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Abstract: Epoxy–acrylic hybrid resins have emerged as advanced binder systems for anticor-
rosion coatings, combining the superior adhesion, chemical resistance, and barrier properties of
epoxy with the flexibility, weatherability, and UV resistance of acrylic polymers. Traditional
epoxy coatings often suffer from brittleness and environmental degradation, whereas acrylic
coatings alone provide limited corrosion protection. Hybridization offers a synergistic approach
to overcome these limitations. This review presents a comprehensive overview of synthesis and
hybridization strategies, including interpenetrating polymer network (IPNs) copolymerization,
emulsion polymerization, core–shell structure, and grafting approaches. Mechanisms contribut-
ing to enhance corrosion performance, such as improving barrier properties, mechanical flexi-
bility, adhesion, and environmental durability, are discussed in detail. Performance evaluations
from standardized corrosion tests, including salt spray, electrochemical impedance spectroscopy,
and immersion studies, demonstrate the effectiveness of hybrid coatings compared with single-
component systems. Emerging trends in waterborne and low volatile organic compounds (VOC)
formulations, nanocomposite hybrids, and smart coatings with self-healing or responsive prop-
erties. Challenges such as phase compatibility, processing complexity, and long-term durability
have also been discussed. Overall, epoxy–acrylic hybrid resins represent a promising approach
for developing durable, high-performance, sustainable, and environmentally compliant anticor-
rosion coatings.
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1. Introduction

Corrosion of metallic materials represents a major economic and structural challenge world-
wide, affecting industries such as marine engineering (Oliveira et al., 2026; Shojaei et al., 2025),
infrastructure, automotive (Priyadharshini & Xavier, 2026), and the energy sector (Kania, 2023;
Manu et al., 2025). Protective coatings prevent corrosion by forming a barrier that inhibits con-
tact between the metal surface and corrosive species (Çetinkaya et al., 2025; Liu, 2025; Saikia
et al., 2025; Zade & Patil, 2024). Exposure of metals to aggressive environments containing
moisture, oxygen, salts, and pollutants leads to electrochemical degradation, resulting in struc-
tural failure, economic losses, and safety concerns (Aslam et al., 2025; Muthukumaran, 2026;
Srikanth, 2026; Zade & Patil, 2024). Among the various corrosion mitigation strategies, organic
protective coatings are the most widely adopted because of their cost-effectiveness, ease of ap-
plication, and ability to provide long-term protection by forming a physical and chemical barrier
between the metal substrate and the surrounding environment (Aljibori et al., 2024; Subbiah
et al., 2025). Anticorrosion paints serve as the first line of defense by establishing a protective
barrier between metal substrates and aggressive environments (e.g., chloride ions, moisture, and
oxygen) (Liu, 2025; Saikia et al., 2025; Zade & Patil, 2024).

Epoxy resins are among the most extensively used binders in anticorrosion paints owing
to their excellent adhesion to metallic substrates, high mechanical strength, excellent barrier
properties, and superior resistance to chemicals and solvents (Abiodun et al., 2025; Hao et al.,
2025; Mohanty et al., 2025; Negim et al., 2025; Wang et al., 2025). The physical and chemi-
cal characteristics of epoxy resins are relevant to corrosion protection, including high crosslink
density (Anwar & Li, 2024; Kotb et al., 2023), excellent adhesion to metallic substrates, supe-
rior chemical (Wang et al., 2025), solvent resistance, and strong barrier properties that inhibit
the penetration of water, oxygen, and aggressive ions. The densely crosslinked epoxy network
effectively limits the penetration of corrosive species, making epoxy coatings suitable for harsh
environments (Wang et al., 2025; Zaghloul et al., 2023). However, despite these advantages,
conventional epoxy coatings suffer from inherent drawbacks, such as brittleness, poor flexibility,
limited resistance to ultraviolet (UV) radiation, and susceptibility to cracking under thermal or
mechanical stress (Anwar & Li, 2024; Liu, 2025; Vignesh et al., 2026). These deficiencies can
compromise coating integrity over time, leading to premature corrosion failure (Vignesh et al.,
2026).

In contrast, acrylic resins are well known for their good flexibility, weatherability, UV
stability, and ability to retain esthetic properties during long-term outdoor exposure (Aalto-
Korte, 2019; Kim et al., 2025; Muradova et al., 2023; Valeriia, 2025). The advantages of acrylic
resins include flexibility and toughness, UV resistance, weatherability, environmental stability,
and resistance to yellowing and surface degradation during outdoor exposure (Gawali & Jain,
2026; Pojnar et al., 2024; Procopio, 2020). Acrylic coatings exhibit excellent resistance to
yellowing, chalking, and environmental aging (Pozo-Antonio et al., 2023). Nevertheless, when
used alone, acrylic systems generally provide weaker corrosion protection primarily because of
their lower crosslink density and inferior barrier properties compared with those of epoxy resins.
Acrylic coatings are often inadequate for applications requiring high corrosion resistance in
aggressive environments (Guo et al., 2025; Im et al., 2024).

Significant research efforts have been devoted to the development of epoxy–acrylic hybrid
resins (Guo et al., 2025) to overcome the individual limitations of epoxy and acrylic systems,
which combine the complementary properties of both polymers within a single coating matrix
(Flosbach & Fugier, 2010). Epoxy–acrylic hybrid resins combine the advantages of both systems,
producing coatings that exhibit strong adhesion, mechanical flexibility, chemical resistance, bar-
rier efficiency, UV resistance, and enhanced durability under environmental stress (Abd-Elnaiem
et al., 2022; Shoily et al., 2025; Tulegenkyzy et al., 2024; Xia et al., 2025). The hybridization
of epoxy–acrylic resin enhances coating performance by reducing epoxy brittleness, optimizing
crosslink density, stress distribution, and combining barrier protection with weather resistance
(Rau et al., 2012). Such hybrid systems can be designed through interpenetrating polymer net-
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works (IPNs), copolymerization, emulsion blending, grafting, or core–shell architectures (e.g.,
epoxy core/acrylic shell), allowing precise control over morphology, compatibility, crosslink den-
sity, and coating performance characteristics (Eyann et al., 2024).

