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Abstract: Biochar (bio-charcoal) is a low-cost and eco-friendly material. It can be obtained by
thermochemical conversion of different biomass sources, for example, in the total absence of oxygen
(pyrolysis) or in oxygen-limited atmosphere (gasification). The porous carbonaceous structure of
biochar, resulting from the thermal treatment, can be exploited in cement-based composite production.
By introducing biochar powder or other fillers in the cement paste, it is possible to enhance the
shielding properties of the cement paste. The environmental impact of polyvinyl chloride (PVC) can
be reduced by reusing it as a filler in cement-based composites. In this work, cement-based composites
filled with different percentages of biochar and PVC are fabricated. The scattering parameters of
samples with 4mm thickness are measured by mean of a rectangular waveguide in the C-band. The
shielding effectiveness of reference samples without any filler and samples with biochar and PVC is
analyzed. A combination of 10 wt.% biochar and 6 wt.% PVC provides the best shielding performance
(around 16 dB).

Keywords: biochar; PVC; microwave frequency; eco-friendly material; cement-based composites;
shielding effectiveness

1. Introduction

The increasing number of radio frequency (RF) sources in recent years has focused
attention on materials that can avoid the effects associated with exposure to electromagnetic
waves produced by these types of sources [1]. In both indoor and outdoor environments,
problems due to exposure to several RF sources (WiFi, Bluetooth, and others) and interfer-
ence between various devices are increasing [2]. Excessive exposure to this type of radiation
is harmful to human health by increasing the likelihood of cancers and other diseases [3,4].
Biological systems and tissues absorb non-ionizing electromagnetic radiation, causing
molecule vibration and thus heating [5,6]. Therefore, materials for electromagnetic interfer-
ence (EMI) protection have attracted considerable research attention for the construction
sector [7–10].

Shielding in buildings is traditionally achieved through metal sheets which can absorb,
reflect, and refract the electromagnetic waves [11]. Cement-based materials have poor EMI
protective characteristics [12]. By introducing into the cement paste conductive fillers, it is
possible to improve the shielding or absorption of electromagnetic waves [13]. The most
widely used fillers are metals [14] and carbon-based materials ([13,15–18]).

The cement industry is a large consumer of energy and raw materials. The necessity for
utilizing waste materials is increasingly evident [19]. Increasing energy efficiency and using
industrial waste instead of raw materials can contribute to eliminating these problems, and
its addition into cement pastes made from such waste can have electrical and mechanical
properties similar to those of pure Portland cements at a lower cost per unit volume [20].
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In the search for eco-friendly and cost-effective materials capable of electromagnetic
shielding in buildings, biochar/cement-based composites have proved to be a viable op-
tion [10,21–23]. Moreover, these types of composite materials are only slightly different
from the materials currently used in the construction industry, making their introduction
into the construction sector easier.

Biochar is a material obtained by thermochemical conversion of different bio-masses
in an oxygen-limited atmosphere at temperatures < 750 ◦C [24,25]. Biochar properties are
strongly related to the biomass source, which includes biological residues from agricul-
ture (vegetable and manure), forestry (wood), and the biodegradable fraction of sewage
sludge [26,27]. The biomass used for the production of biochar is converted into a sta-
ble carbon fraction, thus being removed from the natural degradation that would lead
to the emission of greenhouse gases. Moreover, cement-based composites filled with
biochar showed an improvement in mechanical properties with respect to traditional
cements [28,29].

Replacing small amounts of cement (0.5 wt.% to 2 wt.%) with wood biochar in concrete
improves compressive strength, which reaches values of 68.93 MPa when the amount of
biochar added is 0.5 wt.% [30]. The development of compressive strength is related to
the hydration product C-S-H; the high carbon content of biochar reduces the formation
of C-S-H, and excessive incorporation, greater than 5 wt.% of biochar, causes a decrease
in compressive strength [31]. In [32], the exploitation of biochar in cement pastes allowed
for the bending and compressive strengths to be improved by 10.3%. In [33], an increase
was observed in the flexural strength, indicating an improvement in the fracture energy.
A similar mechanical property enhancement with respect to the control group was de-
scribed in [34]. The compressive strength and flexural strength increase with moderate
biochar addition.

