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ABSTRACT

This research aims to test the characterisation of the barium ferrite copper nickel oxide
(BaFe,,,,Cu,Ni,O,9) sample as a microwave absorbing material that will be applied to radio
detection and ranging (Radar). The materials used in the synthesis process are barium carbonate
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(BaCO,), iron oxide (Fe;0,), copper sulfate
(CuS0,), and nickel(Il)chloride hexahydrate
(NiClL,.6H,0) powders, while the solutions
are 12 M hydrochloric acid (HCI), ammonium
hydroxide (NH,OH), and distilled water, which
has been synthesised using the coprecipitation
method with varying ion doping x = 0.0, 0.4, 0.8,
and 1.0%, which is calcined at temperatures of
200, 600, and 1,000°C. The samples were then
tested for characteristics through four stages of
testing, namely X-ray diffraction (XRD), Fourier
transform independent infrared spectroscopy
(FTIR), transmission electron microscope
(TEM), vibrating sample magnetometre (VSM),
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and vector network analyser (VNA). The test results using FTIR produced peaks at wave numbers
584-1639 cm™!, which indicated the presence of Ba-O, Fe-O, Cu-O, and Ni-O functional groups.
This indicates that the materials used in the synthesis process reacted or were present in the final
sample. The test results using TEM with a sample of x = 1.0% and a calcination temperature of
1,000°C show that the resulting particles are hexagonal with a size of 50 nm. Tests using VSM
show that the low coercivity value decreases, and the magnetic remanence and magnetic saturation
values increase along with the use of ion doping and calcination temperature. The sample underwent
a change from hard magnetic to soft magnetic based on the results of a decrease in the coercivity
value and has the potential to become a microwave-absorbing material. The final test results using
VNA produced a reflection loss value of -22.456 dB with an absorption percentage of 99.62%. The
maximum electrical conductivity produced is 1.20305 o at a temperature of 1,000°C. According to
the indicators, the sample meets the criteria to be applied as a microwave-absorbing material, namely
having a nanoparticle size, being soft magnetic, and being included as a semiconductor material.

Keywords: Barium M-hexaferrite (BaM), characterisation, doping, microwaves, radar system

INTRODUCTION

Indonesia itself has 17,380 islands, and of them, 111 small outer islands have been
designated in the Presidential Decree No. 6 of 2017 concerning the Determination of Small
Outer Islands, which need to be managed and secured. These islands are vulnerable or
have the potential to become a source of conflict, so their existence needs to be maintained
because it is a manifestation of state sovereignty. In this case, it is necessary to develop
technology related to the use of electromagnetic waves, the use of which is currently
developing very rapidly in various fields, including telecommunications, electronics,
military, and civil. One of the most important parts in anticipating these conditions is
developing a good defense or military system (Oxenham, 2010).

Radar, or radio detection and ranging, is a system that emits electromagnetic waves
at a particular object and then receives and analyses its reflected waves to determine the
position and distance of an object. In the field of military defense, radar has an important
role as one of the systems that can help in the security control of the country’s territory
(Gustomo & Suwadi, 2013). Radar functions to detect the presence of other ships, weather
conditions, or other objects around the ship (Kurniadi et al., 2023). The development of
radar in the defense sector cannot be separated from improvements that have shortcomings,
namely that the electromagnetic waves emitted will radiate in continuous waves. This
causes radar to be able to detect the presence of an object, but not at the exact location.
In 1936, with the development of pulsed radar, it is apparently able to interrupt the signal
rhythmically, making it possible to determine the exact speed and direction of the target
through the size of the inter-echoes (Zohuri, 2020). In the field of military defense, coating
methods using radar-absorbing material (RAM) are used.
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One of the technologies being developed in the military sector to eliminate enemy
traces is called stealth technology. Engineering this technology by making the equipment
invisible to the radar that is working (Fatimah et al., 2022). The engineering in making
this stealth technology is by designing the corners of the aircraft and by coating the
aircraft parts using RAM. RAM dampens reflection and absorbs microwaves (absorbers)
so that materials coated with RAM cannot be detected by radar (David et al., 2022). The
development of radar system technology research before and after World War II led to
the interaction between electromagnetic wave radiation and materials. One aspect of the
research is an effort to reduce or weaken the reflected signal from the radar (Taryana et
al., 2019). Material used as an absorber must qualify, i.e., the material must have high
permeability (p), high permitivity (), low coercivity (Hc) field, and high magnetic
saturation (Ms) (Pratitajati & Manaf, 2013). This is done not only to reduce radar signals
through layers of absorbent materials on surrounding structures, such as radar support
masts, towers, and supporting buildings, that can reduce the performance of the radar
itself, but furthermore, the layer of material can also help weaken the reflected signal so
that it is not detected by enemy radar.

