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Abstract: The present work regards the development of paint-like composites based on mixtures of
carbon materials with magnetite in polyvinyl butyral matrix, and the investigation of the dependence
on the electrical characteristics and the frequency of their electromagnetic shielding properties. It
was found that high electromagnetic shielding effectiveness requires not only the presence of a high
content of carbon components in the composite, but also the absence of an agglomeration of filler
particles. Using these paint-like materials, a shielding effectiveness of up to —35 dB of UHF radiation
can be obtained. A combination of fillers based on carbon-graphite materials of different morphology
and magnetite was found to enhance shielding efficiency.

Keywords: polymer composites; electromagnetic interference shielding; carbon composites

1. Introduction

Today, electromagnetic radiation (EMR) has become a serious problem, as the use
of electrical and electronic devices in our everyday life has greatly proliferated [1,2]. As
a result, humans are surrounded by electromagnetic fields of different frequencies and
strengths, and the respective hazards are widely discussed in the literature [3-5]. Exper-
iments carried out by leading research institutions have shown that man-made electro-
magnetic fields, which are hundreds of times weaker than those of the Earth’s natural
field, can be hazardous to health. As an example, high-frequency radiation can ionize
atoms and molecules in somatic cells and interfere with biochemical processes within the
cells [6]. Moreover, EMR is capable of heating molecules and setting them into thermal
motion [7]. Then, to reduce the impact of EMR on people exposed to it, it is necessary
to take certain safety measures. Therefore, the development of protective methods and
means for decreasing the intensity of EMR is important. To this aim, the use of composite
electromagnetic screens and coatings is essential.

Another problem related to EMR shielding is the electromagnetic compatibility of
devices, an issue that has been given much attention worldwide [7-9]. The problem
refers to the stable operation of communication devices, hardware, etc., as their mutual
effect might cause unstable performance. Bearing in mind this effect, a reduction in the
electromagnetic field and increase in the electromagnetic compatibility can be achieved
using electromagnetic shields [10,11]. Such shields can be prepared with metals (iron,
steel, copper, brass, and aluminum) or polymer composites containing conductive
additives [12,13], with the latter applied as thin films [14]. Today, EMI shielding
materials include flexible metal screens, metal wires, and metal foams. Coatings made
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of metallic inks are also applied to the interiors of electronic enclosures to provide an
EMI shielding solution. Metals are distinguished by having a high reflection coefficient.
However, metal shields have drawbacks [15] related to reflection, since they reradiate
waves, which can enhance the exposure to radiation. Each of these shielding methods
has its advantages, but lightweight paint-like carbon-based coatings combine the
electrical properties of metal with excellent mechanical material properties at a lower
cost and with easier application.

In this work, a polymer-carbon material is proposed that can provide high shielding
coefficients, owing to a considerable absorption of EMR.

2. Materials and Methods

The aim of this work was to substantiate the possibility of using available and inex-
pensive carbon materials as components of EMR absorbents. Carbon-graphite materials
of different morphology were examined, such as colloidal graphite CGP S-1 (Zavalivskiy
Graphite, Kyiv, Ukraine) and graphitized carbon black «<PUREBLACK®» (Superior Graphite
Co. Chicago, Illinois, USA) in polyvinyl butyral PVB (Sigma, Taufkirchen, Germany). Pure
ultrafine magnetite (Fep;O3) was obtained by straightforward air-aqueous oxidation of
standard-grade carbon steel (St3 grade). The method of preparation and properties of this
kind of magnetite are described in detail in the paper [15].

Normally, EMR shielding requires protective coatings in the form of paint that can be
applied to surfaces exposed to electromagnetic radiation. In that respect, liquid composites
were produced using typical processes for producing paints, in which carbon materials
were acting as paint fillers. Experimental samples of protective shields were prepared by
the following procedure:

(@). The filler and the polymer were carefully weighed with a Kern ABJ 220-4NM scale.

(b). The components were mixed in certain ratios (by weight) and thoroughly stirred until
they became homogeneous so that they formed a composite.

(c). The prepared suspension was employed to obtain coatings onto a horizontal surface,
as a thin layer of a certain thickness. Cardboard sheets (40 cm x 40 cm) were used as
a substrate.

(d). The composition was finally dried at room temperature.

The surface morphology of the coatings was verified by using scanning electron
microscopy SEM (Jeol LV6360, Akishima, Tokyo, Japan).