Recently, polyvinyl chloride (PVC) fibers, generally used in medical applications [35]
or in construction [36], were introduced in cement-based composites [37,38]. PVC from
electrical cable sheaths is a waste material produced in large quantities. Additives, such as
heat and light stabilizers, lubricants, fillers, coloring pigments, and possibly plasticizers,
are added to it to make it suitable for electrical cables. The use of PVC fiber in cement-
based composites for SE can, among other things, help reduce the problem of solid waste
management. Few studies deal with the use of PVC fibers in cement-based composites,
although it is known that the incorporation of PVC fiber in cement influences the texture,
high fiber stiffness, and strong fiber matrix bonding [39]. For example, the maximum
increase in compressive strength is 30.8% with the addition of 0.8% PVC fiber [26,27]. An
interesting paper by Merlo et al. [40] investigated the suitability of using PVC derived
from the sheath of electrical cables as substitutive aggregate in the production of mortars.
An increase in PVC content at 10 % vol to natural aggregate tends to decrease the 28-day
compressive strength by around 50%.

Depending on the sample size and on the desired frequency band, shielding effec-
tiveness can be measured with several methods; the most common are waveguide meth-
ods [15,41–43], free-space methods [44], and using a reverberation chamber [45]. SE can
also be evaluated based on the knowledge of the material permittivity [42,46] or using
prediction models [47].

Several studies highlighted the possibility of improving the shielding performances with
carbonaceous materials/cement-based composites [48]. Dispersion of colloidal graphite at
0.92 vol.% in a cement matrix composite obtained a shielding effectiveness (SE) at 1 GHz
of 22.3 dB [49]. In that study, it is also reported that the SE of cement-based composites
with 0.5 vol.% carbon filament was 28.7 dB at 1 GHz. The SE of a cement-based composite
with 0.84 vol.% carbon fiber was 15 dB at 1.5 GHz [50]. Dispersion of 15 wt.% multi-walled
carbon nanotubes (MWCNTs) in the cement-based matrix produces an SE more than 27 dB
in the X-band (8.2–12.4 GHz), and this SE is found to be dominated by absorption [51].
Microwave-absorbing shielding analyses of reinforced concrete were conducted by many
authors [52–54]. Regarding the SE properties of PVC chopped fiber/cement-based compos-
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ites, some studies were carried out concerning ionizing radiation [14,55–57]. Some authors
analyzed the effects of PVC in combination with other elements [58–61] but no document
was found in the scientific literature dealing with the analysis of shielding properties of
PVC and biochar at the microwave frequency.

In this paper, PVC and lignin-based commercial biochar were used as a partial substi-
tute to cement in cement-based composites. Previous works by the same authors studied
the shielding capabilities of cement-based composites filled with biochar only [22,23]. In
this work, we want to perform a preliminary analysis on the shielding performance of
cement-based composites with PVC and biochar as filler. The used PVC is obtained from
the decommissioning of old electrical cables. The goal is to understand whether the shield-
ing capabilities remain satisfactory, allowing recovery of PVC that would otherwise be
destined for a landfill. Samples with various contents of filler (biochar and PVC) waraere
made with specific dimensions and the SE was measured with the waveguide method
(frequency band 5.4 GHz–8 GHz).

In Section 2, the preparation of cement-based composites is described and the shielding
effectiveness is defined. In Section 3, after the micro-structural analysis, the shielding
effectiveness of various composites is discussed. In Section 4, some conclusions are drawn.

2. Materials and Methods
2.1. Raw Materials

The reference cement matrix was made of ordinary-grade 52.5 R Portland cement
(PC), compliant with ASTM C150 requirements [62], water, and superplasticizer (Giovanni
Bozzetto S.p.A. SPT 100/ NL I1-0000167800). Two types of fillers were used:

- Commercial biochar from Carlo Erba Reagents, originated from wood pyrolysis.
Before use, biochar was thermally treated (reactivation process) in the oven for four
hours at 750 ◦C in a covered alumina crucible, filled to the brim so as to avoid
combustion in presence of oxygen (see Figure 1a).

- PVC was obtained from the sheathing of electrical cables by a granulating procedure,
and sieved to separate the fraction with dimensions smaller than 1 × 10−3 m. Since
PVC is derived from waste, the presence of a small amount of copper fragments
can be observed, together with a filler mainly constituted by CaCO3, as discussed in
Section 3.1. The size of the resulting PVC particles, after sifting, was below 2 × 10−3 m
(see Figure 1b).

