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Corrosion is a natural phenomenon which significantly deteriorates metal properties. The existing corrosion
protection methods are costly and require a regular replacement of sacrificial metals or inevitable use of toxic
chemicals. So far, various extrinsic self-healing approaches have been attempted to prevent metal corrosion,
which have facilitated the corrosion protection at a reasonable cost and non-toxicity level. Here, we review the
existing and the recent novel corrosion-protective extrinsic self-healing technologies, focusing on the capsule-
based and the fiber-based self-healing approaches, while looking at the pros and cons of these methods. In

addition, by introducing potential ways, this review aims to provide insights for the further development of
extrinsic self-healing technologies.

1. Introduction

Metals, which are strong and shiny and possess superior electrical
and thermal conductivities, have been crucial materials throughout
human history. In particular, since the Industrial Revolution in the 18th
century, the global demand for metals as the raw materials for various

types of products and structures, including buildings, vehicles, elec-
tronic devices, pipes, and home appliances, to name a few, has in-
creased continuously. Nevertheless, the corrosion of metals, which is a
characteristic adverse phenomenon accompanying metal usage in
oxygen-containing environments, remains a permanent dilemma for
engineers. Metal-framed products undergo significant degradation
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Fig. 1. Schematics for (a) the cathodic protection and (b) the multilayered coating protection.

owing to natural corrosion, resulting in metal oxides, which are more
stable but highly undesirable.

For example, even though modern water supply facilities are cap-
able of meeting the increase in the demand for clean drinking water in
recent decades, rusty metal pipelines continue to be a threat to public
health [1]. In addition, corrosion in buildings and bridges can cause
significant strength deterioration as well as severe cracking, which can
potentially result in catastrophic failure. A report by the US government
puts the annual expense related to corrosion at $276 billion [2]. To
protect metal-framed structures from corrosion, the cathodic protection
method as well as diverse types of coatings have been used commonly.
In the cathodic protection method, which has been widely used in the
industrial applications for protection of pipes, ports, piers, ships, and,
storage tanks, sacrificial metal (which should be connected to the
protected metal) is corroded instead of the protected one by providing
electrons to the protected one (cf. Fig. 1a). In other words, the sacrifi-
cial metal should be anodic to the protected metal based on the galvanic
series, e.g. zinc is commonly used as the sacrificial metal for iron
(Fig. 1a) [3,4]. In the case of the coating protection method, a multi-
layered chemical barrier protects the underlying metal, which is gen-
erally comprised of three layers: a pre-treatment layer, a primer, and a
top coat (Fig. 1b) [5,6]. The pre-treatment layer contributes to adhesion
between the protected metal and the primer, while the primer, which
commonly consists of chromated pigments, plays the main role in the
enhancement of the corrosion protection. The top coat is used to protect
the underlying metal and other layers from the environmental factors
such as ultra-violet radiation and high external temperature, and it is
also commonly comprised of organic materials such as epoxy resin and
polyurethane. However, there is an urgent need to develop alternative
protection methods because the galvanic anode (or sacrificial metal)
needs to be replaced regularly while in the case of coatings, the toxicity
of the chemical barrier raises concerns regarding human health and the
environment.

Accordingly, several self-healing techniques have been studied ac-
tively in recent years as alternative approaches for preventing corro-
sion, because they can aid the self-recovery of the damaged area
without having to use either a galvanic anode or toxic chemical coat-
ings. The phenomenon of self-healing can be of two types: intrinsic self-
healing and extrinsic self-healing [7]. Intrinsic self-healing is based on
the inherent reversibility of materials composed of chemical bonds that
can be rearranged by an external stimulus [8], whereas extrinsic self-
healing is activated by the release of intentionally embedded self-
healing agents from an encapsulating container after damage. In recent
decades, there have been significant developments in the extrinsic self-
healing technique owing to advances in the fabrication and measure-
ment techniques and the introduction of new materials. For example,
dicyclopentadiene (DCPD) monomer, which is chemically stable and
highly cross-linkable [9-11], has been actively used as the self-healing
agent accompanied by Grubbs’ catalyst [12-17], resulting in the acti-
vation of a ring-opening metathesis polymerization (ROMP, cf. Section

2). Park et al. introduced a variant of co-electrospinning method for the
fabrication of the extrinsic self-healing material (cf. Section 3.2) [18].
The previously developed co-electrospinning allows one to encase
healing agents inside fiber core surrounded by polymer shell [19]. The
electrochemical impedance spectroscopy (EIS) and transmission elec-
tron microscopy (TEM) were employed to examine the corresponding
anti-corrosion performance and the core-shell structure of co-electro-
spun fibers [20-22]. Accordingly, such core-shell fibers, as well as
capsules have been used to form the containers needed to encapsulate
the self-healing agents. The released healing agents from the containers
start to coalesce and undergo cross-linking (or redox) reactions in
parallel with filling and stitching cracks. Thus, a corrosion-protective
barrier is formed, preventing exposure to oxidizing agents. The present
review aims to provide an overview of the extrinsic self-healing
methods available for corrosion protection and discuss the potential
novel developments one can expect in extrinsic-self-healing-based
technologies.

2. Capsule-based self-healing approaches for corrosion protection

Since White et al. [12] first introduced a capsule-based self-healing
approach, there have been numerous studies on this approach in the
past two decades [23]. White et al. reported a process for fabricating
microcapsules and examined the self-healing effects resulting from the
use of these microcapsules. In-situ polymerization method with ur-
ea—formaldehyde (UF) was used to form microcapsules with an outer
diameter (OD) of 220 um (cf. Table 1). Note that the in-situ UF poly-
merization method, which was used by Dietrich et al. [24], allows one
to control microcapsule size by varying the agitation rate [25]. In this
approach, microcapsules containing liquid dicyclopentadiene (DCPD)
were dispersed in the epoxy matrix, in which Grubbs’ catalyst was also
embedded (Fig. 2a). When a microcrack formed and started propa-
gating in this composite, it also penetrated through the microcapsules.
This caused the liquid DCPD to be released, which subsequently wetted
and infiltrated the crack (Fig. 2b). As a result, the DCPD came in contact
with the Grubbs’ catalyst embedded in the crack banks, triggering a
ring-opening metathesis polymerization (ROMP) process, which, in
turn, led to the formation of a cross-linked network (Fig. 2c). As a re-
sult, the damaged area was stitched.

