KomnnekcHoe Mcnonb3osaHne MuHepanbHoro Coipbs. No2(337), 2026 ISSN-L 2616-6445, ISSN 2224-5243

[=
g2 Crossref

DOI: 10.31643/2026/6445.15
Engineering and Technology

@creative
commons

Epoxy coatings for anticorrosion applications: a review

12"Bekbayeva L.,2Negim E.-S., 2Zhanibekov R., Sharipov R., 2Maldybayev G.,
3puzikova D.S., 3Kenzin N.R., *“Maridan A.A.B.

LAl-Faraby Kazakh National University, al-Farabi av., Almaty, Kazakhstan
2Kazakh British Technical University, Alimaty, Kazakhstan
3D.V. Sokolsky Institute of Fuel, Catalysis and Electrochemistry, Kazakh British Technical University, Almaty, Kazakhstan
4Universiti Teknologi PETRONAS, 32610 Bandar Seri Iskandar, Perak, Malaysia

*Corresponding author: Bekbayeva Lyazzat, lyazzat_bk2019@mail.ru

Received: January 27, 2025
Peer-reviewed: February 3, 2025
Accepted: February 12, 2025

ABSTRACT

Epoxy resins are among the most commonly used materials for anticorrosion applications due to
their excellent adhesion, mechanical strength, and chemical resistance. However, conventional
epoxy coatings face significant limitations in providing durable, long-term protection, especially
under harsh environmental conditions. As a result, extensive research has been conducted
worldwide to enhance the anticorrosion performance of epoxy coatings. This review summarizes
the latest advancements in the field, categorizing current developments into three primary
approaches: modification of the epoxy resin structure, incorporation of functional fillers, and the
development of multifunctional composite coatings. Structural modifications focus on improving
the intrinsic properties of epoxy resins to enhance their barrier effect. The inclusion of functional
fillers introduces additional protective mechanisms, including self-healing, superhydrophobicity
and corrosion inhibition. Multifunctional composite coatings combine the benefits of several
approaches, integrating advanced materials and techniques to achieve high performance. By
analyzing recent studies and innovations, this review highlights the strengths of each approach,
providing insights into future directions for developing high-performance epoxy-based anti-
corrosion coatings.

Keywords: composites, epoxy resin, anticorrosive coating, corrosion, corrosion inhibition, anti-
corrosion protection.
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Introduction

functioning, and eventually large financial losses. A
study by the National Association of Corrosion

The introduction shall be of the significance of
the article and its objective. Delete this sentence and
paste your introduction preserving this format.

A natural process known as corrosion occurs
when metal interacts with environmental elements
including oxygen, moisture, and chemical agents.
This results in structural deterioration, loss of

Engineers (NACE) estimates that the yearly cost of
corrosion worldwide exceeds $2.5 trillion, or around
3-4% of the world's gross domestic product [1]. Due
to the extremely corrosive conditions that are
present during the extraction and transportation of
hydrocarbons, the oil and gas industry, for example,
suffers significant corrosion-related damage to pipes
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and infrastructure. Likewise, offshore platforms and
marine boats are particularly vulnerable to corrosion
brought on by saltwater, which speeds up the rate
of metal deterioration [2]. Especially in the
petroleum industry, corrosion poses a safety risk and
results in significant financial losses [3]. The
hardened mixture's structure is destroyed by both
internal and external forces acting on concrete and
the depletion of quality attributes like density,
strength, and so forth.

Anticorrosion coatings have been used
extensively to address these problems as an
affordable way to shield metal surfaces from
deterioration, increasing longevity and preserving
the structural soundness of important parts.
Corrosive substances like oxygen, water, and salts
are kept from coming into direct contact with the
metal substrate by these coatings, which serve as a
physical and chemical barrier. Epoxy resins stand out
as one of the most adaptable and efficient choices
among the variety of materials used in anticorrosion
coatings [3]. Epichlorohydrin reacts with bisphenol-
A or other phenolic chemicals to form epoxy resins,
which are thermosetting polymers. Epoxy resins, or
ERs, are a unique class of organic macromolecules
with a wide range of industrial applications.
Compared to basic organic corrosion inhibitors, ERs
offer superior surface coverage and anticorrosive
properties due to their macromolecular nature.
During metal-inhibitor interactions, the polar
functional groups on the periphery of ERs serve as
adsorption sites. Particularly for carbon steel in
acidic and sodium chloride (3% and 3.5%) solutions,
a few ERs in their pure and cured forms have been
employed as anti-corrosive coating materials. Most
of the ER’s function as mixed-type and interface
corrosion inhibitors [4].

