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ABSTRACT

An innovative hybrid RGO/GO (reduced
graphene oxide/graphene oxide) papers, HGOP
incorporated in Salisbury screen absorbers are
successfully demonstrated. Compared with reduced
graphene oxide papers RGOP, HGOP possesses
tunable RGO/GO ratio such that several advantages
are achieved including better impedance matching
between air and HGOP and creation of more loss
mechanisms. For fabricating HGOP, important
processing parameters include RGO/GO weight
fraction in suspension, sonication time for suspension,
and thickness of HGOP. For RGO/GO of 1.5 wt%,
sonication time of 10 min, HGOP thickness of 0.5 mm,
and air spacer thickness of 3.16 mm, the HGOP15-
T10-TH5-AS3 radar absorbing structure (RAS) has
attained superior reflection loss (RL) of — 49.1 dB at
10.6 GHz with —10 dB bandwidth of 3.9 GHz. To
analyze major loss mechanisms caused by this RAS,
scanning electron microscope (SEM) micrographs of
various HGOP are carefully examined. Functional
groups and interaction of RGO/GO are found to be
effective for loss mechanisms. Better microwave
absorbing properties can be attributed to multiple loss
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mechanisms of the HGOP and the destructive
interference mechanism.

INTRODUCTION

The radar absorbing structures (RASs) proved
successfully in the early age of the 20" century for
military purposes. Nowadays RASs have evolved and
applied prevalently for human life including not only
warplanes and warships, but also anti-radiation
devices, clothes, and building. Due to advancement of
material technology, light weight, wide bandwidth,
thin thickness and flexibility of excellent RASs (Yang,
2014; Zhang, 2014) become achievable to conceal
sensitive great bodies like planes, battle ships, tanks,
and military equipment by enhancing electromagnetic
reflection losses (Houbi, 2021). Besides, RASs
significantly reduced radar cross section (RCS) of an
object in specific radar frequency band and were used
in the strategic area of camouflage and stealth
technology (Zhao, 2014). A larger RCS indicates that
an object is more easily detected by radar. Microwave
absorbing materials (MAMSs) can be classified based
on their loss mechanisms, including dielectric-loss
dominated MAMs such as SiO, ceramics, magnetic-
loss dominated MAMSs such as magnetic metal oxide,
and conductive-loss dominated MAMs such as carbon
materials (Pang, 2021). Usually, an effective MAM
combine two or three loss mechanisms. Among them,
nanomaterials become an excellent candidate for
MAMs due to their high specific area and other
advantages.

Nanomaterials used as microwave absorbents
could exhibit good absorbing performance and low
filler content, including graphene nanosheets, carbon
nanotubes (CNTSs), carbon nanofibers, nanoparticles,
and nanospheres due to their size and micro-structures
(Zhang, 2018; Pan, 2017; Wen, 2014). Choudhary et
al. (2017, 2019, 2021) have adopted a single-step
pyrolysis method in synthesizing carbon globules at
800°C or 1000°C, using metal (Fe-, Ni-, Mn-, or Co-)
organometallic precursors. Then those carbon
globules consisting of graphite coated metallic



nanoparticles such as nanoscale iron/iron-carbide
graphite (FeC) particles, were combined with PVDF
to achieve composite materials with good performance
for EMI shielding or microwave absorption. The
PVDF-FeC composite showed an excellent reflection
loss of —40.5 dB for a 4.3 mm thick specimen
positioned at 5 GHz frequency. Synergetic microwave
absorption of those composites was caused via
dielectric, magnetic and conductive losses.