The sheet resistance of conductive thin films was measured using the four-point probe
system ST2558B-F01 from Suzhou Jingge Electronic Co. Jiangsu, China. Two external
(polarizing) electrodes were connected to the sample and a direct current source. Two
internal (measuring) electrodes were connected to a millivoltmeter with a very high internal
resistance. Due to this, there was practically no current in the measuring circuit, and the
contact resistance between the electrodes and the sample did not affect the measured
resistance of the sample. The specific resistance was calculated by multiplying the obtained
resistance by the thickness of the film and the correction factor for the four-point probe
array [16].

Finally, the EMR shielding characteristics of the composite materials were investigated
using a special setup, consisting of a generator, the shielding sample (shield), and a mea-
suring device. The radiating element had a collapsible whip antenna, which was arranged
vertically and parallel to the sample under investigation. The working frequency ranged
from 0.3 to 4000 MHz. The intensity of EM radiation after the shield was measured with an
RF Analyzer Spectran HF-4040 unit, equipped with a logarithmic periodic Aaronia Hyper-
LOG 7040 antenna (Strickscheid, Germany). The shielding efficiency was determined as the
negative logarithm of the ratio between the electromagnetic signal intensity after and before
the shield, respectively. In order to measure all samples under the same conditions, an
anechoic chamber was employed. Its walls were coated with the polymer-carbon material
under study. Both transmitting and receiving antennas as well as the sample were placed
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inside the anechoic chamber. Finally, the level of the signals without the sample between
the antennas was used as the background.

3. Results
3.1. Electrical Properties of Composites

Tables 1 and 2 present the specific resistance of two types of samples, thin coatings
and pellets.

Table 1. Effect of carbon material and its mass concentration (weight %) on the specific resistance of
dry pelleted composite material.

Specific Resistance

Conductive Additive Mass Concentration (Ohm.cm)
Pure Black 5% 157.5
Pure Black 10% 68.3
Pure Black 15% 55
Pure Black 20% 0.9
CGP S-1 5% 653.2
CGP 51 10% 0.2
CGP S-1 15% 0.1
CGP 51 20% 0.04
CGP S-1/Pure Black 3.33%/1.67% 1314.1
CGP S-1/Pure Black 6.67%/3.33% 36.6
CGP S-1/Pure Black 8% /4% 3.9
CGP S-1/Pure Black 10%/5% 2.0
CGP S-1/Pure Black 13.33%/6.67% 0.3
Table 2. Specific resistance of thin composite films.
Concentrations of the Components (%) Thickness Specific Resistance
Sample ID CGP S-1 Pure Black Fe,03 (um) (Ohm-cm)
1 80 - - 60 92
2 - 80 - 60 40
3 60 20 - 60 24
4 60 20 - 125 1.6
5 50 17 17 60 0.8
6 50 17 17 125 0.3

The concentrations of components are given in weight percent for the solid phase.
Since a polymer-carbon composite is expected to have high conductivity, depending on
its composition, it is necessary to determine optimum amounts of the conductive addi-
tives within the composite that can offer the desired electrical performance. So, various
polymer/conductive additive ratios were studied. The respective samples were prepared
by pressing the mixture of the components under use into 12 mm-diameter pellets. The
correlation between the composition and the electric resistance of the respective pellets
is given in Table 1. According to these results, at 5% content of the conductive additive
material, the specific resistance is fairly high. With increases in the mass fraction of the
conductive additive material, the specific resistance decreased gradually. For the case of
carbon-black-containing samples, a reasonable conductivity is achieved at a content of
about 15%. For the case of thermally expanded graphite, a reasonable conductivity was
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achieved at a 10% content of the additive. In samples containing the mixture of conductive
additives (graphite and carbon black), the conductivity was found to decrease to some
extent. When the mass fraction of conductive additives was increased to 20%, a relatively
small increase was observed in conductivity, a fact indicating that the percolation threshold
was reached at this content [17,18]. The observed results are consistent with the percolation
theory. Considering the assumptions of the percolation theory, the threshold of conductivity
change can be calculated as follows:

o= oo(x —x) 1

where oy is the conductivity at 100% concentration of the conducting phase (at x = 1);
X is the limiting concentration, which corresponds to the percolation threshold; ¢ is the
limiting index of conductivity. For a two-dimensional system, x. = 0.5, whereas for a
three-dimensional system, x. = 0.16 [19,20]. Based on Equation (1) and experimental
Tables 1 and 2, it can be observed that the content of the carbon additive in the proposed
paints significantly exceeds the theoretical percolation threshold. For the goal of this
work, namely to obtain EMI shielding effective paints, it is important only to be above
the percolation threshold. The exact location of the threshold is not relevant for this
case. Using the model for a clearer approximation would not add any value to this
work, nor valuable information for scientific purposes, since, for carbon materials,
these data are strongly connected to the kind of used carbon allotrope and its provider-
related particular properties.