The material used as an absorber is barium hexaferrite type M. Barium hexaferrite
has been classified into six types based on its structure. The first is BaFe,0, (type M),
the second is BaMe,Fe 0,; (type W), the third is Ba,Me,Fe,s044 (type X), the fourth is
Ba,Me,Fe|,0,, (type Y), the fifth is Ba;Me,Fe,,O,, (type Z), and the last is Ba;Me,Fe;Oy
(type U), where Me is the divalent ion of the first transition series or the symbol for a
bivalent metal (having a charge of +2), such as cobalt (Co), nickel (Ni), or zinc (Zn),
which partially replaces the iron in the hexaferrite structure (Ahmed et al., 2008). Due
to the high magnetic power possessed by barium M-hexaferrite (BaM), its absorption
properties will become weak, and it is necessary to adjust with other metal cations that
have almost the same ionic radius as iron (Fe) ionic fingers. Ferrite magnets, in addition to
having relatively high permeability, permittivity, and spontaneous magnetisation, are also
composed of oxide components, so they also have high electrical resistivity or are good
insulators (Priyono & Manaf, 2010). The combination of intrinsic properties between the
magnetic and electrical properties of ferrite places ferrite magnetic materials as buffers for
microwaves, including waves with frequencies used in radar. The advantages of barium
hexaferrite include having a large magnetic crystalline anisotropy, high coercivity (6,700
Oe), a Curie temperature (450°C), relatively large saturation magnetisation (78 emu/g),
good chemical stability, corrosion resistance, and being relatively easy to manufacture
(Himanshi et al., 2023; Saidah & Zainuri, 2012; Tan & Chen, 2013).

Doping used is copper (Cu) and nickel (Ni) because it has almost the same ionic
radius as Fe. It belongs to the transition group and has unpaired electrons. This is due
to the more unpaired electrons, the stronger the magnetic properties of a material (Mott,
1936). Apart from that, the use of Cu and Ni is because both have high electrical and
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thermal conductivity. Cu-Ni alloys are single-phase alloys in all compositions within the
stage chart, and numerous standard alloys have specific phases and compositions within
the stage graph (Nwaeju et al., 2021). This can be since Cu and Ni are totally miscible in
both strong and fluid shapes. BaM with doping ions Cu and Ni written with the notation
BaFe,,,,Cu,Ni,O.

Based on the description above, characterisation of BaFe,,,,Cu,Ni, O,y was conducted
using four tests, the first being FTIR. Second is TEM, third is VSM, and the fourth is VNA.
The results of this characterisation are expected to have properties that are in accordance
with microwave absorbent materials and provide an idea of whether the sample material
from the results of characterisation that has been done can meet the criteria to be applied
as a microwave absorbent material in radar systems.

MATERIALS AND METHODS

This study employs an experimental method that involves two stages: synthesis and
characterisation. The synthesis process was carried out at the Basic Chemistry Laboratory,
Faculty of Mathematics and Natural Sciences, University of Mataram. In the synthesis
process, BaFe;,,Cu,NxO,, powder was produced. The powder was obtained from the
basic materials of BaM and natural iron sand (BaFe,0,y), which were modified with Cu
and Ni metal ions that were dissolved with hydrochloric acid (HCI, Supelco®, Germany)
and precipitated using ammonium hydroxide (NH,OH, Supelco®, Germany) and neutralised
with distilled water. The concentrations used were (x = 0, 0.4, 0.8, and 1.0%) The use
of variations in concentration is carried out to obtain a calculated ratio of the precursors
used in an even manner according to the reaction of each concentration which is then
calcined with varying temperatures (200, 600, and 1,000°C) using the coprecipitation
method (Prasetyowati et al., 2021). After obtaining the powder, the characterisation process
was carried out in several laboratories, including. Characteristic tests using FTIR in the
Analytical Chemistry Laboratory, FMIPA, UNRAM, which produces electromagnetic wave
spectra to identify compounds contained in the sample and to determine the functional
groups of the sample.