Corrosion inhibitors can also be encased within microcapsules, in-
stead of healing agents, in order to prevent corrosion [26]. When the
encapsulated corrosion inhibitors are released from the capsules, they
come in contact with the surrounding metal and suppress the electro-
chemical corrosion reactions that occur, thereby decreasing the corro-
sion rate. The present section surveys the literature on self-healing
processes involving the use of capsules containing self-healing agents
and corrosion inhibitors while focusing on the anticorrosion effects of
these processes.
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Table 1
Corrosion protection through self-healing based on healing-agent-containing capsules.
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Fabrication method Shell material ~ Capsule diameter ~ Healing agent [108]  Composite Dispersion method Capsule amount in Ref.
(um) structure composite (wWt%)
UF polymerization UF 220 (OD) DCPD-based, Grubbs’  Epoxy matrix Mixing 10 [12]
catalyst

UF polymerization UF 5-100 (OD) LO Epoxy matrix Slow agitating - [27]

UF polymerization UF 0.75-6 (OD) LO Epoxy matrix Slow agitating 5-20 [31]

UF polymerization with stabilizer UF 48-138 (OD) LO Epoxy matrix Stirring 10 [32]

UF polymerization/Interfacial UF/PU 60 (OD, UF)/90 Siloxane-based Epoxy matrix Mechanic stirring with  12-14 [33]
polymerization (OD, PU) degassing

UF polymerization UF 100 (OD) Silyl ester-based Epoxy matrix Mixing and spiral bar  17.7 [21]

coating

Interfacial polymerization/In situ Polyurea/ 57-328 (OD) Isocyanate-based Epoxy matrix Mixing with degassing 10 [36]
sol-gel process silica

Interfacial polymerization Polyurea 88 (OD) Isocyanate-based Epoxy matrix Mixing 10 [37]

Pickering emulsion polymerization =~ UF/TiO, 87-520 (OD) Epoxy-based Epoxy matrix Mixing with degassing 15 [43]

Interfacial polymerization Polyurea/PVA 96 (OD) Isocyanate-based Epoxy matrix Mixing 15 [47]

UF - urea-formaldehyde, OD - outer diameter, DCPD - dicyclopentadiene, LO - linseed oil, PU — polyurethane, PVA - polyvinyl alcohol.
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Fig. 2. Schematic showing underlying mechanism of capsule-based self-healing approach:
(a) crack formation in matrix, (b) crack propagation and release of healing agent into
crack, and (c) solidification of healing agent triggered by catalyst dispersed within matrix.
As a result, the cross-linked network, represented by black lines in panel (c), stitches the
crack banks. Reprinted with permission from [12].

2.1. Self-healing based on use of healing-agent-containing capsules

Even though there have seen some improvements over the years in
the case of capsule-based self-healing, the microcapsules used are still
fabricated by the UF polymerization method [25]. However, different
types of healing agents have been encased within these capsules. Sur-
yanarayana et al. [27] studied the anticorrosion effect of linseed oil
(LO) encapsulated within UF microcapsules with sizes of 5-100 pm (cf.
Table 1). The presence of LO was confirmed by Fourier-transform in-
frared spectroscopy (FTIR) and differential scanning calorimetry (DSC).
A corrosion test was conducted by encasing the microcapsules within
the matrix of an epoxy deposited on a steel substrate and scratching the
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epoxy and exposing the scratched sample to a salt-sprayed atmosphere.
It was observed that the scratched epoxy layer with the embedded
microcapsules completely prevented corrosion of the underlying metal
because the released oil filled the cracks and formed a layer that pro-
tected the underlying metal from moisture and oxygen. On the other
hand, samples in which the epoxy layer did not contain the oil-filled
microcapsules rusted owing to oxidation. Note that other oils can be
also used as healing agents. Drying oils such as LO and tung oil (TO) are
preferable for self-healing coatings with DCPD-filled microcapsules
because the former do not require a catalyst [28]. Recently, neem oils
have been also introduced as the healing agent [29,30], which show
great promise of eco-friendly renewable sources for self-healing mate-
rials.

Boura et al. [31] could decrease the size of the LO-containing UF
capsules to less than 1 pum using ultrasonication, which facilitated the
formation of fine LO droplets during the UF polymerization process (cf.
Table 1). Compared to micrometer-scale capsules, these submicron-
sized capsules exhibited improved anticorrosion performance during
corrosion tests (Fig. 3). The finely dispersed capsules had an increased
probability of coming in contact with the cracks formed, as the specific
surface-to-volume ratio (S/V) of the smaller capsules was higher. It
should be emphasized that a similar S/V effect has also been observed
in the case of hollow-fiber-based self-healing (cf. Section 3). Recently,
Lang et al. [32] reported that they were able to improve the size uni-
formity of LO-filled microcapsules as well as that of their distribution in
the epoxy matrix. This was achieved by either adding polyvinyl alcohol
(PVA) stabilizers of different molecular weights (M,,) or by varying the
stirring rate during the fabrication process. The average size of the UF
microcapsules decreased from 138 to 48 pm as the M,, value of the PVA
stabilizer used was increased from 31 to 130 kDa (cf. Table 1). In ad-
dition, the average microcapsule size decreased from 130 to 76 um as
the stirring rate was increased from 600 to 900 rpm.

