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Abstract   
This study focuses on the development of a novel BaO–Fe2O3–Graphene–PMMA–PBA composite coating 
comprising a polymer matrix reinforced with graphene and barium oxide and iron oxide, specifically designed 
for the absorption of X-band electromagnetic waves (8–12 GHz), with potential applications in the defense 
sector. The composite integrates the excellent conductivity for electricity of graphene with the dielectric qualities 
of barium oxide and iron oxide in response to the rising requirement for efficient electromagnetic shielding in 
contemporary technological and military technologies. X-ray diffraction (XRD) was used to analyse the 
composite's structural and morphological properties, and the results confirmed that the fillers were evenly 
distributed throughout the polymer matrix, assuring that the fillers are evenly distributed throughout the 
polymer matrix. Electromagnetic parameters, including reflection loss and absorption efficiency, were assessed 
with a vector network analyser. The results demonstrate that formulated composite coating exhibits excellent 
electromagnetic wave absorption, significantly minimizing reflection and effectively attenuating X-band 
frequencies. Owing to its strong absorption capabilities and material synergy, this composite shows great promise 
for applications in radar wave absorption, stealth technology, and electromagnetic interference (EMI) shielding. 
Keywords : Graphene, barium- iron oxide, polymer composite, X-band and Q-band absorber, Electromagnetic 
wave  
 
 
1. INTRODUCTION   
Electromagnetic (EM) absorbers have grown in relevance in recent years for both military and commercial uses. 
These materials play a crucial role in reducing cross-section of radar (RCS), mitigating electromagnetic 
interference (EMI), and ensuring electromagnetic compatibility in the GHz frequency range. The dielectric 
Salisbury screen (DSS) was one of the first concepts in the building of radar-absorbing material (RAM) [1]. 
MAMs, or microwave-absorbing materials, are gaining a lot of scientific interest given their multiple uses in radar 
systems, stealth technologies, and EMI suppression. [2]. Advanced RAMs are now essential in addressing the 
growing threat of electromagnetic pollution across an expanding frequency spectrum, especially in modern 
battlefields and densely packed communication environments [18–23]. 
Traditionally, carbon-based extenders such as carbon fibers, carbon nanotubes (CNTs), and various types of 
carbon nanofibers (CNFs) have been integrated into polymeric matrices to create composites with desirable EM 
absorption properties [4–15]. Among these, graphene has emerged as a particularly promising material due to 
its two-dimensional structure, large surface area, high electrical conductivity and ability to form strong 
interactions with polymer matrices [24–27]. Graphene derivatives, even at low loadings, significantly optimise 
the mechanical and electrical characteristics of composites, making them ideal candidates for EMI shielding 
materials with superior performance. 
The integration of inorganic nanostructures, such as metal oxides, with graphene further enhances its 
physicochemical properties. For instance, the incorporation of nanoparticles like TiO2, SnO2, and Fe2O3 on to 
graphene surfaces has been shown to effectively modify surface morphology and electronic structure [33–35]. 
Such hybrid materials offer synergistic effects that are advantageous for wave absorption applications [36–42]. 
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In the context of RAM development, barium iron oxide (BaFeₓOᵧ) and related ferrites have attracted attention 
due to their favourable magnetic properties, especially high complex permeability and low eddy current losses 
[43–45]. Combining these magnetic nanoparticles with conductive polymers provides dual mechanisms—
dielectric and magnetic losses—for enhanced electromagnetic wave attenuation. 
Among various polymers, poly(methyl methacrylate) (PMMA) stands out due to its excellent transparency, 
durability, and processability [46–48]. However, its limited chemical resistance has led to its modification 
through blending with polymers like polyvinyl alcohol (PVA) or incorporation of nanofillers to improve its 
overall functional properties, including EMI shielding performance [49–51]. 
Recent advances in conductive polymer nanocomposites (CPNs) have demonstrated that integrating graphene 
with magnetic nanomaterials can yield composites with high electrical conductivity, tunable magnetic properties, 
and enhanced EM wave attenuation [52–61]. 
Objective of the Present Study: 
This study focuses on the development of a graphene–barium iron co-oxide–polymer composite as an effective 
absorber of electromagnetic waves in the range of frequency under X band (8–12 GHz). The composite aims to 
combine the high electrical conductivity of  sinle or multi layer graphene with the magnetic properties of barium 
iron oxide within a PMMA-based polymer matrix. The objective is to synthesize, characterize, and evaluate the 
composite’s electromagnetic properties for potential applications in defense, radar stealth technologies, and EMI 
shielding. 
 
