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Abstract: With the rapid advancement of modern radar technologies, the development of materials capable of
attenuating or eliminating electromagnetic wave reflection has become a critical area of research in
electromagnetic interference (EMI) shielding and radar stealth engineering. These materials are not only
essential for reducing radar detectability in military applications but also for safeguarding sensitive electronic
systems and minimizing electromagnetic exposure in biological systems. This study focuses on the fabrication
and characterization of a high-performance radar absorbing material effective in the X-band and Ku-band
frequency ranges, which are commonly used in advanced defense radar systems. A novel nanocomposite was
developed by incorporating 40 wt% FeMnCo alloy particles into a polyacrylonitrile (PAN) matrix via
electrospinning. The resulting nanofiber architecture exhibited a uniform, cross-linked network with fiber
diameters ranging from 200 to 400 nm, as confirmed by Scanning Electron Microscopy (SEM). X-ray
Diffraction (XRD) confirmed uniform nanofiber formation and phase stability. Electromagnetic wave
absorption properties were evaluated using a Vector Network Analyzer (VNA). The composite exhibited
broadband absorption behavior with reflection loss (RL) values below -20 dB across both the X and Ku bands,
indicating excellent radar attenuation performance. A minimum RL of -67.59 dB was recorded at 15.40 GHz,
demonstrating the material’s strong potential for stealth and EMI shielding applications. The findings highlight
the synergistic effect of ferromagnetic FeMnCo alloy particles and the high surface area of the nanofibrous
morphology in enhancing dielectric and magnetic loss mechanisms. This work contributes to the growing field
of radar absorbing materials by offering a scalable and efficient approach to next-generation stealth technologies
and electromagnetic protection systems. Future studies may focus on optimizing the composite’s thickness,
multi-layer configurations, and environmental durability to further improve real-world applicability and long-
term performance.
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Introduction

The development of materials with the ability to absorb electromagnetic (EM) waves is of critical importance in
areas such as radar systems, electromagnetic pollution control, and communication security (Abdalla et al.,
2023; Ruiz-Perez et al., 2022). Today, both civil and military security challenges necessitate the development of
specialized materials designed to prevent radar systems from detecting objects through electromagnetic waves,
and intensive research efforts are being conducted in this context (Du et al., 2024; Saeed et al., 2024). Radar
absorbing materials (RAMs) are strategic materials that find wide application in low-visibility technologies for
military systems, in coatings designed to mitigate the effects of electromagnetic radiation, and in protective
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clothing (Kim et al., 2023). These materials operate primarily through two different mechanisms to suppress or
eliminate reflected electromagnetic waves (Kim et al., 2023; Ruiz-Perez et al., 2022). The first mechanism
involves the attenuation of EM waves within the material through dielectric and magnetic losses, whereby the
wave energy is dissipated and converted into heat. The second mechanism is based on the penetration of the
wave into the material, its reflection from the back surface, and its return to the inner front surface, thereby
generating multiple internal reflections (Figure 1).
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Figure 1. Attenuation mechanism of EM waves in RAMs (Kim et al., 2023)

In conventional RAMs, metals, metal powders, ferrites, conductive polymers, and various dielectric materials
have been employed as the absorbing phase (Abdalla et al., 2023; Huang et al., 2020). However, these materials
are often limited in practical applications due to their high density, poor corrosion resistance, heavy structures,
or low absorption efficiency within restricted frequency bands (Jia et al., 2018). Consequently, research efforts
have shifted toward the development of next-generation RAMs that are lightweight, electrically and
magnetically conductive, thermally stable, corrosion-resistant, and capable of achieving high absorption over a
broad frequency range (Huang et al., 2020; Kim et al., 2023). In recent years, advancements in materials science
have facilitated the replacement of traditional absorbers with innovative approaches based on carbon-based
materials, ceramics, and nanofiber architectures (Cai et al., 2024). Among these, the electrospinning technique
has attracted significant attention, as it enables the fabrication of lightweight, flexible nanofiber structures with
high surface area (Li et al., 2023). Moreover, this method allows the incorporation of various additives to further
enhance the absorption performance of the nanofibers (Abdalla et al., 2023; Huang et al., 2020).

