
1896 |  Mater. Adv., 2021, 2, 1896–1926 © 2021 The Author(s). Published by the Royal Society of Chemistry

Cite this: Mater. Adv., 2021,

2, 1896

Progress and challenges in self-healing
composite materials

Shafiqul Islam ab and Gajanan Bhat *a

Synthetic materials used in a wide range of applications are prone to damage in the form of cracking/

microcracking. Catastrophic failure of the materials may occur due to the growth and merging of the

microcracks, which results in the reduction of the service life of the materials. To avoid these problems

and increase the service life, early detection and mending of the microcracks are extremely important.

Self-healing materials can be utilized in these cases, which have the capability not only to detect cracks

early but also to repair cracks automatically. These materials will also have the potential to improve

material reliability, extend the service life, reduce replacement costs, and improve product safety. Due to

these attractive features, numerous research studies are conducted every year on the development of

self-healing systems. This paper summarizes the latest progress in the design and fabrication techniques

of self-healing materials through a wide range of materials, including metals, ceramics, concrete, and

polymer composites. Based on recent research, this article provides an overview of different chemistries

and approaches involved in preparing self-healing composites. Comparative healing efficiency and

related fabrication methods are tabulated. Finally, existing problems, gaps, and challenges, and future

research directions and opportunities for commercial applications are highlighted.
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1. Introduction

Synthetic materials have been widely used in a variety of
applications, but these materials are susceptible to damage.
A small imperfection or microcracks of the materials may lead
to premature failure if it is not detected or repaired in time.1

Some of these microcracks are formed within the material
structures, which are invisible, difficult to repair manually,
and result in catastrophic failure before the service life of the
products.1 On the other hand, biological materials have the
ability to recover their damage and resume their original
function automatically, which contributes to their longevity.2

Inspired by nature, researchers are trying to develop a new class
of synthetic materials known as self-healing materials that can
automatically detect and repair damage. This increases the
durability and reliability and reduces the maintenance cost of
the material.3 As a result of these exciting features, several
researchers are trying to incorporate self-healing properties
into a wide variety of materials, including polymers,4–11

ceramics,12,13 concretes,14,15 metals, and composites.16

These different types of materials have their own self-healing
mechanisms which can be categorized into several groups,
including intrinsic and extrinsic self-healing approaches.17

Intrinsic self-healing normally occurs by reversible covalent
bond formation with supramolecular and physical interactions
of polymers.3 On the other hand, extrinsic self-healing occurs
typically with the help of healing agents, which are usually
stored in reservoirs like capsules,18 hollow fibers,19,20 or
vascular networks,21,22 which are inserted in polymers or other
suitable materials. When cracks occur within the materials,
the capsules or vascular networks also rupture, releasing the
healing agent that will close the gap and repair the material.23

Similar to the repairing process of fractured bones, three steps
are involved in the extrinsic healing process.24 The first step is
the triggering action that occurs soon after the damage/crack
happens, the second step is the transportation of the healing
agent to the damage/crack area, and the third step is the
chemical interactions that heal the polymer materials.25 In both
intrinsic and extrinsic self-healing, one step that is required is
the initiation of self-healing in response to a stimulus/trigger.26

Along with the damage/crack, which is the main stimulus for
autonomous healing, there are several other external stimuli,
including optical,4,5,27,28 thermal,6,29 electrical,30 ballistic,31 or
chemical,32 which can initiate a self-healing process. In all
cases, microcracks in the materials will be repaired before
propagation and catastrophic failure, resulting in increased
service life of the materials.

The potential for reducing catastrophic failure and increas-
ing the service life in self-healing materials has drawn huge
attention from researchers. Every year, a significant amount of
research is reported on the development of self-healing materials
and use of these techniques in practical applications. The
number of published papers on the topic of self-healing materials
has been growing rapidly (Fig. 1).

From the data shown in Fig. 1, it is clear that the number of
publications has been increasing rapidly over the last decade.
Hence a comprehensive review article regarding self-healing
materials is essential. To the best of our knowledge, previous
reviews mainly focus on a general process of producing self-
healing materials conducted by several researchers. A few
of them focus on comparison of self-healing performance
conducted by the researchers. Again, as the number of publi-
cations is increasing rapidly, a new comprehensive review
paper is essential to summarize the recent advances. Hence
the main objectives of this review paper are to summarize
recent progresses and current challenges in self-healing
materials and compare the healing performance achieved by
different materials.

This paper summarizes the design and fabrication techni-
ques of self-healing materials through a wide range of material
classes, including metals, ceramics, concrete, and polymer
composites. Based on recent research, this article provides an
overview of different chemistries and approaches involved in
the preparation of self-healing polymer composites. Compara-
tive healing efficiencies obtained by researchers and related
fabrication methods involved to obtain those efficiencies are
tabulated. Finally, existing problems, gaps, and challenges of
the present research are identified. The future direction of
research and opportunities for commercial applications are
also highlighted.

Fig. 1 No. of published (a) papers and (b) patents from 2011 to August 2020 (according to google scholar, searched by self-healing in the title of
the article).

Review Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
 2

02
1.

 D
ow

nl
oa

de
d 

on
 3

1/
10

/2
5 

23
:3

7:
30

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ma00873g


1898 |  Mater. Adv., 2021, 2, 1896–1926 © 2021 The Author(s). Published by the Royal Society of Chemistry

2. Approaches of self-healing

Self-healing methods in living organisms are mainly auto-
nomous. For synthetic artificial materials, the process of self-
healing is diverse. The first self-healing polymeric material
demonstrated by Chen et al. was based on the mechanism of
dynamic covalent bonds with the help of external heating.33

The first room-temperature self-healing elastomer was explained
by Cordier et al., which was fabricated based on hydrogen
bonding.34 The first microcapsule-based self-healing method
was reported by White et al.18 Gosh and Urban illustrated the
UV-triggered self-healing polymers utilizing oxetane-substituted
chitosan polyurethane networks.28 With the passage of time,
several other researchers developed new approaches to self-
healing. In general, most of these self-healing methods can be
categorized as intrinsic and extrinsic self-healing processes.

3. Intrinsic self-healing

Intrinsic self-healing materials have the ability to restore mole-
cular or micro-scale damage by means of inherent reversibility
of bonding of the polymer matrix.17 The inherent reversibility
of bonding provides some excellent benefits to intrinsic self-
healing materials, including multiple healing cycles, and it is
possible to achieve healing without using any external healing
materials.35 However, there are some limitations as well. Self-
healing can be achieved only in micro-scale or small damaged
areas, which restricts its range of applications.36 As healing
takes place at the molecular level, the reversibility of bonding
occurs when the chemicals’ distances are in the nanometer
range.37 Thus, for healing to occur, it is necessary to bring the
two damaged parts together either manually or by other
mechanisms.37 In the case of hard materials, heating is also
required for making full contact with the two damaged parts.37

For repairing any damage, the healing functionality needs to be
triggered/initiated by a stimulus.

Normally, healing functionalities of intrinsic self-healing
materials remain in latent conditions in the polymeric structure.
These latent functionalities are triggered by damage and driven by
surface tension and elastic energy of the stress source or by
an external stimulus such as heat, light, solvent, and others.35

The initiation of self-healing also relies on several other factors,
including chain mobility and entanglement, reversible poly-
merizations, melting of thermoplastic phases, hydrogen bonding,
or ionic interactions.17

3.1. Chemical interactions

Chemical interactions at the damaged site are mainly respon-
sible for the re-bonding and intrinsic self-healing capability of
fracture surfaces.3 Healing efficiency of a material depends on
the extent of the reaction. However, all types of chemical
reactions do not have the capability of incorporating self-
healing properties. So far, several reactive groups (free radicals,
hydrogen bonds, ionomeric interactions –CQC–, –COOH,
–NH2, –OH, –SH, –Si–O, S–S, –CQO, and/or formation of cyclic
structures) have been investigated that have re-bonding and

self-healing capability.38 A significant number of self-healing
materials have been developed by incorporating these reactive
groups into a polymer network and are typically categorized
into reversible covalent bonds and supramolecular chemistry.2

3.1.1. Reversible covalent bonds. Reversible covalent bonds
have the ability to form and cleave chemical bonds between
different molecules or functional groups of a polymer. The
reversibility of the bonds leads to equilibrium and initiation of
the self-healing process.39 Polymers with reversible covalent
bonds can alter their bond arrangement and structure via rever-
sible reactions triggered by external stimuli, including heating,
light, and pH. With the removal of these external stimuli, poly-
mers again retain their stability and bonding strength, similar to
the irreversible covalent polymers.40 Hence, reversible covalent
bonds have very good potentiality to repair polymers multiple
times with good mechanical properties.2 One drawback of cova-
lent self-repairing bonds is the high activation energy.2 Covalent
bonds are comparatively strong, and a large amount of energy
(heat or light) is required to break and reform the bonds.41

Several types of reversible covalent bonds like cycloaddition
reactions, exchange reactions, and transesterification reactions
can be utilized for self-healing purposes.

3.1.1.1. Cycloaddition reactions. Cycloaddition is a reversible
covalent reaction where unsaturated molecules join together
and form a ring.42 Diels–Alder (DA) thermoreversible reaction is
a common cycloaddition reaction where reversible cross-
linking occurs through a [4+2] cycloaddition involving a diene
and a dienophile as precursors (Fig. 2).42 The notation within
the brackets denotes the number of electrons each molecule
provides.42 Similar to other addition reactions, the DA reaction
is useful for polymer preparation where a multifunctional diene
and dienophile are used as monomers.43,44 The DA reaction
does not require any additional chemical like catalysts, and it is
ideal for the synthesis of repairable polymers.41 In addition to
that, a reversible DA reaction does not involve free radicals,
which is helpful for the limitation of the side reaction and
avoiding reconversion.45

A number of self-healing materials like epoxies, polyacrylates,
and polyamides can be developed utilizing DA reactions.46

At elevated temperatures, the bond between diene and dienophile
breaks. After that lowering, the temperature causes the bonds to
reform and heal the cracks.47 Fortunato et al. obtained reversible
networks by reacting a series of linear copolymers of furfuryl
methacrylate with aliphatic bismaleimides through the DA

Fig. 2 Diels–Alder reaction.
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reaction between furan and maleimide moieties and developed
highly transparent and colorless self-healing polyacrylate
coatings.48

One of the drawbacks of DA reactions is that it requires
higher temperatures to activate the self-repair process.2 The
activation temperature of the retro-DA reaction is above its
glass transition temperature (100 1C).2

In order to reduce the healing temperature, researchers
employed photochemical cycloadditions ([2+2] cycloaddition
of 1,1,1-tris-(cinnamoyloxy-methyl)ethane (TCE)49 or coumarin,50

and [4+4] cycloaddition of anthracene derivatives)27 which provide
an optically induced self-healing process at lower temperature.2

Self-healing chemistry of these materials is similar to DA reactions
where light at different wavelengths is utilized for ring opening
and closing the bond within a polymer network (Fig. 3).49 For
example, polymerization of 1,1,1-tris-(cinnamoyloxymethyl)ethane
(TCE) monomers via photo-stimulated [2+2] cycloaddition gives a
rigid polymer.49 Coumarin [2+2] is photo-dimerized at 350 nm,
and the reaction is reversed at 254 nm.50

Cycloaddition reactions have been extensively investigated
by the researchers due to their good adaptability to various
polymers and obtaining good self-healing properties.2 Many of
the most commonly used reactions based on several recent
research studies are summarized in Table 1.

