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Abstract: The study and measurement of the shielding effectiveness (SE) of planar materials is
required to predict the suitability of a certain material to form an enclosed electromagnetic shield. One
of the most widely used standards for measuring the SE of planar materials is ASMT D4935-18. It is
based on a coaxial sample holder (CSH) that operates up to 1.5 GHz. Due to this standard’s frequency
limitations, new variants with higher frequency limits have been developed by decreasing the size
of the CSH conductors and the samples. However, this method and its high-frequency variants
require two types of samples with very specific geometries and sizes. This method is unsuitable for
certain types of nanomaterials due to their complex mechanization at such undersized scales. This
contribution proposes an alternative SE measurement method based on an absorber box that mitigates
the problems presented by the ASTM D4935-18 standard. The SE of rigid nanomaterial samples
based on several concentrations of multi-walled carbon nanotubes (MWCNT) and two different fiber
reinforcements have been obtained.

Keywords: shielding effectiveness (SE); nanomaterials; absorber box; electromagnetic compatibility
(EMC)

1. Introduction

The fast-paced advancements in electronic devices, information technology, wearable
devices, and 5G technology have significantly increased electromagnetic interference (EMI)
and radiation pollution [1]. This has required developing new materials with advanced
shielding capabilities to reduce the effects of EMI. Developing this kind of material aims
to increase the security of sensitive devices or systems that can be susceptible to EMI.
Moreover, new advanced materials must ensure the protection of human health to reduce
the risk of problems derived from exposure to electromagnetic radiation. Consequently,
there is a high demand for advanced materials that can significantly address the challenges
posed by EMI.

The investigation of lightweight EMI shielding materials will allow the possibility of
increasing safety in 5G communications. When it comes to shielding materials, one of the
most determining parameters for the application of the material is shielding effectiveness
(SE). The SE indicates the attenuation intensity experimented by an electromagnetic wave
traveling through a medium, A, after interacting with a medium, B (shield).

Magnetic materials, which are the main ones responsible for magnetic losses, achieve
electromagnetic wave (EMW) absorption through magnetic hysteresis loss, eddy current
effects, and ferromagnetic resonance [2—4]. Ferrites are widely used as EMW absorbers due
to their high magnetic permeability, saturation magnetization (Ms), and resistivity (Q2), as
well as a significant flexibility that allows the modification of their chemical composition to
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adapt their magnetic properties to specific applications [5-7]. A recent study evaluated the
efficiency of magnetostatic protection using nanostructured permalloy shielding coatings,
demonstrating their potential for enhancing the shielding efficiency of electronic devices
achieving a maximum SE value of 29 dB [8]. On the other hand, carbonaceous materials
(e.g., carbon nanotubes (CNT), MXenes, or graphene foams) are excellent candidates for
enhancing the absorption of the incident EMW due to their interesting electromagnetic
and molecular properties, such as a unique combination of high conductivity and low
density [9,10]. Specifically, multi-walled carbon nanotubes (MWCNTs) possess a shielding
effect against EMI owing to their conductivity and unique internal porous structure and
morphology. Consequently, they are an excellent and cost-effective choice for the primary
material in composites. Moreover, the availability of specific heteroatomic groups in
MWCNTs makes them suitable for convenient modification in subsequent applications. The
combination of high conductivity and the presence of numerous internal interfaces because
of either their porous structure or molecular arrangement enhances the dielectric loss
through interfacial polarization. This also introduces an additional absorption mechanism
based on multiple reflections, consisting of the continuous reflection of the incident wave
in the different interfaces of the particle; thus, enhancing the attenuation of the EMW
reflections [9,11]. The dispersion of carbonaceous particles in a polymer matrix, either
thermoplastic or thermosetting, entails the improvement of the SE capabilities of the
matrix [12] This allows the obtaining of specific compounds for lightweight applications
overcoming the limitations of metals in terms of high density and corrosion susceptibility.
Increasing the content of carbonaceous particles was found to have a positive effect on the
SE of the resulting compound, achieving a maximum absorption of —38 dB in the X-band
with 5% wt MWCNTs [13] and —66 dB for a polystyrene (PS) compound containing 20%
wt MWCNT obtained via compression molding [14].

