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Abstract

Inspired by biological systems, artificial self-healing materials are designed for
repairing local damage caused by external factors. The rapidly expanding field of self-
healing systems contains, among others, materials with well-defined surface
properties. Undoubtedly, enhancing surface functionalisation, by applying smart
coatings, enjoys an extensive interest. The self-healing ability is particularly essential
property for corrosion protection strategies, especially when the use of one of the most
effective corrosion systems, based on chromium(VI) compounds, is now banned by
the current REACH (Registration, Evaluation, Authorisation and Restriction of
Chemicals) legislation. Self-healing protective coatings are produced using
macromolecular compounds, ceramics, metals and composites. Considering the wide
range of available materials, the number of potential combinations seems to be
unlimited. The self-healing action of such coatings is activated by appropriate stimuli:
temperature changes, radiation, pH changes, pressure changes and mechanical

action.

In this paper, the research and practical implications of the various approaches to
achieving self-healing functionality of protective coatings, as well as potential

developments in this area, are explored.
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1. Introduction

In selecting a construction material one has to face a compromise between the desired
properties and price. Very often the somewhat inadequate surface properties of
magnesium and aluminium alloys, steel and composites, can be enhanced by covering
their surface with a protective coating. This approach, apart from saving the costs of
using more expensive materials, imparts desired properties such as hardness or
abrasion resistance. Preventing and mitigating corrosion issues of structural and
functional materials are a vast cost to modern industrialized economies. According to
data published by the Corrosion Committee of the Surface Engineering Division (the
Institute of Materials, Minerals and Mining (IOM3, UK), annual costs connected with
chemical degradation or electrochemical corrosion to the UK economy are estimated
between 2-3% of Gross National Product (GNP). A similar situation is observed in USA
and Japan [1]. More specifically it can be said, that corrosion costs around £600 per
capita per annum. Often in these figures, the costs related to equipment idle time are
highlighted. However, replacing, repairing or  restoring corroded equipment also
requires substantial additional manpower and investment in new capital equipment.
Nowadays, protective coatings have to meet the requirements of the current legislation
embodied in the Registration, Evaluation, Authorisation and Restriction of Chemicals
(REACH), which prevents the use of harmful substances including hexavalent
chromium, the main compound employed in such coatings until recently. Furthermore,
the surface finishing sector is aware that it is not only the manufacture of the product,
but also its use in service and its disposal at end-of-life that can impact the environment
detrimentally. Consequently, there is a pressing need to render production methods
less environmentally damaging without compromising on the product life cycle. The
circumstances mentioned above have become the impulse for the development of
alternative solutions [2]. Currently, coatings should not only fulfil requirements
mentioned above but should also be easily manufactured, demonstrate reduced
material usage and installation costs and exhibit enhanced durability. Therefore a
strong emphasis is given by academic institutions as well as industry sector, to
investigating and developing self-healing and smart coatings, combining various

functionalities for improved corrosion protection.



2. Literature data

Scientists are intensively trying to mimic natural processes and incorporate them into
engineering materials. According to the data provided by Scopus, one of the largest
abstract and citation databases of peer-reviewed literature, there have been 542
articles on self-healing protective coatings published between 1984 and November
2015. In fact, as fig.1 demonstrates, the growth in the number of articles was virtually
exponential until 2014. However there is a slight downward trend this year with 61

articles published by November 2015 some 24 fewer than at the same time in 2014.

The first publications describing self-healing protective coatings appeared in the middle
of the 1980s. However those articles dealt with coatings containing carcinogenic
hexavalent chromium. The self-healing action of a chromium-containing coating was
based on the formation of a protective oxide film in the damage area. The presence of
Cr(VI) provides a self-repair mechanism by reduction to Cr(lll) during oxidative attack.
A breakthrough in self-healing coatings’ technology was the work of S. R. White et al.
The authors presented the results of research on a polymer coating with self-repair
functionality resulting from the action of polymerizing agents loaded into microcapsules
[3]. Besides a microencapsulated healing agent, a catalytic chemical trigger was
incorporated within an epoxy matrix. Embedded microcapsules were ruptured
mechanically and released the healing agent into the crack area through capillary
action. The polymerisation of the healing agent was then initiated by the action of the
catalyst in the epoxy coating which subsequently led to the bonding of the crack faces.
Additionally a healing concept of using living polymerization catalysts —without
terminated chain-ends, enabled repeated healing activity.

