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Abstract— The development of radar absorbing materials (RAM) is a crucial factor in advancing stealth technology, particularly 
in aerospace and defense sectors. In this study, a nanocomposite consisting of graphene nanoplatelets (GNP) and Ferrous-
Ferric Oxide (Fe3O4 ) was successfully synthesized through a mechanical homogenization process using Planetary Ball Milling 
(PBM). This method was selected to ensure uniform dispersion of the magnetic Fe3O4 particles within the conductive GNP 
matrix, aiming to combine their respective magnetic and dielectric loss mechanisms for enhanced microwave absorption. Surface 
morphology observations revealed that Fe3O4 nanoparticles were homogeneously embedded on the wrinkled surface of the GNP 
layers, forming a well-integrated nanostructure. X-ray diffraction analysis confirmed that the Fe3O4 maintained its characteristic 
spinel cubic structure following synthesis. The composite exhibited a noticeable reduction in crystallite size and overall 
crystallinity, which is attributed to the mechanical impact during milling and the disordered nature of GNP. These structural 
modifications facilitate enhanced multiple scattering and interfacial polarization, which contribute to microwave attenuation. The 
electromagnetic absorbing performance showed that the GNP/Fe3O4 nanocomposite achieved a maximum reflection loss (RL) of 
–13.9 dB at 11.46 GHz with optimal absorber thicknesses of 3 and 5 mm. Additionally, the composite exhibited a high absorption 
efficiency of 99.48% (based on through power calculation), indicating excellent performance in the X-band frequency range. 
Overall, the results suggest that this GNP/Fe3O4 nanocomposite offers promising potential as a lightweight, cost-effective, and 
efficient RAM for stealth technology. 
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1. INTRODUCTION 

In the modern era, advances in military and defence 
technology continue to drive the need for advanced 
camouflage systems to avoid radar detection. To 
achieve this, radar absorbing materials (RAM) are 
employed. These materials are capable of absorbing 
electromagnetic waves and converting them into heat 
energy. Radar detection technology works by using 
electromagnetic waves (X-band) to identify, locate, and 
track objects [1]. This field aims to develop RAM 
materials with excellent radar wave absorption 
properties. Ideally, RAM must be thin, light, conductive, 
thermally stable, and corrosion-resistant [2]. 

Carbon-based materials are utilized in RAM 
manufacturing due to their unique properties, including 
being lightweight, having a large surface area, and 
exhibiting good dielectric properties. One of the carbon-
based materials suitable for this application is graphene. 
Graphene is highly sought after as an electromagnetic 

wave absorber because of its high dielectric loss and 
low density [3]. One of the derivative materials of 
graphene is graphene nanoplatelets (GNP). GNP is a 
carbon-based nanomaterial with a planar structure 
consisting of several layers of carbon atoms arranged 
hexagonally, resulting in a high surface area. GNP has 
the properties of a large surface area, high electron 
mobility, high tensile strength, and flexibility [4]. Based 
on a study by Lee et al [5] graphene monolayer has an 
elasticity modulus of 1.0 ± 0.1 terapascals (TPa) and an 
intrinsic tensile strength of 130 ± 10 gigapascals (GPa) 
at a strain of up to 25%. Zhang et al. [6] successfully 
synthesized TiO2/reduced graphene oxide (rGO) via a 
solvothermal route, which demonstrated a high reflection 
loss of −42.8 dB at 8.72 GHz. Similarly, Anselmo et al. 
[7] fabricated GNP/ZnO through planetary ball milling, 
achieving −28.21 dB at 8.45 GHz. Furthermore, Gita et 
al. [8] obtained TiO2/GNP composites using the same 
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milling method, which exhibited a reflection loss of 
−30.72 dB at 8.42 GHz. These results show that GNPs 
are promising materials for thermal interface 
applications and as reinforcement agents in composite 
structures [9]. 

In addition to carbon-based materials, materials with 
strong magnetic properties, such as Ferrous-Ferric 
Oxide (Fe3O4), also exhibit promising magnetic 
properties. Fe3O4 has strong magnetic properties, high 
permeability, chemical stability, and cost-effectiveness 
[10], which can enhance RAM performance and is 
appropriate as a composite material. 

