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OZET

Fe;04 KATKILI MoS,/PANI HIBRIT KOMPOZITLERIN BAZI FiZiKSEL
OZELLIKLERININ SENTEZi VE KARAKTERIZASYONU

Cemal AKA
Yiiksek Lisans, Malzeme Miihendisligi Anabilim Dali
Danisman: Dog. Dr. Mustafa AKYOL
Subat 2024, 80 sayfa

Malzemelerde elektromanyetik dalgalar1 absorbe eden sistemler, gizli uygulamalar ve hassas
elektronik ekipmanlar icin gereklidir. Bununla birlikte, EMW'yi genis bir bant genisligi
boyunca absorbe etme yetenegi, malzeme sistemleri ve mithendisligindeki bazi sinirlamalarla
hala smirlidir. Bant genisliginin artirilmast ve malzeme sistemi yansimalarinin azaltilmasi,
gelecekteki gizli teknolojilerin gelistirilmesi i¢cin ¢ok onemli ilerlemelerdir. Bu ¢alismada,
yar1 iletken MoS; nano tabakalari, Fe30, manyetik nanopartikiiller ve iletken polianilin
kullanilarak hibrit yapilar gelistirilmistir. Bu hibrit yapilarin yapisal, manyetik, morfolojik,
termal, elektronik ve elektromanyetik Ozelliklerini incelemek icin sistematik bir yaklasim
kullanilmistir. Analiz sonucunda, elektromanyetik dalgalar etkili bir sekilde absorbe edebilen
Fe304:M0S; ve PANI@Fe304:M0S; hibrit yapilarinin tistin EMW absorpsiyon 6zelliklerine
sahip oldugu goriilmiistiir. Ozellikle, F1oMgo numunesi 3 mm kalinlikta ve 7,86 GHz frekansta
-54,97 dB'lik minimum yansima kaybina ulagsmis ve 4,0 GHz'lik etkili bir sogurma araligina
sahip olmustur. PsoF,5M475 numunesi 2 mm kalinlikta ve 13,18 GHz frekansta -27,58 dB'lik
minimum yansima kaybina ulagsmis ve 8,03 GHZz'lik etkili bir sogurma bant genisligine sahip
olmustur. Deneysel bulgulara dayanarak, hafif yapilar1 ve yiiksek sicaklik kararliliklar ile
karakterize edilen PANI@Fe304:M0S; gibi hibrit nanokompozitlerin genis bant araliginda

EMW'in neredeyse %99'unu etkili bir sekilde absorbe edebildigi sonucuna varilmistir.

Anahtar Kelimeler: Polyaniline, MoS,, hibrit yapi, electromanyetik dalga sogurma, Fe3O4

nanoparcaciklar



ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF SOME PHYSICAL PROPERTIES OF
Fe;O, DOPED MoS,/PANI HYBRID COMPOSITES

Cemal AKA
M.Sc., Department of Materials Engineering

Supervisor: Assoc. Prof. Dr. Mustafa AKYOL
February 2024, 80 pages

Systems for absorbing electromagnetic waves in materials are essential for stealth
applications and vulnerable electronic equipment. However, the ability to absorb EMW over a
large bandwidth is still limited by certain limitations in material systems and engineering.
Increasing the bandwidth and reducing material system reflections are crucial advancements
for the development of future stealth technologies. In this study, hybrid structures were
developed using semiconducting MoS, nanosheets, Fe3O, magnetic nanoparticles and
conductive polyaniline. A systematic approach was employed to examine the structural,
magnetic, morphological, thermal, electronic, and electromagnetic properties of these hybrid
structures. As a result of the analysis, Fe;04:Mo0S; and PANI@Fe;04:MoS; hybrid sturucture,
which can effectively absorb electromagnetic waves, were found to have superior EMW
absorption properties. In particular, The F1oMgo sample achieved a minimum reflection loss of
-54.97 dB at a thickness of 3 mm and a frequency of 7.86 GHz, with an effective absorption
range of 4.0 GHz. The PsoF25M475 sample achieved a minimum reflection loss of -27.58 dB at
a thickness of 2 mm and a frequency of 13.18 GHz, with an effective absorption bandwidth of
8.03 GHz. Based on the experimental findings, it is concluded that hybrid nanocomposites
such as PANI@Fe;04:Mo0S,, which are characterized by their lightweight structure and high

temperature stability, can effectively absorb almost 99% of the EMW in the broadband range.

Keywords: Polyaniline, MoS,, hybrid sturucture, electromagnetic wave absorbing, Fe3O4

nanoparticles
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1. INTRODUCTION

Electromagnetic waves have started to be used in electronic devices, trade, and
communication and defence industry etc. as a result of the development of technology. In
particular, electromagnetic waves used in the defence industry to detect the position and speed
of military vehicles constitute the basis of radar technology. As a result of the development of
radar technology, it has become easier to detect the vehicles of enemy forces by integrating
radar systems into land, sea and air vehicles used in the defence industry.

Radar is a technological system utilizing electromagnetic waves for the detection of the size,
speed, range, and position of stationary or mobile objects. Operating within the frequency
range of 300 MHz to 300 GHz, radar systems function across wavelengths spanning from 1

mm to 1 m.

The working principle of radars is very simple. The electromagnetic wave sent from the radar
source captures the object and reflects the electromagnetic wave back. The receiver collects
the reflected electromagnetic wave so that the radar can observe the object. As depicted in
Figure 1.1, certain radio waves, whether pulsed or continuous, emitted by the transmitter are
reflected off the object and subsequently received by the receiver. This process furnishes
details regarding the object's position and speed. This information is provided using the
energy of the reflected wave [1].

Transmitted Electromagnetic Waves

@

Transmitter X\ \

II % Reflected Electromagnetic Waves

Receiver

Distance

Figure 1.1. Working principle of radar system.



The amount of the electromagnetic wave sent to the object, which is reflected back and
absorbed after contact with the object, varies depending on the surface and material
properties. If the material has a smooth surface, the incident electromagnetic wave will be
reflected back in one direction. Thus, the radar system can easily determine the speed and
position of the object. However, if the material has a porous surface with sharp transitions, the
incident electromagnetic wave will be reflected in different directions. As a result, the radar

system will have difficulty in detecting the speed and position of the object.

As a consequence of the development of radar technology, weapons used in land, sea and air
forces are now designed to be invisible to radar. Thus, a new field of study, stealth
technology, has emerged. Stealth technology can be defined as low observability [2]. The
main purpose of stealth technology is to make combat aircraft, helicopters, warships and other
military vehicles less visible to detection methods such as radar, infrared and sonar. In other
words, the aim is to reduce the radar cross section (RCS) of the target vehicle. The radar cross
section is described as a measure of how detectable an object is to radar. Factors affecting
radar detectability include the material from which the target is made, the size, shape and
orientation of the target, the angle of incidence, the angle of reflection, the frequency and
polarisation of the radar signal. Taking advantage of these factors, researchers in many
countries have started to work on the design of radar absorbing materials to reduce the radar

cross-sectional area.

Research on electromagnetic wave absorbers began in the 1930s, and the first patent was
obtained in the Netherlands in 1936 [2, 3]. Since these years, interest in radar absorbing
materials has increased and studies on this subject have increased day by day. The main
objective was to achieve high reflection loss over a wide effective absorption range [4]. For
this reason, RAMs continue to be designed with different designs and contents in the

literature.
1.1. Fundamental of electromagnetic wave and absorbing theory

Electromagnetic waves are produced by accelerating electrons and photons. Electromagnetic
waves are a type of radiation that can reach everywhere in the universe. Electromagnetic
waves are generated by both electric and magnetic fields. Figure 1.2a shows the formation of

electromagnetic waves. In this context, electromagnetic waves are characterized by

2



perpendicular electric and magnetic fields, with transverse waves propagating in a direction
perpendicular to the plane formed by these fields. [5]. Electromagnetic waves are classified
according to their frequencies and wavelengths and the electromagnetic wave spectrum is
given in Figure 1.2b. Electromagnetic waves are listed as radio waves, microwaves, visible
region, ultraviolet, X-ray and Gamma Rays according to energy increase and wavelength
decrease.

F X Magnetic
: field (B)
A0

Electric
field (E)

Propagation

. direction
%
\
h y
A
b) - shorter longer - Wavelength (meters)
1 | |
10" 10" 10°* 10° 10¢ 102 1 102
Gamma rays X-rays u Infrared Microwaves Radiowaves
10® 10* 10? 1 107 10t 106 10°
1 | | | | |
= higher Visible lower ——» Energy (electronvolts)
500 600
[ Blue T T ] ¢t
AAAAAA l 1 I 1 ! |
400 450 480 510 550 570 5% 630 700 wavelength Z (nm)

Figure 1.2. a) Generation of electromagnetic wave b) electromagnetic spectrum [6].

Microwave radiations encompass electromagnetic waves with frequencies falling within the
range of 300 MHz to 300 GHz and wavelengths spanning from one millimeter to one meter.
Many sources define microwaves in different frequency ranges; our definition includes the
UHF, SHF and EHF bands. In radio frequency engineering, the commonly accepted definition
narrows ranging from 1 to 100 GHz (0.3 mm to 3 mm) for microwave frequencies.
Microwaves are in any case known to include the entire SHF band (3 to 30 GHz). Microwave
frequency ranges are often referred to by IEE radar band names. The band names are S, C, X,
Ku, K or Ka respectively.



Thanks to electromagnetic methods, the location, position and velocity of objects from nano
to macro size can be determined. Therefore, to understand the function of electromagnetic
waves in the detection of objects, it is necessary to understand their interaction with the
object. The interactions depend on the shape, content, structure and properties of the material
of the item, as well as the electromagnetic wave frequency and angle of arrival. Table 1.1
shows the frequency ranges and application areas of radar systems. The propagation of
electromagnetic waves is mainly described by magnetic permeability and dielectric
permeability [7]. In other words, the electromagnetic properties of a material depend on its

dielectric and magnetic properties.



Table 1.1. Frequency ranges and application areas of radar systems [8].

Band .
Frequency Range Application Areas
Code
Over-the-horizon surveillance typically involves limited range and
HF 3-30 MHz . o
resolution capabilities.
Low/medium resolution; long-range surveillance; foliage penetration
VHF 50-330 MHz )
(FOPEN); counter-stealth; and ground penetration.
UHF 300-1000 MHz FOPEN long-range observation has inadequate to medium resolution.
Medium resolution, little air impact; long range air traffic management
L 1-2 GHz )
and surveillance.
Medium-range surveillance, terminal air traffic control, long-range air
S 2-4 GHz . i )
surveillance, airborne early warning (AEW).
Long-range tracking, weather observation, and weapon positioning are
C 4-8 GHz ’ i ) )
impacted more in light to medium rain.
Various purposes are served by short-range tracking, missile guidance,
X 8-12 GHz maritime radar mapping, airborne interception, battlefield surveillance,
and weapon location.
Satellite altimetry, and unmanned aerial vehicle (UAV) radar serve
Ku 12-18 GHz o
distinct purposes.
Police radar is restricted in its application due to significant water vapor
K 18-27 GHz _
absorption.
Short-range, high-resolution mapping and airport surveillance are
Ka 27-40 GHz limited by the absorption of water vapor, which reduces their effective
range.
\% 40-75 GHz In the scientific field, it is used for high water vapor absorption.
It is used for very high resolution imaging, automobile cruise control
w 75-110 GHz o )
and missile detection.
Used in the experimental field. Short range due to high water vapor
Mm 110-300 GHz )
absorption.




1.1.1. Dielectric loss mechanism

It is described as the interaction between the material and the electric field, known as the
dielectric constant. The real side of the dielectric constant (g') indicates how much energy is
stored in the material in the case of an externally applied electric field. The imaginary side of
the dielectric constant (¢") indicates the energy loss in the external electric field applied to the
material. The real (¢') and imaginary (") dielectric constants form the complex dielectric

constant (g;). The complex permeability can be defined by the following equation;
e=¢ —ig" (1.1)
where €' and €" real and imaginary permittivity, respectively.

1.1.2. Magnetic loss mechanism

The interaction of the material with the magnetic field is called magnetic permeability (p).
The complex magnetic permeability (u,) consists of two parts: real (i) and imaginary (u'")
magnetic permeability [9]. These parts are defined as energy storage and loss, respectively.

The equation of magnetic loss is as follows;

p=p =i’ (1.2)
where €' and €" real and imaginary permittivity, respectively.

1.1.3. Loss tangent

One of the values indicating the electromagnetic properties of the material is the loss tangent
(tand). The loss tangent has two different values: dielectric (tand.) and magnetic (tand,) loss
factor [10, 11]. These values indicate whether the absorption ability of the material is due to
dielectric loss or magnetic loss. Loss tangent equations are as follows;

e
g/

tand, = — and tand, = ’;—’,’ so tan§ = tand, + tané, (1.3)

1.1.4. Radar absorbing mechanism

Radar systems are a significant technological vehicle for determining the position and speed
of a target. These systems are of great importance to the defence industry as they play a vital
role in detecting enemy combat vehicles. The advancement of radar technology has

necessitated the creation of radar-absorbing materials to counteract it. Radar-absorbing
6



materials absorb the electromagnetic wave from the radar system and prevent it from reaching
the transmitter. Therefore, radar-absorbing materials are of great importance to the defence
industry for electronic warfare. To understand the radar absorption mechanism and radar
absorbing materials, we need to understand the relationship between the electromagnetic
wave and the material. The main objective is to minimise the reflection coefficient, which is
the ratio of reflected energy to incident energy. While aiming to minimise the reflection in the
material, it is necessary to study the physical equations that describe the reflection process.
There are 3 basic conditions to achieve minimum reflection [12]. The reflection coefficient

with an interface is as follows;

r:nM_nOZZM_ZO
v +ho Zu+Z

(1.4)

here r is defined as the reflection coefficient and ) is the admittance of the radiating medium.
The admittance is inversely proportional to the intrinsic impedance. Here, Zy and Z, represent

the impedance of the material and free space, respectively.

Radar absorption is based on impedance matching. Impedance matching is achieved when Zy
and Z, are equal to each other. The impedance of free space is given by the following

equation;

B

T = e =
0 [H| &o

(1.5)
here |E| is the electric field strength and |H| is the magnetic field strength, po is the magnetic
constant, g is the electric constant. Also, as a result of the calculations, Zy value was found as
377 Q [13]. If the values of electric permittivity and magnetic permeability are equal,
impedance matching can be achieved. Thus, the equation with minimum reflection coefficient
is obtained;

Zy—1_Zy
Zo+1  Z,

T =

(1.6)

If we normalized intrinsic empedance;



Zu _ |
Zo & (L.7)

a— e —ig"
Uy = i and & = (1.8)
Ho €o

where

u and ¢ are equal if the incident medium is free space and the reflectivity is zero. Therefore,
if the real and imaginary part of the magnetic permeability and the electrical permittivity are

equal, then the reflection coefficient is zero [13].

