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Abstract

Marine and naval materials are exposed to complex degradation resulting from the com-
bined effects of chloride-induced corrosion, biofouling, mechanical wear, ultraviolet radi-
ation, and microbiologically influenced corrosion. This review critically examines recent
advances in protective coating technologies for improving the durability and sustainabil-
ity of materials operating in aggressive marine environments. Attention is given to poly-
mer-based and nanocomposite coatings, smart and self-healing systems, sustainable for-
mulations, and advanced deposition and performance-assessment strategies. The re-
viewed literature shows a clear transition from conventional passive barrier coatings to-
ward multifunctional systems that combine barrier protection with active corrosion inhi-
bition, self-healing, antifouling behavior, and enhanced mechanical resistance.
Nanostructured fillers can improve coating performance by restricting the transport of
water, oxygen, and chloride ions, while inhibitor-loaded carriers and stimulus-responsive
systems provide localized protection after coating damage. Sustainable polymers, bio-
based additives, and environmentally compatible inhibitors are also emerging as alterna-
tives to conventional formulations with greater environmental impact. However, long-
term durability, scalability, reproducibility, and performance under real marine exposure
remain major limitations to industrial implementation. Future progress therefore requires
the development of multifunctional and environmentally compatible coating systems
supported by standardized multifactor testing, long-term field validation, and scalable
industrial processing.

Keywords: marine corrosion; naval materials; nanocomposite coatings; self-healing
coatings; biofouling; sustainable polymers

1. Introduction

Maintaining the structural integrity and long-term performance of engineering ma-
terials used in maritime industries is a central aim in surface engineering and materials
science. The expansion of shipping routes, offshore energy systems, and coastal infra-
structure has increased the demand for materials capable of operating under severe ma-
rine exposure. Naval components, underwater transport systems, port structures, and
floating energy platforms are continuously exposed to wave loading, humidity,
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ultraviolet radiation, temperature fluctuations, and high salinity [1,2]. Seawater is an ag-
gressive electrochemical medium in which dissolved oxygen and chloride ions promote
the breakdown of passive films and accelerate material degradation [3]. If these processes
are not controlled, they can reduce the mechanical integrity of metallic and concrete struc-
tures, leading to cracking, loss of load-bearing capacity, and premature operational failure
[4].

In addition to electrochemical degradation, submerged structures are rapidly colo-
nized by marine microorganisms and macrofouling species, which promote biofouling
and may further accelerate localized corrosion [5]. For this reason, protective coatings play
an important role in extending the operational lifetime of marine and naval infrastructure
and in reducing cleaning, repair, and dry-docking requirements [6]. At the same time,
concerns associated with toxic biocides, volatile organic solvents, persistence, and ecolog-
ical accumulation have increased the demand for more environmentally compatible pro-
tection strategies [7]. The need for durable protective systems is further supported by
long-term exposure studies on structural steels, where exposure to 3.5% NaCl resulted in
more pronounced corrosion degradation and localized pitting than exposure to drinking
water [8].

Recent developments in polymer science, nanotechnology, and sustainable materials
have broadened the range of coating systems available for marine protection. Polymer
nanocomposites and other nano-engineered coatings are being investigated to improve
barrier and mechanical properties, while bio-based, waterborne, and environmentally
compatible formulations aim to reduce the environmental impact associated with conven-
tional coating systems [9-11]. These material classes and their protective mechanisms are
discussed in detail in Section 3.

In addition to coating composition, surface preparation and deposition conditions
strongly influence coating adhesion, morphology, porosity, and long-term performance.

Techniques such as high velocity oxygen fuel (HVOF) spraying and other advanced
deposition routes provide different possibilities for controlling coating structure and sub-
strate—coating interactions [11,12]. The main deposition technologies and their influence
on coating performance are addressed in Section 4.

This review critically examines protective coating technologies for marine and naval
applications by linking degradation mechanisms, coating materials, processing methods,
performance evaluation, sustainability, and industrial implementation. Section 2 ad-
dresses the principal corrosion and biofouling mechanisms occurring in marine environ-
ments. Section 3 examines conventional and advanced protective materials, including pol-
ymeric, inorganic, ceramic, metallic, nanocomposite, and sustainable coating systems.

Section 4 discusses coating deposition and surface preparation, while Section 5 fo-
cuses on methods used to evaluate coating performance and durability. Economic feasi-
bility, scalability, lifecycle considerations, and industrial perspectives are analyzed in Sec-
tion 6. Section 7 discusses current limitations and future research priorities, including
long-term durability, environmental requirements, multifunctional protection, predictive
monitoring, and industrial implementation. Finally, Section 8 summarizes the main con-
clusions of the review.

Literature Search and Selection

Relevant scientific literature was identified through web-based academic searches
using combinations of topic-specific keywords. The selected publications were subse-
quently accessed through scientific journal and publisher platforms, including ScienceDi-
rect, SpringerLink, MDP], and other relevant academic sources. The literature search fo-
cused primarily on publications from 2019 to 2026 in order to reflect recent developments
in marine protective coatings, nanocomposite systems, smart coatings, sustainable
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materials, and digital monitoring approaches. Earlier publications were also retained
when they provided fundamental concepts, established corrosion mechanisms, method-
ological principles, or background information necessary for interpreting recent develop-
ments.

The literature was identified using individual terms and combinations of keywords
such as “marine corrosion”, “naval protective coatings”, “marine polymer coatings”,
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“nanocomposite coatings”, “epoxy coatings”, “polyurethane coatings”, “zinc-rich coat-
ings”, “thermally sprayed aluminum”, “self-healing coatings”, “marine antifouling coat-
ings”, “microbiologically influenced corrosion”, “electrochemical impedance spectros-
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copy”, “bio-based coatings”, “green corrosion inhibitors”, “lifecycle assessment”, “pre-
dictive maintenance”, “artificial intelligence”, and “digital twin”.

Publications were considered relevant when they addressed coating materials, deg-
radation mechanisms, deposition technologies, performance evaluation methods, envi-
ronmental sustainability, economic aspects, or industrial implementation related to ma-
rine, naval, offshore, or seawater-exposed applications. Priority was given to peer-re-
viewed research articles and review papers published in English and providing sufficient
technical information regarding coating composition, protective mechanisms, processing
conditions, testing procedures, or performance.

The selection process was iterative. Titles and abstracts were initially evaluated ac-
cording to their relevance to the scope of the review, followed by examination of the full
text when appropriate. Reference lists of relevant publications were also used to identify
additional studies and support literature. Publications with no clear relationship to ma-
rine or offshore applications, duplicate sources, and papers providing insufficient tech-
nical information for the topics addressed in this review were not prioritized. The litera-
ture selection process was therefore designed to ensure broad thematic coverage, scientific
relevance, and consistency with the multidisciplinary scope of the review.

2. Marine Corrosion in Naval Materials: Mechanisms, Assessment, and
Mitigation

The degradation of metallic structures in marine environments is governed by the
interaction of electrochemical, environmental, mechanical, and biological factors. Under-
standing these mechanisms is essential for evaluating the durability of naval and offshore
assets and for selecting suitable protective strategies. Marine corrosion is fundamentally
an electrochemical process in which anodic metal dissolution is coupled with cathodic
reduction reactions involving dissolved oxygen or water [13]. Seawater acts as a conduc-
tive electrolyte due to its high salinity and chloride ion content. This increases ionic con-
ductivity, lowers the resistance of the electrochemical circuit, and helps the formation of
localized anodic and cathodic regions that sustain metal dissolution [8,14,15].

The main electrochemical reactions involved in steel corrosion in seawater include
anodic iron dissolution and cathodic oxygen reduction:

Fe — Fe?t + 2e” (1)

02 + 2H20 + 4e~ - 40H™ (2)

The corrosion process is commonly characterized by parameters such as corrosion
potential (E), corrosion current density (ic,,), and polarization resistance (R,), which
are strongly influenced by chloride concentration, dissolved oxygen, pH, temperature,
and electrolyte conductivity.

Figure 1 was prepared by the authors to schematically summarize the main environ-
mental, mechanical, and biological factors contributing to the degradation of metallic
structures in marine environments. Salinity and chloride penetration promote
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electrochemical activity and destabilization of protective surface films, while dissolved
oxygen influences the electrochemical corrosion process [3,8,14,15]. UV radiation, temper-
ature variations, and mechanical exposure can further contribute to material and coating
degradation under marine service conditions [1,2]. Biofouling and microbial activity rep-
resent additional biological factors that may modify the metal-environment interface and
promote localized degradation [5].

o ) Biofouling and
Chloride ion penetration  microbial activity

Salinity Mechanical abrasion

Figure 1. Main degradation factors affecting metallic structures in marine environments.

Among these factors, temperature and dissolved oxygen play a particularly im-
portant role in controlling corrosion kinetics and local electrochemical conditions. The rate
of metal dissolution is strongly influenced by local temperature variations, which deter-
mine the activation energy threshold for the electrochemical reaction. Higher tempera-
tures increase reaction kinetics and can accelerate corrosion processes. Moreover, the pres-
ence of dissolved oxygen leads to significant heterogeneity; oxygen saturated surface wa-
ters promote cathodic reduction, whereas areas with low oxygen usually located close to
the seafloor or in crevices turn into very localized, active anodes [16].

Localized corrosion is particularly critical in marine environments because chloride
ions can penetrate and destabilize protective oxide films on steel surfaces [8]. Once the
passive layer is locally disrupted, an autocatalytic process may develop. The damaged
region becomes an active anodic site, while the surrounding passive surface acts as a ca-
thodic area. This unfavorable cathode-to-anode area ratio accelerates local penetration
and can lead to pitting or crevice corrosion before significant uniform mass loss is visible
[17,18].

Biological activity adds another layer of complexity to marine corrosion, commonly
known as Microbiologically Influenced Corrosion (MIC). Microorganisms, especially sul-
fate-reducing bacteria (SRB), inhabit structural surfaces, creating thick, varied biofilms.
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These structures act as biological micro-reactors, creating anaerobic environments that are
protected from the surrounding water. Inside these biofilms, the metabolic conversion of
sulfates into hydrogen sulfide (H2S) creates concentrated, aggressive conditions that can
accelerate the degradation of the metallic substrate, reducing the effectiveness of conven-
tional electrochemical protection measures [19,20]. In response to these issues, the devel-
opment of protective coatings has advanced towards adaptive, “smart” technologies. In-
stead of depending on fixed, inactive barriers, contemporary systems include effective ad-
ditives. Biocides with controlled release are embedded in the matrix to inhibit biofilm for-
mation, whereas nanostructured materials create a “labyrinth effect” that obstructs the
movement of corrosive agents. Moreover, the incorporation of nanocontainers facilitates
self-healing properties; when the coating experiences mechanical damage, these particles
initiate a chemical reaction that closes the micro-fissure, maintaining the protective layer
without external intervention [21,22]. Ultimately, a deep understanding of these variables
ranging from thermal and oxygen driven kinetics to biological metabolic interference is
essential for the continued evolution of maritime structural management [23,24].

The understanding of marine corrosion has gradually evolved, moving from an em-
phasis on static mass-loss assessment to the examination of dynamic, multi-scale interac-
tive systems. Historically, the first comprehension of corrosion was governed by the “bar-
rier paradigm”, which viewed metal deterioration as a deterministic, predictable interac-
tion between a uniform metal surface and a basic electrolyte [25,26].

Nonetheless, the belief in homogeneity turned out to be inadequate when faced with
the reality of structural failures in practice. This insight sparked the creation of “localized
models,” shifting the emphasis from uniform surface degradation to the destabilization
of passive layers. Through the study of the autocatalytic characteristics of pitting, crevice
corrosion, and high-cycle corrosion fatigue, researchers started to view the metallic sur-
face not as a smooth plane, but as a complex landscape where small defects could lead to
unexpectedly severe localized harm [27,28].

The latest change in this theoretical direction is defined by the incorporation of “bio-
logical and adaptive interference.” Contemporary models perceive the marine environ-
ment not just as a chemical mixture, but as a multifaceted ecosystem. The incorporation
of MIC-where biofilm formations actively adjust the local pH and chemical redox state
has necessitated a shift away from abiotic-only forecasts [29,30]. As a result, recent re-
search is increasingly characterized by the move towards adaptive protective strategies.

Current coating design increasingly emphasizes not only durability, but also adapt-
ability and self repair. Advancing toward intelligent coatings and nanostructured addi-
tives that support self-repair processes, the field is moving toward protective systems that
can interact more actively with the marine environment and improve the long term man-
agement of naval engineering assets [31].

2.1. Environmental, Mechanical, and Biological Drivers of Marine Corrosion

The structural deterioration of metallic components subjected to marine conditions
represents a complex issue, influenced by the interaction between static electrochemical
corrosion and repeated mechanical stress. In contrast to terrestrial environments, the
metal-electrolyte interface in marine conditions shows considerable non-homogeneity,
driven by seasonal changes and fluid dynamics that directly affect corrosion rates. Recent
research employing 3D laser scanning has revealed that steel thickness reduction in off-
shore structures is non-linear, exhibiting pronounced localized differences across various
exposure areas splash, tidal, and immersion resulting from differing oxygen levels and
mechanical wave influence [32]. This degradation process can be further accelerated by
corrosion fatigue, as the interplay between oxidation phenomena and the build-up of
small defects can promote crack growth [33]. In this context, improvements in testing
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methods enable more accurate tracking of crack growth rates, emphasizing that the cor-
rosive environment eliminates the fatigue limit usually seen in dry conditions [34]. So-
phisticated predictive models, utilizing Finite Element Analysis (FEA) and stochastic tech-
niques, indicate that the development of localized corrosion, like pitting, should be in-
cluded in durability evaluations to effectively gauge the lifespan of metal structures. Ad-
ditionally, advanced crack propagation modeling has shown that the frequency of cyclic
loading may influence anodic dissolution rates, highlighting the need for stricter stand-
ards in offshore design [35].

In addition to mechanical factors, microbiologically influenced corrosion (MIC) pre-
sents an essential biological element. The development of biofilms on metallic surfaces
modifies the local electrolyte chemistry, leading to anaerobic micro-environments that en-
hance the activity of sulfate-reducing bacteria [36]. This phenomenon not only can accel-
erate the corrosion rate but also diminishes the efficacy of traditional protection tech-
niques, requiring a shift to strategies that incorporate nanotechnology to address micro-
bial colonization [37].

In conclusion, the creation of sustainable corrosion inhibitors, like those derived from
hydrazides or imidazole compounds, represents a promising approach to managing the
deterioration of metal surfaces [38,39]. These compounds create firm adsorption layers at
the metal—electrolyte boundary, following Langmuir adsorption principles, and offer po-
tential alternatives to conventional inhibitors. As a result, the modern comprehension of
marine corrosion processes depends on a multi-level strategy, wherein field test data,
computational models, and innovative chemical inhibition methods come together to en-
hance structural integrity in extreme operating conditions [40].

2.2. Coupled Ionic-Microbial Corrosion Mechanisms

Marine corrosion is not a result of isolated chemical or biological processes, but rather
a synergistic interplay where chloride-driven ionic attack and microbial activity mutually
enhance degradation rates (Figure 2). The ingress of chloride ions (CI-) is a critical initiator,
as these ions disrupt the passive oxide films on structural steels, creating localized anodic
sites prone to pitting [41]. This chemical destabilization is highly dependent on environ-
mental zoning; for instance, splash and tidal zones exhibit distinct rust layer stratification
and porosity compared to submerged conditions, directly affecting the penetration depth
of chloride-induced corrosion [42]. Under actual service conditions, ionic—microbial cou-
pling differs significantly among marine exposure zones. In the splash zone, repeated wet-
ting and drying, strong oxygen renewal, salt accumulation, and wave-induced mechanical
action promote coating damage and localized chloride concentration, resulting in highly
heterogeneous corrosion patterns [32,41,42]. In the tidal zone, alternating immersion and
atmospheric exposure create differential-aeration conditions, while persistent moisture in
deposits, surface defects, and sheltered regions can support biofilm development and lo-
cally modify pH and redox conditions, thereby increasing susceptibility to localized cor-
rosion [36,41,42]. In continuously submerged and deep-sea environments, reduced oxy-
gen availability, high hydrostatic pressure, low temperature, and limited nutrient
transport modify both electrochemical kinetics and microbial activity. Deep-sea microbial
communities and biofilms can generate oxygen-depleted microenvironments and corro-
sive metabolites, including sulfide species, promoting localized corrosion and biominer-
alization processes [36]. Therefore, the severity and dominant mechanisms of ionic-mi-
crobial coupling depend strongly on the specific marine exposure zone and its associated
oxygen availability, wetting conditions, hydrodynamics, pressure, and microbial activity.
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Figure 2. Microbial corrosion mechanisms.