2. MATERIALS AND METHOD 
2.1 Materials: 
Graphene powder was procured from Technistro industries (India) with a specified  covering surface area of 150 
m²/g, average 3–5 layers thickness, and flake size distribution of 5–10 µm. Iron oxide (Fe2O3) were obtained 
from Alfa Acer with an average particle diameter of 30–50 x 10-9 meter (nm), exhibiting a high saturation 
magnetization (Ms \~70 emu/g). Barium oxide (BaO) powder of analytical grade (≥99% purity) was sourced 
from Banga Holdings. Polymethyl methacrylate (PMMA, MW \~120,000) and Poly butyl acrylate (PBA) polymer 
emulsion were procured from Madhav Paint Patan used as the host polymer matrix for binding composite. 
2.2  Experimental Method:  
Composite Synthesis 
The composite was synthesized via a multi-step method to ensure consistent dispersion of extenders and effective 
matrix–filler interaction. The synthesis involved the following steps: 
Pre-mixing: 
A mixture containing 0.2 g of graphene, 0.2 g of BaO, and 1.8 g of Fe2O3 was ultrasonically dispersed in distilled 
water using a probe sonicator (50 Hz) for 30 minutes. This dispersion was then combined with an aqueous blend 
of PMMA and polybutyl acrylate emulsion. The resulting mixture was manually ground using a mortar and 
pestle for 5 minutes to facilitate uniform distribution. 
Ultrasonic Dispersion and Post-processing: Curing: 
The paste was further sonicated for 30 minutes to break agglomerates and achieve a uniform gel-like consistency. 
Gelation occurred within 1 hour, and the mixture was allowed to fully cure over the next 12 hours at ambient 
conditions. 
After curing, the composite was demolded and cut into rectangular samples slab with dimensions of 22.8 mm × 
10.16 mm × 2 mm for characterization. 
 
 
 
3. CHARACTERIZATION TECHNIQUES  
3.1 X-ray Diffraction (XRD): 
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A Rigaku D/Max X-ray diffractometer (30 kV, 2 mA) equipped with a SC-70 detector was used to analyse the 
composite's structure. Powder samples were analyzed to confirm phase composition and dispersion of fillers. 
3.2 Electron Spin Resonance (ESR) Analysis: 
The electromagnetic wave absorption behaviour of the composite was analyzed using a JEOL JES-FA200 ESR 
spectrometer with both X-band (8–12 GHz) and Q-band capabilities at SAIF, IIT Bombay. Parameters such as 
resonance position, linewidth, and signal intensity were recorded. 
3.3 FE-SEM Morphology: 
The BaO– Fe2O3–Graphene–PMMA–PBA composite morphology was examined using FESEM - Field emission 
scanning electron microscope (JEOL JSM-7600F) at the central instrumentation facility, IIT Gandhinagr. 
3.4 Vector Network Analysis: 
At CFC-SAIF Kolhapur, electromagnetic characteristics were examined using a Vector Network Analyser (Model: 
ENA E5063A, Keysight Technologies). The instrument operates over a 50 kHz to 18 GHz frequency range. In 
this study, S-parameters (S11 and S21) were measured in the X-band region (8.2–12.4 GHz) to determine 
reflection loss and absorption efficiency of the composite material. 
3.5 Vibration Sample magnetometer 
Using a vibrating sample magnetometer (VSM, Lake Shore 7404) at Charusat, the samples' magnetic 
characteristics were evaluated. 
3.6 Attenuation (Np/m) Characterization 
This characterization provides a reliable measure of the sample’s transmission efficiency and its suitability for 
low-loss applications.From the attenuation equation (Np/m), the propagation loss per unit length of the material 
can be determined with VNA data. 
 