We have stated that the basis of radar absorption is impedance matching and defined Zo, the
free space impedance. To achieve impedance matching, the impedance of the material, Zy
must be equal to Zy. The material impedance (Zy) is expressed by the following equation [14-
16].

2nfd
c

T

) (1.9)

where Zy is the impedance of absorber material, Zy is empedance of free space , c is the
speed of electromagnetic wave in the space, f is the frequency and d is the thickness of the

absorber material.

The absorption performance is evaluated by measuring the reflection loss (RL) value. The RL
values of a material system can be calculated using the relative complex permeability (& = &’ -
je") and relative complex permittivity (ur = u' - ju") values, according to transmission line
theory. The following equation are used to determine RL [14-16].

ZM - Zo)

RL=ZOlog(Z 17
M T 4o

(1.10)

According to the equations we have examined, the performance of radar absorbing materials
varies depending on electrical permeability and magnetic permeability. We can characterise
which part of the reflection loss occurs by looking at the permeability and permittivity values.

In radar absorbing materials, permeability and permittivity are a function of frequency.
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Therefore, the performance of the radar absorbing material can change even with small
frequency changes. If the complex permeability and permittivity are known in a given

frequency range, the absorber performance of the material can be determined [17].

Attenuation is a critical factor that impacts the absorption of electromagnetic waves (EW). It
pertains to the rate and ability with which the energy of the incident EW is transformed into
other forms of energy [18-20]. In the context of radar absorbing composite structures,
attenuation represents the loss that occurs due to scattering. The formula for defining the

attenuation constant () of a material is as follows:

V2
a = f\/(‘u”g” _ ‘Lllé") + \/(’ungn _ ’uIEI)Z + (‘u'g” + ‘u"g’)z (111)

c

The attenuation coefficient is a measure of how electromagnetic wave energy is absorbed or
dissipated in a material. Material properties such as permeability, permittivity, and
conductivity can influence it. Higher frequencies of electromagnetic waves result in increased
attenuation, as the shorter wavelengths allow for closer interactions with the material and
increased energy conversion. The permeability and permittivity of the material also affect the
attenuation, with higher values leading to higher attenuation due to faster energy conversion.
Additionally, the conductivity of the material impacts the magnitude of the attenuation
coefficient. Materials with high conductivity tend to have higher attenuation constants as they

effectively convert electromagnetic wave energy into heat.

Materials can experience magnetic loss through various mechanisms, such as natural
resonance, domain wall resonance, eddy current loss (also known as Cq loss), and hysteresis
loss. Hysteresis loss, in the context of weak electromagnetic fields, is typically considered
negligible. It is advisable to use technical term abbreviations only when they have been fully
explained. Domain wall resonance becomes significant primarily at lower frequencies,
typically below 2 GHz. In the gigahertz frequency range, the primary sources of magnetic loss
in materials are natural resonance and eddy current loss. The formula for eddy current loss is

as follows:

Co=w'"(WH?f ! (1.12)



Hysteresis loss is more noticeable at higher magnetic field strengths but is often disregarded
in weak electromagnetic fields due to its minimal impact on magnetic loss. On the other hand,
domain wall resonance occurs at frequencies below 2 GHz and is a significant factor in
magnetic loss in this low frequency range, as it involves the dynamic motion of magnetic
fields within the material. In the gigahertz frequency range, natural resonance and eddy
current loss are the primary sources of magnetic loss in materials. Natural resonance refers to
the absorption of energy and subsequent magnetic loss due to the inherent resonant behaviour
of magnetic materials at specific frequencies. Eddy current loss, also known as Cy loss, is
caused by the circulation of eddy currents in a material when exposed to rapidly changing
magnetic fields, resulting in the dissipation of energy as heat.

In the context of absorbing electromagnetic waves, Debye relaxation is an essential factor that
affects dielectric loss. Debye's theory can help to explain the relationship between &' and &"
[21, 22].

(8, _ <’fs+f="oo)2 L) = (fs = Eoo) (1.13)

where & and ¢, are static and infinite frequency dielectric constants, respectively. In some
plots, like the Cole-Cole curve, the relaxation processes within materials are illustrated by the

semicircles observed in the variations of €' and &" [23-25].

Relaxation processes refer to the gradual return of nuclear spins to equilibrium when exposed
to an electromagnetic wave. These processes involve the realignment of charged particles or
dipoles in response to the changing electric field of the wave. The number of semicircles on
graphs like the Cole-Cole curve shows how many relaxation processes are occurring within a
material. Each semicircle represents a specific relaxation time associated with a particular
type of movement within the material. Therefore, more semicircles imply a more complex
dielectric behaviour, suggesting the presence of multiple relaxation processes. Dielectric loss
is closely linked to these processes, as energy is dissipated as heat due to internal friction or
resistance encountered by moving particles or dipoles. Thus, materials with a higher number
of relaxation processes tend to have greater dielectric losses, as there are more opportunities

for energy dissipation.
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1.2. Radar absorbing structures

Stealth technology is very important to make military vehicles such as ships, aircraft,
helicopters, unmanned aerial vehicles and many military technological vehicles less
detectable against radar systems. Stealth technology aims to decrease the radar cross-section
(RCS) of the object targeted by the radar system. RCS can be defined as the ratio of incident
and reflected power. The main factors affecting the RCS are the size and shape of the object
and the material used. There are two basic methods to implement stealth technology. One is to
reduce the radar cross-section by changing the shape and size of the object so that
electromagnetic waves are reflected in different directions. The second is to cover the surfaces
of objects with radar-absorbing materials that absorb electromagnetic waves. In order to

reduce RCS, these two methods must be well understood.

1.2.1 Shape of military vehicles

To change the direction of the electromagnetic wave hitting the target and reduce its
reflection, the surface and corners of the target are modified. In military vehicles, sharp angles
and flat surfaces are used to reduce the reflection of electromagnetic waves. Figure 1.3 shows
the design of a fighter jet with smooth surfaces and sharp angles and an ordinary passenger
plane. The airliner has a smooth surface which reflects the waves from the radar. This is
because the RCS of the airliner is high. The fighter plane, on the other hand, has a design with
sharp and pointed surfaces that scatter the radar signals in different directions. This result
shows that the RCS of the fighter plane is low.

_
»

Figure 1.3. Passenger plane and fighter jet designs.

Stealth aircraft are designed to achieve reduced visibility by using various stealth technology
applications that reduce the reflection of electromagnetic waves [26]. The aircraft to which

stealth technology was first applied is the F-111 Nighthwak operational aircraft [27]. Figure
11



1.4 shows the so-called first generation aircraft with stealth technology, F-111 Nighthwak, B-
2 Spirit and B-21 Raider, respectively.

Figure 1. 4. First generation aircraft with stealth technology a) F-111 Nighthwak, b) B-2
Spirit, ¢) B-21 Raider.

Furthermore, stealth aircraft technology has continued to evolve after the first generation.
Figure 1.5 shows the latest generation of stealth aircraft developed as a result of the studies
carried out, respectively Lockheed Martin F-35 Lightning Il, Chengdu J-20 and Sukhoi Su-
57.

Figure 1.5. Latest generation of stealth aircraft a) Lockheed Martin F-35 Lightning II, b)
Chengdu J-20, c¢) Sukhoi Su-57.

A stealth ship is a ship built using stealth technology to make it difficult to be detected by
radar, sonar, etc. RCS reduction for stealth ships is a relatively new concept because there are
also some applications for ships such as wake and acoustic signature reduction. Figure 1.6
shows various warships with stealth technology.

12



Figure 1.6. Warships with stealth technology a) Type 055 destroyer, b) ENS El Fateh

(Gowind-class design) ¢) USS Zumwalt (Zumwalt-class destroyer).

Stealth technology has been applied to land vehicles as well as air and sea vehicles. The
corners, front and rear surfaces of land vehicles are designed with sharp angles to reduce

RCS. Figure 1.7 shows various land vehicles with stealth technology.

Figure 1.7. Land vehicles with stealth technology a) FVV4034 Challenger 2, b) GTK Boxer, ¢)
PL-01.

1.2.2. Radar absorbing materials

According to the studies and sources in the literature, radar absorbing materials have different
absorber groups. The main characteristics of these absorber groups are magnetic permeability
and dielectric permeability. Many materials such as conductive, magnetic, ceramic, metal,
carbon, polymer, etc. can be considered as radar absorbing materials. The basic radar

absorbing materials are described in the subheadings below.

1.2.2.1. Dielectric absorbers

Since dielectric absorber materials alone have low dielectric loss factors they have low
electromagnetic wave absorption. Therefore, dielectric absorber materials are used in
composite structures obtained by using conductive fillers. Semiconductors, metal oxides,
graphite, carbon black, metals, etc. are conductive filler materials [28]. By changing the

proportions in the composite structure, magnetic permeability and dielectric permittivity
13



values that will provide optimum impedance matching can be obtained. In addition, since the
density of such materials is low, they are preferred in military vehicles.

1.2.2.2. Magnetic absorbers

Ferrite, radar absorbing materials consist of a combination of iron oxide and other metals. The
ferrite spinel structure is denoted by MFe,O,. Here, M stands for metal ions with two valence
electrons. In addition, ferrites with a crystal structure have a cubic structure. Ferrite structure
is divided into two as soft and hard. When soft ferrites are exposed to an external magnetic
field, their magnetisation can be easily changed. However, hard ferrites, unlike soft ferrites,
do not easily change their magnetisation when exposed to an external magnetic field because
they have a high coercive field. Soft ferrites are of great interest in radar absorption as they
can easily interact with external magnetic fields. In addition, the fact that ferrites are ceramic
materials gives them resistance to high temperatures and the ability to exhibit magnetic
properties at high temperatures [29]. For the reasons mentioned above, ferrites play an
important role in radar absorbing materials. They are generally used in composite radar
absorber structures to provide magnetic interaction. In addition, ferrite radar absorbing
materials are used in stealth aircraft and ships because they effectively absorb frequency

ranges in the order of GHz.

1.2.2.3. Oxide absorbers

Materials with a large and effective capacity of oxygen anion bound to metal-centred atoms to
absorb electromagnetic wave are oxide materials. Oxide-based materials are radar absorbing
materials with the ability to utilise both magnetic loss and dielectric loss mechanism [30].
With these properties, they have the potential to absorb electromagnetic waves in wide
bandwidth.

1.2.2.4. Polymeric composites

Composite materials are structures formed by combining at least two insoluble materials with

different chemical and physical properties. Composite materials consist of matrix and

reinforcement materials dispersed in the matrix. In order for the reinforcement materials to

show their properties, the mechanical properties of the matrix structure are expected to be

good. Epoxy is generally preferred as the matrix in radar absorbing composite structures. The

reasons for the preference of epoxy can be listed as easy applicability, wear and corrosion
14



resistance, adhesion strength and high heat resistance etc. In radar absorbing composite
structures, electromagnetic wave absorption capacity is increased to high levels by adding

magnetic and dielectric material into epoxy.
1.3. Magnetism

Magnetism can be defined as a physical phenomenon produced by a magnetic field. An
elementary particle or electric current can generate a magnetic field. This magnetic field can
also affect other currents and moments. The magnetic field can affect any material up to a
certain level. Materials in nature exhibit different types of magnetic properties due to their
inherent magnetic moments. The magnetic properties of a material vary depending on factors
such as temperature, pressure and applied magnetic field. Depending on the variation of these
factors, a material can exhibit more than one magnetic property. The use of magnetic
materials in electronic devices has gained importance with the development of technology.
Magnetic materials are of great importance in the field of electronic warfare due to
technological advancements. To understand the effects of magnetic materials used in

advanced materials, it is necessary to study the basics of magnetism.

1.3.1. Basics of magnetism

According to the classical atomic model, electrons rotate around the nucleus at radius (r) and

velocity (V) and create an (I) current in the opposite direction of this rotational motion. This

current loop creates the magnetic moment (i) (= 14, here 4 is a normal area vector). Figure

1.8 shows the motion of electrons around the nucleus.
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Figure 1.8. Magnetic moment generation by the current loop of an electron rotating with
velocity V at radius r around the nucleus.

The electric current in the electron-nucleus structure of the elementary hydrogen atom is

expressed as follows;

eV

= 1.14
2nr ( )

Here, V is the electron velocity and e is the electron charge. The magnetic moment equation is
expressed as follows;

> %4 A
il = [14] = o mr?|4] (1.15)

The orbital angular momentum of an electron moving around a nucleus is defined as follows;
L=mV x7 (1.16)

If we apply the orbital angular momentum to Eq. (14), we get the following equation;

il = LevRIAl = 2 [T] = [ 117
Il = e ||—R||—V|| (1.17)

where vy is the gyromagnetic ratio. Moreover, there is a spin angular momentum derived from

the S? operator in addition to the orbital angular momentum, and its equation is as follows;
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S2y = h?S(S+ Dy (1.18)

The quantized spin angular momentum can be defined as follows;

S| = a|/s(s + )| (1.19)

The following expression refers to the spin magnetic momentum;

sl = vIS] = yhy/s(s + 1) (1.20)

The magnetic moment resulting from the spin and orbital angular momentum, as explained in

the equations above, can be expressed as the Bohr magneton (ug = eh/2m,).

lusl = S| = pa/s(s + 1) (1.21)
ul = y|Z| = ps/1+ 1) (1.22)

The equation defined below reveals the contribution of orbital and spin angular momentum;

|luj| =] = usiG + 1) (1.23)

The total angular momentum quantum number, represented by j, is the sum of the orbital

angular momentum and spin angular momentum.

(1.24)

~
Il
o~
+
L
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1.3.2. Classification of magnetic materials

As previously explained, magnetism originates from the interaction between the orbital and
spin motions of electrons. All materials in nature have magnetic properties, but the reactions
of materials to magnetic fields are different from each other. Magnetic materials can be
classified based on the collective interaction of atomic magnetic moments. Some materials
exhibit a strong interaction between atomic moments, while others do not. Therefore,
magnetic materials are classified into 5 main different groups: Diamagnetic, Paramagnetic,
Ferromagnetic, Antiferromagnetic and Ferrimagnetic. In this thesis, only ferromagnetism will

be analyzed in detail since ferromagnetic materials are used.

