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Abstract

The long-term functions (providing appearance and barrier protection for the underlying
substrate) of polymeric protective coatings can be jeopardized by environmental damages
(including corrosion and mechanical damage). Thus, self-healing coatings have emerged
and developed to restore such functions in case of coating damage. Thus, a coating which
can automatically repair itself (“self-healing coating”) can be favorable with self-
recovery of properties (i.g. mechanical, electrochemical, etc.) and accordingly extend the
durability of the coating. This review discusses both extrinsic (including capsules,
hollow-fibers, corrosion inhibitor loaded reservoirs) and intrinsic (reversible physical
bonds such as Diels-Alder bonds, ionomers, and supramolecular polymers) approaches.
Additionally, the most recent advances in the field of self-healing coatings and their
associated challenges were also investigated, and the future trends were also covered.
Such novel smart coatings were discussed from various perspectives, including
advantages and disadvantages compared to traditional coatings, triggering mechanisms,
environmental aspects, and their potential practical applications in different sectors like

electronics, aircraft, automobiles, construction, and more.
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1. Introduction

Self-healing is introduced as the capability of a material to recover a damage without the
intervention of any external factor. Several usual names, for example self-healing,
intrinsic/extrinsic repair, are existed to describe this characteristic in materials [1]. The
idea of self-healing in materials was inspired by the autonomous repair processes that
occur in living organisms upon injury. Such idea gradually evolved over the years[2].
Over the last three decades, a great number of papers and books about self-healing
materials have been published, indicating the rapid progress of the field. In 2007, Sottos
and colleagues claimed that “a large part of the scientific activity worldwide is focused
on this topic” and that “the future of self-healing is very bright and there is great hope for
the advancement of this technology”. In addition to the new research in self-healing
technology, there are also irregular reports of the commercialization of self-healing

systems. Carolyne Dry and her team are considered the pioneer group in the growth of

self-healing compounds [3]. In 1996, she and her colleagues developed a hollow fiber
system containing a reactive fluid that, when a crack is created, is released into the
damaged area and repairs the crack. Since then, various approaches have been suggested
and investigated in the field of thermoset polymer repair, and among most of these self-
healing systems, those based on thermal, optical, and pH stimuli, as well as mechanical
rupture, have been studied the most [1].

From a mechanistic viewpoint, self-healing coatings can be classified into extrinsic and
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intrinsic categories. In the former class, the self-healing systems include at least a healant
compound and a carrier holding the healant. The healing agents (healers) are commonly
loaded on/within the carrier/reservoir that is physically introduced into the main coating
matrix (such as epoxy, PU, acrylic, etc.). Upon mechanical damage or corrosion
initiation, these reservoirs rupture or chemically rearrange, discharging the embedded
healing agents. The released component is solidified, filling the crack or forming a
protective layer at the damaged site [1].

In the intrinsic self-healing systems, there is no externally introduced healer or
carrier/reservoir components. The overall healing mechanism is founded on the
formation/reformation of some dynamic physical (non-covalent) or chemical (covalent)
bonds, which are intentionally installed (or tuned) on the backbone of the main coating
matriX. In intrinsic systems, the healing process is inherently beholden to the reversibility
of numerous linkages available on the polymer network. Compared to traditional
protective coatings, which serve as passive barriers, self-healing coatings actively restore
their protective function after damage, providing extended durability, reduced
maintenance costs, and improved reliability. However, challenges such as higher
production complexity, cost, and limited efficiency in repeated healing cycles remain.
This review provides a comprehensive overview of self-healing coating technologies,
discussing their mechanisms, advantages, limitations, and practical applications. The key
components and healing strategies of both extrinsic and intrinsic systems are summarized

to clarify their roles and importance in developing advanced protective coatings.

2. Designing self-healing coatings

There are two main self-healing mechanisms. The first category includes materials with
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“intrinsic” self-healing properties. In this category of materials, the polymers themselves
can repair damage and only require an external driving force, like heat, light, etc [4]. The
second category has an “extrinsic” self-healing property in which a healing agent is
added to the polymer matrix [5]. Typically, the healing agent is placed inside capsules or
vessels. When the polymer is damaged, this substance is released and repairs the

damaged part.
The main approaches to planning self-healing coatings are as follows:

e Extrinsic healing: Release of healing agents

e Intrinsic healing: Reversible bondings

2.1. Extrinsic healing: Release of healing agents

Monomers, Inhibitors, and hardeners are typically embedded in microcapsules, hollow
fibers, carriers, or channels during the manufacturing process of coating systems. When a
crack occurs, these capsules are broken or triggered and the reactive healing agents by
capillary force flow into the crack, where they solidify and heal the crack in the presence
of atmospheric humidity/oxygen or pre-dispersed catalysts [5]. Crack growth is the main

driving force of this process.