2.1.1. Modified healing agents and microcapsules

Siloxane- and silylester-based healing agents have also been pro-
posed as the core healing agents to be encapsulated within UF micro-
capsules by Cho et al. [33] and Garcia et al. [21], respectively. It should
be emphasized that siloxane-based healing agents have been used ac-
tively in nanometer-scale hollow-fiber-based self-healing materials be-
cause of their chemical stability during the fabrication processes (cf.
Section 3.2). Cho et al. [33] introduced a dual-capsule-based self-
healing system involving microcapsules of two types. The first type
were 60-um UF microcapsules with an encapsulated siloxane-based
healing agent, while the second were 90-um polyurethane (PU) mi-
crocapsules that encapsulated dimethyl dineodecanoate tin (DMDNT)
as a catalyst (cf. Table 1). After being embedded in an epoxy matrix,
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Fig. 3. Corrosion test images of scratched samples (a) without capsules and (b) with micrometer- and (c) nanometer-scale capsules. Reprinted with permission from [31].

these microcapsules formed a self-healing composite that could be
coated on a steel substrate. The thus-coated and scratched samples were
immersed in salt water for a corrosion test, which showed that the
anticorrosion performance of the system was suitable, as determined by
electrochemical measurements.

Silyl esters show good reactivity with both water and metal; this
allows them to form an adhered-to-metal barrier that can prevent cor-
rosive materials from coming in contact with the underlying metal.
Similar to the case for oil-based healing agents, silyl esters do not re-
quire catalysts or cross-linking for polymerization (or solidification)
because, in their case, barrier formation is based on the hydrolysis
process. Garcia et al. [21] fabricated an epoxy-matrix composite,
wherein silyl-ester-filled 100-um UF microcapsules were embedded in
the epoxy (cf. Table 1).The anticorrosion performance of the composite
was evaluated by electrochemical impedance spectroscopy (EIS) and
the scanning vibrating electrode technique (SVET) (Fig. 4). The im-
pedance and current density measurement results obtained in the case
of the microcapsule-embedding composite confirmed that it exhibited
satisfactory anticorrosion performance as compared to that of the bare
samples.

The healing agents that can form a corrosion-protective barrier
without catalysts or other materials (e.g., LO, TO, siloxane-, and silyl-
ester-based healing agents) are called “catalyst-free one-part self-
healing agent.” Among the most attractive catalyst-free one-part
healing agents are water-friendly compounds with the isocyanate
functional group, which facilitates both a reaction with water and the
formation of an anticorrosive shield [8]. However, the water-friendly
properties of the isocyanate group can cause issues during encapsula-
tion in a shell polymer, given its high reactivity [23].

Several researchers have attempted to overcome this problem
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[34-36]. For instance, Wu et al. [36] fabricated polyurea/silica hybrid
microcapsules for encasing isocyanate-based healing agents by com-
bining interfacial polymerization and an in-situ sol-gel process (Fig. 5).
The thus-fabricated hybrid microcapsules had sizes of 57-328 um,
which could be controlled by varying the agitation rate during the
fabrication process (cf. Table 1). The hybrid structure of the micro-
capsules not only allowed for the successful encapsulation of the iso-
cyanate-based healing agent but also resulted in improvements in the
thermal and chemical properties of the microcapsules. As a result,
during a corrosion test, wherein the samples were immersed in a 10 wt
% NaCl solution for 48h, the hybrid-microcapsule-embedding epoxy
resulted in a completely rust-free substrate. More recently, Sun et al.
[37] fabricated 88-um double-layered polyurea microcapsules using a
similar interfacial polymerization method (cf. Table 1). Without using
silica, they could successfully encase an isocyanate-based healing agent
within microcapsules with shells as thick as 8 pm; this was achieved by
using a triethylenetetramine solution.

The chemical stability of catalyst-free one-part self-healing agents
and the feasibility of using self-healing materials based on them on the
industrial scale have also been studied. To improve the healing cap-
abilities of these agents, heat and light sources have primarily been
employed as the stimuli [38-42]. Owing to their obvious environmental
and economic advantages, self-composites that use ultraviolet (UV)
light and sunlight as the stimulus have also been studied. To fabricate
such photoresponsive self-healing composites, Gao et al. [43] in-
troduced UF/TiO, hybrid self-healing microcapsules that contained an
epoxy-based healing agent and were photoabsorbent. Using the Pick-
ering emulsion polymerization method [44-46], they embedded nan-
ometer-scale TiO, particles within the microcapsule shells. The size of
the microcapsules was 87-520 pm and was controlled by varying the

Fig. 4. (a) Impedance as function of frequency of bare and microcapsule-embedding self-healing composites after 1 and 2 days of exposure to 0.05 M NaCl solution. (b) Current density
maps of intentionally damaged self-healing composite after (b) 1, (c) 24, and (d) 48 of exposure to 0.05M NaCl solution. Note that the composites were deposited on aluminum

substrates. Reprinted with permission from [21].
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Fig. 5. Schematic of process for fabricating polyurea/silica hybrid self-healing microcapsules. Reprinted with permission from [36].

mechanical stirring speed from 1500 to 500 rpm prior to the poly-
merization process (cf. Table 1). Owing to the presence of the TiO,
particles, the microcapsules could absorb UV light with a wavelength of
330 nm. The photocatalytic effect triggered by the photoabsorbing TiO,
particles accelerated the solidification (or healing) of the epoxy-based
healing agent. It should be emphasized that multicycle healing could be
achieved using this photoresponsive self-healing system, as confirmed
by corrosion tests.

In addition to the polyurea-based microcapsules described above,
other similar microcapsules have also been synthesized. He et al. [47]
reported a method for fabricating polyvinyl alcohol (PVA)-based mi-
crocapsules. The shells of these microcapsules also had a polyurea
layer. However, the outmost layer was of PVA. The hydrolyzed PVA
layer resulted in significant improvements over polyurea-based micro-
capsules, namely, a robust fabrication process, higher elasticity and
water resistance, and improved compatibility between the micro-
capsules and the epoxy matrix. Microcapsules with a size of 96 ym were
embedded in the epoxy matrix in a concentration of 15wt% (cf.
Table 1), and corrosion tests were performed, wherein the self-healing
composite was coated onto steel, scratched, and the steel sample was
immersed in a 10 wt% NaCl solution (Fig. 6). The epoxy layer com-
pletely protected the steel from corrosion, owing to the healing agent
released from the damaged microcapsules.