Once the surface integrity is compromised by ionic attack, the metal substrate pro-
vides a receptive environment for microbial colonization. The subsequent microbiologi-
cally influenced corrosion (MIC) introduces a biological dimension where bacterial con-
sortia, such as Halomonas titanicae, alter local chemical gradients, including pH and re-
dox potentials [43]. Recent research highlights that this relationship is not unidirectional:
chloride-induced surface destabilization can favor microbial attachment, while biofilms
and extracellular polymeric substances can modify the local interfacial chemistry, concen-
trate aggressive species, and create microenvironments that promote MIC and biominer-
alization processes [44,45]. Furthermore, the anaerobic metabolism of sulfate-reducing
bacteria (SRB) within these biofilms produces hydrogen sulfide (H:S), creating an aggres-
sive acidic microenvironment that accelerates anodic dissolution beyond what is observed
in abiotic conditions [44,46]. In addition to microbial effects, abiotic variables such as chlo-
ride ion concentration, temperature, and CO: availability can further intensify corrosion
kinetics; experimental work on X65 carbon steel in CO2-saturated NaCl solutions showed
that increasing chloride concentration and temperature increased the corrosive severity of
the environment and influenced the formation of FeCOs-based corrosion product layers
[47].

MIC involves different microbial groups whose effects depend on their metabolic ac-
tivity. Sulfate-reducing bacteria (SRB) develop mainly under anaerobic conditions and
generate sulfide species, including H,S, whereas iron-oxidizing bacteria promote Fe**
oxidation and may contribute to deposit formation and localized electrochemical hetero-
geneity. Acid-producing bacteria generate acidic metabolites that locally decrease pH and
accelerate metal dissolution [36]. Within biofilms, microbial activity and oxygen con-
sumption create heterogeneous pH and oxygen gradients, with oxygen-depleted regions
and corrosive metabolites developing near the metal surface [36]. MIC assessment gener-
ally combines microbiological and molecular techniques with surface characterization
and electrochemical methods, since microbial activity and corrosion damage must be eval-
uated together [19].

One strategy for mitigating this coupled degradation lies in advanced metallurgical
design. The incorporation of alloying elements, particularly copper (Cu), has been inves-
tigated as a potential mitigation mechanism. Copper ions released at the metal-electrolyte
interface exhibit antimicrobial effects, which may reduce the density of sessile bacterial
populations and disrupt the structural integrity of corrosive biofilms [43,48]. As shown by
studies on high-copper-bearing steels, this antimicrobial functionality may contribute to
improved long-term durability in marine infrastructure, as it effectively interrupts the
feedback loop between ionic penetration and biofilm-induced acceleration [48]. Conse-
quently, managing marine corrosion requires a multi-factorial approach that accounts for
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the coupling of ionic-microbial stressors, moving beyond single-mechanism assessment
toward the integration of advanced material resilience and surface bio-inhibition [46—48].

2.3. From Conventional Inspection to Predictive Corrosion Assessment

This section links marine corrosion mechanisms with the evolution of assessment
strategies, showing how conventional inspection methods are increasingly complemented
by sensor-based monitoring, machine learning, artificial intelligence, and smart coating
systems.

The evolution of corrosion assessment in marine environments reflects a gradual
transition from empirical, inspection-based approaches toward predictive, data-driven
and materials-integrated monitoring strategies. Traditional methods, including visual in-
spection, gravimetric measurements, wall-thickness evaluation, ultrasonic testing and pe-
riodic maintenance surveys, have long been used to evaluate the degradation state of ma-
rine structures [1,3,23]. These techniques remain valuable because they provide direct in-
formation on material loss, coating damage, surface condition and structural integrity.
However, they are generally discontinuous in time and space, meaning that localized deg-
radation may develop between inspection intervals without being detected at an early
stage.

This limitation is particularly relevant for marine corrosion, where damage is often
highly localized and influenced by variable environmental conditions. Processes such as
pitting corrosion, crevice corrosion, microbiologically influenced corrosion and underfilm
corrosion may initiate at small defects, welds, inclusions, coating holidays or areas with
restricted oxygen transport. Because these mechanisms do not always produce visible sur-
face damage during their early stages, conventional inspection methods can underesti-
mate the actual risk to structural integrity [16,17,19,36]. In addition, marine infrastructure
is often difficult to access, especially on offshore platforms, submerged structures, ballast
tanks and deep-water components, where inspection can be costly, time-consuming and
dependent on operational or weather conditions.

Weight loss measurements and conventional electrochemical tests provide useful
quantitative information, but they also have methodological constraints. Gravimetric
analysis can estimate cumulative corrosion loss over a defined exposure period, yet it does
not provide continuous information on the initiation or acceleration of localized attack.
Similarly, standard polarization methods can estimate corrosion rate and electrochemical
behavior, but the interpretation of results may be affected by surface heterogeneity, bio-
film formation, corrosion product accumulation and changes in electrolyte chemistry
[3,8,16,24]. Therefore, while traditional techniques remain essential for baseline assess-
ment, they are insufficient on their own for complex marine systems where degradation
is dynamic, localized and strongly dependent on environmental variability.

Nanostructured materials contribute to modern corrosion assessment and mitigation
by improving both barrier performance and coating functionality. Two-dimensional ma-
terials, such as graphene-based fillers and other 2D nanomaterials, can increase the tortu-
osity of diffusion pathways and reduce the transport of water, oxygen, and chloride ions
through the coating matrix [49]. When incorporated into organic coatings, these materials
can enhance the protective function of the coating while also supporting the development
of multifunctional systems with improved mechanical, electrochemical, and environmen-
tal stability.

The development of machine learning has further expanded the capabilities of cor-
rosion assessment. Machine learning approaches in corrosion electrochemistry are in-
creasingly used for prediction tasks and corrosion-type identification, because they can
process large datasets containing material composition, electrochemical parameters, envi-
ronmental variables, and exposure conditions [50]. In parallel, intelligent coating systems
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based on micro- and nanocontainers provide an active material-based response to corro-
sion initiation. Such systems can store corrosion inhibitors or healing agents and release
them when triggered by pH variation, chloride ingress, mechanical damage, or coating
delamination [51]. This connection between predictive assessment and active coating re-
sponse is important because it links early degradation detection with localized corrosion-
control mechanisms.

Artificial intelligence has also become relevant for marine corrosion prediction and
detection. Al-based approaches can support image-based corrosion recognition, classifi-
cation of degradation patterns, and interpretation of monitoring data collected from ma-
rine structures [52]. More specifically, feature selection and feature engineering have been
shown to improve machine learning-based corrosion rate prediction models by trans-
forming raw input variables into descriptors that better capture the influence of alloy com-
position, environmental exposure, and electrochemical behavior [53]. This is especially
relevant for low-alloy steels and other naval materials exposed to marine environments,
where corrosion behavior depends on complex interactions between alloy chemistry,
chloride concentration, oxygen availability, temperature, and surface condition.

Modern corrosion assessment increasingly relies on continuous monitoring and pre-
dictive interpretation. Wireless sensor networks, embedded sensors, and real-time data
acquisition systems allow the collection of environmental and electrochemical parameters
directly from operating structures [54]. These systems can monitor variables such as hu-
midity, temperature, salinity, pH, coating impedance, strain, moisture ingress, and elec-
trochemical noise. By providing time-resolved information, sensor-based monitoring can
detect changes in coating or substrate condition before severe deterioration occurs. This
is particularly important for naval and offshore assets, where early detection can reduce
maintenance costs and prevent unexpected failures. In offshore wind turbine structures,
corrosion monitoring and prognostic approaches are particularly relevant because access
for inspection and repair is difficult, costly, and dependent on weather and operating con-
ditions [55].

In parallel with digital monitoring, mitigation strategies have also evolved from pas-
sive protection toward active and adaptive coating systems. Conventional epoxy coatings,
cathodic protection systems, zinc-rich primers, and other established corrosion-preven-
tion techniques provide important protection but cannot actively respond to localized
chemical changes or mechanical damage once the protective layer is compromised
[22,25,56]. Smart and nano-hybrid coatings offer a complementary direction by combining
passive barrier performance with active mechanisms such as inhibitor release, self-heal-
ing, improved adhesion, and enhanced resistance to aggressive species [57]. When com-
bined with sensor-based monitoring, Al-assisted interpretation, and predictive mainte-
nance strategies, these coatings can function not only as protective barriers but also as
active components of a broader corrosion-management strategy.

The comparison between traditional and modern corrosion assessment shows that
both approaches are still necessary, but their roles are changing. Traditional methods pro-
vide essential validation, physical evidence, and standardized reference data, while mod-
ern sensor-based, Al-assisted, and smart-coating approaches enable earlier detection, con-
tinuous monitoring, and predictive decision-making. For marine and naval structures, the
most effective strategy is therefore not the replacement of conventional techniques, but
their integration with advanced monitoring systems, nanostructured materials, and adap-
tive coating technologies. Such an integrated framework can improve the accuracy of deg-
radation assessment, reduce unnecessary maintenance, extend service life, and support
safer and more sustainable management of marine assets [49,53,56].
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2.4. Smart Mitigation Strategies in Marine Corrosion Protection

The operational lifetime of marine infrastructure is increasingly influenced by the
capacity to move from conventional, passive protection toward adaptive and multifunc-
tional mitigation strategies. Traditional approaches, including cathodic protection, sacri-
ficial metallic layers, zinc-rich primers and passive barrier coatings, remain essential in
marine engineering because they provide reliable and well-established protection against
electrochemical degradation [3,25,56]. However, these strategies are often limited when
exposed to complex service conditions involving localized chloride accumulation, pH var-
iation, coating defects, mechanical damage, biofilm formation and fluctuating oxygen
availability. Under such conditions, passive systems may delay degradation but cannot
actively respond to the early stages of localized corrosion or coating breakdown.

Smart mitigation strategies have therefore emerged as a promising direction for ex-
tending the service life of naval and offshore materials. These systems are designed not
only to isolate the substrate from aggressive species, but also to respond to environmental
or damage-related stimuli. Stimulus-responsive coatings can incorporate micro- and
nanocontainers loaded with corrosion inhibitors, healing agents or active additives that
are released when local conditions change, such as during pH shifts, chloride ingress, me-
chanical cracking or coating delamination [51,57]. This active response is particularly rel-
evant for marine structures, where small coating defects can rapidly become initiation
sites for pitting corrosion, underfilm corrosion or microbiologically influenced corrosion.

A key advantage of smart coatings is their ability to combine passive and active pro-
tection within the same architecture. The polymer matrix provides the initial physical bar-
rier against water, oxygen and chloride ions, while embedded functional carriers supply
a localized protective response when the barrier is damaged. Inhibitor-loaded nanocon-
tainers, halloysite nanotubes, layered double hydroxides, mesoporous particles and pol-
ymeric capsules can release active compounds at defect sites, reducing anodic dissolution
and cathodic reactions before corrosion propagates extensively [51,57]. This mechanism
is particularly valuable for naval components that are difficult to inspect or repair fre-
quently, such as ballast tanks, submerged structures, offshore foundations and internal
seawater systems.

The incorporation of two-dimensional nanomaterials, including graphene-based ma-
terials and MXenes, further improves smart mitigation strategies by increasing the tortu-
osity of diffusion pathways within the coating. These materials can reduce the transport
rate of aggressive species toward the metal substrate, while also improving mechanical
reinforcement and barrier stability [49,58]. When combined with self-healing or inhibitor-
release mechanisms, nanostructured coatings can provide a more durable protection sys-
tem than conventional polymer matrices alone. However, their effectiveness depends
strongly on filler dispersion, interfacial compatibility, loading concentration and long-
term stability in saline environments. Experimental work on coated structural steel ex-
posed to marine conditions further confirms the importance of coating architecture, show-
ing that multilayer systems based on zinc-rich epoxy primer, polyurethane topcoat and
functional mineral particles can improve the corrosion protection of steel in seawater ex-
posure [59].

Sustainable corrosion mitigation is another important component of future smart
protection systems. Due to increasing environmental restrictions, the use of toxic chro-
mates, heavy metals and persistent synthetic inhibitors is being progressively reduced. As
a result, research has shifted toward green corrosion inhibitors derived from plant ex-
tracts, natural polymers, amino acids, selected low-toxicity ionic liquids and eco-friendly
nanoparticles [40,60,61]. These compounds can adsorb onto metallic surfaces and form
protective films that reduce charge transfer and limit corrosive attack. Their integration

https://doi.org/10.3390/polym18192378



Polymers 2026, 18, 2378

11 of 52

into coating matrices or nanocontainers offers the possibility of combining environmental
compatibility with active corrosion control.

The main challenge is to ensure that these smart and green systems remain effective
under real marine exposure. Laboratory studies often demonstrate high inhibition effi-
ciency or self-healing capacity under controlled conditions, but field environments in-
volve variable salinity, temperature, UV radiation, hydrodynamic forces, microbial activ-
ity and mechanical abrasion. These factors can influence inhibitor release, coating adhe-
sion, nanofiller stability and healing efficiency. Therefore, future research should focus on
long-term validation, cyclic damage testing, real seawater exposure and compatibility
with industrial coating application methods. Smart mitigation strategies represent a major
step toward a lifecycle-oriented approach to marine corrosion protection. By integrating
passive barrier effects, active inhibitor release, nanostructured reinforcement, self-healing
behavior and environmentally safer additives, these systems can reduce maintenance fre-
quency and improve the reliability of naval materials. Rather than replacing conventional
protection methods entirely, smart coatings should be viewed as complementary technol-
ogies that enhance existing systems and enable more durable, sustainable and adaptive
protection in aggressive marine environments [49,55,61].

3. Materials for Marine Corrosion Protection

The structural integrity of marine infrastructure is fundamentally challenged by the
relentless electrochemical degradation induced by harsh, electrolyte-rich environments.
For decades, the maritime industry has relied on traditional barrier coatings to mitigate
these risks; however, the escalating demand for increased service life, reduced mainte-
nance intervals, and stringent environmental regulations regarding volatile organic com-
pounds (VOCs) has encouraged the development of more durable and environmentally
compatible coating materials [6]. This chapter examines the transition from conventional,
passive protective layers toward advanced, multifunctional material architectures.

The current landscape of marine corrosion protection is defined by a multi-criteria
optimization process, where mechanical robustness, chemical inertia, and environmental
compatibility are no longer mutually exclusive requirements. As highlighted by recent
advancements in high-performance polymers, including the emergence of non-isocyanate
polyurethanes (NIPUs) as sustainable alternatives to traditional precursors, the field is
evolving toward coating formulations with improved safety and reduced environmental
impact [62]. In parallel, graphene-based materials have attracted considerable interest in
marine corrosion protection because their two-dimensional structure can increase diffu-
sion tortuosity and reduce the transport of aggressive species through polymeric coatings
[63].

A critical focus of this chapter is the exploration of active and adaptive protective
mechanisms. Smart self-healing anticorrosion coatings are increasingly investigated be-
cause they can respond to coating damage through inhibitor release, microcrack repair, or
restoration of local barrier properties [64]. At the same time, the mechanical behavior of
protective coatings against marine fouling stays important, since coating films must resist
not only electrochemical attack but also cleaning operations, abrasion, biological attach-
ment, and mechanical wear [65]. For offshore structures, underwater in situ repairing
coatings further illustrate the practical importance of curing behavior, adhesion, and re-
pairability under wet or submerged service conditions [66].

The functionality of polymer-based coating systems can also be improved through
the incorporation of fillers and reinforcing agents. Fillers added to epoxy resins can mod-
ify mechanical strength, toughness, barrier properties, and resistance to environmental
degradation, depending on their dispersion, interfacial compatibility, and loading
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concentration [67]. The classification of protective coating materials for marine corrosion
protection is presented in Figure 3.

