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Abstract

Corrosion-protective coatings have progressed from passive barrier systems and chromate-
based technologies toward multifunctional materials that integrate barrier durability, inter-
facial adhesion, active inhibition, electrochemical response, and self-healing capabilities.
However, the intellectual framework connecting these technological developments remains
fragmented, as most reviews focus on specific material families rather than on the broader
evolution of the field. This study examines technological paradigms in corrosion-protective
coatings through a citation network analysis of highly cited publications retrieved from
Web of Science and processed with CitNetExplorer. The most influential publications were
thematically reviewed to identify dominant materials, coating architectures, protection
mechanisms, seminal contributions, and bridge articles. Four principal paradigms were
identified: smart and self-healing coatings based on nanocontainers, layered double hydrox-
ides, mesoporous silica, halloysite, zeolites, hydroxyapatite reservoirs, and microcapsules;
chromate-free sol-gel and silane pretreatments based on organic—inorganic hybrid matri-
ces, organosilanes, rare-earth inhibitors, and oxide nanoparticles; graphene and graphene
oxide-based nanocomposite coatings in which two-dimensional fillers enhance tortuosity,
reduce water uptake, and reinforce polymer matrices and coating—substrate interfaces; and
electroactive coatings based mainly on polyaniline and polypyrrole, where protection is as-
sociated with passivation, redox mediation, and dopant-controlled inhibition. The findings
indicate that corrosion-protective coatings have evolved through partially overlapping and
increasingly integrated paradigms rather than through a single technological trajectory.
This citation network analysis clarifies the transition from chromate replacement toward
active, nanostructured, electroactive, and self-healing corrosion-protective systems.

Keywords: corrosion-protective coatings; technological paradigms; citation network analysis;
CitNetExplorer; smart coatings; self-healing coatings; sol-gel coatings; graphene oxide;
conductive polymers; chromate-free coatings

1. Introduction

Corrosion-protective coatings are critical for extending the service life of metal compo-
nents in aerospace, marine, infrastructure, transportation, energy, and industrial settings.
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Traditionally, these coatings functioned as physical barriers that impede the transport of
water, oxygen, and aggressive ions to the metal substrate. Nevertheless, the presence of
pores, scratches, mechanical damage, local defects, or loss of adhesion can rapidly compro-
mise this barrier and initiate corrosion beneath the coating. Consequently, contemporary
corrosion-protective coatings are expected not only to provide durable barriers but also to
incorporate active inhibition, interfacial stabilization, electrochemical responsiveness, and,
in advanced systems, functional recovery after damage [1].

For several decades, chromate-based pretreatments, primers, and pigments have been
among the most effective technologies for corrosion protection, especially for high-strength
aluminum alloys in aerospace applications. Their effectiveness results from a combination
of barrier support, active inhibition, and localized protection at coating defects. However,
the toxicity and environmental regulations associated with hexavalent chromium have
necessitated the development of chromate-free alternatives. This challenge has stimulated
research into sol-gel and silane pretreatments, rare-earth inhibitors, conductive polymers,
graphene-based nanocomposites, and smart or self-healing coating systems [2].

Among chromate-free alternatives, sol-gel and silane-based coatings have been par-
ticularly significant due to their ability to form organic-inorganic hybrid networks that
improve adhesion, densify the metal/coating interface, and enhance barrier properties.
The chemistry of sol-gel coatings can be tailored using inorganic precursors, organosilanes,
transition metal alkoxides, oxide nanoparticles, and corrosion inhibitors. Consequently,
these systems have been extensively investigated as pretreatments for aluminum, mag-
nesium, steel, and other metallic substrates, particularly to reduce reliance on chromate
conversion coatings while maintaining interfacial protection [3,4].

Rare earth compounds, especially cerium and lanthanum salts, represent another
important class of chromate-free corrosion inhibitors. Cerium species inhibit localized
corrosion by precipitating at electrochemically active cathodic sites and reducing oxygen
reduction reactions, particularly near intermetallic particles in aluminum alloys. This
mechanism underlies the central role of cerium-containing sol-gel films, silane coatings,
CeO,-modified layers, and rare-earth-loaded deposits in the development of chromate-free
active systems [5,6].

Conductive polymers offer a distinct approach to corrosion protection. Unlike pas-
sive barriers, electroactive polymers such as polyaniline and polypyrrole can modify the
electrochemical state at the metal/coating interface. Early studies showed that polyaniline
coatings could alter the corrosion behavior of stainless steel, shift the corrosion potential
toward more noble values, and promote passivation effects [7,8]. This initiated research link-
ing corrosion protection to anodic passivation, redox-mediated mechanisms, the formation
of protective oxides, and dopant-controlled inhibition.

Despite these advantages, conductive polymers exhibit significant limitations. Their
performance is highly dependent on dopant chemistry, film morphology, adhesion, porosity,
electrolyte composition, and coating architecture. Under optimal conditions, polyaniline
or polypyrrole can promote passivation or release inhibitory species; under suboptimal
conditions, conductive pathways, poor adhesion, or large defects may accelerate degra-
dation. This dual behavior highlights the scientific significance of conductive polymers,
as they function both as electroactive protective mechanisms and as precursors to smart
inhibitor-releasing coatings [9,10].

A third significant class of materials comprises graphene, graphene oxide, and other
two-dimensional nanofillers incorporated into polymer coatings. Graphene oxide, func-
tionalized graphene oxide, hexagonal boron nitride (h-BN), organoclays, and graphene
oxide—-oxide hybrids enhance the tortuosity of diffusion pathways, decrease water absorp-
tion, block micropores, and increase the ionic resistance of organic coatings. When well
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dispersed and chemically compatible with the polymer matrix, these nanofillers substan-
tially improve the barrier performance of epoxy or polyurethane coatings [11,12].

Despite their potential, graphene-based coatings require meticulous material design.
Inadequate dispersion may result in agglomeration and defects, while conductive graphene
networks can facilitate galvanic corrosion if the electrolyte penetrates discontinuities to
reach the metal surface. This limitation has prompted a transition from direct graphene
films to functionalized graphene oxide, graphene oxide—oxide hybrids, and graphene-
derived fillers embedded within insulating polymer matrices. In this context, the primary
challenge is not merely the incorporation of graphene, but the precise control of dispersion,
functionalization, electrical connectivity, and interfacial compatibility [13,14].

The most comprehensive materials paradigm is exemplified by smart, self-healing
coatings. These systems incorporate active reservoirs, including nanocapsules, bilayer
hydroxides, mesoporous silica, halloysite nanotubes, zeolites, hydroxyapatite particles,
and microcapsules. Their function is to store corrosion inhibitors or repair agents and
release them in response to corrosion-related stimuli such as pH changes, chloride ingress,
electrochemical activation, or mechanical rupture. The layer-by-layer nanocapsule strategy
has demonstrated that inhibitors can be isolated from the coating matrix and released
locally upon activation of corrosion processes [15].

Within the domain of smart coatings, layered double hydroxides (LDHs) are especially
significant because they function both as inhibitor reservoirs and chloride nanotraps. Their
layered structure facilitates ion exchange, enabling the capture of aggressive chloride ions
and the release of inhibitor anions. This dual functionality renders LDH-based materi-
als highly attractive for active protective coatings, particularly when combining barrier
properties with a localized chemical response to coating damage [16,17].

Although these material families have been extensively investigated, the intellectual
framework linking them remains fragmented. Existing reviews generally address individ-
ual technologies, such as sol—gel coatings, conductive polymers, graphene-based coatings,
or self-healing systems. While these reviews offer valuable technical insights, they do not
comprehensively elucidate the historical and conceptual connections among these material
pathways. From a materials science perspective, a central question concerns how various
coating families have contributed to the progression from chromate replacement to active,
nanostructured, electroactive, and self-healing corrosion protection systems.

Citation network analysis offers an effective method for examining this evolution by re-
vealing connections among influential publications, the formation of research communities,
and the identification of articles that bridge technological trajectories. CitNetExplorer is es-
pecially valuable for this purpose, as it constructs citation networks at the publication level
and enables visualization of direct citation relationships among highly cited documents [18].
When applied to corrosion-protective coatings, this approach can determine whether the
field has advanced through isolated material trends or through partially overlapping and
increasingly integrated technological paradigms.

Accordingly, this study investigates technological paradigms in corrosion-protective
coatings by constructing a citation network of highly cited sources from Web of Science and
analyzing it with CitNetExplorer. The analysis centers on four material-oriented paradigms:
smart/self-healing coatings, chromate-free sol-gel/silane pretreatments, graphene or
graphene oxide-based nanocomposite coatings, and electroactive coatings based on conduc-
tive polymers. The primary objective is to identify the dominant material families, coating
architectures, protection mechanisms, fundamental contributions, and key publications
that elucidate the evolution and integration of the field.

Table 1 presents the four material-oriented paradigms analyzed in the citation network
analysis and delineates the conceptual scope of the study. Each paradigm corresponds to
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a dominant family of coating materials, a primary protective function, and the principal
technological limitation that prompted its development. This classification establishes the
analytical framework for interpreting the clusters identified using CitNetExplorer and for
examining the progression of corrosion-protective coatings from chromate replacement to
active, nanostructured, electroactive, and self-healing systems.

Table 1. Material-oriented paradigms examined in the citation network analysis.

Paradigm

Main Materials Dominant Protective Function Main Limitation Addressed

Chromate-free sol-gel/silane
pretreatments

Hybrid sol-gel matrices,
organosilanes, oxide
nanoparticles, Ce/La inhibitors

Adhesion, barrier protection,

early active inhibition Toxicity of Cr(VI)-based systems

Conducting polymer coatings

Lack of active electrochemical
response in passive coatings

Passivation, redox mediation,
dopant-controlled inhibition

Polyaniline, polypyrrole, doped
electroactive polymers

Graphene/GO nanocomposite
coatings

Graphene, GO, fGO, h-BN clay,
GO-oxide hybrids

Permeability and long-term
barrier degradation

Tortuosity, reduced water uptake,
barrier reinforcement

Smart/self-healing coatings

Controlled inhibitor release,
chloride trapping, functional
recovery

Nanocontainers, LDH,
mesoporous silica, halloysite,
zeolites, microcapsules

Corrosion propagation after
coating damage

As shown in Table 1, the four paradigms emphasize distinct yet complementary pro-
tective functions: interfacial adhesion and chromate-free inhibition, electrochemical activity,
nanoscale barrier reinforcement, and damage-responsive recovery. This materials-based
classification reinforces the central premise of the study that corrosion-protective coatings
have advanced through the diversification and integration of protective mechanisms.