(a) (b)
Figure 1. (a) Commercial biochar powder from wood pyrolysis. (b) PVC granules after sifting.

2.2. Composite Preparation

Composites of cement without any filler and samples with PVC and biochar as fillers
were realized.

Biochar powder was mixed with PC, PVC, water, and a superplasticizer using a
mechanical mixer. The mixing was performed for fifteen minutes until a homogeneous
mixture was obtained. The superplasticizer guaranteed adequate workability of the sample.
The composite was then poured into rectangular molds shaped to suit the requirement of
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the measurements of the scattering parameters and, consequently, the evaluation of the
shielding effectiveness.

To realize samples fitting in the waveguide cross-section (nominal dimensions:
34.84 mm × 15.79 mm), a 3D-printed master mold was first fabricated (3D Systems, Projet
2500 Plus). Then, several silicon (Prochima GLS-10) molds were realized (see Figure 2).
Silicon molds are reusable and flexible. This helps in easy extraction of composite samples.
All the sample thicknesses were 4 mm.

Figure 2. Master and mold for sample preparation. Spacer for WR137 waveguide measurements.
Samples of cement-based composites with no fillers.

All the specimens were kept at 90± 5% relative humidity (RH) for an initial 24 h. After
that, the samples were demolded and immersed in water. The samples were cured in water
at room temperature (20 ± 2 ◦C) for a period of 14 days. After curing, the samples were
stored in air under ambient conditions.

Composites with 5%/c of PVC and different amounts of biochar (10%/c, 12%/c,
14%/c) were realized. Samples with a 10%/c constant biochar filler amount and differ-
ent PVC weight fractions (3.5%/c, 5%/c, and 6%/c) were also made. Furthermore, a
reference set was prepared using only cement, water (35% by weight of PC), and super-
plasticizer (1.5% by weight of PC). The list of samples is reported in Table 1, where water
%/c, superplasticizer %/c, biochar %/c, and PVC %/c are the weight fraction of water,
superplasticizer, biochar, and PVC, respectively, with respect to cement weight. In the
preparation of the samples with constant PVC and different percentages of biochar, it was
not possible to keep this ratio constant as a result of (i) the high porosity of the biochar, and
(ii) physisorption of the mixing water through H-bonding, as explained in Section 3.2. This
problem does not arise in the case of samples with a constant weight percentage of biochar;
these show a constant water %/c ratio.

The values in Table 1 are converted to the percentage in mass (m/m) and reported in
Table 2.

Table 1. List of samples and their composition (weight percentage with respect to 50 g of cement).

Sample PVC %/c Biochar %/c Water %/c Superplasticizer %/c

reference - - 35 1.5

constant PVC

B10-P5 5 10 53 1.8
B12-P5 5 12 57 1.8
B14-P5 5 14 61 1.8

constant biochar

B10-P3.5 3.5 10 52 1.8
B10-P5 5 10 53 1.8
B10-P6 6 10 53 1.8
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Table 2. List of samples and their composition (% mass/mass).

Sample Cement PVC Biochar Water Superplasticizer
(% m/m) (% m/m) (% m/m) (% m/m) (% m/m)

reference 73.3 0 0 25.6 1.1

constant PVC

B10-P5 58.9 2.9 5.9 31.2 1.1
B12-P5 57.2 2.9 6.9 32 1.0
B14-P5 55 2.75 7.7 33.55 1

constant biochar

B10-P3.5 59.8 2.1 6 31.1 1.1
B10-P5 58.9 2.9 5.9 31.2 1.1
B10-P6 58.5 3.5 5.9 31.0 1.1

2.3. Microstructural Analysis

Microstructural analysis of the samples was carried out using X-ray diffraction (XRD)
and optical microscope imaging (Nikon, Tokyo, Japan). The powder XRD pattern of the
sample was collected using a Bruker D8 Advance diffractometer equipped with a LynxEye
XE detector (Bruker, Karlsruhe, Germany), with Cu-Ka radiation (λ = 1.5406 Å). The
diffraction data were collected in the 2θ range 5–70°, with a step size of 0.011° 2θ and
counting time of 19.2 s per step. XRD allowed for the identification of crystalline phases in
the PVC particles. Through an optical microscope, namely the Digital Microscope VHX
7100 (Keyence, Osaka, Japan), the digital imaging of the samples was performed. A color
mode with 400× magnification was enhanced by a high-intensity ring-shaped LED lamp.
The “3D shape correction” for depth profile correction was also exploited.