However, further increasing the content of carbon fillers also entails the increment of
the compound viscosity and, therefore, hinders its processability, as noted in [15]. Fiber-
reinforced polymer (FRP) composite materials are characterized by their heterogeneity and
anisotropy, which imparts to them the property of not exhibiting plastic deformation. FRP
composites have found widespread use in a diverse range of contemporary applications,
such as space, aviation, and automotive. Carbon-fiber-reinforced polymer (CFRP) and
glass-fiber-reinforced polymer (GFRP) composite materials, among other fiber-reinforced
materials, have gained increasing popularity due to their outstanding strength and low
specific weight properties, leading them to replace conventional materials in various ap-
plications [16]. The use of CFRP is a prominent alternative to address the manufacturing
problems derived from the use of particle-based composites [17]. Although recent studies
have demonstrated the feasibility of using woven prepreg laminates to produce shielding
effectiveness of more than 100 dB at low frequencies (<1 GHz) [18], the specific contribution
of each type of shielding mechanism and the effect of the typology of the fibers at higher
frequencies remains an open question. Suitable compositions and orientation of fibers
made desired properties and functional characteristics of some GFRP composites equal
to steel, had higher stiffness than aluminum, and the specific gravity was one-quarter
of the steel [19]. Martinez et al. performed SE measurements in the frequency range of
300 kHz-8 GHz on GF composites in combination with different conductive materials, such
as MWCNT and copper mesh, reporting an attenuation of approximately —40 dB up to
1.5 GHz for the copper mesh case [20]. Another study investigated the EMI shielding perfor-
mance of carbon-nanomaterial-embedded fiber-reinforced polymer composites, revealing
that the EMI shielding effectiveness of the composites was significantly improved with
the addition of carbon nanomaterials. A sample with 3% CNT-GNP CFRP composition
demonstrated an EMI shielding effectiveness higher than 15 dB [21].

To evaluate the suitability of these novel shielding materials for integration into a 5G
system or other high-frequency applications, it is necessary to perform a characterization
of their SE. Due to the wide variety of applications and shapes that a shielding material
can adopt, this is generally characterized as a planar material. Depending on the frequency
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range where the material will operate, there are various measurement methods to deter-
mine their shielding effectiveness. Currently, the most widely used standard for measuring
the effectiveness of shielding of planar materials is the ASTM D4935-18 standard [22].
However, this standard is limited in frequency to 1.5 GHz, making it significantly restricted
when considering 5G technology that operates at much higher frequencies. Alternative
measurement methods based on free-space measurements, such as the IEEE 299 standard,
are available but are hindered by the complexity of measurement due to the dimensions
of the material sample required and the infrastructure required to perform the measure-
ments [23]. Considering these limitations, alternative measurement methods derived from
existing standards are currently being developed to address these issues.

In this work, the proposed measurement method is based on an absorbing box that
overcomes the limitations that standard methods present. This method eliminates the
sample size and mechanization issue, as it does not require a sample that is either too
large or too small. Additionally, it makes it possible to measure in a frequency range
that goes further than the region defined by the method presented in the ASTM D4935-18
standard. Furthermore, this method mitigates the problems of surrounding influences
as measurements are taken within a controlled, absorbing environment. The results of
EMI shielding effectiveness of the developed samples are reported in the frequency range
of 700 MHz-18 GHz, covering the sub-6 GHz band of the 5G spectrum and part of the
mmWave band.

This manuscript is organized as follows. First, Section 2 describes the manufacturing
process of the five samples and their most relevant characteristics. Section 3 illustrates
the main planar material measurement methods. This section also describes the current
standard methods, their limitations, and the non-standardized measurement techniques.
In this section, it is described the measurement setup to determine the SE of the different
samples. Subsequently, the obtained results are presented in Section 4. This section also
discusses the performance of the samples in the entire frequency range in terms of the
attenuation that they provide. Finally, the main conclusions obtained in this research are
summarized in Section 5.

2. Material Characterization
2.1. Material Selection

Before thermoplastics were extended, thermosets were widely used for various appli-
cations. However, as the industry evolves, thermosets have some serious limitations. When
heating a thermoset once, it becomes irreversibly hardened when cured due to heating.
Once cured, a thermoset plastic cannot be modified in shape by applying heat or pressure
because the curing process has set a permanent chemical bond. The only way to break that
chemical bond is by exposing it to a high-temperature source where the thermoset plastic
is burned off. Hence the recyclability is zero compared to thermoplastic polymers, which
can be repeatedly heated and remolded into desired shapes or forms [24].