This article contributes by providing a citation-network-based interpretation of the evo-
lution of coating materials for corrosion protection. Instead of considering sol-gel/silane
systems, conductive polymers, graphene-based nanocomposites, and smart coatings as
separate research directions, this study examines them as technological paradigms that
have emerged in response to specific material challenges, including chromate replace-
ment, interfacial adhesion, active inhibition, electrochemical response, reinforcement of
nanostructured barriers, and functional recovery following damage.

2. Materials and Methods
2.1. Research Design

A bibliometric citation network design was employed to analyze the evolution and
integration of technological paradigms in corrosion-protective coatings. The method-
ological strategy combined quantitative citation network mapping with qualitative the-
matic interpretation of the most influential publications within each cluster. This ap-
proach was selected to not only identify highly cited articles but also to elucidate how
groups of publications represent distinct families of materials, coating architectures, and
protection mechanisms.

The methodology comprised five stages. First, bibliographic records were retrieved
from Web of Science. Second, citation relationships between publications were processed
using CitNetExplorer (version 1.0.0). Third, the main clusters of publications were identified
through a clustering algorithm. Fourth, the most cited publications in each cluster were
reviewed thematically. Fifth, the clusters were compared to interpret the evolution of
technological paradigms in corrosion-protective coatings.

2.2. Data Source and Search Strategy

Bibliographic data were obtained from the Web of Science (WoS) database, which was
chosen for its standardized metadata and comprehensive cited-reference information, both
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of which are widely utilized in bibliometric research [19]. The search was limited to the
title field using the query TI = “corrosion protection” to ensure that only publications with
corrosion protection as the primary research focus were identified, thereby minimizing the
inclusion of peripheral documents in accordance with bibliometric recommendations to
reduce semantic noise [20]. The title-based strategy constitutes a methodological trade-off
between thematic precision and recall. Although this approach reduced the inclusion
of peripheral documents, it may have excluded relevant studies addressing corrosion-
protective coatings that do not use the exact term “corrosion protection” in their titles. This
limitation was partially addressed by incorporating non-matching cited references during
network construction in CitNetExplorer, which enabled influential publications outside
the initial title-based corpus to be included in the network through citation relationships.
As shown in Table 2, this query yielded 4807 records from the selected WoS indexes up to
2025. These records were exported with complete citation information for further analysis
in CitNetExplorer.

Table 2. Search strategy and document retrieval parameters in Web of Science.

Indexes Covered Search Query Retrieved Records ~ Date Run

WOS.SCI: 1900 to 2025

WOS.AHCI: 1975 to 2025

WOS.BHCI: 2005 to 2025 TI = “corrosion
WOS.BSCI: 2005 to 2025 protection”
WOS.ESCI: 2020 to 2025

WOS.SSCI: 1956 to 2025

4807 19 December 2025

Figure 1 provides an overview of the methodological workflow. The procedure
comprises three sequential stages: data retrieval and bibliometric mapping, qualitative
cluster analysis, and synthesis of technological evolution. This workflow integrates the
Web of Science search strategy, citation network construction using CitNetExplorer, cluster
detection, full-text thematic coding, saturation assessment, and inter-cluster comparison.

@ Data retrieval and
bibliometric mapping

0 0B s0& 30X

Web of Science Export of full Import into Direct citation

search 'ec‘:;?:rz:g:s“ed CitNetExplorer network construction

@ Qualitative analysis

0N @0 0 8 <o :

Saturation Full-text Selection of highly Cluster
assessment thematic coding cited publications detection
A4

Synthesis

A Discussion of
N Cross-cluster 5
1 = technological
comparison :
evolution

Figure 1. Methodological workflow of the study. The analysis involved data retrieval from Web of
Science, citation network mapping with CitNetExplorer, cluster identification, thematic coding of the

full text of highly cited publications, saturation assessment, and inter-cluster comparison to examine
the evolution and integration of technological paradigms in corrosion-protective coatings.
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Table 3 provides a summary of the main methodological parameters applied in data
retrieval, network construction, and thematic analysis, thereby complementing the work-
flow illustrated in Figure 1. In contrast to Table 2, which presents the specific search query
and retrieval results, Table 3 outlines the analytical decisions that informed the construction
and interpretation of the citation network.

Table 3. Overview of methodological parameters used for citation network construction and
thematic analysis.

Category Parameter Specification
Database Web of Science Core Collection
Data retrieval Search query TI = “corrosion protection”
Export format Full record and cited references
Software CitNetExplorer
Network construction Network type Direct citation network
Unit of analysis Publication

Based on most cited publications and

luster int tati . .
Cluster interpretation full-text thematic coding

Thematic analysis

Top-cited articles reviewed in blocks

Saturation strategy of ten per cluster

2.3. Construction of the Citation Network Using CitNetExplorer

Records retrieved from Web of Science, including complete bibliographic information
and cited references, were exported and imported into CitNetExplorer to construct a direct
citation network. In this network, nodes correspond to publications and links denote direct
citation relationships. Direct citation analysis was chosen as it captures explicit intellectual
influence between publications and enables identification of chronological and conceptual
trajectories within the research field [18,21,22].

The network was visualized and clustered using the available tools in CitNetExplorer.
Node color represented cluster membership. Although network visualization supported
the identification of primary citation communities, the final interpretation of clusters was
based on thematic analysis of the full text of the most influential publications, rather than
exclusively on visual inspection.

The network was constructed in three stages:

1. The file containing 4807 retrieved publications was uploaded to CitNetExplorer. The
“non-matching cited references” option was selected to include publications not
present in the initial Web of Science (WoS) set but cited by the original publications. A
minimum threshold of 20 citations was established for additional non-matching cited
references. This threshold aimed to balance comprehensive coverage and interpretabil-
ity by including influential publications beyond the initial title-based corpus, while
excluding weakly connected or peripheral references. The adequacy of this threshold
was evaluated based on network interpretability, cluster coherence, and the thematic
relevance of the publications incorporated into the four main clusters. Consequently,
the initial network comprised 5181 nodes and 28,753 links.

2. The core component of the network was identified, reducing the analysis set to
3901 interconnected publications and 28,646 links. Retaining the core component
allowed the analysis to focus on the structurally significant portion of the citation
network. Although the network size decreased from 5181 to 3901 nodes, the number
of links declined only slightly from 28,753 to 28,646, thereby preserving approximately
99.6% of direct citation relationships. This suggests that the excluded publications were
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primarily isolated or weakly connected records that did not meaningfully contribute
to the main citation structure.

3.  The clustering algorithm was implemented with a resolution parameter of 2, selected
to achieve an optimal balance between cluster granularity and thematic coherence.
This configuration enabled the identification of four dominant clusters, each broad
enough to represent major technological paradigms and distinct enough to facilitate
interpretation in terms of materials, coating architectures, and corrosion-protection
mechanisms. The algorithm produced four main clusters and thirteen secondary
clusters with fewer publications. The subsequent analysis concentrated exclusively on
the four main clusters.

2.4. Identification of Clusters and Selection of Publications

The citation network revealed four dominant clusters, each corresponding to a
materials-oriented technological paradigm. The blue cluster was associated with smart and
self-healing coatings; the green cluster with chromate-free sol-gel or silane pretreatments;
the violet cluster with graphene or graphene oxide-based nanocomposite coatings; and the
orange cluster with electroactive coatings based on conductive polymers.

To characterize each cluster in depth, the most-cited publications within each group
were reviewed and sorted in descending order by citation impact. This approach enabled
the identification of seminal articles, dominant materials, recurring mechanisms, bridging
publications, and internal thematic diversity, while facilitating qualitative interpretation of
the full text.

Articles were reviewed in blocks of ten publications. After each block, emerging cate-
gories were recorded, including materials, coating matrices, substrates, active components,
characterization methods, and dominant corrosion protection mechanisms. This block-by-
block approach enabled assessment of whether new publications introduced additional
topics or whether the group’s interpretation had stabilized.

2.5. Thematic Coding

A qualitative thematic coding procedure was implemented for the selected publi-
cations. Each article was systematically coded according to seven primary dimensions:
material family, coating architecture, metal substrate, active component, dominant protec-
tion mechanism, characterization method, and function within the citation network.

The full-text review was structured according to the coding dimensions outlined in
Table 4. These dimensions were chosen to elucidate the relationships among material fami-
lies, coating architectures, metallic substrates, active components, protection mechanisms,
characterization methods, and the specific role of each article within the citation network.

Table 4. Coding dimensions applied in the thematic interpretation of citation clusters.

Coding Dimension Description

Material family Sol-gel, silane, PANI, PPy, GO, LDH, nanocontainers, etc.

Pretreatment, primer, topcoat, nanocomposite, multilayer,

Coating architecture . .
reservoir-based coating

Substrate AA2024-T3, Mg alloys, mild steel, stainless steel, copper, etc.

Active component Inhibitor, rare-earth species, dopant, nanofiller, carrier or reservoir

Barrier, adhesion, passivation, tortuosity, inhibitor release,

Protection mechanism chloride trapping, self-healing

Characterization method EIS, SVET, SKP, XPS, polarization, salt spray, water uptake

Seminal article, review, bridge article, methodological node or

Article role critical study
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The coding scheme facilitated the interpretation of the four clusters within a unified
analytical framework, enabling systematic comparison across materials, mechanisms, and
article functions.

Article functions were classified as follows: fundamental contribution, when an
article introduced a basic material or mechanism; review article, when it synthesized
a technological family; methodological node, when it contributed analytical methods
such as EIS, CPE interpretation, or water absorption analysis; bridge publication, when
it connected two or more paradigms; and critical study, when it identified limitations or
failure conditions of a materials system.

The coding process followed an inductive approach. Initial categories were identified
through a review of the full text of the most-cited articles and refined as further publica-
tions were analyzed. The resulting stable coding categories included barrier protection,
adhesion promotion, rare earth inhibition, electroactive passivation, dopant-controlled
release, nanocomposite tortuosity, chloride trapping, pH-activated release, self-healing,
resistance to cathodic delamination, and interfacial stabilization.