Characteristic tests using the TEM in the Analytical Chemistry Laboratory, FMIPA,
UGM, which produce images and particle sizes of the sample to determine the structure
and morphology of the sample. Characterisation test using XRD and VSM tool was done
in Batan Puspitek Serpong Laboratory, which produces a hysteretic curve based on Hc,
Ms, and Mr values to determine the magnetic properties of the sample. The last one is
using a VNA in the Electronics and Telecommunication Research Centre Laboratory of
the Indonesian Institute, which produces conductivity value data and reflection loss (RL)
values, aiming to determine the electrical properties and microwave absorption ability. The
achievement parameters used by the researcher are shown in Table 1.
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Table 1
Measurement condition parameter

No. Characteristic test Measurement conditions

X-ray diffraction (XRD)  Detect crystal compounds in materials
2 Fourier transform infrared Analyze the functional groups contained in the sample

spectroscopy (FTIR)
3 Transmission electron Produces images from the transmission of electrons through a sample
microscope (TEM) in a vacuum chamber by knowing the particle size. Nanoparticles are
particles between 1 and 100 nanometres in size
4 Vibrating sample To measure the magnetic properties of materials where the He value
magnetometre (VSM) on the graph narrows to near zero

5 Vector network analyser ¢ To measure reflections at high frequencies, namely with the highest
(VNA) negative RL values
* To measure the absorbance value of the sample
» To measure the conductivity value of samples made from
semiconductors

Note. Hc= Coercivity; RL = Reflection loss

RESULTS AND DISCUSSION

Based on the characterisation that has been done, the resulting data is as follows:

Testing using XRD

To characterise the sample crystals, XRD measurements were carried out on samples
treated with different reaction times and temperatures. Testing using phase XRD aims to
determine the crystal structure formed by the synthesised barium hexaferrite powder. XRD
testing was carried out at the highest concentration and temperature, namely x = 1.0% and
T = 1,000°C. This is because the sample is representative of knowing whether a crystal
structure is formed. The test results using XRD can be seen in Figure 1.

Barium chloride dihydrate
Hematite - 153 K
Copper-nickel R

Intensity (x 10%)

W

50 60 70 80
20 (%)

Figure 1. The graph of the relationship between the diffraction angle (20) and the diffraction X-ray spectrum
(intensity) of barium M-hexaferrite powder doped with copper and nickel metal ions
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The test was carried out at a voltage of 30 kV and a current of 20 mA using a Cu Ka
target at a wavelength of A= 1,532 A. Based on the graph above, the peak phase of barium
hexaferrite at a diffraction angle of 2 is 26.4854°. The barium phase forms iron oxide, and
manganese forms 45.704° iron oxide phase. Next, to test the crystal structure, the test results
show that the lattice parameters a=b =5.0471 A and ¢ = 12,739 A, with anglesa=p =1y
=80 and 110°. These results indicate that a hexagonal crystal structure has been formed.

Testing using FTIR

FTIR is one of the instruments that uses the principle of spectroscopy. Spectroscopy is an
infrared spectroscopy equipped with a Fourier transform for the detection and analysis
of spectral results. Infrared spectroscopy is useful for identifying organic compounds
because of its very complex spectrum consisting of many peaks (Coates, 2006). In addition,
each functional group absorbs infrared light at a unique frequency. The core of FTIR is
the Michelson interferometre, a tool for analysing frequencies in combined signals. The
infrared spectrum is produced from the transmission of light passing through the sample,
measuring the light intensity with a detector, and comparing it with the intensity without
the sample as a function of wavelength. The infrared spectrum obtained is then plotted as
an intensity function of energy, wavelength (um), or wave number (cm™).

Testing using FTIR produces a graph of the relationship between transmittance (%)
and wave number (cm™) which shows the composition of the compounds contained in the
sample by knowing the functional groups based on the wave number value using the highest
concentration and temperature, namely x = 1.0% and T'=1,000°C. This is because the sample
is representative in knowing whether there are functional groups made from BaM-O, Fe-O,
with doping of Cu-O and Ni-O metal ions. The test results can be seen in Figure 2.

