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Abstract: This paper describes the technological process used to manufacture composite paints with
a high content of metallic microparticles (Al and Fe) for automotive electromagnetic compatibility
applications. The thickness of the deposited paint layer was larger for paints with a greater metal
content, regardless of the plastic support used for paint deposition. The roughness of paint layers
with a greater content of metal particles was about 30%–35% higher than that of layers with a lower
metal particle content, regardless of the metal type. The surface roughness of paint layers containing
Al was at least 2.5-times higher than that of paint layers containing Fe, an aspect that could be
explained by the better formulation of the paint containing Fe. The dielectric loss and conductivity
values crucially depend on the plastic substrate used, meaning that the dipolar polarization of the
substrate enhances the effect of conductive paints. Based on the dielectric properties measured at
10 kHz, the optimal recipe for efficient electromagnetic compatibility was found to be 20 wt.% Fe
powder, deposited on a sandblasted polycarbonate (PC) substrate. It is expected that formulations of
paints with a high percentage of metallic particles will effectively compete with traditional plastic
metallization technologies.

Keywords: composite paints; metallic microparticles; electromagnetic shielding; dielectric tests

1. Introduction

Electrically conductive paint is typically made by integrating an electrically conduc-
tive pigment into a non-conductive resin binder. Applications for such paints include
electromagnetic shielding, circuit prototyping and repair, protection against electrostatic
discharge, and resistance to galvanic corrosion. The binder maintains the integrity of the
paint and ensures adhesion to surfaces, while the conductive pigment creates a path for
electrical flow. Metallic particles, such as copper, silver, and other malleable soft metals, are
highly conductive and allow for the efficient transmission of the current in solvent-based
liquid media. These particles are very fine to retain the wetting and adhesion properties
characteristic of regular paints. Electrical charges move through the conductive fillers via
short jumps between particles within the matrix. This mechanism is optimized when the
fillers are highly concentrated and are in the shape of flakes or tubes. Spherical particles
are less ideal for maximum conductivity but can provide a smooth finish and improved
conductivity when used in combination with flakes. In addition to morphology, fillers
differ significantly in terms of electrical conductivity, corrosion resistance, and cost.

Current technology and related conductive paint products on the market use various
but limited pigments, including branched carbon powder, nickel flakes, silver-coated
copper flakes, and/or silver flakes (e.g., [1–8]). Carbon, the most cost-effective filler material,
is ideal for electromagnetic shielding and grounding applications. Silver, on the other hand,
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offers the highest level of conductivity and the greatest shielding efficiency, making it
particularly useful in high-frequency electromagnetic shielding applications. Nickel- and
silver-plated copper fillers are effective for electromagnetic shielding over a wider frequency
range, with silver-plated copper excelling mainly at higher frequencies, although it does
not have the same corrosion resistance as other pigments.

The trend in the development of new paints, mainly water-based paints, is to use
particles under 1 µm (preferably nanoparticles) as additives, despite their higher cost.
A common example is paint containing silver nanoparticles, which provides excellent
antimicrobial properties against bacteria and human pathogens [9]. On the other hand,
titanium dioxide (TiO2) nanoparticles (anatase type) are used in paints for their excellent
UV protection properties [10]. The addition of silicon dioxide nanoparticles to paints can
improve their macro- and micro-hardness, as well as their abrasion, scratch, and weather
resistance. Adding silicon dioxide (SiO2) nanoparticles to polymeric resins creates paints
with excellent abrasion properties; however, it decreases the elasticity of the paints, which
is needed to resist the swelling and shrinking associated with temperature and humidity
changes [5,6]. Finally, combining nanoparticles that have photocatalytic effects with those
that have hydrophilic properties can result in paints with a self-cleaning effect [11]. Such
characteristics can be very useful for paints used in electromagnetic shielding, but the
association of certain non-conducting nanoparticles with metallic powders can diminish
the electromagnetic properties of the paints. The dispersion of ceramic nanoparticles within
the binder and their compatibility with metallic particles in conductive paint formulations
can significantly influence the paint’s drying time, hardness, and reliability [12,13].

