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Abstract— Stealth aircraft have the capability to intercept radar waves. One common technique involves the use of radar-
absorbing materials (RAMs). This study focused on the synthesis of advanced lightweight functional materials derived from 
advanced carbon and semiconductor compounds for microwave absorbing through mechanical homogenization. Graphene 
nanoplatelets (GNP) and Zinc Oxide (ZnO) possess excellent dielectric and magnetic loss capability due to their thermal 
conductivity, small particle size, large surface area, disordered structure, and lightweight nature. The GNP and ZnO were 
developed as advanced carbon and semiconductor nanocomposites using Planetary Ball Milling (PBM) at a ratio of 1:1. This 
approach aimed to improve the structure, morphology, and electromagnetic performance of the materials. A comparison 
between the nanocomposite materials and their precursors was conducted to clarify the advantages of using nanocomposites. 
FE-SEM showed the layered carbon sheets in GNP. XRD exhibited the alteration in the crystallite structure of ZnO, while FTIR 
spectroscopy confirmed the presence of specific functional groups. In addition, the GNP/ZnO nanocomposites showed strong 
microwave polarization capabilities. Notably, the GNP/ZnO nanocomposite achieved the lowest RL value compared to the 
precursor materials with a value of -28.21 dB at 8.45 GHz and a thickness of 3 mm in the scope of X-band range. While the 
through power was calculated at 99.84%. Through mechanical homogenization, a well-structured disordered crystallite layered 
material was fabricated for military RAMs. In the industrial sector, GNP/ZnO nanocomposites showed promising potential as a 
lightweight and advanced functional material for future stealth aircraft applications. 
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1. INTRODUCTION 

In the military realm, Radar Absorbing Materials 
(RAMs) are essential in stealth aircraft as an innovation 
to deceive radar systems. A radar is an electromagnetic 
device capable of mapping an area around the device by 
emitting electromagnetic (EM) signals and receiving 
echoes to create a detailed image of the surroundings 
[1]. By absorbing and redirecting the EM signals emitted 
by radar through polarization, stealth aircraft can work 
effectively [2]. RAMs function by leveraging the 

polarization of EM waves that occur on the disordered 
surface of the material and transforming them into 
thermal energy [3].  

Microwave absorbing materials (MAMs) were 
related to their complex permittivity and permeability 
[4] . These properties lead to dielectric and magnetic 
loss of the material. The ability to absorb EM waves 
represents with reflection loss (RL) value. The complex 
permittivity and permeability were connected to RL 
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value through the transmission line theory in Eq. (3) 
and (4) [4, 5]. According to Eq. (3) and (4), RL value 
depends on impedance matching, dielectric loss and 
magnetic loss through interface and dipole polarization 
[6]. Therefore, the material will exhibit strong 
microwave attenuation, and excellent impedance 
matching [5]. 

The microwave-absorbing properties of the 
nanocomposites are observed using a Vector Network 
Analyzer (VNA). The S11 parameter is used to obtain the 
RL and the through power values. RL quantifies 
electromagnetic (EM) wave absorption capability 
derived from relative complex permittivity and 
permeability [7]. The lowest RL indicates a higher 
possibility of polarization. 

The potential and unique properties of carbon make 
the development of carbon-based MAMs a current 
trend. Carbon is characterized by their low density, 
adjustable conductivity, large surface area, 
anticorrosion properties, lightweight nature, and a 
strong ability to absorb electromagnetic waves [8, 9]. 
The specific properties of carbon materials can be 
adjusted, such as dielectric loss and surface chemistry, 
by attaching functional groups to their surface [3]. A 
carbon currently being developed is graphene 
nanoplatelets (GNPs). GNPs describe advanced 
multilayer graphene in a graphite nanostructure [10, 11]. 

GNPs exhibit excellent mechanical properties, such 
as strength between ~100-400 GPa, resistivity of 50 µΩ 
cm (in-plane), thermal conductivity, expansion, stability 
in 5,300 Wm-1K-1 (in-plane), -1 x 10-6K-1 (in-plane), and 
450-650 ℃ (in air), with specific surface area of 100-
1000 m2/g up to 2600 m2/g [11, 12]. Therefore, one way to 
utilize the outstanding properties of these 
nanostructures is to use them as reinforcing elements 
in composite structures. Therefore, GNPs are well-
suited as thermal interface materials and reinforce 
components in composite structures [13].  