2.2. Self-healing based on corrosion-inhibitor-containing capsules

Using corrosion inhibitors without encapsulating them within some
type of microstructure has several disadvantages. For instance, it can
lead to the degradation of or incongruities in the surrounding coating
materials as well as an increase in the deactivation rate of the em-
bedded inhibitors [48,49]. In addition, chromates, which were the
mostly used corrosion inhibitors, were banned in 2007 owing to their
carcinogenicity. To avoid these drawbacks, corrosion inhibitors are now
usually encapsulated. For the encapsulation of corrosion inhibitors,
most studies have employed polymeric micro/nanocapsules (which are
surveyed in the present review), however, note that several studies have
also used nanometer-scale one-dimensional (1D) inorganic clays, such
as an aluminosilicate nanotube (the so-called halloysite) because the
halloysite not only is economically feasible, abundant, and durable, but
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also has a hollow inner space of 15 — 100 nm in diameter [50-53].
Generally, the size of corrosion-inhibitor-containing capsules is much
smaller than that of healing-agent-containing ones (cf. Section 2.1). On
the one hand, a small amount of the inhibitor is needed in the case of
the inhibitor-embedding systems because self-healing (or corrosion
protection) by the inhibitor is related to a chemical reaction. On the
other hand, a large number of capsules containing the healing agent is
needed to physically fill the damaged area within the sample in ques-
tion, in order to block the passage of the external corrosive components
(i.e., oxygen and water). Note that most studies on inhibitor-based self-
healing have focused on the effect of changes in the pH on the corroded
area, which is attributable to the redox reactions between the under-
lying metal and the corrosive materials.

To produce corrosion-inhibitor-containing nanocapsules,
Zheludkevich et al. [20] used 70-nm silica nanoparticles to fabricate
multilayered nanocapsules in a layer-by-layer manner, with the corro-
sion inhibitor layer being entrapped between the polyelectrolyte mul-
tilayers. The polyelectrolyte layer, which not only is sensitive to minor
changes in the pH but also changes its permeability depending on pH
[54], allowed for the controlled release of the entrapped inhibitors
through the increased permeability as corrosion causes the pH near the
damaged area to change. The polyelectrolyte multilayers were com-
posed of polyethylene imine (PEI) and polystyrene sulfonate (PSS),
while benzotriazole was used as the corrosion inhibitor. The layer-by-
layer deposition process increased the nanocapsule size to 100 nm (cf.
Table 2). Zheludkevich et al. [20] then coated the nanocapsule-em-
bedding polymeric matrix onto an aluminum substrate and evaluated
its anticorrosive performance through EIS and SVET measurements.
The nanocapsule-embedding composite completely prevented corro-
sion, owing to the released inhibitor, which reduced the corrosion rate
by preventing the cathodic reduction of oxygen.

Choi et al. [55] reported a method for fabricating 400-450-nm
nanocapsules in a layer-by-layer manner by sequential emulsion poly-
merization (cf. Table 2). They used 100-nm latex particles as the cores
for the nanocapsules. Triethanolamine (TEA), used as the corrosion
inhibitor, was encapsulated by the outermost polystyrene (PS) shell.
The presence of TEA within the nanocapsules was confirmed by ther-
mogravimetric analysis (TGA) and gas chromatography-mass spectro-
metry (GC-MS). Encapsulating the inhibitor within the PS nanocapsules
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Fig. 6. Photographs and SEM images of scratched samples (a) without and (b) with microcapsules after immersion in salt solution. Reprinted with permission from [47].

increased their size from 350 to 450 nm (Fig. 7). During a corrosion test
performed in NaCl solution, a change in the pH (regardless of the
acidity and basicity) over the damaged area of the self-healing coating
triggered the release of the inhibitor into the microgaps between the PS
shell and the surrounding polymeric matrix owing to osmotic swelling.
Thus, the corrosion rate of the damaged steel substrate was reduced
significantly. Choi et al. [56] also studied the effects of different types
of amine-based corrosion inhibitors on the anticorrosive performance of
coatings. Both the encapsulation process and the osmotic swelling
process were improved when an inhibitor with greater water solubility
was used. In particular, linearly structured and highly water-soluble
amines exhibited a faster release rate than did the other inhibitors.

Recently, 2-mercaptobenzothiazole (MBT) has also attracted sig-
nificant attention as a corrosion inhibitor when encased in multilayered
nanocapsules because it is a very efficient anticorrosion agent, espe-
cially for aluminum alloys. Plawecka et al. [57] fabricated 100-nm
MBT-containing  poly(diallyl dimethyl ammonium chloride)
(PDADMAC) nanocapsules (cf. Table 2). In contrast to the previously
discussed studies, they did not use a core supporter such as silica or
latex nanoparticles but employed a direct encapsulation method in-
stead. Localized EIS and SVET measurements revealed that these pH-
responsive nanocapsules efficiently inhibited corrosion even at small
defects on the surface.

In addition to pH-responsive capsule-based self-healing materials,
other self-healing materials have also been reported. Vimalanandan
et al. [58] introduced a redox-responsive capsule-based approach
wherein a conducting polymer, polyaniline (PANI), and 3-nitrosalicylic
acid (3-NisA) were used as the shell material and the corrosion inhibitor
within the core, respectively (cf. Table 2). The conducting polymer
allowed the inhibitor to be released in response to changes in the
electrochemical potential at the onset of corrosion. In other words, the
corrosion rate was significantly diminished not only because of the
active anions stored within the capsules, which would depend on the
corrosion process, but also because of the release of the inhibitor at the
metal/polymer interface. To overcome the fact that the conducting
polymer was unsuitable for use as an electrochemical potential change
sensor, Vimalanandan et al. [58] decorated the capsules with Au na-
noparticles (Fig. 8). They then investigated the changes in the elec-
trochemical potential using a scanning Kelvin probe [59-64].