The corrosion protection mechanisms of epoxy resins, acrylic resins, and epoxy–acrylic
hybrids, including physical barrier protection, adhesion-mediated corrosion inhibition, crack
formation suppression, reduced permeability and defect density, and improved long-term coating
stability, are now clearly introduced.

Recently, epoxy–acrylic hybrid coatings have gained increasing attention, particularly in
the context of being waterborne and enhancing the service life of protective coatings and low-
VOC formulations, driven by stricter environmental regulations and sustainability requirements
(Procopio, 2020; Tulegenkyzy et al., 2024). Advances in polymer chemistry, emulsion technology,
and nanocomposite design have further expanded the potential of these hybrid systems, enabling
improved corrosion resistance, mechanical performance, and durability under challenging service
conditions (Tulegenkyzy et al., 2025; Xiao et al., 2025; Yadav et al., 2024).

This review primarily examines studies on epoxy–acrylic hybrid resins used in anticorro-
sion coatings, covering synthesis methods, hybridization techniques, corrosion-protection mech-
anisms, coating performance, and sustainability. The selected publications were systematically
evaluated and categorized according to these key themes to provide a comprehensive overview
of recent advances, existing challenges, and future research directions in this field.

This review provides an in-depth look at the use of epoxy–acrylic hybrid resins in anti-
corrosion paints. The discussion focuses on hybridization strategies, fundamental mechanisms
responsible for enhancing coating performance, and corrosion resistance evaluation using stan-
dardized testing methods. The discussion also highlights sustainable approaches, such as water-
borne formulations and low-VOC coatings, to guide researchers and industry practitioners in the
development of high-performance, environmentally compliant anticorrosion paints. In addition,
current challenges and future research directions are highlighted to guide the development of
next-generation hybrid coatings with enhanced protection and environmental compatibility.

2. Hybridization Strategies

The performance of epoxy–acrylic hybrid resins in anticorrosion paints is strongly influenced
by the method used to combine the epoxy and acrylic components (del Castillo et al., 2025; Zhu
et al., 2026). Effective hybridization strategies are required to ensure compatibility, uniform
morphology, and synergistic properties because these polymers differ in polarity, curing behavior,
and molecular architecture (Guo et al., 2025). Hybridization strategies play a crucial role in
determining the structural integrity, barrier efficiency, durability, and synergistic properties
of epoxy–acrylic anticorrosion coatings (Faccini et al., 2021; Kumar et al., 2023a). Among
the various approaches, chemically bonded hybrids and core–shell architectures offer superior
performance due to improved compatibility and controlled morphology (Chen et al., 2016; Eyann
et al., 2024).), while emulsion polymerization supports the development of environmentally
friendly coating systems (Adnan et al., 2025; del Castillo et al., 2025; Pieters & Mekonnen,
2024). The continued refinement of hybridization techniques is essential for optimizing coating
performance and meeting future industrial and environmental demands (Kardar & Amini, 2026;
Samoilenko et al., 2024).

Several approaches have been developed to hybridize epoxy and acrylic systems to influence
phase compatibility, crosslink density, and microstructural uniformity, each offering distinct
advantages in terms of structure control, processing, and coating performance depending on the
desired structure and final application:

2.1 Physical Blending and IPNs

One of the earliest strategies involves the physical blending of epoxy and acrylic resins,
followed by curing to form interpenetrating polymer networks (IPNs) (Ma et al., 2022; Zhou
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et al., 2025a). In this approach, the epoxy and acrylic networks are independently crosslinked
but coexist within the same matrix without covalent bonding (Ma et al., 2022). IPNs improve
toughness and flexibility while maintaining the epoxy’s strong barrier properties (Gong et al.,
2024; Huang et al., 2025; Jurinovs et al., 2026). However, if the compatibility is insufficient,
phase separation can occur, leading to heterogeneous morphology and reduced corrosion protec-
tion. Therefore, careful control of resin ratios and curing conditions is essential (Makhmetova
et al., 2023; Tu et al., 2024).

The proper combination and IPNs enhances mechanical properties that are difficult to
achieve solely by the individual polymer components. IPNs exhibit varying degrees of phase
separation, depending on the compatibility of the component polymers, but the mechanical
properties of the IPNs blends can be much better than the constituent polymers (Cardona et
al., 2016). In recent years it has been recognized that the formation of IPNs in thermosets results
in improved properties, particularly in toughness. Identified conditions for IPNs formation with
thermoset resins are that the curing reactions of their components do not interfere with each
other and that their relative amount is proportionally balanced with a phase ratio close or
equal to 1:1. IPNs -structured thermosets with Epoxy (EP) resins have been synthesized by
the simultaneous reaction with in-situ formed polyurethanes (PU) (Kausar, 2019); unsaturated
polyester (UP) resins and PU; aliphatic acrylates, and with vinyl ester (VE). Most of the cited
studies were focused on improving viscoelastic and mechanical propertie (Cardona et al., 2016).

(Rau et al., 2012) created a hybrid acrylic polyol–epoxy polyol coating system treated with
an aliphatic polyisocyanate via adhesion and electrochemical impedance spectroscopy (EIS)
techniques to protect mild steel substrates from corrosion. Polyisocyanate improved the adher-
ence of the coating to the metal surface by acting as a coupling and crosslinking agent. EIS and
accelerated exposure experiments were used to assess the different acrylic/epoxy blending ratios
and characterize the mechanical and corrosion-resistant capabilities of the resulting coatings.
The findings showed that the addition of epoxy polyol to the acrylic matrix enhanced coating
durability and protective effectiveness by creating a strongly crosslinked network. Among the
nine formulations examined, one optimized hybrid composition showed the best combination
of adhesion, mechanical integrity, and long-term corrosion resistance, suggesting that acrylic–
epoxy polyol hybridization is a successful method for creating long-lasting protective coatings
for steel substrates.