40 o Ba-O
S8 Cu-Ni-O
(x=1.0)
= 304 1 | Cu-Ni-O
= (x=0.8)
i
g 254 {
Cu-Ni-O
E b O‘HE | (;0.14)
E 204 ' g
= \ Y
£ ‘ Cu-Ni-O
= 15 = : (x=0)
10 < | ‘ . T <
J | Fe-O
5 L} L] T L] L L] L] L] 1
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (1/cm)

Figure 2. Test results using Fourier transform infrared spectroscopy at a calcination temperature of 1,000°C
Note. Ba-O = Barium oxide; O-H = Hydroxide; Cu-Ni-O = Copper nickel oxide; Fe-O = Iron oxide
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Based on the graph in Figure 2, it appears that the presence of the barium phase
M-hexaferrite is known based on the presence of stretching vibrations and bending between
compounds characterised by differences in the resulting peak value. So, this sample can
be said to form a BaM phase, which was successfully doped with Cu and Ni metal ions
(Sozeri et al., 2016). This is proven by the presence of Cu-O and Ni-O bonds, which are
at the peak of 449 cm™. This is in accordance with the range of metal ions as doping,
namely Cu—O and Ni—O, namely the range of 400 to 663 cm™ (Jang et al., 2013; Stuart,
2004). Meanwhile, the wave number of the BaM compound is at a peak of 1200 cm™,
in accordance with the Ba—O range, namely in the range of 1000 to 1650 cm™ (Doyan et
al., 2015). It is characteristic of the metal bonds of oxygen that is characteristic of barium
hexaferrite (Trukhanov et al., 2017).

Another visible metal bond is Fe-O at the peak of 542 cm™. The wave number is in
accordance with the range of Fe-O, which is around 450 to 690 cm™* (Doyan et al., 2017;
Setiadi et al., 2016). These bonds indicate that there is a metal bond in the tested sample. The
metal bonds are BaM, Fe, and Cu and Ni metal ions used as doping (BaFe,,,,Cu,Ni,Oo).
So, it can be said that the process of making samples as RAM was successful, with the
proof of the bond between BaM and Fe with Cu, Ni in the powder that has been produced.

Testing using TEM

TEM has a magnification of up to millions. In magnification on its objects, it has a
resolution that is much better than a light microscope, where the electron microscope uses
more energy and shorter electromagnetic radiation compared to a light microscope. The
working principle of TEM is that the electron beam illuminates the sample and produces
an image on the phosphor screen (Carter & Williams, 2016). In this study, the characteristic
test using the TEM aims to determine the structure of the powder particles produced in the
synthesis process, namely barium ferrite copper nickel oxide (BaFe;,Cu, (Ni, ,O,¢) at the
highest temperature, namely 1,000°C.

Based on Figure 3, the test results show that the crystal size obtained is 100 nm, still
large enough to carry out further measurements, and a crystal size of 50 nm is obtained.
Nanoparticles are particles that are between 1 and 100 nanometres in size (Priyo, 2017). As
material dimensions approach values of several nanometres, many physical and chemical
properties become size dependent (Katsnelson et al., 2012; Tian, 2017). Typically, smaller
grain sizes (nano order) produce higher active energies that influence magnetic saturation
and field coercivity (Duan et al., 2018; Harahap & Nainggolan, 2022). This results in a
wealth of properties and opportunities to manipulate or generate new ones that are not
found in bulk materials.

Based on Figure 3, there is a component formed, namely a hexagon with a size of
50 nm. When compared with previous researchers who only got a size of 100 nm, it can
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(@)

Figure 3. Transmission electron microscope test results: (a) indicates the particle size at a magnification of 50
nm; and (b) indicates the particle size at a magnification of 100 nm

be said that the BaM sample doped with Cu and Ni
metal ions succeeded in getting a smaller crystal
size in the nanometre range. This comparison is in
accordance with research conducted by Nengsih
(2018), Panduwinata et al. (2019), and Winatapura et
al. (2013), which stated that the sample particle size
can be stated as nanoparticles because in each study,
a sample size of 100 nm was obtained and nano sized
BaM samples have wide application opportunities
(Asri et al., 2021).