2.6. Thematic Saturation

Thematic saturation was evaluated independently for each cluster. Saturation was
deemed achieved when additional highly cited articles failed to introduce new material fam-
ilies, mechanisms, or conceptual interpretations, instead reinforcing previously identified
categories. This criterion was applied separately to each cluster to account for differences
in internal maturity and diversity.

In the green cluster, saturation was achieved when the analysis consistently converged
on sol-gel or silane pretreatments, cerium and lanthanide inhibition, oxide nanoparticles,
inhibitor-doped films, and porous coatings for aluminum and magnesium alloys. In the
violet cluster, saturation was reached when additional articles reinforced the categories
of GO or fGO coatings, GO-oxide hybrids, h-BN, organoclays, aqueous systems, fGO
interfacial films, and PANI/GO or PPy/graphene hybrid systems.

In the orange cluster, saturation was reached when the final articles reiterated the core
categories of PANI and PPy electroactivity, anodic passivation, dopant-controlled inhibition,
smart release, conductive polymer additives, PANI/oxide nanocomposites, and failure or
success conditions. In the blue cluster, saturation was supported by the convergence of the
most influential publications around nanocontainers, LDH, mesoporous silica, halloysite,
zeolites, hydroxyapatite reservoirs, microcapsules, and active self-healing mechanisms.

2.7. Comparison of Clusters

After thematic coding of each cluster, a comparative analysis was conducted to identify
shared mechanisms, technological overlaps, and bridge publications. Bridge publications
were identified using a combination of bibliometric and thematic criteria. An article
qualified as a bridge publication if it connected distinct clusters through direct citation
relationships, integrated material families from different paradigms, transferred protection
mechanisms between paradigms, or served an interpretive function in elucidating techno-
logical transitions. Therefore, selection of bridge publications was based not only on citation
impact but also on their structural and thematic contributions to cross-cluster integration.

Examples of bridge publications include sol-gel coatings with nanocapsules loaded
with inhibitors, conductive polymer coatings with smart release of inhibitors, functionalized
graphene oxide incorporated into sol-gel or silane interfacial films, and polyaniline or
polypyrrole/graphene nanocomposites. This comparative analysis facilitated examination
of the evolution of corrosion-protective coatings, from chromate replacement to active,
nanostructured, electroactive, and self-healing systems.
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2.8. Methodological Limitations

Several methodological limitations should be acknowledged. First, the dataset was
derived from Web of Science records, so relevant publications indexed exclusively in other
databases may have been excluded. Second, the focus on highly cited publications favors
established and influential research lines, potentially underrepresenting recent emerging
topics. Third, cluster labels were assigned through expert interpretation of the most highly
cited publications, rather than being automatically generated by CitNetExplorer. To address
this limitation, the interpretation was supplemented with a full-text review, thematic coding
by blocks, and an assessment of thematic saturation.

3. Results
3.1. Citation Network Structure and Identification of Technological Paradigms

Analysis of the citation network generated using CitNetExplorer revealed a well-
structured intellectual landscape within the field of corrosion-protective coatings. Four
dominant clusters emerged, each interpreted as a technological paradigm organized around
specific material families, coating architectures, and corrosion protection mechanisms. The
blue cluster corresponds to smart and self-healing coatings; the green cluster to chromate-
free sol-gel or silane pretreatments; the violet cluster to graphene or graphene oxide-
based nanocomposite coatings; and the orange cluster to electroactive coatings based on
conductive polymers.

The citation network analysis identified four dominant clusters, each representing
a technological paradigm structured around distinct material families, coating architec-
tures, and corrosion-protection mechanisms. These clusters include smart or self-healing
coatings, chromate-free sol-gel or silane pretreatments, graphene or graphene oxide-based
nanocomposite coatings, and conducting polymer-based electroactive coatings. Table 5
presents quantitative data on the size, connectivity, dominant materials, and protection
mechanisms of these clusters, and Figure 2 illustrates their chronological development.

Table 5. Size, connectivity, materials and protection mechanisms of the four dominant clusters.

Technological Paradigm  Publications  Citation Links =~ Dominant Materials Main Protection Mechanisms
Nanocontainers, LDHs, Controlled inhibitor release,
Smart/self-healing mesoporous silica, halloysite, ~ chloride trapping,
. 542 3572 . . .
coatings zeolites, hydroxyapatite, pH-triggered response,
microcapsules functional recovery

Chromate-free

Hybrid sol—gel, organosilanes, Adhesion, barrier protection,

sol—gel/silane 573 3938 Ce/La mhlbltors, oxide rare-earth inhibition
pretreatments nanoparticles

Tortuosity, reduced water
Graphene/GO 586 3381 Graphene, GO, fGO, h-BN, uptake, ionic resistance,

nanocomposite coatings

clay, GO—oxide hybrids interfacial reinforcement

Conducting polymer
electroactive coatings

629 5538

Passivation, redox mediation,
corrosion-potential shift,
dopant-controlled inhibition

Polyaniline, polypyrrole,
doped conducting polymers

In addition to the structural interpretation of the citation network, the annual distribu-
tion of publications was analyzed for the four dominant clusters. As illustrated in Figure 2,
the orange and green clusters emerged earlier and correspond to established research trajec-
tories focused on conducting polymers and chromate-free sol-gel or silane pretreatments.
Conversely, the violet and blue clusters have exhibited more pronounced growth in recent
years, indicating the rising significance of graphene or graphene oxide-based nanocompos-
ite barriers and smart or self-healing coatings. This chronological trend suggests that the
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field has progressed from chromate-free interfacial protection and electroactive passivation
to nanostructured barrier engineering and active functional recovery.

70

Smart/self-healing coatings

(]
o
1

)]
o
1

Graphene/GO nanocomposites

N
o
1

w
o
1

N
o
1

Sol—gel/silane pretreatments

Number of publications per year

0 1 v 1 ‘“A'"“‘IJ' 1 " 1 v 1
1960 1970 1980 1990 2000 2010 2020
Publication year

Figure 2. Chronological evolution of the four technological paradigms identified in the citation
network. The figure presents the annual distribution of publications related to four primary research
clusters: smart or self-healing coatings, chromate-free sol-gel or silane pretreatments, graphene or
graphene oxide (GO)-based nanocomposite coatings, and conducting polymer-based electroactive
coatings. The temporal analysis reveals that conducting polymer and sol-gel or silane approaches
emerged earlier, while graphene or GO nanocomposite barriers and smart or self-healing coating
systems experienced significant growth in subsequent years.

A key finding is that the field has not progressed along a single technological trajec-
tory. Instead, corrosion-protective coatings have developed through partially overlapping
paradigms, each addressing specific limitations of conventional protection systems. The
green cluster reflects efforts to develop chromate-free pretreatments that provide adhesion,
barrier protection, and early active inhibition. The orange cluster represents the electroac-
tive approach, in which conductive polymers alter the electrochemical state at the metal
and coating interface. The violet cluster embodies the nanocomposite barrier strategy,
utilizing two-dimensional fillers to reduce permeability and enhance coating durability.
The blue cluster represents the most integrative paradigm, employing active reservoirs and
self-healing mechanisms to restore protection after localized damage.

The chronological distribution of publications further substantiates this evolution-
ary interpretation. The green cluster represents an early and well-established paradigm,
rather than a recently expanded one. The orange group reflects an older, highly intercon-
nected research tradition, whose annual output has declined in recent years. In contrast,
the violet cluster exhibits significant growth following the introduction of graphene and
graphene oxide-based nanocomposite coatings. The blue cluster displays the most pro-
nounced upward trend in recent periods. This temporal pattern suggests a shift from
chromate-free interfacial protection and electroactive passivation toward the development
of nanostructured barriers and active functional recovery.
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This cluster structure aligns with the persistent challenge of replacing chromate-based
corrosion protection. Chromates offered a unique combination of barrier support, active
inhibition, and localized protection at coating defects, particularly for aerospace aluminum
alloys [2]. The citation network indicates that no single material family has fully replicated
these functions. Instead, various research communities have developed complementary
strategies: sol-gel or silane systems replicate adhesion and barrier properties; rare-earth
inhibitors provide active inhibition without chromates; conductive polymers introduce
electrochemical passivation; graphene or graphene oxide nanocomposites enhance barrier
durability; and smart or self-healing systems enable controlled inhibitor release.

From a materials standpoint, each cluster is characterized by a dominant material
family and its associated protective function. The green cluster comprises sol-gel hybrid
coatings, organosilanes, cerium or lanthanide inhibitors, and oxide nanoparticles. The
orange cluster centers on polyaniline, polypyrrole, and doped conductive polymers. The
violet cluster includes graphene, graphene oxide, functionalized graphene oxide, hexagonal
boron nitride, clays, and graphene oxide-hexagonal boron nitride hybrids. The blue
cluster features nanocontainers, layered double hydroxides, mesoporous silica, halloysite
nanotubes, zeolites, hydroxyapatite particles, and microcapsules.

Table 5 presents the size, connectivity, material families, and protection mecha-
nisms associated with the four dominant clusters. Collectively, these clusters encompass
2330 publications and 16,429 direct citation links, accounting for 59.7% of the publications
and 57.4% of the direct citation links within the core network. Consequently, these clusters
form the principal intellectual framework for interpreting the technological evolution of
corrosion-protective coatings.

Table 5 demonstrates that the four technological paradigms are similar in size but differ
in connectivity and material-mechanism orientation. The conducting polymer electroactive
coatings paradigm has the highest number of citation links, which suggests early and
highly interconnected development within corrosion-protection research. In contrast, the
smart/self-healing coatings, chromate-free sol-gel/silane pretreatments, and graphene /GO
nanocomposite coatings paradigms have comparable publication volumes but represent
distinct technological approaches: controlled release and functional recovery, chromate-free
interfacial protection, and nanostructured barrier reinforcement, respectively. These results
suggest that the field is structured around material-mechanism relationships rather than
isolated coating categories.

The citation network further demonstrates that the most influential articles are those
that not only introduced new materials but also transformed the conceptual framework of
protective coatings. For instance, early research on sol-gel and silanes redefined chromate-
free pretreatments as hybrid interfacial materials [3,4]. Investigations into polymers es-
tablished that coatings can actively modify electrochemical behavior [7,8]. Research on
graphene and graphene oxide emphasized the reinforcement of nanostructured barri-
ers [11,12]. Studies on smart coatings redefined them as reactive systems capable of
releasing inhibitors or restoring protective function after damage [15-17].