2.1.1. Microencapsulation systems
Microcapsules are the final products of encapsulating micron-sized solids, liquid droplets,
or gases in a neutral shell that isolates and protects these compounds from their

surroundings. Neutrality is associated to the activity of the shell with respect to the core
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component. A microcapsule has two parts called the “core” and the “shell”. Capsules are
spherical or irregular with different size from nanometers to micrometers. Microcapsules
containing healers have been utilized together with catalysts to design self-healing
polymer systems. Initial studies demonstrated the application of the healers of the
microcapsules in a polyester substrate to achieve a self-healing effect. Start of capsule-
based self-healing materials was made in 2001 by Professor Scott White and his
colleagues[6]. Self-healing was achieved by embedding encapsulated repair agents within
a polymer network containing catalysts. The shell material has a significant impact on the
self-healing properties of these coatings. For example, in a research project, Karder
synthesized modified capsules with various polyols and investigated the effect of polyol
on capsule size and efficiency [7, 8]. The same researcher incorporated the obtained
capsules in a transparent automotive clearcoat, and self-healing behaviour was observed
[]

Generally, two main categories of self-healing systems can be defined: autonomous and
non-autonomous. The former refers to the healing processes that are performed without
any intervention. For example, it means that the healing process is completely
accomplished just by rupture of the microcapsule and consequently the polymerization of
the released polymerizable agent. Mechanical rupture of microcapsules, usually caused
by external forces such as scratching, is a perfect example of an autonomous self-healing
mechanism. Upon mechanical exertion, the microcracks are initiated, propagated, and
eventually lead to the rupture. In a very recently-published research paper, the
mechanical cracking of microcapsules was mathematically simulated and concluded that

the bigger and the higher the microcapsule content in the coating film give rise the higher
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the self-healing efficiency [10]. Another autonomous approach is when corrosion
inhibitors are released from a carrier into the defective coating (exposed substrate) and
retard/omit further corrosion reactions. In such inhibitor-based scenarios, the release of
the inhibitor can be triggered by various procedures such as dissolution of the carrier (like
Polymer-based nanocapsules, silica nanocontainers), ion exchange method (i.e., in LDH-
based reservoirs), pH-responsive release (for example, in the metal ion-capped halloysite
nanotubes) [11]. The pH changes caused by anodic and cathodic corrosion reactions are
the most frequent stimulant utilized in designing extrinsic self-healing materials. pH
variations can protonate/deprotonate, change the material decomposition or polymer
conformation (in polyelectrolytes LBL-based containers) of the container shell,
allowing/stopping the release of entrapped inhibitors [11].

In nanocontainer-based self-healing coatings, the size of the reservoir plays a crucial role
in determining the final level of active protection. In a research study, it has been shown
that smaller (80 nm) mesoporous SiO2 particles filled with 2-mercaptobenzothiazole
could provide higher resistance (twice) and more efficient healability compared to their
larger (700 nm) counterparts [12].

The shell composition of the capsules has a wide variety of chemistry including
polymeric shells (urea-formaldehyde, melamine-formaldehyde, polyurea/polyurethane,
Polymethyl Methacrylate, bio-based polymers like chitosan, starch) or porous metal
organic frame (MOF) materials [13, 14]

A wide range of healing agents can be utilized as the core in a capsule, depending on the
matrix chemistry, the environment in which the healing process is intended to be

performed, the mechanism of the healing, and the properties that are aimed to be
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recovered. Such healers can be a polymer (like epoxies, polyurethanes, and
Polydimethylsiloxanes), or monomeric healing agents (such as dicyclopentadiene or
methacrylates), or even organic solvents that can locally swell and increase the polymeric
chains mobility at the damages, rebounding the cracks [15, 16]. Corrosion inhibitors are
also among the primary healing agents that are frequently used in anticorrosion smart
coatings, where the corrosion process is controlled at the damaged area by on-demand
active protection action of inhibitors (see section 2.1.3).

The early developing stages of self-healing materials based on incorporating various
healing agents that were derived from petroleum-based compounds. Such healing
materials were derived from unsustainable resources that are gradually running out. Thus,
in the future outlook of self-healing materials, there is a strong driving force to shift from
such non-renewable resources to renewable ones. There has been a wide range of bio-
based materials that have been introduced as healing agents. For example, A bio-
originated fatty acid (from Tall oil) epoxy ester healing agent was synthesized and
incorporated into a urea-formaldehyde shell and finally embedded into a typical epoxy
matrix[17]. The epoxy ester healing agent (Figure 1) has abundant C=C double bonds,
enabling it to auto-oxidatively react with atmospheric oxygen upon capsule rupture and
crosslink at room temperature. It was shown that this healer can fill the artificial
microcrackes, recovering the corrosion resistance of the epoxy coating in which the

capsules had been dispersed [17].
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Figure 1. The chemical structure of bio-originated epoxy ester healing agent, reprinted

with permission from [17], copyright 2025.

2.1.2. Hollow fiber systems

The main disadvantage of the capsule-based self-healing method is the achievement of
complete healing. Because it contains a small amount of healer, when the healer is
completely consumed, it is no longer able to heal later failures may occur. Further healing
is only possible if there is an additional healer in the resin system when the first healing

has happened.

