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Abstract. The introduction of self-healing functionality into epoxy matrix is an important and challenging topic. Various
micro/nano containers loaded self-healing agents are developed and incorporated into epoxy matrix to impart self-healing
ability. The current report reviews the major findings in the area of self-healing epoxy composites and coatings with special
emphasis on these containers. The preparation and use of polymer micro/nano capsules, polymer fibers, hollow glass
fibers/bubbles, inorganic nanotubes, inorganic meso- and nano-porous materials, carbon nanotubes etc. as self-healing containers are outlined. The nature of the container and its response to the external stimulations greatly influence the self-healing performance. The self-healing mechanism associated with each type of container and the role of container parameters
on self-healing performance of self-healing epoxy systems are reviewed. Comparison of the efficiency offered by different
types of containers is introduced. Finally, the selection of containers to develop cost effective and green self-healing systems are mentioned.
Keywords: smart polymers, epoxy, self-healing, coating

1. Introduction

Excellent adhesion, high mechanical strength, high
thermal stability and high chemical and corrosion
resistance of epoxy make this material suitable for
versatile applications like structural adhesives, protective coatings and resin matrices for composites
[1]. However, as an inherently brittle material, epoxy
thermosets are highly susceptible to defects/cracks
[1–3]. Fracture/fatigue loadings, thermal effects or
any kind of environmental effects influence the
matrix service life. In general, the material failure
starts at nano-scale, which then enlarges to micro- and
then to macro-scale until failure occurs. It is difficult to detect and repair these micro/nano cracks
formed in the structural components [4]. Hence, it is
promising to develop self-healing epoxy composites that can repair damages by themselves without
any external intervention to recover their functions.

In a similar way, the introduction of self-healing
functionality into protective coating is a better alternative for a long-term corrosion protection of metallic structures by eliminating toxic chromate based
coatings. The self-healing coating provides an active
protection to the metallic surface not only by mechanical covering but also by protection even after partial damage of the coating [5–7]. In self-heling coatings controlled release of the corrosion inhibitor has
been triggered by the changes in local environment
(change in pH).
The development of self-healing technology for
epoxy materials attracted growing interest and various methods have been reported based on healing
agents, healing agent containers, healing mechanisms etc. A great deal of attention has been paid to
design self-healing epoxy after their first introduction in 2001 by White et al. [8]. In this breakthrough
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self-healing concept, healing agent (dicyclopentadiene) encapsulated inside a poly (urea-formaldehyde)
microcapsule reacted with a catalytic chemical trigger (Grubbs’ catalyst) within epoxy matrix to provide
self-healing ability. The successive reports on selfhealing epoxies, disclosed various combination of
self-healing components and healing mechanisms.
Among them, the containers to encapsulate the healing agent have been investigated widely. These containers are specially designed to release the loaded
healing agents in case of the failure of the epoxy
structure due to any kind of external stimulus. The
nature of the container such as the material, morphology, shell wall thickness, storage stability, core content etc. and its response to the external stimulations
are of great importance in determining the self-healing performance. The external stimulation to trigger
the release of healing agent from the containers
includes light, mechanical impact, local change in
pH during the corrosion process etc.
Self-healing polymers are subject to intense discussion in the scientific community during the last
decade [9–11]. The studies on micro/nanocapsules
used for self-healing coatings were reviewed by
Samadzadeh et al. [12]. Wu et al. [13] reviewed the
trends and developments in self-healing polymeric
materials including preparation and characterization of the self-healing systems, evaluation of selfhealing efficiencies in thermoplastic and thermoset
materials. Yang et al. [14] reviewed different aspects
of self-healing polymers including the thermodynamic requirements and chemical reactions for selfhealing, encapsulation process, remote self-healing
etc. A specific area in self-healing polymers i.e.
container based self-healing polymer coatings wase
reviewed by Shchukin [15]. Fayyad et al. [16] discussed in detail different techniques used to follow
the self-healing process in protective epoxy coatings.

However, the absence of a systematic review in the
area self-healing epoxy in specific, make the current review unique, which focuses on self-healing
agent loaded containers used in epoxy matrix.
The present review aims to report the investigations
on the development and use of various micro/nano
containers for epoxy composites and coatings. An
ideal self-healing container should be resistant to
solvents, temperature and mechanical stresses such
as mixing, curing etc. during the manufacturing
processes by maintaining the healing agents inside.
At the same time, the container should break upon
propagation of cracks through the matrix and release
enough healing agents to recover the crack. Extensive research works were reported to achieve containers which fulfill these criteria. Researchers used different types of self-healing agent loaded containers
with hollow cavity of different shapes including polymer capsules, polymer fibers, hollow glass fibers
and capsules, inorganic capsules and tubes etc. in the
size range from micro to nano. Figure 1 shows containers of different origin which are capable of loading healing agents inside their cavity. The influence
of container parameters on the self-healing performance is reviewed in detail. The potential of inorganic
nanotubes, mesoporous materials and carbon nanotubes materials to act as multifunctional containers
for epoxy is proposed.