Moreover, ZnO is a semiconductor with excellent 
attenuation and impedance matching [14]. The oxygen 
functional groups in ZnO cause defects in the structure 
that lead to interfacial and dipole polarization, which 
improve the microwave absorbing properties due to its 
excellent dielectric loss [15]. Therefore, ZnO is suitable 
for military RAM, combined with its lightweight and 
flexible properties [16]. However, to enhance the 
microwave absorption properties, carbon is combined 
with semiconductors through PBM to develop a 
nanocomposite.  

The primary objective of utilizing PBM is to modify 
the particles, in particular, to reduce the particle size of 
the materials [17]. This condition increases surface area 
and promotes polarization. The use of the PBM method 
is proposed for safer, simpler, low-cost, and 
environmentally friendly experiments through green 
synthesis technology [18]. This method does not require 
a solution between the experiment, either non or 
hazardous solvents. 

However, studies about GNP/ZnO nanocomposites 
using PBM have not been widely investigated. Recent 
studies have shown that carbon and semiconductor-
based composites have outstanding microwave 
absorption performance. Chen, et al. have synthesized 
ZnO/porous carbon using solvent-free conditions and 
pyrolyzed at three conditions, which obtain an RL value 
of -41.7 dB at 14.5 GHz [19]. Several works have also 
shown that MWCNT/ZnO and GNPs/ZnO obtain RL 
values of -26.4 dB at 11.2 GHz and -44.8 dB at 4.65 GHz 
respectively, using high-energy milling and facile 
reaction methods [20, 21].  

Recent studies show that the performance of 
microwave absorption is influenced by several factors, 
including dielectric loss, magnetic loss, and impedance 
matching within the material. These factors are affected 
by interface and dipole polarization caused by porous, 
disordered, or amorphous structures. This particular 
research focuses on a composite structure composed 
of carbon and ZnO. The following issues was related to 
this study.  

In this study, nanocomposites are successfully 
synthesized from GNP as carbon sources and ZnO as 
semiconductors using PBM through green synthesize. 
We characterized the structure and morphology of the 
materials using field-emission scanning electron 
microscopy with electron-dispersive X-ray (FE-SEM 
EDX) and X-ray diffraction (XRD). We evaluate the 
microwave absorption by using VNA to determine the 
reflection loss at the frequency range of 8-12 GHz (X-
band). 

2. EXPERIMENTAL SECTION 

2.1. Materials 

This research used GNPs and ZnO as precursor 
materials. Commercial GNPs grade C-750 was 
purchased from Sigma Aldrich, USA. The ZnO grade AR 
with 99% purity was obtained from Loba Chemie. 
Commercial ZnO was classified as a wurtzite crystallite 
type, which referred to XRD analysis. 

2.2. Instrumentation 

Nanocomposites were mechanically synthesized with 
PBM PM 400 (Retsch, Germany). The structure and 
morphology of the materials were characterized by FE-
SEM EDX (JEOL JSM-IT700HR, Japan), and XRD 
(PANalytical, X'pert, Netherlands). The functional groups 
of all materials were confirmed by FTIR spectroscopy 
(Thermoscientific Nicolet iS-10). VNA Master Anritsu 
MS2038C (Japan) was used to test the performance of 
the materials. Data analysis was evaluated by ORIGIN 
2021 Software. 

2.3. Synthesis of GNPs/ZnO 

Commercial GNPs and ZnO were used as precursor 
materials. First, GNPs and ZnO were prepared with a 
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ratio of 1:1. GNPs and ZnO were then homogenized with 
PBM. The homogenization process was carried out with 
four stainless steel balls for 3 h at 300 rpm. Next, the 
sample was sieved using 400-mesh sieve to remove 
impurities. 

