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ABSTRACT

Radar Absorbing Materials (RAMSs) are composite materials able to attenuate an incident electromagnetic
wave. Usually, RAMs are made of a polymeric matrix and an electromagnetic absorbent filler, such as silicon
carbide or carbon black. Several materials have been investigated as potential fillers, aiming to improve the
Reflection Loss (RL) and absorption bandwidth broadening. In this paper, a composite made with silicone
rubber and biochar was investigated as a sustainable porous carbon made with biomass waste. Five different
composites were characterized, composed of 1 - 5 wt.% of biochar in the silicone rubber. Although the RL of
pure biochar composites is not significant, it was demonstrated here how a biochar composite can improve
the RL of a RAM material when it is applied as a double-layer structure. While the RL of a ferrite-based
RAM with 2.0 mm thickness reaches -28 dB, a combination of this RAM with biochar composite reaches
~-60 dB with the same thickness. The double-layer structure with 2.3 mm thickness can have an absorption
bandwidth of 2.95 GHz over the X-band frequency range, and a structure with 2.6 mm thickness can reach a
RL of ~-76 dB. This demonstrates a sustainable, cheaper, and lighter material application (i.e., biochar),
which is successfully used in the development of high-efficient electromagnetic shield or sensors.
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1. INTRODUCTION

Radar Absorbing Materials (RAMS) are composite materials made of a polymeric matrix and a lossy dielec-
tric/magnetic material. Usually, lossy magnetic materials such as ferrites are preferable as fillers, but dielec-
tric materials have been used as well [1]. RAM is commonly used in stealth technology, attenuating the inci-
dent electromagnetic wave from radars [2], but other applications like radomes [3], electromagnetic shielding
[4], and sensors [5] have been recently considered.

RAM can work in two different ways. It can admit the signal and reduce its intensity internally when
there is an impedance matching, i.e., the intrinsic impedance of the material is close to the air impedance, or
it can create internal reflections hindering the reflected signal by the air-material interface. Both approaches
depend on the material thickness and properties, and in some cases, a broadband RAM is made of several
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layers of different materials [6]. Examples of materials used as fillers in RAM are nickel-zinc ferrite [7], car-
bonyl iron [8], silicon carbide [9], and carbon materials like carbon black [10], graphene [11] or carbon nano-
tube [12]. An excellent RAM should be able to attenuate more than 99.9% of the incident wave, i.e., it should
reach at least -30 dB (see Table 1). It is also desirable a large Absorption Bandwidth (ABW), which is esti-
mated by the frequency range where the RL is below -10 dB [13].

Table 1: Relation between RL and percentage of electromagnetic wave absorption

ATTENUATION (dB) INCIDENT WAVE ABSORPTION (%)
0 0.00

-3 50.00

-10 90.00

-15 96.90

-20 99.00

-30 99.90

-40 99.99

Although carbon materials have been used as RAM, sustainable carbon materials are still poorly doc-
umented. In the present study, biochar is investigated as a potential sustainable filler. Biochar is a porous
carbon material obtained from the thermochemical transformation of biomass waste, such as agricultural
wastes, municipal sewage sludge, wood residues, among others [14, 15]. Biochar may present an internal
honeycomb structure [16], and can find applications on soil amendments, adsorbent for soil and water, cata-
lysts, component for fuel cell systems, gas storage media, supercapacitors, batteries, and so on [17]. Also,
finding new uses for waste materials meets the directives of sustainable development described in the Brund-
tland report [18], which encourages reducing the abusive consumption of raw material to slow down defor-
estation and global warming.

2. MATERIALS AND METHODS

Different RAM materials made of silicone rubber and biochar were evaluated over the X-band frequency
range (8.2 — 12.4 GHz). The complex permittivity and reflection loss of each sample is evaluated to demon-
strate how RAM made with biochars can be effective on a multilayer composite structure.

2.1. Materials

Composite samples were prepared using commercial silicone rubber and biochar. Samples were composed of
biochar mass proportions of 1, 2, 3, 4 and 5 wt.%.

Biochar was produced from white birch residues coming from sawmills from the Abitibi-
Témiscamingue region, Québec, Canada. Wood residues were first converted into biochar through a Car-
bonFX technology (Airex Energy, Bécancour, Québec) and then, chemically activated in a prototype activa-
tion furnace in presence of KOH at 900°C. More details about the biochar production can be found in Refs.
[17, 19]. For this specific application, the modified biochar is interesting because of its natural honeycomb
structure [20], which is a common characteristic of materials prepared from cellulosic biomass.