2. Polymer capsules as self-healing agent
containers
2.1. Preparation of polymer microcapsules
In situ emulsion polymerization, interfacial polymerization, vacuum infiltration etc. are used to prepare
the polymer microcapsules. Among them in situ
emulsion polymerization is the most widely used
method for the preparation of polymer microcapsules. Different types of liquid healing agents such as

Figure 1. Containers of different origin capable of loading healing agents inside
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dicyclopentadiene (DCPD), organic solvents, epoxy
resin, curing agents and drying oils are encapsulated
inside polymeric shells like poly (urea-formaldehyde) (PUF), poly (melamine-formaldehyde) (PMF)
etc. using in situ polymerization reaction [17]. White
and coworkers [8, 18] prepared DCPD encapsulated
PUF microcapsules in oil-in-water emulsion. The
processing parameters like agitation speed, temperature, emulsifier concentration etc. can influence the
morphology, shell wall parameters, size distribution,
storage stability and core content of these microcapsules.
The procedure adopted by White and coworkers [8,
18] was also extended to encapsulate other healing
materials in PUF shell. Organic solvents encapsulated polymer capsules were prepared by researchers.
Chlorobenzene was encapsulated in PUF shell
using in situ polymerization method with an average diameter of 160±20 !m [19]. In an advanced
attempt, co-encapsulation of epoxy monomer with
solvents in PUF shells were done by dissolving
epoxy resins in solvents before adding to the emulsion mixture [19, 20]. Drying oil encapsulated
microcapsules, specifically designed for self-healing epoxy coatings, were also generated by in situ
polymerization [21].
The self-healing based on DCPD or solvent encapsulated microcapsules make use of chemistries which
are different from that of the matrix. This might result
in deterioration of the mechanical properties of the
healed area. So researchers found methods for the
safe encapsulation of both epoxy resin and curing
agent. While using epoxy as reactive healing agent,
the microencapsulation of epoxy monomer was
done by a two-step process [22]. Initially, urea and
formaldehyde were pre-polymerized and then formed
microcapsules via in situ condensation. In another
attempt, epoxy was encapsulated in an epoxy shell
itself [23]. Liu et al. [23] prepared microcapsules with
epoxy as the core healing agent and epoxy-amine
polymer as the shell by interfacial polymerization
of epoxy resin droplets with ethylenediamine (EDA).
The reaction of epoxy which cannot be dissolved in
water with EDA which is readily dissolved in water
at the interface of epoxy droplets to form the shell
material.
Though it is easy to achieve the epoxy encapsulation, encapsulation of liquid amine hardeners is difficult due to their amphoteric nature and high reactivity. The conventional amine hardener could not

encapsulate by urea-formaldehyde shell under acidic
conditions. Researchers chose mercaptan as curing
agent suitable for encapsulation purpose [24, 25].
Since mercaptan is very active, it was microencapsulated with melamine-formaldehyde by an improved
in situ polymerization approach. The mercaptanloaded PMF capsules showed high storage stability.
The catalyst was infiltrated into the mercaptanloaded PMF capsules, to produce microcapsules containing both mercaptan and its amine catalyst.
Later, a new method to encapsulate amine hardeners was introduced [26]. In this method diethylenetriamine was infiltrated into hollow PUF microcapsules using vacuum process. Initially, hollow PUF
microcapsules were prepared by a poly-condensation reaction of urea-formaldehyde pre-polymer on
the surface of entrained air bubbles. These hollow
capsules were immersed in diethylenetriamine and
carried out the vacuum infiltration for several hours
to encapsulate the amine inside the PUF capsules.
In an another attempt, polyetheramine, a flowable
and low temperature curable curing agent was successfully encapsulate in poly(methylmethacrylate)
(PMMA) shell [27]. In this case, PMMA microcapsules were prepared by a controlled phase separation process within droplets of an oil-in-water (O/W)
emulsion. Successively, the solvent evaporation technique was employed to form a PMMA shell around
the polyetheramine core.
Very recently, a facile method of preparation of
microcapsules based on Pickering emulsion, in
which the solid particles adsorbed on oil-water interface instead of surfactants in traditional emulsion
was introduced [28, 29]. Soild particles like nanoclay
and lignin are remarkably stable to protect droplets
from aggregation. Yi et al. [29] used cheap and ecofriendly material-lignin as Pickering emulsion stabilizer and the active hydroxyl groups in the chemical
structure of lignin could react with isocyanate groups
in oil phase and reinforced the stability of emulsions.
Isophorone diisocyanate, (IPDI) was effectively
loaded in lignin nanoparticle-stabilized oil-in-water
(O/W) Pickering emulsion templates (Figure 2).

2.2. Preparation of polymer nanocapsules
To develop thin polymer coating, the incorporation
of nanocapsules is better choice than microcapsules.
The possible lower capsule diameter limit of the PUF
microcapsule developed by the in situ polymerization was 10 !m [8]. However, a combination of ultra508
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Figure 2. Schematic for the synthesis process of multilayer composite microcapsules loaded with healing agents based on
Pickering emulsion templates [29]

sonication and in situ encapsulation techniques was
used to produce submicron and nano PUF capsules
filled with DCPD [30]. This method was reported to
produce nano-capsules with smooth outer surface
and thin shell walls.
Zhao et al. [31] introduced a general method to
develop nanocapsules from polymers like poly (Llactide) (PLLA), poly(vinyl acetate) (PVAc), poly
(methyl methacrylate) (PMMA), poly(vinyl formal)
(PVF) and poly(vinyl cinnamate) (PVCi) using combination of solvent evaporation and miniemulsion
techniques. The steps involved in this process is
shown in Figure 3. Initially, a homogeneous hydrophobic phase containing pre-synthesized polymer and
healing agent in a good polymer solvent was ultrasonicated with aqueous surfactant solution, to obtain
miniemulsion droplets. Further upon good solvent
evaporation, the nanocapsule encapsulated with healing agent was formed through internal phase separation. This method can be applied to encapsulate
hydrophobic healing agents like solvents and monomers, reflecting their use in self-healing epoxy systems.