Transition metals such as Fe, Ni, and Co have attracted considerable attention as magnetic absorbers due to their
high magnetization and permeability and are frequently employed as dopants in electrospinning processes
(Wang et al., 2019; Xu et al., 2024). In particular, magnetic oxides such as FesO4 (Bayat et al., 2014; Pan et al.,
2020) and MgFe20a4 (Liao et al., 2022) have been widely used as additives in electrospun nanofibers. Liu et al.
(2016) reported that CoO-doped nanofibers exhibited a minimum reflection loss (RL) of —25.7 dB at a thickness
of 2 mm. For magnetic oxides, electromagnetic absorption mainly arises from magnetic losses, as their electrical
conductivity is relatively low. This limitation can be overcome by incorporating alloys that combine strong
magnetic properties with good electrical conductivity. For instance, Chai et al. (2024) fabricated FeCo alloy
nanoparticle-doped nanofibers, achieving effective absorption performance at a thickness of 1.2 mm and a
frequency of 4.2 GHz. Similarly, Du et al. (2024) demonstrated that FeCoNi-doped carbon nanofibers achieved
strong absorption with a minimum RL of —69.3 dB at 6.8 GHz with a thickness of 1.82 mm.

In the current literature, research on nanofiber-based electromagnetic wave absorbers using magnetic alloys as
additives instead of ferromagnetic metal oxides is relatively limited. In particular, there are no studies using
magnetic alloy particles obtained in ingot form as additives in nanofiber-based electromagnetic wave absorbers.
This highlights the novelty of our work in developing ultrathin, lightweight, and broadband effective EM wave
absorbers. In this study, radar absorbing materials with lightweight, flexible, and broadband high-absorption
capability were developed by integrating FeMnCo-based magnetic alloys into electrospun nanofiber matrices.
Through this approach, the synergistic effects of dielectric and magnetic losses were harnessed to overcome the
performance limitations of conventional RAMs and address the current gap in literature. Accordingly, PAN
nanofiber doped with ferromagnetic FeMnCo alloy particles were fabricated via electrospinning, and its
electromagnetic wave absorption properties were investigated. The microstructure and absorption characteristics
of nanofibers containing 40 wt% FeMnCo alloy were systematically studied.

Method
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In this study, FeMnCo doped nanofiber was produced by electrospinning solutions containing alloy particles.
The FeMnCo alloy used was prepared from bulk material containing 17.3% Mn and 4.6% Co by weight. As
reported in the literature (Sar1 & Kirindi, 2010), this alloy was heated in a furnace at 1200 °C for 12 hours and
then rapidly immersed in room-temperature water to acquire ferromagnetic properties. This magnetic property
was the primary reason for its selection in this study.

The alloy was obtained in powder form using a diamond file. The resulting FeMnCo alloy particles were
combined with polyacrylonitrile (PAN) polymer and dimethylformamide (DMF) used as a solvent to prepare a
solution suitable for electrospinning. The fabrication steps are schematically presented in Figure 2. In the first
step, 1.11 g of PAN was dissolved in 10 mL of DMF to reach a concentration of 10% (by weight). Then, 40%
(approximately 5.4 g) of FeMnCo alloy particles were added to this solution. The mixture was continuously
stirred on a magnetic stirrer for 24 hours to ensure a homogeneous distribution. The homogenized solution was
transferred to a 10 mL syringe and subjected to electrospinning. Electrospinning parameters were set as 14 kV
applied voltage, 1 mL/h feed rate, and 17 cm tip-collector distance. After the solvent evaporated, the fibers
formed were collected on aluminum foil and dried at room temperature to obtain the nanofiber structure.
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Figure 2. FeMnCo doped PAN nanofiber fabrication scheme

The surface morphology of the produced nanofiber was examined by scanning electron microscope (SEM,
HITACHI SU5000). X-Ray diffraction (XRD) measurements to determine the phase structures of the nanofiber
sample were carried out on a Bruker D8 Advance instrument using CuKa (A = 0.15406 nm) radiation and a 20
range of 10°-80°. EM wave absorption performance was evaluated by reflection loss (RL) measurements. RL
tests were performed with a Keysight N5224B vector network analyzer; samples for X-band (8-12 GHz, WR90
adapter) and Ku-band (12-18 GHz, WR62 adapter) measurements were prepared in accordance with the
waveguide dimensions.

Results and Discussion
Morphological and Structural Analysis

The surface morphology of FeMnCo doped nanofiber is presented in Figure 3. SEM-based morphological
studies show that the fibers are distinctly one-dimensional, with an average diameter ranging from 200 to 400
nm and a very high length-to-diameter ratio along the long axis. These thin-diameter and long fiber structures
provide a high specific surface area, allowing electromagnetic waves to travel longer distances within the
material and, therefore, contributing to greater energy loss due to multiple interactions (Li et al., 2023). In
addition, a three-dimensional, cross-linked, and anisotropic network morphology formed by the overlapping of
fibers in different orientations was observed in SEM images. Such structures allow the deflection of
electromagnetic waves, the formation of multiple internal reflections, and enhanced energy absorption through
increased scattering (Cai et al., 2024). These fibers doped with the FeMnCo alloy are expected to have high
electrical conductivity due to the presence of metallic conductive phases in the polymer matrix. Such a
conductive network structure enables the EM waves to undergo multiple scattering between the fibers and their
energy to be gradually absorbed (Erdem et al., 2025; Cai et al., 2024).
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Figure 3. SEM image of FeMnCo doped PAN nanofiber (arrows indicate the agglomerations)

