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Keywords

ABSTRACT

A comprehensive investigation of the electronic and mechanical properties in the
hexagonal BaB, binary system using state of the art first-principles computational
techniques is critical for an in-depth understanding of the fundamental properties unique
to this binary system. In this context, we derived elastic constants using the metric-tensor

Ab initio calculations
Elastic properties
Electronic structure
Superconductors

formulation, which allowed us to find important mechanical properties such as Bulk
Modulus, Shear Modulus, and Vickers's hardness which are fundamental mechanical
quantities. Also, this research includes a detailed analysis of the electronic band structures
and a study comparison of Fermi surface topologies. The charge density at the Fermi level

(N(Eg)), which is very important in superconductivity theories, was found to be 1.43
states/eV.uc. Furthermore, we have explored whether there exists a close relationship
s between these properties and the superconducting behavior of the BaB, material.
e Nevertheless, our calculations unequivocally demonstrate that the information derived
Of from electronic band structures and Fermi surfaces alone is insufficient for a
comprehensive explanation of the superconductivity phenomenon observed in such
materials.

Please cite this paper as follows:

Parlak, C. (2024). Theoretical investigation of mechanical and electronic properties of hexagonal BaB.. Journal of Advanced
Applied Sciences, 3(1), 1-5. https://doi.org/10.61326/jaasci.v3i1.100

1. Introduction

The revelation of superconductivity (SC) within MgB;
(Nagamatsu et al., 2001), a member of the AlIB,-type materials,
featuring a critical temperature (Tc) of approximately 39 K, has
elicited considerable interest among the scientific community.
AlB,-type structures, recognized for their exceptional attributes
encompassing the electron-phonon pairing mechanism,
electronic properties, superconductivity, and lattice dynamics,
have been a focal point of recent research endeavors.

Although extensive investigations have been conducted on
most materials within the AlB,-type structure, hexagonal BaB;
has received relatively limited theoretical attention (Alarco et

® Correspondence
E-mail address: cihanparlak@gmail.com

al., 2015). This scarcity of research may be attributed to the fact
that hexagonal BaB, has not yet been experimentally
synthesized. Nonetheless, this hypothetical material exhibits
substantial promise as a high-temperature superconductor
(HTS). In light of this, our proposal aims to comprehensively
characterize BaB, and unveil its mechanic and electronic
properties. The ability to calculate the fundamental properties
of materials from first-principles calculations has emerged in
recent years as an increasingly attractive avenue of research,
allowing reliable prediction of a material's properties before
experimental verification. This is becoming particularly
important in the study of superconductivity (Boeri & Bachelet,
2019; Parlak, 2021).
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This paper is structured as follows: In Part 2, we elucidate
our computational methodologies and associated parameters.
Part 3.1 delves into an extensive analysis of lattice structure.
Section 3.2 provides a concise portrayal of the electronic band
structures of the compounds under investigation. Additionally,
Section 3.3 furnishes comprehensive data on the elastic
properties of these compounds. Our findings culminate in
Section 4, offering a succinct recapitulation of our principal
results.

2. Materials and Methods

In this investigation, we conducted all computations by
employing the ABINIT software (Gonze et al., 2020) in
conjunction with the density functional theory (DFT)
methodology. The generalized gradient approximation (GGA)
was employed for the exchange-correlation functional. To
ensure the attainment of convergence, a plane-wave Kinetic
energy cutoff parameter of 40 Hartree was determined as the
optimal choice. K-point sampling for Brillouin zone
integrations was achieved using a Monkhorst-Pack mesh with
a 16x16x16 grid.

3. Results and Discussion

3.1. Lattice Properties

oSO o
o & o

Figure 1. BaB2 lattice structure, the green color represents B
atoms, and the blue color represents Ba atoms.

In the scope of this investigation, we embarked on the
optimization of hexagonal di-boride BaB, (Figure 1), a
representative AlB,-type material exhibiting the P6/mmm
space group (no: 191). Within the well-defined AlB,-type
structural framework, Ba atoms are situated at the 1a (0,0,0)
position, while B atoms are precisely situated at the 2d
(1/3,2/3,1/2) Wyckoff positions (Parlak, 2020).

In our research, we have successfully acquired optimized
lattice parameters for the BaB; crystal structure, which are
given as a=3.2842 A and ¢=4.9551 A, our results exhibit a
commendable congruence with the relevant data available in
the literature (Alarco et al., 2015). If we compare the lattice
parameters of BaB; with the most basic material of this family,

MgB. (with a=3.086 A and ¢=3.524 A) (Nagamatsu et al.,
2001). It is seen that the calculated lattice parameters of BaB
are higher than those of MgB.. This difference will play a role
in the difference in basic mechanical and electronic properties.

3.2. Electronic Properties

Possessing knowledge about the electronic band structure of
a material affords insight into various physical characteristics
of the material. This understanding is particularly significant in
the context of superconducting materials, where the electronic
structure exerts a direct and profound influence on
superconducting properties. Notably, the superconducting
transition temperature is acknowledged to exhibit a strong
correlation with the electron density at the Fermi level, denoted

as N(Eg) (Boeri & Bachelet, 2019).
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Figure 2. Electronic band structure of BaB2.

For this reason, in this study, the electronic band structure
of the material was calculated in detail (Figure 2). As can be
seen from the band structure, the material is completely
metallic. One of the most important observations is the conical
band structure located between the M-K points of the Brillouin
region, very close to the Fermi level. This conical structure has
been observed before in some AIB; structured materials (Xu et
al., 2020) and is directly related to the topological semi-metal
nature of the materials.
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Figure 3. Total electron density of states (DOS).

We have given the electron density state of the material in
Figure 3. The most striking feature here is the electron state
density at the Fermi level is 1.43 States/eV.uc. And it can be
said that this value is relatively high compared to MgB; (0.69
states/eV.uc (Choi et al., 2009)). From the perspective of
superconductivity, although high electron state density at the
Fermi level can be expected to cause high Tc, it should not be
forgotten that electron-phonon interactions also play an
extremely important role in such materials.

Figure 4. Fermi surface of BaB; and 2-D section view at the center of the Brillouin zone.

It would not be wrong to say that BaBy's Fermi surfaces
consist of three independent surfaces (Figure 4), very similar to
MgB.. Two of them are along I'-A and are hole-type cylindrical
surfaces. The other is an electron-type surface with a 3-
dimensional character near the borders of the Brillouin zone. In
terms of Fermi surface topography, BaB, does not have a very
different structure from the general picture seen in other AIB;
structures and is even very similar to MgB..

3.3. Mechanical Properties

The elastic tensor of a material serves as a fundamental tool
for gaining deep insights into the material's reactivity under the
influence of external forces. This information plays a pivotal
role in dissecting the underlying bonding mechanisms and, in
turn, enhances our grasp of the multifaceted mechanical and
thermal attributes intrinsic to the material (DeJong et al., 2015).
In the present investigation, we meticulously calculate the
components of the elastic tensor employing the principles of
linear response theory, as outlined by Hamann et al. (2005).

These elastic constants are instrumental in elucidating the
material's nuanced response to diverse forms of deformation.
For instance, C11, Ci2, and Cis specifically characterize the
material's behavior under axial deformations, while Css, Caa,

and Cgs are indicative of its response to shear deformations and
other anisotropic features.

Furthermore, our findings unequivocally demonstrate that
the computed elastic constants conform to the well-established
Born criteria for a hexagonal lattice. These criteria, as
expounded by Born et al. (1955), encompass conditions such as
C1:>0, C11-C12>0, and (C11+C12)C33-2(013)2>0.

When comparing the elastic constants of BaB; (C11=72.4,
012226.3, C13=51.2, C33=191.1, C44=56.3, Ces=37.7 GPa) and
Mng (011:421, C12:64, C13:35, C33:265, C44:70, Cee:178
GPa (DelJong et al., 2015)), it's important to consider their
mechanical properties and how they differ. These constants
help scientists and engineers understand how materials respond
to different types of deformation and provide insights into their
mechanical behavior. Here's a comparison between the elastic
constants of BaB, and MgB,:

o Cy1 (Axial Stiffness): MgBs; is significantly stiffer in the
axial direction, indicating that it is more resistant to
compression along this axis.

o Cy1o (Shear Modulus, Shear Stiffness in XY Plane): MgB:
has a higher shear modulus, suggesting that it is more
resistant to shearing forces in the XY plane.
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o Cy3 (Shear Modulus, Shear Stiffness in XZ Plane): BaB,
is stiffer in the XZ plane, indicating its resistance to
shearing forces in that direction.

o Cs3 (Axial Stiffness): MgBs is stiffer in the axial direction,
making it more resistant to compression along this axis.

o Cys (Shear Modulus, Shear Stiffness in YZ Plane): MgB;
has a higher shear modulus in the YZ plane, indicating
greater resistance to shearing forces in this direction.

o Cgs (Shear Modulus, Shear Stiffness in XZ Plane): MgB:
is significantly stiffer in the XZ plane, making it more
resistant to shearing forces in that direction.

In summary of elastic properties, MgB2 generally has much
higher elastic constants compared to BaB,, indicating that it is
a stiffer and more rigid material. This means that MgB- is better
suited to withstand higher loads and deformations, especially in
axial and shear directions. These differences in elastic constants
can have significant implications for the material's mechanical
properties and its performance in various applications.
Scientists and engineers use these values to design and
understand the behavior of materials in a wide range of
contexts, from structural engineering to materials science
research.

By using the ELATE software (Gaillac et al., 2016), the
Voigt—Reuss—Hill approximation (Hill, 1952) can be used for
the calculation of some important mechanical constants such as
the Bulk (B), Young (E), and Shear (G) moduli. One can see
the numerical values in Table 1.

Table 1. Calculated elastic constants (Cj;), bulk (B) and shear
(G) moduli, Young moduli (E), compressibility (B, in GPal),
the Pugh’s indexes (G/B), Poisson’s ratio (v), Zener anisotropy
factor (A), Universal elastic anisotropy index (A").

Parameter Pre. Study MgB2?
Bv 65.91 152.78
Gv 46.81 128.47
Br 49.36 144.09
Gr 42.52 106.24
B 57.64 148.43
G 44.67 117.35
B 0.0173 0.0067
G/B 0.77 0.79
E 106.49 278.83
v 0.19 0.18
A 2.44 0.39
AY 0.84 1.10

2 (DeJong et al., 2015)

Among the fundamental mechanical design parameters, the
bulk modulus, defines a material's resistance to compression. In
the current study, the Voigt bulk modulus value is

approximately calculated to be 65.91 GPa, while the Reuss bulk
modulus value for the BaB, material is obtained to be
approximately 49.36 GPa. It is clearly seen that both values are
much lower than the values given in the table for MgB,.These
values characterize how effectively the material resists
compressive forces.

The Vickers hardness (H,) parameter of the compound was
determined using the microhardness empirical model proposed
by Chen and colleagues (Chen et al., 2011). Microhardness is a
well-established metric that offers valuable insights into both
the elastic and permanent plastic deformations exhibited by the
studied compound.