2.3. Polymer capsules in epoxy composites
Polymer capsules are developed as self-healing containers to fracture along the crack to release the
healing agent into the failure site. The understanding of the micromechanical properties of these encap-

sulated shells using nanoindentation technique can
help in predicting the self-healing performance of
microcapsule incorporated epoxy systems [32]. In
addition to the ability to act as healing agent reservoirs, theses containers can also serve as a toughening agent for virgin epoxy. The detailed toughening
mechanism operates in fluid filled PUF microcapsules embedded epoxy was investigated. The toughening mechanisms induced by these microcapsules
are found to be different from that by solid particle
fillers [33, 34]. The increased hackle marking and
subsurface micro-cracking were identified in fluidfilled microcapsules incorporated epoxy. It was
reported that the PUF microcapsules with optimal
wall thickness (56±5 !m), diameter (400±50 !m) and
surface morphology have the lower permeability and
high stability. This makes them applicable to polymers fabricated at higher temperature (<250°C) [35].
However, it was found that the presence of microcapsules caused a reduction in modulus and strength of
the matrix [33, 24].
The self-healing epoxy system introduced by White
et al. [8] used PUF microcapsules with thin shell to
encapsulate DCPD as healing agent. When the crack
propagates thorough the matrix, the embedded microcapsules ruptured to release the DCPD monomer into
the crack. Grubbs catalyst embedded in the matrix
initiated the polymerization of the released DCPD
via ring-opening metathesis polymerization (ROMP)

Figure 3. Schematic illustration of the general route towards fabrication of healing agent-filled nanocapsules from
miniemulsions using pre-synthesized polymers [31]
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to rebond the crack plane at room temperature. Figure 4a schematically shows the self-healing mechanism operates in encapsulated DCPD/Grubbs catalyst based self-healing epoxy systems. The scanning
electron microscopic (SEM) image of ruptured PUF
microcapsule is shown in Figure 4b. In this case,
the self-healing process was found to influence the
concentration and size of PUF microcapsules [36].
It was found that a lower capsule concentration of
5 wt% achieved a satisfactory healing. However, in
this case, the size of the microcapsule did not show
a prominent effect on fracture toughness (KIC) and
healing efficiency (! = KIC healed/KIC virgin), even
though the capsule size had a direct influence on the
volume of DCPD monomer released. The fracture
toughness per volume fraction of capsules was
found to be higher for 1.5 !m capsules than for larger
capsules (180 !m). The PUF nanocapsules synthesized by Suryanarayana et al. [21] were found to provide better compatibility with the matrix. The dispersion of DCPD filled PUF nanocapsules in epoxy
matrix caused a significant increase in fracture toughness with a slight decrease of tensile strength.
The microcapsules made of urea-formaldehyde filled
with DCPD was used in successive research to
develop carbon fiber reinforced epoxy structural

composites with self-healing ability [37]. The encapsulation of fluorescent dye along with DCPD into
the melamine–urea–formaldehyde (MUF) shell was
effectively used to observe the recovering process
using fluorescence microscopy [38]. The transport of
self-healing agent between crack planes released
from a microcapsule were traced using fluorescence
microscopy in cracked epoxy incorporated with
MUF microcapsules containing DCPD with fluorescent dye.
The limitations of DCPD/Grubbs catalyst based
self-healing system includes catalyst unavailability,
cost, environmental toxicity, instability, and difficult
materials processing could be eliminated by an economical and simple way of using encapsulated solvents to recover the virgin properties of epoxy system [19]. Chlorobenzene loaded PUF microcapsules
were incorporated into the epoxy matrix. When a
crack propagated through the material, the solvent
was released upon cleavage of the capsules and
healed the crack. The healing mechanism they proposed involved the local swelling of the matrix by
the solvent which allowed the accessibility of residual amines and further crosslinking with residual
epoxy functionality. The self-healing ability of the
solvent-based system could be further improved by

Figure 4. a) The schematic representation of self-healing concept introduced by White et al. in encapsulated DCPD/Grubb’s
catalyst based epoxy self-healing systems, b) scanning electron microscope image shows the fracture plane of a selfhealing material with a ruptured PUF microcapsule in a thermosetting matrix [8]
510
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using an epoxy monomer co-encapsulated with solvents [20, 39]. In such case, the additional epoxy
monomer delivered to the crack plane provided additional crosslinking to have new thermoset material to
the original matrix interface with multiple healing
events. The solvent-based self-healing concept was
extended to greener solvents like phenylacetate and
ethyl phenylacetate [39, 40]. These aromatic ester are
significantly less toxic solvents than chlorobenzene.
Coope et al. [40] incorporated PUF microcapsule
containing mixture of ethyl phenylacetate/epoxy
mixture into scandium(III) triflate catalyst embedded
epoxy. In this system, the epoxy monomer from the
ruptured microcapsule undergoes ring-opening polymerization in contact with dispersed catalyst. Here
the self-healing activity was promoted by the
swelling of epoxy matrix by ethyl phenylacetate to
facilitate catalyst dissolution.
The PUF encapsulated ethyl phenylacetate/epoxy
mixture was used along with shape memory alloy
wires in epoxy matrix to allow the healing of larger
damage volumes [41, 42]. Here the use of shape
memory alloy wires along with ethyl phenylacetate
helped to reduce the crack face separation and provide internal heating to accelerate the healing kinetics.
Blaiszik et al. [20] demonstrated the influence of
shell wall morphology on the microcapsule rupture
based on the study carried out on PUF micro/nanocapsules containing a mixture of resin and solvent.
The capsule shell wall was found to comprise of two
distinct regions with a thin continuous inner shell
wall of low molecular weight polymer that deposits
at the oil–water interface formed by urea and
formaldehyde reaction in aqueous phase, and a