1.3.2.1. Ferromagnetism

Commonly thought of magnetic materials include iron, nickel, and magnetite due to their
ferromagnetic properties. Ferromagnetic materials form the magnetic moment patterns of
atoms through spin bonds formed by paired electrons. Moreover, all ferromagnetic materials
exhibit different magnetic behavior at certain temperature values due to thermal fluctuations.
This temperature value is called the Curie temperature. Ferromagnetic materials exhibit much
stronger interactions between atomic moments compared to other magnetic materials. These
interactions are due to electronic exchange forces, which cause the atomic moments to align
either parallel or antiparallel. As a result, ferromagnetic materials have a large number of
unpaired electron spins [31]. In summary, ferromagnetic materials exhibit permanent
magnetic properties even without the application of an external magnetic field. Examples of
ferromagnetic materials include iron (Fe), magnetite (Fe3O,), nickel (Ni), cobalt (Co) and

some rare earth elements (Gd, ie).

Figure 1.9a-b shows the behavior of the magnetic moments of a ferromagnetic material in the
absence and presence of an external magnetic field. As seen in Figure 1.9a, magnetic
materials are composed of many domains and the domains have their own magnetic moments.
In Figure 1.9b, as a result of the magnetic field applied externally on the ferromagnetic
material, the magnetic moments in the domains change in the direction of the applied
magnetic field and thus its magnetism increases. This magnetization amount is higher than

paramagnetic materials.
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Figure 1.9. Regulation of magnetic moments of a ferromagnetic material a) no external
magnetic field was applied b) an external magnetic field was applied.

Ferromagnetic materials show a nonlinear behavior under a magnetic field and are irreversible
[31]. This behavior is illustrated in Figure 1.10a, which shows the response of a ferromagnetic
material to an applied magnetic field. Also, Figure 1.10b-c shows the hysteresis curves of the

response of hard and soft ferromagnetic materials to an externally applied magnetic field.
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Figure 1.10. a) M-H and y - T curves of ferromagnetic materials b) hysteresis curves of hard
and c) soft ferromagnetic materials.

Figure 1.10a shows that when an external magnetic field is applied to a ferromagnetic
material, the atoms in the material structure begin to align and orient in the direction of the
applied magnetic field. The magnetization of the material increases rapidly and the
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ferromagnetic material reaches the saturation magnetization value (Ms) as the amount of
applied magnetic field increases.

From Figure 1.10b it is clear that hard ferromagnetic materials have a large coercive field
(Hc). In this type of hard ferromagnetic material, when sufficient magnetic field is applied,
the material becomes ductile and gains permanent magnetization. Figure 1.10c shows that soft

ferromagnetic materials have a low coercive field.

1.3.2.2.Ferrimagnetism

The atoms in ferrimagnetic materials have a net magnetic moment and the magnetic moments
in the atoms are in a non-parallel arrangement. Moreover, the magnitudes of the magnetic
moments of the atoms are different. Since the magnetic moment magnitudes are different,
they cannot annihilate each other. Therefore, they have net magnetization. However, the
magnetic saturation value of ferrimagnetic materials is lower than ferromagnetic materials.
Figures 1.11a-b indicate the behavior of the magnetic moments when no external magnetic

field is applied to the ferrimagnetic material and when it is applied, respectively.

a) b)

A

H=0 H=Hy

Figure 1.11. Regulation of magnetic moments of material exhibiting ferrimagnetic behavior
a) no external magnetic field was applied, and b) an external magnetic field was applied.

Figure 1.12 indicates the performance of the magnetic saturation of a ferrimagnetic material
in the presence of a magnetic field. The reaction of a ferrimagnetic material to an externally

applied magnetic field is very similar to that of a ferromagnetic material.
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However, the magnetic saturation value is lower than that of ferromagnetic materials. This is
because the magnitudes of the magnetic moments of the atoms in ferrimagnetic materials are

different from each other.

Figure 1.12. M-H and y — T graph of ferrimagnetic materials.

1.3.3. Magnetic hysteresis loop

Curves showing the complex change in magnetization of ferromagnetic and ferrimagnetic
materials with an applied magnetic field are called hysteresis curves. Hysteresis curves give
many magnetic properties of materials. The saturation magnetization (Ms), permanent
magnetization (Mg) and coercive field (Hc) of the material are obtained from hysteresis
curves. Moreover, it is also used to determine the softness and hardness of the material.

Figure 1.13 illustrates the hysteresis loop of a classical multi-field magnetic material.
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Figure 1.13. Hysteresis loop of a multi-domain magnetic material.

Ferromagnetic and ferrimagnetic materials exhibit a net magnetization value even in the
absence of an external magnetic field. When an external magnetic field is applied, the
magnetization of the object increases rapidly and reaches the magnetic saturation value (Ms).
When the effect of the external magnetic field is removed, the materials usually exhibit

permanent magnetization (Mg). Furthermore, we can determine whether materials are

magnetically hard or soft by looking at the coercive field (Hc) value.
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2. THEORETICAL FOUNDATIONS AND LITERATURE
REVIEW

The physical theory of electromagnetic wave absorption describes the interaction of
electromagnetic waves with objects. These waves come in energy packets of different
frequencies and wavelengths. When an object absorbs electromagnetic waves, it takes energy,
which is then transformed into internal energy by the object. The object can re-emit this
energy, but the process varies depending on the structure and composition of the object. The
absorption spectrum indicates that the object selectively absorbs waves of particular
frequencies. In addition, electromagnetic waves may get scattered or transmitted through the
object. The theory of electromagnetic wave absorption facilitates comprehension of the ways
in which different objects interact with these waves, and how they do so, and has important
applications in fields such as materials science and optics.

In this part of the thesis, studies on the characterization of radar absorbing materials and
composites will be briefly reviewed. Thus, a brief summary of the literature on radar
absorbing systems will be obtained.

Xian et al. (2023) synthesized rhombohedral dodecahedral Co/C nanocomposites with
desirable porous structures by hydrothermally synthesizing zeolitic imidazolate framework-67
(ZIF-67) and thermally annealing it. They were then coated on the surface of the Co/C
nanocomposites with a rod-shaped polyaniline layer via in situ polymerization. The effect of
the mass ratio of polyaniline to Co/C on the electromagnetic properties of the nanocomposites
was also studied. The study found that the Co/C@PANI-2 sample had an optimal reflection
loss of -67.67 dB at a 50% filling ratio and an effective absorption bandwidth of 5.02 GHz.
They revealed that the rod-like polyaniline coating improved the electromagnetic properties

and impedance matching of the nanocomposite structures [32].

Luo et al. (2022) prepared porous PANI/SBA-15 composites through in situ chemical
oxidative polymerization. The absorption capacity of PANI/SBA-15 composites can be
effectively controlled by varying the amount of PANI. The PANI/SBA-15 composite with
0.35 mL of aniline monomer demonstrated the best EMW absorption performance, with a

minimum reflection loss of -54.20 dB at a matching thickness of 2.4 mm. The results
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suggested a favorable coupling effect between impedance matching and loss characteristics.
The effective absorption bandwidth was up to 6.00 GHz at 2.15 mm. [33].

Pan et al. (2023) prepared NiCo,0,@Fe;0,4 composites with excellent electromagnetic wave
absorption performance using the co-precipitation method at low temperature (50 °C). The
combination of NiCo,O4 with a 3D hierarchical flower-like structure and Fe;O, with a
spherical structure increased the specific surface area of the composite material, facilitating
the full reflection and scattering of electromagnetic waves. The researchers improved the
absorption loss performance of electromagnetic waves by using a combination of typical
magnetic material and excellent dielectric material, which allowed them to adjust the
impedance matching value of the material. The study discovered that the maximum RL value
for a 2.0 mm thickness was -53.35 dB at approximately 13 GHz. Additionally, the effective
absorption bandwidth was 4.4 GHz when the weight ratio of composite samples
(NiC0,04:Fe30,4) was 6:1.[34].

Zeng et al. (2023) employed HF etching, KOH shearing, and high-temperature molten salt
techniques to fabricate layered MXene (L-MXene), network-like MXene nanoribbons (N-
MXene NRs), porous MXene monolayer (P-MXene ML), and porous MXene layer (P-
MXene L). These materials exhibited suitable microstructures and surface features for EMW
absorption performance. The researchers utilized HF, KOH, and KCI/LiCl for MXene
functionalization, enabling the tuning of microstructure and surface states (F-, OH-, and CI-
terminals). This modification enhanced the EMW absorption capacity of MXene-based
nanostructures. Consequently, L-MXene, N-MXene NRs, P-MXene ML, and P-MXene L
samples demonstrated reflection loss (RL) values of -43.14, -63.01, -60.45, and -56.50 dB,
respectively, with matching thicknesses of 0.95, 1.51, 3.83, and 4.65 mm, respectively. [35].

Deng et al. (2023) created MnO,/Carbon foam (MCF) composites with adjustable
morphology through a straightforward hydrothermal and annealing process. They observed
that varying the KMnO, concentration facilitated the morphological transformation of MnO»,
introducing defects that reduced conductive loss, optimized impedance matching, enhanced
polarization loss, and induced multiple scattering. Consequently, the MCF composite
exhibited a remarkable minimum reflection loss of -65.18 dB at 3.19 mm, along with a broad

effective absorption bandwidth encompassing the entire X band. Despite the involvement of
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various dispersion mechanisms, the outstanding performance of MCF composites was
predominantly attributed to defects modulated by morphology [36].

Dong et al. (2023) fabricated reduced graphene oxide (rGO) nanosheets adorned with hollow
core-shell FesO,@PPy (FP) microspheres using a hybrid approach involving hydrothermal, in
situ polymerization, directional freeze-drying, and hydrazine vapor reduction methods. The
resulting Fe;0,@PPy/rGO (FPG) composite exhibited outstanding EMW absorption
performance, featuring a minimum reflection loss of -61.20 dB at 1.89 mm and an effective
absorption bandwidth spanning 5.26 GHz at 1.71 mm. The authors attribute the exceptional
performance of the heterostructure to the synergistic effects of conductive loss, dielectric loss,

magnetic loss, multiple reflection loss, and optimized impedance matching [37].

Zhang et al. (2023) employed a microwave-assisted hydrothermal process to synthesize MoS,
nanosheets with varying Fe concentrations. Microstructure analysis revealed that Fe doping
promotes the formation of MoS, nanosheets with a mixed 1T/2H phase. Benefiting from
improved permittivity and permeability properties, enhanced impedance matching, and
attenuation properties resulting from doping and partial phase transformation, the Fe-doped
1T/2H-Mo0S, nanosheets demonstrated remarkable electromagnetic wave absorption
capabilities. The maximum reflection loss was reported to be -60.03 dB at a matching
thickness of 5.65 mm, and the effective absorption bandwidth below -10 dB was measured at
5.33 GHz [38].

Yu et al. (2023) utilized a two-step method to synthesize CoNi/MoSe, composites. Initially,
they synthesized flower-like MoSe; through a hydrothermal method, followed by the loading
of CoNi alloy on the MoSe, surface using the electrolysis coating method. To assess the
impact of different Co/Ni molar ratios on the absorption performance of CoNi/MoSe;
composites, they prepared three samples with Co/Ni molar ratios of 1:3, 1:1, 3:1, and two
additional samples containing only one metal (Ni or Co). The optimal electromagnetic wave
absorption performance was observed for the CoNi/MoSe, composite with a Co/Ni ratio of
1:3. The minimum reflection loss was reported as -48.6 dB with a matching thickness of 1.8
mm, and the largest effective absorption bandwidth was 3.76 GHz at a matching thickness of
1.4 mm. [39].
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Chen et al. (2023) created an Ag'-doped o-MnO, with a hierarchical structure for EMW
absorption. They enhanced EMW absorption performance significantly by concurrently
adjusting microscopic morphology and crystal defects. The optimal reflection loss reached -
68.6 dB, and an effective absorption bandwidth of 4.2 GHz was attained at a thin thickness of
1.43 mm. This simultaneous achievement of thin thickness, heightened absorption intensity,
and expanded absorption bandwidth were highlighted in their findings. [40].

Yang et al. (2023) employed an in situ sacrificial template method to synthesize the
CoMoO,@ZIF-67 precursor, which was subsequently subjected to a calcination process to
yield porous Mo,C@cobalt/carbon (Mo,C@Co/C) composites. The novel in-situ fabrication
strategy led to the homogeneous dispersion of Mo,C and Co nanoparticles, along with the
formation of porous structures. This approach facilitated the creation of abundant interfaces
and effective multiple loss mechanisms, including polarization loss, conductivity loss, and
magnetic loss. The optimized composite, Mo,C@Co/C-10, demonstrated superior
electromagnetic wave absorption performance, achieving a maximum reflection loss value of
-37.9 dB at a matching thickness of 2.3 mm and an effective absorption bandwidth of 5.52
GHz at 1.9 mm. [41].

In this thesis, PANI, Fe3O,4 and MoS; will be synthesized by polymerization, co-precipitation
and hydrothermal methods, respectively. Then, Fe3O, nanoparticles will be decorated on
MoS; at different ratios (5 wt%, 10 wt%, 15 wt%, 20 wt%). PANI will be coated on the Fe;04
decorated MoS, samples at different ratios (25 wt%, 50 wt%, 75 wt%). Thus,
PANI@Fe304:M0S, nano hybrid structure will be obtained. Reflection loss in
PANI@Fe304:M0S; hybrids can be attributed to four key factors. First, the good impedance
matching in hybrid structures ensures that electromagnetic waves entering the hybrid
penetrate in a wide frequency range. Second, due to the composition and morphology of the
hybrid, the incident electromagnetic waves can exhibit multiple dispersion. Thirdly, dielectric
loss plays an critical role in EMW absorption because it shows properties such as
accumulation of free charges in the hybrid structure, interface polarization and energy storage.
The hybrid structure benefits from high conductivity due to polarized electrons circulating
between PANI and MoS; nanosheets, which helps dissipate EMW. This mechanism, along
with the Fe3O,4 decoration of MoS, nanosheets and PANI polymer coating, is expected to

result in a high and broadband EMW absorption performance.
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3. METHODOLOGY

In this section, the co-precipitation, hydrothermal and in situ chemical oxidative
polymerization methods used to synthesis Fe3Os4, Mo0S; and PANI will be described.
Preparation procedures of nanomaterials required for PANI@Fe304:M0S, nano hybrid
structure and radar absorbing composite structures will be explained. Characterization
techniques for the study of structural, morphological, elemental, thermal, magnetic and

electromagnetic properties of nanoparticles will be described in this chapter.
3.1. Co-precipitation method

Co-precipitation is the process of precipitating multiple compounds simultaneously from a
solution. It is the most convenient and cheapest method especially for nanoparticle synthesis.
In this method, the metal is precipitated as a hydroxide in a solvent in basic media under the

guidance of a salt. Figure 3.1 shows the flow diagram for co-precipitation.
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Figure 3.1. Stages of the classical co-precipitation method.