Our findings reveal that at zero pressure, the microhardness
parameter are 10.70 GPa (Chen et al., 2011 formulation) and
18.94 GPa (Tian et al., 2012 formulation), indicating a
relatively higher resistance to plastic deformation. These
observations provide valuable information about the material's
response to mechanical stress and have implications for its
performance in various applications.

4. Conclusion

In conclusion, our investigation into the electronic and
mechanical properties of hexagonal BaB an AlB;-type
material with Pgmmm Symmetry, has yielded valuable insights
into the fundamental characteristics of this compound. We
successfully optimized the lattice parameters, In the realm of
electronic properties, our study of the electronic band structure
revealed that BaB, is a metallic material with a distinctive
conical band structure near the Fermi level, reminiscent of other
AIB; structured materials. The electron density at the Fermi
level, N(Ef), was found to be 1.43 States/eV.uc., a relatively
high value compared to MgB,, indicating potential for
superconductivity, though electron-phonon interactions must
also be considered. Moreover, the analysis of Fermi surface
topography indicated that BaB; exhibits three independent
surfaces, similar to MgB,, further aligning it with the broader
AlB; family.

In terms of mechanical properties, we have meticulously
calculated the elastic constants, providing critical insights into
BaB,'s reactivity to various forms of deformation. Our results
affirm that these computed elastic constants adhere to the well-
known Born criteria’s for a hexagonal lattice. The Voigt bulk
modulus, an essential mechanical parameter, was found to be
65.91 GPa, indicating BaBy's resistance to compression.
Additionally, the microhardness parameter, obtained through
empirical models, exhibited a notable resistance to plastic
deformation at zero pressure.

In summary, our study advances our understanding of
BaB,'s fundamental properties, offering a comprehensive view
of its electronic and mechanical behavior. These findings
provide a foundation for further exploration of its potential
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applications, including its possible role in superconductivity,
and underscore the importance of careful materials
characterization and computational modeling in materials
science research.
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The aim of this work is to design and fabricate a type of sensor based on Metamaterials.
This structure determines the purity of Methanol and Ethanol mixture in the water by using
the Octagonal form of a resonator and sample holder. The proposed structure has been
employed in the 8-12 GHZ frequency band. The important thing in the work is the changes

Keywords
Liquid samples
Metamaterial

Purity
Sensor

of the waveform at the resonance frequency. The output waveform of materials (reflection
coefficient Si1 or transmission coefficient Si2) must be changed in the liner figure by
considering the dielectric coefficient. We use copper for the metal layer and resonator and
Isola 1S680 (3.2DK) (lossy) for substrate layer. We simulate one unit cell of this Meta-

material sensor by CST microwave software and then achieve the results and evaluate
them. Both the numerical and experimental tests, give the same outcomes and results and
they will be in good agreement with each other. The proposed structure can be used in

many applications where purity and determining of some materials might be necessary.

Please cite this paper as follows:

Movazzafgharehbagh, S., & Karadag, F. (2024). Purity detection of some liquids by using reflection values based on metamaterial.
Journal of Advanced Applied Sciences, 3(1), 6-14. https://doi.org/10.61326/jaasci.v3i1.108

1. Introduction

Metamaterials are unnatural materials that have different
electromagnetic behaviors and show specific electromagnetic
(EM) properties that cannot be found inherently in nature. The
mentioned differences are negative refraction index, negative
reflection, negative Doppler Effect, negative permittivity, and
negative permeability. Metamaterials are usually applied in
periodic constructions. It is a good way to design and fabricate
by repeating structure with the unit cells. An array of unit cells
may be used to get the structure. A unit cell is a combination of
SRR and wire structure (Pendry et al., 1999). Metamaterials
(MTMs) are defined as artificial electromagnetic (EM)
materials that are rapidly developing as a research due to having

® Correspondence
E-mail address: sanam.mové1l@gmail.com

many potential application areas. Metamaterials are artificially
engineered structures that provide extraordinary features such
as backward propagation, negative permittivity and/or
permeability. The left-handed materials with unusual
electromagnetic properties (MTMs) were theoretically
proposed by the Russian physicist Viktor Veselago in 1968
(Veselago, 1968) and then the history of these metamaterials
started with the speculation on the existence of “substances
with simultaneously negative values of ¢ and u” (Caloz et al.,
2004). After Victor Veselago’s paper or proposal in 1967, more
than 30 years elapsed and by trying the group of researchers in
2000, the first metamaterial was developed artificially with
negative permeability and negative permittivity by using
periodic metal resonators. So at the end of the 20th century, the
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first metamaterial exhibit as expected by Veselago, but an
artificial effectively homogeneous structure which was
proposed by Smith and colleagues at University of California
(Smith et al., 2000) and then MTMs were fabricated and began
to be used in practical life with the help of Pendry et al. and
Smith et al. The original approach proposed by Pendry et al.
(1998), was to exploit the inductive response from structured
nonmagnetic materials to obtain high-frequency magnetism. In
the previous studies, for example, Transmission Line Integrated
Metamaterial Based Liquid Sensor (Alkurt et al., 2018) and
Chiral Metamaterial Sensor (CMS), Octagonal Shaped
Metamaterial Absorber Based Energy (Bakir et al., 2018) have
been designed, simulate and fabricate. Metamaterials have
many application areas and different study topics due to a high
potential of them and therefore application of Metamaterials
have been searched and investigated by scientists interestingly.
Metamaterials are using in many applications such as
diffraction-limit breaking, invisible cloaks (Alitalo et al., 2007),
antennas (Metamaterial can increase the gain and reduce the
return loss and disadvantage of a patch antenna) (Zhu et al.,
2005), filters, polarization converters, optics, cloaking (Pozar,
2004; Alitalo et al., 2007), super lensing, and sensor
applications. We can enhance and increase the sensitivity and
resolution of sensors with the help of Metamaterials.
Metamaterial sensors are used in many fields like agriculture,
biomedical etc. The aim of this study is to determine and detect
the purity of Methanol’s and Ethanol’s mixture in the water by
using the Octagonal form of resonator and sample holder.
Disgned sensors in this study showed positive results in the
processes of test. The difficulty of differentiating and detecting,
fluids with each other is that the dielectric coefficients might be
close to each other. We can see that the designed structure in
simulation studies and experimental studies has been
successfully exhibited as a sensor, performing the purity
determination and detection process in real time, quickly and
accurately.

2. Materials and Methods

2.1. Obtaining Parameters and Numerical Results

It is necessary to determine, dielectric constant and
magnetic permeability coefficients. With the development of
new technologies, the parameters such as refractive index,
effective dielectric permittivity and effective magnetic
permeability can be easily calculated by using the methods.
There are different methods for obtaining these parameters.
Each method has several advantages and disadvantages.
However, there is the most advantageous method to calculate
parameters such as dielectric constant and magnetic
permeability coefficients from the s-parameters. An important
technique of obtaining and calculating the parameters of
Metamaterial, is characterizing EM properties of the medium.
Numerical and experimental results are used to design new
Metamaterials.-researchers can compare the numerical results

of simulation program with the obtaining parameters of the
experimental method for structures. Each method includes
limitations or specific constraints. By considering of these
domains, measurements of the s-parameter of the transmission
and reflection are performed with the help of Vector Network
Analyzer. Then, by using the obtained S-parameters, the
dielectric permittivity and magnetic permeability are calculated
by appropriate methods.

The most commonly used methods for measuring S-
parameters are listed below.

. Transmission line method
e  Chiral method (reflection method)
° Resonance method

The most advantageous method for obtaining parameters
such as the refractive index, effective dielectric permittivity and
effective magnetic permeability from S-parameters is
transmission/ reflection by line method, because in the
transmission and reflection by line method, S-parameters are
used directly and then parameters such as refractive index,
effective dielectric permittivity and effective magnetic
permeability are obtained another reason, these methods aren’t
time consuming and don’t need many laboratory equipments.

The resonators at the front and back sides of the structure
have symmetry and they could be placed at different angle to
each other, in the chiral method (reflection method). There is a
loop as a resonator with the gap in the Transmission line
method to get strong resonance. CST is software that uses
FDTD and FIT methods. The finite integration method is used
to solve electromagnetic (EM) field problems in numerical
terms. The finite integration method was developed in 1977 by
Thomas Weiland (Weiland, 1977), and after many years of
research, has been developed by researchers. This method
works in the desired frequency domain. The basic approach of
this method is to apply Maxwell's equations.

2.2. Structures

In this section, the Metamaterial structure and the processes
of works which are used in the study are described. The
structure is simulated by using CST Microwave Studio
program. We have investigated the structure and the designs of
with octagonal shaped resonators-based purity of liquid.
Relative dielectric constant and thickness, Isola 1S680 (3.2DK)
(lossy) material has been used for substrate of structure. Copper
is used with the thickness of 0.035 mm as resonators with the
electrical conductivity is 5.8 - 107 S/m. In order to reduce the
losses on the selected material, the material of Isola 1S680
(3.2DK, lossy) is particularly preferred as seen in Figure 1. The
technical details and specifications for the mentioned structures
are given in the following section and shown in Table 1 and
Figures 2 and 3.
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Figure 1. Type of materials use in octogonal-shaped resonator based purity of liquid.

Table 1. Specified Measurements of Octogonal Shaped Resonators to determine purity of liquid

Substrate x (mm) Substrate y (mm) Resonator (d1) mm Resonator (d2) mm

22.86 10.16 2.68

2.30

Figure 2. Dimension of octogonal shaped resonators to determine purity of liquid.

- 22.BBmm

10.16mm

Figure 3. Unit cell’s fabrication, front view, side and back view for octogonal-shaped resonator based purity of liquid.

2.3. Defining Ports and Boundary Conditions

We have used waveguide port for this model as seen in
Figure 4. Boundary conditions of unit cell, for the octogonal
shaped resonator structure, in the X / Y / Z axes, have been
selected and proposed, Electric (Et = Q) / Electric (Et = Q) /

Open Add Space respectively as shown in Figures 5 and 6. Axes
and values are entered in the simulation program, for the
characterization of the waveguide. The produced elements are
located exactly inside the waveguide.
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ma -

Figure 4. Defining of ports for octogonal-shaped resonator to determine purity of liquid structure.

K

'

Figure 5. Perspective view of boundary conditions applied for octogonal-shaped resonator.

Figure 6. Boundry condition for octogonal-shaped resonator to determine purity of liquid structure.

The waveguide design, has a number of specification such
as small construction, easy production and low cost.
Waveguide dimensions are more important for operating
frequency. In addition to the unit cell’s boundary conditions,
the reflection and transmission values are obtained by using the
waveguide. Measurements are performed in TE wave mode
using a network analyzer. As known, TEM wave cannot
advance in waveguides. After measurement and simulation, it
can be seen that experimental and numerical results are
compatible with each other and there are very few differences.
These differences are due to production, calibration and

material. In Figures 5 and 6 are shown that the Electric (Et = 0)
boundary conditions are on the side and top walls. The
resonators are arranged vertical to the axis, so that the direction
of the magnetic field, as described in Faraday's law, is
perpendicular to the resonators. All of these units are obtained
by CST Microwave Studio program, which is an
electromagnetic analysis program based on finite integral
method. The Octogonal Shape Resonators are presented with
different boundary conditions shown in Table 2. The boundary
condition of the x and y axes are the same as with each other.
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Figure 4 shows the design of the structure with boundary
conditions.

