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Abstract

One of the most promising methods to improve the protective ability of coatings is the use
of microencapsulated corrosion inhibitors (MCI) and active additives in their composition.
Microencapsulation technology greatly simplifies the process of compounding the polymer
protective coating and allows to isolate the active components from the reactive groups of
polymer resins and hardener at the stage of curing, correctly form the polymer base of the
coating and avoid the negative effect of the inhibitor on the adhesion of the coating to the
protected substrate. The review discusses the main methods and techniques for producing
micro- and nanocapsules. The basic requirements for the quality and complex
characteristics of micro- and nanocapsulated corrosion inhibitors are presented. The
advantages and disadvantages of capsules using solid materials, such as powders of natural
and synthetic origin, carbon nanotubes, nanotubes based on clay materials and capsules
with a liquid core and a polymer shell, for example, epoxy, epoxy, silicone resins, are
noted. Description of the mechanism of transfer of the contents of microcapsules in the
polymer base of the coating. The possibilities of “intelligent” microcapsules releasing the
inhibitor when the pH level changes are considered. Examples of successful scientific and
technical solutions for the manufacture and implementation of micro-and nanocapsulated
corrosion inhibitors in coatings with specific materials used for the manufacture of
microencapsulated corrosion inhibitors are given.
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Introduction

Corrosion is a serious problem in the chemical, energy, automotive, aerospace and
transportation industries. According to the WCO estimate, the total direct economic
damage from corrosion exceeds 1.8 trillion dollars per year [1].

Currently, polymer coatings and linings are the most common for anticorrosive
protection of metal’s surfaces (up to 70% of the total amount) [2, 3]. One of the most
promising methods for increasing the protective ability of coatings is the use of
microencapsulated corrosion inhibitors (MCI) and active additives in their composition.

Microencapsulation of active additives significantly simplifies process of drawing up
a compounding of a polymeric protective coating as capsule contents till a certain moment
do not interact with coating material therefore its formulation can be changed easily.

Microencapsulation is a process of insulation (full or partial) of functional substance
into the shell of an encapsulating material and results in formation of closed or open
microcapsules. Examples of closed capsules are capsules having a liquid [4] or solid [5]
core and a polymer shell; while open capsules usually consist of solid particles with well-
developed porosity and are impregnated with an active substance

The size of the capsules varies from several nanometers to hundreds of microns and is
defined by a capsulation method.

Nanoscale capsules can be obtained by the methods of aerosol spraying [6], in situ
polymerization [7-9], and the sol-gel process [10].

The smallest microcapsules can be obtained by methods of electrostatic coagulation
[11] (from hundreds of nm to 20 um), coacervation (for more details, see Section 2) with
sizes from 1 um to 1 mm [12—14], spray drying of the dispersion (emulsion) system [15]
(up to 500 microns) or polymerization in emulsions and suspensions [16, 17] (from
1 micron to several mm).

Liquid, solid, or gaseous substances can be encapsulated: powders of metals and
ceramics, various liquids (oils, solvents, hydrates, bases) and gases. Most of the currently
produced microcapsules with active additives [18, 19] contain liquid filler.

However, encapsulation of solid substances has the important advantage because of
increased mechanical durability. In the case of anticorrosive coatings, this greatly
simplifies the process of compounds fabricating and using the most advanced method of
airless spraying while application. Increased mechanical durability ensures the gradual
release of the inhibitor from the microcapsule, rather than volley, as in the destruction of
microcapsules containing liquid filler. Reinforced microcapsules [20] are even more
resistant.

The amount of encapsulated substance is determined by the method of manufacture,
the mass ratio between of shell material and encapsulated substance, the process
temperature, the degree of dispersion, the viscosity of the medium, the presence of
surfactants and usually is in the range 15—49% by weight [21].
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1. Shell of microcapsules

1.1. Polymers shells

High molecular compounds and other substances of synthetic or natural origin having film-
forming properties in the conditions of microencapsulation can be material of an shell.

Polysiloxane [22], poly(vinyl alcohol) [23], epoxide resins [24, 25], polyvinyl
chloride [26], poly(vinyl acetate) [27], cellulose derivatives, polycarbonates, polyurethanes
[28, 29] are the most often polymers.