The solutions containing cations and anions are stirred continuously to precipitate the
hydroxide. The precipitate is then separated from the solution through flotation. Next, the
destruction process is carried out. Finally, it is dried to ensure oxide formation. During the co-

precipitation process, several processes occur, including initial nucleation, growth,
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coarsening, agglomeration, and ripening. The release of anions and cations in a controlled
manner regulates the kinetics of nucleation and particle growth, ensuring the formation of

nanoparticles that are monodisperse [42].
3.2. Hydrothermal method

The hydrothermal method refers to heterogeneous reactions that allow the synthesis of
inorganic materials in aqueous media by adjusting the ambient temperature and pressure.
Figure 3.2a-b shows a classical stainless steel autoclave used in the hydrothermal method and
the steps of the hydrothermal method. The synthesis takes place by heating the aqueous
mixture of starting salts in a stainless steel autoclave above the boiling point of water. The
critical point here is that the temperature above the boiling point of water creates an internal
pressure in the closed environment that is significantly higher than atmospheric pressure. The
effect of high pressure and temperature provides a one-step process to synthesize materials

with high crystallinity without the need for post-annealing processes.

Magnetic nanomaterials and various nanomaterials can be synthesized by the hydrothermal
method. In the hydrothermal method, parameters such as the amount of starting salts, solvent,
stabilizing agents and reaction temperature and time significantly affect the structure and
morphology of the materials. One of the disadvantages of the hydrothermal method is the low

product yield compared to other methods.

a) b)

Lower reactor

Solution configuration
SS disc with l
tapered culting Reactor i i
body Solution ageing

Transfer the solution

Telfon liner
body

into the reactor for

Reactor
3 (r?'j‘ lid hydrothermal
3 | i
= A

‘/W m— Washing and filtering
SS disc =
Strainless steel
force bar

Figure 3.2. a) Schematic diagram of typical hydrothermal apparatus, and b) typical synthesis
procedure of hydrothermal method.



In a classic hydrothermal method, the solution is first prepared. Then it is aged. The resulting
solution is then transferred to a stainless steel autoclave. It is placed in the furnace by
adjusting the temperature and reaction time according to the material to be obtained. The
solution coming out of the furnace is centrifuged several times and finally the product is

obtained after drying.
3.3. Oxidative polymerization method

The process of synthesizing polymeric (oligomeric) products from different classes of
monomers is known as oxidative polymerization [43]. Monomers used in oxidative
polymerization are expected to have significant electron-donating properties and a high
tendency towards oxidation. The monomer undergoes oxidation due to either the oxidizing
agent or the applied potential. Thus, the monomer (or polymer) molecule forms cation or

cation radical sites, initiating polymerization [43].
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Figure 3.3. Oxidative polymerisation method for polyaniline.

PANI synthesized via chemical oxidation polymerization is produced using hydrochloric acid
(HCI) as a dopant and ammonium persulfate (APS) as an oxidant in an aqueous solution [43].
Currently, with the aid of a proton oxidant, the aniline monomer can be separated without
forming a strong bond or producing impurities. The oxidant polymerisation method is
commonly used to synthesise PANI. Aniline is allowed to react with an acidic substance with
the help of a neutralising agent, followed by the addition of an oxidising agent such as APS at
varying temperatures. After completion, the polymerisation mechanism takes three hours and
the resulting aqueous solution is separated by filtration. Technical abbreviations are explained
in the first use. PANI in its pure form can be obtained by rinsing the solution mentioned

above with deionized water 5-6 times. Finally, drying at 80 °C gives PANI in green colour.
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3.4. Synthesis of nanomaterials

Figure 3.4. Schematic illustration showing the process of synthesizing nanoparticles and
composites, followed by measuring the electromagnetic parameters of the resulting hybrid
structures.

3.4.1. Materials

Sodium molybdate dihydrate (Na;MoO,4-2H,0, Sigma-Aldrich, >99.5%) and thiourea
(CH4N,S, Sigma-Aldrich, high purity) were utilized as precursors for the synthesis of MoS,
NSs. Deionized (DI) water was employed as the solvent and oxalic acid (C,H,04-2H,0,
Sigma-Aldrich, high purity) was added as an acidity regulator and sheet separator during
synthesis. Iron (111) chloride hexahydrate- FeCls.6H,O (Sigma-Aldrich), Iron (I1) chloride
tetrahydrate- FeCl,.4H,O (Sigma-Aldrich), and Sodium hydroxide-NaOH (Sigma-Aldrich)
were utilized to synthesize Fe3O, nanoparticles. The final composite samples were

manufactured using epoxy resin (C,1H25ClOs, BRTR Chemistry) and hardener.

4.2. Synthesis of MoS; nanosheets

The experiment began by weighing appropriate amounts of sodium molybdate and thiourea.
These were then sequentially dissolved in 55 mL of deionized water at room temperature.
Next, the necessary amount of oxalic acid was gradually added to the solution. The solution
was stirred at 800 rpm for 30 minutes before being transferred into a 100 mL hydrothermal
vessel lined with Teflon. The hydrothermal reactor was then heated to 200°C for 12 hours.

After completing the reaction, the resulting particles underwent multiple washes with DI
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water and ethanol. Each cycle involved centrifugation at 9000 rpm for 10 minutes. The
washed sample was then dried in an atmospheric oven at 80°C for 24 hours. The schematic

synthesis process of MoS; nano sheets is illustrated in Figure 3.4.

3.4.3 Synthesis of Fe3O4 nanoparticles

To synthesize Fe;O, nanoparticles, first dissolve FeCl,.4H,O and FeCl;.6H,O in an
appropriate amount of DI water at a ratio of 1:2. Next, slowly add 2M NaOH solution
dropwise to the mixture. The formation of FesO,4 in black color will be visible. Allow the
FesO,4 nanoparticles to settle to the bottom of the beaker. Finally, synthesize the Fe;O,4
nanoparticles using centrifugation at 9000 rpm for 10 minutes per cycle. The Fe3O4
nanoparticles were repeatedly washed with DI water and ethanol before being dried for 24

hours at 80°C. Figure 3.4 shows the schematic process for synthesizing Fe;O4 nanoparticles.

3.4.4. Synthesis of Fe304:Mo0S; hybrids

Figure 3.4 demonstrates the decoration of Fe;O4 nanoparticles on MoS; nanosheets. The
appropriate weight ratio (5 wt%, 10 wt%, 15 wt%, 20 wt%) of Fe3O4 nanoparticles and MoS,
were individually dissolved in DI water and ethanol through stirring for 30 minutes. After
that, the Fe3O,4 solution was combined with the MoS; solution and stirred for 30 minutes.
Subsequently, the solutions underwent multiple washes with DI water and ethanol. Finally,
they were dried at 80°C for 24 hours, successfully decorating the Fe3O4 nanoparticles on

MoS, nanosheets.

3.4.5. Synthesis of PANI@Fe30,@MoS,, PANI@Fe;04 and PANI@MoS; hybrids

PANI was synthesized on Fe3O,4 MoS;, and Fe3O4: MoS; nanostructures using oxidative
polymerization with an appropriate amount of aniline in 1 M HCI and APS as an oxidizing
agent. Table 1 shows the composition of the composites, the PANI, Fe;O4 and MoS; contents
and the code numbers for the hybrid composites produced. The particles were weighed with a
balance, dispersed in HCI solution, and mixed with APS and aniline solutions, which were
prepared separately under an ice bath. The bath temperature remained below 5°C throughout
the experiment. APS solution was cautiously added to the aniline solution with constant
stirring. The resulting mixture was washed with distilled water and the residual solution was

then dried in an oven at 80°C for 24 hours to produce the desired powders.
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3.4.6. Radar Absorbing Composite Manufacture

To create the final electromagnetic absorbent composite structure, Fe3Os, Mo0S,,
PANI@Fe304, PANI@MO0S,, Fe304:M0S,, and PANI@Fe3;04:Mo0S; particles (30 wt%) were
distributed in epoxy resin (70 wt%). For 30 minutes, a mixer was used to homogeneously mix
the resin. The combination was then given the curing agent. To avoid the production of gas
bubbles, the mixture was then poured into a silicone mold with toroidal-shaped geometry
(Pous =7.00 mm and ¢;,, =3.00 mm) and placed in a vacuum chamber (100 mbar) for 24

hours at ambient temperature.
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Table 3.1. The codes, contents (wt.%), and structures of the synthesized samples are
presented.

PANI Fe;04 MoS,

Sample Codes (Wi%) (Wi%) (Wi%%) Structure
F 0 100 0 Fe304
M 0 0 100 MoS,
P 100 0 0 PANI
FsMogs 0 5 95 Fe;0,@MoS;
F10Mgo 0 10 90 Fe;0,@MoS;
F15Mgs 0 15 85 Fe;0,@MoS;
F20Mgo 0 20 80 Fe;0,@MoS;
P2sF7s 25 75 0 PANI@Fe;04
PsoFso 50 50 0 PANI@Fe304
P7sFos 75 25 0 PANI@Fe304
P2sM7s 25 0 75 PANI@MoS;
PsoMso 50 0 50 PANI@MoS;
P75sMys 75 0 25 PANI@MoS;
P25F3.75M71.25 25 3.75 71.25 PANI@Fe;04:M0S;
PsoF25Ma75 50 2.5 475 PANI@Fe304:M0S;
P7sF1.25M33.75 75 1.25 23.75 PANI@Fe304:M0S;
P2sF75Me75 25 7.5 67.5 PANI@Fe;04:M0S;
PsoFsMys 50 5 45 PANI@Fe304:Mo0S;
P7sF25Mozs 75 2.5 22.5 PANI@Fe304:M0S;
P2sF11.25Me3 75 25 11.25 63.75 PANI@Fe;04:M0S;
PsoF75Mazs 50 7.5 425 PANI@Fe304:M0S;
P7sF3.75M31 25 75 3.75 21.25 PANI@Fe304:M0S;
P2sF15Mego 25 15 60 PANI@Fe;04:M0S2
PsoF10Mao 50 10 40 PANI@Fe304:M0S;
P75FsMayg 75 5 20 PANI@Fe304:Mo0S;

3.5. Characterization techniques

The structural properties of the samples were characterized using X-Ray Diffraction (XRD)
analysis with the Rigaku MiniFlex. The morphologies were studied with the FEI-Quanta 650

Field Emission equipment using Scanning Electron Microscopy (SEM), while the elemental
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analysis was conducted using Energy-Dispersive Spectroscopy (EDS). The thermal behaviors
of the samples were characterized using Thermogravimetric Analysis (TG) with the Hitachi
STA7300. Vibrating Sample Magnetometry (VSM) using the Quantum Design DynaCool
was used to study the magnetic characteristics. Lastly, the electromagnetic parameters and
reflection behaviors of the samples were examined using the Agilent E8363B PNA Vector
Network Analyzer.

3.5.1. Structural analysis
3.5.1.1. X-ray diffraction method

XRD (X-ray diffraction) characterisation method is an analytical technique used to study and
characterise the structural properties of materials with crystalline structures. This method is
used to determine the internal atomic arrangement of the material, crystal structure, period
lengths and composition of the crystal. In 1912, Max von Laue's discovery of X-ray
diffraction through a crystal of copper sulphate demonstrated the periodic atomic arrangement
of crystals. This research, which showed the power of X-ray diffraction in determining
internal atomic arrangement, resulted in von Laue receiving the 1914 Nobel Prize in Physics.
William Lawrence Bragg and his father, Sir William Henry Bragg, were motivated by von
Laue's research and formulated "Bragg's Law". This mathematical concept explains X-ray
diffraction and is utilised to establish atom positioning. It is considered an integral equation in
X-ray diffraction experiments and was crucial to the Bragg duo winning the 1915 Nobel Prize
in Physics. Bragg's Law is still a prominent feature in X-ray diffraction analysis and crystal

structure studies. Bragg's Law is as follows.

nA = 2siné (3.1)

where, n denotes the order of diffraction (first order, second order, third order, etc.). A
represents the wavelength (in nanometres) of X-ray employed. d denotes the period length

(interplanar distance) of the crystal structure (in angstroms). 0 represents the scattering angle.

The Bragg diffraction hypothesis describes a phenomenon in which atomic planes in a crystal
lattice function as virtual "mirrors,” resulting in the reflection of X-rays. Horizontal lines that
contain the scattering centers represent these “mirrors” or, in other words, the atoms are

designated by the green circles depicted in Figure 3.5a-b. The periodic arrangement of the
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crystal establishes a constant distance "d" between these planes. The two X-ray beams and
light with wavelength A reach virtual planes at an incidence angle of 6. They combine to form
a wave front (blue line on the left in Figure 3.5a). For cooperation, the X-ray beams must
maintain coherence after reflection (blue line on the right in Figure 3.5a). Coherence occurs
when the difference in the paths traveled by the OF and OH wave fronts (wave fronts before
and after reflection) is one wavelength. When the angle of incidence of X-rays does not
comply with Bragg's Law, the resultant rays are no longer in phase (green line on the right in

Fig. 3.5b) and interfere destructively, causing the absence of the detected reflected intensity.
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Figure 3.5. X-ray diffraction in crystal planes and the principle of Bragg's law.

Within the confines of this research project, X-ray diffractometry readings were conducted at
Adana Alparslan Tiirkes Science and Technology University. Cu-Ka (1.5405 A) was the
source of X-ray used, and the analyses were executed via Rigaku MiniFlex 600 X-ray
diffractometer and analyzed with X'Pert HighScore Plus software (see Figure 3.6). At room
temperature, the tests were undertaken in the angle margin spanning from 5° to 90°, moving

at 3° per minute.
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Figure 3.6. X-ray diffraction system of Rigaku MiniFlex 600.

3.5.2. Morphological Analysis
3.5.2.1. Scanning electron microscopy and energy-dispersive x-ray spectrum methods

SEM is a surface analysis tool that uses a beam of high-energy electrons to interact with the
sample surface and examine the resulting interaction. Figure 3.7 shows a schematic
representation of the working principle of the SEM. The sample surface interacts with the
electron beam, resulting in the production of characteristic X-rays, scattering of secondary
electrons, propagation of backscattered electrons, and loss of energy by electrons. The signals
resulting from these interactions are detected by the SEM and processed by computers to
produce high resolution images. These images are utilized to analyze the surface topography,

composition, and properties of the sample.
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Figure 3.7. Schematic representation of the working principle of SEM.