Acrylonitrile butadiene styrene (ABS) is an amorphous thermoplastic copolymer
built by polymerizing styrene and acrylonitrile in the presence of polybutadiene. The
combination of the three confers to ABS a wide range of characteristics, such as impact
resistance, toughness, heat resistance, or weather and chemical resistance [24]. ABS is
widely used in the plastic industry for modern processes such as plastic injection molding
for end products such as protective housings, stiff packaging, and structurally robust
parts, as well as in the production of polymer blends, such as polycarbonate + ABS or
polyamide + ABS, and can be regularly found in the automotive sector [25-27]. Additionally,
the use of ABS has also been reported for EMI shielding applications throughout the
manufacturing of ABS/MWCNT compounds, due to its processability and dimensional
stability [28,29]. Raw ABS 118HF pellets supplied by Elix Polymers are used in this study
in the production of seven samples containing different MWCNT concentrations and
reinforcements. These samples are summarized in Table 1. A CNT Masterbatch from
Nanocyl, the Plasticyl ABS1501, is used to manufacture Sample 7.
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Table 1. List of samples.

Sample ID Description Particle Type Particle Percentage
1 ABS NA'! NA
2 ABS + 5% CNT MWCNT 5%
3 ABS +10% CNT MWCNT 10%
4 CF LFP ABS + 3% CNT MWCNT 3%
5 GF LFP ABS + 3% CNT MWCNT 3%
6 2 x CFLFP ABS + 3% CNT MWCNT 3%
7 MB 2 ABS + 15% CNT MWCNT 15%

I NA: Not applicable. 2 MB: Masterbatch

2.2. Samples Manufacturing

The samples studied to determine their SE to prevent EMI has been manufactured
following a two-step process encompassing the production of the raw thermoplastic com-
pounds and the subsequent obtention of the testing samples. The compounding stage
included using an extruder setup with ABS/CNT pellets and a thermoplastic pultrusion
line for LFP production. Finally, the samples underwent compression molding to produce
the final rectangular specimens.

2.2.1. Compounding

The initial stage consists of obtaining the raw compounds used in manufacturing the
testing samples. These initial compounds carry diverse concentrations of multi-walled
carbon nanotube (MWCNT) particles. Furthermore, a sample consisting of 100% raw ABS
(Sample 1) allowed the definition of a minimum reference value of EMI shielding. The
compounds are obtained following three different and independent techniques.

The compounds used in the manufacturing of Samples 2 to 5 are produced by means
of a PRISM 16 L/D 25 twin screw extruder and located at the compounding facilities
at AIMPLAS (Figure 1a). In this process, ABS pellets and particles are fed together into
the extruder via a specific hopper. During the extrusion process, the raw materials are
mixed due to the effect of temperature and the shearing forces exerted by the twin screws.
Taking into consideration 240 °C as the processing temperature of the ABS matrix used,
a flat temperature profile of 260 °C is settled to process the compounds to ensure good
processability of the materials (Table 2). Then, at the end of the extruder, a continuous
filament with a pre-defined diameter is obtained and cooled down. Finally, a cutting unit
located at the end of the setup generates the ABS/CNT pellets with the desired length.

(a)

Figure 1. Cont.
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(b)

Figure 1. Compounding process. (a) Schematic of the extruder setup. (b) Schematic of the LFP
production line.

Table 2. Extrusion parameters.

EXTRUSION PARAMETERS
FEEDER EXTRUSION ZONE TEMPERATURE PROFILE
SET POINT SCREW PRESSURE ZONE1 ZONE2 ZONE ZONE4 ZONE ZONE6 ZONE ZONES
(Kg/h) (RPM) (bar) Q) Q) 3(°C) Q) 5(°C) Q) 7(°0) Q)
1 200 8.2 260 260 260 260 260 260 260 260

Long fiber pellets (LFP) are produced in a thermoplastic pultrusion line developed by
AIMPLAS, allowing ¥4 mm unidirectional threads of glass or carbon fiber impregnated
by the ABS/CNT compounds previously developed (Figure 1b). In this process, the
pellets produced in the previous step are fed to the same extruder described previously
in order to melt the polymer and facilitate the subsequent impregnation of the fiber. A
temperature profile of 270 °C is used to process the ABS/CNT compound in the extruder to
ensure good processability and further fiber impregnation. The resulting melted polymer
matrix compound is then transferred to the impregnation die to impregnate the fiber
thread effectively. The continuous thread of thermoplastic impregnated fiber leaving the
impregnation die at a rate of 600 g/h is cooled down and cut into 12 mm pellets reinforced
with oriented and continuous either carbon or glass fiber. The resulting carbon and glass
LFP are used to manufacture Samples 4 and 5, respectively.