Therefore, to obtain better healing in coating systems, another type of container was
proposed by Dry and colleagues, which was capable of reserving and transporting a
higher volume of healing materials [3]. Though, they reached little success utilizing this
method. Later, larger diameter capillaries were implanted by Motuku and colleagues, but
their efforts were also unsuccessful [18]. Bleay and colleagues utilized smaller glass
fibers [19]. Materials with these glass fibers did not have the ability to carry the resin into
the crack because of high-viscosity of epoxy resins and then curing was not complete.

Then, Bond and his colleagues established a method to optimize the making of hollow
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glass fibers and utilized these fibers as carriers for healing agents or colorants [20]. These
borosilicate glass fibers had a diameter in the range of 30-100 um with a porosity of
55%. Mahmoudi and his colleagues also used halloysite nanotubes to improve the self-
healing properties of a silane coating [21, 22] They encapsulated holloysite with
praseodymium(Pr) and then dispersed it in the silane hybrid matrix. The corrosion
performance of the coating was tested by salt spray and EIS tests. The characterization
demonstrates the release of Pr3* cation at the scratch location by creating a protective film
of oxide/hydroxide of Pr [21, 22].

Crosslinked fibers are a new strategy to extend the longevity of healing cycles in the
hollow fibre-based healing systems. In these systems, the interconnected fibers provide
the transfer of the trapped healing agent from filled fibers (areas with high content of
healing agent, intact areas) to the damaged (areas with low content of healing agent)
sections, providing a more stable and more durable healing process, ready for subsequent
damage occurrence [23, 24].

Recently, Fu has invented a synergetic healing approach based on PCL nanofibers loaded
with hollysite nanotubes (HNT) [25]. The HNT was first synthesized and then loaded
with 2-mecapobenzothiazole (MBT, as a corrosion inhibitor). The MBT-HNT
nanocontainers were mixed with dissolved polycaprolactone (PCL). The final solution
was electrospun onto the steel to provide a porous coating, followed by a full coverage
with a typical epoxy coating. In this system, two different systems synergistically act to
protect the metallic substrate upon damage: active corrosion inhibition and thermally-
induced barrier repair. In case of deep scratches taking place and reaching the substrate,

the pH-responsive MBT-HNT carrier instantly releases MBT, forming a protective layer

10
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at sites where corrosion initiates. On the other hand, by a thermal treatment, PCL
nanofibers liquified and flowed to fill the scratch and recover the passive barrier action.
Long interconnected nanofibers filled with MBT enable the repeated healing (at least
three healing-damage cycles) that can be promising for durable active protection. Due to
the importance of the anticorrosion self-healing coatings, a section is specifically devoted

to these inhibitor-based systems [25].

2.1.3. Self-healing anti-corrosion coatings based on nano/micro-reservoirs

New multifunctional active coatings should quickly discharge active inhibitors on
demand within a quick time after variations in the environment or the uniformity of the
coating. New advances in surface chemistry and technology introduce new concepts for
producing self-healing coatings by creating nano-scale carriers filled with active
inhibitors in current common coatings. This design goes to new materials based on
“active” host-guest constructions. Therefore, the nano reservoirs are homogeneously
dispersed in the coating matrix and keep the active substances in a “captured state”.
When the local environment changes or if a corrosion process is initiated at the site of
coating damage, the nano-reservoirs respond to this signal and release the immobilized
active material. The ideas of inhibitor nano-reservoirs are categorized into two types,

which are explained below.

2.1.3.1. Coatings loaded with regular nano-reservoirs of corrosion inhibitors
In this scenario, the corrosion inhibitors are commonly kept in a micro/nano container (or

on its surface) till a change in the environment or mechanical damage triggers their smart

11
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release into the damaged site. Over more than two decades of reservoir-based self-healing
anticorrosion coatings development, a wide range of reservoirs (with various chemistry,
structure, and loading capacity) have been utilized. The most frequently utilized
micro/nano carriers include mesoporous metal oxide, graphene oxide, layered double
hydroxide, nanotubes, metal organic frameworks (MOFs), halloysite structures, hollow
carbon spheres, etc [11].

A relatively easy method of inhibitor entrapment is based on the complexation of organic
molecules with cyclodextrin. This method was initially proposed for the immobilized
drug delivery systems. Cyclodextrin complexing agents, acting as hosts, interact with
guest molecules, matching the cyclodextrin pore size. For such complex formation, some
substances like heterocyclics and aromatic organics are the primary candidates. Most
frequently-used inhibitors (depending on the substrate metal, such as
mercaptobenzothiazole and mercaptobenzoimidazole) can be employed as guests for this
complexation with cyclodextrin. For example, Khramov et al. chose these inhibitors to be
added to a hybrid coating. The main aim was to protect aluminum alloys from corrosion
[26]. Coating filled with the complex corrosion inhibitors exhibited much more corrosion
resistance with respect to the reference coating. Formulations containing -cyclodextrin
show better corrosion protection because the equilibrium of complexation leads to slow
discharge of the inhibitor. Such inhibitor/cyclodextrin compound provides a long-term
inhibitor discharge without its on-demand delivery in response to any external stimulus.
Utilizing oxide nanoparticles as nano-repositories to adsorb the corrosion inhibitor on
their surface can be another reserving procedure. Oxide nanoparticles not only act as a

reinforcement, but also their loading results in improved barrier attributes of the coating

