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ABSTRACT

Radar absorbing materials (RAMs) are composites made with a polymeric matrix and an electromagnetic absorbing filler, such as carbon
black (CB), silicon carbide (SiC) or manganese zinc ferrite (MnZn). To enhance their performances to attenuate an incident wave through
reflection loss (RL), RAMs can be produced in multilayer structures. Usually, the RL analysis is done theoretically and experimentally
validated with free space analysis. Here, it was demonstrated that multilayer structure can be designed and easily validated using rectangular
waveguide, using a simpler setup and small samples. Three composites were produced using 2 wt% of CB (CB2), 40 wt% of SiC (SiC40) and
60 wt% of MnZn (MnZn60). They were characterized over the K -band and used to validate the multilayer structures, that were prepared
by simply stacking each material inside the waveguide sample holder. One of the best results was obtained with structure SiC40+CB2 with
5.85 mm thickness, that presented a calculated RL of -21 dB at 17.8 GHz and a measured RL of -36 dB at the same frequency. In conclusion,
using rectangular waveguide has been proven to be an easy, cheap, precise and fast approach to validate multilayer structures designs.
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INTRODUCTION

Radar absorbing materials (RAMs) are materials designed to reduce the electromagnetic reflection (or transmission) over a frequency
range. They can be applied as electromagnetic shield in several areas, such as military, aeronautic, aerospace and telecommunications
(Hong et al. 2015). Several types of RAMs and absorbing structures have been developed over the decades, such as: single layer RAMs
(Liu et al. 2014a); multilayer RAMs (Datashvili et al. 2006); frequency selective surface (Chung 2004; Vergara et al. 2019); and others

(Ahmad et al. 2019). These materials can be used to protect electronics from the electromagnetic pollution created by thousands of
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electronic devices, as well as prevent electronics to enhance this pollution. This strategy can contribute to reduce electromagnetic
interferences between electronic and even carcinogens issues on humans (Calabro 2018; Ferndndez-Chimeno and Silva 2010).
Radar absorbing materials are usually applied to stealth technology in military areas (Micheli et al. 2014; Jayalakshmi et al. 2019), but
they can also be used as antenna on microstrip devices (Khandelwal et al. 2014). Because of that, RAMs have been extensively studied in the
X-band frequency range (8.2-12.4 GHz), that is the operational frequency of several radars and communication systems. Usually, RAMs
are composites made with a polymeric matrix and one (or more) dielectric and/or magnetic losses fillers, such as: NiZn ferrite (Yadoji et al.
2003); graphene oxide (Wen et al. 2014; Balci et al. 2015); carbon fiber (Cao et al. 2010); manganese zinc ferrite (MnZn) (Gama and
Rezende 2013); carbon black (CB) (Barba et al. 2006; Jani et al. 2017); and silicon carbide (SiC) (Liu et al. 2011; Yassuda and Castro 2014).
Strategies such as multilayer structures are required to improve the reflection loss (RL) of materials with low-absorption at
higher frequencies, such as the K -band (12.4-18.0 GHz) (Park et al. 2011). However, most researches of multilayer structures
in the K -band are made with RL equations because the materials are characterized from 2 to 18 GHz using coaxial waveguide
(Feng et al. 2007). Research with experimental RL data is performed with free space analysis (Zang et al. 2015), but this method
requires large samples and a complex and expensive setup with an anechoic chamber. Some researches present the RL measurement
of smaller samples using rectangular waveguides, but they are either measured as single layer RAMs (Liu et al. 2014a; Oliveira et al.
2018) or the RAM is characterized and further calculated as a double layer structure (Nagasree et al. 2020). Here, three RAMs
were fabricated using CB, SiC and MnZn, characterized them in the K frequency range, calculated the RL of multilayer structures,

and validated the RL through measurements using rectangular waveguide.