The breakdown of research into self-healing coatings on a global basis is shown in fig.
2 and 3. Most of the publications concerning self-healing coatings for protection against
corrosion, describe the use of polymers and composites contained within the coatings.
Generally, self-healing protective coatings can be divided into two types: self-healing
polymeric coatings and self-healing non-polymeric coatings (inorganic coatings).
However, it is also reasonable to classify them according to the coatings’ functionality.
Both types of coatings, for example, can prevent corrosion by releasing an active
substance from capsules inserted into them. Taking this into account, coatings can be
classified as follows:

e polymeric coatings;



e coatings containing capsules;
e hybrid-oxide coatings;
e other self-healing coatings including conversion coatings, metallic coatings,

titania coatings with casein and coatings containing ceramic materials.

2.1 Polymeric coatings
The literature provides many descriptions of polymeric coatings including those
containing thermoplastic polymers, thermoset polymers, elastomers, shape memory
polymers, supramolecular polymers, polymer composites and nanocomposites or
biopolymers as a matrix [4-14]. The healing mechanism in polymeric materials is
mainly based on the reversibility of a specific structural element. To achieve this effect,
reversible covalent bonds (e.g. based on the Diels-Alder reaction) or weaker
noncovalent interactions (e.g. hydrogen bonding, ionic interactions, 17— interactions,
or host-guest interactions) have been effectively employed [15-20].

Different kinds of polymer-based materials have been used successfully for a number
of applications. This is a consequence of their inherent polymeric properties such as
light weight; abundant availability; flexibility; ease of processing; and the ability to
engineer the material to suit a given purpose.

In addition to the advantages of employing polymers as a coating matrix, other
attributes can be added, notably:

e the ease of application (high temperatures are not required to form the

coatings);

e the ease of modification (protective properties can be derived from various

chemical and physical processes, e.g. oxidation, swelling or cross-linking);

e the possibility of inserting functional additives like corrosion inhibitors.
Depending on the polymeric coating employed, self-healing activity is achieved by
different mechanisms. Specific examples of these processes are presented in
Table 1. In systems containing conductive polymers, a self-healing process operates
when a polymer is in its electroactive state [23]. For example, using an electroactive
polyaniline emeraldine salt (ES) induces oxide growth on aluminium and its alloys and
on iron surfaces. The acidity of cations of metal oxides has to be taken into account,
as less acidic cations, e.g. Zn?* or Mg?*, are unstable in contact with ES and depronate

ES to electroinactive polyaniline emeraldine base (EB) [24].



The incorporation of a self-healing capability will clearly influence the appeal of utilising
polymeric coatings. For example, in a porous polymer film of cellulose acetate with
sodium benzoate as a corrosion inhibitor, polarization resistance is much higher than
in a plain coating and, as a consequence, its durability is prolonged by at least three
times [29]. Moreover, aluminium samples coated by two
poly(ethyleneimine)/poly(styrene sulfonate) (PEI/PSS) bilayers do not exhibit any
visible signs of corrosive attack even after 21 days immersed in a salt solution (0.1 M
NaCl) leaving the polyelectrolyte multilayers intact. By comparison an unmodified
aluminium test piece revealed corrosion defects after just 12 h immersion in the same
concentration of salt solution [30]. Three mechanisms of corrosion protection are
observed: (i) passivation of the metal degradation by an inhibitor release;

(ii) buffering of pH changes at the corrosive area by polyelectrolyte layers; and

(i) self-healing of the defects owing to the mobility of the polyelectrolyte components
in the layer-by-layer assembly [31].