Bonding systems can vary considerably and influence the conductivity and shielding
efficiency of the coatings, although not to the same extent as the choice of filler materials.
However, they play a crucial role in determining the adhesion, durability, and chemical re-
sistance of the coatings. Bonding systems, including solvent-based, water-based, epoxy, and
urethane variants, also influence the method used for the coating application, determining
properties such as the working time and the number of components/layers required [1–8].
Several examples of commercial conductive paints include the following: (1) Conductive
acrylic paints: These coatings are easy to apply and fast-curing, as well as providing op-
timal electromagnetic shielding for plastic electronic enclosures; (2) Conductive epoxy
paints: These paints offer superior levels of adhesion, durability, and chemical resistance,
making them suitable for use in harsh environments; (3) Water-based conductive shielding
paints: These paints are suitable for wood, walls, and other architectural applications;
(4) Package-level protective coatings: These coatings are intended for short-range, high-
frequency electromagnetic applications, with high-durability versions that resist wear and
tear; (5) Electrostatic discharge-safe coatings: These durable coatings prevent electrostatic
discharge on a wide variety of substrates; and (6) Conductive spray paints: These are con-
ductive acrylic paints available in convenient aerosol cans. The current trend, mainly due
to environmental concerns, is moving towards paints that use water-based systems [14].

Recent research has emphasized the use of composite powder fillers for conductive
paints, such as graphite–silver [15], nickel–copper, carbon nanotubes (CNTs)–graphite [16],
graphite and iron oxide [17,18], carbon-polymers [19,20], or MXene–graphene compos-
ites [21], etc. However, none of these have successfully outperformed existing paints on the
market or passed routine tests to become marketable. On the other hand, paints intended
for electromagnetic shielding are adapted according to the type of paint and surface. In
general, they can be applied to most plastics, such as polypropylene (PP), polyvinylchlo-
ride (PVC), polycarbonate (PC), acrylonitrile butadiene styrene (ABS), bakelite, epoxy or
polyurethane resins, and wood and glass treated with adhesion promoters.

The novelty of the presented research consists of the development of water-based
composite paints containing metallic microparticles (Al and Fe). Despite their low price
and relevant electrical properties, such particles have not been previously used in con-
ductive paints. The originality of the developed formulations lies in their high content
of metal (10 wt.% and 20 wt.%) and effective additives, enabling them to provide strong
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electromagnetic shielding and a high level of reliability on different plastic substrates, even
with a single-layer application. Their potential applications are in electronic technology,
particularly in the development of new autonomous electric vehicles that require strin-
gent electromagnetic shielding to prevent interferences and protect sensitive sensors and
Internet of Things (IoT) devices.

2. Materials and Methods
2.1. Preparation of Composite Paints with Metallic Microparticles

This research focused on water-based acrylic paints, known for the versatility of
their applications, and offering advantages such as good water resistance, a wide range
of color shades if needed, resistance to algae and mold growth, good vapor permeabil-
ity, resistance to environmental factors, high film elasticity, excellent coverage, and the
ease of their application (suitable for mechanical spraying, ideal for the electronic and
automotive industries).

The basic formulation of the water-based acrylic paint consisted of a pigment (includ-
ing metallic powder), a binder (resin), and solvent-water additives. The main characteristics
of the spherical-shaped metallic powders (Al 800 nm and Fe 790 nm) are presented else-
where [22]. The variance in the particle dimensions (larger for Fe particles) [22] benefits
paint manufacturing because the larger distribution lowers the particle costs by approxi-
mately tenfold compared to narrower distributions and offers increased conductivity and
superior shielding efficiency, as previously described.

Two types of composite paints, codified as V1 and V2, were developed with the
following mass formulations:

V1—Solvent-water 42%; Polyoxyethylene (25) octyl phenyl ether-surfactant and buffer
2%; Butyl acrilate and Vinyl acetate-binder 44%; Dibutylphthalate-plasticizer 1%; Initiator,
reducing agent, defoamer, preservative, and crosslinking polymer 1%, and metallic powder
10% with two variants, containing either Al or Fe powder.

