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1 Introduction

As the prevalence of electronic gadgets and satellite
communication networks relying on wireless tech-
nology continues to rise, the need for high-frequency
applications has seen a corresponding increase. With
the extensive utilization of electromagnetic waves in
communication systems, there comes the unintended
consequence of generating a significant quantity of
undesirable electromagnetic waves. This phenom-
enon, characterized by the detrimental proliferation
of electromagnetic pollution, is commonly referred
to as electromagnetic interference (EMI) [1]. Electro-
magnetic radiation can also have a negative impact on
various aspects of daily life, including the sensitivity
and functionality of many electrical equipment [2]. In
the environment we live in, we are constantly under a
network of wireless microwave signals that we cannot
see, which harms us. Exposure to silent and unseen
high-intensity electromagnetic waves can lead to a
range of health issues and detrimental effects, primar-
ily manifesting through physiological alterations [3-5].

The GHz frequency range is extensively employed
in communication systems and various electronic
devices. The abundant electromagnetic radiation stem-
ming from the rapid advancement and downsizing of
electronic technologies, such as wireless communica-
tion, GPS, and mobile devices, is now recognized as
an additional source of environmental contamination
[6]. This pervasive electromagnetic pollution poses sig-
nificant risks to both human health and the well-being
of our environment [7, 8].

There are several control strategies to prevent and
reduce electromagnetic wave exposure such as using
engineering techniques, use of personal protective
equipment, limiting exposure time, and reducing
exposure levels to acceptable levels [9]. To protect
systems and people from this electromagnetic pollu-
tion, it is necessary to use shielding materials against
EMI [10].

EMI shielding materials offer defense against elec-
tromagnetic waves through mechanisms designed
to either absorb or reflect unwanted EM waves [11].
It’s worth noting that, from an environmental per-
spective, the absorption mechanism is favored over
reflection [12, 13]. EMI shielding is influenced by mul-
tiple factors, with reflection loss being one of them.
This aspect hinges on the interaction between mobile
charge carriers (electrons or holes) and incoming EM
waves. Another influential factor is absorption loss,
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which is determined by how magnetic and electrical
dipoles interact with EM waves. The third mechanism,
referred to as the multiple reflection effect, comes into
play when there are extensive and sizable surface or
interfacial regions within the shielding material, lead-
ing to internal reflections [14].

EMI shielding uses composite materials with non-
continuous conductive additives like metallic wires,
particles, metal flakes, and carbon fibers [15, 16]. Poly-
mer matrix composites are favored for their versatility
and ability to address material shortcomings. NiFe,O,
spinel ferrites are important for their magnetic proper-
ties, including superparamagnetic behavior, making
them useful in various high-frequency applications
[17]. These ferrites exhibit high saturation magneti-
zation, acid resistance, and thermal stability, which
are beneficial for microwave absorption [18, 19]. Their
properties depend on factors like chemical composi-
tion, microstructure, and doping parameters. While
NiFe,O, has excellent absorption properties, its high
density and conductivity can be limiting. Therefore,
combining ferrite powder with non-magnetic poly-
mers enhances performance, making ferrite/polymer
composites ideal for lightweight and flexible micro-
wave absorbers [20, 21].

Glass fibers (chopped strands or glass fiber roving)
are among the most important reinforcements within
the high-performance composite manufacturing
industry. It also has outstanding mechanical proper-
ties [22]. Chopped wires are corrosion-resistant, light,
elastic and inexpensive and serve as reinforcement for
the composite material. It is also used for multiple pur-
poses due to its excellent strength, moisture resistance
and electrical and fire insulation. The qualities of the
composite are determined by the interface connection
between the glass fibers and the matrix resin [23].