2.2 Copolymerization Using Functional Acrylic Monomers

Copolymerization strategies employ functional acrylic monomers, such as glycidyl methacry-
late or hydroxyethyl methacrylate, which can chemically interact with epoxy groups (Makhme-
tova et al., 2023; Zhou et al., 2025b). These monomers enable the formation of covalent bonds
between epoxy and acrylic segments, resulting in improved interfacial adhesion and more homo-
geneous hybrid structures (Aronovich & Boinovich, 2021). Chemically bonded hybrids typically
exhibit enhanced mechanical integrity, reduced microvoid formation, and improved resistance to
permeation by corrosive species (Kumar et al., 2023a).

Zhou et al. (2025a) described the preparation of a novel epoxy acrylate hybrid resin viscosity-
reducing agent via a straightforward synthesis method by incorporating varying amounts of
glycidyl methacrylate (GMA) monomers. Mechanism of the epoxy acrylate viscosity reducer in
the synthesis process (Figure 1a). The findings revealed an increase in the thermal stability of
the resin due to GMA modification and a decrease in the viscosity of the heavy oil. The average
particle size and Zeta potential of the obtained hybrid resin increased from 187 nm, and −40
mV, respectively, to 15 wt.% GMA. The thermal degradation temperature of W15 increased
significantly from 450 ◦C to 517 ◦C, indicating improved thermal stability. The incorporation of
W15 viscosity-reducing epoxy acrylate (GMA-modified) provides an effective viscosity reduction
capability for heavy oil (Figure 1b). The addition of 8 wt. % W15 epoxy acrylate led to an
approximately 89% decrease in heavy-oil viscosity (Figure 1c), highlighting its strong viscosity-
reducing performance (Figure 1d). Overall, this work presents the successful synthesis of a
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novel epoxy acrylate-based viscosity reducer prepared through a straightforward synthetic route,
which is characterized by high stability, economic feasibility, and outstanding viscosity-reduction
efficiency.

Figure 1 Schematic of the synthesis pathway for the epoxy acrylate hybrid resin. Rheological
behavior of the viscosity-reducing agent of W15 epoxy acrylate hybrid resin, showing the

variation in viscosity with shear rate at different concentrations. Viscosity reduction efficiency
of heavy oil treated with different concentrations of the W15 viscosity-reducing agent: 2 wt.%
(A1), 4 wt.% (A2), 6 wt.% (A3), and 8 wt.% (A4). (d) Photographic comparison demonstrates

the viscosity-reducing agent’s effect on the heavy oil’s flowability.

Another study by Tulegenkyzy et al. (2025) mentioned the preparation terpolymer from
glycidyl methacrylate (GMA), butyl acrylate (BuA), and methyl methacrylate (MMA) via free
radical solution polymerization to lower the high viscosity of epoxy resin with improved proper-
ties when combined with an amine-based hardener at ratios of 1:1, 1:0.5, and 1:0.3 obtained for
diverse applications. The obtained terpolymer improved viscosity, mechanical properties, adhe-
sion, corrosion and solvent resistance at higher MMA Content. The best mechanical properties
were attained with a 70:10:20 monomer ratio (ERD1) in epoxy hybrids at a 1:0.5 hardener ratio.
The obtained terpolymer enhanced chemical and solvent resistance of epoxy hybrids. According
to the findings the valuable insights for enhancing solvent formulations in the coatings industry,
enabling the development of solvent-free coatings with superior mechanical performance and a
lower environmental footprint.

2.3 Grafting and Chemical Modification

Grafting techniques involve the attachment of acrylic chains onto epoxy backbones or the
modification of epoxy resins with acrylic functional groups (Aronovich & Boinovich, 2021; Kumar
et al., 2023a; Liu et al., 2023). Compatibilizers and coupling agents (e.g., silanes) are also
used to enhance the interfacial adhesion between the two polymer phases, resulting in more
homogeneous coatings (Aziz et al., 2021). These chemical modifications improve compatibility
and promote uniform dispersion of both components within the coating matrix (Nasirzadeh et
al., 2025). Grafted hybrids often exhibit enhanced mechanical performance, improved adhesion,



International Journal of Technology 17(4) 1579-1601 (2026) 1584

and superior corrosion resistance due to the formation of a tightly integrated polymer network
(Kumar et al., 2023a).

By grafting high-molecular-weight epoxy resin with methacrylic acid, styrene, and butyl
acrylate while maintaining the epoxy functional groups, Liu et al. (2023) created a stable self-
emulsifying waterborne epoxy–acrylic emulsion. The grafted epoxy–acrylic copolymers produced
stable aqueous emulsions with an average particle size of approximately 160 nm and outstand-
ing long-term storage stability for more than a year. They also exhibited better glass transition
temperatures. Additionally, the emulsions exhibited exceptional mechanical, freeze-thaw, and
dilution stability. After curing at 150◦C for 1 h, the coatings demonstrated exceptional me-
chanical qualities, such as 5H pencil hardness, grade 1 adhesion, and 1 mm flexibility. They
also demonstrated remarkable chemical resistance to water (>60 days), salt water (>30 days),
acids (>10 days), and alkalis (>5 days). These results indicate that graft-modified waterborne
epoxy–acrylic emulsions are a viable method for creating eco-friendly coatings with enhanced
chemical resistance, stability, and durability.

2.4 Emulsion Polymerization and Hybrid Waterborne Systems

Emulsion polymerization is widely used to produce waterborne epoxy–acrylic hybrid resins,
addressing environmental concerns related to volatile organic compound (VOC) emissions (Sinha
& Dey, 2025; Xiao et al., 2025). In this method, epoxy resins are emulsified in water and
combined with acrylic monomers polymerized in situ under surfactant/stabilizer systems to form
well-dispersed hybrid particles or stable hybrid latex particles (Chen et al., 2023a; Yao et al.,
2017). This approach improves environmental compliance by reducing the solvent content. The
resulting coatings demonstrate good film-forming ability, improved flexibility, and competitive
corrosion resistance compared with those of solvent-based systems (Yao et al., 2017). Emulsion-
based hybrids are particularly attractive for industrial applications that require environmentally
friendly formulations (Chen et al., 2023b; Fu & Wang, 2025; Guo et al., 2025; Liu et al., 2023).