RGO and RGO composites are major promising
materials that are adopted for microwave absorption
applications (Xu, 2015; Meng, 2018). Their related
technologies are collected and discussed here. (1)
fabrication of RGO: Wu et al. (2015) adopted a
hydrothermal process to reduce GO (graphene oxide)
to RGO (reduced graphene oxide) aerogel. A
hydrothermal process is a method of producing RGO
in which a solvent containing GO nanosheets is put
under high pressure and temperature in an autoclave.
Only with a very low filler loading (10 wt%), the
S(spongelike)-PPy(polypyrrole)/RGO aerogel based
composite could reach an effective electromagnetic
absorption (EA) bandwidth (below —10 dB) of 6.76
GHz, and the highest reflection loss reached —54.4 dB
at 12.76 GHz. Ren et al. (2021) reported a facile
solvothermal method to construct Fe304/RGO
composites. Solvothermal synthesis is a method of
producing chemical compounds in which a solvent
containing reagents of FesO4 and RGO is put under
high pressure and temperature in an autoclave. The
composite showed a minimum reflection loss of —64.7
dB at 6.6 GHz with an absorber thickness of 4.5 mm
and a broad effective absorption bandwidth of 13.6
GHz with the thickness of 1.5-5 mm. Li et al. (2020)
adopted a similar method to fabricate
RGO/NZCF/paraffin wax composites. The reflection
loss of composites was excellent, with a value of
—47.10 dB and ultralow thickness of only 0.44 mm,
and the maximum bandwidth reached 3.7 GHz with
merely 1.5 mm in thickness. As microwave absorbers,
RGOs were usually used as fillers to polymers (e.g.,
epoxy resin) to make RGO-reinforced nanocomposites
(Chen, 2017) because they can replace magnetic metal
powder absorbers and reduce both weight and
thickness. In this work, RGO is reduced from GO by
putting GO in a high temperature furnace at 1000°C.
However, sole nano-scale RGO suffered from poor
dispersion in the matrix. (2) fabrication of RGO
composites: The RGO nanosheets can be simply
mixed with epoxy resin or magnetic materials to
achieve the composites (Xu, 2015; Meng, 2018; Chen,
2017). Or RGO and magnetic materials can be
combined together by a solvothermal synthesis (Ren,
2021). (3) fabrication of RGO paper: The RGO
nanosheets can simply combined together as a RGO
paper by the vacuum filtration method (Dikin, 2007;
Park, 2012; Liu, 2022). Details of steps are described
in section 2.1. The RGO paper itself can be served as
a microwave absorber, or it can be made as a RAS.
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RGOP can preserve most properties that the
monolayer RGO possesses, and are even more suitable
for RASs due to its robustness, large area, and low
thickness. The RGOP RAS incorporated with glass
fabric composite was fabricated by authors and
exhibited reflection loss of —37.4 dB at 11.8 GHz with
total thickness of only 2.76 mm (Liu, 2022). Recently,
metamaterials (Pang, 2021) attracted much attention
by their unnatural electric and magnetic properties,
which is mainly attributed to their special artificial
structures. The periodically structure helps to obtain
excellent microwave absorbing properties which are
far beyond that of general MAMs, and even some
lossless materials can show huge microwave
absorption.

For application in widespread fields, robust
properties of either GO or RGO papers are important.
Wang et al. (2013) adopted the focus ion beam (FIB)
method to fabricate GOP micrometer beams, and
found that tensile strengths of the beams increase with
the decrease of width. This result is correlated with
inter nanosheet defects of the paper. Park et al. (2012)
fabricated the RGOP from the RGO suspension by
filtration method, and found that the lowest
concentration of suspension leads to the highest
Young’s moduli and fracture strengths of more flat
RGOPs. On the other hand, the highest concentration
of suspension results in higher electrical conductivity
of RGOP because of the agglomerated effect of RGO
nanosheets. Dikin et al. (Dikin, 2007) adopted GO
(graphene oxide) suspension and vacuum filtration
method to fabricate GO papers. After five fatigue
loading cycles, the elastic modulus of GO papers
increases 20%. Effects of processing parameters on
fatigue lives of GOP were ever investigated (Liu,
2020). The longest fatigue life was achieved for the
GOP under highest power sonication time and lowest
graphene weight fraction in GO suspension.

