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Self-healing coatings inspired by biological systems possess the ability to repair physical damage or recover
functional performance with minimal or no intervention. This article provides a comprehensive and updated
review on the advantages and limitations associated with common autonomous and non-autonomous selfhealing mechanisms in protective organic coatings used for anti-corrosion purposes. The autonomous healing
mechanisms are often enabled by embedding polymerizable healing agents or corrosion inhibitors in the coating
matrices. For non-autonomous mechanisms, the healing eﬀects are induced by external heat or light stimuli,
which trigger the chemical reactions or physical transitions necessary for bond formation or molecular chain
movement.

1. Introduction
Corrosion poses a substantial economic burden and may result in
severe safety and environmental hazards [1]. A recent study estimated
the total annual cost of corrosion in China at over 310 billion US dollars, representing 3.34% of the country’s GDP [2]. If the same percentage is applied to global economy, the total cost of corrosion worldwide
amounts to ∼2.5 trillion US dollars per year. Among the corrosion
mitigation measures, organic protective coatings are the most widely
used, and their costs add up to two-thirds of all anti-corrosion expenditures [2].
Protective organic coatings are essentially polymeric composites
which possess extreme complexity and heterogeneity in chemical
compositions, macro-/microscale structures and surface/interfacial
properties. As one of the key components in a typical coating, the
polymeric coating resin (also known as binder) forms a coherent phase
serving as the basic barrier against the water and ionic ingress and also
providing the adhesion to the metal substrate via chemical bonding and
mechanical interlocking. The performance of the binder is determined
by an array of physiochemical properties attributing to the natures of
the polymer backbones and side chains, and the degrees of chemical
and physical crosslinking. The other key components of a protective
organic coating are the pigments which are micro-/nanoparticles with
protective, functional or aesthetic characteristics. The composition,
size, geometry, quantity and distribution play important roles in the
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overall pigment performance and its inter-play with the coating resin.
Protective coatings are also often multi-layer systems consisting of at
least a primer and a topcoat (Fig. 1). The primer, often assisted by the
inhibitive pigments, provides primary corrosion inhibition and adhesion. The topcoat is responsible for environmental (e.g. UV, water,
mechanical, microbial) resistance and diﬀerent functional and aesthetic
requirements. An intermediate coat is sometimes needed to increase the
total coating thickness and enhance the barrier eﬀect against highly
corrosive environments. To enhance the adhesion and protection of
organic coatings, the metal substrates must be properly prepared by
mechanical abrasion or blasting and/or chemical pre-treatments. The
latter is particularly important for organic coatings applied on aluminum alloys and is typically achieved by chromate/phosphate conversion coatings, anodic anodization, sol-gel coatings or their combinations.
When they are in good condition, these coatings can exert excellent
barrier eﬀects against corrosive ions and moisture. However, during
transportation and service, the barrier performance of the coatings may
be severely jeopardized because of the damages formed by environmental and mechanical attacks. The forms of the damages may be localized scratches or delamination, or stress-related macro-cracks. The
bond breakage from environmental factors including UV, heat, oxygen,
moisture and ions may also induce more macroscopic degradation of
coatings’ general protective and aesthetic properties. If there is no
timely and eﬀective repair, these damages create conduits for the rapid
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Fig. 1. Basic structure and functions of a coating system and major self-healing mechanisms reviewed in this study.

agents in the coating. In many cases, these healing agents are stored in
microcapsules. When the coating is broken, the capsules rupture in
response to the mechanical impacts and release the healing agents,
which then polymerize to form a protective ﬁlm, repairing the coating’s
barrier property. Another class of autonomous self-healing protective
coatings incorporates corrosion inhibitors as the healing agents. The
corrosion inhibitor can leach into the coating defect and inhibit the
electrochemical reactions occurring at the exposed metal substrate.
Strictly speaking, the latter often requires interactions with the local
environment at the damage site. However, since such triggering conditions (e.g., water, oxygen, pH and ions) are readily available in the
corrosion events at the coating damage, the healing of the inhibitorbased coating is also deemed to be an autonomous process [16].

intake of corrosive media and eventually lead to premature coating
failures. Currently, most damaged coatings require artiﬁcial repairs or
replacements, which are costly and cumbersome. The emerging technology of smart materials, which endows the coatings with self-healing
properties, can signiﬁcantly improve their anti-corrosion performance
and service lives [3,4]. Self-healing coatings by deﬁnition refer to those
that can repair the coating damages and recover the coating performance with minimal or no external intervention. For protective coatings, the healing eﬀects typically act by restoring the physical coating
barriers by defect sealing or closing, or by inhibiting the corrosion reactions at the coating defects. Early demonstrations of self-healing effects in anti-corrosion coatings largely relied on the presence of Cr(VI)
corrosion inhibitors (e.g. chromate conversion coatings), which can be
reduced to form a protective oxide ﬁlm at the site of damage. However,
the usage of Cr(VI) has been progressively reduced due to its toxic effects and became completely banned by the EU directive of the Registration, Evaluation, Authorization and restriction of Chemicals
(REACH) on the use of any coating in 2017. Largely propelled by the
quest for ‘green’ Cr(VI) replacements in the coating industry, selfhealing protective coatings have developed remarkably in terms of their
material compositions, healing eﬃciency and characterization techniques and are now one of the most active ﬁelds in corrosion research.
Compared to some recent reviews that focus on aspects such as
material compositions [5–7] and characterization techniques [8], the
present article oﬀers an up-to-date discussion on the advantages and
limitations associated with most common autonomous and non-autonomous self-healing mechanisms for self-healing anti-corrosion coatings
(Fig. 1). The autonomous self-healing coatings reviewed in this paper
include those that contain polymerizable healing agents or corrosion
inhibitors. For the non-autonomous mechanisms, the healing eﬀects are
mostly achieved by applying external heat or light stimulus which
triggers the recovery of chemical bonds or polymer chain conformation
in the coating matrix. Other notable self-healing mechanisms, such as
those based on superabsorbent polymers [9,10] and conducting polymers [11,12], are less commonly reported and are therefore not discussed in this review. It is also worth mentioning that the coatings
described in this review were mainly epoxy- or polyurethane-based
organic systems. To replace chromium-based pretreatments, signiﬁcant
developments are also made in self-healing sol-gel coatings for aluminum alloys especially in aerospace applications. For these coatings,
the thicknesses are usually much thinner than that of the organic
coatings. Predominantly obtained by the incorporated corrosion inhibitors, their healing eﬀects have been recently discussed elsewhere
[13,14] and are not the focus of this review. However, some mechanisms originally used in sol-gel pre-treatments but potentially applicable
for organic coatings are also introduced.