3.1.1.2. Exchange reactions. Dynamic exchange reactions,
another type of reversible covalent bond, can also be utilized
for the development of self-healing polymers.2 One of the major
advantages of an exchange reaction is that it requires lower
temperature than DA reactions for the activation of the healing
mechanism.2 Disulfide bonds (Fig. 4(a)) have the ability to give
exchange reactions between two adjacent S–S bonds via free
radical or ionic intermediates where healing of cracks or
damage can be activated at low temperatures using photolysis,
heating, or oxidation.51 Amamoto et al. incorporated thiuram
disulfide units in a low Tg polyurethane and found good self-
healing properties at room temperature under visible light.52

The concentration of disulfide groups determined the percent
recovery of strength, and healing efficiency increases with the
increases in concentration (Fig. 5).

Similar to disulfide bonds, thiol–disulfide (Fig. 4(b)) and
silicone-based (Fig. 4(c)) exchange reactions also give self-
healing properties. Tsarevsky and Matyjaszewski presented
thiol–disulfide reactions based on a polystyrene copolymer,
which provides good healing properties through subsequent
oxidation of the thiols regenerating the disulfide linkers.56

Zheng and McCarthy showed the self-healing mechanism
of crosslinked silicone-based polymers containing ethylene
bridges and active silanolate end groups synthesized from tetra-
methylammonium silanolate-initiated ring-opening copolymeri-
zation of octamethylcyclotetrasiloxane (D4) and bis(heptamethyl
cyclotetrasiloxanyl)ethane (bis-D4).57 Several of the exchange-
based self-healing materials with self-healing conditions and
efficiency are listed in Table 1.

In some cases, exchange reactions occur through free radical
intermediates.42 When cracks or damage occur in polymer
matrix, free radicals are generated due to the splitting of
covalent bonds.2 Healing occurs by restoring covalent linkages
when recoupling of free radicals occurs in opposite fractured
surfaces.2 Higaki et al. first incorporated thermoreversible
alkoxyamine reaction into a crosslinked reversible network
where crack healing occurs when free radicals are generated
after cracking.58 The self-healing capacity of free-radical
based materials depends on the mobility of free-radicals and
avoidance of radical–oxygen interactions.42 For effective self-
healing, split chain ends with reactive groups have to move to
contact each other and complete all the reactions before other
reactions, like radical–oxygen interactions, and capture of free
radicals.42,59 Healing of the damaged part will not occur if the
free radicals interact with oxygen instead of interacting with the
broken end.60

3.1.1.3. Transesterification reactions. Transesterification reactions
that normally occur between an ester group and alcohol/carboxylic
acid groups can be utilized for developing self-healing materials with
good healing and mechanical properties (Table 1). Self-healing
properties have been shown when transesterification occurs
between pendant ester and hydroxy groups and forms a net-
work with fatty acids (Fig. 6).61 Piermattei et al. investigated
transesterification reactions and found that silver(I) complexes
of polymer-functionalized N-heterocyclic carbenes were able to
effectively catalyze transesterification reactions when exposed
to ultrasound in solution.62

3.1.2. Supramolecular chemistry. Supramolecular chemi-
stry has been a center of attention for conducting research for
over 50 years.82 This chemistry has also been attracting the
main attention of researchers in the field of self-healing due to
its number of attractive properties, including reversibility,
directionality, and sensitivity.38 Compared to covalent bonds,
supramolecular interactions offer rapid network remodeling,
from fluid-like, low density, high free volume properties to
solid-like, lower free volume, elastic and plastic networks.38,42

However, there are some limitations as well. The polymers have
comparatively low glass transition temperature and poor
mechanical performance, which limits this chemistry to use
some specific applications.38,83

The self-healing of supramolecular materials are generally
obtained by the formation of non-covalent interactions that
include hydrogen bonds, metal coordination, p–p stacking,
ionic interactions, and host–guest interactions.2,84,85 Upon
applying mechanical force, the weaker supramolecular bonds
dissociate, and then due to their dynamic character of

Fig. 3 Schematic [2+2] cycloaddition upon light exposure [reproduced
from ref. 35 with permission from Elsevier].
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this chemistry, subsequent regeneration and self-healing take
place.2

3.1.2.1. Hydrogen bonds. Hydrogen bonds can be utilized to
prepare a wide range of supramolecular polymers with diverse
mechanical properties.2 In general, hydrogen bonds are weaker
than common covalent bonds, but it is possible to produce
strong rubber-like materials using hydrogen bonds (Table 2) as
they have some excellent features like directionality and affinity.2

A number of studies have revealed that combining multiple
H-bonds into a functional unit of urea isopyrimidone (Upy)
(Fig. 7) resulted in increased association strengths between
Upy units and polysiloxane, polyethers, and polyesters.86,87 For
example, Yamauchi et al. showed that enhanced mechanical
strength could be obtained if Upy was incorporated into flexible
poly(ethylene-co-butylene) and PDMS.88 Meijer and other
co-authors conducted several studies on the preparation of
stable DDAA (donor–donor–acceptor–acceptor) dimers from

Table 1 Self-healing materials, based on reversible covalent bonds. The corresponding mechanical properties, healing efficiency, and healing
conditions are also listed

Healing mechanisms Materials Healing conditions Mechanical properties Healing efficiency Ref.

Diels–Alder reactions Furan and bismaleimide are grafted
to an epoxy matrix system

150 1C for 120 min then
60 1C for 120 min

0.82 kJ m�2

(fracture toughness)
4100% 63

41.6 MPa (shear strength)
Recyclable polyurethane
nanocomposites

90 1C for 5 min, then
65 1C for 48 h

40.07 � 2.86 MPaa 490% 64

Recyclable polyurethane composites NIR laser for 30 s,
120 1C for 2 h, then
80 1C for 24 h.

24 MPaa 93.1% 65

Polyacrylate coating produced by
reaction of furfuryl methacrylate and
bismaleimides

150 1C (90 min) then
cooling at RT

— 490% scratches 48

Non-isocyanate polyurethanes 120 1C for 30 min, then
60 1C for 24 h

2.2 MPaa 100% 66

Bio-based dendritic methacrylates 150 1C, 35 h 12–20 MPa 89.04%
(razor blade cut)

67

Photochemical
[2+2] cycloaddition

Poly(TCE-co-DCE) capsules prepared
by 1,1,1-tris(cinnamoyloxymethyl)
ethane (TCE) and 1,1-di(cinnamoylo-
xymethyl)ethane (DCE)

15 min to a light of
l 4 280 nm UV light

— Reduced
crack sized

68

Cinnamoyl mechanophore 48 h UV irradiation — 24% 69
Dihydroxyl coumarin based
polyurethane

254 nm UV then
350 nm UV, 42 h

3.5 MPa 64.4%
(tensile strength)

50

Disulfide (S–S)
exchange reactions

Polyurethane nanocomposite (poly-
urethane and carbon nanotubes)

80 1C for 24 h,
Irradiation of NIR
laser for 1 min

2.99 MPaa 90.1% 70

Waterborne polyurethane RT, 24 h 12–25 MPaa 95.18% 71
Superamphiphobic coatings,
fabricated by deposition of Al2O3
nanoparticles into polyurethane
acrylic resin

80 1C for 90 min 12.8–16.5 MPaa Complete
(almost 100%)
removal of scratch

72

Polydimethylsiloxane–polyurethane 120 1C, 12 h 3.31 MPaa 97% 73

Disulfide–thiol
exchange reactions

Thermoset rubber from dipropyl
disulfide, dibutyl disulfide, and
1-penthanethiol

24 h, RT 320 KPaa Up to 99% 74

S-Aromatic
thiourethane
exchange reaction

Polythiourethane networks 160 1C, 20 min — Complete
removal
of cracks

75

Alkoxyamine Polyurethane elastomer 80 1C in argon, 2.5 h — 70% 76

Transesterification/
ester exchange
reactions

Blends of thermoplastic polyurethane
and phenoxy resin

150 1C 48.4 MPaa 100% 77

Isocyanate-based crosslinked
star-shaped polyglycolide network

120–160 1C for 10 min 10 MPaa 70% 78

Anhydride modified
polybenzoxazines

140 1C for 40 min 2.8 GPa
(storage modulus)

99% 79

Bentonite/natural rubber 150 1C, 3 h 4.5 MPaa 96% 80
CNC-containing gel Visible light — 100% 81

Healing efficiency (%) = recovered properties/original properties. a Tensile strength.
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ureidopyrimidinone (Upy) utilizing hydrogen bonds.89–91 Guadagno
and other coauthors utilized reversible hydrogen bonding for
developing carbon-based nanocomposites, which has potential
to be used in structural applications.92,93 Along with reasonable

mechanical strength, hydrogen bonds can be utilized to produce
materials with multiple healing properties at the same damaged
sites.41 However, it is required that the damaged ends come
in contact immediately after breakage. Otherwise, hydrogen
bonding units may react with the closest ones resulting in
reduction of healing capability.41

3.1.2.2. Metal–ligand coordination. Metal–ligand coordination
bond formation, another noncovalent supramolecular inter-
action, occurs between a metal ion (known as coordination
center) and its surrounding array of organic molecules (known
as a ligand).94 These coordination bonds have very good
potentiality for developing self-healing polymers due to their
special properties: spontaneous metal bond formation ability
and highly tunable bond energies.95 In some cases, the bond
can be thermodynamically stable but kinetically liable to
change.95 The strength of coordination bonds lies between
covalent bonds and van der Waals interactions, but it is
possible to alter the bond strength with a precise combination
of ligand and metal ion.95 The capability of altering the bond
strength offers reversibility similar to that of H-bonds and is
very much favorable for developing self-healing materials.2

Fig. 4 Schematic representation of the exchange reaction. (a) [2+2] metathesis (red) and [2+1] radical-mediated (blue) mechanisms [reproduced from
ref. 53 with permission from The Royal Society of Chemistry]. (b) Oxidative disulfide formation from thiols [reproduced from ref. 35 with permission from
the Elsevier]. (c) Siloxane exchange reaction (used only top part)54 [reproduced from ref. 54 with permission from the ACS].

Fig. 5 Recovery of strength (%) of healed samples with different con-
centrations of disulfide groups [reproduced from ref. 55 with permission
from the ACS].

Fig. 6 Hydroxy and ester groups undergo transesterification reactions [reproduced from ref. 35 with permission from Elsevier].
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However, the healing temperature is relatively high because of
high coordination bond strength, and there is a dearth of soft
portions (Table 2).2

Theoretically, it is possible to produce self-healable materials
using all types of ligands due to the tunability of bond strength by

changing the metal ions. But, in practice, several factors need to
be considered before choosing ligands, including availability of
the starting materials, the level of complexity in synthesizing the
ligand, and the degree of difficulty in incorporating the ligand
into a polymer matrix.95 Some ligands are soluble in water, which

Table 2 Self-healing materials, based on supramolecular chemistry with the corresponding mechanical properties, healing efficiency, and healing
conditions

Healing
mechanisms Materials

Healing
conditions

Mechanical
properties Healing efficiency Ref.