The choice of shell material and the structure of microcapsules is determined, first of
all, by the purpose, the required set of properties, the preferred type of release of
encapsulated substances, as well as the encapsulation method. Figure 1 shows the main
types of microcapsules.
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Figure 1. Main types of microcapsules.

If the material of the shells can not be applied directly to the main substance, then it is
possible to use an intermediate microencapsulation in another material. As a result, a
multilayer shells are formed.

It is possible to introduce incompatible substances into one common shell. To do this,
each substance is located in a separate shell, and then different microcapsules are sheathed
with a common shell. Moreover, there is the possibility of introducing additional necessary
materials into the shell.

1.2. Inorganic shell

The porous structure of many natural minerals (hydrotalcites, zeolites, clay minerals)
allows their use as the basis for open microcapsules. The saturation of these materials with
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active additives and corrosion inhibitors depends on the type of ion exchange (cationic,
anionic) for a particular material, since this factor determines the possibility of ion
exchange.

Currently, the possibility of using various artificial inorganic structures [30] including
ceramic ones is being actively investigated. It allows you to control the rate of release of a
corrosion inhibitor or other active substance from the capsule. Although ceramic capsules,
as a rule, are open, they can be additionally closed with a polymer shell [31].

The authors of Ref. [32] describe the use of modified silicate coatings (ORMOSILS)
with ceramic titanium dioxide-based nanocapsules saturated with 8-hydroxyquinoline, as
well as 2-mercaprobenzothiazole, for protection of aluminum alloys. A decrease in the
corrosion rate of metal by more than one order of magnitude is noted.

Inorganic nanocapsules based on cerium molybdate saturated with 3-
aminobenzenesulfonic acid or 1H-benzotriazole-4-sulfonic acid were used [33] to protect
the aluminum alloy 2024-T3 (an analogue of D16, Al-Cu—Mg system). Electrochemical
Impedance Spectroscopy (EIS) results showed a significant improvement in the
anticorrosion properties of coatings with nanocontainers.

1.3. Carbon nanotubes

The possibility of using carbon nanotubes in multilayer coatings has been proven and
discussed in detail in the works by Z. Igbal [34]. It has been established that polymeric
materials containing carbon nanotubes can form smart protective coatings with p—n
conductivity between layers. Due to this conductivity, the course of the corrosion process
can be established at the electrical level. But the high cost and toxicity of nanotubes limit
their widespread use in corrosion-resistant polymer coatings.

It should be noted that instead of carbon nanotubes, you can use natural nanotubes
based on the clay mineral halloysite. Halloysite is a layered aluminosilicate mineral
containing interlayer water (Al,Si,O3-nH,0) [35]. Halloysite nanotubes are twisted
aluminosilicate plates. They have a different composition on the inner and outer surfaces of
the layer. The inner layer is positively charged Al(OH)s, and the outer layer is negatively
charged SiO,. This feature largely distinguishes halloysite nanotubes from carbon
nanotubes (having the same composition) and significantly expands the application field.
There are a number of ways to increase the internal volume without changing the external
diameter. This allows the use of nanotubes as capacious containers.

In addition, the unique properties of the surface of halloysite nanotubes allow
selective modification of the inner space or the outer part, since some compounds form a
covalent bond with aluminum oxides, when others with silicon oxides. It is also possible to
use electrostatic adsorption of negatively charged components inside halloysite nanotubes,
and positively charged ones on the outer surface [36—38].
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Halloysite nanotubes filled with benzotriazole [39] are successfully used to protect
copper from corrosion. In order to prevent the leakage of benzotriazole from the nanotubes,
their ends are sealed by copper(ll) complexation reaction.

2. Encapsulation methods

Encapsulation methods can be divided into two main groups:

— chemical methods involve the formation of a new phase by cross-linking high-
molecular substances with polyfunctional agents or the polymerization and
polycondensation on the surface of encapsulated particles. The size of the resulting
microcapsules varies from a few to hundreds of microns. In the case of microencapsulation
of solid particles, a polymerization initiator is usually pre-grafted onto the surface of the
encapsulated substance.

