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The paper presents the results of experimental studies aimed at improving the operational and repair
characteristics of water transport surfaces by developing and implementing new polymer coatings with
improved anti-corrosion characteristics. The main purpose of the study is to establish the patterns of the
influence of heterogeneously dispersed fillers on the corrosion resistance of epoxy composite coatings. The
epoxy oligomer ED-20, polymerized with polyethylenepolyamine (PEPA), was used as a matrix for protective
coatings. To modify the polymer structure, a filler system was used, which includes a nanodispersed fullerene-
carbon black mixture (30-40 nm) and microdispersed trimethoprim (5-10 wm). Optimization of the
composition was carried out using the method of mathematical planning of experiments in the
STATGRAPHICS® Centurion XVI software environment. Corrosion resistance was studied using impedance
spectroscopy, which determined the electrical resistivity and capacitance of the coatings in three model
aggressive media: a 10% sulfuric acid solution, acetone, and seawater (35%o). It was found that the
introduction of trimethoprim contributes to additional chemical crosslinking of the polymer matrix, while the
nanodispersed filler forms the effect of a “labyrinth structure”, reducing the diffusion permeability of the
coating. It was experimentally confirmed that the developed compositions increase resistivity (0.25-0.29 Q-m?)
and decrease capacitance (16-27 pF/m2), indicating the formation of a dense, hydrophobic, and structurally
stable polymer network. The maximum values of the studied parameters are characterized by the EC-3 coating,
which exceeds the performance of the base matrix by 56% and HEMPEL, HEMPALIN ENAMEL coatings by
24-28%. A generalized model of the mechanism underlying increased corrosion resistance is proposed, based
on three key processes: chemical crosslinking, nanomodification, and hydrophobicization of the polymer
structure.
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Problem statement. The problem of protecting water transport surfaces against corrosion
stems from the fact that a significant number of components, mechanisms, and equipment are made
of steel and iron-based alloys and are installed in open areas (decks), which involve operation in
conditions of intense exposure to an external aggressive environment. Even materials with
increased corrosion resistance are subject to deterioration under the influence of seawater,
atmospheric moisture, salt fog, acid rain, and organic solvents. This, in turn, leads to deterioration
in the operational characteristics of structures and a decrease in their reliability and durability. This
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problem is quite relevant for deck mechanisms and metal structures, including navigation
equipment, which are constantly exposed to variable climatic and mechanical loads. The destruction
of protective coatings and the appearance of microcracks and defects contribute to the penetration
of corrosive components into the metal base, which initiates electrochemical corrosion processes.
The consequence of this is not only the deterioration of the equipment’s technical condition, but also
significant economic costs associated with the repair and maintenance of these elements [1-3].
Therefore, the task of developing new protective coatings for shipboard equipment is directly
related to the problems of technical operation, maintenance, and repair of water transport facilities,
which determines the practical relevance of the study to the thematic scope of the journal in the
field of transport technologies and transport service systems.

Analysis of recent publications and research. In most scientific works, considerable
attention is paid to increasing the corrosion resistance of polymer coatings by introducing
nanodispersed fillers. In particular, in [4, 5], it was established that nanoparticles of metal oxides
and carbon materials contribute to the formation of a “labyrinthine structure”, which significantly
complicates the diffusion of water, oxygen, and ions to the metal surface. Similar results are
reported in [6], which demonstrate the effectiveness of using carbon nanostructures to enhance the
barrier properties of epoxy systems. At the same time, an important direction is the chemical
modification of the polymer matrix. In the works [7, 8], it was shown that the introduction of
amine-containing organic compounds increases the crosslinking density of the polymer network,
thereby improving the mechanical and anti-corrosion characteristics of coatings. However, such
approaches are mostly considered separately from the use of nanofillers. In works [9-11], it is
shown that the combination of differently dispersed fillers allows simultaneous increases in the
density of the polymer structure, reductions in permeability, and improvements in the mechanical
stability of coatings during operation. At the same time, the analysis of literary sources indicates
that the use of active organic compounds as structural modifiers of epoxy coatings remains
insufficiently studied. In particular, there are no systematic studies devoted to assessing their
influence on the crosslinking of the polymer matrix, the formation of the microstructure, and the
long-term corrosion resistance in aggressive environments.

The purpose of the work is to investigate the effect of differently dispersed fillers on the
corrosion resistance of protective coatings.

Materials and research methods. To create new protective coatings, an epoxy oligomer of
the ED-20 brand (ISO 18280:2010) was used, and the polymerization was performed with an
amine-type hardener, polyethylenepolyamine PEPA (TU 6-02-594-73).

To improve the corrosion resistance of the developed coatings, the following were used:
nanodispersed fullerene-carbon black mixture (NFCM), 30...40 nm; biocidal filler trimethoprim
C14H18N4O3 (TMP), 5...10 um. Optimization of the content of heterogeneously dispersed fillers in
the epoxy binder when creating new protective coatings was performed using the
STATGRAPHICS® Centurion XVI software package.

