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Abstract

Poly(vinyl alcohol) (PVA) has been widely investigated as a matrix for anti-corrosion coat-
ings because of its continuous film-forming ability, relatively low cost, and the versatility
of its hydroxyl groups for chemical modification. However, its high affinity for water re-
mains a major limitation for long-term corrosion protection. Consequently, recent research
has increasingly focused on cross-linking, nanostructuring, and functional modification
of PVA to improve its resistance to moisture and aggressive environments. This review
critically examines recent advances in PVA-based anti-corrosion coatings by integrating
coating composition, cross-linking chemistry, micro- and nanostructural features, and
electrochemical corrosion-protection mechanisms. Particular attention is given to the ef-
fects of glutaraldehyde, boric acid, citric acid, epichlorohydrin, and other multifunctional
cross-linkers on network structure, mechanical behavior, water resistance, and barrier
properties. The roles of urea, glycerol, inorganic fillers, nanomaterials, corrosion inhibitors,
and inhibitor-containing nanocontainers are also evaluated in relation to coating durability
and corrosion-protection performance. In addition to describing reported approaches, the
review critically compares the influence of substrate, PVA characteristics, cross-linking
conditions, nanofiller loading, coating architecture, electrolyte, exposure duration, and
electrochemical parameters on the reported performance. Particular emphasis is placed
on the relationships between cross-linked network structure, nanofiller dispersion, inter-
facial adhesion, electrolyte transport, and electrochemical response. The review further
considers active inhibition, self-healing strategies, and environmental aspects of PVA-based
coatings, while identifying limitations related to moisture sensitivity, long-term durabil-
ity, and inconsistent reporting of experimental parameters. By integrating composition,
cross-linking chemistry, structure–property relationships, and electrochemical evidence,
this review provides a critical framework for understanding and designing more durable
and environmentally compatible PVA-based anti-corrosion coatings.

Keywords: poly(vinyl alcohol); anti-corrosion coatings; cross-linking; epichlorohydrin; urea;
glycerol; barrier properties; corrosion protection; protective coatings; polymer coatings
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1. Introduction
Corrosion is a persistent problem for metallic materials used in transportation, con-

struction, marine facilities, petrochemical processing, and energy-related applications.
During service, metal surfaces are frequently exposed to water, oxygen, chloride-containing
environments, acidic conditions, and different industrial contaminants. Such exposure
promotes electrochemical reactions at the metal surface and gradually leads to material
deterioration. Besides shortening the service life of metallic components, corrosion can
affect their reliability and safety and is responsible for considerable economic losses world-
wide [1]. These consequences continue to drive the search for corrosion protection methods
that are both effective and environmentally acceptable. One practical way of limiting
corrosion is to apply a protective polymer layer to the metal surface. The coating separates
the substrate from the surrounding corrosive environment and restricts direct contact with
species involved in electrochemical corrosion processes [2]. Polymeric coatings are also
attractive because they are generally lightweight, relatively easy to process and apply, and
their properties can be adjusted by changing the coating formulation. Corrosion inhibitors,
pigments, nanoparticles, and reinforcing fillers, for example, can be introduced into the
polymer matrix to provide additional functions. At the same time, restrictions associated
with toxic heavy-metal compounds and volatile organic substances have increased interest
in waterborne polymer coatings as alternatives to some conventional corrosion-protection
systems [3]. Among water-soluble synthetic polymers, poly(vinyl alcohol) (PVA) has
attracted considerable attention as a promising matrix material for advanced protective
coatings because of its increased film-forming ability, strong adhesion, flexibility, and
environmentally friendly characteristics [4].

The versatility of PVA has led to its extensive application in biomedical materials,
packaging films, membranes, hydrogels, wastewater treatment, adhesives, and functional
surface coatings [5]. In recent years, growing environmental awareness and increasingly
stringent regulations on hazardous coating materials have accelerated research into water-
borne PVA-based protective coatings as environmentally benign alternatives to conven-
tional solvent-based systems. In particular, PVA has demonstrated considerable potential
as a matrix for anti-corrosion coatings owing to its ability to form compact and contin-
uous films that effectively reduce the penetration of corrosive media toward metallic
substrates [6]. Moreover, recent studies have shown that combining polymer matrices with
functional modifiers can further enhance coating stability, durability, and overall protective
performance under aggressive service conditions [7].

Despite the useful film-forming properties of PVA, its hydrophilic character remains an
important drawback when the coating is exposed to humid or corrosive environments for
extended periods. The large number of hydroxyl groups present in the polymer facilitates
the uptake of water, which may lead to swelling of the coating and easier penetration of
dissolved electrolytes. As a result, the barrier effect of unmodified PVA can gradually
deteriorate, limiting its ability to provide long-term corrosion protection [8]. Various
modification approaches have therefore been investigated to reduce this sensitivity to
moisture. Among them, chemical cross-linking and the addition of plasticizers, inorganic
fillers, nanomaterials, or corrosion-inhibiting species have received particular attention.
Epichlorohydrin has been used as a cross-linking agent in PVA systems, while additives
such as urea and glycerol can further influence the structure and mechanical behavior
of the resulting films. Depending on the formulation, these modifications can improve
water resistance, flexibility, coating stability, and ultimately the protective performance of
PVA-based coatings [9].

Within the scope of this review, particular attention is given to the micro- and nanoscale
characteristics of PVA-based anti-corrosion coatings, including the organization of cross-
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linked polymer networks, nanofiller dispersion, and inhibitor-containing nanocontainers.
These features are considered in relation to coating morphology, barrier performance, and
electrochemical corrosion behavior.

The present review provides an integrated assessment of the composition, cross-
linking chemistry, structure–property relationships, and corrosion-protection mechanisms
of PVA-based coatings. Particular attention is given to the relationship between cross-
linking density, water resistance, interfacial adhesion, electrolyte transport, and electro-
chemical performance. The review further distinguishes passive barrier protection from
active corrosion inhibition and critically evaluates the limitations associated with nanofiller
dispersion, coating brittleness, environmental safety, and self-healing claims.

2. Poly(vinyl Alcohol) as a Matrix for Anti-Corrosion Coatings
Poly(vinyl alcohol) (PVA) is a water-soluble, semicrystalline synthetic polymer whose

properties are closely related to its molecular structure. Its preparation differs from that
of many conventional vinyl polymers because vinyl alcohol is not sufficiently stable to
undergo direct polymerization. For this reason, PVA is generally obtained from poly(vinyl
acetate) (PVAc) through hydrolysis or alcoholysis, where the acetate groups of the precursor
polymer are progressively replaced by hydroxyl groups. The extent of this conversion is
particularly important, as the degree of hydrolysis, together with the molecular weight of
the polymer, determines many of the characteristics of the final material. Changes in these
parameters can affect PVA crystallinity and solubility as well as its mechanical and thermal
behavior [10]. The principal route for producing PVA through the hydrolysis of poly(vinyl
acetate) is schematically illustrated in Figure 1.