In this paper, we adopt hybrid RGO/GO papers
termed HGOP composed of interlocked GO and RGO
nanosheets to replace the resistive 377 Q/sq sheet in
the Salisbury screen type absorber for fabricating a
novel thin RAS. This RAS includes a HGOP surface
layer, a honeycomb or glass fabric composite as a
spacer in the middle, and a perfect conducting layer
such as an aluminum foil in the bottom. The HGOP is
fabricated by the vacuum filtration method using
suspension with various composition of RGO and GO
nanosheets in deionized water. Three important
processing parameters of HGOP are investigated.
Compared with the RGOP, composition of RGO/GO
of HGOP is adjustable such that impedance matching
of HGOP and air can be optimized and favorable for
reflection loss. The electromagnetic properties and
microwave absorption characteristics of the HGOP
absorbers are investigated at X-band (8.2-12.4 GHz).
With the addition of HGOP, the RAS is expected to
have the advantages of light weight, wide bandwidth,
and flexibility. This HGOP RAS could be served as
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patch-type radar absorbing films which can be
integrated in the curved 3D parts of stealth aircrafts
such as the leading edges of wings to reduce the RCS
of the jetfighters.

EXPERIMENTAL PROCEDURES

Fabrication of HGOP and Radar Absorbing
Structures

To fabricate hybrid RGO/GO papers (HGOP),
initially graphene oxide (GO) nanosheets were
fabricated by the modified Hummers method. First,
12-gram expanded graphite powders supplied by
Homytech Co., Ltd., Taiwan were added in 460-ml
H»SO4 and this suspension was stirred in an ice bath.
Later, 60-gram KMnO, were slowly added to the
suspension, and it was heated to 35°C and stirred for 2
h. Then 920-ml deionized water was slowly added in
the suspension and the temperature has to be kept
under 50°C. The suspension was further diluted by
2800-ml deionized water, and then 50-ml 30%
concentration H.0, was added. The suspension stood
still for 24 h. After that, the suspension was set in
centrifuge by revolution of 6000 rpm for 1 h to
separate solute and solvent. The solute was further
purified by the addition of the mixture of water and
methanol. Centrifuge and purification processes were
repeated for several cycles. After drying, GO
nanosheets were acquired.

To achieve reduced graphene oxide (RGO)
nanosheets, HMTA  (hexamethylenetetramine)
suspension was used to reduce GO as RGO. 5 grams
HMTA were added in 500 grams de-ionized water
(DIW) to make a uniform HMTA suspension. Then
the suspension was heated up to 100°C. Thereafter 5
grams GO nanosheets were added into this HMTA
suspension. Later, similar centrifuge and purification
processes were also repeated for several cycles. After
drying, RGO nanosheets were acquired. To prepare
RGO/GO suspension, three combinations of different
amount of RGO and GO nanosheets were added in
deionized water (DIW) and stirred uniformly. The
combination is shown in table 1. For example, for
RGO/GO 0.5/1.0wt% in suspension amounts of
RGO/GO/DIW are respectively 0.59/19/98.5g. Later,
three kinds of sonication times were applied in
suspensions including 10, 15, and 20 min.

Hybrid RGO/GO papers (HGOP) were
fabricated by the vacuum filtration method. 5-ml
RGO/GO sonicated suspensions with the various
weight fractions were poured into upper container of a
vacuum filtration apparatus. Lower container has an
outlet that connects with a vacuum pump. There is a
filtration assembly consisting of porous glass and
cellulose filter paper (provided by Advantec Toyo
Kaisha, Ltd., Japan) between upper and lower parts of
the apparatus. When the vacuum pump was turned on,
the solvent of the RGO/GO suspension was sucked out
and HGOP nanosheets were combined as HGOP