2.4. Shielding Effectiveness Definition

Consider a dielectric slab (medium 2) of thickness d in air, as shown in Figure 3.
An electric field (Ei) is incident from free-space (medium 1) onto the surface of the slab.
The incident electric field on the left is partially reflected (Er), partly transmitted (Et) and
absorbed. The shielding effectiveness (SE) is defined as the ratio between the incident and
the transmitted electric field (in Volt per meter) as:

SE =
Ei

Et (1)

SE can also be expressed in terms of power, as follows:

SE =
Pi

Pt (2)

where Pi corresponds to the incident power in Watts, associated to the incident electric field
Ei, and Pt corresponds to the transmitted power associated to the transmitted electric field.

Figure 3. Dielectric slab of thickness d with an incident (Ei) and transmitted (Et) electric field.



C 2024, 10, 21 6 of 15

Among the different methods, shielding effectiveness can be evaluated from the
scattering parameters Sij measured in waveguides [42]. Consider a composite of given
thickness d inserted in a rectangular waveguide. The longitudinal view of the waveguide
with the sample inserted is schematically represented in Figure 4.

Figure 4. Longitudinal view of the waveguide with the incident, reflected, and transmitted fields
highlighted. The yellow rectangle represents the cement-based composite.

From the measured transmission coefficient (S21) in the waveguide, the SE can be
defined as:

SE = −20 · log10|S21| (3)

The SE is the summation of two contributions:

SE = LD + LM (4)

where LD is the dissipation loss, i.e., the attenuation of the incident field when passing
through the slab; LM is the mismatch loss caused by reflection at the left and right interfaces.
Both of them can be evaluated from the transmission (S21) and reflection coefficients (S11)
as follows:

LD = −10 · log10

(
|S21|2

1 − |S11|2

)
(5)

LM = −10 · log10

(
1 − |S11|2

)
(6)

2.5. Scattering Parameter Measurement Setup

The scattering parameters of the cement-based composite samples are measured using
a Network Analyzer (HP Agilent Keysight 8720B) (Keysight, Santa Clara, CA, USA) and a
WR137 waveguide. The measurement setup is shown in Figure 5, where the ports of the
VNA are connected by means of a coaxial-to-waveguide adapter, to a WR137 waveguide
(34.85 × 15.79) mm2, schematically analyzed in Figure 4. The samples are inserted in the
waveguides by means of a waveguide spacer. The spacer is encircled in red. A standard
calibration full 2-port is performed before each set of measurements in the frequency band
from 5.4 to 8 GHz. The reference planes for the calibration process are set on the left and
right sides of the spacer, respectively, as shown in Figure 4.
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Figure 5. Scattering parameter measurement setup. The sample to be measured is inserted between
the two waveguides [21], inside the spacer (red circle).

3. Results
3.1. Microstructural Analysis

For examining the microstructural properties of the composites and dispersion of
the filler in the composite matrix, X-ray diffraction measurements and optical images
were used.

The XRD pattern in Figure 6 refers to granulated PVC after sieving. The pattern of
PVC shows the diffraction peaks of calcite CaCO3 (PDF 04-008-0198) and copper (PDF
00-004-0836) at 43.34° and 50.48°. CaCO3 is used as a filler in PVC, and copper is a residue of
the electrical conductor wire. The powder diffraction patterns from a 14-day-old sample are
shown in Figure 7; alite, belite, calcite, and few products of hydration reactions, including
calcium hydroxide, ettringite, and amorphous silicate hydrate (C-S-H), were identified. No
evidence of products from chemical reactions of biochar or PVC was found.

Figure 6. Observed intensities in the X-ray powder pattern of chopped PVC.
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Figure 7. Observed intensities in the X-ray powder pattern of cement-based composite with biochar
10%/c and PVC 5%/c after 14 days of aging.

The characteristics of various cement-based samples were analyzed by means of optical
microscope images. In Figure 8, the microstructure of a cement-based sample without any
fillers is shown (reference sample). The compactness of the matrix and the big dimensions
of the crystals can be observed. In Figure 9a, the microstructure of a cement-based sample
with 10%/c of biochar and 5%/c PVC is shown. The red dashed line highlights the presence
of a fragment of PVC. The white arrow indicates a copper fragment, while the red arrows
indicate some fragment of biochar. A good dispersion of biochar filler in the cement matrix
is obtained.