Guo et al. (2025) created epoxy–acrylic hybrid resins via emulsion polymerization by using
Triton X-405 (octylphenol ethoxylate) as surfactant. a waterborne epoxy curing agent was
incorporated to form cured coatings. The obtained epoxy–acrylic hybrid displays significant
improvements in physical properties. The obtained epoxy– styrene-acrylate hybrid enhances
both the physical and anti-corrosion properties of the coating. The obtained epoxy–acrylic
hybrid enhanced the mechanical properties of the cured coating with adhesion reaches 1.21 MPa,
the hardness reaches H, flexibility is 0.5 mm and exhibited latex particle size distribution is the
narrowest at the epoxy resin content reaches 15% of the acrylic resin. The obtained epoxy–acrylic
hybrid enhanced the thermodynamic properties are compared to those of pure acrylic resin and
enhanced the anti-corrosion with a corrosion current density (I corr) of 6.9506 × 10−7 A/cm2 and
a corrosion potential (E corr) of −0.2291 V, demonstrating excellent corrosion resistance.

Chen et al. (2023b) created self-cross-linked epoxy-acrylate hybrid with three-layer core–
shell structure.via emulsion copolymerization, The stability of the composite latex was char-
acterized by zeta potential (ZP), particle size (PS), and storage stability. And the corrosion
resistance of the composite latex films was analyzed by electrochemi cal AC impedance spec-
troscopy and salt spray tests. The obtained epoxy-acrylate hybrid enhances the thermal stability
and adhesion strength of the film but also hinders the penetration of corrosive media into the
film, thereby providing effective corrosion protection. The obtained epoxy-acrylate hybrid with
best stability and corrosion resistance was obtained when the modified epoxy resin in the core
layer was 10 wt% and MAA in the shell layer was 1wt. % of the total monomer weight. This
film exhibited a Rct value 1.49 × 107 Ω cm2 after being soaked in 3.5wt. % NaCl for 1 day and
dropped by one order of magnitude after 7 days. The results reveal that self-cross-linking reac-
tion occurs between epoxy groups in the core layer with carboxyl groups in the shell layer during
film formation. The outstanding stability as well as corrosion resistance is attributable to the
cross-linking reticulation structure. It is a new strategy for improving the corrosion resistance
of the film through emulsion’s intrinsic properties.
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Anathor study (Zhang et al., 2021) mentioned the fabriction of stable and self-crosslinking
waterborne epoxy-styrene-acrylate composite via multi-stage seed emulsion polymerization. The
stable emulsion copolymerization that occurred between the modified epoxy resin and acrylate
monomer, the presence of carboxyl groups in the obtained latex was evidenced, while the epoxide
groups were partially retained. The anticorrosion resistance and stability of the multilayer
composite latex with the intermediate layer are better than that of the conventional core-shell
latex. The outstanding stability and corrosion resistance is attributed to the multilayer core-
shell structure. The TOPEM-DSC approach can accurately determine the thickness of the
intermediate layer in the multilayer core-shell particles and is a new strategy for characterizing
the core-shell structure of polymer particles with a similar monomer composition.

Chen et al. (2023a) reported the synthesis of waterborne epoxy–acrylic hybrid resins using
an emulsion polymerization approach. In this system, ethanolamine (ETA) was used to modify
the epoxy component, providing a basic environment that facilitates the dissociation of car-
boxylic acid groups present in the acrylic segments in aqueous media. This process enhances
the emulsion’s electrostatic stabilization (Figure 2). The resulting hybrid resin particles were
smaller than 300 nm, and the prepared emulsions maintained excellent stability for more than
nine months of storage. The synthesized resins also exhibited favorable thermal properties, with
a glass transition temperature (Tg) of approximately 104.6 ◦C and a thermal degradation tem-
perature (Td) of 330.4 ◦C. In addition, the coatings showed strong corrosion resistance, with less
than 5% rust formation observed on the steel substrates after a 5-h salt spray exposure test.

Figure 2 Schematic illustration of electrostatic interactions between amine-functionalized
epoxy polymers and carboxylated acrylic copolymers leading to the formation of stable

polymer emulsions.

By dispersing epoxy resin (DER-331) in water using Triton X-405 surfactant and a phase
inversion technique, Guo et al. (2025) created a waterborne epoxy–acrylic hybrid coating. This
was then hybridized using a styrene–acrylic emulsion. Because a thick crosslinked network was
formed after curing, the addition of epoxy resin greatly enhanced the coating’s performance. The
ideal formulation was found to have the smallest particle size distribution and the best overall
characteristics with an epoxy concentration of 15 wt.% in relation to acrylic resin. With a cor-
rosion current density of 6.95 × 10−2 A cm−2 and a corrosion potential of −0.2291 V. Moreover,
the cured coating demonstrated increased mechanical performance (hardness H, flexibility 0.5
mm, and adhesion strength 1.21 MPa) and improved thermal stability. Aqueous epoxy–acrylic
hybridization is a successful method for creating eco-friendly coatings with superior mechanical
and anticorrosive qualities.
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2.5 Compatibilizers and Coupling Agents

Compatibilizers, such as silane coupling agents, reactive surfactants, or block copolymers,
are frequently employed to enhance the interfacial interaction between the epoxy and acrylic
phases (Aziz et al., 2021). These additives reduce interfacial tension, suppress phase separation,
and promote uniform morphology. Improved compatibility directly contributes to improved
barrier properties and long-term corrosion protection (Kausar, 2019; Wang et al., 2014, 2024).

The epoxy acrylate latexes and silane coupling agent γ-methacryloxypropyltrimethoxysilane
(KH-570) modified epoxy acrylate latexes via facile semi-continuous emulsion polymerization.
It is confirmed that the acrylate monomers indeed graft onto the molecular chain of E-51 (Bed-
narczyk et al., 2021; Ercan et al., 2025). The obtained epoxy acrylate emulsion of 80–100 nm
particle size with a narrow distribution was obtained. The latex films retain resistance to satis-
factory water, acid, alkali, and alcohol while maintaining good thermal stability, adhesion force,
and flexibility (Xia et al., 2025; Zhu et al., 2018). The importing of KH-570 could reinforce the
spatial structure and cross-linking density and then improve the tensile strength of the latex
films properly while keeping other performances well. This study provides a facile pathway for
the optimized performance of epoxy acrylate latexes, and represents a tendency for environmen-
tal protection (Al-Maharma et al., 2025; Cheaburu-Yilmaz et al., 2022; Jiao et al., 2020; Xie
et al., 2021; Zheng et al., 2020)

2.6 Core–Shell Hybrid Structures

Advanced hybridization techniques involve the formation of core–shell structures, where
either the epoxy or acrylic component forms the core and the other constitutes the shell. This
architecture allows precise control over surface chemistry, particle stability, phase compatibility,
and curing behavior and facilitates improved coating formulation dispersion.