above filtration assembly. After drying process, a free-
standing circular HGOP with diameter 35 mm can be
achieved. Figure 1(a) shows the fabricated HGOP. In
order to study effect of HGOP thickness on radar
absorbing properties, laminate HGOP was fabricated
by the addition of adhesion between single HGOPs. A
4 wt% polyvinyl alcohol (PVA) solution was used to
adhere papers as a laminate. Thickness of laminate
HGOP is controlled in the range of 0.3 to 0.8 mm, and
named as TH3 to TH8 as shown in table 1. Table 1 also
shows the nomenclature for the various fabricated
HGOPs and RAS. Graphene weight fractions in
suspension are denoted as HGOP15, 20, and 25 for 1.5
(RGO/GO =0.5/1.0%), 2.0, and 2.5 wt%, respectively;
sonication time is denoted as T10, T15, and T20 for 10,
15, and 20 min, respectively; thickness for the HGOP
is denoted from TH3 (0.3mm) to TH8, respectively.
For example, HGOP15-T10-TH5-AS3 represents the
HGOP RAS fabricated with the RGO/GO weight
fraction of 0.5/1.0 wt% in suspension (HGOP15),
applied sonication time of 10 min (T10), HGOP
thickness of 0.5 mm (TH5), and air spacer thickness of
3.16 mm. An experimental process for fabrication of
HGOP RAS is depicted in figure 1(b).

Table 1. Nomenclature and composition for various
fabricated HGOP and RAS.

()

HGOP (Hybrid  HGOP15 {(RGOIGO ~0.5/1.0%)
RGO paper)
HGOP20 {RGOGOD = 1L0V1.0%).
HGOP2S (RGO'GO ~1.5/1.0%).

(b)
Fig. 1. () The fabricated hybrid RGO/GO paper

(HGOP), (b) experimental
fabrication of HGOP RAS.

process for
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Reflection Loss Measurement and
Characterization

The reflection loss of the HGOP RAS and the
microwave absorbing material characterization of the
HGOP layer were performed in a rectangular
waveguide by measuring the scattering parameters
(S11 and S21) with a vector network analyzer (VNA)
as detailed in authors’ previous work (Liu, 2022). The
HGOP RAS with dimensions of 23.5x11 mm was
installed inside the waveguide. The three-layer HGOP
RAS consists of HGOP with various thickness from
TH3 to TH8, a honeycomb air spacer with various
thicknesses of 1.05 mm, 2.1 mm, 3.16 mm, and
aluminum foil as perfect conductive layers. A
Salisbury screen mechanism of this RAS absorber is
explained in figure 2. The absorbing mechanism here
includes wave destructive interference, high dielectric
and conductive losses of HGOP, and impedance
matching to air. The electromagnetic properties (€', €",
w', u") of thin HGOP laminates with dimension 23.5
x11 mm were measured in the X-band (8.2-12.4 GHz)
rectangular waveguide by using Agilent 85071E
software which is based on the Nicolson—-Ross—Weir
(NRW) method. With those properties, Ansys HFSS
software was used to simulate the reflection loss and
the results were compared with the measured data. In
order to wunderstand the correlation between
microstructure of HGOP and reflection loss, a
scanning electron microscope was employed to
carefully observe the cross section of the HGOP.

Destrnetive interference

Incident wave

First reflected wave

Perfectly conducting layer

Fig. 2. A HGOP Salisbury screen radar absorbing
structure (RAS) and its destructive interference
mechanism.

EXPERIMENTAL RESULTS

Effect of RGO/GO Weight Fraction in Suspension

To fabricate HGOP, there are three RGO/GO
weight fractions in suspension, i.e. 0.5/1.0, 1.0/1.0,
and 1.5/1.0 wt% with fixed amount of GO but
gradually increasing amount of RGO. With lowest
RGO/GO weight fraction of 0.5/1.0 wt%, figure 3(a)
depicts reflection losses for HGOP15-T10-THS5 RAS
using three air spacer (honeycomb) thicknesses of 1.05
mm, 2.1 mm, and 3.16 mm. For air spacer thickness of
3.16 mm, the reflection loss peak of the RAS is
excellent and found to be — 49.1 dB at a frequency of
10.6 GHz, while RASs with air spacers 1.05 and 2.1
mm have no peak value at X-band frequency. With this
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RL value, the RAS can absorb 99.99% microwave.
Furthermore, this RL value is compared with that in
reference (Peng, 2023) using RGO/MnFe;O4
nanocomposite papers, and found that the former is
better than RL of -43.2 dB in the reference.