Protective Coating Materials
for Marine Corrosion Protection

{

Organic Polymer
Matrices

|
] | ] )

Inorganic / Metallic / Functional Sustainable /
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Systems Nanocomposite Systems

Polymer-Ceramic
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Figure 3. Classification of protective coating materials for marine corrosion protection.

These categories are not mutually exclusive, since modern marine coating systems
increasingly combine polymeric, inorganic, metallic, and nanostructured components in
hybrid or multilayer architectures to integrate barrier, sacrificial, mechanical, and active
protection mechanisms.

Comparative degradation studies on zinc-rich epoxy primers combined with acrylic
polyurethane topcoats also show that water and ion permeation strongly influence coat-
ing failure under simulated marine-industrial atmospheric conditions [68]. Moreover, gra-
phene-based polymer coatings have been widely reviewed as promising systems for pre-
venting marine corrosion, particularly because graphene derivatives can improve barrier
performance, mechanical reinforcement, and coating durability when properly dispersed
within the polymer matrix [69].

3.1. Organic Polymer Matrices

Synthetic polymers stand for one of the main protection strategies against marine-
induced electrochemical degradation, serving as a principal component of contemporary
protective coating systems. Their utility in marine environments is fundamentally derived
from their capacity to form a barrier that isolates metallic substrates from the combined
ingress of moisture, chloride ions, and dissolved oxygen, the key catalysts of corrosion.
Protective polymeric films, including conducting polymers and polymer compo-
sites/nanocomposites, have therefore been widely investigated for industrial substrates
exposed to aggressive environments [70].

Epoxy resins represent the most prevalent class of organic matrices commonly used
in marine infrastructure, valued for their high cross-linking density and chemical stability.
Once cured, the three-dimensional network of the epoxy matrix can provide high adhe-
sion strength to metallic surfaces, often ranging from 30 to 35 MPa, which contributes to
coating integrity even under hydrostatic pressure [66,67]. Despite these advantages, the
inherent brittleness of highly cross-linked epoxy systems remains a critical limitation in
dynamic maritime environments. To address this, current research increasingly focuses
on the integration of specific fillers and reinforcing agents that modulate fracture tough-
ness without compromising the barrier properties [65,67]. In this context, recent nanotech-
nological advancements in polymer nanocomposite coatings are particularly relevant, as
they can further enhance anticorrosion, antifouling, and self-healing performance in
epoxy-based protective systems [71].
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In contrast, polyurethane (PU) coatings offer a distinct mechanical profile character-
ized by high elasticity and energy dissipation capacity [59]. With elongation at break val-
ues frequently reaching 50% to 100%, polyurethane matrices are well suited for structures
subjected to periodic mechanical stresses, such as deck coatings and ice-going vessels
[66,72]. Their ability to accommodate the expansion and contraction cycles induced by
thermal fluctuations ensures that the protective film maintains its continuity over pro-
longed service periods. Furthermore, the chemical versatility of polyurethanes allows for
the synthesis of advanced non-isocyanate derivatives (NIPUs), which align with the
emerging industrial requirement for sustainable, low-toxicity coating formulations [62].
This direction is also consistent with current research on environmentally friendly anti-
fouling coatings, which aims to reduce ecological impact while maintaining protective
performance in marine settings [73].

The performance of these polymer matrices is significantly influenced by the expo-
sure conditions. Comparative studies of coating degradation specifically those involving
zinc-rich epoxy primers paired with acrylic polyurethane topcoats demonstrate that the
permeation rate of water and aggressive ions is the primary determinant of system failure,
with degradation rates accelerating notably in simulated marine-industrial atmospheres
[68]. Consequently, the strategic selection of organic matrices necessitates a data-driven
approach that balances the rigid, high-adhesion characteristics of epoxy resins with the
flexible, abrasion-resistant properties of polyurethanes. Future advancements, particu-
larly those exploring the incorporation of nanostructured fillers and intrinsic self-healing
mechanisms, aim to address the limitations of current organic matrices, supporting the
development of more durable marine coating systems [64,71,74].

3.2. Inorganic and Ceramic Coating Systems

Inorganic and ceramic-based coatings constitute a pivotal class of materials for pro-
tecting marine infrastructure, particularly where operational conditions involve extreme
temperatures and high mechanical loads [73,74]. Unlike organic polymer matrices, which
are prone to thermal softening and photodegradation under intense UV exposure, ceramic
systems can provide high chemical stability and oxidation resistance. These coatings func-
tion as robust, non-metallic barriers that maintain their structural integrity even when
subjected to the harsh, electrolyte-rich conditions typical of maritime operations [73].

An important development in this field is the use of phosphate-based ceramic coat-
ings modified with passivated aluminum particles to mitigate corrosion in high-tempera-
ture marine atmospheres. Research has shown that the incorporation of passivated alu-
minum creates a synergistic protective effect; the aluminum particles serve as sacrificial
elements that reinforce the ceramic matrix, while simultaneously promoting the formation
of a dense, passive film on the metallic substrate [75]. This dual mechanism enables the
coating to withstand multiple cycles of salt spray and high-temperature stress without
compromising its protective performance, an improvement over monolithic ceramic lay-
ers under the tested conditions [75].

Furthermore, the integration of nanostructured inorganic fillers has contributed to
improved anticorrosive coating performance. For instance, the use of silicon carbide (SiC)
nanoparticles functionalized with graphene oxide (GO) within an epoxy matrix has been
shown to effectively address the common issue of nanoparticle aggregation [76]. This ap-
proach enhances the mechanical hardness and abrasion resistance-key attributes for com-
ponents like propellers or pumps exposed to high-velocity seawater-while simultane-
ously creating a tortuous path for water molecules, thereby reducing the rate of electrolyte
ingress [76]. The hybridization of these inorganic reinforcements with organic matrices
provides a sophisticated solution that leverages the intrinsic hardness of ceramics along-
side the flexibility of polymers [67,76].
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The suitability of these materials for high-temperature marine applications is often
determined by the thermal stability of the system, which evaluates the ability of the coat-
ing to retain chemical and mechanical integrity under elevated temperatures and thermal
cycling. As demonstrated in various marine material studies, the selection of ceramic ar-
chitectures-potentially incorporating intelligent, self-healing nanocontainers-promises to
further extend the operational life of critical marine assets, moving the industry toward
more durable and proactive corrosion mitigation strategies [71,74,77].

3.3. Metallic and Sacrificial Coating Systems

Metallic and sacrificial coatings represent one of the most established strategies for
the active mitigation of electrochemical degradation in marine engineering, functioning
primarily based on the principle of cathodic protection via sacrificial anodes. Among these
systems, thermally sprayed aluminum (TSA) coatings have been widely investigated for
marine environments because they can provide sacrificial protection to steel substrates
exposed to seawater and offshore service conditions [78]. By applying metals with a more
negative electrode potential than steel, such as zinc or aluminum, to the substrate, a gal-
vanic cell is generated in which the coating layer undergoes preferential oxidation,
thereby protecting the underlying steel from anodic dissolution in chloride-containing en-
vironments.

Despite their reported electrochemical performance, a critical limitation of pure me-
tallic layers, such as TSA, lies in their low resistance to mechanical stress and wear; a sig-
nificant portion of damage occurs even during transport and assembly operations. In dy-
namic applications, such as mooring lines or elements in the splash zone, abrasive stresses
occurring simultaneously with corrosive attacks lead to accelerated degradation via tri-
bocorrosion [79]. To overcome this barrier, innovative duplex systems have been investi-
gated by modifying the TSA surface using the Plasma Electrolytic Oxidation (PEO) tech-
nique at high voltages of 300-600 V [79]. This process partially converts the outer alumi-
num layer into a hard ceramic alumina film, increasing surface layer hardness by up to 25
times and reducing synergistic degradation through abrasion and delamination fatigue in
seawater [79].

The efficiency and service life of metallic sacrificial coatings are directly dictated by
their metallurgical properties, microstructure, porosity, sealing quality, and the deposi-
tion technology selected in relation to the specific marine exposure zone. For this reason,
the prediction of thermal spray coating performance increasingly relies on the combined
use of laboratory tests and field exposure data, which allows a more realistic evaluation
of long-term behavior in marine environments [80]. Established industrial processes in-
clude hot-dip galvanizing and thermal spraying. While hot-dip galvanizing can achieve
strong metallurgical adhesion through the diffusion of zinc into the steel, generating com-
plex intermetallic phases, TSA offers geometric versatility for large-scale offshore struc-
tures and marine offshore wind turbine structures, and has been reported to provide long-
term protection when properly sealed [78,80].

A major technological evolution in the field of galvanic coatings is the shift from clas-
sic pure zinc layers to advanced ternary zinc-magnesium-aluminum (Zn-Mg-Al) alloys.
Recent experimental research has demonstrated that the addition of magnesium and alu-
minum to the molten zinc bath induces fine grain refinement and promotes the formation
of stable and relatively insoluble corrosion products under marine atmospheric conditions
[81]. These products include zinc hydroxychloride, aluminum oxyhydroxide, and layered
double hydroxides [81]. This dense film of secondary products acts as an effective pas-
sivation barrier, slowing the kinetics of anodic zinc dissolution and extending the service
life of structural steel.
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Recent research on advanced zinc-polymer composites has further shown that zinc-
based sacrificial protection can be combined with polymeric matrices and self-healing
functionality, leading to hybrid coating systems that integrate galvanic activity, barrier
resistance, and damage-responsive behavior for marine corrosion protection [82].

More broadly, surface protection technologies for metallic materials in marine envi-
ronments increasingly combine metallic, ceramic, polymeric, and hybrid strategies de-
pending on the targeted degradation mechanism and exposure conditions [83]. In this
context, protective polymeric coatings can complement sacrificial metallic layers by im-
proving barrier resistance, reducing electrolyte transport, and enhancing long-term coat-
ing stability in marine applications [84]. Thus, modern metallic systems are evolving from
simple galvanic barriers into hybrid and adaptive protective layers with potential to im-
prove the long-term durability of critical marine infrastructure.

3.4. Functional Nanocomposites

The integration of nanotechnology into anticorrosive coating systems has become an
important research direction for improving the protection of marine infrastructure [59].
Nanocomposite coatings are defined as hybrid systems in which nanostructured fillers
are dispersed within a polymer matrix to enhance the physical, chemical, mechanical, and
electrochemical resistance of the coating [85]. The incorporation of nanoparticles not only
improves the barrier effect but also imparts novel functionalities such as anti-fouling be-
havior, photocatalytic activity, and autonomous self-healing properties.

In marine applications, antifouling nanocomposite polymer coatings are particularly
relevant because they can combine corrosion protection with the reduction of biological
attachment on exposed surfaces [86]. These capabilities are valuable in marine environ-
ments, where continuous exposure to saltwater, UV radiation, and bio-colonization can
accelerate coating degradation and reduce long-term protective performance [84,86,87].
By integrating functional nanofillers into polymer matrices, nanocomposite coatings can
provide enhanced barrier properties, improved surface stability, and additional function-
alities such as antifouling behavior, self-healing response, and reduced permeability to
aggressive species [86].

A defining feature of nanocomposite coatings is the high surface-area-to-volume ra-
tio of the nanofillers, which facilitates strong interfacial interactions with the polymer ma-
trix and promotes uniform particle dispersion. This uniformity reduces the formation of
micro-defects and porosity, effectively increasing the “tortuosity” of the diffusion path-
ways for corrosive agents [85]. By forcing water molecules, oxygen, and chloride ions to
navigate around dispersed nanoparticles, the effective diffusion coefficient may be re-
duced. The incorporation of different nanoparticles has also been reported to improve
impact resistance and water barrier properties, which are important for coating durability
under marine exposure [88].

Among the most studied nanomaterials, titanium dioxide (TiOz) and zinc oxide
(ZnO) have received considerable attention for multifunctional coating performance.
Nano-TiO:z can contribute to corrosion protection through barrier enhancement and, un-
der controlled conditions, photocatalytic activity. Under UV illumination, TiO2 can gen-
erate reactive oxygen species (ROS), which may degrade organic contaminants on the
coating surface and reduce biofilm development, thereby limiting the risk of microbiolog-
ically influenced corrosion (MIC) [86,89]. However, this functionality must be carefully
controlled, since excessive photocatalytic activity may also affect the long-term stability
of polymer matrices. In addition, studies indicate that the inclusion of metal oxide nano-
particles, such as S5iOz, TiOz, and Al20s, into epoxy matrices has been reported to improve
surface hardness and water barrier properties, limiting swelling and delamination during
prolonged seawater exposure [79,88].
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The recent development of nanocomposite coatings has introduced additional intel-
ligent functions. Self-healing nanocomposites, often based on halloysite nanotubes or
metal-organic frameworks loaded with corrosion inhibitors, can contribute to the repair
of microcracks and the suppression of localized electrochemical activity at damaged sites
[82,85]. When coating damage occurs, these nanocarriers may release active compounds
that either inhibit anodic and cathodic reactions or help restore the protective function of
the coating. These multifunctional systems indicate an important direction in corrosion
protection, where responsive and adaptive mechanisms can complement conventional
passive barrier coatings rather than fully replace them.

Despite these advantages, nanocomposite coating performance is highly sensitive to
nanofiller dispersion and filler-matrix interfacial compatibility. Agglomerated nanoparti-
cles can generate local heterogeneities, microdefects, and preferential pathways for water
and chloride transport, thereby reducing rather than improving barrier performance.

Similarly, weak interfacial bonding between the nanofiller and polymer matrix may
promote local debonding and reduce mechanical reinforcement. Consequently, nanofiller
concentration, dispersion method, and surface functionalization must be carefully con-
trolled to obtain reproducible improvements in marine coating performance [76,85,88].

3.5. Sustainable and Bio-Based Coating Solutions

The development of sustainable and bio-based coatings is driven by stricter environ-
mental regulations and by the need to reduce the use of volatile organic compounds, haz-
ardous air pollutants, and toxic marine biocides. In marine applications, this transition is
particularly important because coating degradation, leaching, and antifouling additives
can directly affect aquatic ecosystems. Recent developments in titanium dioxide-based
materials for aquatic antifouling applications show that photocatalytic and environmen-
tally oriented surface strategies are increasingly explored as alternatives to conventional
toxic antifouling systems [89]. At the same time, systematic reviews of corrosion inhibitors
in marine environments highlight the growing interest in less hazardous inhibitor systems
capable of limiting corrosion while reducing environmental impact [90]. Bio-based poly-
meric coatings are therefore being investigated as sustainable and multifunctional solu-
tions for corrosion and mechanical protection [91]. Life cycle assessment studies further
emphasize that the environmental impact of anticorrosion coating systems depends not
only on their chemical composition, but also on raw material origin, application method,
durability, maintenance frequency, and end-of-life treatment [92].

Bio-based polymers derived from renewable resources, including cellulose, lignin,
chitosan, and various plant-derived resins, offer promising alternatives to petrochemical-
based systems. Cellulose derivatives are particularly relevant because their abundance,
biodegradability, and functional groups support their use in environmentally oriented
materials and contaminant-control applications in aquatic environments [93]. In marine
coatings, the combination of bio-based polymers with natural antifoulants has also been
investigated as an eco-friendly strategy for reducing biological attachment while main-
taining coating functionality [94]. More broadly, eco-friendly polymer composites derived
from renewable or biodegradable resources provide a useful material platform for reduc-
ing dependence on conventional petroleum-based polymers [95].

Recent research highlights that lignin, a polyphenolic byproduct of the pulp and pa-
per industry, can be utilized as a bio-additive in epoxy resins to provide intrinsic UV-
shielding and antioxidant properties [96]. When acetylated, lignin has been reported to
reduce photodegradation rates and surface oxidation, as confirmed by FTIR and XPS anal-
yses, offering a coal tar-free alternative for maritime corrosion protection [96]. In addition,
recent reviews of polymer-based anticorrosion coatings emphasize that sustainable
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coating development must balance barrier performance, adhesion, mechanical durability,
environmental stability, and compatibility with functional additives [97].

The integration of green corrosion inhibitors represents an important research direc-
tion in sustainable chemistry. Natural extracts, such as those from Equisetum arvense or
various plant tannins, are being explored for their ability to adsorb onto metallic surfaces
and form protective films, potentially suppressing localized corrosion without the toxicity
associated with chromate-based primers [98]. These bio-derived molecules may be incor-
porated into coating matrices or compatible carrier systems to support controlled release,
long-term protection, and reduced environmental loading, although their stability and ef-
fectiveness under real marine exposure still require further validation.