Table 2. Boundary conditions applied for octogonal shape
resonator for determine purity of liquid.

Boundary .
. min max
conditions
X Electric (Et=0) Electric (Et=0)
y Electric (Et=0) Electric (Et=0)
z Open (add space) Open (add space)

Reflection Coefficient (5111

3. Results

3.1. Placed of Samples (Ethanol and Methanol’s
solution) in Sensor Layer

The reflection and transmission coefficients of the structure
when the boundary condition is applied and the samples are
placed are presented in Figures 7 and 8. These graphs are
obtained in the case where the parameter is used in mm and
Ethanol’s solution as a sample placed in the sensor layer. The
sensor layer, in Octogonal-Shaped Resonator Based purity of
liquid, has 10 mm thickness and it is located just behind the
Isola-is680 layer (substrate layer). By keeping the thickness of
the sensor layer constant, the material of sensor, are modeled to
be variable. Thus, parameters such as, dielectric constant can
be detected.

m— bl %10
] S 30

= Fthanc] %30

— Fthmme] S50
=— Liha 3

— Fthano] %70
= [thann] S80
— | i %

]

9.2
Frequency | GHz

Figure 7. Reflection coefficient of ethanol’s solution.

Reflection Coefficient (511}

94

9.6 @8

Figure 8. Reflection coefficient of methanol’s solution.

When the reflection coefficient has checked and
investigated, it has seen that there is a resonance at GHz levels
in Octogonal-Shaped resonator Based purity of ethanol and
methanol. Resonance Frequency of ethanol and methanol’s
solution in the Octogonal Resonator Based purity of liquid
structure are given in Tables 3 and 4. However, when the

— Methanc] %10
= ethanol %10
m— Eethanol W10

= Mcihanol %0

Mcthur &0
— Hthanol VB0
— et bl B0

transmission coefficients are examined, it has seen that there is
no resonance for the Octogonal-Shaped resonator structure.
This is due to the fact that the capacitance cannot pull the
resonance frequency to the selected band. Resonance values of
Ethanol’s solution are seen at different frequencies. In Figures

10
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7 and 8, the transmission coefficient is unchanged while the
reflection coefficient is shifted backwards.

Table 3. Resonance frequency of ethanol’s solution in the
octogonal resonator based purity of liquid structure.

Ratio of Ethanol
Mixture with Water

Resonance Frequency (GHZ)

Ethanol %10 9.024
Ethanol %20 8.976
Ethanol %30 8.924
Ethanol %40 8.868
Ethanol %50 8.520
Ethanol %60 8.488
Ethanol %70 8.420
Ethanol %80 8.368
Ethanol %90 8.324

Table 4. Resonance frequency of methanol’s solution in the
octogonal resonator based purity of liquid structure.

Ratio of Methanol
Mixture with Water

Resonance Frequency (GHZ)

Methanol %10 9.036
Methanol %20 9.004
Methanol %30 8.976
Methanol %40 8.936
Methanol %50 8.896
Methanol %60 8.844
Methanol %70 8.755
Methanol %80 8.624
Methanol %90 8.408

3.2. Dielectric Constant of Samples (Ethanol and
Methanol’s Solution in Water)

The change of dielectric coefficients, with the values of the
frequency, has been discussed in this section. The resonance
frequency of the whole system will change when the dielectric
constant of the sensor layer changes (Chieh-Sen & Yang,
2014). The dielectric constant varies according to
environmental factors such as temperature, humidity or
pressure. Electric Dispersion values are presented in Tables 5
and 6. According to the applying voltage, the values of the
reflection coefficient (S11) have been changed. As seen in
Figures 9 and 10 the dielectric coefficient affects the resonance
frequency. When the temperature is increased, the resonance
frequency of the reflection coefficient is linearly increased.
This increase of value can be easily monitored by a network

analyzer. In sensor application, for the Octogonal-Shaped
Resonator Based purity of liquid, the sensor plate is placed
behind and back of the structure. Different materials could
place on this sensor layer, but in this study, the applications of
purity sensor will be investigated and explained in detail for two
kind of sample. In addition, the sensor based Metamaterial
structure can be used in other sensor applications if different
materials are placed in the sensor layer. Material can be selected
according to sensor parameters. Since the sensor parameter and
selected samples changes the dielectric coefficient, the
resonance frequency of the system will change. Dielectric
coefficient for different ratio of materials placed on the sensor
layer and measurements of the designed structure can be easily
carried out by a network analyzer. Figures 9 and 10, shows the
frequency value and electric dispersion of two samples. If we
compare the changes of reflection coefficient (S11) with the
dielectric coefficient of samples, it is seen that these changes
are in a liner form according to ratio of Methanol solution.

Table 5. Electric dispersion of methanol in specific frequency
(10 GHZ) in the structure.

Frequency Ratio of Dielectric
(GHZ) Material Coefficient
10 GHz Methanol %10 55.46

10 GHz Methanol %20 46.80

10 GHz Methanol %30 40

10 GHz Methanol %40 32.34

10 GHz Methanol %50 26.41

10 GHz Methanol %60 20.67

10 GHz Methanol %70 14.98

10 GHZ Methanol %80 11.19

10 GHZ Methanol %90 8.93

Table 6. Electric dispersion of ethanol in specific frequency (10
GHZ) in the structure.

Frequency Ratio of Dielectric
(GHZ) Material Coefficient
10 GHZ Ethanol %10 52.45

10 GHzZ Ethanol %20 39.91

10 GHzZ Ethanol %30 30.04

10 GHz Ethanol %40 22.37

10 GHzZ Ethanol %50 16.61

10 GHz Ethanol %60 12.54

10 GHZ Ethanol %70 9.64

10 GHzZ Ethanol %80 7.50

10 GHzZ Ethanol %90 5.75

11
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Figure 9. Frequency value and electric dispersion of methanol in the octogonal resonator based purity of liquid structure.
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Figure 10. Frequency value and electric dispersion of ethanol in the octogonal resonator based purity of liquid structure.

3.3. Experimental Study of Octogonal-Shaped
Resonator Based Purity of liquid Structure

In this study, reflection coefficients for the structure have
been developed and obtained numerically and these results are
proved by comparing them with experimental results. After
performing numerical and experimental studies, the numerical
results obtained by CST Microsoft program should be in good

agreement with the experimental study results (Bakir, 2017).
The purpose of selecting this structure is that it is easy to
produce and can easily use in many fields such as determination
of purity some liquid. The operating frequency is in the 8GHz-
12GHz range. Figure 11 shows the details of the experimental
study for Ethanol’s solution. The experimental analysis results
are presented in Figures 11 and 12.

12
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Figure 11. Experimental study results for ethanol’s solution.
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Figure 12. Experimental study results for methanol’s solution.

4. Discussion

The results, obtained from the simulation studies have
evaluated and discussed with the experimental results for
characterization of metamaterial structure. After measurement
and simulation, it can be seen that experimental and numerical
results are compatible with each other and there are very few
differences. These differences are due to production, calibration
and material. Electromagnetic characterization is very
important for different applications of proposed structure.
When electric and magnetic fields are focused in a certain
direction, improved electrical and magnetic permeability
occurs. Strong magnetic resonance is caused by inductance and
capacitance effects between resonators. This indicates that the
resonance is stimulated by the magnetic field. In this study,
resonance frequencies for the periodic unit cell, electric field
and surface current distributions is investigated and examined.
If applications are related to the purity of liquid and

determination of liquid, they are carried out both
experimentally and numerically. Reflection and transmission
parameters (S-parameters) are both obtained with the CST
Microwave Studio software based FIT method, as well as
experimentally researched.

5. Conclusion

The result of the Octogonal-Shaped Resonator Based purity
of liquid for determination of liquid is investigated. In order to
examine the simulation study results, we can see that the sensor
we have designed successfully, perform real-time, fast, quick
and accurate in the measurements as liquid detection sensors. It
is observed that the resonance frequency changes in a linear
way compared to the samples that we are examined. As a result
of this linearity it is seen that there is a detection band width. In
addition to these changes, it is proved that the values of the
reflection coefficient (S11 parameter), according to results, can

13
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be used to determine the purity of ethanol and methanol
samples in the Octogonal-Shaped Resonator Based purity of
liquid. It is observed that changing amount of ethanol and
methanol will cause linear changes in the resonance frequency.
Octogonal-Shaped Resonator Based purity of liquid sensor has
low costs. We can measure and examine them with small
amount of samples. When the results are examined, it could be
seen that they give very sensitive results. The sensor in this
study showed positive results in the processes of test.
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In this study, we have successfully produced a Fe-sheathed 6+1 multifilament wire using
Cu/Nb/MgB2 monocore wires. The mono filament wire was prepared using Mg+2B
powder mixture by powder-in-tube method without any intermediate heat treatment. The
powder mixture of the amorphous nano boron (PVVZ Nano Boron, purity of 98.5%, particle

Keywords sizes < 250 nm) and high purity Mg powder (PVZ Mg, purity of 99%, particle size 74pm)
B were used. The multifilament wire was produced using groove rolling and cold drawing
Cold forming machines. The geometrical form of the filaments was examined using wire pieces taken
mng wire from the wire at different steps throughout the production process. Finally, the

Superconductivity
Transport measurements

multifilament wires produced in two different diameters of 1.02 mm and 0.82 mm were
investigated in terms of filament uniformity, crack formation, surface roughness, and

electrical transport properties. The structural examination was done on Nb filaments after
the Fe and Cu sheaths were etched using HCI and HNO3 solution. The | —V measurements
of the multifilament wires heat treated at 650 °C for 15, 30, 45, 60, and 240 minutes, and
700 °C for 60 minutes were carried out for the applied current up to 1 A at 25 K under
various external magnetic field.

Please cite this paper as follows:

Avel, D, Yetis, H., Karaboga, F., & Belenli, 1. (2024). The structural examination of Fe/(Cu/Nb)/MgB. multifilament wires during
cold forming process. Journal of Advanced Applied Sciences, 3(1), 15-22. https://doi.org/10.61326/jaasci.v3il.127

1. Introduction

Following the discovery that MgB; is a superconductor,
various forms of MgB. have been fabricated, including bulk
structures, thin films, tapes, and wires (Feng et al., 2003;
Nakane et al., 2005; Xi, 2009; Koblischka et al., 2014). Among
these, MgB. in wire form stands out as a particularly promising
superconducting material for magnet applications due to its
utilization of cost-effective raw materials and its
straightforward production processes (Vinod et al., 2007; Yao
et al., 2010; Patel et al., 2014). In the realm of technological

® Correspondence
E-mail address: davci.0209@gmail.com

applications, the production of long multifilament wires is
mandatory to reduce AC losses (Jiawen et al., 2019). Various
manufacturing techniques, such as the powder-in-tube (PIT)
process and continuous tube filling forming (CTFF) process,
have been employed in the production of MgB, wire. The CTFF
process allows the fabrication of long wires, but controlling the
initial filling density is challenging (Suo et al., 2007; Tomsic et
al., 2007). To advance the development of superconducting
devices utilizing MgB. wire, there is a need for multifilament
wire created from high-density monofilaments to enhance the
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critical current density (Jc(B)). Investigating the structural
properties of MgB, filaments is crucial to advance the
development of MgB: filaments. The deformations during the
production process are highly effective on the electrical
performance of MgB; wire (Goldacker et al., 2004a). Filament
size, geometrical alignment, filament integrity, and sausage
effects related to wire structure can be easily explored using the
optical microscopy and scanning electron microscopy, but
these methods are destructive. Masayoshi and Yuichi (2023)
conducted a study involving an MgB. wire with 18 filaments,
utilizing X-ray computed tomography (CT) to observe
deformations such as sausage effects and filament breakage
points on the filament surfaces. X-ray CT is effective as a non-
destructive method for detecting deformations, but it is not
sufficient to definitely distinguish types of deformation, such as
cracks or sausages.