2.1. Self-healing based on defect-ﬁlling eﬀect
In this mechanism, a mechanical damage generates defects in the
coatings, spontaneously inducing the release of the stored polymerizable healing materials. By reacting with either catalysts co-existing in
the coating or with moisture or oxygen in the environment, these materials can polymerize into a ﬁlm with a certain strength and thickness
to ﬁll the coating defect and restore the barrier properties of the
coating. Proper encapsulation of the healant is critical to prolong the
reactivity of these materials and to minimize their interaction with the
bulk coating materials.
Among the ﬁrst generation of self-healing systems of this type was a
classic example reported by White and Sottos [17]. In this study,
polyurea-formaldehyde (PUF) microcapsules with a size of 220 μm were
used to store dicyclopentadiene (DCPD) monomers. These microcapsules were dispersed in the coating matrix separately from the
Grubbs catalyst capable of polymerizing the monomers. The rupture of
the microcapsules due to crack propagation in the coating released the
monomers, which ﬁlled the crack and polymerized with the embedded
catalyst to bond the crack interface. The healing eﬃciency was approximately 60% of the original fracture load. A number of other pioneering examples using similar concepts was later developed by this
group [18–20]. More recently, the same concept was also applied to the
development of a self-healing anti-corrosion coating [21]. As shown in
Fig. 2, polydimethylsiloxane (PDMS) prepolymers and a dimethyldineodecanoate (DMDNT) catalyst were stored in PUF (∼50 μm) and
polyurethane (PU; ∼100 μm) microcapsules, respectively. The rupture
of both microcapsules resulted in the polymerization of PDMS (under
heating at 50 °C) within the crack, recovering the corrosion protection
of the coating applied on cold-rolled steel. The separate encapsulation
of the healing agents (e.g., monomers and prepolymers) and the catalysts preserves the reactivity of the components when the coating is
intact but enhances their interactions at the site of damage. The same
study also reported replacing the DMDNT catalyst with Si[OSn(nC4H9)2OOCCH3]4 to achieve room-temperature healing.
To re-bond the crack interface, the healing agents ﬂowing from the
broken capsules should ideally possess chemical composition and mechanical strength that are compatible with the bulk coating and the
metal substrate. In this sense, epoxies may be considered as excellent

2. Autonomous healing mechanisms
Autonomous healing systems have the ability to repair their bulk
integrity or functional properties without any external physical intervention [15]. One of the most straight forward methods for achieving
autonomous healing is by embedding extrinsic polymerizable healing
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Fig. 2. Optical images of (a) control coating and (b) self-healing coating (with microcapsules containing PDMS prepolymers and DMDNT catalyst) after 120 h
immersion in salt water; SEM images of the scribed region of (c) control coating and (d) self-healing coating after healing [21].

(HDI) [27] and a less toxic hexamethylene diisocyanate trimer (HDIt)
[31] as one-part healing agents for coatings. The ingress of water
caused the exposed microcapsules at the coating/scratch interface to
swell and crack and simultaneously triggered the polymerization of the
isocyanates to ﬁll the scratch. The healing of scratches wider than
30 μm, however, was found to be unattainable, possibly because of the
inadequacy of the exposed healing agents and the loss of healing agents
before the healing reaction was completed [28]. A critical issue with the
water reactive healants is the limited longevity of the self-healing
ability. In service environments, moisture inevitably penetrates through
the intact coating and reacts with the healing agents, thereby reducing
the coating’s ability to further heal when damage occurs. To solve this
problem, Sun et al. enclosed the 4,4′-methylenebis(cyclohexyl isocyanate) (HMDI) healing agent using a double-wall microcapsule consisting of an inner wall produced from the reaction of TEPA with isocyanates and a PUF outer wall [33]. Although the total wall thickness
was only 1.5 μm, the double-wall microcapsule exhibited superior

options because of their superior adhesion and strength and wide usage
as coating resins [20,22–25]. In a recent example, Yi et al. used a
Pickering emulsion to prepare microcapsules containing an epoxy or
tetraethylenepentamine (TEPA) curing agent and embedded them in a
coating of the same composition [23]. When the coating was damaged,
the epoxy and the amine curing agent overﬂowed and reacted to form a
protective layer covering the exposed steel substrate.
One limitation associated with using two-part healants is the uneven
distribution of microcapsules throughout the coating, thereby making it
diﬃcult to mix and cure the two parts in accordance with the desired
ratios. In addition, considering the high cost of catalysts, self-healing
enabled by catalyst-free, single reactive healants is appealing. Two
promising candidates as one-part polymerizable healants are liquid
isocyanates [26–33] and silanes [34,35]. Because both species react
with water, they possess unique advantages for corrosion protection
applications. Wang et al. developed microcapsules containing isophorone diisocyanate (IPDI) (Fig. 3) [28], hexamethylene diisocyanate

Fig. 3. (a) Self-healing reaction of IPDI in the presence of water; crack ﬁlling after immersion in seawater for (b) 200 h and (c) 1200 h [28].
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Fig. 4. Schematics of the formation of oil-containing graphene oxide microcapsules (GOMCs) and the preparation of GOMCs/PU coatings [40].