V2—Solvent-water 37%; Polyoxyethylene (25) octyl phenyl ether–surfactant and buffer
2%; Butyl acrylate and Vinyl acetate-binder 39%; Dibutylphthalate-plasticizer 1%; Initiator,
reducing agent, defoamer, preservative and crosslinking polymer 1%, and metallic powder
20% with two variants, containing either Al or Fe powder.

All ingredients used in the composite paint formulations comply with the European
Union regulatory framework related to REACH (Registration, Evaluation, Authorization,
and Restriction of Chemical Substances), ensuring that no “Substances of Very High Con-
cern” (SVHCs) are present.

To homogenize the paints and prevent the agglomeration of the Al and Fe powders,
ultrasonication was applied as follows: 30 min when mixing the metallic powders with
the solvent, an additional 15 min when adding the binder and additives, and finally, 5 min
before applying the paints to the support. The paint layers were spread on the surfaces of
the glass or plastic substrate samples only after they had been cleaned of dust and debris
with a dry cloth and degreased with acetone for glass, and with ethyl alcohol or a specific
thinner for plastic substrate samples.

2.2. Substrate Materials for Paint Deposition

The substrate materials used for paint deposition were thermoplastics, specifically PC,
PP, and PVC, with the following specifications:

PC S/N: polycarbonate plate, transparent, sandblasted, or natural/non-sandblasted
(Guttagliss Hobbyglas type), cut into squares with sides of 30 mm.

PP: cylindrical PP pipe profile, cut into strips measuring 30 mm × 80 mm.
PVC: cylindrical PVC pipe profile, cut into strips measuring 30 mm × 80 mm.
The sandblasting process of the substrate materials was performed using an ECO

PRESSURE 80-140 P Sandblasting Booth (Sablast Techn., Targu Mures, Romania) with the
following specifications: maximum pressure: 10 bar, loading capacity: 350 Kg, abrasive
grit: max. 1.5 mm; degree of sandblasting: SA-3.
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Thirty samples were obtained from each type of material, Figure 1.
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Figure 1. Substrate samples of (a) PC N, (b) PC S, and (c) PP and PVC used for paint deposition.

2.3. Deposition of Paints on Plastic Substrate Samples

When dispersing the paints on plastic substrate samples—regardless of the type of
paint or substrate—an inhomogeneity of the surface was noticed, with paint agglomerations
occurring when drying the layer, as presented in Figure 2 for PC S. The inhomogeneity and
surface roughness seemed to be higher for paints containing Al particles.
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A difference between paint deposition on glass and plastic substrate samples was
noticeable, mainly due to the different contact angle of the water-based paints. It became
evident that adding a tailored additive to the paint formulations was necessary to improve
paint deposition on plastic substrates. Additionally, a slight pH change of the paints was
tested. The pH was adjusted by adding 1 mL of 40% acetic acid per 100 g of paint and,
separately, by adding 100 mg of 40% NaOH per 100 g of paint. In both cases, the paint
precipitated, indicating that changing the pH was unnecessary. Finally, 0.05% hydrogen
peroxide was introduced as an initiator and 0.05% sodium formaldehyde sulfoxylate (SFS)
was added to reduce the potential chlorine content in water, in case further dilution of the
paint was required by a third party.

The following additives were tested: sodium dodecyl sulfate (SDS) 1% and polyvinyl
pyrrolidone (PVP) 1%. In both cases, better paint homogeneity was observed, making the
paint easier to apply. The deposited film was glossy and uniform—especially when SDS
was used as an additive—resulting in lower surface roughness, as shown in Figure 3 for V2
with Al on PC S.
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Figure 3. Layer of V2 paint containing Al and (a) SDS and (b) PVP additives deposited on PC S.

2.4. Testing Equipment and Methods

Scanning electron microscopy (SEM) was performed using a Lyra III XMU system
(TESCAN GROUP a.s., Brno-Kohoutovice, Czech Republic).

Ultrasonication of paint mixtures was conducted in a USC-300T-type VWR ultra-
sonic bath: capacity of 2.8 L, frequency of 45 kHz, tank sizes (width × depth × height):
237 mm × 134 mm × 100 mm (VWR International-Avantor Inc., Radnor, PA, USA).