12
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network. The nanoparticles in the sol-gel coating make it possible to apply a higher
thickness without any risk of cracking (low cracking ability), enhancing the barrier
properties. In addition, extra smart release and corrosion resistance can be obtained with
a corrosion inhibitor immobilized on the oxide nanoparticles surface. The obtained sol is
transformed into hybrid nanocomposite coatings with oxide nanorepositories of cerium
ions by hybrid sol-gel formulation. The long-term release of the inhibitor from the
surface of the oxide nanoparticles provides an improved long-term corrosion protection
for the Al substrate in comparison with the sol-gel sample loaded with directly-added
inhibitor. In addition, the use of oxide nanorepositories obviates the adverse impact of Ce
ions on the hydrolytic stability of the hybrid coating. Inorganic corrosion inhibitor anions
can also be immobilized on the nanoparticle surface, then released by an ion exchange
mechanism. Corrosion inhibitors can be released via an ion-exchange mechanism, with
corroding anions like chlorides and sulfates, which commonly traverse and permeate into
the coating. However, a defective point for this approach is the undesired discharge of
inhibitors that can be activated with harmful ions received from processes like surface

cleaning.

Lashgari targeted research to promote the anticorrosion performance of epoxy coatings
by two mechanisms of active inhibition and barrier. To this goal, graphene oxide (GO)
nanosheets were used as a blocking agent and a substrate for the placement of the zeolite-
imidazolite framework 67 (ZIF-67] [27-29]. ZIF-67 nanoparticles were synthesized as an
inhibitor using cobalt ions and a dimethylimidazole linker on graphene oxide sheets (ZIF-
67@G0O) and then the synthesized nanoparticles were modified by 3-

aminopropyltriethoxysilane (APS) for proper dispersion in the epoxy coating (ZIF-

13
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67@GO/APS). ZIF-67@GO/APS nanoparticles were added to the epoxy coating and the
anti-corrosion and self-healing properties of the coatings containing nanoparticles were
evaluated using EIS, salt spray and FE-SEM/EDS tests. The results of the EIS test of the
unscratched coatings showed that by modifying ZIF-67@GO with APS, after 50 days of
immersion, the logarithm of the impedance at the lowest frequency increased, confirming
the barrier properties enhancement. Also, the results of the FE-SEM/EDS and EIS tests of
the scratched coatings showed that the influential role of ZIF-67@GO/APS in activating
the self-healing properties of the epoxy coatings. With the onset of electrochemical
reactions and local pH changes, cobalt cations and dimethylimidazole molecules are
released from the surface of graphene oxide and form a protective film on the metal
surface through interaction with -OH anions in the cathodic regions and iron cations in
the anodic regions, respectively [27-29].

In a similar approach, Alipanah grew MIL-88A particles (a Metal organic frame (MOF)
composed of iron(l1l)/fumarate) on graphene oxide (GO) [30, 31]. Active protection was
also demonstrated in scratched epoxy coatings containing 0.15% of the synthesized
nanocomposites using electrochemical impedance and salt spray tests. Higher adhesion
values were recorded in dry and wet conditions in coatings containing hybrid particles
(MIL-88A/GO). Cathodic detachment results also showed that the detachment diameter
of coatings containing hybrid particles in the optimal state was reduced by 50% and 42%
compared to epoxy and epoxy/graphene oxide coatings, respectively. Finally, the
excellent barrier effect of modified graphene oxide sheets was confirmed using
electrochemical impedance testing (Figure 2). The percentage of coating degradation was

calculated using the broad frequency range analysis method. The results showed that after

14
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105 days of immersion of the coatings in salt solution, the percentage of coating
degradation for epoxy and epoxy/graphene oxide samples was 100% and 79%,
respectively. While this characteristic for the epoxy coating with MIL-88A/GO hybrid

particles was 4% (for the optimal particle) at the same immersion tim [30, 31].
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permission from [31], copyright 2025.

In a complicated scenario, Pezeshk-Fallah implemented a multiplayer active inhibition
mechanism (consisting of a combination of inorganic and organic inhibitors) to promote
the long-term corrosion resistance of epoxy coatings [32]. In this regard, zeolite-8
imidazolate framework (ZIF-8) nanoparticles were used once as corrosion inhibitor and
again as nanocarrier for loading corrosion inhibitor (benzo-triazole (BTA)). Zn-based
metal-organic frameworks were synthesized using four precursors (zinc nitrate

hexahydrate (ZIF-8-N), zinc gluconate (ZIF-8-G), zinc acetate dihydrate (ZIF-8-A) and

15
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zinc chloride (ZIF-8-C)) by co-precipitation/hydrothermal methods and then vacuum
method was used for BTA loading (BTA@ZIF-8). ZIF-8 and BTA@ZIF-8 nanoparticles
were added to the epoxy coating and the anti-corrosion and self-healing properties of the
coatings containing nanoparticles were evaluated using EIS, salt spray and FE-SEM/EDS
tests. Zinc acetate salt was determined as the ideal precursor among all tested ones due to
its high specific surface area (2164 m2.g?) and slow release rate. The results of FE-
SEM/EDS and EIS tests of scratched coatings showed that the presence of ZIF-8 and
BTA@ZIF-8 in the epoxy coating causes self-healing properties in these coatings. So that
with the start of electrochemical reactions and local pH change, zinc cations, BTA and
dimethylimidazole molecules are released and form a protective film on the metal surface
through interaction with -OH anions in the cathodic regions and iron cations in the anodic
regions, respectively. According to these results, the two samples ZIF-8-A and

BTA@ZIF-8-A had the best self-healing performance [32].