thicker rough exterior shell wall formed by coalesce
the colloidal UF particles as the UF reaction progresses. When incorporating this microcapsule into
epoxy matrix, the rough surface of the wall allowed
a good adhesion to the epoxy matrix by increasing
capsule fracture and healing agent delivery.
To provide a repair system with matching chemical
entity with host epoxy matrix, researchers focused on
the use of microcapsule encapsulated with epoxy and
hardener. Yin et al. [22] developed a two-component
healing system consisting of epoxy encapsulated
PUF microcapsules (30–70 !m) and a latent hardener dissolved in epoxy. When cracks were propagated through the composites, the damaged microcapsule released the epoxy. The latent hardener which
is soluble in the matrix encountered with released
epoxy from the broken microcapsules to recover the
crack upon curing at 130–180 °C.
Yuan and coworkers [24, 43] developed a self-healing epoxy system by incorporating both epoxy loaded
and mercaptan loaded microcapsules. The size distributions of epoxy-loaded and hardener-loaded PMF
capsules are shown in Figure 5a. This two-component
self-healing epoxy with stoichiometric weight ratio
(i.e. 1.26) of epoxy to mercaptan capsules offered
maximum self-healing at or below room temperature
with crack healing chemistry similar to the matrix
polymer (Figure 5b). As the cracks propagate through
the matrix, both type microcapsules fractured and
successively released their contents. In the cracked
surface, the epoxide groups quickly reacted with
mercaptan in the presence of catalyst benzyldimethylamine to recover the matrix. The high flowability, fast consolidation and miscibility of the
released epoxy and mercaptan facilitated rapid repair.

Figure 5. a) Size distribution of epoxy-loaded capsules and hardener-loaded capsules and b) influence of capsule concentration on fracture toughness and healing efficiency. Weight ratio of the two types of capsules in all the self-healing
specimens is 1:1. Healing of the fractured specimens was conducted at 20 °C for 24 h [24].
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Later, a two component epoxy self-healing system
based on epoxy-amine healing chemistry was developed [26]. Both epoxy encapsulated capsules (produced by in situ polymerization) and amine encapsulated capsules (produced by the vacuum infiltration) in optimal ratio were incorporated into epoxy
matrix. The reaction of epoxy and amine released
from the respective capsules healed the damaged
area. The healed fracture surfaces revealed that the
healed matrix failed cohesively which indicated the
in situ formation of epoxy and good bond strength
to the matrix.
In recent studies, poly(methylmethacrylate) (PMMA)
was chosen as the capsule shell as it has superior stability, biocompatibility and good compatibility with
epoxy. Both one component PMMA microcapsules
[27] and two component PMMA microcapsules [44]
were investigated. The one component system [27]
was designed in such a way that the released curing
agent (polyetheramine) upon rupture of the PMMA
shell crosslinked with the residual epoxy groups to
form the new thermoset region in the original matrix
interface. They found that the healing efficiency of
the two-components system was higher than that of
the single component self-healing system due to fast
reaction occurred between the resin and the hardener leaked from the microcapsule to the crack surface. The effect of weight ratios of epoxy-/hardenercontained microcapsules on the healing efficiencies
of epoxy composites was also investigated. It was
observed that the self-healing efficiency significantly increased with increasing microcapsules content from 5 to 15 wt%. Increased microcapsule content helped to release enough epoxy and hardener to
heal the cracks.
Very recently, nanocontainers with copolymer shell
walls were developed as the functional copolymers
containing oxirane function to match the epoxy structure as well as a second monomer to create fragility
to fracture under crack [45]. Nanocontainers encapsulated with amine healing agent were prepared
using poly (glycidylmethacrylate-co-methylmethacrylate) [poly(GMA-co-MMA)] via double emulsion
technique.
The dual microcapsules were also used in glass fiber
reinforced epoxy composites and studied the selfhealing action upon low velocity impact damage [46].
Epoxy encapsulated PUF microcapsules (produced
via in situ polymerization) and amine hardener encapsulated PUF microcapsules (produced via vacuum

infiltration method) were properly mixed with epoxy
in the ratio 10:3. Appropriate fabrication technique
via hand layup followed by vacuum bag molding
confirmed the protection of microcapsules in this
glass fiber reinforced composite. In the crack area,
the bleeding from microcapsules recovered the damaged area by formation of new bond.
As the weakest region in fiber reinforced polymer
composite, the fiber/matrix interphase should require
preferential self- repairing action [47]. The knowledge gained on bulk self-healing has also been transferred to the fiber/matrix interphase. Carbon fiber/
epoxy interphases [48] and glass fiber/epoxy interphases [49] were functionalized with capsules containing reactive epoxy resin and ethyl phenyl acetate
solvent to provide the interfacial self-healing upon
debonding of the fiber/matrix interface.
During the progress of research in self-healing epoxy,
scientists discovered methods to compensate the
reduction in elastic modulus and hardness of the
epoxy due to the presence of microcapsule by incorporating carbon nanotubes (CNTs), which was
proved to improve the aforementioned values significantly [50]. Table 1 tabulated the healing efficiency obtained for epoxy composites with different
polymer capsules.

