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In this manuscript, the electromagnetic wave absorption properties of sustainable porous carbon
composites were evaluated over the X-band frequency range (8.2 — 12.4 GHz). The porous carbon
material was made from the byproduct of cellulose production and was used as additive on the
development of radar absorbing material (RAM) composites. These porous carbon materials have
different characteristics, such as porosity size (180 um <@, <250 um and 425 pm <@, < 500 um)
and particle size (¢, <250 um and 250 yum < ¢, <425 um). Composite materials were also studied as
frequency selective surface (FSS) structures. It was shown how complex permittivity and reflection loss
(RL) can be manipulated over the frequency range using FSS structure. While regular RAM presented
RL of 19 dB at ~11.8 GHz, FSS structure presented a RL of 19 dB shifted to 12.4 GHz regarding the
same carbon porous material (with particles between 250 and 425 um and porosity between 180 and
250 um). It was demonstrated here the potential use of sustainable porous carbon as RAM, and how
FSS structure can be used to tune the frequency of the RL maximum peak.
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1. Introduction

The technological advances on wireless technologies
created an exponential growth on the usage of radio and
microwave frequencies, enhancing undesired interferences
on electronic devices'?. Also, as far as radio and microwave
frequencies are nonionizing, there are studies about their effects
on human health, since they are suspected to collaborated
on cancer, cardiovascular disease, cataract and reproductive
complications*. Even with no conclusive results about the
harmfulness on human health, it has been already proved
that electromagnetic interference (EMI) has negative effects
on implantable devices and life support equipment, which
is why there is an European regulation for a 10 m distance
between electromagnetic radiation sources and life support
equipment on medical environments>.

Currently, there are regulations limiting electromagnetic
emissions on equipment and environments®, which can be
achieved through electromagnetic shielding using metal
or radar absorption material (RAM)’®. Although metallic
structures may have advantages because of its broadband
electromagnetic shielding, RAM has the advantage
of being lightweight, corrosion resistant and flexible’.

*e-mail: gisele.amaral@usp.br

That’s because RAM are composites made with polymeric
matrix (e.g. silicone rubber or epoxy resin) and a lossy
filler (e.g. carbon black or ferrite). In this sense, several
researchers seek the development of a broadband highly
efficiency RAM.

EMI shielding date back to 1830°s when Michael
Faraday first produced the Faraday cage, but the use of
carbon for EMI shielding came only a hundred years later.
During World War II, it was demonstrated the capability
of RAM for military uses, which engaged a technological
competition on material design to improve RAM efficiency.
Stealth technology was raised from that effort, generating
different technologies and materials to avoid radar detection.
Perhaps, the most noticeable stealth aircrafts are the F-117
Nighthawk and the B-2 Spirit, which combines geometry
with RAM to reduce their radar cross section. However,
it is interesting to notice that carbon has always been
considered on the RAM development. It was in the 1940°s
that carbon black was first being submitted to RAM studies,
and in the 1960’s there were already carbon coating. In the
1980’s, attention was directed to the use of carbon fibers,
followed by carbon nanotubes in the 2000’s and graphene
in the 2010’11,
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Using carbon nanotubes and graphene on RAM materials
have the disadvantage of high costs and time-consuming
production. Also, using these materials as fillers provide
a high permittivity and a low permeability, causing a high
impedance mismatch. This has a direct impact on the
reflection loss (RL), which is the parameter used to describe
how much a RAM can absorb the electromagnetic wave’.
However, there is a third type of carbon that has being vastly
explored lately: the porous carbon material. Porous carbon
has advantages over carbon nanotubes and graphenes, such
as low costs and easy manufacturing. Also, porous carbon
finds advantages on RAM technologies, even when its
porosity is smaller than wavelength. That’s because porosity
helps on the weight and permittivity controlling of the filler,
once a porous carbon material with porosity smaller than the
wavelength maybe considered as a dielectric material with a
medium permittivity averaged by the amount of carbon and
air. Another advantage is that porous carbon can be produced
from sustainable sources like coconut shell or black liquor
(a byproduct of cellulose manufacturing), helping on the
development of sustainable novel devices'>!*.