4. RESULTS AND DISCUSSION 
4.1  X-ray Diffraction (XRD) Analysis 
The XRD pattern of the BaO– Fe2O3–Graphene–PMMA–PBA composite (Fig.1)bited broad diffraction peaks 
centered at approximately 2θ = 24.6°(d= 3.617 A0) and 34.6°(d= 2.59 A0)and  their miller indices are (0 0 2) and 
(1 1 9) respectively. The peak at 24.6° is characteristic of disordered or few-layer graphene[62], while the broader 
reflection at 34.6° can be attributed to the nanocrystalline phases of barium oxide and iron oxide[45]. The 
absence of sharp and intense diffraction peaks suggests a predominantly amorphous structure or the presence 
of ultrafine crystallites with dimensions below the coherent diffraction domain size. This observation is 
consistent with the expected microstructure of a polymer-based nanocomposite, where the dispersion of metal 
oxide particles and graphene within the polymer matrix typically leads to reduced crystallinity and limited long-
range order. 

 
Figure. 1 XRD of BaO– Fe2O3–Graphene–PMMA–PBA composite 

4.2  Electron Spin Resonance (ESR) Analysis: 
The X-band ESR spectrum of the BaFeG–PMMA–PBA composite was recorded over a range of magnetic field 
strengths to investigate the magnetic environment of the composite system. The resulting spectrum (Figure. 2) 
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displays multiple overlapping resonance features, indicative of the presence of diverse magnetic centers within 
the material. 
A prominent resonance signal appears around 60 a.u., accompanied by broader peaks at approximately 190 a.u., 
370 a.u., and 540 a.u. These features suggest the coexistence of multiple spin environments, potentially arising 
from super exchange interactions among Fe³⁺ ions and the interfacial interaction between the metal oxides and 
graphene. 
The peak at ~370 a.u. corresponds to an effective g-value of approximately 1.8, calculated using the standard 
ESR resonance condition: 

g = 
ℎ𝑣

𝜇𝐵𝐵𝑟
  --------------------[1] 

where, 
v = 9.4 GHz (X-band frequency), Br ~0.037 T. This lower value of g factor (less than 2.0023), indicating 
Fe³⁺presence in a distorted octahedral crystal field or spin–orbit coupling effects at the metal oxide–graphene 
interface.The observed g-value is slightly lower than the free electron value (2.0023), indicating the Fe³⁺availible 
as ions form in a distorted octahedral field, likely influenced by spin–orbit coupling and interface effects between 
the magnetic phases and the graphene matrix. 
The broadness and asymmetry of the ESR signals further suggest significant magnetic anisotropy and a 
distribution of spin states. These characteristics are typically associated with structural inhomogeneity, 
nanocrystalline domains, and interfacial interactions within polymer-based magnetic nanocomposites. 

