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1. Introduction

Clays are widely used inorganic materials owing to their low
cost, nontoxicity, ready availability in nature, good thermal and
environmental stability, hardness, and excellent rheological prop-
erties. They have a wide range of potential applications in dif-
ferent research fields and industries such as medicine, cosmetics,
steel making, ceramics, hydraulic engineering, infrastructural en-
gineering, construction and building materials, surfacing roads,
roofing, flooring, as single liners for canals or ponds, and adsorp-
tion and removal of heavy metal ions and hazardous compounds
from contaminated water [1-4]. However, the presence of cracks
in clays is a major issue that hinders their use for practical appli-
cations. Crack healing is important, because small cracks generate
brittleness that causes deterioration in their properties [5-7].
Therefore, healing of cracks in damaged areas of clays has been
an important topic of research in recent years.

Smart self-healing polymers have received much interest in
recent years, owing to their ability to heal damaged material via
scratching, or retaining their original physico-chemical and me-
chanical properties [8-10]. For developing well-defined organic
polymers with self-healing properties, the polymers must have
functionalities that can react with other groups. This necessitates
the use of controlled polymerization reactions by combining suit-
able coupling reactions, such as embedding organic monomer
molecules or catalysts or crosslinking agents such as organic
monomers or catalysts or crosslinking agents into polymer ma-
trix [11-15]. Among many self-healing methodologies, covalent
bond formation is an effective approach for long-standing struc-
tural applications, because covalent linkages are quite strong
between the healing agent and matrix, giving materials with
remarkable strength. The healing of cracks, defects, or damages
in clays by polymers is therefore important to improve the relia-
bility and lifetime of clay minerals. To the best of our knowledge,
there are no review reports focusing on the effects of cracks, as
well as strategies used in healing/repairing cracks in clays.

This review addresses the fabrication methodologies and
structural characteristics of different layered clay-based mate-
rials, and synthesis strategies of various self-healing polymers,
their structure-property relationships. Self-healing process of
cracks in different clays through self-healing polymers, crack-
healing mechanisms, test methods of healing efficiency, proper-
ties (e.g., hydraulic conductivity, mechanical, and rheological) of
crack-healed clays, and their advances in engineering areas are
discussed.

2. Classification and properties of clays

Clay particles are inorganic species. Two types of clays as
cationic clays, which are layers of aluminosilicates with nega-
tive charge, and anionic clays, which are hydroxide layers with
positive charge. Based on the elemental composition, the pri-
mary component of clay is aluminum silicate, and the secondary
components are apatite, zircon, granite, and others. Some of the
primary groups of clay minerals are: (i) kaolinite (hydrated Al sil-
icate), (ii) haloizit (hydrated Al silicate), (iii) Na-montmorillonite

(hydrated silicates of mixed Al, Mg, and Na), (iv) illite (hydrated
silicates of mixed Al, Fe, Mg, and Na), and several other types of
pristine clays within these groups [16,17].

Clays play a vital role in industrial sectors due to their unique
physical, mechanical, and rheological properties. The transport
characteristics within clays could be improved by delamination,
which provides channels within the matrix and this occurs by
pillaring mediators (silicate, alumina), smaller particles (montmo-
rillonite (MMT)) to obtain nanoporous structured clays, or by the
insertion of organic molecules (polymers or surfactants).

2.1. Layered double hydroxides (LDHS)

Layered double hydroxides (LDHs), also known as anionic clay
minerals or layered hydroxyl salts, are biocompatible. Hydro-
talcite (Mg-Al-COs3) is a mineral of this family with a similar
isomorphic structure. Because hydrotalcite consists of hydroxy-
carbonate of magnesium and aluminum, it can be easily crushed
into a fine powder. Thin layer-like structure of this clay has the
formula of MggAl,(OH)sCO3H,0. Positive charges in hydrotalcite
can be achieved by the replacement of Mg?* ions by AI** ions.

LDHs are normally known as hydrotalcite-like material ow-
ing to the isomorphic substitution of AI** ions. LDHs are two-
dimensional (2D) morphological structure-based clay minerals
with ordered self-assembling layers that have a controllable vol-
ume of the interlayers and variable host/guest structures, which
can be fabricated through a layer-by-layer (LBL) assembly pro-
cess. LDHs have a similar structure to brucite, consisting of layers
with positive charge and charge-neutralizing anions, and solvent
molecules inside the interlayer galleries. The general divalent
cations (M%) of LDHs are Mg?*, Zn?*, Co?*, Ca®*, Cd?**, Cu?*,
and Ni%*, whereas trivalent cations (M3*) cations are AI**, Cr3t,
and Fe**. Low-dimensional structured nanosheets of LDHs are
formed by placing of metal cations in the centers of edge-sharing
octahedra, where each metallic cation consists of six hydroxyl
ions at the corners [18].

The unique and fascinating characteristics of LDHs such as the
well-ordered structures, molecular self-aggregation inside the in-
terlayer galleries, high thermal stability, ability to intercalate dif-
ferent types of species (e.g., inorganic, organic, and biomolecules),
and simple LBL fabrication process render them highly attrac-
tive for potential applications in optics, separation technology,
nanomaterial engineering, medicine, and catalysis. In particular,
biocompatible characteristics of LDHs allow the clay to monitor,
identify, and treat many diseases in a modestly invasive mode.

2.2. Montmorillonite (MMT)

MMT belongs to the smectite clay group, has tremendous
intercalation properties, robust adsorption, and elevated affinity
to organic molecules and heavy metals owing to its intrinsic
inorganic 2D layered nanostructure, as shown in Fig. 1 [19].
With a strong pre-concentration ability, high cation exchange
capability, and a peculiar layered structure, MMT has attracted
much attention. MMT has some unique characteristics such as
low price, good stability to chemicals, strong absorption, good



K.R. Reddy, A. El-Zein, D.W. Airey et al. / Nano-Structures & Nano-Objects 23 (2020) 100500 3

regegses

i !‘\ i i\i 5\
290 4006 6 7 Exchangeable
_".,.,”. s I interlayer cations
¢ 9 000%8 | and water
k.
Silicate layer - ‘1-! s! \E!

| Alumosilicate layer
(Negatively charged)
d-spacing

Aluminate layer .’M :/\ :"‘\‘
Silicate layer - 5\ 5\ 2\

Montmorillonite

QDo

| Alumosilicate layer
(Negatively charged)

@A S 9 H,0

. Intercalated cations
Fig. 1. Layered structure of Na-MMT.

Source: Reprinted with permission
from Ref. [19].

electron transport properties, and controllable structural proper-
ties. A subgroup of MMT is bentonite clay, which has applications
in electrochemical sensors for the detection of organic molecules,
cations, and adsorbents [20].

2.3. Sepiolite

Sepiolite clay (Si;2030Mgg(OH,F)4(H,0)4.8H,0) is a fibrous
clay and used as filler to strengthen the polymer mass. They do
not have ability to mix, but provide interesting features such as
high surface area and microporosity. Its morphological structure
consists of octahedral magnesium oxide planes sandwiched be-
tween 3D nanosheets of tetrahedral silicates. The anionic and
cationic charges on the surface and between the inner layers
provide excellent absorption properties for heavy metal ions
and polar organic materials. The presence of hydroxyl groups
(Si-OH) at the exterior surface permits for easy functioning by
the controlled modification via chemical reactions, e.g., by the
attachment of nanoparticles or with binding agents [21].

2.4. Brucite

Brucite is a layer-like structured magnesium hydroxide
[Mg(OH)s)], in which divalent M**ions are octahedrally bounded
by the hydroxide ions. These octahedral units share their edges
and generate infinite layers in which hydroxyl (OH) form chem-
ical bonds to the nanolayers. These OH anions are well-ordered
in a highly packed 2D structured planes. The octahedral holes of
hydroxyl planes are conquered by magnesium ions, resulting in
a neutral layer. The elemental composition can change structure
of brucite clay through the isomorphic replacement of divalent
cations (M?*) with trivalent cations (M3*) [22].

2.5. Zeolites
Zeolites are crystalline microporous aluminosilicates, charac-

terized by normalized spatial arrangement of tetrahedral TO4
(T = Al Si), leading to an improved structural arrangement

consisting of homogeneous cavities, cages, or 3D networks (usu-
ally in the range of 4-15 A), with maximum and minimum
diameters that can easily distinguish molecules with dimensional
variation < 1 A. The replacement of Si"V by Al" in the network
makes the whole moiety negatively charged in order to main-
tain electrical neutrality. The Si/Al ratio in the zeolite frame is
related to its ion-exchange capacity and hence, these exhibit
ion-exchanging ability and selectivity that make them special
materials for electrochemical modifications [23].