The anticorrosive properties and adsorption
behaviours of ERs on metallic surfaces have been
demonstrated through a variety of computer
simulations. Since most ERs are not very soluble,
they work best as coating materials for anticorrosive
applications. A review of the literature revealed that
numerous ER-based coatings are developed and
successfully employed for carbon steel and
aluminium in brine solution . They are especially
good at shielding metal surfaces from corrosion
because of their remarkable gualities, which include
great mechanical strength, superior adherence to
metal surfaces, superior chemical resistance, and
thermal stability [5]. They are especially good at
shielding metal surfaces from harsh external
elements because of their remarkable qualities,

which include great mechanical strength, strong
chemical resistance, excellent adherence to metal
surfaces, and thermal stability [6]. Epoxy coatings
are widely used in industrial applications because
they form a tight bond with substrates, which lowers
the risk of delamination and corrosion undercutting.
Their efficacy in reducing corrosion-related damage
is further enhanced by their low permeability to
oxygen and moisture. Because of their high degree
of cross-linking, these resins are stiff and impervious
to deterioration in the environment [7].

Benefits of epoxy resins

Epoxy resins, as thermoset polymers, have
distinct manufacturing properties such as low
pressure, minimal cure shrinkage, and low residual
stresses, allowing the creation of precise and
durable products. These resins can be used at a wide
temperature range by adjusting the cross-linking
levels with appropriate curing agents. They are
suitable for electrical insulation, surface coatings,
engineered composites, and structural adhesives,
and are available in both low-viscosity liquid and
powder forms. Furthermore, their efficient
manufacturing processes contribute to faster
production and lower industrial costs, making them

highly practical in various industries [8].
In terms of mechanical properties, epoxy resins

offer modified fatigue resistance and mechanical
strength, as well as superior chemical and heat
resistance. These properties are due to their
thermosetting polymer nature, which occurs when
polyoxides react with hardeners. Their structural
integrity allows them to endure severe chemicals,
high temperatures, and mechanical strain, making
them indispensable for applications that require
durable and robust materials. Further, epoxy resins
also have excellent chemical resistance, which
increases their adaptability to a wide range of
industries, including maritime, construction, and
automotive. Their ability to form strong protective
layers results in excellent bonding with substrates
such as concrete, wood, and metals. This makes
them ideal for waterproofing, protecting surfaces,

and extending the life of materials. Epoxy
composites, known for their strength and
lightweight characteristics, support advanced

manufacturing processes, while epoxy coatings
effectively combat corrosion and maintain the
integrity of metal surfaces [[9], [10]].

One major advantage of epoxy resins is their
ability to improve the mechanical properties of
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Figure 1 - Advatages of epoxy resins

materials used in industrial manufacturing. Epoxy
resins help to produce goods that can withstand
harsh industrial conditions by increasing their
strength, resilience, and overall performance. Their
role includes reinforcing concrete structures,
creating high- performance components, and
ensuring the dependability and durability of
industrial products [[8], [9]]. Another significant
advantage of epoxy resins is their ability to address
environmental concerns while still providing
exceptional performance. These resins have
superior mechanical and thermal resistance because
they contain cross-linking co-reactants such as
polyfunctional amines and acids. Their durability and
efficiency make them ideal for applications such as
metal coatings and composites. Researchers are
developing sustainable alternatives to replace
harmful chemicals in epoxy resins, contributing to
greener industrial practices [10]. Main advantages of
epoxy resins demonstrated in Figure 1.

In recent years, there has been a significant
increase in the number of works related to
anticorrosive epoxy coatings and composites. The
current development of anti-corrosion epoxy
coatings can be grouped into 3 main approaches:
epoxy composites based on nanofillers, epoxy
structure  modifications, and multifunctional
coatings (Figure 2). Enhancing the corrosion
resistance of coatings is achieved by barrier or
sacrificial protection or corrosion inhibition [11].