inhibitors incorporated in self-healing coatings are phosphates, nitrites,
molybdates, tungstates, vanadates, borates and rare earth salts and the
organic corrosion inhibitors employed include benzotriazole (BTA),
mercaptobenzothiazole (MBT), imidazoline, 8-hydroxyquinoline (8HQ) and aliphatic amines. In this mechanism, anodic dissolution and
cathodic reactions at the exposed substrate in the coating defect can be
timely suppressed by the inhibitors leached from the coating matrix.
The inhibition of anodic dissolution can be achieved by inhibitors that
can increase the passivity of the oxide layer on the exposed metals,
while cathodic reactions are often retarded by inhibitors which induce
the precipitation of oxide and hydroxide at the cathodic sites. There are
also mixed-type inhibitors which are constituted by a vast variety of
organic molecules. These inhibitors may slow down both anodic and
cathodic corrosion reactions by physical adsorption or chemical reaction or complexation on the metal substrates. Indeed, inhibitor-based
coatings account for a majority of all reported self-healing coatings for
corrosion protection because the designs of the coatings are conceptually simple and the healing eﬀects directly act upon the corrosion
process.
Corrosion inhibitors can be directly mixed with coating materials to
induce a self-healing eﬀect. For example, early studies involved doping
nitrates and phosphates of cerium into organic coatings to achieve selfhealing over zinc, galvanized steel and aluminum alloy surfaces
[44–49]. More recently, lithium salts such as lithium carbonate were
directly incorporated in polyurethane coatings for active protection of
AA2024-T3 [50–55]. The leached lithium salts can create an alkaline
environment in the coating scratch and induce the formation of a threelayer protective aluminum oxide/hydroxide ﬁlm consisting of dense,
porous and columnar regions. The compatibility between the inhibitor
and the coating material plays an important role in the overall selfhealing performance of the coatings. For example, the inhibitors must
be properly leached from the coating matrix to the damage locations
[53]. Unwanted reactions between the inhibitors and coatings must be
minimized to preserve the inhibiting eﬃciency over time. Inhibitor
aggregation should be also avoided as they provide conduits for faster
water penetration.
In view of these aspects, this ﬁeld has focused more on encapsulating inhibitors using micro- or nanocontainers to preserve the
inhibitors and to release them in a sustained and controlled fashion
[56]. The types and working mechanisms of the inhibitor containers
have been discussed in details in some excellent reviews by Shchukin
and co-workers [5,7]. These containers do not have to break to release
the inhibitors. Therefore, their sizes can be much smaller compared to
those containing polymerizable healants. A wide variety of nanoparticles have been used as carriers of corrosion inhibitors for selfhealing coatings, including solid nanoparticles, nanotubes and porous
nanostructures. The small sizes (mostly < 1 μm) of these nanocontainers allow them to be used in thin organic coatings or sol-gel pretreatments and could improve the uniformity of their distribution in the
coating matrix [5]. Considering the environmental (e.g., solvent and

water resistance and improved long-term anti-corrosion performance.
Drying oils such as tung oil and linseed oil are traditional coating
materials that can be oxidized by air to form crosslinked ﬁlms. These
oils have also been used as low-cost and environmentally friendly
healing agents for protective coatings applied on steel substrates
[36–39]. One of the ﬁrst such demonstrations was the work by Kumar
et al., who embedded tung oil-containing PUF microcapsules by directly
mixing them with primer or by sandwiching the microcapsules within
two layers of primer materials [36]. The latter method was found to
provide coatings with better self-healing performance and higher adhesion to the metal substrate. Recently, an interesting study reported
the encapsulation of linseed oil with self-assembled graphene oxides
microcapsules to obtain self-healing eﬀect in waterborne polyurethane
coatings (Fig. 4) [40]. The reduction in the solidiﬁcation time of oils
released from broken capsules from days to hours can be achieved by
adding a small amount of cobalt salts as drying agents. In addition to
improving the self-healing ability, the incorporation of drying oils may
also enhance the lubricating properties of the coating surface [39].
Reviewing the existing coatings that heal via the defect-ﬁlling mechanism indicates that a satisfactory self-healing performance largely
relies on a ﬁne balance among the mechanical/chemical properties, size
and quantity of the microcapsules. The walls of an ideal microcapsule
should be suﬃciently rigid to preserve the capsule integrity and the
coating strength, especially since the most of the reactive healing agents
in this type of coatings are liquid. However, the capsules must also be
brittle enough that they can be broken upon deformation [5]. A good
adhesion between the microcapsule outer surface and the coating matrix is also essential to minimize the preferential water penetration
through the capsule/coating interfaces. To prolong the shelf-life of the
self-healing ability, it is also desirable for the capsule materials to
possess good resistance and stability to water, oxygen and other chemicals in the corrosive environment. To date, the sizes of microcapsules
produced to store polymerizable healing agents range mostly from
dozens to hundreds of microns, which limits their use in thin anticorrosion coatings such as those based on sol-gel technologies. Recently, several studies have reported the successful applications of oilcontaining capsules as small as hundreds of nanometers [41,42].
Moreover, the complete ﬁlling/repairing of the entire depth of the
damage can be diﬃcult unless a large quantity of broken capsules are
available at the damage interfaces (Fig. 5) [43]. To eﬀectively seal the
defect, the microcapsules should be ideally mixed in the primer and
placed near the metal substrate. However, the incorporation of microcapsules could reduce the adhesion of the primer to the metals and it
has been recommended to place the microcapsules in a separate layer
on top of the primer [36].

2.2. Self-healing based on corrosion inhibitors
Autonomous self-healing can also be realized by embedding corrosion inhibitors in coatings. The most tested inorganic corrosion
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Fig. 5. (a) Optical image and (b) SEM image of the cross section of healed region in an epoxy coating containing 10 wt% linseed oil loaded microcapsules [43].

pitting corrosion especially caused by the dealloying of the active
copper-rich S-phase (Al2CuMg) intermetallics [61,62]. Simultaneously,
the dissolution of the nanoparticles also releases cerium and molybdate
ions, which are inhibitors themselves. To achieve a faster release,
cerium molybdate was also synthesized into amorphous nanowires with
greater solubility than their crystalline counterparts [63,64]. The
measurements of scanning Kelvin probe force microscopy (SKPFM)
revealed that molybdates primarily served as anodic inhibitors which
suppressed the anodic dissolution of Al and Mg from the S-phase intermetallics on AA2024, whereas cerium ions inhibited the cathodic
reactions in the later stage of corrosion by precipitating insoluble oxides
and hydroxides on the intermetallics [64]. The release of cerium ions
was also conﬁrmed to be triggered by the transformation of amorphous
cerium molybdate into crystalline (NaCe)0.5MoO4 in response to the
cationic exchange of cerium with sodium in NaCl solution [64].
Layered double hydroxides (LDHs) are stacked layers of positively
charged metal hydroxides between which anionic and solvent molecules are intercalated. Because of their ability to exchange anions, LDHs
are promising containers for releasing anionic corrosion inhibitors (e.g.,
benzotriazolate [65,66], mercaptobenzothiazolate [66–69], vanadates
[70–72], nitrates and phosphates [73]) and also for trapping detrimental anions such as Cl- [74]. Another major beneﬁt of using LDHs as
coating ﬁllers stems from their 2D geometries with high aspect ratios,
which could enhance the barrier properties of the coatings. Together
with cerium molybdate nanoparticles, Montemor et al. introduced
LDHs nanoparticles as a second container for MBT in a 2 μm thick
model epoxy primer applied on galvanized steels [68]. As shown in
Fig. 7, the results by scanning vibrating electrode technique (SVET)
indicated that the fast release of MBT from the LDHs eﬀectively