 

Figure 1. Schematic representation of the synthesis of poly(vinyl alcohol) from vinyl acetate via
poly(vinyl acetate) hydrolysis [10].

The molecular structure of PVA consists mainly of repeating –CH2–CH(OH)– units,
with hydroxyl groups distributed along the polymer chain. These –OH groups are capable
of forming hydrogen bonds both within individual chains and between neighboring poly-
mer molecules. Such interactions contribute to the organization of semicrystalline regions
and strongly affect the overall behavior of the polymer. They are also associated with
several useful characteristics of PVA films, including good mechanical strength, flexibility,
transparency, adhesion, and film-forming ability. At the same time, the hydroxyl groups
provide reactive sites for further chemical modification. PVA can therefore undergo reac-
tions such as cross-linking, grafting, esterification, and etherification, allowing its properties
to be adjusted for different functional applications [11].

The properties of PVA are not fixed and depend considerably on parameters such
as molecular weight, degree of polymerization, and degree of hydrolysis. In general,
increasing the extent of hydrolysis favors stronger intermolecular interactions and higher
crystallinity, which can improve the mechanical and chemical stability of the material.
Partially hydrolyzed grades, on the other hand, usually show better solubility in water
and can be easier to process. The hydrogen-bonded structure of PVA also helps produce
relatively compact films with low oxygen permeability, making the polymer attractive as
a barrier and protective coating material. Nevertheless, the same hydroxyl groups that
contribute to these properties also increase the affinity of PVA for water. Exposure to
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humid conditions may therefore result in moisture uptake and swelling, followed by a
gradual loss of barrier effectiveness. For applications requiring prolonged protection, PVA
is consequently often modified or crosslinked to reduce its sensitivity to water and improve
the stability of the resulting coating [12,13].

The principal structural characteristics of PVA, including its repeating unit, molecular
configuration, hydrogen-bonding interactions, and partially hydrolyzed structure, are
presented in Figure 2.

Figure 2. Schematic representation of PVA-based protective coating: molecular structure and inter-
molecular hydrogen bonding of PVA, together with the proposed barrier, controlled inhibitor-release,
interfacial inhibition, and self-healing mechanisms at the coating/metal interface [14,15]. Red wavy ar-
rows indicate the diffusion of corrosive species, purple arrows indicate inhibitor release and migration
toward the coating/metal interface, and the green arrow indicates the role of the hydrogen-bonded
PVA network in maintaining coating integrity.

The abundant hydroxyl groups, increased biocompatibility, biodegradability, non-
toxicity, and increased film-forming ability of PVA make it one of the most versatile
synthetic polymers for biomedical and functional material applications. These characteris-
tics also provide a strong foundation for the development of advanced protective coating
systems [16].

The ability of PVA to form coherent films is an important reason for its use in protective
coating systems. During drying, evaporation of the solvent allows the polymer chains to
approach one another and establish hydrogen-bonding interactions through their hydroxyl
groups. This process can produce a continuous and relatively compact layer over the
substrate. When the coating is sufficiently uniform, it acts as a physical barrier that limits
direct contact between the underlying surface and corrosive species. In particular, the
transport of water, oxygen, and dissolved ions through the polymer layer can be restricted,
which contributes to the initial protective effect of PVA coatings [17].

The final quality of a PVA coating, however, depends on both the properties of the
polymer and the conditions used during its preparation. Parameters such as molecular
weight, degree of hydrolysis, film thickness, and drying conditions can influence coating
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morphology and mechanical stability. The condition of the substrate surface is equally
important because adequate interfacial contact is required for satisfactory adhesion. For this
reason, surface preparation methods such as mechanical polishing, plasma treatment, or
chemical activation may be used before coating deposition. These treatments can modify the
surface and increase the availability of sites capable of interacting with the polymer, thereby
improving adhesion and reducing the likelihood of defects or local coating failure [18].

Despite its coating-forming capability, neat PVA exhibits relatively poor water resis-
tance because of its hydrophilic nature. Water absorption may weaken intermolecular
interactions, leading to coating swelling and gradual deterioration of adhesion under hu-
mid environments. Therefore, chemical crosslinking and the incorporation of inorganic
fillers, nanoparticles, and functional additives have become common approaches to enhance
coating stability while maintaining strong adhesion to metallic substrates [19].

Recent advances in PVA-based coating technology have demonstrated that hybrid
coating systems combining PVA with nanomaterials or multifunctional crosslinkers exhibit
improved adhesion strength, coating uniformity, and barrier performance compared with
unmodified PVA. These modifications not only increase resistance to water permeation
but also improve the mechanical robustness and service lifetime of protective coatings
operating under aggressive environmental conditions [20].

3. Composition and Modification of PVA-Based Anti-Corrosion Coatings
Crosslinking is one of the most important strategies for improving the performance

of poly(vinyl alcohol)-based anti-corrosion coatings. Although PVA contains abundant
hydroxyl groups and can form uniform, adherent and transparent layers, its high hy-
drophilicity and water sensitivity may limit long-term corrosion protection in humid or
aggressive environments. Therefore, chemical and physical crosslinking agents are com-
monly introduced to decrease water uptake, improve dimensional stability, strengthen
adhesion to the metal surface and create a denser barrier against corrosive ions such as Cl−,
H+ and dissolved oxygen [21].

Glutaraldehyde is commonly employed for the covalent crosslinking of PVA. Its
aldehyde groups react with hydroxyl groups along the PVA chains, giving rise to acetal-
type linkages between neighboring polymer segments. As these linkages develop, the
initially water-sensitive polymer is converted into a more tightly connected network with
a lower tendency to swell. This change is particularly relevant to corrosion protection,
since reduced swelling makes it more difficult for water and dissolved ionic species to
migrate through the coating and reach the underlying metal surface [22]. The effect of
glutaraldehyde is not limited to anti-corrosion coatings. Studies involving PVA composite
films and membranes have likewise reported greater dimensional stability and mechanical
strength after cross-linking, together with better resistance during exposure to aqueous
environments [23].