2.2.2. Compression Molding

Following the production of the pellets, rectangular specimens of dimensions 210 mm
x 297 mm x 2 mm are obtained (Figure 2) via compression molding using a CUYMA
PH1000 hot press. In this process, the pellets obtained in Section 2.2.1 are placed in a mold
of pre-defined dimensions and located between two rigid and hot plates. The effect of the
temperature and pressure upon the closure of the mold induced the melting of the pellets
and obtaining testing samples with the required dimensions (Figure 3). For all specimens,
the temperature is kept constant at 250 °C through the entire compression cycle, which
accounted for an initial force of 60 kN for 5 min, followed by an increase in the force to
100 kN and holding for 10 min (Table 3).

Seven testing samples are produced, one per each type of compound. An additional
specimen is produced with the same formulation as used for the manufacturing of Sample
6. Coupling these two specimens together (Sample 7) would shed light on the relationship
between the increase in the thickness by a factor of 2 and the EMI shielding.
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Figure 2. Schematic of the hot press molding process.

(a) (b)
Figure 3. CF LFP ABS + 3% CNT sample. (a) Front side. (b) Back side.

Table 3. Hot press molding parameters.

Time (min) Pressure (kN) Temperature (°C)
5 60 250
10 100 250

2.3. Dispersion Analysis

Following the preparation of the samples, an analysis of the dispersion of the EMI
shielding particles in the polymeric matrix is deemed necessary to assess the quality of the
manufacturing process. Scanning electron microscopy (SEM) imaging is performed using a
Hitachi S-4800 Scanning Electron Microscope which allowed the characterization of the
surface of Samples 2, 4, and 7, generated in Section 2.2 (Figure 4). The selected samples
are representative of each of the three manufacturing processes and materials described
previously.

CNTs appear as thin and elongated structures and are homogeneously distributed
across the three samples, indicating a high-quality manufacturing process. Sample 7
contains the highest concentration of CNTs after visual assessment, confirming the nominal
specifications of this sample (Figure 4a,b). It is worth noting that the combined effect of
the low apparent density of the CNTs (~0.23 g/cm?) and the high weight percentage of
CNTs (15%) contained by this sample, results in a dense network of CNT that hinders the
visualization of the polymeric matrix.
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Figure 4. SEM images of three of the developed samples. General view (left). Detailed view (right).
(a,b) MB ABS + 15% CNT (c,d) ABS + 5%CNT (e,f) CF LFP ABS + 3% CNT.

As the concentration of CNT decreases (Samples 2 and 4), the polymeric matrix is
rendered visible, and the network of CNT becomes less dense (Figure 4c,d). Additionally,
the correct impregnation of the carbon fibers by the polymer matrix can be observed in
Figure 4e, ruling out the delamination of the fibers produced by the sample preparation.

Regarding the CNT distribution, it can be observed that a similar distribution is
obtained across the samples included in Figure 4. This effect indicates a high level of
reproducibility of the manufacturing process. Following a visual examination, empty
spaces and aggregates are not appreciated, and CNTs are homogeneously dispersed in the
polymer matrix.

3. Planar Material Measurement Methods

The current standard method that defines the measurement procedure to determine
the shielding effectiveness of planar materials is the ASTM 4935-18. Nevertheless, the
frequency region of this measurement method is limited in frequency (up to 1.5 GHz).
Other measurement techniques used to analyze the performance of planar materials are
based on the IEEE 299 standard. Due to the wide variety of applications that need to be
shielded by using housing with a specific size and shape, planar materials are generally
characterized, considering different field conditions. Thereby, depending on the frequency
range and the sample features, different measurement techniques may be used to cover the
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entire frequency range of interest. The 5G operates in a wide range of frequencies. Currently,
two different frequency ranges are available for the 5G technology, FR1 and FR2. The bands
in the FR1 spectrum are envisaged for the operation of traditional cellular communication,
whereas FR2 bands aim to provide short-range very high data rate capability. The 5G
FR1 range covers frequencies up to 7.125 GHz, and FR2 encompasses frequencies above
24.5 GHz.

3.1. Standard Measurement Methods

The main techniques for the measurement of the SE of planar materials are based on
using mono-mode coaxial TEM cells, according to the standard ASTM D4935-18, or the
use of emitting and receiving antennas as in the IEEE 299 standard. The first method has a
frequency limit of about 1.5 GHz; the last one applies for higher frequencies, but it requires
large sheet samples, which is a disadvantage when dealing with novel materials that rely on
rare raw materials. The cost of the shielding particles can be very high, making unfeasible
the manufacturing of large-scale samples. Consequently, measuring these materials using a
method that requires covering the entire door of an anechoic chamber becomes impractical.