The permittivity of porous carbon may be controlled
by porosity'?, but the lack of magnetic properties still has
effects on impedance mismatching and RL. This issue can
be overcome through material geometry manipulation,
such as frequency selective surface (FSS). Usually, FSS
is a two-dimensional periodic metallic array element on
a dielectric substrate. The incident wave can be partially,
or completely, transmitted or reflected, depending on the
frequency matching between the incident wave and FSS
resonance frequency. The ability of FSS to interact with
electromagnetic waves is strongly related to its geometry,
size and periodicity, as well as with the substrate electrical
properties. Early in the 1970’s, Chen'* theoretically described
the effects of thickness and resonant shifts based on the
incident wave angle on a metallic plate. His work supplied
theoretical information on a growing topic back in the days.
Since then, FSS structures have evolved to more complex
sizes, geometries and frequencies ranges. Nowadays, it finds
applications on wireless communications, electromagnetic
compatibility (EMC)/EMI, lenses for antennas, controlling
of radar crosssection, and so on'®%4,

FSS structures can also be made with carbon materials,
where applications range from aerospace to electronic
devices*?. FSS using carbon has an advantage on being
easily modified along with their properties?’. Therefore,
this paper aims on the development of RAM using porous
carbon material as filler, providing information of how
permittivity can be controlled with porous carbon material
and illustrating how FSS structure can be applied to tune
RL over the X-band frequency range.
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2. Experimental

2.1 Porous carbon synthesis

The byproduct of cellulose production, i.e. black liquor,
was used as a precursor for sustainable porous carbon. Porosity
was added as follow: the black liquor was first mixed with
formaldehyde and then with resorcinol. Then spherical
polymethacrylate (PMMA) in two different diameters (180
um <@, <250 ym and 425 ym < @, < 500 um) was added
separately, making sustainable porous carbons with two
different porosities. Table 1 describes the order that each
component was added, as well as their mass proportions.
Components were sequentially added while the aqueous
solution was stirring with an average velocity and temperature
of 20 rpm and 35 °C, respectively. This process took around
30 minutes with a magnetic stirrer, where solution viscosity
gradually increased until it becomes a solid gel. The solid gel
was left for curing during three days at room temperature.
After the material was submitted to a carbonization process
in a horizontal furnace (EDG 10P-S) at 900 °C under inert
argon atmosphere and washed to remove inorganic salts
coming from black liquor waste. The final product is a
sustainable porous carbon with two different pores sizes,
which were defined by PMMA spheres.

Table 1. Porous carbon compositions ordered by addition.

Order Component Mass [kg]
1 Black liquor 0.100
2 Formaldehyde 0.044
3 Resorcinol 0.015
180 um <@ <250 um
4 PMMA 0.045
425 ym <@, < 500 pm

The material processing provided a first material
classification based on the desired porosities according
to PMMA spheres sizes. A second material classification
intends to preserve the porosity created with PMMA spheres
by choosing two different particles sizes after grinding,
aiding on the formation of porosity patterns in different
particle size. This is done by sifting porous carbon using
two sieves with mesh sizes of 250 um and 425 um. So,
the first material group is composed of particles that went
through 425 pum sieve and remained in the 250 um sieve
(250 pm < ¢, <425 pm), and the second group is composed
by particles that went through both sieves, resulting in
particles smaller than 250 pum (¢, < 250 pm). The main
classification is based on possible combinations of porosity
and particle size, resulting in a total of four different porous
carbon that were used as additive (Table 2).
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Table 2. Classification based on particle size and porosity.