 
Figure. 2 X- band ESR of BaO– Fe2O3–Graphene–PMMA–PBA composite materials 

4.3 Q-band ESR Analysis: 
To analyse more closely at the magnetic characteristics of the BaO- Fe2O3-Graphene Polymer composite with 
enhanced resolution, Q-band ESR measurements were conducted. The Q-band spectrum (Fig. 3) provides 
significantly higher field sensitivity compared to the X-band, allowing for the resolution of finer magnetic 
features, including subtle g-factor variations, magnetic anisotropy, and spin environment heterogeneity. 
The recorded spectrum spans a magnetic field range of approximately 600–1300 a.u., with a dominant resonance 
centered near 1230 a.u. Unlike the X-band data, the Q-band reveals a broad yet finely structured signal, 
characterized by multiple weakly resolved resonance lines. These features are indicative of enhanced dipolar 
interactions, magnetic exchange coupling, and the presence of multiple magnetic centers within the composite. 
The finely split resonance signals suggest weak anisotropic interactions and point to distinct local environments 
of Fe³⁺ ions, likely influenced by their proximity to graphene sheets and the polymer matrix. Such variations in 
local magnetic symmetry are consistent with a disordered or heterogeneous microstructure, where 
nanocrystalline magnetic domains and interfacial effects dominate. 
Furthermore, the Q-band spectrum supports and complements the X-band findings, reinforcing the presence of 
spin–orbit coupling, distorted octahedral crystal fields, and anisotropic spin distributions. The combined ESR 
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data confirm the complex magnetic behavior of the composite, underlining its potential as a functional material 
for electromagnetic wave absorption, particularly through magnetically induced dielectric loss mechanisms. 

 
Figure. 3 Q-band ESR of BaO– Fe2O3–Graphene–PMMA–PBA composite materials 

4.4  Morphology and Microstructural Analysis (FE-SEM): 

A B C D 

 
Figures 4(A–D) FE-SEM micrographs of the of BaO– Fe2O3–Graphene–PMMA–PBA composite materials. 

Figures. 4(A) At lower magnification, the composite surface exhibits a heterogeneous texture with uniformly 
distributed particulate phases embedded in the polymer matrix. The layered, wrinkled morphology of graphene 
sheets is discernible, forming an interconnected conductive network that acts as a scaffold for oxide particle 
deposition. 
Figure. 4(B) shown the higher magnification reveals Barium Oxide and Iron Oxide particles with irregular 
geometries anchored onto graphene surfaces and dispersed within the polymer. The distribution appears 
uniform, and the intimate contact between oxides and graphene indicates strong interfacial adhesion. 
Figure. 4(C) micrograph highlights regions where graphene layers overlap with agglomerated oxide particles, 
generating localized roughness and micro-pores. Impedance matching and multiple scattering of incident 
electromagnetic waves are anticipated to be enhanced via such morphological features. The highest 
magnification image (Figure. 4(D)) reveals fine nanoscale features decorating the oxide particle surfaces, along 
with visible interlayer gaps in graphene sheets. These nanoscale textures are likely to increase the effective surface 
area and facilitate interfacial polarization, both critical for X-band absorption efficiency. 
The overall morphology demonstrates a hierarchical arrangement of conductive graphene and 
dielectric/magnetic (BaO, Fe2O3) phases, optimized for synergistic electromagnetic attenuation through a 
combination of dielectric loss, magnetic loss, and multiple scattering phenomena. 
4.5  Vector Network Analyzer (VNA) Measurements: 
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Microwave absorption performance of the BaO– Fe2O3–PMMA–PBA composite was evaluated in the X-band 
frequency range (8.2–12.4 GHz) using a KEYSIGHT E5063A Vector Network Analyzer (VNA). The composite 
samples were cut to standard dimensions (22.8 mm × 10.16 mm × 2 mm) and mounted in a waveguide sample 
holder for S-parameter analysis. 
The VNA provided detailed measurements of the scattering parametersS11 (reflection coefficient) and S21 
(transmission coefficient), from which reflection loss (RL) was calculated. The reflection loss is a critical 
parameter for assessing microwave absorption efficiency and is given by the equation: 

RL(dB)=20log∣S11∣ 
With a minimum RL value below -10 dB, the results demonstrated that the composite had a high reflection loss 
inside the X-band, meaning that over 90% of the incident electromagnetic wave energy was absorbed. This 
performance meets the practical criterion for effective microwave absorbers. Both the magnetic BaO– Fe2O3  
particles and the conductive graphene  produce the significant broadband absorption properties. and the 
polymeric matrix, which together facilitate both magnetic and dielectric loss mechanisms. These thin layers of 
coating confirm the material's potential for radar stealth technology, by shielding against electromagnetic 
interference and absorption of  microwave in the 8-12 GHz (X-band) region. 