METHODOLOGY

Material

All samples were made using an accessible, inexpensive, easy-handle, nontoxic commercial silicone rubber BX-8001 (Redelease
Ltda) as polymeric matrix. Redelease rubber catalyst (Redelease Ltda) was employed for fast hardening. The dielectric and/or
magnetic fillers used were CB XC72R (Cabot Corp.), SiC with particle size of 44 pm, and MnZn ferrite with 400 kQm resistivity
and 4.6 g/cm?® density. Silicon carbide and MnZn ferrite were kindly provided by Saint-Gobain S.A. and IMAG Industria e Comércio
de Componentes Eletronicos Ltda., respectively.

All composites were prepared based on a standard protocol developed in the laboratory that ensures high homogeneity for small
samples. The protocol consists of manually mixing filler and matrix for 5 min, add 5 wt% of catalyst, mix for 30 s more, and pour it
in an 3D printed mold designed with the K -band dimensions (15.7 x 7.9 mm). Samples were left for hardening during 24 h at room
temperature. The mass proportions used to prepare each composite are presented in Table 1. Additionally, it is presented the thickness
of each sample used in the multilayer structure, that was measured with a digital caliper. The multilayer structure was prepared by

stacking the composites over each other. Figure 1 presents a picture of each composite, as well as the position of a multilayer structure.

Table 1. Samples composition and nomenclature.

Name Matrix Filler Thickness (mm)
3.00
CcB2 98 wt% of silicone rubber 2 wt% of CB
4.00
2.35
SiC40 60 wt% of silicone rubber 40 wt% of SiC 2.85
3.50
2.20
MnZnB60 40 wt% of silicone rubber 60 wt% of MnZn
2.90
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(a) (b) (c) (d)

Figure 1. Samples (a) CB2, (b) SiC40, (c) MnZn60 and (d) the multilayer structure SiC+CB2, where SiC is above CB2.

METHODS

The electromagnetic characterizations were made with a vector network analyzer (VNA), Keysight N5232A, coupled with a
rectangular waveguide P11644A that works between 12.4 - 18 GHz (K -band).

The RL of the multilayer systems were calculated using the measured complex permittivity (e=e’-je”) and permeability (pu=p"-ju")
over the entire frequency range. These calculations allow the exploration of several combinations of multilayer structures to improve the

reflection loss of the final structure. The equations to calculate the RL of multilayer structures are presented in Eqs. 1-4 (Liu et al. 2014b):

RL = —20l0gy, [212] 1)
R e T
Ziny = Zotanh [ (2nf 22) iz, | 3)

Z =|Hx n=12 (4)

n
n

Here, Z, is the input impedance between free space and material interface; Z,

.1 is the impedance between layer 1 and layer 2; Z is the

characteristic impedance of free space Z, is the characteristic impedance of the n-layer; ¢, is the complex permittivity of the n-layer,
is the complex permeability of the n-layer, d, is the thickness of the first layer and the d, is the thickness of the second layer; c the speed

of light in the free space and; fis the frequency of the electromagnetic wave in the free space. These parameters are illustrated in Fig. 2.
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o
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Figure 2. Multilayer system representation with all properties required for double layer RL calculation.

J. Aerosp. Technol. Manag., Sdo José dos Campos, v13, e0421, 2021



n Souza AAT, Medeiros NCFL, Medeiros LI, Amaral-Labat GA, Bispo MC, Lenz e Silva GFB, Boss AFN, Baldan MR

RESULTS AND DISCUSSION

Morphological characteristics such as grain size and geometry were evaluated through scanning electron microscope (SEM)

images of SiC, CB and MnZn ferrite (Fig. 3). Silicon carbide presented particles smaller than 44 pum, and a prismatic geometry

that is typical from hard and fragile ceramic materials. Carbon black presented a characteristic cluster of nanometric spheres, and

MnZn ferrite showed faceted particles ranging from 10 to 50 pm.

(a)

(b) (c)

Figure 3. SEM images of (a) SiC (b) CB (c) MnZn fillers.