Although mass concentrations of fillers given in Table 2 are higher than the percolation
threshold, the coatings containing graphite and carbon black show a considerable resistance,
those based on graphite exhibiting the highest one. On the other hand, according to Table 1,
the graphite-based polymer composites pellets possess a better conductivity. Moreover,
it is observed that the conductivity increases considerably when a mixture of conductive
additives is used. Regarding the addition of magnetite, this also improves the conductivity.
Finally, the increase in thickness of the coatings leads to a decrease in the specific resistance.

Following the previous results, it seems that a sharp change in the morphology and
roughness of contour probably occurs when using the mixture of conductive additives and
magnetite. Additionally, the uniform distribution of the carbon particles in the bulk of
the sample should be taken into account, as well as the process of particles merging into
large agglomerates. If the size of agglomerates formed is comparable with the thickness
of the layer, they can be located in one direction, which means that the three-dimensional
system changes to the two-dimensional one [21]. Consequently, the conductivity of sys-
tems containing only the carbon filler is likely to exhibit worse performance according to
Equation (1). Thus, the minimum conductivity observed for the graphite (Table 2), even
at a concentration of about 80% in the solid phase, might be due to the change from a
three-dimensional system to a two-dimensional one, i.e., the formation of agglomerates in
the layer of coating, with their average size reaching the thickness of the layer (in terms
of the order of magnitude). The addition of magnetite probably affects the breakdown of
the agglomerates. So, high conductivity is observed for samples 5 and 6 (Table 2) even at a
lower content of carbon filler.

Scanning Electron Microscopy (SEM) was used to understand the structuring of the
coatings and particularly the influence of the presence of the nanofillers within the structure
and film morphology. Figure 1 shows SEM images of the samples with various carbon
materials at two different magnifications.
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Figure 1. SEM images of the composite films at different magnification (listed in Table 2): (a,b) Sample
#1, (c,d) Sample #2, (e,f) Sample #3, (g,h) Sample #5.
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As can be observed in the SEM images in Figure 1, the use of different conductive
fillers and their combination can lead to different structurings of coatings based on the
composite materials. Figure 1a,c,e,g represent a general view of the surface of composites
containing graphite (Figure 1a), PUREBLACK (Figure 1c), their combination (Figure 1e),
and their combination with the addition of Fe,O3, respectively (Figure 1g), all at smaller
magnification. It is obvious that the conductive filler plays a very important role in struc-
turing the layers of the composite material. The presence of graphite can be associated
with the uniform distribution of flakes, while the use of PUREBLACK leads to granular
agglomerations, which are also distributed along the surface of the coating. The combina-
tion of these two conductive fillers leads to a more compact coating consisting of packed
graphite flakes and granules. The addition of Fe,O3 in the composite seems to increase the
surface inhomogeneity and grittiness. Moreover, in the images of Figure 1b,d,fh, at the
higher magnification, it can be observed that the presence of graphite seems to promote
microcrack formation (Figure 1a) that become more prevalent and larger in the mixed
formulation (Figure 1e). The structuring and morphology of the coatings observed by SEM
support the specific resistance variation as a function of the filler nature described above.

3.2. Shielding Properties of Composites

Polymer composites containing carbon materials present significant interest since
they are natural products that can be employed for the absorption of ultra-high fre-
quency (UHF) radiation. These UHF absorption properties were studied for the devel-
oped samples and presented in Table 2 so that these can be compared in order to obtain
the composition of optimum shielding performance. To measure the absorption pa-
rameters, the technique described in [22,23] was used. The study of the EMR shielding
characteristics of the composite layers was carried out with the special setup shown in
Figure 2, which enables quick and efficient evaluation of EMR shielding properties of
coatings in the 300 MHz-4 GHz frequency range.