When encapsulating liquid substances by polycondensation, one of the monomers
dissolves in the phase of the encapsulated substance. However, the membranes thus
obtained, as usual, have too high permeability for molecules with molecular weight up to
100-150 (urea, creatinine, cysteine), and the period of releasing the inhibitor and
establishing equilibrium with the surrounding fluid for which is several seconds. To reduce
the permeability of the membranes in the composition of the monomers introduce
additional cross-linking agents [40].

— physical and chemical methods — include preservation, non-solvent precipitation,
formation of a new phase with temperature, evaporation of a volatile solvent, solidification
of melts in liquid media, extraction substitution, spray drying, physical adsorption [41].

A big group of methods is based on liquid—liquid phase separation, which consists in
separating a phase enriched with this material from a film-forming material solution when
temperature or pH of the solution changes, or during solvent evaporation or when a non-
solvent is added. The process of phase separation is possible to carry out in an agueous
medium, or in organic solvents [42]. This group of methods provides capsules of medium
and large (up to several mm) sizes.

The method of distribution drying consists of spraying a dispersion of the
encapsulated substance in a solution of a film-forming material with a stream of heated
carrier gas in special devices. The resulting small droplets are “hardened” by removing the
solvent and curing the shells of the microcapsules.

Microencapsulation based on coacervation phenomenon is widely used to produce
microcapsules containing non-polar liquid (oil) or a solid with a low-energy surface as the
main encapsulated substance [43, 44].

The phenomenon of coacervation can often be observed in solutions of high-
molecular compounds with a change in temperature, pH, or with the introduction of low-
molecular substances. See Figure 2.
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Figure 2. Schematic image of microcapsule production using coacervation phenomenon.

High molecular weight water-soluble substances are used as materials for shells in the
coacervation method. These polymers can dissociate in an aqueous solution into ions and
can form a liquid phase enriched with this substance. Water-soluble macromolecules of
polyelectrolytes in aqueous solutions have specific electrical, conformational and
hydrodynamic properties that distinguish them from ordinary non-dissociating polymers
[45, 46].

Another possibility of microencapsulation is electrostatic microencapsulation. The
encapsulated substance and the molten film-forming substance are sprayed and as a result,
oppositely charged droplets are formed, which, when colliding with each other, combine to
form capsules.

Solids can be encapsulated in a vacuum. For this, the shell material is evaporated in
vacuum and condensed on the encapsulated material [47].

When choosing the method of encapsulation, it is necessary to be guided by the
necessary set of properties of the final product, the cost of the process and the properties of
the original encapsulated substances.

3. Mass transfer from MCI

It is considered that there are two main mechanisms for transferring the contents of a
microcapsule into the coating volume:

a) phase transfer through open pores in the capsule walls or defects arising during
coating;
b) molecular transfer through the wall of the capsule by the diffusion mechanism.
The principal difference between these two mechanisms is that during phase transfer,
the composition of the substance carried out of the capsule does not change, whereas with
molecular transfer, the composition may change due to selective diffusion.
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3.1. Phase transfer

The main cases of phase mass transfer is the transfer out of so-called “open capsules” or
destructible closed capsules. Two most common causes of mechanical failure of closed
polymer-coated microcapsules are usually considered: damage during the coating process
(especially dangerous in airless spraying) and damage due to local mechanical action on
the coating.

As a result of local damage or growth of internal stresses, microcrack nucleation and

growth occurs in the polymer coating, which can lead to the destruction of microcapsules
with active additives. One of the solutions is the use of reinforced microcapsules [20],
which are an inert sorbent with a corrosion inhibitor impregnated into it and coated with a
polymer shell. This allows you to eliminate the destruction at the stage of application and
to ensure the gradual release of the active filler and long-term inhibitory effect.

3.2. Diffusion transfer

During diffusion mass transfer, the most important characteristic of polymer shells used in
microencapsulation is their diffusion permeability with respect to the contents of
microcapsules, to the components of the corrosive environment in which the coating will
be used or stored (water, electrolyte aqueous solutions, organic solvents, atmospheric
oxygen atmosphere, etc.