Carbon material composite with Fe3O4 is a promising 
option for optimizing RAM performance. According to a 
study by Liu et al. [11] Graphene@Fe3O4@PANI@TiO₂, 
synthesized via a multi-step method, exhibited a strong 
ability to absorb electromagnetic waves, achieving a 
reflection loss of -41.8 dB at 14.4 GHz and a thickness 
of 1.6 mm. Additionally, the absorption bandwidth 
corresponding to reflection loss values below −10 dB 
reached 3.5 GHz. Furthermore, Shang et al. [12] found 
that a 3D-GNL/Fe3O4 composite exhibited a strong 
attenuation response, reaching a maximum of 46.8 dB 
over a frequency range of 2-18 GHz.  

This study aims to synthesize and evaluate graphene 
nanoplatelet (GNP)/Fe₃O₄ nanocomposites prepared via 
the planetary ball milling method for radar-absorbing 
material (RAM) applications. The technique provides a 
uniform particle dispersion, enhanced interfacial contact 
between components, controllable particle size, and 
improved structural homogeneity. The novelty of this 
work lies in utilizing GNP within RAM systems, which 
remains rarely investigated, providing a sustainable 
pathway for advanced electromagnetic wave absorbers. 
Structural and morphological characterization were 
performed using Field Emission Scanning Electron 
Microscopy with Energy Dispersive X-ray Spectroscopy 
(FESEM-EDX). Crystal structure analysis was 
conducted using X-ray Diffraction (XRD). Additionally, to 
evaluate the electromagnetic wave absorption capability 
of the materials, the materials' performance was tested 
using a Vector Network Analyzer (VNA) within the X-
band (8–12 GHz) frequency range. The testing was 
performed by varying the sample thickness from 2 mm 
to 5 mm to determine the optimal thickness for maximum 
absorption performance. 

2. EXPERIMENTAL SECTION 

2.1. Materials & Instrumentations 

The materials used in this research were 5.2 g Iron(II) 
chloride tetrahydrate (FeCl₃·6H₂O), Iron(III) chloride 

hexahydrate (FeCl₂·5H₂O), 5M Sodium hydroxide 
(NaOH) and Graphene nanoplatelets. All materials were 
purchased from Sigma-Aldrich and were used without 
further purification. 

Planetary ball mill (RETSCH PM 400, Germany) was 
utilized to homogenize the nanocomposites. A field 
emission scanning electron microscope-energy 
dispersive X-ray (FESEM-EDX, Thermo Scientific Apreo 

2 SEM, USA) was used to analyze the nanocomposite’s 
surface structure and elemental composition. X-ray 
Diffraction (XRD, SMARTLAB RIGAKU, Japan) was 
utilized to conduct the crystal properties analysis. 

The Scherrer equation was used in XRD to calculate 
the crystallite particle size [13] in Eq. (1). The Scherrer 
equation utilizes several key variables: k, a shape-
related constant (0.9); λ, the X-ray wavelength (0.154 
nm); βhkl, which stands for the full width at half maximum 
(FWHM); and θhkl, which indicates the peak's position. 
Additionally, the degree of crystallinity for both Fe3O4 
and GNP/Fe3O4 nanocomposites was assessed to find 
the ratio, the crystalline peak area (Ac) was divided by 
the total peak area (Ap), as described in Eq. (2). [13, 
14]. 

 (1) 

 (2) 

2.2. Synthesis of Fe3O4 Nanoparticle 

Fe3O4 nanoparticles were synthesized by mixing 5.2 g 
FeCl3.6H2O and 2.0 g FeCl2.4H2O precursors in 100 mL 
DI water. The solution was stirred and heated until the 
temperature reached 60°C. Furthermore, 20 mL of 5 M 
NaOH was added dropwise until the color of the solution 
turned black. The temperature was maintained at 60°C, 
followed by stirring for 5 min. Afterwards, the precipitate 
was separated using centrifugation for 10 minutes, and 
then washed with ethanol and deionized (DI) water until 
the pH was neutral. The precipitate dried in an oven at 
60°C for 24 h, and the overall formation of Fe₃O₄ 
through the coprecipitation mechanism is represented 
by the reaction Eq. (3) – (6). 