In summary, the citation network supports the central interpretation of this study:
corrosion-protective coatings have evolved from passive barriers and chromate-based sys-
tems to active, electroactive, nanostructured, and self-healing materials. The four clusters
represent distinct yet interconnected technological paradigms that collectively explain the
evolution and integration of the field.

3.2. Smart and Self-Healing Coatings as an Integrative Technological Paradigm

The smart/self healing cluster constitutes the most integrative technological paradigm
identified within the citation network. Central to this cluster are publications focused
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on smart, active, and self-healing coatings for corrosion protection. The primary ma-
terials include layer-by-layer nanocontainers, laminar double hydroxides, mesoporous
silica nanoparticles, halloysite nanotubes, zeolite fillers, hydroxyapatite reservoirs, and
microcapsules. These materials are engineered to store active corrosion inhibitors or repair
agents and to release them in response to corrosion-related stimuli, such as pH fluctuations,
chloride ingress, electrochemical activation, or mechanical damage.

The conceptual foundation of this cluster lies in the understanding that conventional
organic coatings are effective only while their barrier function remains uncompromised.
When scratches, pores, cracks, or localized defects permit water, oxygen, and chloride ions
to access the metal/coating interface, corrosion may initiate and propagate beneath the
coating. Smart coatings overcome this limitation by incorporating active materials that
respond to localized damage. Montemor highlights that the development of functional
and smart corrosion-protective coatings is achievable by incorporating active agents into
coating systems, reservoirs, or carrier structures, and by chemically modifying the coating
matrix to introduce responsive functionalities [1].

A significant contribution in this field is the work by Shchukin et al. on layer-by-
layer assembled nanocapsules for self-healing corrosion protection [15]. This approach
addresses a major limitation of direct inhibitor addition: freely dispersed inhibitors in
the coating matrix may leach out prematurely, react with the polymer or sol-gel network,
diminish barrier properties, or become depleted before corrosion initiates. Encapsulation
isolates the inhibitor from the coating matrix and enables its localized release in response
to environmental changes associated with corrosion.

A central mechanism within the smart/self-healing coatings cluster is the release of
inhibitors in response to specific stimuli. Local corrosion processes generate pH gradients,
changes in electrochemical potential, and chloride accumulation near defects or active
intermetallic particles. These changes can trigger the release of inhibitors from nanocapsules
or active reservoirs. In this context, self-healing typically refers to functional recovery rather
than complete physical reconstruction of the coating. In many corrosion protection systems,
self-healing denotes the suppression of anodic or cathodic activity at damaged sites through
the release of inhibitory species.

Layer double hydroxides (LDHs) represent one of the most important material families
within the blue cluster. Their layered structure enables the intercalation of inhibitor anions
and their exchange with aggressive chloride ions. Tedim et al. demonstrated that Zn-
Al LDHs can function as chloride nanotraps in active protective coatings, providing a
dual mechanism of chloride capture and inhibitor release [16]. This dual functionality
renders LDHs particularly suitable for protecting aluminum and magnesium alloys, where
chloride-induced localized corrosion is a significant concern.

The significance of LDHs extends beyond their function as dispersed pigments. Sub-
sequent studies and reviews have demonstrated that LDHs can serve as reservoirs for
inhibitors, chloride traps, and functional surface growth layers, particularly for aluminum
alloys [17]. This versatility accounts for their central role in the blue cluster. LDH-based ma-
terials bridge coating chemistry, surface pretreatment, and smart release, exemplifying the
transition from passive barrier coatings to active and reactive corrosion protection systems.

The smart/self-healing coatings cluster also encompasses other reservoir-based mate-
rials, including mesoporous silica nanoparticles, halloysite nanotubes, zeolites, and hydrox-
yapatite microparticles. These materials operate on a shared functional principle: they store
active species and release them in response to corrosion-related stimuli. Mesoporous silica
offers controlled porosity and a large surface area for inhibitor loading; halloysite provides
a natural tubular morphology suitable for storage; zeolites and oxide-based reservoirs can
accommodate rare earth species; and hydroxyapatite particles function as active feedback
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reservoirs in response to local pH changes. The diversity of these materials indicates that
the blue cluster is defined by the principle of controlled storage and triggered release, rather
than by a single type of support.

The smart/self-healing coatings cluster is conceptually connected to the broader field
of autonomous self-healing materials. White et al. introduced the concept of self-healing
in polymer composites by employing microcapsules containing repair agents, which are
released upon crack propagation and subsequently polymerize in the damaged region [23].
Although this work did not initially address corrosion protection, it became relevant to
coatings research by demonstrating that damage can trigger a localized repair response.
In corrosion-protective coatings, this concept evolved into two related strategies: physical
crack repair and chemical restoration of corrosion protection through inhibitor release.

Multiple publications within this cluster emphasize multifunctionality. The most
advanced smart coatings integrate barrier matrices, active reservoirs, chloride trapping,
interfacial stabilization, and inhibitor release, rather than relying on a single inhibitor
or carrier. Zheludkevich et al. described smart coatings utilizing multifunctional micro-
and nanocontainers, underscoring the importance of combining active reservoirs with
protective matrices [24]. This integration is fundamental to the blue cluster and accounts for
its role as a convergence point for concepts originating in other clusters. The smart and self-
healing coatings cluster integrates chromate-free pretreatment chemistry with advanced
self-healing architectures. For example, incorporating inhibitor-loaded nanocontainers
into sol-gel coatings converts chromate-free hybrid matrices into responsive self-healing
systems [25]. Similarly, LDH-based systems connect surface pretreatment chemistry with
active release mechanisms. These developments indicate that the blue cluster emerged from
prior research on sol-gel chemistry, rare-earth inhibition, and active corrosion protection.

Methodologically, this paradigm employs electrochemical and localized techniques
to demonstrate barrier degradation, inhibitor release, and active corrosion protection.
Electrochemical impedance spectroscopy is used to assess coating resistance, capacitance,
water absorption, and long-term degradation. However, smart coatings also necessitate
methods that verify the local action of inhibitors at artificial defects.

The development of smart and self-healing coatings constitutes a major technological
advancement in corrosion protection. These coatings shift the role of traditional coat-
ings from passive barriers to responsive material systems capable of storing inhibitors,
detecting corrosion stimuli, and releasing active species when required. This integrative
approach incorporates materials and mechanisms from diverse research domains, includ-
ing sol-gel matrices and rare-earth inhibitors derived from chromate-free pretreatment
systems, electrochemical activation associated with conducting polymer-based coatings,
and nanostructured functional materials found in graphene or graphene oxide-based
nanocomposite coatings.

3.3. Chromate-Free Sol-Gel and Silane Pretreatments as a Transitional Paradigm

This cluster represents a key transitional paradigm within the citation network. Its
core encompasses research on chromate-free sol—gel coatings, organofunctional silane
films, rare-earth inhibitors, oxide nanoparticles, zeolite fillers, and organic-inorganic hy-
brid pretreatments for aluminum and magnesium alloys. In contrast to the blue cluster,
which emphasizes smart release and self-healing, the green cluster primarily addresses the
replacement of chromate-based pretreatments with environmentally acceptable materials
that enhance adhesion, barrier properties, interfacial stability, and localized inhibition.

The technological origins of this cluster are rooted in the pursuit of alternatives to
chromate conversion coatings, particularly for aerospace aluminum alloys. Twite and
Bierwagen emphasized that effective chromate replacement necessitates not only safer
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materials but also systems capable of replicating the multifunctional roles of chromates,
including barrier enhancement, active inhibition, adhesion promotion, and protection
at local defects [2]. As a result, this paradigm encompasses several material families,
including sol-gel hybrids, silanes, cerium compounds, lanthanides, zirconia nanoparticles,
and inhibitor-doped pretreatments, instead of relying on a single technological solution.

Sol—gel chemistry has emerged as one of the most influential chromate-free ap-
proaches, enabling the formation of thin, adherent organic-inorganic hybrid films on metal
substrates. Wang and Bierwagen reviewed sol—gel coatings on metals, highlighting their
significance for corrosion protection due to chemical stability, dense film formation, and
compatibility with environmentally friendly surface treatments [3]. Sol—gel hybrid systems
are particularly notable because the inorganic component enhances adhesion and chemical
resistance, while the organic component increases flexibility, hydrophobicity, thickness,
and compatibility with organic coatings [4].

One notable advancement within this paradigm is the development of nanostructured
sol-gel coatings for AA2024-T3 aluminum alloy. Zheludkevich et al. demonstrated that
hybrid sol—gel films doped with cerium nitrate and reinforced with zirconia nanoparticles
enhanced the corrosion protection of AA2024-T3 [26]. Zirconia nanoparticles contributed
improved barrier and pore-blocking properties, while cerium provided active inhibition.
This combination exemplifies the transitional character of the green cluster: the coating
functions primarily as a pretreatment and barrier system, yet already incorporates active
components that foreshadow the principles of smart coatings.

The incorporation of inhibitors into sol-gel matrices revealed both the potential and
limitations of direct addition. Yasakau et al. demonstrated that inhibitor-doped sol-gel coat-
ings on AA2024 could provide active corrosion protection, but the effectiveness depended
largely on the chemical compatibility between the inhibitor and the coating matrix [27].
This finding is significant as it explains the subsequent shift in research toward inhibitor
reservoirs and nanocontainers: direct addition may compromise coating integrity or cause
premature leaching, whereas encapsulation can preserve both barrier and active functions.

Rare-earth compounds, especially cerium and lanthanum salts, play a pivotal role in
chromate-free sol-gel and silane pretreatment systems. Early studies established that rare
earth salts can serve as environmentally acceptable corrosion inhibitors for aluminum alloys
and other metals [5]. Aldykiewicz et al. demonstrated that cerium primarily functions
as a cathodic inhibitor in aluminum-copper systems by forming cerium-rich deposits at
cathodic sites, thereby reducing oxygen reduction and localized corrosion activity [6].
This mechanism accounts for the recurring use of cerium in sol-gel coatings, silane films,
CeO,-filled layers, and subsequent deposit-based systems.

The significance of cerium in this cluster is further demonstrated by studies on sol-
gel and silane films modified with CeO,. Montemor et al. showed that silane films
containing CeO, nanoparticles enhanced corrosion protection and suggested that cerium
could influence both the chemical composition and protective performance of the film [28].
Schem et al. also demonstrated that CeO,-filled sol-gel coatings improved the corrosion
resistance of the AA2024-T3 alloy, indicating that cerium oxide nanoparticles function
not only as fillers but also as active components within hybrid films [29]. These studies
support the view that this paradigm evolved from passive hybrid pretreatments to active
nanomodified coating systems.