In this study, we used an etching technique to understand
the origin of deformations in the filaments. The 6 filament
Fe/Cu/Nb/MgB, multifilament wire was produced using both
cold drawing and rolling methods without any intermediate
heat treatment. The iron (Fe) and copper (Cu) sheaths were
selectively etched using a hydrochloric acid (HCI) and nitric
acid (HNOs3) solution, to expose the niobium (Nb) filaments.
We examined the deformities arising during the cold-forming
process on Nb filaments for different wire diameters. The
electrical performance of the multifilament superconducting
wires was tested by R — T and | — V measurements.

2. Materials and Methods

The mono-filament MgB, wire used for making the
multifilament wire was fabricated with Cu/Nb sheaths.

Nb tube

Mg+2B

Mg
\e =
6 pieces mono wire

i ) ; .
O 5 = o

Figure 1. Schematic representation for multifilament wire fabrication.

:’ i E>\ic>‘—”= ’

Amorphous nano-boron powder (98% purity, < 250 nm size)
and magnesium powder (99% purity, 74—-144 um size) were
mixed according to the stoichiometric ratio (Mg+2B) using ball
milling for 3 hours (Agate ball ratio 1:4, 200 rpm). The
prepared powder mixture was filled into Nb tube (outer/inner
diameter: 8/5 mm), and the Nb tube was placed into a Cu tube
(outer/inner  diameter:  12/8.30 mm). The prepared
Cu/Nb/Mg+2B sample was drawn from 12 mm to 1.94 mm
without any intermediate heat treatment. The six wire pieces
were then cut from the monofilament wire and the pieces were
placed into a Fe tube (outer/inner diameter: 8/6 mm) with a Cu
rod having diameter of 1.94 mm. The Cu rod was used as a
stabilizer at the center of the filaments. Finally, the
multifilament wire was produced for two different diameters of
1.02 and 0.82 mm by using cold drawing and rolling machines
without any intermediate heat treatment as represented in
Figure 1. During the cold forming processes, some pieces with
diameters of 3.62 mm, 2.71 mm, 2.32 mm, and 1.50 mm were
cut from the multifilament wire for the surface examination of
Nb filaments (see Figure 2). The electrical measurements were
performed on the wires with diameters of 1.02 mm and 0.82
mm, which were heat treated at 650 °C for 15-30-45-60-240
min. and at 700 °C for 60 min. Resistivity (p —T) measurements
were carried out between 10 and 45 K by applying 500 mA of
DC current. The current-voltage (I — V) measurements were
performed at 25 K under external magnetic field by applying a
maximum 1 A DC current. Structural analyses were performed
on the cross-sectional surface of the wires and the longitudinal
section of Nb filaments by using optical microscopy before heat
treatments.

Mono-filament

Cold Drawing wire

Multi-filament
wire

Groove rolling

=> V‘W’/\w
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Figure 2. Surface images of wire pieces cut in different diameters during the cold forming process. The wire diameters are (a) 3.62 mm,

(b) 2.71 mm, (c) 2.32 mm, and (d) 1.50 mm, respectively.
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Figure 3. The percentage ratio of surface area of materials at different wire diameters.

The metallic cladding parts of the multifilament wires
occupy 94% of the total cross-sectional area as shown in Figure
3. This also means that the superconducting MgB: content of
the wire is only 6%. The fact that the cross-sectional areas of
the core and metal components remain proportionally constant
at different diameters is an indication that the
extension/compression ratio is maintained.

3. Results and Discussion

Figures 4(a) and (b) illustrate the p — T curves of
Fe/Cu/Nb/MgB; multifilament wires heat treated at different

annealing temperature and time. It is seen from Figures 4(a) and
(b), all wires showed transition from normal to superconducting
state in self-magnetic field. The zero resistivity is achieved at
temperatures between 34 K and 35 K for all wires. The inset
graphs in Figures 4(a) and (b) indicate the presence of a sharp
superconducting transition for all wires. The superconducting
transition width (AT) was determined to be below 1 K. The
wires heat treated at 650 °C for 1h or less have slightly lower
Tc values than wires heat-treated at 650°C for 240 min. and
700°C for 60 min. This difference in T, became more
pronounced in wires with a diameter of 0.82 mm. The steep
linear increase in normal state resistivity with increasing
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temperature and the low p(40 K) value of 0.15 pQ.cm are result
of the high metallic content of the wires.
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Figure 4. The resistivity vs. temperature curves of
multifilament wires produced for two different diameters of (a)
0.82 and (b) 1.02 mm. The wires were heat treated under
different conditions.

Figures 5(a) and (b) show the E — I curves obtained at 25 K
under 3.75 T for the wires with diameters of 0.81 mm and 1.02
mm, respectively. Different sections of the multifilament wire
were used for each E — | measurement. It is observed that there
are some changes on the transport properties of
Fe/Cu/Nb/MgB; multifilament wires annealed under different
heat treatment conditions. It may be thought that the changes in
Ic values may be caused by differences in heat treatment
conditions, but this is not evident in the E — | measurements
obtained with an applied current of 1 A. As seen in Figure 5(b),
the I value of the wire annealed at 650 °C for 15 min. is the
same as that of the wires annealed at 700 °C for 60 min. and
650 °C for 60 min. On the other hand, it is evident that the
diameter of the wire directly influences its transport properties,

as decreasing wire diameter leads to an increase in core density.
As seen in Figures 5(a) and (b), the I values of the wires under
external magnetic field decreases when the wire diameter is
reduced from 1.02 mm to 0.82 mm.
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Figure 5. Electric field vs. current curves of multifilament
wires with diameters of (a) 0.82 mm and (b) 1.02 mm. The
wires were annealed at different temperature and time.

Images taken with an optical microscope from a single
filament of multifilament wires with outer diameters of 0.82
mm and 1.02 mm subjected to different heat treatments are
given in Figures 6 and 7, respectively. When the images are
examined, the orange core regions in the wires show that MgB,
phase is successfully formed. It is seen that the use of large Mg
particles results in the formation of a locally dense MgB:
structure, but also causes some unreacted boron regions to
remain, appearing as black regions in the core structure. The
size and distribution of unreacted boron regions are similar in
the filaments of wires annealed under different heat treatment
conditions. This reveals that short-term low-temperature (650
°C - 15 min) annealing is sufficient for MgB, phase formation.
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Figure 6. Single filament images taken with an optical microscope at 20x magnification from the cross-section of multifilament wires
with a diameter of 0.82 mm. The multifilament wires are heat treated at different conditions, (a) 650 °C -15 min., (b) 650 °C -30 min,
(c) 650 °C - 45 min., (d) 650 °C - 60 min., (e) 650 °C -240 min., and (f) 700 °C - 60 min.

Figure 7. Single filament images taken with an optical microscope at 20x magnification from the cross-section of multifilament wires
with a diameter of 1.02 mm. The multifilament wires are heat treated at different conditions, (a) 650 °C -15 min., (b) 650 °C -30 min,
(¢) 650 °C - 45 min., (d) 650 °C - 60 min., (¢) 650 °C -240 min., and (f) 700 °C - 60 min.

Figure 8 shows the Nb filaments obtained after etching the
Fe and Cu sheath parts of the unreacted multifilament wire. An
effective acidic solution was used in the etching process that
selectively dissolved iron and copper without damaging the Nb

filaments (Chmielewski et al., 1997; Heini et al., 2017). The
etching process was applied to wires with diameters of 1.50
mm, 1.02 mm, and 0.82 mm. Each wire was 6 cm in-length and
the wire ends were securely sealed to avoid any reaction
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between the MgB; core and acidic solution. After dissolving Fe
and Cu layers, Nb filaments were successfully extracted as
shown in Figure 8. Structural examination of these filaments
was carried out using an optical microscope, and the images of
Nb filaments are given in Figure 9. It is revealed that the
sausage effect initiates at a diameter of 1.50 mm, as shown in
the up row of Figure 9. A continuous cold drawing process from
1.50 mm to 0.82 mm diameter gradually increases the sausage
effect and results in significant tear-ups on the surface of the
Nb sheath, as shown in Figure 9. Some filaments exhibit
notable deformations, such as cracks, sausage structures, and

tears (see Figure 10) but the many filaments for each diameter
remain unaffected. These deformations arise due to non-
uniformity in powder density within the wire (Shan et al.,
2012). Furthermore, the agglomeration of B powder with large
Mg particles can create non-uniform powder regions along the
wire, making such deformations worse. In multifilament wires,
filament deformations cannot be precisely detected from the
outside; existing deformations in the filaments affect the flow
of current throughout the entire wire and lead to adverse
thermal instabilities which cause quench effects (Goldacker et
al., 2004b).

Figure 8. Nb/MgB; filaments of unreacted multifilament wire after etching process.

Figure 9. Nb mono filaments cut from unreacted multifilament wires in different diameters of 1.50 mm (top), 1.02 mm (middle), 0.82

mm (bottom).
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(a) saoum (B)

500 ym

(c) )

500 pm

Figure 100. Deformities on Nb filaments. The wire pieces were prepared using (a) - (b) 200-325 mesh Mg powder. (c) - (d) 100-200

mesh Mg powder.