2.4. Structure and Morphology Characterization 

The sample micrographs were taken under 10 kV 
accelerating voltage in the secondary electron mode 
with 4 K times magnification, which corresponded to a 
10 µm size scale bar on the images. The crystallite 
structure of the materials was analyzed using XRD with 
a 40 kV voltage and 30 mA current. The measurement 
was taken at an incidence angle of 1° with Cu radiation 
in the 2θ 20-90°. The functional groups of each material 
were analyzed in the range of 400-4000 cm-1 under 
infrared radiation. 

2.5. Microwave Absorption Performance 

The GNP/ZnO nanocomposites were analyzed using 
VNA based on 3 mm thickness and X-band frequency. A 
two-port network was used to test the performance of 
the nanocomposites. The response of the port network 
was described by S11, S12, S21, and S22 [22]. The RL values 
were confirmed by VNA at S11 port using the Nicolas-
Ross-Weir algorithm [23]. 

3. RESULT AND DISCUSSION 

3.1. Formation Mechanism of Fabricating GNP/ZnO 
Nanocomposites 

The formation mechanism of the GNP/ZnO 
nanocomposite is illustrated in Fig. 1. GNPs and ZnO 
were prepared in a PBM vial at a ratio of 1:1. The GNP 
and ZnO were then mechanically homogenized. As 
shown in Fig. 1, the process successfully resulted in the 
synthesis of the GNP/ZnO nanocomposite. 

The particle sizes of each material were decreased 
by PBM, as detailed in Table 1. The GNP/ZnO 
nanocomposite consists of a mechanical interlocking 
 

 

Fig. 1.  Schematic formation mechanism of GNPs/ZnO 
Nanocmposites 

bond. This condition directly affects the structure and 
morphology of the GNP/ZnO nanocomposite compared 
to the precursor materials.  Mechanical interlocking 
describes strong interfacial bonding [24]. GNPs and ZnO 
are easily interracially bonded due to their disordered 
and defective structure. 

Table 1.  Value of crystallite size and crystallinity percentage 
of materials 

Material Size (nm) Percentage (%) 

ZnO 63.4 82.95 
GNP/ZnO  19.3 81.8 

3.2. Characterization of Structure and Morphology 

The FE-SEM image results of GNP are shown in Fig. 
2(a). GNP was observed as layered carbon sheets. The 
layered surface was composed of a disordered layer, 
which developed into a stacking layer. This structure 
may cause a polarization interface to occur [25]. 
Therefore, the GNP can be characterized as an 
amorphous material. Additionally, Fig. 2(b-d) show the 
EDS mapping of GNP, in which the carbon and oxygen 
elements were evenly distributed. Furthermore, based 
on the data in Fig. 3(a), carbon was the highest content 
of GNP. It refers to the high purity of the GNP.  

 

Fig. 2.  FE-SEM Images of (a) GNP: The marks show the 
layered-carbon sheets and its EDS mapping for (b) 
combined element image, (c) C, and (d) O Elements 

The microstructure and morphology of GNP/ZnO 
nanocomposites are illustrated in Fig. 4(a), while Fig. 
4(b-e) provides EDS mapping of the elements. The data 
showed the GNP/ZnO nanocomposites formed a 
crystallite structure with layered sheets. This crystallite 
layered sheet structure is arranged by disordered 
layers. The FE-SEM images of GNP/ZnO 
nanocomposites indicated that the GNP was well 
combined with the ZnO. Based on Fig. 3(b), the GNP/ZnO 
nanocomposites contained a high carbon content, 
specifically 79.7%, along with 11.9% oxygen, and 8.45% 
zinc. The GNP/ZnO nanocomposites were observed as a 
disordered crystallite layered-structure material, which  
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Fig. 3. FE-SEM EDS mapping spectrum of (a) GNP, and (b) 
GNP/ZnO Composite 

 

Fig. 4. FE-SEM Images of (a) GNP/ZnO Nanocomposites and 
its EDS mapping for (b) Combined Element Image, (c) 
C, (d) O, and (e) Zn Elements. 

confirmed by the XRD results. This disordered  
crystallite-layered structure significantly affect the 
microwave absorbing performance of the materials. 
This structure triggers the polarization of the 
microwave, which in turn causes reflection loss (RL). 

This effect is clearly demonstrated in the observed 
microwave absorption performance. 