Dielectric properties were determined using a broadband dielectric spectroscopy
method with a 1260A dielectric spectrometer (Solartron Analytical, Farnborough, UK).

Differential Scanning Calorimetry (DSC) analysis was performed using a Setaram
131 Evo DSC instrument (Setaram, Caluire-et-Cuire, France), in non-isothermal mode
(30–350 ◦C) with a heating rate of 10 ◦C/min, in an oxidizing atmosphere (synthetic air
with a flow rate of 50 mL/min). The sample mass ranged from 2 mg to 4 mg.

The thickness of the paint layers (average of 3 measurements) was determined using a
PosiTector® 200 tester (DeFelsko Corporation, Ogdensburg, NY, USA).

The surface topography of the samples was analyzed using a high-precision inter-
ferometric WYKO NT 1100 microscope (Veeco, Tucson, AZ, USA), with a resolution of
up to 0.2 nm on the Oz axis. The derived parameters included: Ra—arithmetic average
of the deviation values from the average profile on the scanned surface; Rq—root mean
square roughness; and Rt—total roughness (difference between the highest and deepest
points of the scanned surface). Roughness parameters were determined as the average
of 3 measurements performed on the same sample in its central area, at a focal distance
of 90 µm.

3. Results and Discussion

The technical specifications of the V1 and V2 paints applied with a brush on glass
substrates are provided in Tables 1 and 2.

Table 1. Technical specifications of the developed V1/V2 paints with Al powder.

No. Characteristic Unit Value Analysis Method

1. Appearance – homogeneous-
thixotropic Visual examination

2. Density, at 20 ◦C g/cm3 1.48/1.72 ± 0.05 SR EN ISO 2811–
2002 [23]

3. Covering power number of
layers 1–2 SR ISO 6504–3:2003 [24]

4. Specific consumption g/m2 per layer 130–180/150–200 Function of
roughness area

5. Appearance – continuous film, matt Visual examination

6. Drying time: at touch;
while recovering hours 4/3

10/9 BS EN 29117:1992 [25]
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Table 2. Technical specifications of the developed V1/V2 paints with Fe powder.

No. Characteristic Unit Value Analysis Method

1. Appearance – homogeneous-
thixotropic Visual examination

2. Density, at 20 ◦C g/cm3 1.88/2.66 ± 0.05 SR EN ISO 2811–
2002 [23]

3. Covering power number of
layers 1–2 SR ISO 6504–3:2003 [24]

4. Specific consumption g/m2 per layer 350–500/450–650 Function of
roughness area

5. Appearance – continuous film, matt Visual examination

6. Drying time: at touch;
while recovering hours 3/2

9/8 BS EN 29117:1992 [25]

3.1. Dielectric Tests on Conductive Paints with Additives

The tested parameters using broadband dielectric spectroscopy were the relative
dielectric permittivity, dielectric loss factor (tg δ), and conductivity, as shown in Figures 4–6,
which illustrate the characteristics of the same V2 paint with Al on PC S. It was observed
that the introduction of SDS and PVP additives slightly increased the dielectric parameters,
with the most significant improvement being in dielectric permittivity. This improvement
is attributed to the dipolar polarization of the SDS and PVP additives, as well as their effect
on the interfacial polarization phenomenon at the contact between the binder and metallic
particles. The permittivity characteristics slightly decreased with frequency, as shown in
Figure 4.
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Regarding the loss factor, it decreased with frequency in all cases, as illustrated in
Figure 5. The interfacial polarization was also noted; at higher frequencies, the introduction
of SDS and PVP additives showed a negligible effect. Concerning the conductivity, Figure 6,
the effect of additives is evident—particularly at higher frequencies—indicating the po-
tential use of such materials for electromagnetic shielding, especially in higher frequency
ranges. The effect of additives is attributed to improving the compositional homogeneity
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of the paints and enhancing the affinity of the metallic particles to the binder. In all cases,
the dielectric properties of the paints with the SDS additive were superior to those with the
PVP additive. Consequently, SDS 1% was selected for introduction into all experimental
paint formulations, to ensure the highest quality of the deposited films on plastic substrate
samples and to achieve the best dielectric properties.