Hydrogen bonding Actuators, manufactured by embedding carbon
nanotubes into elastomer

NIR light, 66 1C,
for 2 s

12.52 MPaa 87.68% (toughness);
99.50% (actuating)

106

Ureido-pyrimidinone functionalized PLA grafted with
PEG

24 h, RT — 99.4% (Coulombic effi-
ciency after 350 cycle)

107

Polycarbonate hydrogel from 2-methyl-2-benzyloxy
carbonyl propylene carbonate and methoxy PEG

4 h, RT 0.5–1.5 MPa
(storage
modulus)

Almost completely heal
the scratch

108

Epoxidized natural rubber embedded with nanochitin,
carboxymethyl chitosan, and carbon nanotubes

24 h, RT 3.5 MPaa 91% 109

Polyurethane elastomer/polypropylene glycol 45 1C, for 120
min

Up to 33.6 MPaa 79.85% 110

Metal–ligand
coordination

Hydrogels from acrylamide and hydrophobic acrylic
monomer

10 min at RT 51.34 KPaa 100% (stress) 111
90% (energy)

Methyl vinyl silicone rubber, coated by carbon
nanotubes and silver film

120 1C for 84 h 130 KPaa 84–91% 112

Ni2+ coordination of PEG with bistriazole pyridine
ligands

2 min at ambi-
ent temperature

— Completely heal, no
scratch

113

Polydimethylsiloxane-based soft polymer, imine-based
ligands

2 h, RT 0.23–10.2 MPa
(elastic modulus)

61–88% 114

Metal–ligand domains into the carboxylated nitrile
rubber

80 1C for 24 h 4.3–10.3 MPa 88–100% 115

p–p interactions Cyclometalated platinum(II) complex/
polydimethylsiloxane

12 h, RT 300 KPaa Almost 100% 116

Chitosan/graphene oxide RT — 91% (compressive
stress)

117

Pyrene-containing poly(e-caprolactone) network and
single-walled carbon nanotubes

NIR light for
120 min

21–32 MPaa Scratch completely
removed

118

Azobenzene-containing liquid crystalline polyester 60 1C for 5 h 12.8 MPaa 73.5% 119

Ionomeric
interactions

Poly(styrene-co-methacrylate) and poly(styrene-co-
itaconate) ionomers

60 1C for 4 h — 97% 120

Natural rubber-based carboxylate ionomers 80 1C for 2 h 2.7 MPaa 75% 121
Zwitterionic copolymers containing sulfobetaine
moieties

120 1C for 2 h — 98% 122

Ionomeric carboxylated styrene–butadiene polymer 100 1C for 3 h 5.2 MPaa 68% 123
1-Butyl-3-methylimidazolium hydrogen sulfate RT, 24 h 15.8 KPaa 93.8% 124

Host–guest
interactions

Cyclodextrin and adamantane 60 1C for 10 min 2.5–8 MPaa 70–72% 125
Thermoplastic polyurethane, prepared by
hexamethylene diisocyanate and tetraethylene glycol

80 1C for 7 min 11 MPaa 87% 126

Polymer hydrogel of poly(N-isopropylacrylamide) 37 1C for 20 min 250 kPa (storage
modlus)

Fully recover of
mechanical properties

127

Silk fibroin-based hydrogels modified with cholesterol
(guest) or b-cyclodextrin (host)

2 h at RT 3.16 MPa 93.78% 128

p(HEMA-co-BA)–Fe3O4 RT — 94.98% (electro-
magnetic absorption)

129

40% (tensile)

Diels–Alder and
hydrogen bonds

Multi-arm UV-cured polyurethane, N,N0-(4,40-
methylenediphenyl)bismaleimide, and furfuryl alcohol

120 1C, 10 min — 100% 130

Disulfide and
hydrogen bonding

Poly(vinyl alcohol)-graft-(e-caprolactone) 12 h at 90 1C 20 MPaa 94% 131

p–p stacking and
hydrogen bonding

PDA/Fe3O4/carbon black/PAM RT — 100% 132

Healing efficiency (%) = recovered properties/original properties. a Tensile strength, RT = room temperature.
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may not be desirable under some circumstances.38 Until now,
several ligands have been shown to be successful in coordinating
with metal ions and produce self-healing polymers, including
catechol (Fig. 8), histidine, pyridinyl, and carboxylate.95

3.1.2.3. p–p stacking interactions. p–p stacking interaction,
another non-covalent interaction, that occurs between end-capped
p electron-deficient groups and other p electron-rich aromatic
backbone molecules,38 can be utilized for the development of
thermal-triggered reversible self-healing materials (Table 2).
Burattini and other co-authors utilized aromatic p–p stacking
between the p electron-deficient diimide groups and the p
electron-rich pyrenyl units and developed an elastomeric, self-
healable, supramolecular polymer blend consisting of a chain-
folding polyimide and a telechelic polyurethane with pyrenyl
end groups (Fig. 9).11 The tested results showed good self-
healing efficiency after damage with 95% regains of tensile
modulus, 91% regain of the elongation at break, and 77%
regain of toughness.11

One of the advantages of p–p stacking interaction is that
self-healing can be achieved at a wide range of temperatures

(B50–100 1C) as Tg of the polymeric materials can be altered
by adjusting the spacer and the composition of the blend.38

For example, a blend of folding ‘‘tweezer-type’’ polyimide
and linear polysiloxane as a backbone heals at 100 1C
temperature,96 whereas the healing temperature of a poly-
imide–polyamide network is 50 1C.97 The limitation of this
mechanism is that the bonded strength within the network is
relatively weak.42

3.1.2.4. Ionomeric interactions. Ionomeric interactions, another
process of producing self-healing materials, mainly occur when
ionomers form in the polymer matrix.98 Ionomers comprise up to
15% of ionic groups that can form clusters and act as reversible
cross-links.17 Healing of materials, initiated by high impact,
occurs immediately and autonomously in the absence of healing
agents, additional heat, stimuli, or any other external species
(Fig. 10).41,99 When a projectile impact disrupts the ionomeric
network, heat generates due to the friction between the projectile
and the material. The produced heat is passed to nearby damaged
areas of the polymer network resulting in localized melting. After
that, the molten surfaces merged together as polymer chains

Fig. 7 Self-healing utilizing H-bond formation in a functional unit of urea isopyrimidone (Upy) [reproduced from ref. 38 with permission from the
Royal Society of Chemistry].

Fig. 8 Coordination bond between catechol ligands and Fe3+ [reproduced from ref. 38 with permission from the Royal Society of Chemistry].
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with high mobility.42 Several other researchers developed self-
healing materials based on ionomeric interactions, which are
summarized in Table 2. Kalista et al. investigated a self-healing
mechanism of a number of poly(ethylene-co-methacrylic acid)
copolymers following projectile puncture and found that ionic
interactions are responsible for puncture reversal.31,100 Their
experiment revealed that instead of external heat or any other
external stimuli, heat was generated during projectile puncture,
which stimulates polymer diffusion in a damaged area, and
repairs occur at low temperature, even at �30 1C.31,100 However,
the application areas of this mechanism are still limited because
healing happens only within a narrow temperature range and only
when the damage produced by projectiles is in specific shapes.101

3.1.2.5. Host–guest interactions. Host–guest chemistry, a
branch of supramolecular chemistry where a host molecule
interacts with a guest molecule or ion, has become important
in many biological and chemical processes. A host molecule
normally consists of structures with large cavity volumes
such as cyclodextrins (CD), cucurbiturils (CB), or calixarenes.
Guests usually have matching shapes with host molecules and
undergo different noncovalent interactions with host molecules,
including hydrogen bonding, electrostatics, and van der Waals,
and hydrophobic interactions.103 Synthetically produced host–
guest pairs have the capability to provide reversible guest
exchanges, which may be utilized for the fabrication of self-
repairable supramolecular gels.2,104

Kakuta et al. utilized host–guest interaction and developed
self-healable supramolecular materials composed of cyclo-
dextrins (CD) – guest gel crosslinked between poly(acrylamide)
chains with inclusion complexes (n-butyl acrylate and N-adaman-
tane-1-yl-acrylamide dissolved in aqueous solutions of acrylamide-
CDs to form inclusion complexes) (Fig. 11).105 The produced self-
healable material was capable of recovering its initial strength
even after being sectioned in the middle.105 Several other
researchers also found similar results, which are summarized in
Table 2.

3.1.3. Comparative analysis. A statistical comparison of
required time, temperature, and obtained healing efficiency
was conducted among several intrinsic healing methods
(Fig. 12). Data were collected randomly from several available
published research studies. One-way analysis of variance and
Tukey HSD methods were used to check whether there are any
significant differences in healing conditions and healing effi-
ciency among several intrinsic healing approaches. In statisti-
cal analysis, the group mean of all compared variables (several
intrinsic healing methods) is calculated, which is denoted by a
horizontal straight line in Fig. 12. Similarly, average time/
temperature/efficiency and 95% confidence interval of each
individual variable (intrinsic healing method) are calculated
(Fig. 12). If the 95% interval of any individual method doesn’t
contain the value of group mean, then that method is consi-
dered significantly different than other methods.

From the statistical analysis of several self-healing reactions
in terms of healing time, temperature and efficiency, it was
found that there is a significant statistical difference among
several intrinsic approaches in terms of healing temperature
and healing efficiency (p o 0.05) (Fig. 12(b and c)) but no
significant difference in healing time (Fig. 12(a)). It is found
that DA and transesterification reactions require significantly
higher temperatures (p o 0.05), whereas hydrogen bonds
require significantly lower temperatures (p o 0.05) for self-
healing compared to other intrinsic healing approaches. In the
case of healing efficiency, photochemical cycloaddition provides
significantly lower healing efficiency (p o 0.05) compared to other
self-healing methods.

Fig. 9 Structure of the electronically complementary p–p stacking inter-
action between a bis(diimide) chain fold in polyimide [reproduced from
ref. 11 with permission from the ACS].

Fig. 10 Schematic presentation of self-healing ionomers [reproduced
from ref. 102 with permission from the Wiley].

Fig. 11 Host–guest interaction of the aCD–nBu gel(m, n) and the bCD–Ad
gel(m, n) [reproduced from ref. 105 with permission from the Wiley].
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Since the data for these analyses were obtained by different
researchers under different conditions, one has to be careful
with this interpretation. However, the data were randomly
selected for analysis to minimize the effect of intrinsic variables.

3.2. Physical interactions

Polymeric materials can recover their properties through physical
interaction.133 The healing process, after damage, can be initiated
simply by entropy of molecular diffusion (Fig. 13) caused by an
external stimulus like heating.35 When polymeric materials are
heated, diffusion of the polymer chain occurs and results in the
formation of new entanglements and closure of the crack.134,135

Several researchers utilized this mechanism to develop
self-healing materials (Table 3). Yamaguchi et al. developed

self-healing materials utilizing molecular diffusion and entan-
glement of dangling chains in a weak PU gel.137,138 Rahmathullah
et al. demonstrated that epoxy-amine thermoset materials showed
multiple self-healing properties when the materials were heated at
185 1C temperature as molecular diffusion occurred due to
heating.139 Both thermoplastic and thermosetting polymers have
the capability of self-healing by molecular diffusion.