Boric acid modifies PVA through a somewhat different mechanism. Rather than
forming the same permanent covalent network associated with glutaraldehyde, it can
interact with hydroxyl groups through borate-related linkages and hydrogen bonding. The
resulting interactions alter the organization and mobility of the polymer chains and may
strengthen the film without completely sacrificing its flexibility. Depending on the formu-
lation and crosslinking conditions, boric acid treatment can also improve the resistance
of PVA films to the passage of water and other permeating species. This combination of
mechanical stability, flexibility and barrier behavior has made boric-acid-modified PVA
of interest for protective coatings. Recent studies have demonstrated the formation of
mechanically stable PVA layers with good barrier characteristics, suggesting their potential
usefulness in environments where moisture and ionic transport must be limited [24].

https://doi.org/10.3390/micro6040080

https://doi.org/10.3390/micro6040080


Micro 2026, 6, 80 6 of 23

Epichlorohydrin represents a different type of PVA modifier and can participate in
ether-forming crosslinking reactions with the polymer. Epichlorohydrin-based epoxy ma-
terials are already well established in coating technology because of their adhesion to
substrates and their resistance to chemical attack. Nevertheless, the use of epichlorohydrin
requires careful health and safety consideration because it is classified as a substance rea-
sonably anticipated to be a human carcinogen [25]. Glyoxal, another dialdehyde, can react
with the hydroxyl groups of PVA through acetal formation, thereby increasing the degree
of interconnection within the polymer network. Its relatively small bifunctional molecules
can restrict polymer-chain mobility, reduce free volume, and improve the resistance of
PVA films to water or permeating species. However, the extent of these changes depends
on the glyoxal concentration, reaction environment, and cross-linking time. Excessive
cross-linking may produce an overly rigid network and reduce film flexibility, whereas
insufficient cross-linking may provide inadequate water resistance. Therefore, the glyoxal
content and processing conditions should be optimized by balancing water resistance,
permeability, flexibility, and mechanical stability [26,27].

More recently, reversible PVA–boronic acid interactions have been incorporated into
pH-responsive self-healing coatings. In such systems, dynamic bonding can assist the
recovery of the coating after local damage, helping to maintain the protective barrier for a
longer period [28].

In addition to plasticizers and crosslinking agents, functional additives play a pivotal
role in enhancing the physicochemical stability and corrosion protection performance of
PVA-based coatings [29]. Among the numerous functional additives investigated, urea,
thiourea, organic modifiers, and corrosion inhibitors have received considerable attention
owing to their ability to interact with both the polymer matrix and metallic substrates
through hydrogen bonding, coordination interactions, or chemical adsorption. Recent
studies have demonstrated that the synergistic incorporation of these additives substantially
enhances coating durability and prolongs the service life of protected metallic materials [30].

Urea is a relatively simple nitrogen-containing compound that can be introduced into
PVA formulations to modify the structure and behavior of the resulting films. Its amide
groups are able to interact with the hydroxyl groups of PVA through hydrogen bonding,
which can influence polymer-chain organization and contribute to the formation of a more
uniform coating. Urea may also assist in distributing inorganic particles throughout the
polymer matrix, thereby limiting particle aggregation and reducing local defects in the film.
Its effect, however, depends strongly on the amount incorporated. Because urea itself is
hydrophilic, a high concentration may increase the affinity of the coating for water and
eventually weaken its barrier function during prolonged exposure to humid or corrosive
conditions. For this reason, the amount of urea should be considered together with the
crosslinking conditions and the overall coating composition. An appropriate formulation
can retain the beneficial effects on film flexibility and homogeneity without compromising
the resistance of the coating to water and electrolyte penetration [31].

Thiourea differs from urea mainly through the presence of sulfur in its molecular
structure, and this feature makes it particularly relevant to corrosion-control systems. Both
sulfur and nitrogen atoms can participate in interactions with metal surfaces through
their available electron pairs, favoring adsorption or coordination at the metal–coating
interface. The surface layer formed through these interactions can reduce the number of
sites directly exposed to the corrosive environment and, in turn, hinder the electrochemical
processes involved in metal dissolution and cathodic reactions. Electrochemical studies
of polymer coatings containing thiourea have reported lower corrosion current densities
and higher polarization resistance, particularly in chloride-containing media [32,33]. When
incorporated into a PVA matrix, thiourea may provide an additional contribution through
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interactions with the hydroxyl-rich polymer network. Such interactions can influence
film cohesion and interfacial adhesion while the sulfur- and nitrogen-containing groups
contribute to corrosion inhibition at the metal surface. Thiourea can therefore play more
than one role in PVA-based coatings, acting both as a structural modifier of the polymer
film and as an active component involved in corrosion protection [34,35].

Although PVA is frequently described as an environmentally preferable polymer
because of its water-based processability and potential biodegradability, these character-
istics should not be interpreted as evidence that every PVA-based coating formulation is
environmentally benign. The biodegradation of PVA depends on several factors, including
molecular weight, degree of hydrolysis, water solubility, material formulation, microbial
activity, and environmental conditions. Cross-linking may further reduce water solubility
and alter degradation behavior; therefore, conclusions obtained for unmodified PVA cannot
automatically be extended to cross-linked or nanocomposite coatings [36].

The environmental and health profile of the complete formulation must also account
for cross-linkers, catalysts, corrosion inhibitors, solvents, and nanofillers. In particular,
glutaraldehyde is associated with irritant and sensitizing effects, whereas epichlorohydrin
requires careful risk management because it is classified as a substance reasonably antici-
pated to be a human carcinogen. Nanomaterials may introduce additional concerns related
to manufacturing exposure, particle release, disposal, and end-of-life treatment. Conse-
quently, terms such as “environmentally friendly”, “green”, “sustainable”, or “biodegrad-
able” should be used only when they are supported by evidence for the complete coating
system rather than for PVA alone [25].

A meaningful sustainability assessment should consider raw-material production,
coating preparation and curing, occupational exposure, service life, maintenance require-
ments, and end-of-life management. Improved coating durability may reduce material
consumption and maintenance frequency, but replacement of a conventional ingredient
is environmentally beneficial only if adequate protective performance and service life are
retained. Comparative life-cycle assessment and standardized toxicity and biodegradation
testing are therefore needed before broad environmental claims can be made [37].

4. Influence of Cross-Linking on the Performance of PVA-Based
Anti-Corrosion Coatings

Chemical crosslinking provides a practical means of addressing some of the limitations
associated with unmodified PVA coatings. The hydroxyl groups distributed along the
PVA chains can react with multifunctional crosslinking compounds, creating connections
between neighboring polymer chains and restricting their mobility. As the network be-
comes more interconnected, the coating is generally less susceptible to dissolution and
swelling when exposed to water. Crosslinking can also improve film cohesion and its
ability to remain attached to a metal surface during prolonged exposure to corrosive envi-
ronments. These changes are particularly important for anti-corrosion applications, where
the protective layer must remain continuous while limiting the transport of water, oxygen,
and dissolved ions toward the substrate. For this reason, chemical crosslinking is fre-
quently used to improve the durability of PVA-based coatings under humid or chemically
aggressive conditions [38–40].