4. Conclusion

In this study, we examined possible structural problems on
the inner surface of multifilament Fe/Cu/Nb/MgB, wire
produced by cold forming methods. It is observed that defects
such as tearing and sausaging do not occur all along the wire,
but they may occur at several arbitrary locations on some
filaments. The production-related deformations worsen the
transport properties of the wire as the wire diameter decreases.
Our results suggest that the sausaging at large diameters may
be a significant contributor to the tearing of the sheath material
at small wire diameters. It is revealed that the superconducting
core structures of the wires subjected to different thermal
treatments are similar, so, a short-term low-temperature (650 °C
- 15 min) annealing is sufficient for MgB, phase formation.
Defects occurring in Nb/MgB; filaments cannot be determined
from the external structure of multifilament wires, but they
negatively affect the transport properties of the wire. The use of
finer Mg powder for initial Mg+2B mixture will benefit against
filament deterioration (Fig. 10). The etching has emerged as an
effective technique to study the structural properties of internal
Nb filaments without damaging them. This is also important for
joining MgB- multifilament wires. As a result, we showed that
Fe/Cu/Nb/MgB; wires up to 0.82 mm in diameter can be
produced without any major structural problems by cold
forming method without applying strain-relief heat treatment.
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ABSTRACT

Off-grid solar power systems are becoming a more and more practical option for residential
buildings looking to be environmentally friendly and achieve energy independence. This
research offers a summary of an off-grid solar power system design specifically for a
Kastamonu residential home. The study investigates the significance of using solar energy
for a sustainable and dependable source of electricity, with an emphasis on the particular
geographic and meteorological circumstances of the province. A system for creating off-
grid solar energy systems is designed in this study with consideration for the weather and
solar radiation in order to suit the unique energy requirements of a house in Kastamonu. It
has been observed that 37.7% of the annual consumption of the selected house can be
covered by the designed system and the system can amortize itself in 7.8 years. In general,
residential off-grid solar power system design signifies a revolutionary turn towards
sustainable energy methods, enabling homeowners to welcome a greener, more self-
sufficient energy future.
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1. Introduction

The concept of energy was initially proposed in the 17t
century, and as scientists worked to understand life's mysteries,
they advanced their research on it. A few centuries later, energy
was first defined, enabling quantitative expression in already-
existing physical systems. Numerous physical theories that
derive from the principles of thermodynamics uphold the
principle of energy conservation. Energy can therefore cause its
own change and transformation, but it cannot be formed from
nothing, nor can it destroy things that already exist. There are
various types of energy, such as chemical, thermal, Kinetic,
potential, electrical, mechanical, magnetic, nuclear, sound, and
light energy. Today, technology is allowing the energy that

® Correspondence
E-mail address: skaratay@kastamonu.edu.tr

drives technological advancement to continue developing on its
own. Its energy has grown to such an extent that it is regarded
as one of the most significant future building blocks. In the past,
balancing production against consumption -which is currently
the world's most pressing need- and even maintaining it at even
higher levels, as well as the future discovery and development
of a new world, were significant scientific concerns. Since their
origin over millions of years ago, fossil fuels like coal, oil,
natural gas, and nuclear power have been used for centuries to
meet the energy needs of many regions worldwide, particularly
in the domains of heat, electricity, and fuel. However, while it
fosters economic leadership in areas with abundant resource
reserves, it leaves these regions dependent on nations without
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reserves that are unable to supply their energy needs. Resources
for energy appear to be more and more needed annually.

Energy has an impact on industry, communication,
technology, the global economy, and political relations due to
its necessity. The lack of sufficient production notwithstanding
consumption and the impacts of fossil fuel usage on global
warming are projected to generate energy crises in the future,
prompting a quest for alternative energy sources. The most
important criterion in energy production is that the resources
are inexhaustible, reusable, recyclable and not as harmful to the
environment as fossil fuels. There is a growing recognition that
renewable energy sources, including geothermal, hydroelectric,
solar, and wind power, are essential in meeting the pressing
demand for sustainable energy generation. The shift to
renewable energy is now essential due to the impending
challenges of climate change, depleting fossil fuel supplies, and
environmental damage. Numerous advantages come with
renewable energy technologies, such as decreased air pollution,
reduced greenhouse gas emissions, improved energy security,
and stimulation of economic growth through the creation of
jobs and new technology advancements. Furthermore, the
decentralized energy system provided by renewables enables
people and communities to produce their own electricity and
contribute to a more egalitarian and resilient energy
environment. Adopting renewable energy sources is socially
and economically just as well as environmentally responsible,
given the rising worldwide demand for energy (IPCC, 2024;
IRENA, 2024; UNEP, 2024).

Solar power systems for houses have been a game-changer
in the fight for sustainable energy. Through the installation of
solar panels on roofs, homeowners can efficiently produce
clean electricity to power their homes. Solar power systems
benefit the environment by lowering carbon emissions and
lowering reliance on fossil fuels, but they also improve the
economy by lowering electricity costs and possibly earning
money from selling extra energy back to the grid. Additionally,
advancements in solar technology and declining installation
costs have increased the availability of solar electricity for
homeowners worldwide. A dependable and affordable
investment for residential properties, solar panels also have a
long lifespan and require little maintenance. Solar power
systems are quickly becoming a necessary part of sustainable
living for homes because of their ability to increase energy
independence and contribute to a cleaner future (Solangi et al.,
2011; Sahoo, 2016). Simple and dependable, solar power offers
a steady, limitless supply of electricity without emitting any
greenhouse gases. This is what makes it so beautiful. Solar
panels give homes a practical means of lowering electricity bills
in addition to lowering carbon footprints, offering long-term
financial benefits as energy costs rise. Furthermore, solar
installations are now more reasonably priced and within the
reach of homes with different budgets because to technological
advancements and economies of scale. Solar power systems not

only offer energy independence but also the opportunity for
homeowners to become energy producers, adding to a more
robust and decentralized energy infrastructure. An additional
benefit of net metering is the ability to sell excess electricity
back to the grid. Essentially, solar power systems for houses
represent the perfect union of sustainability and usability,
enabling people to take charge of their energy usage and
fostering a cleaner, brighter future for future generations
(Panwara et al., 2011; Bathaei & Streimikiene, 2023).

In recent years, the demand for home solar power systems
has increased due to the increasing energy demand and the high
cost of supplying energy. For this purpose, solar power system
in residential area studies are intensively carried out in the
literature (Faiers & Neame, 2006; Chehri & Mouftah, 2013;
Wermager & Baur, 2013; El-Shahat et al., 2019). In Karaca and
Dincer (2020), an integrated solar-based nature-friendly multi-
generation power system containing a heat pump, an absorption
chiller, photovoltaic-thermal panels, photo-electrochemical
reactors, and a proton exchange membrane fuel cell to provide
the useful outputs of heating, cooling, electricity, hot water,
hydrogen production, and domestic wastewater treatment has
been designed for residential houses. Energy and exergy
methodologies along with thermodynamic analysis have been
used to assess the system's overall performance. This study's
findings have indicated that the suggested system can attain
energy and energy efficiencies of 40% and 71.8%, respectively.
In Tabassum et al. (2020), a small-scale Photo Voltaic (PV)
based system has been designed within a housing compound or
on the rooftop to generate sufficient power to support a
household daily electricity usage. It has been observed that
installing the solar PV system in the residential area has been
viable in this study. In Shahabad et al. (2022), a model has been
developed to assess the impact of subsidies after a thorough
investigation into the relationship between the several elements
influencing Iran's energy system's sustainability and the
consequences of developing these power plants on it. The
findings of this study have demonstrated that the technical
aspect of the energy system's sustainability is positively
impacted by the use of subsidies for the development of hybrid
solar power plants (HSPPs) through distributed generation.

Makkiabadi et al. (2021) examine the quantity of electricity
generated in Iran from solar energy. An economic and technical
analysis is also conducted about the development of a 10 MW
power plant in the city of Sirjan. The findings in this study
indicate that a solar power plant in the Sirjan region may be
constructed for US$16.14 million, with a four-year payback
period for the original investment. According to the data
produced by the Homer software, July has the highest possible
power generation. In Hamad et al. (2024), geospatial and
techno-economic aspects with validated meteorological, social,
and environmental parameters are blended in order to assess the
potential and viability of solar power plants in Afghanistan. It
has been noted that the most ideal locations are those that are
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close to the transmission lines, where there is low water stress
in addition to abundant solar resources and reasonably cool
temperatures in this study. The poly-si REC module with the
dual-axis tracking system is determined to have the largest
yearly energy generation potential (166336 MWh/year),
whereas the same module with the single-axis tracking system
is projected to have the lowest levelized cost of electricity
(0.031 $/kWh). Kowsar et al. (2023) focus on a techno-
economic and environmental assessment utilizing PVsyst
simulation tools for a 50 MW FSPV power plant for a marsh
area in a very densely populated country. According to the
study's findings, the 50 MW FSPV plant's levelized cost of
energy (LCOE) is US$ 0.051/kWh, which is somewhat less
than the US$ 0.087/kWh of fossil fuel-based power plants in
the case study country.

In this study, it is investigated how outdoor lighting in
landscape applications can be included as a design element in
providing energy in solar energy systems and what should be
taken into account in the design dimension, as well as how it
can be used more efficiently within the framework of saving
and renewal opportunities. The main purpose of the research is
to evaluate the use of solar energy in lighting the house and its
interaction with the landscape. The research also aims to use
energy more efficiently and reduce fossil fuel consumption.

1.1. Solar Energy Capacity in Kastamonu

Although the use of renewable energy sources increases
every year, it takes time to renew and transform energy
production systems based on fossil resources. The total global
renewable energy capacity as of the end of 2018 is shown in
Figure 1, within the data provided by the International
Renewable Energy Agency (IRENA, 2024). When the data in
Figure 1 is investigated, it is observed that there has been a
significant increase in solar energy investments and
installations among renewable energy sources in the last 10
years.
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Figure 1. Renewable energy capacity in the world between
2008-2018.

Tirkiye is located in a region called the sun belt, which is
rich in solar energy. Tiirkiye, which has a high solar energy
potential due to its geographical location, has an average annual
total sunshine duration of 2.640 hours (total of 7.2 hours per
day) and an average total radiation intensity of 1.311 kWh/m?-
year (total of 3.6 kWh/m? per day). The solar energy potential
is 380 billion kWh/year (EIGM, 2024). In 2023, 679 solar
power plants are actively operating, providing a total installed
power of 8.335 MW (Enerji Atlasi, 2024). In Figure 2, the Total
Solar Radiation is shown for all of Tiirkiye (EIGM, 2024).

Total Solar
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v
- us0
B 1450- 1500
[ 150-150
[ 1550- 160
[ 160- 160
[ 1650+ 1700
B 1%- 1750
- 130
I 0200

Figure 2. Solar energy potential atlas for Tiirkiye.

Kastamonu located in the Western Black Sea part of the
Black Sea Region has a surface area of 13.108,1 km?. Total
energy consumption in Kastamonu with a population of
372.633, is 778.497 MWh. With this rate, the province has a
rate of 0.39% in energy consumption in Tirkiye. While the
installed power (production) of power plants in the province is
41 MW, the installed power share in energy in Tirkiye is
0.06%. The only source of energy production in the province is
hydroelectric power plants (Arslan, 2016). In Figure 3, total
solar radiation is given for Kastamonu. Figure 4 shows global
radiation values in KWh/m?2-day, sunshine times in hours and
PV type-area-produced energy in kWh-year for Kastamonu.
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Figure 3. Solar energy potential atlas for Kastamonu (EIGM,
2024).
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Figure 4. Global radiation values, sunshine times and PV type-area-produced energy (EIGM, 2024).

When it comes to total sun radiation, the Black Sea region,
which includes Kastamonu, is one of the less promising areas.
When Figure 3 is investigated, it is observed that the annual
total solar radiation in no region within the borders of
Kastamonu is more than 1650 kWh/m2. The annual solar
radiation rate throughout the province is mostly at the level of
1400-1450 kWh/m?. This situation shows that the potential for
solar energy production in Kastamonu is quite low on a
provincial basis.