Organofunctional silanes constitute an important technological category within this
framework. Silane films have been investigated as chromate-free pretreatments because
they form interfacial layers between metal oxides and organic coatings, thereby improving
adhesion and reducing electrolyte access to the substrate. Zhu and van Ooij demonstrated
that bis-sulfur silanes protect the AA2024-T3 alloy by forming a dense interfacial layer that
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limits pitting growth and blocks cathodic sites [30]. This research is significant as it links
surface chemistry, adhesion, and corrosion protection, establishing silanes as fundamental
materials for future interfacial engineering strategies.

Silane films have evolved from serving solely as adhesion promoters to functioning
as active pretreatments containing inhibitors. Palanivel et al. demonstrated that incorpo-
rating corrosion inhibitors such as benzotriazole, tolyltriazole, or cerium salts into silane
films improved the performance of AA2024-T3 in chloride solutions [31]. These studies
demonstrate that the green cluster exhibited an early form of active protection. However,
inhibitor release in these systems was less controlled than in nanocontainer-based smart or
self-healing coating systems.

A further decisive advancement toward smart coatings was the development of
porous or nanostructured reservoirs within sol-gel-based systems. Lamaka et al. proposed
a nanoporous titanium dioxide intermediate layer as a reservoir for corrosion inhibitors
in self-healing coatings [32]. This strategy separated the inhibitor from the sol-gel matrix,
reducing the risk of negative interactions and enabling the release of active species during
corrosion processes. Subsequently, reservoirs of oxide nanoparticles and zeolite fillers
were also employed to store and release corrosion inhibitors such as cerium species. This
study represents a significant technological link between chromate-free sol-gel or silane
pretreatments and the development of smart or self-healing coating systems.

This paradigm is closely linked to the corrosion behavior of AA2024-T3 alloy, a
material extensively utilized in aerospace applications that contains intermetallic particles
promoting localized corrosion. Investigations into localized dissolution associated with
S-phase particles have established the mechanistic basis for numerous sol-gel, silane, and
rare-earth-based strategies [33]. Therefore, this cluster represents not only a set of coating
chemistries but also a targeted response to the challenge of mitigating localized corrosion
in high-strength aluminum alloys without the use of chromates.

This paradigm extends to magnesium alloys, another category of lightweight materials
that face significant corrosion challenges. Gray and Luan reviewed protective coatings
for magnesium and its alloys, highlighting the necessity for uniform, adherent, pore-free,
and, preferably, self-healing coatings due to magnesium’s pronounced susceptibility to
corrosion [34]. Lamaka et al. developed sol-gel hybrid coatings for AZ31B magnesium alloy,
demonstrating that organic-inorganic formulations enhance both adhesion and corrosion
protection [35]. The application of these approaches to magnesium alloys clarifies the
subsequent association between chromate-free sol-gel or silane pretreatment systems and
advanced smart or self-healing coating strategies, including those based on PEO, LDHs,
cerium modification, and superhydrophobic layers.

Table 6 presents an overview of the principal technological families within this
paradigm and demonstrates the progression from chromate-free barrier pretreatments
to early active and reservoir-based systems. The table demonstrates that sol-gel coatings
and organofunctional silanes established the interfacial and barrier foundation, whereas
rare-earth inhibitors, oxide nanoparticles, inhibitor-doped films, and porous reservoirs
progressively introduced active inhibition and controlled-release mechanisms.

This progression positions chromate-free sol-gel/silane pretreatments as a transitional
paradigm that connects chromate-free chemistry with the advancement of smart and self-
healing coating systems.

This cluster establishes the chemical and interfacial foundations for the technologi-
cal advancements described in the citation network. It addresses chromate replacement
through the development of sol-gel and silane hybrid matrices, the identification of cerium
and rare-earth compounds as active inhibitors, the introduction of nanoparticles for pore
blocking and barrier enhancement, and the investigation of inhibitor-containing films
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and coatings. Recognizing the limitations of direct inhibitor addition, the necessity for
localized responses, and the objective of replicating the active behavior of chromates, the
field has advanced toward the use of nanocontainers and smart coatings. This paradigm
serves as a transitional framework between chromate-free pretreatment chemistry and
smart/self-healing coating strategies.

Table 6. Major technological categories related to chromate-free sol-gel and silane pretreatments.

Technological Family Representative Articles Main Contribution Protective Mechanism
. . Wang and Bierwagen [3]; Chromate-free pretreatments Barrier, adhesion, pore
Hybrid sol-gel coatings Zheludkevich et al. [4,26] for metals blocking
Oreanofunctional silanes Zhu and van Ooij [30]; Interfacial adhesion and Dense interfacial layer,
& Palanivel et al. [31] chromate-free pretreatment cathodic site blocking
Chromate-free active Cathodic inhibition, Ce/La

Rare-earth inhibitors

Hinton [5]; Aldykiewicz et al. [6] inhibition precipitation

Oxide nanoparticles

Zheludkevich et al. [26];
Montemor et al. [28];

Pore blocking, barrier

Nano-reinforcement and .
improvement, Ce-based

active modification

Schem et al. [29] inhibition
_ . Yasakau et al. [27]; . . Inhibitor addition to
Inhibitor-doped films Palanivel et al. [31] Early active protection sol-gel/silane matrices
POroUS reservoirs Lamaka et al. [32] Transition toward Smart Inh.lbltor storage and localized
release delivery

3.4. Graphene and Graphene Oxide-Based Nanocomposite Coatings as Models for Advanced
Barrier Materials

The graphene and graphene oxide (GO)-based nanocomposite coatings cluster rep-
resents the advanced nanocomposite barrier paradigm within the citation network. This
research direction encompasses graphene, graphene oxide (GO), functionalized graphene
oxide (fGO), graphene-based hybrids, hexagonal boron nitride (h-BN), organoclays, and
other two-dimensional or lamellar nanofillers incorporated into polymeric coatings. Unlike
smart or self-healing coatings, which primarily depend on controlled inhibitor release,
this paradigm focuses on diffusion control, barrier reinforcement, reduced water uptake,
enhanced ionic resistance, and improved coating—substrate interfacial strength. The tech-
nological rationale centers on the capacity of two-dimensional nanofillers to increase the
tortuosity of diffusion pathways within organic coatings. When well dispersed, graphene
nanosheets or GO compel water, oxygen, and chloride ions to traverse longer and more
complex pathways before reaching the metal/coating interface. This process reduces
permeability, delays electrolyte penetration, and enhances long-term barrier properties.
Ramezanzadeh et al. demonstrated that amino-functionalized GO significantly improves
the barrier performance and corrosion protection of epoxy coatings, particularly when GO
is efficiently transferred and dispersed within the polymer matrix [11].

The effectiveness of graphene-based coatings is highly dependent on the quality of
dispersion, exfoliation, and chemical compatibility with the coating matrix. Inadequate
dispersion of GO or graphene can result in agglomeration, defect formation, and the
creation of preferential pathways for electrolyte transport, ultimately diminishing the
coating’s protective performance. Pourhashem et al. demonstrated that the method of
GO incorporation into epoxy formulations significantly influences both its dispersion and
anticorrosive properties; while low GO content can enhance protection, excessive loading
may lead to aggregation and reduced barrier efficiency [12]. Thus, this paradigm represents
a research trajectory focused on interfacial engineering and filler dispersion, not just the
addition of graphene.
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An essential aspect of this paradigm is the widespread application of chemical
functionalization to improve graphene oxide (GO) and polymer compatibility. The in-
troduction of functional groups onto GO surfaces strengthens interfacial bonding with
epoxy, polyurethane, or water-based matrices, limits nanosheet reordering, and improves
nanofiller homogeneity. Ramezanzadeh et al. demonstrated that covalently grafted GO
nanosheets enhanced the barrier properties and corrosion protection of polyurethane coat-
ings by improving dispersion and compatibility within the polymer matrix [36]. Similarly,
studies on polydopamine-coated GO indicated that surface modification can reinforce
the anticorrosive performance of water-based epoxy coatings by increasing adhesion and
compatibility between GO and the polymer phase [37].

The cluster also encompasses research on graphene oxide-silica nanohybrids, which
offer a strategy to mitigate GO aggregation and enhance barrier efficiency. Ramezanzadeh
et al. synthesized SiO,-coated GO nanohybrids and demonstrated that silica nanoparticles
attached to GO sheets improved dispersion, reduced cathodic delamination, and increased
the corrosion resistance of epoxy coatings [38]. Similarly, Pourhashem et al. reported that
5i0,-GO hybrids enhanced adhesion, contact angle, and corrosion protection performance
of epoxy coatings, illustrating that inorganic nanoparticles can function as spacers and
compatibility enhancers for GO nanosheets [39]. Collectively, these studies suggest that the
most effective graphene-based anticorrosive coatings are typically hybrid systems rather
than simple graphene/polymer blends.

Other oxide-doped GO hybrids, including TiO,—GO and Al,O3-GO, further support
this interpretation. TiO,-modified GO has been utilized to enhance anticorrosive per-
formance by optimizing GO dispersion and blocking micropores formed during coating
curing [40]. GO-Al,O3 hybrids have also been explored as reinforcements for epoxy coat-
ings, with alumina particles promoting exfoliation, reducing stacking, and increasing the
coating’s barrier efficacy [41]. The results highlight a fundamental design principle within
this paradigm: the barrier performance of graphene-derived materials depends primarily
on their controlled integration into stable, well-dispersed hybrid architectures rather than
on their mere inclusion.

This paradigm highlights a significant limitation in using graphene as a direct barrier
against corrosion. Early studies proposed graphene as an ultrathin barrier to oxidation or
corrosion in metals like copper, nickel, or copper—nickel alloys. However, later research
demonstrated that graphene coatings may fail after prolonged exposure, as oxygen and
water can penetrate through defects, grain boundaries, or discontinuities. Furthermore, the
high electrical conductivity of graphene can promote galvanic corrosion when the underly-
ing metal is exposed through coating defects. Schriver et al. therefore described graphene
as a long-term oxidation barrier that may be detrimental under specific conditions [13].