Detailed SEM analyses of the nanofiber sample indicated the presence of distinct particle agglomerations (dense
clusters) in some areas (see Figure 3). Alloy powders were obtained by mechanically abrading the FeMnCo
alloy ingot with a diamond file and then homogenized in the PAN solution using a magnetic stirrer. Because this
method provides low-energy mixing, it is possible that the powder particles are not fully dispersed and may
form dense clusters in places. These clusters can lead to morphological defects such as bead formation,
increased roughness, and discontinuities on the fiber surface, disrupting the continuity of the conductive
network within the composite and thus reducing EM absorption performance (Karbowniczek et al., 2022).
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Alternatively, using a high-shear homogenizer instead of a magnetic fish stirrer could significantly reduce the
risk of agglomeration by more effectively dispersing the alloy particles in the solution. Furthermore, instead of
using the powders obtained after filing, subjecting them to size reduction and surface activation using ball mills
or mechanical grinding methods could contribute to a more uniform particle distribution and a more suitable
distribution for electrospinning. Such improvements could improve electromagnetic absorption performance by
allowing for a more uniform fiber morphology and, consequently, the formation of a more stable conductive
network (Erdem et al., 2025).

The crystal structure and phase combinations of the FeMnCo-nanofiber sample were investigated in detail by
XRD analysis, and the resulting diffraction pattern is presented in Figure 4. Two broad diffraction peaks
characteristic of polyacrylonitrile (PAN), used as the polymer matrix, were identified in the diffraction pattern.
The first of these peaks is observed in the range of approximately 10—20° and corresponds to the (110) plane of
carbon, and the second is located in the range of 25-34° and represents the (002) plane of carbon (Dong et al.,
2022; Kahraman et al., 2018). These broad peaks confirm the presence of amorphous and semi-crystalline
regions of PAN and also reveal the irregular packing structure of the carbon chains. In addition to the peaks
belonging to PAN in Figure 4, sharp diffraction peaks specific to the FeMnCo alloy phases are also observed.
This indicates the presence of metallic alloy phases in the nanofiber structure obtained by the electrospinning
method. In particular, the coexistence of peaks corresponding to the martensite and austenite phases of the
FeMnCo alloy in the diffraction pattern is striking. As reported by Sar1 and Kirindi (2010), three different
crystal structures can be found stable in the FeMnCo alloy under appropriate heat treatment conditions: o -
martensite with a BCC crystal structure, e-martensite with a HCP crystal structure, and y-austenite with a FCC
crystal structure. Of these phases, o-martensite, in particular, stands out as the phase that determines the
ferromagnetic properties of the alloy due to its high magnetic moment.

In the diffraction pattern seen in Figure 4, three distinct diffraction peaks corresponding to the (311), (110), and
(200) planes of the o/ -martensite phase (Wang et al., 2018), the (111), (200), and (220) planes of the y-austenite
phase (Wang et al., 2020), and the diffraction peak corresponding to the (002) plane specific to the e-martensite
phase are clearly defined (Sar1 & Kirindi 2010). These results indicate the coexistence of a triple phase in the
nanofiber structure and the high microstructural diversity of the material. In addition, the coexistence of
different crystalline phases can create synergistic effects on the mechanical strength, electrical conductivity, and
electromagnetic wave absorption capacity of the material. In this context, the obtained XRD results reveal that
the FeMnCo-nanofiber composites provide a multiphase microstructure optimization in terms of both structural
and functional properties.
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Figure 4. X-ray pattern of FeMnCo-nanofiber
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Electromagnetic Absorption Performance

The EM wave absorption properties of the FeMnCo-doped nanofiber composite were evaluated using reflection
loss (RL) values obtained in the frequency range of 8—18 GHz. As shown in Figure 5, the measured RL values
are generally below the -20 dB level across both the X-band (8-12 GHz) and Ku-band (12-18 GHz). In
literature, a limiting value of -10 dB is defined as the minimum acceptable performance criterion demonstrating
that the material can absorb at least 90% of electromagnetic waves (Li et al., 2018; Ruiz-Perez et al., 2022). The
values below -20 dB obtained in this study indicate that the composite can achieve high-efficiency EM wave
absorption. The highest absorption performance of the nanofiber sample with a thickness of 1.2 mm was
achieved with an RL value of -67.59 dB measured at a frequency of 15.40 GHz. This magnitude represents
almost complete absorption at the relevant frequency, indicating that the reflection of EM waves from the
material surface is negligible. As stated in the literature, for the electromagnetic absorption mechanism to be
effective, the incident wave must enter the material with the lowest possible reflection (Kim et al., 2023). This is
related not only to the low RL value but also to the impedance matching (Erdem et al., 2025).