2.1.3.2. Coatings with inhibitors based on ion exchange systems

When corrosion inhibitors are loaded on the porous carriers composed of a hollow
internal cellular structure, even greater filling capacity is achieved. The material with a
hollow cellular structure can be provided with zeolite or carbon or silica clay. Zeolite-
based particles are also favorable reservoirs, as their cations entrapped within the

structure can easily exchange with the inhibitor cations designed in the synthesis media.

Another option, as exchangeable ions, are inhibitory inorganic cations. Since such cation-
exchanged pigments are completely insoluble, a merit of this method is that osmotic

blistering is prevented. In pigments capable of anion exchange that can hold anionic

16
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inhibitors, a transformation condition is revealed. In this case, the attacking corrosive
chloride ions can stimulate the release of the inhibitor. These pigments have dual
functions, first, they absorb the aggressive Cl ions, and also release the inhibitor ions in
the reaction. The absorption of chlorides from an attacking electrolyte near a damage

reduces the attack of the corrosive substance and slows down the corrosion processes.

The layered double hydroxide (LDH)s, as an anion-exchangeable structure, can host the
anion-based inhibitors. The inhibitory efficiency of a hydrotalcite pigment filled with
benzotriazolate, ethyl xanthate and oxalate anions were investigated against the filiform
corrosion of organically coated aluminum [33]. The inhibitors were ranked from an
efficiency viewpoint so that the benzotriazole exhibited the highest efficiency and the
ethyl xanthate showed the lowest. On the other hand, they present less efficiency
compared to chromate-based pigment, and their practical application are unclear.
However, hydrotalcite pigments exchanged with organic anion-based inhibitors require

further studies for self-healing anti-corrosion systems.

2.1.3.3. Coatings with inhibitors based on layer-by-layer shells

An attractive candidate that allows controllable release and is stimulated by corrosion-
related phenomena is shells assembled via layer-by-layer procedure. Nano-scale
reservoirs with controllable inhibitor release or storage can be precisely fabricated by
layer-by-layer assembly. In this approach, oppositely charged materials like
polyelectrolytes are deposited on the surface of a template material alternatively by such
step-by-step from aqueous and non-aqueous solutions. Layer-by-layer films with one or
more polyelectrolyte monolayers deposited on the surface of a sacrificial pattern provide
permeability restriction of the inhibitor. Storing corrosion inhibitors in such a layered

17
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structure has two main merits: inhibitor isolation and omitting its adverse impact on the
coating uniformity and controlling its release by tuning the polyelectrolyte permeability
triggered by local changes in acidity/basicity and humidity level of the corrosion
environment. An alteration in pH can be the best stimulus to activate inhibitor release
because corrosion initiation results in local variation in pH in the vicinity of cathodic and
anodic areas. Therefore, a self-healing coating containing polyelectrolyte carriers can be
responsive to the onset of corrosion and initiate an on-demand self-healing action at the

corrosion sites.

Yang and co-workers encapsulated the triazole inhibitor to form pp-perfluorohexane and
pp-pyrrole layers using radio frequency and plasma discharge [34]. The prepared
reservoirs were introduced as a pigment in a protective coating based on waterborne
epoxy. This coating could slowly release the inhibitor and fulfill the requirements of a
coating to guarantee the long-term active protection. Release of the inhibitor occurs only
when it is mechanically broken.

Zheludkevich et al also designed a self-healing smart anti-corrosion coating utilizing
layer-by-layer nanorepositories [35]. They targeted the silica nanoparticles as a template
core and, via a sequential deposition approach, applied macromolecular polyelectrolyte
and benzotriazole alternatively. While the charge of silica-based core was negative, the
positively-charged polyethyleneimine was efficiently deposited in the first step to create
an inhibitor-rich bilayer. While one bilayer cannot guarantee long-term self-healing, three
or more bilayers greatly endanger the nanorepositories stability during coating
application, increasing their agglomeration. Such nanorepositories cannot prevent

spontaneous leakage, so after 60 days of erosion, the nanoparticle reservoirs still contain

18
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benzotriazole at 80% of the initial inhibitor content [35].

Ramezanzadeh and his colleagues also coated graphene oxide nanoparticles with
polyaniline and then nettle and used them in epoxy coatings [36]. The results showed that
composites made of graphene oxide-polyaniline and epoxy had significantly better active
protection than pure coatings, since the barrier function and adhesion of the coating were
improved thanks to the aniline polymer. Polyaniline in the structure of the designed
nanoparticles added self-healing properties to scratched epoxy coatings, and a protective
coating layer was formed at the site of the artificial scratch that prevented corrosion from
progressing to the coating substrate and its delamination. Finally, when the particles were
coated with the herbal inhibitor nettle, inhibitory properties were added to these

nanocomposites in addition to self-healing properties [37].