The ASTM D4935-18 is the standard test method for measuring the electromagnetic
shielding effectiveness of planar materials. This method allows measuring planar samples
in a narrow frequency range from 30 MHz to 1.5 GHz. The technique measures the
insertion loss (IL) that results when introducing test samples in a coaxial two-conductor
transmission line holder, supporting transverse electromagnetic (TEM) propagation mode.
The procedure requires two types of specimens with the same thickness to make SE
measurements: the reference and the load specimens (Figure 5). The difference between
the measurements of the load and the reference specimen provides the measurement of the
SE, caused by the reflection and absorption of the material between the two flanks of the
coaxial probe. The upper-frequency limit that can be measured with this method depends
on the cut-off frequency for the transverse electric propagation mode of the coaxial cell
holder. At frequencies higher than the cut-off, higher-order modes other than TEM can
propagate, changing the field distribution inside the cell and causing resonances in the
measured results, which have an adverse effect on the accuracy of the measured results.
Therefore, the main disadvantage of the fixture is the narrow frequency band of operation,
which is limited, considering the operating frequencies of current electronic devices and
systems.

Figure 5. Measurement test setup based on the ASTM D4935-18 procedure and sample geometries
and dimensions.

The IEEE 299 standard defines how to measure the effectiveness of electromagnetic
shielding enclosures. This method is carried out by placing a sample of the material under
test between two antennas connected to a vector network analyzer equipment (VNA) that
provides the emitting signal to one of the antennas and receives the field measured by the
receiving antenna (Figure 6). Thereby, it is possible to obtain the shielding effectiveness
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of the material under test by analyzing the S-parameters obtained through a reference
measurement (without the material sample) and a load measurement (by placing the
material between the two antennas). The reference can be taken in free space or through an
open aperture in an anechoic chamber wall. The SE is obtained by taking the difference
between the received field strength (in dB units) with the sample absent and with the
sample present. The nature of the illuminating field varies with frequency and the type of
antenna used.

Figure 6. Measurement test setup based on the IEEE 299 standard procedure.

To these limitations is added the high influence between the characteristics of the
anechoic chamber as well as the proper location/orientation of the antennas and the sample
in the space.

3.2. Non-Standardized Measurement Methods

Due to the increase in operating frequencies and the evolution of 5G towards FR2, it is
important to develop non-standardized measurement methods through setups, fixtures,
and techniques compatible with the operating frequencies of 5G technologies and the
samples manufactured.

From the standards, some derivative methods can be highlighted: nested reverberation
chambers [30], vibrating intrinsic reverberation chambers [31], TEM cell methods [32],
ASTM D4935-18 high-frequency variants [33-35], or absorber box methods [36,37]. The last
one proposes an alternative to free space measurements in an anechoic chamber, where
the sample size is significantly reduced, and no complex sample preparation is required.
Moreover, the equipment and the sample size determine the cutoff frequency, so the
method is considerably adaptable to the type of material to be measured. This alternative
also eliminates the main problems that the other techniques present, making this method
suitable for this study.

As some bibliographic sources indicate, extending the upper-frequency limit of the
ASTM D4935-18 standard could be possible. Some institutions have modified this standard
coaxial cell holder to perform SE measurements at higher frequencies and on smaller-size
materials under test [34,35]. Basically, as the cut-off frequency, and consequently the upper-
frequency limit, depends on cell dimensions, new versions of coaxial sample holders can be
designed and fabricated, reducing the inner radius of the outer conductor and the radius of
the center one.

On the other hand, the measurements based on the IEEE 299 standard are another in-
teresting line of research since they can be performed with RF antennas (inside an anechoic
chamber), extending the frequency region defined by the ASTM D4935-18 standard. The
upper frequency for IEEE 299 methods is limited by the chamber leakage and the need for
the sample to be large enough to minimize edge diffraction effects. Nevertheless, test-to-test
variations arise from normal differences between instruments, from discrepancies between
transmitting and receiving antennas, including their positions, and primarily from differ-
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ences between test techniques. Most of the methods based on free space require sample
dimensions too large, in addition to being strongly conditioned by the environmental
conditions and the directivity of the antennas. Consequently, the proposed alternative
method is based on an EMI absorber box lined with absorbent material and two antennas:
one transmitter and one receiver.