Epoxy composites and systems

One of the common and most affordable
methods for improving the anticorrosive properties
of epoxy coatings is the introduction of modified
mineral nanofillers. Surface modification of the
nanoparticles makes them stable and provides a
high degree of dispersion, which prevents their
aggregation caused by high specific surface area and
surface energy [12]. Such nanoparticles are evenly
distributed in the coating matrix, reducing its
porosity, closing microcracks decreasing coating
affinity with corrosion medium, and significantly

increasing corrosion resistance. Ou et al. [13]
conducted  surface  modification of TiO;
nanoparticles by toluene diisocyanate (TDI). The TDI
molecules were covalently bonded to the
nanoparticle surface, significantly enhancing their
dispersibility in toluene. This functionalization
approach effectively mitigated the agglomeration
tendency of TiO, nanoparticles, ensuring a more
stable dispersion. In a separate study by Situ et al.
[14], polyaniline-titanium  nitride  (PANI-TiN)
nanocomposites were developed through a low-
temperature chemical oxidation polymerization
process. Adding TiN nanoparticles to PANI nanorods
minimized their tendency to aggregate and
improved their uniform distribution in the epoxy
matrix. The resulting PANI-TiN/epoxy coatings
demonstrated significantly enhanced corrosion
protection, with impedance modulus values
increasing by 115 times compared to pure epoxy
coatings after two days of exposure to a 3.5 wt.%
NaCl solution. This improvement was primarily due
to the combined effects of PANI's passivation
properties and creating winding paths by TiN
nanoparticles for the electrolyte, slowing down the
corrosion process and increasing the durability of
the coating. In a study by Jlassi et al. [15], magnetite-
clay nanocomposites modified with polyaniline
(PANI) and diazonium salts (B-DPA-PANI@Fe30,)
were synthesized and integrated into epoxy
coatings. The inclusion of 3 wt.% of these fillers
significantly enhanced the anticorrosion
performance, increasing the charge transfer
resistance up to 110 x 10® Q-cm? compared to 0.35
x 10® Q-cm? for pure epoxy. This improvement was
attributed to the uniform dispersion of the
nanofillers, reduced coating porosity, and the
synergistic interaction between the filler and the
epoxy matrix, which decreased the penetration of
chloride ions in a corrosive environments.

A large number of studies are devoted to the use
of graphene to improve coating properties.
Graphene, being a two-dimensional nanomaterial,
consists of a single layer of atoms and has
exceptional barrier properties that prevent the
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Figure 2 - Main Approaches in Anticorrosive Epoxy Coatings

penetration of almost any molecules or ion. Even
small additions of graphene to the coating
composition can significantly improve its physical
characteristics and enhance protection from
aggressive media [16]. In [17], the corrosion
behavior of epoxy coatings reinforced with reduced
graphene oxide (RGO) on N80 steel was studied
under conditions of high salinity (10% NaCl) and a
temperature of 80 °C. Coatings with different RGO
content (0%, 0.5%, 1%, 2% and 4%) were
characterized by SEM, EIS, and Tafel polarization
methods. It was found that the addition of RGO
reduces the number and size of pores in the coating,
improves its adhesion and strength. The coating with
1% RGO showed the best anticorrosive properties,
at which the charge transfer resistance (Rct) reached
17x10° Q-cm2, while with an increase in the RGO
content above 2%, particle aggregation and
deterioration of protective properties were
observed. In [18], the effect of an ionic liquid based
on 1-butyl-3-methylimidazolium chloride (BMIM-CI)
on the dispersion of graphene oxide (GO) in epoxy
resin and the anticorrosive properties of the
obtained composites was investigated. The results
showed that the adsorption of BMIM-CI on the GO
surface improved the compatibility of nanoparticles
with the epoxy matrix, preventing aggregation.
Coatings with GO-BMIM demonstrated higher
protective properties compared to pure epoxy resin,
which was confirmed by EIS, salt spraying and
polarization methods. The best barrier effect was
achieved with a GO-BMIM content of 0.12%.