The highest permeability values are noted for highly elastic rubber-like polymers, the
lowest for rigid polymers having a large number of polar groups. The permeability of
cross-linked polymers is less than linear, but with a slight degree of cross-linking, this
pattern is weakly expressed [48, 49].

Under real conditions, polymeric membranes (shells) are in contact with aqueous and
non-aqueous (organic) solvents, both from the external environment and from the contents
of the microcapsules. Polymers with polar groups in the chain are characterized by a
significant increase in permeability in the wetted state, for non-polar polymers such a
change is insignificant. The same dependence is observed in the diffusion of organic
solvents [50].

Hydrophobic polymers adsorb electrolytes to an insignificant degree, but the
permeability of such films for volatile electrolytes rather high [51].

The permeability of hydrophobic polymers for non-volatile electrolytes is
approximately three orders of magnitude lower, but the addition of polar solvents to
aqueous solutions dramatically increases the permeability of hydrophobic polymers [52].
Films of hydrophilic polymers also differ in selective permeability with respect to
components of electrolytes.
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The rate of diffusion of the encapsulated substance into the environment during the
swelling of the shells is described by a first-order equation and is inversely proportional to
the thickness of the walls of the capsules.

The permeability of the shells of microcapsules depends on the environmental
parameters during storage and use of microcapsules. It is established that permeability
decreases with decreasing temperature and increasing pressure [53].

3.3. Mass transfer control

Changing the composition and properties of the internal electrolyte solution in polymer
coating can be an effective trigger for controlled inhibitor release out of microcapsules.

In most cases, under-film corrosion proceeds by electrochemical type and is
accompanied by local changes in pH [54] and electrochemical parameters. Contact or slit
corrosion is also accompanied by a change in the pH value.

Anti-corrosion coatings containing microencapsulated inhibitors are developed in [55]
with microcapsules reacting to changes in the pH inside the coating. Under-film corrosion
process causes a change in the pH of the internal solution and starts the alkaline hydrolysis
of capsule polymer shell, which in turn leads to the spontaneous opening of the
microcapsule wall. The polymer walls of microcapsules are obtained on the basis of
melanin-formaldehyde and urea-formaldehyde oligomers and contain a cross-linking agent
with one or several ether or mercaptan groups.

To obtain pH-sensitive capsules was used polymerization in situ; were encapsulated
pH indicators with inhibitory properties: phenolphthalein, phenolsulfonphthalein,
fluorescein, rhodamine B and additives with self-healing action for epoxides and siloxanes;
and also various solvents. Microencapsulation of pH indicators with inhibitory properties is
of interest for the creation of coatings that timely report the occurrence of corrosion, for the
timely adoption of appropriate measures. Microcapsules containing traditional corrosion
inhibitors, such as sodium molybdate Na,MoO,, cerium nitrate Ce(NOs)s, sodium
phosphate NaH,PO,, calcium metaborate were also manufactured.

The size of the obtained microcapsules varies from 200 nm to 200 microns, but it is
more expedient to strive to obtain microcapsules with a size of about 1-5 microns. You
can control the size of the microcapsules obtained by selecting the appropriate emulsion
formulation or changing the mixing conditions during the emulsion manufacturing process.

Corrosion tests of steel plates, painted with paintwork material, with various kinds of
microcapsules, in the salt fog chamber according to ASTM B 117 showed their high
efficiency. The polymer base of the studied compositions was epoxy, epoxyurethane,
silicone resins.

The developed pH-sensitive microcapsules ensure the release of their contents,
regardless of the cause of corrosion and the type of defects such as air bubbles, uneven
coating thickness, permeability, porosity or edge effect.
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The method of obtaining reinforced microcapsules, which is an inert sorbent with
etidronic acid or 1-hydroxyethane 1,1-diphosphonic acid (HEDP) and aminotris-
(methylenephosphonic acid) (ATMP) impregnated in it, is described in [56]. Capsules are
coated with a polymer shell. The adducts of these phosphonic acids [57], as well as adducts
of other phosphorus-containing acids [58], are effective corrosion inhibitors.