Fig. 6. Feed-back active containers which release inhibitors in response to
diﬀerent stimuli such as the pH changes or changes in the electrochemical
potential (ϕ) due to corrosion at the coating defect. [57].

heat) and mechanical instabilities of polymeric nanoparticles, most
studies have used inorganic nanoparticles, and the chemistries of the
nanoparticles are diverse. Moreover, these nanoparticles can often be
modiﬁed by surface grafting or coating for feed-back active inhibitor
releases in response to diﬀerent environmental stimuli (Fig. 6 [57]).
Hollow nanoparticles composed of crystalline cerium molybdate
were synthesized as carriers of organic corrosion inhibitors such as 8HQ [58], MBT [59,60] and 1-H-benzotriazole-4-sulfonic acid (1-BSA)
[60]. With the dissolution of the nanoparticles, the released organic
inhibitors can form insoluble chelates on aluminum alloys and suppress

Fig. 7. Evolution of the total (a) anodic and (b) cathodic current obtained integrating current density distribution from SVET measurements for the coatings modiﬁed
with LDH/MBT, cerium molybdate/MBT and the mixture (LDH + cerium molybdate)/MBT applied on galvanized steels [68].
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composite nanocontainers made of nanoparticle cores with polyelectrolyte multilayer shells [107]. The multilayers can be conveniently
deposited on the nanoparticle surface using layer-by-layer (LBL) techniques which involve the stepwise buildup of oppositely charged
polyelectrolytes [108]. Corrosion inhibitors can be stored within the
nanoparticles or serve as the components of the polyelectrolyte multilayers [41,109–114]. In the latter case, the loading capacity depends on
the deposition cycles of the multilayers and is relatively low. Within the
coating damage site, the shift in the local pH values resulting from the
anodic and cathodic corrosion reactions could inﬂuence the polyelectrolyte conformation and open up the shells to release the corrosion
inhibitors. When the corrosion reactions are suppressed, the restoration
of the pH closes the shells to preserve the inhibitors. In addition to this
smart releasing behavior, the polyelectrolytes themselves may also act
as buﬀers that can reduce the pH gradient established between the
anodic and cathodic regions in the coating damage area [115]. Therefore, the incorporation of these smart containers is also expected to
reduce the coating disbondment caused by alkalization at the cathode.
A similar but more general approach was reported by Li et al., who
coated silica nanotubes with poly(methacrylic acid) (PMAA) via surface-graft precipitation polymerization to obtain pH-responsive release
of the inhibitor BTA (Fig. 9) [116]. The same technique was also used to
graft thermoresponsive poly(N-isopropylacrylamide) (PNIPAM) and
redox-responsive poly(ethylene glycol) methacrylate (PEGMA) chains
and can essentially be applied to other types nanoparticles as well
[117,118].
Recently, supramolecular chemistry has provided a new opportunity for constructing smart containers that can autonomously and effectively respond to more sophisticated environmental triggers from
corrosion reactions [119–125]. The work by Fu et al. is particularly
notable in this area [119–122]. For example, mechanized silica nanoparticles were assembled based on mesoporous silica nanoparticles
grafted with acid/alkaline dual-responsive supramolecular nanovalves
[120]. The supramolecular nanovalves comprised a linear stalk containing a hexylammonium unit and a ferrocenecarboxylic acid linked
by amide bonds and the movable gates, which were CB [7] macrocycles
encircling the stalk that regulated the inhibitor release upon pH variation. Near neutral pH, the CB [7] macrocycles threaded onto the
hexylammonium recognition sites by ion-dipole interactions, blocking
the pores to prevent inhibitor leakage. Under acidic pH conditions,
protonation of the terminal ferrocenecarboxylate anion groups induced
the movement of the CB [7] macrocycles and thus opened the pores to
release the inhibitors stored in the silica nanoparticles. Under basic pH
conditions, the CB [7] macrocycles can be de-threaded from the linear
stalk, thereby leading to the release of the corrosion inhibitors. The
assembled nanoparticles were directly doped in a sol-gel pre-treatment
layer on AA2024, which demonstrated a superior self-healing performance because of corrosion inhibition elicited over a wider pH range.
In a more recent endeavor from this group, redox-responsive mesoporous silica nanocontainers with supramolecular switches were incorporated in a sol-gel layer applied on top of another Ce(IV)-doped solgel layer on AA2024 substrate [122]. At the coating damage site, the
leached Ce(IV) opened the supramolecular switch to release the stored
p-coumaric acid (CA) inhibitor via redox reactions. Additionally, Ce(IV)
was reduced to Ce(III), which also enhanced the corrosion inhibition
(Fig. 10). Advantageously, this approach overcame the issue of premature pH-induced leakage of the inhibitors during the coating preparation, as the supramolecular switch was sensitive to only redox reactions, not pH.
Similar to the coatings using monomers or drying oils as healing
agents, the self-healing eﬃciencies of the inhibitor-based coatings depend on the amounts of inhibitors available at the coating damage site.
When the released inhibitor is insuﬃcient for covering the entire exposed metal substrate, satisfactorily repairing a large area of coating
damage is diﬃcult [126]. For this reason, this mechanism was mostly
found in primers and pre-treatment layers where the inhibitors are close