Thermoplastic polymers are very much suitable to introduce
self-healing properties by molecular interfusion as molecules
within this polymer become mobile at temperatures above their
glass transition (Tg) temperature.140,141 When two parts of the
damaged or cracked polymer are brought into contact at a
temperature above the glass transition (Tg), the molecular
diffusion occurs between two parts resulting in healing of the

Fig. 12 Analysis of variance and Tukey HSD test to compare time (a), temperature (b), and efficiency (c) of several healing approaches.
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cracks and recovery of mechanical strength of those polymers.141

Experimental results regarding healing conditions also revealed
that polymers generally heal at atmospheric pressure or in a
vacuum, with a range of temperature from �50 to +100 1C, and
time from minutes to years.141 However, in some thermoplastic
polymers like PMMA, the Tg is relatively high (above 100 1C)
and requires high temperature for the initiation of self-healing.
This limitation can be overcome by mixing the polymer with a
substance that has a plasticizing effect on the polymer. For
example, Lin et al. and Wang et al. treated PMMA with methanol
and ethanol, respectively, and reduced the effective glass transition

temperature of PMMA to a range of 40 to 60 1C.134,142 Sirajuddin
and Jamil demonstrated self-healable hydrogel of poly(2-
hydroxyethyl methacrylate), where 92% healing efficiency was
achieved due to the intermolecular diffusion of dangling chains
and the chain slippage when the damaged hydrogel was heated
to 48.5 1C.143

Similar to thermoplastic, thermoset polymers can also
achieve healing properties via physical interactions. At ambi-
ent or increased temperatures, healing of cracks or damage
occurs in the polymeric network through interdiffusion of
dangling chains or chain slippage.138 However, thermosetting

Fig. 13 Schematic of physical self-healing process [reproduced from ref. 136 with permission from the Wiley].

Table 3 Remote, SMASH, and physical interaction based self-healing materials. The corresponding tensile strength, healing efficiency, and healing
conditions are also listed

Healing
mechanisms Materials Healing conditions

Tensile
strength
(MPa)

Healing
efficiency Ref.

Diffusion of
polymer chains

PVAc/graphene 60 1C — 89% 162
Lignin-modified graphene and waterborne PU Infrared — 171% (elastic

modulus)
163

n-Butyl acrylate based zinc ionomer with magnetic
nanoparticles

70 1C for 30 min or magnetic field
for 15 min

— 90% 164

Polymer blends Epoxy resin and cyclic olefin copolymer 190 1C for 1 h 20–35 89% 165
Thermosetting vitrimer with thermoplastic
polyurethane

RT, 3 min 0.46 Fracture surface
joined

166

Polymer blends
and shape
memory

PU elastomer and a low melting temperature
Polycaprolactone

90 1C for 30 min 37.2 100% 167

Shape memory
assisted
self-healing

Polycaprolactone and polyfurfuryl methacrylate 120 1C, 15 min 13 75.1% 168
Graphene oxide incorporated into a thermoset PU NIR (2.5 W cm�2) light for 30 min 16.6 85% 169
Epoxy vitrimer, fabricated by epoxy soybean oil and
fumaropimaric acid

180 1C for 60 min 16 Reducing crack
size

170

Epoxy/polycaprolactone copolymers cured with
cashew nut shell

80 1C for 4 h 12.52 93.7% 171

Boron nitride/epoxy composites 140 1C for 2 h 55 Almost 100% 172

Shame memory
and remote
self-healing

Poly ethylene glycol (PEG), poly(e-caprolactone), and
2-ureido-4-pyrimidone supramolecular moieties

70 1C for 10 min and irradiating
with light (365 nm) for 1 min

7.2 86% 173

Remote
self-healing

Fluorescence-responsive hydrogel with a triple
network structure, prepared from PVA, agarose,
chitosan, and glycerin

RT, 1 min 10.21 100% 174

Polyurethane nanocomposite and carbon nanotubes 80 1C for 24 hours or NIR irradia-
tion for 1 min

3.64 91.1% (heat),
84.9% (NIR)

175

Azobenzene-functionalized multiwalled carbon
nanotubes

NIR (808 nm) irradiation for
15 min or UV (365 nm) irradiation
for 25 min

— Almost recover
the scratch to
original

176

Healing efficiency (%) = recovered properties/original properties.
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materials have more limitations than thermoplastics as they
cross-link together during the manufacturing process and
form an irreversible chemical bond.144 Hence, the glass tran-
sition temperature of the polymer is very high. For obtaining
mobility, it is necessary to heat to very high temperatures
where molecular degradation may occur, and materials can
lose their stability.35 These limitations can be minimized by
blending thermoplastic additives into a thermoset polymer
matrix (Table 3).

Self-healing materials can also be obtained by incorporating
low melting thermoplastic additives into a thermoset matrix.
Upon heating, the thermoplastic material would mobilize and
diffuse through the thermosetting matrix resulting in crack
healing.17 Hence the original thermoset matrix will remain
stable. Healing will occur due to the flow of low melting
thermoplastic additives, which will solidify again upon removal
of heat. This technology was first reported by Zako and Takano
in 1999, where thermoplastic additives were embedded in a
glass/epoxy composite.145 About 100% healing of stiffness was
obtained when damaged materials were heated at 120 1C for
10 min.145 Hayes et al. blended a thermoplastic material of
linear poly(bisphenol-A-coepichlorohydrin), into thermosetting
resin composites and obtained a self-healable material that can
recover its 70% pre-fractured strength after healing at 130 1C
for 1 h.146 Luo et al. developed a thermally re-mendable
thermoset epoxy resin by dispersing phase-separated poly-
(caprolactone) in an epoxy matrix.147 When the material is
heated at 190 1C for eight min, the PCL melts and undergoes
a volumetric thermal expansion to fill the damage with
thermal-mending efficiencies of about 100%. Several other
researchers also introduce healing properties to thermoplastic,
thermosetting and blended materials using a physical inter-
action method, which is summarized in Table 3.

3.3. Shape memory assisted self-healing

Shape memory materials are characterized by the ability to
recover their original shape from a significant and apparently
plastic deformation upon application of a specific stimulus like
temperature, electrical or magnetic fields, solution, or light.38,148

Shape memory assisted self-healing (SMASH) materials have
attracted increasing attention of researchers, as both self-
healing and shape memory properties are intelligent and have
promising applications.149

One of the biggest concerns of developing self-healing
materials is that, in some cases, it is necessary to manually
close or bring in contact the two damaged parts for the
initiation of self-healing. SMASH materials have excellent
potential to overcome this limitation. In this process, the cracks
or damaged parts will close automatically as shape-memory
materials have a shorter predefined memorized shape, which
generates a shrinking force on split parts and forces them to
return back to the original position (Fig. 14).150 Due to this
excellent feature, a number of research projects to fabricate
self-healing materials utilizing shape-memory properties have
been growing over the last few decades (Table 3). Cheng et al.
patented Self-healing tribological surfaces in 2006, where

complete recovery of scratched surfaces has occurred upon
heating to 150 1C and then cooling the materials.151 Luo and
Mather reported SMASH coating fabricated by electro-spun
thermoplastic poly(e-caprolactone) fibers, which were randomly
distributed in a shape-memory epoxy matrix.152 The obtained
SMASH coatings not only heal structural damage but also func-
tionally restore nearly total corrosion resistance.152 Rodriguez
et al. demonstrated SMASH, fabricated by blending a cross-
linked poly(e-caprolactone) network with linear poly(e-
caprolactone) and obtained excellent self-healing of films with
nearly complete healing properties.153

3.4. Remote self-healing

Remote self-healing is a process of using energy (like electric
and magnetic fields) from remote sources and converting this
energy into localized heat in damaged areas.2 Due to this
localized heat, chain mobility of polymers in damaged areas
increases, and interfacial diffusion occurs, which causes self-
repairs.38 One of the examples of remote self-healing is using
superparamagnetic g-Fe2O3 into a thermoplastic polymer net-
work (Fig. 15).154 When damage occurs, a remotely oscillating
magnetic field is applied, which causes oscillation of g-Fe2O3

nanoparticles, and as a result, generates heat, and interfacial
diffusion occurs. Finally, permanent self-healing (multiple
times) on the polymer network has been observed with a
healing efficiency of up to 98% in terms of Young’s modulus
and strain at break.154

Another method of remote self-healing is the use of selective
wavelengths that have the ability to transform electromagnetic
radiation into other forms of energy.38 Some metal nano-
particles like AuNPs and AgNPs can transform incident light
(usually near-infrared spectrum) into local heat by generating
surface plasmon resonance, resulting in initiation of localized
healing.155–160 Similarly, graphene layers within a polymer
matrix cause localized heating upon application of infrared
light, electricity, or electromagnetic waves.42 Huang et al. inte-
grated few graphene layers with a thermoplastic polyurethane
matrix. It was found that the polymer composite repeatedly
healed (up to 20 cycles) with excellent healing efficiencies,
higher than 98%, when infrared light, electricity, or electro-
magnetic waves were applied to the composite.161

Fig. 14 Schematic illustration of the shape memory assisted self-healing
[reproduced from ref. 152 with permission from the ACS].
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4. Extrinsic self-healing

The mechanism of extrinsic self-healing is completely different
from the intrinsic one. Here, the material itself does not give
any reversible or healing reaction. A healing agent, which is
stored in a container (capsules, vascular networks, or nano-
particles), has to be inserted into the materials during the
production process. As soon as cracks occur within the materials,
the capsules or vascular networks rupture, release the healing
agent into the crack planes due to the capillary effect, fill the
damaged surface, and restore surface integrity by curing.35,177

Catalysts are embedded, which trigger the polymerization
of healing agents and restore the crack surface.178 Materials
used as a liquid healing agent must contain certain properties,
including good stability (to store in the capsule/vascular network
for long periods without reaction), suitable flowability (to fill the
damage easily by capillary action), and fast reactivity with the
matrix for quick healing.3,17,179 The mechanical properties of
the healing agent should be similar to the matrix where it was
incorporated.3,17,179

So far, a number of materials have been developed using
several healing agents like dicyclopentadiene (DCPD), epoxy
and amine, mercaptan, phenylacetate, ethyl phenyl acetate,
chlorobenzene, linseed oil, tung oil, and alkyd resins.180 White
et al. first reported a microcapsule-based self-healing material
incorporating DCPD healing agent triggered by a ruthenium-
based Grubbs’ catalyst that initiates ring-opening metathesis
polymerization (ROMP) resulting in bonding of the crack
surface.18 Ruthenium-based catalysts exhibit excellent func-
tional group tolerance and higher air and water stability, but
thermolytic decomposition limits the usefulness of these
catalysts.181,182 In order to overcome this limitation, Guadagno
et al. used a Hoveyda–Grubbs’ second-generation catalyst to
polymerize healing agents at high temperatures.181

In some structural applications, like in the field of aero-
nautic applications, self-healing mechanisms should be carried
out at very low temperatures. Raimondo et al. developed self-
healing materials which have healing functionality as low as
�50 1C and have very good potentiality to be used in aeronautic
applications.178 The material was developed based on the

metathesis polymerization of 5-ethylidene-2-norbornene/
dicyclopentadiene (ENB/DCPD) blend activated by a Hoveyda–
Grubbs’ 1st generation (HG1) catalyst.178 The experiment
revealed that the lower healing efficiency (72%) is related to
the deactivation of some catalyst particles which are in contact
with the oxirane rings (during the curing reactions), reducing
the amount of active catalyst in the ROMP reactions.178 When a
Hoveyda–Grubbs’ 1st generation catalyst is solubilized at a
molecular level, an equimolecular reaction occurs between
the epoxide ring and alkylidene of the ruthenium resulting in
deactivation of the catalyst, lower healing efficiency, and
increase of the cost of the catalyst based self-healing system.178

This catalyst deactivation was overcome by the authors in their
subsequent research and increased healing efficiency by about
95%.183 In subsequent research, Guadagno et al. prepared a
protected Ru-catalyst, immobilized on graphene sheets that
causes the hindrance of catalyst deactivation because of equi-
molecular reactions occurring between the catalyst complex
and the oxirane ring.184 Longo et al. synthesized a new stable
ruthenium initiator suitably designed for self-repairing appli-
cations which preserves the catalytic activity at high tempera-
tures (180–200 1C), rapidly polymerizes cyclic olefins in reactive
environments, reduces the amount of initiator and cost of
structural self-healing materials, and provides healing effi-
ciency of 103%.185

4.1. Chemistry of extrinsic healing

Chemical reactions occur in extrinsic healing approaches among
healing components and matrix materials to form permanent
bonds and repair the materials. Most of these reactions occur
by forming covalent bonds, some of which are discussed in the
previous section (reversible covalent bonds). Along with reversible
covalent bonds, several other nonreversible bonds, including living
polymerization, ring-opening, and polycondensation reaction, have
been utilized to form bonds among healing components and
matrix materials.