The modified epoxy matrix was prepared according to the procedures described in the works
[12-15].

The corrosion resistance of the developed and known protective coatings was determined by
measuring changes in specific resistance and specific capacitance using an RLC meter (type E7-22).
The thickness of the coatings was measured using a CM8811FN thickness gauge. The study was
carried out for 30 days at T = 293 + 2 K. The obtained values of the specific resistance and specific
capacitance of the coatings were converted using the formulas:

p=p-S, Qm )]
c = C/S pF/m? (2)
S = 7D2/4, m? (3)
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The base material was selected as shipbuilding structural steel Q235, measuring
80x40x2.0 mm, used for the manufacture of hull and internal structures of ships where high loads
are not expected, in particular, elements of navigation equipment. At the same time, the working
area of the coatings was 0.00512 m? (the area on both sides of the plate was taken into account,
taking into account the side surface with a thickness of 2.0 mm).

Research results and their discussion. The operation of ship equipment and mechanisms
occurs under conditions of intensive exposure to aggressive environments, which increases the
requirements for the protective characteristics of coatings. In this regard, increasing the corrosion
resistance of polymer coatings used to protect metal structures is particularly important. The
effectiveness of such materials is determined not only by their initial properties, but also by the
ability to maintain operational characteristics over a long period of operation in difficult marine
environment conditions. At the same time, one of the determining indicators of the functional
suitability of polymer coatings is their barrier ability, i.e., the ability to limit or significantly slow
down the diffusion of corrosive components, such as water, oxygen, and salt ions, to the surface of
the metal base. The penetration of these agents initiates electrochemical processes that lead to
material degradation and corrosion of metal surfaces, even those made of alloys. An equally
important characteristic is the ability of coatings to maintain a high level of adhesion to the
substrate, ensuring reliable contact between the polymer layer and the metal, as well as sufficient
cohesive strength, which determines the integrity of the coating. Loss of adhesive or cohesive
strength leads to the formation of defects, microcracks, and delaminations, which significantly
accelerate the penetration of aggressive media and, accordingly, the corrosion destruction of metal
surfaces. In addition, the operational durability of polymer systems largely depends on their
resistance to external factors, in particular, high humidity, temperature fluctuations, ultraviolet
radiation, and the influence of chemically active substances. Prolonged exposure to external factors
leads to the physicochemical degradation of the polymer matrix, accompanied by structural
transformations and a decrease in the coatings' barrier and protective properties. For water transport,
these effects are especially critical for navigation equipment housings, foundation pedestals, deck-
mounted support elements, exposed metal casings, and other functional surfaces that require stable
performance characteristics during long-term service. In this regard, the developed coatings should
be considered not only as new material compositions, but also as a practical means of increasing the
operational reliability and maintainability of ship equipment, which corresponds to the thematic
area J5. In this regard, optimizing the structure and physical-mechanical and diffusion
characteristics of coatings to minimize their permeability to corrosive agents is one of the priority
areas of research in the field of knowledge "Transport and Services". The results obtained can be
used to improve the corrosion and wear resistance of vehicle surfaces, thereby increasing
operational reliability and reducing maintenance and repair costs.

The study used a basic epoxy matrix and developed a series of protective coatings based on
ED-20 epoxy resin using a bidisperse filler: dispersed trimethoprim (5...10 pm), nanodispersed
fullerene-carbon black mixture (30...40 nm). It should be noted that the optimization of the
heterogeneous filler content in the epoxy binder was performed using the STATGRAPHICS®
Centurion XVI application package. Based on the obtained mathematical models [14], the
following compositions of protective coatings were obtained, which were tested in various
aggressive environments:

— EC 1 — control matrix (epoxy resin ED-20 + hardener PEPA);

— EC 2 — epoxy resin ED-20 (100 %) + hardener PEPA (10.0 %) + trimethoprim (5.0 %) +
nanodispersed fullerene-carbon black mixture (0.050 %);

— EC 3 — epoxy resin ED-20 (100 %) + hardener PEPA (10.0 %) + trimethoprim (10.0 %) +
nanodispersed fullerene-carbon black mixture (0.050 %);

— EC 4 — epoxy resin ED-20 (100 %) + hardener PEPA (10.0 %) + trimethoprim (15.0 %) +
nanodispersed fullerene-carbon black mixture (0.050 %).

The values of the specific resistance and specific capacitance of the developed protective
epoxy composite coatings were compared with the values of 2 known coatings HEMPEL (white
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color) and HEMPALIN ENAMEL (yellow color), which are used to protect elements of navigation
equipment (Fig. 1).

HEMPEL coating (white color) is intended for anti-corrosion protection of metal structures,
in particular decks, superstructures and elements of navigation equipment of ships.

HEMPALIN ENAMEL (yellow color) is intended for visual identification of dangerous
objects, in particular elements of navigation equipment.