2.4. Polymer capsules in epoxy coatings
The self-healing concept was also applied in epoxy
coating besides in epoxy composites structures. Protective self-healing epoxy coatings are developed by
incorporating containers, which are able to release a
corrosion inhibitor or self-healing agents under the
situations like pH changes caused by the triggering
situations like start of corrosion process, ionexchange process, and mechanical damage. Stankiewicz et al. [51] reviewed different type of self-healing coating for anti-corrosion applications. Drying oil
encapsulated capsules such linseed oil encapsulated
phenol-formaldehyde (PF) microcapsules [52] and
tung oil encapsulated PUF microcapsules [53] were
used to make self-healing epoxy coatings. Drying oils
are chemically unsaturated glycerides of long chain
fatty acids. When these oils contact with oxygen,
carbon–carbon chain cleaved to polymerize and the
degree of double bond unsaturation controls the
polymerization rate. The linseed oil and tung oil
released from microcapsules polymerized when
contact with the air to heal the scratched area. Even
though the chemical nature, physical and mechani512
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Table 1. The healing efficiency reported for different type of containers
No.
Matrix
1 Epoxy

PUF

Self-healing agent
Encapsulated DCPD/Grubbs catalyst

2

Epoxy/carbon fiber PUF

Encapsulated DCPD/Grubbs catalyst

3

Epoxy

4

Epoxy

5

Epoxy

6

Epoxy

7

Epoxy

8

Epoxy

9

Epoxy/glass fiber

10
11
12

Epoxy
Epoxy
Epoxy

Containers

PUF

Encapsulated chlorobenzene
Encapsulated phenyl acetate/ethyl phenyl
PUF
acetate
PUF
Encapsulated epoxy/latent hardener
Encapsulated epoxy/Encapsulated mercaptan
PMF
based hardener
Encapsulated epoxy (by in situ polymerizaPUF
tion)/encapsulated amine hardener (by vacuum
infiltration)
Encapsulated epoxy/encapsulated amine hardPMMA
ener
Encapsulated epoxy (produced via in situ polyPUF
merization)/encapsulated amine hardener (produced via vacuum infiltration)
Encapsulated amine hardener
GMA-co-MMA
Electrospun PAN mats Immersed epoxy/immersed amine
HGBs
Loaded epoxy/loaded amine

cal characteristics of healed area are not the same as
the matrix, the authors claimed that the creation of a
barrier between air and surface could increase the
life cycle of the coating. The corrosion resistance
studies by electrochemical impedance spectroscopy
(EIS) showed a better preservation of corrosion
resistance of epoxy coating incorporated with tung
oil encapsulated PUF microcapsule.
The encapsulated epoxy microcapsules were incorporated into epoxy paint composed of epoxy and
modified polyamide hardener to prepare self-healing coating for carbon steel [23]. The capsules were
ruptured along with the damage on the coating and
the stored epoxy resin released into the matrix. The
released epoxy polymerized when contacting with
the residual polyamide hardener after curing of the
epoxy in matrix, to repair the scratch. The EIS studies were used to evaluate the self-healing activity of
epoxy microcapsules filled epoxy coating on carbon steel. These microcapsules were found to heal
the scratched coating surface in a short time. Coating with an optimum concertation of epoxy microcapsules (20 wt%) completely healed the scratched
surface with in 4 hrs. Also, these epoxy microcapsules were later used in epoxy/polyamide coatings for
mild carbon steel for self-healing performance
along with polyaniline nanofibers for passive property [54].
In epoxy protective coatings, solvents used to lower
resin viscosity and heat treatment used to remove solvent or to cure coating matrix adversely affect the sta-

Self-healing efficiency
85±5% at room temperature
45% at room temperature
80% at 80 °C
82% at room temperature

Ref.
[36]

100% at room temperature

[39]

111% at 130–180 °C

[22]

104% at 20 °C

[24]

91% at room temperature

[26]

84.5% at room temperature

[44]

40% at room temperature

[46]

85% at room temperature
38% at room temperature
62% at 50 °C

[45]
[61]
[69]

[37]
[19]

bility of the microcapsules. Hence solvent and thermal resistant microcapsule are practically required
for self-healing epoxy coatings. A novel doublelayered polyurea microcapsules containing hexamethylene diisocyanate (HDI) with excellent shell
tightness synthesized via interfacial polymerization
reaction showed good resistance to temperature and
nonpolar solvents [55]. These HDI encapsulated double-layered polyurea microcapsules showed outstanding anticorrosion performance through selfhealing functionality of the released HDI in damaged
locations.
The epoxy coating loaded with these multilayer
composite microcapsules based on Pickering emulsion had excellent anticorrosive and self-healing performance. This was confirmed from the optical
images of the scratched coating with and without
microcapsule loading (Figure 6). This cheaper and
greener approaches adopted for the self-healing technology pave way for further use in industrial and
environmental fields.

3. Polymer fibers as self-healing agent
containers

Polymer fibers were also found as effective healing
agent containers in epoxy matrix. Different methods
were adopted to encapsulate the healing agents
inside these polymer fibers including coelectrospinning [56–58], emulsion electrospinning [56] and
emulsion solution blowing [56]. DCPD enwrapped
into polyacrylonitrile (PAN) using coelectrospin513
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Figure 6. Brine-submersion corrosive-accelerating test. Photograph of steel plates coated with common coating (Group A)
and multilayer microcapsules based on Pickering emulsion -embedded self-healing coating (Group B): (A1, B1)
before, (A2, B2) after submersed in 10 wt% NaCl solution for 120 h, and (A3) traces of corrosion on steel plate,
(B3) anticorrosive performance of self-healing coating on steel plate. OM images of enlarged view of scratched
region on (a) common coating and (b) self -healing coating, the scale bars are 200 !m. The steel plates
(10"10 cm2) were submerged in NaCl solution (10 wt%) for 120 h [29].