Composite samples were prepared to fit the X-band rectangular waveguide. The dimensions of the
samples were 22.86 x 10.16 x 2.00 mm.

2.2. Methods
RAM samples were electromagnetically characterized using a Vector Network Analyzer (VNA). Through the
S-parameters provided by the VNA, it was possible to calculate the permittivity using the Nicolson-Ross
Weir (NRW) algorithm [21, 22].

The reflection loss (RL) can be calculated using [23, 24]:
Zin—Zo

T o))

ZintZy

RL = 20log




[ e | BOSS, A.F.N.; FERREIRA, H.R.; BRAGHIROLI, F.L., et al., revista Matéria, v.26, n.2, 2021.

Zin = Zo Jﬁ::tanh (U (%) v ) @

where Z, is the free space impedance, Z;, is the impedance between free space and material interface, , is the
complex permeability, &, is the complex permittivity, f is the frequency, d is the thickness, and c is the speed
of light. The RL can also be measured through VNA with a metallic plate behind the sample [25].

Likewise, the RL of a double-layer structure (Figure 1) can be calculated through a similar equation,
but the impedance between material interface and free space (Z;,) is given by [26]:

Zin1 +2; tanh[j(*L2) i

Zin =12, Tyt Zims tanh[j(znidz)m] 3)
Zin1 = Z; tanh [j (chcdl) \/,ulel] “

where Z;,, is the impedance between the first and second layer, Z; is the first layer impedance, Z, is the se-
cond layer impedance and dj, dy, M1, K2, &1 and &, are, respectively, the thickness, the complex permeability
and the complex permittivity of each layer.

Metallic Plate

Layer 2
Layer 1

Figure 1: Illustration of a double-layer structure.

3. RESULTS

The characteristic tubes (Figure 2) of the honeycomb structure are responsible for acquiring nutrients from
the soil and making them available for the plants remains flawless even after the thermochemical transfor-
mation of the wood residues. This helps to keep the material as a lightweight structure.

Figure 2: Scanning Electron Microscopy (SEM) of white birch biochar flake.
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The permittivity of each biochar sample over the X-band frequency range is presented in Figure 3a. It
was noticed that the real permittivity (¢’) increases with the increasing amount of biochar in the composite.
The sample with 5 wt.% reached a saturation state, while the sample with 4 wt.% resulted in the same permit-
tivity value, which is about £’=4.2 over the entire frequency range. The imaginary permittivity (¢”) for all
samples is extremely low. Even the sample with 5 wt.% presented values of £” below 0.20. It can be seen in
Figure 3b that the measured RL of all samples is close to 0 dB, indicating that the incident wave is being
completely reflected. This happens because the composites are lossless materials, i.e., the amount of biochar
used in the silicone rubber was not enough to create a conductivity, neither a strong reflection in the air-
material interface.
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Figure 3: (a) Real (¢”) and imaginary (£”) parts of the complex permittivity and (b) measured reflection loss of composite
samples with 1, 2, 3, 4 and 5 wt.% biochar.

4. DISCUSSION

Biochar composites presented no significant RL when experimentally analyzed. As a matter of fact, the com-
posite made with 4 wt.% biochar is not an appropriate absorber in any thickness, as seen in Figure 4a, where
the RL is plotted as a function of frequency and thickness. However, considering a ferrite-based composite
from the literature (50 wt.% of NiFe ferrite and 1 wt.% of CNT) [27] with £’=12.5, ¢7=2.5, u1’=1.2, 1"=0.3
over the entire frequency range, the calculated RL would reach about -28 dB between thicknesses 1.6 —
2.3 mm (Figure 4b). In this case, the larger absorption frequency range would be for sample with 2.0 mm
thickness, where it ranges from 8.24 GHz to 11.16 GHz, totalizing an absorption bandwidth of
ABW=2.92 GHz.
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Figure 4: 3D RL of the composite made with (a) 4 wt.% biochar and (b) the ferrite-based composite.



[ e | BOSS, A.F.N.; FERREIRA, H.R.; BRAGHIROLI, F.L., et al., revista Matéria, v.26, n.2, 2021.