4.1.1. Living polymerization system. Living polymerization
is very effective in producing different kinds of tailor-made
polymers with controlled molecular weight and molecular

Fig. 15 Remote self-healing based on magnetic nanoparticle incorporated thermo-plastic polymers [reproduced from ref. 2 with permission from
Elsevier].
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weight distribution. This polymer has the ability to continu-
ously grow its chain length without chain transfer and termina-
tion (Fig. 16) as long as the monomer is available. Due to this
special feature, living polymerization has become an attractive
approach for producing self-healing materials.3 The mecha-
nism of controlled living polymerization could be explained
as the occurrence of equilibrium between a dormant (non-
propagating) species and a cationic (highly reactive) species
(Fig. 16).186 Dormant species can either be a covalently bound
group (like halide) or the reaction product of the carbenium ion
with an (added) nucleophile or electron donor (Fig. 16).141

The manufacturing process of living polymerization can be
accomplished by both ionic polymerization and free-radical
polymerization. For designing self-healing materials, a free
radical living polymerization process is likely more suitable
due to its high reactivity.141,187,188

One of the commonly used living polymerizations in self-
healing processes is atom transfer radical polymerization
(ATRP). ATRP is incorporated as a healing component in the
matrix in the form of capsules or a vascular system. Whenever
crack occurs in the matrix, monomer is released, and cracks
re-bond, continuously healing the matrix at ambient temperature.3

So far, several methacrylate monomers, including methyl
methacrylate, benzyl methacrylate, and glycidyl methacrylate,
have been effectively homopolymerized in ATRP systems.3

4.1.2. Ring-opening reaction. The first study of self-healing
materials, published by White et al., was the ring-opening
metathesis polymerization (ROMP), which is a polymerization
process where cyclic olefins transform into linear polymers
containing olefins in the main chain.18 Dicyclopentadiene
(DCPD) assisted by Grubbs’ catalyst embedded in the epoxy
matrix composite (Fig. 17) is the most known and widely
investigated healing chemistry in the ROMP.3 Mauldin et al.
studied the self-healing kinetics based on stereoisomers
of DCPD where it was found that, among two isomers of
DCPD (endo-DCPD and exo-DCPD), a higher percentage of
endo-isomer (in endo/exo-isomer blend) assists to get compara-
tively higher healing efficiency (Fig. 18(a)) while exo-isomer
polymerizes comparatively faster (Fig. 18(b)).189

Although DCPD and Grubbs’ catalyst are the most explored
healing chemistry of ROMP, they have some drawbacks as well.

The melting temperature of Grubb’s catalyst is low (153 1C),
and its reactivity alters and decreases with prolonged exposure
to oxygen and moisture.190 To avoid these limitations,
Kamphaus et al. investigated tungsten chloride (WCl6), which
has relatively high melting point (275 1C),191 and Lee et al.
proposed 5-ethylidene-2-norbornene (ENB), which is known for
much faster ROMP reaction.192 Several other researchers also
suggested ENB as a prospective material for the polymerizable
monomer of a two-component healing agent based on the
ROMP mechanism.193–198 However, Aı̈ssa et al. mentioned that
the formed cross-link structure of ENB is relatively weaker than
the polymerized linear chain structure created using DCPD.199

Hence some others suggested combination of DCPD and ENB
to obtain a balance of reactivity and structural strength.200

4.1.3. Polycondensation. Polycondensation, a process of
forming polymer where water or a similar simple substance is
released, provides several benefits when it is utilized in devel-
oping self-healing materials.23 This approach provides high-
temperature healing (4100 1C) for thermoset systems. The
healing chemistry stays stable in a water or air environment,
and the process is generally available at comparatively low
cost.3 Due to these special advantages, several researchers
developed self-healing materials using a polycondensation
approach. Cho et al. investigated a polycondensation-based
mechanism using di-n-butyltin dilaurate (DBTL) as the catalyst
and a mixture of hydroxyl end-functionalized poly(dimethyl-
siloxane) (HOPDMS) and poly(diethoxysiloxane) (PDES) as the
healing agent (Fig. 19).201 Cho et al. prepared self-healing
coatings,202 and Moll et al. developed woven fiber-reinforced
composites based on this mechanism.203

4.2. Capsule-based self-healing

One of the most common extrinsic self-healing methods is capsule-
based healing, where chemicals are encapsulated within a suitable
material. Originally, the encapsulation techniques within the mate-
rials were evolved from nature. For example, natural latex is
encapsulated in elongated plants’ cells called laticifers.37 In some
trees, like Hevea brasiliensis, the function of latex is to heal physical
damage.204 Inspired from nature, synthetic materials are also
designed by incorporating capsules, ranging from macroscale to
nanoscale, in order to obtain healing properties.

Fig. 16 Mechanism of a living polymerization [reproduced from ref. 141 with permission from the Elsevier].
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Among different ranges of capsule size, microcapsule-based
systems have drawn much interest during the last decade
where micron-sized particles, normally liquid healant or
liquid crosslinking hardeners (e.g., catalyst), are encapsulated
in an inert shell.150 The role of the inert shell is to isolate and
protect the encapsulated substance from unwanted or unde-
sirable reactions in the external environment.150,205 These
microcapsules are then embedded in the matrix, either a
single or double or a dual-microcapsule archetype. In single
microcapsule-based systems, the catalysts are co-distributed
throughout the matrix material to initiate curing.83 In double
or dual-microcapsule-based systems, liquid healant and cross-
linking hardeners are encapsulated in separate capsules.133

In double-walled microcapsules, two healing components are
incorporated in the same microcapsule, separated by the shell

wall. Fig. 20 illustrates the single capsule-based self-healing
concept.

Researchers have developed a number of self-healing
materials based on the capsule-based approach (Table 4).
White et al. developed the first successful autonomic self-
healing technology based on this approach, where 75% of
toughness was recovered after damage.18 Brown et al. reported
a 90% recovery of fracture toughness after healing and demon-
strated the effects of size and concentration of microcapsules
on healing performance.206

4.2.1. Encapsulation techniques. Healing agents need to
remain inactive for a long period of time until cracks occur in
the material. To obtain this property, healing agents are encap-
sulated for protection against environmental influences before
incorporating them into the matrix.3 There are several available

Fig. 17 ROMP of endo- and exo-DCPD with first-generation Grubbs’ catalyst.

Fig. 18 Effect of DCPD on self-healing materials. (a) Effect of exo/endo-DCPD blends on healing efficiency. (b) Progress of healing efficiency for endo-
and exo-DCPD with time [reproduced from ref. 189 with permission from the Royal Society of Chemistry].

Fig. 19 Schematic illustration of polycondensation between HOPDMS and PDES [reproduced from ref. 3 with permission from Elsevier].
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techniques for the encapsulation and protection of reactive
materials, including interfacial, in situ, coacervation, mini-
emulsion polymerization, or meltable dispersion.17 However,
for developing self-healing materials, all encapsulation techniques
are not practical, and efforts have been mainly focused on in situ,
mini-emulsion, and interfacial polymerization. Interfacial and
in situ polymerization can be utilized to produce micro size
capsules and keep the healing materials stable and unreactive
for a longer period of time,37 whereas a mini-emulsion process can
be used for manufacturing nanosize capsules.207

4.2.1.1. In situ polymerization. In situ polymerization was
the first encapsulation technique utilized by Brown et al. to
produce microcapsule containing DCPD with poly(urea-
formaldehyde) as the shell material.208 The shell material,
produced by in situ polymerization, is hydrophilic35 and the core
healing agent is hydrophobic,35 which acts as the dispersed
phase. The shell was produced by dissolving monomers and
initiators, either the dispersed or the continuous phase.3 Poly-
merization, initiated by heat and catalyst, normally occur or
accumulate on the surface of the core material droplets result-
ing in microcapsules with the desired core material.3,35 The
produced microcapsules are normally spherical in shape with
an average diameter from 10 to 1000 mm.3 So far, this technique
has been successfully used to produce urea-formaldehyde,
melamine-formaldehyde, melamine-urea-formaldehyde (UF),
phenol-formaldehyde, and several other microcapsules.37

4.2.1.2. Interfacial polymerization. Interfacial polymerization
is another encapsulation technique that has been successfully

utilized to produce several microcapsules, including poly-
urethane and polyacrylate.37 For example, Liu et al. developed
a self-healing coating where they utilized interfacial polymeri-
zation of epoxy resin droplets with ethylenediamine to produce
microcapsules.209

In this technique, microcapsules are produced by dispersing
one phase containing a reactive monomer (normally core
material) into a second immiscible phase.210 After that, another
monomer that is soluble in the dispersed phase is added.3 Both
monomers react at the droplet surface (interface), forming a
polymeric membrane around the core material.210 This techni-
que can also be utilized for producing double-shell wall
microcapsules.37 For example, Caruso et al. produced robust
double-walled polyurethane/poly(urea-formaldehyde) micro-
capsules for developing self-healing materials.211 A double shell
wall is also used when two reactive healing agents are utilized
to develop self-healing materials.35

Interfacial polymerization is very much suitable for produ-
cing microcapsules with high encapsulation efficiency. However,
in certain cases, microcapsules contain unreacted shell
monomers, which may react and deactivate the core materials.3

4.2.1.3. Miniemulsion polymerization. Minieemulsion poly-
merization has been used to produce nano size capsules. In
some applications, especially in thin coating and biomedical,
nano-size capsules between 50 and 300 nm are highly suitable
for developing self-healing materials. A miniemulsion techni-
que can be utilized in these cases to produce stable and
narrowly distributed capsules with sizes ranging from 50 nm
to 500 nm.207 For example, Van den Dungen and Klumperman
synthesized liquid-filled nanocapsules with a size range of
150 nm to 350 nm for self-healing through the miniemulsion
technique.212 However, this technique is not suitable for heal-
ing of large size cracks as produced nanocapsules cannot store
a sufficient amount of healing materials.3

4.2.2. Factors affecting the size of microcapsules. The size
of microcapsules and shell wall thickness is very important as
these properties determine the quantity of healing agents, area
of applications, and healing efficiency of the materials.213

Capsules with bigger size and thinner shell wall can contain a
higher amount of healing agents that will help healing of larger
cracks. But larger capsules may significantly influence the
properties of host materials, the propagation of cracks, and
the roughness of the materials’ surface.37 In the case of smaller
capsules, the amount of healing agent is limited, and for
healing a larger crack, a higher ratio of capsule/host material is
required.214 Hence, it is essential to carefully design the size of
the capsule and the ratio of the capsule/material so that
optimum healing efficiency can be achieved with the minimum
change in host material properties. Several factors, including
temperature, agitation rate, propeller geometry, surfactant/
emulsifier, pH, and sonication, have strongly influenced the
size of microcapsules.213

Temperature is one of the key factors that influences the size
of the capsules and production rate. At lower temperatures,
capsule size decreases, but the production rate also decreases.