2. Materials and Methods
2.1. The Design

The main purpose of this study is to evaluate the use of solar
energy and its interaction with the landscape in the lighting of
a house in Kastamonu. The research also aims to use solar
energy more efficiently and reduce fossil fuel consumption. In
developing the proposed method for interior lighting of the
house and evaluating the general features of the area has been
formed with the "Protected Area Planning and Management"
published in September 2007 by the General Directorate of
Nature Conservation and National Parks under the Republic of
Tirkiye Ministry of Environment Urbanization and Climate

Change. The PV panels to be used have been placed at a 45-
degree angle around the southwestern perimeter of a building
in Kastamonu.

Systems independent of the grid are called off-grid systems.
It is preferred in places where there is a network. In this case,
the system also uses it connected to the network. Its most
important feature is that it provides power supply via the grid
line when needed in environments where electricity is not
produced in sufficient quantity. However, when it is not fed
back to the grid, it is considered an off-grid system (Boztepe,
2017). Such use would not be efficient or economical. Figure 5
shows the operation diagram of an off-grid system. These
panels use photovoltaic cells to absorb sunlight and transform
it into power. Usually, they are installed in arrays on the ground
or on rooftops. The voltage and current from the solar panels
that go to the battery are controlled by the charge controller. It
guarantees that the batteries are charged effectively and avoids
overcharging. Batteries are used to store the energy produced
by the solar panels for use at a later time, usually when sunshine
is scarce (such as at night or in overcast conditions). Lead-acid
and lithium-ion batteries are typical battery types seen in off-
grid systems. An inverter is required to transform the DC (direct
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current) electricity generated by the solar panels and stored in
the batteries into AC electricity as the majority of household
appliances and gadgets run on AC (alternating current). These
parts offer together an enduring and dependable electrical
source for off-grid uses such distant houses, cottages, RVS,
boats, and telecommunications systems.

Solar Panel

thnrge Inverter
Controller =

a| oo

Figure 5. Off-grid system diagram.

The fact that the land chosen in this study is a flat area and
there are no restrictive factors does not pose any obstacle to the
use of the land. Inclined placement of the panel is also one of
the factors that increases the amount of energy. The panel is
positioned at a 45-degree angle on the southwestern facade of
the building selected within the scope of the study. The panels
are arranged according to the southwest facade and a total of 2
are placed. The PV generator output of the panel, PV system
climate data, PV generator surface, slope and placement
direction of the PV module are given in Table 1.

Table 1. Features of the panel used and its placement.

PV System Climate Data

Kastamonu, TUR
(1991-2010)

PV Generator Output 0.91 kWp
PV Generator Surface 4.4 m?
Number of PV Modules 2

Number of Inverters 1

Slope 6°
Placement Direction 18° South
Cell Type Half-Cut
Maximum Power 455 W
Maximum Voltage 42V
Maximum Current 10.83 A
Open Circuit Voltage 50.4 V
Short Circuit Current 11.43 A
Maximum System Voltage 1500 VDC
Weight 24.0 kg
Dimension 2096x1039x35

Crystalline silicon cells are commonly used in solar panels.
More efficient monocrystalline cells are more expensive. Two
panels with a capacity of 455 W connected in series are used in
this study. The operating values of the panel used depending on
temperature and radiation are shown in Figure 6. The physical
properties of the panel used are also given in Figure 7.

-9
<
g
-
Cell Temperature (°C) Radiation (W/m?)
a) b)

Figure 6. Variation of Isc, Voc and Pmax depending on a)
temperature and b) radiation.
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Figure 7. Physical properties of the used panel.

A converter with 10 kW DC-AC capacity is used in this
study. The converter operates at a maximum efficiency of 82%.
It has a maximum of 17 Amperes and 12-230 Volt adjustable
output values. The technical specifications of the inverter used
in the study are also given in Table 2.
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Table 2. The technical specifications of the inverter used in the
study.

Continuous Power 1200 W
Instantaneous Power (30 ms) 2400 W
DC Input Voltage 12V
AC Output Voltage 230V
Efficiency 82%
No-Load Current Consumption 05A
AC Output Waveform Modified sine
wave
Operating Temperature 0°C-40°C
Low Voltage Battery Alarm Range 10V -104V
Low Battery Voltage Shutdown 97V-10V
Interval
High Battery Voltage Shutdown
15V
Value
Weight 2.4 kg
Dimension 335x155x70 mm

While the solar charge controller or solar charge regulator
prevents the battery and/or battery group from being damaged
by overcharging or high voltage, it also serves to balance the
voltage and current coming to the solar panel. The radiation
values reaching the PV panel surface during the day cause
different formation current and voltage values. The charge
controller regulates the current coming from the panel and then
ensures its transmission to the battery. It prevents the battery
from overcharging and discharging according to its filling level
by cutting off the current coming from the panels. The technical
specifications of the solar control device used in the study are
given in Table 3.

Table 3. The technical specifications of the solar control device

used in the study.

Battery Voltage
Charging Current
Discharge Current
Equalization

B02 Jel

B03 Sel

Float Charge

Discharge Stop
Discharge Reconnection
USB Output
Self-Consumption
Operating Temperature
Weight

Dimension

12 V24 V automatic

50 A

50 A

BO1 off 14.4 V

142V

146V

13.7 V (default, adjustable)
10.7 V (default, adjustable)
12.6 V (default, adjustable)
5VI3 A

<10 mA

-35°C ~ +60 °C

1509

13.3x7x3.5 cm

Data is monitored and recorded every 5 minutes for 24

hours. In the efficiency calculation, solar radiation per square
meter should be taken into account first. Therefore, solar

radiation per square meter is calculated with the help of sensors
located next to the panel group. This radiation is recorded by
the system at 5-minute intervals. The energies entering the
converter of the two panel series, which are formed by
connecting two panels in series, are measured separately. After
summing the energies of these two panel series, the efficiency
of the panels is calculated as the ratio of the total solar energy
falling on the panels as given below:

1y = (Einput/ Esotar )x100 @
1y = (Eoutput/Einpur )x100 2
g = (Equtpue/ Esotar ) x100 ©))
k1 = ((Eimpue = Eoutput)/ Einpu)X100 4

Here, n,, n,, n, and k; represent the energy loss in the
efficiency in the panels, the inverter, the AC output and the
converter sources, respectively. E,;4 is the total solar energy
coming to the panels (KWh), E,ypy¢ is the AC electrical energy
coming out of the converter (kWh) and Ej,,, is the DC
electrical energy entering the converter (kwh). The total energy
produced by the system is also calculated with Equation 5:

E(hour) = powerx(5min/60min) (5)

The energy values in Watt X minutes found after
multiplying the power values obtained every 5 minutes by 5
minutes are divided by 60 minutes and the energy is calculated
in Watt hours. Es,qr i calculated by multiplying the solar
energy per square meter by the panel surface area of 5 m2,

3. Results and Discussion

The total daily consumption of the house selected within the
scope of the study is 1590 W. The daily loss of the designed
system is 2160 W. The minimum daily sunshine duration for
Kastamonu is 2.4 hours. Therefore, the hourly installed power
of the installed system is 2160 W /2.4 h =900 W = 0.9 kW.
The required consumption amount is calculated monthly for the
selected house. In Table 4, the energy consumption amounts of
the house per device are given on a daily basis.

Figure 8 shows the annual values of total consumption for
the pilot house, supplying the demand with the PV system and
from the grid obtained using PV*SOL (PV*SOL, 2023). When
Figure 8 is investigated, it is observed that while the annual
consumption of the house is 1200 kWh, the amount supplied by
the grid is 748 kWh and the amount supplied by the PV system
is 452 kWh. This shows that 62.3% of the annual consumption
can be supplied by the grid and 37.7% by the PV system. It is
also observed that the autarky rate of the system is 37.7%. In
Table 5, the average electricity consumption amount of the
house and the average production amount of the power plant
are given in W and Dollars. The calculation of production and
consumption in Dollars is based on November 2023. When
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Table 5 is examined, it is seen that the installed power of the
system (hourly production) is 0.9 kW.

Table 4. Daily energy consumption values per device.

No Device Hourly Power (Watt) Operating Time (hour) Daily Energy Consumption
1 Led Tv 100 W 5 500 W
2 Lightbulb 12w 5 60 W
3 Phone 5W 4 20w
4 Computer 15w 4 60 W
5 Freezer 50 W 10 500 W
6 Deep freeze 40W 10 400 W
7 Sconce 10w 5 50 W
PV System
PV generator output 0,9 kWp

PV Generator Energy (AC grid)

Annual specific earnings 1.179,26 kWh/kWp
System utilization rate (PV) 90,9 %
Loss of gain due to shadowing 0,0 %/Y
PV generator energy (AC grid) 1.073 kWh/Y
Self consumption 452 kWh/Y
Arrangement at the feeding point 0 kWh/Y
Mains supply 621 kWh/Y
Personal power consumption 42,1 % self consumption ) )
BT mm arrangment at the feeding point
Prevented CO; emissions 304 kely w mains supply
Consumer
Consumer 1.200 kWh/Y Total Constmplion
Consumption in standby mode 0 kWh/Y E
(Inverters)
Total consumption 1.200 kwh/Y
Supplied by PV 452 kWh/Y
Supplied by grid 748 kWh/Y
Solar energy rate 37,7 %

Degree of autarky

supplied by PV
supplied by grid

Total consumption
Supplied by grid
Degree of autarky

1.200 kWh/Y
748 kWh/Y
37,7 %

Figure 8. Annual values of consumption of the house and supplied by the grid and PV system.

Table 5. Average electricity consumption and production values of the house and the power plant in Dollars and W.

Annual Monthly Daily Hourly

Average Electricity Consumption of the House

Average Electricity Production Amount of the Power Plant

$62.17 $5.18 $0.52 $0.035
900W 100 W 10w 0.4 kKW
$82.90 $6.4 $0.8 $0.04

1200 W 125 W 15w 0.65 kW

The annual radiation value in Kastamonu is 1.384 kW/m?2.
The electricity sales price is $0.133 per kW. The hourly lossy
production power of the designed power plant is 6.55 kW. The
installation cost of the power plant for 1 kW is $600. According

to these data, Table 6 shows the financial analysis obtained
using the PV*SOL application. When Table 6 is investigated,
it is observed that the grid supply in the first year is 621 kW per
year and the PV generator output is 0.9 kWp. It is also observed
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that the amortization period of the installed power plant is 7.8
years. With the installed power plant, an annual profit of
12.65% is obtained from the consumption cost. Annual yield is

also increasing every year. Table 7 gives the detailed cost
calculation of the installed power plant.

Table 6. Financial analysis of the installed system obtained from PV*SOL.

System Information

Grid supply within two years (including module performance degradation) 621 kWh/Year
PV generator output 0.9 kWp
Commissioning of the system 30.12.2023
Evaluation period 20 Years
Interest applied to principal 1 %
Economic Parameters
Return on assets 12.65 %
Accumulated cash flow (cash balance) 79,88 $
Amortization period 7.8 Years
Electricity Generation cost 0.0024 $
Payments Overview
Certain investment expenses 51,50 $
Investment costs 46,80 $
One-time payments 0,00 $
Incoming subsidies 0,00 $
Annual expenses 0,00 $
Other income or savings 0,00 $

Table 7. Detailed price display of materials.

