐
nanotube/siloxane/poly-(urea urethane) nanocomposites. Journal of
Polymer Science Part B: Polymer Physics, 43(4), 345-358.

Maloney, J. G., Smith, G. S., and Scott, W. R. JR. (1990). Accurate computation
of the radiation from simple antennas using the finite-difference time
domain method. IEEE Transaction on Antennas and Propagation.
38:1059-1068.

Marin, S. P. (1982). Computing scattering amplitudes for arbitrary cylinders
under incident plane waves. IEEE Transaction on Antennas and
Propagation, 30(6): 1045-1049

Mason, S. J.  (1953). Feedback Theory-Some Properties of Signal-Flow Graphs.
Proc. IRE. 41: 1144-1156

Matei, A., Cernica, I., Cadar, O., Roman, C., & Schiopu, V. (2008). Synthesis
and characterization of ZnO–polymer nanocomposites. International
Journal of Material Forming, 1(1), 767-770.

Mei, K. K. (1974). Unimoment method of solving antenna and scattering
problems. IEEE Transactionson on Antennas and Propagation. 22(6):
760-766.

Milani, M. A., González, D., Quijada, R., Basso, N. R., Cerrada, M. L., Azambuja,
D. S., & Galland, G. B. (2013). Polypropylene/graphene nanosheet
nanocomposites by in situ   polymerization: Synthesis, characterization
and fundamental properties. Composites Science and Technology, 84,
1-7.

Mitra, P and Mondal, S, (2013). Structural and Morphological Characterization
of ZnO thin Films Synthesized by SILAR, Progress in Theoretical and
Applied Physics, Vol. 1, 17-31

Miyake, H., Siviloglou, G. A., Puentes, G., Pritchard, D. E., Ketterle, W., & Weld,
D. M.

(2011). Bragg scattering as a probe of atomic wave functions and quantum
phase     transitions in optical lattices. Physical Review Letters, 107(17),
175302.

Murugadoss, G. (2012). Synthesis and characterization of transition metals
doped ZnO nanorods. Journal of Materials Science & Technology, 28(7),
587-593.



© C
OPYRIG

HT U
PM

166

Nedelec, J. C. (1980). Mixed finite elements in R3. Numerical Mathematics. 35:
315-341.

Nevalainen, K., Vuorinen, J., Villman, V., Suihkonen, R., Järvelä, P., Sundelin,
J., & Lepistö, T. (2009). Characterization of twin‐screw‐extruder‐
compounded polycarbonate nanoclay composites. Polymer Engineering
& Science, 49(4), 631-640.

Nicolais, L. and Carotenuto G. (2005). Metal-polymer nanocomposites, A John
Wiley &

Sons, Inc. USA

Nicholson, A. M and Ross, G. F, (1970). Measurement of the Intrisic Properties
of Materials by time domain Techniques, IEEE Transaction on
Instrumentation and Measurement, Vol. IM-19, pp 395-402.

Nitsche, R. G. and Biebl, E. M. (1994). “A free-space technique for measuring
the complex permittivity and permeability in the millimeter wave range”.
IEEE MTT-S Microwave Symp. Dig., pp. 1465–1468.

Ozgur, U., Hofstetter, D., &Morkoc, H. (2010). ZnO devices and applications: a
review of current status and future prospects. Proceedings of the IEEE,
98(7), 1255-1268.

Pakdel, A and Ghodsi, F. E, (2011). “Influence of drying conditions on the optical
and structural properties of sol-gel derived ZnO nanocrystalline films”,
Pramana-Journal of Physics, 76(6), 973-983

Post, B. Weissmann, S and McMurdie, H. F. (1990). Joint Committee on Powder
Diffraction standards, Inorganic, Card No. 36-1451, International Centre
for Diffraction Data, Swarthmore, PA, 1990.

Pozar, D. M, (2012). Microwave Engineering, 4th Edition, John Wiley and Sons
Inc. USA

Prabhu, Y. T., Rao, K. V., Kumar, V. S. S., & Kumari, B. S. (2013). Synthesis of
ZnO Nanoparticles by a Novel Surfactant Assisted Amine Combustion
Method. Advances in Nanoparticles, 2, 45.

Przybyszewska, M. and Zaborski, M. (2009). The effect of zinc oxide
nanoparticle morphology on activity in crosslinking of carboxylated nitrile
elastomer, eXPRESS Polymer Letters, Vol.3, No.9, 542–552

Qiu, J. Shen, H. and Gu, M. (2005). Microwave absorption of nanosized barium
ferrite particles prepared using high energy ball milling, Powder
Technology, 154(2-3), 116-119.