It is recommended to use aluminum oxide, silicon oxide, zeolites of various grades as
an inert sorbent. The size of the capsules is from 20 to 60 microns. Epoxy resins were used
as the polymer shell. These polymeric materials are optimal for forming both the matrix of
the coating [59, 60] and the shell of the microcapsules. Epoxy resins are cured with
hardeners of both the amine type and acids, including phosphonic, and this results in
coatings and shells with different diffusion characteristics.

According to the diffusion transfer of inhibitors eluted from microcapsules, the
diffusion coefficients were estimated. It was shown that the shell of the formed
microcapsules provided effective washing out of the acid with water from the
microcapsules into the polymer coating matrix. In addition, it was found that
microcapsules shell is resistant to water and organic solvents.

To assess the inhibitory effect of microcapsules electrochemical impedance
spectroscopy (ISO 16773-2: 2016 (E)) studies were conducted. The results of these
measurements showed a significant decrease in the corrosion rate due to the introduction of
microcapsules with corrosion inhibitors [61].

One of the new significant trends in the creation of protective anti-corrosion coatings
is the use of microcapsules to achieve both an inhibitory effect and a self-healing effect
[62—64]. It is shown that their use allows to increase the reliability of protection against
corrosion [65].

The effectiveness of the introduction of nanocapsules into the composition of
protective polymeric coatings is also confirmed by the data of [66] for coatings based on
dispersions of water-borne protective coatings. The developed nanocapsules consisted of a
liquid core and a polymer shell. The structure was stabilized using surfactants. In the work
under consideration, the following were used as surfactants: Synperonic PE / F68, Lutrol
F68 and benzalkonium chloride.

Synperonic PE / F68 and Lutrol F68 are non-ionic surfactants, and benzalkonium
chloride is a cationic surfactant. The nature of surfactants determines the charge on the
surface of the nanocapsule. An example of such a nanocapsule is shown in Figure 3
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Figure 3. Schematic image of nanocapsules.

As an encapsulated material, nanocapsules may contain corrosion inhibitors and self-
healing resins, which, in the event of damage, sometimes have an insulating effect and
inhibit the further development of corrosion.

The literature also contains information on obtaining multilayer nanocapsules
containing chitosan [67, 68]. At low pH values, protonation of amine groups contained in
chitosan occurs and a cationic polyelectrolyte is formed. This effect is used in the
manufacture of multi-layer capsules. At high pH values, deprotonation occurs and chitosan
Is converted from a soluble cationic polymer to an insoluble polymer [69]. The size and
rigidity of the molecules depend on the pH level, salt concentration and mixing process. At
low pH values (<3.5), repulsive forces in molecules increase and their rigidity increases
[70]. At pH 4-6 the molecule is twisted relatively continuously, and a further increase in
pH leads to aggregation.

Works on the microcapsulation of sodium oleoylsarcosinate are also of interest [71].
The choice of sodium oleoyl sarcosinate is explained by its high adsorption and inhibitory
ability with respect to iron, copper, zinc, D16 aluminum alloy and other metals [72—-74].
The structural formula of sodium oleoyl sarcosinate is shown in Figure 4 below.

O

M ]I\] /\COO.NH

CH;

Figure 4. The structural formula of sodium oleoyl sarcosinate.

Since this inhibitor has a high solubility in water, which negatively affects the
properties of polymeric coatings upon its direct introduction, the possibility of using it by
preliminary placement in nanocapsule is considered. The sol-gel method was used for
obtaining spherical mesoporous particles-containers on micelles of the indicated corrosion
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inhibitor. The size of the synthesized particles varies from 150 to 300 nm. Depending on
the composition of the reaction mixture, the amount of inhibitor per 1 g of SiO, may be
11g.

Such capsules have pH sensitivity, which makes it possible to regulate the rate of
release of the corrosion inhibitor from the porous carrier. These results resonate well with
the above results of German scientists. The effectiveness of the introduction of these
nanocapsules in the composition of the alkyd primer coating PF-0294 is shown. A
significant increase in the protective ability of the polymer coating deposited on low
carbon steel and D16 aluminum alloy has been established. The optimal concentration of
microcapsules containing sodium oleoylsarcosinate in the coating reaches 4%.