FeCl3.6H2O → Fe3+ + 3Cl- + 6H2O  (3) 

FeCl2.4H2O → Fe2+ + 2Cl- + 4H2O  (4) 

Fe3+ + 3OH- → Fe(OH)3 (5) 

Fe2+ + 2OH- → Fe(OH)2 (6) 

Fe(OH)2 + 2Fe(OH)3 → Fe3O4 + 4H2O (7) 

2.3. Ball Milling Process of Nanocomposites 

The fabrication of Fe3O4 /GNP composite was carried 
out using a planetary ball milling method. Briefly, Fe3O4  
and GNP were weighed in a mass ratio of 1:1. The 
powder mixtures were placed into a stainless steel 
milling vial, followed by the addition of stainless steel 
balls at a ball-to-powder mass ratio of 2:1. After loading 
the materials, the vial was securely sealed and placed 
on a Retsch PM 400 planetary ball mill. The milling 
process was performed for a total duration of 8 h under 
ambient conditions. 

2.4. Microwave Absorption Performance 

The absorption performance of this material is 
analyzed using a Vector Network Analyzer (VNA) in the 
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frequency range of 8 to 12 GHz (X-Band), examining 
sample thicknesses of 2, 3, 4, and 5 mm. The reflection 
loss (RL) values were calculated from the S11 
parameters and validated using the Nicolas-Ross-Weir 
algorithm [15], which measures the reflection loss (RL) 
value to assess the material's effectiveness as an 
electromagnetic wave absorber (RAM). The Reflection 
Loss (RL) value shows the material’s ability to absorb 
microwaves. The reflection loss (RL) profiles of 
GNP/Fe3O4 were obtained based on the permittivity and 
permeability at specific frequencies and sample 
thicknesses, as described by the transmission line 
theory. The relationship is represented in Eq. (8) and Eq. 
(9) [16, 17]. 

 (8) 

 (9) 

In these equations, Zin represents the input 
impedance of the absorber, Z0 is the impedance of free 
space, μr is the relative complex permeability, εr is the 
complex permittivity, f is the microwave frequency, d is 
the thickness of the absorber, and c is the speed of light 
in vacuum. An RL value of -10 dB indicates that 
approximately 90% of microwave energy is absorbed. 
Generally, materials with RL values of less than –10 dB 
are considered suitable for absorbing EM waves [18]. 
Reflection loss (RL) values can be used to find the value 
of the absorption coefficient or trough power using Eq. 
(10) and Eq. (11). 

 (10) 

 (11) 

3. RESULT AND DISCUSSION 

3.1. Mechanism Fe3O4 & GNP/Fe3O4 

The formation mechanism of Fe₃O₄ and GNP/Fe₃O₄ 
nanocomposites is described together to provide a more 
precise and continuous explanation, as suggested by 
the reviewer. The Fe₃O₄ nanoparticles were synthesized 

via the co-precipitation method, where FeCl₃·6H₂O and 

FeCl₂·4H₂O with a mass proportion of 5.2:2 were 
dissolved in 100 mL of deionized water to produce Fe³⁺ 
and Fe²⁺ ions. The dropwise addition of 20 mL NaOH 
solution (3 M) under constant stirring initiated the 
formation of Fe(OH)₃ and Fe(OH)₂ intermediates, which 
subsequently underwent dehydration and electron 
transfer to form Fe₃O₄ nanoparticles. Particle growth 
proceeded through Ostwald ripening, yielding well-
dispersed Fe₃O₄ [19].  

To develop the GNP/Fe₃O₄ nanocomposites, the 

Fe₃O₄ nanoparticles were combined with GNP using 
planetary ball milling. The repeated high-energy 
collisions during milling reduced the particle size of 
Fe₃O₄ and exfoliated the GNP layers, generating thinner 
graphene sheets. This process also promoted strong 
physical interaction between Fe₃O₄ and GNP through 
mechanical interlocking, supported by continuous impact 

and mixing [20]. A visual illustration of the complete 
formation process of GNP/Fe₃O₄ nanocomposites is 
presented in Fig. 1. 