The mechanical and barrier integrity of these systems can be further strengthened by
nanostructured reinforcement. Cellulose nanocrystals (CNCs) and other biomass-derived
nanofibers are increasingly used to create tortuous diffusion paths within waterborne
coating matrices. By enhancing hydrogen bonding and physical entanglement, these bio-
fillers can improve water resistance and tensile strength, contributing to the development
of more durable environmentally compatible coating systems [93,97]. Moreover, life cycle
assessment studies demonstrate that bio-based coatings may reduce the environmental
footprint, depending on formulation, durability, and lifecycle boundaries [92].

From a lifecycle perspective, the environmental benefit of a bio-based coating cannot
be assessed solely from the renewable origin of its raw materials. Life cycle assessment
should consider raw-material extraction, synthesis and formulation, coating application,
energy and solvent consumption, maintenance frequency, service-life extension, and end-
of-life treatment. A formulation with a lower initial environmental burden may not pro-
vide an advantage if its marine durability is insufficient and frequent recoating is required
[92]. Therefore, long-term degradation behavior is a critical sustainability parameter. Wa-
ter uptake, hydrolysis, swelling, ultraviolet exposure, mechanical damage, and biological
activity may progressively modify the polymer network, reduce adhesion, and increase
permeability to aggressive species. For bio-based systems, biodegradability must conse-
quently be balanced against the requirement for controlled and sufficiently long service
life in marine environments [91,92,97].

Ecotoxicity is another important consideration because environmentally oriented for-
mulations may still release additives, degradation products, corrosion inhibitors, or na-
noscale components into seawater. Consequently, renewable or naturally derived origin
should not automatically be considered equivalent to environmental safety. The toxicity,
persistence, leaching behavior, and possible effects of released compounds on aquatic or-
ganisms should be evaluated together with coating performance [89,90,92,94]. From a reg-
ulatory perspective, the progressive restriction of hazardous biocides, volatile organic
compounds, and persistent toxic additives encourages the development of waterborne,
low-VOC, bio-based, and non-toxic antifouling systems. However, future marine coatings
must demonstrate both protective efficiency and acceptable environmental behavior
throughout their lifecycle, including application, service, degradation, and disposal stages
[89,90,92].

In conclusion, the convergence of sustainable chemistry and advanced nanotechnol-
ogy is reshaping marine infrastructure protection. As research into biopolymer chemistry,
natural antifoulants, and green additives progresses, bio-based coatings are showing po-
tential for broader industrial adoption, with the aim of balancing performance require-
ments with environmental responsibility [91,94,97].
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A comparative overview of the main coating classes discussed in this section is pro-
vided in Table 1, highlighting their representative performance, principal advantages and
limitations, and relevance for marine applications.

Table 1. Comparative characteristics of protective coating systems for marine applications.
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coatings . remain important limitations tion
mulations

Combine complementary barrier, Increased formulation, pro- Severe marine exposure
Hybrid/multi- o c complementary barrl . . P - P [68,76,82—

sacrificial, mechanical, and active cessing, and interlayer com- requiring multifunc-
layer systems 84]

protection mechanisms patibility complexity tional protection

4. Deposition Techniques for Marine Protective Coatings

The performance of marine protective coatings depends strongly on the deposition
method, surface preparation, and interfacial quality. In addition to coating formulation,
parameters such as particle velocity, substrate temperature, layer thickness, porosity, cur-
ing conditions, residual stress, electrolyte chemistry, and post-treatment conditions influ-
ence long-term electrochemical stability.

The principal coating and deposition techniques considered in this study are sche-
matically illustrated in Figure 4, encompassing thermal spray, plasma spray, electropho-
retic/electrochemical deposition, and sol-gel approaches.
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Among high-energy deposition routes, high-velocity oxygen fuel (HVOF) spraying
has been widely investigated because it can produce dense coatings with low porosity,
high adhesion, and improved wear resistance [99].

Electrophoretic deposition (EPD) has also become relevant for corrosion protection
because it enables the uniform deposition of functional materials, such as graphene oxide,
onto three-dimensional metallic structures [100]. Related electrochemical routes have fur-
ther demonstrated that graphene oxide/silane composite coatings can combine corrosion
resistance with anti-biofouling performance through controlled surface chemistry and
special wettability [101]. In parallel, electrodeposited zinc and zinc-alloy coatings remain
important for marine applications because they provide sacrificial or barrier-type protec-
tion depending on alloy composition and coating structure [102].

Modern electroplating continues to evolve through improvements in bath chemistry,
current distribution, additive control, and environmental management [103]. Zinc-nickel
alloy coatings are particularly relevant because they can improve the corrosion resistance
of mild steel while maintaining acceptable mechanical and electrochemical performance
[104]. Thermal spray technologies, including post-treated Ni-based coatings, continue to
be used where high wear resistance and strong surface protection are required [105]. For
maritime applications exposed to cavitation or hydrodynamic loading, process selection
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becomes critical because coating adhesion, hardness, and microstructure strongly influ-
ence cavitation erosion resistance [106]. More broadly, thermally sprayed and thermally
diffused protective coatings have been extensively reviewed as important strategies for
improving the corrosion resistance of steel structures [107]. Modern surface engineering
therefore focuses on producing dense, adherent, and defect-controlled coating layers ca-
pable of resisting aggressive marine exposure.

4.1. Thermal and Kinetic Spraying Techniques

Rather than viewing thermal spraying solely as a heat-based process, these tech-
niques can also be classified according to the thermal and kinetic energy transferred to the
particles before impact. Thermal spray methods such as high-velocity oxygen fuel (HVOF)
rely on high gas velocities and controlled combustion to accelerate feedstock particles to-
ward the substrate, where they deform, flatten, and consolidate into dense coating layers
[99]. This mechanism is particularly useful for producing coatings with low porosity, high
bond strength, and good wear resistance, which are essential for marine components ex-
posed to abrasion, saltwater, and mechanical loading.

Kinetic-driven approaches, such as cold spraying, rely mainly on particle impact ve-
locity rather than feedstock melting. This can reduce oxidation, phase transformation, and
thermally induced residual stresses, making kinetic spraying attractive for temperature-
sensitive materials and repair applications. In marine protection, thermally sprayed alu-
minum (TSA) remains particularly relevant because it provides sacrificial protection
through preferential oxidation, thereby limiting the localized dissolution of the underly-
ing steel [78]. For structures subjected to high-shear hydrodynamic forces, the selection
criteria extend beyond corrosion resistance and include cavitation erosion resistance, de-
lamination behavior, and coating adhesion under cyclic loading. In this context, process
selection for cavitation-resistant coatings is especially important because spray parame-
ters, substrate preparation, and post-treatment conditions determine the final microstruc-
ture and durability of the coating [106].

Thermal spray coatings may also require post-treatment to improve long-term ma-
rine performance. Sealing, remelting, heat treatment, or surface modification can reduce
interconnected porosity, limit electrolyte penetration, and improve coating cohesion [105].
These aspects are important because pores, microcracks, and weak splat boundaries can
act as preferential pathways for chloride ions and moisture, accelerating underfilm corro-
sion. Therefore, thermal and kinetic spraying techniques should be selected not only ac-
cording to the coating material, but also according to the marine exposure zone, expected
mechanical loading, repair feasibility, and required service life [105,107].

4.2. Electrochemical Deposition and Electroplating

Electroplating is particularly useful for components that require high dimensional
accuracy, such as threaded fasteners, valves, connectors, shafts, and complex metallic
parts used in maritime systems [103]. Unlike line-of-sight techniques, the electrochemical
bath allows for metal ion reduction over complex geometries, provided that current dis-
tribution is managed through proper electrolyte agitation, anode positioning, additive
chemistry, and bath composition [102]. This makes electroplating especially valuable for
small or geometrically complex components that cannot be efficiently protected by ther-
mal spray methods.

Zinc and zinc-alloy electrodeposits are widely used because they can provide sacri-
ficial protection to steel substrates in chloride-containing environments [102]. However,
the performance of electrodeposited coatings depends strongly on coating thickness, alloy
composition, grain size, surface morphology, and the presence of defects or pores. In
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marine exposure, localized coating defects can accelerate galvanic interactions and pro-
mote underfilm corrosion if the coating is not sufficiently compact or well adhered.

The modern advancement in this field is centered on the optimization of cathodic
efficiency and coating composition. By manipulating the electrolyte composition with or-
ganic surfactants, complexing agents, and process additives, engineers can suppress hy-
drogen evolution, which is a common cause of porosity and embrittlement [103]. Zinc-
nickel alloy coatings are particularly important because nickel addition can improve cor-
rosion resistance compared with pure zinc coatings, while maintaining the sacrificial char-
acter of the deposit [104]. This dual focus on corrosion inhibition and mechanical robust-
ness supports the transition from simple metallic layers toward functional, long-lasting
electrochemical surface coatings.

4.3. Electrophoretic Deposition (EPD) and Composite Architectures

Electrophoretic deposition (EPD) has evolved from a conventional coating applica-
tion method into a useful technique for assembling nanostructured composite coatings
[100]. By applying a potential difference across a stable suspension, charged particles mi-
grate toward the electrode surface and form a coating layer. This allows the deposition of
diverse particulate phases, including graphene oxide flakes, ceramic particles, hybrid or-
ganic-inorganic structures, and inhibitor-loaded carriers. In corrosion protection, gra-
phene oxide is especially relevant because its sheet-like morphology can create tortuous
diffusion pathways for water, oxygen, and chloride ions [100].

The key advantage of EPD lies in the self-limiting nature of film growth. As the de-
posited layer becomes thicker, its electrical resistance increases, which gradually reduces
the local deposition rate and promotes a more uniform thickness even over complex three-
dimensional surfaces [100]. This feature is particularly useful for marine components with
complicated geometries, where conventional line-of-sight coating techniques may pro-
duce non-uniform coverage. Furthermore, EPD can be performed using aqueous or low-
solvent suspensions, which supports the development of more environmentally compat-
ible coating processes.

Recent developments also show that electrochemically deposited graphene ox-
ide/silane composite coatings can combine barrier protection with controlled surface wet-
tability and antibiofouling behavior [101]. Such coatings are relevant for marine applica-
tions because corrosion and biofouling often occur simultaneously, and the protective
layer must reduce both electrolyte transport and biological adhesion. Therefore, EPD and
related electrochemical deposition routes offer an important platform for designing mul-
tifunctional coatings that integrate barrier performance, surface functionality, and envi-
ronmental compatibility.

4.4. Plasma Spraying

Plasma spraying is commonly used when the objective is not only corrosion re-
sistance, but also the integration of wear-resistant ceramic phases capable of withstanding
dynamic thermal cycling, erosion, and mechanical loading. The plasma plume reaches
high temperatures, allowing the deposition of refractory oxides and ceramic materials that
would be difficult to apply through conventional casting or low-temperature coating
methods [107]. This makes plasma spraying suitable for components exposed to combined
thermal and corrosive stresses, including marine engine parts, exhaust components,
pumps, valves, and other high-performance metallic surfaces.

The critical challenge in plasma spraying is the management of porosity, oxidation,
and residual stresses formed during the rapid quenching of molten or semi-molten drop-
lets. If these stresses are not controlled, brittle ceramic layers may develop microcracks,
delamination, or weak interfaces that reduce long-term durability. Advanced plasma
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spray regimes can incorporate controlled cooling, optimized stand-off distance, adjusted
feedstock particle size, and post-treatment strategies to improve coating cohesion and re-
duce defect density [105,107]. These measures can promote a more favorable stress state
within the coating and may help inhibit crack propagation typically seen in brittle ceramic
layers.

For marine applications, plasma-sprayed coatings are particularly valuable when
corrosion protection must be combined with resistance to wear, erosion, and thermal deg-
radation. However, their use requires careful optimization because ceramic coatings may
provide high hardness and chemical stability but can also be vulnerable to cracking if
adhesion and residual stress are not properly controlled. Therefore, plasma spraying is
best understood as a high-performance deposition route that must be tailored to the spe-
cific loading conditions of the marine component [105,107].

4.5. Sol-Gel Processing and Molecular-Level Coating Design

The sol-gel route represents a transition from mechanical deposition to chemical syn-
thesis directly on the substrate surface. Through controlled hydrolysis and condensation
reactions of metal alkoxide or organosilane precursors, hybrid organic-inorganic net-
works can be formed with tunable composition, porosity, adhesion, and barrier properties
[108,109]. This molecular-level control is particularly valuable for corrosion protection be-
cause the coating architecture can be adjusted to reduce the transport of water, oxygen,
and chloride ions toward the metallic substrate.

Hybrid sol-gel coatings are especially relevant for marine and saline environments
because they can combine the advantages of inorganic networks, such as chemical stabil-
ity and hardness, with the flexibility and hydrophobicity of organic components [109]. In
corrosion protection applications, these coatings act primarily as compact barrier layers,
but their performance can be further improved by incorporating functional additives, cor-
rosion inhibitors, or metal oxide components. Experimental studies on hybrid organosili-
con sol-gel coatings loaded with metal oxide additives have shown that such modifica-
tions can improve barrier properties and corrosion resistance in 3.5% NaCl solution, with
zirconium-based additives providing particularly effective protection compared with the
unmodified hybrid coating [108].

An additional advantage of sol-gel technology is its compatibility with environmen-
tally oriented and multifunctional coating design. Because sol-gel synthesis can be per-
formed under relatively mild conditions, it enables the incorporation of antibacterial, an-
tifouling, hydrophobic, or inhibitor-loaded components without requiring highly aggres-
sive processing routes [109,110]. In marine applications, this is important because surface
protection must address not only electrochemical corrosion, but also biofouling and bac-
terial colonization. Eco-sustainable sol-gel-based materials have therefore been investi-
gated as promising solutions for antifouling and antibacterial surface protection, includ-
ing marine applications [110].

This chemical adaptability makes sol-gel layers promising candidates for protecting
sensitive instrumentation, sensors, small metallic components, or high-performance ma-
rine electronics where traditional thermal or electrochemical deposition methods may be
too aggressive. However, their practical performance depends strongly on precursor
chemistry, curing conditions, coating thickness, crack formation, adhesion, and long-term
stability under immersion or cyclic humidity exposure. Therefore, sol-gel coatings are
best understood as part of hybrid protection strategies, where molecular-level design
complements conventional coating systems and supports the development of multifunc-
tional, environmentally compatible marine protective layers [108-110].

Substrate pre-treatment is a critical factor governing coating adhesion and long-term
protective performance. Surface cleaning removes salts, oils, corrosion products, and
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other contaminants that can create weak interfacial regions, while mechanical roughening
can increase the effective bonding area and improve mechanical anchoring. Its importance
varies with the deposition route. For thermal and plasma spraying, adequate surface
roughness and cleanliness are essential for particle anchoring and resistance to delamina-
tion, whereas electrochemical and electrophoretic deposition require a clean and chemi-
cally stable conductive surface to promote uniform deposition. For sol-gel systems, sur-
face activation and interfacial compatibility are particularly important because coating
adhesion depends strongly on the interaction between the deposited hybrid network and
the metallic substrate. Insufficient pre-treatment can therefore promote interfacial defects,
premature delamination, electrolyte penetration, and a reduction in the effective service
life of the coating [103,106,107,109].

Because the final coating properties depend strongly on processing conditions, Table
2 summarizes representative operating parameters together with the main advantages
and limitations of the deposition techniques discussed in this section. The reported values
should be regarded as representative rather than universal, since the optimal processing
window depends on the coating composition, feedstock characteristics, substrate, and
equipment configuration.

Table 2. Representative processing parameters, advantages, and limitations of marine coating dep-

osition techniques.