3.3. Proposed Shielding Effectiveness Measurement System

The proposed measurement method is an adaptation of one of the methods included
in the P2715 standard, a guide for the characterization of the shielding effectiveness of
planar materials. This method provides the SE of planar materials, adapting to the specific
requirements of the study. The main advantage is that the sample machining is simple,
which represents a significant breakthrough when dealing with rigid and delicate materials
that cannot be machined with very specific geometries or tiny dimensions. Furthermore, no
electrical connection to the sample is required, which allows the measurement of samples
with low conductivity, contrary to the measurement method proposed in the ASTM D4935
standard. These facts mean that a wide range of measurements can be made with reasonable
speed due to the easiness of the measurement procedure. Another notable advantage is the
elimination of frequency limitation, making it a suitable method for measurements in the
frequency range where 5G technology operates.

The scheme of the proposed prototype is shown in Figure 7. The receiving antenna
embedded in the absorber and the receiving antenna are commercial 700 MHz to 18 GHz
A-Info LB-7180 ridged waveguide horns. The dimensions of the cavity are 300 x 500 mm,
thus, adapting to the rectangular shape of the horn antennas [38]. In one of the sides of the
box, a hole has been drilled where an SMA-type connector is placed and connected to the
transmitting antenna inside the cavity. The laminated absorber is arranged inside the cavity
of the absorber box cut to fit the geometry and dimensions of the antenna. The absorber
material is a commercial series made from polyurethane foam that is treated with carbon
and assembled in a laminate construction to generate a controlled conductivity gradient.
The upper layers above the emitting antenna have a square opening of 100 x 100 mm
where the sample is placed to measure the SE of the sample. Assuming no contact exists
between the equipment and the sample, two more sheets of absorbent material are placed
on top of the sample to mitigate diffraction losses due to the edge effect and to flatten the
sample in case it has a concave or convex shape due to the manufacturing process. These
top layers of absorbers have an opening of the same dimensions as the sample layer to
illuminate the sample as uniformly as possible.

Figure 7. Cross-sectional view of the prototype system.
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(a)

The selected size of the developed samples is 210 x 297 mm. These dimensions
correspond to a fairly standard size for sample prototyping, although it is possible to
perform measurements with samples up to 300 x 500 mm, which corresponds to the
maximum dimensions of the cavity. Furthermore, with this size, the samples aim to be
large enough to reduce the edge effect previously mentioned, but at the same time, small
enough to ensure that production is simple and cost-effective.

The antennas are connected to port 1 (emitting channel) and port 2 (receiving chan-
nel) of a VNA measuring equipment through an SMA-type connector and two cables
Megaphase KB18-5151-48 SMA. The frequency range of the final system is 700 MHz-
18 GHz, limited by the maximum and minimum operating frequencies of the antennas.

The procedure to obtain the shielding effectiveness of the different samples is based
on measuring the scattering parameter Sp; by taking the transmission ratio through the
system without any sample (5,1 ref), and with the sample present in the cavity (S21 sample)-
Subsequently, the SE is calculated according to Equation 1:

SE (dB) = S21,sarnple - SZl,ref (1)

The prototype and the final measurement setup are shown in Figure 8, where the
receiving horn antenna is situated above a material under test and connected to the VNA
equipment.

(b)

Figure 8. Experimental measurement setup. (a) Sample window layer. (b) Experimental setup
performing a sample measurement.

To characterize the system, the measurement of the dynamic range of the proposed
method has been carried out. The SE of the cavity without a sample has been compared
with the SE resulting from placing a perfect electric conductor (PEC) with the maximum
size of the cavity (300 x 500 mm) to avoid the effect of diffraction at the edges. In this case,
the sample is an aluminum sheet with a thickness of t = 2 mm. Figure 9 shows the resulting
dynamic range of the system, which is approximately -100 dB and is expected to be suitable
to measure the SE of the developed materials according to the values obtained in previous
studies of composites with similar characteristics [20,39].

The most notable features of the measurement method used to evaluate the developed
samples are summarized in Table 4.
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Figure 9. Measured dynamic range of the system with a 2 mm thick aluminum sample.

Table 4. Hot press molding parameters.