A combined method involving the mixing of a healing agent and a

corrosion inhibitor as the core materials has also been proposed. Siva
et al. [65] reported 70-200-nm self-healing capsules encapsulating LO
(cf. Section 2.1) and MBT as the core materials (cf. Table 2). It should
be emphasized that the fabricated capsules were neither pH-responsive
nor redox-responsive because their shells were composed of UF (cf.
Section 2.1). The presence of the corrosion inhibitor not only allowed
for the fabrication of nanometer-scale capsules despite the use of a
healing agent but also resulted in improved anticorrosion performance,
as determined by EIS and SVET measurements.

On the other hand, the dispersion methods for capsules and the
resulting dispersed (embedded) amount of the capsules in the compo-
site are very important because they contribute not only to the healing
efficiency but also affect the rheological and mechanical properties of
the corresponding composites. As listed in Tables 1 and 2, most studies
on self-healing capsules have implemented mechanical mixing methods
such as agitating, stirring, and attriting. All these methods employed
low motion speeds, thus allowing capsules to be uniformly dispersed
without being damage. The amounts of healing agents in the compo-
sites, which seemingly had minor effects on the other property changes
of the composites, ranged from 5 to 20 wt% (Table 1), whereas those of
inhibitors were about 2wt% (Table 2). Note that, in the case of the
healing-agent-containing capsules, the healing agent occupied the
whole volume of the capsule. However, in the case of the inhibitor-
containing capsules, adding a small amount of inhibitor into the capsule
was sufficient to achieve the anti-corrosion effect.

3. Fiber-based self-healing approaches for corrosion protection

Most organisms found on Earth, including human beings, can self-
heal to different degrees, and this ability is maintained by the vascular
system. When a minor injury occurs, a coagulation mechanism kicks in
immediately, resulting in hemostasis, which reduces the scope of the
injury. Such autonomous biological self-healing systems allow humans
to live long and healthy lives. The demand for bioinspired technologies
has increased dramatically in recent decades. As a result, vascular self-
healing approaches are attracting a great deal of attention in relation to
engineered self-healing materials, even since Dry introduced a hollow-
tube-based self-healing technique in the 1990s [66]. Dry fabricated a
thin-pipette-embedding polymeric matrix, wherein the two components
of a cyanoacrylate-based adhesive had already been injected into two
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Fig. 7. Transmission electron microscopy (TEM) images of self-healing nanocapsules: (a) without and (b) with corrosion inhibitor. Reprinted with permission from [55].

healing was investigated by White et al. [73] using a two-stage polymer
chemistry approach: the gelation stage required that the macrocracks
be filled to a suitable degree. This was followed by the polymerization
stage, which was necessary for the solidification of the filled crack.
White et al. [73] carefully adjusted the component proportions in the
self-healing agent used to ensure that the macrocracks were filled by
the agent to a sufficiently high degree resulting in subsequent solidifi-
cation. They found that a macrocrack 35 mm in diameter could be re-
covered completely by the two steps involved, namely, filling and so-
lidification, whose durations were several minutes and a few hours,
respectively (cf. Table 3).

3.1.1. Hollow fibers for self-healing

Multicycle healing was investigated by Toohey et al. [74], who also
evaluated its healing efficiency. They fabricated 200-um 3D polymeric
microchannels in a rectangular epoxy matrix. The dicyclopentadiene
(DCPD) monomer was forced to infiltrate into the microchannels and
Grubb’s catalyst particles were embedded in the surrounding epoxy
matrix (cf. Table 3). The self-healing process was attributable to the
DCPD monomer being released from the microchannels once damaged
by a propagating crack and coming in contact with the Grubb’s catalyst
in the matrix. The continuous release of the self-healing agent from the
3D vascular microstructure and the subsequent ring-opening metathesis
polymerization (ROMP) reaction resulted in repeatable self-healing,
with the healing efficiency during each cycle being 30-70%. This re-
peatable self-healing process could be repeated for up to 7 cycles; in
contrast, microcapsule-based self-healing is a one-time process [75].
Hamilton et al. reported that, when a vascular system consisting of 230-
um microchannels embedded in an epoxy matrix was subjected to ac-
tive pressurization using external pumps, it exhibited satisfactory
healing efficiency up to 15 cycles [76,77] (cf. Table 3).

Multicycle self-healing was also studied by Patrick et al. [78], who
evaluated the self-healing efficiency of 300-um stitch-like and parallel
microchannels (Fig. 10 and cf. Table 3). The self-healing efficiency of
the herring-bone-like stitch-patterned microchannels increased to more
than 100% as the number of cycles was increased, whereas that of the
parallel microchannels remained at 35-85%.

3.1.2. Scaling-up of hollow-fiber-based self-healing

Based on the use of different types of structural elements, self-
healing materials can be employed in various industrial fields, ranging
from vehicles, which correspond to a scale of a few meters, to buildings,
which have a characteristic scale of a few hundred meters. Williams
et al. [79-81] studied the effects of a vascular self-healing system on
sandwich-structured composites using 1.5-mm polyvinyl chloride (PVC)
tubes (cf. Table 4). They showed that, when embedded in a composite,
this vascular network, which consisted of tubes filled with either a
premixed amine-epoxy resin or an unmixed amine-epoxy resin and
hardener (separate tubes), resulted in complete healing after flexural
failure tests.