Previous literature on the development and testing
of materials for electromagnetic shielding has demon-
strated significant advancements in this field. Kumar
et al. [24] investigated NiFe,O,/rGO nanocomposite,
which showed a total shielding effectiveness (SET) of
38.2 dB at 10.8 GHz with a thickness of 2 mm. This
high SET is attributed to the nanocomposite’s supe-
rior dielectric and magnetic loss properties, enhanced
absorption, and multiple reflections. Caramitu et al.
[25] explored polymer composite materials incor-
porating ferrite nano-powder, revealing that these
composites are effective in both lower frequencies
and the microwave domain while also exhibiting
high thermal stability. Radon et al. [26] focused on
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(Zn,Mg,Ni,Fe,Cd)Fe,O4 high entropy ferrite pow-
der, which displayed excellent microwave absorption
properties with reflection loss (RL) below — 25 dB and
shielding effectiveness (SE) below — 50 dB in the 1.9 to
2.1 GHz range for layers 0.8-1 cm thick. Shakir et al.
[27] examined the EMI shielding properties of poly-
styrene/polyaniline blends with nickel spinal ferrites,
noting a significant enhancement in shielding from
- 3 dB to less than -35 dB across a broad frequency
range of 0.1 to 20 GHz. Heryanto et al. [28] synthesized
CoFeO; using simple mechanical alloying to enhance
multiple reflections and scattering, thereby improving
EMI wave absorption. They observed a reflection loss
of — 55 dB at 10-11 GHz with an 8 mm thick sample,
demonstrating CoFeOjs significant potential as a com-
posite material for microwave absorption applications
[28]. These studies collectively highlight the diverse
approaches and material innovations being pursued
to achieve effective EMI shielding across various fre-
quency ranges and material properties.

In the present study, a new NiFe,O,-chopped
strands composite was developed for the first time,
employing optimal parameters, and its shielding
efficiency properties were evaluated. These new
composites were fabricated by blending different
quantities of components with epoxy powder, and
NiFe,O,-chopped strands composites were fashioned
at various ratios, each with a thickness of 1.3 mm,
using a hot pressing technique. Phase identification
within the composites was conducted using an X-ray
diffraction (XRD) device [29, 30], while the morphol-
ogy of the structures was analyzed via scanning elec-
tron microscopy (SEM) measurements. The chemical
compositions were determined using an Oxford-Inca
7274 instrument in conjunction with a dispersive spec-
trometer (EDS). The microwave shielding efficiency of
the NiFe,O,-chopped strand composites was assessed
across a wide frequency range (6.5-18 GHz) using a
network analyzer.

2 Experimental
2.1 Preparation of NiFe,O,

The synthesis of NiFe,O, powder was carried out
using a solid-state reaction route. Stoichiometric
amounts of high-purity nickel oxide (NiO, 97%
purity from Acrosorganics) and hematite (Fe,Oj,
99% purity from Sigma-Aldrich) were selected as
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the starting reactants. Specifically, 6.4 g of NiO and
14.2 g of Fe,0O; were measured for the synthesis. The
measured amounts of NiO and Fe,O; powders were
placed in a beaker. To facilitate the formation of a
homogeneous mixture, absolute ethanol was added
to the beaker. The mixture was thoroughly stirred
to ensure uniform distribution of the reactants. The
homogeneous mixture was then transferred to a
ball mill. Zirconium balls were used as the milling
medium. The milling process was carried out for
20 h, ensuring thorough mixing and reduction in
particle size. After milling, the resulting slurry was
dried in an oven at 100 °C for 20 h. This step was
crucial to remove the ethanol and prepare the dry
reactant mixture for the subsequent calcination step.
The dried mixture was placed in a sealed alumina
crucible and subjected to calcination. The calcina-
tion was performed at 600 °C for 4 h. This step facili-
tated the initial solid-state reaction between NiO and
Fe,O; to form NiFe,O,. Post-calcination, the resulting
powder was ground using an agate mortar to ensure
fine and uniform particle size. The ground NiFe,O,
powder was then sintered at temperatures ranging
between 1100 °C and 1300 °C for 4 h. The heating and
cooling rates were maintained at 300 °C/h. This final
step ensured the formation of single-phase NiFe,O,
powders with the desired crystalline structure. By
following these steps, high-purity NiFe,O, powder
was successfully synthesized, suitable for various
applications requiring precise material properties.

2.2 Preparation of NiFe,O,/chopped strands
composites

The chopped strands were first crushed and pulver-
ized in a durable agate mortar and then mixed with
sintered NiFe,O, powders in stoichiometric ratios.
The mixtures were prepared in plastic containers with
adjusted weight ratios of 80-20% and 60—40% (NiFe,O,
to chopped strands). These compositions were homog-
enized by placing them in sealed plastic containers
with zirconia balls and ethanol and then rotating them
in a mill for 20 h. Following the milling process, the
separate slurries were dried in an oven at 100 °C for
24 h. Each dried mixture was then washed with etha-
nol by filteration, and the washed slurry samples were
subjected to a vacuum at 60 °C for 24 h. This process
resulted in the production of NiFe,O,/chopped strand
composites with weight ratios of 80-20% and 60-40%.