Coatings 2023, 13, x FOR PEER REVIEW 7 of 18 
 

 

the potential use of such materials for electromagnetic shielding, especially in higher fre-
quency ranges. The effect of additives is attributed to improving the compositional homo-
geneity of the paints and enhancing the affinity of the metallic particles to the binder. In 
all cases, the dielectric properties of the paints with the SDS additive were superior to 
those with the PVP additive. Consequently, SDS 1% was selected for introduction into all 
experimental paint formulations, to ensure the highest quality of the deposited films on 
plastic substrate samples and to achieve the best dielectric properties. 

 
Figure 5. Dielectric loss of V2 paint with and without SDS and PVP additives. 

 
Figure 6. Conductivity of V2 paint with and without SDS and PVP additives. 

Figure 5. Dielectric loss of V2 paint with and without SDS and PVP additives.

Coatings 2023, 13, x FOR PEER REVIEW 7 of 18 
 

 

the potential use of such materials for electromagnetic shielding, especially in higher fre-
quency ranges. The effect of additives is attributed to improving the compositional homo-
geneity of the paints and enhancing the affinity of the metallic particles to the binder. In 
all cases, the dielectric properties of the paints with the SDS additive were superior to 
those with the PVP additive. Consequently, SDS 1% was selected for introduction into all 
experimental paint formulations, to ensure the highest quality of the deposited films on 
plastic substrate samples and to achieve the best dielectric properties. 

 
Figure 5. Dielectric loss of V2 paint with and without SDS and PVP additives. 

 
Figure 6. Conductivity of V2 paint with and without SDS and PVP additives. Figure 6. Conductivity of V2 paint with and without SDS and PVP additives.

Maintaining the abbreviations as previously defined for the paints (including SDS
addition) and the plastic substrates, the following expanded sample codes were used for
further experiments and testing:
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M1: PC N
M2: PC S
M3: PP
M4: PVC
M5: PC N with V1/Al
M6: PC S with V1/Al
M7: PC N with V2/Al
M8: PC S with V2/Al
M9: PC N with V1/Fe
M10: PC S with V1/Fe
M11: PC N with V2/Fe
M12: PC S with V2/Fe
M13: PP with V1/Al
M14: PVC with V1/Al
M15: PP with V2/Al
M16: PVC with V2/Al
M17: PP with V1/Fe
M18: PVC with V1/Fe
M19: PP with V2/Fe
M20: PVC with V2/Fe

3.2. DSC Analysis

Figure 7 presents the generic DSC thermograms recorded on samples of V1 and V2
with Fe powder, while the thermograms recorded on samples of V1 and V2 with Al powder
show similar characteristics.
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Depending on the observed thermal effects and their respective temperatures, DSC
curves can be categorized into four main regions:

(i) 60–120 ◦C: This temperature range is specific for water evaporation. The DSC
curves exhibited an endothermic peak in this region due to the evaporation of water from
the paint composition. It is noted that the onset temperature of the evaporation process was
lower for the V2 sample (approximately 60 ◦C) compared to the V1 sample (approximately
90 ◦C), a direct consequence of the metallic content, which facilitates energy accumulation.
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This phenomenon is similar to the common observation, seen during evaporation, of water
being adsorbed onto the surface of certain metal particles—in this case, this was related to
water near the Al or Fe particles. It was observed that the presence of an equal quantity
of Al powder in the paint enhanced water evaporation compared to a similar quantity
of Fe. This explains why the evaporation process started earlier in the paints containing
Al powder.

(ii) 140–200 ◦C: In this temperature range, significant differences were observed in the
DSC curves between the two types of paints. V2 exhibited a series of endothermic peaks,
with the largest peak observed at approximately 155 ◦C. These peaks may have resulted
from the evaporation of volatile compounds derived from the additives introduced into the
paints, along with a pro-oxidative process that initiated in this temperature range. Once
again, it was observed that a higher quantity of metallic microparticles, particularly in the
case of Fe powder, enhanced this effect in the V2 paint.