Experimental studies indicate that the effect of cross-linking on PVA properties is
concentration-dependent rather than strictly monotonic. Increasing the cross-linker content
generally increases network density and consequently decreases water uptake and swelling,
whereas excessive cross-linking can restrict chain mobility and reduce mechanical flexibility.
For example, Rudra et al. [41] reported that increasing the glutaraldehyde concentration
from 1 to 6% increased the degree of cross-linking from 2.8 to 34%, while the corresponding
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water uptake decreased from 515 to 132%. Notably, the reduction in water uptake was
most pronounced between 2 and 4% glutaraldehyde, where the degree of cross-linking
increased from 5.6 to 32% and water uptake decreased from 292 to 142%, demonstrating a
strong dependence of water resistance on network density. In a more recent study, Sainik
et al. [42] investigated aldehyde-to-PVA ratios of 0.2–1.0 and reported up to 99% cross-
linking for glutaraldehyde at ratios of 0.6–0.8 under 50 ◦C for 5 min. These results indicate
that increasing cross-link density can substantially improve water resistance; however, the
optimum level depends on the polymer formulation and cross-linking conditions. Sonjan
et al. [43] likewise reported that a PVA/silk sericin film containing 20% (w/w) dimethylurea
as crosslinker exhibited favorable mechanical and physical properties, although this system
was developed for seed coating rather than metallic corrosion protection. Therefore, the
reported values should be regarded as system-specific rather than as a universal optimum for
anticorrosion coatings. Overall, an appropriate cross-linking level should balance reduced
water uptake and swelling with sufficient chain mobility, mechanical flexibility, adhesion,
and resistance to cracking. Electrochemical parameters such as coating resistance, charge-
transfer resistance, and corrosion current density should consequently be evaluated together
with these physical and mechanical characteristics rather than independently [41–43].

Physical crosslinking offers a different approach because the PVA network can be
formed without introducing conventional reactive crosslinking agents. In these systems,
interactions between polymer chains arise mainly from hydrogen bonding, the forma-
tion of crystalline regions, chain entanglement, or structural rearrangements produced
by repeated freeze–thaw treatment. Unlike permanent covalent crosslinks, many of these
interactions are reversible and do not substantially alter the original chemical structure of
PVA. Nevertheless, they can restrict chain mobility and provide greater structural stability
when the material is exposed to water [44]. The absence of additional reactive crosslinking
chemicals is also advantageous from a processing and environmental perspective. Phys-
ical crosslinking is therefore of interest for PVA-based coatings where relatively simple
preparation, reduced use of potentially hazardous reagents, and adequate mechanical and
water resistance are required [45]. Hybrid crosslinking has recently attracted increasing re-
search interest as an approach to addressing some limitations associated with conventional
chemical and physical crosslinking methods. This approach integrates permanent covalent
bonds with reversible physical interactions within a single polymer network, enabling
simultaneous enhancement of mechanical strength, flexibility, thermal stability, and barrier
performance. By combining these complementary mechanisms, hybrid-crosslinked PVA
coatings exhibit improved structural integrity and long-term durability while maintaining
sufficient elasticity to accommodate mechanical deformation during service. Consequently,
hybrid chemical-physical crosslinking has attracted increasing research interest in the
development of PVA based anti-corrosion coatings [46,47].

The main crosslinking strategies used in PVA-based anti-corrosion coatings and their
effects on coating performance are summarized in Table 1.

A comparison of representative PVA-based anti-corrosion coating systems, including
their substrates, PVA characteristics, crosslinking conditions, nanofiller loading, electro-
chemical evaluation, and reported protection performance, is presented in Table 2.
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Table 1. Comparative analysis of crosslinking strategies employed in PVA-based anti-corrosion coatings.

Crosslinking Strategy Typical
Crosslinking Agents Bonding Mechanism Advantages Limitations Reported Effects Relevant

to Coating Performance Ref.

Chemical crosslinking Citric acid, Glutaraldehyde,
Epichlorohydrin, Boric acid Covalent bond formation

Improved water resistance,
high chemical stability,

enhanced adhesion

Reduced flexibility at high
crosslink density

Reduced water solubility and swelling;
improved dimensional and

mechanical stability; corrosion
performance was not evaluated in

several cited studies.

[10,11]

Physical crosslinking
Freeze–thaw treatment,

Hydrogen
bonding, Crystallization

Hydrogen bonds and
crystalline domains

Simple, non-toxic, no
additional chemical
cross-linker required

Lower long-term stability,
moisture sensitive

Increased structural stability without
additional reactive cross-linkers;

long-term moisture resistance remains
dependent on crystallinity and

processing conditions.

[48–52]

Hybrid crosslinking
Chemical crosslinkers

combined with
physical interactions

Covalent bonds+ hydrogen
bonding/crystalline do-

mains

Potential combined
improvement

In mechanical and
barrier properties

More complex preparation
and optimization

Combined effects of covalent and
physical network formation;

performance depends on crosslinking
conditions and polymer formulation.

[53–56]

Table 2. Comparative analysis of representative PVA-based anticorrosion coatings.

Coating System Substrate PVA
Characteristics

Cross-Linker/
Concentration

Nanofiller/
Loading

Coating Method/
Thickness

Electrolyte &
Exposure

EIS/Electrochemical
Response

Polarization/
Corrosion Data

Protection
Performance Ref.

PVA/GO/
GA–waterborne

epoxy
Q235 steel

PVA; MW/
degree of

hydrolysis: NR

Glutaraldehyde;
optimized

amount, exact
value: NR

GO; exact
loading: NR

Waterborne
coating;

thickness: NR

Aqueous
corrosion
medium;

exposure: NR

EIS showed
improved corrosion

resistance;
quantitative EIS
parameters: NR

Ecorr ≈ 0.41 V;
Icorr ≈ 0.098 µA cm−2

Protection
efficiency ≈ 99.99% [57]

rGO/PVA
Al 2024-T3 with

B-PEI
adhesion layer

PVA; MW/
degree of

hydrolysis: NR
None reported

rGO;
optimum

60–70 wt.%

Airbrushed;
thickness: NR

0.2 M NaCl,
30 days

High barrier
performance;

quantitative EIS
values: NR

Quantitative
polarization
values: NR

60–70 wt.% rGO
showed little/no
visible corrosion;

higher/lower loadings
showed corrosion

[58]

Graphene/
PVA (G-PVA) Al-2219 alloy

PVA; MW/
degree of

hydrolysis: NR
None reported

Graphene;
exact

optimum
loading: NR

Multiple dip
coating;

thickness: NR

3.5% NaCl;
exposure

duration: NR

EIS confirmed
improved corrosion

resistance;
numerical
values: NR

Corrosion rate: bare
Al 45.25 mpy; PVA
2.576 mpy; G-PVA
3.853 × 10−4 mpy

Strong improvement
relative to bare and

PVA-coated Al
[59]

PVA/TiO2
composite Mild steel

PVA; MW/
degree of

hydrolysis: NR
None reported

TiO2;
concentration

varied

Coating;
thickness: NR

3.5% NaCl;
exposure: NR

EIS used;
quantitative

parameters: NR

Polarization used;
quantitative

parameters: NR

Inhibition efficiency
increased with
increasing TiO2
concentration

[60]
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Table 2. Cont.