Piece Price Amount
Inverter 1 $145 $145
Panel 2 $190 $380
Battery 1 $104 $104
Grand total $629

A solar power system for a house in Kastamonu, where the
sunshine duration is minimum 2.4 hours, is designed in this
study. Two panels with a capacity of 455 W are used in the
designed system. The inverter in the system operates with a
maximum efficiency of 82%. Moreover, a solar controller is
used to balance the voltage and current coming to the solar
panels while preventing the system from being damaged by
high voltage. The daily consumption of the pilot house is 10 W
and the hourly loss production power of the designed power
plant is 6.55 kW.

4. Conclusion

In summary, designing and installing off-grid solar power
systems for residential buildings is a critical first step toward
long-term, sustainable energy independence. These systems
give homeowners the chance to reduce their carbon impact and
break free from traditional energy dependence through careful
planning and integration of cutting-edge technologies. In
addition to being a dependable supply of electricity in isolated

or underdeveloped locations, off-grid solar power systems also
provide resilience against power outages and natural
catastrophes. Homeowners can benefit from a continuous
power source, reduced energy costs, and a better environment
by utilizing the sun's plentiful energy. Furthermore,
developments in off-grid solar technologies, like better energy
management and battery storage systems, are raising the
systems' price and efficiency. Off-grid solar power systems are
predicted to become more popular as the need for renewable
energy sources increases, spurring innovation and further
bringing down costs.

In order to save energy and lower energy costs, an off-grid
solar power system has been designed for a house in Kastamonu
in this work. The total cost of the system, including the inverter,
panel and battery, is $629. The average annual energy
consumption of the pilot house is 1200 kWh. It is observed that
approximately 452 kWh of the house's 1200 kWh consumption
can be supplied by the designed system. This shows that 37.7%
of the total annual energy consumption will be met and saved
by the designed system. It is concluded that the amortization
period of the designed system according to the total cost is 7.8
years. Off-grid solar power essentially signifies a paradigm
change in domestic energy usage, enabling homeowners to
embrace sustainability and take charge of their own energy
future. Off-grid solar power systems open the door to a more
promising and sustainable future for both homes and the
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environment with their thoughtful planning, creative design,
and continuous support.
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ABSTRACT

Dielectric materials are an important research topic for many applications today. Polymers are among
the prominent dielectrics due to their durability, high ionic conductivity and low dielectric losses.
This study investigates the dielectric properties of Parylene C (PAC)-based composite films.
Capacitance and dissipation factor values are measured. Dielectric permittivity and losses are
calculated. Negative capacitance and negative dielectric constant are observed, and resonant
frequency values are compared. Activated carbon doping significantly impacts the resonant
frequencies of the films. Doped samples exhibit higher positive and negative resonant frequencies
(2.2560 MHz and 2.2593 MHz) compared to undoped counterparts (2.1952 MHz and 2.2015 MHz).
Polarization further increases resonant frequencies, alongside dielectric permittivity and dissipation
factor with permittivity experiencing a more pronounced increase. Post-polarization, doped samples
display resonant frequencies of 2.3727 MHz and 2.3761 MHz, while undoped samples reach 2.3658
MHz and 2.3727 MHz. A comprehensive analysis of impedance, resistance, and reactance values
reveals insights into the composite film's behavior. Crucially, throughout the measurements, the
composite films display a consistent inductive response at frequencies above their resonance
frequencies. Understanding the mechanisms behind this inductive response could open up new
possibilities for the use of these films in advanced electronic devices and circuits.

Please cite this paper as follows:

Guduloglu, U., Kurnaz, S., Seydioglu, T., Bekar, G., & Ozturk, O. (2024). Frequency dependent negative dielectric behavior in
parylene C based composite films. Journal of Advanced Applied Sciences, 3(1), 32-39. https://doi.org/10.61326/jaasci.v3i1.254

1. Introduction

Negative capacitance effect in ferroelectric materials has

which models the phenomena in ferroelectric materials,
explains the emergence of the definition of negative
capacitance. According to this model, in the energy barrier

attracted many researchers' attention recently (Wong &
Salahuddin, 2018). The presence of negative capacitance in a
material means that the material exhibits an inductive behaviour
(Jones et al., 1998). The Landau-Ginzburg-Devonshire model,
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E-mail address: sedatkurnaz@kastamonu.edu.tr

region between energy minima, where the polarisation value is
close to 0 (P=0), the ferroelectric has negative capacitance
(Hoffmann et al., 2019). Another explanation for the negative
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capacity is the reduction of the effective voltage across the
capacitor during ferroelectric switching. Examples of potential
applications of negative capacitance materials today include
field-effect transistors, energy storage, high-power microwave
filters (Hoffmann et al., 2019; Sun et al., 2019). Negative
capacitance has been difficult to measure because the material
does not exhibit stable behaviour in the negative capacitance
state. However, since materials with negative capacitance
behaviour show the characteristics of a series inductor-
capacitor circuit, stabilisation can also be achieved in the
negative capacitance state by using the series capacitor model
(Khan etal., 2015; Z. Wang et al., 2020). In the series capacitor
model, the total capacitance is equal to the series equivalent of
the capacitance of each dielectric, and "dielectric resonance"
occurs when the frequency takes on the value /=12xz(LC), thus
clearly obtaining negative capacitance in the resonant
frequency region. In the negative capacitance state, the
capacitor spontaneously charges. This saves energy by enabling
nanoelectronic applications with very low power consumption
(Ihiguez et al., 2019).

The dielectric constant (&) also known as relative
permittivity, is a fundamental material property that quantifies
the ability of a substance to store electrical energy within an
electric field. It serves as a critical parameter in diverse fields
such as materials science, chemistry, and physics. The
dielectric constant significantly influences the polarization
behavior, energy storage capacity, and overall electrical
properties of materials. The real component of the dielectric
constant is represented by dielectric permittivity (¢'), while the
imaginary component is represented by dielectric loss (¢") (Xie
et al, 2022). Materials exhibiting negative capacitance
necessarily possess negative permittivity due to the relationship
described by the equation: C=eoerA/d Where & is the vacuum
permittivity, & is the dielectric permittivity, A is the surface
area of the sample and d is the thickness of the film. Negative
permeability is a phenomenon typically observed at frequencies
of megahertz (MHz) and above (Yan et al., 2013). The Drude
and Lorentz models are instrumental in elucidating the behavior
of negative permittivity, not negative permeability. The Drude
model, a cornerstone in understanding the transport properties
of electrons in metals, describes electron conduction in solids
by considering induced electronic polarization. This is achieved
by introducing an auxiliary particle, attached to each
polarizable atom via a harmonic spring (Jiang et al., 2010).
According to the Drude model, when the contribution of the
conducting material surpasses a certain threshold, the structure
becomes conductive, and the collective movement of electrons
results in negative permittivity.

The Lorentz resonance model is a fundamental concept used
to understand the behavior of resonant systems, particularly in
the context of electromagnetic phenomena. This model finds
widespread application in fields like optics, materials science,
and physics to analyze and predict the response of resonant

systems to external stimuli (Oughstun & Cartwright, 2003;
Romano et al., 2014). According to the Lorentz model, when
the doping concentration of a conducting material is below the
percolation threshold, the conducting phase remains isolated,
and induced dipoles form. These dipoles, through resonance,
can cause the dielectric constant to decrease, potentially
reaching negative values. However, it is important to note that
both the Drude and Lorentz models have limitations in fully
explaining the complexities of dielectric behavior (Leng et al.,
2020). A negative dielectric constant signifies a situation where
charges align in the opposite direction to the applied voltage. In
recent years, there has been growing interest in metamaterials
exhibiting this property. Potential applications of metamaterials
with negative dielectric constants include sensors, antennas,
wireless transmission systems, and capacitors (Qu et al., 2019;
Balu et al., 2020; Liu et al., 2020).

Complex impedance spectroscopy is an important study
commonly used for observe the dielectric properties of
dielectric materials. Impedance is a complex parameter that
indicates the resistance of a material to alternating current and
can be expressed by the expression Z =R +jX or Z=Z"+;Z"".
Here R is the resistance, which is the real part of the impedance,
and X is the reactance, which is the imaginary part of the
impedance (EI-Nahass et al., 2014; Sankar et al., 2022).
Impedance analyses has been used to characterize some
materials including polymers and developed some electronic
devices (Raja et al., 2004).

Polymer dielectrics are commonly used in various
applications due to their lightweight nature, scalability,
mechanical flexibility, high dielectric strength, and reliability.
However, these materials face limitations, particularly in high
temperature (exceeding 150 °C) and high energy storage
applications. Furthermore, the dielectric constants of polymer
materials are often limited and it is not meet the requirements
for high energy storage dielectric capacitors (Dong et al., 2023).
Also, the flashover issue at the interfaces of polymer dielectrics
with other substances poses a significant challenge, as the
breakdown voltages at these interfaces are lower than those for
the dielectrics alone, affecting the safe and reliable operation of
the materials (T. Wang et al., 2022). So, to remove these
limitations, the development of polymer nanocomposites with
rationally designed nanostructured inorganic fillers has shown
promise in improving the capacitive performance of polymer
materials (Li et al., 2019).

In this study, we investigate the dielectric properties of
PAC-based composite films, focusing on the influence of
activated carbon doping. The analysis encompasses the impact
of doping on resonant frequency, negative capacitance regions,
dielectric permittivity and losses, and complex impedance
parameters. Furthermore, we examine the effects of the
polarization process on the dielectric properties of the
composite films.
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2. Materials and Methods

The synthesis process of PAC consists of three steps:
sublimation, pyrolysis, and deposition. In the sublimation step,
the granular dimer was vaporized at 150 °C. The dimeric gas
was transferred to the pyrolysis furnace using argon gas and a
vacuum pump. In the pyrolysis step, the dimeric gas was then
split into a monomeric gas at a temperature of 650 °C. Finally,
the monomeric gas was released into the coating chamber to be
deposited on the glass substrate under a vacuum of 0.6 Pa at
room temperature. To capture the excess PAC, a cold trap was
placed in front of the pumping system. After deposition, the
PAC films were removed from the glass substrate by using a
tweezers and acetone. The synthesized PAC was dissolved in
50 ml of 1, 2 dichlorobenzene at 160 °C for 6 h with stirring.
The PU, PMMA, and AC were added in different weight ratios
to mix the solution homogeneously for 1 h at the same
temperature. The solution was cooled by mixing, and 20 ml of
acetone at 50 °C was added and stirred for 30 min. The samples
were labelled as 0C and 1C based on the weight ratio of the ACs
in the polymer matrix (Table 1) (Kurnaz et al., 2023).

Table 1. The mass ratio of polymer composites in the mixture.
Samples PAC (%) PU (%) PMMA (%) AC (%)
oC 50 45 5 0
1C 50 44 5 1

Capacitance measurements were carried out by an
impedance analyzer (Wayne Kerr 6500B) at 1-10 MHz with a
1 Vac signal at room temperature. At the same time, the
dielectric properties were examined with an impedance
analyser as a result of polarisation processes by applying 1 kV
voltage for 10 minutes at 60 °C temperature.