2.6. Bentonite

Bentonite is a clay mineral that is a phyllosilicate with
tetrahedral-octahedral-tetrahedral molecular structure
(T-O-T morphology), as shown in Fig. 2 [24], whose the min-
eral composition is primarily dominated by negatively surface
charged Na-MMT (smectite group). The common color of ben-
tonites is pale-green, but they do occur with other colors (e.g., yel-
low, brown, red, etc.), based on the types of cations present.
Bentonites have potential applications in the geo-environmental
field to separate pollutants, owing to their low permeable prop-
erties (permeate with water) [25], which is dependent on low
hydraulic conductivity (x) of Na-MMT, as it is primary min-
eral component of bentonite clay [26]. It can be used alone or
as a modified-natural soil. geosynthetic clay liners (GCLs, x =
10~ m/s) consist of thin layers of bentonite clay sandwiched be-
tween two geo-textiles or strongly connected to a geo-membrane,
and are utilized as hydraulic and gas barriers in landfills, con-
taminated mining waste, and other contaminated sites. GCLs
containing bentonite clays have limited thickness, low price, low
permeation, very low hydraulic conductivity to distilled water,
high swelling nature, capacity of exchangeable cations, ability
to withstand different environments, and excellent self-healing
characteristics that are adversely affected by the desiccation and
cracking in the bentonite [27-29].

Pure bentonite is unstable to chemicals and reactive in aque-
ous environments. Thus, high-performance engineered hydraulic
barriers (low hydraulic conductivity) used in landfills require
frequent inspection of its hydraulic activity, which has hydraulic
conductivity parameter. An efficient hydraulic barrier with low
values of « avoids the penetration of water via this hydraulic bar-
rier. Various parameters such as the mineral composition present
in bentonite clay, cation locations in the clay, exposure to chem-
icals, pore fluid, and leakage water containing soluble minerals
affect the characteristics [e.g., hardness, density, surface proper-
ties (surface area), wetting nature, swellability, thixotropy, cation
exchange capacity, cohesiveness, sealing, binding with inorganic
and organic compounds, etc.] of bentonite. Several types of ben-
tonite are available based on the elemental composition, such
as K, Na, Ca, and Al, and the most common types for industrial
applications are Na- and Ca-based bentonites. The properties of
some of the clays are given in Table 1.

2.7. Preparation of clays

Clay minerals (LDHs, MMTs, etc.) are prepared using various
strategies such as chemical co-precipitation, ion exchange, re-
construction, and sol-gel processes. Among them, the chemical
co-precipitation technique is most frequently used for one-step
large-scale direct synthesis of clays (e.g., LDHs) with a wide range
of divalent and trivalent cations and various anions (e.g., CO5,
NO;, and Br™), and different types of organic dyes and polymers
have been intercalated. In this method, both the divalent and
trivalent cations along with most of the anions to be intercalated
are reacted in an aqueous system, followed by slowly increasing
the pH value of the mixed solution through the addition of
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Fig. 2. Structure of bentonite clay.
Source: Reprinted with permission
from Ref. [24].
Table 1
Physico-chemical characteristics of various clay minerals.
Property Halloysites Diatom materials Platy clays Zeolites Other type clay minerals Reference
Chemical Mixture of Al Mainly SiO,, < 10% Si0,, Si0,, Na,0, Al,03, NaMMT SBA 15, cloisite, [30-32]
composition and Si of Al,03 and MgO, Al,03, and K,0 and other bentonite,
elements Fe;04 inorganic oxides inorganic oxides attapulgite, kaolinite,
natural clay, hyper clay,
smectite, kaolins,
silicates, etc.
Morphological Nano-tubes Numerous shapes Layered structures Porous structures [33,34]
structure
Size of particle Length of 0.5 to Length of 5 to Length of 5 to Length of few
2.0 wm; width 100 wm; pore size 20 pm, thickness microns, and pore
50-200 nm; of 0.1 to 1.0 pm of separate layers: size of 0.5 to
pore size of 0.7 to 2.5 nm 2.0 nm
5-30 nm
Specific surface 20 to 150 16 to 70 10 to 200 100 to 900 [35-37]

area (m?[g)

an alkaline solution (e.g., NaOH, KOH, etc.). After completion of
the chemical co-precipitation reaction, thermal treatment (30-
100 °C) is performed in order to achieve the maximum yield
of clay with excellent crystalline properties. Instead of thermal
treatment at low temperature, a high-temperature hydrothermal
method can be employed via heating the sample in an auto-
clave under high pressure (10-150 MPa) and high temperature
(200-1000 °C) for a period of a few hours to days.

The ion exchange (indirect process) is also often employed for
the synthesis of clays, and has been used for the intercalation
of numerous types of anions. In an ion exchange process, LDHs
are initially prepared with host common anions (e.g. NO3~, Br™,
SOi’, CO3~, etc.), and then the anions present in the interlayers
are exchanged with the direct anions. The host-guest exchange
process is primarily dependent on the electrostatic forces be-
tween the positively charged clay layers and the exchanging
anions. The anions are intercalated through two pathways: (i) de-
intercalation of univalent anions (e.g., NO*>~, Br~), which involve
weak electrostatic intercalation with the layers, and (ii) strong
interaction between the positive layers and anions, which can be
easily exchanged with the univalent anions.

In another approach, the hydrothermal reaction proceeds with
the inorganic metals either in the form of hydroxides or in the
form of salts, or mixing of the selected anions in the desired
pH conditions. The optimized pH values for very fine nanoscale
Mg/Al-based LDHs clays and Zn/Al-based LDHs clays are 9-10,
and 7-7.5, respectively. After optimizing the pH value of the

reaction solution, it is transferred into a stainless-steel auto-
clave, is subjected to high pressure and temperatures from 50 to
180 °C, and the morphological, structural, and physico-chemical
properties of the clays are controlled by hydrothermal process
conditions such as reaction time, temperature, pressure, contact
time, etc.

2.8. Applications of clays

Owing to their fascinating physico-chemical properties, clays
are 2D-layer-structured inorganic materials that applied for vari-
ous fields such as environmental remediation, in which they serve
as potential materials for the removal of hazardous chemicals
(e.g., radioactive Ut, As®*t, Cu?t, Cr3*, phenols, dyes, etc.) from
contaminated water or toxic gases (e.g., NOy, soot released by
vehicles) from the atmosphere, oxidation of alcohols and pure
water for efficient production of oxygen, as alternative and new
disinfectants in water treatment plants for killing of bacteria (E.
Coli) by breaking down cell walls, as novel green antibacterial
agents without producing any byproducts, and so on [38-49].
However, clays have limitations due to the presence of cracks
and damaged areas, which deteriorate their properties. In the
following sections, we discuss about the chemical methodologies
for the development for developing self-healable polymers used
to heal the cracks, as well as the properties of clays before and
after healing.
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3. Chemistry of self-healing materials (design and synthesis
methodologies)

In order to protect or repair damaged or physically cut sam-
ples, the design and development of polymeric materials with
self-healing or self-repairing characteristics have been recom-
mended. These self-healing polymers are special class of smart
materials, which can heal the internal defects/cracks or dam-
age generated in any matrix and can rebuild the mechanical
properties (e.g., tensile strength) of the cracked part through
an autonomic healing process, as similar to the human skin
when it is wounded. The fundamental concept of self-repairing
mechanism of polymer requires understanding and designing of
efficient polymerization reactions. Different methodologies were
developed to impart self-healing characteristics to synthetic poly-
mers.

3.1. Intercalation strategies of polymers in the interlayer galleries of
clays

Various polymeric materials have been encapsulated inside
the layers of different types of clay minerals through polymer-
ization, solid-state intercalation process without using organic
solvents, or intercalation through a long-term stirring of reac-
tion suspension containing the clay and organic polymer. Gao
et al. [50] reported intercalative polymerization of methacrylic
acid (guest polymer) inside the interlayer galleries of Zn-Al-LDHs
clays (host molecule) to fabricate PMA/LDHs material, in which
PMA interacts with LDHs through hydrogen bonds, and utilized
the material for the testing of environmental humidity. Poly-
methylene blue was intercalated inside nanofibrous-structured
attapulgite clay mineral through electro-polymerization and the
influence of reaction parameters on catalytic and electroactive
characteristics of the material was investigated, as well as its
sensing biomolecules through cyclovoltametic studies [51].
Polyaniline intercalated nanostructured attapulgite composites
with excellent electrochemical properties were synthesized by
in-situ chemical oxidative polymerization for developing an io-
date sensor through cyclic voltametric and amperometric mea-
surements [52]. Long-chain crown-ethers, non-ionic surfactants,
ethylene and its derivative polymers were intercalated between
the layers of dried vermiculites, montmorillonite, kaolinite, and
smectite sheet clay minerals [53-55].