Coating System Substrate PVA
Characteristics

Cross-Linker/
Concentration

Nanofiller/
Loading

Coating Method/
Thickness

Electrolyte &
Exposure

EIS/Electrochemical
Response

Polarization/
Corrosion Data

Protection
Performance Ref.

PVA/chitosan/
dopamine Mild steel

PVA; MW/
degree of

hydrolysis: NR

No conventional
cross-linker

reported

Chitosan +
dopamine

Composite
coating;

thickness: NR

Acidic medium;
exact

electrolyte/
concentration: NR

EIS demonstrated
improved protection;

numerical
parameters: NR

Polarization showed
reduced corrosion

current

IE up to 96.01% for
PVA/chitosan/

dopamine; PVA/
chitosan: 90.65%

[61]

PVA/PANI/
GO-COOH Cast iron

MW
89,000–98,000;

>99%
hydrolyzed

NR

GO-COOH +
PANI; exact

optimum
loading: NR

Spin coating;
thickness: NR

3.5 wt.% NaCl;
7 days

Higher impedance
and improved

capacitance vs. bare
cast iron

Tafel analysis
showed significantly

reduced
corrosion rate

IE ≈ 94%; optimized
system ≈ 93.3% under
0.53 M NaCl, 28.7 ◦C

[62]

PVA/chitosan
nanofiber-based

inhibitor-
containing

epoxy

Metallic
substrate; exact
substrate: NR in
review context

PVA; MW/
degree of

hydrolysis: NR
NR

PVA/chitosan
core–shell
nanofibers
containing

oleic
acid/2-MBI

Electrospun
nanofibers;

coating
thickness: NR

Stimuli-
responsive;

exact
electrolyte/

exposure: NR

EIS recovery
reported

conceptually;
quantitative
values: NR

Polarization: NR

Damage-responsive/
self-healing behavior
reported; quantitative

crack-closure/
electrochemical

recovery: NR

[63]
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The comparative data presented in Table 2 demonstrate that the corrosion-protection
performance of PVA-based coatings depends strongly on coating composition and exper-
imental conditions. Direct comparison of reported protection efficiencies is not straight-
forward because the investigated systems differ in substrate type, PVA characteristics,
cross-linking conditions, nanofiller loading, coating thickness, electrolyte composition, and
exposure duration. In addition, several studies do not report important parameters such as
PVA molecular weight, degree of hydrolysis, cross-linker concentration, coating thickness,
or quantitative EIS data. Therefore, the reported corrosion-protection values should be
interpreted in the context of the specific experimental conditions rather than as directly
comparable indicators of performance [61,64–67].

5. Corrosion Protection Mechanisms
The barrier efficiency of PVA coatings is strongly influenced by the compactness

of the polymer matrix. Studies have demonstrated that increasing the crystallinity of
PVA coating films significantly reduces oxygen permeability. Crystalline domains behave
as impermeable regions within the polymer, forcing oxygen molecules to follow longer
and more tortuous diffusion pathways. This finding is directly relevant to anti-corrosion
coatings because oxygen transport is one of the key factors accelerating cathodic corrosion
reactions [68].

The principal protection mechanisms of PVA-based hybrid coatings, including bar-
rier protection, active inhibition, and improved interfacial adhesion, are schematically
illustrated in Figure 3.

Figure 3. Schematic representation of the composition, preparation, and principal protection mecha-
nisms of PVA-based hybrid anti-corrosion coatings [69–71].

Passive barrier protection is primarily governed by the continuity, compactness, and
transport resistance of the PVA-based coating. Crosslinking can reduce polymer-chain
mobility and swelling, whereas well-dispersed nanofillers can increase the tortuosity of
diffusion pathways. These structural effects can delay the transport of water, oxygen,
chloride ions, and other aggressive species toward the coating–metal interface. The overall
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protection therefore depends on coating continuity, thickness, adhesion, crosslink density,
filler dispersion, and resistance to water uptake [72].

Active corrosion inhibition involves a chemical or electrochemical response that sup-
presses corrosion after aggressive species reach the coating–metal interface or local coating
damage occurs. In polymer-based coatings, this function may be provided by dissolved or
immobilized inhibitors, metal-coordinating functional groups, inhibitor-loaded micro- or
nanocontainers, and stimuli-responsive components. Released inhibitor molecules may ad-
sorb onto the metal surface, form protective complexes or films, and suppress anodic metal
dissolution, cathodic reactions, or both processes. Unlike passive barrier protection, active
inhibition requires a functional component capable of responding to electrolyte penetration,
changes in local pH, or coating damage. However, the presence of an inhibitor in a coating
formulation alone does not demonstrate active protection. Inhibitor release, interaction
with the metal surface, and the resulting electrochemical suppression of corrosion should
be experimentally verified [73].

The proposed protection mechanisms of PVA-based coatings should be interpreted
together with electrochemical measurements. In electrochemical impedance spectroscopy
(EIS), effective barrier protection is generally reflected by a high low-frequency impedance
modulus, high coating resistance, and increased charge-transfer resistance. These parame-
ters indicate that the coating restricts the transport of water, oxygen, and dissolved ions
and limits charge transfer at the coating–metal interface. A decrease in coating capaci-
tance or double-layer capacitance may additionally indicate reduced water uptake and a
smaller electrochemically active interfacial area. However, a high initial impedance value
alone does not demonstrate long-term protection, because impedance may decrease during
prolonged immersion as water penetrates the polymer network or defects develop in the
coating. Potentiodynamic polarization measurements provide complementary informa-
tion. A decrease in corrosion current density indicates a reduction in the overall corrosion
rate, while an increase in polarization resistance is associated with greater resistance to
electrochemical corrosion reactions. Changes in the anodic and cathodic branches can
indicate whether an additive primarily suppresses metal dissolution, reduces the cathodic
reaction, or produces mixed-type inhibition. Therefore, mechanistic claims concerning
barrier protection or active inhibition should be supported by the combined interpretation
of EIS and polarization data rather than by a single electrochemical parameter [60].