@ Springer



1407 Page 4 of 12

2.3 Preparation of epoxy- (NiFe,O,/chopped
strands) composites

The NiFe,O4/chopped strands compound powders
were combined with epoxy powder to form com-
posite materials, maintaining a weight ratio of 5:1 in
grams for the mixed powders to epoxy. The resulting
mixture was shaped into pellets using a temperature-
controlled hydraulic press, applying a consistent pres-
sure of 5 MPa at 100 °C for 1 h (Fig. 1). These pellets,
with a thickness of 1.3 mm, were designed specifically
for shielding effectiveness assessments. The novel
NiFe,O,/chopped strands composites, crafted with
epoxy, were engineered to provide low shielding
effectiveness across a wide frequency range of 6.5 to
18 GHz.

2.4 Characterization methods
The phases identification of the samples were char-

acterized using X-ray diffraction (XRD) with Cu-Ka
radiation (A =1.5406 A) over a range of 20: 10-70°,
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at a scanning speed of 1°/min. Furthermore, the
microstructure and morphology of the samples
were examined utilizing a JEOL 5910LV scanning
electron microscope (SEM) in the secondary elec-
tron mode. To facilitate detailed elemental analysis,
this SEM was coupled with an advanced EDAX Gen-
esis energy-dispersive X-ray analyzer (EDX). Before
conducting the analysis, the samples were coated
with a thin layer of gold using a specialized coating
spray device to improve their reflective properties
and ensure high-quality imaging. Magnetic hyster-
esis measurements are conducted using a Cryogenic
Limited Physical Properties Measurement System
(PPMS) equipped with a Vibrating Sample Mag-
netometer (VSM). Finally, the microwave shield-
ing efficiency of the novel NiFe,O, composites was
assessed across the 6.5-18 GHz frequency spectrum,
utilizing a N 5230A PNA series network analyzer
device.

i
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—
—
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Fig. 1 Illustration of the synthesis method of epoxy-NiFe,O,/chopped strands composites
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3 Results and discussion

3.1 XRD 1nvestigations of NiFe,O,/ chopped
strands

To analyze the structure of NiFe,O,, X-ray diffraction
(XRD) spectroscopy was conducted. NiFe,O, under-
went sintering at 1200 °C for a duration of 4 h. The XRD
examination revealed the formation of singular-phase
structures of NiFe,O, (as depicted in Fig. 2).

The X-ray diffraction (XRD) patterns for NiFe,O,
and Chopped strands (Fig. 2) clearly illustrate the pre-
dominant phases present, namely NiFe,O,. The NiFe,O,
diffraction planes (111), (220), (311), (222), (400), (422),
(511), (440), and were observed at 20 diffraction angles
of 18.3°, 30.2°, 35.6°, 37.2°, 43.3°, 53.8°, 57.3° and 62.9°,
respectively. These results were indexed using PDF
Card No. 44-1485, confirming a cubic phase with a space
group of Fd-3 m. The crystallite size of the synthesized
NiFe,O, is determined using Scherrer’s formula. For a
large crystal containing minor dislocations, the Scherrer
equation can be expressed as follows [31]:

D =0.944/p cos 6 (1)

In this equation, D represents the average crystallite
size, A is the wavelength of the Cu Ka radiation, {3 is the

P: NiFe,04

Chopped strands

PGLI)

P(511)
P (440)

Relative intensity (a.u.)
P (400)

\¥~ P(111)
P(222)
P (422)

10 20 30 40 50 60 70
26 (degree)

Fig.2 XRD pattern for NiFe,O, (single-phase sintered at
1200 °C for 4 h, respectively) and Polyaniline
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full width at half-maximum (FWHM) of the diffraction
peak, and O is the Bragg diffraction angle. Utilizing this
formula, the average crystallite size is estimated to be
approximately 33.2 nm (Table 1).

The high peak intensity is indicative of increased
crystallinity, reflecting the degree of structural regular-
ity within the solid. This heightened crystallinity sig-
nificantly impacts both the hardness and density of the
material [32]. This analysis demonstrates that through
the method of oxide mixture and subsequent sintering
at the appropriate calcination temperature, a single-
phase structure for NiFe,O, with a homogeneous phase
composition was successfully achieved, eliminating any
potential intermediate phases during the process. The
absence of secondary phases in sintered NiFe,O4 was
confirmed by XRD analysis.

Experimental lattice parameters and unit cell volume
were meticulously calculated using FullProf, as detailed
in Table 1. The obtained XRD model was accurately
matched with the standard XRD model of NiFe204,
confirming the structural consistency of the synthesized
material.