Similarly, Ridwan and Winataputra (2018) found
out the presence of hexaferrite particles through
TEM testing by looking at the structure of smaller
particles resembling hexagonal. Barium hexaferrite ~ 7gure 4. Perspective of the M-type barium

. hexaferrite (BaFe;,0,9) unit cell (Pullar,
with a hexagonal structure (BaFe ,O,) has been 2012)
known as a permanent magnetic material that has  Note. Ba=Barium; O = Oxygen; Fe = Iron
high performance (Saidah & Zainuri, 2012).

It can be seen in Figure 4 that BaM, with its hexagonal structure (BaFe,,0,y), is known
as a permanent magnetic material that has high performance (Munib et al., 2016). This is
in line with the opinion of Krichevtsov et al. (2024), which states that BaM is a permanent
magnet with high magnetic anisotropy. The high crystal anisotropy of BaM so that it has
a resonance frequency of around 50-60 Hz and is considered very high (Ghasemi, et. al.,
2006). The crystal structure of BaM is hexagonal with lattice parameters a=b = 5.892 A,
c=23.183 A (Mallick, 2007). The BaM complex cell consists of 2 crystal systems, namely
the face-centred-cubic and hexagonal-close-packed structures.

® Fe
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Testing using VSM

Characterisation of VSM is used to determine the magnitude of magnetic properties of
materials in the form of Mr, Ms, and Hec (Ramadhan et al., 2018). Remanent magnetisation
is the magnetic induction left in the material after the external magnetic field is removed.
The coercivity field is the field required to remove remanent magnetisation. In comparison,
saturation magnetisation is a condition where the magnetic spins in the material are in line
with the external magnetic field (Nugraha et al., 2015).

The crystal structure factor has a very significant influence on the properties of
permanent magnets. The Hc value is also influenced by the purity of the raw materials and
the size of the crystal, which plays a role in inhibiting the movement of the domain walls.
The smaller the crystal size, the more boundaries between crystals and the more barriers
to the movement of the domain walls, so that the resistance to the demagnetisation field
is greater, which means the He value is higher. Conversely, the larger the crystal size, the
easier the domain walls move so that the resistance to the demagnetisation magnetic field
is smaller, which means the Hc value is smaller.

VSM Test Results using Temperature Variations

Testing using VSM is to determine the magnetic properties of a material based on a
hysteresis curve. The magnetic hysteresis curve is a characteristic curve of a magnetic
material when given an external magnetic field and shows the relationship between the
magnetisation value (Ms, Mr, and Hc) (Harahap & Sidabutar, 2020). The results of the
VSM test are shown in Figure 5.

The hysterical curve in Figure 5, shows the change in the shape of the curve based on
the Ms, Mr, and the He values obtained.

Based on the hysterical curve, it is seen that test samples with temperature variations at
different concentrations of doping ions (0.0, 0.4, 0.8, and 1.0) indicate that the greater the
calcination temperature used will produce the smaller the curve based on its He value, as
the values of Mr and Ms will be smaller as the calcination temperature is used. The lowest
Hc value is found at the concentration of doping ions x = 1.0%, calcined at a temperature
of 1,000°C which is 0.025 T, as well as the value of Mr, which is 1.820 emu/g, and Ms,
which is 3.980 emu/g. The value decreases due to the increase in calcination temperature,
causing its magnetic properties to decrease. According to Sembiring et al. (2020), it was
found that the mass density value increased with increasing temperature for all additive
material compositions. This is understandable because volume usually increases because
faster-moving molecules are further apart, which can affect the magnetic properties of the
material. As can be seen from the graph, the higher the calcination temperature used, the
higher the density of the material. Calcination itself aims to remove water content in the
material so that the sample tested is the pure final mass obtained (Efhana & Zainuri, 2014).
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Figure 5. Hysteretic curves of temperature variations at 200, 600, and 1,000°C for samples with doping
concentrations: (a) 0.0%; (b) 0.4%; (c) 0.8%; and (d) 1.0%
Note. M = Magnetisation; H = Magnetic field strength; T = Tesla

VSM Test Results using Variations in Doping lons

In Figure 6, the data results obtained not only show the magnetic properties of the material
but also show the influence of the doping and calcination temperature used, so that the
characteristics of the magnetic hysteresis curve can be used to conclude whether the
magnetic material is soft magnetic or still hard magnetic.