Fig. 20 Microencapsulated based self-healing process: (a) crack forms in
the matrix, (b) crack ruptures the microcapsules, releasing the healing
agent into the crack through capillary action, (c) healing agent contacts the
catalyst, resulting in polymerization and repair of the matrix.
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Hence, an optimum temperature of about 55–70 1C has been
used for the synthesis of microcapsules in self-healing
applications.213 Another important parameter that influences
the size of microcapsules is the agitation rate. It was observed
that capsule size decreases with the increase of agitation rates
and vice versa (Fig. 21).208,215,216 Higher agitation rates favor
synthesis of microcapsules with smoother surfaces.217 The role
of pH is also important for the synthesis of microcapsules with
smoother surfaces. For example, during the synthesis of UF
microcapsules, a soother surface has been obtained when the
pH value was kept at 3.213 Surfactant/emulsifier is another
important factor that has an influence on capsule size and
the shell wall of microcapsules.218,219 For example, Ting et al.
used different concentrations of emulsifiers (0.5 wt%, 3 wt%,
and 5 wt%) and obtained capsules with the smallest size at
5 wt% of emulsifiers with uneven size distribution.220

4.2.3. Challenges. The capsule-based self-healing approach
is one of the effective methods for developing self-healing
materials. However, there are also some limitations or challenges

of capsule-based self-healing techniques that need to be overcome.
The main limitation is that repetitive healing is not possible in the
same location. Once healing materials from capsules flow out due
to damage and react to recover the damage, the capsules cannot be
refilled with healing materials again, and no more healing proper-
ties of that position.37 However, currently researchers are develop-
ing microcapsules with multi-storage cells, which could repetitively
release active agents to repair cracks in the same region.222 Another
limitation is that the amount of healing agents in a microcapsule is
limited, which is not sufficient to repair large cracks.35 Use of large
capsules or higher capsule/material ratio to repair large cracks is
also not favorable as these will not only influence the property of
materials but also the processability (hot pressing, injection or
resin transfer molding, extrusion, lamination, powder coating, etc.)
of the material.206 Production of capsules with accurate shell wall
strength is also challenging. The strength of the shell wall must be
high enough to withstand the processing condition during manu-
facturing. On the other hand, the shell must be sufficiently fragile
so that it breaks at the same time when a crack is developed.223

Table 4 Capsule, hollow fiber, and vascular network-based self-healing materials. The corresponding healing efficiency and healing conditions are also
listed

Healing type Healing components Material to be healed
Healing
conditions

Healing
efficiency Ref.

Single
microcapsule

Epoxy resin Composite of fluorescent latent
curing agents

60 1C for 4 h 85.6% 247

Epoxy resin Polymer composite 120 1C for 24 h 79.1%a 248
5-Ethylidene-2-norbornene mixed with
carbon nanotubes and Grubbs catalyst

Polymer composite RT, 24 h 80%a, 82%
(conductivity)

249

Double or dual
microcapsule

Epoxy + ethylenediamine Polymer composite RT, 24 h then
50 1C for 6 h

81.1%a 250

Isophorone diisocyanate + polyaspartic acid
ester

Epoxy coatings RT, 12 h 93% 251

Epoxy and hardener Glass carbon fiber reinforced epoxy
matrix

RT, 24 h 4100%a 252

Encapsulated epoxy + encapsulated
polyetheramine

Epoxy resin RT, 24 h 84.5%. 253

Double wall
microcapsule

1,6-Diaminohexane (inner core),
isophorone diisocyanate (outer core)

GO-modified double-walled polyurea
microcapsules/epoxy composites

RT, 72 h 80.43%a 254

All-in-one
microcapsules

Encapsulated GMA–(PMMA–Br +
CuBr/PMDETA)j

PS RT, 48 h 100%. 255

Microcapsules
and hollow fiber

Diluted epoxy Glass fibers–epoxy composites 130 1C for
60 min

97.6%a 256
4100% (shear)

Hollow fiber/tube Grubbs catalyst and DCPD Glass fiber-reinforced epoxy composite RT, 24 h 60% 257
Epoxy–polyacrylonitrile (PAN) and
mercaptan–PAN

Elctrospun nanofiber composite 10 1C, 200 min 87% 258

Epoxy resin and hardener Epoxy/glass composite — 42.2%a 259
Epoxy resin and hardener Glass fibers/epoxy composites RT, 7 days 55% 260
Oily rejuvenator Bituminous composites 30 1C for 24 h 78% 261

Microvascular
network

Sodium silicate Cementitious structure RT, 28 days 81% (crack
closing)

262

Epoxy monomer and curing agent Waterborne polyurethane matrix — 99.34%
(corrosion
protection)

263

Epoxy resin epichlorohydrin hardener Glass fiber reinforced epoxy
composites

25 1C for 7 days 89%a 264

Grubbs catalyst and DCPD Epoxy coating 25 1C for 12 h 70%a 241

Healing efficiency (%) = recovered properties/original properties; RT = room temperature. a Tensile strength.
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4.3. Hollow-fiber systems

Hollow fiber systems significantly contribute to the development
of polymer and fiber-reinforced self-healing materials. Discrete
microcapsules, with their inherent geometric incompatibility to
fiber-reinforced composite materials, lead to the development of
hollow fiber-based self-healing systems.83 The main principle of
this system is to store some functional components inside of the
hollow fiber, which should remain fluid at least at the healing
temperature.150,177 The functional components have been filled
through the open ends of hollow fibers either by capillary action
or vacuum assistance or through surface pores.224 After filling,
the open end was sealed. When damage or rupture occurs, the
functional component or filling agent flows out to the damage
site and heals the rupture.177 So far, three different types of self-
healing designs have been developed based on hollow fiber
systems (Fig. 22).19,20,225–228 These are single-part adhesives

where hollow fibers are filled with the same type of functional
unit, two-part adhesive where two different kinds of functional
units are filled in adjacent hollow fibers, and two-part adhesive
where one type of functional unit is incorporated in hollow
fibers, and another type is into microcapsules.177

This concept of hollow fiber-based self-healing was origin-
ally introduced by Dry for repairing concrete where hollow glass
fibers (HGF) were filled with a liquid epoxy resin.229 However,
one of the limitations of the HGF is that it is comparatively
larger in diameter (on millimeter-scale) than those of the
reinforcing fibers in composites, which may initiate the failure
of composite materials.230 To minimize the limitation related
to large fiber diameter, Bleay et al. developed HGF with smaller
diameters (external diameter of 15 mm and an internal diameter
of 5 mm).230 However, fibers with smaller diameters have a
problem in delivering the resin into the crack due to the high-
viscous epoxy resin.99 To overcome this problem, Bond and
co-workers optimized the production process to obtain HGF
with a diameter of 30–100 mm and hollowness of about 65
percent.19,226,227 Along with HGF, recently, researchers have
focused on hollow nanofibers and several other polymeric
fibers.231 Compared to HGF, hollow polymer fiber is more
efficient in controlling the diameter from nanometer to micro-
meter range.232 The production process and filling of func-
tional materials have been claimed to be more effective.133

Liu et al. utilized water degradable poly(lactic acid) (PLA) fibers
to develop self-healing materials.233 The PLA fibers were filled
with a metal oxide precursor healing agent (TiCl4) and then
incorporated into subsurface polymer layers of multilayer films.
When cracks occurred in the multilayer films, atmospheric
moisture degraded the PLA fibers, releasing TiCl4 into the
damaged region resulting in repair of the multilayer film.233

Lanzara et al. proposed tougher and automated self-healing

Fig. 21 Change in mean diameter of microcapsules with agitation rate
during the encapsulation process [reproduced from ref. 221 with permis-
sion from the Royal Society of Chemistry].

Fig. 22 Schematic diagram of the hollow fiber-based self-healing system; (a) single-part adhesive, (b) two-part adhesive and (c) two-part adhesive
(one in a hollow tube and another in microcapsules).
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materials using carbon nanofiber, which also acts as a rein-
forcing material for the composites. The study shows that when
the fiber wall suffers the formation of a crack, a certain amount
of organic molecules stored inside the fibers escape into space
in a few picoseconds, which indicates the potential of carbon
nanofibers to be successfully used in the next generation of
stronger, lighter and self-healing materials.234 Some other
researchers also developed self-healing materials based on
the hollow fiber system which are summarized in Table 4.

Numerous benefits have been obtained when self-healing
materials have been developed using hollow fiber systems. One
of the major advantages of this system is that hollow fiber can
be used both as a structural reinforcement and as large storage
of functional or healing materials.224 In this process, it is
possible to obtain multiple healing after repetitive damage in
the same place of materials. Healing of large cracks is also
possible through this method as large volumes of functional
materials can be transported to longer distances and refilled
from outside. However, there have been some challenges as
well in this technique, including uniform distribution of fibers
throughout the materials, including accurate stoichiometric
mixing (where the agent is multi-component), and proper
viscosity of the healing agent to ensure flowability.83,177

4.4. Vascular self-healing

The vascular self-healing method is one of the most promising
extrinsic healing approaches that mimics vascular networks of
both animals and plants. Inspired by the transport networks
of the human circulatory system235 and plant vasculature
system,22,236 this method utilizes microchannels or vascules
to mimic those networks and deliver healing agents to the
damaged areas (Fig. 23).83,133 This method has lots of simila-
rities with hollow fiber systems. The main difference is that
instead of discrete tubes, interconnected vascular networks
transport the healing agents.83 Due to this interconnected
network, it is possible to continuously deliver the healing agent
to the damaged area by attaching larger storage vessels at
one end of the vascular network.23 Hence, this approach
has excellent potential to give multiple healing events of one

damage site, which is one of the major advantages of this
approach.224

The manufacturing stage of developing a microvascular
network is very important. There are several potential techni-
ques for the production of microvascular networks, including
laser micromachining, soft lithography, electrostatic discharge,
and fugitive inks.99 Some researchers have utilized the technique
of fugitive ink, which is a mixture of high- and low-molecular-
weight hydrocarbons.237 At first, fugitive inks are deposited
according to the design through a cylindrical nozzle that
becomes solid upon cooling.238 Then the scaffold is infiltrated
with epoxy resin. After consolidating the resin, the fugitive ink is
removed by applying heat under a light vacuum resulting in a 3D
vascular interconnected network.177 The fabrication process can
also be accomplished precisely with the help of 3D printers
where structural design is programmed in the computer, and
fugitive ink is printed by a robotic arm using a micronozzle of
the desired channel size (Fig. 24).239 After fabrication of inter-
connected vascular networks, healing agents have been injected
into the networks with the help of a syringe or a pump.177 Hence,
this process allows continuous refilling of the healing agent,
which gives opportunity for multiple healing of damage at the
same location. Now researchers are trying to integrate pumps
and reservoirs that can automatically sense and supply healing
agents based on necessity.