Combination Particle size [um] Porosity size [um]
Cl1 ¢, <250 180 <@, <250
C2 ¢, <250 425 <@, <500
C3 250 < ¢, <425 180 <@, <250
C4 250 < ¢, <425 425 <@, <500

2.2 Porous carbon / epoxy resin composites

Composite material samples were prepared through
manual mixing, where three different proportions (5wt%,
10wt% and 15wt%) of porous carbon were used on epoxy
resin. The epoxy resin matrix used was LR 200 F - ABCOL.
Composite samples dimensions were based on Keysight
WRO90 X11644A calibration kit, which specifies width and
length of devices under test (DUTs). The sample thickness
was stablished as 2.0 mm for all composites for comparison
purpose. After previous characterization, composite samples
were transformed into frequency selective surface (FSS)
structures through mechanical drilling, where the first set of
FSS had two equidistant holes of 2.0 mm diameter and the
second set had two equidistant holes of 5.0 mm diameter. Both
perforations were separated by 11.5 mm between centers.
Figure 1 illustrates the geometric models of each composite
sample submitted to EM characterization.

Figure 1. Dimensions of regular sample and FSS structures.
2.3 Characterizations and measurements

Structural analysis and phase composition of porous
carbon were performed with a X-Ray Diffraction (XRD,
Xpert PRO MPD Multi-Purpose Diffractometer) equipped
with a monochromatized Cu-Ka radiation. The scanning range
of 26 ranged from 10° to 70°, with steps of 0.02°, spinning
equals 2 and time per step of 10 s. Porous carbon morphology
and porosity were also observed with a Scanning Electron
Microscopy (SEM, TESCAN VEGA 3) and a mercury
porosimeter (Autopore III - 9400 micromeritics) variating
the pressure from 1.59 to 60000 psia. Electromagnetic
measurements were performed with a Vector Network
Analyzer (VNA, Agilent N5230C PNA-L) using a X-Band
rectangular waveguide, which ranges from 8.2 to 12.4
GHz. VNA system was calibrated through transmission
reflection line (TRL) method. VNA provides S-parameters
data, which is the ratio of the reflected (S, and S,,)
or transmitted (S,, and S, ) waves by the incident wave.

Samples intrinsic parameters were calculated through
Nicolson-Ross Weir (NRW) method?**°, which used S-parameters
data to calculate the complex permittivity of samples
(e* =¢' - je"). Reflectivity is measured by placing a metallic
plate behind the sample and plotted on a logarithmic scale.

3. Results and Discussion

3.1 Porous carbon structure and morphology

The diffractogram presented in Figure 2 shows a
characteristic pattern for carbon structure, where both
broaden peaks with intensities around 25 and 44 degrees
corresponds to the atomic planes (002) and (101), respectively.
Furthermore, peaks with smaller widths and lower intensities
shows the presence of Chlorocalcite (KCaCL,/00-021-1170)
a typical inorganic matter presented on biomass ashes®'.
Particle morphology and porosity are showed in Figure 3.
Particle format follows an irregular pattern, where particles
bigger than 250 um (Figures 3(a) and 3(b)) present a well-
defined enclosed porosity structure, coming from PMMA
spherical shape. On the other hand, particles smaller than
250 um (Figures 3(c) and 3(d)) have an almost undefined
enclosed porosity structure and a significant increase in
particle accumulation.

Figure 2. XRD spectrum of produced porous carbon material.

Pore size distributions of all samples, in a micrometric scale,
were analyzed accordingly to mercury porosimetry results,
as shown in Table 3. Despite the different PMMA particle
size employed during the synthesis step, all porous carbon
materials presented centered pores at 88 mm, and only the C1
sample also presented centered pores at 6 mm. Furthermore, the
highest values of total pore area were 44 and 53 m?/g for C3
and C4, respectively. Samples C1 and C2 presented a smaller
total pore area, possibly because of a porosity loss caused by
the limited particle size (¢, <250). However, C1 sample has
a total pore area very close to C3 sample, which is possibly
related to the additional pore areas centered at 6 pum.
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Table 3. Porosity data from mercury porosimetry analysis.