A 

 

 B 

C D 

 
Figure. 5(A) Reflection loss vs. Frequency X Band (B) Loss tangent tan δɛ (Permittivity) vs Frequency (GHz)  

(C)  Loss tangent tan δɛ (Permeability) vs. Frequency (GHz) (D) Impedance Matching vs Frequency 
The set of four graphs in Figure. 5 represents the electromagnetic absorption performance of the studied material 
over the X-band frequency range. Each graph provides insight into key parameters such as reflection loss, 
magnetic and dielectric loss tangents, and impedance matching. 
The Figure 5(A) shows the variation of reflection loss (RL) in decibels (dB) across the X-band (8–12 GHz). A 
general increasing trend in reflection loss is observed with frequency. The minimum RL value is close to −9 dB 
at lower frequencies and gradually increases to around −11 dB. This indicates moderate absorption behaviour, 
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with better absorption at higher frequencies. The increasing trend may suggest enhanced attenuation capabilities 
as frequency rises, possibly due to improved dielectric or magnetic losses. 
This Figure 5(B) indicates the tan δε dielectric loss tangent vs. frequency. The tan δε values fluctuate between 
0.13 and 0.17. A peak is observed near 8 GHz, indicating maximum dielectric loss at that frequency, which can 
contribute significantly to energy dissipation. The irregular trend implies frequency-dependent dielectric 
behaviour, likely due to interfacial polarization and dipole orientation relaxation mechanisms within the 
material matrix. 
The magnetic loss tangent also varies with frequency, showing values ranging from 0.02 to 0.06. The curve shows 
multiple fluctuations, indicating magnetic resonance phenomena. Although the values are lower than the 
dielectric loss tangent, magnetic losses still play a supporting role in total attenuation. Peaks in the curve may 
correlate with natural or exchange resonances within the magnetic domains Figure.5(C). 
The Figure.5(D) shows the impedance mismatch factor, where better fit between the material and vacant space 
is demonstrated by lower values. The trend reveals a decrease in |Γ| from around 0.36 to below 0.26 as frequency 
increases. This suggests that the material exhibits improved impedance matching at higher frequencies, 
facilitating better energy entry into the absorber and reducing reflection at the surface. 
 
4.6 Attenuation (Napere/m) 

 
Figure.6  Attenuation (Np/m) vs. frequency graph of the of BaO– Fe2O3–Graphene–PMMA–PBA composite 

materials. 
The material's strong radar wave absorption capability is evident from the attenuation (Np/m) vs. frequency 
graph (Figure 6). Significant reduction of electromagnetic wave intensity during propagation through the 
material is indicated by a high attenuation value over a wide frequency range. Effective energy dissipation 
through dielectric and magnetic losses is suggested by the attenuation's steady rise with frequency and 
subsequent high values. For X-band and Ku-band stealth and EMI shielding applications, this kind of behaviour 
is essential. Superior impedance matching is demonstrated by the steep slope in critical regions, which maximises 
absorption and minimises reflection. These features demonstrate the composite's effectiveness as a material that 
absorbs radar waves in real-world communication and defence systems. 
 
 
 
 
4.7  Vibration Sample magnetometer: 
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Figure.7 VSM analysis of the of BaO– Fe2O3–Graphene–PMMA–PBA composite materials. 
 