The expandable 2:1 swelling-type clays (e.g., smectite group)
contain only siloxane surface reactive groups, whereas 1:1-type
clays (e.g., kaolinite group) consist of two types of surfaces such
as siloxane and hydroxyl (OH) surface reactive groups. The
grafting of molecules (e.g., organosilanes, APTES, chloropropyl-
triethoxysilane) onto kaolinite clay minerals is difficult owing to
hydrogen bond formation between the layers. To obtain a suc-
cessful interlayer chemical grafting, a pre-intercalation process
with small polar organic solvents such as dimethylformamide or
dimethyl sulfoxide are used to fabricate an intercalate-precursor,
and utilized as the substrate for an intercalation of organosi-
lane [56,57]. Solid-state NMR studies were used to analyze both
the molecular structure and dynamic behavior of organo clays
and their chemically modified hybrid materials, the intermolec-
ular interaction, and the structural organization through chem-
ical shifts of the elements connected by chemical bonds [58,
59]. Smectite sheet clay minerals were chemically grafted with
amino- and mercapto-containing organosilanes, and the pristine
smectite and chemically grafted smectite clays were investigated
for the adsorption of heavy metal ions (e.g. Hg?*, Pb?*, and
Cd?*) from the contaminated water through an ion-exchange
mechanism, in which the inner layer cations of smectite clay is
replaced with heavy metal ions [60]. The same materials were

chemically and covalently grafted with organosilanes (e.g., APTES,
MPTMS) on their surface and studied as electrochemical sensors
and biosensors for the detection of ascorbic acid and uric acid [60,
61]. Bayraktepe et al. [62] reported a simple method for the fab-
rication of sepiolite clay mineral-modified carbon nanotubes and
utilized it to identify an anti-cancer agent, shikonin content in
biological samples through CV and differential pulse voltammetry
(DPV).

The nanoplatelet-structured natural bentonite clay mineral
was modified with polyhydroxo metallic citations through nano-
fillering process, and studied for oxidation of the 4-chlorophenol
chemical pollutant in an acidic solution through such as elec-
trochemical impedance spectroscopy (EIS), CV, DPV, and square-
wave voltammetry [63]. The bentonite-modified material exhibits
excellent electrocatalytic activity for nitride oxidation, and was
used for the analysis of nitrite pollutant in clean water [64].
Tiwari et al. [65] developed hexadecyl trimethyl ammonium bro-
mide (HDMA)-modified bentonite clay for low-level sensing of
total arsenic (As>*) content present in aqueous solution under
different pH conditions from 2.0 to 10.0.

Sharma et al. [66] reported gelation modified-lap clay for the
detection of urea. Wen et al. [67] developed rod-like palygorskite
clay mineral-modified nanostructured carbon (graphene) mate-
rial as voltametric sensor for simultaneous detection of xanthine
(XA), hypoxanthine (HX) and uric acid (UA) in biological samples,
which are important in the metabolism of organisms for the
early diagnosis of human disease. Santos et al. [68] grafted N-
isopropyl acrylamide (NIPAM) by using ammonium persulfate as
the initiator, and used it as a temperature-sensitive material with
the ability to switch from stiff to soft or from brittle to tough in
response to slightly changing conditions such as temperature, pH,
or electromagnetic field.

3.2. Self-healing strategies of polymers and its mechanism

The self-healable polymers have attracted much interest in the
last few years. The self-healable characteristics of polymers give
them the ability to self-heal cracked/damaged parts of materials,
which would extend the durability and life span of many mate-
rials, reduce wastage, and enhance performance while utilizing
them for practical applications in various fields such as construc-
tion, automobile, aerospace, defense, and biomedical engineering.
Considerable development has been recently done in the design-
ing and developing of novel self-healing polymers by various
chemical methodologies. These polymers have the capacity to
spontaneously repair cracks and damage under mild conditions
that are desired in many applications.

The self-healing polymers can be categorized into intrinsic
and extrinsic materials. In the case of extrinsic systems, external
healing agents such as crosslinkers, organic monomers, or their
liquid-like reaction mixture are used as encapsulating materials
applied to the destroyed/cracked/scratched part, and repair the
damaged parts of materials [69,70]. Interestingly, a 3.5-cm-long
cracked part in the material was repaired, restoring the robust
structural stability and mechanical behavior, by filling the liquid
healing agent into damaged sites through an extrinsic healing
route, which was followed by polymerization reactions [70]. Fur-
ther, an intrinsic self-healing process occurs in the damaged ma-
terial through intra or intermolecular forces such as strong chem-
ical covalent linkage bonds, chemical/physical crosslinking net-
works, supramolecular interactions, coordination, and hydrogen
bonds [71,72].

In some cases, the phase separation process in polymers can
stimulate the self-healing process [73]. Polymeric materials are
promising candidates for the self-healing applications, owing to
their dynamic long-chain and complex chemical structure, and
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the self-healing activity can be introduced to polymers through
designed chemistries, or exposing them to chemical, physical,
or thermal conditions. The high chain mobility of a polymer
and its glass transition temperature (T) also determines healing
efficiency. The healing efficiency of a material is normally esti-
mated as the toughness ratio between the pristine sample and the
healed sample. The self-healing process of various polymeric ma-
terials can be obtained through different strategies. Explanations
of these strategies and mechanisms are provided below.

3.2.1. Photo-irradiation-assisted self-healing

Cheng et al. [74] reported photo-irradiation process for self-
healing using resins. In this process, cracked films of crosslinked
polyurethanes were synthesized on glass substrates by react-
ing 1,3-bis(eugenyl) glycerol diether and 1,6-hexanediisocyanate
(HDI). The self-healing behavior of the polymer films was tested
using ultraviolet (UV) irradiation. It was found that the cracked
part of the polymer film was self-healed within 5 min, as shown
in Fig. 3, indicating that synthesized polyurethanes show good
self-healing properties under UV light, as well as high temper-
ature resistance behavior (Td = 1000 °C). Thermogravimetric
analysis showed 2.5% weight loss at 800 °C, indicating it exhibits
excellent thermal properties owing to the presence of sulfur, aryl
rings, and carbamates in the polymer chain. Another research
group [75] fabricated crosslinked polyurethanes with disulfide
reactive group in the main chain that displayed self-healing and
re-structuring characteristics under solar irradiation. Such reac-
tive groups (C-S or S-S) in the polymer chain can be easily
synthesized, and they lead to self-healing under photo-irradiation
or thermal treatment.

Arslan et al. [76] applied S-S bond cleavage-reformation re-
action and supramolecular interactions to develop self-healing
property. In this process, they prepared a low-cost and self-
healable poly(benzoxazine-co-sulfide) through the inverse vul-
canization reaction between poly(propylene oxide)benzoxazine,
diallylbenzoxazine, and different contents of elemental sulfur
at 185 °C for 30 min, and tested its self-healing performance
and fracture toughness. It was found that crosslinked polymer
films could successfully heal themselves five times, and healed
specimens showed good fracture toughness properties (n = 30)
owing to simultaneous ring opening polymerization reaction of
benzoxazines and inverse vulcanization between elemental sulfur
and allyl reactive groups.

The self-repairing can occur in intrinsically healing systems
through external stimulants such as high temperature and light
irradiation (A > 300 nm). For instance, light-driven healing sys-
tems include coumarins, where light-stimulated reversible chem-
ical reactions take place through cycloaddition of coumarin and
cinamoyl reactive groups; and the cycloaddition reaction of an-
thracene and their derivatives [77], and the modification of suit-
able polymers with these coumarin derivatives by side-chain or
main-chain, lead to self-healing activity through photo-induced
cycloaddition reaction mechanism, or grafting of photosensitive
moieties on the polymer chains. Such derivatives are attached
to various synthetic polymers such as polyurethanes, polyoxazo-
lines, and PEGs [78,79], and the healing ability is dependent on
applied wavelength.

Zhao et al. [80] employed a single-step route for the synthesis
of photo-healable polymers from the reaction of epoxidized oil by
the photo-initiated thiol-epoxy addition reaction in the presence
of UV irradiation. Here, epoxidized oil acts as the main raw
material and 7-mercapto-4-methyl coumarin act as the photo-
healing reactant (known for its dimerization) that graft onto
epoxidized triglycerides through its SH-groups. Therefore, thiol-
epoxy addition reaction and dimerization of coumarin reactive
groups are expected under UV light to generate photo-crosslinked

and photo-healable polymer (Fig. 4). Self-healability of the de-
veloped polymer film was determined by pendulum hardness
measurement, from which the Konig hardness was calculated
after each irradiation stage as a function of the irradiation cycle
number. It was observed that hardness of polymer film decreased
after irradiation at A = 255 nm owing to photocleavage of the
grafting coumarin derivative into the grafted monomer. Then, the
hardness of film can be regained after irradiation at 300 < A <
450 nm, which confirms photo-reversible reaction.

Kiskan et al. [81] reported a novel self-healing strategy for
the four types of photo-healable poly(propylene oxide)s contain-
ing coumarine-benzoxazine units (PPO-Coum-Benz)s through a
photo-induced coumarine dimerization reaction. The crosslinked
polymeric films are prepared by a solvent casting of different
compositions of (PPO-Coum-Benz)s in chloroform on the surface
of Teflon sheets, followed by thermal ring-opening reaction of
benzoxazine active groups at 210-240 °C. It was found that
photo-healing and toughness of polymer films were enhanced
after irradiation by UV light A = 300-350 nm). The healing
efficiency (n) for the cracked sample was 44%, and for damaged
sample was 10%, demonstrating that cracked specimen exhib-
ited better healing efficiency owing to efficient dimerization of
coumarine groups under UV irradiation.