(iii) 200–250 ◦C: During this temperature range, the oxidation process of the organic
matrix within the paint occurred. According to the literature, materials with higher initial
temperatures of oxidation processes tend to have greater stability [26]. It is evident that
the V2 paint exhibited an Oxidation Onset Temperature (OOT) value of about 209 ◦C,
significantly lower than that of the V1 paint, which exhibited an OOT of 226 ◦C. Therefore,
the V2 paint demonstrated lower stability compared to the V1 paint, primarily due to the
presence of a higher quantity of Fe powder that intensified the pro–oxidative action.

(iv) 250–350 ◦C: This temperature range is associated with the energetic thermo-
oxidative decomposition of the remaining organic matters in paints. Both paints underwent
this process in two stages, with the initiation temperature being significantly lower for
the V2 paint (242 ◦C), compared to the V1 paint (309 ◦C). This confirms once again that
the V2 paint exhibits lower stability than the V1 paint, and that a higher quantity of
metal microparticles consistently enhances the thermo-oxidative processes, which readily
initiated on the surface of metal particles.

3.3. Thickness of the Paint Layers

The thickness results summarized in Table 3 are the most relevant here, specifically
the films deposited on sandblasted PC surfaces and on PP. Other results are consistent
with these findings. It can be observed that the thickness was greater for the paints with a
higher metal content (e.g., M8 vs. M6, or M12 vs. M10), and slightly greater for the paints
containing Fe particles (M10 vs. M6, M12 vs. M8, or M19 vs. M15). However, regardless
of the plastic substrate type used for paint deposition, the thickness of the paint layer
remained relatively similar for the same paint type. For example, the average thickness was
about 20 µm for the V1 paint and about 26 µm for the V2 paint, with minimal differences
attributable to the types of metal particles present.

Table 3. Thickness of the selected paint coatings.

Sample Code Thickness (µm)

M6 19.96
M8 25.87
M10 20.49
M12 26.13
M15 26.20
M19 27.58

3.4. Surface Topography (Roughness)

The determination of the topography (roughness) of the sample surface was carried
out according to ISO 10109:2014 [27]. The results are summarized in Figures 8–11 and
Table 4.
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Table 4. Surface roughness parameters of the selected composite paint samples.

Sample Ra (µm) Rq (µm) Rt (µm)

PC S with V1/Al 2.95 3.73 25.65
PP with V1/Al 4.72 5.57 30.90

PVC with V1/Al 3.14 3.90 27.72
PC S with V2/Al 3.78 4.82 30.90
PP with V2/Al 4.06 5.00 36.05

PVC with V2/Al 4.00 4.99 35.52
PC S with V1/Fe 1.01 1.25 8.39
PP with V1/Fe 1.19 1.51 9.84

PVC with V1/Fe 1.05 1.32 8.81
PC S with V2/Fe 1.29 1.55 10.11
PP with V2/Fe 1.47 2.02 12.83

PVC with V2/Fe 1.42 1.79 11.45

The surface roughness was higher for the layers from composite paints containing Al
particles—an aspect already anticipated when the homologous paints without additives
were analyzed, as mentioned above.

The data from Table 4 confirm the preliminary results: the roughness of the paint
layers with a greater content of metal particles was about 30%–35% higher compared to the
layers with a lower content of metal particle, regardless of the metal type. The roughness
of the paint layers containing Al was at least 2.5 times higher compared to the paint
layers containing Fe. This aspect could be explained by the better formulation of paints
containing Fe in terms of the dispersibility of the metallic particles and/or affinity to the
compatibilization additives. Another possible explanation could be the larger dispersion of
Fe particle dimension, as presented in [22], which may ensure the better spatial deposition
of a mixture of smaller and larger particles within the deposited layer, thus lowering
the roughness of the paint. Regarding the influence of the plastic substrate, the lowest
roughness was observed in the paint applied to PC, followed by PVC, and finally to PP,
which presented the highest roughness regardless of the paint applied. It seems that the
more-polar materials, in our case PC and PVC, offer better dispersion of the paint compared
to PP.