3.2 SEM analysis of NiFe,O,

To delve into the microstructures and morphology of
the NiFe,O, samples sintered at 1200 °C for 4 h, we con-
ducted scanning electron microscope (SEM) analysis.
Mirroring the findings of the XRD analysis, the SEM
examination revealed the presence of solely cubic crys-
talline NiFe,O, in the samples. There were no indica-
tions of secondary phases or microstructural impurities,
as depicted in Fig. 3a, b. It's worth noting that NiFe,O,
possesses a centrosymmetric cubic crystal structure
(Fig. 3).

The microstructure exhibited the formation of
grains with morphologies that complemented each
other. Electromagnetic shielding is significantly
influenced by the multi-reflection effect, which indi-
cates internal reflections within the material. This
phenomenon frequently arises in materials with
extensive surface areas or interfacial regions. The
sintered NiFe,O,, featuring porous structures, likely
possesses substantial specific surface areas and

Table 1 Using FullProf, computed lattice parameters of a NiFe,O, specimen (sintered for 4 h at 1200 °C)

Sample

Average Crystallite Size (nm) a (A) b (A)

c (A) Volume (10%3) Space Group SYS

NiFe,0, 33.2 8.339

8.339

8.339 579.95 Fd-3 m (227) Cubic
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Fig. 3 SEM pictures of
single phase NiFe,O, a
atx2000 b atx 5000 ¢ EDS
analysis of NiFe,O, atx 5000
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multiple internal grain boundaries [33, 34]. These
characteristics contribute to an enhancement in the
effectiveness of shielding electromagnetic waves.

3.3 Magnetic properties of NiFe,O, / chopped
strands compositions

Magnetic hysteresis measurement is performed with
the Cryogenic Limited PPMS (Physical Properties
Measurement System) integrated Vibrating Sample
Magnetometer (VSM) module device. VSM measure-
ment is used to evaluate the magnetic properties of
powdered samples within a defined magnetic field
range. This characterization is carried out either at
room temperature or at a specific temperature value.

Magnetic measurement of NiFe,O, samples,
obtained by the mixture of oxides method from
NiO + Fe,O; composition and sintered at 1200 °C, was
carried out at room temperature. The magnetization
of NiFe,O, samples as a function of the magnetic field
(M-H) is shown in Fig. 4. Ferromagnetic behavior was
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obtained by measuring the saturation magnetization
value of 45.3 emu/g (Ms) of the pure NiFe,O, sam-
ple (Fig. 4). Since the Choppes strands sample did not

60
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Fig. 4 Magnetic hysteresis loops, pure NiFe,O, heat treated at

1200 °C for 4 h and chopped strands
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show magnetic properties as expected, the saturation
magnetization value was measured as 0.

3.4 Shielding effect measurements of NiFe,O,
/chopped strands

Figure 5 illustrates the frequency-dependent changes
in the shielding efficiency values of epoxy-based
composites comprising (NiFe,O,/Chopped strands)
within the 6.5-18 GHz frequency spectrum. To ensure
accuracy, the measurements were repeated for sam-
ples prepared with a consistent thickness of 1.3 mm.
Table 2 provides a reference for microwave shielding
efficiency values of various materials found in existing

30

all wt. 20% epoxy-(80% NiFe204/20% Chopped strands)
all wt. 20% epoxy-(60% NiFe204/20% Chopped strands)

204

04
_10_-
.20_.
304

Shielding Effect (dB)

-40
-50

-60 <

-70 T T T T T
8 10 12 14 16 18

Frequency (GHz)

Fig. 5 Microwave shielding efficiency of epoxy-(NiFe,0,/
Chopped 20% epoxy-(80%
NiFe,0,/20% chopped strands) compositions, all wt. 20% epoxy-
(60% NiFe,0,-40% chopped strands) compositions

strands) composites: all wt
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literature which showed comparable results to this
study.

SE (insertion loss) measurements of the composites
were analyzed using an N 5230A PNA series Network
Analyzer (Agilent Technologies). The setup consists
of a sample holder whose input and output are con-
nected to the network analyzer. To perform the SE
test, coaxial holders with sufficient diameters that
maintained 50-() impedance at the input and output
ports were used. The sample was clamped between
the two halves of the sample holder. Before proceed-
ing with the measurement, a sample-free value was
first measured.