ning to form core-shell DCPD/PAN nanofibers [56,
57]. The electrospinning was carried out in a labmade coaxial needle setup for generating the core–
shell jet [59, 60] by supplying a solution of 10 wt%
PAN in dimethyl formamide (DMF) as the outer jet
(shell) and the solution of 10 wt% DCPD in DMF as
the inner jet (core). Self-healing carbon-fiber/epoxy
composites were developed by incorporating this
core-shell DCPD/ PAN nanofibers at laminate interfaces. Epoxy monomer was also encapsulated within
a poly(vinyl alcohol) (PVA) nanofiber using coelectrospinning [58]. Thus obtained core-shell epoxy/
PVA nanofibers was found to be stable enough within
the curing epoxy matrix.
In a different approach, as-electrospun mats of polyacrylonitrile (PAN) containing both epoxy and amine
as healing solutions were embedded into an epoxy
matrix [61]. Here, the healing agents were not subjected to encapsulation or electrospinning process as
in the previous case and hence this technique could
be implemented to carry reactive healing agents
without tedious process. The electrospun PAN mats
were simply immersed in liquid epoxy solution or
diethylenetriamine (DETA) and were alternatively
layered up in epoxy composite structure. Thus generated composites structures achieved multiple healing cycles. This method open up a way to the mass

production of self-healing composites for structural
applications.

4. Hollow glass fibers (HGF) and hollow
glass bubbles (HGB) as self-healing agent
containers

The high chemical inertness as well as thermal stability of hollow glass based self-healing containers
offers advanced self-healing technology which can
eliminate the limitations of corrosive feature of some
healing agents and thermally degradability of the
shell. The hollow glass fibers can be used as an ideal
medium for storing healing components together
with exploring them as structural reinforcing agents
in advanced epoxy composite structures [62–65].
Hollow glass fibers with external diameter of 60 !m
and 50% hollow fraction was used by Pang and Bond
[62] to restore the healing components. They incorporated the unidirectional hollow glass fibers in
epoxy matrix with 0°/90° lay-up. A significant fraction of flexural strength lost after impact damage was
found to be restored by the self-healing action of
resin and hardener stored within hollow fibers. The
self-healing mechanism operates in this systems is
similar to bleeding mechanism in biological organisms. During a damage event, healing agent passed
from within any broken hollow fibers infiltrated the
damage area.
514
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These HGF were also incorporated into carbon fiber
reinforced epoxy in order to impart the self-healing
ability to carbon fiber reinforced polymer (CFRP)
laminates used in aerospace applications [66]. It was
found that the presence of HGF within a CFRP laminate produce minimal degradation in flexural
strength and ply disruption. Recently, much thinner
hollow glass fibers (13 !m outer diameter) were used
in a damage-detecting and self-repairing epoxy composite to ensure major reinforcement [67]. Self-repair
in this system was achieved by adding polyester resin
(catalyzed resin and initiator) to the hollow fibers.
When compared to the filled–damaged specimens,
the healed specimens had 20 and 26% higher bending
strength and bending modulus respectively.
Etched HGB are found to be another stable container for amine curing agent. Etched HGB with holes
at the micrometer level were fabricated by etching
the glass bubbles using dilute hydrofluoric acid (HF)
in specially designed mixer. [68]. Etched HGB in
micrometer range (diameter 66.9±8.2 !m, and shell
thickness 0.79±0.41 !m) were used to encapsulate
both epoxy resin and the amine hardener [69]. The
healing agents inside the HGB survived from the
manufacturing process and following 24 hour of
cure. These healing agent containers were incorporated in the optimized ratio of 4:1 for epoxy loaded
HGBs to amine loaded HGBs to get better selfhealing performance.

5. Inorganic nanomaterials as self-healing
agent containers

When compared with tedious encapsulation process
required in the case of most of the polymer capsules, merely ‘physical’ encapsulation generally vacuum infiltration is required in the case of these inorganic nanomaterials which make this self-healing
technique more demanding to heal the micro-crack.
Even though there are some reports on the use of
inorganic nanoporous and nanotubes as self-healing
containers, still more detailed investigations are
required in this area. Like polymer capsules, the inorganic containers also offer mechanical reinforcement apart from the healing agent loading and magnitude of reinforcement in most cases much higher
than that offered by the polymer capsules. Moreover, the compatibility of the inorganic nanomaterials with epoxy is well understood.
Kirk et al. [70] encapsulated both epoxy and hardener separately inside channels of nanoporous silica

using infiltration method. The feasible self-healing
approach for the recovery of mechanical properties
of epoxy by adding a mixture of epoxy filled nanoporous silica capsules and hardener filled nanoporous
silica capsules were proposed by them. In their study,
they observed only a partial self-healing, because the
amount of healing agents inside the capsule was not
large enough to heal large macro cracks analyzed.
Hence they claimed the effective use of such selfhealing containers for preventing/healing microcracks which are the precursor to macrocrack formation/extension.
Another promising ‘green’ nanocontainer for healing
agents is naturally occurring halloysite nanotube
(Figure 7). Halloysite is a two-layered aluminosilicate clay mineral and is available cheaply in thousands of tons from natural deposits. Depending on
the deposit, the size of halloysite nanotubes (HNT)
vary within 1–15 µm of length and 10–150 nm of
inner diameter [71].
Halloysite can readily dispersed in epoxy without
any surface treatment. It was reported that the halloysite nanotubes could act as impact and toughness
modifier for epoxy [72, 73]. Abdullayev and Lvov
[74, 75] reviewed the use of halloysite clay nanotubes for controlled release of protective agents
for medical and pharmaceutical applications, anticorrosive and self-healing coatings etc.
Melo et al. [76] encapsulated solvents inside the halloysite lumen and they investigated the feasibility
to use them for developing self-healing epoxy. After
the insertion of the solvent (DMSO) inside HNT
using vacuum infiltration, additional encapsulation
using polyelectrolytes was done to block the ends of
the HNT in order to trap the solvent inside the structure (Figure 8). This solvent encapsulated HNT can
be effectively used in epoxy to make it self-healing
in the future. Generally, high molecular weight substances like polymers (epoxy resin) have slow release
time due to their stronger adsorption to the halloysite surface. This stronger adsorption is expected
due the fact that the high molecular weight substances have more functional groups that can interact with OH groups in halloysite surface to establish hydrogen bonding. Hence no need for additional encapsulation in such case [74].
For self-healing coatings, the corrosion inhibitors are
usually loaded as the healing agent inside the nanocontainers. Halloysite nanotubes were successfully
used as container for corrosion inhibitor for paints
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Figure 7. (a) SEM and (b) TEM images of halloysite nanotubes [78]