3.2.2. Microcapsule-based self-healing process

The self-healing ability of polymers can be obtained in two
ways. In autonomous self-healing processes, the polymer is en-
capsulated with small microcapsules that contain the healing
agent that is released into the polymer when the capsule shell
is damaged. This technique is known as the microcapsule-based
self-healing process. In contrast, stimuli-assisted healing pro-
cesses need an external stimulus (e.g., light, redox reaction, pH,
thermal heating, assistance of liquid monomer, catalyst, additives
or solvents) to activate the healing reaction that involves breaking
of bonds and bond reconstructing process [82,83].

Epoxy-based healing polymers were developed using
cyclopentadiene as a healing agent and Grubb catalyst through
microcapsule-encapsulated self-healing technique [84]. This heal-
ing technique is good only for thermosetting polymers (e.g., epoxy,
PF, MF) as the connection between the liquid healing agent
and previously crosslinked thermoset is not efficient. The main
drawback of capsule-based method is that it can heal the polymer
surface only one time, but reversible breaking and rebuilding of
the chemical bond-based healing method can achieve a healing
reaction that offers a recyclable healing process.

3.2.3. Self-healing through reversible bond formation

Intrinsic strong and fast-healable polymers have great impor-
tance owing to their capacity to freely repair mechanical damage
(thick cracks or surface scratches) multiple times. There has been
a challenge to synthesize such polymers to obtain both healing
efficiency (complete recovery) and mechanical strength that is
comparable to that of conventional non-self-healing polymers
of same group. Efforts were made to synthesize a novel class
of polymers with excellent healing efficiency through reversible
non-covalent bonds or reversible-covalent linkages [85,86]. Such
polymer systems based on reversible supramolecular interactions
(e.g., several hydrogen bonds, weak van der Walls interactions
via side branches, or metal-ligand coordination complex) can
display high healing capacity at room temperature, as well as
mechanical behavior that is similar to conventional polymers
under short-time quasi-static loading conditions [87,88]. How-
ever, these types of self-healing polymers have weak mechanical
strength owing to their temperature-dependent nature, and the
dynamic nature of reversible chemical bonds. Therefore, different
polymers prepared based on strong covalent bonds (e.g., acylhy-
drazone bonds, boric ester bonds, sulfide bonds, Diels-Alder (DA)
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Fig. 3. Self-healing polyurethane films: (a) damaged part of film,
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and (b) self-healed polymer film after UV irradiation process [74].

:

Fig. 4. Preparation of photo-induced self-healing polymer under UV and air through photo-initiated thiol-epoxy chemistry.

Source: Reprinted with permission from Ref. [80].

reaction) provide superior mechanical behavior in a wide range
of temperatures owing to greater stability of the reversible bond
moiety [89-91]. However, they exhibit lower healing properties.

Garcia et al. [92] studied the effect of polymer architecture
on the healing process and its kinetics. Different strategies have
been developed to achieve polymers with high healing capac-
ity and enhanced mechanical stability. The crosslinked aromatic
disulfide-based poly(urea-urethane) heals at the room tempera-
ture without involving a catalyst [93]. Such crosslinked polymer-
bearing disulfide bonds that are linked to aromatic rings are re-
processed after curing reaction at high-temperature and pressure,
resulting polymer films with new structure without losing their
mechanical stability [94], and their self-healing activity occurred
via H-bonds and aromatic disulfide bonds. Grande et al. [95]
described the synthesis of a series of poly(urea-urethane) with
different crosslinking densities and the same number of dynamic
covalent linkages (S-S bonds) through different combinations
of fixed a disulfide content, trifunctional polyurethane, and bi-
functional polyurethane pre-polymers (linear PU4000 and three-
armed PU6000). They investigated the effect of polymer struc-
ture and the number of reversible reactive groups on macro-
scopic healing nature and mechanical properties of the synthe-
sized polymers. The healing kinetics and healing efficiencies were
measured as a function of network composition, contact time,
and temperature. Dynamic mechanical thermal analysis, tensile
(ISO 527 A standard), and fracture studies were conducted to
determine the degree of mechanical strength recovery of sam-
ples after damage at room temperature. The time-temperature
protocol was used for both the rheological and fracture studies,

indicating the relation between the processes for macroscopic
healing and polymer architecture.

Wang et al. [96] developed transparent and healable polymers
with excellent multifunctional properties of mechanical strength,
elasticity, resilience, and healability by complexing poly(acrylic
acid) (Mw ca. 450000) and poly(ethylene oxide)s with different
molecular weights (Mw ca. 100000, 300000, and 600000) via
the hydrogen-bonding interactions (Fig. 5a to d). Such polymers
showed good mechanical properties (real strength at break) of 61
MPa and toughness (fracture energy) of 22.9 kJ/m?, with elasticity
to over 35 times to their initial length. Interestingly, they also
found that polymers have ability to return to their original length
after removal of applied stress, and the ability to heal from
damage or physically cutting of samples in a humid environment.
This is due to restructuring of reversible hydrogen bonds between
the two polymers; such chemical bonds serve as crosslinkages.
Furthermore, a water-enabled healing property was established
by the dispersion of ultrasmall silver nanowires on the surface
of polymers (Fig. 5e). This methodology is anticipated to be use-
ful to synthesize a wide range of other polymeric materials for
developing efficient healable systems.

Yang et al. [97] employed reversible bonds concept for the
synthesis of a tough self-healing disulfide-containing poly(urea-
urethane) that has excellent mechanical strength and self-healing
efficiency (Fig. 6) as well as the ability to repair itself a number
of times. It was found that two pieces of cut samples were healed
and the healed sample has a healing efficiency of 75.3%; the
efficiency increased to 97.4% with increasing healing time, with
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Fig. 5. Photographs of PAA-PEO copolymer sheet before (a) and after (b) being cut into two sheets, (c) healed sample of (b) after one hour, (d) stretched sample of
(c) to 175% strain, (e) FE-SEM image of Ag nanowire-coated polymer sample after being cut and healed.

Source: Reprinted with permission from Ref. [96].

tensile strength of 7.5 MPa owing to a sufficient number of S-S
bonds in the polymer chain.

Xiao et al. [98] developed intrinsic self-healing waterborne
polyurethanes (Fig. 7) by increasing the number of hydrogen
bonds or inducing reversible crosslinks to the polymer that con-
tain sulphonate reactive groups, which were initially synthesized
from poly(tetramethylene glycol), poly(1,4-butylene adipate gly-
col), and isophorone diisocyanate. It was found that with in-
creasing of soft content in polyurethanes, the healing efficiency
was increased at 100 °C for 18 h (Fig. 8). Another group in-
vestigated the fracture healing and rheological behavior of two
different poly(urea-urethane)s that consist of (i) hydrogen bonds
and (ii) both hydrogen bonds and disulfide linkages [99]. They
found that each reversible bond in the polymer matrix played
an important role in the enhancement of the network behav-
ior (rheology) and healing (fracture). The reversible bond con-
cept was also employed to synthesize poly(methyl triethylene
glycol acrylate)-cyclodextrin (CDs) that exhibit stretching and
self-healing properties [100].

Martin et al. [101] used thiolate exchange, aromatic disulfide
exchange, and thiolate/disulfide exchange) as a new strategy
to develop self-healing poly(urea-urethane), in which reversible
bonds can be utilized to generate soft systems that can self-
mend under ambient conditions. These polymers showed re-
markable self-healing and elastic properties, as shown in Fig. 9.
Likewise, various strategies have been employed to design and
develop different novel synthetic polymers with high self-healing
efficiency [102-108].

3.2.4. Controlled/living polymerization-driven self-healing

The living polymerization process involves the chain transfer
and chain termination are absent. In many cases, the rate of
chain initiation is faster than that of chain propagation, such that
the number of kinetic-chain carriers is constant throughout the
polymerization process. Various polymers with narrow molecular
weight distribution have been synthesized via this technique, and
this special property plays key role in various applications in
numerous fields [109-112].

The living polymerization follows anionic, cationic, and rad-
ical polymerization. The most popular one reversible addition-
fragmentation chain transfer (RAFT) and atom transfer radical
polymerization (ATRP) are good examples of living radical poly-
merization [113-117]. This method allows the precise synthe-
sis of polymers, organo-inorganic hybrids, or block copolymers
(from low-cost monomers) with well controlled molecular
weight, narrow molecular weight distribution, first-order kinetic
behavior, site-specific functionality with high reactivity, diverse
physico-chemical properties, long-lived polymer chain with pre-
served active end functional groups that resume polymerization
reaction with another monomer, and complex polymer architec-
tures such as comb structure or star morphology [118-121].