It can be functionalized to reduce the
aggregation of graphene particles. Ziat et al. [19]

dispersed single-layer graphene in pure ethanol, and
then created nanocomposites based on epoxy resin
with a graphene content of 2 wt.% using the in-situ
polymerization  method. The functionalized
graphene in the coating showed excellent
dispersibility. Potentiodynamic polarization and
electrochemical impedance spectroscopy have
confirmed a significant improvement in the
corrosion resistance of the coating on the copper
substrate in a NaCl solution with a concentration of
3%. Scanning electron microscopy (SEM) analysis
confirmed the effectiveness of the coating as a
barrier, and measurements of the wetting angle
indicated the hydrophobic properties of the coating,
emphasizing its high mechanical strength and
barrier characteristics.

Xie et al. [20], in turn, modified graphene oxide
(GO) with polyacrylate using radical
copolymerization technology. First, the GO surface
was treated with silane (KH-570) to create active
centers, then polymerization of acrylate monomers
was performed in the presence of an initiator (AIBN)
at 80 °C. This improved the dispersibility of GO in the
epoxy matrix and the interaction at the interface,
which was confirmed by scanning electron
microscopy. The coatings obtained demonstrated a
noticeable increase in anticorrosive properties.

The so-called superhydrophobic surfaces have
recently gained particular interest. Such coatings are
determined by their ability to minimize interaction
with water: the water contact angle (WCA) on their
surface exceeds 150°, and the rolling angle (RA) is
less than 10°. This gives the coatings unique
properties such as self-cleaning, water resistance,

38 ——
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and anti-icing, resulting in a wide range of

applications potential in various fields [[21], [22]].
Superhydrophobic coatings based on epoxy

resins have been developed. A superhydrophobic

coating [23] based on hydrophobic silica
nanoparticles modified with paraffin  wax
synthesized by alkaline hydrolysis of silane

precursors such as y-aminopropyltriethoxysilane
(APS) and tetraethoxysilane (TEOS) in the presence
of paraffin wax was developed. The resulting

nanoparticles were incorporated into epoxy
matrices, with a 1 wt% of the modified
nanoparticles coating demonstrating improved

dispersing of nanoparticles in epoxy coatings and
anticorrosive properties, withstanding up to 1,500
hours in a salt mist. In addition, the water-wetting
angles reached 100-110° when blended with 3Wt%
of nanoparticles, which confirms their
hydrophobicity. These results confirm that the
modification of silica with paraffin wax increases
corrosion resistance, improves mechanical
properties, and reduces the wettability of coatings.
In another work [24], a superhydrophobic coating
based on epoxy resin was created using modified
TiO, and ZnO nanoparticles synthesized using the
"one pot" method. The process involved the
preliminary modification of nanoparticles, and then
their mixing with epoxy resin cured with HHPA
hardener in a ratio of 5:3 by weight. The finished
coating had a wetting angle of up to 155.6° and
demonstrated high resistance to corrosion and
abrasives. Additionally, experiments have shown
that the degree of crosslinking of the epoxy matrix
and adhesion to the metal substrate plays a key role
in increasing the service life of the coating.

In the study [25], a superhydrophobic coating
was developed by incorporating modified sepiolite
powder into pure epoxy resin. The coating
demonstrated improved corrosion resistance
compared to pure epoxy, with a contact angle of
154.6° and a sliding angle of 3° when 5 wt% of the
modified powder was added. Characterization
techniques, including CA, SEM, FT-IR, and XRD,
revealed its enhanced wettability and composition.
Corrosion tests using EIS, salt-spray, and SKP
confirmed that the composite coating effectively
restricted corrosion in damaged regions, delaying
substrate degradation and significantly enhancing

corrosion protection.
In order to increase long-term corrosion

protection, self-healing coatings or coatings with
corrosion inhibitors can be used. The principle of the
first type of coatings is their ability to restore
integrity and anti-corrosion properties after

damage. This is achieved either by releasing
encapsulated active substances that react with the
damaged surface and form a protective layer or by
reactions triggered by external factors such as
temperature or light [[26], [27]]. As for inhibitory
protection, its essence lies in the release of
inhibitory compounds from the coating matrix into
damaged areas, which slows down or prevents
corrosion processes [28].