 

Fig. 1  Formation mechanism of GNP/Fe3O4 nanocomposites 

via planetary ball milling 

3.2. Structure and Morphology Analysis 

Fig. 2(a) presents the morphology of the Fe3O4/GNP 
composite, which exhibits irregular spherical 
agglomerates with particle sizes ranging from 
approximately 50 to 150 nm. The Fe3O4/GNP particles 
undergo size reduction during the high-energy ball 
milling process. The graphene nanoplatelets (GNP), a 
carbon-based material composed of thin, sheet-like 
structures, undergo fragmentation or folding during 
milling, thereby integrating into a matrix with Fe3O4 
particles. This structure may trigger a polarization 
interference [21]. The high mechanical energy 
generated during milling promotes intimate contact 
between Fe₃O₄ and GNP components, leading to strong 
interfacial interactions. 

The elemental mapping analysis via EDX confirms 
both the composition and spatial distribution of elements 
within the composite. Fig. 2(b) shows the distribution of 
carbon (C), which is uniformly and extensively spread 
throughout the sample area, affirming the presence of 
GNP as a primary matrix component. The EDS mapping 
indicates that the significant elements in the Fe₃O₄/GNP 
composite are carbon (C), oxygen (O), and iron (Fe). 
The strongest peak corresponds to carbon, reflecting the 
dominant contribution of graphene nanoplatelets (GNP) 
to the overall composition, followed by distinct peaks of 
oxygen and iron that confirm the successful 
incorporation of Fe₃O₄ into the composite matrix. 

0.1μm

GNP/Fe₃O₄ 

0.1μm 0.1μm

0.1μm

a b

dc

 

Fig. 2  (a) FESEM-EDX analysis of FESEM GNP/Fe3O4 
nanocomposites, and EDX mapping of (b) Carbon, (c) 
Iron, and (d) Oxygen atoms. 
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Fig. 3 (a) Map sum mapping of GNP/Fe3O4 nanocomposites, 
(b) XRD diffractogram of GNP, Fe3O4, and GNP/Fe3O4 
nanocomposites 

Meanwhile, Fig. 2(c) and Fig. 2(d) represent the 
distribution of iron (Fe) and oxygen (O), respectively, 
which are clearly localized in the same regions as the 
particles observed in the FESEM image, confirming the 
existence of Fe3O4. The strong spatial correlation 
between Fe and O indicates the stable formation of 
Fe3O4, and the overlapping distribution of all three 
elements (C, Fe, and O) provides compelling evidence 
that the planetary ball milling method successfully 
produced the Fe3O4/GNP composite. The relatively 
homogeneous dispersion of Fe3O4 particles within the 
GNP matrix, as revealed by the elemental maps, 
indicates effective mixing and strong interaction between 
the two components at the nanoscale. According to the 
map sum mapping in Fig. 3(a), the GNP/Fe3O4 
nanocomposites are composed of 54.3% carbon, 26.7% 
oxygen, and 18.9% iron. 

The X-ray diffractograms of all synthesized materials 
were evaluated in the 2θ range of 20–90°, as shown in 
Fig. 3(b). The XRD pattern of GNP exhibited two 
primary diffraction peaks at 2θ = 29.41° and 42.19°, 
corresponding to the (022) and (011) planes, 
respectively. These peaks are characteristic of the 
layered hexagonal carbon structure, confirming the 

presence of stacked graphene sheets. Based on the 
Scherrer calculation, the crystallite sizes of GNP were 
approximately 8.21 nm for the (022) plane and 8.52 nm 
for the (011) plane, indicating the formation of nanoscale 
graphitic domains. Although the peak intensity of GNP 
was relatively broad, the purity of the graphene phase 
was verified from the absence of impurity-related peaks. 

The X-ray diffractogram of Fe₃O₄ displays several 
sharp and high-intensity peaks at 30.29°, 35.65°, 43.29°, 
57.25°, and 62.87°, which correspond to the (220), (311), 
(400), (511), and (440) crystal planes. These peaks 
match the standard magnetite phase with an inverse 
spinel cubic structure. The crystallite sizes calculated 
using the Scherrer equation were 32.92 nm, 33.38 nm, 
34.19 nm, 36.20 nm, and 37.24 nm for each respective 
plane, confirming the formation of well-crystallized 
magnetite nanoparticles. 