The purpose of any shielding effectiveness (SE) test
is to determine and measure the insertion loss result-
ing from the insertion of a material between the source
and the signal analyzer. SE is determined by measur-
ing electric field strength levels with both reference
(ER) and load (EL) samples. This is without and with
protective material respectively [41]:

Besides, this can also be determined by measuring
power,

SE = 10 log 10(Px/P}) 3)

On the other hand, SE is usually expressed in deci-
bels, (dB) by the following equation [42]:
Where:

SE = 10log P, /P,(dB) (4)

P, =received power with the material present, and
P, =received power without the material present.

Table 2 The microwave shielding effect properties of other results in the literature

Sample Thickness (mm) Shielding Effective-  Frequency (GHz) Reference
ness value (dB)
Epoxy-NiFe,0,/chopped strands composite 1.3 -36.34 16.56 This work
High entropy (Zn,Fe,Ni,Mg,Cd) Fe,O, ferrite 8 -50 1.9t0 2.1 [26]
NiFe,0,-RGO-polypropylene nanocomposites 2 29.4 5.8t08.2 [35]
Polyaniline/ nickel spinal ferrites 0.25 =35 0.1to0 20 [27]
NiFe, ;Cu, ;05 gs/aniline: 1/3 2 -29.74 6.82 [30]
% 25 MWCNT 1.5 -39 1.6 [36]
Chopped strands/Ba(Zn, ;Nb,,3)O; (at 20-80 wt.%) 1.4 —24.96 6.22 [37]
CF-PTh/graphene 7%x5 =30 12.4-18 [38]
CF/epoxy-composite 2 -29.4 12.4 [39]
Graphene 2.5 wt%: epoxy 2 -29 8.2-12.4 [40]
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If the receiver readout is in units of voltage, the fol-
lowing equation could be used:

SE = 20log V; /V,(dB) (5)

where: V; and V, =respective voltage levels with
and without a material present.

The samples were then placed sequentially into the
device and compressed evenly at all different loca-
tions, always to ensure consistent pressure throughout
the sample. The difference between the presence and
absence of samples was displayed on the computer
as shielding effectiveness (SE) values. The holder is
an enlarged coaxial transmission line with unique
tapered sections and matching notches that main-
tain a characteristic impedance of 50 ohms over the
entire length of the holder [42]. The measurement
of the device was checked by repeatedly measuring
smooth, 1.3 mm thick, and rectangular-shaped sam-
ples. Sample thickness is a critical dimension. For the
best repeatability of SE measurements, the reference
sample area and the thickness of the load sample
should be the same.

The measured SE values of composites depend on
geometry and orientation. The performance value of
the shielding effect depends on how far the incident
electromagnetic wave passes through the composite
material.

Among the NiFe,O,/Chopped strands composites,
the shielding effect capabilities of NiFe,O,-chopped
strands (80-20% by weight) were clearly superior to
those of NiFe,O,-chopped strands (60-40% by weight).
This specific composite yielded the lowest recorded
value of -36.34 dB at 16.56 GHz (as shown in Fig. 5). At
various frequencies, it provided shielding effect values
of — 32.04 dB, - 32.54 dB, - 29.43 dB, and - 35.61 dB
for 6.66 GHz, 17.53 GHz, 16.86 GHz, and 16.12 GHz,
respectively. Furthermore, it maintained a shielding
effect of less than — 10 dB across a wide bandwidth,
spanning from 6.5 to 16.88 GHz.

This composite material consistently exhibited
shielding effectiveness values below — 20 dB between
6.5 and 6.92 GHz, 8.09 to 15.31 GHz, and 15.48 to
16.61 GHz.

In contrast, the epoxy-based composition of
NiFe,O, (60-40% by weight) displayed the lowest
shielding effectiveness value at — 35.61 dB, occurring
at a frequency of 17.51 GHz. It also recorded the sec-
ond-lowest shielding effectiveness value at — 33.71 dB,
observed at 6.54 GHz.
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At different frequencies, it recorded shielding effect
values of - 31.8 dB, - 26.83 dB, — 23.49 dB, - 32.04 dB,
—-30.63 dB, and - 27.3 dB for 6.67 GHz, 11.62 GHz,
13.52 GHz, 16.44 GHz, 16.56 GHz, and 17.05 GHz,
respectively.

In specific frequency ranges, its registered shielding
effect values below — 10 dB between 6.5 to 16.88 GHz,
17.34 to 17.63 GHz (as indicated in Fig. 5). This
composite material consistently maintained shield-
ing effectiveness below - 20 dB between 6.54 and
6.98 GHz, 9.39 to 12.33 GHz, 13.33 to 13.71 GHz, 14.62
to 15.2 GHz.