Deposition

. Representative Process Parameters Main Advantages Main Limitations Ref.
Technique

Flame temperature approximately
1300-3000 °C; gas velocity up to ap-

HVOF spray- proximately 2000 m/s; performance
ing strongly influenced by fuel/oxygen

High equipment cost; line-

of-sight process; excessive

thermal input may modify
feedstock phases

Dense coatings, low po-
rosity, high adhesion, and
high wear resistance

[99]

ratio, particle size, and stand-off dis-
tance

Requires strict bath control;
hydrogen evolution may

Current density, bath temperature,
pH, and electrolyte composition are
critical; an optimized current den-

Uniform coatings on

Zn-Ni electro- complex geometries;

promote porosity or embrit- [103,104]

lati d thick trol; ;
plating sity of approximately 4 A dm~? has §o0d FCKNESs CONTo tlement; chemical waste
. . sacrificial protection . .
been reported for Zn-Ni deposition management is required
Electropho- Applied voltage, deposition time, ~Suitable for complex ge- Requires stable suspensions
. . particle concentration, and suspen- ometries; good thickness and conductive substrates;
retic deposi- o . . . . (100]
. sion stability control coating thick-  control; relatively low drying may produce crack-
tion (EPD)
ness and uniformity processing temperature ing or non-uniformity
A 1 -gas fl icl
repowet, plasmargas fow, par.tlc ® Suitable for refractory  High thermal input; resid-
size, feed rate, and stand-off dis- . . .
Plasma spray- tance are critical: representative and ceramic materials;  ual stresses, porosity, and [105,107]
ing stand-off distance,s ari generally in high hardness and wear cracking may occur if pa- ’
resistance rameters are not optimized
the order of 75-150 mm
Synthesis can be performed near ~ Mild processing condi- Sensitive to precursor chem-
room temperature; hybrid systems tions; tunable chemistry; istry and curing; shrinkage
Sol-gel pro- . . . . . . .
cessing generally require relatively mild  suitable for thin hybrid  and cracking may occur;  [108-110]

curing conditions depending on for- and multifunctional coat- generally limited to rela-
mulation ings tively thin films

5. Performance Evaluation Methods for Marine Protective Coatings

For a protective coating to be considered suitable for marine applications, its re-
sistance to degradation must be demonstrated through controlled and reproducible
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testing procedures. The marine environment is highly aggressive because it combines sa-
linity, moisture, temperature variation, ultraviolet radiation, mechanical wear, and bio-
logical activity [3,5,15]. Since no single laboratory test can reproduce all these degradation
factors simultaneously, coating performance is usually evaluated through complemen-
tary methods, each targeting a specific failure mechanism. In active coating systems, es-
pecially those incorporating corrosion inhibitors, evaluation must also consider inhibitor
type, release mechanism, electrochemical behavior, efficiency, and environmental impact
[111]. Long-term studies on marine and offshore coating systems further show that labor-
atory testing must be correlated with real exposure data from stationary marine sites and
operating vessels in order to obtain reliable durability predictions [112]. Among the avail-
able characterization methods, electrochemical impedance spectroscopy (EIS) is particu-
larly important because it provides information on the corrosion mechanism and electro-
chemical response of steels exposed to corrosive environments [113]. Laboratory studies
on waterborne anticorrosive paints, including polyaniline-based nanocomposite disper-
sions tested in 3.5% NaCl solution, also illustrate the relevance of electrochemical and sa-
line exposure testing for evaluating protective coatings [114].

The evaluation of marine coatings must also account for coupled degradation mech-
anisms. Superhydrophobic coatings exposed to harsh marine conditions may experience
simultaneous loss of corrosion resistance and biofouling resistance, especially when sur-
face integrity or wettability is affected during exposure [115]. For offshore applications,
corrosion and tribocorrosion testing in synthetic seawater is important because coated
components can be subjected to both electrochemical attack and mechanical wear [116].
In addition, coating performance in harsh environments depends not only on the coating
formulation, but also on surface preparation, application quality, inspection methods, and
maintenance strategy [117]. Since some degradation processes are difficult to interpret
from electrochemical data alone, in situ optical analysis can be combined with EIS in order
to reduce subjectivity and link impedance changes to visible corrosion processes [118].
Reviews on organic coatings for marine applications also emphasize that protective per-
formance depends on coating microstructure, substrate condition, environmental expo-
sure, and the evaluation method selected [119].

Testing protocols are particularly relevant in chloride-rich environments, where cor-
rosion represents a major operational and maintenance challenge, as also observed in sea-
water desalination systems [120]. A notable trend in recent years has been the develop-
ment of multifactor accelerated test protocols. Instead of exposing coatings to single
stressors such as salt spray alone, these protocols combine several factors in a cyclic man-
ner, including ultraviolet radiation, salt spray, humidity, and temperature variation [121].

For cold and Arctic offshore environments, accelerated protocols may also include
low-temperature phases in combination with UV and salt spray exposure, in order to bet-
ter reproduce the combined stress conditions encountered in service [122]. EIS has also
been used to evaluate nanofiller-modified epoxy systems, such as halloysite nanotube-
filled coatings, where changes in low-frequency impedance provide information on bar-
rier performance in 3.5% NaCl solution [123].

This chapter describes five testing methodologies commonly encountered in the lit-
erature on marine coatings. These are adhesion testing, salt spray exposure, electrochem-
ical impedance spectroscopy, mechanical durability assessment, and accelerated weath-
ering. For each method, the discussion covers the basic principle, the typical procedure,
and the type of information that can be obtained. Where available, results from recent
studies are included to illustrate typical performance differences between coating sys-
tems.
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5.1. Adhesion Testing

The strength of the bond between a coating and its metal substrate is a primary de-
terminant of protective performance. If adhesion is weak, water and dissolved ions can
migrate along the interface, leading to blistering, underfilm corrosion, and eventually de-
tachment of the coating [3,70]. Adhesion testing is therefore essential because even a coat-
ing with high barrier performance can fail prematurely if the coating-substrate interface
is poorly prepared or chemically unstable.

The most widely used method for measuring adhesion is the pull-off test, standard-
ized under ISO 4624:2023 [124] and ASTM D4541-22 [125]. In this test, a metal dolly is
glued to the coated surface. After the adhesive has cured, a testing machine pulls the dolly
perpendicular to the surface until the coating fails. The maximum force divided by the
area of the dolly gives the adhesion strength in megapascals. Examination of the failed
surface reveals whether failure occurred at the coating-substrate interface, within the coat-
ing itself, or within the adhesive layer [126].

Surface preparation has a strong influence on adhesion results. In this context, sand-
blasting followed by zinc-rich epoxy primer application and polyurethane top coating
represents a practical route for improving the protection of structural steels used in ma-
rine environments [59]. Laser surface texturing has also been investigated as a method for
improving adhesion strength and corrosion protection. In one study, steel surfaces pat-
terned with V-shaped grooves using a nanosecond laser achieved higher adhesion
strength than conventionally bead-blasted surfaces. The improvement was attributed to
mechanical interlocking between the coating and the groove geometry, with the best re-
sults obtained when the textured area covered an optimized fraction of the total surface
[126].

For conventionally grit-blasted carbon steel, epoxy coating adhesion depends on the
specific epoxy formulation, the choice of hardener, the cleanliness of the surface, and the
cohesion of the coating layer. Studies on epoxy-based industrial composite coatings show
that both adhesion at the coating-substrate interface and cohesion within the coating are
essential for long-term durability [127]. Adding functionalized nanoparticles to the coat-
ing can also improve adhesion when the particles promote interfacial compatibility or
chemical bonding between the coating and the metallic substrate [59,127].

It is important to note that a coating with high initial adhesion may still lose its bond
when exposed to moisture for extended periods. Water molecules can displace interfacial
bonds and cause osmotic blistering. Therefore, wet adhesion testing, in which measure-
ments are performed after immersion or humidity exposure, provides a more realistic as-
sessment of long-term performance than dry adhesion testing alone [68,112,119].

5.2. Salt Spray Testing

Salt spray testing is one of the oldest and most frequently used methods for evaluat-
ing corrosion resistance. Standardized under ASTM B117-26 [128] and ISO 9227:2022
[129], the test involves placing coated samples in a closed chamber and continuously
spraying them with a sodium chloride solution, commonly 5% NaCl, at a controlled tem-
perature. The test is accelerated because the constant wetness and high salt concentration
cause corrosion to develop much faster than in many natural environments [112,114].

The main advantage of salt spray testing is its simplicity and wide acceptance. It al-
lows rapid comparison of different coating systems under identical conditions. For exam-
ple, studies on anticorrosive coating systems tested in 3.5% NaCl demonstrate that saline
exposure can reveal differences in barrier performance, inhibitor efficiency, and electro-
chemical stability between coating formulations [114]. In the case of marine and offshore
coating systems, salt spray testing can also be used as part of a broader comparison with
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field exposure data, helping to evaluate whether accelerated laboratory degradation is
representative of real service conditions [112].

Despite its popularity, salt spray testing has significant limitations. The continuous
wet condition does not reproduce the cyclic wetting and drying, UV exposure, tempera-
ture variations, or biological activity that occur in real marine atmospheres. Coatings that
perform well in a salt spray chamber may still fail prematurely when deployed in the field.
This recognition has led to the development of cyclic test protocols, such as those de-
scribed in ISO 12944-9:2018 [130], which combine salt spray with UV exposure, condensa-
tion, and low-temperature phases [112,121].

Cyclic protocols have been reported to correlate better with field exposure than con-
tinuous salt spray tests in some studies. Multifactor accelerated tests combine several en-
vironmental stressors in alternating cycles, such as UV radiation, salt spray, humidity,
and temperature variation. Such protocols are useful because UV radiation can initiate
surface cracking or chemical degradation, while salt-containing moisture can subse-
quently penetrate through coating defects and accelerate underfilm corrosion [121].

For Arctic applications, test protocols have been developed that include a freezing
phase in addition to UV and salt spray. Under these conditions, epoxy-based coatings may
degrade rapidly, while polyurethane coatings can maintain higher impedance and lower
gloss loss throughout the test. These results indicate that coating selection for cold regions
must consider the combined effects of salt, UV radiation, freezing temperature, and ther-
mal cycling [122].

5.3. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy is a non-destructive technique that pro-
vides detailed information about the barrier properties of a coating and how they change
over time. The method works by applying a small alternating voltage, typically between
5 and 20 mV, across a wide range of frequencies, from about 100 kHz down to 0.01 Hz.
The electrical response of the coating-electrolyte system is then measured and analyzed
[113].

From an electrical perspective, an intact coating behaves as a dielectric material. It
has a certain capacitance, which depends on its thickness and the dielectric constant of the
polymer. As water penetrates the coating, the dielectric constant increases because water
has a much higher dielectric constant than dry polymer. This increase causes the meas-
ured capacitance to rise. At the same time, the formation of conductive pathways through
pores or defects causes the coating resistance to decrease. When the electrolyte eventually
reaches the metal surface, a new electrochemical interface appears, characterized by
charge transfer resistance and double-layer capacitance. These changes can be detected by
EIS long before visible corrosion becomes evident [113].

For quantitative interpretation, EIS spectra are commonly fitted using equivalent
electrical circuits. For an intact coating, a simplified circuit may include the solution re-
sistance (Rs) in series with a parallel coating resistance—constant phase element branch
(R(c)/CPE()). When electrolyte reaches the coating—metal interface, an additional charge-
transfer branch (R()/CPE4;) may be required. Constant phase elements (CPEs) are
commonly used instead of ideal capacitors to account for non-ideal capacitive behavior
caused by surface heterogeneity and coating defects. The fitting quality should be evalu-
ated using residuals and goodness-of-fit parameters, while the evolution of coating re-
sistance, CPE parameters, and charge-transfer resistance provides information on water
uptake, coating degradation, and corrosion initiation [113].

A particularly useful parameter is the low-frequency impedance modulus, often
evaluated at low frequencies, such as 0.01 Hz. For a high-performance coating in its initial
state, this value often exceeds 108 Q-cm?. As the coating degrades, the low-frequency
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impedance drops, sometimes by several orders of magnitude. However, interpretation of
EIS data can be subjective when several degradation processes occur simultaneously. For
this reason, EIS can be combined with in situ optical analysis, allowing electrochemical
changes to be correlated with visible surface degradation and localized corrosion pro-
cesses [118].

EIS is also useful for evaluating the effect of nanofillers on coating performance. In
halloysite nanotube-filled epoxy composite coatings, changes in impedance response can
indicate whether nanofillers improve the barrier properties of the coating in 3.5% NaCl
solution [123]. The nanotubes can create tortuous diffusion pathways that force water and
ions to travel longer distances before reaching the metal substrate. However, excessive
filler loading may lead to agglomeration and reduced performance, which shows that EIS
is particularly valuable for identifying the optimal filler concentration in nanocomposite
coatings [123].

For self-healing coatings, EIS can be used to measure the recovery of barrier proper-
ties after damage. When a coating contains microcontainers or nanocontainers loaded
with corrosion inhibitors, the impedance may partially recover after scratching if active
compounds are released at the damaged site. In this context, knowledge of corrosion in-
hibitor mechanisms, electrochemical behavior, and environmental impact is important for
evaluating whether inhibitor-loaded coatings provide effective and sustainable protection
[111].

5.4. Hardness and Abrasion Testing

Marine coatings must withstand not only chemical attack, but also mechanical deg-
radation generated by hydrodynamic forces, suspended abrasive particles, ice contact,
maintenance operations, cleaning procedures, and repeated service-related contact. In op-
erational environments, sand and silt transported by waves can progressively abrade
coating surfaces, while floating ice in polar regions may induce impact damage or surface
scratching. A coating with insufficient hardness may be rapidly worn away, exposing the
metallic substrate to aggressive electrolytes. Conversely, an excessively hard and brittle
coating may be susceptible to cracking under impact, vibration, or thermal cycling. There-
fore, mechanical durability must be evaluated together with corrosion resistance when
assessing coating performance for marine applications [116].

Hardness testing provides information on the resistance of a coating to deformation,
indentation, and scratching. A simple and widely used method is the pencil hardness test,
standardized under ASTM D3363-22 [131], which identifies the hardest pencil grade that
does not produce a permanent mark on the coating surface. A more quantitative approach
is microhardness testing using a Vickers indenter, where the resistance to plastic defor-
mation is measured under a defined load. Although these tests provide useful compara-
tive data, hardness values should not be interpreted in isolation, but rather in relation to
adhesion, flexibility, fracture behavior, and corrosion performance [116,127].

Abrasion resistance is commonly evaluated using the Taber abrasion test, standard-
ized under ASTM D4060-25 [132]. In this method, rotating abrasive wheels are pressed
against the coated surface for a defined number of cycles, after which the resulting mass
loss is measured. Lower mass loss generally indicates higher resistance to mechanical
wear. This test is particularly relevant for coatings applied in areas exposed to repeated
mechanical stress, such as splash zones, tidal zones, decks, and components affected by
suspended particles, cleaning operations, or contact wear [116].

Different coating technologies provide different balances between hardness, adhe-
sion, flexibility, and corrosion resistance. In offshore applications, the combined action of
electrochemical corrosion and mechanical wear is particularly important because coated
components may experience tribocorrosion in synthetic seawater [116]. More generally,
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coating performance in harsh environments depends on coating selection, surface prepa-
ration, application quality, inspection procedures, and maintenance planning [117]. Con-
sequently, no coating type can be considered universally optimal; the appropriate solution
must be selected according to the specific combination of mechanical, chemical, and envi-
ronmental stressors expected during service [117].

5.5. UV Exposure and Weathering Tests

Organic coatings are susceptible to degradation under solar radiation, especially due
to the ultraviolet component of sunlight. Ultraviolet radiation has higher energy than vis-
ible light and can induce polymer chain scission, photo-oxidation, and changes in the
chemical structure of the coating matrix. These processes, generally described as photo-
degradation, may lead to discoloration, gloss loss, chalking, surface cracking, embrittle-
ment, and eventual loss of adhesion and barrier integrity [119].

Table 3 summarizes the main experimental methods used to evaluate the perfor-
mance and durability of protective coatings, together with the corresponding properties
assessed, commonly applied standards, information obtained, and key limitations.

Table 3. Performance evaluation methods for marine protective coatings.