Thus, the selected comparison objects and the illustrated application areas confirm the direct
practical orientation of the study toward shipboard technical systems and navigation equipment,
rather than toward generalized laboratory models only. This strengthens the applied significance of
the work for the field of water transport operation and maintenance.

Figure 1 — Navigation equipment of the container ship SPYROS V with applied coatings (arrows show:
coating of elements of foundation pedestals for fastening elements of navigation equipment; surfaces
for visual identification of dangerous objects that are a source of electromagnetic radiation)

The corrosion resistance was determined using impedance spectroscopy at 1 kHz over
30 days of immersion of samples in model aggressive environments: 10% sulfuric acid solution
(H2S04), acetone (C3HsO), and seawater (35%o, Na*, Cl-, Mg?, SO.*). The choice of these
environments is due to the following:

1. Sulfuric acid solution (H2S0a4) is a typical component of acid rain, which can settle on the
hull of a ship or navigation equipment during a prolonged stay in ports with a high level of
industrial pollution.

2. Acetone (CsHsO) is a polar organic solvent that well simulates the process of swelling,
dissolution of weakly cross-linked areas of the polymer, and therefore allows you to assess the
resistance of the coating to dissolution and leaching.

3. Seawater is a permanent working environment that comes into contact with ship
equipment, in particular navigational instruments installed on the deck or on open superstructures.
Accordingly, direct contact with seawater spray and atmospheric moisture is formed. Salinity of
35%o, which is equivalent to 35 g/kg NaCl, corresponds to the conditions of the open ocean and
provides an adequate simulation of sea voyages.

The experimental testing methodology involved tracking the dynamics of changes in the
specific resistance of coatings (p, Q-m?) and specific capacitance (c, pF/m?), which are integral
characteristics of the anti-corrosion barrier.

Before applying both developed and commercial protective coatings manufactured by
Hempel, a comprehensive preparation of the metal substrate was carried out. The preparatory
operations included mechanical surface treatment to remove oxide films, corrosion products, and
surface contaminants (Fig. 2). In addition, such treatment contributed to the formation of a
developed microrelief structure of the surface, which provides an increase in the contact area and,
accordingly, improved adhesive interaction of the coating with the substrate. Additionally, the
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surface was degreased with acetone (CsHsO), an organic solvent that effectively removes both polar
and non-polar organic contaminants, thereby improving wetting of the metal surface by the
developed polymer composition. Coatings were applied to samples on both sides, made of
shipbuilding structural steel grade Q235 with dimensions of 80 x 40 x 2.0 mm. This approach
provided a unified framework for evaluating the effectiveness of both developed and known
coatings in experimental research.
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Figure 2 — Experimental specimens made of shipbuilding structural steel Q235

After preparatory operations on the metal substrate, protective coatings of various
compositions were applied using pneumatic spraying (Fig. 3). The use of this method makes it
possible to assess the technological properties of the compositions from the standpoint of their
practical suitability for use in the field of maritime transport, in particular during maintenance of
equipment for navigation systems of ships. Pneumatic spraying ensures the formation of a uniform,
thin-layer, homogeneous coating by dispersing the material over the surface, meeting the conditions
for mechanized or automated application in dock and operational (ship) conditions. A similar
approach allows us to assess the ability of epoxy compositions to self-level and their tendency to
form a continuous, defect-free film. These characteristics are critically important for protecting
navigation equipment, which is subject to increased requirements for corrosion resistance and
operational reliability. Thus, the applied approach ensures obtaining objective information on the
behavior of coatings in conditions as close as possible to the real operation of sea vessels and the
performance of routine maintenance work.

Figure 3 — Appearance of coatings applied by pneumatic method: 1, 2 — EC-1; 3 — EC-2;
6 — EC-3; 9 -EC-4; 10, 11, 12 - HEMPEL,; 13, 14, 15 - HEMPALIN ENAMEL
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Study of the values of resistivity and specific capacitance in a sulfuric acid environment
(Table 1, 2). According to the results of the analysis of experimental studies obtained during 30-day
exposure, it was found that the control coating EC-1 is characterized by the lowest values of
resistivity, which monotonically decreases from p = 0.19-0.21 Q-m? (during the first 10 days) to
p=0.16 Q-m? (after 20 days of exposure in an aggressive environment). Such dynamics is due to
the increased permeability of the epoxy matrix for hydrogen ions (H*) and sulfate ions (SO4%),
which intensify the processes of physicochemical destruction of the polymer network. At the same
time, an increase in the specific capacitance of the experimental samples from ¢ = 21 pF/m? to
¢ = 35 pF/m? was observed, which indicates a gradual saturation of the polymer volume with
ionized particles, probably due to the existing structural defects.