Figure 8. Fracture surface of a cement-based sample with no fillers.

In Figure 9b, a 100 µm insight of a cement-based sample with 10%/c biochar and
5%/c PVC is shown. The dark area on the right is the PVC, with some copper spots clearly
visible. In the leftmost area, some biochar particles are dispersed in the cement. These
particles show mainly needle-like shapes, a few microns and tenths of micrometers long,
due to the fibrous nature of biomass.
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(a) (b)

Figure 9. (a) Fracture surface of a cement-based sample with 10%/c biochar and 5%/c PVC. A PVC
fragment is encircled by the red dashed line. The white arrow highlights a copper fragment, while
the red arrows indicate some fragment of biochar. (b) A 100 µm insight of a cement-based sample
with 10%/c biochar and 5%/c PVC.

3.2. Influence of Biochar on the Cementitious Paste

The chemical composition of biochar depends on the raw material and pyrolysis
conditions. Wood-based biomass commonly shows lower values of ash, Cl, K, N, S, and
Si and higher concentrations of C and Ca in comparison with other biomass varieties [63].
Previously, it was shown by calorimetric analysis and X-ray diffraction study that in the
wood-based biochar, from the same feedstock and pyrolysis conditions as in this study,
the content of carbon was 74 wt.%, the content of water was 16%, and the content of ash
was only 5 wt.% [23,64]. As an example of the wide variety of the chemical composition
of biochar, sewage sludge-based biochar is high in ash, up to 60wt.%, with CaCO3, SiO2,
CaAl2Si2O8, and Fe3(PO4)2, and low in carbon and water [23].

The influence of biochar on the hydration process of Portland cement may be broadly
categorized as water-absorbing or contributing to the hydration product. Wood-based
biochar increases the water–cement ratio as a result of high porosity and physisorption of
the mixing water through H-bonding. The main functional groups present on the surface
of biochar that increase its water-absorbing properties are hydroxyl (−OH), carboxyl
(−COOH), amine groups, and amides. Wood-based biochar cannot make a substantial
contribution to the hydration products due to the low content of ash (in this study, 5 wt.% of
ash) and the nature of the main ash component, CaCO3, which has neither pozzolanic nor
hydraulic properties. The reactivation process at 750 ◦C/4 h is insufficient to decompose
CaCO3 in CaO and CO2. Other biochars high in SiO2 (for example, from poultry manure)
may be more reactive and act as pozzolanic material [65], and those high in potassium may
stimulate the formation of hydration products and strength development [66].

The compressive strength can be increased by lowering the water–cement ratio. Since
the addition of wood-based biochar increases the water–cement ratio, the compressive
strength of the developed materials is reduced. However, the cement composite studied
here is not intended as a structural material, like the one used for mortar joints or structural
concrete, and for which it is necessary to analyze mechanical compression properties. Even
if it were to be used as a plaster, the current cementitious composite does not contain
sand, so it still cannot be considered suitable for this purpose. It was decided to make the
sample in this way in order to more effectively identify the factors affecting its shielding
effectiveness. Therefore, considering that the developed material is not yet definable as a
plaster mortar, no tests were performed on its mechanical properties.
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3.3. Evaluation of the Shielding Effectiveness

Samples were fabricated with specific dimensions to measure the shielding effective-
ness in a WR137 waveguide. The measurements were performed in the frequency band
(5.4 GHz–8 GHz). Several samples with nominal dimensions a = 34.85 mm, a = 15.79 mm,
and 4 mm thick were fabricated.

The dissipation losses (LD), the mismatch losses (LM), and the shielding effectiveness
(SE) of the various samples are computed from the measurements of the scattering parame-
ters using Equations (3), (5) and (6). The results for the cement-based composites without
any filler (biochar or PVC) are shown in Figures 10a,b and 11. The overlapped curves
suggest a good reproducibility of results for the two samples. The SE increases from the
value of 5 dB to 7 dB in the frequency band considered in the analysis.

(a) (b)
Figure 10. (a) Dissipation losses (LD) and (b) mismatch losses (LM) of cement-based composites with
no fillers.

Figure 11. Shielding effectiveness of cement-based composites with no fillers.