Evaluated Prop- Typical Standard

Test Method Information Obtained Main Limitation Ref.
erty or Approach
. Pull-off test, ISO . . Dry adhesion may not
— Adh h, fail
Adhesion testing Coating sybstrate 4624:2023, ASTM d esion strength, anre represent long-term wet [112,119]
bonding mode, interface quality
D4541-22 performance
. R('esista‘nce to chlo- ASTM B117-26, IS OBlis'tering, rusting, delami- Continuous salt fog does (112,114,
Salt spray testing ride-rich acceler- 92972022 nation, comparative corro- not fully reproduce real 121]
ated exposure ] sion resistance cyclic marine exposure
. Barrier perfor- Frequency-depend- . . . Interpretation can be
Electrochemical . Coating resistance, capaci-
. mance and electro- ent impedance complex when several
impedance spec- . . tance, water uptake, corro- . [113,118]
chemical degrada- measurement in . degradation processes
troscopy (EIS) . sion initiation .
tion electrolyte occur simultaneously
Resistance to in Pencil hardness, High hardness alone
~ ASTM D3363-22; Surface hard dre- d t tee dura-
Hardness testing ~ dentation and S 3363-22; Surface hardness and re- does not guarantee dura [116,125]

scratchin Vickers microhard- sistance to deformation  bility if the coating is
i ness brittle

Does not fully reproduce

combined corrosion and  [116]
mechanical stress

ASTM G154-23, Gloss loss. color chanee Single-factor UV tests

UV and weather- " . ISO 16474-3:2021, . e ¢ may not represent com-
. . radiation and cli- . cracking, chalking, embrit- . .
ing testing cyclic UV/conden- Hement bined salt, humidity, and

sation exposure temperature effects

Resistance to me- Taber abrasion, Mass loss, wear resistance,

Abrasion testing chanical wear =~ ASTM D4060-25  mechanical durability

Resistance to solar
[119,121]
matic aging

Durability under Cracking, adhesion loss, Mainly relevant for Arc-

F —thaw test-
reezeTThaw tes impedance reduction,  tic or cold-region appli- [122,133]

. . Cyclic freezing and
. cold-region cyclic .
ing ox thawing protocols . - .

posure coating stability cations

Accelerated weathering tests are designed to simulate the effects of sunlight and
moisture under controlled laboratory conditions. Commonly used standards include
ASTM G154-23 [134] and ISO 16474-3:2021 [135]. These tests use fluorescent UV lamps,
typically UVA-340 or UVB-313, to irradiate coated samples. Irradiation is usually com-
bined with condensation cycles to simulate dew formation and moisture exposure. Test
durations may range from hundreds to thousands of hours, depending on the
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performance level being evaluated. During exposure, color change, gloss retention, sur-
face cracking, chalking, and other degradation indicators are measured at regular inter-
vals [119,121].

Some coating types are inherently more resistant to UV degradation than others.
Fluoropolymer coatings, for example, contain strong carbon—fluorine bonds and are often
used in applications where long-term color and gloss stability are required. Nanoparticles
such as TiO2 and ZnO can also improve UV resistance by absorbing ultraviolet radiation,
dissipating energy, or reducing the formation of free radicals that would otherwise attack
the polymer network [119]. In harsh marine conditions, degradation of surface properties
can also reduce the corrosion and biofouling resistance of superhydrophobic coatings,
showing that weathering tests should be interpreted together with surface stability and
biological resistance [115].

The combination of UV radiation with other environmental factors can produce syn-
ergistic degradation effects. Multifactor testing has shown that UV exposure, salt spray,
humidity, and temperature cycling can produce more realistic coating degradation than
single-factor tests. UV radiation can initiate chemical changes and microcracking at the
coating surface, while salt-containing moisture can subsequently penetrate through these
defects and accelerate underfilm corrosion [121].

For Arctic environments, test protocols have been developed that include freezing
phases in addition to UV and salt spray exposure. Chemical analysis of coatings subjected
to such tests has shown that UV radiation and temperature cycling can promote oxidation,
hydrolysis, gloss loss, and impedance reduction in organic coatings. These findings sug-
gest that, for cold-region applications, conventional UV testing alone may be insufficient
and should be replaced or complemented by combined protocols that include salt spray
exposure and freezing phases [122].

Freeze—thaw resistance is also relevant for marine composite materials exposed to
cold climates. Nano-gelcoat systems have been investigated for glass fiber-reinforced pol-
ymer composites used in marine applications, showing that modified gelcoat layers can
influence durability under freeze-thaw exposure [133]. Based on these findings, UV and
weathering tests should be interpreted together with adhesion, EIS, salt spray, freeze—
thaw, and mechanical durability results to obtain a more realistic assessment of marine
coating performance [119,121,122,133].

6. Economic and Scalability Analysis of Coating Technologies

The industrial deployment of advanced anticorrosive coating technologies is increas-
ingly shaped by the convergence of economic constraints, scalability limitations, regula-
tory pressure, and sustainability-driven design requirements. Although recent advances
in nanotechnology-enabled coatings, self-healing systems, superhydrophobic surfaces,
and multifunctional composite architectures have significantly improved corrosion re-
sistance, mechanical durability, and functional performance in marine environments,
their transition from laboratory-scale prototypes to full-scale industrial applications re-
mains challenging. From an industrial perspective, coating reliability depends not only
on corrosion resistance, but also on adhesion, cohesion, mechanical stability, and re-
sistance to environmental aging. Adhesion and cohesion are particularly important for
epoxy-based industrial composite coatings, because interfacial failure or internal cracking
can reduce long-term protective performance [127]. In marine composite applications, cli-
matic durability is also important, as nano-gelcoat systems have been investigated for im-
proving the freeze-thaw resistance of glass fiber-reinforced polymer composites [133].

These technical requirements are increasingly connected with broader regulatory
and sustainability trends in the shipbuilding sector, where green shipbuilding strategies
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are shaped by current regulations, available technologies, and future environmental re-
quirements [136].

The gap between laboratory performance and industrial implementation is primarily
driven by discrepancies between performance optimization under controlled laboratory
conditions and the complex operational realities of marine infrastructure, where coatings
must withstand long-term electrochemical degradation, mechanical abrasion, biofouling,
freeze-thaw cycling, and cyclic environmental loading. Consequently, economic feasibil-
ity, production scalability, and lifecycle sustainability emerge as interdependent evalua-
tion dimensions that collectively determine technology readiness and market penetration
potential. In particular, the integration of nanomaterials, bio-based polymers, and multi-
functional coating introduces additional layers of complexity in terms of raw material
supply chains, processing requirements, environmental compliance, and cost distribution
across the lifecycle [136].

6.1. Economic Drivers of Coating Selection

The cost-effectiveness of anticorrosive coatings in marine environments must be as-
sessed through a lifecycle-oriented framework, where total cost of ownership is deter-
mined not only by initial application expenses but also by maintenance frequency, opera-
tional downtime, and service life extension. Self-healing coating systems are economically
relevant because their potential to limit localized coating damage may reduce repair fre-
quency and maintenance interventions [137]. Similarly, nano-based smart coatings can
improve corrosion mitigation through barrier enhancement, inhibitor release, and multi-
functional protection mechanisms, although their economic viability depends on material
cost, processing complexity, and long-term durability [138]. From a broader sustainability
perspective, eco-strategies for coating development emphasize that performance im-
provements should be considered together with environmental impact, raw material use,
and lifecycle consequences [139]. In parallel, predictive maintenance approaches in the
maritime industry can support cost reduction by enabling earlier detection of degradation
and better planning of inspection and repair operations [140-145].

Lifecycle economic assessment should consider not only the initial coating and ap-
plication cost, but also maintenance, inspection, recoating, dry-docking, downtime, and
operational expenses over the service life of the asset. Recent lifecycle studies on hull pro-
tection technologies have shown that coating-related economic performance is strongly
influenced by maintenance frequency, fuel consumption, dry-docking requirements, and
the expected lifetime of the protective system [146]. Similarly, life-cycle cost analysis of
advanced surface coatings demonstrates that higher initial material costs may be offset by
reduced maintenance requirements and longer functional lifetime [147].

A simplified lifecycle cost framework can be expressed as:

LCC = Co + Z [(Cmt+ Cre+ Cax+ Cop)/(1 +1)1] 3)

where Co is the initial coating and application cost, Cmrepresents maintenance costs, Cr
recoating costs, Ca: dry-docking or downtime costs, Copt Operational costs, r is the dis-
count rate, and t is the year of occurrence.

When coating alternatives generate measurable economic savings, their economic
benefit can also be assessed using net present value (NPV):

NPV =-Co + £ [(Sc - Co/(1 +1)] (4)

where St represents the savings generated during year t and C: represents the associated
lifecycle costs. Positive NPVs indicate that the discounted economic benefits exceed the
initial and recurring costs over the considered evaluation period.
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Published lifecycle analyses provide useful quantitative benchmarks for interpreting
these economic considerations. In a marine hull-protection case study, active antifouling
protection was associated with a reduction in required propulsion power of up to 120 kW,
and lifecycle analysis indicated economic advantages over passive protection despite the
higher initial investment [146]. In another lifecycle cost study, a polyurethane-based su-
perhydrophobic coating system was reported to have a coating material cost of approxi-
mately €3/m?, an initial application cost of approximately €3/m? and a reapplication cost
of approximately €9/m?, with a reported total cost benchmark of €15/m? compared with
€1446/m? for the uncoated reference system under the assumptions of that study [147].

Although the latter analysis concerns an anti-icing rather than a marine application,
it illustrates the strong influence of maintenance frequency, reapplication requirements,
and operational energy demand on lifecycle economics. Therefore, such values should be
interpreted as case-specific benchmarks rather than universal marine coating costs.

Conventional protective systems, particularly inorganic zinc-rich coatings and ther-
mal-spray zinc coatings, continue to dominate many industrial applications due to their
established application methodologies and compatibility with large-scale infrastructure.
Comparative studies of inorganic zinc-rich coatings and thermal-spray zinc coatings show
that their anticorrosion performance and predicted lifespan depend strongly on coating
type, degradation mechanism, and exposure conditions [141]. However, their long-term
durability under continuous chloride exposure can still lead to progressive degradation
and recurring maintenance interventions, which can increase cumulative lifecycle costs in
offshore and marine environments [141].

In contrast, advanced nanocomposite architectures may introduce a different cost
structure, characterized by higher initial investment but potentially reduced maintenance
intensity. Nano-based coatings can improve corrosion protection by increasing diffusion
tortuosity, reducing electrolyte penetration, and enhancing coating functionality [138].
This results in extended inspection intervals and reduced repair frequency, which can
partially offset increased material and processing costs. Superhydrophobic coatings also
contribute to lifecycle cost reduction through their ability to reduce surface contamination
and support self-cleaning behavior. Low-cost preparation strategies for durable, transpar-
ent, superhydrophobic coatings with good environmental stability indicate that such sur-
faces may become more accessible for wider industrial use, although their direct applica-
bility to marine corrosion protection still depends on durability under real service condi-
tions [142].

From an economic perspective, self-healing coatings may reduce preventive mainte-
nance and repair frequency, which is particularly relevant for offshore structures where
maintenance operations are logistically complex, weather-dependent, and associated with
high operational costs [137,140]. Cost-effectiveness trends indicate a transition toward
performance-driven lifecycle economic models, where durability, functional integration,
predictive maintenance, and maintenance reduction are considered alongside initial cap-
ital expenditure considerations in coating selection strategies [139,140].

6.2. Scalability of Advanced Coating Technologies

Scalability remains an important limiting factor in the industrial adoption of ad-
vanced anticorrosive coatings, particularly those based on nanoscale engineering and
multifunctional smart materials. While laboratory-scale research often reports improved
corrosion resistance and multifunctionality, industrial-scale implementation introduces
significant challenges related to process reproducibility, material stability, and manufac-
turing complexity. Reviews on nanotechnology for corrosion prevention show that nano-
materials can improve coating performance, but their large-scale use requires control of
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dispersion, interfacial compatibility, environmental safety, and process repeatability
[143].

Nanotechnology-based coatings face important scalability constraints arising from
nanoparticle dispersion stability, agglomeration tendencies, and interfacial incompatibil-
ities within polymer matrices. Achieving uniform distribution of nanofillers such as gra-
phene derivatives, silica, or metal oxides requires advanced dispersion techniques, sur-
face functionalization strategies, and high-energy mixing processes. These requirements
increase production complexity and can introduce variability in coating performance at
scale if not rigorously controlled [138,143].

Bio-based and biodegradable polymer systems introduce another direction of scala-
bility. Eco-friendly biodegradable polyurethane coatings with antibacterial and antifoul-
ing performance are relevant because they combine environmental compatibility with
functional surface protection [144]. However, industrial adoption depends on the availa-
bility of raw materials, reproducible synthesis, coating stability, adhesion to substrates,
and long-term performance in aggressive marine conditions. Therefore, such systems
must be evaluated not only in terms of laboratory performance, but also in terms of pro-
cessing cost, production consistency, and regulatory acceptance [144].

Self-healing coatings present additional scalability challenges due to the sensitivity
of microencapsulated healing systems and the necessity to preserve capsule integrity
throughout synthesis, storage, and application stages. Industrial scaling requires strict
control over polymerization conditions, encapsulation efficiency, and mechanical stability
of healing agents to ensure consistent performance under real-world operational condi-
tions [137]. Multi-action smart coating strategies further show that active anticorrosion
and self-healing systems can respond to stimuli such as pH variation, chloride concentra-
tion, moisture, and mechanical damage, but their implementation at industrial scale de-
pends on formulation robustness and long-term reliability [145].

Superhydrophobic coatings, despite their functional advantages, face scalability lim-
itations due to the need for hierarchical micro and nanoscale surface structuring. Repli-
cating such structures on large and geometrically complex marine components remains
technically challenging and often requires adaptation of deposition techniques that are
not fully compatible with conventional industrial coating lines [142]. In contrast, zinc-rich
and thermal-spray coatings demonstrate relatively high scalability due to their estab-
lished industrial maturity, standardized application protocols, and compatibility with ex-
isting infrastructure. Nevertheless, under severe marine exposure conditions, these con-
ventional systems may require hybridization with advanced functional additives or com-
plementary protective layers to meet modern durability and sustainability requirements
[141].

6.3. Commercial Perspectives for Marine Coating Technologies

Market adoption of anticorrosive coatings is increasingly governed by regulatory
frameworks, sustainability requirements, and operational efficiency imperatives across
marine and offshore industries. International regulations targeting emissions reduction,
hazardous chemical elimination, and marine ecosystem protection are contributing to the
transition toward environmentally compliant coating systems, including low-VOC for-
mulations, biodegradable polymers, smart coatings, and multifunctional eco-coatings
[136,139].

In the commercial shipping sector, which represents one of the major application do-
mains for marine coatings, adoption is strongly driven by fuel efficiency optimization,
hull performance enhancement, maintenance cost reduction, and environmental compli-
ance. Life-cycle cost assessment of hull protection technologies is particularly important
because coating selection can influence both operational cost and the environmental
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performance of vessels over time [146]. Such approaches are relevant for fishing vessels
and other marine assets where hull protection technologies affect maintenance require-
ments, fuel consumption, and environmental friendliness [146].

The offshore energy sector, including oil, gas, and wind infrastructure, prioritizes
coatings capable of maintaining structural integrity under extreme mechanical, chemical,
and environmental loading conditions. Smart self-healing coatings and nano-based anti-
corrosive systems are receiving increasing attention due to their ability to extend service
intervals and reduce maintenance interventions in remote and high-cost operational en-
vironments [137,138,145]. Biodegradable polyurethane coatings with antibacterial and an-
tifouling functionality also represent an emerging market segment driven by environmen-
tal compliance requirements and increasing pressure to reduce marine pollution impacts.

These systems align with sustainability objectives while maintaining functional per-
formance in corrosive and biologically active environments [144].

Superhydrophobic and anti-icing coatings are expanding into niche but high-value
markets, particularly in cold-region marine infrastructure where operational safety, en-
ergy efficiency, and maintenance reduction are critical performance indicators. Environ-
mental impact and life cycle cost analysis of superhydrophobic coatings for anti-icing ap-
plications shows that the economic and environmental performance of these systems must
be evaluated together, especially when advanced surface treatments are proposed for
harsh exposure conditions [147-149]. In addition, multifunctional SiO@ZnO core-shell
nanosphere coatings incorporated into polymer matrices have been investigated for sus-
tainable marine transport, showing the potential of multifunctional coatings to combine
surface protection with improved operational and environmental performance [148].