suppressed the early corrosion events and the local acidiﬁcation by
forming inhibitive adsorption layers on the exposed zinc under the
coating defect. In contrast, a longer time is needed to dissolve cerium
molybdate nanoparticles to release the corrosion inhibitors consisting
of MBT, cerium ions and molybdates [68]. This type of synergy is
beneﬁcial for obtaining a stronger and longer self-healing action against
corrosion occurring at diﬀerent stages. Similar synergistic actions were
also demonstrated in a self-healing epoxy coating applied on AA2024T3 containing Ce-doped zeolite and MBT-doped LDH nanoparticles
[75]. The zeolite containers could release Ce3+ in the presence of cations whereas the LDH release MBT in the presence of anions. An optimum molar ratio of 90:10 for Ce:MBT was determined, which may be
attributed to the competition between the inhibition by MBT and the
precipitation of cerium hydroxide and oxide which would be activated
only when the extent of oxygen reduction on the cathodic sites of
AA2024-T3 becomes strong enough. Other than being used as ﬁllers for
organic coatings, recent studies also showed that LDHs can also grow in
situ on the oxide layers of metals to enable a similar kind of active
corrosion protection [71,76,77].
For long-term self-healing, containers that have a high loading capacity and that can slowly release corrosion inhibitors are desirable.
Such features may be realized through the use of nanotubes with a large
internal surface area (or volume) but small openings at the ends. With a
two-layered aluminosilicate nanotubular structure, halloysite is a
naturally available and inexpensive choice for the encapsulation and
controlled release of a number of corrosion inhibitors [78–83]. Although the length of halloysite nanotubes is several microns, the diameter of their empty lumen is only approximately 15 nm, which signiﬁcantly limits their inhibitor loading capacity. Selectively etching the
inner alumina layer with sulfuric acid can enlarge the lumen and increase the BTA loading up to 40 wt% [78], which is comparable to that
of polymer capsules (40–60 wt%) [6]. However, halloysite nanotubes
treated using this method suﬀer from a slight decrease in mechanical
strength. The ends of the halloysite nanotubes can be further capped
with Cu(II), Fe(II), Fe(III) and Co(II) ions by forming a metal-inhibitor
complex, which endows the nanotubes with a pH-sensitive and more
sustained release behavior [84]. In addition to halloysite nanotubes,
other nanostructures that have been employed as inhibitor containers
include mesoporous SiO2 [83,85–89], mesoporous ZrO2 [90], montmorillonite nanoparticles [91], zeolites nanoparticles [92,93], TiO2
[94], grapheme oxide [95] and some biologically-occurring particles
[96] (Fig. 8). Among these materials, mesoporous SiO2 has the highest
reported inhibitor loading (approximately 80 wt% [83]) because of its
very large speciﬁc surface area (> 1000 m2/g [97]). Other than micro-/
nanoparticles, ﬁbrous or particulated porous scaﬀolds have also been
used to store corrosion inhibitors for self-healing coatings [55,98,99].
One limitation of the direct use of inorganic nanoparticles in selfhealing coatings may arise from the poor compatibility between the
organic coating resin and the inert nanoparticle surface. Particle agglomeration and defects at the particle/coating interface are detrimental to coating’s barrier and adhesion properties. This could be
especially problematic if the particles are positions very close to metal
substrates [100]. These issues can be resolved or at least alleviated by
decorating the nanoparticle outer surface with organic molecules. For
example, mesoporous silica nanoparticles were treated with organosilanes to obtain enhanced compatibility with polyester and epoxy
coatings [101,102].
Organic molecules with more sensitive components can be used to
produce containers that can more intelligently release inhibitors in response to environmental changes at the coating defects. The most
commonly used environmental trigger is the pH variation caused by the
anodic and cathodic corrosion reactions at the metal substrates, The
increase (or decrease) in the local pH may deprotonate (or protonate)
the organic molecules for enhanced swelling [103–105] or accelerate
their hydrolytic degradation [106], which both could lead to the increased inhibitor release. A classic example of this strategy is the
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Fig. 8. SEM images of typical nanostructures used as corrosion inhibitor containers: (a) LDHs [73], (b) halloysite [79], (c) mesoporous SiO2 [85] and (d) diatomaceous earth [96].

The action of the corrosion inhibitor suppresses the corrosion reactions for a certain period but does not completely repair the physical
barrier of the coating. Therefore, the appropriate selection of inhibitors
is critical for the development of self-healing coatings. The inhibitor
performance is substrate-dependant. For example, cerium-based inhibitors are known to be more eﬀective for aluminum and zinc than for
steels [127]. The self-healing coatings developed to date have been

to the metal substrates. Nonetheless, an overdose of inhibitor (or its
container) must be avoided to preserve the overall barrier and adhesion
properties of the coating [5]. Containers with high inhibitor loading
capacities and inhibitors with high anti-corrosion performance are
preferred to minimize the amount of containers. However, this level
should be maintained such that the self-healing ability is uniformly
present throughout the coated surface.

Fig. 9. Silica nanotubes coated with PMMA, PNIPAM and PEGMA to achieve pH-, thermo- and redox-responsive inhibitor releases, respectively [116].
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3. Non-autonomous healing mechanisms
Repairs of the corrosion protection properties of coatings can also be
enabled or at least largely facilitated non-autonomously using external
stimuli that are not generated from corrosion events. Heat and light are
the most common stimuli for this type of coatings because they can be
easily applied in service environments. Most examples in this category
also fall into the category of intrinsic healing systems [15,16]. Unlike
the ones autonomously healed by extrinsic healing agents, these coatings are healed by recovering the intrinsic chemical bonds and/or
physical conformations of the polymer networks in the coating matrices. Thus, their healing performance is in principle independent to
the metal substrate, which is diﬀerent from the inhibitor-based systems.
The external stimulus is crucial as it provides the activation energy
required for bond breakage/reformation. Under a heat stimulus, the
ﬂow properties of the polymers are improved, which can enhance the
reactions of the broken bonds by bringing them closer together. The
heat sources used to repair the coatings can be artiﬁcially applied (e.g.,
by a heat gun) or generated from the service environments (e.g., sunlight, abrasion). Common light stimuli used to induce self-healing effects include UV light, near infrared (NIR) light and sunlight. The stimuli-responsive healing actions in these coatings may also be facilitated
by a complementary corrosion sensing component, which would detect
ﬁne pH variation in early stage corrosion. Consequently, coating damage can be easily located and repaired in a more timely and eﬃcient
fashion [132–134]. Compared to the mechanisms based on extrinsic
healing agents, these intrinsically repaired polymers in bulk have much
wider applications in healthcare, aerospace, construction and electronics industry, and have been more frequently reviewed [15,135–137].
Although a comprehensive review of intrinsic healing polymers is beyond the scope of this article, some systems that are more closely related to protective coatings are discussed in the following section.
Generally, a coating is more diﬃcult to heal than its bulk counterpart,
which can be ascribed to two main reasons: First, considering the small
thickness of the coating, the polymer networks under the stimulus must
be suﬃciently mobile to close the damage [16]. Second, the substrate
that the coating adheres to may also restrict the movement of the
polymer networks during the healing process.