In the ATRP technique, the chain transfer and chain ter-
minations are absent, and it consists of living chain end that
again initiates the polymerization reaction with available reactive
monomer. The block copolymers can be synthesized through this
technique as the polymer is synthesized in various stages, in
which each stage relates to a different monomer. Therefore, the
monomer embedded in the living block copolymer matrix has a
strong ability to repair the formation of cracks in the structural
materials at ambient temperature through the formation of effi-
cient covalent linkages, which rebuild the mechanical properties
of the polymer. The healing efficiency of this type of polymer can
be further improved by increasing the number of functionalities
in the block copolymer.

Banerjee et al. [122] demonstrated a facile route to develop
fluorescence-activated self-healable polymers by incorporating
fluorescence-responsive ionic block copolymers (IBCPs) that are
synthesized through combined methods of ring-opening poly-
merization (ROP) of e-caprolactone, and xanthate-intermediated
reversible addition-fragmentation chain transfer (RAFT) polymer-
ization reactions. In this process, polycaprolactone was function-
alized with xanthate to develop a PCL-based macro-RAFT active
agent utilized to synthesize block copolymers with cationic poly
(2-(methcryloyloxy)ethyltrimethyl ammonium chloride) (PCL-b-
PMTAC) and anionic poly(sodium-4-vinylbenzenesulfonate) (PCL-
b-PSS). During the block copolymer formation, cationic segments
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Fig. 6. Healing mechanism of a disulfide-containing poly(urea-urethane).
Source: Reprinted with permission from Ref. [97].

are copolymerized randomly with a trace amount of fluorescein
O-acrylate as an acceptor, whereas the anionic segments are
randomly copolymerized with a trace amount of methyl
methacrylate-based donor to make both the segments fluores-
cent. The positively charged IBCPs are encapsulated into poly-
acrylamide that showed excellent properties of both self-healing
and fluorescent. They also found that mechanical properties of
the healed polymer were similar to those of the uncut polymer
sample. The healed polymer displayed 550% elongation, whereas
the uncut polymer showed 700% elongation before breaking
owing to the creation of stretching ionic interactions between the
two segments in the polymer chain.

Pramanik et al. [123] using RAFT technique developed a
novel class of self-healing ABA tri-block copolymer
poly(furfuryl methacrylate-b-poly(dimethyl siloxane)-b-
poly(furfuryl methacryalate) (PFMA-b-PDMS-b-PFMA) in the pres-
ence of PDMS-CTA as the macro-RAFT active agent. In this tri-
block copolymer, a DA click reaction was conducted between the
reactive furfuryl group in PFMA unit as the diene with different
maleimides as the dienophile. PFMA unit in the ABA BCP makes
the copolymer thermally stable, whereas PDMS makes it suitable
as hydrophobic self-healing agents. The self-healing property of
BCP was investigated by DSC and SEM. The polymer (FDF/BM DA)
films were fabricated on the glass surface and notches were made
on the film surface with a thin blade; the healing of the cut part of
the film was studied at different temperatures and time intervals
using electron microscopy. Healing-efficiency of the synthesized
DA polymer was studied by optical surface profilometry using a
3D optical microscope, for which the sample was prepared on
a glass slide by the drop-casting method. After the rDA reaction
at 150 °C, and subsequent heating at 50 °C for 14 h, SEM images
showed that scratches and fractures were healed completely, and
the samples showed repeatable healing owing to DA and rDA
reactions. They also noticed that the healed DA polymer revealed
the hardness of 0.28 GPa with the contact depth of 39.92 nm,
which was almost similar to the pristine DA polymer.

Dohler et al. [124] employed combined click chemistry and
living carbocationic polymerization to develop crosslinking hy-
perbranched azide- and alkyne-modified poly(isobutylene)s with
the molecular weight (Mn) of ~30000 g/mol (with active end
groups), which act as room temperature self-healing polymers

without external stimuli such as UV-irradiation and thermal heat-
ing. This click-based reaction is a faster, efficient catalytic process,
and leading to a polymer with effective crosslinking. Moreover,
the number of end groups of polymer increased crosslinking
densities and reduces gelation times during network formation.
Several crosslinking strategies were established based on catalytic
reactions such as ROMP, epoxy crosslinking, siloxane- and thiol-
malemide healing materials [125-129]. Long et al. [130-133]
employed combined esterification and ring-opening polymeriza-
tion to synthesize amphiphilic polymers with desired properties
such as uniform size and morphology, low toxicity, luminescence
and biocompatibility. They also employed other strategies such
as supramolecular chemistry, multicomponent reactions (MCR),
and emulsion polymerization to fabricate different polymers with
desired characteristics [134-140].

Herbst et al. [ 141] employed the combined living carbocationic
polymerization and azide-alkyne “click” reactions to study self-
healing properties mono- and bi-functionalized supramolecular
poly(isobutylene)s (PIBs) with hydrogen-bonding moieties. They
found that these hydrogen-bonded PIBs shows self-healing be-
havior at room temperature after being cut into two half-disks
and brought into physical contact at the fractured surfaces. The
living anionic polymerization [142] was used to develop well-
defined poly(furfuryl glycidyl ether) (PFGE) homopolymers and
poly(ethylene oxide)-b-poly(furfuryl glycidyl ether) (PEO-b-PFGE)
block copolymers with self-healing properties and studied by
DSC, profilometry, and depth-sensing indentation. The results
revealed that block copolymer films had strong ability to heal
complex scratches multiple times.

Barthel et al. [142] used the living anionic polymerization ap-
proach to develop well-designed block copolymers of
poly(ethylene oxide)-b-poly(furfuryl glycidyl ether) (PEO-b-PFGE)
as the self-healing materials. These polymers were obtained by
the formation of thermo-reversible bonds within drop-cast poly-
meric sheets through rDA reaction between furan reactive groups
in the side-chain of PFGE segments and a bifunctional maleimide
that acts as a crosslinking agent. The self-healing properties of
these block copolymers were analyzed via depth sensing indenta-
tion, profilometry, and DSC, and the results showed that the poly-
mers are capable of healing scratches (1.7 WM depth, 0.22 mm
width, and 3.5 mm length) in the polymer films over multiple
cycles. After crosslinking, these block copolymer films showed a
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Fig. 7. Synthesis process for self-healing waterborne polyurethanes. Reprinted with permission from Ref. [98].

100°C, 18h

Fig. 8. Optical images of synthesized polyurethane before and after healing at 100 °C for 18 h.
Source: Reprinted with permission from Ref. [98].

hardness of 0.6 GPa and a stiffness of 5.13 GPa, demonstrating Other novel self-healable polymers [143] such as PMMA-based
material was synthesized with encapsulating glycidyl methacry-
their visco-elastic properties. late (GMA)-modified poly(melamine-formaldehyde) through an
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Fig. 9. Photographs of cylindrical disulfide-crosslinked poly(urea-urethane) (a), which was cut in two pieces (b, c), two pieces are permitted to combine for two
hours through simple surface contact (d), formation of self-healed polymer (e), and stretched sample after healing (f).

Source: Reprinted with permission from Ref. [101].

ATRP reaction using two different types of initiating agents (lin-
ear and hexafunctional types). GMA is a low-viscosity organic
monomer and used as a core material that easily undergoes a
copolymerization reaction with living PMMA prepared by fast
and controlled polymerization at room temperature through the
ATRP technique. These linear and six-armed star PMMA have
active living groups that initiate the healing process covalently by
encapsulating the monomer to the areas of cracks. Field-emission
scanning electron microscopy (FE-SEM) images of polymers are
shown in Fig. 10(a and b) before and after the healing process.
The healing-efficiency of two different polymers as a function of
time is shown in Fig. 10c. Both polymers regained 100% of their
original fracture toughness after the healing reaction.

Liu et al. [ 144] employed RAFT and click chemistry to develop
low-cost lignin-graft-poly(5-acetylaminopentyl acrylate) (lignin-
g-PAA) (Fig. 11) with self-healing characteristics (Fig. 12). Here, a
copper-catalyzed azide-alkyne cycloaddition reaction or “click”
reaction is utilized to strongly connect the lignin and an end-
group-functionalized PAA. Lignin-g-PAA showed a well-defined
nanostructure and rubber-like viscoelastic flexible properties ow-
ing to the formation of a high rate of hydrogen bonds from the
acetylamino groups. Another novel self-healable
poly(dimethylsiloxane) crosslinked with coordination complexes
was synthesized with multifunctional properties such as au-
tonomous self-healing behavior at —20 °C, high flexibility, excel-
lent dielectric strength, and mechanical actuation [145].