EDS is an analytical technique utilized in SEM and is grounded on the measurement of
characteristic X-rays in determining the chemical makeup of samples. The EDS analysis
technique is based on the interaction between the SEM-generated electron beam and the
sample surface, which then stimulates the electrons in the inner atoms, generating
characteristic X-rays. EDS instrument separates and detects the energy levels of X-rays, then
determines the presence and intensity of chemical elements within the sample by generating
an energy-dispersive spectrum. These spectra enable identification and analysis of the
sample's composition, and provide a valuable tool for determining the chemical elements
present. SEM pictures and EDS analyses of the nanoparticles created in this study were
collected at the Central Research Laboratory of Cukurova University using an FEI Quanta

FEG 650 model scanning electron microscope with EDS integration (see Figure 3.8).

Figure 3.8. FEI Quanta FEG 650 model scanning electron microscope with EDS integration.
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3.5.3. Thermal analysis
3.5.3.1 Thermogravimetric analysis method

TGA is a commonly used analytical technique that enables researchers to examine the mass
variation of materials against temperature. TGA provides valuable insights into the thermal
stability, degradation temperatures, evaporation rates, and components of materials. The
process entails preparing the sample, measuring its initial weight and then gradually heating it
under controlled conditions while observing mass loss. The TGA instrument records the
relationship between temperature and mass loss, providing data that can be analysed to
determine various properties of the material, such as its thermal stability, decomposition
temperatures and evaporation rates. This information is invaluable for comprehending the
material's properties, ensuring quality control, or contributing to the development of novel
materials. TGA is of great importance in numerous scientific research disciplines, such as
materials science, chemistry, polymer science, and drug development. This method is
considered a valuable tool for conducting scientific investigations. The thermal analysis of the
samples was conducted using the Hitachi STA 7300 instrument (see Figure 3.9). The analysis
was performed at a heating rate of 10°C/min, covering temperatures ranging from room

temperature to 550°C.

Figure 3.9. Hitachi STA 7300 instrument used in thermal analysis.

3.5.4. Magnetic analysis
3.5.4.1. Vibrating sample magnetometry method

VSM is a widely used laboratory instrument for studying magnetic properties. It is commonly
used in solid state physics and materials science for the characterization of magnetic
materials. The main purpose of the VSM is to analyze the magnetic behavior of samples and
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determine their magnetic moments and response to external magnetic fields. The instrument
operates by subjecting a prepared magnetic sample to a vibrating motion, which helps in
measuring the magnetic moment. Then, an external magnetic field is applied, and the sample
is kept under its influence to study its magnetic behavior. The vibrating sample enables the
measurement of the magnetic moment, which is used to characterize the behavior and
magnetic transition points of the sample. The VSM is a valuable tool for the detailed analysis
of magnetic properties, which is crucial for the design and application of magnetic materials.
Magnetic hysteresis (M(H)) measurements of the synthesised samples were carried out with
Quantum Design brand DynaCool model PPMS system (see Figure 3.10) at Cukurova
University Central Laboratory by sweeping the magnetic field between +2T at room

temperature.

T . —[L_
T

s

Figure 3.10. Quantum Design brand DynaCool model PPMS system.

3.5.5. Electromagnetic analysis
3.5.5.1. Vector network analyzer method

VNA is a measuring device that analyses the transmission and reflection characteristics of
electromagnetic waves at high frequencies, typically in radio frequency and microwave
frequencies. This instrument determines how effectively electromagnetic waves are
transmitted and reflected from objects or materials. To measure return loss, the VNA is
prepared and the correct connections are established. The frequency range and measurement
parameters of the VNA are designated, followed by directing the electromagnetic waves,
produced by the VNA, to the surface of the object or material being studied, and then

measuring the resulting wave reflection. The frequency range and measurement parameters of
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the VNA are designated, followed by directing the electromagnetic waves, produced by the
VNA, to the surface of the object or material being studied, and then measuring the resulting
wave reflection. The reflection data obtained is used to analyse and determine the reflection
loss, which is expressed in dB. Electromagnetic parameters and reflection behaviour of the

samples were investigated between 2-18 GHz using an Agilent E8363B PNA (see Figure
3.11) at Turkish Aerospace.
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Figure 3.11. Agilent E8363B PNA brand network analyzer.
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4. ANALYSIS AND DISCUSSION

In this thesis, Fes04 nanoparticles were decorated on MoS; at different ratios (5 wt%, 10 wt%,
15 wt%, 20 wt%). Then, PANI was coated on Fe3O, decorated MoS, samples at different
ratios (25 wt%, 50 wt%, 75 wt%). Thus, PANI@Fe304:MoS; hybrid structure was obtained as
described in Chapter 3. The obtained hybrid structures were dispersed in epoxy resin and
radar absorbing composite structures were obtained as shown in Table 3.1. The structural,
morphological, thermal, magnetic and electromagnetic properties of the synthesised hybrid

structures are discussed in Sections 4.1, 4.2, 4.3 and 4.4 respectively.
4.1. Structural Analysis

4.1.1. X-ray diffraction

The synthesised hybrid structures were characterised by X-ray diffraction (XRD)
measurement method for structural analysis. XRD measurements were performed by
scanning diffraction angles between 5° and 90°. The peaks of the hybrid structures were

analysed using X' Pert HighScore Plus software.

Figure 4.1a-d shows the XRD patterns of Fe3O4 MoS, PANI, FsMgs, F10Mgo, F15Mgs, F20Mgo,
P2sMys, PsoMsg, P7sMos, PasFrs, PsoFsg and PsFas, respectively. The diffraction peaks of the
obtained MoS; sample were observed to have 20 values of 13.62°, 28.42°, 32.40°, 35.56°,
43.63° and 57.53°, respectively. These peaks were identified by indices (002), (004), (100),
(102), (006) and (110). In addition, the peaks of the MoS, sample are indicated by the symbol
¥, indicating the distinct characteristic peaks of the hexagonal crystal structure of MoS, [44-
46]. The diffraction peaks of the Fe3O4 sample were observed to have 20 values of 18.37°,
21.62°, 30.23°, 35.59°, 42.97°, 53.48°, 56.93°, 62.67°, 71.27° and 74.04°, respectively. These
peaks were identified by indices (111), (200), (002), (311), (400), (422), (511), (440), (620)
and (553) [47-49]. These peaks, marked with the symbol ¢, represent the characteristic peaks
of the cubic crystal structure of Fe;04. The XRD patterns of the conducting polymer PANI
show characteristic peaks indicated by the symbol &. These peaks have 26 values of 9.34°,
15.12°, 20.36°, 25.27°, 27.18° and 30.32° and these peaks are indexed to (001), (011), (020),
(200), (121) and (022) planes, respectively [50-52]. Figure 4.1b shows the XRD patterns of
FsMgs, F1o0Mgo, F1sMgs and F,oMgy samples. The hybrid structures exhibit peaks represented

by the symbols shown above. MoS, decorated with Fe;O, samples display peaks that
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correspond to the MoS; and Fe3O4 planes. It is important to note that the primary peak of the
FesO,4 sample, observed at 35.59°, coincides with the MoS; peak at 35.56°. Moreover, it is
clearly seen that as the amount of Fe;O,4 increases in the . MoS, decorated with Fe3O4
samples, the intensity of the peak at 62.67° belonging to Fe3O,4 increases and is marked with
the symbol ¢. XRD patterns of PANI coated MoS; samples are given in Figure 4.1.c. In the
PANI coated MoS;, samples, it is seen that the intensity of the peaks at 18.37°, 21.62° and
30.23° of PANI increases with the increase in the amount of PANI and is marked with the
symbol #. Figure 4.1.d shows the XRD patterns of PANI coated Fe3O, samples. In the PANI
coated Fe3O4 samples, it is seen that the intensity of the peaks at 9.34°, 15.12°, 20.36°, 25.27°
and 27.18° of PANI increases with the increase in the amount of PANI and is marked with the

symbol #. Peaks appearing as impurities are marked with the symbol &.
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Figure 4.1. XRD patterns of 8.) Fes04, M0S, and PANI b) FsMogs, F1o0Mgg, F15sMgs, FogMgg C)
P25sMys, PsoMso, P7sMas d) PasFrs, PsoFso, P7sF2s samples.

Figure 4.2a-d shows the XRD patterns of PoasF375M7125, PsoF25Ma7.25, P7sF1.25M23 75
PosF75Me75, PsoFsMas, P7sF25Mozs PosFi1.25Mes7s, PsoF75Mazs, P7sF375M21.25 PosFisMe,
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PsoF10M4o and P7sFsMyo, respectively. Figure 4.2 a-d clearly shows that FsMgs, Fi1oMg,
F1sMgs and FyMgo samples were coated with PANI at different ratios and the intensity of
MoS; and Fe;O,4 peaks decreased in all samples with increasing PANI amount. The peaks
belonging to all samples are marked and shown in Figure 4.2a-d. & symbolizes the impurity in
the samples. Impurities were formed as a result of the increased use of HCI acid during the
synthesis with the refinement of the amount of PANI.
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Figure 4.2. XRD patterns of a) PasF375M71.25, PsoF25Ma7.25, P7sF125Ma375 B) P2sF75Mers,
PsoFsMuas, P75F25Ma25 €) PasF11.25Mes7s, PsoF75Mazs, P7sF375Ma125 d) PosFisMeo, PsoF10Mag,
P7sFsMog samples.
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4.2. Morphological Analysis

4.2.1. Scanning electron microscopy and energy-dispersive x-ray spectrum

The morphological and elemental analysis of the synthesized samples were investigated by
scanning electron microscopy (SEM) images and energy dispersive x-ray spectrums (EDS).
To determine the particle size distribution, 100 particles were randomly selected from the
SEM images of all samples in imgeJ software program. To improve surface conductivity, the
samples were coated with gold (Au) prior to EDS measurements. The gold element was

subsequently excluded from the elemental analysis.

In Figure 4.3, a set of SEM images, EDS graph and elemental analysis results are presented
for Fe3O4, M0S,, and PANI. The images in Figure 4.3a-b show that Fe3O4 nanoparticles were
accurately synthesized with a relatively uniform particle size distribution of 23.31 nm. EDS
graph and elemental analysis of Fe3O,4 nanoparticles in Figure 4.3c reveals that they consist of
75.25 wt% Fe and 24.75 wt% O. This confirms the successful synthesis of Fe3Oq4
nanoparticles in terms of their elemental content. Similarly, Figure 4.3d-e demonstrate the
successful formation of MoS;, nanosheets, exhibiting a uniform particle size distribution with
an average size of 201 nm. EDS graph and elemental analysis in Figure 4.3(f) indicates that
MoS; nanosheets consist of 8.25 wt% O, 46.06 wt% Mo, and 32.42 wt% S, resulting in an
Mo/S atomic weight ratio of 1.23, signifying successful synthesis. Lastly, Figure 4.3g-h
confirm the correct synthesis of the conducting polymer PANI, while Figure 4.3i shows its
EDS graph and elemental analysis to be 50.81 wt% C, 19.99 wt% N, 13.87 wt% O, 5.90 wt%

S, and 9.42 wt% ClI, indicating successful synthesis.
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Figure 4.3. (a-c) SEM figures, EDS measurement and particle size distrubition of Fe3Oy, (d-f)
SEM figures, EDS measurement and particle size distrubition of MoS,, (g-i) SEM figures and

EDS measurement PANI sample.

SEM images and EDS analysis results of FsMgs sample are given in Figure 4.4a-c. Figure
4.4a-b shows that Fe3O4 nanoparticles are placed on the layers of MoS,, but the layers are not
completely filled. Figure 4.4c shows the EDS graph and elemental analysis results. The
elemental analysis results are almost completely consistent with the doping ratio we
determined. Thus, it was determined that the FsMgs sample was successfully synthesised at
the determined rate. Figure 4.4d-f shows the SEM images and EDS analysis results of the
F10Mgo sample. In Figure 4.4d-e, Fes04 nanoparticles started to become more prominent on
the layers of MoS,. The space between the layers has started to fill partially. Figure 4.4f
shows the EDS graph and elemental analysis results. The elemental analysis results are almost
completely consistent with the doping determined ratio. Thus, it was determined that the
F10Mgo sample was successfully synthesised at the determined ratio. Figure 4.4g-i shows the
SEM images and EDS analysis results of sample F15sMgs. In Figure 4.4g-h, MoS; is partially
filled between some layers, but some parts are still empty and Fe;O, is clearly visible. Figure

4.4i shows the EDS graph and elemental analysis results. The elemental analysis results are
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almost completely consistent with the doping ratio we have determined. Thus, it was
determined that the FisMgs sample was successfully synthesised at the determined ratio.
Figure 4.4j-1 shows the SEM images and EDS analysis results of the F,oMgo sample. In Figure
4.4j-k, it is seen that the interlayer space between the layers of MoS; is almost completely
filled and Fe3QOy is integrated with the layers. Figure 4.41 shows the EDS graph and elemental
analysis results. The elemental analysis results are almost completely consistent with the
doping ratio we determined. Thus, it was determined that the F,oMgo sample was successfully

synthesised at the determined ratio.
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Figure 4.4. (a-c) SEM figures and EDS measurement of FsMgs sample, (d-f) SEM figures and
EDS measurement F1oMgg sample, (g-i) SEM figures and EDS measurement F15sMgs sample,

(j-) SEM figures and EDS measurement FooMgo sample.

Figure 4.5 shows the SEM images and EDS analysis results of PysFs, PsgFso, P7sF25, P2sM7s
and PsoMso samples. The SEM images of PasFzs, PsoFso, and PzsFos samples exhibit FezOq4
nanoparticles that are fully coated with PANI as the amount of PANI increases. Moreover, the

EDS graphs and elemental analysis results of the samples show that the samples were
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synthesised at the targeted rate. In the SEM images of samples P,sM7s and PsoMsg, the MoS,
nanosheets were observed to be filling between each other and being completely coated with
PANI in response to the increased amount of the latter. Furthermore, the EDS graphs and
elemental analysis results of the samples show that the samples were synthesised at the
targeted ratio.
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Figure 4.5. (a-c) SEM figures and EDS measurement of P,sF75 sample, (d-f) SEM figures and
EDS measurement PsoFso sample, (g-i) SEM figures and EDS measurement P7sF,5 sample, (j-
) SEM figures and EDS measurement P,sM;s sample, (m-0) SEM figures and EDS
measurement PsoMsg sample.