With higher RGO/GO weight fraction in
suspension of 1.0/1.0 wt%, figure 3(b) depicts
reflection losses of HGOP20-T10-TH5 RAS in which
two kinds of air spacers of 2.1mm and 3.16 mm lead
to reflection loss peaks of —18.4 dB at 11.8 GHz and —
15.9 dB at 9.7 GHz, respectively. With highest
RGO/GO weight fraction of 1.5/1.0 wt% in figure 3(c),
HGOP25-T10-THS5 RAS with 3.16 mm air spacer has
reflection loss peak value of —23.0 dB at 10.9 GHz.

HGOP15-T10-THS
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Fig. 3. Reflection loss for (a) HGOP15-T10-THS5, (b)
HGOP20-T10-TH5, (c) HGOP25-T10-TH3
RAS with various spacers.

Figure 4 summarizes the effect of graphene
weight fraction in suspension on minimum reflection
losses of 9 kinds of HGOP RASs. The reflection losses
of around half RASs increase with the increase of
graphene weight fraction in suspension. Two factors
could result in this trend: one is microstructure
evolution and the other is impedance matching of
HGOP RAS. For the first factor, figure 5 (a), (b), and
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(c) shows micrographs for HGOP15-T10, HGOP20-
T10, and HGOP25-T10, respectively, with increasing
RGO/GO weight fraction of 0.5/1.0, 1.0/1.0, and
1.5/1.0 %. Two microstructure evolutions are found in
HGOPs with gradually increasing weight fraction of
RGO in suspension. First, interlayer pore size and
number increase, and second edge breakage of HGOP
is found for highest RGO weight fraction of 1.5%. The
first feature is caused by undulation nature of RGO
nanosheets (Liu, 2016). Accumulated effect of
stacking more undulated RGO nanosheets for higher
RGO weight fraction in the HGOP causes non-
uniform microstructure and finally leads to more pores
and edge breakage of HGOP. According to our other
previous studies (Liu, 2022), lower RGO weight
fraction leads to HGOP with dense microstructure, and
this is likely to result in HGOP with higher
permittivity. Therefore, this complex permittivity
leads to higher dielectric loss that can dissipate energy
of the incident wave and also allow partial penetration
of the wave to the metal-backed reflective layer. With
arrangement of proper air spacer thickness of 3.16 mm,
good Salisbury screen effect occurs. Therefore, lower
RGO weight fraction in suspension increases
microwave absorbing ability of HGOP, and leads to
minimum reflection loss (RL) — 49.1 dB of HGOP15-
T10-TH5-AS3 RAS.

For the second factor of impedance matching,
the HGOP RAS shows much better RL of — 49.1 dB
than —26.5 dB of RGOP20-T15-L6 RAS (Liu, 2022).
The RGOP RAS adopted RGOP with higher
conductivity due to its less oxygen-based functional
groups such that incident microwaves partially
penetrate and partially reflect from the surface of
RGOP. However, this phenomenon is improved by
using HGOP composed of RGO/GO because
conductivity of GO is low. This lower and tunable
conductivity would enhance the impedance matching
between HGOP and air and the incident wave would
better penetrate the HGOP rather than reflect from the
HGOP. More penetration of microwave may lead to
multiple reflection inside the RAS as shown in figure
2. This leads to a better Salisbury screen effect in the
HGOP RAS compared with RGOP RAS.

HGOT with 3.16mm air spacer

g o0

= 5 —e=T10-TH3
T ——T10-TH4
Zos

= -l F1-THS
g . T15-TH3
g ~—~— T15-THS
.% 30 A ) 5 ) .
% 35 =—T15-TH7
s ——T20-TH3
Z 45 =—T20-TH5
g

E -50 —a=T20-TH7
-

1.5 2 25

Graphene weight fraction in suspension {(wt%a)

Fig. 4. Effect of graphene weight fraction in
suspension on reflection loss of 9 kinds of
HGOP RASs.
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(©
Fig. 5. Micrographs for (a) HGOP15-T10, (b)
HGOP20-T10, (c) HGOP25-T10.