3.2.5. Crack healing via molecular interdiffusion approach
Molecular interdiffusion is used for healing cracks. This tech-
nique occurs at healing temperatures (T) higher than that of glass
transition temperature of the polymer (Tg), which is diffusion
of polymeric chain segments across the interface [73]. With in-
creasing healing time (t), the interface strength also increased,
which reached maximum value after healing of the complete
interface. The healing properties are faster at higher temperature
owing to improved intermolecular diffusion of dangling chain
at the interface. Both single cracks, and mechanically occurred
fracture/damage (microvoids) are healed completely by the chain
intermolecular diffusion above the Ty value of different polymers.
In hydrogels, the dangling chains, which are chain segments,
one end of which is not attached to the network, are responsible
for repairing the crack, because the dangling chains display seg-
mental interdiffusion, similar to liquid [146]. Boiko et al. [147]
investigated the molecular mechanism of self-healing on glassy

(amorphous) polymers such as poly(2,6-dimethyl-1-4-phenylene
oxide), polystyrene, and PMMA. The self-healing properties were
tested by heating the polymer samples for the fixed period.
When, pieces of the same polymeric material were permitted
to contact at above the T, values, the interface slowly vanished
and mechanical properties at the interface between two poly-
mer sample pieces increased due to complete healing of cracks
through molecular diffusion across the interface. The healing
occurred above the T, values in the range of —50 °C to + 100 °C.

3.2.6. Layer-by-layer (LBL) assembly-assisted crack healing

The LBL assembly approach has been used to repair damages
(cracks or cuts) of materials in the presence of an aqueous so-
lution [148]. Polyelectrolyte multilayer films fabricated via this
method can stimulate from cuts or cracks of several tens of
micrometers length and width in the presence of deionized water.
The drawback of this technique is that the fabrication time is
too long, which restricts the process for large-scale industrial
applications. In order to overcome this issue, a spray-based LBL
process has been introduced, in which polymer solutions are
directly sprayed on the substrates [ 149,150]. Polyelectrolyte poly-
mers used in LBL methods having repeating units that hold an
electrolyte group (strong or weak). Strong polyelectrolyte films
completely separate in the aqueous system owing to strong acid
and base groups connected to the repeating units of the polymers.
In contrast to this, with weak polymer electrolyte films (weak
charge groups such as ~-COOH, -NH,), the ionization completely
depends on pH of the solution.

The automated spray-based LBL method was employed to
fabricate poly(ethyleneimine)/poly(acrylic acid) multilayer films
(PEI/PAA) on substrates and the effects of LBL parameters on
the variations in roughness, thickness, and an elasticity of mul-
tilayers were studied. The healing phenomenon was observed
in PEI/PAA films through the decrease in the polymer viscosity
and interdiffusion of polyelectrolyte at the damaged zones in the
aqueous environment [151]. Huang et al. [ 148] applied the spray-
based LBL technique to fabricate BPEI-Ag NPs-PAA multilayer
films (25 wm thickness) that heal scratches between 70 and
80 pm.

3.2.7. Polymer hydrogels for crack healing

Getachew et al. [152] fabricated hydrogels by in-situ chemical
graft polymerization of 2-acrylamido-2-methyl-1-propanesulfonic
acid (AMPS) on the surface of porous structured poly(ether sul-
fone) (PES) substrates, and successfully established self-healing
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Fig. 10. Electron micrographs of pre-notched polymers before (a), after (b) healing process, and the healing efficiency of two types of polymers with time (c).
Source: Reprinted with permission from Ref. [143].
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Fig. 11. Synthesis route for preparing self-healable lignin-graft-ply(5-acrytylaminopentyl acrylate). Reprinted with permission from Ref. [144].
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Fig. 12. The test of self-healing activity under ambient conditions (23 ° C and 55% humidity). The original undamaged lignin (20 wt%)-graft-PAA (left), material that
cut into two half pieces (middle image), and the complete healing of material after connecting the two pieces at the interface.

Source: Reprinted with permission from Ref. [144].

properties owing to the presence of strong covalent linkages
between hydrogel and the substrate. In this technique, hydrogels
(hydrophilic polymers) enter into crack or damage site, absorb
water and swell while maintaining the 3D structure, thereby
resulting in self-healing in the damaged area through the swelling
nature of the hydrogel, presence of H-bonds, and molecular inter-
diffusion [153-156]. The formation of hydrogen bonds can be the
basis for self-healing, because those bonds freely reorganize after
being broken. The molecular interdiffusion leads to self-healing
property owing to the stochastic movement of macromolecular
chains that leads to diffusion across the crack or fracture.

3.2.8. Recombination of chain ends-driven crack healing

The recombination of chain ends is another method intro-
duced to heal damages or cracks in structural materials that have
lost strength or have undergone molecular chain scission. In this
technique, the active end groups present in the polymer play
a key role in the recombination reaction and the healing pro-
cess [157-160]. Barcan et al. [161] employed the reversible ring
opening polymerization reaction to develop of cyclic carbonates
containing pendant dithiolanes from PEO diols to create copoly-
mers consisting of central PEO block and terminal dithiolane
blocks. These polymers can be injected to damaged or cracked
part through a syringe, and showed self-healing activity, as well
as quickly regaining the mechanical strength after strain defor-
mation. The healing-efficiency and other dynamic properties of
these polymers can be tuned by controlling the number of dithi-
olane units, pH, and temperature. Other groups also employed
this approach to synthesize self-healable crosslinked poly(n-butyl
acrylate)-based polymers [107,162,163].

3.2.9. Nanostructured material-assisted self-healing

Nanoscale materials (size < 100 nm) have been proposed as
a new and interesting approach to heal or repair cracks in ma-
terials that are mechanically damaged, either internally (crack)
or externally (scratch). This method does not participate in the
breaking or reconnecting of polymer chains, as other self-healing
methodologies and healing mechanisms explained previously.
Rather, these nanoparticles serve well as dispersants to fill the
damage part and heal the cracks [164]. It was reported that
the interfacial microcracks in composite materials can be de-
tected and repaired using photothermal conversion inorganic
nanoparticles [165]. In this process, Ag-Cu,S nanoparticles were
deposited on the surface of poly(p-phenylene benzobisoxazole)
(PBO) through polydopamine chemistry, in which the nanopar-
ticles undergo a photothermal effect that strongly converts the
light energy into in-situ heat generation under xenon light irra-
diation. Then, a polyurethane matrix was used to prepare com-
posites with PBO. They observed that the interfacial damage

caused by a single fiber pull-out was easily self-healed in the
presence of xenon light, leading to advanced hybrid materials
with light-triggered self-healing characteristics.

Different micro- or nanoparticle-mediated photothermal ap-
proaches have been used for healing cracks, in which a small
number of well-dispersed nanoparticles effectively absorb light,
and convert the light to heat in the crack or damaged zone,
resulting in new bonds (chemical covalent or physical) forming
to generate self-healing or repairing in the crack area [165-168].
Likewise, various inorganic nanoparticles such as SiO,, Fe30y,
MoS,, CaCO3;, SWCNTs-Al, 03, Pt, Ag, organic carboxymethylcel-
lulose (CMC) particles, and crosslinked polystyrene nanoparti-
cles were used for fabricating various polymers with self-healing
properties [148,169-177].

3.2.10. Mussel-inspired chemistry-assisted self-healing

Mussel-inspired chemistry has been used for the surface func-
tionalization of materials and for the synthesis of self-healable
materials with good healing performance such as high
self-healing efficiency at room temperature and stronger me-
chanical
strength [178-181]. Mussels can strongly attach to a wide range
of substrates with excellent binding strength, including wet
surfaces-based substrates. Using efficient mussel-inspired chem-
istry, various polymers such as polydopamine,
poly(4-vinylpyridine), polyethyleneimine, polydopamine-poly(N-
acryloyl glycinamide), polydopamine-polyacrylamide (PDA-PAM),
polyethylene polyamine, etc. have been developed [182-186].
Compared to other polymers, dopamine based polymers (poly-
dopamine) have several advantages such as they can be easily
coated on any type of organic and inorganic substrates, including
on the surface of superhydrophobic substrates. Thickness and sta-
bility of polydopamine can be controlled on these substrates by
changing parameters such as concentration of monomer, initiator,
pH conditions, etc. Since polydopamine has several functional
groups such as amino, carboxyl, phenolic, and imine, they can
be easily disperse into various aqueous and organic solvents and
leading to excellent hydrophilic property.

Combination of mussel-inspired chemistry and other poly-
merization methods (e.g. photoinduced electron transfer-atom
transfer radical polymerization, Mannich reaction, MALI reaction,
Kabachnik-Fields reaction, grafting from, grafting onto, surface
initiated oxidative polymerization, etc.) have been used to de-
velop multifunctional polymer hybrids with combination of var-
ious amine-based polymers and nanoparticles such as nanocar-
bons (e.g. graphene, porous carbon particles, CNTs, quantum dots,
etc.), metal oxides, metal sulfides (MoS,), noble metallic particles
(e.g. Ag, Au, Pd, Pt, Au), MXenes, LDHs, transition metal ions
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(e.g. Fe3*, Mn?*, Cu?*, Ni%*, etc.), and they can be potentially
used in a wide range of applications across chemical, engineering,
technology and biological and medical fields [187-198].