3.3.1. Analysis with Different Concentration of Biochar

Samples with 5%/c of PVC and different concentration of biochar (10%/c, 12%/c,
14%/c) were realized. In the case of biochar with 12%/c and 14%/c, the resulting samples
were slightly bigger than the cross-section of the waveguide and it was necessary to
modify them in order to allow for a proper insertion in the waveguide spacer. Results of
dissipation losses (LD), mismatch losses (LM), and shielding effectiveness (SE) are shown
in Figures 12a,b and 13.
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There is not a great variation in the SE if the content of biochar is increased from 10%/c
to 14%/c. For all cases, the SE does not change in the chosen frequency range.

(a) (b)
Figure 12. (a) Dissipation losses (LD) and (b) mismatch losses (LM) of cement-based composites with
different biochar content and fixed PVC weight fraction (5%/c).

Figure 13. Shielding effectiveness of cement-based composites with different biochar content and
fixed PVC weight fraction (5%/c).

3.3.2. Analysis of PVC Variation

In the fabrication of cement-based composites with more than 6%/c PVC, problems
arise with the sample size. Due to the increase in the PVC content, the cement matrix is
less compact, resulting in a limited shrinkage and consequent poor control of specimen
geometry. For this reason, lower PVC weight fractions were considered (3.5%/c, 5%/c,
and 6%/c) with biochar filler 10%/c. Results are shown in Figure 14. The sample with a
3.5%/c content of PVC showed an SE of 13 dB, with a small variation in the considered
frequency band. The average value of SE for samples with a 5%/c content of PVC was
around 14 dB. The average value of SE for samples with a 6%/c content of PVC was around
16 dB. A larger variation in SE can be appreciated in the frequency band with respect to the
case in which the PVC weight fraction was 6%/c. By increasing the PVC percentage in the
composites, the SE increases. Note that the samples analyzed are 4 mm thick and the SE
can be further increased considering samples of larger thickness.

A combination of 10 wt.% biochar and 6 wt.% PVC provides the best shielding perfor-
mance (around 16 dB).
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Figure 14. Shielding effectiveness of cement-based composites with different PVC content and fixed
biochar weight fraction (10%/c).

4. Conclusions

This study investigated the addition of biochar and polyvinyl chloride (PVC) obtained
from the sheathing of electrical cables to cement-based composites for electromagnetic
shielding applications. The electronic waste from PVC cable outer casing can pose serious
environmental and health risks if not properly treated. This analysis opens up a new
perspective for PVC obtained from the sheathing of electrical cables which, instead of
ending up in landfills, may even find a place in environmentally sustainable uses.

Several cement-based composites of thickness 4 mm with a fixed amount of PVC
and a variable amount of biochar, or vice versa, were made. Optical imaging analysis
reveals a proper matrix compactness and good distribution of the biochar and PVC into the
matrix itself.

The shielding effectiveness of reference samples without any filler and samples with
biochar and PVC was obtained from the scattering parameters measured in a rectangular
waveguide in the C-band. No appreciable variation in the value of SE with respect to plain
cement can be observed when keeping the PVC amount constant at 5%/c and increasing
the percentages of biochar from 10%/c to 14%/c. On the other hand, when the percentage
of biochar is kept constant (10%/c), increasing the amount of PVC results in an increase
in the SE (from 13 dB to 16 dB). The higher values of SE with the increase in the amount
of PVC is probably due to the presence of copper fragments in the PVC granules. In fact,
since the PVC is obtained from old electric cables, traces of copper and other impurities are
present in the mixture, as highlighted by X-ray diffraction analysis.

From the perspective of the circular economy, recycled PVC obtained from waste from
previous processing can be fed back into new building materials. Moreover, it is possible to
use PVC from processing waste to add it to a low-cost material such as biochar and obtain
a viable solution for electromagnetic shielding in building construction.

This can be considered a preliminary study in the direction of creating a plaster mortar
that is capable of shielding against electromagnetic fields. The material developed here
does not yet fit into any of the commercially available categories. For use as a plaster
mortar, it still requires one of the basic elements, namely sand. This will be the next step,
even considering the fact that a plaster mortar has a thickness around 25 mm, well above
the thickness of the samples studied here. This will mean that a higher shielding capacity
can be achieved, the study of which will be the subject of future experiments.
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