For example, an epoxy core with an acrylic shell can provide strong adhesion and barrier
properties while improving the coating surface’s flexibility and weather resistance. In waterborne
coatings, core–shell hybrids are particularly effective in enhancing dispersion uniformity and
reducing phase separation (Deng et al., 2025; Pozo-Antonio et al., 2023).

Gharieh et al. (2021) investigated the preparation of acrylic silica nanoparticle/epoxy hy-
brid systems using Pickering emulsion polymerization to enhance the mechanical performance
of epoxy resins (Figure 3). Hybrid particles consisting of an epoxy core and an acrylic shell
were synthesized in this approach, which improved the toughness, tensile strength, and elastic
modulus of the epoxy matrix. The incorporation of 7 wt.% hybrid resin resulted in a significant
increase in mechanical properties, increasing fracture toughness by approximately eight times,
fracturing energy by nearly fifty times, and tensile strength by approximately 38%. The im-
proved performance was attributed to several toughening mechanisms, including crack pinning
and deflection, as well as debonding of the hybrid particles from the epoxy matrix followed by
plastic void growth.

As a result of a review of these studies, it is evident that chemically bonded hybrid films have
better corrosion resistance because they have better interface compatibility and fewer defects
than physically mixed and other types of films. Although physical blending is easy, the phase
separation problem exists. The advantages of water-based emulsions are evident; however, they
should be optimized to attain a level similar to that of solvent-based films.

Table 1 provides a comprehensive evaluation of the important epoxy-acrylic hybridiza-
tion methods to compare the reviewed methodologies in detail. These include their respective
strengths, weaknesses, effectiveness at corrosion protection, industrial application, and chal-
lenges documented by other researchers.
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Figure 3 Schematic illustration of the preparation of the core-shell of the acrylic-silica
nanoparticle/epoxy hybrid resin

Table 1 Comparison of epoxy–acrylic hybridization strategies for anticorrosion coatings

Strategy
Corrosion
Resistance Compatibility

Industrial
Feasibility

Environmental
Friendliness Main Challenge

Physical blending/IPN Moderate Moderate High Moderate Phase separation
Copolymerization High High Moderate Moderate Complex synthesis
Grafting High High Moderate Moderate Multi-step preparation
Emulsion polymeriza-
tion

Moderate–High High High High Lower barrier perfor-
mance

Core–shell structures Very High Very High Moderate High Cost and complexity
Compatibilizer-assisted
systems

High High High Moderate Additional formulation
cost

Chemical bonding systems, such as copolymers, grafts, and core–shell systems, are gener-
ally more effective in terms of corrosion resistance than physical blending techniques because
they exhibit good compatibility with phases and defect prevention. Core–shell systems are
ideal because they combine dispersion stability with good corrosion resistance. Owing to their
eco-friendly nature, emulsion polymers are especially advantageous as green coatings. Never-
theless, the additional complexity and high costs of hybrid systems pose challenges to industrial
applications.

The evidence for better performance of chemically bonded hybrid coatings is quite con-
vincing since such findings have been reported in various studies employing electrochemical
impedance spectroscopy and salt spray tests. Nevertheless, evidence on their long-term perfor-
mance and industrial applicability remains inconclusive. Moreover, comparing the results from
different hybrid approaches is difficult because of differences in formulations, curing parameters,
substrate materials, and corrosion testing techniques.
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3. Mechanisms of Performance Enhancement

The superior anticorrosion performance of epoxy–acrylic hybrid resins is attributed to the
synergistic interaction between the epoxy and acrylic components at the molecular and mi-
crostructural levels. Hybridization not only combines the inherent advantages of each polymer
but also introduces new mechanisms that significantly enhance coating durability, barrier ef-
ficiency, and mechanical stability under aggressive environments. The enhanced performance
of epoxy–acrylic hybrid anticorrosion coatings results from a combination of improved barrier
properties, mechanical flexibility, adhesion, environmental durability, and optimized network
architecture (Kumar et al., 2023a). These mechanisms work collectively to suppress crack for-
mation, reduce the permeation of corrosive agents, and maintain coating integrity over extended
service periods. Moreover, epoxy–acrylic hybrids exhibit improved corrosion protection through
several synergistic mechanisms:

3.1 Barrier Protection and Microstructural Integrity

The formation of a dense and compact polymer network is one of the primary mechanisms
of corrosion protection in epoxy–acrylic hybrid coatings. The dense crosslinked network derived
from epoxy provides a physical barrier against corrosive species (water, oxygen, and salts), fills
microvoids, and reduces permeability (Gharieh et al., 2021). Compared with single-component
systems, hybrid coatings result in lower water uptake and delayed electrolyte penetration. Hy-
brid films often show reduced porosity and diffusivity, which slows the ingress of aggressive
ions (Guo et al., 2025; Yin et al., 2025). Effective hybridization strategies lead to improved
compatibility between the epoxy and acrylic phases, preventing phase separation, or producing
homogeneous microstructures with minimal phase separation. A uniform morphology reduces
the presence of defects such as pores, voids, and weak interfacial regions that can act as cor-
rosion initiation sites. Therefore, homogeneous hybrid films exhibit superior long-term barrier
performance.