Table 1 — Resistivity values obtained during the study of protective coatings

p (Sulfuric acid), Q-m? p (Acetone), 2-m? p (Seawater), 2-m?
Name
of coatings Trial period, days
0 10 | 20 | 30 0 10 | 20 | 30 0 10 | 20 | 30
EC-1 0.21|0.19 |{0.16 | 0.16 | 0.23 | 0.21 | 0.18 | 0.18 | 0.24 | 0.22 | 0.22 | 0.22
EC-2 0.28 | 0.27 | 0.23]0.23|0.30| 0.29 | 0.25| 0.25 | 0.30 | 0.29 | 0.28 | 0.28
EC-3 0.28 | 0.27 | 0.27 | 0.25|0.30 | 0.29 | 0.26 | 0.26 | 0.30 | 0.29 | 0.29 | 0.29
EC-4 0.27 |1 0.24 | 0.22|0.22 | 0.29 | 0.26 | 0.25| 0.25 [ 0.30 | 0.28 | 0.28 | 0.28
HEMPEL 0.27 1024 10.19|0.19|0.29| 0.25 | 0.21 | 0.21 [ 0.29 |0.28 | 0.23 | 0.23
HEMPALIN
ENAMEL 0.270.23|0.19|0.18|0.29| 0.21 | 0.17| 0.17 | 0.29|0.28 | 0.24 | 0.24
Table 2 — Specific capacitance values obtained during the study of protective coatings
¢ (Sulfuric acid), pF/m? c (Acetone), pF/m? c (Seawater), pF/m?
Name of
coatings Trial period, days
0 10 | 20 | 30 0| 10 | 20 | 30 0O | 10 | 20 | 30
EC-1 24 | 30 | 35| 35 |24 | 35 | 39| 40 | 24 | 27 | 28 | 28
EC-2 16 | 20 | 21 | 21 |16 | 25 | 30 | 28 16 | 17 | 19 | 19
EC-3 15 | 20 | 22 | 22 | 15| 29 | 29 | 27 15 | 16 | 16 | 16
EC-4 17 23 24 24 | 17| 29 30 29 17 | 17 18 18
HEMPEL 22 | 29 | 33| 33 |20 27 | 31| 31 | 23 | 27 | 27 | 27
HEMPALIN
ENAMEL 24 | 29 | 36 | 36 | 25| 35 | 42 | 42 | 24 | 27 | 30 | 30

The results obtained indicate insufficient barrier efficiency of the coating, which is
associated with the presence of microdefects and the diffusion-open morphology of the polymer
matrix. The combination of these defects accelerates the penetration of an aggressive environment
to the metal base. At the same time, the developed epoxy composite coatings — EC-2, EC-3, EC-4
demonstrate improved protective characteristics, in particular, reduced permeability of aggressive
components. The values of the specific resistance for samples EC-2 and EC-4 exceed the similar
indicator of the control coating by 37-43% (Table 1). The highest resistivity value among the
developed coating compositions was found for EC-3 (p = 0.27 Q-m?). The increase in resistivity by
56% compared to the control sample indicates the formation of a denser and structurally ordered
coating, which complicates the diffusion of aggressive ions in its volume.

The study's results suggest that trimethoprim, owing to its pronounced amine functional
groups, can interact with the epoxy matrix by forming chemical bonds with epoxy groups. This
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process contributes to additional crosslinking of polymer chains, leading to a denser, structurally
stable polymer network. As a result, the cohesive strength of the coating increases, its permeability
to aggressive ions and water molecules decreases, and its resistance to physicochemical degradation
in corrosive environments increases. In addition, enhanced crosslinking of the polymer can reduce
the formation of micropores and microcapillaries within the polymer volume, further improving the
material's barrier properties. The introduction of a nanodispersed fullerene-carbon black mixture
performs several equally important functions. Firstly, nanoparticles fill the existing nanopores and
other defects of the polymer matrix, creating an additional physical barrier for the diffusion of
ionized and molecular components of the aggressive environment. Secondly, nanosized particles
can distribute mechanical stresses in the coating during operation, thereby reducing the formation of
cracks and defects in the polymer layer. Thirdly, the fullerene-carbon black phase can partially
interact with the polymer matrix, increasing its structural integrity and stability over a long period
of exposure and, therefore, during operation. Thus, the combination of trimethoprim and
nanodispersed filler produces a synergistic effect, enhancing the barrier and durability of epoxy
coatings.

Experimental data obtained for known HEMPEL and HEMPALIN ENAMEL coatings show
that, under sulfuric acid conditions, on the 30th day of testing, the resistivity of the samples exceeds
that of the similar indicator for the unfilled epoxy coating by 12-18%. This indicates a slight
increase in barrier ability, due to partial compaction of the polymer and limited physicochemical
interactions among the components in these coatings' compositions. At the same time, the resistivity
indicators remain 24-28% lower than those of the developed EC-3 coating, indicating a
significantly higher efficiency of the developed coating compositions in preventing the penetration
of aggressive ions and molecules into the metal base.