The barrier action of an rGO/PVA composite coating and the resulting tortuous
transport pathways for water, oxygen, and chloride ions are schematically illustrated in
Figure 4.

Metal oxide nanoparticles can further modify this protective behavior when incor-
porated into the PVA matrix. TiO2, for example, may occupy microvoids and disrupt
continuous transport pathways within the polymer film. A well-dispersed nanoparticle
phase can consequently make the movement of water, oxygen, and chloride ions through
the coating more difficult. This change in the internal structure of the film can improve its
integrity and reduce the exposure of the underlying metal to aggressive species. PVA/TiO2

nanocomposite coatings have accordingly shown improved corrosion resistance in chloride-
containing environments compared with less effectively modified polymer layers [74].

Although nanofillers can improve the barrier and mechanical properties of polymer
coatings, their beneficial effects depend strongly on filler concentration, dispersion, ori-
entation, and interfacial compatibility with the PVA matrix. At concentrations above the
optimum level, nanoparticles may agglomerate, increase formulation viscosity, and pro-
duce non-uniform regions, voids, or percolating pores within the coating. Such defects
can facilitate electrolyte penetration and may offset the expected increase in diffusion-path
tortuosity. This concentration-dependent behavior has been demonstrated for graphene
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derivatives: in a waterborne coating applied to galvanized steel, 0.05 wt.% rGO provided
comparatively durable protection, whereas aggregation at 0.10 and 0.15 wt.% produced
percolating pores and adversely affected protective performance. Conductive fillers such
as graphene and rGO may also promote microgalvanic corrosion if they form an electri-
cally conductive pathway to the metallic substrate; consequently, surface functionalization,
controlled loading, and electrical isolation from the metal are important. Similarly, exces-
sive amounts or poor dispersion of silica, TiO2, layered double hydroxides, nanoclays,
and carbon nanotubes may increase coating heterogeneity, reduce flexibility, and create
stress-concentration sites. Therefore, the incorporation of a nanofiller should not automati-
cally be interpreted as beneficial, and its optimum concentration and dispersion should
be verified using morphological, mechanical, permeability, and long-term electrochemical
measurements [62,75].

Figure 4. Schematic illustration of the corrosion protection mechanism of rGO/PVA composite
coatings through barrier effect and tortuous diffusion pathways [59,63].

The distinction between extrinsic inhibitor-release mechanisms and intrinsic recovery
of the polymer network is schematically presented in Figure 5.

A clear distinction should be made between genuine structural self-healing and con-
trolled inhibitor release. Genuine self-healing involves the partial or complete restoration
of the physical continuity of the damaged polymer matrix through reversible bonding,
polymer-chain mobility, or the release and polymerization of a healing agent. Such behavior
should be demonstrated not only by visual crack closure but also by the recovery of barrier,
mechanical, or electrochemical performance. In contrast, inhibitor-loaded nanocontainers
or nanofibers may suppress corrosion reactions at an exposed metal surface without physi-
cally closing the coating defect. Unless restoration of the polymer network is demonstrated,
this behavior is more accurately described as damage-responsive active corrosion inhibition
or functional recovery rather than structural self-healing. Self-healing performance should
therefore be assessed using quantitative indicators, including the initial scratch width,
percentage of crack-area closure, healing time and environmental conditions, recovery of
adhesion or mechanical strength, and restoration of electrochemical properties. Relevant
electrochemical metrics include the recovery of the low-frequency impedance modulus,
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coating resistance, charge-transfer resistance, and corrosion current density after damage
and healing [78,79].

 

Figure 5. Stimuli-responsive self-healing anticorrosion coating: damage-triggered protection mecha-
nisms [76,77].

The main self-healing approaches, representative systems, mechanisms, and experi-
mentally demonstrated corrosion-protection recovery are summarized in Table 3.

Table 3. Comparative assessment of self-healing approaches in PVA-based and related anti-corrosion
coating systems.

Self-Healing
Approach

Representative
System Main Mechanism

Recovery of
Corrosion-Protection

Performance
Experimentally
Demonstrated?

Experimental
Evidence/Interpretation Ref.

Intrinsic self-healing Reversible polymer
networks

Reversible covalent or
non-covalent

interactions enable
polymer-chain

rearrangement and
defect closure

Demonstrated in related
coating systems

Structural recovery
accompanied by

electrochemical and/or
mechanical

characterization; evidence
is system-dependent

[78,79]

Extrinsic self-healing
Coatings containing

encapsulated or
stored healing agents

Damage triggers
release of a healing

agent that repairs the
damaged region

Demonstrated

Recovery can be evaluated
by crack closure, EIS,

polarization, salt-spray, or
mechanical testing

[78–80]

Inhibitor-
release systems

PVA-containing
inhibitor-

delivery systems

Stimuli-responsive
release of corrosion

inhibitors at damaged/
corroding regions

Partially demonstrated

Corrosion protection can be
restored through inhibitor

action, but inhibitor release
alone does not prove

physical closure of the
coating defect

[77]

Microcapsules
Healing-agent-

loaded microcapsules
in protective coatings

Damage ruptures
capsules and releases
healing/active species

Demonstrated in
selected systems

Scratch sealing and
corrosion-resistance
recovery have been

experimentally evaluated
using EIS and

salt-spray testing

[77–80]
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Table 3. Cont.

Self-Healing
Approach

Representative
System Main Mechanism

Recovery of
Corrosion-Protection

Performance
Experimentally
Demonstrated?

Experimental
Evidence/Interpretation Ref.