Attaei et al. [29] developed a self-healing epoxy
coating with microcapsules containing isophorone
diisocyanate (IPDI). Microcapsules were synthesized
by interphase polymerization in oil-in-water
emulsions, ensuring their thermochemical stability
and a diameter of 5-20 microns. Experiments using
EIS, SVET, and LEIS have shown that when the
capsule coating is damaged, IPDI is released, which
forms a polymer layer that effectively suppresses
corrosion. The destroyed microcapsules promote
polymerization, restoring the protective properties
of the coating. A similar study on self-healing
coatings by microcapsules is presented in [30]. In
another study [31], N-isopropylacrylamide-co-
vinyltrimetho-xysilane (NIPAM-VTS) was used as a
self-healing agent, with hydrolyzed microgel
combined with tetraethoxysilane (TEQS) and 3-
aminopropyltriethoxysilane (APTS) to create amino-
functionalized smart silica composites and
nanoparticles.

The direct addition of corrosion inhibitors to
epoxy coatings often results in limited long-term
protection and can negatively impact the coating's
performance, causing issues such as blistering,
reduced corrosion resistance, and weakened
mechanical properties [32]. To overcome these
drawbacks, an effective alternative approach
involves incorporating inhibitors into micro- or
nanostructures, which encapsulate or fix the
inhibitors within the epoxy resin system, thereby
avoiding harm to the coating's overall performance
[33].

Structural Modifications of
Epoxy Resins

As mentioned above, basic epoxy coatings are
not capable of providing long-term corrosion
protection. This is due to their limited mechanical
and barrier properties, which deteriorate under the
influence of aggressive environmental factors.
Therefore, the approach discussed below aims to
increase the wear resistance and corrosion
resistance of epoxy coatings by developing new
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formulations or synthesizing epoxy resins with
different molecular structures. In one study, Dagdag
et al. [34] formulated a novel epoxy resin coating
(TGEDA-MDA) by curing tetraglycidyl ether of
diaminodiphenylmethane (TGEDA) with methylene
dianiline (MDA). This coating demonstrated a
protective efficiency of approximately 93% in a 3

wit% NacCl solution, as  confirmed by
potentiodynamic polarization (PDP) and
electrochemical impedance spectroscopy (EIS).

Additionally, computational modeling revealed the
strong adhesion of TGEDA-MDA to carbon steel
surfaces, forming a stable and effective protective
layer. In another study [35], the same group
developed a macromolecular epoxy coating
(DGEDDS-MDA) based on bisphenol S diglycidyl
ether (DGEDDS) cured with methylene dianiline. This
molecular structure, rich in hydroxyl and amino
groups, enhances adsorption of corrosive
substances such as water and chloride ions. Even
after 180 days of exposure to ultraviolet radiation,
the coating exhibited high durability, with an
impedance value of 2.12 kQ cm? indicating

sustained protective performance.
Researchers [36] studied the effect of curing

agents with different molecular structures—
diethylenetriamine (DETA), isophorone diamine
(IPDA), and m-phenylenediamine (m-PDA)—on the
tribological and anticorrosion properties of epoxy
coatings. The molecular structure of these curing
agents significantly influenced the cross-linking
network and internal structure of the coatings,
impacting their performance. Electrochemical tests
in 3.5 wt% sodium chloride solution demonstrated
that IPDA-cured coatings exhibited the best
corrosion resistance due to their compact structure,
which effectively blocked corrosive agents. In
contrast, m-PDA-cured coatings showed the poorest
performance, attributed to a looser internal
structure that allowed easier penetration of the

corrosive medium. _
In recent years, there has been a growing

demand for bio-based epoxy resins as sustainable
alternatives to petroleum-based counterparts. This
shift is driven by concerns over the depletion of
fossil fuel resources, greenhouse gas emissions, and
the toxicological impacts of conventional materials
like bisphenol A (BPA), which is widely used in epoxy
resins [37]. The itaconic acid-based epoxy resin (EIA)
synthesized by Ma et al. [38] through an
esterification reaction between itaconic acid and
epichlorohydrin, yielding a resin with a high epoxy
value of 0.625 and excellent curing reactivity. When
cured with methyl hexahydrophthalic anhydride

(MHHPA), EIA demonstrated superior thermal and
mechanical properties, including a glass transition
temperature of 130.4 °C and a tensile strength of
87.5 MPa, comparable to or exceeding traditional
diglycidyl ether of bisphenol A (DGEBA) resins.
Furthermore, the properties of EIA were enhanced
by incorporating comonomers such as divinyl
benzene (DVB) and acrylated epoxidized soybean oil
(AESO), underscoring its potential as a sustainable
replacement for petroleum-based thermosetting
resins.