The planes and positions of each material were identified through X-ray diffraction (XRD) analyses (Fig. 4). The power
diffraction file (PDF) cards used were: SiC (01-075-1541); CB (00-041-1487); and MnZn ferrite (01-089-7555). Silicon carbide and

MnZn ferrite showed well-defined peaks that confirm their crystalline structure, while CB diffractogram presents the characteristic

peaks of amorphous carbon, corresponding to (002) and (101) planes. The main phase of SiC, MnZn and CB was identified as
moissanite-6H (SiC), franklinite (Fe,0,Zn) and hexagonal graphite - 2H (C).
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Figure 4. XRD patterns of (a) SiC, (b) CB and (c) MnZn fillers.
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The complex permittivity and permeability are the dielectric and the magnetic properties of materials, respectively. The real
part of permittivity and permeability (€ and i) are related to the capacitive phenomena, while the imaginary parts (¢” and ”) are
related to the dissipative phenomena (Nagasree et al. 2020). The electromagnetic properties of all samples are almost constant over
the entire K -band, as can be seen in Fig. 5. This can be verified through the averaged values of the electromagnetic properties
over the entire frequency range. The average complex permittivity for sample MnZn60 throughout the K -band is €’ = 9.88 £0.12
and €” = 1.20 £ 0.31, while the averaged complex permeability is W= 0.53 £ 0.01 and p” = 0.01 £ 0.03. Sample SiC40 has an
average complex permittivity of € = 6.82+£0.10 and €” = 1.06 +0.08, and an averaged complex permeability of u’ = 1.02 +0.01 and
@’ =0.02£0.01. Carbon black (CB2) sample presents an average complex permittivity of € = 3.09£0.01 and €” = 0.14 £ 0.01, and
an averaged complex permeability of ' =0.96£0.01 and u” = 0.01 £0.01. It is important to mention that these averaged values are
just to demonstrate that the electromagnetic properties remain constant over the entire frequency range, but the RL are calculated

using the permittivity and permeability values that are presented in the graphs.
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Figure 5. (a) Complex permittivity and (b) complex permeability of samples CB2, SiC40 and MnZn60.

The dielectric and magnetic tangent losses for all samples are presented in Fig. 6, where the dielectric losses (tan §, = £7/¢’)

play a more important role dissipating the electromagnetic wave than the magnetic losses (tan & = w/w).
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Figure 6. The (a) dielectric and (b) magnetic tangent losses for all samples.

The attenuation constant (o) was calculated through Eq. 5 (He et al. 2019):
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a= @ X \/(’ungn _ ulgl) + \/(ungn _ ’ulel)z + (‘uugl + ‘Lllgll)z (5)

Figure 7 shows that MnZn60 attenuates the incident wave better than SiC40 up to 13.6 GHz, but SiC40 can attenuate it better
at higher frequencies. The oscillation in the MnZn60 attenuation constant is related to the variations in the complex permittivity.
Although those oscillations are small, they became larger in the attenuation constant because they are frequency dependent, as
can be seen in Eq. 5. The SiC40 and CB2 samples present linear values that increase with increasing frequency, as expected for

constant values of permittivity and permeability.
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Figure 7. Attenuation constant of all samples.

The experimental RL of each individual material is presented in Fig. 8. The CB2 sample alone does not present a considerable
reflection loss, as seen in Fig. 8a. This behavior is probably related to the proportion of CB in the silicone rubber, that was not
enough to achieve an electric percolation once it accepts 3-4 wt% of CB accordingly to empirical analysis. The reflection loss for
samples MnZn60 and SiC40 present better absorption properties, and the results are shown in Fig. 8b and 8c, respectively. The best
result for MnZn60 composite was the one with 4.27 mm thickness, reaching -16.0 dB at 14.1 GHz. This sample has an absorption
bandwidth (BW) of 0.6 GHz, i.e., the RL is below —10 dB over 600 MHz. The SiC40 sample with 2.00 mm thickness presented a
RL of -14.6 dB at 14.7 GHz, with an absorption bandwidth of 2.5 GHz. Other SiC40 samples with different thicknesses also had
a RL below 10 dB, such as the samples with 1.60 mm (RL = -11.5 dB at 16.1 GHz and BW = 0.9 GHz), 5.02 mm (RL = -15.0 dB
at 17.3 GHz and BW = 2.4 GHz) and 5.97 mm (RL = -14.1 dB at 14.8 GHz and BW = 1.2 GHz). Since RL is thickness dependent,
a shift towards lower frequencies is observed in Fig. 8c as samples get thicker.