Naveed et al. (2026) created halloysite nanotubes (HNTs) loaded into epoxy/epoxy acry-
late hybrid via a ring-opening reaction at varying weight ratios of epoxy/epoxy acrylate (75/25,
50/50, and 25/75). Our findings reveal that this unique approach fosters highly interpenetrated
polymer networks (IPNs), as evidenced by thermal and viscoelastic behavior. The hybrid epoxy
nanocomposite with a 75/25 blend ratio exhibits a superior balance of properties, demonstrat-
ing a synergistic enhancement in both thermal and thermomechanical properties compared to
the neat epoxy and epoxy acrylate networks. The optimized hybrid epoxy composite exhibits
a 147% increase in storage modulus (E ′) and a 180% increase in loss modulus (E ′′) over the
neat epoxy composite while enhancing thermal stability. This study not only presents HNT-
reinforced epoxy/epoxy acrylate as a new family of robust hybrid nanocomposites but also pro-
vides a fundamental blueprint for compatibilizing and reinforcing thermoset blends for advanced
applications.

3.2 Mechanical Properties and Adhesion Stability

Conventional epoxy coatings are inherently brittle due to their rigid crosslinked structure
(Zhang et al., 2025). The incorporation of acrylic chains introduces flexibility, reduces brit-
tleness, improves toughness, reduces microcracks, preserves coating integrity under stress, and
promotes elongation at break (Bhat et al., 2024). Increased toughness decreases crack for-
mation under mechanical or thermal stress, preserving barrier integrity over extended service
conditions (Jing et al., 2023; Yin et al., 2025). This enhanced flexibility allows the coating
to better accommodate thermal expansion, mechanical deformation, and substrate movement
without cracking. Because microcracks act as preferential pathways for corrosive species, their
suppression plays a critical role in extending coating service life (Zeng et al., 2025). Epoxy–
acrylic hybrid resins exhibit improved adhesion to metallic substrates due to the presence of
polar functional groups and enhanced stress distribution within the coating matrix (Rau et al.,
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2012). The epoxy component ensures strong chemical and mechanical bonding to the metal
surface, whereas the acrylic domains reduce the internal stresses generated during curing and
enhance the interfacial stability (Demiral, 2025). Acrylic domains help distribute mechanical
stresses, minimizing delamination and blistering at the substrate–coating interface. This combi-
nation minimizes interfacial debonding, blister formation, and delamination, which are common
precursors of underfill corrosion.

3.3 Network Architecture and Environmental Durability

Hybrid systems allow precise control over crosslink density by balancing hard epoxy net-
works and flexible acrylic chains to achieve an optimal crosslink density that minimizes microde-
fects without sacrificing flexibility (Zhou et al., 2025a). An optimized crosslinked structure im-
proves coating hardness without brittleness and chemical resistance while maintaining sufficient
elasticity. Acrylic segments mitigate the adverse effects of excessive crosslinking by reducing
brittleness, thereby producing a robust and resilient coating network that provides long-term
protection. Acrylic polymers are well known for their resistance to ultraviolet radiation and en-
vironmental aging (Gao et al., 2019; Kotnarowska, 2018). Their incorporation into epoxy-based
coatings improves resistance to UV-induced degradation, yellowing, and chalking. Acrylic seg-
ments provide UV stability, weather resistance, and extended service life (Bernacki et al., 2018;
Flosbach & Fugier, 2010; Zhang et al., 2026). The extended coating lifespan and enhanced
weatherability help maintain coating integrity and surface protection during prolonged outdoor
exposure, indirectly contributing to sustained corrosion resistance.

3.4 Synergistic Interaction with Additives and Fillers

Epoxy–acrylic hybrid matrices provide an excellent platform for incorporating corrosion
inhibitors, pigments, and nanofillers (Kumar et al., 2023a). The hybrid network improves filler
dispersion and interfacial bonding, enhancing tortuosity within the coating and slowing the
transport of corrosive species. Nanofillers and corrosion inhibitors disperse more effectively in
hybrid matrices, thereby enhancing barriers and chemical protection. This synergy amplifies
both the physical and chemical mechanisms of corrosion protection.

Fang et al. (2025) created TA@Benzotriazole@ Poly (hydroxypropyl acrylate-
triethoxyvinylsilane -acrylic acid) (TBP) / polyethylenimide (EP) gels via the free radical poly-
merization method/ co-precipitation method to modify the protective performance of the coat-
ings. The EIS, salt spray test and adhesion test were used to test the protective performance of
the coatings. Following the 181d immersion test, the TBP/EP coatings sustained an impedance
value of 2.36 × 107 Ω cm2. In contrast, the impedance value of the epoxy coatings decreased
to 6.86 × 104 Ω cm2. In comparison to epoxy coatings, the TBP/EP coatings demonstrated a
notable enhancement in original adhesion and wet adhesion, with increases of 18.21% and 74.7%,
respectively. In the end, the TBP/EP coatings corrosion inhibition functions were innovatively
introduced.

4. Performance in Corrosion Tests

Epoxy–acrylic hybrid coatings have been evaluated using standard corrosion assessment
techniques, yielding promising results as follows:

4.1 Corrosion assessment methods

Salt spray tests (ASTM B117) revealed that hybrid coatings significantly outperformed pure
acrylic coatings and, in many instances, matched or exceeded traditional epoxy coatings in terms
of resistance to white rust and red rust progression. The hybrid coatings can significantly reduce
corrosion currents and shift corrosion potentials toward more noble values, indicating slower cor-
rosion kinetics on metal substrates. After extended exposure, the hybrid films demonstrate fewer



International Journal of Technology 17(4) 1579-1601 (2026) 1590

visual defects (del Castillo et al., 2025; Guo et al., 2025). EIS measurements indicate higher
impedance values for hybrid coatings compared to neat epoxy or acrylic systems, reflecting im-
proved barrier performance and slower breakdown of protective films under corrosive conditions
(Kumar et al., 2023a).

A novel phosphate ester functional monomer, hydroxyethyl methacrylate ethyl phosphate
(HEMAPE), was incorporated into a water-borne acrylic–epoxy hybrid resin via free-radical
polymerization. The resulting hybrid resin exhibited enhanced dispersion stability in aqueous
media, improved mechanical properties, and superior anticorrosion performance. These im-
provements were attributed to the formation of phosphate chelates within the cured coating,
where the HEMAPE functional groups effectively chelated metallic ions generated from cor-
rosion products on the steel substrate. The resulting chelates formed a protective interfacial
layer, thereby enhancing coating adhesion and corrosion protection. Owing to these character-
istics, the developed hybrid resin shows significant potential for use in environmentally friendly
anticorrosion coatings for metal protection (Xiao et al., 2024).