Kousourakis et al. [82] evaluated the vascular self-healing efficiency
of carbon-epoxy-based composite panels. They explored the effects of
changing the direction of the hollow fibers used, which had outer
diameters of 170, 320, 430, and 680 um, from parallel to the load di-
rection to normal to it (cf. Table 3). They also conducted mechanical
tests in the absence of a self-healing agent, in order to examine the
changes induced in the mechanical properties solely owing to the pre-
sence of hollow MFs for reference. While the overall mechanical dur-
ability was not affected adversely when the hollow MFs were aligned
parallel to the external load, it was reduced significantly when the MFs
were oriented normal to the external load.

Patrick et al. [83] used polyurethane (PUR) foam as an encasing

Fig. 8. TEM images of redox-responsive PANI capsules decorated with Au nanoparticles. Reprinted with permission from [58].
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Corrosion protection through self-healing based on micrometer-scale hollow fibers (self-healing efficiency was evaluated through mechanical tests).

Fiber type Composite structure Fiber diameter (um) Healing agent [108] Self-healing efficiency (%) Cycles Ref.
Thin pipette Polymeric matrix Hundreds Cyanoacrylate -based Healed - [66]
Glass tube Laminate 1150 (ID) Vinyl ester -based Healed - [68]
Glass fiber Polymeric matrix 5 (ID) Cyanoacrylate-based Healed - [69]
Glass fiber Polymeric matrix 60 (OD) Amine-epoxy-based 97 - [71,72]
Microchannel Polymeric matrix 330 (ID) Acylhydrazine/methacrylate-based Healed [73]
Microchannel Epoxy matrix 200 (OD) DCPD-based, Grubbs’ catalyst 70 (at 2nd cycle) [74,75]
Microchannel Epoxy matrix 230 (ID) Amine-epoxy-based 100 (at 5th cycle) 15 [76,77]
Microchannel Epoxy matrix 300 (ID) Amine-epoxy-based > 100 (at 3rd cycle) 3 [78]
PVC tube Sandwich structure 1500 (ID) Amine-epoxy-based Healed - [79-81]
Glass fiber Carbon epoxy matrix 170-680 (ID) - Healed [82]
Microchannel PUR foam 970 (ID) Isocyanate-based > 100 [83]
Microchannel FRP laminate 250, 500 (ID) Amine-epoxy-based 99 - [85-87]

ID - inner diameter, OD - outer diameter, DCPD - dicyclopentadiene, PVC — Polyvinyl chloride, PUR - polyurethane, FRP - fiber-reinforced polymer.

composite material to encapsulate isocyanate-based healing agents (cf.
Table 3). During mechanical tests performed to evaluate the self-
healing efficiency of the material, they observed that it allowed for the
complete recovery of the mechanical properties of the healed material
and could be used for four-cycle self-healing. The microscale porosity of
the foam allowed the healing agents to be dispersed rapidly due to the
pore wettability and solidify (heal) readily. The microchannels were
large in this case (diameter of 970 um). The healing agents were filled
into the microchannels using an external pumping system (Fig. 11).
Fiber-reinforced polymer (FRP) composites have attracted attention
because of their outstanding mechanical strength and stiffness. Such
composites also show great durability against mechanical cracking and
chemical corrosion [84]. Accordingly, FRP composites are used widely
in the aerospace industry. Norris et al. [85-87] studied a vascular self-
healing system based on aerospace-grade carbon-based FRP laminates,
wherein a steel wire with an outer diameter of 500 um was used to
make microchannels in the laminated composite. The microchannels
were filled with thiol-epoxy-based healing agents (cf. Table 3). They
investigated the ability of the system to heal using microchannels

having different sizes and placed at different locations. When delami-
nation occurred in the laminated composite due to external impacts, the
self-healing agents were released into the delaminated area, resulting in
self-healing, with the efficiency being greater than 96% for all the tests
conducted.

3.2. Self-healing based on nanometer-scale hollow fibers

In most studies on vascular self-healing using hollow MFs, only the
effects on the mechanical properties were analyzed when evaluating the
healing efficiency (cf. Section 3.1). However, a few recent studies based
on hollow NFs have also analyzed the corrosion protection accorded by
self-healing systems. This is important for improving the sustainability
of the industrially relevant materials incorporated within metal-framed
structures such as vehicles and buildings under humid conditions (cf.
Section 1). It should be emphasized that the recovery of the mechanical
properties owing to self-healing based on hollow NFs has also been
studied previously [88-94]. Further, it was also reviewed recently by
Lee et al. [95]. In the current review, we focus only on the corrosion

Fig. 9. (a) Optical microscopy image of hollow-fiber-embedding composite containing hollow microfibers (MFs) in volume fraction of 50%. Epoxy-based healing agent was encased
within 60-um MFs. (b) Front and (c) rear images of composite obtained using UVMT. (d) C-scan image of composite. Reprinted with permission from [72].
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Fig. 10. Photographs of parallel and herring-bone-like stitched microchannels embedded
within composite (left), and X-ray computed microtomographic images of stitch-like
patterned microchannels (right). Reprinted with permission from [78].

protection provided by self-healing based on hollow NFs.

Park et al. [18] used electrospinning to fabricate self-healing core-
shell-structured NFs. They employed a two-coaxial nozzle system for
co-electrospinning, as shown in Fig. 12 [19,96]. The core was filled
with either part A (resin) or part B (hardener) of a siloxane-based
healing agent while a polyvinylpyrrolidone (PVP) solution, produced
using dimethylformamide (DMF), was used to form the shell (cf.
Table 4). The co-electrospun NFs were then embedded within a poly-
meric matrix to form a composite. It is known that beads are formed on
electrospun NFs when the electrical conductivity of the solution is too
low to allow for the stretching of the polymer jet [97,98]. Thus, Park
et al. [18] were able to fabricate bead-on-string NFs, such that the outer
diameters of the NFs and beads were of the order of hundreds of nan-
ometers and several micrometers, respectively. As a result, the healing
agent was primarily present within the capsule-like beads with an outer
diameter of 2-10 um. For this reason, the approach used by Park et al.
[18] is similar to capsule-based self-healing. To examine the antic-
orrosion performance of the self-healing agent-embedding hollow NFs,
they pre-notched cracks on the sample coatings and let them heal for
24 h. They then immersed the samples in salt water for hundreds of
hours and analyzed the formation of rust. They found that significant
corrosion had occurred in the control sample, which did not have a self-
healing coating. On the other hand, no corrosion was observed in the
NF-embedding sample, as the damaged cracks were healed successfully,
owing to which the underlying metal substrate was protected from the

Table 4
Corrosion protection through self-healing based on nanometer-scale hollow fibers.