3.5. Comparative Analysis of Dielectric Parameters for M1–M20 Samples

Finally, the comparative evaluation of dielectric parameters for the M1–M20 samples
was performed at 10 kHz, a reference frequency for electromagnetic compatibility analysis.
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The results for the dielectric permittivity, power loss angle (tg δ), and conductivity are
presented in Figures 12–14.
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minimal limit value (σ = 3.5 × 10−9 S/m) established for efficient electromagnetic compatibility).

To better understand the dielectric behavior of a medium with a dielectric host and
metallic inclusions, a simulation of the electromagnetic properties of such inhomogeneous
materials was performed using CST Studio Suite software [28], partially based on the
models presented in [29,30].

The main parameter defining the efficiency of an electromagnetic shielding material is
related to its electromagnetic wave absorption—specifically, the value of the power loss
density. The summary of the simulation results is presented in Figures 15 and 16 as the
power loss density for a simulated paint with a 10% mass ratio (MR) of metallic powder,
with an average particle size of 1 µm (equivalent to V1).
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The power loss density of the composite paints with Fe powder was at least twice as
high compared to the paints with Al powder, due to the additional magnetic properties of
the Fe powder. This specific phenomenon of energy absorption explains why paints with Fe
show increased values of the dielectric loss factor compared to those with Al. Additionally,
a higher percentage of metal powder in the paint leads to higher values of dielectric loss
(tg δ). It was clear from the beginning that the paints containing Fe powder offered superior
electromagnetic shielding effects compared to the paints with Al powder.

Regarding the dielectric permittivity of the paints, it was slightly higher for the samples
containing Al particles due to the higher conductivity of Al compared to Fe. The values
were also larger when the paint formulation included a higher percentage of metal powder,
for both metals. The conductivity followed the same trend observed for the other dielectric
parameters of the paints.

What was notably observed was the impact of the plastic substrate type on the dielec-
tric parameters of the paint layers. This aspect is also relevant when designing electronic
equipment housings for automotive applications to maximize the electromagnetic shielding
effect of the applied paints. In our case, the dielectric parameters, mainly the permittivity
and dielectric loss factor, essentially depended on the plastic substrate on which the paints
were applied—being significantly higher for PC, especially if sandblasted, followed by
PVC, for all types of deposited paints. This phenomenon can be explained by a synergetic
effect of the dipolar polarization of the plastic substrate, which enhanced the effect of
conductive paints when comparing PC and PVC with PP. When comparing the original and
sandblasted PC, the superior performance of the sandblasted substrate can be explained
by a better adherence of the paint to the substrate, which additionally induced interfacial
polarization effects.

To determine the optimal formulation for efficient electromagnetic compatibility under
the described conditions, minimal limit values for the dielectric parameters had to be
established. Examples of such limit values for the dielectric parameters are shown in
Figures 12–14 as vertical bars, e.g., 5 for relative dielectric permittivity, 0.4 for the dielectric
loss factor (tg δ), and 3.5 × 10−9 S/m for conductivity. Accordingly, the formulation
involving V2 paint with Fe powder applied on sandblasted PC appeared to offer the best
characteristics, confirming the accuracy of the electromagnetic simulation. It is evident
that for different operating conditions, the measurements presented in Section 3.5 must be
repeated at the specific frequency required for the intended use. Additionally, the substrate
material and configuration must be considered, adhering to standards for automotive
electromagnetic compatibility [31], for which the presented conductive paints are intended.

In the literature, studies on electromagnetic shielding paints with metallic particles
are very limited, excepting the commercial formulations mentioned in [1–8]. These for-
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mulations vary in recipe and types and concentrations of conductive particles, making
direct comparison with our study impractical. On the other hand, the only patent related
to a paint with a high content of metallic powder for electromagnetic shielding is [32],
which includes 20% metallic flakes of either Au, Ni, or Cu, ranging from 20–100 µm in
length and 1–3 µm in thickness. However, the patent does not specify how these flakes
are manufactured. The single-layer coating thickness of the paint is stated to be 57 µm,
but details regarding the dispersion process of the paint and the substrate on which the
paint is applied are absent. Essentially, the patent describes a fluid medium with metallic
flakes that can stack and form multilayers after drying, resembling a pseudo-metallization
process rather than a conventional paint. From this perspective, the paints described in our
paper offer clear advantages compared to those described in the patent [32], both in terms
of manufacturing and dispersing technology, and in the characteristics of the coatings for
the electromagnetic shielding applications.