The hysterical curve of the test sample with a concentration of doping ions x = 0.0,
0.4, 0.8, and 1.0%, calcined at temperatures of 200, 600, and 1,000°C indicates curves with
smaller shapes as doping ions are used, as well as the values of Hc, Mr, and Ms, which
experienced a decrease.

The data obtained not only shows the magnetic properties of the material but also
shows how much the metal ions as doping and the calcination temperature used so on
the characteristics of the magnetic hysteresis curve, which can be used to conclude that
the magnetic material is included in soft or hard magnetic (Susilawati et al., 2025). The
magnetic properties of BaM in the sample show that the hysteresis curve increases with
high magnetisation values (Ms and Mr) and He, in contrast to the doped sample, so that the
magnetisation is greater (Ms and Mr) and the Hc is getting smaller. This causes the sample to
become a soft magnetic material. These results are indicated by the presence of a hysteresis
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curve when subjected to a magnetic field or
when demagnetised. It can also be seen from
the width of the hysteresis curve, which is
getting narrower. This causes the material
to become soft and magnetic.

The lowest Hc value is found at the
concentration of doping ions x = 1.0%,
calcined at a temperature of 1,000°C,
which 1s 0.024 T, as well as the value of
Mr, which is 1.816 emu/g, and Ms, which
is 3.901 emu/g. The value decreased due
to the increase in Cu and Ni doping ions,
causing its magnetic properties to decrease.
This is because in changing BaM, which
was originally hard magnetic and will be
changed into soft magnetic, engineering
is needed according to the needs or what
is desired. One of these engineering
approaches is by taking an approach using
plus ion substances, plus two, plus three,
and more simultaneously, which aims
to combine the positive properties of
each doping component. A number of
studies have been conducted to modify
magnetic properties using plus two ions
such as Co-Mn (Susilawati et al., 2017),
Zn-Mn (Susilawati et al., 2019), and Mn-
Ti (Widiyanto et al., 2011). The decrease
in magnetism is very desirable because the
BaM, which was originally hard magnetic,
has turned into a soft magnetic. Changes in

M (emu/g)

M (emu/g)

M (emu/g)
n

()
Figure 6. Hysteretic curves of concentration doping
atx = 0.0, 0.4, 0.6, and 0.8% for samples with
variations in temperature: (a) 200°C, (b) 600°C, and
(c) 1,000°C
Note. M = Magnetisation; H = Magnetic field
strength; T = Tesla

the properties of BaM from hard magnetic to soft magnetic based on the results of decreased

coercivity values can potentially be a microwave absorbent material (Jia et al., 2018).

It can be said that there has been a magnetisation process caused by the increase in the

external field, so that saturation and demagnetisation occur. Demagnetisation is the process

of removing the external field. This is supported by research that has been conducted by

Hedayatnasab et al. (2017), which states that the Hc value is inversely proportional to the

Ms and Mr values, namely, when the Ms and Mr values increase, there is a decrease in
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the Hc value approaching zero on the hysteresis curve graph. This is in accordance with
the theory that the Hc value is obtained from demagnetisation with a certain value, so
that magnetisation is zero, while saturation magnetisation is a condition obtained from an
increase in the external field that occurs from the point of origin, so that saturation occurs.
This saturation is due to having experienced a direction caused by an external magnetic
field. From the saturation state and the coercive field with a value of zero, there is no return
to the original curve shape, but there is a remaining magnetic flux. The remaining flux is
called remanent magnetisation. In this state, the magnetic moment does not return to the
orientation before being given an external field, which causes the material to be partially
magnetized. So, samples substituted by Cu and Ni doping ions are said to decrease the
anisotropic properties of BaM.

The magnetic properties of BaM in the BaFe ,0, sample show a wider hysteresis
curve with large magnetisation values (Ms and Mr) and Hc, in contrast to the sample
given doping, so that it experiences an increase in magnetisation (Ms and Mr) and
a decrease in Hc, which makes the sample a soft magnetic material. The results are
marked by the presence of a hysteresis curve when subjected to a magnetic field or
when demagnetised and can be seen from the width of the hysteresis curve, which
is getting narrower. Thus, it can be concluded that the sample with a concentration
of x = 1.0% (BaFe,,Cu, (Ni, (O}9) has succeeded in reducing the magnetic properties
of the material, which was initially without doping, namely BaFe,0,y, which is still
hard magnetic until using doping, so that it obtains soft magnetic properties and can
be applied to microwave-absorbing materials.