In a further investigation into the effectiveness of the self-healing action of coatings on
aluminium specimens — the coating comprised a co-polymer consisting of polychloro-
trifluoroethylene (PCTFE) and vinylether - a mass loss measurement was carried out
after a 120 h immersion test in 3% NaCl solution. The mass loss of the bare substrate
was about 28 mg, whereas the mass loss of the coated product was about 1 mg [32].
The main disadvantages of polymeric coatings, compared with those based on metals
or ceramics, are poor mechanical properties, e.g. lower wear resistance or hardness,
and a lack of electrical conduction. Reduced mechanical properties limit their
applications. The improvement of some mechanical properties can be obtained by
incorporation of nanomaterials but other properties may be deleteriously affected at
the same time [33]. One of the essential issues is crack formation during the synthesis
of polymer composite systems. The lack of electrical conduction can be overcome by
the use of intrinsically conductive polymers (ICP) such as polypyrrole or polyaniline.
Alternatively, polymeric matrices can be made to conduct electricity by incorporating
conductive fillers (e.g. silver, gold, nickel, copper and carbon) in appropriate
concentrations. In this way the performance of certain polymers can be significantly
enhanced, leading to a broader range of potential applications. Carbon nanotubes
(CNTs) are recognized as ideal conductive fillers because of their excellent electrical

conductivity and nanoscopic size. Incorporated into electrically conductive epoxies



(ECASs), carbon nanotubes additionally improve adhesion and mechanical properties

(including strength) compared to unmodified epoxy [33].

2.2 Capsule-based coatings

The addition of micro- or nanocapsules, loaded with corrosion inhibitors, into coatings
is another approach to achieving a protective coating with self-healing attributes.
Capsules are typically constructed from polymers, inorganic materials like silica and
titania and calcium carbonate [34-41]. Also halloysite aluminosilicate nanotubes are
found as an entrapment system for storage of anticorrosion agents [42]. Micro- or
nanocontainers can be inserted into a polymeric coating [34-37,41], a sol-gel coating
[37-39,41-43], and occasionally into a metallic coating, e.g. one based on
electrochemical nickel [40]. The self-repair properties of such coatings are activated
by appropriate stimuli: temperature changes, radiation, pH changes, pressure changes
and mechanical action [44]. However, not all mechanical damage is a consequence of
the corrosion process and corrosion is not always initiated at coating’s surface cracks.
The most reliable and case-selective trigger for protective self-healing coatings
containing capsules, is the change of electrochemical potential, which decreases when

corrosion occurs [44].

The self-healing action of a coating containing encapsulated corrosion inhibitors, is
contingent upon the formation of a passive layer on the underlying metal. Depending
on the material being protected, this barrier layer can be produced by 2-
mercaptobenzothiazole, hexamethylene diisocyanate, linseed oil (for steel); Ce®*
compounds, silyl ester, alkoxysilanes, benzotriazole and 8-hydroxyquinoline (for AA
2024) [45-49]. The encapsulation of the corrosion inhibitors, instead of direct addition
to the coating, is a viable way of avoiding potential problems such as coating integrity
degradation, inhibitor deactivation or undesired leaching. The literature cites three
independent studies into the durability of epoxy resin coatings incorporating
encapsulated corrosion inhibitors with differing formulations. Improvement in the
durability of the coatings was observed in each case and the results summarised

below.

e A pure epoxy coating, immersed in 0.02 M NaCl solution, exhibited clearly

visible corrosion products after 30 days (at room temperature). A water-borne



epoxy coating with L-Carnosine (which is used as an inhibitor) contained within
hollow mesoporous zirconia nanospheres (HMZSs) was unaffected after 10
days of immersion in 0.02 M of NaCl. The same water-borne epoxy coating with
the zirconia nanospheres but in this case encapsulating corrosion inhibitor
(nanocontainers constructed by directly binding L-CAR to HMZSs) provided a
persistent barrier type of protection that was also unaffected after 30 days
immersion [50].