The X-ray diffractograms of all materials were 
evaluated in the 2θ range of  20-90°. The X-ray 
diffractograms of GNP were confirmed by JCPDS 98-
007-6767. As shown in Fig. 5(a), GNP showed two 
primary peaks at 2θ values of 26° and 44°. The peak 2θ 
at  26° was evaluated as a (002) plane with a hexagonal 
crystal system [26]. The GNP crystallite planar system 
is based on the FE-SEM observations, which revealed 
that GNP consists of layered carbon sheets. The 2θ 
peak at 26° corresponds to a 3.36 nm interlayer space. 
Similarly, the 2θ peak at 44° was identified as the (011) 
plane, corresponding to an interlayer spacing of 2.03 
nm. This value represents the space between crystals 
under the X-ray. The high intensity of these two primary 
peaks confirms the purity of the GNPs. 

Fig. 5(b) shows several significant peaks of ZnO. 
These peaks were analyzed using XRD and confirmed 
with JCPDS 98-006-7574. The crystallites of ZnO were 
analyzed as a hexagonal crystal system and classified 
as a wurtzite crystal type. The analyzed peaks were 
confirmed with (010), (002), (002), (011), (012), (110), (013), 
(112), and (021) miller index, at the 2θ peaks of 31°, 34°, 
36°, 47°, 56°, 62°, 66°, 67°, and 69°, respectively. The XRD 
pattern exhibited perfect peaks of ZnO, corresponding 
to non-impurities with an incredibly high-intensity 
value. These findings confirm the purity of ZnO.  

The X-ray diffractograms of GNP/ZnO 
nanocomposites are presented in Fig. 5(c). As 
illustrated in Fig. 5(b-c), the GNP/ZnO nanocomposites 
perfectly exhibited distinct crystallite peaks of ZnO. 
Moreover, the carbon peak of GNP was evaluated at the 
2θ peak of 26°. Although the peak intensity of GNP was 
relatively low, the presence of GNP was confirmed in 
the GNP/ZnO nanocomposites. The presence of GNP 
and ZnO peaks in Fig 5(c) indicates that the disordered 
crystallite-layered structure of GNP/ZnO 
nanocomposites was successfully fabricated. In 
addition, the intensity of GNP and ZnO decreased 
significantly compared to GNP/ZnO nanocomposites. 
This trend occurs due to changes in the crystalline 
phase between the precursor materials and GNP/ZnO 
nanocomposites [27]. Overall, these findings indicate 
that GNP/ZnO nanocomposites is successfully formed. 

The particle size of the crystallite was calculated 
using the Scherrer [28]: 

 

(1) 

where, k is a constant related to crystallite shape (0.9), 
λ is the X-ray wavelength (0.154 nm), βhkl is the FWHM 
number, and θhkl is the peak position.  

The crystallite particle size value of ZnO and 
GNP/ZnO nanocomposites were calculated using the 
Scherrer Eq. (1). The following crystallite size was 
referred to the FWHM number of the significant peaks 
of each material. Moreover, the crystallinity percentage 
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of ZnO and GNP/ZnO nanocomposites was also 
determined. The following measurement was conducted 
using the area of crystalline peaks (Ac) and the area of 
all peaks (Ap) in Eq. (2) [29, 30]. 

  (2) 

 

Fig. 5. X-Ray Diffractogram results of (a) GNP, (b) ZnO, and (c) 
GNP/ZnO Nanocomposites 

Based on Table 1, the crystallite size and the 
crystalline percentage value of ZnO were decreased 
compared to GNP/ZnO nanocomposite. The decreasing 
of crystallite size and the crystalline percentage value 
indicates the presence of ZnO crystal impurities in the 
GNP/ZnO nanocomposites. However, this impurity 
indicates that the GNPs are successfully composed with 
ZnO, which refers to the disordered crystallite-layered 
structure of GNP/ZnO nanocomposites in FE-SEM 
images (Fig. 4). 