Beyond these general scale-up constraints, several technology-specific bottlenecks re-
main. For self-healing coatings, micro or nanocontainers must survive formulation, mix-
ing, storage, spraying, and curing without premature rupture or release of the healing
agent. The amount of active material is also finite in many extrinsic systems, which can
limit repeated healing after multiple damage events. Reproducible release kinetics, com-
patibility between the healing agent and polymer binder, long-term storage stability, and
retention of adhesion and mechanical properties after repeated wet-dry, abrasion, and
UV exposure therefore remain important requirements for industrial implementation
[137,145,150].

Market trends suggest a gradual shift toward multifunctional, environmentally com-
pliant, and high-durability coating systems, although commercialization remains con-
strained by cost-performance trade-offs, scalability limitations, durability validation, and
compatibility with existing industrial application methods [138,143,146].

6.4. Long-Term Environmental and Economic Implications

Sustainability-driven lifecycle cost analysis (LCCA) has become an increasingly im-
portant framework for evaluating anticorrosive coating systems, integrating economic
performance metrics with environmental impact indicators such as carbon emissions,
VOC release, toxicity, recyclability, maintenance frequency, and long-term ecological ef-
fects. Reviews on corrosion prevention methods for steel in marine environments empha-
size that coating systems, cathodic protection, inhibitors, material selection, and surface
engineering strategies must be evaluated in relation to the specific exposure conditions
and service requirements of marine structures [149].

The qualitative descriptors used in Table 4 are intended to indicate relative industrial
maturity and implementation characteristics based on the literature discussed in this sec-
tion, rather than fixed quantitative thresholds.
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Table 4. Industrial and lifecycle considerations for advanced marine coating technologies.
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Conventional zinc-based and solvent-based coatings, despite their economic ad-
vantages, may be associated with higher environmental burdens due to VOC emissions,
material consumption, and repeated maintenance operations. In contrast, biodegradable
polyurethane systems demonstrate improved environmental compatibility through re-
duced toxicity and enhanced antibacterial or antifouling functionality, aligning with
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increasingly stringent marine environmental regulations [144]. Nanocomposite coatings
may also provide sustainability benefits through extended service life and reduced
maintenance frequency, which collectively lower cumulative environmental impacts as-
sociated with repair operations and material consumption. However, uncertainties re-
garding nanoparticle persistence and ecological toxicity remain critical challenges requir-
ing further investigation under evolving regulatory frameworks [143].

Ceramic-enhanced coatings and multifunctional nanocomposite systems may offer
long-term sustainability advantages due to improved durability and reduced recoating
frequency. Similarly, SiO@ZnO multifunctional coatings contribute to sustainability by
improving coating functionality and supporting more efficient marine transport systems
[148]. Lifecycle assessment studies generally indicate that increasing coating durability is
an effective strategy for reducing environmental footprint in marine infrastructure, pri-
marily by minimizing maintenance-related activities such as dry-docking, transportation,
and surface reapplication processes [146,147]

Additionally, predictive maintenance strategies enabled by digital monitoring and
data-driven decision systems further enhance sustainability outcomes by optimizing coat-
ing performance monitoring and reducing unnecessary maintenance interventions
throughout asset lifecycles [140]. Sustainability in coating technologies emerges as a mul-
tidimensional construct integrating material durability, environmental compatibility,
lifecycle cost optimization, and long-term performance in marine environments, support-
ing the role of advanced coatings in low-carbon and resource-efficient marine infrastruc-
ture systems [136,139,146,149].

7. Research Perspectives and Future Developments in Marine Protective
Coatings

Future research on marine protective coatings should increasingly focus on the un-
resolved limitations that restrict the transition of advanced systems from laboratory de-
velopment to long-term naval and offshore service. Key priorities include improving long-
term durability, environmental compatibility, multifunctionality, industrial scalability,
and the integration of coating performance with condition-monitoring and predictive-
maintenance strategies.

One important future direction is the long-term validation and industrial translation
of smart self-healing coatings [150]. In parallel, sustainable polymer-based coatings are
gaining importance because they can reduce environmental impact while keeping protec-
tive functionality in corrosive environments [151]. Multifunctional polymer systems are
also being explored, including biomass polyurethane-based composite coatings that com-
bine anticorrosion, radiative cooling, UV shielding and recyclability in a single material
platform [152]. At the same time, durability assessment under realistic marine exposure
remains essential, particularly for coatings exposed to alternating hydrostatic pressure,
where water transport and resistivity through the coating thickness can influence long-
term protection [153].

Bio-inspired and antifouling strategies represent another major research direction.
Coral-inspired coatings and related bioinspired concepts provide models for reducing bi-
ological adhesion without relying on highly toxic biocides [154]. Low-roughness antifoul-
ing coatings are also relevant because they can reduce hydrodynamic drag, fuel consump-
tion and associated greenhouse gas emissions during ship operation [155]. In addition,
surface modification methods such as plasma treatment, etching, functionalization and
nanostructuring may improve coating adhesion, wettability and integration with metallic
substrates, although their industrial applicability must be shown under realistic marine
conditions [157]. For naval auxiliary systems, functional polymer-based coatings with
simultaneous antiscaling and anticorrosive properties are a relevant future direction,
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because mineral deposition, salt accumulation and localized corrosion can occur together
in seawater pipelines, heat exchangers and transport units [158].

Current research indicates that the future of marine coating technologies will likely
be shaped by five interconnected directions: the replacement of toxic substances with en-
vironmentally acceptable alternatives; the development of coatings with longer functional
durability; the integration of self-healing, antifouling and anticorrosive mechanisms into
unified architectures; the use of data-driven and digital-twin-based monitoring for pre-
dictive maintenance; and the design of scalable, recyclable and cost-efficient coating sys-
tems compatible with industrial application routes [150-152,155,158]. These directions are
directly aligned with the broader objective of prolonging the operational lifetime of naval
materials while reducing maintenance costs, environmental impact and unplanned down-
time.

7.1. Environmental Regulation and Sustainable Coating Design

Environmental regulation is one of the main drivers reshaping the development of
marine coatings. Traditional antifouling and anticorrosive formulations have often relied
on compounds that are effective but environmentally problematic, including organotin
compounds, heavy-metal-based additives, persistent biocides, and volatile organic com-
pounds. The environmental damage associated with toxic antifouling agents has already
driven global restrictions and bans, encouraging the development of biocide-free and bi-
oinspired alternatives [154]. In parallel, corrosion inhibitor research has moved toward
plant extracts, biopolymers, amino acids, selected low-toxicity ionic liquids and organic—
inorganic hybrids in response to the need for effective but less toxic corrosion control
strategies [87,90,111].

The primary difficulty is that environmental safety and protective performance are
not always easy to optimize simultaneously. Toxic additives are often effective because
they interfere aggressively with biological adhesion or electrochemical reactions. Replac-
ing them with green materials requires new mechanisms of action, such as adsorption-
based inhibition, hydrophilic hydration layers, foul-release surfaces, natural antifoulants,
zwitterionic structures, biopolymer-based systems or biomimetic micro/nano topogra-
phies [111,154]. However, the efficiency of these alternatives may depend strongly on pH,
salinity, temperature, biological species, flow conditions and exposure duration. Green
inhibitors, for example, may exhibit high inhibition efficiencies under controlled condi-
tions, but their performance can vary due to differences in natural composition, extraction
method, molecular stability and adsorption behavior on the metal surface [87,90,111].

Bio-inspired antifouling strategies represent a promising environmentally compati-
ble direction. Coral-inspired coatings, for example, use natural antifoulant effects, foul-
release mechanisms, sloughing behavior, soft surface structures and fluorescence-related
strategies as conceptual models for reducing organism attachment without relying on
highly toxic biocides [154]. Similarly, broader biomimetic antifouling approaches use sur-
face microstructures, hydrogel layers, amphiphilic polymers and zwitterionic systems to
reduce adhesion of bacteria, algae, barnacles and other fouling organisms [159]. These
strategies are particularly relevant to naval materials because fouling not only increases
hydrodynamic drag and fuel consumption but also accelerates localized corrosion and
promotes microbial corrosion processes.

Nevertheless, environmental compatibility must be assessed beyond the absence of
conventional toxic substances. Nanoparticle-based coatings, including ZnO, TiO2, poly-
aniline nanocomposites and cellulose- or chitosan-based nanofillers, can improve corro-
sion resistance and antifouling performance, but their long-term release, ecotoxicity, per-
sistence and transformation in seawater require more systematic evaluation [114,160]. In
parallel, recent developments in corrosion inhibitors show that green and hybrid inhibitor
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systems may reduce toxicity while maintaining electrochemical protection efficiency, alt-
hough their performance depends strongly on molecular structure, adsorption behavior,
electrolyte composition and exposure conditions [111].

Another regulatory challenge concerns VOC reduction and the transition toward wa-
terborne or solvent-reduced coating systems. Sustainable polymer-based coatings and
waterborne anticorrosive paints are increasingly important because they reduce occupa-
tional and environmental hazards while maintaining protective performance [114,151].
The acrylate waterborne paint incorporating polyaniline/Zn/Ni nanocomposite disper-
sion demonstrates that water-based systems can achieve high anticorrosive efficiency in
3.5% NaCl solution when the conductive polymer nanophase is properly dispersed within
the coating matrix [114]. However, for naval applications, future studies should extend
such systems toward long-term immersion, cyclic mechanical loading, seawater bioactiv-
ity and field validation.

Future environmental and regulatory development should therefore focus on three
priorities. First, coating formulations must be designed according to green chemistry prin-
ciples, including renewable feedstocks, lower toxicity, reduced VOC emissions and safer
degradation products [90,111,151]. Second, standardized ecotoxicological testing should
accompany electrochemical and mechanical characterization, especially for nanomaterial-
containing systems [160]. Third, regulatory approval should be integrated early in coating
development, rather than treated as a final-stage requirement. This is particularly im-
portant for naval and offshore applications, where large surface areas, long exposure
times and direct contact with marine ecosystems magnify the consequences of coating
leaching or degradation.

7.2. Long-Term Durability Under Marine Service Conditions

Durability remains the central technical challenge for coatings intended to prolong
the lifetime of naval materials. Marine environments accelerate coating failure through
multiple coupled pathways: water uptake, ion diffusion, osmotic blistering, adhesion loss,
mechanical erosion, fouling accumulation, microbial attack and underfilm corrosion. Or-
ganic coatings provide an essential barrier against water and oxygen ingress, but their
protective function gradually decreases as seawater penetrates the polymer network and
reaches the coating-metal interface [59,153]. Under deep-sea or fluctuating-pressure con-
ditions, the situation becomes more complex because alternating hydrostatic pressure can
accelerate electrolyte transport and modify water diffusion behavior through coating de-
fects or pores [153].

The study of pigmented and unpigmented epoxy coatings under marine alternating
hydrostatic pressure highlights an important future requirement: coating degradation
should not be evaluated only by surface appearance or simple immersion time, but by
internal transport behavior and resistivity profiles through the coating thickness [153].

The use of EIS-based physical models, including power-law and two-layer models,
provides a more mechanistic understanding of anti-permeability and water absorption
behavior. This is particularly relevant for naval structures exposed to variable pressure
conditions, such as submarines, deep-sea equipment, offshore foundations and compo-
nents operating between shallow and deep marine zones [153].

Nanocomposite coatings offer a route to improved durability by increasing tortuos-
ity, reducing permeability, enhancing mechanical strength and improving adhesion be-
tween the polymer matrix and the substrate, and recent reviews further support their po-
tential for corrosion protection of metallic materials when nanofillers are properly dis-
persed within the coating matrix [161]. Cellulose nanocrystals, carbon nanotubes, inor-
ganic nanoparticles and other bio-based or inorganic nanofillers can create more complex
diffusion pathways for corrosive species and improve the mechanical integrity of the
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coating film [160]. However, nanocomposite performance depends heavily on dispersion
quality, filler-matrix compatibility, filler concentration and interfacial bonding. Poor dis-
persion or agglomeration may create defects that accelerate rather than suppress coating
degradation. Therefore, the future of nanocomposite coatings should emphasize con-
trolled dispersion, surface functionalization and structure—property relationships rather
than simply increasing filler content [160].

Self-healing coatings represent a more advanced durability strategy because they ad-
dress the fundamental problem that coating damage is difficult to avoid in service. Smart
self-healing systems can detect local stimuli such as pH variation, mechanical cracking,
temperature change or redox activity and respond by releasing inhibitors or restoring pol-
ymer continuity [150]. Intrinsic systems rely on reversible chemical bonds, such as dy-
namic covalent bonds or supramolecular interactions, whereas extrinsic systems use mi-
crocapsules, nanocapsules, vascular networks or porous carriers loaded with healing
agents or corrosion inhibitors [150]. For naval applications, these systems are highly at-
tractive because they can reduce the progression of microdefects before they evolve into
underfilm corrosion or macroscopic coating failure.

However, important limitations remain. Self-healing efficiency is often demonstrated
under ideal laboratory damage conditions, while real naval structures experience re-
peated abrasion, fouling pressure, cyclic wet-dry exposure, salt crystallization, UV radia-
tion and mechanical deformation. Healing agents may also be exhausted after one or sev-
eral damage events, especially in capsule-based systems. Intrinsic systems may allow re-
peated healing, but their mechanical strength, adhesion and chemical resistance must re-
main compatible with marine service requirements [150]. Therefore, future work should
prioritize multi-cycle healing tests, field exposure validation, compatibility with industrial
coating application methods and quantitative links between healing efficiency and actual
service-life extension.

Multifunctional polymer coatings also represent an important direction. Biomass
polyurethane-based composite coatings derived from Jatropha oil and filled with
BaSO4/TiO2 nanoparticles demonstrate that anticorrosion, radiative cooling, UV shielding
and recyclability can be combined in a single coating platform [152]. The reported high
UV reflectance, temperature reduction under infrared irradiation, resistance to strong
acid, alkali and salt immersion, and recyclability suggest that future marine coatings may
provide not only corrosion protection but also thermal management and circular material
value [152]. Such multifunctional behavior is particularly relevant for exposed shipboard
structures, offshore equipment, deck components and naval materials subjected to both
corrosive and thermal stress.

Antiscaling and anticorrosive coatings are also significant for naval and marine aux-
iliary systems, especially pipelines, heat exchangers and seawater transport units. The
EP/iDCNTs/Zn/PVDF functional composite coating, incorporating DTPMPA-loaded car-
bon nanotubes, flake zinc and PVDF, reduced CaCOs deposition and improved imped-
ance relative to conventional epoxy coating [158]. This indicates that future protective sys-
tems should address combined corrosion-scaling problems rather than treating them sep-
arately. In real marine systems, scale deposition can alter local chemistry, promote under-
deposit corrosion and reduce heat-transfer efficiency; therefore, coatings with simultane-
ous antiscaling and anticorrosion functions are highly relevant for extending the life of
naval piping and seawater systems [158].

7.3. Antifouling Performance and Microbiologically Influenced Degradation

Biofouling remains one of the most complex and economically significant challenges
in marine materials protection. The attachment of bacteria, algae, mussels, barnacles and
other marine organisms increases surface roughness, hydrodynamic resistance, fuel
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consumption and greenhouse gas emissions, while also contributing to corrosion acceler-
ation and biological invasion [155,159]. In naval applications, biofouling affects hull per-
formance, maneuverability, maintenance frequency, dry-docking intervals and opera-
tional efficiency. Therefore, antifouling coatings are not merely environmental or aesthetic
technologies, but essential tools for prolonging the service life and efficiency of naval ma-
terials.

The greenhouse gas reduction potential of low-roughness antifouling coatings
demonstrates the direct link between coating performance and maritime decarbonization.
By reducing hull roughness, antifouling coatings can decrease fuel consumption and CO:
emissions. In the investigated ship cases, the use of lower-roughness antifouling coatings
led to substantial fuel savings and CO: reductions per route, with return-on-investment
periods shorter than typical dry-docking intervals [155]. This finding is important because
it shows that antifouling coatings contribute simultaneously to economic efficiency, envi-
ronmental performance and material lifetime extension.