Nanocontainers
PVA-grafted

graphene containing
cerium inhibitor

Controlled and
prolonged inhibitor

release from a
nanocontainer

Demonstrated

Artificial coating defects
were investigated by EIS in
NaCl solutions; long-term

healing behavior was
experimentally confirmed

[78,79]

Nanofibers
Chitosan/PVA

core–shell nanofibers
containing OA/MBI

pH-responsive release
of corrosion inhibitors

and formation of a
protective film

Demonstrated for
corrosion protection;
structural recovery

should be distinguished

EIS measurements showed
high inhibition efficiency,

while formation of a
self-healing protective film

was confirmed

[74]

MOF-based systems MOF-containing
inhibitor nanocarriers

Stimuli-responsive
storage and release of
corrosion inhibitors

Demonstrated in selected
smart-coating systems

Electrochemical protection
after damage has been

reported; however,
inhibitor release should not

automatically be
interpreted as

structural healing

[76–78]

Dynamic
covalent/non-

covalent networks

Reversible-bond
polymer networks

Reversible covalent
bonds, hydrogen

bonding, ionic
interactions, or
metal–ligand

coordination enable
network rearrangement

Demonstrated in related
anticorrosion coatings

Crack closure together with
electrochemical recovery

has been reported for
selected dynamic networks

[78,79]

PVA-containing core–shell nanofibers provide another approach to incorporating cor-
rosion inhibitors into protective coating systems. In these structures, inhibitor compounds
can be stored within the nanofiber and released when changes occur in the surrounding en-
vironment. Local variations in pH associated with the onset of corrosion, for example, can
act as a trigger for inhibitor release. This makes it possible to deliver the active compound
preferentially to regions where the coating has been damaged or corrosion has begun. Once
released, the inhibitor can interfere with local electrochemical reactions and help limit
further deterioration of the exposed metal surface. Depending on the design of the system,
this localized response may also reduce the development of damaged regions and assist
in maintaining the continuity of the protective layer. In this way, PVA-based core–shell
nanofibers can provide a responsive component within the coating rather than functioning
only as part of a passive barrier matrix [80].

The barrier effect is considered the fundamental corrosion protection mechanism of
PVA-based coatings because it effectively separates the metallic substrate from aggressive
corrosive environments. A dense and continuous polymer network significantly limits the
penetration of water, dissolved oxygen, chloride ions, and other corrosive species, thereby
suppressing the initiation of electrochemical corrosion reactions. The protective efficiency
is strongly influenced by coating compactness, crosslinking density, and structural integrity,
all of which determine the long-term stability of the barrier layer [81].

Functional nanofillers can alter the internal structure of PVA coatings in a way that
makes the movement of corrosive species more difficult. Two-dimensional materials such
as graphene oxide and reduced graphene oxide are particularly useful because their sheet-
like geometry creates indirect pathways through the polymer layer. Instead of moving
directly toward the metal surface, water, oxygen, and dissolved ions must pass around
the dispersed sheets, increasing the effective distance they travel through the coating.
When these nanomaterials are adequately distributed within the PVA matrix, the resulting
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tortuous pathway can slow electrolyte transport and reduce the rate at which aggressive
species reach the coating–metal interface [82].

Interactions between PVA chains and inorganic fillers also influence the morphology
and stability of the coating. The hydroxyl groups of PVA can participate in hydrogen
bonding with suitable functional groups present on the filler surface, helping to establish
closer contact between the two phases. This interaction may reduce the formation of
microvoids and other discontinuities that could otherwise provide pathways for electrolyte
penetration. A more uniform polymer–filler network can also contribute to coating cohesion
and adhesion while limiting the development of cracks during exposure. These effects are
particularly relevant under humid or saline conditions, where small defects may allow
water and ions to accumulate at the metal surface and initiate localized corrosion [83].

The barrier properties of these hybrid systems depend not only on the type of additive
but also on how effectively it is incorporated into the PVA network. Crosslinking can
be used to improve network stability and restrict the mobility of polymer chains, while
appropriate interactions between the matrix and the dispersed phase help maintain a
relatively uniform coating structure. A reduction in free volume can limit water uptake and
decrease dimensional changes that occur during prolonged exposure to moisture. Through
a suitable combination of crosslinking and functional additives, PVA-based coatings can
therefore provide a more stable physical barrier against the transport of water, oxygen, and
ionic species involved in corrosion processes [84].

The inhibition of water and oxygen diffusion is one of the most important requirements
for achieving long-term corrosion protection because both components are directly involved
in electrochemical corrosion reactions. Although PVA is intrinsically hydrophilic, its
increased film-forming ability and strong intermolecular hydrogen bonding enable the
formation of compact coatings with relatively low oxygen permeability. Appropriate cross-
linking further decreases the free volume within the polymer matrix, thereby limiting the
transport of water molecules and dissolved oxygen through the coating [85].

Two-dimensional nanomaterials can further influence the transport properties of PVA
coatings by changing the route followed by permeating species. When graphene sheets
or similar plate-like structures are dispersed throughout the polymer matrix, they act as
physical obstacles to the movement of water, oxygen, and dissolved ions. These species
must therefore pass around the dispersed layers rather than moving along a relatively
direct path toward the metal surface. The resulting increase in diffusion distance slows
their transport through the coating and delays their arrival at the coating–metal interface.
This tortuous-path effect can be particularly useful in humid or salt-containing environ-
ments, where prolonged exposure to moisture and ionic species may otherwise accelerate
corrosion [86].

Diffusion through PVA coatings is also affected by interactions between the polymer
chains and the incorporated additives. Hydrogen bonding with compatible components can
restrict local chain movement and contribute to a more closely packed polymer structure.
This may reduce the number and size of microvoids through which water and electrolyte
species can migrate. As a consequence, moisture uptake and electrolyte transport through
the coating can be limited, helping the polymer layer retain its barrier function over longer
periods of exposure. The extent of this effect, however, depends on the compatibility of the
components and the organization of the resulting polymer network [87].

Recent studies have also demonstrated that combining PVA with layered silicates,
graphene derivatives, or vermiculite can reduce gas permeability and improve oxygen-
barrier performance, mechanical stability, and resistance to water penetration. These
nanostructured systems simultaneously improve oxygen-barrier performance, mechanical
stability, and resistance to water penetration, thereby extending the service life of coated
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metallic substrates exposed to aggressive corrosive media. Such hybrid barrier structures
have been investigated as an approach for improving barrier and corrosion-protection
performance in environmentally oriented coating systems [88].

Adhesion at the coating–metal interface has a direct influence on the durability of
corrosion protection. Once a coating begins to separate from the substrate, water and
dissolved ions can enter the interfacial region and create conditions favorable for corrosion
beneath the film. PVA can adhere to a range of metallic surfaces because its hydroxyl
groups are able to interact with the oxide or hydroxide species normally present on metals.
Hydrogen bonding and, in some cases, coordination-type interactions may contribute to
this interfacial contact. Maintaining close contact between the PVA layer and the substrate
helps limit the formation of interfacial pathways through which corrosive species could
reach the metal and initiate localized attack [89].

Crosslinking can modify this behavior by strengthening the internal cohesion of the
PVA film and reducing its tendency to swell in the presence of water. Excessive dimensional
changes during wetting and drying may generate stresses at the coating–substrate interface
and eventually promote debonding. A suitably crosslinked network is less susceptible to
these changes and can therefore remain attached to the surface for a longer period under
humid or salt-containing conditions. Crosslink density is important in this respect, since an
appropriate degree of network formation can restrict crack development without making
the coating excessively rigid or brittle [90].