A bio-based epoxy resin synthesized from
cashew nutshell liquid was developed for a one-
component anticorrosive coating using a solvent-
free process with in situ generated performic acid
[39]. The curing behavior of the epoxy-phenol
system with 1-methylimidazole (1-MIM) as an
accelerator demonstrated efficient catalysis with
only 5% by weight of 1-MIM, achieving a curing
temperature of 150 °C. The coating exhibited high
crosslink density, thermal stability (decomposition
at 200 °C), and a glass transition temperature of 30
°C. Electrochemical impedance spectroscopy, along
with adhesion and visual assessments, confirmed its
excellent anticorrosive performance under salt
spray and immersion in 3.5% NaCl solution. The
material also maintained high adhesive strength and
low delamination during humidity exposure tests.
These results highlight the potential of this bio-
based epoxy coating for corrosion protection
applications.

Multifunctional composite coating

Epoxy resin coatings relying on a single
anticorrosion approach often fall short in addressing
the challenges posed by complex real-world
conditions. The development of materials that
integrate multiple protective approaches offers
innovative  opportunities to enhance the
effectiveness and durability of epoxy coatings in
practical applications. Dagdag et al. [40] developed
an anticorrosive epoxy coating by synthesizing
DGEDDS with epichlorohydrin, 4,4'-dihydroxy
diphenyl sulfone, and sodium hydroxide, using 4,4'-
methylene dianiline (MDA) as a hardener and zinc
phosphate tetrahydrate (ZPH) as an anticorrosion
pigment, resulting in a highly stable and corrosion-
resistant coating. Liang et al. [41] developed
nanocomposite epoxy coatings by incorporating 5%
nano-Al through a two-stage process, ensuring high
concentration and low viscosity. The nano-Al
particles initially corrode to protect the substrate

— 4 ——
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and subsequently form aluminum oxide and
hydroxide, which act as barriers to prevent the
penetration of corrosive liquids. Characterization
through immersion, salt spray tests, and EIS
confirmed a significant improvement in the coating's
corrosion resistance. In the study by Lakouraj et al.
[42], a high-performance epoxy resin was developed
by curing diglycidyl ether of bisphenol-A (DGEBA)
with diaminoxanthone (DAX) and incorporating
functionalized Fe304 nanoparticles. Corrosion
resistance  tests, including potentiodynamic
polarization and immersion in HCl solution, showed
that the addition of 10% Fe304 nanoparticles

significantly enhanced the anticorrosion
performance compared to the neat DGEBA/DAX
system.

In one study [43], a-Fe203@TA@GO

composites were prepared by modifying mica iron
oxide with tannic acid and graphene oxide and then
incorporating them into an epoxy-acrylic resin. This
hybrid system significantly improved corrosion
resistance, achieving a low corrosion current density
of 1.459 pA/cm? and a high charge transfer
resistance of 14,350 Q-cm?. The addition of 5 wt% of
the composite provided optimal performance,
showcasing excellent compatibility and improved
dispersion stability. In another study [44], epoxy
resins were combined with functionalized materials,
and similar  processes involving  surface
modifications and composite incorporation were
employed. The results indicated enhanced
mechanical strength, thermal stability, and
anticorrosion  properties, demonstrating the
potential of hybrid systems to overcome the
inherent limitations of pure epoxy coatings.

Advancement of epoxy resin as
anticorrosion coatings

Over the years, the field of epoxy resins has
continuously evolved due to their unique properties
such as high mechanical strength, temperature and
solvent resistance, and strong adhesion to metals
and composites. These developments have made
epoxy resins crucial across aerospace, automotive,
construction, and  biomedical applications.
Supplementing these commercial coatings are some
of the newer developments such as the
incorporation of nanomaterials into epoxy-based
nanocomposite coatings to design coatings with a
combination of unique properties of both epoxy and
nanomaterials, providing a new range of advanced
coatings with enhanced functionalities.