This critical perspective accounts for the field’s transition from direct graphene films
to graphene-derived nanofillers embedded within insulating polymer matrices. Sun et al.
addressed the corrosion-promoting activity of graphene by modifying reduced graphene
oxide with APTES, which reduced electrical connectivity between the graphene sheets
and the metal substrate [14]. This approach mitigates the galvanic risk associated with
conductive graphene networks while retaining the tortuosity and barrier benefits of lamellar
nanofillers. As a result, the violet cluster represents a shift from using graphene as a
direct coating to employing functionalized graphene as a barrier element dispersed within
polymeric coatings.

The cluster also encompasses alternative lamellar fillers beyond graphene and
graphene oxide (GO), such as organoclays and hexagonal boron nitride (h-BN). Organically
modified clay particles, used prior to the widespread adoption of graphene-based fillers,
provided early evidence that lamellar nanofillers can enhance the barrier properties of
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epoxy by increasing diffusion tortuosity [42]. More recently, h-BN nanosheets have been
incorporated into water-based epoxy coatings as two-dimensional, electrically insulating
fillers. In contrast to graphene, h-BN is dielectric, chemically stable, and hydrophobic,
making it particularly suitable for corrosion protection by reinforcing the barrier without
introducing the risk of galvanic coupling [43].

Water-based coatings represent an important subcategory within this paradigm. The
incorporation of graphene, GO, polydopamine-modified GO, or h-BN into water-based
epoxy systems demonstrates the convergence of high-performance corrosion protection
with environmental requirements for reduced volatile organic compound emissions. Liu
et al. showed that graphene-reinforced water-based epoxy coatings exhibited improved
corrosion resistance when graphene was added at an optimized loading, while excessive
loading resulted in aggregation and diminished performance [44]. Subsequently, Cui et al.
found that water-dispersible h-BN nanosheets enhanced the anticorrosive performance
of water-based epoxy coatings by reducing water absorption and improving impedance
response during immersion [43].

A significant contribution of this paradigm is its emphasis on interfacial engineering.
Certain studies employ functionalized GO films as surface treatments between steel and
epoxy resin, rather than incorporating GO solely into the coating matrix. Ramezanzadeh
et al. demonstrated that a sol-gel/silane nanocomposite film containing f{GO enhanced
corrosion protection and resistance to cathodic delamination in epoxy coatings on steel [45].
Parhizkar et al. further showed that GO films functionalized with amino groups and
covalently modified can improve interfacial adhesion between epoxy resin and steel, reduce
ion transport at the interface, and increase resistance to cathodic delamination [46]. Thus,
this paradigm connects the design of nanocomposite barriers with interfacial pretreatment
strategies identified in chromate-free sol-gel/silane systems.

The cluster also demonstrates a clear link to conductive polymer technologies. Several
graphene-based nanocomposite coatings incorporate polyaniline or polypyrrole, combin-
ing the barrier function of graphene-derived materials with the electroactive properties of
conductive polymers. Chang et al. developed polyaniline/graphene composites for anti-
corrosive coatings, showing that graphene enhanced barrier properties while polyaniline
provided electroactive protection [47]. Subsequently, Qiu et al. reported a synergistic effect
in aqueous coatings where graphene intercalated with polypyrrole improved imperme-
ability and polypyrrole contributed to passivation and self-healing-like behavior [48]. This
research trajectory directly connects the violet cluster with the orange cluster.

Table 7 presents a summary of the principal technological families identified within
this paradigm. This paradigm extends beyond graphene and graphene oxide, encompass-
ing a wider range of two-dimensional and lamellar nanofillers, functionalized graphene
oxide (GO) systems, GO-oxide hybrids, waterborne nanocomposites, interfacial functional-
ized GO (fGO) films, and hybrid systems that integrate graphene-derived materials with
conducting polymers.

Overall, this paradigm exemplifies the barrier-protection pathway using advanced
nanocomposite coatings. Its primary contribution is not inhibitor release, as in smart/self-
healing coatings, nor electrochemical passivation, as in conducting polymer-based electroac-
tive coatings. Instead, it focuses on engineering nanoscale polymer coating architectures
to reduce permeability, increase tortuosity, and strengthen the coating-substrate interface.
Additionally, the cluster demonstrates growing integration with other paradigms, including
fGO/silane interfacial films, PANI/GO and PPy/graphene composites, aqueous formula-
tions, and GO-oxide hybrid architectures. This progression confirms that the development
of corrosion-protective coatings involves both the introduction of new materials and the
systematic combination of barrier, active, interfacial, and environmental functionalities.
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Table 7.

graphene/GO-based nanocomposite coatings cluster.

Technological families, representative articles, and protective mechanisms in the

Technological Family

Representative Articles

Main Contribution

Protective Mechanism

GO/fGO epoxy coatings

Ramezanzadeh et al. [11];
Pourhashem et al. [12]

Barrier reinforcement in
organic coatings

Tortuosity, reduced water
uptake, ionic resistance

GO/polyurethane coatings

Ramezanzadeh et al. [36]

Extension of GO protection to
PU matrices

Dispersion and compatibility
enhancement

GO-oxide hybrids

Ramezanzadeh et al. [38];
Pourhashem et al. [39]

Prevent GO restacking and
improve dispersion

Spacer effect, micropore
blocking

Direct Graphene films and
galvanic-risk mitigation

Schriver et al. [13];
Sun et al. [14]

Critical evidence on Graphene
barrier limitations

Galvanic risk and defect
sensitivity,
electrical-connectivity control

h-BN and organoclay fillers

Hang et al. [42]; Cui et al. [43]

Alternative lamellar barrier
fillers

Tortuosity without galvanic
coupling

Waterborne nanocomposites

Cui et al. [37,43]; Liu et al. [44]

Environmentally oriented
formulations

Barrier reinforcement in
low-VOC systems

fGO interfacial films

Ramezanzadeh et al. [45];

Adhesion and delamination

Interfacial reinforcement

Parhizkar et al. [46] control

PANI/GO and PPy/graphene

Combination of barrier and
electroactive functions

Chang et al. [47];

Qiu et al. [48] Tortuosity plus passivation

3.5. Conducting Polymer-Based Electroactive Coatings

Conducting polymer-based electroactive coatings serve as a representative example
of the electroactive paradigm within the citation network. Its core comprises publications
focused on intrinsically conductive polymers, particularly polyaniline (PANI) and polypyr-
role (PPy), which are utilized as standalone films, primers, additives in organic coatings,
or as components in hybrid nanocomposite systems. In contrast to graphene or graphene
oxide (GO)-based nanocomposite coatings, which primarily achieve barrier reinforcement
through two-dimensional fillers, conducting polymer-based electroactive coatings function
by enabling electroactive polymers to modify the electrochemical state at the metal and
coating interface.

A foundational contribution within this cluster is DeBerry’s study on modifying the
electrochemical and corrosion behavior of stainless steels using electroactive coatings [7].
This research introduced the concept that a conductive polymer can electronically interact
with the passive surface of a metal, altering corrosion resistance. The significance of
this work lies in shifting the perspective from considering coatings solely as physical
barriers to recognizing them as electrochemical components capable of stabilizing or
inducing passivation.

Wessling expanded upon this interpretation by proposing that polyaniline can passi-
vate metals by altering the corrosion potential and modifying the morphological features of
the metal/coating interface [8]. In this context, PANI functions as an electroactive material
that maintains the substrate at a more noble or passive potential. Subsequent studies on
PANI coatings for mild steel and cold-rolled steel supported this hypothesis, demonstrat-
ing that electroactive PANI layers can reduce corrosion currents and enhance interfacial
protective effects [49,50]. Consequently, the initial phase of this paradigm hypothesized
that PANI protects metals mainly through anodic passivation rather than barrier action.

Surface analysis studies further substantiated this mechanism. Fahlman et al. em-
ployed X-ray photoelectron spectroscopy to examine the corrosion protection of iron and
steel using emeraldine-based polyaniline, reporting the formation of protective iron oxide
layers at the polymer/metal interface [51]. These interfacial layers, typically rich in Fe;O3
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and Fe3O4, were interpreted as evidence that PANI can extract charge from the metal
and foster a passivating environment. Similarly, Talo et al. found that polyaniline/epoxy
coatings could shift the corrosion potential of mild steel toward more noble values and
promote the formation of protective interfacial layers [52].

However, the conducting polymer-based electroactive coatings paradigm does not
provide clear evidence that polyaniline is a universally effective anticorrosive material. Mul-
tiple studies have shown that the performance of conductive polymers is highly dependent
on factors such as dopant chemistry, coating morphology, adhesion, film porosity, elec-
trolyte composition, and the presence of an overlying protective layer. For example, Araujo
et al. demonstrated that undoped PANI coatings exhibit poor barrier properties and weak
adhesion, resulting in inadequate corrosion protection in practical tests [53]. This evidence
is critical, as it prevents an overly simplistic interpretation of PANI as inherently protective.

The most important conceptual refinements in this field are the role of dopants and
counterions. Kinlen et al. demonstrated that polyanilines doped with sulfonic and phos-
phonic acids can provide varying degrees of corrosion protection for mild steel, with
phosphonic acid dopants being particularly relevant, as they can form insoluble iron-
dopant complexes at coating defects [54]. Subsequently, Pereira da Silva et al. interpreted
poly(aniline) acrylic coatings as systems in which counterions play an active role: corrosion-
driven redox processes can reduce PANI and release anions capable of forming passivating
complexes with iron [55]. These studies shifted the interpretation, moving from viewing
PANI as a passivating polymer to viewing it as a redox-active reservoir of inhibitory species.

The concept of smart release is explicitly addressed in studies on smart coatings based
on conductive polymers. Kendig et al. proposed that corrosion energy at a defect can drive
the release of inhibiting anions from a conductive polymer film, enabling the coating to
respond selectively when corrosion initiates [56]. Paliwoda-Porebska et al. expanded this
concept by employing polypyrrole coatings doped with molybdate or phosphomolybdate
species, demonstrating that changes in interfacial potential during corrosion can trigger the
release of inhibiting anions and induce self-healing behavior [57]. The reviewed studies
demonstrate a significant conceptual connection between electroactive protection and smart
or self-healing coating strategies.