Toohey et al. developed a 3D vascular self-healing epoxy
system using direct-ink writing where epoxy was coated with
Grubbs’ catalyst, and DCPD monomer was injected into the
vascular network as a healing agent.240,241 Multiple healing up
to 7 cycles was obtained by refilling healing agents; after that,
the healing property was diminished due to the consumption of
the embedded Grubbs’ catalyst that cannot be refilled similar to
DCPD.240 To increase the number of healing cycles, Toohey et al.
and Hansen et al. modified the design, and instead of using a solid
catalyst, both healing agents and catalysts are transported by two
isolated vascular networks.21,242 Toohey et al. achieved 16 repeated
healing cycles with a 60% recovery of fracture toughness,21 and
Hansen et al. obtained more than 30 repeated healing cycles with a
50–100% recovery of fracture toughness.242 Patrick et al. further
modified the design of vascular networks and obtained full healing
efficiency of 100%.243 Several other researchers also developed self-
healing materials based on vascular network systems, which are
summarized in Table 4.

Although vascular self-healing is the most effective techni-
que of biomimetic healing approaches, still a lot of challenges
need to be overcome for successful applications. The design
structure of vascular networks is very complex, and it is difficult
to achieve practically at large scales in synthetic materials.244

Similar to microcapsule and hollow fibers, two healing compo-
nents require certain stoichiometry and good mixing and need
to remain inactive until damage occurs.37 In microcapsules and
hollow fiber systems, the healing agent is covered by a shell
that prevents this reactive material from any direct contact with
the host matrix. But the design of interconnected vascular
networks allows direct contact of reactive healing materials
with the host matrix, which is the major challenge of using thisFig. 23 A schematic of the microvascular healing concept.
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approach in several applications.133 Suitable release of healing
materials to the damaged site is also very challenging. It is
necessary to perfectly balance tube diameter, capillary forces,
and flow properties of healing materials.35 Injecting healing
components into vascular networks is another big task. At
present, manual pumping is used to refill the healing compo-
nent, but for autonomous healing, a sensing and automatic
refilling system are required.83 Another challenge is to mini-
mize the loss of healing components during repair of large or
wide damage. Some healing components may lose or may not
fully cover the damaged parts if two forces that act on healing
agents, intrinsic forces (such as surface tension) and extrinsic
forces (such as gravity), are not equal.133,245,246

4.5. Shape memory alloy-based self-healing

Shape memory alloy (SMA) wires are also used for self-healing
purposes as SMA wires and particles can remember their shape
and return back to the original shape after damage.150,265

In this technique, micron-size SMA wires were used to bring
the two damaged or cracked parts together and then repair the
damaged parts using partial melting techniques.266 When SMA

wires are incorporated along with capsule or vascular based
healing system, good healing efficiency is obtained with a
minimal amount of healing agents due to the reduction of
crack size (Table 5).267,268 Kirkby et al. embedded SMA wires with
polymer composites and obtained 49% to 77% higher healing
efficiency compared to a self-healable polymer composite without
SMA wires.268 Similarly, Cohades et al. stitched SMA wires with
fiber-reinforced polymer composites (woven glass fiber–epoxy–
polycaprolactone matrix) and obtained 55% higher healing effi-
ciency over the same polymer composites without SMA wires.269

However, there are some limitations to SMA wires as well.
Integration of SMA wires alters the overall physical properties of
host materials.267 Suitable incorporation of SMA wires with host
materials is also very challenging. Improper placement of SMA
wires in polymer matrixes or other materials may widen the crack
size and decrease the healing performance.38

4.6. Self-healing by nanoparticles

Self-healing by nanoparticles is another emerging and potential
approach where cracks of polymers are repaired utilizing
nanoparticles.141 In this process, nanoparticles are dispersed

Fig. 24 Fabrication process of 3D printed microvascular scaffolds. (a) Fugitive ink deposition; (b) infiltration of matrix resin, (c) resin solidification and (d)
removal of fugitive ink and formation of a vascular network [reproduced from ref. 37 with permission from the Wiley].

Table 5 SMA and nanoparticle-based self-healing materials. The corresponding healing efficiency and healing conditions are also listed

Healing
method Mechanism/healing components Material to be healed Healing conditions

Healing
efficiency Ref.

Shape memory
alloy (SMA)

SMA wires (Flexinol) as z-pins and epoxy
resin

Glass fiber reinforced vitrimer-
based shape memory polymer

150 1C, 2 h 100%a 273

Flexinol SMA wires and
polycaprolactone-diol

Vitrimer based self-healing
composite

150 1C, 2 h 58.6%a 274

SMA wires, Araldite epoxy resin, and
Aradur hardener

Graphene–glass fiber–reinforced
polymer nanocomposites

— 64%
(bending
strength)

275

SMA wires, epoxy resin Araldite,
hardener

Thermally reversible polymer matrix
and SMA

110 1C for 24 h 92%a 276

SMA strips, epoxy resin and hardener Glass fibers/epoxy composites RT, 7 days 55% 260

Nanoparticle Diels–Alder reaction Polydopamine nanoparticles based
polyurethane elastomer

NIR (0.5 W cm�2), 30 s, or
130 1C, 10 min then
80 1C, 6 h

490% 277

Metal–ligand (zinc–imidazole)
interactions

Imidazole-containing silses-
quioxane nanoparticles

50 1C for 24 h 80%a 278

Reversible S–S, hydrogen, and iron(III)-
carboxylate coordinate bonds

Magnetic gel based on thioctic acid
(TA), FeCl3 and (Fe3O4)

Air temperature, 10 min 100%a 279

Dodecylamine (DDA) and n-methyl-
thiourea (NMTU)

Epoxy coating 5 days 495%
(corrosion
inhibition)

280

Ionic interaction between –COOH of
poly(acrylic) acid and Al3+ ions.

Poly(acrylic) acid and aluminium
(Al3+) ions, AgCl

37 1C for 12 h 80.2%a 281

Healing efficiency (%) = recovered properties/original properties; RT = room temperature. a Tensile strength.
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throughout the materials during fabrication. When a material
breaks, the dispersed nanoparticles can migrate to cracks and
repairs them.270 Lee et al. first demonstrated the self-healing
potentiality of nanoparticles in polymers by using computer
simulations.271 By integrating computer simulations, they
showed that when a crack was generated in a multilayer
composite, nanoparticles were driven to fill the cracks, and
heal the composite repeatedly (average healing efficiency of
75 to 100%) until the depletion of nanoparticle concentration
within the composites.271 Gupta et al. also confirmed some
aspects of this computer simulation.272

Chen et al. utilized core–shell nanoparticles and developed a
new self-healing material that could almost completely heal a
cut sample. In this process, the core–shell nanoparticles were
fabricated by grafting dynamic self-healing polymer brushes of
poly(acrylate amide) shell onto cross-linked polystyrene (PS)
nanoparticles (NPs) via atom transfer radical polymerization
(ATRP).12 The secondary amide group of poly(acrylate amide)
brushes gives a simple reversible hydrogen-bonding motif,
which fulfills the purpose of self-healing.12 Recently, Nan and
Yan fabricated quasi-one-dimensional silver-nanoparticle-
based metamolecules, which has fascinating self-healing ability
in a linearly polarized optical field. It was found that the source
of self-healing is the heterogeneous interparticle electrody-
namic interactions, which were enhanced by the formation of
unusual nanoparticle dimers.13 Several other researchers also
developed self-healing materials based on nanoparticle systems,
which are summarized in Table 5.

5. Self-healing ceramics

Ceramics have very good compression strength but are brittle
in nature and susceptible to cracks that limit their area of
application.140 Incorporating self-healing properties in ceramics
may increase its potential application area. However, the healing
process of ceramics is not similar to that of polymer matrix.
To initiate self-healing in ceramics using diffusion processes,
very high energy is required to overcome the strong directional
chemical bond of ceramics. In general, temperature needs to
increase to more than 1000 1C to obtain this high energy and
initiate a self-healing process in ceramics.282 This limitation can
be minimized utilizing oxidation induced healing of ceramic
surface cracks.283

Oxidation induced healing of ceramics can be achieved
by dispersing suitable healing agents in ceramic composites
during fabrication. When cracks occur, the environmental
oxygen reacts with the dispersed healing components, rapidly
fills the volume of a surface crack, and recovers the strength of
ceramic composites.283 Nakao and Abe developed self-healing
ceramics by dispersing SiC nanoparticles with alumina. It was
found that the use of nanometer-sized dispersed SiC particles
as a healing agent significantly reduced the activation energy
required for the initiation of self-healing.284

While the crack healing temperature of solid-state Al2O3 is
higher than 1400 1C, using SiC and Ti2SnC nanoparticles as

healing agents, the temperature can be reduced to 870 1C and
500 1C, respectively.283 Some other researchers also achieved
self-healing properties on ceramics, which are summarized in
Table 6.

When cracks occur in the ceramics, the healing components
(like SiC) come in contact with the atmospheric oxygen that
would cause oxidation at high temperatures (eqn (1)). The
oxidation reaction causes the expansion of the volume by
almost two times, resulting in complete filling of cracks with
the formed oxide (Fig. 25). Strong bonding between the ceramic
matrix and formed oxides also occurs, which leads to complete
recovery of the lost mechanical strength.285 Similar to carbide-
based particles, nitride-based particles (like Si3N4) also have the
ability of autonomous self-healing by oxidation.140

SiC + O2 - SiO2 + CO (1)

6. Self-healing concrete

Concrete, the most widely used construction material in the
world, yielded from aggregates, cement, and water, is vulner-
able to cracking.15,33,287 Introducing self-healing properties in
concrete can help repair the cracks automatically once they
appear and can prevent catastrophic failure. However, the self-
healing mechanism of concrete is not completely similar to
polymer or ceramics. So far, several self-healing approaches
have been developed, including autogenous, mineral-admixture-
based, and bacteria-based methods (Table 6).288

Autogenous self-healing of concrete occurs by two processes,
hydration and carbonation.289 Of them, hydration of unhydrated
cement particles is the major healing process of concrete in its
initial stage, and at a later stage, precipitation of CaCO3 is the
key healing process.290 For the hydration healing process, the
presence of water is an essential part. When a crack occurs in
concrete, water penetrates through the cracks, dissolves the
unhydrated cement particles on the crack surfaces resulting in
diffusion of Ca2+ and other ions on the cracks, and finally repair
of the cracks.291 In this process, narrower cracks can be healed
completely but there is only limited healing of wider cracks.292

Based on research, it was found that cracks with more than
300 mm width cannot be healed through this process.292

To minimize this problem, Li and coworkers utilize fiber rein-
forced cementitious composites that have capabilities to control
the crack width and thus promote autogenous healing.293–297

Kuang and Ou proposed SMA wires which can close the cracks
to their original position, resulting in complete healing
performance.298,299 Another limitation of autogenous healing is
the availability of water in the concrete materials, which is
essential for the initiation of a repair.