The X-ray diffractograms of the GNP/Fe₃O₄ 
nanocomposite showed clearly combines the distinct 
characteristic peaks of both GNP and Fe₃O₄, indicating 
the successful formation of the hybrid nanostructure. 
The composite exhibits diffraction peaks at the same 2θ 
positions as its constituent materials—Fe₃O₄ peaks at 
30.29°, 35.65°, 43.29°, 57.25°, and 62.87°, and GNP 
peaks at 29.41° and 42.19°. The crystallite sizes of the 
GNP/Fe₃O₄ nanocomposite were calculated to be in the 
range of 23.47–26.60 nm, reflecting the combined effect 
of particle refinement and structural disorder from the 
ball milling process. 

3.3. Microwaves Absorbing Performance 

Fig. 4 shows the VNA results of GNP/Fe₃O₄ 
nanocomposites with thickness variations of 2, 3, 4, and 
5 mm. At a thickness of 2 mm, the composite exhibited a 
main absorption peak at 11.45 GHz with an RL of –12.1 
dB and a through power of 99.3%, indicating effective 
absorption within the X-band frequency range. 
Increasing the thickness to 3 mm resulted in a deeper 
RL of –13.9 dB at 11.46 GHz, with a through power of 
99.4%. The 4 mm sample showed an RL of –13.8 dB at 

 

Fig. 4  VNA results of GNP/Fe3O4 nanocomposites at 2–5 mm 
thickness. 
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the same frequency, while the 5 mm sample again 
achieved an RL of –13.9 dB at 11.46 GHz, 
demonstrating stable absorption performance even at 
increased thickness. As illustrated in Table 1, all 
GNP/Fe₃O₄ samples consistently exhibited low RL 
values and high through-power attenuation across the 
thickness range of 2–5 mm (Table 1). 

A detailed analysis shows that all tested thicknesses 
achieved RL values of –10 dB or lower, corresponding 
to over 90% microwave attenuation [22], confirming the 
excellent performance of GNP/Fe3O4 as a RAM. The 
observed enhancement in absorption with increased 
thickness is attributed to improved impedance matching 
and a lower attenuation constant, which becomes more 
favorable due to the extended path length for 
electromagnetic wave propagation within the material 
[23]. This is further supported by the observation that the 
3 mm and 5 mm samples exhibit identical peak RL 
values (–13.9 dB). Such behavior is commonly attributed 
to multiple thicknesses satisfying similar quarter-
wavelength (λ/4) matching conditions, where increasing 
thickness beyond the optimal point does not significantly 
alter the destructive interference mechanism responsible 
for strong absorption. 

The synergistic effect between dielectric and magnetic 
losses in GNP/Fe3O4 nanocomposites enables strong 
absorption even at relatively thin profiles, making them 
highly suitable for practical electromagnetic interference 
(EMI) shielding and stealth applications. 

Table 1.  RL and through power of GNP/Fe3O4 
nanocomposites at 2 to 5 mm thickness 

Thickness 
(mm) 

Frequency 
(Hz)  

RL Value 
(dB) 

Through Power 
(%) 

2 11.45 -12.1 99.33 
3 11.46 -13.9 99.48 
4 11.46 -13.8 99.47 
5 11.46 -13.9 99.48 

4. CONCLUSION 

The GNP/Fe3O4 nanocomposite was effectively 
synthesized through a mechanical homogenization 
method using Planetary Ball Milling. Structural and 
morphological evaluations using XRD and FE-SEM 
confirmed the formation of a GNP matrix with uniformly 
dispersed Fe3O4 particles, accompanied by a reduction 
in crystallite size, which supports enhanced microwave 
attenuation. These structural characteristics contribute 
to the composite’s ability to efficiently absorb 
electromagnetic waves. The GNP/Fe3O4 nanocomposite 
exhibited a maximum absorption performance, with a 
reflection loss of –13.9 dB at 11.46 GHz and an 
absorption rate of 99.48% at both 3 mm and 5 mm 
thicknesses. This study highlights the material potential 
of lightweight and efficient candidates for radar 
absorbing materials (RAM). This nanocomposite, 
comprising conductive and magnetic components, 
provides a practical solution for stealth technology and 
the mitigation of electromagnetic interference (EMI). 
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