The best values of multilayers structures were found using Egs. 1 to 4. The calculations were made in an Excel spreadsheet and
respected the maximum total thickness of 6.5 mm, since it is the thickness of the rectangular waveguide sample holder. The first
structure investigated was the double layer structure with MnZn60 composite as layer 1 and CB2 composite as layer 2. The experimental
and calculated RL for this multilayer are presented in Fig. 9. Two structures with different total thicknesses presented good RL:
one with 5.90 mm and another 6.20 mm. The calculated RL for the structure with 5.90 mm thickness (MnZn60 2.90 mm + CB2
3.00 mm) was -21.2 dB at 15.9 GHz, while the measured RL was -30.2 dB at 16.0 GHz. The frequency difference between the
experimental and calculated peaks is 0.1 GHz. The structure with 6.20 mm thickness (MnZn60 2.20 mm + CB2 4.00 mm) had
a calculated RL of -40.2 dB at 17.1 GHz, while the measured RL was -14.5 dB at 16.9 GHz. The frequency difference between
them is 0.2 GHz. These structures also presented a good experimental absorption bandwidth: 1.0 GHz for structure MnZn60
2.90 mm + CB2 3.00 mm and 1.2 GHz for structure MnZn60 2.20 mm + CB2 4.00 mm. These structures presented a better RL

than both individual composites samples, and a shift towards lower frequencies with a thinner structure.
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The second set of double layer structures were evaluated considering SiC composite as layer 1 and CB2 composite as layer 2 (Fig. 10).
The structure with a total thickness of 6.50 mm (SiC40 3.50 mm + CB2 3.00 mm) theoretically attenuates -19.2 dB at 15.9 GHz. However,
the measured RL was -33.6 dB at 16.0 GHz, which is a significant improvement of the RL with a slight frequency difference of 0.1 GHz.
The experimental absorption bandwidth of this structure was 1.7 GHz. The sample with 6.35 mm (SiC40 2.35 mm + CB2 4.00 mm)
had a calculated RL close to -20.6 dB at 16.9 GHz, while the measured RL was —24.5 dB at 16.9 GHz. The frequency difference between
experimental and measured RL peaks is inexistent, and the experimental absorption bandwidth was 1.4 GHz. The calculated RL for the
sample with 5.85 mm thickness (SiC40 2.85 mm + CB2 3.00 mm) was -20.5 dB at 17.8 GHz, and the measured RL was -34.7 dB at 17.8 GHz.
This structure had an absorption bandwidth of 1.2 GHz in the K -band, but it can be larger if the K-band is consider. Also, this sample
presented no frequency difference between calculated and measured RL. It can be observed through these analyses that it is possible to

control the absorption frequency by adjusting the thickness of the first or the second layer, allowing a frequency tuning of the structure.
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Figure 8. Reflection loss of (a) CB2 (b) MnZn60 and (c) SiC40 samples.

There is a significant improvement of the experimental RL when the results of the double layer structures are compared with the results
of each single layer material. This behavior can be explained as a similar effect of a Salisbury screen (Seman et al. 2009), which is a structure
consisting of an air gap between the absorber material and the metal plate. Also, the reflection loss is extremely sensitive to the structure
thicknesses, and it is possible to shift the frequency of absorption by changing the thickness of the lossless layer (CB2), the thickness of the lossy
layer (SiC40 or MnZn60), or the total thickness of the structure. Because of that, micrometric air gaps were probably responsible for the

frequency mismatch between measured and calculated RL since it may have increased the total thickness of the structure in a micrometric scale.