When these materials are combined in a double-layer structure, a significant RL improvement can be
noticed. This improvement can be seen in Figure 5, where different thicknesses for double-layer structures
are presented. In this analysis, layer 1 is the 4 wt.% biochar, and layer 2 is the ferrite-based composite. Each
graph represents a different thickness of the structure, given by ds=d;+d,. The thickness axis in the 3D plot
represents only the thickness of the second layer (d,). A structure with 1.6 mm thickness, where layer 1 is
0.2 mm and layer 2 is 1.4 mm, reaches a RL of -39.09 dB at 12.32 GHz (Figure 5a). The absorption frequen-
cy range goes from 10.68 GHz to the next band, i.e., K,-band. Figure 5b is the RL of a structure with a total
thickness equals to 2 mm, with d;=0.2 mm and d,=1.8 mm. The RL reaches -56.89 dB at 9.80 GHz, and the
absorption frequency range falls between 8.47 — 11.34 GHz, resulting in an ABW of 2.87 GHz. For a struc-
ture with ds=2.3 mm thickness, where d;=0.2 mm and d,=2.1 mm, the RL is -57.09 dB@8.49 GHz (Fig-
ure 5¢). The absorption frequency range starts in the previous band (C-band) and goes up to 9.84 GHz. A
thicker structure with d=2.6 mm has no significant absorption peak in the X-band, and its absorption band-
width is 0.58 GHz (Figure 5d). Probably, the main peak is in the C-band, and the ABW spreads to the X-band.
When the ferrite-based composite is considered as the second layer, the multilayer structure works as a grad-
ed Dallenbach layer [28], where the second reflection caused by the metallic plate has the same amplitude
that the first reflection caused by the air-material interface, but the opposite phase hinders the signal.

d=1.6 mm d=2.0 mm
RL (dB) RL (dB)
- 0.000 0.000
10.00 10.00
20.00 20.00
30.00 -30.00
40.00 40.00
50.00 -50.00
60.00 60.00
70.00 70.00
80.00 -80.00
-10dB -10 dB
----- -20dB -20dB
— -30dB — -30dB
d=2.3 mm d=2.6 mm
RL (dB) RL (dB)

- 0.000 - 0.000

(d)

Figure 5: RL of multilayer system where the first layer is the 4 wt.% biochar composite and the second layer is a fer-
rite-based composite. The total thicknesses of the double-layer structures are (a) 1.6 mm (b) 2.0 mm, (c) 2.3 mm and (d)
2.6 mm.

The same analysis is made with both materials in different positions, i.e., the ferrite-based composite
is now layer 1 and the 4 wt.% biochar composite is layer 2. For a total thickness of 1.6 mm, with d;=1.5 mm
and d,=0.1 mm, the best RL is -27.62 dB at 12.40 GHz (Figure 6a). This is almost the same RL for the fer-
rite-based RAM with the same thickness. The ABW is 1.60 GHz, which is smaller than the RAM bandwidth
of 2.09 GHz. However, the double-layer structure best RL is in the X-band highest frequency, indicating that
RL and ABW can be better if the K, frequency band is considered in this analysis. Figure 6b presents a sig-
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nificant improvement of the RL, reaching -44.93 dB at 11.68 GHz with a structure having a total thickness of
2.0 mm. In this case, layer 1 has 1.5 mm and layer 2 has 0.5 mm. The absorption frequency range starts at
10.09 GHz and goes beyond the X-band limit of 12.40 GHz. A sample with ds=2.3 mm, d;=1.8 mm and
d,=0.5 mm has a RL of -49.92 dB@9.89 GHz (Figure 6¢). It has the biggest absorption bandwidth observed
among all others, 2.95 GHz, ranging from 8.53 GHz to 11.48 GHz. Lastly, the structure with ds=2.6 mm,
d;=2.0 mm and d»,=0.6 mm has the best RL calculated: -76.56 dB at 8.85 GHz (Figure 6d). Since the absorp-
tion frequency range begins in the C-band, the ABW is smaller than the previous one, reaching 2.09 GHz.
However, it has potential to be bigger if the C-band is considered. This arrangement helps to create a gradient
material, where the impedance mismatch between free space, the second layer, and the first layer is gradually

reduced. This results in a low-reflection in the air-material interface and allows attenuation of the signal in
the next layer [29].
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Figure 6: RL of multilayer system where the first layer is a ferrite-based composite and the second layer is the 4 wt.%

biochar composite. The total thicknesses of the double-layer structures are (a) 1.6 mm (b) 2.0 mm, (c) 2.3 mm and (d)
2.6 mm.