The FTIR spectra was obtained through infrared 
reflection in the range of 400-4000 cm-1. Fig. 6 
represents the functional groups of ZnO and carbon 
bonds. The fingerprint peaks of ZnO were identified at 
436 and 420 cm-1 [31, 32]. The shifting is a result of the 
interaction between GNP and ZnO. In addition, the 
simultaneous peak exhibited around 3400 cm-1 by all 
materials represented the stretching vibration of O-H 
bonds [31–33]. Furthermore, the peaks observed in the 
range of 1638 – 1169 cm-1 were attributed to the 
presence of carbon bonds from environmental moisture 
[31–34]. These peaks indicate that the GNP/ZnO 
nanocomposites are successfully synthesized. 

 

Fig. 6. FT-IR spectra of ZnO and GNP/ZnO 

3.3. Microwaves Absorbing Performance 

The microwave absorption performance was 
evaluated using VNA. The Nicolas-Ross-Weir algorithm 
is used to calculate the S11, which RL value is obtained 
[5]. The Nicolas-Ross-Weir algorithm is shown by Eq. (3) 
and (4). 

 (3) 

 
(4) 

Where Zin and Zo repsent the input impedance of the 
absorber and the impedance of empty space 
respectively, while µr and εr are complex permeability 
and permittivity, f is frequency, d and c are thickness 
and light’s velocity. 

The through power of the materials was calculated 
using Eq. (5) and (6), which used the RL value [35]: 

 
(4) 

 (5) 

Based on Fig. 7 and Table 3, all materials showed 
four significant RL peaks. The lowest peak of all 
materials was displayed by GNP/ZnO nanocomposites 
with a value of -28.21 dB at 8.45 GHz, while the through 
power was evaluated at 99.85%. In more detail, in the 
scope of ZnO, the lowest RL was shown at 8.58 GHz 
with -20.08 dB and 99.08% through power. For GNP, -
27.01 dB at a frequency of 8.42 GHz was evaluated as 
the lowest RL with the a through power value of 99.8%. 
All evaluated materials showed a minimum RL value of 
8.4 GHz. 

These results were influenced by the structure and 
morphology of the material. The GNP/ZnO 
nanocomposites were observed as the most complex 
structure and morphology, with the observed functional 
groups. The disordered crystallite layered-structure of 
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GNP/ZnO nanocomposites allows the dielectric loss to 
occur, which leads to interface and dipole polarization 
[36]. Furthermore, the decreasing of the crystallite size 
and percentage value of ZnO crystal indicates a smaller 
particle size of the GNP/ZnO nanocomposites. Smaller 
particle size means the surface area of the material is 
larger, which is related to dipole polarization. 
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Fig. 7.  VNA results of ZnO, GNP, and GNP/ZnO 
nanocomposites 

Based on the microwave absorption performance, 
the GNP/ZnO nanocomposites were observed as the 
most suitable material for military radar absorbing 
material. FE-SEM, XRD, and FTIR results showed that 
the GNP/ZnO nanocomposites were successfully 
formed. 

Table 3. RL and through power value of the materials 

Materials 
Frequency 

(GHz) 
Reflection 
Loss (dB) 

Through 
Power (%) 

ZnO 8.48 -20.08 99.08 
9.12 -7.75 83.21 
10.14 -5.08 68.95 
11.37 -5.69 73.02 

GNP 8.42 -27.01 99.8 
9.11 -17.79 98.33 

10.13 -15.85 97.4 
1126 -12.16 97.91 

GNP/ZnO 8.45 -28.21 99.85 
9.17 -21.21 99.24 
10.13 -24.42 99.63 
11.08 -18.45 98.57 

CONCLUSION 

The GNP/ZnO nanocomposite was successfully 
prepared using mechanical homogenization. The 
disordered crystallite layered structure of the GNP/ZnO 
nanocomposites was evaluated with FE-SEM and XRD 
imaging, while the signature functional groups of 
GNP/ZnO nanocomposites were analyzed with FTIR 
spectroscopy. These remarkable properties of GNP/ZnO 

nanocomposites demonstrated their great suitability for 
military RAMs. The GNP/ZnO nanocomposites exhibited 
microwave absorption rates of up to 99.8% with the 
lowest RL of -28.21 dB at 8.45 GHz, when the thickness 
was 3 mm. Overall, the GNP/ZnO nanocomposites 
showed outstanding performance as advanced 
lightweight materials for military RAMs 
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