Such a comparison emphasizes the importance of chemical modification of the polymer
matrix and the introduction of nanodispersed compounds to increase the operational reliability of
the coatings. In practical terms, the 56% increase in resistivity relative to the control sample
(unmodified epoxy matrix) indicates the formation of a denser, structurally ordered polymer
network, which significantly hinders the diffusion of corrosive ions within the developed coating.
This is critical for protecting metal surfaces from degradation in highly corrosive environments,
such as seawater and acidic solutions, which are common during long-term operation of water
transport surfaces. From the standpoint of practical application, this result means that the developed
EC-3 coating can provide longer preservation of the functional state of ship equipment surfaces,
slower development of under-film corrosion, a lower probability of coating failure during service,
and reduced frequency of scheduled repair interventions. In addition, improved barrier
characteristics create prerequisites for extending maintenance intervals and lowering operating costs
for shipboard structures and navigation equipment exposed to aggressive marine factors.

Study of the values of resistivity and specific capacitance in an acetone environment. A
comprehensive analysis of experimental data indicates that acetone, as an organic solvent, affects
the polymer coating through several interrelated mechanisms. First, the solvent causes swelling of
the material due to the penetration of acetone molecules into the free volumes of the polymer's
amorphous phase. Second, acetone partially dissolves weakly cross-linked matrix fragments,
leading to local disruption of polymer chain cohesion and the formation of microdefects in the
coating structure. In the control sample EC-1, these processes are shown as a gradual decrease in
resistivity from p =0.23 Q-m? (at the beginning of exposure) to p =0.18 Q-m? (after 30 days of
exposure in an aggressive environment). At the same time, an increase in the specific capacitance
from ¢ =24 pF/m? to c¢=40pF/m? was observed. The increase in capacitance indicates the
accumulation of polar solvent molecules within the polymer volume, leading to increased dielectric
polarization and destruction of the matrix's amorphous phase. These changes indicate a high
permeability of the control coating for polar molecules and its limited barrier ability during a long
exposure period. Significantly more stable studied parameters characterize the developed epoxy
compositions EC-2, EC-3, and EC-4. After 30 days of exposure, the resistivity of these samples
remained within the range of p =0.25-0.26 Q-m?, and the specific capacitance did not exceed
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¢ = 27-29 pF/m?. Such stability is explained by the formation of a three-dimensional, densely
crosslinked, hydrophobic polymer network that significantly limits acetone penetration. In addition,
the presence of trimethoprim in the coating as a structural modifier enhances synergistic effects:
trimethoprim promotes additional chemical crosslinking of polymer chains, while nanoparticles fill
nanopores and defects, increasing the barrier properties and mechanical stability of the coating.

Comparative analysis showed that the resistivity of commercial HEMPEL coatings after
30 days of exposure in an acetone environment exceeds the indicator of the unmodified epoxy
matrix by 16%, but remains 19% lower than that of the developed EC-3 coating. The alkyd coating
HEMPALIN ENAMEL demonstrates a decrease in resistivity by 5.5% compared to the epoxy
matrix. This difference is explained by the chemical nature of the polymer systems: alkyd coatings
are polyesters modified with fatty acids or oils, with a lower crosslinking density and a more polar
structure containing hydrophilic groups (—-OH, —COOH). These groups actively interact with polar
solvents, increasing permeability and leading to a more pronounced decrease in the coating's barrier
properties. Thus, the results obtained demonstrate the complex effect of the solvent on the studied
characteristics of polymer coatings. Penetration of acetone molecules into the free volume and
micropores leads to swelling and partial destruction of the amorphous phase, a decrease in
resistivity, and an increase in specific capacitance. At the same time, the introduction of
trimethoprim (as a modifying additive) and nanofiller into the polymer matrix enabled the creation
of a denser, hydrophobic, and three-dimensionally crosslinked network, which reduces the diffusion
of polar molecules, maintains the stability of electrophysical parameters, and increases the
operational reliability of coatings in aggressive environments. These data are important for
optimizing the composition of epoxy coatings and ensuring their high resistance to organic solvents
in marine and industrial practice.

Study of resistivity and capacitance values in seawater (Table 1, 2). In seawater, the epoxy
matrix EC-1 was characterized by a resistivity p = 0.22-0.24 Ohm-m?, a decrease in which was
observed after the tenth day of exposure. A similar effect indicates partial hydration and diffusion of
chloride ions to the metal substrate. At the same time, the specific capacitance was — ¢ = 24—
28 pF/m?, indicating the partial presence of water molecules in the polymer's pores. Regarding the
studied epoxy composite coatings, we can state that they exhibit high barrier characteristics, as the
values of the studied resistivity and capacitance did not change significantly over the entire
exposure period (30 days). The obtained values of resistivity and capacitance indicate the formation
of a dense structural-hydrophobic network that effectively prevents the penetration of moisture and
aggressive chloride ions into the metal base.

As in previous model aggressive environments, the obtained values of resistivity and
capacitance of known coatings from HEMPEL and HEMPALIN ENAMEL are greater than the
value of the resistivity of the epoxy matrix, but are less than the value of the resistivity of the EC-3
coating.