Nanomaterials can provide further structural support when incorporated into the
PVA matrix. Graphene derivatives, silica nanoparticles, layered double hydroxides, and
nanoclays have all been investigated as reinforcing components in polymer coatings. When
adequately dispersed, these fillers can reduce local porosity and influence the way mechan-
ical stresses are distributed through the film and across the coating–metal interface. A more
compact interfacial region may consequently be less susceptible to cracking, separation,
or penetration by aggressive species. The resulting hybrid PVA coatings can therefore
maintain adhesion and barrier function more effectively during prolonged exposure to
mechanically or chemically demanding environments [91].

Surface modification of nanoparticles and the use of bio-inspired adhesive components
have recently been explored as ways of improving compatibility at the coating–substrate
interface. Functional groups introduced onto the particle surface can strengthen interactions
with the PVA matrix and may also promote better contact with the underlying metal.
In this way, a single additive can contribute to several aspects of coating performance,
including adhesion, compactness, and resistance to the penetration of corrosive species.
Such approaches are of interest for the development of protective coatings that combine
improved durability with reduced environmental impact [92].

Functional additives can also give PVA coatings an active role in corrosion protection.
Organic inhibitors, rare-earth compounds, and selected inorganic inhibitors may interact
with exposed metal areas and interfere with the anodic and cathodic reactions involved in
corrosion. Their effectiveness can be further controlled by incorporating them into carrier
structures rather than dispersing them directly throughout the polymer. Graphene-based
materials, layered double hydroxides, mesoporous silica, and halloysite nanotubes have all
been investigated as reservoirs for corrosion inhibitors. These carriers can release the active
species in response to changes associated with coating damage, such as local variations in
pH, allowing the inhibitor to act preferentially where corrosion has started [93].

Hybrid PVA coatings combine several protective functions within the same mate-
rial. The polymer matrix provides the continuous film, while nanofillers can increase the
tortuosity of diffusion pathways and crosslinkers can reduce swelling and stabilize the
network. Corrosion inhibitors introduce an additional active protection mechanism. When
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these components are compatible and adequately distributed, the resulting coating can
show lower porosity, better adhesion, and greater resistance to electrolyte transport than a
simpler PVA film. Graphene derivatives, silica nanoparticles, layered double hydroxides,
and nanoclays are especially useful in this type of formulation because they can reinforce
the coating structure while also restricting the movement of water and ionic species. An
example of this multifunctional approach is the use of PVA-grafted graphene as both a
reinforcing phase and a carrier for corrosion inhibitors. Such systems have been designed
to store cerium-based inhibitor species and release them when changes occur within the
coating environment. At the same time, the graphene component contributes to the barrier
effect by increasing the diffusion distance through the polymer layer. Combining these two
functions can help maintain protection even after local coating damage and may prolong
the effective lifetime of the coating [94].

In addition to nanofiber-based systems, smart anti-corrosion coatings increasingly
employ nanocontainers, metal–organic frameworks, microcapsules, and stimuli-responsive
polymer networks to achieve controlled inhibitor release. These carrier systems can release
corrosion inhibitors in response to environmental changes associated with corrosion, in-
cluding pH fluctuations, chloride ion accumulation, moisture penetration, or variations in
electrochemical potential. Such stimulus-responsive release can reduce premature inhibitor
consumption and provide localized corrosion protection [95–103].

6. Conclusions
Poly(vinyl alcohol) (PVA) is a promising matrix for anti-corrosion coatings because of

its film-forming ability, interfacial adhesion, and compatibility with a wide range of cross-
linkers, nanofillers, and corrosion inhibitors. However, the reviewed evidence indicates that
unmodified PVA does not provide reliable long-term protection under prolonged exposure
to moisture and aggressive electrolytes. Its practical performance therefore depends on
controlling the polymer-network structure while achieving an appropriate balance among
water resistance, adhesion, mechanical stability, flexibility, and barrier properties.

Chemical, physical, and hybrid cross-linking strategies can substantially reduce the wa-
ter sensitivity of PVA; however, increasing cross-linking density does not necessarily result
in a proportional improvement in corrosion resistance. Excessive cross-linking can restrict
polymer-chain mobility and increase brittleness, whereas insufficient cross-linking may
promote swelling and compromise barrier stability. Similarly, nanofillers can enhance resis-
tance to electrolyte transport when their loading, dispersion, orientation, and compatibility
with the PVA matrix are appropriately controlled. In contrast, filler agglomeration, inter-
facial defects, and the electrical conductivity of some carbon-based fillers may adversely
affect coating protection. Active inhibitor-release systems can complement passive barrier
protection, but their contribution should be distinguished from structural self-healing
unless defect closure and recovery of coating performance are quantitatively demonstrated.

A key contribution of this review is the integration of PVA composition, cross-linking
chemistry, nanostructure, coating architecture, electrochemical response, active inhibition,
self-healing approaches, and environmental considerations within a common structure–
property–performance framework. The comparative analysis further demonstrates that
reported corrosion-protection performance cannot be interpreted independently of sub-
strate type, PVA molecular characteristics, cross-linking conditions, nanofiller loading,
coating thickness, electrolyte composition, and exposure duration. This highlights the
importance of considering experimental conditions when comparing different PVA-based
coating systems and provides a more critical perspective than a purely descriptive assess-
ment of individual formulations.
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Future studies should prioritize: establishing quantitative relationships among PVA
molecular characteristics, cross-linking density, water uptake, permeability, and electro-
chemical performance; identifying optimum nanofiller-loading ranges and agglomeration
thresholds; adopting standardized experimental protocols and systematically reporting
coating composition, thickness, substrate preparation, electrolyte composition, exposure
duration, and electrochemical parameters; evaluating structural self-healing and inhibitor
release separately using impedance recovery, corrosion-current recovery, crack-closure mea-
surements, repeated damage–healing cycles, and long-term immersion tests; and assessing
the toxicity, leaching behavior, life-cycle impact, scalability, and cost of complete coating
formulations rather than considering the environmental profile of PVA alone. Laboratory
results should also be complemented by salt-spray, cyclic corrosion, accelerated-weathering,
and field-exposure tests representative of intended service conditions.

Overall, further progress will depend on translating formulation-level improvements
into durable performance under realistic exposure conditions. PVA should therefore be
considered a tunable coating matrix rather than an independently sufficient anti-corrosion
material. The development of practically viable PVA-based coatings will require an opti-
mized balance among long-term barrier stability, active protection, mechanical integrity,
processability, environmental safety, and manufacturing feasibility.
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