Combination Centered pore size distributions ~ Total pore area

(pm) (m*/g)
C1 88; 6 41
c2 88 20
C3 88 44
c4 88 53

3.2 Electromagnetic properties

The complex permittivity of composite materials
is given by real (¢') and imaginary (&") permittivities.
These permittivities were calculated for all samples
and are presented in Figure 4. As expected, permittivity
increases with increasing carbon material concentration
for all structures.

Figure 3. SEM images of porous carbon materials for particle size and porosity of a) C1, b) C2, ¢) C3 and
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d) C4.

Complex permittivity for each sample without FSS can be
observed in Figures 4(a) and 4(b), where values of capacitive
and dissipative phenomena can be analyzed through real and
imaginary permittivity, respectively. The best results were
obtained for samples C3 and C4, where a greater particle size
resulted in higher real permittivity. It is interesting to that real
permittivity of C4 sample is higher than C3 samples when
additive proportions are 5wt% and 10wt%. However, real
permittivity for 15wt% C3 sample is higher than C4 sample.
Besides, the best dissipating energy response (C4-15wt%) is
acquired with a greater particle size and porosity, besides the
higher material concentration. This indicates that C4 sample
is more conductive than C3 porous carbon.

Experimental analysis of FSS structure using rectangular
waveguide has been reported before®>**. Since DUT is a
periodic structure, rectangular waveguide measurements
can be considered as an experimental simulation of a large
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Figure 4. Complex permittivity for each DUT (a, b) without FSS, (c, d) with FSS of 2.0 mm diameter holes and (e, f) with FSS of 5.0 mm

diameter holes.

FSS panel in free space. Thus, real and imaginary dielectric
properties for the first set of DUTs with FSS structure (2.0 mm
diameter) are presented in Figures 4(c) and 4(d), respectively.
The highest real permittivity value is also for sample using
C3-15wt%. However, the second highest permittivity value
is for sample C1-15wt%, while for composites without FSS
is for C4-15wt%. Since samples have the same material
and are exclusively differentiated by the FSS geometry, the
change of C1 results by C4 is a clear effect of FSS structure.

The imaginary permittivity of sample C1 (with 2.0 mm FSS
and 10wt% and 15wt%) were significantly increased, while
for C4 samples were significantly decreased.

Lastly, the dielectric behavior for each DUT considering
the second set of FSS structures (5.0 mm diameter) can be
observed in Figures 4(e) and 4(f). This FSS structure also
presented a change between C1 and C4 permittivity positions
when compared to a sample with no FSS. However, this FSS
presented a frequency dependence over the frequency range.



6 Vergara et al.

It can be observed in Figure 4(e) a frequency dependence
similarity behavior for all FSS samples with 15wt%. The
sample with bigger permittivity (C3-15wt%) has a difference
about 1.8 for the second one (C1-15wt%). Also, all DUTs
with concentrations of 10wt% and 15wt% presented a non-
linearity above 10 GHz. In this FSS set, the highest imaginary
permittivity values are for samples C3 and C1, as presented
in Figure 4(f). The dissipating energy response for sample
C3-15wt% is an effect of the bigger particle size, the higher
material concentration and the smaller porosity combination.
It is interesting to notice that imaginary permittivity values for
samples with 15wt% increases with increasing frequencies, a
behavior that also happens for samples with 10wt% carbon
concentration. While a larger hole diameter reduced the real
permittivity for sample C3-15wt%, its imaginary permittivity
increased for higher frequencies.

Summarizing, porosity and the particle size have direct
influence on €' and ¢” values, where higher values were
obtained for porosity ranging 180 um < @, <250 um and
particle size ranging 250 pm < ¢, <425 pm. Figure 5 presents
the dielectric properties of epoxy resin, where it can be
notice that dielectric properties of composites can be tuned
by choosing specific porosity and additive proportion. Also,
electromagnetic properties of some samples can be manipulated
by adding FSS geometries into the composite, improving
their dispersive capacity at the same time it decreases their
capacitive performance. Since sustainable porous carbon has
been recently studied as RAM, there is no information in the
literature about this material with FSS structure.