Cetyltrimethylammonium bromide and katamin AB were also tested in the synthesis
of encapsulated corrosion inhibitors [72]. Their effectiveness in protection against
hydrogen sulfide corrosion of various carbon steel grades is shown. In addition, it was
found that the dissolution products of the silica matrix have an additional inhibitory effect.

4. Application of MCI in other types of coatings

Capsules with a corrosion inhibitor may be used not only in the composition of polymer
paints, but also in the electroplating. The literature describes the successful experience of
using nanocapsules, additionally coated with a layer of chitosan, in electroplating.
Scientists have managed to integrate nanocapsules with a corrosion inhibitor into the
galvanic layer through the implementation of sulfate-chloride nickel plating.

The presence of a chitosan layer contributes to a change in the charge of the
nanocapsules [75]. If the treated surface is damaged, nanocapsules destroyed and release
the encapsulated inhibitor and thereby have a protective effect. A schematic representation
of this type of nanocapsules is shown in Figure 5.
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Figure 5. Schematic representation of nanocapsules coated with chitosan.
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Nanocapsules intended for introduction into the electroplating layer contain as
inhibitors corrosion additives such as Additive G50, Rewocoros AC 28, Revocoros AC
101, previously used to protect aluminum, iron, zinc, copper, lead, magnesium. According
to [76] Additive G50 is polyoxyalkylene cellulose. It is insoluble in water, but it is well
soluble in emulsifiable polar organic liquids. The acidic groups of the inhibitor serve as
metallophilic bridges, and, polyoxyalkylene as a hydrophobic polymer base (Figure 6,
Figure 7). The base holds the bridges and at the same time insulates the metal surface.This
inhibitor is well combined with paint coatings and with other inhibitors. A feature of this
substance is its long-lasting efficacy even at very low concentrations and high efficacy at

pH values of 5-9 [77].
/k\/oa\
R H
n

Figure 6. General structure of polyoxyalkylene.
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Figure 7. Schematic representation of a polyoxyalkylene based inhibitor.

Inhibitor Rewocoros AC 28 is a viscous liquid with a pH of 10, insoluble in water and
capable of emulsification. It is used as a lubricating coolant. It consists of two active
components, diethanolamine and N,N-bis(2-hydroxyethyl)oleamide [78]. Below are the
structures of these components (Figure 8, Figure 9).

H
/\/N\/\
HO OH

Figure 8. The structure of diethanolamine (2,2-iminodiethanol).
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OH
Figure 9. Structure of N,N-bis(2-hydroxyethyl)oleamide.

Revocoros AC 101 inhibitor consists of two active components, amidoethanol-
polyethoxylate and 2-aminoethanol. It is a viscous brown liquid, insoluble in water at a
temperature of t = 20°C, but emulsifiable. This inhibitor is also used as a coolant (Figure
10, Figure 11) [79].

0

/
R%O-02H4 n H

Figure 10. Structure of amidoethanol-polyethoxylate.

C,H,OH

HO

NH,

Figure 11. The structure of 2-aminoethanol.

Due to the functionalization of the surface, the environmental impact on it is reduced
and the frequency of maintenance and repair costs are reduced. All this leads to an increase
in the durability of the materials used and the conservation of resources [80].

5. Conclusion

The technology of microencapsulation of inhibitors is a promising and dynamically
developing method since the beginning of the 2000s to prevent corrosion processes and
reduce the speed of their development.

Microencapsulation of inhibitors allows to isolate the active components from the
reactive groups of polymer resins and hardener at the stage of curing, correctly form the
polymer base of the coating and avoid the negative effect of the inhibitor on the adhesion
of the coating to the protected substrate. The release of the inhibitor from the microcapsule
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can occur when the coating is destroyed, initiated by the diffusive transfer of water through
the coating or due to the onset of underfilm corrosion [81].

However, in order to provide a protective effect, microcapsules must contain a

sufficient amount of inhibitor to have the necessary rate of release of the inhibitor. The
shell of the microcapsules must have a sufficient level of mechanical properties and, in
general, the microcapsules must have a reasonable shelf life [82—85].
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