3.2.11. Schiff base reactions based self-healing

Schiff Base is also one of the efficient methods for the fabri-
cation of self-healing polymers and for the surface modification
of various substrates with excellent healing efficiency [199,200].
Schiff base is also known as “privileged ligand”, and it is a synthe-
sized ligand that formed by condensation reaction of aldehydes
with imines and is utilized as efficient and reusable catalyst
for various homogeneous and heterogeneous organic reactions.
Ligand can form bonding strongly with transition metal ions and
stabilize the oxidation state of metal ions in various conditions
and leads to metal complex with high catalytic activity. Unlike
other self-healing strategies requires external parameters such
as temperature, light, pH, etc., Schiff base reactions are covalent
type that can repair themselves without external parameters.
When this ligand exposed to aqueous system, water molecules
can promote the properties of Schiff base reactions. Schiff base re-
actions have been used to develop various self-healable polymers
such as difunctionalized PEG, polydopamine/starch blend films,
vanillin/chitosan hydrogel, polyurethane crosslinked with the
Schiff base, gelatin-di benzaldehyde PEG, chitosan-modified PEG,
amphiphilic  poly(N,N-dimethylacrylamide-co-2-(benzylidene-
hydrazonomethyl)-phenol) with Schiff based ligand, etc. [201-
205].

4. Crack healing of clays and other inorganic solid materials
using self-healing polymers

The cracks, cuts, damages, or defects present in the clays or
soil clays are a critical issue in geotechnical engineering and
infrastructure engineering. The cracks significantly affect the hy-
draulic and mechanical performance of dams, landfill liners, and
land slopes [206]. The initiation, propagation, development, and
network/patterning of cracks in the soil clays can significantly
increase the hydraulic conductivity and enable water infiltration.
Cracks can also form a slip surface that has no shear strength,
resulting failure of slope. Therefore, it is necessary to develop new
technologies to heal the cracks or damages present in clays.

Various strategies have been developed to heal or repair cracks
present in different types of clays, concrete, and other inorganic
materials such as ceramics, inorganic composites, and resin ma-
trix composites. It was reported that concrete can slowly heal the
cracks in the damaged area of materials through the presence
of unhydrated cement particles or through the encapsulation
of the healing agents or bacteria that generate limestone (cal-
cium carbonate, CaCO3) [85]. Silicon carbide (SiC) or whiskers
were used at high temperature (>1000 °C) to fill the cracks with
SiO, particles and heal the cracks present in ceramic materi-
als [207]. In this process, SiC is converted into very small SiO,
nanoparticles that fill the damaged areas and heal the cracks
through high-temperature oxidation of SiC in the fractured en-
vironment. Other researchers [208,209] used similar strategy of
microbially induced CaCOs precipitation (MICP) to enhance self-
healing efficiency by inclusion of crosslinked acrylamide-based
superabsorbent polymer and CaCOs into clays or other materials
that have cracks.

De Camillis et al. [210] studied the effects of wet-dry cycles
with natural seawater on the self-swelling capacity, swelling
ability, crack formation, and hydraulic conductivity of two types
of bentonites: pure bentonite and polymer (2 and 8%)-modified
bentonite. They found that polymer-modified bentonite showed
superior performance in the presence of electrolyte solutions.
The two materials were exposed to six wet-dry cycles for the

swell tests and four cycles for the hydraulic conductivity tests.
The results from the 1D swell tests showed that the 8%-polymer-
modified bentonite had good swelling properties and the thick-
ness after six cycles was similar to the original thickness of
unmodified bentonite. The polymer-modified bentonite showed
low permeability to water during the wet-dry cycles (x = 9.11
x 107" m/s), and the —CT scanning tests revealed that the
modified clay had good self-healing ability and fewer cracks than
the unmodified clay. This is because the adsorption of anionic
polymer in the galleries of bentonite clay keep the interlayer open
and allow more water adsorption and swelling property. The au-
thors also investigated the swelling ability, self-healing capacity,
and permeability of polymer-modified clay in natural seawater
by different techniques such as swell index tests, 1D swell tests
in oedometer cells, and hydraulic conductivity tests [211], and
the results showed that the swelling property was enhanced
with increasing content of polymer present in the bentonite clay.
It was reported that another type of bentonite, Ca-bentonite-
modified with polymer had values of the hydraulic conductivity
10 times lower than that of pure Ca-bentonite and 5 times lower
than that of pure Na-bentonite [212,213].

Innumerable studies were undertaken to test the influence
of wet and dry cycles combined with cation exchange on the
hydraulic conductivity and the swelling performance of bentonite
barriers, and modified bentonite with improved resistance to
different environments were developed. It was reported that
propylene carbonate (PC) present in the multi-swellable ben-
tonite (MSB) has the capacity to induce the osmotic swelling
nature of the clay in pure water and the solution of different
electrolytes [214]. Another type of modified clay, dense pre-
hydrated GCL (DPH GCL), which is densified by a vacuum extru-
sion process after pre-hydrating with a polymer solution consist-
ing of Na-CMC, sodium polyacrylate, and methanol, has displayed
good resistance to different electrolyte solutions because polymer
adsorption onto clay may not be permanent. The performance
(self-healing, permeability, hydraulic conductivity, etc.) of GCL
structures was improved by changing the structural parameters
such as clay type (Na-bentonite, Ca-bentonite), areal density of
bentonite, density of GCL, thickness of GCL, texture type (woven
or non-woven), and needle punching density [215].

The enhancement of crack resistance of clay by polyester fiber
was studied [216]. The influence of polymer fiber content and
fiber length on desiccation cracking properties of fiber-reinforced
expansive clay was analyzed, and crack parameters (width, space,
cell area) were measured and compared with that of pure clay.
It was found that polymer fiber-reinforcement into expansive
clay reduces the total cracked area, crack intensity factor, average
width of crack, space of crack, and the cell area. Studies on the for-
mation and self-healing of desiccation cracks in clays of different
plasticities were conducted, and the hydraulic conductivity and
self-healing properties were measured [217].

Sato et al. [218] conducted the free swell index test (to avoid
time-consuming hydraulic conductivity measurements) in three
different liquids (NaCl, leachate, and CaCl,) to study the swelling
performance of Na-activated Ca-bentonite subjected to prehy-
dration, followed by modification with different concentrations
(0.5, 1.5, and 2%) of two types of polyelectrolyte polymers. It
was found that the addition of polymer to bentonite increases
the chemical resistance and has less influence on the swelling
properties of bentonite, and the modified clay with higher free
swell index has lower hydraulic conductivity. A clay that exhibits
a free swell index of >20 mL/2 g is good hydraulic barrier with
k < 107° m/s (irrespective of nature of clay and permeating
liquid). In order to prevent variations in the hydraulic conduc-
tivity of bentonite in various strong inorganic solutions, it was
modified with polyacrylic acid [219]. The results showed that



K.R. Reddy, A. El-Zein, D.W. Airey et al. / Nano-Structures & Nano-Objects 23 (2020) 100500 15

polymer-modified bentonite has greater swellability and main-
tains lower hydraulic conducting properties than those of pris-
tine Na-bentonite in the presence of inorganic solutions. They
also showed good semipermeable membrane properties. There-
fore, polymer-modified bentonite can be used as a hydraulic
containment barrier.

Mazzoni et al. [220] were investigated influence of different
contents of filler on the fatigue, self-healing, and thixotropic
properties of aged SBS polymer-modified bitumen. The results
revealed that the increasing amount of filler causes unfavorable
effects on the mastic fatigue performance, which can be balanced
by incorporation of some amount of SBS polymer-modified bi-
tumen, and materials with such properties are expected to be
useful for developing sound road pavements. The healing activity
of bituminous materials consists of a three-step mechanism: (i)
surface route (flow of bitumen under stress), (ii) wetting na-
ture (adhesion of surface of two defect/crack pieces together by
surface energy), and (iii) the complete retrieval of mechanical
strength. The same group researched the effects of reclaimed
asphalt (RA) filler on the fatigue resistance (damage accumula-
tion, viscoelastic behavior, hardness, thixotropy, and healability)
of bituminous materials [221]. The high-temperature properties
of bituminous materials were improved with the use of different
of organophilic MMT as a nano-reinforced filler to pure bitumen,
and polyisoprene-modified bitumen, and the effect of MMT on
the rheological properties was investigated using oscillatory and
creep-recovery tests [222]. The influence of nanosized MMT on
the self-healing, compressive strength, and mechanical properties
of natural clay soil were investigated, and the results revealed
that 5% of nanoclay is the optimized content to improve the
self-healing of clay soil [223].