Sample
Transmitting Receiving
antenna antenna

—] o,

Signal Generator RF Spectrum Analyzer
ADF 4351 SPECTRAN HF-4040

Figure 2. Transmission technique for measuring electromagnetic shielding in anechoic chamber.

Figure 3 shows results for SA of the composite films. As can be seen, SA is increasing
for all samples with increasing frequency. The results shown in Table 3 indicate that the SA
of the polymer-carbon composites under study is from —10 dB to —30 dB, even though no
additional magnetic components were introduced to the composites. Understanding that
this effect is achieved at the contact boundary of the components of the polymer-carbon
composites can help in developing new EMR protective coatings. The optimization of the
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composites by adding magnetite was found to increase the shielding performance. This
is an effect that correlates well with the conductivity of the composite materials (Table 2).
Therefore, as expected, the composition and the morphology of the composite films affect
their shielding efficiency parameters. To find a correlation of the shielding properties with
the microstructure, thickness, and composition of the paint-like materials and the respective
coatings, further studies are ongoing. The shielding mechanism for multicomponent
composite materials is not yet clear enough and, in the case of our composites, assumptions
on the mechanism would be only speculative. Based on SEM observations and specific
resistance values, one can assume that the coherent multiple reflections at the internal
interfaces may contribute to an increase in the shielding efficiency. PVB seems to be just
linking the fillers without affecting the shielding performance of the composite material.
The results revealed that composites with magnetite seem to provide enhanced absorption
shielding performance. Composites filled with carbon black are not able to efficiently absorb
electromagnetic radiation in the given frequency range, while the graphite-containing
composites are more effective. Finally, the combination of carbon black and graphite
resulted in the modification of both morphological characteristics of the coating and their
absorption shielding ability.
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Figure 3. Shielding attenuation for frequency range from 300 MHz to 4000 MHz for coatings with
different thickness and composition (listed in Table 2): (a) Sample #1; (b) Sample #2; (c) Sample #3;
(d) Sample #4; (f) Sample #5; (g) Sample #6.



Coatings 2022, 12, 665

8of9

Table 3. Frequency dependence of the shielding attenuation of films based on different carbon materials.

Average Shielding Attenuation (SA), dB SA Maximum/
Sample ID Frequency Range: Frequency Range: Frequency Range: Frequency Range: Corresponding
0.3-1.0 GHz 1.0-2.0 GHz 2.0-3.0 GHz 3.0-4.0 GHz Frequency (dB/GHz)
1 41 3.7 7.8 9.8 26/2.70
2 49 6.0 10.1 14.1 32/2.69
3 6.6 9.7 13.2 18.6 30/3.30
4 8.4 13.2 14.3 18.5 32/3.40
5 9.1 11.6 13.7 17.8 35/3.7
6 9.8 11.6 135 213 31/3.3 (3.6)

The values of SA were found to range from 9.1 dB to 17.8 dB for samples with a
60 pum thickness, the effectiveness increasing from 9.1 dB to 21.3 dB for doubled thickness.
Therefore, the film thickness seriously affects the shielding effectiveness. This result is
similar to that reported by other teams using more expensive conductive fillers, such as
an EMI shielding paint based on reduced graphene oxide (rGO) conjugated with ferro-
magnetic nanostructures. An absorption of up toabout 12 dB has been reported for a
composite based on rGO-Fe304 and about 18 dB for a composite of rGO-Ni [24]. More-
over, a graphene/Fe3O4 composite has been reported to present good electromagnetic
shielding performance.

It can be concluded that these protective films, based on a mixture of carbon
materials, possess high conductivity at high frequencies, which, in turn, improves
the shielding effectiveness.

4. Conclusions

Paint-like composites based on mixtures of carbon materials with magnetite were
developed, applied as layers by painting, and their EMR shielding performance was
studied. It was found that in order to achieve high EMR shielding effectiveness, it is
necessary not only to have a quite high content of carbon components in the composite,
but also to avoid the agglomeration of filler particles. Using these paint-like materials with
carbon fillers, coatings absorbing UHF radiation with a shielding effectiveness of up to
—35 dB can be obtained. The material possesses a minimum reflection coefficient as it does
not contain any metallic substance. The materials proposed can be used to provide the
electromagnetic compatibility of radio-electronic devices as well as the electromagnetic
shielding of living beings against microwave radiation.
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