Reventós, M. M, & Amigó, J. M. (2012). Mineralogy and geology: The role of
crystallography since the discovery of X-ray diffraction in 1912. Revista de
la Sociedad Geológica de España, 25(3), 133-144

Rhodes and Schwarz, (2010). Measurement of materials dielectric properties,
Application note, R&S.



© C
OPYRIG

HT U
PM

167

Roberts, S and Von Hippel, A. R, (1964). “A new method for measuring dielectric
constant and loss in the range of centimetre waves,” Journal of Applied
Physics, Vol. 17, pp. 610–616

Robin, A. Hruda N. M. Dinesh, K. S. Ayan, M. Dhruba, M. Nandakumar, K. Sabu,
T. (2014). Electrospun polycaprolactone/ZnO nanocomposite membranes
as biomaterials with antibacterial and cell adhesion properties, Journal of
Polymer Research, 21:347

Roy, A. S., Gupta, S., Sindhu, S., Parveen, A., & Ramamurthy, P. C. (2013).
Dielectric properties of novel PVA/ZnO hybrid nanocomposite
films. Composites Part B: Engineering, 47, 314-319.

Sadiku, M. N. O. (2000). Numerical Techniques in Electromagnetics. Florida:
CRC Press

Sadiku, M. N. O (2008). Elements of Electromagnetics, 3rd Edition, Oxford
University Press

Saini, P., & Arora, M. (2012). Microwave absorption and EMI shielding behaviour
of nanocomposites based on intrinsically conducting polymers,
graphene and carbon nanotubes. New Polymers for Special
Applications, Pp 71-112.

Sakai, T., & Alexandridis, P. (2006). Ag and Au monometallic and bimetallic
colloids: morphogenesis in amphiphilic block copolymer
solutions. Chemistry of Materials, 18(10), 2577-2583.

Sarabandi, K and Ulaby, F. T, (1988). “Technique for measuring the dielectric
constant of thin materials,” IEEE Transaction on Instrumentation and
Measurement, Vol. 37, pp. 631–636

Sawada, H., Wang, R., & Sleight, A. W. (1996). An electron density residual
study of zinc oxide. Journal of Solid State Chemistry, 122(1), 148-150.

Scherrer, P (1918). “Bestimmung der Grösse und der InnerenStruktur von
KolloidteilchenMittelsRöntgenstrahlen, Nachrichten von der Gesellschaft
der Wissenschaften, Göttingen,” Mathematisch-Physikalische Klasse,
Vol. 2, pp. 98-100

Schubert, U., & Hüsing, N. (2012). Synthesis of inorganic materials. John Wiley
& Sons.

Schweizg, E. and Bridge, W. B. (1984). Computer Analysis of Dielectric
Waveguide: A Fininte Difference Method. IEEE Transaction on
Microwave Theory Techniques, 32: 531-541

Sharma, P and Kanchan, D. K. (2014). Effect of nanofiller concentration on
conductivity and dielectric properties of poly (ethylene oxide)–poly (methyl
methacrylate) polymer electrolytes, Polymer International, 63: 290–295,
DOI 10.1002/pi.4504

Shull, P. J. (2002). Nondestructive Evaluation: Theory, Techniques and
Applications. New York: Marcel Decker, Inc



© C
OPYRIG

HT U
PM

168

Sill, K. Yoo, S. Emrick, T. (2004). “Polymer-nanoparticle composites”, Dekker
Encyclopedia of Nanoscience and Nanotechnology.

Silvester, P. P and Ferrari, R. L. (1966). Finite Element for Electrical Engineers.
Cambridge University Press.

Singla, P. (2014). Microwave assisted polymerization of lactide and in situ
preparation of poly (lactic acid) - clay nanocomposites, PhD Thesis,
Thapar University India.