e A plain epoxy coating on Q345 steel substrate, had delaminated after 27 days
immersed in 3.5 wt% NaCl solution. Whereas epoxy resin with
2-ercaptobenzothiazole (MBT)-intercalated Zn-Al-layered double hydroxides
(LDHs) was unaffected after the same period of immersion in the salt solution.
[51].

e An epoxy resin coating containing microcapsules with urea-formaldehyde as a
shell and linseed oil as a healing agent, demonstrated a charge transfer
resistance in 0.5 M HCI 1000 times higher than a plain epoxy coating [52].
Additionally, the scratched area on the blank coating rapidly corroded with
visible rust formation just after 60 min of exposure to corrosive environment,
whereas the sample with coating containing microcapsules not only showed no

visual evidence of corrosion, but also exhibited a self-healing behaviour.

The mechanism of the self-healing action in a coating containing capsules is presented

in fig. 6 (Reprinted with permission from [53]).

Replacement of the capsules with microgels (micron-sized gel particles) is a new
solution enabling the production of a container for an active self-healing compound
much simpler than synthesising capsules. The manufacture of the microgel and
incorporation of the active substances can now be achieved in one stage [6]. The
production of capsules followed by the filling process clearly has a minimum of two-
stages. In the case of microgel preparation, the corrosion inhibitor can be added during
its formation. An example of such a system is the preparation of polyurea microgel
particles containing 2-methylbenzothiazole [6]. Differences between the physical

construction of capsules and microgels are shown schematically in fig. 7.

2.3 Hybrid oxide coatings



Hybrid oxide coatings, like thin functional siloxane-modified coatings, are employed as
pre-treatment layers. They are considered as ‘molecular bridges’ and are used for
increasing the bond strength between additional organic layers, such as paints and
other adhesives, and the underlying substrate. Having both inorganic and organic
groups, these materials can bond not only with the native oxide film on the metallic

substrate but also with the uppermost paint system.

Siloxane compounds are largely inorganic in nature and exhibit resistance to most
common ageing processes such as oxidation, corrosion, UV degradation, thermal
gradients and mechanical stresses. Modifying polymeric matrices with Si-O has been
shown to enhance their protective and barrier properties [54]. Siloxanes can be
employed to modify a range of polymers such as epoxy, acrylates and polyurethanes.
Acrylic-siloxanes are characterized by good weathering resistance, good barrier
properties and corrosion resistance. Epoxy paints modified with siloxanes possess
limited permeability for water and oxygen and good ionic resistance. These attributes

are clearly beneficial in corrosion protection of metallic structures.

Hybrid oxide coatings can be modified to exhibit self-healing properties by the addition
of corrosion inhibitors to the polymeric matrix. This is achieved by direct introduction of
the chemicals or by encapsulating them first. To avoid the deterioration of their barrier
properties the choice of an active substance should be made carefully. An example of
a self-healing hybrid oxide coating utilising corrosion inhibitors and exhibiting increased
durability is based on silicon and zircon oxides. Specifically it comprises a SiOx—ZrOx
hybrid film containing halloysite (aluminosilicate clay mineral) nanotubes filled with
anticorrosive agents (benzotriazole and 8-hydroxyquinoline). Current-density
measurements were carried out via scanning vibrating electrode technique (SVET).
The anodic current in a plain coating monotonically increased after immersion in 0.1 M
NaCl for 3.5 h with a maximum value occurring after 10 h. In contrast, the anodic
current observed with the equivalent hybrid coating containing active compounds was
reduced to noise level within 2 h, being an evidence for inhibiting effect of benzotriazole

on aluminium surface [55].