Figure 4.5 shows the SEM images and EDS analysis results of samples PzsF1.25Ma37s,
P7sF25Ma2 5, P7sF375M21.25, P7sFsMgo. The SEM images of the samples show that the MoS,
decorated with Fe3O, at different ratios are completely coated with PANI. Furthermore, the

EDS graphs and elemental analysis results of the samples show that the samples were
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synthesised in close to the target ratio. SEM and EDS analysis of all PANI-coated samples
were not performed because the images and elemental analysis results are almost identical.

This can be attributed to the low density of PANI, which results in a high volume of PANI.
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Figure 4.6. (a-c) SEM figures and EDS measurement of P;sF125Ma375 sample, (d-f) SEM
figures and EDS measurement P7sF,5M., 5 sample, (g-i) SEM figures and EDS measurement

P5F3.75M21.25 sample, (j-1) SEM figures and EDS measurement P7sFsMyo sample.
4.3. Thermal Analysis

4.3.1. Thermogravimetric analysis

The ability to withstand high temperatures is crucial for electromagnetic wave absorbing
materials to perform well. To assess the durability of these materials, we conducted thermal
gravimetric analysis at a heating rate of 10 °C/min, over a temperature range of up to 500 °C.
Figure 4.7a shows the thermogravimetric analysis (TGA) curves of Fe3O4, M0S,, and PANI.
The corresponding weight losses were quantified as 8.64%, 26.89%, and 44.83%,
respectively. The decrease in mass for Fe;O, nanoparticles can be attributed to the
evaporation of physically adsorbed water molecules, occurring within a temperature range of

approximately 40°C to 100°C [53, 54]. Furthermore, the loss in mass is also attributed to
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molecular alterations resulting from the thermal decomposition of organic compounds
associated with Fe3O4 nanoparticles between approximately 100°C and 500°C [53, 54]. The
loss of mass of MoS, nanosheets, the physical loss of moisture between about 40°C and
100°C, is associated with the process of conversion of MoS, to MoOj3, while the oxidation of
MoS; occurs between about 300°C and 500°C [55-57]. The weight loss of PANI begins with
physical moisture loss, which is observed in the range between about 40 °C and 100 °C.
Subsequently, thermo-oxidative decomposition of PANI happens within the temperature
range of about 100 °C to 300 °C, leading to the volatilization of constituents such as N-
phenylaniline, methane, acetylene, carbazole, etc [58, 59]. Finally, within the temperature
range of about 300 °C to 500 °C, the breakdown and decomposition of the major chains of
PANI occur [58, 59]. Figure 4.7b shows the TGA curves of FsMgs, F10Mgo, F15sMgs and FooMgg
samples. The weight loss decreased with the increase in the amount of Fe3O, in the samples.
The weight losses of FsMgs, F10Mgo, F1sMgs and F,oMgy samples were determined as 20.32%,
15.16%, 12.44% and 10.53%, respectively. Figure 4.7c shows the TGA curves of P;sMzs,
PsoMso and P7sMos samples. The weight loss increased with the increase in the amount of
PANI in the samples. The weight losses of P,sMy7s, PsoMsy and P7sMgs samples were
determined as 15.50%, 25.35% and 31.90%, respectively. Figure 4.7d shows the TGA curves
of PysF75, PsoFso and PsFps samples. The weight loss increased with the increase in the
amount of PANI in the samples. The weight losses of PysF7s5, PsgFso and P7sFos samples were
determined as 28.33%, 28.57% and 40.63%, respectively. Figure 4.7e-h, TGA curves of
P2sF375M71.25, PsoF2.5Ma7.s, P7sF1.25M23 75, P2sF7.5Me7.s, PsoFsMas, P7sF25Ma2 50, P2sF11.25Mes 75,
PsoF7.5Ma25, P75F3.75M21.25, P2sF1sMeo, PsoF10Mao and P7sFsMas samples. It was found that the
weight loss of the samples decreased with the increase in the amount of PANI and the
increase decreased the amount of MoS,. The weight losses of the samples were 14.40%,
24.50%, 28.73%, 12.96%, 29.26%, 37.85%, 14.04%, 28.54%, 40.18%, 19.95%, 28.73% and
39.11%, respectively. When the weight losses of all samples are examined, it is clearly
understood that increasing the amount of PANI increases the weight loss, while increasing the

amount of Fe3O4 and MoS, decreases the weight loss.
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4.4. Magnetic Analysis

4.4.1. Vibrating sample magnetometry

Magnetic hysteresis measurements (M(H)) were conducted on the synthesized hybrid
structures by applying a magnetic field between +2T at room temperature. In addition,
magnetic hysteresis (M(H)) measurements were not performed since PANI, MoS; and hybrid
structures consisting of only these two structures do not have magnetic properties. Figure 4.8
shows the M(H) curves of Fe3O4, FsMgs, F10Mao, F1sMgs, F20Mso, P2sF375M71.25, PsoF25Ma7 s,
P7sF1.25M23.75, P2sF3.75M71.25, PsoF2.5Mazs, P7sF1.25M23.75, P2sF7.5Me7.s5, PsoFsMas, P7sF2.5Ma2so
P2s5F11.25Me3.75, PsoF75Mazs, P7sF375M21.25, PasFisMeo, PsoF10Mao and PzsFsMas samples. In
hybrid structures, the only material showing magnetic properties is Fe3O, nanoparticles. A
typical magnetic hysteresis wave was observed in all of our samples. This is because Fe3O,
nanoparticles lack a coercive field value due to their size and inverse spinel structure property.
Figure 4.8a shows the magnetic hysterisis curves of Fe304, FsMgs, F1o0Mgo, F15Mgs and F,oMgg
samples. Magnetic saturation values were determined as 50.22 emu/g, 4.34 emu/g, 7.33
emu/g, 9.26 emu/g and 10.83 emu/g, respectively. It was determined that the magnetic
saturation values increased as the amount of Fe3O4 decorated on MoS; increased. Figure 4.8b
shows the magnetic hysterisis curves of PasFzs, PsgFso and PisFos samples. Magnetic
saturation values were determined as 29.20 emu/g, 20.09 emu/g and 8.37 emu/g, respectively.
Since PANI does not have magnetic properties, it was determined that the magnetic saturation
value decreased as the amount of PANI increased. Figure 4.8.c-f shows the magnetic
hysterisis slopes of  PasF375M7125, PsoF25Mazs, P7sF125M237s PasF75Mers, PsoFsMus,
P75F2.5M22.50 P2sF11.25Me3.75, PsoF7.5Maz.s, P75F3.75M21 25 P2sFi1sMeo, PsoF10Mag and PzsFsMas the
samples and the wide range hysterisis slopes of some samples. Magnetic saturation values
were determined as 2.17 emu/g, 0.21 emu/g, 0.09 emu/g, 4.97 emu/g, 0.02 emu/g, 0.01 emu/g,
2.59 emu/g, 0.34 emu/g, 0.09 emu/g, 3.43 emu/g, 0.16 emu/g and 0.02 emu/g, respectively. It
was found that the magnetic saturation values became very low with the increase in the
amount of PANI coated on MoS, nanosheets decorated with Fe;O4 nanoparticles. The results

were consistent with Fe;O,4 doping ratios.
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4.5. Electromagnetic Analysis

4.5.1 Electromagnetic parameters

A vector network analyzer was used to examine the performance of hybrid structures in
absorbing electromagnetic waves. The reflection loss (RL) value is used to evaluate the
absorption performance. Based on transmission line theory, the RL values of a material
system are calculated based on the relative complex permittivity (er = &' - je") and relative
complex permeability (ur = ¢’ - ju") values. The following equations (4.1) and (4.2) are used
to calculate the input impedance and RL [15, 16, 60, 61].

Zin = Zo (\/’:::) tanh [j (@) (W)] (4.1)
RL = 20 log (—2: - 2) (4.2)

In this context, Zi, represents the input impedance of the absorbent material and Z, represents
the impedance of air ¢ is the velocity of electromagnetic waves in free space, f is the
frequency and d is the thickness of the hybrid material. The real parts of the complex
permittivity and permeability (¢' and p') represent the capacity for storing and converting
electromagnetic energy; whereas the imaginary parts (¢” and p”) represent energy loss.
Logical structure, objective language, and precise vocabulary choices are prioritised. The
dielectric (tand,) and magnetic loss tangent (tand,) indicate the angle between the electric and
magnetic fields in the electromagnetic wave absorber and those of the electromagnetic wave.
While the electrical and magnetic storage parts (¢' and p') of a material may impact the
effective absorption band, the electric and magnetic loss parts (¢” and p”) can alter the amount
of absorption. To create a high performance electromagnetic wave absorbing material system,
it is first required that the internal impedance of a material is equal to or close to the
impedance of air (377Q) over a wide frequency range. If the value of | Zinl Zy | is close to 1,
this implies a good match and means that the electromagnetic wave can fully penetrate the
material. This is an ideal situation for the material to effectively absorb electromagnetic
waves. Consequently, an electromagnetic wave absorber structure should incorporate optimal
storage, loss and |Zin / Zo| values for enhanced electromagnetic wave absorption

performance. Figure 4.9a-c shows the relative complex permittivity, relative complex
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permeability, dielectric and magnetic loss tangent, reflection loss and impedance matching
curves of FesOs, MoS,; and PANI. Fe3Os, MoS,, and PANI did not exhibit any
electromagnetic wave absorption performance due to their low values of ¢” and p”, despite
having high €' and ' values. The low reflection loss and effective absorption band (EAB) can
be attributed to the low values of tande and tanou. The fact that tand,, which represents the
dielectric loss, and tand,, which represents the magnetic loss, are close to zero supports our
interpretations. Additionally, none of the samples demonstrated impedance matching, which
is one of the reasons for the low electromagnetic wave absorption performance. Only PANI
with a 5 mm thickness demonstrated a reflection loss performance of -20.41 dB at 16.45 GHz,
with an EAB of 2.89 GHz.
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Figure 4.9. Frequency dependence of relative complex permittivity, relative complex
permeability, dielectric and magnetic loss tangent, reflection loss and impedance matching
(| Zin/ Zo|) of @) Fe304, b) MoS; and c) PANI.

Figure 4.10a-d shows the relative complex permittivity, relative complex permeability,
dielectric and magnetic loss tangent, reflection loss and impedance matching curves for
FsMgs, F10Mgo, F15sMgs and FooMgo samples. The FsMgs sample exhibits high values of u" and
low values of &", indicating that the loss is due to magnetic interaction. In addition, the high
value of tandp also supports our interpretation. The values of p' and €" suggest that the sample
has both dielectric and magnetic storage, which may result in high EAB values. The samples

of FsMgs with thicknesses of 3 mm and 4 mm demonstrate good impedance matching, leading
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to relatively high reflection loss. The FsMgs sample demonstrated reflection loss values of -
31.38 dB at 15.80 GHz and -47.59 dB at 11.36 GHz for thicknesses of 3 mm and 4 mm,
respectively, with corresponding EAB values of 4 GHz and 4.27 GHz. The F1oMgy sample
shows high p" values and low €" values, indicating that magnetic interactions are the main
cause of loss. This interpretation is supported by the significantly high tandu value. The
elevated values of p' and ¢" in the sample indicate the presence of both dielectric and
magnetic storage, potentially leading to higher EAB values. Additionally, the maximum loss
values were reached at frequencies where relatively good impedance matching was achieved
in thicknesses of 3 mm and 4 mm. The F1(Mgy sample exhibited reflection loss values of -
55.54 dB at 15.99 GHz and -52.69 dB at 11.89 GHz for thicknesses of 3 mm and 4 mm, with
corresponding EAB values of 4.0 GHz and 4.99 GHz, respectively. The FisMgs sample
exhibits high p" values and low &" values, indicating that the loss is due to magnetic
interaction. Furthermore, the high value of tandu supports this interpretation. The values of '
and &" indicate that the sample has both dielectric and magnetic storage, which may result in
high EAB values. However, the FisMgs sample did not achieve full impedance matching,
resulting in a low reflection loss value. The F15sMgs sample demonstrated reflection loss values
of -22.54 dB at 15.13 GHz and -17.61 dB at 11.44 GHz for 3 mm and 4 mm thicknesses, with
corresponding EAB values of 4.63 GHz and 4.32 GHz, respectively. The FyMgy sample
exhibits elevated p" values and diminished €" values, indicating that the loss mainly originates
from magnetic interaction, a conclusion supported by the remarkable tandp value.
Furthermore, the elevated p' and €" values indicate the existence of both dielectric and
magnetic storage in the sample, which could result in increased EAB values. The F;Mgg
samples with thicknesses of 2 mm, 3 mm, 4 mm, and 5 mm exhibit high reflection losses due
to relatively good impedance matching. The F,oMgo sample, with thicknesses of 2 mm, 3 mm,
4 mm, and 5 mm, exhibited reflection loss performances of -23.19 dB, -30.37 dB, -26.87 dB,
and -25.45 dB at 17.96 GHz, 10.96 GHz, 8.24 GHz, and 6.51 GHz, respectively. The EAB
values are 3.95> GHz, 6.13 GHz, 3.74 GHz and 3.27 GHz, respectively.
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Figure 4.10. Frequency dependence of relative complex permittivity, relative complex
permeability, dielectric and magnetic loss tangent, reflection loss and impedance
matching( | Zin / Zo | ) of a) FsMgs, b) F10Mgo, C) F15Mgs and d) FooMgo.