In both samples the increase in the peaks at 6.6 to
8 GHz might indicate a resonant frequency where the
material’s structure or composition strongly interacts
with the electromagnetic waves, providing enhanced
shielding. The drop after 8 GHz followed by a larger
peak at 16-18 GHz suggests the presence of another
resonant frequency at the higher range, possibly due
to higher-order modes or geometric effects of the
material [43].

Chopped strands played a significant role in
enhancing impedance matching and selectively tar-
geting frequencies that contribute to the shielding
efficiency of the newly developed composites at spe-
cific frequency ranges. The effectiveness of microwave
shielding is closely associated with ensuring that
the irradiation impedance aligns with the material’s
surface. The presence of the chopped strands, along
with the resonance effect, has led to the emergence of
distinct peaks in shielding efficiency. These chopped
strands structure not only contributes to these sharp
peaks but also amplifies them [44].

The interfacial polarization between chopped
strands and NiFe,O, adds substantial value to the
electromagnetic shielding composite material. The
observed peaks in shielding effectiveness result from
the interplay of trap geometry and the resonance
effect of reflection. Furthermore, the chopped strands
introduce electrical losses within the material, thereby
rendering it conducive to fine-tuning the dielectric
shielding effect of the NiFe,O, structure, consequently
enhancing electromagnetic shielding effectiveness.
Table 3 provides the shielding effectiveness values for
epoxy-based (NiFe,O,/ Chopped strands) composites
across the GHz range.

In future research endeavors, the composite com-
position comprising NiFe,O, /Chopped strands can
be subjected to more comprehensive investigations,
involving the introduction of various additives or
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Table 3 Shielding effectiveness of the epoxy-(NiFe,O, /
Chopped strands) composites of shielding features in GHz

Sample SE (dB) Frequency (GHz)

NiFe,0, / —36.34 16.56
Chopped -20 6.5-6.92, 8.09-15.31,
strands ( wt. 15.48-16.61
% 80-20) -10 6.5-16.88

NiFe,0, / -35.61,-33.71 17.51,6.54
Chopped -20 6.54-6.98, 9.39-12.33,
strands ( wt. 13.33-13.71, 14.62-15.20
% 60-40) -10 6.5-16.88, 17.34-17.63

polymers. Exploring higher frequencies will allow for
a thorough exploration of electromagnetic shielding
properties, encompassing reflection loss within radar
frequency bands and other frequency ranges.

4 Conclusions

This research thoroughly investigated the microwave
shielding efficiency of NiFe,O,/Chopped strands com-
posites, highlighting their potential as cost-effective
and straightforward solutions for microwave shield-
ing applications. The key findings from the study are
as follows:

e This study established that epoxy/NiFe,O4/
Chopped strands composites could serve as effi-
cient microwave shielding materials. Their manu-
facturing process is both simple and cost-effective,
making them suitable for widespread application.

e The X-ray diffraction (XRD) analysis confirmed that
the oxide mixture method, followed by sintering at
the appropriate calcination temperature, success-
fully produced a single-phase NiFe,O, structure
with an average crystallite size of 33.2 nm. This pro-
cess resulted in a homogeneous phase composition,
essential for consistent material performance.

e SEM analysis revealed the exclusive presence of
cubic crystalline NiFe,O, in the samples. There
were no secondary phases or microstructural impu-
rities detected, indicating a high purity level of the
synthesized material.

e SEM analysis also revealed the formation of grains
with diverse morphologies and defects, which sig-
nificantly contribute to multiple internal reflections
of electromagnetic waves. These internal reflec-
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tions extend the path length of the waves within
the material, thereby enhancing absorption and
substantially reducing the amount of energy that
passes through.

¢ The produced composite materials exhibited
exceptional microwave shielding properties. It
achieved a low shielding effectiveness of - 36.34 dB
at 16.56 GHz. Additionally, it maintained strong
shielding effectiveness across a broad frequency
range, with values below - 10 dB from 6.5 to
16.88 GHz, showcasing its capacity over a wide
spectrum.

e It is thought that the EM shielding feature is mostly
due to magnetic spinel ferrite Ni, and the sharp
shielding peaks formed are mostly due to the effect
of chopped strands.

¢ The microwave shielding effectiveness of these
composites could be further explored by incorpo-
rating various dopants. This could enhance their
performance in radar and higher frequency bands.
Such research could guide the development of
advanced shielding and armor materials, broaden-
ing the applicability of these composites to other
frequency ranges.
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