The corrosion protection properties of self-assembled nanophase particle (SNAP)
coatings is also reported. Coatings are composed of organo-silane compounds doped
with a corrosion inhibitor namely mercaptobenzimidazole (MBI), which is encapsulated



with B-cyclodextrin in a dilute Harrison’s solution (0.35 wt.% (NH4)2SO4 and 0.05 wt.%
NaCl). The addition of the MBI to the hybrid organo-ceramic coating system
demonstrated a significant improvement in corrosion protection of aluminium [56]. In
the case of SNAP coatings containing MBI/B-cyclodextrin complexes, no surface
deterioration was observed after 8 days immersion in the corrosive electrolyte.
Furthermore, compared with the undoped SNAP system, the coating containing MBI
showed a fifty-fold decrease in the anodic corrosion current density during the 8 days

immersion period [56].
2.4 Other coatings

In recent years, there have been many papers addressing other self-repair protective

coatings for metallic structures. Examples of such systems are presented below:

e conversion coatings - the self-healing effect is achieved by forming an oxide or
hydroxide layer enriched with elements from the coating and/or protected
substrate [57];

e coatings containing fluoroorganic compounds (COOH, OH, COF) - the
mechanism for the self-healing ability of these coatings is based on the
formation of a barrier film [58];

e coating based on titania and casein - depending on the pH casein forms
agglomerates or is dispersed and the self-healing effect of the coating appears
with the release of the casein and TiOz2 particles in alkaline environment [59];

e ceramic materials (TiC/Al203 and Ti2AIC) — the self-healing action is activated
by an increase in temperature, causing the formation of titania and alumina [60];

e metallic coatings — the self-repair action depends on the type of polymer

incorporated into them.

For example, the self-healing properties in zinc coating with polyethylene oxide-b-
polystyrene (PEO113-b-PS21s) are based on an ability of amphiphilic polymers to shrink
and swell reversibly [61]. The charge transfer resistance in 5% NaCl solution of a
coating reinforced with polymeric nanoaggregates is more than 7 times higher
comparing to the charge transfer resistance of a pure zinc coating. A longer protection
and increased service life for a steel substrate can be predicted.



In the case of vanadia-based conversion coatings on magnesium alloys, after 7 days
of immersion in 3.5% NaCl solution, visual inspection of the plain and coated samples
was carried out. The uncoated sample showed severe pitting and crevice corrosion
with the average number of pits on the surface reaching about 50 within an area of 1
cm?. However, a noticeable decrease in the number and the size of the pits was
observed for the sample treated with the vanadia conversion coating. In this instance,

the number of pits in 1 cm?was reduced to 2 [62].

The barrier and self-healing abilities of a corrosion-protective coating with a fluoro-
organic compound for zinc were observed in 0.0005 M NaCl solution. After 7 days the
scratched zinc specimen was covered by white rust, whilst the specimen coated with
the fluoro-organic compound was largely unaffected with only a few observable surface
pits [58].

3. Patented solutions

Among self-healing protective coatings patented to date, those inclusive capsules
dominate. Microcapsules are formed with polymers or core/shell particles, like CaCOs
or halloysite [63-66]. The shell material for an inventive use can be also made of a
naturally produced or occurred materials, like carbohydrate, glycoprotein, chitin or a
lipid bilayer membrane [67]. Most often, microcapsules form part of the protective
systems based on paints, whereas core/shell particles can be co-deposited with
metallic coatings, such as nickel obtained by electrochemical means [68]. As a matrix
for self-healing coatings sol-gel materials, organofunctional silane or polyelectrolytes
are also used. Various compounds, in particular, organic -triazoles, quinolines,
phosphonic acids, surfactants/amphiphiles, polymers, or inorganic -salts or solutions
of salts such as oxides, hydroxides, carbonates, phosphates, are used as corrosion
inhibitors [67].