2.2. Reversible bondings (intrinsic healing)

Crosslinks, which are mostly irreversible linkages, are formed to obtain structural
characteristics to withstand mechanical, chemical, and environmental damage. Materials
with a high crosslink density have disadvantages such as brittleness and tend to crack.
One way to create processability in polymers is to tune reversible bonds in polymer
systems. In addition to recyclability and recycling, designing reversible bonds in the
polymer structure can endow network healability. To trigger reversibility and consequent
self-healing, an external stimulus like thermal, optical, or chemical activation is required.
While several mechanisms can be exploited for intrinsically reversible bondings, the most
important ones (reversible covalent bonds, ionic polymers and supramolecular

macromolecules) for achieving reversibility in crosslinked polymeric materials are
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discussed in the following subsections.

2.2.1. Reversible covalent Bonds

While most covalent bonds are irreversible, some ones can be dynamic and reversible by
changes in the environment they are exposed to. These bondings are Diels-Alder Bonds
(temperature-sensitive), Disulfide Bonds (responsive to light, heat, or a reductant), imine
bonds(pH-sensitive), Boronic Ester Bonds (pH/temperature sensitive), Hydrazone Bonds
(pH responsive) and Urea-Urethane Bonds (heat sensitive). In the following section, as an
example, only the Diels-Alder chemistry is explained and the rest can be found here [38-
40].

The main group of thermos-responsive polymers is synthesized based on using Diels-
Alder reactions. The basis of this is the reaction of a diene and a dienophile (Figure 3).
Crosslinking of furanic polymers with maleimide or polymers with pendant maleimide

groups at low temperatures is a frequently-used example of such self-healing polymers

[41].
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Figure 3. Scheme for crosslinking furanic polymers with maleimide, reprinted with

permission from [41], copyright 2025.
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The retro-Diels-Alder reaction occurs at high temperatures to break the chemical bonds
of the formed networks and reverse the crosslinks. Wudl and co-workers were the first to
demonstrate this strategy for the design of thermally modifiable polymers [42]. Since
their discovery, various groups around the world have researched this field. Chang and
co-workers first reported photoinduced crack healing [43]. They used the photocyclic
addition reaction of cinnamoyl groups to achieve the self-healing property. Postiglione
and his colleagues synthesized a self-healing polymer network based on three- and two-
component furan resins using the retro-Diels-Alder reaction[44]. These researchers
significantly improved their self-healing properties by adding a small amount of a
suitable plasticizer such as benzyl alcohol. In another study, the fabrication of retro Diels-
alder polymer networks from bio-based materials (organosolv lignin) was targeted to
meet the increasing demand for greener materials [45]. In this study, a lignin-based
coating with thermally reversible self-healing properties and strong anti-corrosion

performance was manufactured (Figure 4) [45].

21



iomass

coating on steel

AN ¢

Figure 4. A schematic representation of a lignin-based coating with thermally reversible

self-healing properties, reprinted with permission from [45], copyright 2025.

2.2.2. Non-covalent reversible bonds

Despite most chemical covalent bonds being irreversible, physical bondings (such as
Electrostatic or lonic Interactions, hydrogen bonding, Pi-Pi Stacking, hydrophobic
interactions, etc.) are completely reversible with a moderate alteration in the surrounding
environment, like temperature, pH, saline concentration, etc. These bondings are
individually weak, but can be tailored or designed in macromolecular structures to
fabricate a very strong network, endowing mechanical characteristics as powerful as
typical covalently-linked polymers [46, 47]. Such physical bondings and chemistry can
be considered to implement a dynamic backbone that can be assembled/disassembled in
response to its environment. Some of these chemistries are discussed in the following

sections.
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For example, Yari and his colleagues investigated in several studies the improvement of
the self-healing properties of transparent automotive coatings by adding hyperbranched
polymers and silsesquioxane-based nanocages that had numerous sites for

inter/intramolecular hydrogen bondings within an acrylic/melamine network [48, 49].

2.2.2.1. lonomers

A unique group of polymers called ionomers. Besides their typical hydrocarbon
backbone, they have pendant acid functional groups that have been partially or
completely neutralized, forming salts. While the ionic content of ionomers may vary
vastly, it is commonly up to 15 mol%. The ionomers synthesis consists of two main
steps: the first step is direct preparation (copolymerization of a low-functionality
monomer with an unsaturated olefinic monomer), and then subsequent functionalization,

resulting in a saturated polymer.

The fundamental interactions in ionic polymers typically include the attractive
electrostatic forces between negatively-charged functional groups like sulfonates or
carboxylates and positively-charged metallic cations. As a consequence of such attractive
interaction, there is a strong tendency between ionic moieties available on the polymeric
backbone, forming aggregate and cluster groups, which is opposite to the elastic forces of
the chain. The mutual effects available in the aggregates/clusters are reversible, and the

basic mechanism of the self-healing manner of ionomers (Figure 5) [50].
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Figure 5. The schematic representation of reversible ionic interactions, reprinted with

permission from [50], copyright 2025.