Figure 4.11a-f shows the relative complex permittivity, relative complex permeability,
dielectric and magnetic loss tangent, reflection loss and impedance matching curves for
P2sF375M7125, PsoF25Mazs, P7sF125M237s, PasF75Me7s, PsoFsMas, P7sF2sMaos samples. The
PasF3.75M71.25 sample exhibits high values of pu" and negative values of €", indicating that the
loss is entirely due to magnetic interaction. This interpretation is further supported by the high
value of tandp and the negative value of tande. The values of p' and &" suggest that the sample
has both dielectric and magnetic storage, which may result in high EAB values. Additionally,
the samples of PasF375M7125 with thicknesses of 3 mm, 4 mm, and 5 mm demonstrate
relatively good impedance matching, resulting in relatively high reflection loss. The sample
PosF3 75M71 o5, with thicknesses of 3 mm, 4 mm, and 5 mm, showed reflection loss values of -
31.92 dB at 13.13 GHz, -44.98 dB at 9.43 GHz, and -23.96 dB at 7.27 GHz, respectively,
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along with corresponding EAB values of 6.14 GHz, 4.67 GHz, and 4.07 GHz. The nearly zero
values of u" and €" in the PsoF25My475 sample indicate that the magnetic and dielectric losses
will be low. Also, the fact that tand, and tand. are very close to zero supports our
interpretation. The values of p' and &" suggest that the sample has both dielectric and magnetic
storage, which may result in high EAB values. The PsoF25M47.5 sample also exhibits relatively
high reflection loss at the 2 mm and 3 mm thicknesses due to impedance matching.
PsoF25M475 samples with 2 mm, 3 mm, 4 mm and 5 mm thickness showed reflection loss
performance of -27.58 dB, -16.78 dB, -16.01 dB and -15.30 dB at 13.18 GHz, 7.97 GHz, 6.12
GHz and 4.77 GHz, respectively. EAB values were determined as 8.03 GHz, 4.29 GHz, 2.60
GHz and 1.91 GHz, respectively. The PzsF125M2375 sample exhibits low magnetic and
dielectric losses, as indicated by the nearly zero values of p" and €". This is further supported
by the close-to-zero values of tandp and tande. The high values of p' and ¢" indicate that there
is dielectric and magnetic storage in the sample, and as a result, the EAB values may be high.
Furthermore, the samples of P7sF125Ma3 75 exhibit a relatively high reflection loss at 3 mm, 4
mm, and 5 mm thickness due to their impedance matching. The sample of Ps5F;1.25Mz3 75, with
thicknesses of 3 mm, 4 mm, and 5 mm, showed reflection loss values of -16.78 dB at 11.44
GHz, -19.63 dB at 8.29 GHz, and -17.49 dB at 6.61 GHz, respectively. The corresponding
EAB values were 3.91 GHz, 2.77 GHz, and 2.28 GHz. The P,sF75Msg75 sample exhibits low
levels of magnetic and dielectric loss, as evidenced by the near-zero values of u" and €". The
interpretation is supported by the fact that both tandp and tande are very close to zero. The
high values of p' and €" indicate that there is dielectric and magnetic storage in the sample,
and as a result, the EAB values may be high. Additionally, the P;sF7s5Mg75 sample is not
impedance-matched, resulting in low reflection loss in these samples. The PasF75Mg7.5 sample
with 2 mm and 3 mm thickness showed a reflection loss performance of -16.01 dB and -15.24
dB at 15.41 GHz and 13.34 GHz, respectively. EAB values were determined as 5.69 GHz and
4.72 GHz, respectively. The PsgFsMys sample exhibits very low values of 1" and €", indicating
low levels of magnetic and dielectric loss. The close similarity between tandu and tande
supports our interpretation. The high values of p' and €' indicate that there is dielectric and
magnetic storage in the sample. As a result, the EAB values can be high if the reflection loss
is high. The PsoFsMgs sample exhibits ideal impedance matching for thicknesses of 3 mm, 4
mm, and 5 mm, resulting in high reflection loss in these samples. The PsoFsMys sample with 3

mm, 4 mm and 5 mm thickness showed reflection loss performance of -39.89 dB, -43.49 dB

57



and -55.72 dB at 13.33 GHz, 10.12 GHz and 7.86 GHz, respectively. EAB values were
determined as 7.65 GHz, 5.42 GHz and 4.26 GHz, respectively. The sample PzsF,5Ma25
displays low levels of magnetic and dielectric loss, as indicated by the very low values of p"
and €". Also, the fact that tand, and tand, are very close to zero supports our interpretation.
The values of p' and €' indicate that the sample has both dielectric and magnetic storage,
which can result in high EAB values if the reflection loss is high. Moreover, in the case of
PssF25Ma2 5, impedance matching is relatively achieved in the 4 mm and 5 mm thickness
samples, so these samples have a small amount of reflection loss. The sample PssF25Ma2 5,
with thicknesses of 4 mm and 5 mm, showed reflection loss values of -16.79 dB at 9.44 GHz
and -40.13 dB at 5.42 GHz, respectively. Additionally, the corresponding EAB values were
2.28 GHz and 2.02 GHz.
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Figure 4.11. Frequency dependence of relative complex permittivity, relative complex
permeability, dielectric, magnetic loss tangent values, reflection loss and impedance matching
(| Zin 1 Zo|) Of @) P2sF375M71.25, b) PsoF25Maz s, €) P7sF1.2sMa3 75, d) P2sF75Mg7s, €) PsoFsMas,
f) P7sF25Ma2s.
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Figure 4.12a-f shows the relative complex permittivity, relative complex permeability,
dielectric and magnetic loss tangent, reflection loss and impedance matching curves for
P2sF11.25Me3.75, PsoF7.5Ma2 5 ,P75F3.75M21 25, P2sF15sMeo, PsoF10Mao, P7sFsMao.

The sample P,sF11.25Me3.75 sShows low levels of magnetic and dielectric loss, as indicated by
the very low values of 1" and €". Additionally, the fact that tandp and tande are very close to
zero supports this interpretation. The high values of p' and &' suggest that there is dielectric
and magnetic storage in the sample, which can result in high EAB values if the reflection loss
is high. However, reflection loss could not be detected in the PasF1125Me375 sample since
impedance matching was not achieved. The PsoF75M425 sample exhibits high pu" and low &"
values, indicating a higher magnetic loss. In addition, the high tandp also supports our
interpretation. The high values of p' and €' indicate that there is dielectric and magnetic
storage in the sample and as a result, the EAB values can be high if the reflection loss is high.
Moreover, the reflection losses in the PsoF7s5Mj25 sample are relatively high since the
impedance matching is achieved in 3 mm, 4 mm and 5 mm thickness samples. The
PsoF7.5Mas2 5 sample with 3 mm, 4 mm and 5 mm thickness showed reflection loss performance
of -26.26 dB, -30.65 dB and -44.02 dB at 10.14 GHz, 7.59 GHz and 5.69 GHz, respectively.
EAB values were determined as 2.93 GHz, 2.45 GHz and 1.73 GHz, respectively. The
P7sF375M21.25 sample exhibits low p" and high €" values, indicating a higher dielectric loss.
The high tande values further support this interpretation. Additionally, the high p' and &'
values suggest the presence of both dielectric and magnetic storage in the sample, potentially
resulting in high EAB values if the reflection loss is also high. However, reflection losses are
low in the P7sF375M2125 sample because impedance matching is not fully achieved. The
sample PsF375M>; 25, with thicknesses of 3 mm, 4 mm, and 5 mm, exhibited reflection loss
performances of -12.45 dB, -15.30 dB, and -14.58 dB at 11.28 GHz, 8.30 GHz, and 5.69
GHz, respectively. EAB values were determined as 3.14 GHz, 2.45 GHz and 1.68 GHz,
respectively. The P,sF1sMgo sample exhibits low values of p" and €", indicating low dielectric
and magnetic loss. The close proximity of the tandp and tande values supports this
interpretation. The high values of p' and €' suggest the presence of dielectric and magnetic
storage in the sample, which may result in high EAB values if the reflection loss is high.
However, since the impedance matching in the PasFisMgo sample is relatively high in the 3
mm, 4 mm and 5 mm thicknesses, the reflection losses are relatively high. The PasFisMego

sample showed reflection loss performance of -18.92 dB, -22.54 dB and -23.25 dB at 17.58
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GHz, 12.53 GHz and 9.01 GHz at 3 mm, 4 mm and 5 mm thickness, respectively. EAB
values were determined as 3.24> GHz, 7.01 GHz and 5.60 GHz, respectively. The PsoF10Mao
sample exhibits low values of 1" and €", indicating low dielectric and magnetic loss. The close
proximity of the tandp and tande values supports this interpretation. The high values of ' and
€' suggest the presence of dielectric and magnetic storage in the sample, which may result in
high EAB values if the reflection loss is high. However, reflection losses are low in the
PsoF10M4o sample because impedance matching is not achieved. The reflection loss
performance of the PsoF10M4o sample was -16.01 dB at 16.66 GHz and -16.01 dB at 9.01 GHz
for thicknesses of 2 mm and 3 mm. EAB values were determined as 4.33> GHz and 3.31
GHz, respectively. The fact that p" value is zero and €" values are high in P7sFsMyo sample
indicates that dielectric loss will occur. Also, the zero value of tandp and high value of tande
support our interpretation. The high values of p' and €' indicate that there is dielectric and
magnetic storage in the sample and as a result, the EAB values can be high if the reflection
loss is high. However, reflection losses are low in the PzsFsMyo sample because impedance
matching is not achieved. The PssFsMyy sample exhibited reflection loss performance of -
17.20 dB, -15.60 dB, -17.20 dB, and -16.42 dB at 16.51 GHz, 10.74 GHz, 7.91 GHz, and 6.32
GHz, respectively, for thicknesses of 2 mm, 3 mm, 4 mm, and 5 mm. The EAB values are
4.26> GHz, 3.45 GHz, 2.66 GHz and 2.16 GHz, respectively.
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Figure 4.12. Frequency dependence of relative complex permittivity, relative complex
permeability, dielectric, magnetic loss tangent values, reflection loss and impedance matching
(| Zin ! Zo|) Of @) P2sF1125Me3 75, b) PsoF75Mazss, €) P7sF375Ma1 .25, d) P2sFisMeo, €) PsoF1oMao
f) P7sFsMzo.

Figure 4.13a-f shows the relative complex permittivity, relative complex permeability,
dielectric and magnetic loss tangent, reflection loss and impedance matching curves for
P25sMys, PsoMso, P7sMas, PosFrs, PsoFsg, P7sFas. The PasMys sample exhibits a higher p"' value
than &" value, indicating a higher magnetic loss. Additionally, the higher tandp compared to
tande supports this interpretation. The high values of p' and €' suggest the presence of both
dielectric and magnetic storage in the sample, potentially leading to high EAB values if the
reflection loss is also high. However, the reflection losses are low in the P,sMys sample
because the impedance matching is not fully achieved. The P,sMys sample with 3 mm, 4 mm
and 5 mm thickness showed a reflection loss performance of -17.26 dB, -14.94 dB and -15.65
dB at 12.55 GHz, 9.38 GHz and 7.51 GHz, respectively. EAB values were determined as 5.32
GHz, 4.01 GHz and 3.28 GHz, respectively. The PsoMsp sample exhibits a higher p" value
than €" value, indicating a higher magnetic loss. Additionally, the higher tandpu compared to
tande supports this interpretation. The high values of p' and €' suggest the presence of both
dielectric and magnetic storage in the sample, potentially leading to high EAB values if the
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reflection loss is also high. However, in the PsoMso sample, the reflection losses are low
because the impedance matching is not fully achieved. The PsgMso sample, with a thickness of
5 mm, demonstrated a reflection loss of -29.25 dB at 16.11 GHz, and the EAB value was
determined as 3.36 GHz. In the P;sMys sample, the p" and &" values are close to zero,
indicating low magnetic and dielectric loss. The tandp and tande values being close to zero
further support this interpretation. The high values of u' and €' indicate dielectric and magnetic
storage in the sample, which can result in high EAB values if the reflection loss is high.
However, the reflection losses are low in the P7sMys sample because the impedance matching
is not fully achieved. The sample PzsMys, which has a thickness of 5 mm, showed a reflection
loss of -24.73 dB at 18.00 GHz, and the EAB value was determined to be 2.28 GHz. The
P2sF75 sample exhibits zero p" and €" values, indicating no magnetic or dielectric loss. The
fact that tanop and tande are also zero supports this interpretation. The high values of p' and &'
suggest the presence of dielectric and magnetic storage in the sample, potentially leading to
high EAB values if the reflection loss is high. However, no reflection loss could be detected
in the P,sF75 sample since impedance matching was not achieved. In the PsoFsp sample, p"
value is very close to zero and &" value is zero, indicating that there will be a low magnetic
loss. Also, the fact that tand, is close to zero and tande is also zero supports our interpretation.
The high values of p' and €' indicate that there is dielectric and magnetic storage in the sample
and as a result, the EAB values can be high if the reflection loss is high. However, reflection
losses are low in the PsoFso sample because impedance matching is not fully achieved. The
sample PsoFso, which has a thickness of 5 mm, exhibited a reflection loss of -23.19 dB at
16.06 GHz, and the EAB value was determined to be 2.94 GHz. The relatively high values of
u" and €" in the P7sF,5 sample indicate that magnetic and dielectric loss will occur. Also, the
fact that tand, and tand, are the same supports our interpretation. The high values of n' and &'
indicate that there is dielectric and magnetic storage in the sample and as a result, the EAB
values can be high if the reflection loss is high. Moreover, the reflection losses are relatively
high in the PzsF,5 sample because impedance matching is relatively achieved. The PysFss
sample, varying in thicknesses of 3 mm, 4 mm, and 5 mm, exhibited reflection loss values of -
27.76 dB at 12.04 GHz, -23.96 dB at 9.10 GHz, and -24.73 dB at 7.17 GHz, along with
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corresponding EAB values of 6.33 GHz, 3.74 GHz, and 2.99 GHz, respectively.

P,.M r_M rP,._.M
s 5 5 s
a) 10.0 T T 25 zs T b)m.o T T T '0‘ '"‘ T T o c)l:ul T T T 7'. 2'.
75 F " 7.5 £, 7.5 F =
E
ok L 5.0 = 5.0 B.r.
2.5 F £ 2.5 & 25 & 1
0.0 [ = 0.0 = 00 F . =
15 F 3 1.5 1.5 3
T 1o F N e
0.5 Fp, E 0.5 iy 05 E p.
0.0 pAt—— 0.0 0.0 fF—fF—~—r =
o's |y E -0.5 0.5 F E
- Lo Y Cio fHe * 12 to
os | ] o8 [ 2F E
tand L 3
E [ - tand 0.8
::(4‘ ';:: W] o4k tand |
[ 1 0.0 F
04k s s tand 04 tang, 0.4 b ' . \ N s N tan3, 3
s = e o e e e, = = 2 FI0F = = — — —= r—a — ] s = e — =
=10 e — =10 —— =10
£ S 20F 1 == 2 S20F E
£ p30fF E 2 =
= Za0fF mm m ER <
£ S0k = Smm =
-60
25F
T20F
TEisE
1ok —
05 | -2
0.0 X - - i
2 4 6 8 10 12 14 16 18 2 a o 8 10 12 14 16 18 2 a4 [} 8 10 12 14 16 18
Frequency (GHz) Frequency (GHz) Frequency (GHz)
P_F
d) P,sFos e) s0° s0 f) P_F,
75 - 7.5 F v r . : v : i =
’ £ 75 [
5.0 = 5.0F G|
25| e 25| £,.]
0.0 x 0.0 , . . . . . . B
12 | B 1.2 F D ]
osf e B o8 !""‘—'_‘——"—.’ir_____:
0.4 r - 04t Hy 3
0.0 F 0.0 ST " A : A——
06 F Bl 12 F 3
ha b E
02 E tang, E osl E
00 04k tand,
0.2 -
oab tan, E 0.0 ~~——"""" rtans
0 - =0 =
— BI0fF — = e —— == = = === —
20 E| = S 20f
4 2 p-30F
E| = Zh0F =1 =2 =3 3
E = —-50 =4 mm =5 mm E
E 25 b
E| E 20 |
1

6 8 10 12 14 16 18 2 4 &6 8 10 12 14
Frequency (GHz) Frequency (GHz)

Figure 4.13. Frequency dependence of relative complex permittivity, relative complex
permeability, dielectric, magnetic loss tangent values, reflection loss and impedance matching
(| Zin I Zo | ) Of @) P2sMys, b) PsoMsg, €) P7sMas, d) PasF7s, €) PsoFso, ) P7sFos.