A system described by Nippon Steel Corporation in 1994 is recognized as a forerunner
for self-repair coatings containing microcapsules [69]. Authors patented a protective
layer consisting zinc and additional fine or colloidal particles (oxides of silicon, titanium,
chromium, aluminium, as well as zirconium). The corrosion resistant cores include

water-soluble phosphates or molybdates.
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An interesting exemplar of patented self-healing coatings is solution based on a

metallic microcapsule (built with nickel and zinc) that contains one or more polymeric

precursors, as shown schematically in fig. 8. If the healing process provided by the

resin is incomplete, the Ni:Zn spheres are sacrificed anodically in lieu of the steel
substrate [70].

One of the main objectives of developing a self-healing, corrosion protective coating is

to extend the service life of the metallic structure onto which it is applied. However, the

lifetime of the underlying structure must also depend on the resilience of the coating.

In which case it is pertinent to select some patented self-healing systems and consider

their durability.

The maximum lifetime of latex paint is typically ten years on exterior surfaces.
On interior coatings, the maximum service life for this paint is four years. The
use of enhanced coatings, which are made by addition of microcapsules built
with polybutene or Ca(OH)2, as well as 50:50 mixture of both of them to latex
paint, is projected to extend the coating lives by approximately 4.2-6 years for
exterior coatings and by approximately 2.4 years for interior coatings [71].
Epoxy coating containing a corrosion inhibitor of a barium salt of
dinonylnaphthalene monosulfonic acid deposited on steel bars has shown no
signs of corrosion in 3% NaCl solution (temperature 65.5°C) for 100 days. On
the other hand, an epoxy coating without the active substance lasted only 14
days before the onset of corrosion of the sample steel bar [72].

Another protective system included a cleansing coat, a self assembled
monolayer phosphonate (SAMP) primer, a polyurethane primer containing zinc
flake, and a polyurethane top coat. The top coat comprised self-healing
diisocyanate/paraffin wax microcapsules and fixotropic additives (it can
interchange between a solid state and a flowing liquid state according to
prevailing conditions). The service life of the coating was extended by some

538% compared with certain other systems utilising polymers or ceramics [73].

4. Commercially available solutions
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In spite of the commitment to undertake research into producing coatings with self-
repair properties by both industry and academia, there are still very few commercially
available products. A product currently in development, is the Smart Corrosion
Detector® offered by Battelle, a non-profit R & D organization [74]. Battelle produced
smart beads that not only detect corrosion but also provide a means of healing
microscopic cracks on the substrate surface. The beads fluoresce in the presence of
corrosion, fig. 9. However Battelle is still looking for collaborators to help extend the

product applications.

A second system is the self-healing technology demonstrated by Autonomic Materials,
Inc. [75]. Self-healing functionality is achieved in commercial thermosetting and
elastomeric coatings by using two different polydimethylsiloxane (PDMS)-based
chemistries. This coating has found an application in the industrial and marine sectors.
Autonomic Materials offers a range of self-healing solutions compatible with the

chemistry of most currently available coatings.

Another protective system, described as scratch and pinhole tolerant/self-healing,
consists of a primer containing a unique conducting polymer nano dispersion (CPND),
a top layer, and an optional interlayer. This coating technology system is called AnCatt
and is employed as an effective barrier for protecting metals against corrosion without
using any heavy-metal pigments such as chromate, lead, or zinc. Compared with
current anti-corrosion coating products on the market, the AnCatt system offers 3-6x
extension in longevity of the coating. This coating system was tested in accordance
with ASTM B117 for 13,000 hours in a salt fog with no rusting or blistering of the
substrate [76].