Fig. 10. Schematic illustration of the synergistic self-healing mechanism based
on i) Ce(IV) which opens up supramolecular switch to release CA inhibitor and
ii) redox reaction which reduced Ce (IV) to Ce(III) inhibitors [122].

largely applied on aluminum alloys because of the high interests from
aerospace industries [128]. A comprehensive list of inhibitors for aluminum alloys can be found in recent reviews by Xhanari and Finšgar
[129,130]. The eﬃciency of the corrosion inhibitor is determined by
the extent of its interaction with the metal substrate. In principle, inhibitors that form strong chemical bonding or stable protective ﬁlms
with the substrate could lead to better self-healing performance. Visser
et al. recently highlighted the importance of irreversibility of corrosion
inhibitors in active corrosion protection [131]. Their study showed that
the AA2024-T3 substrate protected by MBT or BTA became severely
corroded when transferred to an inhibitor-free solution, which was
most likely attributed to the loss of the physically adsorbed inhibitors.
In comparison, the passive layers induced by the lithium carbonate
were able to exert a longer-lasting corrosion inhibition. Another promising strategy for inhibitor-based healing mechanisms is to incorporate in the coating with multiple corrosion inhibitors such as the
combinations of rare earth cations and organic inhibitors. As previously
discussed [68,75], a desirable synergy may be created between different inhibitors.
Long-term healing would essentially require i) a rigorous screening
of the corrosion inhibitors considering local electrolyte chemistry at the
damage and the corrosion reactions at the metal substrate and ii) an
optimized design of the container considering the container-coating
compatibility, container-inhibitor compatibility and the environmental
stability and responsiveness of the container. And the healing performance should be conﬁrmed only after long-term corrosion tests in simulated and especially real service environments. Although many
studies have demonstrated the stimuli-responsive release of inhibitors
from free containers, further insights into how inhibitors are released
from the containers that are partially or fully wrapped by the coating
matrix and transported to the defect site are needed.

3.1. Self-healing based on dynamic bonds
Dynamic covalent bonds, hydrogen bonds and ionic interactions,
have been widely used to construct self-healing materials [138]. For
example, thermally reversible bonds can decompose when raised to a
certain temperature, allowing the polymer chains to ﬂow to the defect,
and re-crosslink to repair the defect [3]. A main advantage of this type
of self-healing system is that theoretically, the repair process can be
repeated for an inﬁnite number of times without requiring any second
phase healing agents. The common chemistries of reversible bonds that
can be adopted for self-healing polymers were comprehensively reviewed elsewhere [137,139].
The most typical example is the use of the Diels-Alder (DA) reaction,
which is a [4 + 2] cycloaddition between a conjugated diene and a
dienophile, such as the well-studied pair of furan and maleimide. For
example, the works by Wouters [140] and Zhang [141] demonstrated
the possibility of incorporating reversible furan and maleimide bonds
into conventional epoxy coatings by synthesizing furfuryl glycidylether
and N,N-diglycidyl furfurylamine. Recently, self-healing coatings consisting of a tetra-functional furan-capped aniline trimer (TFAT), a trifunctional maleimide and a trifunctional furan was prepared on cold
rolled steel for corrosion protection (Fig. 11) [142]. The corrosion
protection eﬃciency of the scratched coating, which was calculated
based on the corrosion current density in the polarization curve, was
fully restored after heating at 140 °C for 1 h to induce the retro-DA
reaction and then at 80 °C for 24 h to complete the re-crosslinking via
the DA reaction. The study also suggested that the ﬂexible structure of
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Fig. 12. Molecular mechanism of the thermally induced shapememory eﬀect in
SMPs [162].

3.2. Self-healing based on shape memory polymers (SMPs)
Shape memory materials are an emerging class of smart materials
that can recover their original shapes from a temporarily ﬁxed deformation by applying external stimuli such as heat or light. Both alloys
and polymers can exhibit shape memory behaviors. The shape memory
eﬀects in shape memory alloys (SMAs) such as NiTi, Cu-Zn-Al and CuAl-Ni alloys are governed by the phase transformation among twinned
martensite, detwinned martensite and austenite [160]. In self-healing
applications, SMA ﬁbers have been used to assist the crack closure in
polymer composites with microcapsules containing polymerizable
healing agents [161]. For shape memory polymers (SMPs), the shape
transitions most commonly result from the viscoelastic transformation
of polymer chains when cycled through a thermal transition temperature (Ttrans), such as a glass transition temperature (Tg) or a melting
temperature (Tm) (Fig. 12). For instance, SMP deformed at T < Tg,
which is ﬁxed by the frozen polymer chains, can recover to the original
shape, as deﬁned by the chemical or physical crosslinks, by heating at
T > Tg, where polymer chains regain their mobility and return to the
randomly coiled (entropically most stable) conformation [162,163]. In
several other studies, the self-healing mechanism based on this type of
shape memory eﬀect is also called ‘retarded elasticity’ [3]. Similarly,
shape recovery can also be enabled based on the melting transition of
crystalline structures in polymers. In contrast to SMAs, SMPs are
lightweight, easy to fabricate, more elastic and have been proposed for
biomedical [164–167], aerospace [168,169] and many other applications. In recent years, SMPs have also been employed to develop new
types of self-healing coatings for corrosion protection. Compared with
other types of self-healing coatings, the SMP-based self-healing coatings
can close larger physical damage due to their superior strain recovering
ability. This property is particularly attractive because it may greatly
reduce the consumption of the healants such as corrosion inhibitors and
polymerizable agents at the coating damage site, thereby ensuring a
better and longer self-healing performance. In principle, SMP-based
self-healing coatings may be used either as primers or as topcoats.
Some pioneering works in this area reported the developments of
self-healing coatings based on PU SMPs that contained poly(ε-caprolactone) (PCL) soft segments. In these studies, the macroscopic barrier
performance of the coatings applied to pure aluminum, aluminum alloy
or galvanized steel surfaces was assessed before and after the healing
event by electrochemical impedance spectroscopy (EIS) [170]. The localized anodic and cathodic activities in the damaged region were
characterized by SVET [171] and scanning electrochemical microscopy
(SECM) (Fig. 13) [172]. The results revealed that the coating scratch
can be physically closed by triggering the shape memory eﬀect above
the Tm of PCL (∼60 °C). A full recovery of the barrier properties was not
achieved, which was due to the lack of the healing agents that could
bond the scratch interface. Therefore, the corrosive media could still
penetrate through the crevice of the closed scratch and eventually
corrode the metal substrate.
This issue may be resolved by a “close-then-heal” strategy, as