Slater, D. (2013). Time space coherence interferometry, Near-field Systems Inc.
19730 Magellan Drive.  Torrance, CA 90502-1104

Snyder, A. W and Love, J. D. (1983). Optical Waveguide Theory, Chapman and
Hall, London

Somlo, P. I., (1993). “A convenient self-checking method for the automated
microwave measurement of permeability and permittivity”. IEEE
Transaction on Instrumentation and Measurement, Vol. 42, pp. 213–216

Soleimani, H (2009). Electromagnetic Characterisation of Yttrium Iron Garnet
and Lanthanum Iron Garnet Filled Polymer Nanocomposites Using FEM
Simulation Rectangular Waveguide and NRW Methods. PhD Thesis,
Universiti Putra, Malaysia

Stuchly, S and Matuszewski, M (1978). “A Combined Total Reflection-
Transmission Method in Application to Dielectric Spectroscopy,” IEEE
Transaction on Microwave Theory Techniques, MTT-27, pp. 285-288

Su, X., Jia, Y., Liu, X., Wang, J., Xu, J., He, X. & Liu, S. (2014). Preparation,
Infrared Emissivity, and Dielectric and Microwave Absorption Properties
of Fe-Doped ZnO Powder. Journal of Electronic Materials, 43(11), 3942-
3948.

Sun, C. (2010). Controlling the rheology of polymers/silica nanocomposites, PhD
Thesis, Eindhoven University of Technology, Holland

Surati, M. A., Jauhari, S., & Desai, K. R. (2012). A brief review: microwave
assisted organic reaction. Archives of Applied Science Research, 4(1),
645-661.

Swanepoel, R. (1984), Determination of surface roughness and optical constants
of inhomogeneous amorphous silicon films, Journal of Physics E:
Scientific Instruments, 17 896. doi:10.1088/0022-3735/17/10/023

Syeda, S and Ambika Prasad, M. V. N. (2014). Dielectric Spectroscopy of
Nanostructured Polypyrrole-NiO Composites, Journal of Polymers. Vol.
2014, Article ID 950304, 5 Doi.org/10.1155/2014/950304

Tan, K. S., Gan, W. C., Velayutham, T. S., & Majid, W. A. (2014). Pyroelectricity
enhancement of PVDF nanocomposite thin films doped with ZnO
nanoparticles. Smart Materials and Structures, 23(12), 125006.



© C
OPYRIG

HT U
PM

169

Tang, Y., Shao, Y., Yao, K. F., & Zhong, Y. X. (2014). Fabrication and microwave
absorption properties of carbon-coated cementite nanocapsules.
Nanotechnology, 25(3), 035704.

Tchmutin, I. A. Ponomarenko, A. T. Shevchenko, V. G. Ryvkina, N. G. Klason,
C. McQueen, D. H. (1998). Electrical Transport in 0-3 Epoxy Resin–
Barium Titanate–Carbon Black Polymer Composites, Journal of Polymer
Science, Pt B-Polymer Physics, 36: 1847-1856

Thomas, S., Grohens, Y., & Jyotishkumar, P. (Eds.). (2014). Characterization of
Polymer Blends: Miscibility, Morphology and Interfaces. John Wiley &
Sons.

Tripathi, S. N., Saini, P., Gupta, D., & Choudhary, V. (2013). Electrical and
mechanical properties of PMMA/reduced graphene oxide
nanocomposites prepared via in situ polymerization. Journal of Materials
Science, 48(18), 6223-6232.

Varshney, S., Ohlan, A., Jain, V. K., Dutta, V. P., &Dhawan, S. K. (2014).
Synthesis of ferrofluid based nano-architectured polypyrrole composites
and its application for electromagnetic shielding. Materials Chemistry and
Physics, 143(2), 806-813.

Vartanian, P. H., Ayres W. P., and Helgesson, A. L. (1958). Propagation in
Dielecteric Slab Loaded Rectangular Waveguide. IEEE Transaction on
Microwave Theory Techniques, Vol. 6: 215-222.

Venkatesh, M. S and Raghavan, G. S. V, (2005). An overview of dielectric
properties measuring techniques, Canadian Biosystems Engineering/Le
génie des Biosystèmes au Canada, 47: 7.15 - 7.30

Venkatesh, M.S. (2002). Development of integrated dual frequency permittivity
analyzer using cavity perturbation concept. Ph.D. Thesis, McGill
University, Canada

Verma, S, Pradhan, S. D, Pasricha, R, Sainkar, S. R, and Joy, P. A, (2005). A
novel low temperature synthesis of nano-sized NiZn Ferrite, Journal of
American Ceramic Society, Vol. 88, Issue 9, 2597-2599

Wagener, P., Faramarzi, S., Schwenke, A., Rosenfeld, R., &Barcikowski, S.
(2011). Photoluminescent zinc oxide polymer nanocomposites fabricated
using picosecond laser ablation in an organic solvent. Applied Surface
Science, 257(16), 7231-7237.