Hosney and Rowe [224] conducted experiments for four years
on the trisoplast polymer-improved bentonite-sand mixture
(PIBSM) which is used as a cover for gold mines. The results
revealed that when PIBSM was in direct with gold mine tailings
with millipore water consisting of ionic strength of 145 mmol/L,
the mole fraction of bound Nat was reduced from 59% to 2%, and
« was improved from 4 x 107" to 6.9 x 10~° m/s. The PIBSM
layer served as an excellent barrier to the passage of arsenic (As)
heavy-metal ions from the tailings toward the cover soil.

It was reported that GCLs (bentonite-based liners) have the
ability to self-heal small cracks or damages that occur during the
usage or installation, and the size, distribution, and connectivity
of the cracks are controlled by the flow of water and solutes
via the clay liners [225,226]. When the water molecules are
adsorbed in the damaged area, water plays an important role in
the reorganization of networks by bond reformation. Therefore,
small defects or damages will be closed under moisture or an
aqueous environment.

Mazzieri et al. [227] improved the swelling and chemical com-
patibility of two types of modified bentonites, multi-swellable
bentonite and DPH GCL, in the presence of distilled water and
seawater as permeating hydrant liquids. The clay is subtle to the
chemical interactions with the hydrating solution. They found
that the hydraulic conductivity of both modified bentonites was
enhanced by two or three orders of magnitude. It was reported
that the valance, concentration, and dielectric constant value of
the hydrating liquid effect the expansion of the diffuse dou-
ble layer (DDL) of negatively charged clays, and as a result the
hydraulic conductivity and swelling of the clay are related to
the thickness of the DDL [228,229]. The decrease in thickness
leads to an increase in hydraulic conductivity, resulting in shrink-
age, particle attraction, and the cracking of the clay. When GCLs
interacted with different concentration of various electrolyte so-
lutions (NaCl, KCl, and CaCl,) to test the hydraulic conductivity,
it was found that the permeability increased up to three or-
ders of magnitude in the electrolyte environment compared with

that of pure distilled water [230]. When the concentration of
CaCl, was >50 mM, it led to quick exchange of Na* from clay,
resulting the hydraulic conductivity of > 108 cm/s [231]. Hy-
draulic conductivity tests were conducted on the granular-shaped
bentonite in the presence of salt solution (1 M NaCl), and the
results showed that the permeability enhanced by two orders
of magnitude (>107° m/s) owing to the saline nature of the
solution [232,233].

It was reported that sodium polyacrylate, superabsorbent poly-
mer inclusion in the damaged area, it enhances the self-healing
capacity and hydraulic performance of clays [234]. Chai et al. [235]
investigated the self-healing performance of GCL using sodium
polyacrylate in the presence of different test liquids such as
deionized water, NaCl solution and CaCl, solution. They found
that the polymer treated clays exhibited a higher self-healing
performance than that the untreated polymer, indicating that
polymer provides better performance in the cationic liquid sys-
tem with higher cation valance and concentrations compared to
that of untreated polymer. Sodium polyacrylate was used efficient
barrier materials in acidic and alkaline system and improved self-
healing capacity of clays [236,237]. Polyacrylate encapsulation
into bentonite clay did not change the interlayer spacing of
clays [238].

Di et al. [239] reported the fabrication of smart soft mate-
rial with the combination of clay, poly(N-iso-propylacrylamide)
and polydopamine nanoparticles through multiple coordination
bonds between them. Resultant material showed excellent rapid
self-healing ability, ionic conductivity, non-toxicity, high degree
of stretchability, dual thermo- and light-responsiveness activity,
and these unique characteristics make them promising candi-
dates for applications in various fields such as wearable devices,
soft robotics, soft bioelectronics and other medical applications.
Cracks in clays act as linkers to reinforce the polymer network
through various forms of hydrogen bonding formation. Poly(N-
iso-propylacrylamide) was polymerized into graphene
oxide-hectorite clay layers through stepwise in-situ polymeriza-
tion of monomers and improved their practicality and stabil-
ity [240]. Polymers encapsulated into cracks of low cost and wide
availability of layered silicate based clays and the resultant mate-
rial showed extraordinary improvement of mechanical, thermal,
physical properties (e.g. elasticity, stiff self-healing nature) and
healing efficiency due to silicates have anisotropic structure, large
surface area, swelling and sorption capacity [241].

LAPONITE is a largely available smecite group of silicate clay
and it has physical characteristics such as density of 2.53 g/cm 2,
an aspect ratio of 30, and surface area of 350 m?g~' [242].
Polystyrene microspheres have been used for the modification
of LAPONITE through non-covalent bonds to fabricate elastic
type materials [243]. Aida et al. [244] developed new class of
self-healing material with excellent mechanical strength, which
fabricated via new route that consists of four components such as
sodium polyacrylate, guanidinium ions (Gu™)
modified-PEG/PEO/ABA triblockcopolyester, water and LAPONITE.
Gu ions present in the triblock polymer strongly attach with clay
to form crosslinking network via a multivalent salt-bridge involv-
ing hydrogen bonding interactions, and produce healable materi-
als. Crack healing efficiency has been improved with
polyurethane-based microcapsules modified with isophorone di-
isocyanate and less content of clay platelets [245].
Yang et al. [246] were developed robust and smart materials with
having multifunctional properties such as color tunable lumi-
nescence, mechanical strength and high self-healing efficiency at
room temperature, using ternary complex of Ln(dpa)3-tpy-mim2
(Ln = Eu, Tb, or Eu or Tb), sodium polyacrylate, PVA and clay in
aqueous system. These smart materials showed three different
colors such as green, yellow and red under UV light illumination
at wavelength of 254 nm.
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Nanosized particles as reinforcing fillers in clay materials have
received great interest in recent years owing to their unique
physico-chemical characteristics, large surface area, stability to
chemicals and the environment, and strong ability to greatly
improve the properties of clay materials [247,248]. Cracking can
be repaired by the reinforcement of carbon nanotubes [249]. Car-
bon nanofillers were also used to improve the fatigue resistance
properties of bituminous materials by means of crack bridging
and pull-outs mechanisms [250]. Likewise, various nanoparticles
such as carbon fillers, nanoclays, and magnesium alloy were used
to study the healing, fatigue, and other properties of different
clays through different strategies [29,249,251-256].

5. Assessment of healing efficiency of crack-healed system

Yoon et al. [89] quantitatively determined the healing-
efficiency (n) of a material through tensile measurements, as per
the equation below.

71(%) = (Khealed /Kpristine ) x 100

where K is the toughness of the pristine and healed sample.

The tensile tests were performed for prepared photo-healable
poly(benzoxazine-propylene oxide) films to estimate the recov-
ery capacity of properties of the films. The healing-efficiency and
Young's modulus of the healed specimen were measured to be
96% and 182.3 kPa, respectively [257].

Another research group used optical surface profilometry anal-
ysis to investigate the healing-efficiency of a polymer [123]. In
this method, the polymer sample was casted on the surface of a
glass slide by the drop-casting technique, followed by making a
scratch on the polymer film with fine needle of 6 wm depth, as
measured by a profilometer. After the completion of healing of
the polymer film, the depth of the scratch decreased from 6 jum to
0 wm, demonstrating that the synthesized tri-block copolymers
had healing-efficiency of 99.93%.

Another technique was used to evaluate the self-healing prop-
erties of the polymer by measuring the permeability test, fol-
lowed by SEM analysis [152]. The self-healing efficiency of the
self-healed material was determined by measuring the interfa-
cial shear strength (IFSS) values [165]. In another method, the
healing-efficiency was determined from the ratios of the Young’s
modulus and fracture stress of the healed material to those of the
pristine samples [10]. The closure and sealing of fatigue-induced
cracks or damages of structured materials was investigated us-
ing a digital microscope with a wide zoom range, followed by
rheological studies [170].

Zheng et al. [169] synthesized polymer samples cut into two
pieces and brought the cut surfaces of the two pieces together in
a tube to heal. They tested the healing-efficiency of the sample by
measuring the ratio of the breaking strain of the healed sample
to that of the pure polymer sample. The self-healing efficiency
of bitumen-based materials was tested using fatigue, fracture, or
non-destructive tests. Three- or four-point bending methods or
indirect tensile test and dynamic shear rheometry were used to
perform the fatigue tests [258-260].

6. Conclusions

The cracks or damages (internal and external) present in clays
restrict their applications. Based on previous research studies
carried out on this topic, this review showed that results are
promising, and such cracks or defects in clays can be healed using
various polymers through different polymerization reactions, re-
sulting in crack-healed clays that are fabulous materials with ex-
cellent physical, thermal, mechanical, and rheological properties,

which make them more advantages for numerous applications in
industries.

Clays have crack-healing ability using various polymers by
closing cracks or defects, and later rearrangement of polymer
networks, indicating the importance of designing and developing
novel self-healing polymers. It is also important to test the envi-
ronmental influence, large-scale production, and cost analysis of
clays before and after crack-healing using polymeric and nano-
materials. The influence of different contents of various types of
organic polymers and nanoparticles fillers need to be thoroughly
analyzed to achieve a detailed understanding of their effects on
self-healing properties of crack-healed clays.
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