Dong et al. (2022) carbonized PAN nanofibers produced by electrospinning by heat treatment and achieved a
minimum RL value of -12.75 dB in the Ku band. Compared to our study, the PAN nanofiber doped with
FeMnCo alloy in this study showed a significant performance improvement compared to the previous study,
reaching RL values of -20 dB and below in both the X and Ku bands. This result indicates that the FeMnCo
doping significantly improves the EM wave absorption capacity of PAN nanofibers. The incorporation of
FeMnCo alloy particles into the composite indicates that dielectric loss and magnetic loss mechanisms are
activated together in electromagnetic wave absorption (Erdem et al., 2025; Xu et al., 2024). FeMnCo is a multi-
component alloy that combines high electrical conductivity and strong ferromagnetic properties. Conductive
alloy particles dispersed within the fiber matrix extend the path of incident electromagnetic waves within the
material, amplifying multiple scattering and surface polarization effects, thereby increasing dielectric losses.
Dielectric loss occurs when a portion of the electromagnetic wave's energy is converted into electric current as it
passes through the material and is converted into heat due to the material's internal resistance (Xu et al., 2024).

In terms of magnetic losses, the ferromagnetic nature of Fe and Co elements, along with the ferromagnetic
properties of the FeMnCo alloy (Sart & Kirindi, 2011), can lead to hysteresis losses, magnetic resonance, and
eddy current losses within the material (Erdem et al., 2025). In such materials exposed to a changing magnetic
field, the constant realignment of the internal magnetic field to match the external field consumes energy; this
energy loss leads to the conversion of electromagnetic waves into thermal energy, thus effective absorption (Xu
et al., 2024). In conclusion, the superior EM wave absorption performance observed in FeMnCo doped PAN
nanofiber can be explained by the synergistic effect of high impedance matching, multiple scattering effect, and
combined dielectric—-magnetic loss mechanisms. These findings suggest that metallic alloy reinforcement is an
effective strategy to optimize EM wave absorption in nanofiber-based polymer composites.
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Figure 5. RL curve of FeMnCo-nanofiber in the 8—18 GHz range
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Conclusion

In this study, the morphological, structural, and electromagnetic wave absorption properties of FeMnCo alloy-
doped PAN nanofiber were systematically investigated. SEM analyses revealed that the electrospun nanofibers
exhibited a thin diameter (200-400 nm), a high aspect-to-diameter ratio, and a three-dimensional network-like
morphology. This morphology, thanks to the high specific surface area and multiple scattering mechanisms,
allowed electromagnetic waves to travel longer distances within the material and increased energy losses. XRD
results showed that the composite structure contained amorphous and semi-crystalline regions of PAN, as well
as o -martensite, y-austenite, and e-martensite phases of FeMnCo alloy. This microstructure is believed to
enhance both the electrical conductivity and magnetic properties of the material, thereby enhancing its
electromagnetic absorption capacity.

EM absorption performance evaluations revealed that FeMnCo-PAN nanofiber composites exhibit reflection
loss values below -20 dB in the frequency range of 8—18 GHz and reach a maximum RL value of -67.59 dB at
15.40 GHz. These values demonstrate that the material can achieve highly efficient EM wave absorption in both
the X and Ku bands. The superior performance achieved can be explained by the high impedance matching
provided by the FeMnCo alloy doping, the multiple scattering effect caused by the conductive particles, and the
synergistic effect of simultaneously activating dielectric-magnetic loss mechanisms.

In conclusion, FeMnCo-doped PAN nanofiber composite stand out as lightweight, flexible, and manufacturable
materials that exhibit high electromagnetic wave absorption capacity over a wide frequency range. These

properties give these composites a high potential for use in advanced technology applications such as
electromagnetic interference shielding, radar absorbing surfaces, and wave absorption coatings.

Recommendations

To improve the electromagnetic absorption performance of FeMnCo-doped PAN nanofiber, the use of a high-
efficiency homogenizer and controlled ball mill instead of a filing method and magnetic stirrer in alloy powder
preparation is recommended. This approach can positively contribute to the electromagnetic properties of the
material by reducing alloy particle size and improving homogeneous distribution. Furthermore, systematic
optimization of FeMnCo ratios and fiber thickness, as well as layered integration of different dielectric and
magnetic phases, may further enhance absorption performance. Thermal, humidity, and mechanical strength
tests can be performed to assess the material's suitability for long-term use.
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