Effect of Sonication Time

Figure 6 shows effect of sonication time of
suspension on reflection loss of HGOP15-TH5-AS3
RASs. It seems that peak value of reflection loss
approximately increases with the increase of
sonication time. With lowest sonication time of 10 min,
HGOP15-T10-TH5-AS3 RAS has minimum
reflection loss of — 49.1 dB; further with the indicated
dashed line at — 10 dB, it shows good bandwidth of 3.9
GHz. Figure 7 depicts the effect of sonication time of
suspension on the minimum reflection losses of 9
kinds of HGOP RASs. As a general trend, the results
show that reflection loss of most RASs increase with
the increase of sonication in the range of 10 to 20 min,
except for HGOP15-TH3. This trend is in contrast to
that of RGOP RAS where reflection losses of RGOP
RASs decrease with the increasing sonication time.
First, due to very low conductivity of GO HGOP has



better impedance matching with air compared with
RGOP. Second, with longer sonication time on HGOP
GO nanosheets inside HGOP are broken as many
fragments along both in-plane and out of plane
directions. Therefore, this would release a lot of
functional groups such as -COOH and —OH attached
on GO fragments. As GO has far more functional
groups than RGO, those released functional groups
would make HGOP similar to insulation. Therefore,
microwave would tend to penetrate rather than induce
a dielectric loss in the HGOP subjected to longer
sonication time. Thus, longer sonication time leads to
worse reflection loss of HGOP RASs.

Air spacer 3.16mm

5 _10dB

P—
b——
i 3.9 GHz bandwidth _~"_

HGOP15-TH5
—TI10
—TI15

T20

i

8 9 10 11 12 13
Frequency (GHz)

Fig. 6. Effect of sonication time of suspension on
reflection loss of HGOP15-TH5-AS3 RASs.

HGOF with 3.16mm air spacer
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% ) —8—HGOP25-TH3
g s ——HGOP25-THS
2 50 —==HGOP25-THT
= 10 1 0

Sonication e (min}

Fig. 7. Effect of sonication time of suspension on
reflection loss of 9 kinds of HGOP RASs.

Effect of HGOP Thickness and Loss Mechanisms
Figure 8 shows effect of HGOP thickness on
reflection losses of HGOP15-AS3 RAS with two
kinds of sonication times. With lowest sonication time
10 min T10 in figure 8(a), reflection loss of HGOP15-
T10-AS3 RASs decreases with the increase of HGOP
thickness, and best reflection loss peak is — 49.1 dB for
HGOP15-T10-TH5-AS3 RAS. In contrast, with
highest sonication time 20 min in figure 8(b),
reflection loss of HGOP15-T20-AS3 RASSs increases
with increasing HGOP thickness, and best reflection
loss peak is — 38.0 dB for HGOP15-T10-TH3-AS3
RAS. For T10, lower sonication time only breaks GO
and RGO nanosheets of HGOP into a few fragments,
and proper amount of functional groups of these
fragments lead to relaxation of interfacial and dipole
polarizations (Peng, 2018). These fragments also
increase specific surface area of HGOP. The undulated
RGO/void interfaces and RGO/GO interfaces in the
HGOP promote interfacial polarization. Relaxation of

-528-

J. CSME Vol.44, No.6 (2023)

the polarization results in heat and thus increases
dielectric loss. While relaxation of dipole polarization
leads to conductive loss, the highly conductive RGOs
constitute a network through which micro-current is
induced in the alternating electric field. At this
moment, the inserted GO with relatively high
electrical resistance acts as a resistor, consuming most
of the electrical energy. Such processes contribute to
the conductive loss. When HGOP thickness increases,
both relaxation and conductive loss effects are
increased and this lead to better absorbing
performance of the RAS.