5. Conclusions

Extending the lifetimes of coatings to protect against corrosion by giving them self-
healing properties, has generated widespread academic and industrial interest.
Nevertheless, commercially viable production of materials possessing ideal self-repair
attributes is still some way off. For instance, considering organic polymers as a material
for self-healing protective coatings, one can find few factors limiting their application,
although susceptibility to weathering and ageing are still of concern. The fact remains
that even coatings having a self-healing function can only slow down the degradation

12



process. In the opinion of the authors, future developments should encompass the

following:

e simplification of protective systems — the simpler the formulation and production
methods, the broader the applicability;

e expansion of the contribution of natural materials to protective coatings - the
additional benefit that derives from reducing environmental impact;

e development and application of siloxane technology — being a primer for the
most often employed protective systems containing paint or polymer coatings
as the top coat, functional silane coatings can effectively prolong their
usefulness;

e investigation into metallic coatings — an opportunity to produce self-healing

coatings with enhanced hardness and wear resistance.
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Table 1 Specific examples of the self-healing mechanisms observed in polymeric systems

Composition of coating Self-healing mechanism Ref.
5-ethylidene-2- The self-healing mechanism is based on a
norbornene matrix with a | ring-opening metathesis polymerization 8]
Ruthenium Grubb’s (ROMP).

Catalyst
Conductive polymers 1. The oxidizing property of the conductive
polymer promotes passivation of the steel
substrate. [12,21-
2. When the conductive polymer is doped 23]
with inhibitors the reduction of oxygen is
prevented.
Polyvinyl butyral with In this system three self-healing mechanisms
nano-TiOz-polyaniline are recognized.
: . [25]
1. Barrier properties.
2. Redox behaviour of polyaniline.
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3. Formation of p-n junctions preventing
charge transport after coating damage.

Bilayer coating: zinc The self-healing mechanism is based on a

coating and polyvinyl ring-opening metathesis polymerization

butyral coating with (ROMP). As a trigger to release the self- [26]

nanocapsules healing agent and catalyst, a change in pH is
employed.

Paints with silanes and The zinc-based cathodic protection of steel is

zinc enhanced by polarizing steel with silanes
Additionally the rate of zinc oxidation is
lowered by silanes thereby extending the [27]

lifetime of galvanic protection.
A schematic representation of the process is
shown in Fig.4.

Thermoplastic poly(e- Heating triggers the shape recovery of the
caprolactone) (PLC) matrix to bring the crack surfaces into close

fibres in a shape memory | proximity where the PLC fibres melt and [28]
epoxy matrix repair the crack.

Fig. 5 illustrates this process.

Figure captions

Fig.1 Number of publications on self-healing protective coatings in years 1984-2014,
according to data provided by Scopus.

Fig.2 Global contribution to research on self-healing protective coatings, according
to data provided by Scopus.

Fig.3 Contribution of particular countries to research on self-healing protective
coatings in Europe, according to data provided by Scopus.

Fig.4 Paints based on the Chemical Agent Resistant Coatings (CARC) specification
with a zinc layer enriched in microcapsules filled with octadecyltrimethoxysilane:
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Fig.5

Fig.6

Fig.7
Fig.8

(A) Standard CARC, (B) Zn-rich CARC, and (C) standard CARC with
microcapsules, and (D) Zn-rich CARC with microcapsules.

Reprinted with permission from Ref. [27]. Copyright 2015 American Chemical
Society.

Schematic illustration of the coating morphology and the shape memory
assisted self-healing concept.

Reprinted with permission from Ref. [28]. Copyright 2013 American Chemical
Society.

Schematic of the self-healing process: a) self-healing composite consisting of a
microencapsulated catalyst (yellow) and phase-separated healing-agent
droplets (white) dispersed in a matrix (green); b) crack propagating into the
matrix, releasing the catalyst and healing agent into the crack plane; c) a crack
healed by polymerized PDMS (crack width exaggerated). Scanning electron
microscopy (SEM) images of d) the fracture surface, showing an empty
microcapsule and voids left by the phase-separated healing agent, and e) a
representative microcapsule showing its smooth, uniform surface.

Reprinted with permission from Ref. [53]. Copyright 2015 John Wiley and Sons.
Schematic illustration of a microgel and a capsule.

Microcapsule with double shell built with metals and polymers.

Fig.9 The smart coating fluoresces in cracks under UV light. Reprinted with permission

from Battelle.
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