Polypyrrole is the second major subcategory of conducting polymers in this paradigm.
Early studies demonstrated that PPy can be electropolymerized onto iron or mild steel
under specific conditions, particularly in oxalic acid media that facilitate passivation of the
metal surface prior to polymer growth. Beck et al. showed that pyrrole can form adherent
films on iron in aqueous oxalic acid, and subsequent research investigated PPy coatings on
mild and low-carbon steels using electrochemical impedance spectroscopy and polarization
techniques [58,59]. Although PANI is predominant in the cluster, PPy is significant as it
provides an alternative electroactive platform, particularly for dopant-controlled release
and self-healing strategies.

The cluster also illustrates a transition from electrochemically deposited films to
formulated coating systems. Schauer et al. investigated PANI as a primer for iron corrosion
protection, emphasizing the importance of topcoats and multilayer architectures [60].
Wessling and Posdorfer evaluated commercial PANI-based primer systems, demonstrating
that their performance relies on the combination of the electroactive layer with appropriate
barrier topcoats [61]. Armelin et al. further showed that PANI and PPy can serve as
anticorrosive additives in epoxy paint, indicating a gradual shift of conductive polymers
from laboratory-deposited films to more application-oriented coating formulations [62].

This transition is significant because conductive polymers alone frequently do not offer
adequate long-term barrier protection. Organic matrices, such as epoxy, acrylic, PMMA, or
PVB, can restrict electrolyte ingress, while conductive polymers can contribute electroac-
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tive or inhibitory functionality. Gupta et al. investigated the application of polyaniline-
lignosulfonate/epoxy coatings on AA2024-T3 alloy, thereby establishing a connection
between electroactive conducting polymer coatings and chromate-free protection strategies
for aerospace aluminum alloys [63]. In these systems, the organic matrix and the con-
ductive polymer fulfill complementary roles: providing barrier resistance and delivering
electroactive or inhibitory responses.

A further significant advancement is the integration of conductive polymers into
nanocomposite systems. Yeh et al. demonstrated that polyaniline-clay nanocomposites pro-
vide enhanced corrosion protection compared to conventional PANI coatings, attributed to
the additional barrier effect of the layered clay particles [64]. Subsequently, Radhakrishnan
et al. developed PANI-nano-TiO, composites for corrosion-resistant smart coatings, while
Mostafaei and Nasirpouri reported on hybrid epoxy/PANI-ZnO nanorod coatings with
improved corrosion protection performance [65,66]. These studies connect electroactive
protection and nanocomposite barrier reinforcement by combining conducting polymer
electroactivity with graphene-derived materials’ barrier effects.

Rohwerder and Michalik provide the most comprehensive interpretation of this
paradigm by analyzing the factors that differentiate failure from success in corrosion
protection with conducting polymers [10]. Their analysis suggests that conductive poly-
mers can provide effective protection when they enable controlled release of inhibiting
anions or promote localized passivation. However, failure may occur when coating defects
are extensive, when cation incorporation surpasses anion release, or when conductive
pathways facilitate delamination or galvanic effects. This interpretation explains the het-
erogeneous results reported for conducting polymer coatings and highlights the need for
careful architectural design.

Table 8 provides a summary of the principal technological families identified within
this paradigm. The development in this area has evolved from early polyaniline PANI-
based electroactive coatings to more application-oriented and hybrid systems. These
include PANI/epoxy primers, dopant-controlled inhibition, polypyrrole (PPy) coatings,
conducting polymer additives, conducting polymer nanocomposites, and critical investiga-
tions into the factors influencing the effectiveness of corrosion protection.

Table 8. Technological categories, key publications, and protection strategies within the field of
conducting polymer-based electroactive coatings.

Technological Family

Representative Articles Main Contribution Protective Mechanism

PANI electroactive coatings

Introduced electroactive corrosion
protection

DeBerry [7]; Wessling [8];
Wei et al. [50]

Anodic passivation,
corrosion-potential ennoblement

PANI/epoxy and PANI primers

Talo et al. [52]; Schauer et al. [60];
Wessling and Posdorfer [61]

Application-oriented coating
systems

Electroactivity plus barrier
topcoat

Dopant-controlled PANI

Kinlen et al. [54];

Pereira da Silva et al. [55] Dopants act as inhibiting species

Complex formation, smart release

Beck et al. [58]; Iroh and Su [59]; Alternative conducting polymer Passivation, dopant release,

PPy coatings Paliwoda-Porebska et al. [57] platform self-healing
Conducting polymer additives Armelin et al. [62] }Ijilr:{fls/ PPy additives in epoxy Additive-based electroactivity

Conducting polymer
nanocomposites

Yeh et al. [64];
Radhakrishnan et al. [65];
Mostafaei and Nasirpouri [66]

Hybrid barrier/electroactive
systems

Nanofiller barrier plus PANI
redox activity

Critical mechanism studies

Rohwerder and Michalik [10];
Araujo et al. [53]

Defined success/failure
conditions

Defect size, ion transport,
adhesion

Table 8 demonstrates the progressive integration of electroactivity, dopant-controlled
inhibition, and advanced coating formulation strategies within this paradigm. Polyaniline
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(PANI) and polypyrrole (PPy) facilitate passivation and redox-mediated protection. Dopant-
controlled systems have anticipated the emergence of smart-release concepts. Additionally,
the application of PANI/epoxy primers, conducting polymer additives, and nanocomposite
formulations exemplifies the shift from electrochemically deposited films to practical
coating architectures.

This paradigm functions as an electroactive precursor for advanced corrosion-
protective coatings. Its significance extends beyond the use of PANI or PPy as individual
coating materials by establishing an electrochemical framework in which coatings en-
able passivation, mediate redox reactions, release inhibitory dopants, and respond to
corrosion-related stimuli. Although challenges remain regarding porosity, stability, and de-
fect sensitivity, advancements in conducting polymers have enabled coatings to transition
to active, intelligent, corrosion-protection systems.

3.6. Cross-Cluster Integration: From Chromate Replacement to Multifunctional
Corrosion-Protection Paradigms

The four clusters identified in the citation network reveal that the evolution of
corrosion-protective coatings has not been driven by a single family of materials or by
a linear sequence of technological substitution. Instead, the field has advanced through
the interaction of complementary paradigms: chromate-free sol-gel/silane pretreatments,
electroactive coatings based on conductive polymers, graphene/graphene oxide-based
nanocomposite barriers, and smart/self-healing coatings. Each cluster addresses a dif-
ferent limitation of conventional coating systems. Each paradigm addresses a distinct
protection function. Chromate-free sol-gel/silane pretreatments provide interfacial protec-
tion. Conducting polymer-based electroactive coatings introduce electrochemical activity.
Graphene/GO-based nanocomposite coatings enhance barrier performance by controlling
nanoscale diffusion. Smart/self-healing coatings integrate active reservoirs with controlled-
release mechanisms.

The starting point for this evolution is the historical need to replace chromate-based
corrosion protection. Chromates provided a hard-to-replace combination of barrier support,
active inhibition, and protection against local defects, especially in aerospace aluminum al-
loys [2]. The citation network suggests that this multifunctionality was not replicated with a
single alternative material, but was gradually reconstructed through different technological
routes. Sol-gel and silane systems contributed to adhesion and interfacial stability; rare-
earth inhibitors provided chromate-free active inhibition; conductive polymers contributed
to electroactive passivation; graphene/graphene oxide nanocomposites provided advanced
barrier reinforcement; and smart/self-healing systems contributed to the controlled release
of inhibitors and functional recovery.

Consequently, this paradigm establishes the chemical and interfacial basis of the
network. Sol-gel and silane hybrid systems offer environmentally sustainable platforms
for producing adherent and relatively dense films on aluminum, steel, and magnesium
alloys [3,4]. These systems improved adhesion and barrier properties, but their ability
to provide long-term active protection was limited when inhibitors were added directly
to the matrix [27]. This limitation drove the development of porous reservoirs, oxide
nanoparticles, and zeolite fillers capable of storing and releasing active species, creating a
direct technological bridge between chromate-free pretreatments and smart/self-healing
systems [32].

This paradigm introduced a new conceptual advancement: that coatings can actively
modify the electrochemical state of the metal/coating interface. Early studies on polyani-
line demonstrated that conductive polymers could modify corrosion potentials, promote
passivation, and favor the formation of protective interfacial oxide [7,8,49-52]. Subse-
quent studies demonstrated that dopants and counterions could act as inhibitory species
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released under corrosion conditions [54,55]. This paradigm introduced an early form of
active, stimulus-responsive protection, which subsequently converged conceptually with
controlled-release strategies in smart or self-healing coating systems [56,57].

This paradigm contributed to the key nanostructured barrier pathway in the network.
Graphene, GO, fGO, h-BN, organoclays, and GO-oxide hybrids enhance corrosion protec-
tion by increasing diffusion tortuosity, reducing water absorption, blocking micropores,
and strengthening the coating/substrate interface [11,12,36—48]. In contrast to conducting
polymer-based electroactive coatings, which emphasize electroactivity, and smart or self-
healing coatings, which primarily depend on inhibitor release, this approach emphasizes
the regulation of mass transport through organic coatings. However, its subsequent evolu-
tion shows increasing overlap with other paradigms, particularly through interfacial films
of {GO/silane, PANI/GO composites, and PPy/graphene systems [45-48].

This paradigm holds the most integrative position within the citation network, as it
synthesizes multiple mechanisms that were previously developed in isolation. Smart/self-
healing coatings integrate barrier protection, active inhibition, chloride trapping, pH-
activated release, inhibitor storage, interfacial stabilization, and, in some cases, physical
repair of coating damage [1,15-17,23-25]. This cluster transforms the problem of chromate
replacement into a broader design principle: coatings must not only delay corrosion but
also respond when it begins. In this sense, this paradigm does not replace the others; rather,
it reorganizes their most effective functions into active and responsive coating architectures.

Several highly cited articles serve as bridges between clusters, confirming that the
boundaries between paradigms are permeable. Zheludkevich et al. established a link
between chromate-free sol-gel/silane pretreatments and smart or self-healing coatings by
incorporating inhibitor-loaded nanocapsules into sol-gel-based systems, thus transforming
chromate-free pretreatments into self-healing coating architectures [25]. Kendig et al. inte-
grated conducting polymer-based electroactive coatings with smart or self-healing systems
by proposing corrosion-inhibiting coatings in which corrosion energy facilitates inhibitor
release from electroactive polymer films [56]. Ramezanzadeh et al. connected graphene
or graphene oxide (GO)-based nanocomposite coatings with chromate-free sol-gel/silane
pretreatments by employing functionalized GO (fGO)-filled sol-gel/silane interfacial films
to enhance epoxy coating adhesion and mitigate cathodic delamination [45]. Similarly,
polyaniline (PANI)/graphene and polypyrrole (PPy)/graphene systems bridge graphene or
GO-based nanocomposite coatings with conducting polymer-based electroactive coatings
by combining two-dimensional barrier materials with electroactive polymers [47,48].