The development of superhydrophobic epoxy-
based nanocomposite coatings; however, is a game-
changer in this aspect, as they exhibit exceptional
wetting resistance, chemical stability, and
mechanical robustness. Incorporation of
nanomaterials, such as silica nanoparticles, carbon
nanotubes, and graphene, further enhances the
properties of these coatings, resulting in high-
performance coatings for applications such as anti-
corrosion and self-cleaning surface [[45], [46]]. As
epoxy is comparatively strong, durable and can bond
with any material such as metal and glass, it is being
used as a matrix material in these nanocomposites.
These coatings show super hydrophobicity with
water contact angles over 150° and very high
corrosion and mechanical stress resistance and are
very effective in extreme environments such as
aerospace and marine industries [47]. In addition to
performance enhancements, the establishment of
superhydrophobic coatings matches sustainability
objectives. Researchers are developing eco-friendly
formulations to replace volatile organic compounds
(VOCs), substances that have a negative
environmental impact. This trend is part of a larger
paradigm shift in materials science, to create smart
materials that are high- performing but responsible
at the same time [48].

Furthermore, the introduction of nanomaterials
such as silica nanoparticles and graphene into epoxy
resins has made considerable contributions to their
corrosion resistance, hydrophobicity, and
mechanical properties. By mimicking the
arrangement of hydrophobic structures found in
nature (e.g. lotus leaves), such nanocomposites
repel water as well as prevent the buildup of
corrosive agents on the composite surface, while
also enabling other properties for example self-
cleaning ability [[48], [49]]. These advanced coatings
are usually made by spray coating, drop-coating and
3D bioprinting [45], while spray coating has received
the most attention for large-scale usage.
Additionally,  continuous  developments in
environmentally friendly formulations are rendering
these coatings sustainable, maintaining high
performance and low environmental impacts [50].
These developments not only enhance the durability
and effectiveness of epoxy coatings but also
establish them as a cornerstone in modern industrial
applications, ensuring long-term protection and
sustainability.

The molecular weight of epoxy oligomers has a
noticeable effect on the anti-corrosion properties of
coatings [[51], [52], [53], [54], [55], [56]]. Low
molecular-weight epoxy resins provide a higher

—— 4] ——
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density of crosslinks, thereby reducing free volume
and segmental mobility, which makes it more
difficult for corrosive molecules to penetrate the
coating. However, excessive crosslink density can
lead to the formation of microcracks and pores in
the coating, compromising its protective
performance [[52], [55], [56], [57], [58], [59]]. In
contrast, high molecular-weight epoxy resins, with
their higher hydroxyl functionality, offer improved
wetting and adhesion to metal substrates but result
in coatings with lower crosslink density. This reduces
hardness and chemical resistance while enhancing
flexibility and impact resistance. Therefore,
optimizing the molecular weight of epoxy resins
requires balancing the desired protective properties
with mechanical and structural integrity.

Conclusions

In summary, epoxy resin coatings have
established themselves as a reliable method of
preventing corrosion in a wide range of sectors, such
as the infrastructure, marine, and oil and gas
industries. They are extremely effective at
protecting metal surfaces from the damaging effects
of oxygen, water, and salts as the main causes of
corrosion due to their exceptional mechanical
strength, chemical resistance, and superior
adhesion. The performance of epoxy- based coatings
has been greatly improved by developments,
especially the addition of nanomaterials like carbon
nanotubes, graphene, and silica nanoparticles. Even
in the harshest conditions, these developments have
increased the coatings' lifespan in addition to
improving their hydrophobicity and durability.
Epoxy resins cross-linked molecular structure adds
to their durability by making them resistant to
physical and chemical stresses like impact and
abrasion. Additionally, a major advancement in
water repellence and maintenance ease has been
the development of superhydrophobic qualities. The
continuous transition to more environmentally

friendly formulations, which seek to lessen the
environmental impact while preserving peak
performance levels, complements this
development. The future of protective coatings is
being reshaped by epoxy-based anticorrosion
coatings, particularly those enhanced with
nanocomposites, in a variety of demanding
industries, including automotive and aerospace.
These coatings provide an economical and
environmentally friendly way to combat corrosion,
greatly lowering maintenance expenses while
boosting the dependability and safety of vital
infrastructure. Epoxy coatings are expected to
become even more important in maintaining the
longevity and integrity of industrial assets for many
years to come because of ongoing advances in
material science.
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