Kumar et al. (2023b) created epoxy–acrylic-PDMS polymeric modified with graphene
nanofillers via chemical modification to improve the coatings’ corrosion protection performance
and hydrophobicity. The obtained hybrid resin exhibited outstanding adhesion to the coating
(Figure 4a). WCA values (degrees) for all coating samples with PDMS incorporation (Figure
4b). EIS was employed to evaluate the coatings’ corrosion protection performance (Figure 4c).
The EIS results of the obtained hybrid resin revealed that the T1, T5, and T7 coating samples
containing higher ratios of acrylic resin exhibited pronounced impedance modulus (|Z|0.01Hz)
values exceeding 1010 Ω cm2 after 60 days of exposure to the corrosive medium, 3.5 wt.%. %
NaCl solution (Figure 4d). The results indicated that both the T1 and T5 coating samples
maintained a fully capacitive response even after immersion for 60 days. This behavior demon-
strates that these coatings provide effective barrier protection against corrosive media. The T5
coating demonstrated the most favorable performance among the tested samples, indicating its
superior corrosion protection capability.

Hybrid coatings typically outperform pure acrylic coatings in aggressive environments (e.g.,
saline immersion) due to the barrier efficiency of epoxy. Hybrids show minimal blistering and
lower corrosion current densities in long-term immersion in saline solutions, demonstrating stable
protective behavior even in aqueous environments (Guo et al., 2025).

4.2 Mechanical Durability

The inclusion of acrylic improves the resistance to cracking and UV aging, thereby increasing
the service life in exterior and marine applications. In bend tests, hybrid coatings often exhibit
better adhesion, impact resistance, and flexibility, which correlate with their ability to maintain
integrity under deformation without cracking or deboning (Abd-Elnaiem et al., 2022; Guo et al.,
2025).

Lyazzat et al. (2025) mentioned the fabrication of epoxy/ acrylics hybrid resin via the mod-
ification of epoxy resin (E0) with varying contents of 2 hydroxyethyl methacrylate (2-HEMA),
using triethylamine (TEA) as a catalyst. The obtained epoxy/ acrylics hybrid resin improved
durability and mechanical properties (adhesion strength (12 MPa) and tensile strength (69.8
MPa)), chemical stability, and corrosion resistance thereby contributing to sustainability in the
coating industry. These improvements are attributed to the synergistic interaction between func-
tional groups such as double bonds, hydroxyl, carbonyl, and ether moieties facilitating robust
network formation within the hybrid matrix. Enhancements in chemical and solvent resistance,
as well as mechanical integrity, were observed with increasing 2-HEMA content up to 30 %.
However, at 40 % of 2-HEMA, the curing mechanism was disrupted, resulting in incomplete
drying and compromised film formation.
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Figure 4 (a) CHT analysis of all coating systems. (b) Graphical analysis of the WCA
measurements (degrees) of all coating samples with PDMS incorporation. (c) Schematic model
of equivalent circuits used for fitting the impedance plots. (d) Nyquist plots of all composite

coating samples modified with PDMS after 60 days of immersion.

4.2.1 Comparative Analysis of the Representative Studies

A comparison of the reviewed articles shows that chemically bonded hybrid materials are
usually superior to physically mixed composites in terms of corrosion protection and protective
coating stability. Studies using grafting techniques, copolymerization approaches, and struc-
tures have shown higher impedance and better protective abilities due to increased interface
compatibility. Physically mixed composite coatings often exhibit phase separation and inferior
long-term stability. The environmental benefits of water-based dispersion systems should be ac-
knowledged, although some studies have reported lower corrosion resistance than solvent-based
coatings. Table 2 summarizes the various hybridization strategies reported for epoxy–acrylic hy-
brid resins. Although such technologies have numerous advantages, several disadvantages still
exist. First, waterborne coatings demonstrate a high level of environmental friendliness, but
they do not demonstrate high barrier characteristics compared with solvent coatings. Second,
nanocomposites help achieve higher corrosion resistance and increased coating durability, but
particle aggregation and increased formulation cost are drawbacks. Third, although smart coat-
ings have self-healing properties, they also have scalability and stability disadvantages. Finally,
increasing crosslinking increases the barrier properties but decreases flexibility and increases the
cracking susceptibility.

The evidence presented in the literature varies in quality. Studies that use a variety of
complementary characterization techniques, such as electrochemical impedance spectroscopy
(EIS), salt-spray exposure, immersion testing, adhesion measurements, and mechanical dura-
bility evaluations, more strongly support performance claims than studies that only use one
testing methodology. Owing to their better phase compatibility and lower defect density, core-
shell structures and chemically grafted systems consistently show the strongest evidence for
increased corrosion resistance among the examined techniques. Physically blended systems fre-
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quently exhibit higher performance variability due to their vulnerability to phase separation.
Although waterborne hybrid systems have several environmental benefits, emulsion stability,
particle shape, and crosslink density still affect how well they corrode. These findings empha-
size the need for uniform testing procedures to allow for a more thorough comparison of rival
hybridization techniques.

Table 2 Representative studies on epoxy–acrylic hybrid anticorrosion coatings
Resin-Hybrid
Type

Hybridization
Route

Test Method Main Performance
Result

Limitation References

Acrylic–epoxy
hybrid coating

Adhesion and
EIS techniques

Adhesion and
corrosion tests

Improved adhesion
and corrosion resis-
tance compared with
individual compo-
nents.

Limited long-term
durability evalua-
tion.

Rau et al.,
2012

Acrylic/silica-
armored epoxy
hybrid

Core–shell
nanoparticle
structure

Mechanical and
fracture tests

Fracture toughness
increased ∼8-fold
and fracture energy
by approximately
∼50-fold.

Corrosion perfor-
mance was not
extensively evalu-
ated.

Gharieh et
al., 2021

Waterborne
epoxy/acrylic
resin

Emulsion poly-
merization

Salt spray and
thermal analysis

Stable emulsion (>9
months) with <5%
rust after salt spray
exposure.

Short exposure dura-
tion and limited field
validation.