It is important to emphasize that the use of conductive paints for electromagnetic
shielding is currently limited due to the restricted types and quantities of conducting
particles present in existing conductive paint formulations. Developing paints with a
high content of metallic powders for electromagnetic shielding remains a persistent chal-
lenge. At present, the direct metallization of plastic enclosures appears to offer superior
characteristics and is preferred, despite its higher cost and technological challenges (e.g.,
using metallization baths) [33–35]. However, it is expected that the paint formulations
described above, with a high percentage of metallic particles, will effectively address this
challenge. These conductive paints could potentially compete successfully with current
plastic metallization technologies, especially since mechanical application by spraying is a
common procedure in the automotive industry.

Regarding the environmental challenges in developing water-based paints with elec-
tromagnetic properties, it is important to note that water-based paints emit fewer volatile
organic compounds (VOCs) into the air compared to traditional paints containing volatile
chemical solvents. This reduces the risk of air pollution and associated health problems.
Water-based paints are also less likely to contaminate water sources, thus lowering the
risk of water pollution. Additionally, water-based paints are generally unregulated due to
their non-flammability, non-toxicity, and overall safety during use. However, paints con-
taining metallic pigments are regulated as hazardous waste when disposed, necessitating
additional recycling strategies.

According to Verified Market Research [36], the global water-based coatings market
size was valued at USD 68.65 billion in 2023 and is projected to reach USD 99.16 billion by
2030, growing at a Compound Annual Growth Rate (CAGR) of 5.21% during the forecast
period from 2024 to 2030. This growth is driven by the increasing emphasis on sustainability
and advancements in resin, additive, and pigment technologies. On the other hand, the
market for electromagnetic shielding materials is expected to expand due to growing
demand in consumer electronics, with a market size valued at USD 7.31 billion in 2023. It is
projected to grow from USD 7.74 billion in 2024 to USD 11.56 billion by 2032, exhibiting a
CAGR of 5.14% during the forecast period from 2024 to 2032 [37]. Consequently, considering
the maturity of water-based paint technologies and the demand for new shielding solutions,
paints with a high content of metallic powders may represent a significant step forward,
offering sustainable technology in an emerging market.

4. Conclusions

The paper describes a technological process to manufacture composite water-based
acrylic paints with high contents (10 wt.% and 20 wt.%) of metallic microparticles (Al 800 nm
and Fe 790 nm) for automotive electromagnetic compatibility applications. To achieve a
better homogeneity of the paint layer and a glossy, uniform film that is easier to apply
on thermoplastic substrates, sodium dodecyl sulfate (SDS) in a content of 1 wt.% was
identified as the optimal additive solution.
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The DSC analysis emphasized that composite water-based paints with higher contents
of metallic particles exhibited significantly lower stability, attributed to increased pro-
oxidative activity at the metallic particle level. The thickness of the deposited paint layer
was greater for the paints with a higher metal content, regardless of the plastic substrate
used for paint deposition.

The surface roughness of the paint layers with a greater content of metal particles
was about 30%–35% higher compared to the layers with a lower metal particle content,
regardless of the metal type. The roughness of the paint layers containing Al was at least
2.5-times higher than that of the paint layers containing Fe, which may be attributed to the
superior formulation of paints containing Fe.

The dielectric loss and conductivity values were significantly influenced by the type of
plastic substrate, with higher values observed for PC—especially when sandblasted—followed
by PVC. This indicates that the dipolar polarization of the plastic substrate plays an essential
role and enhances the effect of conductive paints. Additionally, a higher percentage of metal
powder in the paint leads to higher values. Based on the dielectric properties measured at
10 kHz, the optimal formulation for efficient electromagnetic compatibility was determined to
be the recipe with 20 wt.% Fe powder, deposited on sandblasted PC substrate.

It is expected that the formulations of composite water-based paints with a high per-
centage of metallic particles will effectively compete with traditional plastic metallization
technologies, particularly in the automotive industry, where mechanical application via
spraying is a common practice.
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