Analysis of the obtained parameters allows us to state the following. The control epoxy
coating EC-1 is characterized by a resistivity within p =0.22-0.24 Q-m? at the initial stage of
exposure. After the tenth day of exposure, a gradual decrease in the studied indicator was observed.
The decrease in resistivity can be explained by the partial hydration of the amorphous phase of the
polymer matrix and by the diffusion of chlorine ions (Cl") toward the metal substrate. Water
molecules penetrating the matrix pores increase the specific capacitance from ¢ =24 pF/m? to
¢ = 28 pF/m?, indicating the initial integration of the polar environment into the polymer's internal
volume and a partial change in the coating's dielectric properties. These processes are a typical
manifestation of the electrochemical interaction of the polymer matrix with aggressive components
of seawater, which can lead to a local decrease in the material's barrier efficiency and the
development of the initial stages of corrosion on the metal base. The developed coatings (EC-2, EC-
3, EC-4) exhibit much more stable properties. During 30 days of exposure, the specific resistance
remained practically unchanged at p = 0.25-0.26 Q-m?, and the specific capacitance did not exceed
¢ = 27-29 pF/m?. Such stability indicates the formation of a dense, three-dimensionally crosslinked,
hydrophobic polymer network that effectively limits the penetration of ions and water molecules.
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Modification of the polymer structure with trimethoprim enhances crosslinking, increasing the
cohesive strength and structural integrity of the matrix. The nanodispersed fullerene-carbon black
mixture fills the existing nanopores and defects, thereby reducing capillary permeability and
increasing the material's barrier properties.

A comparative analysis of the studied parameters of known coatings manufactured by
HEMPEL and HEMPALIN ENAMEL showed that the resistivity of these systems exceeds the
corresponding indicators of the unmodified epoxy matrix, but remains lower than that of the EC-3
coating. This emphasizes the advantages of the developed compositions, since their three-
dimensional structure provides the maximum barrier for the diffusion of chlorine ions and water
molecules. The HEMPALIN ENAMEL alkyd coating, unlike epoxy systems, demonstrates a
decrease in resistivity by 5.5% compared to the epoxy matrix, which is explained by the chemical
nature of alkyd polymers: they are polyesters modified with fatty acids or oils, with a lower
crosslinking density and the presence of polar hydrophilic groups (-OH, —COOH), which actively
interact with polar components of seawater. Thus, the results obtained demonstrate the complex
influence of the marine environment on the characteristics of the developed and known polymer
coatings. Unmodified epoxy systems exhibit a gradual decrease in barrier properties due to
hydration and ion diffusion, whereas modified coatings with a three-dimensionally crosslinked,
hydrophobic structure maintain stable resistivity and capacitance throughout the entire exposure
period. This emphasizes the feasibility of using modified epoxy compositions to protect metal
structures in the marine and coastal industries, as they provide high resistance to the penetration of
aggressive components of seawater, reduce the risk of corrosion, and extend the service life of
structures and functional surfaces in water transport. The obtained effect is of direct practical
importance for the maintenance of navigation aids, deck equipment, open-area metal assemblies,
and fastening elements of marine technical systems, where corrosion damage usually leads to
deterioration in reliability, increased maintenance labour intensity, and additional repair costs.

At the same time, the obtained results allow explaining the mechanism of increased
corrosion resistance in seawater, based on the presented model (Fig. 4), which includes: chemical
crosslinking, nanomodification, and hydrophobization of the structure.

EPO.\:\' matrix E}Ig”l. anti-corrosion coating Agg environment
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Figure 4 — Model of the mechanism for increasing the corrosion resistance of the developed epoxy
composite protective coatings in the seawater environment: 1 — schematic representation of nanoparticles;
2 —nucleation of sub-film corrosion; 3 — adsorption of C14H1sN4O3 on the surface of particles of the
nanodispersed fullerene-carbon black mixture; 4 — formation of new structures CH(OH)-CH2-NH-R>
(B-hydroxamine) in the polymer bulk

If we consider the mechanism of chemical crosslinking, then trimethoprim performs the
function of additional hardening due to the presence of two primary amino groups interacting with
the epoxy rings of the epoxy oligomer ED-20 (proven by the method of wide-angle X-ray
diffraction and IR spectral analysis) [13]. This forms additional covalent bonds, increasing the
network density and reducing the diffusion permeability of the epoxy composite coating to the base.
While the epoxy matrix does not contain, in its structure, characteristic barriers that reduce the
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diffusion permeability to the metal base, which accordingly affects the values of the specific
resistance and specific capacitance.

If we consider the mechanism of nanomodification, the introduction of nanodispersed
fullerene-carbon black mixture 1 forms a diffusion barrier due to the “labyrinth structure”,
increasing the time required and complicating the path of water molecules and dissolved ions
through the polymer matrix to the base.