Fig. 11. (a) DA reaction of TFAT; (b) SEM image of the coating showing
thermally activated self-healing behavior [142].

the trifunctional furan was important for the good self-healing behavior
of the coating.
In most of these studies, the healing actions enabled by a retro-DA
decyclization often require heating for hours at above 100 °C, which is
certainly unrealistic for most corrosion protection coatings. BarnerKowollik’s group reported a fast self-healing system based on a hetero
DA reaction of a cyanodithioester and cyclopentadiene in which the
retro-DA reaction could be completed within 5 min at 120 °C [143,144].
The addition of plasticizers may also be helpful for achieving milder
healing conditions for DA-based self-healing materials. Postiglione et al.
added 10% benzyl alcohol plasticizer to a polymer resin containing
trifunctional and difunctional furans and bismaleimides [145]. The
resulting polymer could perfectly close a 100 μm surface scratch after
heating at 120 °C for 5 min, whereas the plasticizer-free control showed
almost no scratch-closing ability under the same conditions. Other
potential drawbacks of the DA-based self-healing mechanism are the
side reactions between the maleimides and amines and the homopolymerization of maleimides, which decrease the self-healing eﬃciency [146]. This issue may be solved by shortening the duration of the
exposure to high healing temperatures and minimizing the number of
reactive species in the polymer network.
Light is another common stimulus to trigger self-healing eﬀects
[147,148]. For example, UV-sensitive self-healing polymers have been
developed based on reversible photo-crosslinking reactions, such as the
cycloaddition of cinnamoyl [149], coumarin [150] or anthracene [151]
derivatives, and dynamic covalent bonds, such as disulﬁdes [152], allyl
sulﬁdes [153], alkoxyamines [154] and trithiocarbonates [155]. Compared to thermally induced self-healing, these approaches oﬀer several
major advantages, e.g., the healing can be triggered instantaneously,
remotely and on demand. Unlike heating, a light stimulus can be precisely applied to only the damage site. This feature is in principle interesting for self-healing coatings because it reduces the possibilities of
side reactions and degradation in the intact coating during the healing
process. For coatings used in outdoor environments, sunlight could be a
convenient stimulus to trigger the self-healing eﬀect. However, apart
from the light-sensitive bonds, the bulk chemistry and properties of the
coating must be stable against long-term exposure to sunlight. The
application of light stimuli has also been used together with other selfhealing mechanisms, such as controlling the release of corrosion inhibitors from containers [156] and inducing the polymerization of
monomers ﬂowing into the coating damage sites [157–159].
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Fig. 13. (a) SECM maps of a defected PU SMP coating on AA2024-T3 after 1 day in 0.05 M NaCl. After heating the sample at 80 °C for 24 h, images were measured
after (b) 4 h and (c) 1 day in chloride solution. (d) and (e) Optical photographs of the samples corresponding to SECM images (a) and (c). (f) 3D plot of selected crosssections from the SECM images; black, red and blue curves were generated from (a), (b) and (c), respectively [172] (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article).

by incorporating carnauba wax micropartcles (Tm = 85 °C) as healing
agents in an epoxy-based SMP coating applied on carbon steel [177].
Stepwise heating at 65 °C for 30 min and then at 90 °C for another
30 min allowed the identiﬁcation of the individual eﬀects of the SMP
and the molten wax, respectively, on the healing performance. The
study showed that 15 wt% wax microparticles elicited the optimal repair of the barrier properties. However, a further increase to 20 wt%
caused the ‘bleeding’ of the molten wax out of the coating matrix after
heating, which altered the coating’s surface hydrophobicity and reduced the adhesion of the repaired coating to the steel substrate.

proposed by Li et al. [173,174]. In their studies, physical cracks on
polymer composites consisting of a styrene SMP matrix and polyester
thermoplastic ﬁllers were repaired via a two-step process imitating the
wound healing process of skins, including i) damage closure by the
shape memory eﬀect and ii) damage sealing by the molten thermoplastic ﬁllers. This concept was later demonstrated in the development
of self-healing anti-corrosion coatings. For example, Mather et al. prepared a shape memory-assisted self-healing (SMASH) coating by infusing an epoxy SMP into an electrospun PCL ﬁber scaﬀold on the steel
substrate (Fig. 14) [175]. Increasing the temperature to 80 °C, which
was above the Tg of the epoxy and Tm of PCL, simultaneously triggered
the shape memory eﬀect of the epoxy, which closed the surface scratches, and the melting of the PCL ﬁbers, which ﬂowed and ﬁlled the
defect. The linear sweep voltammetry measurements conﬁrmed the
restoration of barrier eﬀects after heating. However, the loss of adhesion near of the scratch could not be repaired by the shape memory
eﬀect. The same group also prepared coatings with comparable selfhealing performance based on the polymerization-induced phase separation (PIPS) of PCL blended in an epoxy resin, which was more
suitable for scale-up applications in corrosion protection [176]. Zhang
and co-workers reported a similar but conceptually simpler approach

4. Multi-action healing mechanisms
From the discussions above, it is obvious that each individual
healing mechanism has its own advantages and disadvantages.
Inhibitor-based self-healing coatings can autonomously suppress corrosion but the extent and duration of the healing depend on scratch size
and the suﬃciency and eﬃciency of the inhibitors. The healing mechanisms relying on reversible chemical or physical polymer networks
can close or even diminish the coating defects which would however
remain open to corrosive environment until the external stimulus is
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Fig. 14. (a) Schematic illustration of the healing process of the SMASH coating. (b) Linear sweep voltammetry results for bare steel, damaged coatings and self-healed
coatings. The photos of the damaged and self-healed coatings after the linear sweep voltammetry tests: (c) and (d) are the coatings formed by electrospinning for
10 min and15 min, respectively. The scale bar (bottom right) is 2 mm [175].