Chemical Engineering Journal 344 (2018) 206-220

salt water.

3.2.1. Fabrication of core-shell nanometer-scale fibers for self-healing

In addition to co-electrospinning, emulsion electrospinning and
emulsion-solution blowing have also been used to encapsulate healing
agents within hollow NFs, where an emulsified material in a polymer
solution forms the core part of hollow NF, whereas another (matrix)
material in the solution forms the shell of core-shell (‘hollow’) NF
[99-101]. Even though there is a necessary condition that the potential
core material should be emulsified in the polymer solution, the emul-
sion-based methods allow one to form core—shell-structured NFs from a
single nozzle, which is more convenient compared to the co-electro-
spinning where two solutions should be simultaneously issued from a
co-axial nozzle. Sinha-Ray et al. [15] fabricated hollow NFs with dia-
meters of 450-1000nm by co-electrospinning, emulsion electrospin-
ning, and emulsion-solution blowing (Fig. 13 and Table 4). For co-
electrospinning, they used a co-axial needle setup, wherein DCPD in
DMF and polyacrylonitrile (PAN) in DMF were supplied to the core and
shell needles, respectively. For emulsion electrospinning and emulsion-
solution blowing, PAN/DCPD in DMF and PAN/isophorone diisocya-
nate in DMF were used to form the emulsions. They were able to form
uniform electrospun and solution-blown core-shell NFs. Further, the
presence of the core materials was confirmed using optical microscopy,
scanning electron microscopy (SEM), and energy-dispersive X-ray
spectroscopy (EDX). In addition, they employed a self-sustaining dif-
fusion method [102-104] to intercalate a self-healing agent into empty
carbon nanotubes (CNTs) with an inner diameter of a few nanometers.
They blended a CNT powder with a DCPD or isophorone diisocyanate
solution (dissolved in benzene) and subjected the dispersion to soni-
cation to ensure the self-sustaining diffusion of the healing agent into
the CNTs; the process was driven by solvent (benzene) evaporation.

Furthermore, Lee et al. [105] recently introduced a dual-emulsion
electrospinning method to simultaneously encapsulate a siloxane-based
resin and its curing liquid as healing agents within the NF cores. The
resin monomer liquid was mixed with n-hexane to reduce its viscosity
while the curing liquid was emulsified using a PAN/DMF solution. The
two emulsions were then electrospun simultaneously from two different
nozzles to obtain core-shell self-healing NFs containing either the resin
or the curing liquid within the fiber core; the shell of the NFs was
formed of PAN. The electrospun NFs had an average outer diameter of
444 nm. Further, the presence of the resin/curing liquid in the core was
confirmed by thermogravimetric analysis (TGA) and differential ther-
mogravimetry (DTG) (cf. Table 4). The dual-emulsion electrospinning
process was performed using a rotating drum collector, thus allowing
for the fabrication of large-scale samples. The electrospun NF mats were
intercalated with polydimethylsiloxane (PDMS) in order to form a
composite. The solidification of the PDMS increased the transmittance
of the composite by up to 90% when the amount of the NFs in the
composite (controlled by the electrospinning time) was reduced. During
subsequent corrosion tests, samples of this transparent self-healing
composite with pre-notched and healed cracks were immersed into salt

Fabrication method Shell material Composite structure Fiber diameter (nm) Healing agent Ref.

Co-electrospinning PVP Polymeric matrix Hundreds (OD, NFs)/Thousands Siloxane-based [18]
(OD, beads)

Co-electrospinning/emulsion-electrospinning/emulsion- PAN - 1000-2000 (OD), /450-1000 (ID) DCPD-based or Isocyanate- [15]

solution blowing based

Self-sustained diffusion method CNT 100 (OD), 40 (ID)

Emulsion-electrospinning PAN Epoxy matrix 444 (OD) Siloxane-based [105]

Emulsion-electrospinning PAN Epoxy matrix 200-300 (OD, NFs), /600-1000 (OD, Siloxane-based [70]
beads)

Co-electrospinning PAN Epoxy matrix 300-360 (0OD)/190-200 (ID) Siloxane-based [22]

PVP - polyvinyl pyrrolidine, NFs — nanofibers, PAN — polyacrylonitrile, CNT — carbon nanotube, PDMS - polydimethylsiloxane.
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Fig. 11. Photograph of vascular self-healing systems for the foam-structured composites after impact damage. It can be seen that the two healing agents (pink color) were released at

damage sites. Reprinted with permission from [83].
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Fig. 12. Schematic of coaxial electrospinning process. Reprinted with permission from
[18].

water and acid solutions. It was observed that the composite exhibited
perfect anticorrosion performance.