Hydrophobization of the structure. First of all, it is necessary to take into account that new
structures 4 (B-hydroxyamine structures CH(OH)—CH2—NH-R2) form in the volume of the modified
polymer, which, in terms of strength indicators, prevail over the basic ones [14]. It is also necessary
to consider the adsorption of C14H18N4O3 on the surface of particles of the nanodispersed fullerene-
carbon black mixture due to the n—n interaction 3. However, it is necessary to consider the complex
effect of trimethoprim and the nanodispersed fullerene-carbon black mixture, which provides a
decrease in the polarity of the coating due to a decrease in the number of free hydrophilic groups
(OH-, —COOH), which is confirmed by lower capacitance values (relative to the control sample) for
the developed epoxy composite coatings in all environments during 30 days of exposure. It is also
possible to consider the stabilization of the diffusion process over time, due to the stabilization of
the specific resistance and specific capacitance over 30 days, indicating the absence of structural
destruction and degradation at the interface between the phases "polymer-filler-substrate”.

Based on the conducted experimental studies and the presented mechanism of increasing the
corrosion resistance of the developed coatings, it was established that the most effective anti-
corrosion coating is EC-3, which contains epoxy oligomer ED-20 (100 %), trimethoprim (10.0 %),
nanofullerene-carbon black mixture (0.050 %), and hardener PEPA (10 %). The complex use of
fillers provides not only a high level of protection in conditions of aggressive environments, but
also stability over a long period of operation.

Conclusions. Based on the comprehensive studies conducted, the following was established.

1. It was experimentally proven that in three aggressive environments — acidic (10% H2SOa),
acetone (C3HsO), saline solution (35%o, Na*, Cl-, Mg?", SO.>) — the developed coatings provide
significantly higher values of specific resistance (within p = 0.25-0.29 Q-m?) and lower values of
specific capacitance (within ¢ =16-27 pF/m?), compared to the epoxy matrix and well-known
coatings from HEMPEL and HEMPALIN ENAMEL. This indicates the effective formation of a
stable, nano-strengthened, and hydrophobic polymer structure. Significant barrier protection is
created by the sample EC-3 (100 % of epoxy oligomer ED-20 + 10.0 % of trimethoprim + 0.050 %
of fullerene-carbon black mixture ED-20 + 10.0 % of hardener PEPA), which provided maximum
protective characteristics in all studied environments, demonstrating minimal changes in the values
of specific resistance and specific capacitance during 30 days of exposure. In practical terms, the
obtained results indicate the possibility of using the developed coating to improve the corrosion
protection of navigation equipment, deck mechanisms, supporting metal structures, and other ship
surfaces operated in aggressive marine conditions.

2. A model is proposed that reveals the idea of the mechanism of increasing the corrosion
resistance of the developed epoxy composite coating modified with trimethoprim and a
nanodispersed fullerene-carbon black mixture. The model is based on a comprehensive analysis of
experimental results and summarizes the main structural and chemical processes that occur during
the action of aggressive environments, in particular:

— chemical crosslinking of the polymer matrix due to the interaction of the primary amino
groups of trimethoprim with the epoxy oligomer ED-20, which ensures the formation of additional
covalent bonds and a decrease in the diffusion permeability of the coating;

— nanomodification associated with the formation of a labyrinth structure in the volume of
the epoxy network due to the introduction of a nanodispersed fullerene-carbon black mixture, which
inhibits the transfer of ions and molecules of the aggressive environment;

— hydrophobization of the polymer structure due to a decrease in the content of hydrophilic
groups (-OH, —COOH), due to the synergistic action of fillers, including the n—m interaction
between trimethoprim and the graphite-like surface of the NFCM particles.
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3. The practical effect of implementing the developed EC-3 coating consists in reducing the
diffusion permeability of the polymer layer, slowing corrosion initiation on the metal substrate,
preserving the protective integrity of the coating during prolonged exposure, and improving the
operational and maintenance characteristics of water transport equipment surfaces. Compared with
the base epoxy matrix, the developed composition demonstrated an increase in resistivity of up to
56%, and compared with commercial coatings HEMPEL and HEMPALIN ENAMEL, an advantage
of 24-28%, which confirms its higher functional efficiency under simulated service conditions.

The developed epoxy composite coatings should be used to improve the operational and
repair characteristics of metal structures and equipment for navigation aids used by vessels
operating under prolonged exposure to aggressive environments.

Prospects for further research. Prospects for further research are associated with expanding
the range of operational factors affecting the developed coatings, in particular by studying their
resistance to ultraviolet radiation, cyclic temperature changes, mechanical wear, and long-term salt
fog exposure. It is also advisable to investigate the adhesion strength of the coatings after prolonged
service, their crack resistance, and the possibility of industrial implementation for the protection of
shipboard navigation equipment, deck mechanisms, and other metal surfaces of water transport
facilities.