In contrast, longer sonication time T20 breaks
GO and RGO nanosheets into a lot of fragments. Due
to many released functional groups of GO, increasing
HGOP thickness enhanced its insulation due to very
low conductivity of GO. Therefore, microwave tends
to penetrate the HGOP instead of inducing dielectric
loss, and reduce absorbing performance of the RAS.
Figure 9 shows schematic of summarized loss
mechanisms of the HGOP RAS for better microwave
absorbing performance. HGOP can be recognized as
multi-layer and interlocked RGO and GO nanosheets.
By optimizing three processing parameters of the
HGOP: suspension with lower graphene weight
fraction, shorter sonication time, and thicker HGOP,
three kinds of loss mechanisms occur including better
impedance matching, dielectric loss, and conductive
loss. First is caused by lower conductivity of GO in the
HGOP that allows microwave to impinge rather than
reflect on the HGOP. Second is resulted from better
permittivity of the HGOP that transfers the incident
microwave into heat. Third, the incident microwave
may cause polarization. Defects between RGO and
GO nanosheets lead to relaxation of interfacial
polarization. Dipole polarization could result in
microcurrent in the interlocked RGO/GO, and low
conductivity of GO leads to its relaxation. Finally,
when the HGOP serves as surface layer of the RAS
those loss mechanisms associated with destructive
interference by Salisbury screen effect result in
efficient energy dissipation of the RAS.

Air spacer 3.16mm

HGOP15-T10
—TH3
—TH4

THS

Reflection loss (dB)

8 9 10 11 12 13
Frequency (GHz)

(@)
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Air spacer 3.16mm

HGOP15-T20

—TH3
—TH4
THS
9 10 11 12 13
Frequency (GHz)
(b)

Fig. 8. Effect of HGOP thickness on reflection loss of
(@) HGOP15-T10-AS3 RAS, (b) HGOP15-
T20-AS3 RAS.
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Fig. 9. Schematic of loss mechanisms of the HGOP
RAS.
HFSS SIMULATION

In order to conduct Ansys HFSS simulation for
reflection loss of the RAS, the electromagnetic (EM)
properties (&', &", u', u") of the HGOP absorber are
measured by the transmission/reflection loss method.
The results of relative complex permittivity (¢ = &' —
je" ) and permeability (u=u" —ju" ) of the
representative HGOP15-T10 absorber are shown in
figure 10(a) and 10(b), respectively; and the results of
HGOP20-T10 absorber are shown in figure 10(c) and
10(d), respectively. For HGOP15-T10 absorber, ata
frequency of 8.2 GHz, the real and imaginary parts of
complex permittivity are 10.3 and 0.6, respectively,
and real part value decreases slightly with increasing
frequency. Since this HGOP absorber is a dielectric
and dispersive material, its complex permittivity

would be frequency-dependent. On the other hand, as
shown in figure 10(b) the real and imaginary parts of
complex permeability of nonmagnetic HGOP absorber
are 1.0 and O, respectively. With more addition of
higher conductive RGOP nanosheets in HGOP20-T10
as shown in figure 10(c), both real and imaginary parts
of complex permittivity increase. Adopted proper
mathematical equations by the transmission line
theory and used the above electromagnetic properties
in the HFSS, simulation results of reflection loss of the
representative RAS can be achieved and compared
with experimental results.

The mathematical equations for the reflection
loss of a multiple-layered structure used in HFSS can
be derived using transmission line theory. The
reflection loss (RL) of normal incident EM waves can
be expressed as

RL = 20log| 22~ 1)
Z,+1,
Z,=1, Z, +1, tanh(y,d,) )
n, +Z, tanh(y,d,)
Zl = tanh(71d1) (3)
where
=M # g_ 4)

7= j2mtng 54 =12 )

In equations (1)-(5), f represents the frequency of
incident EM waves, ¢ and 7o denote the speed and
characteristic impedance of free space, respectively.
Additionally, di, #i, yi, & and g correspond to the
thickness, characteristic impedance, propagation
constant, complex relative permittivity, and
permeability of the ith layer of RAS as shown in figure
2.