The magnetization versus magnetic field (M–H) curve displays (Figure.7) a symmetric S-shaped profile, which is 
a hallmark of soft magnetic materials. The composite exhibits a high saturation magnetization of approximately 
±48 emu/g, reflecting the substantial presence of magnetic phases within the structure. The coercivity is very 
low, measuring below 50 kOe, indicating that the material can readily reverse its magnetization with minimal 
applied field. Furthermore, the remanent magnetization is negligible, with the magnetization returning close to 
zero after removal of the external field. The nearly identical positive and negative branches of the hysteresis loop 
suggest a uniform dispersion of magnetic particles throughout the composite, contributing to its isotropic 
magnetic behaviour. 
The narrow hysteresis loop with negligible coercivity and remanence categorizes the material as a soft magnetic 
composite. Soft magnets have mobile domain walls that move easily under alternating magnetic fields, making 
them ideal for absorbing high-frequency electromagnetic radiation. This rapid magnetic response helps convert 
incident radar waves into thermal energy. 
The large Ms indicates a strong ability to store magnetic energy, directly related to the real part of the magnetic 
permeability (μ′). Impedance matching between the absorber surface and free space is enhanced by this 
characteristic. Domain wall resonance, eddy current loss, exchange resonance, and natural resonance all 
contribute to the attenuation of electromagnetic waves and cause magnetic losses (μ″). 
The combined magnetic and dielectric properties of the composite enable multiple attenuation mechanisms: 
magnetic loss from soft magnetic fillers, dielectric loss from conductive inclusions, interfacial polarization, and 
eddy current dissipation. With high Ms and low Hc, the material will respond efficiently to alternating fields in 
the X-band (8–12 GHz) and potentially higher frequencies. Low coercively reduces hysteresis loss, ensuring most 
of the incident EM energy is dissipated rather than stored. 
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Magnetic Parameters Approx. Value Significance 

Saturation Magnetization  ±48 emu/g High magnetic content and 

permeability 

Coercivity (Hc) <50 Oe Soft magnetic, low energy 

loss 

Remanent Magnetization 

(Mr) 

~0 emu/g Rapid demagnetization 

Loop Symmetry High Uniform distribution, 

isotropy 

Magnetic Classification Soft 

ferromagnetic/ferromagnetic 

Ideal for RAM 

 
The composite material's VSM analysis demonstrates its soft magnetic character by confirming its high 
saturation magnetisation, low coercivity, and negligible remanence. Radar wave-absorbing materials benefit 
greatly from these characteristics, which guarantee low hysteresis loss for quick reaction to alternating fields, 
strong magnetic loss for effective EM wave attenuation, and high permeability for impedance matching. It can 
achieve broadband, high-efficiency absorption by combining dielectric and magnetic loss mechanisms, which 
makes it appropriate for advanced radar-absorbing composites, EMI shielding, and stealth coatings. 
 
5. CONCLUSION: 
Together, the structural, magnetic, and electromagnetic analyses verify that the BaO– Fe2O3–Graphene–
PMMA–PBA composite demonstrates the fundamental properties of an effective material for absorbing radar 
waves. The majority of the phases found in XRD data are amorphous or nanocrystalline, which enhance 
dielectric loss and encourage interfacial polarisation. Strong interactions between the magnetic cores and 
graphene sheets are indicated by the complex magnetic environments, spin–orbit coupling, and magnetic 
anisotropy shown by ESR studies in both the X- and Q-bands. Significant attenuation across the X-band, 
enhanced impedance matching at higher frequencies, and moderate-to-high reflection loss are all demonstrated 
by VNA measurements, which are backed by both dielectric and magnetic losses. With high saturation 
magnetisation, low coercively, and negligible reminisce-properties perfect for attenuating high-frequency 
electromagnetic waves-VSM analysis validates the composite's soft magnetic nature. This composite is ideal for 
advanced electromagnetic wave absorbing applications, electromagnetic interference shielding, and stealth 
technology because of the synergistic combination of magnetic and dielectric loss mechanisms that ensure 
broadband absorption capability. In environment aspect that can reduce electromagnetic wave pollution in 
specified area. 
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