In summary, biochar composites may not work as a RAM in the X-band frequency range, but it cer-
tainly provides a sustainable alternative to improve the RL and ABW in double-layer structures, as presented
in Table 2. Such structures also can work in other frequency bands since their bandwidths reach the C and K,
bands. Moreover, by controlling each layer thickness, it is possible to tune the RL in any frequency, which is
a desirable characteristic when designing new materials for novel applications. Finally, such structures can be
employed on radomes, electromagnetic shielding and sensors applications.
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Table 2: Summarized information about the best RL and ABW in the X-band frequency range for ferrite-based compo-
sites and double-layer structures.

RL ABSORPTION  FRE-
DESCRIPTION ?m?n? ds ?rlnm) ?rznm) Eilé) FREQUENCY | QUENCY RANGE (AGB%
(GHz) (GHz)
1.6 - - -28.08 | 11.98 from 10.31 to K,-band 2.09
Ferrite-based 2.0 - - -28.08 | 9.59 from 8.24 to0 11.16 2.92
composite 2.3 - - -28.08 | 8.33 from C-band to 9.71 1.51
2.6 - - -12.79 | 8.2 from C-band to 8.59 0.39
1.6 0.2 1.4 -39.09 | 12.32 from 10.68 to K,-band 1.72
Biochar as Lay- [ 02 18 | -59.89 | 9.80 from 8.47 to 11.34 287
er 1 and Ferrite
as Layer 2 2.3 0.2 2.1 -57.09 | 8.49 from C-band to 9.84 1.64
2.6 0.8 1.8 -17.92 | 8.20 from C-band to 8.98 0.58
1.6 1.5 0.1 -27.62 | 12.40 from 10.80 to K,-band 1.60
Ferrite as Layer [ 5 15 05 |-44.93 | 11.68 from 10.09 to K-band | 2.31
1 and Biochar
as Layer 2 2.3 1.8 0.5 -49.92 | 9.89 from 8.53 to 11.48 2.95
2.6 2.0 0.6 -76.56 | 8.85 from C-band to 10.29 2.09

The investigation of sustainable carbon as radar absorbing material is still a rising topic. This is the
first time that a sustainable porous carbon is considered as a multilayer structure to the best of our knowledge.
In this sense, Table 3 compares of the results presented here with the results of multilayer structures that use
regular fillers, like Nizn ferrite, SiC, and several structures of carbon material like carbon black, carbon
nanotube, and graphene. Theoretically, a thin double-layer structure with biochar can achieve reflectivity as
good as a three-layer structure using hexaferrite, and an absorption bandwidth comparable to a three-layer
structure using carbon materials.

Table 3: Comparison of reflectivity and absorption bandwidth between biochar/ferrite-based composite and other multi-
layer structures reported in the literature.

FILLERS STRUCTURE | NUMBER OF | REFLECTIVITY | ABSORPTION | REFS.
THICKNESS | LAYERS (dB) BANDWIDTH
(mm) (GHz)
Carbon black, | 2.60 2 -25.18 4.48 [30]
graphite, carbon 2.60 3 -44.97 2.09
nanofiber, multiwall
carbon nanotube 4.10 4 -28.50 6.40
SiC, Si3N4, SiBCN | 16.00 3 -15.00 4.20 [31]
U-type hexaferrite: | 1.76 2 -68.00 3.86 [32]
Bacct(ggl- o 176 3 79.17 3.86
3xCIx)F€35U60,
%x=0.05. 01 0.2, 1.80 4 -80.94 3.95
and 0.25
Ni ferrite, NizZn | 1.72 2 -45.00 3.30 [33]
ferrite
Biochar, NiZn fer- | 2.6 -76.56 2.09 This
rite 23 ~49.92 2.95 work

5. CONCLUSIONS

It is detailed here how a sustainable porous carbon material improves the reflection loss and the absorption
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bandwidth of a double-layer structure with a ferrite-based composite. Although composites made with bio-
char did not present a significant RL, they can develop tunable multilayer structures. A double-layer structure
of 2.6 mm presented a RL of -76.56 dB. The wider absorption bandwidth calculated was for the structure
with 2.3 mm thickness, where the ABW was 2.95 GHz over the entire X-band frequency range. This versatil-
ity makes biochar a suitable alternative for designing a multilayer structure since it is a cheap material from
renewable sources. Such structures may be used on electromagnetic shielding and others applications where
an extremely efficient RL and a large absorption bandwidth are required.
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