Figure 11(a) and 11(b) compare the simulation
and experimental results of reflection loss of
HGOP20-T10-TH4 RASs with glass fiber laminate
thickness of 2.85 mm as a spacer, and HGOP15-T10—
TH3 RASs with air spacer thickness of 3.16 mm,
respectively. In figure 11(a) using glass fiber laminate,
the results of simulation and experimental reflection
loss peaks are quite consistent. Both have peak value
of — 32.9 dB at 9.7 GHz. This indicates that the
extracted electromagnetic properties (¢, &") of the
HGOP20-T10 are consistent with the measured
reflection loss of the absorber. While in figure 11(b)
using air spacer, simulation reflection loss peak is —
42.3 dB at 11.5 GHz, while the experimental reflection
loss peak is — 38.0 dB at 11.6 GHz. There is slight
inconsistency between simulation and experimental
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results. Since HGOP is soft and porous, it is not easy
to implement in the rectangular waveguide. With this
small amount of discrepancy, the trend of simulated
results is acceptable. On the other hand, with soft and
tailored HGOP, the HGOP RAS is more suitable to
fabricate 3D microwave-absorbing structures that can
apply to complicated shapes of advanced stealth
aircraft or battleships.
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Fig. 10. (a) Complex permittivity of HGOP15-T10,
and (b) complex permeability of HGOP15-
T10; (c) complex permittivity of HGOP20-
T10, and (d) complex permeability of
HGOP20-T10.
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Fig. 11. Simulation and experimental results of
reflection loss of (a) HGOP20-T10-TH4 with
glass fiber laminate, and (b) HGOP15-T10-
TH3 RASs with air spacer.

CONCLUSIONS

In this work, tailored HGOP radar absorbing
structures (RAS) composed of RGO/GO nanosheets
are successfully demonstrated. The HGOP RAS not
only exhibits excellent and tunable microwave-
absorbing (MA) properties, but also could serve as a
patch-type radar-absorbing material that is applicable
for 3-D curved parts due to the compliant HGOP. The
excellent MA properties are caused by adjustable ratio
of RGO/GO in suspension. Several interesting
findings are summarized. With air spacer thickness of
3.16 mm, the reflection loss of most RASs increases
with increasing RGO/GO weight fraction in
suspension up to 2.5 wt%. The reflection loss of the
RAS increases with increased sonication time for the
suspension up to the longest time of 20 min. Longer
sonication time may release many oxygen-based
functional groups of GO thus makes the HGOP as an
insulation that is adverse for dielectric loss. Thickness
of HGOP associated with sonication time have a
complex effect on reflection loss of the RAS. Higher
HGOP thickness and shorter sonication time on
suspension lead to better reflection loss due to both
relaxations of interfacial and dipole polarizations.
Better absorbing performance of the HGOP RAS is
synergetically attributed to its dielectric loss,
conductive loss, and better impedance matching.
Therefore, with RGO/GO of 1.5 wt%, sonication time
of 10 min, HGOP thickness around 0.5 mm, and air
spacer thickness of 3.16 mm HGOP15-T10-THS5-
AS3 RAS has minimum reflection loss of —49.1 dB at
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a frequency of 10.6 GHz and good — 10 dB bandwidth
of 3.9 GHz. Adopted measured electromagnetic
properties of HGOP, simulations of reflection losses
of HGOP RASs from Ansys HFSS correlate well with
experimental results. Using the glass fiber laminate,
both reflection loss peaks from simulation and
experimental results are the same as — 32.9 dB at 9.7
GHz. Utilized soft and tailored carbon based HGOP,
this innovative HGOP RAS has high potential to be
applied to complicated shapes for advanced stealth
aircraft or battleships that require high temperature
dielectric properties and excellent and adaptable MA
performance similar to metamaterials.
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