Lee et al. [70] employed a slightly different approach to fabricate
self-healing core-shell NF-embedding composites. They filled the
emulsion-electrospun NFs and capsule-less microdroplets with a si-
loxane-based curing liquid and a resin monomer, respectively (cf.
Table 4). First, they electrospun curing liquid (core)/PAN (shell) NFs on
a metal substrate using a curing liquid/PAN emulsion. Next, they
poured the resin/epoxy emulsion onto the NF-coated metal substrate;
this resulted in the formation of capsule-less resin microdroplets within
the epoxy matrix. That is to say, a heterogenous matrix consisting of the
core-shell NFs and the capsule-less microdroplets was formed (Fig. 14).
The optimal resin-to-curing liquid ratio was found to be 10:1. Note that
this was not the case in a previous study [105], because, in that study,
the electrospinning conditions for the curing-liquid- and resin-con-
taining NFs were almost similar. However, in a subsequent work, the
ratio could be improved by embedding capsule-less resin microdroplets
within the matrix instead of using core-shell NFs. To analyze the an-
ticorrosion protection afforded by the self-healing composite, they

Fig. 13. Optical images of hollow NFs formed by: (a) co-electrospinning, (b) emulsion
electrospinning, and (c) emulsion-solution blowing. Reprinted with permission from [15].
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Fig. 14. Schematic of fabrication of self-healing composites incorporating core-shell NFs and capsule-less microdroplets. Reprinted with permission from [70]. Copyright 2014 American

Chemical Society.

performed electrochemical tests wherein they placed metal substrates
with the self-healing coating as well as controls that had been scratched
in salt water and acetic acid and measured the electric current across
the substrates. No electric current was detected when a self-healed
sample was exposed to the electrolytes because the healed coating was
nonconductive. In contrast, a significant electric current was observed
when the sample with the non-healed coating was exposed to the
electrolytes.

3.2.2. Scaling-up of core-shell nanometer-scale fiber networks

Even though emulsion electrospinning is one of the simplest
methods for fabricating core-shell NFs, the process has a significant
drawback in that the rate of core formation is low. The disordered
formation of the droplets of the healing agent in the emulsion as well as
the difficulties associated with material selection interrupts the elec-
trospinning process. To ensure that the core formation process is robust
and to prevent the formation of beads on the fibers, An et al. [22]
analyzed the effect of the ratio of the radii of the inner core and the
outer shell nozzles and found that a ratio of 0.4 improved process ro-
bustness. They found that this ratio resulted in an almost perfect
core-shell structure, as identified by SEM, transmission electron mi-
croscopy (TEM), TGA, and DTG (cf. Fig. 15). The characterization

(b)

results showed that the siloxane-based resin and curing liquid were
encased within the cores, which were covered by shells of solidified
PAN. Note that TEM was used in this work only to observe the core—
shell structure of the self-healing NFs. The self-healing composite fab-
ricated for an electrospinning period of 5min was highly transparent,
with the transparency being as high as 93%. Finally, even though only a
miniscule amount of the NFs was used, the composited exhibited out-
standing anticorrosion performance during corrosion tests.

4. Future perspectives

Even though numerous self-healing materials have been developed
and several industries are currently researching and investing in self-
healing techniques, especially for self-healable electronics [106,107], it
remains unclear whether the methods proposed for fabricating these
materials are economically feasible and scalable to the industrial level.
For example, capsule-based self-healing methods have several dis-
advantages such as low uniformity of the dispersed capsules and com-
plicated fabrication processes (cf. Fig. 16). To overcome these draw-
backs, several fiber-based self-healing approaches have been introduced
recently. Nevertheless, the range of materials that can be used as the
shell for encasing the core materials in these core-shell NFs is highly

S———

Fig. 15. TEM images of (a) resin-infused core-shell NFs and (b) curing-liquid-infused core-shell NFs. Reprinted with permission from Ref. [22].
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Fig. 16. Schematics for the capsule-based, fiber-based, and hybrid self-healing approaches and the corresponding advantages and disadvantages of each method.

limited (cf. Fig. 16). On the other hand, the capsule-based methods
allow for the use of a wider range of materials within their limitations.

It should be emphasized that several additional goals must be pur-
sued in future studies. First, it would be highly desirable to decrease the
outer diameter of the shells from the micrometer scale to the nanometer
scale, in order to enhance the self-healing performance by increasing
the specific surface-to-volume ratio (S/V). Second, the development of
core materials with shorter healing times, of the order of a few hours, is
essential. The core and shell materials that can currently be used for the
fiber-based approach have healing times of the order of tens of hours.
Third, fabrication processes that are industrially scalable and econom-
ically viable need to be developed so that self-healing techniques find
greater use in the automotive and construction industries. The recent
development of multi-nozzle coating systems and roll-to-roll devices for
the fabrication of NFs is encouraging and should help in overcoming the
scalability challenge.

At the same time, hybrid methods incorporating both the capsule-
based approach and the fiber-based approach should also be developed
further to maximize the advantages of both these approaches. For ex-
ample, as illustrated in Fig. 16, self-healing composites consisting of
both rapidly healing capsules and miniscule self-healing core-shell NFs
could be used for the damage recovery of a wide range of cracks, such
as those from a few nanometers in size (owing to the NFs) to those
hundreds of nanometers wide (owing to the capsules). In addition, such
a hybrid approach would not exhibit the limitations related to slow
healing, given the use of the capsules, and low uniformity, owing to the
presence of the NFs. Finally, adding a corrosion inhibitor or using pH-
and redox-responsive polymers would lead to additional improvements
in the self-healing performance.

5. Conclusion

Recent studies of corrosion-protective extrinsic self-healing have
been reviewed. It can be concluded that the capsule-based self-healing
approaches have a wide choice of the inner healing agent materials. On
the other hand, such approaches involve complicated fabrication pro-
cesses and revealed a low uniformity of the dispersed capsules in
composites. In contrast, fiber-based self-healing approaches involve
simple fabrication processes and revealed a high uniformity in com-
posites. On the other hand, the fiber-based self-healing approaches have
a narrow choice of the inner healing agent materials. For these reasons,
future works in this field will aim at the following goals: (i) decreasing
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the overall size of the outer shell, (ii) reducing the healing time, and
(iii) developing high-yield fabrication processes. In addition, hybrid
methods integrating the capsule-based and the fiber-based approaches,
as well as the corrosion inhibitors and stimuli-responsive materials are
also expected to overcome the existing disadvantages.
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