Materials Research

Figure 5. Complex permittivity of pure epoxy resin.

3.3 Electromagnetic absorption evaluation

EM absorption properties of composite materials
were observed considering mass concentration, particle
dimensions, porosity sizes and FSS structure. Figure 6
presents the reflection loss (RL) behavior for each DUT.

Figure 6(a) presents the RL for DUTs with no FSS
structure. It is possible to notice a RL intensity about-19 dB
obtained for sample C3-15wt% at ~11.7 GHz. This indicates
that the best wave attenuation is associated with a greater
particle size, higher material concentration and smaller
porosity combination. There are other attenuation peaks
below -10 dB, such as ~-16 dB for C410wt%, ~-15 dB for

Figure 6. RL of DUT a) without FSS, b) with FSS of 2.0 mm diameter holes and c) with FSS of 5.0 mm

diameter holes.
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C4-15wt%, ~-14.5 dB for C1-15wt% and ~-10.5 dB for
C2-15wt%. All samples with 15wt% proportion presented a
RL lower than -10 dB, and only the 10wt% proportion of C4
porous carbon presented a competitive RL when compared to
those examples. As expected, higher additive concentration
improves electromagnetic losses (imaginary permittivity),
which justify the RL results, since all samples with a RL
below -10 dB have £">1.25.

The RL of DUT with 2.0 mm hole diameter FSS is
presented in Figure 6(b). There is no significant variation
on RL magnitudes when compared with Figure 6(a),
excepted for sample C1-10wt% and C4-10wt%, which now
have ~-14.5 dB and ~-6.0 dB, respectively. Again, this is
justified by the imaginary permittivity greater than ~1.25 of
those samples. It is also interesting to notice that all samples
presented a frequency shift. C1-15wt% was shifted to lower
frequencies, while C2, C3 and C4 samples with 15wt% were
shifted to higher frequencies.

Lastly, the second set of FSS structure (5.0 mm diameter
holes) had an even more outstanding rearrangement to higher
frequencies, as observed in Figure 6(c). This is expected
because geometry is a crucial parameter for FSS structures®.
Since carbon porous material is a recent subject on RAM
and FSS researches, there are no data in the literature to
corroborate our results. This corroboration will be performed
through EM computational simulation in further works,
where it is expected a better understanding about the relation
between porous carbon and FSS structure. However, since
experimental simulations through the rectangular waveguide
were positive, we believed that porous carbon material has
potential application as RAM and FSS structure.

4. Conclusion

In summary, sustainable porous carbon was used as an
additiveto develop RAM, which later was used as FSS structures.
A detailed study about the influence of particle dimension,
porosity size and carbon concentration on permittivity was
performed. The results showed that composite materials made
with sustainable porous carbon and epoxy resin have excellent
properties as a RAM, which can be tuned through material
concentration and porosity control. The best RL obtained
with no FSS structure was -19 dB for C3-15wt%, which is
about 99% of EM wave attenuation. Also, FSS structures
were evaluated on RAM samples, where it was noticed a
RL frequency shifting accordingly to diameter hole and
imaginary permittivity. The best RL result for a 2.0 mm
diameter hole is -19 dB for C3-15wt%, while for 5.0 mm
diameter hole is -17 dB for C1-15wt%. Since application of
porous carbon material as RAM is a new area of research,
there is an information scarcity of FSS structures using this
material. This lack of information is even scarcer considering
an additive made of a byproduct of cellulose production.

However, electromagnetic measurements demonstrated that
composite using epoxy and sustainable porous carbon is a strong
candidate on the development of RAM composites. Experimental
evaluations of FSS using rectangular waveguide presented the
possibilities to manipulate RL through geometrical adjustment.
Further works will be focused on computational simulation
of FSS structure to provide corroboration to measured data.
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