Testing using VNA
VNA Test Results using Temperature Variations

VNA uses the concept of measuring transmitted and reflected waves as a signal passes
through the device under test. Measuring the transmitted and reflected signals across the
band of interest, and often beyond, allows the characteristics of the device to be determined
(Pallas-Areny & Webster, 2012). If the transmitted and reflected signals are used to
characterise the input as well as the output, then the device can be fully characterised. This
can be a vital part of any design or testing of radio frequency (RF) circuits.

The test conducted using the VNA tool aims to determine the RL value, absorption,
and conductivity. The RL value indicates the ability of a material to absorb microwaves;
the percentage of absorption indicates that the amount of absorption power in the sample
we synthesise indicates that the sample has the potential to be an absorbent material. While
the conductivity value can indicate the electrical properties of the material, it can also
indicate whether it is included in the semiconductor or not.
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Graph of RL Values. BaM, which is known as ferric-magnetic, has stable chemical
properties, is anti-corrosive, and has high anisotropy and is included in the hard magnet
group, where, if its application wants to be efficient, it can be formed into a soft magnet.
Magnets are soft magnetic materials that can be used as absorbers of microwaves. The
hard magnetic properties of BaM are then engineered using metal-doping ions to reduce
the hard magnetic properties to soft ones. This is in accordance with Yusnafi et al. (2017),
who stated that BaM, which has the magnetic properties of a hard material, can be doped
with more than one metal ion to get the properties of a soft magnet. So, it can be used as a
microwave absorber material easily and economically. The requirement for the microwave
absorbing material itself is to have a large negative RL value. The RL value shows the
ability of a material to absorb microwaves (Soehada et al., 2018), where the greater the
negative RL value produced, the greater the material’s absorption of microwaves (Alam
et al., 2015). The graph in Figure 7 is a graph of the relationship between frequency and
RL value, producing values that vary based on the rise and fall of the RL value.

Based on Figure 7, a graph of RL values against frequencies with temperature variations
of 200, 600, and 1,000°C at 0.0, 0.4, 0.8, and 1.0%, which results in a greater RL value
as the calcination temperature is increased. The greater the negative RL value, the greater
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Figure 7. Reflection loss value graph of temperature variations at 200, 600, and 1,000°C for samples with
doping concentrations: (a) 0.0%, (b) 0.4%, (c) 0.8%, and (d) 1.0%
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the absorption result and the smaller the reflection. The number of doping ions and the high
calcination temperature used can affect the RL value in the sample. As seen in Figure 7, the
maximum RL value at a concentration of x = 1.0 with a calcination temperature of 1,000°C
of'-22.456 dB. The RL value and absorption coefficient greatly affect the absorption power
of microwaves produced by the sample. The greater the RL value produced, the higher the
absorption percentage. The maximum absorption percentage obtained was 99.62%, which
shows that the sample powder has the potential to be a microwave-absorbing material
(Susilawati et al., 2019). Basically, good absorption of electromagnetic waves is characterised
by a low reflection value and has a wide absorption band or large frequency interval because
it can absorb microstructures in various frequency ranges (Wulandari et al., 2024).

Graph of Conductivity Values. Electrical conductivity is a measure of a material’s ability to
conduct an electric current. Figure 8 shows a graph of the relationship between frequency
and conductivity value.

For Figure 8, the graph of the value of electrical conductivity to frequencies with
temperature variations that produce the lowest conductivity value of 0.12006 o is found
at 600°C and the highest temperature of 1.20305 o is found at 1,000°C and is included in
the semiconductor category.
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Figure 8. Graph of conductivity values of temperature variations at 200, 600, and 1,000°C for samples with
doping concentrations: (a) 0.0%, (b) 0.4%, (c) 0.8%, and (d) 1.0%
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Good electrical conductors have a conductivity value of 107 g, while insulating

materials have very low conductivity values, namely between 107'° g and 1072° g. Between

these two properties, semiconductor materials have conductivity values of 107 to 10° ¢
(Mahmood et al., 2015). Based on the results obtained, it can be concluded that the sample
is very good for use as an energy absorber. The formation of an electric field on the absorber

surface occurs when microwaves hit the material coated with microwave absorber material,

after which a current flows as a surface current so that it can convert microwaves into heat

energy microwaves because the semiconductor material can convert microwave energy

into heat energy.