The publication contains the results of research funded within the framework of the named
scholarship of the Verkhovna Rada of Ukraine for young scientists — doctors of science for 2025
(Resolution of the Verkhovna Rada of Ukraine dated August 21, 2025 No. 4583-1X).
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Canponos O. O., CimanenkoB A. JI., banra M. M., lanuienko . O., lllapanos B. /I., CanponoBa A. B.
MIABUIIEHHA EKCIUTY ATALIMHO-PEMOHTHHUX XAPAKTEPUCTUK I[MTOBEPXOHb
OBJIAJJHAHHA BOJHOI'O TPAHCIIOPTY HIJIAXOM  BITPOBAJDKEHHS  TTOJIMEPHUX
I[TOKPUTTIB

Y pobomi masedeno pesynvmamu excnepumMeHmanbHUX OOCHIONHCEHb, CHPAMOBAHUX HA NIOSUUEHHS
EKCNILYamayitiHO-pEMOHMHUX XAPAKMEPUCIIUK NOBEPXOHbL BOOHO20 MPAHCHOPHY WLISXOM PO3POOLEHHs mda
B8NPOBAOIICEHHS HOBIMHIX NONIMEPHUX NOKPUMMIG i3 NOKPAWEHUMU AHMUKOPOIIUHUMU XAPAKMEPUCTIUKAMU.
OcHOGHOI0O MemOoIo 00CHIOJNCEHHS € BCIANHOBNIEHHS 3AKOHOMIPHOCIET 6NIUBY PIZHOOUCNEPCHUX HANOGHIOBAUi8
Ha KOpO3ilHy MPUBKICMb eNOKCUOHUX KOMNOZUMHUX NoKpummis. Sk mampuyio Ons cmeOpeHHs 3aXUCHUX
NOKPUMMIE GUKOPUCMAHO enoKkcuonuti oaicomep EJ[-20, saxuil nonimepusysanu nopiemuieHnomiamiHOM
(IIEITA). [ns mooughikayii cmpyxmypu noiimepy 3acmoCO8AHO CUCMEM)Y HANOBHIOBAUI8, WO GKIIOUYAE
Hanooucnepcry @ynepeno-cascogy cymiut (30-40 um) ma mixpooucnepcruii mpumemonpum (5—10 mrm).
Onmumizayiio ckiady KOMRO3UYill 30iliCHEHO i3 3aCMOCYBAHHAM MEmMOOy MAMEeMAMU4HO20 HAAHYBAHHSI
eKcnepumenmy 3  UKOpucmauuam npocpamnozo cepeoosuwa STATGRAPHICS® Centurion XVI
Jocnioocenuss KOpo3itiHoi cmitikocmi UKOHAHO MemoOoM IMNeOaHCHOI CNeKMPOCKONIT WIAXOM 8USHAYEHHS
NUMOMO20 eNIeKMPUYHO20 ONOpPY MA NUMOMOI EMHOCMI NOKPUMIMIE Y MPbOX MOOCIbHUX a2PeCUSHUX
cepedosuwax: 10 % posuumi cipuanoi Kucromu, ayemoui ma MopcuKili 800i (35%o). Bcmamnosneno, wo
86€0€HHSL MPUMEMONPUMY CHPUAE O00AMKOBOMY XIMIUHOMY 3ULUBAHHIO NONIMEPHOI mampuyi, mooi AK
HAHOOUCHEPCHUTI HANOBHIBAY (opmye epexm «1abIipuHmMooi CmMpPYyKmypuy», 3MeHUyIouu Ougysiiny
NPOHUKHICMb noKpumms. ExcnepumeHmansHo niomeepodiceHo, wjo po3pobneni Komnosuyii 3abe3neuyromo
niosuwenns snauenns numomozo onopy (0,25-0,29 Om-m?) ma suuscenns numomoi emnocmi (16-27 n®@/m?),
wo ceiduums npo GOpMYSaHHs WINbHOL, 2i0pooOHOI ma cmpyKmypHO CmMAOIbHOL NONIMEPHOL CimKu.
Makcumanvnumu 3HaueHHAMU OOCHIONCY8AHUX napamempie xapakmepuzyemocsi nokpumms EKII-3, saxe
nepesuwye nokasHuku 6azoeoi mampuyi na 56 % ma noxpummie HEMPEL, HEMPALIN ENAMEL — na
24-28 %. 3anpononosano y3azanbHeHy MoOelb MeXaHizMy ni0euuerHs Kopo3iuHol cmitikocmi, wo 6a3yemucs
Ha mMpbOX KIOUO0BUX Npoyecax. XIMIYHOMY 3WUBAHHI, HaHOMoOu@ikayii ma 2iopogobizayii cmpykmypu
nonimepy.

Kniwouosi cnoga: 6oonuti mpancnopm; nagicayiiine 001a0HAHNS, AHMUKOPOIIUHUL 3aXUCT, CKAA0 NOKPUMMSL,
MOOeNb; MOpChKe cepedosuiye.
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