Varley and colleagues investigated the cluster plasticisation effect on the self-healing of a
polyethylene-co-methacrylic acid-neutralized ionomer [51]. Mechanical assessment of
the repair revealed that carboxylic acid modifiers diminished the elastic portion and
increased the elastomeric behavior of the ionomer, thereby improving elastic repair.
Meurer and colleagues introduced new bio-based ionomers with self-healing capabilities
[52]. These smart materials were synthesized from itaconic acid derivatives. Studies have
shown that these ionomers improve the repair efficiency by up to 99%. Luo and co-
workers designed a brominated butyl rubber crosslinked with tert-butylpyridine ionomer
and reinforced it with graphene nanosheets, which showed long-lasting chemical
resistance and anti-corrosion properties [53]. The interactions between graphene sheets
and pyridyl groups result in high interfacial interaction, increasing the graphene sheets'
distribution in the polymer matrix and making it difficult for corrosive species to

penetrate.
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2.2.2.2. Supramolecular polymers

The polymeric behavior of traditional polymers is governed by the length and extent of
entanglement of long chains or by covalent bonds within the polymer. In the last two
decades, low molecular weight monomers with reversible noncovalent bonds have been
developed to achieve polymer-like mechanical and rheological properties. Since
noncovalent bonds can be reversibly broken and reformed, this unique category of
macromolecules, called supramolecular polymers, exhibiting more and better properties
compared to conventional polymers. These properties include environmental-dependent
properties, better processability, and self-healing capabilities (Figure 6). Noncovalent
bonds, which retain the main chain of supramolecular polymers together, can be designed

in the main chain or on the side chain [54].

Metal-coordination

Electrostatic interaction

Supramolecular/ DC bond

Healing trigger
—_— .

Damaged Healed

Figure 6. Schematic of the self-healing behavior of supramolecular polymers, reprinted

with permission from [54] , copyright 2025.
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Various types of non-covalent forces, such as hydrogen bonding, m-mn, metal-ligand,
hydrophobic, and electrostatic, have been employed to design supramolecules. Hydrogen
bonding is the most common method to obtain supramolecular polymers. Meijer and co-
workers were the first to use ureidopyrimidone monomers with non-covalent quaternary
hydrogen bonding with a high degree of polymerization [55]. The properties of obtained
macromolecule were similar to those of conventional polymers. The invention of such
weak dynamic bondings to produce supramolecular assemblies with high aggregation
constants has made this research field interesting for researchers. Ureidopyrimidone
compounds are inexpensive and are also used in other polymer systems to improve
processability or other functionalities. This hydrogen-bonding unit was used in the
development of polysiloxane chains, polyethers, polyesters, and the like [56]. Based on
the above discovery, a joint venture company from Eindhoven University of Technology
has also started to explore this commercial field. In addition to hydrogen bonding,
supramolecular metal-ligand bidirectional effects were also presented for the design of
supramolecular polymers [57]. Metal complexes show special advantages due to their

optical properties. In addition, their reversibility is tunable by using various metal ions.

3. Multifunctional stimuli-responsive coatings

The previous sections thoroughly discussed two main functions (mechanical repair and
corrosion inhibition) of the self-healing coating. However, other innovative functions
may be endowed to the polymeric coatings rather than self-healing capabilities. Such
multifunctional stimuli-responsive coatings have been reviewed in detail in [58]. The

main stimulus factors include temperature, mechanical forces, humidity/water, pH,
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UV/light, carbon dioxide, chemicals, magnetic fields, enzymes. various functions (such
as self-healing, self-reporting, self-lubrication, antimicrobial, anti-icing, anti-fogging,
self-cleaning, anti-reflection ) that can be implemented in response to each stimulus [58].
surface coatings that can change their appearance, including color changes (for example,
with the addition of some thermo- or electromagnetic-responsive dyes to the matrix),
topology adjustment (mainly based on incorporating photosensitive Azo dyes into
amorphous polymer or liquid crystal network) are categorized as materials with stimuli-
responsive appearance capability. Such smart appearance-changing surface coatings can
adjust their optical properties (for example in smart anti-reflective coatings), adhesion
(i.e., in anti-microbial, anti-fouling, anti-icing coatings), and their wetting behavior
(including superhydrohilic and superhydrophobic coatings) that can be promising for

energy-saving, electronic, and medical applications[58].

4. Applications of Self-Healing Coatings

The intrinsic self-healing systems do not rely on any external materials and are triggered
by a change in the environment or situation in which the coating is. Self-healing action
can occur several times, although its efficiency is dependent on the level of restoration of
the material to its initial state after the healing process. On the other hand, the extrinsic
self-healing needs an external agent, and the healing cycles are restricted till the healing
agent is consumed. The healing speed in the extrinsic approaches is usually (not always)
faster than intrinsic ones, since their mechanism of action is autonomous, while the
intrinsic healing is commonly (not always) non-autonomous and is activated when the

stimulant(like heat, UV, etc) becomes available. Both intrinsic and extrinsic require
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complicated synthesis approaches and are pricy technologies, while the latter seems to be
cheaper in some specific applications. From an application viewpoint, an intrinsic
scenario is preferred where longer durability is required or the clear appearance of the
coating is so essential, whereas the extrinsic-based coatings are usually opaque due to the
healing-agent/reservoir inclusion.