3. Results and Discussion

Figure la shows the frequency dependence of the
capacitance value of the samples prior to polarisation. The
graph clearly shows the resonance frequency value and the
peaks that occur in this region. It can be seen that the activated
carbon additive causes a shift in the resonance frequency
region. For OC, the positive resonant frequency is 2.1952 MHz
and the negative resonant frequency is 2.2015 MHz. For the 1C,
the positive and negative resonant frequencies are 2.2560 MHz
and 2.2593 MHz respectively. The transition to negative
capacitance is clearly seen at frequencies after the positive
resonant frequency. This shows that the inductive behaviour
dominates the capacitive behaviour from the positive resonant
frequency of the film. The resonance frequencies of 1C are
higher than those of 0C. They are shifted towards higher
frequencies. In the measurements made after polarisation, the
resonant frequencies are slightly higher than before polarisation
(Figure 1b). It can be seen that this also leads to an increase in
the values of the capacitance. For the 0C, the positive resonant

frequency is 2.3658 MHz and the negative resonant frequency
is 2.3727 MHz. For 1C the positive and negative resonant
frequencies are 2.3727 MHz and 2.3761 MHz respectively.
Depending on the polarisation, the change at 1C is greater than
1.8 pF and the change at 0C is 11.91 pF. This is actually due to
the decrease in the amount of PU in the film, which exhibits
dielectric behaviour (Vandeparre et al., 2013; D. Wang et al.,
2013). The frequency dependence of the permittivity of the
samples before and after polarisation is shown in Figure 1c and
1d. The value of the dielectric constant is calculated from
capacitance measurements. The permittivity is directly
proportional to the capacitance and shows a similar behaviour
to Figure 1a and 1b. The permittivity at the positive resonant
frequency is 44.23 for the 0C and 77.01 for the 1C. It is -72.85
for OC and -25.34 for 1C at the negative peak resonant
frequency (Figure 1c).

After polarisation, the permittivity at the positive resonant
frequency is 246.6 for OC and 58.58 for 1C. At the negative
peak resonant frequencys, it is calculated to be -31.25 for 0C and
-25.34 for 1C. It can be seen that polarisation reduces the
negative permittivity values (Figure 1d). Mokni et al. (2019)
measured the dielectric permittivity value of PAC to be
approximately 5 at a frequency of 1 MHz. In other studies,
results are obtained that show a low dielectric permittivity
(Kahouli et al., 2009; Hu et al., 2022). In this study, it is quite
high in the PAC-based composite film. At a frequency of 1
MHZz, the dielectric constant before polarisation is 23.46 for the
0C sample and 23.72 for the 1C sample, while it is measured to
be 26.68 for the OC sample and 25.54 for the 1C sample after
polarisation. The resonance behavior of permittivity can be
explained with Lorentz model. According to Lorentz model, the
permittivity is;

wp?(wo?-w?)

e =1+ 5 (8]

(wo2-w3)2+wwy

where wo = 2xfo is the characteristic frequency, w is angular
frequency, w. is a damping frequency, and wy, is the transverse
frequency of lattice vibration. We can see in model and the
figures, when w is less than wo, permittivity is negative and
samples show the inductive character (Z. Wang et al., 2020).
The resonance behavior is observed because of the piezoelectric
resonance effect of PAC (Yang et al., 2022).

Figure le and 1f shows the frequency dependent variation
of the dielectric loss value of the samples before and after
polarisation. We observed that negative dielectric loss values
for the bigger frequency values than the resonance frequency.
Negative dielectric loss means that the energy released is more
than the energy absorbed (Axelrod et al., 2006). The peak
values of dielectric loss at positive and negative resonance
frequencies before polarisation are 459.6761 and -7552.6788
for OC, and 4195.3025 and -244.2922 for 1C respectively, and
after polarisation 2368.0796 and -191.2578 for 0C and
554.1878 and -883.5565 for 1C respectively.
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Figure 1. Frequency-dependent (a) capacitance, (c) permittivity, (e) dielectric loss, (g) dissipation factor before polarisation and (b)
capacitance, (d) permittivity, (f) dielectric loss, (h) dissipation factor after polarisation measurements of 0C and 1C samples.

Figure 1g and 1h shows the frequency dependent variation
of the dissipation factor value of the samples before and after
polarisation. The dissipation factor is a parameter that indicates
the amount of energy lost at a given frequency value

(Florkowski et al., 2024). It is equal to the ratio of the imaginary
part of the dielectric permittivity to the real part (tand=¢"/¢’).
It can be seen that the dissipation factor reaches the highest
values in the resonance frequency regions. 103.67 for 0C and
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54.47 for 1C. The dissipation factor of OC is higher than that of
1C (Figure 1g). After polarisation, the dissipation factor
increases to 132.2 for OC and 58.19 for 1C (Figure 1h). These
values indicate that although polarisation increases the loss
factor, this increase is much less than the rate of increase in
permittivity and therefore it can be said that polarisation
contributes positively to the permittivity of the film. It is noted
that dissipation factor values of less than 5% are generally
accepted as low dielectric loss (Z. Wang et al., 2020). The
dissipation factor values outside the resonant frequency range
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are very low in the measured frequency range. In general, there
are polymers with very low loss values, but losses at 1 MHz
frequency are up to 0.09 (Yu et al., 2008; Xu et al., 2013). In
our study, this value is 0.0271 for the 0C before polarisation,
0.0197 for the 1C, 0.0266 for the 0C sample after polarisation
and 0.0224 for the 1C sample. In the resonant frequency region,
a high permeability frequency range can be obtained where the
dielectric constant is negative and the dissipation factor is low.
The characteristic situation in this region is very suitable for the
realisation of metamaterial applications (Z. Wang et al., 2020).
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Figure 2. Frequency-dependent (a) impedance, (c) resistance, (e) reactance, before polarisation and (b) impedance, (d) resistance, (f)
reactance, after polarisation measurements of 0C and 1C samples.
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Figure 2a shows the frequency variation of the impedance
value of the samples before and after polarisation. At the
resonance frequency, the impedance value takes the peak. The
peak values are 0.7533 MQ for the 0C and 0.8527 MQ for the
1C before polarisation (Figure 2a). The impedance values after
polarisation in Figure 2b are 0.6375 MQ for the 0C and 0.6797
MQ for the 1C. A decrease in impedance values after
polarisation is observed, and when the active carbon added, the
peak of impedance value increased. While it is generally
understood that active carbon enhances electrical conductivity
and charge transfer capabilities, the specific interactions within
the composite material, such as the distribution of active carbon
within the polymer matrix and the formation of interfaces
between carbon particles, can lead to unexpected impedance
behaviour (Kozai et al., 2012; Cui et al., 2014). In the literature,
we can see PMMA has the higher impedance values than PU
and PAC. The impedance of pure PU measured above to 10* Q
at 1IMHz and the impedance of Parylene C measured about 10°
Q at 0.1 MHz and see the frequency and impedance are
inversely proportional (Kim & Cho, 2012; Chun et al., 2014).
We can see the impedance of PMMA based doped conductive
materials are about 10° Q range at MHz frequencies (Shamrao
etal., 2019). In our study, the impedance value of samples at 1
MHz are 0.07 and 0.09 MQ band for all measurements. These
values are close to literature.

Figure 2c and 2d shows that frequency dependent variation
of the resistance value of the samples before and after
polarisation. The peak values of resistance at the resonance
frequency are 0.7706 MQ for the 0C and 0.8473 MQ for the 1C
before polarisation (Figure 2c), and 0.6470 MQ for the 0C and
0.6649 MQ for the 1C after polarisation. (Figure 2d). After
polarisation, we observed that a decrease in resistance values,
and when the active carbon added, the peak of resistance value
increased.

The frequency response of the reactance of the samples
before and after polarisation is shown in Figure 2e and 2f. As
expected, the reactance changes from negative to positive with
a value of 0 due to the capacitive behaviour shown in Figure 1
and the inductive behaviour shown in the resonant frequency
region. In the frequency range lower than the resonant
frequency, the reactance takes a negative value and its absolute
value decreases and approaches 0. This is caused by the
capacitive behaviour of the material (Sun et al., 2019). In the
range greater than the resonance frequency values, positive
reactance, i.e. inductive character is observed. This is expressed
by the formula Z"=Z,+Zc (Zi=wL (inductive reactance),
Zc=1/wC (capacitive reactance)) (Z. Wang et al., 2020). The
peak values of reactance before polarisation at the resonance
frequency are 0.44 MQ and -0.38 MQ for 1C, 0.36 MQ and -
0.40 MQ for 0C, respectively. The peak values of reactance
after polarisation at the resonance frequency are 0.31 MQ and
-0.35 MQ for the 1C, 0.30 MQ and -0.35 MQ for the 0C,
respectively.

4. Conclusion

The dielectric properties of PAC-based composite films are
investigated as a function of frequency using an impedance
analyzer. This study examines the effects of activated carbon
doping and the polarization process on the composite films.
Negative capacitance and negative dielectric permittivity are
observed through dielectric resonance The analysis of the PAC-
based composite films reveals an inductive character at
frequencies surpassing the resonance frequency. Upon
polarization, the samples exhibit a notable increase in
capacitance and dielectric constant, coupled with a reduction in
impedance. Interestingly, the incorporation of activated carbon
introduces an unexpected phenomenon: a heightened
impedance peak. This observation, however, is accompanied by
a moderate increase in dielectric losses. Despite this increase in
losses, the overall effect of polarization remains positive, as the
gains in capacitance and dielectric constant significantly
outweigh the losses. Furthermore, within a specific frequency
range, the composite films display remarkable properties
characterized by negative capacitance, high permittivity, and
low dielectric losses. This unique combination of properties
holds potential for various applications in advanced electronic
devices and energy storage systems. The observed negative
capacitance, in particular, suggests the possibility of enhancing
charge storage capabilities beyond traditional limits.

In conclusion, this study highlights the intricate relationship
between polarization, activated carbon doping, and the
dielectric properties of PAC-based composite films. While the
addition of activated carbon introduces a trade-off between
impedance and losses, the overall impact of polarization on
capacitance and dielectric constant remains favorable. The
discovery of negative capacitance within a specific frequency
range opens up new avenues for exploring innovative materials
with tailored dielectric properties. Further investigations into
the underlying mechanisms responsible for these observations
may lead to the development of advanced materials with
enhanced performance for various technological applications.
This frequency range holds potential for various metamaterial
applications. However, due to the inherently low permittivity of
the polymers employed, their utilization in applications
demanding high permittivity may present limitations in terms
of efficiency and performance.
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4. Referee Evaluation Process
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examination of the literature.
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scope of the relevant literature, the timeliness and the
originality of the study.

2. Methodology: The evaluation report includes
information on the suitability of the method used, the
choice and characteristics of the research group,
validity and reliability, as well as on the data collection
and analysis process.
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contribution to the educational literature and the
applications in the area. The journal considers that
scientists should avoid research which kills or damages
any species of animal which, using IUCN criteria, is
regarded as threatened or is listed as such in a Red Data
Book appropriate for the geographic area concerned. In
accordance with this view, papers based on such
research will not be accepted by the Journal, unless the
work had clear conservation objectives.
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