VNA Test Results using Variations in
Doping Ions

Graph of RL Values. Based on Figure 9, the
graph of the value of RL against frequency
with variations in doping ions is 0.0; 0.4;
0.8; and 1.0% at 200, 600, and 1,000°C
temperatures, resulting in greater RL values
as the doping ion is used, the maximum
RL value produced is -18.3282 dB in the
sample x = 1.0% and with a calcination
temperature of 1,000°C. The higher the
concentration used, the percentage of metal
ions as doping will also increase, which
results in a large negative RL value in the
sample, as indicated by the nature of the
sample, namely soft magnetic, which has
been tested using a VSM tool.

This is because the RL value and
absorption coefficient greatly affect the
microwave absorption power produced
by the sample. The greater the RL value
produced, the higher the absorption
percentage (Yunasfi et al., 2017). The
requirements that must be met in the
manufacture of microwave-absorbing
materials are that the material used must
have a high conductivity value, because it is
good for use as an absorbing material.
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Figure 9. Reflection loss value graph of concentration
doping at x = 0.0, 0.4, 0.6, and 0.8% for samples with
variations temperature: (a) 200°C, (b) 600°C, and (c)
1,000°C

Pertanika J. Sci. & Technol. 34 (1): 21 - 42 (2026) 35



Susilawati, Aris Doyan, Ali M. A. Abdul Amir Al-Mokaram, Mohammed Ahmed Ali Omer, Wan Yusmawati Wan Yusoff,
Muhammad Taufik, Saprizal Hadisaputra, Yana Taryana, Nanang Sudrajat, Dedi Riyan Rizaldi, Ziadatul Fatimah,
Muhammad Ikhsan, and Nuraini Rachma Ardianti

Graph of Conductivity Values. In Figure
10, the graph of electrical conductivity
values against frequency with variations
in doping ion concentration produces the
lowest conductivity value of 0.12471 c at a
temperature of 1,000°C and the highest of
1.18448 o at a temperature of 200°C, and
is included in the semiconductor category.
Concentration influences the effect of
concentration on measuring the conductivity
of materials, sometimes different from other
tests. If the concentration used is high, the
percentage of material used is also large
according to the calculation. So that at the
highest concentration, namely the metal
ions used, are much more, which produces a
significant reaction than other samples. This
is in accordance with previous research,
namely the formation of an electric field
on the absorber surface, namely when
microwaves hit the material coated with
microwave absorbent material, where after
that the current flows as a surface current
so that it can convert microwaves into heat
energy. The results of this study are supported
by research conducted by Fithriyani (2017),
which obtained a conductivity value of 1.62
x 10729 and is classified as a semiconductor
material.

CONCLUSION
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Figure 10. Conductivity value graph of concentration
doping at x = 0.0, 0.4, 0.6, and 0.8% for samples with
variations temperature: (a) 200°C, (b) 600°C, and (c)
1,000°C

Based on the results and discussion of the characterisation tests that have been carried out,

it can be concluded that testing has been successfully carried out on BaFe,,,,Cu,Ni,O o

powder with the final result being that at a concentration of x = 1.0 and a temperature

variation of T = 1,000°C producing peaks at certain wave numbers in accordance with

the wave number characteristics of each peak (Ba-O = 1.200 cm™', Fe-O = 542 cm™', and
Co-0O, Ni-O = 449 cm™") with a particle size of 50 nm in the sample, so it is included
in the nanoparticles. Some components have been formed, namely, hexagonal. For the
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magnetic properties of the sample, the Hc, Mr, and Ms values are directly proportional to
the concentration at each temperature. It can be said that the BaFe,,,,Cu,Ni,O,y sample
is included in the soft magnetic properties and is in accordance with theory 1.0%. T =
1,000°C can also be used as a microwave absorbing material because it is included in the
semiconductor material, namely the conductivity value is 1.20305 ¢ with the highest RL,
namely -22.456 dB, which produces an absorption value of 99.62% so that the sample
(mole fraction (x) = 1.0%) with a temperature variation of T = 1,000°C can be used as a
microwave absorbing material with a high absorption capacity.
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