Despite this potential, antifouling coating design remains constrained by environ-
mental restrictions on toxic biocides. Traditional antifouling systems based on organotin
and other toxic substances showed strong performance but caused severe ecological dam-
age, leading to restrictions and the need for safer alternatives. Current bioinspired strate-
gies attempt to overcome this limitation through non-toxic or low-toxicity mechanisms,
including foul-release surfaces, soft interfaces, micro/nanostructured topographies, hy-
drogel coatings, amphiphilic surfaces and natural antifoulant analogues [154,159]. The
long term durability of bioinspired antifouling coating remains a major barrier. Many sur-
faces that perform well in short-term laboratory assays lose effectiveness after mechanical
abrasion, biofilm maturation, surface contamination or prolonged immersion. Hydro-
philic and zwitterionic coatings may resist protein and bacterial adhesion, but their me-
chanical robustness and adhesion to metallic substrates must be improved for naval use.

Foul-release coatings may reduce organism adhesion under hydrodynamic shear,
but their performance may decrease on low-speed vessels or stationary offshore structures
[159]. Coral-inspired strategies offer multiple antifouling concepts, but their translation
into scalable coating systems require simplification, durability testing and compatibility
with industrial coating processes [154].

For biomimetic antifouling coatings, the main bottlenecks extend beyond production
cost. Their functionality often depends on precisely controlled surface chemistry, micro-
or nanoscale topographies, hydrogel layers, or other bioinspired surface architectures that
may be difficult to reproduce consistently in large-scale applications. In addition, long-
term antifouling efficiency, environmental compatibility, fabrication complexity, and the
transfer of laboratory-scale concepts to practical marine applications remain important
challenges. Therefore, future development should focus on improving the durability, re-
producibility, and practical applicability of these bioinspired coating systems [154,159].

Bio-corrosion and microbiologically influenced corrosion further complicate the
problem. Marine biofilms can create local chemical gradients, change oxygen concentra-
tion, generate acidic or sulfide-rich microenvironments and destabilize passive films on
metals. Corrosion inhibitor reviews emphasize that microbial activity, chloride concentra-
tion, pH fluctuation and temperature variation strongly affect inhibitor performance in
real marine environments [87,90,111]. Future coatings for naval materials should therefore
integrate antifouling and anticorrosion strategies rather than treating them as independ-
ent functions. In this respect, hybrid systems combining biopolymer-based antifouling
additives, corrosion inhibitors, nanostructured barriers and self-healing carriers are par-
ticularly promising [87,111,150,160].
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7.4. Digital Monitoring, Artificial Intelligence, and Predictive Maintenance

A major future direction in the protection of naval materials is the transition from
periodic inspection toward predictive and condition-based maintenance. Traditional in-
spection techniques, including visual inspection and manual testing, are often insufficient
for detecting early-stage coating failure, subsurface degradation, blister initiation or local-
ized corrosion under marine exposure. Al-based degradation detection provides a path-
way toward automated, faster and more reliable coating assessment in offshore and naval
structures [87].

Al-based smart coating degradation detection relies on computer vision, sensor fu-
sion, time-series modeling and simulation-assisted analytics. Convolutional neural net-
works can be used for image-based detection of surface rust, blistering, cracking and de-
lamination, while recurrent or time-series models such as LSTM networks can forecast
degradation trends from continuous sensor signals. Sensor fusion, combining visual,
acoustic, thermal and chemical information, improves reliability in offshore environments
where single-sensor systems may be affected by noise, drift, limited visibility or changing
environmental conditions [87].

Machine learning can also support corrosion rate prediction by linking material com-
position and environmental variables to degradation behavior. The corrosion rate predic-
tion study on low-alloy steels demonstrates that feature engineering can improve model
accuracy and generalization by transforming chemical composition into atomic and phys-
ical property descriptors [53]. This is particularly important for naval materials because
alloy composition, salinity, temperature, exposure time and environmental parameters
interact nonlinearly. Future corrosion prediction tools should therefore combine materials
data, environmental monitoring, coating condition data and field inspection results into
integrated predictive models [53].

Digital twin technology provides an even broader framework for structural health
monitoring. Real-time digital twin frameworks developed for floating offshore wind tur-
bines show how monitoring data, reduced-order modeling and structural response pre-
diction can support fatigue assessment and maintenance decision-making in marine en-
ergy systems [156]. Although the reference context is offshore wind infrastructure, the
methodological implications are relevant to naval structures because similar approaches
can support targeted inspections, adaptive maintenance and real-time risk assessment for
steel marine platforms [156].

For coatings, a future digital twin should integrate multiple layers of information:
coating formulation, application parameters, environmental exposure, electrochemical re-
sponse, fouling state, inspection images, sensor data, corrosion rate predictions and
maintenance history. Such a model could estimate the remaining protective lifetime of the
coating and optimize recoating intervals. The integration of Al-based degradation detec-
tion with digital twins could transform coatings from passive protective layers into mon-
itored components of a larger structural health management system [87,156].

The available literature also indicates different levels of technological maturity
among data-driven approaches. Machine-learning methods have been investigated for
corrosion prediction and corrosion-type identification, while Al-based coating degrada-
tion detection remains largely associated with research and proof-of-concept applications
[53,87]. Real-time digital twin frameworks have been demonstrated for structural health
monitoring of floating offshore wind turbines [156]. Coating specific digital twins capable
of predicting remaining coating life directly from long-term marine field data remain at
an early stage of development. Therefore, Al, machine learning, and digital twins should
currently be regarded as complementary tools for condition assessment and predictive
maintenance rather than fully established coating-management technologies.
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The examples identified in the reviewed literature illustrate different stages of tech-
nological development. Machine-learning-based corrosion-rate prediction for low-alloy
steels represents a data-driven research implementation in which model performance was
improved through optimized input features [53]. Al-based smart coating degradation de-
tection provides a coating-focused proof-of-concept for automated identification and as-
sessment of coating deterioration [87]. At a more advanced system level, a real-time digital
twin has been demonstrated for structural health monitoring of floating offshore wind
turbines, integrating monitoring data and structural-response prediction [156]. This latter
example concerns structural monitoring rather than coating specific digital twin, high-
lighting the remaining gap between digital-twin research and direct coating-life manage-
ment in marine service. Several barriers must be addressed. Al models require high-qual-
ity, labeled and diverse datasets, but real offshore degradation data are often scarce, pro-
prietary or inconsistent. Simulation-assisted learning may help overcome data scarcity,
but simulated defects must correspond to real coating failure mechanisms. Sensor drift,
power supply, data synchronization, marine biofouling of sensors and communication
reliability also represent practical obstacles for long-term deployment [87]. Therefore, fu-
ture work should combine laboratory-generated datasets, field exposure databases, phys-
ics-based simulations and standardized annotation protocols to improve model robust-
ness.

7.5. Industrial Translation and Technology Readiness of Advanced Coatings

The practical implementation of advanced coating systems in the naval industry de-
pends not only on laboratory performance but also on scalability, reproducibility, appli-
cation compatibility and maintenance integration. Many emerging technologies, includ-
ing nanocomposite coatings, self-healing systems, bioinspired antifouling layers and
green inhibitor formulations, remain at intermediate technology readiness levels because
their performance has not yet been validated under long-term industrial marine condi-
tions [87,150,159,160].

Scalability is especially challenging for coatings that require precise nanoscale archi-
tecture. Nanocomposite coatings need stable dispersion of fillers, controlled viscosity,
strong interfacial bonding and avoidance of agglomeration [160]. Bioinspired antifouling
surfaces may require micro/nanopatterning that is difficult to reproduce over large ship
hull areas [159]. Self-healing coatings require stable encapsulation, controlled release and
compatibility between healing agents, inhibitors and polymer binders [150]. Even when
laboratory performance is strong, the transition to shipyard scale spray application, repair
coating, multilayer systems and large-area curing can introduce variability.

Surface modification is another critical aspect of implementation. The performance
of a coating depends strongly on surface morphology, chemical functionality and adhe-
sion quality. Surface modification methods, including plasma treatment, etching,
nanostructuring and functionalization, can improve wettability, adhesion and coating in-
tegration. Industrial adoption requires treatments that are fast, reproducible, environmen-
tally acceptable and compatible with large metallic structures. Future research should
therefore connect surface engineering studies more directly with coating durability tests
under marine conditions [157].

Sustainable polymer-based coatings are promising for industrial adoption because
they align environmental objectives with practical anticorrosive function. Vegetable oils,
biomass polyurethanes, polysaccharides, lignin, chitosan and cellulose-based nanofillers
provide routes toward lower-toxicity and renewable coating systems [151,152,160]. Nev-
ertheless, bio-based origin alone is not sufficient. These coatings must also satisfy marine
requirements for adhesion, abrasion resistance, saltwater durability, UV stability, low per-
meability and repairability. The reported growth in sustainable resource-based coatings
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indicates increasing industrial interest, but long-term performance and standardized test-
ing remain essential [151].

Corrosion inhibitor technologies face similar translation challenges. Recent inhibitor
reviews show that organic, inorganic, hybrid and green inhibitors can reach high inhibi-
tion efficiencies under selected conditions, but performance may vary strongly with sub-
strate, electrolyte composition, pH, temperature, microbial activity and exposure time
[87,90,111]. For naval applications, inhibitors must remain effective under dynamic sea-
water conditions and should not leach rapidly or lose adsorption stability. Future coating
systems should therefore use inhibitors in controlled-release architectures, such as nano-
containers, microcapsules, porous fillers or responsive polymer networks [87,111,150].

Technology readiness should be evaluated through a staged framework. Conven-
tional epoxy, polyurethane and zinc-containing systems already have high industrial ma-
turity but face sustainability and long-term performance limitations. Nanocomposite and
waterborne conductive polymer coatings are moving toward higher readiness because
they can be integrated into existing coating platforms [114,160]. Bio-inspired antifouling
surfaces, self-healing coatings and digital monitoring systems are promising but require
more field validation, multi-year exposure studies and integration with existing ship
maintenance workflows [150,156,159].

7.6. Future Research Priorities for Naval Material Protections

Future research should focus on coating systems that combine passive barrier pro-
tection, active corrosion inhibition, antifouling function, self-healing response and digital
monitoring. A promising direction is not a single “universal” coating, but modular mul-
tifunctional platforms that can be adapted to specific naval applications, such as hulls,
ballast tanks, offshore wind foundations, marine pipelines, propellers, deck structures
and submerged sensors.

First, long-term field validation must become a priority. Many coatings are evaluated
through short immersion tests, salt-spray exposure or laboratory biofouling assays. Alt-
hough useful, these methods do not fully reproduce the combined effects of hydrodynam-
ics, UV radiation, abrasion, pressure variation, microbial colonization and temperature
cycling. Future studies should combine accelerated testing with real marine exposure and
should report standardized parameters such as coating thickness, surface roughness, ad-
hesion, impedance evolution, fouling coverage, mechanical degradation and repair effi-
ciency [153,155,159].

Second, future coatings should be designed for multifunctionality without sacrificing
mechanical integrity. Anticorrosive, antifouling, antiscaling, anti-icing, radiative cooling
and self-healing functions should be integrated in ways that do not compromise adhesion,
toughness or processability [147,152,158]. The biomass polyurethane composite coating
and the antiscaling/anticorrosive polymer-based coating show that multifunctional pro-
tection is feasible, but more work is needed to evaluate how such functions interact during
long-term marine exposure [152,158].

Third, sustainability assessment should be embedded in coating development. New
coatings should be evaluated not only by corrosion current density, impedance modules
or fouling resistance, but also by life-cycle impact, toxicity, recyclability, resource origin
and maintenance reduction potential [90,111,151,152,155]. In this context, antifouling coat-
ings with lower roughness are particularly relevant because their environmental benefit
is linked not only to reduced toxicity, but also to reduced fuel consumption and green-
house gas emissions during ship operation [155].

Fourth, Al and digital twins should be integrated with coating science. Machine
learning models can improve corrosion rate prediction, while Al-based image and sensor
analysis can detect degradation earlier than traditional inspection [53,156]. Digital twins
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can then connect coating condition with structural response, fatigue accumulation and
maintenance decision-making [156]. For naval materials, this integration could support a
shift from scheduled recoating to evidence-based recoating, reducing unnecessary
maintenance while preventing unexpected failures.

These research priorities should be distinguished according to their stage of devel-
opment. At the laboratory and fundamental-research level, emphasis should be placed on
generating well-labeled coating degradation datasets, correlating electrochemical and en-
vironmental variables with observable damage, improving model interpretability, and
developing coating-specific remaining-life prediction models. At the engineering-transla-
tion level, priority should shift toward durable sensor integration, standardized data ac-
quisition, validation under long-term marine exposure, and pilot-scale testing on repre-
sentative naval or offshore structures. Such pilot studies should compare Al or digital-
twin-based predictions with conventional inspection records and actual maintenance out-
comes before these tools can support routine coating-management decisions [87,156].

Finally, future coating research should place greater emphasis on industrial imple-
mentation. Promising materials should be tested for sprayability, repairability, curing un-
der shipyard conditions, compatibility with primers and topcoats, scalability of raw ma-
terials, storage stability and cost. Without these practical criteria, advanced materials may
remain scientifically interesting but industrially limited. The next generation of marine
coatings should therefore be developed through collaboration between materials scien-
tists, naval architects, corrosion engineers, coating manufacturers, shipyards and environ-
mental regulators [87,156].

In summary, the future of coating technologies for extending the lifetime of naval
materials lies in the convergence of sustainability, multifunctionality, predictive intelli-
gence, and industrial scalability. Smart self-healing systems, sustainable polymers, nano-
composite barriers, bioinspired antifouling surfaces, green inhibitors, Al-based degrada-
tion detection, and digital twins each address different parts of the same problem: main-
taining the integrity and performance of materials under aggressive marine exposure for
longer periods, with lower environmental and economic cost. The most successful future
solutions will be those that combine these directions into robust, confirmed, scalable, and
application-specific protective systems for real naval applications [87,156].

8. Conclusions

The literature analyzed in this review confirms that the long-term durability of naval
and maritime materials is governed by the combined action of electrochemical, mechani-
cal, environmental, and biological degradation processes. Chloride-induced corrosion,
biofouling, microbiologically influenced corrosion, mechanical wear, ultraviolet expo-
sure, and environmental aging can act simultaneously and accelerate coating deteriora-
tion and substrate degradation. Therefore, effective marine protection requires an inte-
grated approach in which coating selection and design are adapted to the specific mate-
rial, exposure conditions, and dominant degradation mechanisms.

Protective coating technologies are increasingly evolving from conventional passive
barriers toward multifunctional systems capable of providing complementary protective
functions. Epoxy, polyurethane, metallic, ceramic, and sacrificial coatings remain relevant
because of their established performance and industrial applicability, while polymer
nanocomposites, self-healing coatings, inhibitor-loaded systems, and advanced antifoul-
ing surfaces offer additional possibilities for improving barrier properties, mechanical re-
sistance, corrosion inhibition, and biofouling control. In particular, the incorporation of
nanostructured fillers into polymer matrices can restrict the transport of water, oxygen,
and chloride ions and can introduce additional functionalities such as improved wear re-
sistance, hydrophobicity, UV stability, and active protection. However, these advantages
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strongly depend on coating formulation, filler dispersion, interfacial compatibility, sur-
face preparation, and deposition conditions.

The reviewed literature also demonstrates that coating performance cannot be con-
sidered independently of environmental sustainability, testing methodology, and lifecy-
cle requirements. Bio-based polymers, green corrosion inhibitors, waterborne formula-
tions, and environmentally compatible antifouling strategies are increasingly investigated
as alternatives to conventional systems containing hazardous components. At the same
time, reliable assessment of advanced coatings requires the complementary use of electro-
chemical, mechanical, surface, and accelerated-aging methods. Laboratory testing should
increasingly be correlated with long-term exposure under realistic marine conditions,
since individual accelerated tests cannot fully reproduce the combined effects of salinity,
temperature variations, UV radiation, hydrodynamic forces, mechanical damage, and bi-
ological activity encountered in service.

Finally, the transition from laboratory-scale performance to practical naval and mar-
itime implementation remains one of the main challenges for advanced coating technolo-
gies. Industrial adoption requires not only high protective performance but also repro-
ducibility, scalability, application compatibility, repairability, reasonable lifecycle costs,
and long-term environmental safety. Emerging monitoring and predictive approaches
may further support coating-condition assessment and maintenance planning, but their
practical value depends on integration with reliable experimental and field data. Future
progress should focus on multifunctional and environmentally responsible coating sys-
tems that combine durable corrosion and biofouling protection with appropriate mechan-
ical properties, validated long-term performance, and compatibility with large-scale in-
dustrial applications.
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