Measured Unit of Cavity . Frequency Measurt?d
. : Sample Size Dynamic
Parameter Measure Dimensions Range
Range
Shielding 300 x 210 x 700 MHz-
effectiveness dB 500 mm 297 mm 18 GHz —100dB

4. Results and Discussion

This section is focused on showing the results corresponding to the measurement of
seven sample composites under test. Firstly, it is compared the different composite samples
based on ABS (samples 1, 2, 3, and 7) to analyze how the increase in the concentration of
CNT is turned into an improvement of the SE parameter. Subsequently, the influence of
the reinforcement material used to manufacture the composite is studied by comparing
the samples based on glass fiber and carbon fiber (samples 4 and 5). Finally, the effect of
introducing a thicker carbon fiber reinforcement in the composite is analyzed (samples 4
and 6).

Figure 10 shows the results obtained in terms of SE of different composites with an
ABS matrix without fiber reinforcement and three different concentrations of %w CNT. The
ABS trace represents the outcome of the SE measurement conducted on the ABS matrix
without any filler material. This particular measurement is used as a reference to compare
the SE values obtained from the other samples. It can be observed how this trace does
not provide considerable attenuation but the increase in CNT filler leads to a rise in the
SE provided by the material. If we take the value of 7.125 GHz as a reference, which
corresponds to the upper limit of the FR1 band in the 5G spectrum, a value of —24.75 dB
is obtained for the trace with a concentration of 5w%CNT. For the sample with twice the
weight concentration of CNT, the SE value increases to —39.65 dB. In the last case, for the
15w%CNT sample at the reference frequency, the SE value obtained is —81.30 dB.

Below the reference frequency, the behavior of the traces is slightly different. The red
trace corresponding to sample 2 shows a linear behavior, whereas the traces corresponding
to the samples with the highest CNT concentration (samples 3 and 7) show an increase in
SE as the frequency increases. On the other hand, starting at approximately 14 GHz, it can
be observed that the red trace (sample 2) continues to exhibit a flat behavior, whereas the
blue trace (sample 3) continues to decrease. However, the black trace (sample 7) shows a
change in slope, taking an ascending trend. This fact leaves the door open for further study
at higher frequencies to determine if, at a given frequency, the sample with the highest
concentration of CNT may not necessarily present the greatest attenuation.
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Figure 10. Comparison of ABS polymer samples with three different w%CNT concentrations.

It has been observed that to achieve higher levels of attenuation, it is necessary to
increase the concentration of CNT. However, this presents a challenge during the machining
process as the addition of CNT increases the viscosity of the composite. To address this
issue, two compounds have been developed with the addition of different reinforcements,
one based on CF and the other based on GF. These reinforcements provide rigidity to the
material, thereby improving its mechanical properties.

Figure 11 shows the shielding effectiveness provided by the CF reinforcement sample
comparing it with the GF reinforcement sample (samples 4 and 5, respectively) with a
3w%CNT. It can be observed that the CF sample exhibits considerably higher attenuation
compared to the GF sample when the same %w filler is introduced. Quantitatively com-
paring the results, for the selected reference frequency of 7.125 GHz, it can be observed
that the SE value of the CF sample is —60.03 dB. In contrast, the SE value obtained for the
GF sample is —14.24 dB, which significantly differs from the CF sample, even though the
weight percentage of CNT is the same for both samples. This is attributed to the nature
of the fiber reinforcements, as carbon fiber alone exhibits a certain level of shielding de-
pending on the fiber density due to the highly conductive nature of carbon fibers, whereas
fiberglass does not cause significant attenuation.

Figure 11. Carbon-fiber- and glass-fiber-reinforced polymers.
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Although GF does not provide a significant attenuation by itself, these two compounds
have been compared due to the fact that GF provides some advantages in terms of cost,
production, and machining. GF is generally more affordable because the materials used
to produce it are widely available. Additionally, the manufacturing of GF is simpler and
requires fewer processing steps. On the other hand, this type of reinforcement is easier
to manipulate and has a longer lifespan than CF reinforcement. Therefore, the type of
reinforcement chosen will depend on the final application of the composite and the required
level of attenuation.