Chen et al.,
2023b

Acrylic–epoxy–
PDMS mod-
ified with
graphene
nanofillers

Chemical modifi-
cation

EIS, adhesion,
and water con-
tact angle

Impedance exceeded
1010 Ω·cm2 after 60
days of immersion,
demonstrating excel-
lent barrier perfor-
mance.

Performance strongly
depended on formu-
lation composition.

Kumar et
al., 2023b

Waterborne
epoxy–acrylic
emulsion

Graft copoly-
merization

Coating char-
acterization
and corrosion
assessment

Improved environ-
mental compatibility
and coating stability
with enhanced chem-
ical resistance and
durability.

Barrier properties
remained lower than
those of solvent-
based systems.

Liu et al.,
2023

Hybrid epoxy–
acrylic emul-
sion

Waterborne hy-
brid formulation

Salt spray, im-
mersion, and
electrochemical
testing

Superior corrosion
resistance compared
with pure acrylic
coatings.

Requires long-term
industrial-scale vali-
dation.

Guo et al.,
2025

GMA-modified
epoxy–acrylate
hybrid

Copolymerization Thermal and
physicochemical
characterization

Enhanced thermal
stability and com-
patibility.

Corrosion behavior
was not directly
investigated.

Zhou et al.,
2025a

4.3 Critical Analysis and Research Gaps

Despite the remarkable progress made in the development of epoxy-acrylic hybrid coatings
in terms of corrosion protection, adhesion strength, and wear resistance, it is difficult to perform
comparative evaluations based on existing scientific works because of differences in the chemical
compositions of the resins used, curing techniques, substrate preparation methods, corrosion
test procedures, and test environments. Thus, the positive results reported in the literature do
not always arise from the effects of hybrids. In addition, most research employs only laboratory
tests (salt spray tests, electrochemical impedance spectroscopy, etc.), while little is known about
the practical outdoor performance of such coatings, and few works address the issues of scale-
up, economy, or environmental safety. Hence, future work on the development of epoxy-acrylic
hybrids should focus on rigorous experimental evaluations, outdoor studies, and comparisons
among various hybrid formation strategies.

According to a critical review of the literature, not all investigations consistently support
the purported superiority of epoxy–acrylic hybrid coatings. Graft copolymers, copolymerized
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networks, and core-shell architectures are examples of chemically bonded systems that typically
exhibit superior corrosion resistance and long-term barrier performance. However, the degree
of improvement varies greatly based on the formulation design and testing conditions. While
some research claims outstanding salt-spray resistance and impedance levels above 1011 Ω·cm2,
others find only modest gains when compared to traditional epoxy systems. The main causes of
these disparities are variations in resin composition, curing chemistry, filler content, substrate
preparation, coating thickness, and exposure conditions. Additionally, the majority of published
studies are still restricted to laboratory-scale assessments utilizing accelerated corrosion tests;
comparatively few studies examine industrial implementation, life-cycle performance, long-term
outdoor exposure, or economic viability. Therefore, even though there is a lot of evidence
to support the promise of epoxy–acrylic hybrids for corrosion protection, it is still difficult to
compare studies directly, and more standardized research is needed to create widely recognized
performance benchmarks.

In addition to that, the development of new hybrid-polymer and their composites for ad-
vanced and development of new materials and versatile application including catalyst, additive
and advanced building, such as rare earth elements (Kusrini et al., 2026) and biochar (Rizianiza
et al., 2026) could be introduced in these materials or hybrid resins to increase the lifetime and
function for furthermore research.

5. Conclusions

Epoxy–acrylic hybrid resins represent a significant advancement in anticorrosion coating
technology. These hybrids provide improved mechanical performance, reduced defect formation,
and enhanced long-term corrosion protection by integrating the strong adhesion and barrier prop-
erties of epoxy with the flexibility and environmental durability of acrylic polymers. Hybridiza-
tion strategies and optimized network architectures are critical for achieving high performance,
enhancing coating durability, and ensuring sustainability in waterborne or low-VOC systems.
Epoxy–acrylic hybrids offer a versatile and industrially relevant platform for next-generation
anticorrosion coatings. Corrosion evaluation results from salt spray exposure, electrochemical
impedance spectroscopy, and immersion testing consistently show that epoxy–acrylic hybrid
coatings outperform conventional single-component systems. These improvements are primar-
ily attributed to reduced permeability to corrosive species, enhanced mechanical integrity, and
improved adhesion stability in aggressive environments. Despite the challenges related to phase
morphology control and formulation optimization, epoxy–acrylic hybrid resins present a versatile
and scalable solution for high-performance, low-VOC corrosion-resistant coatings.

6. Future perspectives and challenges

The future development of epoxy–acrylic hybrid resins for anticorrosion paints will increas-
ingly focus on achieving precise control over the phase morphology; optimizing dispersion and
interfacial bonding, as well as increasing the crosslink density and interfacial compatibility,
remains a key challenge. Although hybrid systems have demonstrated superior corrosion re-
sistance, minimizing phase separation and ensuring long-term stability under fluctuating me-
chanical and environmental stresses remain challenges. Advanced polymer design strategies,
including controlled radical polymerization and tailored functional monomers, are expected to
play a key role in addressing these limitations. From an application perspective, the transition
toward waterborne and low-VOC epoxy–acrylic hybrid coatings remain a critical challenge and
will align corrosion coatings with environmental regulations and sustainability goals. Biobased
monomers and greener synthesis routes are promising research directions. Although signifi-
cant progress has been made, maintaining barrier performance and durability comparable to
those of solvent-based systems requires further optimization. Additionally, the incorporation
of nanofillers (e.g., graphene oxide, silica, and nanoclays) and corrosion inhibitors into epoxy–
acrylic hybrids present opportunities for performance enhancement gains, especially in terms
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of barrier properties and mechanical reinforcement, but also raises concerns related to disper-
sion, scalability, and cost. Embedding responsive chemicals (e.g., self-healing microcapsules
and corrosion inhibitors) within hybrid matrices may enhance long-term performance and en-
able adaptive protection. Addressing these challenges is essential for the widespread industrial
adoption of next-generation epoxy–acrylic hybrid anticorrosion coatings.
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