An important factor that can affect the absorption of electromagnetic waves is attenuation
matching. Attenuation matching is a concept that aims to optimize the losses encountered by
electromagnetic waves scattering in a structure. In this case, attenuation matching can be
defined by the ability and speed of converting incoming electromagnetic wave energy into
other forms of energy [18-20]. Attenuation matching is especially critical when studying radar
absorbing composite structures. In this context, attenuation matching refers to the losses due
to scattering within the radar absorbing material. These losses are energy losses that occur
during the dispersion of electromagnetic waves within the material. The higher the attenuation
constant (o) of a material, the closer it is to attenuation matching. The formula expressing the

proximity to attenuation matching is as follows:

V2
a = f\/(‘uugu _ ‘ulgl) + \/('u”g” _ 'u'g')z + (‘ulell + ‘uﬂer)z (43)

c
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Figure 4.14a-d illustrates the frequency dependent attenuation constants of FezO, MoS,,
PANI, FsMgs, F10Mgo, F15Mss, F20Mso, P2sF3 7sM71.25, PsoF25Ma75, P7sF125M23.75 PasF7.5Mer s,
PsoFsMus, P7sF2sMa2so, PasFi1.2sMeszs, PsoF75Mazs, P7sFs7sMarzs, PasFisMeo,  PsoF10Mao,
P75sFsMos, P2sMys, PsoMso, P7sMos, PasFrs, PsoFso, P7sF2s samples. Figure 4.14a-d shows that
samples with magnetic or dielectric interactions have lower attenuation constant values and
non-linear or decreasing curves. This can be explained by the electromagnetic wave entering
the magnetic or dielectric interaction before scattering. Thus, the absorption mechanism
resulting from the conversion of electromagnetic waves into heat energy is less effective in
these samples. Samples with high attenuation constant values, which increase linearly,
indicate that the electromagnetic wave scattering within the structure is high. As a result, the
electromagnetic wave can be absorbed by converting it into heat energy. However, simply
converting the scattered electromagnetic wave into heat is not enough to improve
electromagnetic wave absorption performance. Our results are consistent with these

comments.
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Figure 4.14. Frequency dependent attenuation constant a) Fe3O4, Mo0S;, PANI, FsMgs,
F10Mgo, F15Mgs, F2oMgo b) PasF375M71.25, PsoF25Ma75, P7sF1.25Ma3 75, P2sF75Me7s, PsoFsMas,
P7sF25M2250 €) PasFi1.25Me3.75, PsoF7.5Mazs, P7sFa7sM21 25, PasFisMeo, PsoF10Mao, P7sFsMaos d)

P25sM7s, PsoMsg, P7sMas, PasF7s, PsoFsg, P7sFos,

Electromagnetic wave absorbing materials provide their magnetic losses from types of

magnetic losses such as hysteresis, field wall resonance, natural resonance and eddy current

loss. In low electromagnetic fields, hysteresis loss is negligible. Domain wall resonance is

typically evident in the low frequency range (<2 GHz). Therefore, the magnetic loss of

materials is mainly due to natural resonance and eddy current, particularly in the gigahertz

range. Eddy current loss refers to the energy loss due to the currents swirling in the material

due to the variation of the magnetic field. The eddy current loss (Cy) equation is given below.

Co=p"(u)?f™
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If the magnetic loss of the materials is only due to the eddy current, the value of Cy should
remain constant depending on the frequency variation. Figure 4.15a-d illustrates the
frequency dependent eddy current (Cop) loss of Fe;04, M0S;, PANI, FsMgs, F10Mgo, F15sMgs,
F20Mso, PasF375M7125, PsoF2sMazs, PrsF12sMoszs, PasF7sMezs, PsoFsMas,  P7sFasMazso,
P2sF11.25Mg3.75, PsoF7.5Mazs, P7sF375Ma125 PasFisMeo, PsoF10Mao, P7sFsMas, P2sMzs, PsoMsy,
P75sMas, PasFrs, PsoFso, P7sF2s samples. In Figure 4.15a, the increase in Cy value after about 6
GHz in FsMgs, F10Mgo and F15Mgs samples indicates that these samples have a magnetic loss
due to natural resonance. The Cy values of Fe3O4, MoS; and PANI samples remain constant
and very close to zero, indicating that these samples do not have eddy current and natural
resonance loss. The constant Cy value of the F,Mgy sample indicates that it creates eddy
current in the structure. In Figure 4.15b, the increases and decreases in Cg values after about 4
GHz in PsF375M71.25, PsgF25My75, P2sF75Mezs and P7sF25Mo, 5 samples indicate that these
samples have a magnetic loss due to natural resonance. Moreover, C, values remain constant
after 12 GHz, indicating that these samples also have eddy current. The C, values of the
PsF1.25Ma3 75 and PsoFsMys samples remain constant, indicating that these samples have eddy
current loss. In Figure 4.15c, the increases and decreases in the Cy value of the PsoF75Mazs
and P,sF1sMgo samples after about 4 GHz indicate that these samples have a magnetic loss
due to natural resonance. Moreover, the peaks at about 17 GHz and 14 GHz for samples
PsoF75Ma25 and PosFisMeg, respectively, indicate that the loss of natural resonance is severe.
The constant Cy value of the P,sF11.25Me7.75 Sample indicates that it has eddy current. The zero
value of Cy in the other samples indicates that there is no eddy current and natural resonance
loss. In Figure 4.15d, the increase in Cy value and some peaks in PzsF25 and PosMy;s samples
after about 4 GHz indicate that these samples have a magnetic loss due to natural resonance.
The increases and decreases in Cy between about 4-12 GHz in the other samples indicate a
loss due to natural resonance, while the constant Cy value after 12 GHz indicates eddy current

loss.
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Figure 4.15. Frequency dependent eddy current (Cp) loss a) FesO4, M0S;, PANI, FsMgs,
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Debye relaxation plays an important role in electromagnetic wave absorption processes.
Debye relaxation describes the tendency of a dielectric material to polarize and relax under an

electric field. Debye theory describes the relationship between ¢’ and €" as follows [21, 22]:

2

(8, ~ Ss';goo)z e = (%) (4.5)

Each semicircle represents a relaxation process derived from the variations of ¢ and &" [23-

25]. These processes are the processes by which nuclear spins exposed to the electromagnetic
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wave return to the equilibrium state. The number of semicircles in the Cole-cole curve
indicates the number of relaxation processes. It can be interpreted that samples with more
relaxation processes have higher dielectric loss. Figure 4.16a-d shows the coole curves of
Fes04, M0S;, PANI, FsMgs, F1o0Mgo, F15Msgs, F20Mgo, P2sM7s, PsoMso, P7sMas, PasFrs, PsoFso
and PzsF25 samples. The semicircles on the cole-cole curves were identified and the relaxation
process numbers were determined. These results show that our samples have dielectric loss

due to relaxation processes.
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Figure 4.16a-d shows the coole curves of PasF375M7125, PsoF2sMazs, P7sFi1.25Mas7s,
P2sF75Me75, PsoFsMas, P7sF25Mazs0, PasFi125Mes7s, PsoF75Mazs, P7sFa7sMar2s, PasFisMeo,
PsoF10M4o and P7sFsMos samples. The semicircles on the cole-cole curves were identified and
the relaxation process numbers were determined. These results show that our samples have
dielectric loss due to relaxation processes. All of our samples exhibit a relaxation process,
which can be explained by the fundamental property of electromagnetic waves. These waves
consist of perpendicular electric and magnetic field components that are directly proportional
to each other. Therefore, when one field changes, the other changes as well. Additionally, it is
important to note that the dielectric properties of magnetic materials can also impact the

dielectric loss.
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Table 4.1 displays the results of the electromagnetic wave absorption performance of the
synthesized samples. The samples synthesized in this study exhibited high electromagnetic
wave absorption performance due to good impedance matching, which was achieved through
polarization and conductivity loss with PANI, dielectric and multiple reflection loss with

MoS;, and natural resonance and eddy current loss with Fe3Oy.

Table 4.1. Electromagnetic wave absorption performans parameters of our samples.

Thickness  Frequency RL EAB
|
Sample Codes (mm) (GH2) (dB) (GH2)
F - - - -
M - - - -
P 5.0 16.45 -20.41 2.89
3.0 15.80 -31.38 4.0
F5M95
4.0 11.36 -47.59 4.27
3.0 15.99 -54.97 4.0>
F10M90
4.0 11.89 -51.45 4.99
3.0 15.13 -22.54 4.63
F15M85
4.0 11.44 -17.61 4.32
2.0 17.96 -23.19 3.95>
3.0 10.96 -30.37 6.13
FZOMSO
4.0 8.24 -26.87 3.74
5.0 6.21 -25.45 3.27
3.0 12.55 -17.26 5.32
PasF+5 4.0 9.38 -14.94 4.01
5.0 7.51 -15.65 3.28
PsoFso 5.0 16.06 -23.19 2.94
3.0 12.04 -27.76 6.33
PsFos 4.0 9.10 -23.96 3.74
5.0 7.17 -24.73 2.99
3.0 12.55 -17.26 5.32
PosMys 4.0 9.38 -14.94 4.01
5.0 7.51 -15.65 3.28
PsoMsg 5.0 16.11 -29.25 3.36
PsMos 5.0 18.00 -24.73 2.28>
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In this study, the reflection loss mechanism in the PANI@Fe3;0.:MoS; hybrid structure can be
described by four main factors. First, it is impedance matching, which is the basis of
electromagnetic wave absorption. The conductive PANI, magnetic Fe3O,4 and layered MoS; in
the structure we obtained allow the incident electromagnetic wave to penetrate into the
samples more easily by providing impedance matching [62-64]. Secondly, as a result of the
penetration of the electromagnetic wave into the samples, multiple scattering can be achieved
due to the effect of the hybrid components [65]. Moreover, PANI and Fe;O,4 between the
layers of MoS;, with layered structure can interact with the electromagnetic wave by the
formation of scattering [65]. As a result, natural resonance and eddy current loss may occur.
Thirdly, dielectric loss has a significant effect on electromagnetic wave absorption [65-67].
The PANI@Fe;04:Mo0S; hybrid structure plays an important role in the accumulation of free
charges, facilitates their polarization, and can act as a capacitor by storing the energy from the
electromagnetic wave [68, 69]. Finally, a circulation of polarized electrons occurs between the
PANI and MoS; nanostructures and this circulation provides high conductivity within the
hybrid structure, allowing the electromagnetic wave to lose its energy. This mechanism,
thanks to the hybrid structure we have obtained, has enabled us to achieve superior

electromagnetic wave absorption performance.
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Figure 4.18. Schematic representation of the reflection loss mechanism of
PANI@Fe304:M0S; hybrid structure.
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5. CONCLUSIONS

This work presents a systematic investigation of the structural, magnetic, thermal,
morphological, and electromagnetic properties of Fe3O, magnetic nanoparticles, MoS;
nanosheets, and the conducting polymer PANI, as well as their hybrid structures
(FesO4:Mo0S;, PANI@Fe304, PANI@MO0S, and PANI@Fe;04:M0S;). To improve the
absorption of electromagnetic waves, we carefully adjusted the relative complex permittivity
and complex permeability values of the samples by using magnetic and dielectric materials.

The F1oMgo sample achieved a minimum reflection loss of -54.97 dB at a thickness of 3 mm at
a frequency of 7.86 GHz with an effective absorption range of 4.0> GHz. The PsoF25Ma75
sample achieved a minimum reflection loss performance of -27.58 dB with 2 mm thickness at
a frequency of 13.18 GHz with an effective absorption bandwidth of 8.03 GHz. These results
reveal that the PANI@Fe3O4:M0S, hybrid structure outperforms the MoS,-based
electromagnetic wave absorbers reported so far.

The results show promise for the development of high-performance electromagnetic wave-
absorbing materials. These materials have potential for protecting stealth technology and

sensitive electronic devices at X and Ku band frequencies.
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6. RECOMMENDATIONS

This thesis rigorously investigates the structural, magnetic, thermal, morphological, and
electromagnetic properties of Fe3O, magnetic nanoparticles, MoS, nanosheets, and the
conducting polymer PANI. Moreover, the hybrid structures of these components
(FesO4:M0S;, PANI@Fe304, PANI@MoS, and PANI@Fe3;04:M0S;) have been
systematically investigated. Hybrid structures formed by utilizing various dielectric, magnetic
and layered materials have shown high electromagnetic wave absorption performance. In this
thesis, it is aimed to increase the effective electromagnetic wave absorption range by
obtaining hybrid structures. Since our thesis topic is of critical importance in the Turkish
Defense Industry, the studies that can be applied in the future in the light of the gains we have

obtained on this subject are listed below.

e Better results can be obtained by increasing the weight contribution ratio of hybrid

structures in epoxy.

e By increasing the number of layers of 2D MoS; nanosheets, the number of scattering
of the electromagnetic wave in the structure can be increased and as a result, the

electromagnetic wave absorption performance can be increased.

e Adding hybrid structures with different doping ratios into materials such as epoxy,

wax, or polymers can increase electromagnetic wave absorption performance.

e In order to eliminate the problems that may arise from the density difference of PANI
while obtaining hybrid structures, doping by volume can increase the electromagnetic

wave absorption performance.

e The electromagnetic wave absorption performance of the material can be enhanced by
utilizing various nanostructures such as nanotubes, nanowires, and nanosheets to

create hybrid structures.
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