Figure 8. Encapsulation process of solvent into HNTs [76]

[77] and acrylic and polyurethane coatings [78].
While the halloysite inner void loaded with the corrosion inhibitor, the outer surface was covered with
polyelectrolyte multilayers. The polyelectrolyte multilayers are sensitive to changes in the surrounding
environment. The opening of the polyelectrolyte
layer with pH changes resulted in occasional release
of inhibitor in local corrosion areas. Once the corrosion area is healed, the pH shifted to its original
value which could stop the release of corrosion
inhibitor by closing the polyelectrolyte shell.
The similar corrosion inhibitor loaded halloysite
nanotubes will be a promising candidate to generate
self-healing anticorrosive epoxy protective coating
for metals. Mesoporous silica was also used to load
corrosion inhibitors for sol-gel protective coating
for metal [79].
Maia et al. [80] adopted a one step process including synthesis of silica nanocapsules (SiNC) and loading of corrosion inhibitor 2-mercaptobenzothiazole
(MBT) which outlook the mass production. This
process route provided silica nanocontainers with an
empty core and shell with gradual mesoporosity,
which facilitates better loading efficiency and prolonged and stimuli-triggered release of the inhibitor.
When incorporating these loaded silica nanocapsules into water-based epoxy system to coat aluminium alloy, the SiNC release a higher amount of
MBT in acidic pH and at high concentrations of

NaCl. This facilitated prolonged self-healing for long
time in corrosive media.
Epoxy coatings containing corrosion inhibitor (MBT)
loaded mesoporous silica was proved to have selfhealing properties [81]. It was showed that epoxy
coating with 4 wt% MBT loaded mesoporous silica
had partial recovery from artificially created defects
as shown by it response to EIS analysis when exposed
to 3.5 wt% NaCl solution. Although a decrease in
impedance values in the low-frequency range was
observed during the first day, impedance values
increased after 24 hours of immersion (Figure 9).
Moreover, the inherent corrosion protection capability of halloysite nanotubes and silica nanoparticles [82] will be an added advantage for epoxy coating incorporated with these inorganic materials
loaded with corrosion inhibitors. Previously, it was
shown that HNTs enhanced the corrosion protection
capability of epoxy coating for a carbon steel substrate along with nanozinc dust [83].
Above all, the dimension of the epoxy monomer
(diglycidyl ether of bisphenol A) (as per the molecular dynamic simulation studies) [84] is suitable to
be loaded even inside the pores in meso-scale.
Suzuki et al. [85] showed that the pore size in mesoporous silica (~4 nm) is sufficiently large enough for
epoxy polymers (~0.5 nm) to penetrate into the
internal mesospace. Hence, it is feasible to insert
the epoxy monomers into the mesopores and nanotubes due to capillary force.
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Figure 9. Electrochemical impedance spectroscopy bode plots of epoxy-4 wt% silica–MBT coating after artificial defect
exposure to 0.1 mol·L–1 NaCl solution [81]

6. Carbon nanotubes (CNT) as containers
for self-healing agents

The ability of carbon nanotubes to act as reservoirs
for the self-healing agents has been investigated. As
a primary research in this area, Lanzara et al. [86]
studied the feasibility of using CNTs as containers
for healing agents by understanding the molecular
dynamics (MD) of a fluid which resembles an organic
healing agent leaking out of a damaged single-walled
CNT. As the crack propagates through the matrix
the following would happen, (1) a CNT nanocontainer which would first slow down crack propagation, (2) then release the healing agent as the outer
wall of the CNT is damaged and (3) finally CNT
would seal back. This MD simulation suggested a
new way of using carbon nanotubes as a reinforcing
self-healing reservoir that have the potential to
reduce the damage through the host matrix, selfrepair the crack and at the same time strengthen the
material before and after the repairing process.
Later, Sinha-Ray et al. [56] loaded the healing agents
like DCPD and isophorone diisocyanate into CNTs
by using self-sustained diffusion method. In this
method, CNTs were blended with dilute solution of
self-healing agents in benzene by means of sonication and the Fickian diffusion of healing agent equilibrate the healing agent concentration inside CNTs
with that in the bulk. In order to avoid a halt in the
intercalation process at this low solute concentration inside CNTs, the solution with suspended CNTs
was left to evaporate. The bulk concentration of
solute gradually increased due to the solvent lost and
this permanently sustained the Fickian diffusion of
the solute into CNTs, which allowed complete filling

of the CNT bore. The TEM images of CNT samples
intercalated with DCPD and isophorone diisocyanate (Figure 10) showed that the filled CNT with
the healing agents. The amorphous turbostratic CNTs
used in this work could be easily broken as evident
form the partially broken wall by the sonication
process (Figure 10b), which confirmed the possible
release of the healing agents as formation of defect.