J. Aerosp. Technol. Manag., Sdo José dos Campos, v13, e0421, 2021



n Souza AAT, Medeiros NCFL, Medeiros LI, Amaral-Labat GA, Bispo MC, Lenz e Silva GFB, Boss AFN, Baldan MR

LN
oo b O

n n
N

Layer 1 Layer 2
(MnZnB0) (CB2) Method
B 220mm 4.00 mm Measured

[e¢]

Reflection Loss (dB)
n
(@]

[
o

36 ® 2.90mm 3.00 mm Measured
] — 2.20mm 4.00 mm Calculated
-40 — 2.90 mm 3.00 mm Calculated

44 . . . . : : ——
12.412.8 13.6 144 152 16.0 16.8 17.618.0
Frequency (GHz)

Figure 9. Calculated (line) and experimental (symbol) RL of a double layer structure with 6.20 mm
(black) and 5.90 mm (red) thicknesses. The first layer is MnZn60 and the second layer is CB2.
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Figure 10. Calculated (line) and experimental (symbol) RL of a double layer structure with 6.35 mm (black),
5.85 mm (red) and 6.50 mm (blue) thicknesses. The first layer is SiC40 and the second layer is CB2.

Figure 11 presents the analysis of a double layer structure considering CB2 composite as layer 1, i.e., the layer between free
space and layer 2. Considering MnZn60 composite as layer 2, the best attenuation peak appeared with the multilayer structure CB2
4.00 mm + MnZn60 2.20 mm, with total thickness of 6.20 mm. The calculated RL reached -11.8 dB at 12.9 GHz, while the measured
RL was -7.0 dB at 14.6 GHz. The frequency difference between measured and calculated RL is 1.7 GHz, which is higher than the
previous analysis, and the RL is not significant. Now analyzing SiC40 as layer 2, the structure CB2 4.00 mm + SiC40 2.35 mm
(Fig. 8b) presented better RL, where the calculated RL was close to -9.8 dB at 16.2 GHz, and the measured RL was -16.2 dB at
15.6 GHz. The frequency difference between experimental and measured RL peaks is 0.6 GHz. Even with an experimental RL of
-16.2 dB, the results are not as stunning as the double structures with CB2 as layer 2. This may be related to the number of layers
in these structures. A multilayer structure with several layers can attenuate the incident wave through impedance matching, which
means that each layer has a characteristic impedance close to the ones surrounding it. This allows the incident wave to penetrate

better into the structure and then dissipated the energy more efficiently.
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Figure 11. Reflection loss of (a) CB2 (first layer) + MnZn60 (second layer) and (b) CB2(first
layer) + SiC40 (second layer) samples measured (symbol) and calculated (line).

CONCLUSION

It was demonstrated here how a multilayer structure can provide a better RL than a single layer RAM, and how it is possible to validate
the calculated RL of a multilayer structure using small samples in a rectangular waveguide. For comparison, the best single layer RL
result for sample SiC40 reached —15.0 dB at 17.3 GHz, while for sample MnZn60 was close to -16.0dB at 14.1 GHz. For the multilayer
structure SiC40 2.85mm + CB2 3.00mm, the experimental RL was -34.7 dB at 17.8 GHz, while for the structure MnZn60 2.90 mm
+ CB2 3.00mm the experimental RL was -30.2 dB at 16.0 GHz. The calculated RL for these structures were -20.5 dB at 17.8 GHz and
-21.2 dB at 15.9 GHz, respectively. It was demonstrated that CB composite as layer 2 is more effective than in layer 1. This is probably
because this structure worked as a Salisbury screens, where a lossless material is between the lossy material and the metallic plate.

Also, it was demonstrated how the double layer structures can be tuned to reduce the RL in a specific frequency, simply
by changing the thickness of each layer. Since the RL calculations were time-consuming because were performed in an excel
spreadsheet, it is suggested as further work the implementation of an algorithm that calculates the RL of a multilayer structure

with # layers, using criteria like RL, total thickness and desired frequency to choose the best arrangement.
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