Fig. 15. Schematic illustration of the internal structure of the microcapsules and the self-healing mechanisms of the coating [41].

consideration of the situation in which the damaged coating may be
exposed to corrosive media before triggering the SMP-based selfhealing. The results showed that in the presence of pre-existing corrosion products, the BTA-containing coating possessed better scratchclosing ability and adhesion strength than the BTA-free coating. Importantly, the shape memory eﬀect of this coating could be also triggered under sunlight irradiation for only 20 min which increased the
surface temperature from ∼30 °C to over 50 °C, suggesting that this
coating has some potential for outdoor applications. The healing mechanism of this kind is somewhat autonomous but would require sufﬁcient sunlight exposure, which is not always possible in outdoor environments. One of the possible solutions to this problem is
incorporating a small amount of photothermal ﬁllers, such as carbon
black, carbon nanotubes, aniline black or graphene, which can eﬀectively convert the absorbed sunlight into the heat required for the shape
memory eﬀect [183,184].
A further improvement on this concept was made by mixing 8-HQ
corrosion inhibitor in thermoplastic PCL microspheres and incorporating them in an epoxy SMP coating on AA2024-T3 [182]. The
coating presented triple-action self-healing mechanisms based on i) pHsensitive release of 8-HQ from PCL microspheres to inhibit corrosion, ii)
thermally triggered scratch closing by SMP and iii) the simultaneous
scratch sealing by the melted PCL microspheres (Fig. 16). From EIS and

applied. Recently, an increasing interest was shown towards developing
anti-corrosion coatings with multiple self-healing mechanisms. For example, corrosion inhibitors and polymerizable healing agents can be
mixed and encapsulated together or separately in microcapsules
[42,43,178,179]. Leal et al. developed an interesting approach by encapsulating linseed oil in a microcapsule which was coated by a polyelectrolyte LbL assembly to trap BTA corrosion inhibitor (Fig. 15) [41].
Becase of these microcapsules, the epoxy coating applied on carbon
steel demonstrated self-healing corrosion protection stimulated by
mechanical impacts to release linseed oil, or by pH variation to release
BTA.
Multi-action self-healing coatings have also been developed by
combining corrosion inhibition with non-autonomous mechanisms such
as those based on SMPs [69,180–182]. In a recent example, BTA inhibitor was doped into a superhydrophobic epoxy-based SMP coating
prepared on carbon steel by templating the surface morphology of lotus
leaves [180]. The thermally induced shape memory eﬀect could not
only close the coating scratch but also restore the superhydrophobic
surface microstructure. The leached BTA at the coating scratch site
ensured timely corrosion inhibition prior to the application of heat. In
return, the SMP improved the inhibition eﬃciency of BTA by reducing
the size of the coating damage. The inﬂuence of pre-existing corrosion
products in the coating scratch was also investigated for a practical
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Fig. 16. Triple-action self-Healing mechanism based on (a) corrosion inhibition by 8-HQ released from PCL microspheres (Action I); (b) synergistic actions of crack
closing by SMP (Action II) and crack sealing by the melted microspheres (Action III) [182].

a local scratch or pinhole. Next-generation self-healing coatings will be
smarter and capable of repairing more macroscopic and complex damages and also surface/interfacial, mechanical and functional properties of the coatings. Finally, few reports have examined the eﬀect of the
aging of either the healing agents or the coating resins on the selfhealing eﬃciency, which also highlights the need for evaluating the
coatings with more rigorous long-term or accelerated corrosion tests.

SECM measurements, it was evident that the presence of 8-HQ could
further strengthen the corrosion resistance in the sealed scratch and
prolong the anti-corrosion properties of the repaired coating.

5. Conclusions
This study provides a comprehensive review of the autonomous and
non-autonomous self-healing mechanisms harnessed for extending the
lifetimes of organic coatings for corrosion protection. Autonomous selfhealing coatings can rapidly respond to environmental or mechanical
attacks associated with corrosion or other damaging processes and release the corrosion inhibitors or polymerizable healing agents. Proper
encapsulation of these healing agents is critical, as it prolongs the shelf
lives and increases the responsiveness of the self-healing coatings. The
containers should be compatible with common coating resins, and their
fabrication must be cost eﬀective for applications in anti-corrosion
coatings. For inhibitor-based healing, the selection of inhibitor or inhibitor mixture must be based on the sophisticated understanding of the
inhibitor-substrate interactions. Much greater possibility can be
achieved in this type of self-healing coatings considering the immense
progress in the development of ‘green’ corrosion inhibitors.
For the non-autonomous mechanisms, a coating’s barrier properties
can be truly repaired upon exposure to an external heat or light stimulus, which closes the damage and reforms the intrinsic chemical or
physical crosslinking in the coating matrix. Ideally, the formulations of
these coatings should enable mild triggering conditions, such as low
heating temperatures or sunlight-induced healing. When heat or light
must be artiﬁcially applied, self-healing coatings that also possess some
abilities to self-indicate the damage or corrosion spots are favorable.
Although most self-healing coatings thus far are based on a single
healing mechanism, coatings that combine multiple healing actions
may present new opportunities for a more eﬀective and long-lasting
healing performance.
Technologically speaking, inhibitor- and SMP-based self-healing
coatings are more ready for commercialization; in fact, a few of the
formulations have already been marketed. Nevertheless, the realization
of the full potential of self-healing coatings in corrosion protection
demands a deeper understanding of several important aspects. For instance, clarifying the relationship between the damage dimension and
geometry and the healing eﬃciency with diﬀerent underlying mechanisms is of practical signiﬁcance. The self-healing abilities reported
thus far are limited to the corrosion inhibition or the barrier properties
of coatings, and are exempliﬁed mostly by a simple damage mode such
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