7. Combination of containers for
self-healing epoxy composites and coating

Researchers utilized the combined benefit of different containers so as to achieve advanced self-healing ability. Encapsulated polymer and inorganic capsules are used together in epoxy matrix for the
strength restoration [87]. Hollow silica capsules
encapsulated with an instant hardener (antimony
pentafluoride) in the form of antimony pentafluoride–
ethanol complex and epoxy monomer encapsulated
by PMF were incorporated into epoxy matrix. This
system could effectively healed within few seconds
and about 8.3% impact strength was recovered after
20 s. Within a healing time of 100 s, this system
could reached its maximum healing efficiency (Figure 11).
PUF microcapsules loaded with epoxy and etched
hollow glass bubbles (HGBs) loaded with amine
were simultaneously used to produce self- healing
epoxy composite [88]. The amount and the mass
ratio of the released healing agents at the damaged
area were found to depend on parameters like size,
content and core capacity of the healing agent containers. The longest diffusion distance from their
carriers is also critically influence the self-healing
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Figure 10. TEM images of the intercalated self-healing materials inside CNTs. Panels (a) and (b) show DCPD inside CNTs,
while (c) and (d) show isophorone diisocyanate inside CNTs. In panel (b) the arrow indicates the partially broken CNT wall [56]

Figure 11. (a) SEM image of impact fracture surface of healed self-healing epoxy matrix with hardener encapsulated silica
capsules and epoxy encapsulated PMF. The specimen had been fractured by the first impact test, healed at 25 °C
for 100 s, and then fractured again by the second impact test. (b–d) Magnified views of different parts of (a):
(e) healing efficiency versus healing time of self-healing specimens determined by impact test [87].

process in the two-part system. With a shorter diffusion distance at higher concentrations and efficient
mixing lead to an improved healing performance.

8. The role of container parameters on selfhealing performance of epoxy

One of the most important factors which affects the
self-healing performance of epoxy system is the
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easiness in releasing the healing agent upon damage
and this in turn depends on the thickness of the container walls, container composition and container
core composition. Researchers used characteristic
techniques such as Fourier transform infrared spectroscopy, scanning electron microscopy, particle
size analyzer for evaluating these parameters of the
capsules. Both the size and weight fraction of the
microcapsule control the amount of healing agent
released in the damaged plane and hence the degree
of self-healing achieved. At a given weight fraction,
larger microcapsules produce superior healing performance because the release of more healing agent
per unit crack area [89]. Encapsulation of containers
can be verified quantitatively and qualitatively by
Fourier transform infrared analysis, X-ray diffraction, Brunauer-Emmett-Teller (BET) surface area,
thermogravimetry and SEM.
Moreover, the competition between polymerization
kinetics and crack increase rate is one of the factors
for effective self-healing [90]. It was reported that a
significant crack arrest and life-extension occurred
when the healing rate is more than the growth rate
of the damage. The effect of healing agent encapsulated microcapsule on epoxy cure kinetics was investigated [91]. The mechanism (autocatalytic) of epoxy
cure reaction was found to be unaltered by the presence of the healing components responsible for the
introduction of healing functionality such as resin
encapsulated PUF and amine hardener immobilized
on a mesoporous siliceous substrate.

9. Conclusions

The high cost of active monitoring and external
repairing in epoxy structural materials can be better
eliminated by introducing self-healing ability in
them [92], for example corrosion cost reached 4.2%
of the gross national product (GNP) of a country for
12 national surveys up to 2010 [93]. Similarly, the
large economic concerns raised by corrosion of
metallic structures, forces the researchers to search
for cost effective self-healing coatings. With proper
selection of containers, it could be possible to develop
robust, cost-effective and highly efficient epoxy
self-healing technologies so as to offer better service life to protective coatings, construction, aerospace, and electronics structures. The introduction
of less expensive and possible green healing components in epoxy self-healing coating and composites material were reported. The use of catalyst free

healing agents like solvents, epoxy resins etc. were
developed in search for cost reduction. Due to the
difficulty in encapsulating the amine hardener inside
the common polymer capsules like PUF and PMF,
PMMA based capsules loaded with epoxy and amine
hardener can be a better choice to maintain the epoxy
chemistry in the damage area even after the recovery. The novel preparation methods based on Pickering emulsion to achieve solid particle stabilized
microcapsules and miniemulsion techniques to
achieve the polymer nanocapsules are found to be
promising in the area.
The ease of availability, better response to submicron crack, the easy penetration of epoxy monomer
into the nano/meso pore and the ability to enhance
the matrix properties are the advantages of the inorganic nanotubes as healing agent container for
epoxy. Along with the capability to store the healing
agent possessed by these inorganic nanomaterials,
the inherent corrosion protection ability and their
contribution to mechanical reinforcement to the
matrix makes them a promising candidate as selfhealing containers for developing multifunctional
epoxy for structural composites and coating. For
developing economically viable self-healing technology, along with the use of low-cost healing agents,
the exploitation of readily available, cheaper and
green containers like halloysite [94, 95] and nanoclay or lignin nanoparticle-stabilized Pickering emulsion templates are promising. Even though the studies are in the preliminary stage, the capability of CNT
can also be effective as containers in epoxy selfhealing technology. Moreover, the use of low cost
lab-made electrospinning techniques open up promising future for the self- healing technology.
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