Researchers have been trying to overcome this limitation
by providing additional water into concrete materials. Some
researchers blended super absorbent polymers or hydrogel with
cementitious materials that can retain lots of water.300–302

When water is released from the superabsorbent, it promotes
further hydration of the cementitious materials.150
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Another potential approach to self-healing is the utilization
of calcium carbonate-producing bacteria as a healing agent in
concrete.140 Bacteria based solutions can be externally applied
by spraying onto cracked surfaces or by direct injection into
cracks, which then heal the cracks by precipitating minerals.303

Several researchers have investigated the prospect of this
biological healing approach by the introduction of bacteria into
concrete.304–306 Tittelboom used ureolytic bacteria such as
Bacillus sphaericus to develop an environment-friendly biologi-
cal repair system of concrete.304 Bacillus sphaericus can convert
urea into ammonium and carbonate, thus CaCO3 precipitates

in their micro-environment. These precipitated CaCO3 crystals
can fill the cracks when bacteria are protected in silica gel.304

The negatively charged cell wall of bacteria can draw cations,
including Ca2+-ions, which then react with the CO3

2� ions
leading to the precipitation of CaCO3 and filling of the cracked
surface.150 Jonkers and coworkers demonstrated that the
emitted CO2 from the bacteria’s metabolic conversion reacts
with Ca(OH)2 (leached from the cementitious matrix) and
forms further CaCO3 crystals.305,307

The potential for a bacteria-based self-healing process is very
high as comparatively wider cracks can be healed through this

Table 6 Self-healable ceramics, concretes, and metal composites. The corresponding healing efficiency and healing conditions are also listed

Healing
method

Mechanism/healing
components Material to be healed Healing conditions Healing efficiency Ref.

Ceramics Oxidation Al2O3/TiC/TiB2 ceramic 700 1C for 60 min 91.35% (strength) 314
Oxidation Laminated Al2O3 cutting tool

composites
900 1C for 30 min Almost completely

filled the cracks
315

Oxidation, submicron-SiB6 MoSi2 coatings 1200 1C for 40 h Completely filled
the cracks

316

Oxidation Yttrium silicate-composites
dispersed with SiC particles

1300 1C for 1 h Cracks completely
disappeared

317

Concrete Bacterial spores Green cement from carbide slag,
fly ash, and desulfurized gypsum

Soaked in DM (16 h),
exposed in air (8 h), and
cured (20 1C at N60% RH,
28 d)

96.67–100%
(150–550 mm wide
cracks)

318

Cement, superabsorbent
polymers, PEG, epoxy resin,
and sand

Concrete 28 days 60% (sealed of
100–200 mm wide
cracks)

319

18% (flexural
strength)

Magnesia expansive agents Strain-hardening cement-based
composites

90 days 82% (sealed area) 320

Microbial Alkali sulpho-aluminate cement 28 days 99.2% (sealed area) 321
Artificial aggregates (CaO, SiO2,
Al2O3, and others)

Concrete in marine environments 7 days 62% (sealed area) 322

Metal matrix
composites

Zinc ZA-8/NiTi shape memory
alloy

Metal matrix composite 400 1C for 17 h 30% (tensile
strength)

323

Low melting point alloy
(60Sn–40Pb)

Aluminum hybrid composite Solution heat-treatment
(500 1C, 1 h), thermally aged
(160 1C, 10 min, then 50 1C,
1 h)

61% 324

NiTi SMA Aluminum Alloy A380
(Al–8Si–3.5Cu)

600 1C for 3 h Crack closed but
no bonding

325

NiTi shape memory alloy (SMA) Metal matrix composites
(Sn-13 wt% Bi alloy)

190 1C for 24 h 66.08% (tensile
strength)

326

Healing efficiency (%) = recovered properties/original properties.

Fig. 25 Schematic diagram of the self-healing mechanism of ceramics based oxidation reaction of SiC nanoparticles [reproduced from ref. 286 with
permission from the Woodhead Publication].
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process. However, the challenges are that the bacteria cannot
survive inside the harsh environment of concrete.288 In order to
ensure bacterial growth and repair of cracks, extra cares need to
be included, like providing enough nutrients and space to grow
and protection from squeezing and the high alkaline medium
of the surrounding environment.308

7. Metal and metal matrix self-healing

Introducing self-healing properties in metallic materials has
great potential to recover the damage in metals at an early-
stage, and thus improve the lifetime of metallic components.
However, the goal of producing successful self-healing metals,
unfortunately, is still far from being reached because introdu-
cing self-healing properties in metals is inherently more com-
plicated than other material classes.309 High bond strengths,
small size of metal atoms, and low diffusion rates of metallic
atoms compared to that of polymers make it very difficult to
repair after damage.265 Even at temperatures close to the
melting point, the diffusion rate is not good enough to carry
an adequate amount of healing component to the damaged
parts. Under these circumstances, currently available processes
of healing in metals are only related to healing of damage with
a rather small volume.135

So far, researchers have demonstrated several techniques to
produce self-healing metals, including precipitation healing,
incorporation of SMA wires and particles, inclusion of low-
melting temperature alloys, electroplating on metal surface,
and solder techniques (Table 6).135 Among these techniques,
precipitation healing is the most intensively studied method
where healing of a damaged metal occurs by the formation of
precipitates at the defect sites that immobilizes further growth
of damage.140 In order to obtain precipitation healing, the
original microstructure must contain a supersaturated amount
of solute atoms, which can be obtained by a conventional
metallurgical treatment.310 Precipitation does not occur all over
the place of metal. Precipitates tend to form at high stress/high
energy regions such as nanovoids or cracks, which normally
occur by damage or defect resulting in reversal of crack growth
and some degree of healing.266 He et al. investigated the

influence of defects on the isothermal precipitation at 550 1C
of Fe–Cu and Fe–Cu–B–N alloys and found similar tendency
where Cu precipitate at the voids of defects results in reduction
of the size of defects.311

A self-healing metal composite can also be manufactured
by utilizing a low-melting temperature alloy to the defected
sites.266 In this process, the low melting temperature alloy
acts as a healing agent within the matrix of a high melting
temperature metal alloy composite.266 A micro-tube or micro
balloon containing a low melting alloy is incorporated in a
high-melting temperature alloy metal matrix composite
(Fig. 26). When cracks occur in the metal composite, bursting
the micro-tubes or micro balloons, the cracks are filled with
healing components upon heating and finally the cracks are
welded upon cooling.265 Based on this process, Lucci et al.
developed a self-healing metal composite by incorporating
hollow ceramic tubes filled with low melting alloy (Sn–40Pb
solder) as a healing agent then embedded into a high melting
metal matrix composite (Al alloy).312,313

8. Gaps and challenges

Over the last few decades, numerous studies have been con-
ducted to improve the healing performance of self-healing
composites. However, lots of challenges still need to be over-
come for the successful utilization of this technology in prac-
tical applications. Some of the challenges related to specific
approaches have already been discussed in the above sections.

One of the main objectives of producing synthetic self-
healing materials is to mimic biological healing, but in reality,
we need to go a long way before even mimicking the simplest
biological healing process. Biological systems use multiple
healing mechanisms simultaneously to completely recover its
original properties, but in synthetic systems, these healing
characteristics are still unimaginable.

Another limitation of presently available synthetic self-
healing materials is that this research and development is still
in theoretical stages. Products produced with this technology
are not yet suitable for practical applications due to uncertainties
in their healing performances, which varies with the surrounding

Fig. 26 Self-healing process of a metal matrix composite.
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environments and size of damage.23 But for practically useful self-
healing products, healing efficiency (healing strength), healing
rate, and healing capability should efficiently carry on irrespective
of environmental conditions, such as pressure, increased tem-
perature, and mechanical mixing, the size of the damage, and
aging of materials.23 Healing rate should be carried out in a
controlled and speedy way. Normally, healing time ranges from a
couple of hours to several days, which is not sufficient enough to
avoid catastrophic failure of a material.3 Aging is another concern
that gradually decreases the healing properties with time. Healing
components lose their reactivity with the passage of time.
But there is a lack of time series analysis regarding aging.

In several approaches, composites need to be brought into
contact to initiate healing, which is one of the biggest hin-
drances for using these approaches in real-world applications,
especially materials used in load-bearing engineering struc-
tures. Again in some processes, introduction of self-healing
properties into a material significantly changes the physico-
mechanical properties of that material due to incorporation of
extra healing components, fibers, microcapsules, or microvas-
cular networks, which significantly change the structure of the
original material.26

Hence, although substantial progress has been made in self-
healing materials, a lot more challenges need to be overcome
before implementing them in practical applications.

9. Conclusions

Self-healing composites have excellent prospects in the field of
innovative product research. Inspired by nature, numerous
researchers are putting their efforts into mimicking the healing
processes of biological materials within non-living materials
to substantially improve the working life of the materials.
Regardless of some limitations, lots of technological develop-
ments have taken place in the last decade, which has been
reviewed in this paper. This paper summarized and analyzed
most of the available healing approaches in polymers, cera-
mics, concretes, metals, and their composites with the corres-
ponding healing mechanisms, efficiency, and conditions.

Intrinsic healing approaches provide excellent healing effi-
ciency within small damaged areas. Several intrinsic approaches
like reversible Diels–Alder, hydrogen, and other supramolecular
chemistry are very favorable for the synthesis of highly oriented
self-healable polymers. Polymers produced with these types of
interactions are capable of fully recovering their original proper-
ties (high healing efficiency) at the molecular level multiple times
without any additional chemicals. But the problems of these
approaches are that they are not suitable for large damage areas,
as there is a need to contact the damaged parts manually, and
external stimuli (heat, light, and pH) are required for the initiation
of healing, and healing efficiency is reduced with the number of
healing repetitions due to side reactions.

Similar to intrinsic healing, self-healing materials can
also be fabricated utilizing extrinsic healing mechanisms like
capsule-based, hollow fibers, and vascular based healing

approaches. Capsule-based healing materials can be easily
incorporated within the polymer matrix, but they are only
suitable for small size damage, and their healing capability in
a specific location is diminished after a single repairing cycle.
Whereas vascular based healing approaches provide multiple
healing to comparatively larger damaged areas as healing
components can be repetitively delivered to the damaged areas.
However, the challenge is in the integration of a vascular
network to the composite materials without affecting the proper-
ties of the composite materials and optimizing the tube diameter,
capillary forces, and flowability of the healing components.

Besides these approaches, some other methods, including
physical interactions, remote self-healing, shape-memory
assisted self-healing (SMASH), and nanoparticle-based self-
healing, are also very promising. Among them, SMASH can be
incorporated with other healing approaches that have the
capability to reduce the crack diameter and increase the heal-
ing efficiency.

Along with polymers and their composites, self-healing
properties can also be incorporated in several other materials,
including concretes, ceramics, and metals. Among these, self-
healable concrete materials can be fabricated by several
approaches where bacteria-based healing proved to be very
effective for relatively wider size cracks. The self-healable metal
matrix composites have good potential to be used in cylinder
liners, pistons, CV joints, gears, and sliding surfaces, which are
very susceptible to damage due to friction, creep, and wear
between parts. Incorporating healing properties in ceramics
can increase their structural integrity and reduce the machining
and non-destructive inspection costs. However, incorporation of
self-healing components in metals and ceramics is much more
complex, and current progress is still at the rudimentary level.

In summary, it can be said that although there are some
limitations, substantial progress has been made in laboratory-
based healing materials. Now it’s time to expand this techno-
logy to be used in real applications. In addition to fundamental
science, future research should concentrate on the practical
challenges and issues of employing self-healing materials in
industrial applications.
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