Wahab, H. A., Salama, A. A., El-Saeid, A. A., Nur, O., Willander, M., &Battisha,
I. K. (2013). Optical, structural and morphological studies of (ZnO) nano-
rod thin films for biosensor applications using sol gel technique. Results in
Physics, 3, 46-51.

Wang, J., Guan, F., Cui, L., Pan, J., Wang, Q., & Zhu, L. (2014). Achieving high
electric energy storage in a polymer nanocomposite at low filling ratios
using a highly polarizable phthalocyanine interphase. Journal of Polymer
Science Part B: Polymer Physics.



© C
OPYRIG

HT U
PM

170

Wang Q and Chen, G. (2012). Effect of nanofillers on the dielectric properties of
epoxy nanocomposites. Advances in Materials Research, Vol. 1, No. 1,
93-107

Wee, F. H., Soh, P. J., Suhaizal, A. H. M., Nornikman, H., & Ezanuddin, A. A. M.
(2009). Free space measurement technique on dielectric properties of
agricultural residues at microwave frequencies. In Microwave and
Optoelectronics Conference (IMOC), IEEE MTT-S International, pp. 183-
187.

Weir, W. B., (1974). “Automatic measurement of complex dielectric constant and
permeability at microwave frequencies”. Proceedings of the IEEE, Vol.
62, pp. 33–36

Wen, F., Zhang, F., & Liu, Z. (2011). Investigation on microwave absorption
properties for multiwalled carbon nanotubes/Fe/Co/Ni nanopowders as
lightweight absorbers. The Journal of Physical Chemistry C, 115(29),
14025-14030.

Wong, C. P and Bollampally, R. S. (1999). “Comparative study of thermally
conductive fillers for use in liquid encapsulants for electronic packaging”,
IEEE Transactions on Advanced Packaging, Vol. 22, No.1, 54-59

Xia, Y. Bigerelle, M. Marteau, J. Mazeran, P-E. Bouvier, S and Lost, A.  (2014).
Effect of surface roughness in the determination of the mechanical
properties of material using nano-indentation test, Scanning, Vol. 36,
issue 1, pp 134-149

Xu S, and Wang Z. L. (2011). One-dimensional ZnO nanostructures: Solution
growth and functional properties. Nano Research, 4:10-13

Xu, Y., Tsai, Y. P., Tu, K. N., Zhao, B., Liu, Q. Z., Brongo, M., ... & Tung, C. H.
(1999). Dielectric property and microstructure of a porous polymer
material with ultralow dielectric constant. Applied physics letters, 75(6),
853-855.

Yang, T. I., Brown, R. N., Kempel, L. C., & Kofinas, P. (2010). Surfactant-
modified nickel zinc iron oxide/polymer nanocomposites for radio
frequency applications. Journal of Nanoparticle Research, 12(8), 2967-
2978.

Yung, K. C and H. Liem, H. (2007). “Enhanced thermal conductivity of boron
nitride epoxy-matrix composite through multi-modal particle size mixing”,
Journal of Applied Polymer Science, Vol. 106, No. 6, 3587-3591

Zhao, L. Zhang, H. Xing, Y. Song, S. Yu, S. Shi, W. Guo, X. Yang, J and Cao,
F, (2008). “Studies on the magnetism of cobalt ferrite nanocrystals
synthesized by hydrothermal method”, Journal of Solid State Chemistry,
Vol.181, pp 245-252

Zheng, H. Yang, Y. Zhou, M. and Li, F. (2009). Microwave absorption and
Mossbauer studies of Fe2O3 nanoparticles. Hyperfine Interactions, 189(1-
3), 131-136.



© C
OPYRIG

HT U
PM

171

Zhou, H. Lu, G. Li, Y. Wang, S and Wang, Y, (2009). An Improved Method of
Determining Permittivity and Permeability by S parameters, Progress in
Electromagnetics Research Symposium Proceedings, Beijing, China.


	SYNTHESIS AND CHARACTERIZATION OF ZINC OXIDE 
POLYCAPROLACTONE NANOCOMPOSITES USING RECTANGULAR
WAVEGUIDE AND MICROSTRIP TECHNIQUES
	ABSTRACT
	TABLE OF CONTENTS
	CHAPTER 1.pdf (p.26-36)
	REFERENCES.pdf (p.185-198)