Figure 12 shows the influence of the sample thickness in the measurement of the SE.
To achieve this, a CF reinforcement sample (sample 4) with a thickness of f =2 mm and
3w%CNT filling is compared with two stacked sheets of the sample (sample 6). On the
other hand, the red trace shows the measurement result of the two overlapping sheets.
These observations suggest that the sample thickness significantly affects the shielding
capability of the material. Below the reference frequency, the behavior of the traces is
similar up to approximately 3.5 GHz, where the two traces diverge. It can be observed how
the CF sample (black trace) presents considerable attenuation, particularly from 4 GHz.
From this point up to 7.125 GHz, the black trace (sample 2) shows a linear behavior with a
slightly decreasing slope, whereas the red trace (sample 6) shows a more abrupt decrease
until the reference frequency, where it flattens out. Comparing the results for the selected
frequency of 7.125 GHz, it can be observed that the SE value of the single-layer CF sample
is —60.03 dB, whereas the SE value of the double-layer CF sample shows an increase of
21.29 dB, reaching a SE value of —81.32 dB. Moreover, it is noted that the red trace shows
an increase in slope starting at approximately 16 GHz. This phenomenon may be attributed
to multiple reflections that occur between the two sheets of material.

Figure 12. Carbon-fiber-reinforced polymers. Comparison of one sample (black trace) and two
superposed samples (red trace).

The following Table 5 provides a summary of the most representative results for each
of the seven samples in three different frequency ranges. This table shows the maximum
and minimum SE values in decibels.

The ability to detect these variations is essential for optimizing the performance of
shielding materials in a given application. By identifying the frequency ranges in which a
material provides the most significant attenuation in terms of attenuation, it is possible to
design more effective shielding systems. These results demonstrate how this method is
capable of detecting variations in the shielding performance of the material across different
frequency ranges.
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Table 5. Summary of the most representative results in three different frequency ranges.

Frequency Ranges

700 MHz to 6 GHz 6 GHz to 12 GHz 12 GHz to 18 GHz
Sample ID Min SE Max SE Min SE Max SE Min SE Max SE
(dB) (dB) (dB) (dB) (dB) (dB)
1 —-0.12 —0.25 —0.21 —0.54 —0.43 —1.30
2 —21.87 —28.62 —24.28 —27.36 —27.17 —30.11
3 —24.16 —37.41 —37.41 —56.35 —51.81 —60.44
4 —34.92 —59.89 —59.78 —65.40 —63.56 —-71.76
5 —14.25 —15.89 —14.19 —14.67 —14.60 —17.62
6 —34.78 —77.53 —77.23 —82.61 —68.19 —80.49
7 —36.24 —77.99 —77.99 —83.84 —69.58 —80.95

5. Conclusions

The proposed measurement methodology shows significant advantages, including
the simplicity of the sample machining, which means that very specific geometries or
tiny dimensions are not required. This method allows the measurement of samples with
low conductivity, contrary to the measurement method proposed in the ASTM D4935
standard. The sample insertion and removal process can be completed within a matter of
seconds, which supposes that a wide range of measurements can be made with reasonable
speed due to the easiness of the measurement procedure. The measured dynamic range is
approximately —100 dB, allowing us to analyze the samples developed in this study in the
frequency range where 5G technology operates.

On the other hand, EMI shielding effectiveness in the 700 MHz-18 GHz frequency
range has been studied. Two types of materials have been compared, depending on the
presence of fiber reinforcement. It has been observed the performance of the materials
studied in a wider frequency spectrum than specified by ASTM4935-18 standard and
controlling the surrounding effects by using the absorber box method.

Some of the samples analyzed have demonstrated to provide a significant attenuation.
For those composites based on a polymer matrix with different concentrations of CNT, a
value of —81.30 dB has been obtained for the frequency of 7.125 GHz for the 15w%CNT
composite, which is a very significant SE value considering the nature of these materials.
Whilst it is true that an increased volume fraction of filler may lead to a decrease in
the mechanical performance of the host matrix by means of deterioration of its inherent
morphology, it is necessary to incorporate a higher filler content in order to achieve higher
SE. It is desirable to employ CNT/polymer composites at low filler loadings to produce
cost-effective and versatile conductive composites.

The inclusion of a carbon fiber reinforcement has proven to be an effective strategy for
achieving significant attenuation in composite materials, providing higher attenuation than
the GF-reinforced composite with the same CNT concentration. This approach offers an
advantage over using a high percentage of filler, which may lead to undesirable mechanical
properties. This is due to the highly conductive nature of carbon fibers, which can effectively
attenuate electromagnetic radiation. Furthermore, using CF reinforcement can also provide
additional benefits such as increased stiffness and strength, as well as reduced weight.
This, in turn, makes these materials an excellent alternative to replace traditional shielding
materials.

It has to be highlighted that these types of characterizations are very relevant from
a technological and industrial point of view. Specifically, for those sectors related to 5G
technology, since the use of EMI shielding based on plastic materials has many advantages,
such as manufacturing cost reduction.
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