Table 9 provides an overview of the principal bridge publications identified across
the four technological paradigms. These publications are significant as they establish
connections between material families and protection mechanisms that originated from
distinct research trajectories, such as sol-gel pretreatments with nanocontainers, conducting
polymers with smart inhibitor release, f{GO/silane interfacial films, and PANI/GO or
PPy /graphene hybrid coatings.

As shown in Table 9, the most significant bridge publications do more than combine
materials; they transfer or integrate protection mechanisms across different approaches.
Sol-gel systems achieve self-healing when paired with inhibitor reservoirs. Conducting
polymers gain smart-coating functionality when dopant release is triggered by corrosion.
Graphene-derived materials link with sol-gel or silane chemistry through interfacial films.
PANI/GO and PPy/graphene systems combine barrier reinforcement with electroactive
protection. These advances show that the field is progressing through technological conver-
gence rather than isolated material substitution.

Table 9 provides a summary of the relationships conceptually illustrated in Figure 3.
This figure demonstrates the transition from chromate-based and passive barrier systems
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to four interrelated technological paradigms: chromate-free sol-gel or silane pretreat-
ments, conducting polymer-based electroactive coatings, graphene or graphene oxide (GO)
nanocomposite barriers, and smart or self-healing coatings containing active reservoirs.
The cross-links in Figure 3 indicate the connections among these paradigms through shared

materials, hybrid coating architectures, and common protection mechanisms.

Table 9. Bridge publications linking different technological paradigms.

Bridge Publication

Connected Clusters

Materials Involved

Bridge Function

Zheludkevich et al. [25]

Sol-gel/silane-Smart/self-
healing

Sol-gel plus inhibitor-loaded
nanocontainers

Transforms chromate-free
pretreatment into self-healing
coating architectures

Lamaka et al. [32]

Sol-gel/silane-Smart/self-
healing

Nanoporous titania interlayer
plus inhibitors

Introduces reservoir-based active
release in sol-gel systems

Kendig et al. [56]

Conducting
polymer-Smart/self-healing

Conducting polymer plus
inhibitor anions

Connects electroactive coatings
with smart inhibitor release

Paliwoda-Porebska et al.
[57]

Conducting
polymer—Smart/self-healing

PPy plus molyb-
date/phosphomolybdate

Demonstrates self-healing
behavior through dopant release

Ramezanzadeh et al. [45]

Graphene/GO-5ol-
gel/silane

fGO plus sol-gel/silane
interfacial film

Links nanocomposite barrier
reinforcement with interfacial
pretreatment

Parhizkar et al. [46]

Graphene/GO-5Sol-
gel/silane

Amino/fGO plus steel/epoxy
interface

Improves interfacial adhesion and
delamination resistance

Chang et al. [47]

Graphene/GO-Conducting
polymer

PANI plus graphene

Combines barrier reinforcement
with electroactive protection

Qiu et al. [48]

Graphene/GO-Conducting
polymer

PPy-intercalated graphene

Combines graphene barrier with
conducting-polymer passivation

Evolution and integration of technological paradigms in corrosion-protection coatings
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Figure 3. Evolution and integration of technological paradigms in corrosion-protective coatings. The
citation network reveals a transition from chromate replacement and passive barrier systems toward
active, electroactive, nanostructured, and self-healing coating architectures. Cross-links between
clusters indicate that the field evolved through partially overlapping technological paradigms rather
than through a single linear trajectory.

Figure 3 shows that the four technological paradigms are distinct but intercon-
nected strategies to address the limitations of conventional corrosion-protective coatings.
Chromate-free sol-gel/silane pretreatments provide interfacial and barrier protection. Con-
ducting polymer-based electroactive coatings offer electroactive and redox-mediated protec-
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tion mechanisms. Graphene/GO-based nanocomposite coatings focus on nanostructured
barrier reinforcement. Smart/self-healing coatings combine active reservoirs, controlled
release, and functional recovery. The cross-links show main pathways of technological con-
vergence, including sol-gel systems with nanocontainers, conducting polymers with smart
release, f{GO/silane interfacial films, and PANI/GO or PPy/graphene hybrid composites.

A comparison of clusters also shows that the definition of coating performance has
expanded over time. In early approaches, performance was often evaluated by changes in
corrosion potential, coating resistance, salt spray exposure, or delay in the onset of visible
corrosion. In more recent paradigms, performance encompasses multiple dimensions:
impedance stability, reduced water absorption, local suppression of anodic or cathodic
activity, resistance to cathodic delamination, inhibitor release kinetics, chloride trapping,
interfacial adhesion, and recovery of protective function following damage. This method-
ological diversification explains why electrochemical impedance spectroscopy, localized
electrochemical techniques, XPS, SKP, SVET, and water absorption analysis appear repeat-
edly across the various clusters.

Overall, the citation network suggests that corrosion-protective coatings evolved from
material substitution toward the integration of mechanisms. The first stage focused on
replacing hazardous chromate-based systems with safer alternatives, such as sol-gel films,
silanes, rare-earth inhibitors, and conductive polymers [2-10]. The second stage focused on
enhancing coating function through active additives, dopants, nanofillers, and inhibitor
reservoirs [26-32,54-66]. The third stage incorporated nanostructured architectures capable
of controlling diffusion, interfacial adhesion, and the local electrochemical response [36-48].
The most recent stage is represented by smart/self-healing coatings, where barrier, active,
and reactive functions are combined into a single protective architecture [15-17,23-25].

This evolutionary sequence also explains why none of the clusters should be consid-
ered obsolete. The continued relevance of these paradigms lies in their complementary
contributions. Chromate-free sol-gel/silane pretreatments remain important as they pro-
vide adhesion and interfacial control. Producing polymer-based electroactive coatings con-
tributes to redox-mediated protection and dopant release. Graphene/GO-based nanocom-
posite coatings remain relevant because polymeric coatings still need greater barrier dura-
bility, reduced permeability, and improved resistance to water uptake. Smart/self-healing
coatings represent the most integrative paradigm. However, they depend conceptually and
technologically on the foundations established by the other paradigms.

From a materials design perspective, the most important implication is that future
high-performance anticorrosion protective coatings will likely be based on hybrid archi-
tectures rather than single-function coatings. Effective systems can combine an interfacial
pretreatment layer, a barrier matrix reinforced with nanofillers, active deposits loaded
with corrosion inhibitors, and, where appropriate, electroactive additives or hydrophobic
topcoats. The citation network shows that the most influential developments are those
that connect materials design with specific protection mechanisms, rather than those that
simply introduce a new additive.

In summary, the cross-cluster analysis supports the central proposition of this study:
anticorrosion protective coatings have evolved through the integration of technological
paradigms, rather than through the replacement of one paradigm by another. Overall, the
intellectual structure of the field can be interpreted as a progressive shift from chromate re-
placement and passive barrier protection toward active, nanostructured, electroactive, and
multifunctional corrosion-protection architectures. Chromate-free sol-gel/silane pretreat-
ments, conducting polymer-based electroactive coatings, graphene/GO-based nanocom-
posite coatings, and smart/self-healing coatings represent complementary paradigms that
collectively explain this technological evolution.
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3.7. Future Research Directions

Future research on corrosion-protective coatings is anticipated to advance toward
multifunctional and data-driven material architectures. Analysis of the citation network
indicates that the most promising direction involves integrating complementary functions,
such as barrier reinforcement, active inhibitor release, chloride trapping, electrochemical re-
sponse, interfacial stabilization, and self-healing, rather than developing isolated coating ad-
ditives. Recent progress in smart self-healing and self-reporting coatings, two-dimensional
materials including MXenes and h-BN, graphene/LDH hybrid reservoirs, and machine-
learning-assisted coating design demonstrates a shift toward coatings that are not only
protective but also responsive, diagnosable, and optimized through accelerated materials
discovery. Accordingly, future studies should emphasize hybrid architectures, standardized
long-term validation, environmentally compatible formulations, and data-driven strategies
that link composition, processing, microstructure, and corrosion performance.

4. Conclusions

This study examined the evolution of corrosion-protective coatings by constructing
a citation network of highly cited Web of Science publications and analyzing it with
CitNetExplorer. Four principal technological paradigms were identified: smart/self-healing
coatings, chromate-free sol-gel/silane pretreatments, graphene/graphene oxide (GO)-
based nanocomposite coatings, and electroactive coatings based on conductive polymers.
Smart/self-healing coatings comprise responsive systems based on nanocapsules, layered
double hydroxides (LDHs), mesoporous silica, halloysite, zeolites, and microcapsules.
Chromate-free sol-gel/silane pretreatments include hybrid sol-gel matrices, silanes, rare-
earth inhibitors, and oxide nanoparticles. Graphene/GO-based nanocomposite coatings
consist of barrier systems based on graphene, GO, fGO, h-BN, clays, and GO-oxide hybrids.
Conducting polymer-based electroactive coatings are based primarily on PANI and PPy.
The results indicate that the field has not evolved through a single technological pathway,
but rather through partially overlapping paradigms that address different limitations of
conventional coatings. Sol-gel/silane systems improve adhesion and interfacial stability;
conductive polymers introduce electroactive passivation and dopant-controlled inhibition;
graphene/graphene oxide (GO) nanocomposites improve tortuosity and barrier durability;
and smart/self-healing coatings provide controlled release of inhibitors and functional
recovery after damage.

Cross-cluster analysis reveals that bridging publications link sol-gel coatings with
nanocapsules, conductive polymers with smart inhibitor release, functionalized graphene
oxide (fGO) with sol-gel/silane interfaces, and PANI/GO or PPy/graphene composites
with electroactive barrier protection. These connections indicate that the evolution of
corrosion-protective coatings is best interpreted as a convergence of material families and
protective functions.

In summary, the field has progressed from chromate replacement and passive bar-
rier systems to active, nanostructured, electroactive, and self-healing materials. Future
research should prioritize the development of multifunctional architectures that integrate
adhesion, barrier durability, active inhibition, electrochemical response, and controlled
functional recovery.
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