Self-healing materials are predicted to have applications in almost all industries in the
future. Specific applications in various industrial sectors like automotive, aerospace, and
construction have been commercialized. For example, Nissan Company has launched
“Scratch Guard Coat” which is believed to be the first commercialized clear coat with
self-healing and hydrophobic capabilities for car bodies [59]. It is claimed that scratches
(caused by washing the car, or bird claws) can be healed and are effective for three years
(Figure 7). The coating contains highly elastic resins that resist reaching the scratch to
the underneath layers of the car. Depending on the scratch depth and the ambient
temperature, complete repair happens up to ultimately 7 days. Bayer company has
commercialized a coating with similar functions based on two-component polyurethane
clearcoat. This coating repairs small scratches with heat (sunlight), and its technology is
founded on the utilization of compact matrix with elastic bonds. For both above
examples, the mentioned scratch is small, which is detectible to the unaided eye, and
hence, these materials are appropriate for maintaining the coating aesthetics. The
adequate energy need to overwhelmed the scratch resistance of the material is higher than
thermosetting polymers (corresponding to a plastic or elastic reaction). Therefore,
polymers with a high glass transition temperature and elastic reaction are suitable for

healing of small scratches. In the case of small scratch failures, temperature stimulation

28



ACCERTED ANUSCRIRI

will improve the chains movement, and surface free energy will be so influential in self-

healing efficiency [59].
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Figure 7. Schematic of the self-healing behavior of Nissan's anti-scratch coatings [59].

The next industrial sector that is considered for the application of self-healing materials is
the aerospace industry (Figure 8). The use of composites in aircraft has increased rapidly
in recent decades[60]. Composites reinforced with hollow fibers are an applicable
solution for crack or damage recovery. Self-healing polymers have also found their way

into aerospace engineering sector[61].
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Figure 8. Schematic of the self-healing behavior of new coatings in the aerospace

industry [61].

Various applications of self-healing materials have also been found in the construction
industry. For example, the use of self-repairing concretes will soon happen as a reality.
Self-repairing anti-corrosion coatings for metal building composition, i.g. steel, are

beneficial for achieving long service life with lower repair costs.

5. Outlook for Self-Healing Technology in Global Markets: Challenges and Future

Research Directions

Despite remarkable advancements in the self-healing coatings development, few
obstacles need to be taken into consideration before their perfect commercialization and
vast practical applications. Healing efficiency and repeatability an issue that restricts the
long-term applicability. Most currently implemented self-healing systems exhibit

restricted healing cycles. Accomplishing stable autonomous healing without a
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considerable drop in healing efficiency is a vital issue. Mechanical performance trade-
offs are another problem. Embedment of healing materials or installing reversible bonds
in the polymer matrix can sometimes diminish the mechanical strength or durability of
coatings. Mechanical properties and self-healing characteristics are routinely
counteracting. Thus, optimizing self-healing capability with robust mechanical integrity
is an essential challenge. Complicated manufacturing procedures and incorporating
healing agents into the coating matrix have troubled their mass production.
Environmental stability is still a remarkable challenge. The long-lasting self-healing
coatings under aggressive situations (UV exposure, humidity, temperature fluctuations)
need complementary research. Finally, conducting standardized testing procedures for
assessment of healing efficiency, durability, and real-world performance is a crucial need
for global industrialization. Future research should consider designing novel
materials/approaches that address all the above-mentioned challenges.

From an environmentally friendly viewpoint, utilizing self-healing coatings has some
merits and defects. Applying self-healing coatings can not only control the formation and
release of hazardous corrosion products into the environment, but also considerably
increase the periodical repair intervals and decrease the usage of unfriendly chemicals
frequently used in such cleaning and repair processes.

On the contrary, the leaching out of materials used in the formulation of self-healing
coating into the surrounding environment can cause some health problems for the
ecosystem and raise some concern for the living creatures or even humans (for example,
self-healing coatings applied as the internal layers of drinking water pipelines can directly

leach out into drinking water) [62]. Additionally, the complicated processes of synthesis
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and production of healing agents or final self-healing coatings involve aggressive
substances that are environmentally problematic. However, there is a trend to omit or
reduce the negative consequences of self-healing coatings by employing green,
sustainable approaches [63, 64]. The forecast sales of self-healing composite in various
applications up to 2032 are shown in Figure 9. The market share of self-healing

technology in various industries is shown in Figure 10.
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Figure 9. Development trend of the global market for self-healing technology[65].
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Figure 10. The market share of self-healing materials technology[66].
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Figure 10 clearly demonstrates the expanding market of self-healing coatings. It has been
predicted that the self-healing market will annually grow at an approximate 25% rate,
reaching around 10.4 Bn US dollars by 2032. The key players of this market are

AkzoNobel, Autonomic Materials Inc, Covestro, BASF and 3M Company[66].
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